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Abstract

Besides their application as decorative films, tapes and sticky notes in household and
office, pressure sensitive adhesive (PSAs) tapes are widely used in various industries.
Typical applications include surface protection, labeling, packaging, the assembly of
automotive parts, the construction of printed circuit boards (PCBs) and the manufacture
of electronic devices. In general, PSAs are based on elastomers and visco-elastic polymers
such as natural and synthetic rubbers, polyacrylates, polysiloxanes, etc., which may be
formulated with additives such as tackifiers, plasticizers, stabilizers, fillers and pigments.

In the present work, a PSA tape for temporary applications in the microelectronic industry
is designed. The adhesive has to provide high initial tack and adhesive strength during
use, while easy and clean removability after exposure to high temperatures (200 °C) and
pressures (20 bar) are required in the end of the application. These requirements are met
by adjustment of the adhesive properties of the PSA and the incorporation of a release
function, enabling debonding on demand. The latter is realized by UV-triggered
crosslinking, which decreases adhesion but increases cohesion and the glass transition
temperature (7g) of the adhesive.

Firstly, adhesive polymers based on polyacrylics and epoxides are synthesized. The
composition of the polymers is varied in order to adjust the adhesive properties.
Moreover, aromatic monomers are incorporated to increase the thermal stability of the
adhesives, while vinyl and acryl groups are introduced to the side chains to provide photo-
reactive moieties for UV-crosslinking. The synthesized polymers are characterized by IR-
and NMR-spectroscopy as well as by GPC, TGA and DSC.

In the second part of this thesis, PSA tapes are prepared by coating the adhesive polymers
onto PET carriers. Based on first adhesion experiments, it was decided to use acrylic
polymers, which are blended with multifunctional acrylic monomers and a photoinitiator
in order to generate semi-interpenetrating networks (semi-IPN) upon UV-irradiation. The
photocuring kinetics of the adhesive layers in dependence of the PSA formulation is
characterized by IR-spectroscopy. Moreover, DSC and TGA measurements provide
information about the 7g and the thermal stability of the respective adhesive layers. The
performance of the prepared PSA tapes and their removability after exposure to
temperature < 240 °C is evaluated by the use of optical light microscopy. In the course of
these experiments, the impact of the substrate surface quality, the PSA composition,
different processing parameters and the preparation method was examined. To
summarize the most important findings, the removability of the PSA tape is improved by
the use of high 7g adhesive polymers and highly functional acrylic monomers, which yield
highly crosslinked semi-IPN with high cohesion. This is advantageous with regard to

\Y



-Abstract-

interactions with the adherent, which is influenced by both, the chemistry and the
topography of the substrate. Moreover, corona treatment of the carrier and the
application of adhesion promoters significantly improved the anchorage of the PSA to the
carrier and in turn the removability of the PSA tape. Two methods for tape preparation
were elaborated, providing different crosslinking gradients, which influence the
performance in dependence of the surface quality of the substrate.

The developed photo-sensitive PSA tape meets all requirements stated above providing
sufficient adhesive strength during application and clean peel from roughened and
adhesion promoted surfaces (BondFilm® treated copper) without leaving residues after
application at 180 °C for one hour.
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Kurzfassung

Neben der Verwendung von Haftklebstoffen in Haushalt und Biiro, wo sie in Form von
Klebebdndern, Dekorfilmen und Haftnotizen eingesetzt werden, gibt es auch eine Vielzahl
an industriellen Anwendungen. Diese umfassen den Schutz von Oberflachen, das
Etikettieren und Verpacken, die Montage von Autoteilen, sowie den Einsatz in der
Mikroelektronikindustrie. Als Basis fiir Haftklebstoffe werden (visco-) elastische Polymere
wie z.B. Kautschuke, Polyacrylate oder Polysiloxane verwendet. Diesen kdnnen beim
Formulieren des Klebstoffes Additive wie Klebrig- oder Weichmacher, Stabilisatoren, etc.
hinzugefiigt werden. In der vorliegenden Arbeit wird ein Klebeband fiir temporare
Anwendungen in der Mikroelektronikindustrie entwickelt. Dabei muss das Klebeband
zunachst eine hohe Klebkraft aufweisen, und am Ende des Prozesses, bei dem hohe
Temperaturen und Dricke (bis 200 °C, 20 bar) herrschen, riickstandslos entfernt werden
koénnen. Diese widerspruchlichen Anforderungen werden einerseits Uber die Anpassung
der Klebeeigenschaften des Haftklebers und andererseits Uber die Einfiihrung einer
Release-Funktion, realisiert. Letztere wird mittels UV-induzierter Vernetzung des
Klebstoffes umgesetzt, die zur Verringerung der Klebkraft sowie zur Erhéhung der
Kohasion und der Glastibergangstemperatur (7g) des Klebstoffes fuhrt.

Zunachst werden Acrylat-Copolymere und Epoxy-Harze synthetisiert und als Basis flir den
zu entwickelnden Haftklebstoff verwendet. Die Klebeeigenschaften der Polymere werden
Uber ihre Zusammensetzung variiert. AuBerdem werden aromatische Monomere
eingebaut, um die thermische Stabilitat des Klebstoffs zu erhdhen. Vinyl- bzw. Acryl-
Gruppen in den Polymerseitenketten dienen als photo-reaktive Einheiten, welche wahrend
dem UV-induzierten Release vernetzen. Die hergestellten Polymere werden mit Hilfe von
IR- und NMR-Spektroskopie als auch mit GPC, TGA und DSC charakterisiert.

Der zweite Teil dieser Arbeit befasst sich mit der Herstellung und der Funktionsprifung
des entwickelten Klebebands. Dazu werden PET-Tragerfolien mit Losungen der
synthetisierten Polymere beschichtet und auf unterschiedlichen Substraten appliziert.
Erste Ergebnisse zeigen einen deutlichen Vorteil der Acrylat-Klebstoffe. Weitere
Entwicklungsschritte fiihren zum Einsatz von Klebersystemen, die sich aus einem Acrylat-
Copolymer, multifunktionellen Monomeren und einem Photoinitiator zusammensetzen
und unter Bestrahlung mit UV-Licht ,semi-interpenetrating networks” (semi-IPN)
ausbilden. Die Kleberschichten werden hinsichtlich ihrer Reaktionskinetik (IR), ihres 7g
(DSC) und ihrer thermischen Stabilitat (TGA) untersucht. Die Funktion und die Abldsbarkeit
der Klebebéander nach Anwendung bei Temperaturen bis 240 °C werden mit Hilfe von
Lichtmikroskopie beurteilt. Dabei werden der Einfluss der Substratoberflaiche, der
Klebstoffzusammensetzung und der Herstellungsmethode, sowie die Auswirkung
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verschiedener Prozessparameter untersucht. Die Ergebnisse zeigen, dass die Ablosbarkeit
durch den Einsatz von Polymeren mit hohem 7g und hoch funktionellen Monomeren
verbessert wird, da diese Formulierungen unter UV-Bestrahlung in hohem Grad vernetzen.
Dies ist vorteilhaft bezogen auf Wechselwirkungen zwischen Kleber und Substrat, welche
sowohl von der chemischen Zusammensetzung als auch von der Topographie des
Substrats beeinflusst werden. Zusatzlich verbessern Corona-Behandlung des Tragers und
die Anwendung von Haftvermittlern die Anbindung des Klebstoffes an den PET-Trager
und in Folge dessen auch die Abldsbarkeit des Klebebands. Es wurden zwei Methoden zur
Herstellung von Klebebandern entwickelt, aus denen sich unterschiedliche
Vernetzungsgrade der Kleberschicht ergeben.

Der entwickelte UV-reaktive Haftklebstoff erfillt alle genannten Anforderungen und bietet
somit ausreichende Klebkraft wahrend der Anwendung, sowie einfache und riickstandfreie
Entfernung nach Prozessierung bei 180 °C auf rauen und adhasionsbeglinstigten
Oberflachen.
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List of abbreviations

Abbreviation Meaning

AA acrylic acid

AIBN azobisisobutyronitrile

ATR attenuated total reflection
3-APTMS 3-acryloxypropyl trimethoxysilane
BA butyl acrylate

BHT butylated hydroxytoluene

CDCl3 deuterated chloroform

DPEPHA dipentaerythritol penta/hexaacrylate
DSC differential scanning calorimetry
DTMPTA di(trimethylolpropane) tetraacrylate
EGPEA ethylene glycol phenyl ether acrylate
2-EHA 2-ethylhexyl acrylate

2-EHGE 2-ethylhexyl glycidyl ether

EtAc ethyl acetate

EtOH ethanol

FT-IR Fourier transformed infrared spectroscopy
GIPE glycidyl isopropyl ether

GMA glycidyl methacrylate

GPC gel permeation chromatography
HDPE high density polyethylene

HQ hydroquinone

H2SO4 sulfuric acid

IBA isobornyl acrylate

LDPE low density polyethylene

MA methyl acrylate

3-MAPTMS 3-methacryloxypropyl trimethoxysilane
MEHQ hydroquinone monomethyl ether
MeOH methanol

MF melamine- formaldehyde adhesive/resin
Mn number average molecular weight
Mw weight average molecular weight
[Mo] initial monomer concentration

NaPS sodium persulfate

NBR nitrile butadiene rubber

NMR nuclear magnetic resonance

NR natural rubber

p(AA) polyacrylic acid
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PAG
PC
PCB
PDI
PE
PET
PETA
PF
PP
PS
PSA
PSP
PUR
PVC
Rp

rt
RTV
Sa
SBR
Sq
Tg
Tgon
TGA
THF
TMAB

TMESI? BAPO

Tmip
TMPTA
Teno
Ton

UF
VMA
VOC
VP

XPS

photo acid generator

polycarbonate

printed circuit board

polydispersity index

polyethylene

polyethylene terephthalate
pentaerythritol tetraacrylate
phenol-formaldehyde adhesive/resin
polypropylene

polystyrol

pressure sensitive adhesive

pressure sensitive product
polyurethane

polyvinyl chloride

rate of polymerization

room temperature

room temperature vulcanizing
average roughness
styrene-butadiene rubber

root mean square roughness

glass transition temperature

onset of glass transition
thermogravimetric analysis
tetrahydrofuran
tetramethylammonium bromide
bis(acylphosphane)oxide-4-(trimethoxysilyl)butyl-3-[bis(2,4,6-
trimethylbenzoyl)phosphinoyl]-2-methyl-propionate
point of maximum degradation/decomposition
trimethylolpropane triacrylate

end of degradation/decomposition
onset of degradation/decomposition
urea- formaldehyde adhesive/resin
vinyl methacrylate

volatile organic compounds
1-vinyl-2-pyrrolidone

X-ray photoelectron spectroscopy
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-Introduction-

1. Introduction

Nowadays, adhesion is an important phenomenon in nature as well as in technology.
Adhesives may be applied as solutions in organic solvents or water, as emulsions or
dispersions, as reactive systems or 100 % solids such as hot melts for example.
Adhesive bonding plays an important role in many industries, including packaging,
building and construction, automotive and commercial vehicles, electronics, the medical
and paper sector [1] as well as in office and household. A large portion is applied in form
of pressure sensitive adhesive (PSA) tapes.

In 2015, 43.3 billion square meters of PSA tapes were produced worldwide. [2]
According to market analysis, the global market of PSA tapes amounted to 50.12 billion
USD in 2017 and is forecast to grow with a compound annual growth rate (CAGR) of 6.22 %
from 2017 to 2022, reaching 67.76 billion USD at the end of this period. While the Asia
Pacific holds the biggest market share of 42 %, also Europe (33 %) and North America
(17 %) are important for the PSA tape industry. The market growth is driven by the high
demand in various application fields, including packaging, electrical & electronics,
transportation, construction as well as the medical & healthcare sector. The highest
increase is estimated for the Asia Pacific due to fast growing industrialization in this region.
In terms of industry segments, the electric and electronic sector is expected to grow at the
highest CAGR rate in 2017-2022. Here, PSA tapes are applied to mount components to
printed circuit boards (PCBs), in the manufacture of consumer electronic devices (mobile
phones, cameras, etc.) and for electrical interconnections and assemblies. [3,4]

Furthermore, PSA tapes are used for temporary surface protection (masking tape),
packaging, labeling, the assembly of automotive parts and toys as well as in medical
products such as plasters, surgical drapes, dermal dosage systems and biomedical
electrodes. Another important sector is represented by household and office, where PSAs
are applied as decorative films, double or single sided adhesive tapes or in form of sticky
notes. [1,5-12]

For temporary applications tapes are required to exhibit high holding power in order to
ensure reliable bonding during use and simultaneously easy and clean peel in the end of
the application. [13] This can be achieved by precise adjustment of the chemical
composition of the adhesive and/or by the incorporation of a release function, which leads
to the reduction of the adhesive strength by exposure to an external trigger. One example
is the use of increased temperatures, which weaken the adhesive joint by heating above
the 7g of the adhesive (softening). [14,15] Moreover, thermally induced decomposition
can be utilized to degrade the polymer backbone of the adhesive and/or to initiate the
development of gases, which consequently reduce the adhesive bond strength at the
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interface. [15] Also, thermally responsive compounds can be added, which cause swelling
of the adhesive, undergo phase changes or decompose upon heating. Molten additives
act as plasticizers, which dilute, swell or even break crosslinking sites in the adhesive
matrix, while their decomposition leads to the development of gases or water vapor,
weakening the bondline by the related expansion pressure. [16] Another approach is the
incorporation of expandable fillers or foaming agents. Debonding is achieved by
volumetric expansion of the compounds, which must be sufficiently high to overcome
elastic modulus and toughness of the adhesive. [15,17] Along with thermally triggered
systems, also cooling can be applied to detach adhesive sheets. In one approach, an acrylic
based adhesive containing a side chain crystallizable polymer (acrylic acid alkyl esters with
16-22 carbon atoms), which reduces its adhesive strength by cooling below the melting
transition temperature (~ 35 °C), was developed. [18]

Another important and widely used external stimulus is represented by irradiation with
UV- or visible light. The adhesive strength is either reduced by photo-crosslinking of the
adhesive formulation, photo-induced degradation of the adhesive polymer or photo-
triggered phase changes. [19] Photo-induced crosslinking is related with an increase of
the molecular weight, cohesion and 7g as well as reduced wetting and adhesive
strength. [20-28] Typical UV- or Vis-switchable adhesives are based on (meth)acrylic
compounds [22,27-34] and employ the formation of interpenetrating or semi-
interpenetrating networks [22,32,33] or the reversible dimerization of coumarine
derivatives [35,36]. On the contrary, photo-labile groups such as o-acyloxime [19] or
o-nitrobenzyl compounds [36-38] can be incorporated to enable photo-triggered
degradation of the adhesive polymer. Alternatively, photo-induced phase changes based
on cis-trans-isomerization of multiazobenzene sugar-alcohol derivatives can be utilized to
fix and unfix adhesive joints via reversible liquefaction (UV) and solidification (Vis). [39-41]

Externally induced debonding can also be induced electrically, as realized with an amine
cured epoxy resin, which comprises ionic conductivity. Debonding at the adhesive-anode
bondline is achieved upon application of a low power current inducing polarization of the
adhesive boundary layer. [15,42,43] Further possibilities to realize debonding on demand
include the use of shape memory polymers, which can be fixed to temporary shapes and
recover upon external stimuli such as elevated temperatures or UV-irradiation. [44]
Also, magnetism can be employed as an external trigger. Therefore, nano-scaled fillers of
iron oxide, which are embedded in silicon dioxide, are admixed to the adhesive. Upon the
action of a rapidly alternating magnetic field the particles start to oscillate and thus
generate heat, which in turn starts heat induced debonding. [15,45-47] In addition,
there are dual cure systems, which require a combination of UV-irradiation and heat to
trigger the debonding mechanism. [48-52]
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2. Scope of the thesis

A pressure sensitive adhesive (PSA) tape for temporary application in the production of
printed circuit boards (PCBs) was designed. More precisely, the tape will be used in the
embedding process to hold small microelectronic components in position until the full
curing of the epoxy resin. PCBs consist of alternating layers of copper and epoxy prepregs,
which are joined by the application of high temperatures and pressures (see chapter 3.5.2
for more details). Components such as microelectronic chips are incorporated by placing
them into cavities of a copper core and subsequent joining with epoxy prepregs and
copper foils. During pressing, the epoxy resin cures and consequently fixes the component
to the desired position after cooling. However, it is important to ensure an accurate
position of the chip until it is fixed by the epoxy resin. For this purpose, the following
procedure was pursued (see Figure 1): Firstly, a PSA tape is applied to one side of the
copper core, which comprises a void. The component is then placed in the cavity, where it
is held in position by the PSA tape. After joining with an epoxy prepreg and a copper foil,
the tape is removed. Finally, the second side is joined with epoxy and copper during a
second pressing step. Due to the harsh conditions of the joining process, high thermal
stability is required of the PSA tape. The adhesive must not decompose or soften at
temperatures up to 200 °C. In order to ensure that the component is fixed reliably to the
desired position even at high temperatures and pressures (20 bar), the tape must comprise
dimensional stability as well as high initial tack and adhesive strength during application.
On the contrary, clean removability is required in the end of the application since adhesive
residues on the copper core or on microelectronic components would lead to
delamination throughout further layer construction and processing.

The aim of this work, was to develop an adhesive system, which comprises the required
thermal stability and to find a solution for the contradictory demands of high initial tack
and residue-free removability, which is related to low adhesion strength. This was realized
by the design of a photo-curable acrylic PSA, which reduces its tack upon UV-irradiation.
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Figure 1: Process for embedding microelectronic components in a PCB by the use of a PSA tape
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3. Theoretical background

3.1.History of adhesives

The history of adhesives goes back to the beginning of mankind, where humans observed
nature and learned to utilize sticky plants and asphaltic materials to entrap insects, birds
and small mammals. Primitive composites of straw or other vegetable material with mud
and clay were used to build habitations, which were sealed with mud, clay or snow.
Further early adhesives included beeswax, rosin, rubber, shellac, tars and vegetable
gums. [53] In 4000 BC asphalt and bitumen were used for constructions by the
Mesopotaminas and the Babylonians. [1,53,54] The Egyptians utilized a paste of starch and
water to build papyrus by joining layers of reed [54] and to manufacture primitive tapes
by applying this paste onto cloth strips. [5,53] Moreover, they laminated furniture with
animal and casein glues [53] and used gum Arabic from the acacia tree and animal glues
as an adhesive. [1,54] As already did the Egyptians, also the Greeks and Romans used
resins, pitches, tars and beeswax in ship and boat manufacturing and sealing. [5,53,54]
Furthermore, they produced pozzolanic cement from slaked lime with volcanic ash and
sand, which was used in the construction of the Pantheon and the Colosseum. [53]

The development of modern bonding industry started in the 17t and 18" century. [1]
During the 19t century, casein glues played an important role in aircraft industry and
starch adhesives were used on postage stamps. [53] With the development of tires for
bicycles and cars the rubber industry began to flourish and adhesives based on natural
rubber (NR) were introduced. [5,53] Other important adhesives developed throughout the
20t century include phenolic resins (1930s) and epoxy resins (~1934), which are in use for
metal bonding, polyurethanes and acrylates (1937), which represent widely used adhesive
classes today, poly(vinyl acetate) (1940s), silicon adhesives (1944) [1,53], which are suitable
for applications at both high and low temperatures [5], polyester resins (1950) and
polyethylene (PE), which is nowadays the most important hot melt material. (1954). [1,53]
Since the 1950s research about adhesive materials accelerated rapidly. In the 1970s, a shift
from natural to petroleum derived raw materials was observed and further new materials
and products were developed (1980s). In order to answer the arising environmental
concerns related to solvent based systems, 100 % solids, water based adhesives and
radiation curable systems were developed. [5] In the beginning, industrial application of
adhesives relied on solvent based systems [20] until hot melts were introduced in 1940. [5]
The industrial use of PSA tapes dates back to the 1920s and 1930s [1,5,53], where a
masking tape was firstly applied in the automobile sector. [1] The first PSA tape was based
on NR [1,5] and the first transparent tape was made from cellophane. [1]
Then, the introduction of self-adhesive labels followed in 1935. [20]
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3.2.Adhesion and adhesives

3.2.1. Definition of adhesion and cohesion

According to literature, cohesion is defined as the forces, which act between same
molecules. Thus, it describes the interactions within the bu/k phase of a solid material
(internal strength). [55,56] On the contrary, adhesion is defined as the sum of all
interatomic and intermolecular forces along an interface resulting in the joining of
dissimilar materials. Adhesion and cohesion are caused by chemical and physical
interactions, including Van der Waals forces, hydrogen bonds, Keesom forces (dipole-
dipole) and Debye forces (induced dipol-dipol) as well as covalent bonds, acid-base
complex formation and mechanical interactions such as entanglement and
interpenetration. [55-57] Since the operating distance of these intermolecular forces is
typically lower than 1Tnm (see Table 1), the atoms and molecules of the adhesion partners
have to be brought in close contact for a strong assembly. Therefore, good wetting of the
substrate by the adhesive is a prerequisite for good adhesion (see also
chapter 3.2.2). [1,55,56] Moreover, it is important to select a proper adhesive system and
to clean the substrate surface from dust, greases, oils, moisture, rust, scale, miscellaneous
dirt, weak oxides and other foreign materials before joining to ensure that the substrate-
adhesive interaction is not disturbed. [1,57]

Table 1: Overview of intermolecular forces, the associated binding energies and operating distances [56,58-60]

type of intermolecular binding energy operating distance
force [kJ/mol] [nm]
Van der Waals forces <40 0.3-0.5
Keesom forces 20 0.3-0.5
Debye forces 2-10 0.3-0.5
London forces 0.1-40 0.3-0.5
hydrogen bonds <50 0.3-0.5
acid-base interactions 20-190 0.3-0.5
metallic interactions 110-260 0.2-0.3
covalent bonds 60-680 0.1-0.2
ionic interactions 560-1000 0.1-0.2
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3.2.2. Adhesion theories
Historically, different theories were developed to explain the phenomenon of adhesion.
However, each theory explains parts of the relevant adhesion mechanism, but none can
universally be applied to all adhesive systems. Thus, in most cases, more than one concept
is used to describe the numerous processes contributing to bond formation. Which theory
is appropriate, depends on the chemistry of the adhesive and the curing process as well
as on the surface composition and morphology of the substrate. [1,6,57]

The classical adhesion theories are summarized in Figure 2. Essentially, there are the
mechanical and specific adhesion theories. The latter include adhesion due to chemical
bonds, physical interactions as well as diffusion, polarization and electrostatic
interactions. [1]

Mechanical Specific
Adhesion Adhesion

Adsorption Chemical Diffusion Polarization Electrostatic
and Wetting Bonds Theory Theory Theory

Figure 2: Classical adhesion theories

Mechanical interlocking

The mechanical theory is the oldest of all adhesion theories. It describes adhesion due to
mechanical interlocking or keying, which arises from penetration of the adhesive into the
morphology of the adherent (pores, cavities, irregularities). The extent of interlocking
depends on the porosity of the substrate, the viscosity of the adhesive and the application
pressure and duration. This theory is mainly applied to explain bonding of porous
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substrates such as wood, paper, textiles and metal-oxide layers (aluminum!). On the
contrary, it is not suitable to describe adhesion to smooth surfaces. According to the
established view, the effect of mechanical interlocking is of limited importance, though
certainly present to some extent. Enhanced adhesion on roughened and abraded surfaces
was observed and may be due to (i) improved mechanical interlocking, (ii) cleaning of the
surfaces, (iii) the formation of highly reactive surfaces or (iv) an increase of the adhesive-
substrate contact area. Basically, it is debated whether mechanical interlocking or the
increase of the effective contact area, which enhances other mechanisms, is responsible
for strong adhesion on rough surfaces. [1,6,53,55,57,59,61-63]

Physical adsorption and wetting (thermodynamic model of adhesion)

Zisman, Fowkes, Good and Wu (1963) postulated that adhesion via physical adsorption
underlies Van der Waals forces acting between the substrate and the adhesive.
These secondary valence forces have three components, which contribute to the
formation of adhesive joints: the dipole orientation effect by Keesom (between molecules
with permanent dipoles), the induced dipole effect by Debey (between a molecule with
permanent dipole and a non-polar molecule) and the dispersion effect by London
(between non-polar molecules). Since molecular distances are required for these forces to
become active, good adhesion is achieved if the adhesive spreads over the surface and
wets the substrate completely. Therefore, adhesion is determined by the surface free
energies of the adherent and the adhesive. Substrates comprising high or medium surface
energy such as metals, wood or paper, can be bonded comparatively easily. In contrast,
joining of polymers is more difficult, especially when their surface energy is low.
To overcome this restriction, the surface can be pretreated before joining to increase the
surface energy of the polymer. Although adhesion via adsorption is the widest applicable
theory, it is not universal since PSAs adhere to substrates comprising various
chemistries. [6,53,55,57,59,61-63]

Chemisorption

Besides Van der Waals forces, primary valence forces, such as ionic or covalent bonds, can
act across the adhesive joints. Typically, the adhesive strength is higher than bond strength
achieved by physiosorption. In the chemisorption process the adhesive is irreversibly
adsorbed to the substrate. The heat of adsorption presumably provides the activation
energy required for bond formation. Adhesive bond strength depends on the reactivity of
the adhesive and the adherent. The chemisorption theory (since 1960) is used to describe
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adhesion of chemically reactive adhesives and the functionality of coupling agents such
as organosilanes, while its importance for nonreactive adhesives is not
proven. [1,53,55,57,59,62,63]

Diffusion theory

The diffusion theory by Vojutskii (1960) relies to the mutual penetration of adhesive and
substrate, generating an adhesive joint. It is mainly used to describe bonding of
(viscoelastic) polymers, which inherently offer the required mobility by their chainlike
structure. Interdiffusion of polymer chains can be enhanced by heat (> 7g; heat welding)
or the use of a solvent (solvent-welding) and depends on the applied pressure, the
application time and temperature as well as on the viscosity, the molecular size or weight
and the reciprocal solubility of the used materials. Typically, the thickness of the diffuse
interfacial layer amounts to 1-100 nm. Moreover, this theory is important to understand
the adhesion mechanism of pressure sensitive adhesives (PSAs), which offer high
molecular mobility. On the contrary, the diffusion theory is not useful to explain adhesion
to substrates, which comprise low molecular mobility, such as metals, glass or crystalline
and highly crosslinked polymers. [1,6,53,55,57,59,61-63]

Polarization theory

The polarization theory proposed by De Bruyne (1935) is the forerunner of the electrostatic
theory. It considers interactions between permanent and induced dipoles and the related
electrostatic attraction forces, which are stated to contribute to all adhesion processes of
specific adhesion. Thus, the focus is set to Keesom and Debye forces acting between
polymers, which comprise heteroatoms such as O, N or F. [1,56,63]

Electrostatic theory

Electrostatic adhesion was introduced by Derjaguin (1950), who describes the formation
of an electric double layer at the adhesive-substrate interface resulting from the different
electronic band structures of the two materials. Thus, the adhesive system is considered
as a plate capacitor. As the adhesive and the substrate get in close contact, electrons are
transferred to balance the Fermi levels (potential difference). Adhesion is accomplished by
Coulomb attraction forces acting across the electric double layer. While this theory
plausibly explains polymer-metal adhesion, it does not (primarily) contribute to the
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adhesive strength in non-metallic adhesive systems. However, one has to bear in mind
that electrostatic adhesion is a temporary phenomenon since the charge transfer
compensates the potential difference, which is responsible for the attractive forces
between adhesive and adherent. [6,53,56,57,59,61-63]

Besides the classical adhesion theories, also special cases are discussed in literature.
Liquid adhesion is used to interpret the mechanism of pressure sensitive adhesion and
the initial tack of liquid adhesives. It considers a thin film of a highly viscous liquid,
generating adhesion in a process, in which separation of adhesive and adherent results in
a flow in the narrow gap and is required to overcome a considerable resistance. [6]

Another special theory deals with the formation of weak boundary layers and their
impact on adhesion performance. The theory of weak boundary layers proposes that clean
surfaces give rise to strong adhesive joints, while the presence of contaminants such as
rust, oil and greases, which concentrate near the adhesive-substrate interface, disturbs
adhesion by the formation of cohesively weak layers in either the adhesive or the
adherent. [55,57] According to Bikermann, physical, physicochemical or chemical
phenomena at the adhesive-substrate interface lead to the formation of an altered or
modified interphase, which comprises properties different to those of the bulk materials
(lower cohesion strength). This so called weak boundary layer ranges from the molecular
level to the microscopic scale and originates from the adhesive, the adherent, the
environment or combinations of these factors. It develops upon (i) orientation of chemical
groups or over-concentrations of chain ends at the adhesive-substrate interface,
(i) migration of low molecular weight fractions or additives towards the interface,
(iii) growth of trans-crystalline structures, (iv) formation of pseudo-glassy zones, which
result from the reduction of the chain mobility by strong interactions or (v) modification
of the thermodynamics or kinetics of polymerization or the crosslinking reaction at the
interface via preferential adsorption of reactants or catalytic effects. Examples for weak
boundary layers are (i) air, which is trapped between adhesive and adherent if the surface
is not wetted properly, (ii) contaminants such as impurities, additives or pollutants, (iii) low
molecular weight compounds, which moved towards the interface or (iv) products of
reactions between air and the adhesive/the adherent (development of loosely bound
metal oxides). The cohesive strength of this weak boundary layer is seen as the main factor
determining the level of adhesion. Adhesion loss is more favorable to occur due to
cohesive failure within the weak material layer than via fracture propagation along the
adhesive-substrate interface. Although there is some criticism against this theory, the
creation of interfacial layers has attracted much attention in the recent years. [53,56,57]
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3.2.3. Adhesion performance

To get an idea about the adhesion performance, the adhesion strength and the prevalent
failure mode have to be considered. The adhesion strength between a surface coating and
a substrate can be analyzed by over 300 test methods, which can either be destructive
(majority) or nondestructive. With destructive methods a load is applied to the coating in
some manner and the resulting damage is analyzed. With nondestructive methods a
specific portion of energy, which allows for conclusions about mechanisms at the interface,
is identified after applying an energy pulse to the joined system. In this chapter, a short
overview of the most important test methods for the determination of adhesion strength
is summarized:

The most prominent adhesion test method is the peel test. It employs a tensile test
apparatus and a suitable hardware to apply the peel force load and to maintain the peel
rate and angle. [64] Thereby, the interfacial region is subjected to tensile and shear load
and a force plot allowing for conclusions about the adhesive strength of the joined system
is obtained. [6,64] In general, any peel angle is possible, but typical setups use peel angles
of 90° or 180°. Moreover, climbing drum or T-peel setups are used to test rubber coatings
or two flexible films, respectively. [1,21,64] Another important test method is the pull test,
where a test stud, which is fixed to the coating by an epoxy adhesive, is pulled off under
controlled conditions by a tensile test apparatus. [64] Again, the obtained force plot allows
for conclusions about the strength of the adhesive joint. [6,64] Furthermore, indentation
debonding tests can be done to determine the adhesive strength. Therefore, an indenter
with a semispherical tip is thrust into the coating until it is penetrated. The scratch test
can be seen as a kind of extension to this method, since it involves penetration and
dragging of an indenter through the applied coating. The load, which is required to
remove the coating, is taken as a measure of coating adhesion. Other methods for the
determination of adhesive strength are the blister test, where a blister is generated in the
coating along which delamination is observed, beam bending tests such as the three- or
four point bend tests, where load versus deflection data are produced, the Brazil nut test,
where a solid cylinder is cut across its diameter and glued back together and the wedge
test, where tensile stress is induced to a sandwich laminate by forcing a wedge into one
end of the adhesive joint and the resulting crack growth under aggressive conditions (high
temperature and humidity) and the failure mode are evaluated. [1,21,64] However, it has
to be mentioned that the determined value for the adhesive strength is always influenced
by the substrate material and the testing conditions (testing speed, peel angle/direction
of load), independent on the test method. [6]

11
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Besides adhesion strength, also the prevalent failure mechanism provides information
about the quality of the adhesive joint. [6,64] There are mainly two modes according to
which an adhesive joint can fail. The failure mode is independent of the substrate material
and adhesive system applied. [6,60] In case of cohesive failure mechanical separation
occurs within the bulk of the adhesive. [6,55,56,65] This implies that the chemical bonds
at the interface are equal or stronger than those within the bulk of the adhesive layer. [56]
Cohesive failure originates from inhomogeneities in or changes of the adhesive layer
caused by aging, and may follow ductile or brittle fracture (with or without deformation
before rupture), depending on the load conditions including temperature and speed of
load. [60] On the contrary, adhesive failure takes place at the adhesive-substrate
interface [6,65], meaning that the atomic and molecular layers of the joined phases are
separated perfectly. However, this describes an ideal situation, which - according to the
research of Bikermann - is unlikely to reflect reality. Instead, he proposed the formation of
a weak boundary layer, which fails cohesively. [55,60] Besides these two failure modes,
also a combination of both or fracture of the adherent is possible. [6]

3.2.4. Adhesion enhancement

The cleanliness of the substrate, a proper choice of the adhesive system [57] and intimate
contact between the substrate and the adhesive are prerequisites for good adhesion.
The latter allows for the establishment of physical or chemical interactions and bond
formation (see also chapters 3.2.1 and 3.2.2). [1,55] In order to ensure proper adhesion,
different surface pretreatments can be employed to the substrates prior to adhesive
bonding. Moreover, adhesion promoters (primers), which act as coupling agents between
the adhesive and the adherent, may be applied to the substrate surfaces. The effect of
surface pretreatments relies on (i) the removal or prevention of weak boundary layers and
contaminations from the substrate surface, (ii) the establishment of an intimate molecular
contact between the adhesive and the adherent as well as the formation of sufficiently
high adhesion forces via adjustment of the surface energy of the substrate by either
surface modification or roughening and (iii) the generation of a specific surface
topography to increase the effective surface area and to support adhesion via mechanical
interlocking. Other aspects of surface pretreatment include the protection of highly active
surfaces such as metal substrates from undesired reactions with air contaminants or the
assistance in the curing reaction of certain adhesives (e.g. cyanoacrylates). [55,59,60]
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Surface pretreatment techniques

The major effect of all surface pretreatments is still based on the increase of the surface
energy of the substrate [59], achieved by the introduction of superficial polar groups such
as -OH, -C=0, -COOH groups, which enable intermolecular interactions of the adhesive
and the adherent as well as improved wetting. In general, surface pretreatments are
subdivided into mechanical, physical and chemical methods. [60]

Mechanical surface treatments

Mechanical surface treatments improve adhesion to the substrate by removal of interfacial
layers, which hinder adhesion, and contaminants such as dust, oils, greases, lubricants and
water. The surfaces are cleaned by wiping with or immersion into alkaline solutions or
organic solvents or via steam degreasing. In a subsequent roughening step the substrate
surface is activated and the effective surface area is increased by the use of wire brushes,
sand and emery paper, abrasive pads and grit- or shot blasting. Thus, mechanical
pretreatment is only appropriate for dimensionally stable substrates (e.g. metals). [59,60]
The modified surface topography provides improved wetting and a higher surface area
for bonding. Moreover, stress distribution in the adhesive near the interface is improved
and mechanical interlocking of the adhesive in the roughened surfaces can contribute to
adhesion to a certain extent. [59]

Physical surface treatments

Physical surface treatments induce chemical changes of the substrate via physical
processes. This class of pretreatment includes plasma, corona and flame treatment as well
as the application of lasers. [60]

Plasmas are defined as excited gases, consisting of atoms, molecules, ions, free radicals
and free electrons as well as metastable species. They develop when a gas is fed high
amounts of energy via high voltage discharge. [59,60] The energy input causes ionization
of neutral gas atoms into electrons and ions

Ar —» Art+ ¢

and dissociation of molecules into the corresponding atoms.

0, —> 20 —> 20"+ 2¢
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The typical emission during plasma treatment occurs when an excited particle returns to
a lower energy state or the ground state. [60]

Plasma treatment activates the substrate surface with regard to higher reactivity.
Different functional groups can be introduced, depending on the choice of the plasma
gas. [60] Common process gases include air (usually for atmospheric plasma), hydrogen,
oxygen and nitrogen as well as inert gases such as helium and argon. Moreover,
fluorinated hydrocarbons (e.g. CF4) or ammonia can be used. [59,60] There are numerous
interactions between the plasma and the substrate, which can occur simultaneously in
various combinations. The major effects include (i) cleaning of the substrate
(i) degradation and ablation, (iii) crosslinking, (iv) oxidation, (v) polymerization and
grafting onto the substrate surface and (vi) ion implantation. [59,60] Due to their high
kinetic energy, the excited species of the plasma remove contaminations from the surface

of the substrates. Degradation and ablation is mostly observed for air and oxygen plasmas.
In contrast, oxidation of the substrate surface and the related introduction of polar
functional groups such as C=0 is achieved with all plasmas, because traces of oxygen in
the treatment chamber are sufficient for this process. Besides these effects, the surface of
unsaturated polymers can be crosslinked during plasma treatment and polymeric films,
generated by polymerization of gas phase constituents (organic, organosilicone,
organometallic, degraded species), may deposit and be grafted onto the substrate surface.
Furthermore, foreign atoms may be implanted into the substrate surface. [59]

Plasmas can be classified according to the process temperature. Thermal plasmas are
usually applied for heat transfer applications. They comprise a high energy density and
are characterized by temperatures of several thousand Kelvin. As the high temperatures
often cause material damage, the application of thermal plasmas is limited. In contrast,
non-thermal or “cold” plasmas allow for treatment of heat sensitive materials and for
tailored material processing, since the temperatures are in the range of 50-150 °C.
Ionization is maintained via collisions of electrons with neutral gas particles, resulting in
ions and further electrons. In addition, plasmas can be further divided according to
application conditions such as process pressure and mode of energy impact. There are
low-pressure plasmas (0.1-5 mbar) and atmospheric plasmas. Regarding the latter, the
energy can be coupled in close proximity of the substrate surface, in a rather long distance
to the surface (plasma approaches surface across flow processes) or via chemical
processes such as flame treatment for example. [60]

In contrast to plasma beams, which are electrically neutral, corona discharge Aasan electric
potential. [60] The corona discharge is generated by applying high voltage (AC of 10-
20 kV, frequency of 10-40 kHz) to an electrode system. As a result, characteristically
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luminous discharges develop, which ionize the air between the electrodes and give an
atmospheric air plasma. [59,60] For surface treatment, the substrate is placed on the
counter electrode (mass potential), which carries a dielectric layer to support
homogeneous distribution of the micro discharges. However, the treatment is not
completely homogeneous all over the surface, since higher positions are more prone to
discharge striking. [60]

Corona discharge is the most widely used pretreatment method for polyolefins. [59]
It increases the surface free energy of the substrate via introduction of polar functional
groups in a free radical mechanism. [55,59] Surface treatment proceeds via contact of the
electric arcs with the substrate. [60] On the one hand, the emitted electrons (discharge)
transfer energy to oxygen (and nitrogen) molecules in the working gap, causing
dissociation and ionization of these molecules. On the other hand, molecules at the
substrate surface are cleaved, building active sites for adsorption of and reactions with the
plasma particles. Since reactive oxygen species constitute a high portion of the formed
plasma, surface modification is dominated by oxidation reactions. [60] Thus, polar groups
including C-OH, C=0, COOH, C-O-C, epoxy, ester and hydroperoxide are introduced to
the substrate surface. [66-68] In addition, the surface is roughened by ablation. [9,68]
It is stated that both, surface modification and the changes in topography improve the
wettability of the substrate and the adhesion properties. [60]

The efficiency of corona treatment mainly depends on the applied power output and the
speed of sample throughput. Moreover, the air flow rate and the temperature of the
polymer film are important parameters. An optimum corona treatment removes potential
weak boundary layers and oxidizes the substrate in order to allow for proper wetting,
improved superficial contact and thus increased intrinsic adhesion. An overtreatment,
on the contrary, may generate a new weak boundary layer, which hinders adhesion [59],
or may damage the substrate irreversibly. [60]

Though plasma and corona treatment are powerful methods to activate polymer surfaces,
it is important to consider hydrophobic recovery. It is well known, that the superficial
oxygen concentration of pretreated polymer surfaces decreases with time due to a
thermodynamic effect. [60,69-71] Dipol-dipol interactions of the superficial polar groups
with air initiate a rearrangement of the polymer chains (conformational movement,
rotation) in order to minimize the surface free energy by orientation of the covalently
attached functional groups towards the bulk. [69-71] It was shown that hydrophobic
recovery proceeds rapidly during the first week [70] or even within hours [72] after corona
treatment.
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Another physical pretreatment method is flame treatment (Kreidl process). Similar to
plasma and corona, the surfaces are chemically modified via surface oxidation. [1,59,60]
The higher penetration depth of flame treatment, however, is advantageous for the
activation and modification of huge and structured substrates. [60] Flame treatment is
performed with burners consisting of a number of closely spaced jets, which are fed with
an air- or oxygen-gas mixture. Examples for suitable burner gases are methane, propane
or butane. The flame is passed over the sample (or vice versa) at a distance of 5-150 mm,
causing thermal oxidation of the treated surface via a free radical reaction of the polymer
chains of the substrate [59,60] Again, chemically active oxygen type species are
implemented on the substrate. [55,60] For a short period of time (seconds) the surface is
heated to temperatures of 200-400 °C. [60] In order to avoid thermal degradation, it is
essential to optimize the process parameters. Important variables and influencing factors
of flame treatment are the flame temperature, the exposure time, the gas-air ratio and the
gas/air flow rate, the nature of the gas as well as the position and the distance of the
substrate to the flame. [59,60] To provide an optimum treatment, the air-gas mixing ratio
should contain slightly more oxygen than required for complete combustion. [1,59]

Besides the above mentioned physical surface treatments, different lasers, including
excimer, CO2, Nd-YAG and diode lasers, can be used for modification of the substrate
morphology and surface chemistry. Photons of high energy hit the substrate surface,
causing material abrasion and bond cleavage. If the laser treatment is performed in a

reactive atmosphere (e.g. O2) polar groups such as C-OH, C=0 or COOH are introduced
to the substrate surface. [60]

Chemical surface treatments

Typically, chemical surface treatments of polyolefins are carried out by immersion into
solutions of sulfuric acid with sodium dichromate or into solutions of sodium
hydroxide. [60] Moreover, etching with chromic acid is a common method. Chemical
etching causes loss of material (roughening) on the one hand, and surface modification
(oxidation and sulfonation) on the other hand. [59] It was proven that the adhesion
promoting effect mainly relies on the introduction of polar functional groups such as
C-OH, C=0, COOH, which improve wetting and interactions with the adhesive. [59,60]
Moreover, mechanical interlocking of the adhesive on the roughened surface contributes
to adhesion enhancement. The extent of oxidation and roughening depends on the
etching time and the temperature applied during the chemical treatment. In addition,
improved adhesion due to the removal of a potential weak boundary layer on the
substrate surface was considered. However, it was found that this process is a minor aspect
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and that surface oxidation still dominates adhesion promotion on weak boundary layer
free surfaces. [59] Similar to polymeric substrates, the surface of metals can be treated
with non-oxidizing acids (HCI, diluted H2SO4) or oxidizing acids (HNO3, conc. H2SOs,
H3PQOa). The first remove metal oxides and other contaminants from the substrate and
roughen the surface at a submicron level, while the latter additionally oxidize the substrate
and introduce functional groups to the metal surface (nitrates, phosphates and
sulfates). [60]

Another chemical pretreatment is the gas phase fluorination, where the polymer
substrates are activated by the attachment of fluorine atoms. Due to the high reactivity of
F2, fluorine radicals are formed, which react with the hydrocarbon chains of the polymer
in an exothermic radical chain mechanism. In order to avoid degradation by attack of C-C

bonds of the substrate, the reaction conditions have to be adjusted. [60] A variation
thereof is photobromination, where the substrate is simultaneously exposed to a saturated
bromine vapor and light. [59]

Although limited to laboratory scale, also sulfonation can be applied from the gas phase.
Therefore, 1 % of SOs is provided in a nitrogen atmosphere. As a result of sulfonation the
surface energy of the substrate and consequently adhesion is significantly increased. [60]

Furthermore, the surface energy of the substrate can be increased via ozonization. Ozone
is formed in a so called "ozonizator” via silent discharge. Since it is an instable compound,
ozone decomposes to molecular oxygen and reactive oxygen:

03_>02+O

The latter acts as oxidizing agent and reacts with the hydrocarbon chains of the polymeric
substrates. [60]

Adhesion promoters/primers

First of all, the difference of adhesion promoters (coupling agents) and primers has to be
clarified: Primers are chemically reactive systems, which crosslink on the substrate surface
and provide optimum conditions for good adhesion, while adhesion promoters are
bifunctional molecules, which build a chemical bridge between the substrate and the
adhesive. [60] Adhesion promoters and primers can be applied to the substrate either
solely or as the last stage of a multistep pretreatment. [59]
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The most widely used class of adhesion promoters are based on organosilanes with the
general formula

OR
X—{CH,}-Si-OR
OR

where RO is a hydrolysable group such as methoxy, ethoxy or B-methoxyl ethoxyl and X
is an organofunctional group such as amino, hydroxyl, vinyl, methacryl or epoxy for
example. [55,59,60] These molecules are also called coupling agents since they establish
strong chemical bonds to both the adhesive and the substrate. [59] Organosilanes are
usually applied from solution in water or water/ethanol mixtures, where they are
hydrolyzed to the respective silanols. In a consecutive step the silanols adsorb onto the
substrate and undergo condensation reactions with the superficial hydroxyl groups.
As a result Si-O-linkages across the substrate are formed. Simultaneously the silanol
groups of the coupling agents also react with each other, building a polysiloxane layer on
the substrate surface. [55,59] Once attached to the substrate, organosilanes offer three
mechanisms for adhesion enhancement: Firstly, the organofunctional group can react with
the adhesive. Other modes of action rely on the penetration of the adhesive into the open
porous structure of the polysiloxane layer, resulting in interpenetrating networks, or the
limited interfacial diffusion of the polysiloxane layer and the adhesive may occur. [59]
Besides organosilanes, also organotitanates, organozirconates, organizircoaluminates and
chrome or cobalt complexes as well as mercaptoesters and benzotriazoles are applied as
primers. While titanates and zirconates are commonly applied to improve adhesion
between a polymer matrix and filler particles, cobalt compounds are employed to enhance
adhesion between rubber and brass cords in tires. [55,59]

Besides the adhesion promoting effect, coupling agents and primers can also be applied
as coatings, which reinforce the substrate surface and increase the service life of the joint
via strong linkages. Moreover, they may build protective layers, which prevent undesired
reactions of activated surfaces with the environment (e.g. air contaminants), corrosion and
degradation by UV-light. [55,59]
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3.2.5. Classification of adhesives

There are many different categories according to which adhesives are classified.
Typical classification criteria are the chemical structure and composition, the setting
mechanism and the form of application or processing. Additionally, adhesives are
classified according to the solvent content, their application temperature, their thermal
behavior, the field of application, their adhesive properties and the form of
delivery. [1,6,60] In the following, the most important classification criteria are summarized
and discussed.

. : : application
chemical base setting mechanism PP
temperature
* organic vs. inorganic » physical setting » cold setting
» natural vs. synthetic » chemical setting » warm setting
* reactive hot melts « hot setting

* non-setting (PSAs)

* hot melt s structural

* PSA * non-structural
» solution

* dispersion/emulsion = permanent

* plastisols * removahble

Figure 3: Classification of adhesive systems according to their chemical base, setting mechanism, application
temperature and form of application

Classification according to the chemical base

In general, organic and inorganic as well as natural and synthetic adhesives are
distinguished. Silicone based adhesives are seen as a hybrid form of inorganic and organic
materials. The majority of adhesives applied today is based on synthetic organic polymers,
which can be thermoplasts, duromers or elastomers. Independent on the mode of setting
and form of application, adhesives are synthesized by radical polymerization, polyaddition
or polycondensation. While the respective poly-reaction of chemically setting adhesives
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takes place after application and during joining, physical setting adhesives are already
present in their final molecular state (polymer) before application. [6,60]

The chemical composition of different synthetic adhesives is discussed in more detail in
course of classification according to the setting mechanisms (see below).

Natural organic adhesives are further divided in animal glues and vegetable glues. [60]
They are produced from proteins (e.g. elastin, collagen, keratin, casein), polysaccharides

(e.g. cellulose, starch, gum arabic) or polyphenols such as lignin or lipids (terpenes or
terpene rosins). [1] Compared to synthetic organic adhesives, their natural counterparts
show low resistance against aging and bad long term stability, but are favorable with
regard to environmental concerns and recycling. [1,60] They are applied in various forms
including solvent containing contact adhesives, dispersions, water activated solids, hot
melts and PSAs. Examples for industrial applications are the use of glutin adhesive in
bookbinding and wooden composites and casein glues for wood processing. [1]
Besides, there are also inorganic natural adhesives, which are based on inorganic glasses
and show high thermal stability. Since inorganic adhesives are not as widely used as
organic adhesives, they are not further discussed here. [60]

Classification according to the setting mechanism

Adhesives can be cured via physical or chemical processes. Thus, polymer formation
according to radical polymerization, polyaddition or polycondensation can take place
before or after application, respectively. [6,60] Moreover, there are reactive hot melts,
which represent a hybrid of physically and chemically setting adhesive systems [60],
and non-setting (pressure sensitive) adhesives (PSAs). [1]

Usually, physically setting adhesives are one component systems composed of polymers
in their molecular end state, which are either dissolved or heated in order to provide the
required wetting of the adherent during application. As the name suggests, they do not
undergo chemical reactions during curing, but set by physical processes such as
evaporation of the solvent, solidification after cooling or diffusion. [1,60]

Hot melt adhesives are 100 % solids and do not contain any solvent. They are provided as
powders or foils consisting of thermoplastic polymers such as ethylene vinyl acetate, poly
vinyl acetate, PE, amorphous polypropylene (PP), block copolymers, polyamides or
polyesters, which are solid at temperatures up to ~ 80 °C. [1,6,60] Hot melts are applied
in the molten state in order to provide good wetting of the adherent and set upon
solidification by cooling. Therefore, the generated adhesive joints are thermally
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reversible. [1,6] Diluents and additives including waxes, plasticizers, tackifiers, stabilizers
and fillers may be added to adjust the flexibility of the adhesives, to lower their viscosity,
and to enhance wettability and their adhesive strength. [6,60] Hot melt adhesives are
applied in car manufacture, the building, textile, paper and packaging industry, as well as
in sticky labels, bookbinding and the fabrication of hygienic products. As a variation,
reactive hot melts were developed. These adhesives set by a combination of physical and
chemical cure mechanisms and are therefore seen as a hybrid form of the two setting
modes. [60] They are based on epoxy or polyurethane (PUR) hot melts and crosslinkable
compounds, which undergo an additional post cure (chemical setting) after solidification
by cooling (physical setting). Due to chemical crosslinking, the adhesives comprise
increased durability and cohesion and cannot be remelted. [1] Reactive epoxy based hot
melts are applied in automobile construction industry and in form of prepregs in the
construction of printed circuit boards (PCBs). [60] Reactive PUR hot melt adhesives are
used in bookbinding for adhesion of wood and in shoe manufacture. [6]

Another example for physically setting adhesives are plastisols, which consist of
dispersions of polyvinyl chloride (PVC) or polymethyl methacrylate in a plasticizer.
Upon heating to temperatures of 120-200 °C, the plasticizer diffuses into the polymer.
Subsequent cooling leads to an irreversible transformation of the sol into a highly viscous
gel. [1,6,60] Plastisol adhesives are cheap and show high adhesion and durability, which
can be further improved by the addition of chemically curing components. [1]
They are used to bond metals and silicate containing materials and are frequently applied
in automobile construction. [1,6]

Furthermore, there are solvent based physically setting adhesive systems, where polymers
including polyvinyl acetate and other copolymers, polyvinyl ethers, polyvinyl esters,
polyacryl acid esters as well as nitrile butadiene rubber (NBR) or styrene-butadiene

rubber (SBR) are dissolved in organic volatile solvent such as esters or ketones. The solvent
is not part of the adhesive system but rather a processing aid, which is removed after
application of the adhesive, either before or after joining, depending on the material
properties of the substrate. While joining of dense adherents requires complete removal
of the solvent in advance, porous substrates allow for solvent escape also after joining. [60]
Hence, adhesion is achieved by evaporation of the solvent. Another approach employs
dissolution and swelling of polymer substrates by solvent adhesives (pure solvent or
solutions of styrene or PVC) and a subsequent migration process leading to
interpenetration and mutual entanglement of the two adherents. Amongst others,
solution based adhesives are used to bond paper, plastics, silicate containing materials
and wood. [1,6] Besides dissolution in organic solvents, adhesive polymers can also be
dissolved or dispersed in water. [6,60] Typically, emulsions of vinyl acetate homo- and

21



-Theoretical background-

copolymers, polypropionate, polyacrylate and styrene copolymers as well as dispersions
of rubber latices are used. Similar to solvent based adhesives, physically setting aqueous
emulsions or dispersions cure by the evaporation of water. [6,60] Although they comprise
low resistance against moisture, the importance of water based adhesive systems grows
steadily due to environmental concerns (no volatile organic compounds (VOCQ)). [1,60]

Also, contact adhesives set by physical processes. They are applied to both adherents as
polymer solutions or dispersions of chloroprene rubber, SBR, NBR, PUR, polyvinyl acetate,
PE, PVC derivatives or phenol resins. [1,60] In case of porous substrates, drying does not
have to be completed before further processing. During joining the adherents are pressed
together [1], applying a short but high pressure. Setting of contact adhesives may occur
according to three mechanisms. The first uses the formation of common crystallites
between the two adhesive films, providing cohesion in the adhesive bondline. This requires
a certain mobility of the polymer molecules and thus joining before the solvent is removed
completely. The second mechanism is based on mutual diffusion of the two adhesive
layers. Cohesion is provided by entanglement of the non-crystalline polymers applied to
the adherents. The third possibility concerns the application of two component contact
adhesives, where the adhesive can be applied to either one adherent (porous substrates)
or both adherents (dense substrates). [60] In general, contact adhesives are not crosslinked
and remain in the thermoplastic state after setting. Thus, their resistance against heat and
creep is limited. As described for hot melts and plastisols, the durability and cohesion of
adhesive can be improved by the addition of crosslinkable compounds.
Moreover, additives such as tackifiers, anti-aging compounds or UV-stabilizers may be
added. Typical application fields of contact adhesives are the textile industry, saddlery, the
fabrication of mattresses and shoes, floor coverings and the manufacture of cars. [1]

In contrast to physically curing systems, chemically setting adhesives are applied as low
molecular weight compounds. The adhesive polymer is formed during bonding according
to chemical reactions following the mechanism of polymerization, polycondensation or
polyaddition. [1,6,60] The kinetics of these reactions are influenced by temperature and
pressure as well as reaction time and the concentration of the reactants. [60]
The wide array of chemically curing adhesives can be further divided into one or two
component systems. Generally, curing of one component systems is started by external
factors such as heat, the presence of moisture, the catalytic effect of the substrate, absence
of oxygen or irradiation. In contrast, two component adhesives consist of several
compounds (monomer and hardener), which need to be mixed in a defined ratio. Since
setting starts immediately after mixing, the pot life of two component adhesive is limited.
The curing reaction is almost always exothermic. [1,6] Moreover, there are cold, warm and
hot setting adhesives, which cure at room temperature or slightly elevated temperatures,
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at 80-100 °C and 100-250 °C, respectively. Usually, cold setting adhesives require
monomers with higher reactivity and achieve lower strength than warm and hot setting
systems. [6,60]

Polymerization adhesives are generated by free radical or ionic polymerization.
The reactive species (free radicals, cations or anions) attack C=C double bonds of the
monomers, initiating a chain growth reaction (see Figure 12, chapter 3.4.2).
The resulting polymers are usually thermoplastic. Typical examples for polymerization

adhesives are acrylic copolymers, epoxy acrylates, urethane acrylates, polyester acrylates
or polyether acrylates as well as different rubbers and saturated hydrocarbons.
More precisely, polyvinyl acetate, polyvinyl alcohol, polyvinyl ether, ethylenvinylacetate,
polystyrene, styrene block copolymers, PVC as well as NR, SBR, NBR, butyl rubber,
chloroprene rubber, PE and PP are applied. Rather copolymers (statistic, alternating, block
or graft copolymers) than homopolymers are applied in order to adjust the properties of
the adhesive. Polymerization adhesives are further divided into one component and two
component systems.

In one component polymerization adhesives, the monomers are stabilized for storing and
the reaction is started by external factors during application and joining. Firstly, there are
cyanoacrylate adhesives, which cure in the presence of water or alkalinity. Chain growth
proceeds via anionic polymerization mechanism (see Figure 4) and is catalyzed by
hydroxide ions (OH"). The resulting non-crosslinked high molecular weight polymer is used

to bond metals, plastics, silicate containing materials as well as rubber and wood.
Since joining occurs so quickly, cyanoacrylate adhesives are also known as superglues or
instant adhesives. They are used to bond metals and plastics and are applied for tissue
bonding in medicine. Another representative of one component polymerization adhesives
are anaerobic adhesives, which require absence of oxygen and the presence of metal ions

for curing. The adhesive system usually consists of methacrylic monomers and a peroxide
initiator, which is decomposed to free radicals in a metal ion catalyzed reaction (see Figure
4). The adhesive stays liquid as long as it is in contact with oxygen and starts curing
according to free radical polymerization as the metal substrates are joined and oxygen is
displaced. Anaerobe adhesives show high resistance to temperature and media and are
mainly used for screw locking systems. [1,6,60] In contrast, aerobe adhesives require the
presence of oxygen to start polymerization. Here, compounds such as hydrazones, which
build peroxides in the presence of oxygen, are used as an initiator. As with common

peroxide initiators, free radical polymerization is initiated. Typical monomers are
methacrylates and PU-methacrylates. [6,60,73] Moreover, there are radiation curable
adhesive systems, where UV- irradiation, electron beams or lasers are used to initiate free
radical or cationic polymerization of (meth)acryl or vinyl monomers. The initiating species,
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which are generated by photolysis of a photoinitiator (PI), attack the C=C double bonds
of the monomers and thus start chain growth (compare Figure 12, chapter 3.4.2). [6,60]

Two component polymerization adhesives contain monomers and a hardener/accelerator
system, which are mixed in a defined ratio to start the polymerization reaction.
Typical monomers are methacrylates or unsaturated polyesters with monomeric vinyl
compounds. Peroxide components are used as hardener and tertiary amines or metal salts
as accelerator. The peroxide decomposes upon interaction with the accelerator,
generating free radicals, which in turn start the polymerization reaction by attack of the
C=C double bond of the monomers. Two component polymerization adhesives are used
to bond metals, plastics and silicate containing materials. [6,60]

Curing reaction of cyanoacrylic adhesives
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Figure 4: Reactions of one component polymerization adhesives [60]
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In polyadditon adhesives polymer formation is based on the addition of reactive
monomers and the migration transfer of a hydrogen atom from one component to
another. The most important representatives are based on epoxides and PUR.
Epoxides can be cured by mixing with amines (cold setting) or carboxylic acid anhydrides
(warm setting) in a stoichiometric ratio or by exposure to UV-light. Less common systems
employ carboxylic acids, organo-sulfur or hydroxyl compounds as a hardener.
Typical monomers are the bisphenol A diglycidyl ether, aliphatic epoxides, cycloaliphatic
diepoxides or epoxidized fatty acids. During the exothermic curing reaction, the hardener
is added to the epoxy moiety of the monomer. Thereby, the epoxy ring is opened and a
hydrogen atom is transferred from the hardener to the monomer, building a pendant
hydroxyl group. The resulting free valences allow for addition of the respective molecule
group (see Figure 5). [6,60] Besides polyaddition, epoxy adhesives can also be prepared
by cationic ring opening polymerization, where the epoxy ring is activated by an initiator,
starting the chain growth reaction (compare Figure 17, chapter 3.4.2). [1] Due to the
hydroxyl groups in their structure, epoxy adhesives have high polarity and good adhesion
to most substrates, including metals, plastics and silicate containing materials.
Epoxides are among the most widely used structural adhesives and are characterized by
good strength, high resistance against aging, temperature and chemicals, low shrinkage
and low peel strength as well as long term durability. However, the high crosslinking
density leads to brittleness, which can be overcome in toughened epoxy adhesives by
adjusting the monomer structure or the incorporation of rubber-like particles. There is a
huge variety of epoxy adhesives, encompassing one and two component systems as well
as cold and warm setting adhesives. In two component systems the monomer resin and
the hardener are packaged separately, while they are provided as a mixture in one
component warm setting epoxy adhesives. [1,6,60] Typical application fields are the
aircraft, automotive and construction industry. [1]

Curing reaction of polyaddition epoxy adhesives

0
o + HX —— ~»C—C—X
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Figure 5: Curing reaction of polyaddition epoxy adhesives [60]
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The second group of polyaddition adhesives is based on PUR. PUR adhesives are
generated by polyaddition reactions of diisycyanates and diols. As shown in Figure 6, the
active hydrogen atom of the polyol is transferred to the nitrogen atom, while the RO
remainder is attached to the carbon atom of the isocyanate group. [6,60] The reaction can
be catalyzed by tertiary amines or metal salts. [1] PUR adhesives show good adhesion to
various substrates, including metals, plastics and silicate containing materials, good
resistance against abrasion, water, solvents, plasticizers, fats and oils, as well as high
elasticity and flexibility. [6,60] However, compared to epoxides, the thermal stability of
PUR adhesives is lower. [60] As with epoxides, there are one or two component systems
as well as cold and warm setting adhesives. Usually, one component systems are
composed of an isocyanate terminated polyether polyol, which cures upon the exposure
to moisture (cold setting). [6,60] The isocyanate reacts with water instead of the polyol
compound. In a two-step reaction carbamic acid is formed as an intermediate and CO: is
released, giving the resulting amine, which in turn reacts with the isocyanate component
(see Figure 6). In order to avoid foaming of the adhesive, high isocyanate contents are
applied. Two component systems contain low molecular weight polyols and isocyanate
compounds or a mixture of isocyanate terminated pre-polymers and polyols or
polyamines [1,6,60], which can be cured either at room temperature or at elevated
temperatures. Moreover, there are heat curable one component PUR adhesives, where the
isocyanate component is blocked by a phenol. Upon heating the phenol is released and
the polyaddition reaction with polyol is initiated. [6] PUR adhesives are widely used in
furniture making and automotive industry as well as textile foam coatings. [1]
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Curing reactions of polyaddition PUR adhesives

isocyanate + alcohol
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Figure 6: Curing reactions of PUR polyaddition adhesives [60]

Besides polymerization and polyaddition, also polycondensation can be utilized to
generate and cure adhesive polymers. Typically, a low molecular weight byproduct such
as water, alcohol or carboxylic acid is generated during polycondensation.
The group of polycondensation adhesives encompasses formaldehyde condensates
(phenol/urea/melamine formaldehyde adhesives), polyamides, polyesters, silicones,
polyimides. Formaldehyde condensates or polyhydroxyl compounds are formed by
polycondensation of formaldehyde and phenol, urea or melamine (see Figure 8). [6,60]
These adhesives can be applied in pure form or as solution in water or an organic
solvent. [6] Phenol-formaldehyde adhesives (PF) are formed by crosslinking of phenol,
o-methylolphenol and other derivatives (kresols, resorcinols) via methylene and
dimethylen ether bridges under the release of water. For the application of these
adhesives, resols are preferred. The resulting PF resins are insoluble and infusible and can
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be cured either by heat or catalytically. [60] In general, PF adhesives are cheap and show
high resistance to biodegradation, hot water, high temperature and weathering. [6]
The formation of urea- and melamine-formaldehyde adhesives (UF, MF) starts with an
addition reaction between formaldehyde and the amine functionalities of urea or
melamine. In a second step, the resulting alcohol compounds undergo a condensation
reaction, giving an adhesive polymer, which is crosslinked by methylene and dimethylene
ether bridges. In case of UF adhesives, the condensation reaction is pH-dependent and
requires acidic conditions. Although melamine is able to react with a total of six
formaldehyde molecules, usually a molar ratio of 1:3 (melamine : formaldehyde) is
used. [60] All formaldehyde condensation adhesives (PF, UF, MF) are mainly applied as
wood glue. [1,6,60]

Curing reactions of PF adhesives
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Figure 7: Curing reactions of phenol formaldehyde polycondensation adhesives [60]
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Curing reactions of UF adhesives
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Figure 8: Curing reactions of melamine-formaldehyde polycondensation adhesives [60]
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Another group of polycondensation adhesives is based on silicones, which are composed
of an inorganic main chain (Si-O-Si) and organic substituents (hydrocarbons). [60]
One component RTV silicones cure at room temperature in the presence of moisture.
Polyorganosiloxanes are common starting materials. In order to prevent self-condensation
via the terminal hydroxyl groups the siloxanes are blocked by a crosslinking agent, which
is sensitive to hydrolysis. The curing reaction is initiated by hydrolysis of the crosslinking
agent, yielding the corresponding silanols. In the subsequent condensation reaction
siloxane polymers are built under the elimination of water (see Figure 9). In contrast,
two component RTV silicones do not require moisture but rather a catalyst for curing.
They are applied where curing of one component RTV silicones lasts too long due to low
moisture concentration or high layer thicknesses. There are two pathways according to
which two components RTV silicones can be cured: Firstly, silicic acid esters are crosslinked
with hydroxyl polysiloxanes in an organo tin catalyzed condensation reaction under the
elimination of alcohol. This reaction depends on the pH-value and the reaction
temperature as well as on the catalyst concentration. The second mechanism is based on
an exothermic addition reaction, where vinyl terminated siloxanes and siloxanes
comprising a Si-H moiety react in the presence of a platinum catalyst. In the resulting
polymers the silicon atoms are linked by oxygen and two methylene groups (see Figure
9). This polyvinylation reaction strictly depends on the reaction temperature. [1,6,60]
In general, silicone adhesives are characterized by high thermal stability due to the stable
Si-O-Si bonds building up the main chain. Moreover, they show good performance at low
temperatures, high resistance to weathering, moisture, oxidation, hot water, weak acids
and bases, polar solvents and soles. Silicones are elastic adhesives, which are used for
medical applications as well as to bond various substrates including metals, glass, paper
and plastics. [6,60]

Furthermore, polyimides are produced by polycondensation reactions, employing
aromatic diamines and anhydrides of tetrafunctional carboxylic acids (see Figure 10).
Firstly, the amine is added to the anhydride, followed by the cleavage of the anhydride
ring. In a second step, thermally induced condensation leads to the formation of an imide
ring under the elimination of water. The resulting polymers are insoluble and infusible.
Due to the aromatic system they withstand high temperatures (up to 260 °C).
However, they are comparatively expensive, difficult to handle, sensitive to moisture and
require long cure times or harsh curing conditions (230-250 °C, 8-10 bar). Thus, their use
is limited to special applications in the aircraft sector. [6,60]
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Curing reaction of one component RTYV silicone adhesives
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Figure 9: Curing reactions of polycondensation silicone adhesives [60]
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Curing reaction of polycondensation polyamide adhesives
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Figure 10: Curing reaction of polycondensation polyamide adhesives

In addition to the above discussed polycondensation adhesives, there are also
polybenzimidazoles, which are condensation products of aromatic tetraamines and
dicarboxylic acid esters. As with polyimides, the use of polybenzimidazoles is limited to
special applications, where high thermal stability is required. [60]

Moreover, polyamide and polyester adhesives are produced by polycondensation.
Since they are usually applied as physically setting adhesives, they are not discussed in
detail here. Polyamides form by polycondensation of diamines and bifunctional carboxylic

acids. They are thermoplasts and typically applied as hot melt adhesives. Polyesters are
generated by crosslinking of multifunctional carboxylic acids and polyols. There are
saturated and unsaturated polyesters. While saturated copolyesters are used as hot melts,
unsaturated polyesters are dissolved in acrylic or vinylic monomers and are polymerized
across their C=C double bonds in the presence of an initiator (peroxide).
However, unsaturated polyesters are generally less important for the application as
adhesive materials. [60]

As a supplement to chemical setting adhesives, blocked adhesive systems have to be
mentioned. In order to prevent undesired reactions until application (increase of pot life)
of two or more component systems, the monomers can be blocked chemically or
mechanically. Chemical blocking is achieved by modification of highly reactive monomers.
The curing reaction is initiated by defined conditions during joining. Examples are the
oxygen inhibition of acrylic compounds and the modification of siloxane monomers with
a crosslinking agent (see polycondensation adhesives). Moreover, thermally active systems
can be used. Therefore, the basic adhesive polymer is modified with functional groups,
which cleave off at high temperatures (high activation energy). For example chemical
blocking is used with warm setting epoxy adhesives, phenol resins and thermally
activatable PUR systems. Alternatively, the catalyst can be blocked instead of the
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monomer. Secondly, the adhesive system can be blocked mechanically.
The two components are packaged separately and curing starts immediately after mixing
them together. [60] A comparatively new approach is the use of microencapsulation, which
is mainly applied in screw locking systems. The components are applied as a latex solution
and set free upon destruction of the capsules by mechanical pressure. The curing reaction
is either based on anaerobic polymerization or initiated by mixing of two or more reactants
(two/multi-component adhesives). [1,60]

Another supplement concerns irradiation curing. There are different adhesion systems,
which can be cured by UV/VIS or electron beam irradiation. Examples are acrylic adhesives,
epoxy adhesives, PUR as well as polyesters and polyethers. While in case of UV curing, a
photoinitiator, which generates the reactive species upon irradiation, is required, the
electrons of the electron beam directly start polymerization since they act as free radicals.
Advantages of irradiation curable adhesives are the rapid cure and the possibility to bond
to substrates, which are sensitive to heat as well as the replacement of solution based
systems. After curing the adhesives show good resistance to heat, chemicals and are tough
and dimensionally stable. Application fields of irradiation cured adhesives include the
electronic, automotive and packaging industry as well as the medicine and tapes and
labels sector. [6]

Besides physically and chemically setting adhesives, PSAs have to be mentioned
separately. Since they do not change their physical or chemical state during application,
they are considered as non-setting adhesives. [1,6,55,60,62] PSAs consist of high viscosity
polymers such as NR, polyesters, polyacrylates, PUR or silicones, are permanently tacky
and remain at least partially liquid in their final state. They are mainly applied as adhesive
tapes and labels or as transfer systems, where the base is removed after application to the
adherent. [1,6,60] More details about PSA systems are presented in chapter 3.3.
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Classification according to physical form

As indicated in the classification according to the setting mechanism, adhesives can be
applied in different physical forms. There are solid adhesives, which are provided as
powders, films or tapes, and liquid or paste-like adhesives, which are available in their pure
form or with a solvent. [74-76] More precisely, there are hot melts, PSAs (solids) and

plastisol adhesives as well as solvent or water based solutions, dispersions and emulsions
(liquids and pastes). The physical form of the adhesives influences the mode of application.
Powders have to be molten or dissolved to provide satisfying wetting of the substrate
during application. Films are either supplied solely or on a reinforcing carrier (tape/label).
Liquids can easily be applied by spraying, brushing or roll coating, and pastes can also be
applied to vertical surfaces due to their high viscosity. [77] In most cases, solvents serve as
an application aid, which lowers the viscosity of the adhesives and thus enables good
wetting of the substrate. Typically, they are removed after application. [60,76,78,79]
Both, organic solvents and water can be used [79], whereof the latter is advantageous in
terms of costs, toxicity, flammability and environmental issues. On the contrary, organic
solvents dry more quickly and the formulation of dispersions is less complex compared to
aqueous systems. [78,79]

Classification according to function and adhesion properties

Based on the function of the adhesives, structural and non-structural adhesives are
distinguished. Structural adhesives are characterized by high cohesive strength, durability
and resistance against aging and environment. Their primary purpose is to hold structures
together permanently and to resist against high loads and stresses without loss of
integrity. [57,74-77,80-82] These adhesives have to withstand shear strengths higher than
7 MPa at room temperature [57,74,77,80] and are used to bond high strength materials
such as wood, metal, ceramics and reinforced plastics. [57,74] Typical representatives are
epoxy, toughened epoxy, PUR, modified phenolics, polyaromatics, polyesters, anaerobic,
cyanoacrylics, modified acrylics, nitrile and chloroprene rubber. [75,77,80] On the contrary,
non-structural adhesives are used to hold lightweight materials in position.

Hence, they are not required to withstand substantial loads. They are applied as PSAs,
packaging and temporary adhesives. Moreover, they can be used for sealing, vibration
damping and impact absorption as well as for the installation of thermal and electrical
insulations. [57,76,77,80,82]
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In addition, there is a particular classification for pressure sensitive adhesives, which
distinguishes permanent and removable PSAs. Permanent PSAs provide high tack, peel
adhesion, shear strength and cohesion and do not weaken with time. They bond quickly
to various substrates and are supposed to resist against high stress rates and large forces
(peel resistance > 9.0 N/25 mm). [7,20,60,83,84] Peel adhesion develops over time and is
in the end higher than the mechanical resistance of the substrate. Therefore, permanent
PSAs cannot be removed without destroying the adherent. [60,85] Sem/-permanent PSAs
are a variety of permanent PSAs, which remain removable and repositionable for some
time before becoming fully permanent. [84] In contrast, removable PSAs comprise low
peel strength (2.7- 9.0 N/25 mm), low-medium tack and cohesion but high shear strength.
They can be removed without damaging the substrate or leaving residues even after an
extended period of application. [7,20,60,84,85] Debonding occurs at the adhesive-
substrate interface and depends on the debonding conditions (time and temperature) and
the polymer rheology. [7,85] Polymers with limited molecular weight are preferred in order

to provide the required fluidity for debonding (viscous flow). [20] Moreover, removability
can be achieved by adjusting the PSA formulation and by regulation of the contact area
between the adhesive and the adherent. Some removable PSAs can be relaminated after
debonding. There are repositionable PSAs, which are characterized by time dependent
relamination, and readherable PSAs, which show time independent relamination.
However, repositionable and readherable PSAs should not be confused with semi-
permanent PSAs, which cannot be relaminated. [7]

3.3.Pressure sensitive adhesives and products

3.3.1. Pressure sensitivity
Pressure sensitive adhesives (PSAs) are a special type of adhesives, which provide high
and permanent tack at room temperature, adhere firmly to a variety of surfaces upon light
pressure (finger/hand) and do not need any activation such as water, solvent or
heat. [1,5,6,21,62] In contrast to other adhesives, PSAs do not change their physical or
chemical state during the application. [1,6,55,62] Bonding and debonding processes are
determined by the adhesive-substrate interface as well as by mechanical and rheological
properties of the PSA. [1,6,62] Adhesion of PSAs can be explained by one or more of the
theories described in chapter 3.2.2. Typically, physical adsorption plays an important role
since wetting of the adherent is essential for adhesion build up. The quality of wetting is
governed by the viscoelastic properties of the PSA and the interfacial energies. For
complete spreading over the substrate surface and good adhesion, low surface energies
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of the PSA, and high surface tension of the substrate are required. [1,6,55,62]
Furthermore, adhesion is strongly dependent on application time and pressure. [6]
The viscoeleastic behavior of the PSA provides the required flow and deformability for
proper adaption to the surface topography and the establishment of molecular
interactions (like liquids at low deformation rates), and simultaneously enables the
adhesive to sustain loads (like solids at high deformation rates). Besides good adhesion,
PSAs must provide sufficient inner strength (cohesion) to withstand mechanical stress and
to provide clean peel in case of removable tapes. Thus, a good balance between adhesion
and cohesion is demanded to meet the partially contradictory requirements of PSA tapes
for temporary applications. [1,5,6,62]

In general, the adhesion properties (tack, peel adhesion and cohesion) of PSAs are
governed by the glass transition temperature 7g, which can be adjusted by variations of
the chemical composition and structure (branching, crosslinking) of the
adhesive. [1,6,10,20,34] More precisely, the kind of monomers, the type and amount of
initiators and crosslinking agent as well as the polymerization method play an important
role. Moreover, the number average molecular weight Mn, the polydispersity Mw/Mn, the
average molecular weight between entanglements Me the molecular weight between
junctions Mc of the basic adhesive polymer and the degree of branching have a strong
impact on the mobility and the viscosity of the adhesive and hence on the mechanical and
adhesive properties and the 7g. The addition of various additives, including tackifiers,
antioxidants and fillers, allows further tuning of the adhesive performance. [1,10,20,62,86]
Typically, the 7gof PSA is adjusted to 40-70 °C below the application temperature. [1,6,34]

PSAs are used in nearly all industries as well as in everyday life, including household, office,
personal care and medical applications. In industry, this concerns temporary surface
protection (masking tape), packaging, labeling and the assembly of automotive parts, toys
or electronic circuit boards, while plasters, surgical drapes, dermal dosage systems and
biomedical electrodes are representatives of the medical field. Moreover, PSAs are applied
as decorative films, double or single sided adhesive tapes and with sticky notes in
household and office. [1,5-12]
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3.3.2. Characterization of PSAs

The behavior of PSAs is mainly described by three parameters: tack, adhesion (peel
adhesion) and shear resistance (cohesion). Tack is defined as initial adhesion, which
develops upon slight pressure and short application time. It enables the PSA to form a
bond of measurable strength immediately after contact to the substrate and is a measure
for the primary wetting of the substrate. It can be measured as the force required to
separate adherend and adhesive at the interface, immediately after application. While tack
describes how quickly bonds are built, peel adhesion is a measure of the force required
to separate a PSA tape from a substrate at defined speed and peel angle (180 ° or 90 °).
Both parameters are viscoelastic properties, which are influenced by the chemical
composition (choice of monomers) and the structure of the adhesive (crosslinking degree,
molecular weight). The determined values of tack and peel adhesion depend on the test
method and conditions, including application time, temperature as well as the peel angle
and speed. Moreover, the face stock material (carrier) and the coating weight have a
significant impact. While tack is mainly influenced by the wetting behavior, peel is more
dependent on the surface to which the PSA is applied. High peel adhesion requires a
certain level of tack for bonding and proper cohesion for debonding. In contrast to tack
and peel adhesion, cohesion (also called shear resistance or resistance to creep) is a bulk
property and hence, describes adhesion within the substance (internal adhesion/strength,
bulk property) rather than interactions between two different materials. It is defined as the
force, which holds a substance together and is thus a measure of internal molecular forces.
Cohesion is influenced by the molecular weight and the crosslinking density of the base
polymer, whereas high molecular weights and high degrees of crosslinking result in high
cohesion. However, it has to be considered that a certain molecular mobility is required
for adhesion build up during bonding. In general, permanent adhesives require a higher
level of cohesion than removable PSAs. For high cohesion, the molecular weight has to
exceed the entanglement molecular weight Me. On the contrary, cohesion is diminished
by the addition of tackifiers, since they act as diluents and increase chain mobility.
Besides these factors, also the coating weight, the face stock material, the substrate and
the temperature during testing as well as the chemical composition and structure of the
adhesive affect this parameter. [1,5,6,8,20,21,87]

The above described parameters can be determined by standardized tests, which are
based on the methods described in chapter 3.2.3. Typically, peel adhesion, tack and shear
resistance are investigated at room temperature. The standard ASTM method for the
examination of pee/ adhesion is based on a peel test: The PSA tape is attached to a
stainless steel test plate and subsequently lifted off at a speed of 15 cm/min and a peel
angle of 180 °. The testing setup may be varied in order to provide better correlation to
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usage conditions. The resulting force required for removing the tape from the test plate
under given conditions is taken as the peel adhesion value. As already mentioned, peel
adhesion is influenced by the temperature during testing, the application time and the
backing material, which may alter the actual peel angle by deformation. [8]
Tack is investigated using a pull test setup. Again, an adhesive bond is formed and broken
during testing, but the bond was formed under comparatively light force and short
application time. Usually, the tape is fixed and contacted by a probe or ball, which is
subsequently pulled upwards under controlled conditions. [8,87] According to ASTM
standards, the shear holding power is determined in a holding power test, where a fixed
area (1.27 x 1.27 cm or 1.54 x 1.54 cm) of the tape is adhered to a vertical test panel.
A weight of 0.5 or 1 kg is hung from the free end of the tape and the time required to pull
the tape from the test panel is recorded (shear holding time). Although the shear holding
power is mainly a property of the bulk, the test can be influenced by the backing and the
surface interactions between the adhesive and the test panel. A variation of this method
is the SAFT (shear adhesion fail temperature) test, which investigates the system under
gradually rising temperatures (4.5 °C/min). The SAFT value is defined as the temperature
at which the adhesive joint fails. [8]

3.3.3. Basic materials for pressure sensitive adhesives

While the first PSA tapes were based on NR and rosin, nowadays there is a huge variety of
tapes which differ in their chemical base, the carrier material and their construction. [6,10]
Typically, PSAs are based on (visco-)elastomers such as rubbers (natural and synthetic),
polyacrylates and styrenic block-copolymers. Furthermore, polysiloxanes, polyurethans
(PUR), polyesters, polyethers and ethyl vinyl acetate (EVA) polymers are used as basic
adhesive material. [5,6,8,10,21,34,62] Adhesives based on rubber are the most cost-
efficient PSA systems on the market. Natural rubber PSAs are characterized by a high
molecular weight, low 7g (-70 to -40 °C), high tack and high peel adhesion. They are usually
crosslinked to achieve the required cohesion and are applied from solution or as hot melts.
However, these adhesives are not stable against long-term exposure to environmental
conditions, as the unsaturated polymer backbone is prone to oxidative and radiation
induced degradation causing yellowing and embrittlement. [1,5,6,21]

Block copolymers used in PSAs are mainly based on polystyrene in combination with
isoprene or butadiene units and are composed of linear A-B-A, A-B, or branched (AB)»
sequences. Tack, peel and shear properties are controlled by the addition of tackifiers.
They have moderate molecular weights and high cohesion due to phase separation, where
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the domains act as physical crosslinkers. However, the unsaturation in isoprene or
butadiene units causes oxidative instability as already discussed for NR. Block copolymer
based PSAs are particularly applied as hot melts or high solids and packaging
tapes. [1,6,8,10,21]

Another important class of PSAs is based on polyacrylates, which are obtained from
random copolymers of (meth)acrylic esters and vinyl monomers. Polyacrylates are
inherently pressure sensitive. Their adhesion properties and performance are mainly
influenced by the chemical composition (choice of monomers) and the molecular weight
of the acrylic polymers. Typical 7gs for polyacrylic PSAs are in the range of -70 °C
to -25°C.[10,20,34] "Soft" acrylates with long side-chains such as n-butyl acrylate,
2-ethylhexyl acrylate or /iso-octyl acrylate provide low 7g corresponding to high tack and
peel adhesion. In contrast, “hard” short side-chain and polar monomers (e.g. acrylic acid
and methyl methacrylate) increase the 7g and thus the peel force and the stiffness of the
adhesive. Simultaneously, the internal strength increases due to the formation of
intermolecular hydrogen bonds. In addition, acrylates with functional groups can be
copolymerized to tailor interactions with selected substrates. For most applications
polyacrylates are crosslinked to provide sufficient cohesion and stability.
They are transparent and colorless and show excellent physiological properties as well as
water, chemical and aging resistance (light, heat, oxidation) due to their saturated polymer
backbone. [1,6,8,9] Along with aqueous emulsions or 100 %-systems (hot melts or low
viscosity systems), acrylic PSAs are applied as organic solution of the
copolymers. [5,6,11,88,89]

Typical silicone PSAs are based on poly(dimethylsiloxane) (PDMS) networks, which may
be substituted with phenyl groups for increased surface tension, 7g (-85 °C) and improved
thermal stability. Usually, the long chain PDMS is crosslinked by addition of multifunctional
siloxane resins. Moreover, vinyl, epoxy or acrylate functionalities may be introduced for
crosslinking. The high costs of these niche products is often outweight by high resistance
to oxidative degradation, high chemical and weathering resistance and high thermal
stability. In particular, the excellent temperature resistance (> 500 °C) relies on the Si-O-Si
backbone, which also provides high flexibility and thus low 7g. Hence, this class of PSAs
can be applied in a wide temperature range (-70 °C to 250 °C) to both high and low energy
surfaces. Peel can be improved by compounding the elastomers with silicon resins, which
are attached via reaction of some free silanol groups, while crosslinking provides improved
cohesion. [5,6,8,9,21,90] However, residual siloxane monomers present in the polymer
matrix often remain on the surface of the adherend after tape removal, which
compromises on product quality (e.g. decreased delamination resistance of composite
structures) and thus limits the applicability of siloxane-based PSAs.
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Besides silicones, also polyurethane adhesives comprise excellent bond strength
durability and plasticizer resistance. PUR adhesives rely on urethane links, which are
formed upon reactions of diiscocyanates and di-or polyols. The viscoelastic properties are
controlled by the chemical composition and structure of the monomers, whereas the
structure of the diisocyanate has a high impact on the tack. Mostly, aliphatic diisocyanates
are used. Alternating blocks of high and low 7g lead to segregated structures of hard and
soft segments, which allow for thermoforming. PUR PSAs are mainly applied as laminating
and mounting adhesives. [9,91]

Further PSAs are based on polyvinyl (alkyl) ethers. Unlike polyacrylates, these adhesives
are not inherently pressure sensitive but rather comprise “dry tack”. Consequently, blends
of low and high molecular weight polymers are applied to ensure proper surface wetting
as well as the required cohesion for PSA applications. [5,21] Crosslinking of di-
or polyfunctional vinyl ethers provides the inner strength of the adhesive. [7]
Since polyvinyl ethers comprise high moisture vapor permeability [5] and are non-
irritating to skin, they are suitable for medical applications. [7]

3.3.4. Manufacture of pressure sensitive products
Common pressure sensitive products (PSPs) include tapes, labels or protective webs [1,7,8]
and are wound to rolls, die cut or assembled on sheets. [6] PSA tapes represent the largest
market share of all PSPs [1,8] and generally consist of a carrier coated with a PSA layer. [8]
Furthermore, a release liner can be added to protect the adhesive layer until use. [7,8]
The PSA is based on (visco)-elastomers (see chapter 3.3.3), which can be formulated with
additives such as tackifiers, fillers, plasticizers, pigments, metal particles or carbon black
(for electronic conductivity) or stabilizers against thermal oxidation (hindered phenols,
phosphites, thioesters) or photo-induced degradation (hindered amines, UV-absorbers,
pigments). [8] The carrier ensures the mechanical properties of the tape and may be any
thin, flat and flexible material including plastic films (PET, LDPE, HDPE, PC, PVC,
polyacrylates, PS and PP) or foams as well as papers and fabrics (woven/non-
woven). [6,7,9] Also, the release liner consists of foils (PP, PE, PVC, PS, polyester) or coated
papers. [6-9,88] Since it has to be removable without damaging the adhesive layer or
deforming of the tape [8], the liner can be coated with a low energy material such as
silicones based on PDMS, long alkyl-chain branched polymers or fluorinated polymers.
In case of tapes, which are wound to rolls, this release coating is applied to the backside
of the carrier. [6-8] Further approaches use rough surfaces to minimize the contact area
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with the adhesive or consider the addition of low molecular weight materials, which build
a weak boundary layer at the liner adhesive interface to ensure release properties. [8]

The classic way to manufacture PSA tapes is to coat the adhesive formulation onto the
carrier. Alternatively, the adhesive can be applied to the carrier by extrusion coating or
co-extrusion of adhesive and carrier. [9] The coating method depends on the physical state
of the adhesive, the carrier material and the end use of the PSP. Typical techniques are
roll-coating (knife over roll, reverse roll), (slot-) die coating, extrusion, calendaring as well
as blade, casting, spray-coating and printing. [6,7,9] The adhesive is either coated directly
onto the carrier or it is coated onto a release liner and subsequently transferred to the
face stock material. [6,8,9,12] It can be applied (i) as solution or dispersion in organic
solvents or water, (ii) in the molten state or (iii) as low molecular liquid components, which
are polymerized directly on the carrier. [8] Before application the coated PSA layer (liquid
state) has to be transferred to the solid state. In case of solutions or dispersions, the
solvents are evaporated in air drying tunnels or festoon driers, while hot melts are simply
cooled down. In addition, the adhesive layer might be crosslinked via thermal or irradiation
curing (electron beam or UV-light) in order to control surface tack and adhesion strength.
Finally, the prepared tape (continuous web) is converted to the desired geometry by
cutting and slicing. [6,9] To ensure proper wetting and anchorage of the adhesive towards
the carrier, the carrier surface might be modified by physical or chemical routes. [9,21]
Therefore, primers are applied or surface treatment techniques, including flame or corona
discharge, are employed to increase the surface energy of the carrier (see chapter 3.2.4 for
more details). [6,8,9]

According to their construction, PSA tapes are divided into single-sided and double-sided
products. [7,8] Conventional single-sided tapes are composed of the following layers:
carrier — primer — PSA layer (10-750 um) - release liner (see Figure 11), whereof the primer
and the release liner are optional. If the tape is wound to a roll, the release /ineris replaced
by a release coating on the backside of the carrier. [6-8] Double-sided tapes, in contrast,
are coated on both sides of the carrier [6]. Thus, the construction includes the following
layers: release liner - PSA 1 — primer — carrier — primer — PSA 2 — release liner (see Figure
11). Again, the primer is an optional component. In rolls only one intermediate release
liner, which provides release properties on both sides, is required to prevent contact of
the PSA layers. The two PSA layers can either be identical or different in order to adjust
the adhesive properties to individual applications and requirements. [6] In transfer tapes,
where the adhesive is transferred to the substrate as a free layer, the carrier is replaced by
another release liner. [6,8]
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3.4.Photochemistry

3.4.1. Definition and importance of photochemistry

Photochemistry is the study of chemical reactions or physicochemical phenomena, which
are induced by absorption of light (photons) by a material. Upon photon absorption a
portion of molecules of the exposed material is transferred to the excited state and
subsequently undergoes processes such as ionization, luminescence, radiation-less decay,
quenching, excitation transfer or sensitization, photo-isomerization and rearrangements,
photo-dissociation, decomposition, electron transfer, bimolecular reactions, addition
reactions and photo-polymerization. [92,93] Typically, energies of 100-1000 kJ/mol are
applied, which are in the right magnitude to break bonds or cause molecular
rearrangement. These energies correspond to wavelengths in the range of 120-1200 nm,
including the ultraviolet (UV; 10-400 nm), the visible (Vis; 400-750 nm) and the near
infrared spectrum (NIR; 750-1500 nm). [92,94] Practically, radiation in the UV and VIS
(A = 200-800 nm) is applied to induce chemical reactions (electronic transitions), while NIR
radiation causes changes of the vibrational and rotational energy levels of the molecules
(movement). [92]

There are four laws, which describe the effect of light on chemical processes: The Grotthus-
Drape’s Law (1%t law of photochemistry) was formulated independently by T. Grotthus
(1818) and J. Draper (1839) and states that, light absorbed by matter can induce chemical
changes in the material, while reflected and transmitted light do not cause any reactions.
The Bunsen and Roscoe’s Law declares that the number of moles changed
photochemically is directly proportional to the product of the light intensity 7and the
duration of irradiation ¢ m ~ I = t). [92,95] In the Stark-Einstein’s Law of photochemical
equivalence light is considered as a stream of particles or quanta (photons) with an energy
of E = h * v, where Ais the Planck’s constant and v is the frequency of light. This law says,
that for every quantum of light (photon) absorbed, one molecule of the irradiated
substance reacts and undergoes a chemical change. Since the frequency is indirectly
proportional to the wavelength (v = 1/1), high energy is transferred to the irradiated
material by the use of short wavelengths or a high frequency, respectively. [92,95,96]
In contrast to the Stark-Einstein’s Law, the Platnikow Law is more theoretical and proposes
that if chemical changes take place in the dark and in the presence of light, the overall
reaction will be the sum of effects, which occur due to darkness as well as due to
light. [92,95]
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Photochemistry has always been important since proteins and nucleic acids had been
formed from CH4, NHs, H2O and CO: under the impact of sunlight in the prebiotic era.
Moreover, photosynthesis is a photo-chemical process, where chlorophyll, the green
pigment in plants, absorbs irradiation in the VIS spectral region. The absorbed energy is
then transferred to CO> and H>O to give cellulose and carbohydrates. [92,93]
Today, photo-chemical processes are also utilized in industry. For example, the
photo-electric effect is used in solar cells, fluorescence and phosphorescence are used in
tube lights and photochromic materials such as spiropyranes are part of photochromic
sunglasses. Moreover, photochemical reactions are the basic for synthesis of organic
compounds such as antioxidants, vitamin D, caprolactam, halogenated aromatics,
etc. [92] One advantage of photochemical reactions over thermally induced processes is
their selectivity. [92,93] While it is possible to excite only one specific molecular species by
selection of the proper wavelength, thermal activation increases the translational energy
of all species in the exposed material. [92] Furthermore, photo-induced reactions are
economically advantageous since they can be executed at room temperature without any
solvent and because they are rapid and cost efficient and require comparatively low
energy for initiation. [97] Photo-chemical reactions only take place during exposure to
light, but stop when the irradiation source is turned off. Temperature has little effect on
the reaction rate of photo-chemical processes. In contrast, the light intensity plays an
essential role for the kinetics of photochemistry. [92]

3.4.2. Photopolymer technology and photo-polymerization

Photopolymer technology deals with the action of light to form polymers and with
photo-triggered reactions in polymer materials. This includes chemical and physical
reactions of organic-based materials, which are induced by UV, IR or e-beam irradiation.
First applications of photopolymer technology date back to the 1930s-1940s and emerged
rapidly during the last five decades. Application fields encompass electronic materials such
as photo-sensitive resists for PCB production (see 3.5.2 for more details), printing materials
including printing plates and inks and optical and electro-optical materials (synthesis and
alignment of liquid crystal polymers). Moreover, photopolymer technology is employed
for the manufacture of devices, polymer materials, adhesives, sealants and coatings,
including dental fillings, microporous gels and micro-particles, light sensitive adhesives,
implantable bone prosthesis, contact lenses, hydrogels with controlled drug release
properties and decorative and protective coatings. [98,99]
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There are five mechanisms of photopolymer reactions: Photo-polymerization,
photo-crosslinking, photo-molecular reactions, photo-degradation and photo/thermal
reactions. Most commercial applications are based on the photo-triggered polymerization
of monomers and oligomers yielding high molecular weight materials. [98] Typically,
photo-polymer formulations contain reactive monomers and oligomers, a photoinitiator,
a pre-polymer to provide the required physical properties for processing and
additives. [98,99] In contrast, photo-crosslinking directs unsaturated moieties, which are
already attached to a polymer and are crosslinked upon irradiation. One example is the
[2+2] cycloaddition of ethylenic groups in poly (vinyl cinnamate). Another aspect of photo-
polymer reactions is the modification of polymers. In photo-molecular reactions, small
molecules undergo reactions with the polymer such as rearrangement and isomerization
and are incorporated into the matrix. As a result, plasticization, tack and adhesion of the
polymer are modified and color changes can be initiated. Moreover, polymers can be
degraded upon the impact of light. The polymer may either contain photo-sensitive
linkages, which are cleaved upon irradiation, or a light absorbing ingredient generating
active species, which attack the polymer chain. Unlike the first four mechanisms,
photo/thermal reactions are based on physical changes in the polymer matrix.
One example is laser ablation of organic coatings in the production of printing plates. [98]

Here, photo-polymerization is discussed in more detail, since it represents an essential
part of this work. In general, radical, cationic and anionic polymerizations can be started
by exposure to light. [97-100] Since the formation of reactive species directly on the
monomer is not efficient, photoinitiators (PI) are used. Upon exposure to light, the PI
generates active species /% which in turn attack the monomer M and thus start
polymerization (see Figure 12). [97,99,100] In addition, photosensitizers can be added to
the formulation in order to extend the spectral sensitivity. Photosensitizers absorb light
energy at wavelengths, where the PI is not able to operate, and transfer it to the PL
Typically, aromatic compounds such as benzophenone, acetophenone, naphthalene,
anthracene, etc. are applied as photosensitizers. [97,99]
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Figure 12: Schematic reaction mechanisms of radjcal, cationic and anionic polymerization

In the following the most important aspects of free radical and ionic polymerization are
discussed:

Free radical polymerization either proceeds via free radical chain growth or via free
radical addition, depending on the composition. The first utilizes C=C double bonds of
unsaturated polyesters or styrene as well as multifunctional acrylates or methacrylates for
curing. [98-100] The mechanism of free radical chain growth includes (i) initiation, where
the initiating radicals are generated by photolysis of the PI and monomer radicals are
formed, (ii) propagation, where monomers are successively added to the radical chain,
chain transfer (iii), where hydrogen atoms transferred from a hydrogen donor stop
propagation of the respective chain and start growth of another chain, and termination
(iv), where chain growth is stopped by either recombination or disproportionation
reactions of two radicals (see Figure 13). [99,100] Furthermore, the radicals can be trapped
due to increasing viscosity and decreasing molecular mobility with proceeding
polymerization. Since trapping is presumed to be permanent, these radicals are seen as
inactive. [99] Another important aspect concerning free radical chain growth is oxygen
inhibition. O> may disturb polymerization either by quenching the triplet state of the PI or
by scavenging the initiating and chain radicals (see Figure 13). The generated peroxy
radicals are inactive towards reaction with the monomers and thus retard or even stop
polymerization. In contrast, they can react with hydrogen donors, building neutral hydro
peroxides and a donor radical. In order to prevent oxygen inhibition, irradiation can be
done under inert gas atmosphere (e.g. N2, CO2) or oxygen scavengers such as amines,
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phosphines or thiols are added to the formulation. Moreover, paraffin waxes are added,
building a protective layer at the surface. Also, the application of high PI contents and
irradiation with high light intensity reduce the effect of oxygen inhibition. [99,100]

(i) initiation

PI L 2 I* ... radical, cation, anion

M ... monomer
(ii) propagation
M + " —> IM —> (M) —>  Polymer

n

(iii) chain transfer

(M) + DH —> IMH + D

D +M —> DM

(iv) termination

I(M).n + I(M);n — > IMM,l recombination

I(M);l T I(M).m - I(M)n + I(M)m disproportionation

O, inhibition

pp — > (p1); —> ar

(PI); + (02)T —> Pl + (02); quenching
I + 0, —> 100

I0O0 + DH —> I0OH+ D radical scavenging

Figure 13: Mechanism of free radlical chain growth involving initiation, propagation and termination reactions as well as
oxygen inhibition [99]

The second reaction type (free radical addition) utilizes thiol-ene reactions, where thiols
are added to unsaturated compounds such as allylic functionalized resins, vinyl or allyl
ethers as well as n-alkenes, (meth)acrylates and allylic urethanes. [99,100]
Firstly, UV-irradiation is applied to cleave the PI (type I or type II) and generate initiating
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radicals, which then abstract a hydrogen atom from the thiol. The resulting thiyl radical
attacks the C=C double bonds of the olefinic monomers, building an alkyl radical, which
in turn either adds to another C=C double bond or generates another thiyl radical by
hydrogen abstraction (chain transfer). As for free radical chain growth, polymerization is
terminated by recombination of two radicals (see Figure 14). In contrast, free radical
addition reactions are not sensitive to oxygen inhibition, because peroxy radicals would
only contribute to the formation of thiyl radicals via hydrogen abstraction and the related
initiation of polymerization. [99,100] Although this mechanism is emerging in industry,
it is limited to special applications so far. [100]

initiation

pI Y 5 oy o
or RSH + P —> RS ' + PIH

RSH + |" —> RS

propagation

chain transfer

RS—C—C + + RSH —> |——C—CH + RS

termination

/ N

2 RS—C—C - —> RS C C C C\ SR

\ /o]
/o N/

RS——C——C + + RS —> RS C C SR

\ /N

RS + RS —> RS—SR

Figure 14: Mechanism of free radical addition involving initiation, propagation and termination reactions [99,100]
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Typical initiators for radical photo-polymerization are peroxides, disulfates,
azo compounds, ketones, aldehydes, whereof aromatic ketones are the common choice
(compare Figure 15). [99,100] The generation of free radicals upon irradiation (initiation)
follows two mechanisms, depending on the substitution of the ketone and the aromatic
moiety. While R directs the mechanism of degradation, Rz influences the wavelength at
which light is absorbed. When R is an alkyl group, the PI is cleaved according to type I
mechanism (scission; see Figure 15). The most common type I mechanisms are Norrish
type I reactions, where absorption of UV-light leads to excited species in the triplet state,
which form free radicals by the cleavage of the CO-alkyl bond. For type II mechanism
(hydrogen abstraction), aryl groups are used in Ry position. UV-light is of insufficient
energy to cleave the CO-aryl linkage, and the PI remains in the excited state until it reacts
with a hydrogen donor such as tertiary amines, ethers, esters or thiols. A hydrogen atom
is abstracted by the PI in triplet state and low reactive ketyl and highly reactive donor
radicals are formed. The two mechanisms are demonstrated in Figure 15 at the examples
of an acetophenone derivative and benzophenone, which are typical representatives for
type I and type II PIs. [100]

type I: scission

Q CHs h Q CHs o G
O Ot — OF - L
CHg, CH,4 CH3

excited triplet state

type II: hydrogen abstraction

C E—— c —_— C +  CH3-CH-D
excited triplet state ketyl radical donor radical
with D = -NR,, -OR

Figure 15: Generation of free radlicals according to type I and type II processes [100]

Besides the formation of radicals according to type I or type II reactions, the triplet state
may also decay from excitation in form of phosphorescence or may be quenched by
monomers or oxygen. Since the life time of this transition state is much shorter for type I
Pls, side reactions are less likely for this mechanism. The efficiency and speed of the
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photo-reaction depends on the structure of the Pl and the related stability of the transition
state [99], the formulation (monomers, binders, etc.), the viscosity of the reaction mixture,
the applied light intensity, the film thickness and the use of pigments and additives. [100]

In addition to the free radical mechanisms, photo-induced polymerization may also follow
ionic pathways. Since anionic reactions are very sensitive to moisture and prone to O>
inhibition, most available ionically cured systems are based on cationic polymerization.
Typical monomers for cationic photo-polymerization are compounds containing epoxy,
oxetane or vinyl ether moieties. [98-100] Polymerization starts with the UV-induced
decomposition of a proper P, yielding Bransted or Lewis acids. There are three types of
PIs, which can be applied to start cationic photo-polymerization: aryldiazonium salts,
onium salts and organometallic complexes (ferrocenium salts), whereof onium salts are
most commonly used. The most important representatives are triaryl sulfonium salts with
counter ions such as PFe", SbFe, AsFe”, BF4~. These PIs either cleave homo- or heterolytically
upon UV irradiation, generating “in-cage-intermediates” in the singlet state, which in turn
form strong acids in the presence of hydrogen donors (see Figure 16). Therefore, PIs used
for cationic polymerization are also called photo acid generators (PAG). Besides aryl and
diphenyl sulfide, isomers of phenylthiobiphenyl (heterolytic) as well as benzene, biphenyl
and other by-products (homolytic) are formed due to side reactions. [99,100]

heterolytic photo cleavage
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Figure 16: Formation of photo acid by heterolytic and homolytic cleavage of a triaryl sulfonium salt (PAG)
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The generated proton reacts with a monomer and initiates ring opening polymerization
of the cyclic ether group. A carbocation is formed, which attacks another monomer.
Thus, propagation proceeds via cationic addition polymerization, resulting in a polyether
chain or network (see Figure 17). In case of vinyl ether monomers, carbon chains with
pendant ether groups are formed. [100] Termination may occur due to reactions with
anions or hydroxyl groups or due to chain transfer. [99] Although initiation is UV-induced,
the remaining polymerization process is thermally driven. [100]

cationic polymerization
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Figure 17: Reaction mechanism of cationic ring opening polymerization [100]

Cationic polymerization involves more expensive materials than free radical
polymerization, and thus is less commonly used in industry. [100] Another difference is
that cationic polymerization is not inhibited by oxygen, but by alkaline materials such as
amines, urethanes or additives (fillers, pigments) and humidity. The latter may induce chain
transfer reactions and thus reduces the average molecular weight of the formed polymer
and slows down the cure speed. [99,100] Regarding the kinetics, there is also a strong
impact of the viscosity of the starting material on the propagation rate and residual
monomer content. [99] Moreover, the anion affects the strength of the photo acid. [100]
Usually, epoxy cure is slower compared to free radical polymerization of acrylates. [99]
However, post polymerization has to be considered here. Since the proton generated by
cleavage of the PAG is very stable, it continues promoting the polymerization reaction
even after the light source has been switched off. [99,100]
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The main differences between free radical and cationic photo-polymerization are
summarized in Table 2.

Table 2: Differences between free radical and cationic photo-polymerization

free radical photo- cationic photo-

polymerization polymerization

. . : . cationic addition
reaction mechanism free radical chain growth L
polymerization

(meth)acrylates, unsaturated .
epoxides, oxetanes,

monomers olyesters, styrene or thiol-ene .
POl Y vinylethers
systems
sensitive to oxygen not sensitive to oxygen
sensitivity not sensitive to alkaline sensitive to alkaline
components or humidity components or humidity
ost reaction no significant post reaction significant post reaction
P (stops when light switched off) (dark reaction)
. only few commercial PIs
. . many PIs available .
industrial aspects available

—>cheaper .
—>more expensive

52



-Theoretical background, Printed circuit boards-

3.5.Printed circuit boards

Nowadays, printed circuit boards (PCBs) are used in nearly all electronic products. PCBs
provide mechanic support and electrical connection of electronic components via
conductive tracks, pads and similar features. In general, PCBs consist of an insulating
material, which carries conductive patterns. Therefore, thin copper foils are laminated to
FR 4-epoxy prepregs and etched to create conductive paths. Depending on the number
of copper layers, one can distinguish between single sided and double sided PCBs.
For more complex circuits and high component densities, multi-layer PCBs are used.
Components such as capacitors, resistors and active devices may be embedded in
advanced PCBs. [101]

3.5.1. The history of printed circuit boards
PCBs how we use them today, only exist since a few decades. [102] Before PCBs were
invented, wire wrapping or point-to-point constructions, which were extremely bulky and
unreliable, had been used. [101,103] In the following, the most important milestones of
PCB development are summarized:

A forerunner of modern PCBs was built by Albert Hanson in 1903. Foil conductors of brass
or copper were cut or stamped out and adhesively bonded onto an insulating material
(paraffined paper) in multiple layers. The bottom and the top conductor layers were
connected via holes. [102,104,105] Moreover, Hanson already found that conductors can
be built by electrodeposition and that a high packing density is crucial. At the same time,
Thomas Edison was working on concepts of how to replace wires (1904). He proposed
(i) selective application of glue, which was then dusted with conductive powders such as
graphite and bronze, (ii) patterning of a dielectric with silver nitrate and a subsequent
reduction of the salt to Ag® and (iii) the application of gold foil onto a patterned adhesive
to build wireless circuits. [105] Another important development was the print and etch
method, which was firstly described by Arthur Berry in 1913. [102,105] Electric tracks were
produced by patterning the metal layer by a resist and etching the uncovered metal
away. [105] In 1914, Max Schoop patented and later commercialized the flame spray
method, where thick patterns of metal were deposited through a mask. [102,105]
An early version of electroplating was developed in 1927 by Charles Durcase. Electric paths
of copper, silver or gold were printed through a stencil, which allowed for direct
application onto the insulating material [102,104,105] and thus eliminated complex
wiring. [103] PCB invention dates back to John Sargrove (1936-1947), who sprayed metal
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onto Bakelite. [101] However, the first contemporary PCB was developed by Paul Eisler in
1936 as part of a radio system. [101,102,104] His approach was based on photoetching,
which is still the most popular manufacturing method. Eisler adopted photosensitive
coatings, which were developed and well established in the 1800s, to the manufacture of
circuits. [105] During World War 11, Eisler’s technology was used by the U.S. Army [102,104],
who released it to the public in 1948 for the manufacture of commercial products. In 1949,
Moe Abramson and Stanislaus F. Danko of the U.S. Army Signal Corps developed an auto-
assembly process for PCB production, where component leads were passed through
drilled holes and soldered to a PCB trace. [101,102] This concept was patented in
1956 [102-104] and became the standard of today after combining with the new
inventions of board lamination and etching techniques. [101]

While in the 1920s almost everything was used as PCB material, including Bakelite,
Masonite and even thin, plane pieces of wood [103], the materials were changed to resins
in the 1950s to 1960s. However, printing was limited to one side of the PCB until 1947 and
the 1960s, respectively, when the first double sided PCB with plated through-holes was
produced and the first multi-layer (4+) board was developed. In the 1970s, PCBs started
getting smaller and hot air soldering and the first photo imagable mask were developed,
which were implemented in the standard production process. [103,104] Since the 1980s
small parts were mounted to the PCB surface, replacing through-hole constructions.
Moreover, the size of PCBs was further reduced, while providing the same level of
functionality. Though the complexity of PCB construction increased continuously and
miniaturization proceeded in the following years, automatization of PCB manufacture
allowed for low costs. [101,103,104]

3.5.2. Construction of printed circuit boards
Materials

The basic materials used for the manufacture of PCBs are copper foils of different
thicknesses (0.0007 or 0.00134 inches), prepregs (pre-impregnated bonding sheets) and
inner-layer cores (copper foil — prepreg — copper foil). Among the different types of
prepregs, FR 4 material is the most common in use. It consists of a woven glass fiber cloth
pre-impregnated with an epoxy resin, which is cured to B-stage. Inner-layer cores,
prepregs and copper foils are joined during the lamination process, where high
temperatures and pressures “melt” or soften the epoxy resin. Consequently, the resin flows
across the copper features and exposed laminate sites of the core, bonding them together
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while cooling. In order to improve adhesion with the epoxy resin, the copper surfaces can
be treated chemically and/or mechanically. [106] There are etching technologies and the
black oxide treatment, which rely on mechanical adhesion only. In contrast, oxide
replacement technologies additionally offer a certain extent of chemical
adhesion. [107,108] One example for the latter is BondFilm® treatment, where the copper
surface is roughened with an etchant of sulfuric acid and peroxide to enable good
mechanical interlocking with cured epoxy prepregs (main adhesion mechanism).
In addition, an organometallic layer containing benzotriazole derivatives is applied to
provide some extent of chemical adhesion. [107-110] As described in reference [43],
the coupling effect of the azole compounds is based on covalent bonds to copper
(benzodiazolato Cu(l) or bis(benzotriazolato) Cu(ll)) and its participation in the ring
opening polymerization of the epoxy resin. [107-110]

Manufacturing process

In general, one distinguishes between single sided, double sided and multi-layer PCBs
(see Figure 18). While single and double sided PCBs consist of a rigid prepreg base with
copper on one or both sides, respectively, multi-layer PCBs are made from one or more
inner-layer cores (depending on the design) with copper foils on the top and bottom.
The number of layers corresponds to the number of copper foils incorporated.

Single Sided PCB Double Sided PCB Multilayer PCB

v/

laminate laminate laminate

A\N

Figure 18: Construction of single-sided, double-sided and multilayer PCBs

55



-Theoretical background, Printed circuit boards-

The production of multi-layer PCBs (see Figure 19, Figure 20 and Figure 21) starts with the
selection of an inner-layer core, which is subsequently covered with a photo-sensitive
resist. The resist is cured under heat and pressure. Then the panels are exposed to high
intensity UV-light through a patterned film, which depicts traces, pads and other copper
features as well as the solder mask. The light can only pass through the clear areas of the
film, where it cures the photo-sensitive resist. During image development, the non-
polymerized areas of the resist are removed, giving in the negative image of the desired
circuit pattern. In the next step, the copper, which is not covered by the resist, is chemically
removed from the core (inner-layer etch) and the desired copper pattern is created. Finally,
the remaining resist is removed chemically (resist strip), revealing a pattern of copper and
exposed core laminate. The resulting inner-layer cores are then examined in an automated
optical inspection, where defects are detected and - if possible - repaired. [106,111]

For multi-layer production, an adhesion promoting layer is applied to the exposed copper
surfaces on the patterned core. Further layers of prepreg and copper foil are applied to
the top and bottom of the inner-layer core via lamination under high temperature and
pressure. Again, the copper surfaces are patterned by the use of a photo-sensitive resist
and chemical etching (repeat steps 2-6). However, the final copper layers (top and bottom)
of multi-layer PCBs remain unetched and do not comprise any pattern. [106,111]
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manufacture of inner-layers
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Figure 19: Manufacture of PCBs - inner-layer core

copper

Next, holes are drilled through a stack of panels according to the board design (primary
drill). They are prepared a few mils larger than required in the end to allow for copper
plating. Raised edges and metal burrs, which originate from the drilling process, are
removed in a mechanically abrasive process (deburring). Furthermore, thin coatings of
resin are formed at the inner layer connections (inside of the holes) as a consequence of
the frictional heat and motion of the drill bits. In order to improve connectivity, this excess
resin is removed chemically in the desmear process. In the next step, the metallic base for
electroplating is applied by chemical deposition of a thin copper layer on all exposed
surfaces of the panel, including the drilled holes. Then, the panel is coated completely
(also holes) with the photo-sensitive resist, which was already applied on the inner-layer
cores. The resist is developed as described for the inner-layer cores, creating the circuit
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pattern by irradiation with UV-light through a patterned film and subsequent removal of
the non-polymerized areas via chemical solution. All drilled holes, which are exposed, will
be plated through. In the following electroplating process, copper (~ 1 mm) is deposited
onto the exposed metal surfaces on the panel. In order to maintain the copper traces, hole
pads and walls during the outer-layer etch, all exposed copper surfaces are covered with
tin in another plating process. In the first step of the “strip-etch-strip” process (SES), the
resist is removed from the panel. While the tin plating is not affected, holes, which were
covered by the resist, are now open and will remain non-plated. In the etch process
(2 step of SES), all copper is removed from the panel, except areas covered by tin.
Finally, the tin is stripped chemically in the last step of SES, revealing pads, traces and
plated through holes of copper on the laminate surface according to the circuit pattern.
[106,111]

manufacture of outer-layers

10) primary drill 13) electroless 14) application of 15} creation of circuit
copper deposition photo-sensitive resist pattern (UV, develop)

electrodeposited remst
copper
11) deburr
12) desmear
[ By R _("\_
drllled hole
16) electroplating ~ 17) electroplating 18) SES - 19) SES - 19) SES —
of copper of tin resist strip etch cnpper tin strip
copper

_Z/;//__f/ V-

Figure 20: Manufacture of PCBs - outer-layers
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The exposed copper features are cleaned from contaminations and superficial oxidation
products by scrubbing with pumice, in order to improve adhesion to the solder mask.
This photo-sensitive epoxy based ink is coated all over the panel and dried to the touch
but not fully cured. Next, it is exposed to light through a film tool and developed, exposing
pads and holes as defined by the circuit pattern (similar to patterning process).
Then, curing is completed by baking in the oven or by the use of infrared heat sources.
The solder mask is used to restrict areas, which will be covered with solder and protects
the panel from contamination handling damage and shorts during assembly and
installation. Information such as component placement, part name or number, date code
and logo are silk screened onto one or both sides of the panel. After curing the ink by
baking, the hot air solder leveling process (HASL) is started. The panel is coated with flux
to promote coating of copper during dipping into a bath of molten solder. The solder
covers all exposed metal surfaces. Excess solder is removed from holes and the pad
surfaces are smoothed by high pressure hot air blasting. [106,111]

application of solder

21) application of 23) Silk screen of
solder mask information + cure

'Y 'Y

20) Cleaning and 22) cure of 24) hot air solder
preparation for solder mask leveling (HASL)
solder mask

Figure 21: Manufacture of PCBs: application of solder

The produced PCB is then cut to size and checked for fabrication requirements such as
cleanliness, sharp edges, burrs, etc. Moreover, an electrical performance test is done to
detect opens or shorts, which are repaired if possible. Finally, there is another visual
inspection of the product before packaging and distribution. [106,111]
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4. Strategies and approaches

As described in chapter 2 (scope of the thesis), the designed PSA tape is applied
temporarily in the production of PCBs. In order to ensure reliable fixation of the
microelectronic components, high initial tack and adhesive strength are required during
the application. In addition, easy and clean removability after exposure to high
temperatures and pressures (200 °C, 20 bar) is required to prevent delamination in
subsequent processing steps. These contradictory demands are combined in one PSA by
selection of a suitable basic adhesive system and the incorporation of a release function,
allowing for debonding on demand. Firstly, a suitable adhesive system is selected.
From the wide range of PSA basic materials, acrylate and epoxy based adhesives are
chosen because the diversity of available monomers enables precise adjustment of the
adhesive properties. Moreover, polyacrylics and epoxy adhesives are thermally stable and
provide a high resistance against aging and chemicals. Although polysiloxane adhesives
perfectly fit the requirement of thermal stability (resistant up to 250 °C), they are excluded
at the request of the company partner. In general, debonding on demand can be achieved
by a variety of mechanisms, which can be initiated by changes in temperature, exposure
to UV or VIS irradiation as well as by electronic or magnetic effects (see also chapter 1,
Introduction).

In this thesis, acrylic and epoxy based (co)polymers are synthesized as the basic adhesive
material. The monomer composition is varied in order to adjust the adhesive properties
(hard and soft monomers) and the thermal stability of the adhesive (aromatic compounds).
Moreover, photo-responsive moieties such as vinyl or acryl groups are introduced to the
side chains to enable UV-induced crosslinking of the adhesive polymers.
Another approach utilized with acrylic PSAs, is the formation of semi-interpenetrating
networks (semi-IPN). Therefore, the acrylic PSA is blended with multifunctional acrylic
monomers and a photoinitiator, building semi-IPN with the base polymer upon
UV-induced polymerization. The chemical composition of the synthesized adhesive
polymers is examined by infrared (IR) and nuclear magnetic resonance (NMR)
spectroscopy, while the thermal properties are investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). Moreover, gel permeation
chromatography (GPC) is performed to determine the molecular weight distribution of the
adhesive polymers.

Adhesive tapes are prepared by coating a solution of the adhesive formulations onto a
PET carrier, which can be either untreated, corona activated or modified by an
organosilane coupling agent. The PSA layers, which vary in the structure of the basic
adhesive polymer, the structure and concentration of the multifunctional monomers and
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the photoinitiator concentration, are characterized by IR-spectroscopy, displaying their
reaction kinetics and the debonding efficiency during UV-irradiation. Moreover, the 7g of
the adhesive formulations is determined by DSC measurements prior to and after
UV -induced crosslinking and the thermal stability is investigated by TGA.
The performance of the PSA tapes is followed by peel tests prior to and after
photo-triggered debonding. Furthermore, the removability from different substrates after
exposure to temperatures ranging from room temperature up to 240 °C was evaluated by
the use of optical light microscopy in dependence of the adhesive formulation, the carrier
pretreatment and other processing parameters as well as the surface quality of the
substrate.
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5. Experimental part

5.1.Chemicals and materials

The acrylic monomers 2-ethylhexyl acrylate (2-EHA; 98 %), methyl acrylate (MA; 99 %),
butyl acrylate (BA; 299 %), acrylic acid (AA; 99 %), 1-vinyl-2-pyrrolidone (VP; 299 %),
ethylene glycol phenyl ether acrylate (EGPEA; 75-125 ppm HQ, 0,120 ppm MEHQ), vinyl
methacralye (VMA; 98%) and isobornyl acrylate (IBA; technical grade, 200 ppm MEHQ) as
well as the epoxy monomers glycidyl methacrylate (GMA; > 97.0%), 2-ethylhexyl glycidyl
ether (2-EHGE; 98 %) and glycidyl isopropyl ether (GIPE; 98 %) were purchased from Sigma
Aldrich (United States).

Azobisisobutyronitril (AIBN; 98 %) was obtained from Acros Organics (United States).
Boron trifluoride ethylamine (BFs-ethylamine; ARADUR® HT 973) was supplied by
Huntsman Advanced Materials (United States). Butylated hydroxytoluene (BHT; 299 %),
tetramethylammonium bromide (TMAB; 98 %) and hydroquinone (HQ; reagent plus,
>99.5%) were obtained from Sigma Aldrich (United States). Sodium hydroxide (299 %)
and sodium sulfate (299 %, water free) were purchased by Carl Roth. The photoinitiators
2-dimethylamino-2-(4-methyl-benzyl)-1-(4-morpholin-4-yl-phenyl)-butan-1-one  (Irga-
cure 379), bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide (Irgacure 819) and ethyl
(2,4,6-trimethylbenzoyl) phenylphosphinate (Lucirin TPO-L /Irgacure TPO-L) were kindly
provided by BASF (Germany).

Ethyl acetate (EtAc; 99 %), ethanol (EtOH; 96 %) and d-chloroform (CDCls; <0.01 % H20)
were obtained from VWR International (United States). Methanol (MeOH; >99.5 %) and
toluene (299.5 %) were supplied by Carl Roth GmbH & Co KG (Germany). 2-butanone
(MEK; 299 %), acidic acid (AcOH; 99.7 %) and tetrahydrofuran (THF; anhydrous >99.9 %,
250 ppm BHT) were purchased from Sigma Aldrich (United States).

The multifunctional crosslinking agents trimethylolpropane triacrylate (TMPTA;
600 ppm MEHQ), di(trimethylolpropane) tetraacrylate (DTMPTA; 1000 ppm MEHQ),
pentaerythritol  tetraacrylate (PETA; 350 ppm MEHQ) and dipentaerythritol
penta/hexaacrylate (DPEPHA; <650 ppm MEHQ) were obtained from Sigma Aldrich
(United States). Ethoxylated (3) trimethylolpropane triacrylate (SR 454), ethoxylated (10)
bisphenol dimethacrylate (SR 480), propoxylated (3) trimethylolpropane triacrylate
(SR 492) and ethoxylated (4) pentaerythrithol tetraacrylate (SR 494) were kindly provided
by Arkema (France).

The organosilanes 3-methacryloxypropyl trimethoxysilane (3-MAPTMS; > 98 %) and
3-acryloxypropyl trimethoxysilane (3-APTMS; 95 %) were purchased from Wacker Chemie
(Germany) and ABCR  (Germany), respectively.  Bis(acylphosphane)oxide-4-

62



-Experimental part-

(trimethoxysilyl)butyl-3-[bis(2,4,6-trimethylbenzoyl)phosphinoyl]-2-methyl-propionate
(TMESI? BAPO) was kindly provided by ETH Zurich, where it was synthesized according to
Ref [19].

Sulfuric acid (H2SOs4, 96 %) was purchased from Carl Roth, sodium persulfate (NaPS;
> 99.9 %) from Sigma Aldrich.

All chemicals were used without further purification.

Table 3: List of chemicals and the corresponding chemical structures

Name chemical structure
(0]

2-ethylhexyl acrylate \)J\o
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ethylene glycol phenyl ether acrylate \)J\O/\/O\Q

0
vinyl methacrylate s
(VMA) \ﬁko \
isobornyl acrylate NP
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glycidyl methacrylate
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(2-EHGE) o
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Carrier and liner materials

Two types of polyethylene terephthalate (PET) films were applied as carrier material in PSA
tape preparation. A 180 um thick PET foil was purchased by AGFA (Belgium), while Coveme
(Italy) provided a 50 pm thick PET foil, which was chemically etched with trifluoroacetic
acid on one side.

A siliconized PET foil of 50 um was used as liner.

Substrates

Tarnish protected copper, BondFilm® treated copper and cured FR 4 materials
(hereinafter referred to as “cured epoxy” or “prepreg”) were kindly provided by the
company partner (AT&S) and applied as substrates during adhesion experiments. In order
to reveal the pristine copper surface the tarnish protection layer (chromium-zinc coating)
was removed by dipping tarnish protected copper substrates into an aqueous solution of
H>SO4 (50 g/L) and NaPS (50 g/L) for 40 seconds at 35 °C. Subsequently, the substrates
were washed with deionized water and dried in a nitrogen gas flow. Structured PCBs were
used to test BondFilm® and epoxy surfaces simultaneously.

5.2.Machines and devices
Atomic force microscopy (AFM)

A Nanosurf easy Scan atomic force microscope (Nanosurf, Switzerland) operating in
“tapping mode” was applied to investigate the topography of different substrates.
The AFM was equipped with standard silicon cantilevers from Budgetsensors with a radius
of curvature <10 nm, a 48 N/m spring constant and a 190 kHz resonance frequency.
The average roughness (Sa) and root mean square roughness (Sq) was calculated using
the Gwyddion software (v 2.44, v 2.51).

Attenuated total reflection Fourier transformed infrared spectroscopy (ATR-FT-IR)

A Bruker Vertex 70 FT-IR-spectrometer (Bruker, United States; software OPUS®) equipped
with a Platinum attenuated total reflection unit (ATR) was employed to investigate the
chemical composition of the synthesized adhesive polymers. 16 scans were accumulated
with a resolution of 4 cm™.
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Corona treatment

A corona treatment system TG3001 Ahlbrandt (Germany) was applied to activate the
carrier. The power output P [W] and treatment speed v [m/min] were adjusted individually
and are given for the respective experiments. The respective corona dose [W*min/m?] is
calculated according to equation (1)

P
Vb

(1)

Corona dose =

where Pis the applied power output, vis the treatment speed which was set to 1.8 m/min
and b is the width of the table (0.4 m).

Contact angle measurements

The static water contact angles of different substrates were determined at temperatures
of 20-23 °C at a relative humidity of 50-80 % using a Kriiss DSA 100 Drop Shape Analysis
System (Kruss, Germany). A 2 pL droplet of ultrapure water was deposited on the surfaces
and the water contact angle was calculated by taking the arithmetic average of 5-10
droplets, applying the Young & Laplace equation and the software Drop Shape Analysis.

Film Application/Coating

Quadrupole film applicators by Erichson, Model 360 with 1 cm or 10 cm length were used
to coat adhesive formulations onto PET carriers.

Differential scanning calorimetry (DSC)

The glass transition temperatures (7g) of the adhesive polymers and formulations were
determined by means of DSC, applying a DSC 204 F1 Phoenix 240-12-0215-L by Netzsch
(Germany; software: Netzsch Proteus), a Perkin Elmer DSC 4000 (Perkin Elmer, United
States; software: Pyris) or a Mettler Toledo DSC 1 STARe System (Mettler Toledo, United
States; STARe software).
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Fourier transformed infrared spectroscopy (FT-IR)

The UV-cure kinetics of the different adhesive formulations were investigated by a Perkin
Elmer Spectrum One FT-IR-spectrometer (Perkin Elmer; United States; software OPUS®).
16 scans were accumulated with a resolution of 4 cm™.

Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) was performed on a Merck Hitachi system
(Germany; Software MultiDetector Software, V 3.2 by PL) with a combined refractive index—
viscosity detector by Viscotec (Viscotec 200, Germany) in order to determine the number
and weight average molecular weight (Mn, Mw) and the polydisperity PDI(Mw,/Mn) of the
synthesized acrylic copolymers. The measurements were carried out on separation
columns by Agilent Technologies, GPC 50 (pre-column: 1x PSS SDV, 8x50 mm, particle size
5 um; analysis column: 2xPSS SDV, Analytical Linear M, 8x300 mm, particle size 5 ym) and
THF was employed as eluent. Polystyrene standards supplied by Polymer Standard Service
were used for calibration.

Nuclear magnetic resonance spectroscopy (NMR)

Information about the chemical structure of the synthesized adhesive polymers was
provided by "TH-NMR spectra recorded with a Varian 400 MR spectrometer (Varian, United
States; software VNMR) operating at 399.72 MHz. The spectra were evaluated by the use
of the software ACD/NMR Processor (academic version).

Optical light microscopy

An Olympus BX 51 microscope equipped with an Olympus U-TVO 5XC3 camera (Olympus,
Japan; software Stream Essentials) was applied to investigate substrates surfaces with
regard to adhesive residues.
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Surface Tack Measurement

The surface tack of PSA tapes was determined using a MTS 831 Polymer Testing System
by MTS (United States; software Test Suite), where the adhesive tapes were pressed onto
tarnish protected substrates with 25 N for 90 seconds and subsequently detracted at
constant pull-off speed of 300 mm/min.

Radiometer

An EIT UV Power Puck II, S/N 18052 (EIT, United States) was employed for the
determination of all applied UV-exposure doses.

Spin coater

In order to investigate the UV-cure kinetics adhesive formulations (150 mg/mL in
2-butanone) were spin cast onto CaF, discs with a Spincoater 4000 by electronic
microsystems LTD (UK) applying a speed of 4000 rpm and a ramp of 5000 rpm.

Tensile testing machine

The adhesive forces of the PSA tapes were determined via peel strength tests on a Zwick
Z010 AroundLine material testing machine (Zwick Roell, Germany; software TestXpert II)
equipped with a 500 N load cell and a 1 kN clamp. Therefore, the tapes were laminated
onto tarnish protected copper substrates and peeled off with 300 mm/min in a 90 ° angle.

Thermogravimetric analysis (TGA)

The thermal stability of the synthesized adhesive polymers and adhesive formulations was
investigated by means of TGA applying a Mettler Toledo (United States) STARe System,
TGA/DSC 1 with a STARe System, GC 200 gas controller. The samples were heated to
600 °C under nitrogen atmosphere (10-20 mL/min) at a rate of 5 °C/min and the mass loss
was determined using the STARe software.
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UV-light curing systems

An Omnicure S7000 by Lumen Dynamics (Excelitas Canada Inc., Canada) was used to
irradiate the samples in UV-cure kinetic measurements with an intensity of 4.18 mJ/cm?
and wavelengths in the range of 250-470 nm.

A Light Hammer 6 by Fusion UV Systems, Inc. (Heraeus, Germany) was employed to
pre-crosslink the PSA tapes and to trigger their UV release. The irradiation doses and rate
of transportation (conveyor belt LC6E) were adjusted individually.

UV-VIS Spectroscopy

A Cary 50 spectrophotometer by Agilent Technologies (US) was employed to record the
UV-VIS spectra of the PET carriers in the range of 200-800 nm at a scan rate of 600 nm/min.
(Software: Scan, Version 3)

X-ray photoelectron spectrometry (XPS)

A K-a-X-ray photoelectron spectrometer by Thermo Scientific (United States; software
Thermo Avantage processing (v.5932)) equipped with an Al-K-a source (hv = 1486.6 eV)
and a hemispherical analyzer was applied to study the modification of PET carriers. 400 ym
spots were investigated with an energy step size of 0.1 eV and a pass energy of 10 eV.
Hydrogen was omitted in the calculation of the surface composition and the C1 s line at a
binding energy of 284.8 eV (hydrocarbons or hydrocarbon groups) has been used to
calibrate the binding energy scale for XPS measurements.
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5.3.Synthesis of adhesive polymers
Acrylic copolymers

Ethyl acetate (EtAc), the respective monomers (see Table 4) and AIBN were added to a
three necked flask. The reaction solution was purched with nitrogen for 30 minutes under
mechanical stirring and was subsequently heated to 80 °C in order to initiate the free
radical polymerization. After 4 hours the acrylic copolymers were isolated and purified by
precipitation into cold methanol (MeOH). The polymers were dried at 50 °C under reduced
pressure (100 mbar). [112,113]

Table 4 shows the mixing ratios of all synthesized acrylic copolymers. The composition of
acryl_1 was based on Ref [114], comprising 2-ethylhexyl acrylate (2-EHA), methyl acrylate
(MA), butyl acrylate (BA), acrylic acid (AA) and 1-vinyl-2-pyrrolidone (VP). In order to vary
the properties of the adhesive, the composition of acryl_2 - acryl_6 was altered: MA was
replaced completely by ethylene glycol phenyl ether acrylate (EGPEA) in acryl_2, while
equal amounts of MA and EGPEA were used in acryl_3. Acryl_4 was synthesized using
vinyl methacrylate (VMA) instead of MA. Isobornyl acrylate (IBA) was added in the
synthesis of acryl_5, whereas acrylic acid was removed from the copolymer composition
in acryl_6. Figure 22 shows the copolymerization reaction of acryl_1 as a representative
example.

The yields of polymerization amounted to 94.4 % for acryl_1, to 27.1 % for acryl_2, to
53.2 % for acryl_3, to 25.2 % for acryl_4, to 86.1 % for acryl_5 and to 86.6% for acryl_6.

H-NMR of acryl_1 (5, 400 MHz, 20°C, CDCls, ppm): 4.01 and 3.94 (m, CH,OCOR’a %),
3.62 (s, CH33?), 2.29 (s, CH" 355 7.9) 191 (s, CH2°?and CH®%), 1.57 (m,CH2"® %), 1.34-1.26
(m, CH3 7<% 96,99 and CH'-19), 0.93-0.86 (m, CH37d. 9d. 9hy,

"H-NMR of acryl_5 (5, 400 MHz, 20°C, CDCl3, ppm): 4.64 (s, CH'®), 4.03 and 3.96 (m,
CH>OCOR"a %) 3 64 (s, CH33?2), 2.29 (s, CH"3:5527.9) 1.92 (s, CH2°2 b and CH%), 1.73-1.58
(m,CH,7b 9 11b.11d, 1le CH11q), 1,38-1.28 (m, CH, 7 % % 114, 11e and CH™19), 1.15-1.07 (m,
CH:%) and 0.95-0.83 (m, CH37d 9 9h, 11 11g, 11h)

TH-NMR of acryl_6 (5, 400 MHz, 20°C, CDCls, ppm): 4.02 and 3.95 (m, CH.OCORS? 7a),
3.63 (s, CH3™3), 2.28 (s, CHz" 3335 7),1.91 (s, CHz*Pand CH®), 1.62 and 1.56 (m,CH2°" 7°),
1.35-1.27 (m, CH2 5¢ 7¢ 779 and CH'8), 0.95-0.86 (m, CH3%d 7d.7h),

FT-IR of acryl_1 (cm™): 2958, 2930, 2873 and 2861 (CH), 1731 (C=0), 1645 (C=C), 1450,
1380 and 1336 (HCH), 1242 and 1159 (HCH/C-O-C), 1117, 1062 and 1034 (C-O-C), 961,
907, 829 and 768 (C=CH).
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FT-IR of acryl_4 (cm™): 2959, 2931, 2874 and 2862 (CH), 1734 (C=0), 1647 (C=C), 1460
and 1386 (HCH), 1229 and 1161 (HCH/C-0O-C), 1132 and 1030 (C-O-C), 974, 874, 762 and
698 (C=CH).

FT-IR of acryl_5 (cm™"): 2957, 2931 and 2874 (CH), 1730 (C=0), 1645 (C=C), 1453 and 1380
(HCH), 1235 and 1159 (HCH/C-0O-C), 1117 and 1051 (C-O-C), 968, 839 and 768 (C=CH).

FT-IR of acryl_6 (cm™"): 2957, 2930, 2913 and 2862 (CH), 1732 (C=0), 1698 (C=C), 1451
and 1380 (HCH), 1236 and 1160 (HCH/C-O-C), 1118, 1064 and 1034 (C-O-C), 963, 906, 829
and 768 (C=CH), 725 ((CH2)n>3).

The corresponding FT-IR- and 'H NMR spectra are provided in chapter 6.1.1 (see Figure
28 and Figure 29) and in the appendix (Figure_A 1, Figure_A 3).

Table 4: Composition of the synthesized acrylic copolymers

2-EHA MA BA AA VP EGPEA VMA IBA AIBN

[wt%] [wt%] [wit®] [wt%] [wt%] [wt%] [wit%] [wt%] [wi%]
acryl. 1 5498 20.05 18.04 544 1.49 0.00 0.00 0.00 0.19
acryl. 2 5498 0.00 18.04 544 149 20.05 0.00 0.00 0.19
acryl. 3 5498 10.02 18.04 544 149 10.02 0.00 0.00 0.19
acryl. 4 5498 0.00 18.04 544 1.49 0.00 20.05 0.00 0.19
acryl 5 41.24 1541 1540 5.58 1.64 0.00 0.00 20.74 0.19
acryl 6 5498 2277 20.76 0.00 1.49 0.00 0.00 0.00 0.19
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Figure 22: Copolymerization reaction of acryl 1
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Another variation was the side chain functionalization of acryl_1. Acrylic pendant groups
were attached to the copolymer via ring opening reaction of glycidyl methacrylate (GMA)
with the AA side chains of the copolymer (see Figure 23) [115]. Firstly, acryl_1 was
synthesized and purified as described above. The copolymer was dissolved in 2-butanone
and 10 wt% GMA, 1 wt% tetramethylammonium bromide (TMAB) and 0.2 wt%
hydroquinone (HQ) were added. The reaction solution was purched with nitrogen for
30 minutes under mechanical stirring and was subsequently heated to 80 °C.
After 20 hours of reaction time the solid product (acryl_1_scf) was dissolved in
2-butanone and extracted three times with NaOH (5 % in water) to remove HQ.
The organic phase (fraction 1) was isolated and the NaOH phase, which still contained
some undissolved polymer, was extracted several times with toluene (fraction 2).
The filtered polymer was rejected and fraction 1 and 2 were dried with NaSO4 at 40 °C
under vacuum (100 mbar). The overall yield of polymerization was 18.5 %, whereas the
ratio of fraction 1 amounted to 7.3 % and fraction 2 made up 11.2 %.

FT-IR of acryl_1_scf (cm™"): 3389 (OH), 2962, 2931, 2874 and 2861 (CH), 1736 (C=0), 1664
(C=QC), 1574 (C=0), 1459, 1413 and 1366 (HCH), 1262 and 1165 (CHC/C-O-C), 1135-987,
974 and 844 (C-O-C, C=CH).

The corresponding FT-IR spectrum is provided in the appendix (Figure_A 1).

HO._O Kﬁ: W
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acry|_1 acryl_1 _scf

Figure 23: Side chain functionalization of acryl 1

73



-Experimental part-

Polyether based polymers

Epoxy acrylic monomers (see Table 5) and 1 wt% BFs-ethylamine were added to a
flask. [116] The bulk reaction was performed under mechanical stirring at temperatures of
70-95 °C (reflux). [117,118] Reaction times varied from 15 minutes to several hours,
depending on the polymer composition. After cooling to room temperature (rt) the
product was precipitated in cold EtOH [119] and dried at 50 °C. Poylether_2 and
polyether_3 were synthesized under light exclusion to prevent undesired UV-induced
polymerization of the acrylic moieties. In addition, butylated hydroxy toluene (BHT) was
applied in the synthesis of polyether_2 as radical scavenger.

The composition of the different polyether polymers is listed in Table 5. Polyether_1 was
a homopolymer of GMA, while polyether_2 and polyether_3 were copolymers of GMA,
2-ethylhexyl glycidyl ether (2-EHGE) and glycidyl isopropyl ether (GIPE).
The corresponding reactions are shown in Figure 24.

The yield of polymerization amounted to < 5% for polyether_1 and _3, while the yield of
polyether_2 could not be determined.

FT-IR of polyether_1 (cm"): 3425 (OH), 2939 (CH), 1710 (C=0), 1641 (C=C), 1458 and 1366
(HCH), 1248 and 1171 (CHC/C-0O-C), 1129 and 1045 (C-O-C), 945, 861 and 819 (C=CH),
766 and 659 ((-CHz2-)n>3).

FT-IR of polyether_2 (cm"): 3479 (OH), 3053, 2960, 2930, 2874 and 2863 (CH), 1723 (C=0),
1640 (C=C), 1460, 1381 and 1318 (HCH), 1297, 1254 and 1161 (CHC/C-O-C), 1133, 1104
and 1019 (C-0-C), 942, 911 and 847 (C=CH).

FT-IR of polyether_3 (cm™"): 3517 (OH), 2961, 2930 and 2876 (CH), 1721 (C=0), 1638
(C=Q), 1455, 1379 and 1318 (HCH), 1296, 1252 and 1156 (CHC/C-O-C), 1131, 1081 and
1015 (C-0-C), 984, 940, 910, 844 and 816 (C=CH), 762 and 656 ((-CHz-)n>3).

The corresponding FT-IR spectra are provided Figure 34 and see Figure_A 4 in the
appendix.

Table 5: Composition of the synthesized polyether adhesives

GMA 2-EHGE GIPE BF3-H2NCH2CH:3

[wt%] [wt%] [wt%] [wt%]
polyether_1 100 0 0 1
polyether_2 25 55 20 1
polyether_3 50 30 20 1

74



-Experimental part-

Synthesis of poylether_1
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Figure 24. Polymerization reactions of polyether_1, polyether 2 and polyether 3

5.4.Physico-chemical characterization of the synthesized polymers
All measurements were performed as described in chapter 5.2.

Spectroscopic methods

ATR-FT-IR- and 'H NMR spectroscopy were carried out to investigate the chemical
composition and to gain information about the chemical structure of the synthesized
adhesive polymers.

GPC

GPC was performed to determine the average molecular weight (Mn, Mw) and the
polydisperity PDI(Mw,/Mn) of the synthesized polymers. THF was used as eluent. The oven
temperature was set to 30 °C and the flow rate was 0.5 mL/min. Polystyrene standards
supplied by Polymer Standard Service were used for calibration.
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TGA

The thermal stability of the synthesized adhesive polymers was investigated by
thermogravimetric analyses (TGA). performed The copolymers were heated from 25 °C to
600 °C at a heating rate of 5°C/min and the respective degradation onset and end
temperatures 7ov and Tevp were determined graphically as the intersections of the
tangents with the horizontal lines before and after the degradation step.

DSC

The glass transition temperatures (7g) of the adhesive polymers and formulations were
determined by means of DSC. A nitrogen flow of 20 mL min" was employed and the
adhesive was heated from -80 °C to +70 °C at a heating rate of 20 K/min. The 7g was taken
as the midpoint of the heat flow curve of the second scan. In addition, the results were
compared to the theoretical 7g calculated by the use of the Fox-equation (2)

% =2 (;;) @)

where 7gis the glass transition temperature of the copolymer, wy is the weight percentage
of the monomer x and 7gx is the glass transition temperature of the homopolymer of
monomer X. [62,120]

Table_A 1 lists the glass transition temperatures of the homopolymers which were used
for the calculation of the theoretical 7g.

5.5.Preparation of UV-curable PSA tapes
Adhesives and adhesive formulations

The synthesized polymers were used as basic adhesive in PSA tapes. The polymers were
dissolved in 2-butanone and mixed with various concentrations of different
multifunctional acrylic monomers and the photoinitiator Lucirin TPO-L. The adhesive
formulations were stirred for 15 min at rt with a magnetic stirrer. The compositions of all
applied adhesives are listed in Table 6.
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Table 6: Composition of the applied adhesive formulations

type of weight fraction of . .
polymer multifunctional multifunctional wc?lght fraction of
Lucirin TPO-L [wt%]’
monomer monomer [wt%]’
adhesive 1 acryl_1 DPEPHA 10 1
adhesive 2 acryl_1 DPEPHA 10 5
adhesive 3 acryl_1 DPEPHA 15 0.75
adhesive 4 acryl_1 DPEPHA 20 0.5
adhesive 5 acryl_1 DPEPHA 20 0.75
adhesive 6 acryl_1 DPEPHA 20 1
adhesive 7 acryl_1 DPEPHA 20 5
adhesive 8 acryl_1 DPEPHA 50 1
adhesive 9 acryl_1 DPEPHA 50 5
adhesive 10 acryl_1 DTMPTA 10 1
adhesive 11 acryl_1 DTMPTA 10 5
adhesive 12 acryl_1 DTMPTA 20 0.5
adhesive 13 acryl_1 DTMPTA 20 0.75
adhesive 14 acryl_1 DTMPTA 20 1
adhesive 15 acryl_1 DTMPTA 50 1
adhesive 16 acryl_1 PETA 10 1
adhesive 17 acryl_1 PETA 10 5
adhesive 18 acryl_1 PETA 20 1
adhesive 19 acryl_1 SR 454 10 1
adhesive 20 acryl_1 SR 454 10 5
adhesive 21 acryl_1 SR 480 50 5
adhesive 22 acryl_1 SR 492 10 1
adhesive 23 acryl_1 SR 492 10 5
adhesive 24 acryl_1 SR 494 10 1
adhesive 25 acryl_1 SR 494 10 5
adhesive 26 acryl_1 SR 494 20 1
adhesive 27 acryl_1 SR 494 50 1
adhesive 28 acryl_1 TMPTA 10 1
adhesive 29 acryl_1 TMPTA 10 5
adhesive 30 acryl_5 DPEPHA 10 1
adhesive 31 acryl_5 DPEPHA 20 1
adhesive 32 acryl_5 DTMPTA 10 1
adhesive 33 acryl_5 DTMPTA 20 1
adhesive 34 acryl_6 DPEPHA 10 1
adhesive 35 acryl_6 DPEPHA 20 1
adhesive 36 acryl_6 DTMPTA 10 1
adhesive 37 acryl_6 DTMPTA 20 1

! based on 100 wt% copolymer
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Two variations of tape preparation were established:
Tape preparation - method I

The adhesive formulations were coated onto unmodified, corona treated or modified PET
carriers with a quadruple film applicator by Erichsen (Model 360) applying wet film
thicknesses in the range of 30-120 um (see Figure 46, step I). The prepared adhesive layers
were dried at 50 °C for 30 min and pre-crosslinked under nitrogen atmosphere via
UV-irradiation employing a Light Hammer 6 by Fusion UV Systems, Inc. (Heraeus,
Germany) with a minimum irradiation dose of 80 mJ/cm?.

Tape preparation - method Il

The adhesive formulations were coated onto siliconized PET liners using a quadruple film
applicator by Erichsen (Model 360) applying wet film thicknesses of 90 um (see Figure 46,
step I). The prepared adhesive layers were dried at 50 °C for 30 min and transferred to
unmodified, corona treated or modified carriers via lamination on a hot base (175-150 °C,
see Figure 46, step II). The tapes were pre-crosslinked through the carrier by UV-irradiation
employing a Light Hammer 6 by Fusion UV Systems, Inc. (Heraeus, Germany) with a
minimum irradiation dose of 80 mJ/cm>.

As can be derived from Table 6, the composition of the applied adhesives varied in
structure of the basic adhesive copolymer and multifunctional acrylate, as well as in
concentration of the multifunctional acrylate and the photoinitiator. The dose for
UV-crosslinking was adjusted to the individual adhesive composition to ensure proper
network formation. Moreover, experiments without pre-crosslinking and variations of the
pre-crosslinking dose were performed for tapes prepared according to method I

Modification of the PET carrier by attachment of organosilanes

2 wt% of 3-MAPTMS, 3-APTMS or TMESI? BAPO were dissolved in EtOH, which had been
acidified with AcOH to pH values between 4 and 5. Chemically etched PET carriers were
exposed to corona discharge of 1100 W using a Corona Treatment System TG3001 by
Ahlbrandt (Germany). The corresponding corona dose was determined to be
1528 W min/m? according to equation (1).The surface activated carriers were immersed
into the organosilane solutions for 2 h at rt and subsequently thermally treated at 110 °C
overnight. The resulting modified carriers were washed with EtOH and dried at rt.
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5.6.Characterization of the PSA tapes
Characterization of the adhesive layer

UV-cure kinetic measurements

The UV-cure kinetics of the multifunctional acrylic monomers was investigated for selected
adhesives (see Table 11) by means of FT-IR spectroscopy. The adhesive formulations
(150 mg/mL in 2-butanone) were spin-cast onto CaF discs with a Spincoater 4000 from
electronic microsystems LTD (UK) at a speed of 4000 rpom and a ramp of 5000 rpm.
The coated discs were dried at 50 °C for 15 min and irradiated stepwise under N2
employing an Omnicure S1000 by Lumen Dynamics (Excelitas Canada Inc, Canada).
The intensity amounted to 4.2 mJ/cm? with wavelengths ranging from 250-470 nm.
Exposure dose and intensity were determined using a Power Puck II S/N 18052 by EIT Inc.
(EIT, United States).

A Spectrum One FT-IR Spectrometer by Perkin Elmer Instruments (United States) was
applied to monitor the consumption of the C=C double bonds during UV-induced
crosslinking by following the decrease of the characteristic C=C peak at 985 cm™ [23]
with increasing exposure time and UV-dose. The absorbance at 2960 cm™" was used as an
internal standard and the conversion of the C=C double bonds was calculated according
to equation (3)

[A]C=Cx/[A]ISx
[Alc=co/[Aliso

Conversion = (1 - ) * 100 (3)

where [A]c=cx is the peak intensity of C=C double bonds at an exposure time x, [Alc=co is
the peak intensity of C=C double bonds prior to UV-irradiation, [Alisx is the peak intensity
of the internal standard at an exposure time xand [A]iso is the peak intensity of the internal
standard prior to UV-irradiation.

Determination of the glass transition temperature (Tg)

The T7g of selected polymer networks (adhesives 2, 6, 8, 11, 15, 16, 19, 22, 25, 27 and 28;
see Table 6, chapter 5.5) was determined by DSC analysis, employing a Mettler Toledo
DSC 1 STARe System (Mettler Toledo, United States). The adhesive formulations were
weight into aluminum crucibles and the solvent was evaporated at 90 °C overnight.
They were irradiated under nitrogen atmosphere with a Light Hammer 6 by Fusion
UV Systems, Inc. (Heraeus, Germany) applying individual UV-irradiation doses based on
the findings of the UV-cure kinetics. The samples were heated from -60 °C to 100 °C at a
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rate of 40 °C/min and a nitrogen flow of 50 mL/min. The 7g was taken as the midpoint of
the cooling curve. Additionally, adhesive 6 was investigated in an extended temperature
range up to 300°C. In order to examine the influence of the pre-crosslinking step on the
7g of the adhesive, adhesive 6 was irradiated with an UV-dose of 80 mJ/cm? before TGA
analysis.

Investigation of the thermal stability of the polymer networks

The thermal stability of selected polymer networks (adhesives 1, 2, 6, 8, 10, 11, 14-16, 19,
22 and 24-28; see Table 6, chapter 5.5) was investigated by TGA measurements which were
carried out on a Mettler Toledo (United States) STARe System, TGA/DSC 1 with a STARe
System, GC 200 gas controller. The adhesive formulations were weight into aluminum
oxide crucibles and the solvent was evaporated at 90 °C overnight. The samples were
heated to 600 °C under nitrogen atmosphere (50 mL/min) at a rate of 5 °C/min and the
weight loss was determined using the STARe software. The degradation onset and end
temperatures 7ov and 7evp were determined graphically as the intersections of the
tangents with the horizontal lines before and after the degradation step. In addition, the
point of maximum degradation 7amp was derived from the first derivative of the
temperature-weight loss curves.

Characterization of the modified carriers

XPS analysis of unmodified and functionalized PET carriers was performed with a K-Alpha
photoelectron spectrometer (Thermo Scientific, United States) equipped with an
Al-Ka X-ray source (hv = 1486.6 eV) and a hemispherical analyzer. The energy step size
was 0.1 eV and the pass energy amounted to 10 eV, whilst a spot size of 400 um was used.

The wetting properties of the carriers prior to and after surface modification were
determined by contact angle measurements using a DSA 100 Drop Shape Analysis System
(Kruss, Germany). A 2 uL droplet of ultrapure water was deposited on unmodified, corona
treated or modified PET films at 20-23 °C and a relative humidity of 50-80 %.
The respective water contact angles were calculated by taking the arithmetic average of
5-10 droplets, applying the Young & Laplace equation and the software Drop Shape
Analysis.
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Determination of the adhesive strength

The adhesion strength of PSA tapes prepared by method I and method IIwas explored by
means of peel strength tests on a Zwick Z010 AroundLine material testing machine.
The tapes were laminated onto tarnish protected copper substrates (Cr-Zn coated,
15 x 2 cm) and peeled off with 300 mm/min in a 90 ° angle. [6] The peel strength was
measured, prior to and after UV-irradiation with a Light Hammer 6 by Fusion UV Systems,
Inc. (Heraeus, Germany) applying an irradiation dose of 1080 mJ/cm?. Moreover, the
adhesion strength after pre-crosslinking with a UV-dose of 80 mJ/cm? was recorded. The
average adhesion strength was calculated from the plateau of the respective force-
displacement curves of at least three samples.

Determination of the surface tack

The surface tack of adhesive tapes prepared by method I was determined by a variation
of the compression-tensile test combination described in Ref [121]. Adhesive tapes with a
diameter of 5 cm were prepared and fixed to the die of a MTS 831 Polymer Testing System
by MTS (United States). Initially the samples were pressed vertically onto tarnish protected
copper substrates (Cr-Zn coated, 10 x 10 cm) applying a constant force of 25 N. After a
holding time of 90 s, the die was detracted vertically at a constant pull-off speed of
300 mm/min. The surface tack was taken as the maximum force recorded during
detraction. An average over 3 samples was determined for pre-crosslinked PSA tapes,
while only single measurements were done for the corresponding released tapes
(UV-cured with 1080 mJ/cm?). Figure 25 shows the experimental set up.

Figure 25: Experimental Set-up of surface tack measurements
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Application of the PSA tapes - Adhesion experiments

The PSA tapes were laminated onto different substrates (5 x 1.5 cm), including tarnish
protected copper substrates, pristine copper and BondFilm® treated copper as well as
cured epoxy and structured PCBs. Subsequently, the tapes were irradiated through the
carrier with a Light Hammer 6 by Fusion UV Systems, Inc. (Heraeus, Germany) applying
individual UV-doses, depending on the adhesive composition. The removability of the
tapes was investigated after adhesion at rt or after storage for 1h at elevated temperatures
(140 °C - 240 °C) by peeling them off manually. The revealed substrate surfaces were
investigated with regard to adhesive residues by means of optical light microscopy using
an Olympus BX 51 microscope (Olympus, Japan) equipped with an Olympus U-TVO 5XC3
camera.

5.7.Characterization of the substrates and carrier materials

The different substrates (tarnish protected copper, pristine copper, BondFilm® treated
copper, epoxy) were investigated with regard to their topography employing a Nanosurf
easy scan atomic force microscope (Nanosurf, Switzerland) operating in “tapping mode”.
The AFM was equipped with standard silicon cantilevers from Budgetsensors with a radius
of curvature <10 nm, a 48 N/m spring constant and a 190 kHz resonance frequency.
The average roughness (Sa) and root mean square roughness (Sq) were calculated from
an average of 3 spots of 20 um? (protected copper, epoxy, BondFilm®) or 50 um? (pristine
copper) using the Gwyddion software (v2.03).

The removal of the anti-tarnish layer from tarnish protected copper substrates was proven
by X-ray photoelectron spectroscopy (XPS). The measurements were carried out with a
K-Alpha photoelectron spectrometer (Thermo Scientific, United States), which was
equipped with an Al-Ka X-ray source (hv = 1486.6 eV) and a hemispherical analyzer.
The energy step size was 0.1 eV and the pass energy amounted to 10 eV, whilst a spot size
of 400 um was used.

The wetting properties of the substrates were determined by contact angle measurements
using a DSA 100 Drop Shape Analysis System (Krtiss, Germany). A 2 ul droplet of ultrapure
water was deposited on tarnish protected copper, pristine copper, BondFilm® treated
copper and cured epoxy at 20-23 °C and a relative humidity of 50-80 %. The respective
water contact angles were calculated from an average of 5-10 droplets, applying the
Young & Laplace equation and the software Drop Shape Analysis.
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The absorption spectrum of the PET carriers was investigated by UV-VIS spectroscopy in
the range of 200-800 nm. The measurements were performed on a Cary 50 UV-VIS
spectrophotometer by Agilent Technologies (US) at a scan rate of 600 nm/min.
Information about the chemical composition and the wetting properties of the etched PET
carrier before and after corona treatment were obtained from XPS and contact angle
measurements, which were performed for the characterization of the modified carriers
(see chapter 5.6).
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6. Results and discussion

The aim of this work was to develop a removable pressure sensitive adhesive tape
(PSA-tape), which is used for chip embedding in the production of printed circuit boards
(see chapter 2 for details). Consequently, the requirements included high initial tack and
reliable fixation of the components, high thermal stability (>200 °C) as well as easy and
clean peel from metallic and epoxy-based surfaces in the end of the application.

The performance of PSAs is highly influenced by the right balance of adhesion and
cohesion. Both parameters are determined by the chemical composition and structure of
the basic adhesive polymers. The tack and shear resistance (cohesion) of an adhesive
depend on its fluidity and therefore the internal mobility and flexibility of the polymer
main and side chains. This is reflected by the glass transition temperature (7g). High tack
and hence a high degree of mobility are associated with low 7g values. As it depends on
the choice of the monomers, the 7g constitutes a key parameter for the adjustment of the
adhesive properties. [6,10,20,22,23] From the broad spectrum of basic adhesive materials,
acrylic PSAs were selected due to the inherent tack of polyacrylics and the wide range of
monomers ((meth)acrylic esters and vinyl components) offering precise adjustment of the
material properties. [20] Acrylic copolymers were synthesized in a free radical
polymerization and applied as the basic adhesive material in PSA tapes. They were mixed
with a photoinitiator and multifunctional acrylic monomers in order to form semi-
interpenetrating networks (semi-IPN) upon UV-irradiation. This network formation did not
only increase the heat resistance, but also constituted the basis of the UV-release
mechanism, which ensured clean and controlled peel. [24,25] The principle and effects of
IPN formation are explained in more detail in chapter 6.2.

Besides acrylic copolymers, polyethers are referred to as suitable adhesives for
PSAs [9,34,87]. Polyethers are synthesized from epoxy monomers via ring opening
polymerization [116]. As their properties are affected by the chemical
structure [60,117,122], the huge variety of epoxy monomers allows for the adjustment to
individual requirements. [123] While the C-O-C linkages in the backbone comprise high
chemical and thermal stability [117,123-125], clean peel was supported by UV-induced
crosslinking of pendant acrylic groups. [24,25]

The following chapter deals with the syntheses and characterization of acrylic copolymers
and polyethers, which were applied as basic adhesive polymers in PSA tape preparation.
The composition of the adhesives was altered in order to modify their properties including
thermal stability, tack and removability.
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6.1.Synthesis and characterization of the adhesive copolymers

6.1.1. Acrylic Copolymers
Synthesis and purification

Acrylic copolymers were synthesized in a free radical polymerization in EtAc at 80 °C.
The reaction was started by isobutyronitrile radicals, which were generated by the
thermally induced homolytical cleavage of AIBN (see Figure 26, I). The general mechanism
for the polymerization of acrylic monomers is illustrated in Figure 26, II. In order to prevent
oxygen inhibition and an associated low degree of polymerization the syntheses were
performed under nitrogen atmosphere. [65,126] Since high thermal stability and clean
peel were the main demands on the PSA tape, the composition of the basic adhesive
polymer was varied in order to modify its adhesive properties and to introduce reactive
sites for crosslinking in the side chains.

I: Activation of AIBN
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Figure 26: Free radical polymerization of acrylic monomers

As already mentioned above, the 7g is a crucial parameter for governing the adhesive
properties of PSAs. The wide range of acrylic components is classified into soft, hard and
polar/functional monomers. Soft monomers are characterized by a low 7g as well as long
side-chains and determine the tack and peel adhesion of the polymer. Important examples
are 2-ethyl hexyl acrylate (2-EHA), n-butyl acrylate (BA) and /so-octyl acrylate. In addition,
hard monomers such as methyl acrylate (MA), methyl methacrylate or vinyl acetate
comprise a high 7g and short side chains. They increase the internal strength, the peel
force and the stiffness of the polymer. A combination of both, soft (50-98 %) and hard
monomers (10-35 %), is essential to achieve a balance between tack and cohesion.
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In addition, polar or functional monomers as AA may be incorporated to an extent of
10-30 %. While polar monomers increase the cohesion within the PSA and enhance
Van der Waals interactions with polar substrates, functional monomers introduce active
sites for crosslinking or grafting. [6,9,10,22]

The composition of acryl_1 (see Table 4) was based on Ref [114]. The soft monomers
3-EHA and BA made up about 73 wt% of the mixture to ensure a low 7g and high initial
tack. The remaining 27 wt% were composed of MA, AA and N-vinyl pyrrolidone (VP), which
belong to the class of hard and functional monomers and therefore provide inner strength
and cohesion within the PSA. Acryl_1 was precipitated in cold MeOH and left for
sedimentation in the fridge overnight. The white product was tacky and highly viscous and
turned to a colorless solid after the evaporation of the solvent. The reaction yield was
determined to 94.4 %.

In order to increase the thermal stability of the copolymer, MA was replaced by EGPEA for
the synthesis of acryl_2. It was decided to exchange MA as it is not essential for the tack,
but makes up a portion of the reaction mixture (20.05 wt%), which is high enough to reveal
the effect of the new monomer. EGPEA promised improved thermal stability due to
resonance stabilization of the aromatic ring system [21] and the stable ether
linkages. [124,125] However, within a few minutes at reaction temperature an elastic
yellowish gel was formed, which was neither tacky nor soluble. Since a polymer solution
was required for purification (precipitation), attempts to dissolve acryl_2 were performed
in different solvents under stirring and heating. Though acryl_2 swelled in 2-butanone,
it could not be dissolved completely. According to literature, the solid rubbery form can
be related to the incorporation of EGPEA [127], while the insolubility was explained by
n-stacking of aromatic polymer side chains. In addition, a narrowing of the bandgap is
described for m-stacking systems, which is a possible explanation for the yellowish
color. [128] Finally, the polymer was dried and the reaction yield was determined to 27.1 %.
The comparatively low polymerization yield was interpreted as a consequence of the
limited mobility of the reactive species (radicals, monomers), resulting from steric
hindrance and n-stacking of the aromatic side chains of EGPEA.

The composition of acryl_3 contained only 10.02 % EGPEA to overcome the problems of
acryl_2. Precipitation of the product gave a hazy white solution in MeOH, which was left
for sedimentation in the fridge overnight. The sediment was dried revealing a tacky
colorless polymer. Centrifugation of the supernatant did not lead to separation of
significant amounts of product throughout the first trials, so the remaining hazy solution
was rejected. The reaction yield amounted to 53.2 %. Considering the fact that the
supernatant was hazy after precipitation, it is recommended to apply higher amounts of
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MeOH in future experiments to ensure efficient precipitation and thus to prevent material
losses during the purification process.

Acryl_4 provided reactive sites for crosslinking, which were introduced by replacing MA
with vinyl methacrylate (VMA) in the polymer composition. Since the vinyl group is far less
reactive than the methacrylic moiety [129], an acrylic copolymer with pendant vinyl groups
is generated. These functional side groups offer reactive moieties, which participate in the
UV-induced crosslinking reaction. This means that the side chains of the adhesive base
polymer can crosslink with each other and with the multifunctional monomers, which were
added to the adhesive formulations to build semi-IPN during the photo-release. Thus,
a highly efficient UV-triggered release [25,83,88] was expected. In addition, crosslinking
improves the thermal stability of polymers [23,24,130]. A white and tacky polymer was
isolated by precipitation, which turned colorless after drying. The reaction yield was
determined to 25.2 %. As already observed for acryl_3, it was not possible to isolate all the
product by centrifugation. Thus, increased amounts of precipitant (MeOH) are proposed
for future experiments to increase the yields of polymerization.

Another approach to improve the thermal stability of the adhesive was to add ~20 wt%
isobornyl acrylate (IBA) to the polymer composition (acryl_5). [131,132] A colorless and
tacky polymer was precipitated and left for sedimentation in the fridge overnight.
After evaporation of the solvent, the reaction yield amounted to 86.1 %.

It is stated in literature, that AA moieties can slowly migrate to the interface, where they
intensify the interactions with the substrate, especially with metallic surfaces.
The increased interactions may cause cohesive rather than adhesive failure of the
PSA [9,22,62], which is related to adhesive residues. In order to provide clean peel after
application, AA was removed from the polymer composition of acryl_6. A colorless and
tacky polymer was precipitated and sedimented in the fridge overnight. After evaporation
of the solvent, the reaction yield was determined to 86.6 %.

The synthesis of acryl_1_scf constituted another approach to generate reactive sites in the
polymer side chains, which contribute to the crosslinking reaction. As already explained
for acryl_4, this renders possible an improvement of the thermal stability and the release
function. An acrylic pendant group was attached to the main chain of acryl_1 via the
reaction of the AA carbonyl group and the epoxy moiety of glycidyl methacrylate
(GMA). [115] Acryl_1 and GMA (molar excess) were dissolved in 2-butanone. TMAB was
added to initiate the ring opening reaction between AA and GMA yielding acryl_1_scf.
The proposed reaction mechanism is depicted in Figure 27. HQ was applied to inhibit the
thermally induced radical polymerization across the acrylic groups in GMA [133,134].
Acrylic radicals are scavenged by HQ via hydrogen abstraction and formation of the
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resonance stabilized quinone [135], which in turn can further react with chain radicals
resulting in a species of low reactivity. [136] After a reaction time of 20 h a brown solid
polymer was formed, which was not fully soluble in 2-butanone. HQ was removed by
extraction with a NaOH solution [137] and the brown organic phase (fraction 1) was
isolated. The remainder was extracted with toluene and filtered from the undissolved
polymer, which was rejected. Fraction 1 and 2 (filtrate) were dried with Na>SOs, the solvent
was evaporated and the products were finally dried at 40 °C under vacuum. While
fraction 1 yielded a colorless viscous and tacky polymer, fraction 2 gave a brown porous
and non-tacky solid. The overall yield of polymerization was determined to 18.5 %,
whereas the ratio of fraction 1 amounted to 7.3 % and fraction 2 made up 11.2 %.
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Figure 27: Proposed reaction mechanism for the side chain functionalization of acryl 1: (1) TMAB induced ring opening
reaction of the epoxy moiety in GMA, (2) generation of carboxylate group and (3) displacement of Br- by nucleophilic
attack and regeneration of TMAB. [138]
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For the preparation of PSA tapes, the synthesized acrylic copolymers were dissolved in
volatile solvents to facilitate coating onto polyethylene terephthalate (PET) carriers. [20]
Acryl_1, acryl_3, acryl_5 and acryl_6 showed satisfying solubility in 2-butanone, whereas
acryl_2, acryl_ 4 and acryl_1_scf were not soluble in any of the applied solvents
(2-butanone, toluene, acetone, EtAc and DCM).

Characterization of the acrylic copolymers

The chemical composition of the synthesized acrylic copolymers was investigated by
means of FT-IR- and "H-NMR spectroscopy.

The FT-IR-spectrum of acryl_1 (see Figure 28) displayed typical bands for polyacrylics,
including the hydrocarbon stretch vibrations at 3000-2800 cm™(CHs- and -CH>-), the
carbonyl stretch vibration at 1735 cm™(C=0) and the C-O-C stretch vibration at
1160 cm". [113] The characteristic broad peak of the carboxylic acids group in AA (3300-
2500 cm™") was missing due to the comparatively low portion of AA. The small band at
1645 cm™" and some signals in the fingerprint region (961, 907, 829, 768 cm™") suggested
that some unreacted monomers remained trapped in the copolymer after
purification. [139,140]
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Figure 28: FT-IR-spectrum of acryl 1
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Furthermore, FT-IR-spectroscopy was applied to evaluate the modification of the acrylic
copolymers. Therefore, the spectra of acryl_4, acryl_5, acryl_6 and acryl_1_scf (see appendix
Figure_A 1) were compared to the spectrum of acryl_1. Distinct signals at 1647, 974 and
874 cm™! were revealed for acryl_4, which were assigned to C=C double bonds of the vinyl
pendant group. The spectrum of acryl_1_scf exhibited some changes in the fingerprint
region, which were attributed to the attachment of GMA, and a broad signal at 3389 cm™,
which was attributed to the hydroxyl group, formed during the ring opening reaction
reaction of the epoxy functionality. Furthermore, a prominent peak at 1574 cm™ was
detected, which was related to carboxylic acid salts. Based on these findings, it was
suggested that the side chain modification of acryl_1 was not successful and the carboxylic
acid of AA had built the corresponding sodium salt during purification with NaOH.
In contrast, the incorporation of IBA in acryl_5 did not change the spectrum significantly
but rather lead to overlapping signals of the already existing hydrocarbon side chains.
The removal of AA from the polymerization mixture (acryl_6) could not be shoown by
FT-IR-spectroscopy as the characteristic broad peak of the carboxylic acid in AA (3300-
2500 cm™") was already missing in acryl_1. [139,140] An overview of the FT-IR-peaks and
the corresponding assignment are provided by Table_A 2 in the appendix.

Since the incorporation of IBA in acryl_5 was not proven by FT-IR-spectroscopy, "TH-NMR
spectroscopy was applied to investigate acryl_1 and acryl_5 in more detail. Moreover, the
'H-spectrum of acryl_6 was recorded. Peak assignment and interpretation of all spectra
are summarized in Table 7. An assignment of the peaks to the respective copolymer
structures is depicted in Figure 29 (acryl_1) and Figure_A 2 and Figure_A 3 in the apendix
(acryl_5 and acryl_6).

The results reveal that the incorporation of IBA (acryl_5) gave rise to the peaks at 4.64 ppm,
1.73 ppm and 0.83 ppm. In contrast, the removal of AA from the polymerization mixture
(acryl_6) could not be displayed as the OH-resonance of the carboxylic acid
(~12 ppm) [141] was also missing in the spectrum of acryl_1.
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Figure 29: "H-NMR spectrum of acryl 1

Table 7: Results of "TH-NMR spectroscopy of acryl 1, acryl 5 and acryl_6: peak assignment [113,133,142]

Chemical shift [ppm]

interpretation

assignment multiplicity  acryl_1 acryl_5 acryl_6
CH S 4.64 CHin IBA
4.01 4.03 4.02 CH-COCOR in
CH,COCOR m 3.94 3.96 3.95 BA and 2-EHA
CHs S 3.62 3.64 3.63 CHs of MA
CHs s 2.29 2.29 Do NSUSSIMER Gl
of main chain
substituted CH of
S 1.91 1.92 1.91 main chain and VP
CH: and CH CH of 2-EHA
s/m 1.57 1.73-1.58 1.62-1.56 CH: of BA and 2-
m 1.34-1.26 1.38-1.28 1.35-1.27 EHA
CH: of BA and 2-
CH- m 1.15-1.07 EHA
CHs m 0.93-0.86 0.95-0.83 0.93-0.86 CHs of BA, 2-EHA
and IBA
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The molecular weight distribution of acryl_1, acryl_5 and acryl_6 was determined by GPC.
In contrast, the analysis of acryl_2, acryl_.4 and acryl_1_scf was not possible due to
insufficient solubility of these polymers. Moreoever, acryl_3 was not characterized by GPC
because of the comparatively low amounts of synthesized material. The corresponding
values of the number and weight average molecular weight (Mn, Mw) and PDI are
summarized in Table 8. The broad poly dispersity indices (PDI) were the result of the
random and uncontrolled nature of free radical polymerization reactions. A broad PDI is
stated to be beneficial for the performance of PSAs: Short polymer chains enable good
adhesion and wetting of the substrate due to high mobility, while long polymer chains
contribute to the development of the cohesive strength within the adhesive layer. [143]
The particularly high PDI of acryl_5 was seen as a consequence of the incorporation of the
bulky IBA, which sterically hindered polymerization propagation. This assumption is
supported by the comparatively low values for Mn and Mw, indicating that chain growth
was hindered to a certain extent.

Table 8: Molecular weight distributions of acryl 1, acryl 5 and acryl 6 including Mn, Mw and PDI

Copolymer Mn [g/mol] Mw [g/mol] PDI
acryl_1 124,400 511,600 411
acryl 5 59,800 170,900 9.62
acryl_6 575,800 816,400 478

The glass transition temperature (7g) of a polymer is as a measure for its adhesive and
cohesive properties. Typically, PSAs exhibit 7gs in the range of -15 °C to -5 °C, whereas
this value ranges from -75 °C to -25° C for common acrylic PSAs. Since the choice of
monomers governs the 7g of a polymer, the compositions of the random acrylic
copolymers acryl_1-6 are illustrated schematically in Figure 30. [10,20]

The T7gs of the adhesives were obtained from DSC measurements and compared to the
theoretical values, calculated using the Fox equation (2). Since there is no information
about 7g of VMA available in literature, the theoretical 7g of acryl_4 could not be
estimated. Taking into account that DSC measurements provide a repeatability of 2.5 °C
and a reproducibility of 4.0 °C for the determination of the 7g [144], a good agreement of
the experimental and theoretical data was observed (see Table 9). The 7g of acryl_1 was
determined to -32 °C, while the calculated value amounted to -34 °C. As predicted by the
Fox equation, the 7gs of acryl_.2 and acryl_3 did not significantly differ from the
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corresponding value of acryl_1 because the homopolymers of the exchanged monomers
(MA, EGPEA) comprised similar 7gs (see Table_A 1). In contrast, the incorporation of IBA
increased the 7g considerably (acryl_5). Although AA made up only about 5.5 wt% of the
polymer composition, its removal decreased the 7g of acryl_6 to -38 °C. The high impact
of this monomer is based on the comparatively high 7g of poly(AA) (105 °C). Based on the
findings of FT-IR-spectroscopy, acryl_1_scf had been rejected and was not investigated by

DSC analysis.
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Figure 30: Schematic illustration of the composition of acryl 7-6
Table 9: Experimentally determined and calculated Tgs of the synthesized acrylic copolymers
Copolymer Tg by DSC [°C] Tg calculated [°C]
acryl_1 -32 -34
acryl_2 -30 -35
acryl_3 -39 -34.5
acryl 4 -35 n.a.*
acryl 5 -12 -14
acryl_6 -38 -38.5

*... no prediction possible because no information about 7g of VMA available in literature

The thermal stability and degradation of the synthesized copolymers was studied by
TGA analysis. Figure 31 displays the determination of the degradation onset and end
temperature (7onv and 7enp) at the representative example of acryl_1. 7on and 7enp were
defined as the intersections of the tangent with the horizontal lines before and after the
degradation step. [145] The first weight loss stage ends at about 100 °C and was assigned
to the evaporation of 2-butanone, which was used to transfer the polymers into the
crucibles. According to TGA experiments, acryl_1 began to degrade at 370 °C.
The incorporation of EGPEA in acryl_2 and acryl_3 as well as the removal of AA in acryl_6
slightly decreased 7on of the copolymers (see Table 10). The effect of VMA was even more
pronounced, reducing 7on of acryl_4 to 333°C. Moreover, the results revealed that the
addition of IBA did not lead to the desired improvement of the thermal stability.
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The thermogram of acryl_5 displays two degradation steps at 7on7=270 °C and
Tonz = 343 °C (see Figure 32). A multistep decomposition of poly(IBA) was also observed
by Ozlem et al. who detected the first degradation products around 250 °C. The loss of
the isobornyl ring occurred at 340 °C via cleavage of the o-isobornyl bond. [132]
Although 7on varied according to the chemical composition, all the acrylic copolymers
were degraded almost completely (> 90 %) at temperatures > 415 °C (7zvp). Acryl_1_scf
was not investigated by TGA analysis since the findings of FT-IR-spectroscopy already
revealed that the side chain modification of acryl_1 was not successful and the carboxylic
acid of AA had built the corresponding sodium salt during purification with NaOH.

Table 10: Degradation onset temperatures Ton of the

synthesized acrylic copolymers
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Figure 31: Determination of the degradation onset and end
temperature from the weight loss curves (TGA) as the
intersections of the tangent with the horizontal lines before

and after the degradation step
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Copolymer Ton Teno
[°C] [°C]
acryl_1 370 406
acryl_2 356 412
acryl_3 361 413
acryl_4 333 410
acryl 5 270; 343 412
acryl_6 360 411
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Figure 32: TGA thermogram of acryl_5 showing a 2-step degradation
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6.1.2. Polyethers
Synthesis and purification

Polyether based adhesives were synthesized in a cationic ring opening reaction of mono-
epoxy monomers at 70-90 °C employing boron trifluoride ethylamine (BF3:H2NCH>CH3) as
a catalyst. [116] During thermal activation of BF3: NH>CH>CHj3, the complex breaks down
and is converted to tetrafluoroboric acid (HBF4), which finally initiates the ring opening
reaction by complexing with epoxy groups (see Figure 33). [146] Propagation proceeds via
two competing chain growth mechanisms: Activated chain ends (ACE) form cyclic tertiary
onium ions, while activated monomers (AM) proceed via linear secondary onium ions,
which are less reactive. [117]

The composition of the polyether adhesives was varied, in order to adjust the adhesive
properties and the 7g. [60] Applying the same principle as for acrylic copolymers, branched
monomers were introduced to increase the tack and to decrease the 7g of the adhesive.
Acrylic side groups were incorporated and UV-crosslinked in the triggered release
mechanism. The associated network formation further improves the thermal stability and
supports the residue-free removability by increasing the cohesion and the 7g of the
PSA. [23,26,130] The respective compositions of the polyether adhesives are summarized
in Table 5.

I: Activation of boron trifluoride ethylen diamine
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Figure 33: Mechanism for cationic ring opening by the use of boron trifluoride ethylamine complexes (BFs. NH2CH>CH3)
including two competing chain growth mechanisms: activated chain end (ACE) and activated monomer(AM)
[117,146,147]
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Polyether_1 was synthesized by homopolymerization of GMA, resulting in a polyether
backbone with pendant acrylic groups. The acrylic moieties served as crosslinking sites for
the UV-induced release mechanism, where adhesion is decreased and cohesion is
increased by network formation. [24] Since no polymerization was observed at 70 °C, the
reaction temperature was continuously increased in steps of 5°C every 15 minutes.
At a temperature of 90 °C, vitrification occurred rapidly and the reaction was quenched by
cooling to room temperature (rt). The glassy yellowish polymer was dissolved in
2-butanone and precipitated in cold EtOH. A white non-tacky precipitate was isolated and
dried at 50 °C, revealing a yellowish slightly tacky polymer and a reaction yield of 3.3 %.
Material was lost by the rejection of the hazy supernatant, which was not further purified
because of the experiences gained during isolation of the acrylic copolymers. Moreover,
it has to be considered that vitrification restricts the molecular mobility of the reactive
species and therefore the kinetic chain length. [148] A possible solution to this problem
may be the reactivation of the reaction by heating above 7g. [123]

Based on the same considerations as for the acrylic copolymers, the tack of polyether_2
was modified by the addition of the branched epoxy monomers 2-EHGE (55 wt%) and
GIPE (20 wt%). In order to prevent premature polymerization of the acrylic groups in GMA,
the reaction was protected from light and BHT was added as a radical scavenger [149].
In contrast to the synthesis of polyether_1, no solid polymer was obtained even after a
reaction time of 2.5 h at 80 °C and another 3.5 h at 90 °C. The color of the reaction mass
had changed from colorless to orange. As the liquid was removed, a polymeric film at the
wall of the flask was observed. However, attempts to isolate this product by scratching
and dissolution failed and polyether_2 was rejected.

To overcome the problems during isolation, the mixing ratios were adjusted to 50 wt%
GMA, 30 wt% 2-EHGE and 20 wt% GIPE in polyether_3. The reaction was done under
protection from light to prevent premature polymerization of the acrylic groups.
A yellowish non-tacky gel was obtained after a reaction time of 1 h at 80 ° and another
3.5 hat 90 °C. Though toluene turned out to be the most effective among various solvents,
the product could not be dissolved completely. Precipitation in cold EtOH gave a white
solid, which turned yellow upon drying. The reaction yield was neglegtible due to the
numerous dissolution attempts and material losses during purification.

As already mentioned for the acrylic copolymers, adhesive solutions were required during
tape preparation. Therefore, polyether_1 and polyether_3 were dissolved in 2-butanone,
whereof only polyether_3 gave an applicable solution.
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Characterization of the synthesized polyether based copolymers

The synthesized polyethers were characterized by FTIR-spectroscopy. The spectrum of
polyether_1 (see Figure 34) was taken as a representative example, showing typical bands
for both the polyether backbone and the acrylic side chain of GMA. The spectra of
polyether_2 and polyether_3 are provided in the appendix (Figure_A 4). The broad peak at
3425 cm™! was assigned to the hydroxyl group, which arose due to the ring opening of the
epoxy ring [123], while the C=0 stretch vibration at 1710 cm™! was related to the acrylic
pendant group. [113] The signal at 1641 cm™" and some peaks in the finger print region
(945, 861, 819, 766 cm™") [139,140] evidenced that there were still unreacted acrylic groups
left, which were available for UV-crosslinking. Moreover, the vibrations at 2939 cm™ (CHs-
and -CH»-) and 1171-1045 cm™" were not only characteristic for the polyether main
chain [123] but also observed for the acrylic copolymers (see chapter 6.1.1). A detailed list
of peak assignments is provided in Table_A 3 in the appendix.

The FT-IR-spectra of the polyether adhesives and acryl_1 were compared and the
respective peaks at ~1640 cm™' were integrated. The normalized peak heights (2960 cm™
was taken as an internal standard) revealed that the amount acrylic C=C double bonds left
in the polyethers exceeded the unreacted acrylic groups in acryl_1. The highest ratio of
C=Cwas left in Polyether_2. This was related to the use of BHT, which effectively prevented
the thermally induced polymerization of the acrylic groups in GMA.
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Figure 34: FT-IR-spectrum of polyether 1
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TGA measurements of polyether_1 revealed a degradation onset temperature of 7own of
336 °C and an endpoint of degradation of Tenp at 412 °C, which were similar to the results
obtained for the acrylic copolymers. The corresponding thermogram is provided in the
appendix (Figure_A 5).

The prepared polyether adhesives were not further characterized as the syntheses did not
yield high amounts of material.
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6.1.3. Conclusion about the synthesis of adhesive copolymers

Acrylic copolymers were synthesized as basic adhesive materials for UV-curable PSA tapes.
The properties of the polymers were modified by variation of the chemical compositions.
In order to increase the thermal stability of the adhesives, monomers comprising aromatic
side chains [21] or isobornyl groups [131,132] were added to the composition of acryl_2,
acryl_3 and acryl_5. Reactive sites for UV-crosslinking were introduced to the structure of
acryl_4 and acryl_1_scf, while AA was removed from the composition of acryl_6 to reduce
the interactions with polar substrates. [9,22,62]

Moreover, polyether adhesives were synthesized from mono-functional epoxy monomers.
The polyether backbone provided thermal stability, while clean peel was supported by the
UV-crosslinking of pendant acrylic groups. Branched monomers were added in different
amounts to adjust the tack of the adhesives. However, only the synthesis of acryl_1, acryl_3,
acryl_5, acryl_6 and polyether_3 resulted in tacky and soluble adhesives. Satisfying yields
of polymerization (> 85 %) were achieved for acryl_1, acryl_5 and acryl_6. The yield of
acryl_3 was > 50 % while < 30 % were obtained by the syntheses of the remaining acrylic
polymers. In contrast, the polyether synthesis was less successful: The yields of polyether_1
and polyether_3 were very low and the synthesis of polyether_2 was rejected as the
product could not be isolated.

Typical FT-IR-signals were detected for both, the acrylic copolymers and the polyethers.
Furthermore, the results revealed a successful incorporation of the vinyl side chains in
acryl_4. In contrast, the side chain functionalization (scf) did not lead to the desired
product as the signal at 1547 cm™' suggested the formation of sodium salts with the
carboxylic acid moiety. [139,140] "H-NMR of acryl_5 proved the incorporation of IBA, while
the removal of AA in acryl_6 could not be confirmed. According to GPC measurements,
acryl_1, acryl_5 and acryl_6 were characterized by broad PDIs, which offer good adhesion
properties (short chains) and the required cohesion (long chains). [143] Moreover, it was
found that the isobornyl groups in acryl_5 limited chain growth by steric hindrance.
The 7gs of the acrylic copolymers ranged from -40 to -30 °C and the degradation onset
temperatures 7oy were determined to 370-330 °C. Although the incorporation of IBA
increased the 7g as expected to -12 °C, it led to a decrease of the thermal stability.
The thermogram obtained by TGA measurements showed a two-step degradation, with
the first step starting at 270 °C. Against our expectations, the polyethers did not show
superior thermal stability over the acrylic copolymers.
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6.2.Design of photo-curable PSA tapes
The adhesive system

The synthesized adhesive polymers were employed in the preparation of photo-curable
PSA tapes. To facilitate coating the polymers were dissolved in volatile solvents. [20]
Applicable adhesive solutions of acryl_1, acryl_3, acryl_5, acryl_6 and polyether_3 were
obtained by dissolution in 2-butanone.

One of the major requirements of the PSA tape was easy and clean peel from different
substrates, including pristine copper, tarnish-protected copper, BondFilm® treated
copper and epoxy-based surfaces. Residue-free removability was provided by a
photo-triggered release mechanism, which reduced the adhesion and increased the
cohesion of the PSA on demand as a consequence of crosslinking and chain entanglement.
[20,22,26,27] Therefore, the acrylic moieties in the side chains of polyether_3 were
exploited to build inter- and intramolecular linkages between the polymer chains upon
UV-irradiation.

In contrast, the UV-release mechanism of the acrylic PSAs was based on the formation of
semi-interpenetrating networks (semi-IPN). The acrylic copolymer solutions were mixed
with a photoinitiator and selected multifunctional acrylic monomers, which polymerized
in a free radical reaction upon UV-exposure. As a result, semi-IPN were formed with the
base polymer (see Figure 35). [150] This network formation led to an increase of the
thermomechanical stability as well as the heat and creep resistance. [22,151]
Another consequence of crosslinking was the restriction of the chain mobility, which was
related to reduced adhesion as well as increased cohesion and 7g values. [20,21,23-25]
Thus, a photo-triggered release function was realized, which enabled easy and clean peel
of the PSA tape in the end of its application.
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Figure 35: Photo-triggered release mechanism of acrylic PSAs
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Lucirin TPO-L was utilized as photoinitiator for the UV-release mechanism in the acrylic
PSAs. Since it is a liquid, Lucirin TPO-L offers good miscibility and easy incorporation into
the adhesive formulation. The absorption maximum is in the UV/VIS spectral region,
ranging from 350-420 nm. As a representative of type I photoinitiators, Lucirin TPO-L is
cleaved and forms two radicals upon irradiation. The scission of the C-P bond generates
benzoyl- and phosphinoyl-radicals (see Figure 36), which are both highly reactive.
[100,152]

o ,— uv i "P-0

J° (350-420 nm)

Figure 36: Scission of Lucirin TPO-L and generation of benzoyl- and phosphinyl-radicals

Screening experiments

In a screening experiment, the curing efficiency of Lucirin TPO-L was compared to
Irgacure 379 and Irgacure 819. The structures of these photoinitiators are shown in Figure
37. Adhesive formulations containing acryl_1, 10 wt% DTMPTA and 1, 5 or 10 wt% of the
respective photoinitiator (PI) were prepared and coated onto PET carriers.
Adhesion experiments on pristine copper surfaces revealed that Irgacure 379 did not
efficiently trigger the release upon UV-irradiation. Better results were obtained for
Lucirin TPO-L and Irgacure 819, which reduced the tack of the tape significantly and
enabled residue-free removability. Finally, Lucirin TPO-L was preferred due to its superior
miscibility (liquid) and slightly better performance.
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Figure 37: Structures of the photoinitiators Lucirin TPO-I, Irgacure 379 and Irgacure 819
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Experiments with tapes based on polyether_3 revealed bad adhesion properties and thus
insufficient fixation of the substrates. In contrast, the acrylic PSAs provided satisfying initial
tack. Due to these findings and the low reaction yields (~3 %), polyether adhesives were
rejected and the focus was set on acrylic based adhesives.

All acrylic PSA tapes tested comprised efficient release after UV-irradiation. Screening
experiments at rt showed noticeably decreased tacks and clean peel after UV-irradiation.
Drawbacks of tapes based on acryl_3, 10 wt% DTMPTA and 1 or 5 wt% Lucirin TPO-L
included prolonged drying of the adhesive layer during tape preparation and low yield of
polymerization (53.2 %) compared to acryl_1 (94.4 %), acryl_5 (86.1 %) and acryl_6 (86.6 %).
Moreover, the incorporation of aromatic side chains did not improve the thermal stability
as desired (see TGA measurements in chapter 6.1.1). For these reasons, acryl_3 was not
further investigated in this work.

To conclude, screening experiments led to the rejection of acryl_3 and epoxy_3 as basic
adhesive materials, while acryl_1, acryl_5 and acryl_6 were found suitable adhesives for the
production of PSA tapes. In order to provide easy and clean peel in the end of the
application, solutions of the copolymers (2-butanone) were mixed with Lucirin TPO-L and
selected multifunctional acrylates, which form semi-IPN upon UV-irradiation. In this work,
the focus was set on adhesive formulations based on acryl_1, since acryl_5 and acryl_6
based adhesives were investigated in more detail in “Synthese und Anwendung von
UV-sensiblen Haftklebstoffen auf Acrylatbasis" by Nikolaus Heindl (bachelor thesis).

6.2.1. Characterization of the adhesive layer
UV-cure kinetics

As explained above, the release mechanism of the developed PSA tapes was achieved by
photo-triggered crosslinking of multifunctional acrylic monomers and the related
formation of semi-IPNs with the base polymer. For this purpose, the synthesized acrylic
copolymers (acryl_1, acryl_5 or acryl_6) were blended with Lucirin TPO-L (PI) and selected
multifunctional acrylates. The UV-induced conversion of the acrylic C=C double bonds was
investigated by means of FT-IR-spectroscopy as a function of type and concentration of
the acrylic monomer. The decrease of the characteristic absorption at 985 cm
(C=C) [139,140] was monitored upon prolonged UV-exposure (see Figure 39a).
Furthermore, the impact of the base polymer structure and the photoinitiator
concentration was explored.
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Network formation requires at least bifunctional monomers. In order to achieve high
network densities [148] and consequently a significant reduction of the adhesive
strength [24,25], tri- and tetra-functional acrylates as well as a penta/hexa-functional
acrylates were utilized as crosslinking agents (see Figure 38). The influence of the
monomer structure on C=C double bond conversion and the reaction rate was evaluated
with regard to functionality, spacer chain length and pendant groups other than acrylic
moieties. [148,151,153] As demonstrated in Figure 39b, the polymerization rates (Rr) were
estimated from the initial linear portion of the irradiation time-conversion plots applying
the direct proportional relationship of slope = Rp/[M,]. [154,155]
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Figure 38: Structures of multi-functional acrylic monomers used for the preparation of adhesive films

104



-Results and discussion, Design of photo-curable PSA tapes-

(a) decrease of C=C at 985 cm’ (b) estimation of the rate of
olymerization R
0,0250 . . . > 100 P y : L ;
Exposure dose [mJ/cm®]
0
— 25 754
——88 _
o 0.0225- 9
-_8 c 504
= S
2 - g Intercept = 6,48167, Slope = 6,70053
20,0200 = 25
o
(&) i
0_
0,017 4+———F+——F————————
1010 1000 990 980 970 960 0 20 40 60 80 100
wave number [cm™'] irradiation time [s]

Figure 39: (a) FT-IR spectrum of adhesive 1 (acryl 1, 10 wt% DPEPHA, T wt% Lucirin TPO-L) as a function of irradiation
dose. Decrease of the peak at 985 cm’ related to the C=C double bond of the acrylic moieties. (b) Estimation of the
polymerization rate by determination of the slope of the initial portion of the irradiation time-conversion plot at the
representative example of adhesive 1.

The steep slopes at the initial part of the irradiation time-conversion plots revealed an
immediate onset of auto-acceleration, followed by a flat section, where translational
diffusion becomes limited and segmental diffusion was more pronounced. Finally,
the curves reached a plateau indicating the endpoint of polymerization and the level of
maximum conversion.

The influence of the base polymer structure on C=C double bond conversion and
polymerization rate was investigated at the example of adhesive layers containing 10 wt%
DPEPHA and 1 wt% Lucirin TPO-L (adhesive 1; see Figure 40a). The reduction of the final
conversion of acryl_5 from 84 % (arcyl_1) to 74 % was related to the bulky IBA side chains,
which sterically hindered the diffusion of the reactive species. This was confirmed by the
low reaction rate for the system based on acryl_5. In contrast, the removal of the AA side
chains in acryl_6 led to increased conversion (~100 %) and a higher reaction rate as a
consequence of the missing inter- and intramolecular interactions within the bulk. [9] The
nearly complete conversion of DPEPHA and acryl_6 require significantly higher irradiation
doses compared to systems with other base polymers (see Table 11).

In further experiments, the number of initiating radicals was increased by increasing the
PI content from 1 to 5wt% at a given monomer concentration of 10 wt% DPEPHA,
DTMPTA or SR 494.1t is well known that for photo-induced radical reactions, in a simplified
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relationship, the initiation rate (R)) is directly proportional to the concentration of the
initiating species [PI], the quantum yield of the photoinitiation (¢), the intensity of the
incident light (Io) and the molar extinction coefficient of the initiator (¢): R; = 2 ¢1, €[PI].
[156,157] Thus, high PI contents are associated with high conversion and fast
reactions [100]. The results showed, distinctly increased monomer conversions for all
systems containing 5 wt% PI, enabling nearly full consumption of the respective acrylic
monomers upon prolonged UV-exposure. This was clearly demonstrated at the example
of the DPEPHA system, where the final conversion was enhanced from 84 % to ~ 100 %
by the increase of the PI concentration (see Figure 40b). In addition, the polymerization
rates were accelerated considerably, while the irradiation doses for maximum conversion
were reduced (see Table 11 and Figure_A 6a-b).

In a third series of measurements, the influence of the monomer concentration on the
kinetic parameters was studied. The monomer content in adhesive systems based on
acryl_1 and DPEPHA, DTMPTA or SR 494 was varied from 10 to 50 wt% at a constant PI
concentration of 1 wt% (adhesives 1, 6, 8, 10, 14, 15, 24, 26 and 27; see Table 6,
chapter 5.5). As indicated by the respective slopes in Figure 40c, Figure_A 6c and Figure_A
6d, the reaction rates of the DPEPHA and DTMPTA systems were not changed significantly
by increasing monomer contents. Different results were found for SR 494 adhesives, where
higher amounts of monomer (20 and 50 wt%) accelerated the polymerization. In general,
the reactions started at the same speed (independent on the monomer concentration),
but systems containing higher amounts of monomer required increased irradiation doses
for maximum conversion (see Table 11). The prolonged cure time and higher irradiation
doses were explained by the constant level of PI applied throughout the series, where the
same amount of initiating radicals was used to crosslink increased amounts of material.
The final conversions decreased with increasing monomer concentration. However, it has
to be considered, that the final conversion is a relative value, which refers to the individual
adhesive formulation. When regarding to the absolute amount of C=C double bonds, even
more moles were consumed at higher monomer concentrations. Upon this extended
polymerization, diffusion processes became a limiting factor, which did not allow for
complete conversion in the 20 and 50 wt% systems.

Besides these aspects, also the monomer structure, including functionality, spacer chain
length and pendant groups other than the acrylic moieties, affects the cure kinetics.
Highly functional monomers are associated with high crosslinking densities and high
reaction rates due to the large number of reactive sites. As polymerization proceeds, the
formation of dense networks restricts the mobility of reactive species (monomers, radicals)
and thus the conversion extent. [148] Moreover, (even small) pendant groups other than
acrylic moieties may block the crosslinking reaction by hindrance of the free rotation of
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the C=C double bonds. As a consequence, conversion decreases and the reaction is
slowed down. [148,153] It is stated in literature, that long and flexible spacers enable high
final conversion based on their high segmental diffusion. While the initial stages of
polymerization are dominated by translational diffusion (diffusion of the monomer
molecules), the final reaction stages are governed by the mobility of unreacted monomer
segments (C=C moieties). Though diffusion of long chains may be suppressed by
entanglement, vitrification does not occur and segmental diffusion allows for high final
conversion. However, this process is rather slow, causing low reaction rates for long
spacers. [148,153] Inconsistent results concerning the influence of the spacer length on
the reaction rate were found in literature. Increasing as well as decreasing rates with
increasing repeating units of the spacer chain are documented for di(meth)acrylic
monomers. [148] Other references clearly state that the rate of polymerization (Rp) can be
accelerated by the use of short spacers, owed to their high mobility, low entanglement
and higher relative concentration of C=C double bonds. Since small monomers show a
rapid onset of gelation, the final conversion is reduced by diffusion limitation. [151]

In this work, the impact of the monomer structure on final conversion and reaction rates
was investigated in a series of adhesive formulations based on acryl_1, containing 1 wt%
Lucirin TPO-L and 10 wt% of the respective monomer (adhesives 1, 10, 16, 19, 22, 24
and 28, see Table 6, chapter 5.5). The results showed final conversions in the range of
85 % for adhesives containing TMPTA, PETA and DPEPHA, while even higher conversions
(> 95 %) were achieved by SR 454, SR 492, SR 494 and DTMPTA (see Table 11).
As expected, the highly functional DPEPHA showed comparatively low conversion. In spite
of its low degree of functionality, TMPTA exhibited low conversions. This was related to
steric hindrance within the monomer structure, where every branch acted as a pendant
group, which potentially blocked polymerization. On the contrary, high conversions were
observed for the remaining tri-functional monomers (SR 454 and SR 492) since they
comprised low functionality and long chained spacers, which offer increased segmental
diffusion (see Figure 40d). Enhanced mobility by long spacers also allowed a nearly
complete consumption of C=C double bonds in the SR 494 adhesive system. This PSA
exhibited superior conversion to all tri-functional acrylates in spite of its higher degree of
functionality. Figure 40e illustrates a comparison of all applied tetra-functional monomers.
Similar to TMPTA, PETA was sterically hindered by its branches, leading to reduced
conversion. This effect was less pronounced for DTMPTA and SR 494, where the acrylic
groups were connected by longer chains. Concerning DTMPTA, the ethyl pendant groups
seemed not to hinder the polymerization reaction markedly.
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Against the expectations based on literature research [148], the lowest rates of
polymerization were found for the penta/hexa-functional acrylate, while the tri-
functional monomers SR 454 and SR 492 polymerized most rapidly (see Table 11).
The impact of the spacer length was evaluated within the series of tri- and tetra-functional
monomers. The reaction rates of the tri-functional monomers increased with the number
of repeating units, whereas no clear trend was revealed for the tetra-functional acrylates.
The lower reaction rate of DTMPTA may originate from steric hindrance by the ethyl
groups, which were suggested to have more impact on the reaction rate than on
conversion.

Furthermore, the evaluation of the irradiation dose required for maximum conversion
indicated, that the rapid onset of polymerization of the tri-functional monomers (TMPTA,
SR 454, SR 492) and PETA (see slopes in Table 11) was followed by prolonged crosslinking
of these adhesives in the decelerated state of the reaction (near plateau).
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Table 11: Summary of all data drawn from the reaction kinetics, including final monomer conversion, reaction rates
(slope of the initial linear portion in the irradiation time-conversion curves) and the UV-irradiation dose required for the

maximum monomer conversion.

multti);r::c‘::onal weight ratio reaction rate conversion .UV-dose for .
monomer and acrylic monomer + PI (slope =_1RP/M°) [%] maximum conzversmn
copolymer [s™] [mJ/ecm?]
I:;g'll_-l:\ 10 +1 6.7 84 1041
SSEYJ;JA 10+5 253 ~100 309
I:;I?F,’II_-:I-\ 20 +1 45 74 1292
;I:I?I,’II_-I‘IA 50 +1 6.7 56 1547
Da;':nyL-:A 10 + 1 9.4 95 1630
Da;':”yl';:A 10 + 5 135 96 88
Da;':nyL-:A 20 + 1 9.6 79 326
DaTCIIAyL—:A 50 + 1 6.6 61 878
a;?.;.IA1 10 + 1 16.8 87 4736
guczrilil 10+1 240 97 2876
::):5; 10 +1 22.2 ~100 3637
Zfzrilél 10+1 164 ~100 255
::ilél 10 +5 86.6 ~100 13
gnczrilél 20 +1 29.1 93 4544
::ilél R 278 85 7365
;fnrffl 10+1 18.0 85 3039
;sl?gﬁsA 101 13 74 2475
I:IflrE)F,’II:IGA 10+1 145 ~100 4761
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Figure 40: Conversion of C=C double bonds in adhesive layers based on (a) 10 wt% DPEPHA and 1 wt% Lucirin TPO-L
as a function of the structure of the basic adhesive polymer, (b) acryl_1 containing as a function of the photoinitiator
concentration at a constant DPEPHA concentration of 10 wt%, (c) acryl 1 as a function of the monomer concentration
at a photoinitiator concentration of 1 wt%, (d) acryl_1 containing 710 wt% TMPTA, SR 454 or SR 492 and 1 wt% Lucirin
TPO-L monitoring the impact of the monomer structure within the series of tri-functional acrylates, (e) acryl 1 containing
10 wt% PETA, SR 494 or DTMPTA and T wt% Lucirin TPO-L monitoring the impact of the monomer structure within the
serfes of tetra-functional acrylates.
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Tg of the UV-cured adhesives

The photo-triggered release mechanism was characterized by DSC measurements. Upon
UV-exposure, semi-IPN were generated by crosslinking of the multifunctional monomers
in the adhesive formulation. This network formation was associated with a reduction of
adhesion and an increase of cohesion, which were reflected by changes in the
7g. [21,22,24,25] Thus, selected adhesive formulations based on acryl_1 (see chapter 5.6)
were crosslinked, applying the UV-doses for maximum conversion determined in the
corresponding UV-cure kinetic experiments. The samples were heated from -60 °C to
100 °C and the 7g was determined from the respective cooling curves. The influence of
the monomer structure and concentration as well as the PI content on the formation of
the semi-IPN was investigated. Highly functional monomers (DPEPHA) were expected to
achieve higher network densities and thus higher 7gs [23,65], due to the large number of
reactive sites in the molecule. [148]. Long spacers, as present in SR 454, SR 492, SR 494,
typically reduce the crosslinking density. [22,148] Based on the increased amounts of
initiating radicals, which start more polymer chains simultaneously, high PI contents are
associated with fast reactions and high conversion [100] as well as with high crosslinking
densities. [158] Furthermore, it is stated in literature that the crosslinking density of
hydrogels increases with the monomer concentration. [159]

As illustrated in Figure 41 at the example of a series of DPEPHA adhesives the baseline of
the cooling curves continued to decrease after reaching the glass transition region.
Hence, the determination of the distinct 7gs was not possible, but the onset temperature
of the respective glass transitions (7gon) was determined employing the tangent method
as well as the second derivative of the heat flow curves. Both evaluation methods revealed
similar Tgown of about 60 °C for all adhesive formulations, independent on the type and
amount of multi-functional acrylate or the PI concentration. As illustrated in Figure_A 7a,
adhesives comprising high levels of initiating radicals (5 wt% PI) exhibited 7gow values in
the same range as formulations with low PI content (50 wt% monomer + 1 wt% PI).
Furthermore, the monomer structure did not affect the onset of the glass transition
(see Figure_A 7b). From the series of DPEPHA adhesives in Figure 41 it was derived that
variations of the monomer concentration at a constant PI level (20 vs 50 wt% DPEPHA +
1 wt% Lucirin TPO-L) did not have a significant impact on 7gow of the PSA formulation.

However, DSC measurements proved a change of the 7g for all adhesive formulations
upon UV-irradiation and thus the efficiency of the photo-release mechanism. While the
initial tack of the PSA was governed by the linear structure of acryl_1 (7g = -32°C),
the semi-IPN dominated the adhesive properties after UV-crosslinking (7gon = 60 °C). [22]
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In further experiments, the impact of the UV-dose on network formation was displayed
using adhesive 6 (20 wt% DPEPHA + 1 wt% PI). One sample was fully cured, according to
UV-cure kinetics (irradiation dose of 1400 mJ/cm?), while another sample was only pre-
crosslinked applying an UV-dose of 80 mJ/cm?. Again, similar onsets of the glass transition
were observed (~60 °C). These results indicated that the semi-IPN had already formed to
a high extent after exposure to comparatively low irradiation doses. This conclusion was
supported by the findings of UV-cure kinetics, which showed that more than 50 % of
DPEPHA in adhesive 6 were consumed after applying ~ 80 mJ/cm? (see Figure 40c).
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Figure 41: DSC measurements of DPEPHA adhesives (cooling curves)

Since the decline of the base line (7gon) set in almost immediately after cooling had been
started, adhesive 6 was investigated in an extended temperature range up to 300°C.
Transient oscillation effects were excluded because the base line began to decrease at
almost the same temperature as in previous experiments (see Figure 42). The slightly
higher value of the sample heated to 300 °C (7gon = 76 °C) originated from thermally
induced crosslinking of the remaining C=C double bonds, which had not been consumed
during UV-irradiation (conversion after UV = 74 %, see kinetic measurements).
This additional crosslinking reaction was indicated by a significant peak in the range of

135-260 °C, which was only observed during the first heating cycle (see Figure 42b,
black curve).

112



-Results and discussion, Design of photo-curable PSA tapes-

(a) heating to 100 °C (b) heating to 300 °C
— . r 30 ; : r
I o20{ — heating_1 t " heating_1
exo 5; —— cooling exo ——— heating_2
’ 1 201 —— cooling .
1,04 151 -
% 1 E 10 - ///’\
= 054 E .E. .
z 1 s 51
[o] .
= 007 S 0]
(1) 1 a -
-0,54 © 1
T . e 5
41,0 | 10 1 |
_1'5 - ’15 .
-204
-250 IIIIIIIIIIIIII T T T T T T T T T T T T T T M T
80 -60 -40 -20 0 20 40 60 80 100 120 0 50 100 150 200 250 300

T[°C] T[°C]

Figure 42: Heat flow of adhesive 6 (20 wt% DPEPHA + 1 wt% PI) heated to (a) 100 °C and (b) 300 °C

Thermal stability of the UV-cured adhesives

One of the most important issues in this work was to ensure high thermal stability of the
PSA tape. The heat resistance of a PSA can be improved by the adjustment of the chemical
composition of the basic copolymer (see chapter 6.1.1) on the one hand, and by network
formation on the other hand. In the present work, semi-IPN, which are formed upon
UV-crosslinking of multifunctional acrylic monomers, contributed to the UV-release
mechanism as well as the thermal stability of the PSAs. [21-25,151] The improvement of
the thermal stability of the PSA by network formation was explored by means of TGA
measurements as a function of monomer structure and concentration as well as PI content.
The use of highly functional monomers with short spacers and the application of low PI or
high monomer concentrations, respectively, are usually associated with high crosslinking
densities [22,100,148,159], which in turn improve the heat resistance of PSAs. [24] Selected
adhesive formulations based on acryl_1 (see Table 12) were UV-crosslinked according to
the findings in photo-cure kinetics and heated to 600 °C under nitrogen.
The corresponding thermograms were used to determine the onset and end point of
degradation 7oy and Tznvp as the intersections of the tangent with the horizontal lines
before and after the degradation step (see Figure 43). [145] In addition, the point(s) of
maximum degradation 7ump was derived from the peak(s) in the first derivative of the
temperature-weight loss curve.
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Similar degradation onset temperatures in the range of 7on = 370-378 °C were determined
for all adhesive formulations, independent of the type and concentration of the
multifunctional acrylate and the PI content (see Table 12). The lowest value for 7oy was
associated with increased PI concentrations (5 wt%) in all the investigated series (DPEPHA,
DTMPTA and SR 494). Usually, high levels of PI provide a multitude of radicals, which
initiate numerous growth centers. The resulting polymers exhibit broad molecular weight
distributions and are comparatively soft. [100] As a consequence, these adhesives were
more prone to thermal degradation than the high molecular weight polymers obtained
with lower PI contents. Against the expectations based on literature research [100],
Tovwas reduced by very high monomer contents (50 wt%). UV-cure kinetics of the
respective adhesives revealed incomplete conversion of the multifunctional acrylates.
It was suggested, that the remaining monomers degraded before network degradation
started or that they may act as plasticizers and were thus responsible for the slight
reduction of 7on. On the contrary, 7evp was increased because the high monomer
concentrations supported the formation of highly crosslinked networks [159].
Additionally, the reduced amount of initiating radicals per 1 mol monomer (high
monomer at constant PI concentration) favored the formation of high molecular weight
polymers [100]. Though degradation started at similar temperatures for both, adhesives
with high PI and high monomer concentrations, the higher network density and the
increased molecular weight of PSAs containing 50 wt% of the respective monomer led to
a retardation of the thermal degradation (higher 7znp). [23]

Furthermore, the monomer structure influenced 7:nvp. Adhesives based on DPEPHA,
DTMPTA, PETA and TMPTA (short spacers) exhibited higher values for 7evpthan monomers
comprising long spacers. The shoulders at T = 430-485 °C in the respective weight loss
spectra indicated a two-step degradation, which shifted 7z to higher temperatures
(see Figure 43a and Table 12). [160] This was even more clearly shown by the first
derivative of the corresponding thermograms, which revealed two peaks 7wmip 7 at 405-
410 °C and Twmip2 at 460-465 °C (see Figure 43b). On the contrary, adhesives based on SR
494, SR 454 and SR 492 (long spacers) degraded in a single step. Thus, complete
decomposition was retarded by the use of short chained monomers (higher 7evp), which
were associated with higher crosslinking densities. [22,148].

The series of DPEPHA and DTMPTA adhesives revealed that the second degradation step
became more important at high monomer concentrations. As shown in Figure 43c and
Figure_A 8a, the shoulders in the weight loss curves increased distinctly for adhesives
containing 50 wt% (adhesives 8 and 15; see Table 6, chapter 5.5). Thus, 7zvp was shifted to
higher temperatures and 7mp 2 increased at the expense of 7w 7 (see Figure 43d and
Figure_A 8b). This was again related to high network densities and high molecular weights,
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which were enhanced by the increased amount of crosslinkable material. [23,100,159]
The impact of the monomer concentration was even observed for adhesives based on
SR 494. As described above, these PSAs degraded in a single step at low monomer
concentrations, but as the crosslinking density increased as a consequence of high
monomer contents, a small shoulder developed in the weight loss curves and the
corresponding first derivation (see Figure_A 8c and d).

The improvement of the thermal stability by the formation of semi-IPN is demonstrated
in Figure 43e, by a comparison of the basic adhesive copolymer and a representative
adhesive mixture (adhesive 6; 20 wt% DPEPHA + 1 wt% PI). Although 7on of acryl_T
(370 °C) was similar to the respective values of the adhesive formulations (370-378 °C),
an improvement of the thermal stability was obtained since 7up and 7znvp were shifted to
higher temperatures (see Figure 43e and Table 12). Thus, an extended temperature range
was required for the complete decomposition of the cured PSAs, meaning that the
formation of the semi-IPNs at least retarded full degradation of the adhesives. However,
it is well known that the degradation in the early stages is important for the overall thermal
stability. [145]
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Table 12: Results of TGA measurements of the cured PSAs, including the onset (Ton) and endpoint (Tenp) of degradation
as well as the point of maximum degradation rate (Tmip)

type of mixing ratio

multifunctional monomer + Ton Teno® Tmm, 1 T2
onorer PI L ra o ra [
[wt%]
DPEPHA 10 + 1 378 480 410 462
DPEPHA 10 + 5 370 481 405 460
DPEPHA 20 + 1 374 485 407 465
DPEPHA 50 + 1 372 485 406 466
DTMPTA 10 + 1 377 483 408 464
DTMPTA 10 + 5 371 473 406 450
DTMPTA 20 + 1 376 476 407 461
DTMPTA 50 + 1 372 483 407 465
SR 494 10 + 1 377 438 410
SR 494 10 +5 370 433 408
SR 494 20 + 1 376 438 408
SR 494 50 + 1 374 444 407
PETA 10 + 1 373 480 408 460
SR 454 10 + 1 377 434 409
SR 492 10 + 1 375 432 407
TMPTA 10 + 1 377 479 408 460

*In case of DPEPHA, DTMPTA, PETA and TMPTA, 7evp was determined as the intersection
of the tangent at the slope of the shoulder in the weight loss curve with the horizontal
lines after the degradation step (see Figure 43f).
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Figure 43: (a) Thermograms of adhesive formulations as a function of the monomer structure. (b) First derivatives of the
temperature-weight-loss curves of adhesive formulations containing 10 wt% of different multifunctional monomers. (c)
Thermograms of DPEPHA adhesives as a function of monomer and PI content. (d) First derivatives of the temperature-
weight-loss curves of the DPEPHA adhesives. (e) Comparison of the thermograms of acryl 1 and adhesive 6 (20 wt%
DPEPHA, T wt% Lucirin TPO-L) to demonstrate the improved thermal stability of the cured adhesive formulations. (1)
Determination of the degradation onset and end point as the intersections of the tangents and the horizontal lines

before and after the degradation steps
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Adhesion strength of the PSA tapes

The efficiency of the photo-triggered release was characterized by means of peel strength
tests prior to and after UV-irradiation. However, these tests were only performed for the
most promising PSA formulation and are thus discussed in chapter 6.1.3.

6.2.2. Basic steps of tape preparation
PSA tapes, in their simplest form, are mono-webs, consisting of a flexible carrier, which is
coated with an adhesive layer. Further varieties may involve the application of adhesion
promoters or release coatings between the adhesive and the backing material, and a
release liner, which protects the PSA film. [6,7,9] Still, coating is the common procedure in
the manufacturing of classical pressure sensitive products (PSPs). The coating method
depends on the physical state of the adhesive, the carrier material and the end use of the
produced PSP. Typical techniques are roll-coating, slot-die coating, extrusion, calendaring
as well as blade, cast and spray-coating. [6,9] The adhesive is either directly coated onto
the carrier or it is applied onto a release liner and subsequently transferred to the face
stock material. [6,12] In this work, the adhesive formulations, consisting of a basic adhesive
copolymer, multifunctional monomers and a PI, were prepared as solutions in 2-butanone
to facilitate handling and film formation. A quadrupole film applicator (doctor blade/knife)
was used for coating since this constitutes a simple and rapid method for film formation.
Moreover, it offers an easy change of the PSA and the layer thickness. While adhesives are
usually coated as liquids, the corresponding PSPs are applied in the solid state. [6]
The solvent has to be removed completely from the adhesive layer [9], in order to provide
good release properties of the PSP. [20] This was demonstrated at the example of tapes
based on acryl_1, 10 wt% of DTMPTA and 10 wt% Lucirin TPO-L, which were adhered to
pristine copper. The samples were irradiated on the bottom half and peeled off manually.
A comparison of the irradiated and the covered parts of the substrates (see Figure 44a)
shows that adhesive residues were reduced due to adequate drying of the adhesive layer
before application. In addition, the presence of the solvent seemed to inhibit the
UV-crosslinking reaction of the multifunctional acrylates since the non-dried adhesive
layer remained tacky after irradiation. A possible explanation for the impaired photo-
reactivity of the non-dried adhesive layers may be the photolysis of 2-butanone, resulting
in methyl and propionyl radicals [161], which may react with the activated multifunctional
acrylates and hence terminate the crosslinking reaction. In a small series of experiments,
the drying conditions were optimized to 30 minutes at 50 °C. As a result, the removability
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of the tape was improved significantly (less adhesive residues; see Figure 44b) and the
UV-release was no longer compromised.

Another important factor in the production of PSA tapes is the carrier material and its
pre-treatment. Besides paper, cloth and metal foils, polymer films are used as backing
material. These include PP, HDPE, LDPE, PET, PC and PVC as well as polystyrene, cellulose
acetate and cellophane. [1,9,114] In order to achieve good coating, the carrier is usually
pre-treated by physical or chemical methods, including flame or laser treatment,
UV-radiation, corona discharge, plasma treatment or chemical etching. The chemical and
morphological modification of the carrier (oxidation, crosslinking, chain scission, ablation,
roughening) increases its surface polarity and thus allows for improved wetting and
coupling of the adhesive. [9] Here, PET was selected from the wide range of suitable carrier
materials, since it constitutes a well-established material for the preparation of PSA tapes
in both, science [22,24,151] and industry [162—-164]. An untreated and a chemically etched
PET foil were investigated with regard to their wetting properties and their influence on
tape removability. Tapes based on adhesive 25 (acryl_1, 10 wt% SR 494 and 5 wt%
Lucirin TPO-L) were prepared and applied onto pristine copper substrates at rt.
After UV-irradiation they were peeled off manually. Superior wetting and leveling of the
adhesive formulation was observed on the etched carrier. This was related to the increased
roughness, originating from chemical etching, which allowed for enhanced adhesive
penetration and good anchorage of the PSA. [20,62] As a result, the amount of adhesive
residues on the substrate was significantly reduced by the use of the etched PET carrier.
This is clearly shown by the microscopy images in Figure 44c and d.

Since photo-curing was done through the backside of the carrier (applied tape),
UV-transparency of the PET foils was required to ensure an efficient release.
The absorption spectra of the carries were investigated in the range of 200-800 nm by
UV-VIS spectroscopy. Figure_A 9 shows that both carriers were transparent to UV-VIS and
thus did not interfere with the activation of the PI (Lucirin TPO-L) at wavelengths of 350-
420 nm. Based on the comparable UV-transparency and its superior wetting properties,
the etched PET foil was used as carrier material exclusively.
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Figure 44: Left: Improvement of the removability and the UV-release mechanism by evaporation of the solvent. (a)
Substrate after removal of tape prepared without drying step. (b) Substrate after removal of tape with dried adhesive
layer. Right: Improvement of the removability by the use of chemically etched PET carrier. (c) Substrate after removal of
tape prepared on non-treated PET (released part). (d) Substrate after removal of tape prepared on chemically etched
PET (released part).

In addition to chemical etching, corona treatment was applied to further improve the
interactions of the carrier with the PSA. Corona discharge is stated the most common
method for surface treatment of carrier materials. [9] The PET surfaces are oxidized in a
free radical mechanism, forming functional groups such as C-OH, C=0, COOH, C-O-C,
epoxy, ester and hydroperoxide. [66-68] In addition, the surface is roughened by
ablation. [9,68] Thus, the polarity and roughness of the carrier is increased and good
wetting and coupling of the adhesive layer is provided. [20,62] The efficiency of the surface
activation was proven by X-ray photoelectron spectroscopy (XPS), which revealed an
increased oxygen content on the carrier surface after corona treatment with
1528 W min/m? (see Table 13). Moreover, corona treated carriers showed decreased
contact angles with water and thus improved wetting by polar liquids as required for
coating with the adhesive formulations. According to equation (1) the corona dose
depends on the applied power output, the treatment speed v and the width of the table b.
The optimum corona dose was determined by variation of the power output at fixed v and
b (1.8 m/min, 0.4 m). As shown in Table 14, the water contact angle was reduced
significantly by the application of a corona dose of 1528 W min/m?, while additional
treatment only led to minor decrease. Thus, a dose of 1528 W min/m? was chosen as a
standard for the treatment of the applied PET carriers.
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Table 13: Surface composition of untreated and corona Table 14: Water contact angles of the PET carriers as a function of
treated PET carriers determined by XPS measurements. the applied corona dose and corresponding power out.
surface power corona dose water contact
composition output [W min/m?] * angle [°]
[at%] [W]

C o Si # 0 0 58.6 + 2.8
untreated PET 482 37.1 14.7 1100 1528 272 £5.9
corona treated 455 408 1338 3300 4583 18.8 £ 1.9

PET *calculated by equation (1), see chapter 5.2.

#silicon signal due to silica particles in PET
(non-migratory additive for better
handling) [165,166]

Beside the chemical composition of the adhesive layer (PI content, structure, concentration
and functionality of the crosslinking monomers), the degree of crosslinking and the 7g
have a distinctive influence on the tack of PSA tapes. Therefore, the adhesion performance
of the photo-curable PSA tapes can be controlled by the applied UV-irradiation dose. [22]
In order to fulfill the requirements of high initial tack and clean removability, the applied
tapes were crosslinked via UV-irradiation in the end of the application. Initially, high tack
was ensured by low molecular weights of the non-crosslinked adhesive formulation, while
easy and clean peel was achieved by photo-crosslinking of the multifunctional monomers.
The formation of semi-IPNs was related to increased molecular weights and consequently,
to increased cohesion and reduced adhesion. [9,21,22,24-26] In the uncured state, the low
molecular weight components allow for deep penetration into the microstructure of the
substrate (see Figure 453, I). This provides good adhesion via mechanical interlocking [20].
During UV-irradiation, the PSA is crosslinked and molecular mobility becomes limited.
As a consequence, the cured adhesive cannot deform sufficiently to escape from the
morphological cavities during peel. Finally, shearing over the sharp edges of the
microstructure of the substrate leads to adhesive residues (see Figure 45a, II).
To prevent this, the adhesive layer was pre-crosslinked before tape application.
The precise balance of adhesion and cohesion by adjustment of UV-irradiation dose
(see chapter 6.3.3), allowed for sufficiently high initial tack and a certain extent of
crosslinking [22,26], which limited the access to deep sites in the surface morphology of
the substrates (see Figure 45b, I). In addition, the reduced contact area between the
substrate and the PSA supported clean removability. [20,21] This enabled applications
even on substrates with high surface area such as BondFilm® treated copper
(see chapter 6.3.1, Figure 49a).
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Figure 45: Differences in the extent of adhesive penetration of the substrate microstructure by (a) the uncured and (b)
the pre-crosslinked PSA tape and the consequences during peel.

According to literature, the adhesive layer can be applied either by direct coating of the
carrier or by coating of a release liner and subsequent transfer to the carrier. [6,12]
Consequently, two preparation methods were developed.

Method I The adhesive formulation was coated directly onto the carrier (see Figure 46,
step I). The prepared PSA layer was dried at 50 °C for at least 30 minutes and
pre-crosslinked with 80 mJ/cm? under nitrogen to prevent oxygen inhibition of the
UV-induced network formation. [100,152]

Method IE The adhesive was coated onto siliconized release liners (see Figure 46, step I).
The prepared PSA layer was dried and subsequently transferred to the carrier via
lamination on a hot base (175-150 °C, see Figure 46, step II). The transfer of the adhesive
layer was based on preferred wetting of the etched carrier surface and easy separation
from the siliconized liner. In addition, the high temperatures of the base decreased the
viscosity of the PSA. This supported the adhesive penetration into the microstructure of
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the carrier and consequently, the adhesion to the same [20,60]. Pre-crosslinking was done
through the backside of the carrier, usually applying a UV-dose of 80 mlJ/cm?.

Oxygen inhibition was prevented by the liner, which still covered the adhesive layer and
thus limited the access of O..

The basic steps of both methods are summarized as workflow charts in Figure 47.
Due to its superior wetting properties and its enhanced anchorage of the adhesive, the
etched PET carrier was used exclusively. Optionally, the carrier was corona treated. While
the wet film thickness was varied from 30 to 120 um in method I this parameter was fixed
to 90 um in method II.

I: Coating

adhesive

quadrupole film
applikator

liner adhesive layer on liner

ll: Lamination on hot base — transfer of the adhesive layer to the carrier

coated !
_ +——  liner
liner
adhesive layer
R
- .
carrier A carrie
L hotbase] hot base

Figure 46: Preparation of PSA tapes. Step I: coating of the adhesive onto the carrier (method I) or onto the liner
(method II), Step II: transfer of the adhesive layer via lamination on a hot base
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6.2.3. Conclusion about the impact of the chemical composition and
summary of the basic steps in PSA development
The basic adhesive system was selected by screening experiments. Blends of acryl_1 with
multifunctional acrylates and Lucirin TPO-L provided photo-curable PSAs, which reduced
their adhesive strength on demand due to formation of semi-IPNs. The related increase
of cohesion enabled easy peel and clean removability.

It is well known, that the adhesion performance is strongly dependent on the chemical
composition of a PSA. [22] The influence of the basic copolymer, the type of
multifunctional acrylate as well as the monomer and PI concentration on the
photo-triggered release was investigated by FT-IR-spectroscopy. Kinetic measurements
revealed high final conversions and reaction rates for PSAs based on acryl_6 (reduced
interactions within the bulk) and systems with increased levels of PI (5 wt%). Moreover,
it was found that the final conversion was reduced by bulky groups in the copolymer (IBA
in acryl_5) and high monomer contents (50 wt%). Concerning the chemical structure of
the monomer, high conversions were associated with low functional long chained
monomers, which comprised low steric hindrance (SR 454, SR 492, SR 494). In contrast, no
clear trend was found for the influence on the reaction rate. The irradiation dose for
maximum conversion decreased upon a high level of initiating radicals as present in
systems with 5 wt% PI and low monomer contents. DSC experiments displayed an increase
of the 7g of the adhesives upon UV-exposure. While the initial tack of the PSA was
governed by the linear structure of acryl_1 (7g = -32°C for acryl_1), the semi-IPN
dominated the adhesive properties after UV-crosslinking (7gon = 60 °C). The impact of the
chemical composition of the individual adhesive formulations could not be investigated
in detail, since the continuously decreasing baseline did not allow for the determination
of the distinct 7gs. In addition, it was shown that the semi-IPN had already been formed
to a high extent after exposure to comparatively low irradiation doses (80 mJ/cm?).
According to TGA measurements, the formation of semi-IPN slightly improved the
thermal stability of the PSAs. The cured adhesives comprised similar 7on and increased
Tenp, compared to the basic copolymer (acryl_1). Hence, complete decomposition was
retarded by the formation of semi-IPN. It was observed, that 7on was rather independent
on the chemical composition, while 7zvp shifted to higher temperatures for highly
crosslinked systems (high monomer contents, short spacers).

The adhesive formulation, the carrier material and treatment as well as the process
parameter play an important role. It was shown that chemically etched PET carriers
provided superior wetting and leveling of the adhesive. The etched surface allowed for
good anchorage of the adhesive layer and consequently improved removability.
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In addition, corona treatment further improved these properties. The adhesive layers were
coated onto the carriers with a quadrupole film applicator since it represents a common,
simple and rapid method. The subsequent evaporation of the solvent turned out to be
essential for clean removability and an efficient UV-release. In order to prevent excessive
penetration of the substrate, which is often related to cohesive failure, the PSA layers were
pre-crosslinked. The corresponding UV-irradiation dose has to be adjusted individually,
depending on the chemical composition and film thickness of the adhesive layers, to
ensure sufficient initial tack. Finally, two preparation methods were developed (see Figure
47. While the adhesive is directly coated onto the carrier in method ] it is applied to a
release liner and subsequently transferred to the carrier in method II.

Method [

Direct coating

af etched PET carrier

a
(30-120 pm) at 50 °C for 20min

Method Il

Coating Drying Lamination Pre-crosslinking
of siliconized liner £50.°C for- 30mi onto etched PET through the carrier Removal of the liner
(90 ) = - carrier on hot base backside

Figure 47: Workflow of the two tape preparation methods
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6.3.Performance of the designed PSA tapes

In this chapter, factors, which affect adhesive performance and tape removability, are
discussed. The effect of the chemical composition of the PSAs and the influence of various
process parameters were investigated at the example of tapes prepared by method I
In order to provide good comparability, as few parameters as possible were altered within
one experiment. Moreover, the impact of the surface quality of the substrates and the
preparation method are displayed. The removability of the PSA tapes was evaluated using
optical light microscopy. Clean peel was assigned with “v"", some or thin layers of residues
with “~" and many residues with "x".

6.3.1. Impact of the surface quality of the joint substrate
In this work, removable PSA tapes for the embedding process of microelectronic chips and
components into printed circuit boards (PCBs) were designed. During embedding, the
tapes are applied temporarily onto metal and polymer surfaces, such as BondFilm®
treated copper and cured epoxy prepregs, which are typically used for the production of
PCBs. Thus, adhesion to and removability from these substrates as well as the performance
on tarnish protected copper and pristine were investigated.

It is stated in literature, that the surface quality of the substrate constitutes an important
factor influencing bonding and debonding because the polarity (surface energy) and
porosity (roughness) of the adhered surface govern its wettability. Good wetting is a basic
requirement for adhesion, which is achieved if the PSA comprises similar or lower surface
tension than the substrate. After wetting, the adhesive penetrates the microstructural
cavities (pores, capillaries and undercuts) of the surface, where it physically and chemically
interacts with the substrate. Therefore, the development of an adhesive joint depends on
the surface roughness and chemical composition of the substrate, the cold flow and
viscosity of the adhesive as well as on application time and temperature. [1,20,21,60,62]
Clean removability of the PSA tape requires (a) adequate cohesion to prevent fracture of
the adhesive layer and (b) good anchorage of the PSA to the carrier. [20,62] Adhesion to
the carrier must exceed the interactions with the substrate and can be enhanced by carrier
pre-treatment, including corona discharge and priming. In addition, the reduction of the
PSA-substrate contact area also supports residue-free peel. [9,20,21]

Since the chemical composition and the roughness of the adherent are important for the
interpretation and understanding of the adhesion performance of the tape, these aspects
are discussed for the applied substrates hereinafter. As described in chapter 3.5.2,
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multilayer PCBs are composites of copper foil and epoxy prepregs, which are arranged in
alternating layers on both sides of an inner core material. [167] Typically, the copper foils
are pretreated to ensure reliable adhesion to the epoxy layers. While etching technologies
and the black oxide treatment rely on mechanical adhesion only, oxide replacement
technologies additionally offer a certain extent of chemical adhesion. [107,108]
Here, BondFilm® treated copper substrates were applied. In this oxygen replacement
technique the copper surface is roughened with an etchant of H.SO4 and peroxide to
enable good mechanical interlocking with cured epoxy prepregs, which is seen as the main
adhesion mechanism in PCBs. In addition, an organometallic layer containing
benzotriazole derivatives provides some extent of chemical adhesion. The coupling effect
of the azole compounds is based on covalent bonds to copper (benzodiazolato Cu(l) or
bis(benzotriazolato) Cu(ll)) and its participation in the ring opening polymerization of the
epoxy resin. [107-110] The chemical composition of the BondFilm® treated copper
surfaces was analyzed by XPS measurements, revealing high concentrations of carbon
(60.2 at%), oxygen (15.1 at%) and nitrogen (16.2 at%), which was attributed to the
organometallic layer (benzotriazole derivative), as well as copper (6.3 at%, underlying
material) and some amounts of sulfur (1.1 at%) silicon (0.6 at%) and chlorine (0.6 at%),
which originate from the etching and pretreatment process (see Table 16).

During PCB processing the single layers are patterned by etching of the laminated copper
sheets, revealing the underlying epoxy material (FR 4, prepreg). Thus, the tapes
performance was also tested on cured epoxy surfaces. Prepregs are glass fiber webs, which
are impregnated with epoxy resin and pre-cured to B-stage. [167,168] According to XPS
measurements, the chemical composition of the epoxy surfaces was dominated by
C (63.6 at%) and O (29.4 at%). In addition, lower amounts of Si (4.3 at%), Cl (0.7 at%) and
Br (0.9 at%) were detected. While Si originated from the incorporated glass fibers, the Cl
and Br signals were attributed to halogenated flame retardant compounds. [169-171]
Furthermore, some amounts of Cr and S were found. Adhesion experiments considering
prepreg substrates were performed on structured PCBs, comprising both BondFilm® and
epoxy surfaces.

Moreover, tarnish protected and pristine copper were applied as substrate materials in
adhesion experiments. Due to their high reactivity, copper or copper alloy substrates are
usually protected from tarnishing and oxidation during storage by chromium-zinc
coatings, which are deposited electrolytically from alkaline solutions (NaOH, pH = 12-14).
This is important because tarnished and oxidized surfaces may cause problems in the
manufacture of PCBs, such as insufficient bond strength to epoxy prepregs during
lamination or inhomogeneous etching of the copper foil. The surface composition of the
tarnish protected copper substrates was investigated via XPS measurements. The results
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were in good accordance with literature, showing high contents of Zn (20.7 at%) and
O (44.6 at%) as well as C (31.3 at%), Cr (2.5 at%) and Cu (1.1 at%) on the substrate surfaces
(see Table 16). [172,173] Pristine copper was revealed by rinsing tarnish protected
substrates in an aqueous solution of sulfuric acid (H2SO4) and sodium persulfate (NaPS)
for 40 sec at 35 °C. The absence of Zn and Cr as well as the high content of Cu on the
deprotected substrates indicated the removal of the anti-tarnish coating (see Table 16).
Metallic copper is stated to readily stain and tarnish during rt storage or high temperature
processing. [172,173] Thus, it was important to apply these substrates right after rinsing
and avoid long storage before applying the PSA tapes.

The topography of the substrates was investigated by means of atomic force microscopy
(AFM). To quantify surface roughness, Sa (average roughness) and Sq (root mean square
roughness) were determined from an average of 3 spots. The results are summarized in
Table 15. Although BondFilm® treatment includes a roughening process, the respective
substrates exhibited the lowest roughness of all investigated surfaces, while the highest
Sa and Sq values belonged to cured epoxy. However, a comparison of the 3D-images in
Figure 48 revealed fine superordinate structures on BondFilm® treated copper, which
significantly enlarge the surface area. In contrast, the epoxy surfaces did not show any
additional structures. Tarnish protected and pristine copper showed slightly higher
Sa and Sq than BondFilm® substrates. Tarnish protected surfaces also carried some
superordinate structures, which were removed in the deprotection process, revealing
pristine copper. Nevertheless, this did not lead to significant changes of the surface
roughness.

Table 15: Average roughness and root mean square roughness (Sq) of tarnish protected copper, pristine copper,
BondFilm® treated copper and cured epoxy substrates

Sa [nm] Sq [nm]

tarnish protected

copper 154 £ 26 193 = 31

pristine copper 148 £+ 10 189 + 15
BondFilm® treated

copper 885 112 £ 6

cured epoxy 554 £+ 92 684 + 109
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In addition, the different substrates were characterized by contact angle measurements
with water. The water contact angle was reduced significantly from 72.9 ° + 8.8 ° to
21.2° + 1.4 °after removing the tarnish protecting layer from the copper substrates.
Since tarnish protected and pristine copper showed similar surface roughness (see Table
15), this was attributed to a change in surface composition and polarity as well as to the
presence of the superordinate structures on tarnish protected copper. Moreover, the
distinct increase of the water contact angle by BondFilm® treatment (132.6 ° £ 1.3 °) was
seen as a result of the high amount of superordinate structures on the surfaces of the
substrates and the applied adhesion promoting layer (benzotriazoles). in addition, the
cured epoxy showed rather high hydrophobicity (water contact angle = 107.5° £ 4.5 °),
which was again attributed to the chemical composition of this surface.

To sum up, BondFilm® treated copper was seen as the most challenging substrate for the
desired application. Altough its adhesion promoting layer and its high surface area were
necessary for substrate fixation during PCB processing, these factors were expected to be
detrimental for clean peel in the end of the application of the tape. In contrast, the cured
epoxy surfaces did not exhibit superordinate structures (lower surface area) and were
therefore supposed to allow for residue-free removability. Concerning tarnish protected
copper and pristine copper, some impairment of clean peel was suggested. While tarnish
protected copper carried some superordinate structures, which enhance mechanical
interlocking, the metallic copper surfaces were more prone to interactions with the polar
acrylic acid units of the PSA. [56,174,175]
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Table 16: Chemical composition of tarnish protected copper, pristine copper, BondFilm® treated copper and cured epoxy surfaces

chemical composition [at%]

Zn Cu

tarnish pro-
207+14 1.1+01
tected copper

pristine copper
BondFilm®
treated copper

cured epoxy - -

C

313+ 1.0

377 £ 06 30.1+£02

60.2 +0.7

653 + 1.7

o

446 £ 04

322+04

15.1+£0.3

281 +14

Cr Si S

25 £0.15 - -

Br

0.9 £ 0.05

(a) tarnish protected
copper

(b) pristine copper

(c) BondFilm®
treated copper

(d) epoxy
(cured prepreg)

Figure 48: 3D images of tarnish protected copper, pristine copper, BondFilm® treated copper and cured epoxy, displaying the roughness of the substrates
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Due to the importance of BondFilm® or structured BondFilm® surfaces in the present
application, most adhesion experiments were done on these substrates in order to adapt
the performance of the tape to the challenging requirements during application and peel.

The impact of the surface quality of the substrates was demonstrated by adhesion
experiments on BondFilm® and tarnish protected copper. Method I tapes based on
formulations containing acryl_1, 10 wt% SR 494 and 5 wt% Lucirin TPO-L were applied at
rt and removed manually after UV-curing (7750 mJ/cm?). As already mentioned in
chapter 6.2.2, the application on and clean removability from surfaces comprising high
surface area such as BondFilm® substrates was realized by the introduction of a pre-
crosslinking step. The PSA layer was crosslinked to a certain extent in order to prevent
penetration into deep sites of the microstructure and residues, which may result from
insufficient deformability during peel.

The results showed clean peel of pre-crosslinked PSA tapes from both, tarnish protected
copper and BondFilm® substrates (see Figure 49a). Further experiments revealed that
residue-free peel from tarnish protected copper did not necessarily require pre-
crosslinking, whereas similar performance on BondFilm® substrates was exclusively
achieved by application of this additional step (Figure 49b). This was attributed to the high
surface area and the organometallic layer on BondFilm® treated copper, which promote
adhesion but prevent clean peel.

[a) performance of pre-crosslinked PSAs (b) necessity of pre-crosslinking on BondFilm® substrates
on substrates with different surface quality

no pre-crosslinking
tarnish protected BondFilm® adhesion to tarnish
copper protected copper

s =T
i

pre-crosslinking
adhesion to BondFilm®

Figure 49: Effect of pre-crosslinking on the removability of the tapes in dependence of the surface quality of the
substrates
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Since the adhesion performance is influenced by the crosslinking state of the adhesive
layer, it is also important to consider the impact of the preparation method.
As a consequence of the different irradiation procedures of method I and method I
different crosslinking gradients develop throughout the adhesive layer surfaces.
This aspect is discussed in detail in chapter 6.3.4.

6.3.2. Influence of the adhesive composition

Adhesion performance and removability of PSA tapes depend on the proper balance of
adhesion and cohesion [10,20], which in turn are a function of 7g, crosslinking density and
molecular weight [27,34,174]. It was already proven by UV-cure kinetics, that network
formation was greatly affected by the chemical composition of the adhesive layer
(see chapter 6.2.1). Thus, the impact of the basic adhesive copolymer, the amount and
type of multifunctional acrylate as well as the PI-content on adhesion performance,
including tack, peel and removability, is evaluated in the following.

In advance of these experiments, it has to be mentioned, that UV-irradiation doses, which
were applied to trigger the release mechanism of the tapes, do not necessarily correlate
with the irradiation dose for maximum conversion determined in UV-cure kinetics.
This difference arises from different thicknesses of the adhesive layers prepared for kinetic
measurements (spin casting) and for adhesion experiments (quadruple film applicator).
Furthermore, it has to be considered that not only the overall UV-dose, but also the
applied intensity influences the conversion of UV-curable adhesive systems [175].
As a consequence, the use of different UV-curing systems for kinetic measurements and
tape irradiation during adhesion experiments did not allow for a direct resumption of the
UV-doses determined in kinetic measurements. Thus, the irradiation doses, were adjusted
empirically to the individual adhesive composition to ensure proper adhesion
performance.
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Effect of the chemical composition of the basic adhesive copolymer

Three different basic adhesive polymers - acryl_1, acryl_5 and acryl_6 - were applied in the
production of PSA tapes containing 10 or 20 wt% DPEPHA or DTMPTA and 1 wt% Lucirin
TPO-L (adhesives 1, 6, 10, 14 and 23-37). The tapes were prepared according to method I
without further treatment of the etched PET carriers. The applied wet film thicknesses
amounted to 90 um. In order to investigate the impact of the polymer composition on
adhesion performance and removability, the tapes were applied onto BondFilm® treated
copper substrates. While DPEPHA based tapes were irradiated with 1000 mJ/cm?,
a UV-dose of 7750 mJ/cm? was applied to cure the DTMPTA tapes.

Although tapes based on acryl_5 exhibited lower tack during application, they showed
poor removability from the substrates. Some amounts of whitish and hazy residues were
left even after adhesion at rt and were further increased as the application temperature
was increased to 160 °C (see Figure 50). In contrast, PSAs based on acryl_1 and acryl_6
were more strongly fixed to the substrates and caused less residues after peel.
Altough none of the tapes was removed cleanly after storage for 1h at 160 °C, residues
were significantly reduced for tapes based on acryl_1 or acryl_6 and 20 wt% DTMPTA.
Against our expectations (see chapter 6.1.1), the removal of AA in acryl_6 did not improve
the removability of the tapes. The absence of the intended effect was attributed to the
comparatively low portion of AA (5.5wt%) in the adhesive copolymer (acryl_1).
Consequently, it was suggested, that the BondFilm® surface, which favors adhesion, was
the dominating factor here. Residues remained on the substrates due to the high surface
area and the adhesion promoting layer, which enforced the interactions with the PSA.
This was even more pronounced at elevated temperatures, which decreases the viscosity
of the PSA (softening), and thus favors penetration of the adhesive into deep sites of the
substrates microstructure. The low initial tack of acryl_5 based tapes was associated with
the increased 7g of this copolymer [176] (see chapter 6.1.1) and the high extent of
adhesive residues after peel was attributed to an ineffective release mechanism.
It was already shown by UV-cure kinetics, that the photo-crosslinking of multifunctional
acrylates was restricted by the incorporated IBA group (see chapter 6.2.1). Due to the low
crosslinking degree, cohesion within the adhesive was not sufficiently high to provide
clean peel.
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acryl_1 acryl_5 acryl_B
1h at 160°C (1§ 1h at 160°C rt 1h at 160°C

10wt
DPEPHA

THam
10 wit¥
DTMPTA
20wtk
DPEPHA

“soopm Sooam
20 wit®
DTMPTA

=

Figure 50: BondFilm® substrates after removal of tapes containing 10 or 20 wt% DPEPHA or DTMPTA and T wt% Lucirin
TPO-L as a function of the basic adhesive copolymer
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Influence of the chemical structure of the multifunctional acrylic monomer

PSA tapes based on acryl_1 were prepared by method I on etched PET carries, which had
not been further treated. Adhesive formulations containing 10 wt% of the respective
multifunctional acrylates and 5 wt% Lucirin TPO-L (adhesives 2, 11, 17, 20, 23, 25 and 29)
were applied with a wet film thickness of 90 um. The tapes were adhered to BondFilm®
treated copper substrates and peeled off manually after adhesion at rt or 1h at elevated
temperatures. In contrast to the standard settings for method I the UV-doses for pre-
crosslinking were adjusted to 1550 mJ/cm? or 295 mJ/cm? (PETA, SR 454, TMPTA) in these
experiments. The photo release was triggered with 7750 mJ/cm? in the end of the
application.

As illustrated in Figure 51, good results were obtained by the use of DPEPHA, DTMPTA,
SR 494 or PETA as multifunctional acrylate. While PSAs containing TMPTA, SR 454 and
SR 492 caused massive amounts of whitish and hazy residues after application at 140 °C
throughout wide parts of the substrates, only thin layers of DPEPHA, SR 494 and PETA
adhesives remained on the substrates and the PSA based on DTMPTA did not leave any
residue at all. However, as the application temperature was further increased to 150 °C,
massive residues of DTMPTA and PETA adhesives were found on the respective
BondFilm® surfaces. In addition, the layer thickness of residues left by DPEPHA-based
PSAs increased significantly upon 160 °C.

It was proposed, that residues developed due to softening of the adhesive and subsequent
penetration into the surface morphology of the BondFilm® substrates (see also
chapter 6.2.2). Since viscosity is a function of temperature [65], the cured PSAs penetrated
more deeply into the highly structured BondFilm® surfaces the higher the application
temperature was [60,177]. Thus, the contact area was increased and the resulting
mechanical and chemical interactions with the substrate were more intense than those
with the carriers. Consequently, the locus of failure was continuously shifted towards the
adhesive-carrier interface. Finally, the PSAs failed adhesively throughout wide parts of the
adhesive joint (see Figure 51) due to insufficient deformability of the cured adhesive, which
was required during peel to escape from the microstructural cavities. Alternatively, in this
stage cohesive failure at a weak boundary layer on the PET carrier surface has to be
considered. Since this occurs so close to the interface, it is often interpreted as interfacial
fracture. [68,177] Moreover, the results revealed a direct correlation of the monomer
functionality and the maximum application temperature. In general, highly functional
monomers build networks with high crosslinking densities [148] and high molecular
weights, which are in turn related to high viscosities [65,178] and increased 7g [21,23-25]
As a consequence, semi-IPN of the tetra- and penta/hexa functional monomers (SR 494,
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PETA, DTMPTA or DPEPHA) comprised higher resistance to softening and penetration into
the microstructure of the highly structured BindFilm® substrates than the trifunctional
TMPTA, SR 454 and SR 492.

rt 1h at 140°C 1h at 150°C 1h at 160°C
]

TMPTA

SR 454

PETA

SR 454

DTMPTA

DPEPHA

Figure 51: BondFilm® substrates after removal of tapes based on acryl 1, 10 wt% of multifunctional acrylate and 5 wt%
Lucirin TPO-L as a function of the monomer structure
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Besides the multifunctional acrylic monomers used so far, also an aromatic compound
was tested as suitable crosslinking agent in order to improve the thermal stability of the
polymer networks (IPN). [21] PSA tapes based on adhesive 21 (acryl_1, 50 wt% of SR 480
and 5 wt% Lucirin TPO-L) were prepared according to method I The adhesive formulation
was coated onto etched PET carriers applying a wet film thickness of 90 um. The tapes
were pre-crosslinked with a UV-dose of 1550 mJ/cm? and finally cured upon UV exposure
with 7750 mJ/cm?. First tests on BondFilm® substrates revealed that the use of the
aromatic crosslinker did not improve the removability of the tape. First tests on BondFilm®
substrates revealed that the use of the aromatic crosslinker did not improve the
removability of the tape. This was explained by the fact that the main cause of adhesive
residues was the reduction of the viscosity of the adhesive upon high temperatures, which
is related to penetration into the microstructure of the substrate and consequently to
shearing over sharp edges during peel (see chapter 6.2.2, Figure 45). The di-functional
SR 480 did not provide sufficiently high crosslinking densities for clean peel.
The correlated low cohesion within the adhesive caused residues after application at rt
(see Figure_A 10) and even more residues after storage at 150 °C.

Influence of the monomer concentration

The effect of the monomer content was investigated at the example of tapes based on
acryl_1, which were prepared according to method I Etched PET carriers were coated with
90 pm (wet film) of adhesive formulations containing 10 wt% of PETA, SR 494, DTMPTA or
DPEPHA and 5 wt% Lucirin TPO-L (adhesives 2, 11, 17 and 25) and PSAs containing 20 wt%
of these monomers and 1 wt% Lucirin TPO-L (adhesives 6, 14, 18 and 26). In addition,
tapes based on adhesive 7 and 9 (20/50 wt% DPEPHA, 5 wt% PI) were prepared. The tapes
were pre-crosslinked with UV-doses of 1550 mJ/cm? or 295 mJ/cm? (PETA), adhered to
BondFilm® treated copper substrates, irradiated with 7750 mJ/cm?, stored at 160 °C for
1h and peeled off manually.

The microscopy images in Figure 52 revealed that increased concentrations of
multifunctional acrylate enabled improved removability after application at elevated
temperatures. The layer thickness of adhesive residues was reduced significantly by the
use of increased monomer contents, independent on the type of multifunctional acrylate.
Especially PSAs containing 20-50 wt% DTMPTA or DPEPHA enabled (almost) clean peel.
This was related to enhanced network formation and thus highly efficient release
properties [21,24,25], which had already been indicated in UV-cure kinetics
(see chapter 6.2.1) by increased C=C double bond conversion of adhesive systems
comprising high monomer levels. Although clean peel was achieved in some cases,
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this was often accompanied by low tack of the corresponding tapes and consequently,
insufficient fixation of the substrates. Kim et al. found, that a low percentage of the
required UV-dose can already reduce peel strength significantly due to migration of the
crosslinkers to the air-polymer surface. [112] Thus, it was found that the implementation
of both, satisfying adhesion and residue-free removability, did not only require the
adjustment of the chemical composition, especially of the PI-content (see below), but also
an optimization of the process parameters, including UV-dose, film thickness and carrier
treatment (see chapter 6.3.3).

monomer concentration

PETA

SR 494

DTMPTA

DPEPHA

Figure 52: BondFilm® substrates after removal of tapes based on acryl 1, PETA, SR 494, DTMPTA or DPEPHA as a
function of the monomer concentration
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Influence of the photo initiator concentration

Besides the monomer structure and content, the PI concentration has a significant
influence on network formation and UV-curing of the PSA. The removability from
(structured) BondFilm® substrates was investigated at rt and 160 °C as a function of PI
content (0.5-5 wt%) by the application of tapes based on acryl_1 and 20 wt% of DTMPTA
or DPEPHA. Adhesives 4-7 and 12-14 were coated onto etched PET carriers according to
method  applying wet film thicknesses of 30 or 90 uym. Pre-crosslinking and UV-doses for
curing were adjusted individually for each tape, depending on its wet film thickness and
chemical composition (see Table_A 4 in the appendix).

In general, all tapes comprised satisfying tack throughout the application and fixed the
substrates as desired. The only exception was the DPEPHA-baesed tape containing 5 wt%
Lucirin TPO-L, which did not offer sufficient adhesive strength after irradiation. It is stated
in literature, that the tack of UV-curable PSAs already decreases significantly at low
percentage of the required UV-dose. [112] Here, the increased amounts of PI even
accelerated network formation (see chapter 6.2.1, UV-cure kinetics) and thus debonding.
Although the tape did not adhere properly to the BondFilm® substrate, adhesive residues
(whitish and hazy) were left even after adhesion at rt (see Figure 53). The fact that the
residues formed granulates instead of thin layers indicated that the applied UV-dose was
too high leading to an over-cure of the PSA and hence to an embrittlement of the adhesive
layer. [179] In contrast, the adhesive systems containing lower amounts of PI were
removed cleanly after adhesion at rt. Application at 160 °C revealed that systems
comprising too low amounts of PI (0.5 wt%) did not fully cure and consequently did not
comprise sufficient cohesion for clean peel. Better results were achieved with adhesives
containing 0.75 or 1 wt% Lucirin TPO-L, which only left thin layers of residues on the
substrate surfaces. Considering the cured epoxy parts of the structured substrates, clean
removability was observed after application at rt as well as after 160 °C. However,
some residues remained at the epoxy-BondFilm® edge after storage at elevated
temperatures. This was also explained by penetration of the softened PSA into these edges
leading to mechanical adhesion and subsequent cohesive failure upon peel.

Based on these results, it was decided to focus on PSAs with 0.75-1 wt% PI. The already
low amounts of residues were completely eliminated by precise adjustment of the process
parameters, including UV-dose, layer thickness and carrier treatment (see chapter 6.3.3).
Moreover, lower amounts of PI are more cost efficient. Thus, an adequate adjustment of
the process parameters was not performed for 5 wt% systems.
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Figure 53: (Structured) BondFilm® substrates after removal of tapes based on acryl 1, 20 wt% DTMPTA or DPEPHA as
a function of the PI concentration

Besides the nature of the substrate (morphology and composition) and the chemical
composition of the adhesive layer, the film thickness of the adhesive, carrier pre-treatment
and the applied UV-dose during pre-crosslinking and photo-release, affect the adhesive
performance and removability of PSA tapes. The impact of these process parameters is
discussed in the following chapter.
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6.3.3. Impact of process parameters
Effect of the adhesive film thickness

It is stated in literature that tack, peel and shear resistance depend on the thickness of the
applied PSA layer or the coating weight, respectively. [9,20,180] Below thicknesses of
2500 um, which are typical for commercial PSAs, tack and peel increase with the film
thickness. In contrast, Kaelble detected only a minor effect on the peel force for PSA layers
>50 pym (nonlinear dependence). [180] Coating weights are usually kept in a range where
its impact on tack, peel and shear is minimal. [9] The adjustment of the adhesive layer
thickness enables the control of the adhesive character of PSA products
(permanent/removable). In general, lower coating weights are applied to ensure
removability of the PSPs. However, proper contact build up with the substrate (adhesive
flow) requires a critical coating weight, which depends on the nature and characteristics
of substrate and carrier. [20]

The effect of adhesive layer thickness was investigated at the example of tapes based on
adhesive 6 (acryl_1, 20 wt% DPEPHA and 1 wt% Lucirin TPO-L). The adhesive layer was
applied onto etched PET carriers according to method Iwith wet film thicknesses of 30, 60
or 90 pym. After evaporation of the solvent, the resulting adhesive layers amounted to
about 15, 30 and 45 um, which is in the typical range for PSA tapes. [6] The tapes were
pre-crosslinked with a UV-dose of 200 mJ/cm?, adhered to BondFilm® substrates and
additionally UV-cured with an exposure dose of 200 mJ/cm?. They were evaluated
empirically with regard to their initial tack and peel strength. All tapes fixed the substrates
properly, independent of the layer thickness, and were removed cleanly after adhesion
at rt. Although the adhesive layer thickness was within the range of decisive impact on the
adhesive properties, no significant difference in peel strength was noticed during peel.

Based on these results, a standard wet film thickness of 30 um was defined for method I
On the contrary, 90 um were applied in method Il because a thicker, more compact PSA
layer proved to be advantageous during adhesive transfer via hot lamination.

Corona treatment of the carriers

As already mentioned in chapter 6.2.2, corona treatment was applied in addition to
chemical etching in order to further improve the interactions of the carrier with the PSA.
In particular, enhanced interactions at the adhesive-carrier interface were required at
elevated temperatures. As described in chapter 6.3.2 (/nfluence of the chemical structure
of the multifunctional acrylic monomer), the locus of failure was continuously shifted
towards the carrier surface, resulting in increasingly thick layers of adhesive residues on
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BondFilm® substrates. On the one hand, this was attributed to deep penetration of the
microstructure of the substrate by the softened PSA and to comparatively weak anchorage
to the carrier on the other hand. Moreover, the presence of a weak boundary layer, which
may arise from manufacture or chemical etching (carrier pretreatment by supplier) [165],
was considered. This layer of low molecular weight oxidized material was reported to
influence adhesion in dependence on its solubility in the adhesive matrix. In case of
insolubility, a negative effect on adhesion performance was observed. [68]

To overcome these problems, the carrier was corona treated. During discharge polar
functional groups, including C-OH, C=0, COOH, C-O-C, epoxy, ester and hydroperoxide,
were generated on the PET foil [66-68], and the surface was roughened by ablation. [9,68]
The increased polarity and porosity did not only improve wetting but also supported
anchorage of the adhesive layer. [20,62,69] Furthermore, it was suggested that the weak
boundary layer —if present - was reduced or even removed during corona-induced surface
degradation. [56,70] In case of over-treatment, excessive degradation may lead to a
replacement of this superficial low molecular weight oxidized material. Thus, the removal
of the original weak boundary layer may be followed by the development of a new
one. [56] The efficiency of surface activation was proven by XPS spectroscopy and contact
angle measurements with water (see chapter 6.2.2 for details). In a screening experiment,
the optimum corona dose was determined to 1528 W min/m?.

Concerning tape preparation, it is important to consider hydrophobic recovery.
As described in the Theoretical background (chapter 3.2.4), the activation of plasma or
corona treated polymer surfaces decreases with time due to a thermodynamic effect.
A rearrangement of the polymer chains (conformational movement, rotation), which is
based on dipol-dipol interactions of the superficial polar groups with air, minimizes the
surface free energy by orientation of the covalently attached functional groups towards
the bulk. [69-71] It was shown that hydrophobic recovery proceeds rapidly during the first
week [70] or even within hours [72] after corona treatment. Thus, coating of the PSAs was
done immediately after corona treatment of the carrier to provide maximum interaction
with the activated PET surface.

The influence of corona treatment on adhesion performance was investigated by the use
of tapes based on adhesive 3 (acryl_1, 15 wt% DPEPHA and 0.75 wt% Lucirin TPO-L).
According to method ] the adhesive formulation was coated onto chemically etched PET
carriers, which were (i) not further treated or (ii) corona activated (1528 W min/m3),
applying a wet film thickness of 30 um. The tapes were pre-crosslinked with 80 mJ/cm?,
applied to structured BondFilm® substrates and photo-cured with a dose of 1000 mJ/cm?.
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The samples were subjected to elevated temperatures (140-170 °C) for 1Th and removed
manually.

The results showed that corona treatment of the carriers significantly improved the
removability of the tapes at elevated temperatures. While clean peel from BondFilm®
substrates was limited to 140 °C so far, corona activation of the carrier enabled application
temperatures of 160 °C. As illustrated in Figure 54, non-treated tapes caused many
residues on BondFilm® substrates after application at 160 °C. In contrast, corona activated
tapes were peeled cleanly under the same conditions. This was attributed to an improved
anchorage of the PSA to the carrier, which was based on enhanced mechanical interlocking
and interactions with the polar functional groups at the carrier surface. However,
experiments at 170 °C revealed the upper limit of corona treated tapes. As already
observed in chapter 6.3.2, the tapes were cleanly removed from the cured epoxy parts of
the structured substrates. Moreover, the residues at the borders between BondFilm®
treated copper and epoxy material were reduced by corona treatment of the PET film and
the related fixation of the PSA to the carrier.

no corona treatment corona treatment
140°C 160 °C 160 °C 170°C

1)

Figure 54: Structured BondFilm® substrates after removal of tapes based on acryl 1, 15 wt% DPEPHA and 0.75 wt%
Lucirin as a function of carrier pre-treatment with corona discharge

Adjustment of the irradiation dose for the pre-crosslinking step and the UV-
triggered release

The adhesive performance of photo-curable tapes strongly depends on the chemical
composition of the PSA (structure and amount of multifunctional acrylic monomer and PI,
Tg of the basic adhesive copolymer). Another powerful parameter in the adaption of tack
and peel is the applied UV-dose. [22] In particular, precise adjustment of this parameter is
required in the pre-crosslinking step to provide high initial tack in combination with a
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certain extent of crosslinking, which limits penetration into the microstructures of the
substrates and thus supports clean peel (see also 6.2.2). For the adaption of the pre-
crosslinking doses, it was taken into account that already a low percentage of the required
UV-dose distinctly affects the tack of photo-curable adhesives. Kim et al. found, that this
is related to migration of the crosslinking agent to the air-polymer surface [112].
In order to provide high tack, systems, which required a pre-crosslinking dose
< 80 mJ/cm? (limited by lamp parameters), were rejected. These included PSAs with high
reaction rates such as adhesives based on PETA, TMPTA, SR 454 or SR 492 or systems
containing 5wt% Lucirin TPO-L (compare Table 11 in chapter 6.2.1). In contrast,
formulations based on DPEPHA and DTMPTA exhibited lower reaction rates and moderate
UV-doses for maximum conversion. Thus, the irradiation parameters were more easily
adjusted for these systems. Moreover, the photo-curing step was optimized in order to
provide the right balance between adhesion and cohesion, which is crucial for clean
removability. [7,10,20] Adhesive residues may arise in both over- and under-cured systems
(see Figure 55). While excessive UV-irradiation leads to embrittlement of the PSA
(over-cured), too low UV-doses do not provide sufficiently high crosslinking densities
(under-cure). The adhesive remains soft and fails cohesively during peel. [6,179]
The kinetic measurements in chapter 6.2.1 showed, that the reaction rate and the UV-dose
required for maximum conversion strongly depend on the chemical composition of the
adhesive formulation. Consequently, the applied irradiation doses for pre-crosslinking and
the photo-triggered release had to be adjusted individually. However, it was not possible
to directly resume the UV-doses determined in the cure kinetics to the initiation of the
release of the tapes, because different UV-curing systems were used providing different
lamp parameters (intensity! [175]). Finally, a pre-crosslinking dose of 80 mJ/cm? was set as
standard. DPEPHA adhesives were released applying 1000 mJ/cm?, while 7750 mJ/cm?
were applied for DTMPTA adhesives.

Figure 55 illustrates the importance of precise UV-irradiation adjustment. Adhesive 6
(acryl_1, 20 wt% DPEPHA and 1 wt% Lucirin TPO-L) was coated onto chemically etched,
corona treated PET carriers with a wet film thickness of 30 um according to method I
The tapes were pre-crosslinked with 80 mJ/cm?, applied onto structured BondFilm®
substrates and cured with 500 mJ/cm? (under-cure) and 1000 mJ/cm? (optimized cure),
respectively. After storage for 1 hour at 160 °C, the tapes were peeled off manually.
While optimal cure enabled clean removability all over the substrates, incomplete network
formation of the under-cured PSA caused a layer of adhesive residues on the BondFilm®
parts. This cohesive failure was related to a reduction of the viscosity of the adhesive upon
high temperatures [6], which facilitated penetration into the microstructure of the
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BondFilm® surface. On the contrary, too high irradiation doses lead to embrittlement of
the PSA layer. [179] Especially formulations with increased PI concentrations (5 wt%) were
prone to over-cure due to their high reaction rates and conversions (see Table 11).
This was demonstrated at the example of a tape based on adhesive 7 (acryl_1 and 20 wt%
DPEPHA containing 5 wt% Lucirin TPO-L). The adhesive was coated onto an etched PET
carrier with 90 um wet film thickness. The PSA layer was pre-crosslinked with 1550 mJ/cm?,
applied onto structured BondFilm® and irradiated with 7750 mJ/cm?. Although the tape
did not comprise sufficient tack to fix the substrate, the brittle PSA left granulates of
adhesive residues on the BondFilm® parts of the surface.

under-cure optimized cure over-cure

Figure 55: BondFilm® substrates after peel of under-cured, optimally cured and over-cured PSAs

Besides the applied UV-dose, also the tape preparation method and the corresponding
workflow influenced the adhesion performance. As described in more detail in
chapter 6.3.4, tapes prepared by method I comprised lower surface tack than those
prepared by method II. This is based on the different approaches of pre-crosslinking and
the resulting crosslinking gradients, which were formed throughout the adhesive layers.
Moreover, it turned out to be essential to fully crosslink the adhesive before high
temperatures were applied, in order to prevent penetration of the PSA into deep sites of
the microstructure of the substrates and thus the development of adhesive residues, which
may occur as a consequence of insufficient deformability during peel (see chapter 6.2.2
for details). Nevertheless, fixation of the substrate was still provided at optimized
UV-irradiation. It was suggested, that this was possible due to a kind of key-lock effect
between the substrate and the cured adhesive. During wetting the latter builds a perfect
counterpart to the topography of the substrate, which gets “frozen” upon UV-crosslinking.
Mechanical interlocking fixes the substrate until the tape is peeled off. However, the right
extent of penetration is crucial to provide residue-free peel as well as proper fixation and
can be controlled by adjustment of the individual pre-crosslinking and UV-doses for
curing.
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6.3.4. Influence of the preparation method

As already mentioned in chapter 6.2.2 two preparation methods were developed. The main
difference concerned coating and pre-crosslinking. While the adhesive layer was applied
directly onto the carrier in method ] it was first coated to a release liner and subsequently
transferred to the carrier in method I (hot lamination). During pre-crosslinking, method I
tapes were irradiated on top of the adhesive layer, whereas method II tapes were
pre-crosslinked through the backside of the carrier. Since the maximum level of irradiation
is obtained on top of the exposed side of a tape, crosslinking gradients developed
throughout the adhesive layers. [9] Due to the differences in tape preparation, maximum
crosslinking was obtained at the fop of method I tapes, and at the carrier-adhesive
interface of method Il tapes. As a result, tapes prepared by method I comprised higher
surface tacks than those prepared by method I

The impact of the preparation method on adhesion performance and removability from
pristine and tarnish protected copper as well as from BondFilm® substrates was
investigated using tapes based on adhesive 6 (acryl_1, 20 wt% DPEPHA and 1 wt%
Lucirin TPO-L). The PSA was applied onto etched PET carriers according to method I
(30 um) and method I (90 um), respectively. The carriers were corona treated before
coating to fix the PSA more tightly to the carrier and thus enable clean peel. All tapes
showed satisfying tack and were pre-crosslinked with a UV-dose of 80 mJ/cm? and
UV-cured with 1000 mJ/cm?.

Method II tapes showed clean peel from tarnish protected copper substrates after
application at 220 °C, whereas method Itapes already left some residues after 160 °C (data
not shown). Similar results were obtained from adhesion experiments on pristine copper,
where method [I'tapes were removed without leaving residues after storage at 200 °C, but
method I tapes only allowed for clean peel up to 180 °C. In contrast, method Il was not
advantageous when peeling from BondFilm® surfaces. Here, best results were achieved
with tapes prepared according to method I which were removed cleanly after application
at 160 °C. The divergent trends on the BondFilm® treated surfaces and the copper
substrates (tarnish protected and pristine copper) point out the distinctive impact of the
substrate nature, including surface topography and chemical composition (see also
chapter 6.3.1). The superordinate structures on BondFilm® substrates offer high surface
area for mechanical interlocking with the PSA, while the organometallic layer enhances
chemical adhesion. Since the on top irradiation of method Itapes limits penetration into
deep layers of the microstructure of the substrates and restricts contact with the
pro-adhesion coated surface, method Itapes show superior performance over method II
tapes. In contrast, tarnish protected copper and pristine copper exhibit less structured
surfaces, enabling clean peel of method II tapes, which comprise a lower crosslinking
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density on top of the adhesive layer. The slight difference of the maximum application
temperature on the copper substrates evolves from the metallic character of pristine
copper, which makes this substrate more prone to polar interactions with the PSA.
However, the reason for the superior performance of method [Itapes on tarnish protected
and pristine copper is not yet clear. Based on the combination of the comparatively low
surface roughness, the low extent of superordinate structures on these substrates and the
on-top pre-crosslinking, we expected at least similar results or even less residues by
method I tapes. Though further research is required to find an explanation for the
observed results, this was not part of the present work, where the main focus was set to
the removability from BondFilm® substrates.

Another thing to mention is that, pristine copper substrates partially oxidized during
storage at elevated temperatures though they were covered by PSA tapes. This was
attributed to inhomogeneous coating, which caused defects and irregular cure throughout
the PSA layer of method Itapes on the one hand, and led to discontinuous transfer of the
adhesive during hot lamination in method IItapes on the other hand. As a consequence,
the substrates were not fixed throughout the whole area and sites on pristine copper
substrates, which were not covered by the PSA due to defects or partial lift off
(inhomogeneous cure), were oxidized rapidly during storage at temperatures > 160 °C by
the enclosed O>. Adhesive residues were exclusively found at the edges of the oxidized
areas, while the remaining substrate was free from residues (see Figure 56). This was
attributed to a local increase of the surface roughness due to the formation of (porous)
copper oxide [181,182], which made the affected areas prone to mechanical interlocking
with the PSA.

oxidized spots on
pristine copper

Figure 56: Pristine copper substrates after storage at 180 °C comprising oxidized spots with adhesive residues
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6.3.5. Conclusion about the adhesion performance

Firstly, the impact of the surface quality of the substrate on adhesion performance and
removability of the PSA tapes was discussed. While proper adhesion during application is
governed by wetting and thus by the polarity (chemical composition) and porosity
(roughness) of the adhered substrate surface, clean removability requires adequate
adhesion and anchorage to the carrier. [20,62] The applied substrates (BondFilm® treated
copper, cured epoxy, tarnish protected copper and pristine copper) were characterized by
XPS, AFM and contact angle measurements. The lowest surface roughness was detected
for BondFilm® treated copper (Sa = 88 + 5 nm, Sq = 112 £ 6 nm). However,
the corresponding 3-D images revealed high portions of superordinate structures on
these surfaces, generating a high surface area. In combination with the organometallic
adhesion promoting layer, high mechanical and chemical interactions with the PSA were
expected, preventing clean removability. The high contact angels (133 °) with water were
seen as a result of the highly structured surface and the chemical composition of
BondFilm® substrates, which was dominated by C (60 at%), O (15 at%) and N (16 at%)
due to the presence of the adhesion promoting layer (benzotriazole derivatives).
Moreover, some impairment of residue-free peel was assumed for tarnish protected and
pristine copper. The superordinate structures on the first and the metallic character of the
second, made these substrates prone to interactions with the PSA. Since the surface
roughness of the copper substrates was comparatively low (Sa = 154 + 26 nm,
Sq =193 £31nm and Sa =148 + 10 nm, Sq = 189 £+ 15 nm), the moderate contact
angle (73 °) of tarnish protected copper was mainly seen as a result of the superordinate
structures, while the low contact angle (21 °) of pristine copper originated from the
metallic character of this substrate. Besides, the removal of the anti-tarnish coating was
proven by XPS measurements, displaying the elimination of Zn (21 at%) and Cr (2.5 at%)
as well as the significant increase of Cu from1 at% to 38 at%. Despite the high surface
roughness of cured epoxy (Sa=554+92 nm, Sq =684+ 109 nm), the lack of
superordinate structures on these substrates promised clean removability of the PSA
tapes. The high contact angle of the prepregs (107 °C) was attributed to the surface
chemistry, which was mainly based on C (64 at%) and O (29 at%).

The influence of the chemical composition of the PSA on tack and removability was
investigated with respect to the structure of the copolymer, the type and amount of
multifunctional acrylic monomer as well as the photoinitiator concentration.
Adhesion experiments on BondFilm® treated copper revealed that PSAs based on acryl_1
and acryl_6 exhibited better tack and removability than formulations based on acryl_5.
This was related to the higher 7g and the bulky IBA units, which sterically restrict the
UV-crosslinking reaction. Further experiments showed a direct correlation of monomer
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functionality and maximum application temperature. While formulations containing the
di- and tri-functional monomers SR 480, TMPTA, SR 454 and SR 492 caused massive
residues after application at 140 °C, only thin layers of residues were left on BondFilm®
treated copper by the tetra- and penta/hexa functional PETA, SR 494, DTMPTA and
DPEPHA. This was explained by higher crosslinking densities, 7g and viscosity of these
adhesives, which prevent excessive penetration of the substrate morphology and too
intense interactions of the PSA with the adhesion promoting layer. However, as the
application temperature was further increased, the locus of failure was shifted towards the
adhesive-carrier interface. Adhesive residues were reduced significantly by increased
monomer concentrations (20-50 w%), independent of the type of multifunctional
acrylate. Best results were achieved with the highly functional DTMPTA and DPEPHA due
to the development of highly crosslinked semi-IPN. Nevertheless, clean peel was often
accompanied by low tack. Variations of the PI concentration were performed in the range
of 0.5-5 wt%. The optimum PI content was determined to 0.75-1 wt%, offering clean
removability at rt and only thin layers of white and hazy residues at 160 °C. In contrast,
high PI contents (5 wt%) quickly lead to an over-cure of the PSA, resulting in granulate
residues on the substrate surface, while too low amounts of PI (0.5 wt%) did not fully cure
the multifunctional monomers.

In addition, the impact of process parameters, including layer thickness, corona treatment
of the carrier and the applied UV-dose during pre-crosslinking and release, were
displayed. According to literature, tack, peel and shear depend on the layer thickness and
the coating weight. [9,20,180] Although the wet film thickness was varied in the range of
30-90 um, the adhesive properties did not change markedly. On the contrary,
corona treatment of the carrier had big influence on the adhesion performance:
The discharge treatment oxidized and roughened the carrier surface, which enabled
improved interaction and anchorage of the PSA layer. [20,62,69] As a consequence the
prepared tapes were removed cleanly from BondFilm® substrates after application at
160 °C. Another essential parameter was the applied UV-dose during pre-crosslinking
and release. The individual and precise adjustment to the respective adhesive system
allowed for a good balance of tack and peel and avoided under- or over-cure of the PSA.
Formulations comprising too high reaction rates (5 wt% P, tri-functional monomers and
PETA) were rejected due to the limits of the available lamp parameters. In contrast, the
adhesive properties of systems based on DTMPTA and DPEPHA were easily tunable due
to their moderate reaction rates. Last but not least, the preparation method influenced
the adhesion performance too. Differences in the preparation process caused different
crosslinking gradients throughout the PSA layer. [9] As a result, method I'tapes exhibited
lower tack and limited penetration to the microstructure of the substrates than method II
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tapes. Adhesion experiments revealed divergent trends on BondFilm® treated and copper
substrates (tarnish protected and pristine copper), depending on the topography and
chemistry of the substrates. While the reason for the superior performance of method II
tapes on tarnish protected and pristine copper surfaces (220 °C, 200 °C without residues)
is not yet clear, the advantage of method I tapes on BondFilm® treated copper was
explained by the limited interactions with the high surface area and the adhesion
promoting layer.

After all, residue-free removability from the different substrates were as expected
(see above and 6.3.1): The most challenging surface for clean peel was BondFilm® treated
copper. Due to its high level of superordinate structures and the adhesion promoting layer,
it was prone to residues after tape removal, especially after application at elevated
temperatures, where the viscosity of the PSA was reduced facilitating penetration into the
substrates microstructure. In contrast, all tapes were cleanly peeled from the epoxy parts
of the structured substrates. The removability from tarnish protected and pristine copper
was poor due to mechanical and chemical interactions of the PSA with these substrates.

To sum up, the reduction of the viscosity of the adhesive and the related penetration into
the substrates microstructure is seen as the main cause for adhesive residues after high
temperature applications. In contrast, thermal decomposition of the adhesives was
excluded due to the findings in TGA measurements (see chapter 6.2.1) and the fact that
the observed residues were whitish and hazy rather than yellowish, orange or brownish.
Consequently, high crosslinking densities and high 7g were required to provide
residue-free peel. Unfortunately, this was contradictory to the requirements for high initial
tack (low 7g). As a consequence, a compromise between these properties was required,
which was approached by a precise adjustment of the pre-crosslinking dose
(see chapter 6.3.3). For further experiments it was decided to focus on adhesive systems
based on acryl_1 containing 20 wt% DPEPHA and 0.75-1 wt% Lucirin-TPO-L. Moreover,
corona treatment was advantageous to support the anchorage of the PSA to the carrier.
The standard UV-dose for pre-crosslinking was determined to 80 mJ/cm?, while the
corresponding value for an efficient UV-release amounted to 1000 mJ/cm?.

Table 17 summarizes the best performance for the tested adhesive systems as a function
of monomer type.
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Table 17: Maximum application temperature of the tested adhesives systems based on acryl 1as a function of monomer
type

. .. Process Parameters:
Adhesive Composition : . ..
Type of Wet film thickness, Max. application
monomer Monom_er + Pl corona treatment, Substrate temperature*
concentration [wt%] .
preparation method
10+ 1/ 90 uym protectgd Cu
TMPTA 10 + 5 no corona BondFilm® rt
method I cured epoxy
10+1/ 90 uym protectfad Cu
SR 454 10 + 5 no corona BondFilm® rt
method I cured epoxy
10+ 1/ 90 uym protected Cu
SR 492 10 + 5/ no corona BondFilm® rt
10 +10 method I cured epoxy
90 uym protected Cu
10+ 1/
PETA 10 +5 no corona cured epoxy ® rt
method I cured epoxy
120 pm
SR 494 10 + 1 no corona protected Cu 160 °C
method I
30 um
DTMPTA 20 + 1 corona BondFilm® 160 °C
method I
90 pm
20 + 1 no corona protected Cu 240 °C
method I
30 um
DPEPHA 20 + 1 no corona pristine Cu 180 °C
method I
30 pum
20 + 1 corona BondFilm® 160 °C
method I

*with clean removability
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6.1.Improvement of the removability by the use of adhesion promoters

Previous adhesion experiments showed that the surface quality of the substrate had a
significant influence on the adhesion performance of the PSA tapes (see chapter 6.3).
Especially BondFilm® substrates, which comprise a high surface area and an adhesion
promoting layer, turned out to be challenging surfaces, since the main cause of adhesive
residues after application at elevated temperatures was found to be the reduction of the
viscosity of the PSA and the consequent penetration into the microstructure of the
adherents. During peel, cohesive failure occurred within the bulk or close to the adhesive-
substrate interface, depending on the PSA formulation and the resulting network density.
Best results were achieved using systems based on acryl_1, 20 wt% DPEPHA or DTMPTA
and 0.75-1 wt% Lucirin TPO-L. However, clean removability after temperature storage at
160 °C was limited to tapes with corona treated carriers. The discharge treatment
roughened the PET surface and generated oxidized species, which enhanced interactions
with the PSA layer and improved anchorage between the adhesive and the carrier.
Thus, it was revealed that carrier treatment and anchorage to the same is another
important factor influencing residue-free peel.

Based on the improvement with corona treatment, adhesion promoters were applied to
the PET films in order to covalently attach the PSA to the carriers and consequently to
provide clean peel after temperature treatment > 160 °C. The use of adhesion promoters
is a common technique in tape manufacturing, which offers covalent anchorage of the
adhesive to the carrier. [9] Such coupling agents are capable to undergo chemical
reactions with the substrate on the one hand, and with the (polymeric) adhesive on the
other hand. [1,9,183] As a result, a chemical bridge is formed between the two materials,
which enhances or improves the initial bond strength by improved substrate wetting or
secondary bonding via Van der Waals or dipole-dipole interactions, hydrogen bonding or
acid-base reactions. [53] Adhesion promoters are mainly applied with plastic film carriers,
including PET, polyamide and PTFE, which are comparatively difficult to adhere.
The chemical nature of the adhesion promoter depends on the carrier as well as on the
adhesive. [9] Some examples are ABS, isocyanates and (organo)silane derivatives. Typically,
adhesion promoters are solvent-born, water-born or applied as solid state products. [9]

Organosilane coupling agents represent the most important group of technical adhesion
promoters. [1,21,53,184] They are bifunctional molecules with the general formula

OR
X(’CHZ)FSi%ORR
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where RO is a hydrolysable group, such as methoxy or ethoxy groups, X is an
organofunctional group, including amino, hydroxy, vinyl, (meth)acryl, mercapto or epoxy
functionalities, and R’is a spacer between the organofunctional group and the silicon
atom. Adhesion promotion of organosilane coupling agents is based on a series of
reactions: Firstly, the RO-moieties are hydrolyzed stepwise in the presence of water,
building the corresponding silanols (Figure 57, I). Subsequently, these labile intermediates
adsorb to superficial OH-groups at the substrate via hydrogen bonding. In the following
condensation reaction, the silanols are covalently coupled to the substrate surface under
elimination of water, resulting in siloxane bonds (Figure 57, II). Simultaneously, there is a
competitive reaction with adjacent silanols, which generates a polysiloxane network at the
surface. The retained organofunctional groups are orientated away from the surface and
are available for interactions and reactions with the adhesive. [1,21,60,184,185]
Upon coating, the adhesive diffuses into the adhesion promoting layer, which can be seen
as a diffuse interphase between substrate and adhesive, where physical and chemical
interactions take place. [21,53] If the siloxane and the adhesive are highly compatible, they
can copolymerize, while partial compatibility or weak interactions lead to the formation of
IPNs (phases cure separately) or pseudo-IPN (siloxane network penetrated by
adhesive). [184] Effective layer thicknesses of silane coupling agents amount to more than
hundreds of Angstrom [21], which corresponds to a multilayer structure. [184,185]

Step I: Hydrolysis

OR H OH
XHCHp-Si-OR + 3H,0 ——> X—HCH,-Si-OH + 3 ROH
"OR OH

Step II: Adsorption and Condensation

X X
<9Hgn (QHQn
HO-Si-dH__HJ}Si-OH X X
O @) T (gHz)n (CI:H2)n
H X Hz'o —0-8i~0-8i-0—
. ¢ ¢
| | SubstrateI | Sl.ubstralte

Figure 57: Mechanism of attaching silane coupling agents to substrate surfaces: hydrolysis (I) and condensation
reaction (Il) of organosilanes [184]
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Typically, organosilane adhesion promoters are applied from aqueous or water-alcohol
solution. [183,184] The hydrolysis and condensation reactions are influenced by many
factors, including pH, the type and concentration of the applied silane and the presence
of catalyst (mineral acids, AcOH, NHs, KOH, KF, HF, Ti-/V-alkoxides or oxides). [60,186,187]
First of all, the presence of water is essential to start hydrolysis of the silane
compounds. [1,186] Another important factor is the pH value of the solution. At neutral
conditions hydrolysis proceeds at lowest rates. Changes by 1 unit of pH - in either acid or
base direction - accelerates the reaction significantly (10-fold). In contrast, condensation
shows its minimum rate at pH = 2.5-4. [187,188] Hence, acid conditions are associated
with fast hydrolysis and slow condensation rates [188,189] as well as with a low extent of
self-condensation. On the contrary, base catalyzed systems show high self-condensation
(gelation!) since condensation starts as soon as silanol groups are available. [186,189]
Moreover, the pH value affects the amount of adsorbed silane molecules and their
orientation at the surface. [184,186] The stability and reactivity of the adhesion promoter
is greatly affected by the silane structure. The effect of the spacer length on hydrolysis
and condensation is a consequence of its impact on the bond strength of the alkoxy group
to the silicon atom. [1,60] Furthermore, the nature of the organofunctional group
(neutral/cationic/anionic) plays an important role. [185] In general, long, branched and
bulky groups decelerate hydrolysis and condensation. [187] Thus, small alkoxy groups,
such as methoxy or ethoxy moieties, are preferred to enable fast hydrolysis rates. [188]
In turn, bulky moieties can be applied to control hydrolysis and condensation reactions by
steric stabilization of the labile silanol intermediates. [184] The silane structure also
influences the quality of the coating. While short alkyl chains preferably build randomly
orientated and disorganized films, the increased intermolecular interactions of long alkyl
chains in the adsorbed molecules lead to well-ordered silane layers. [189]

A standard procedure for the application of adhesion promoters onto surfaces includes
(i) dipping the cleaned substrates into a silane solution, (ii) removing the excess material
by washing and (iii) drying the silane film at 100-110 °C. [183,186] The drying conditions
(temperature and duration) govern the number of siloxane bonds with the surface and
with adjacent silanols and consequently the structure of the adhesion promoting
film. [184] As hydrolysis and condensation follow the Arrhenius equation, increased
temperatures have an accelerating effect on the reaction rates. [190]
Reaction temperatures of 50-70 °C significantly enhance hydrolysis and condensation,
while even higher temperatures do not further push the reaction. [191] Also, the silane
concentration has big impact on the condensation rate as well as on the nature of the
adhesion promoting layer. Typically, the dipping solution contains 0.1-3 wt% of the
respective silane component. [183,186] Increasing amounts of silane were found to
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accelerate condensation profoundly. [188,189] In general, high silane contents [189] and
unpolar solvents [53] increase the film thickness of the deposited coupling agent.
However, Walker stated that the silane content should be below 4wt% to prevent
extensively thick and non-uniform layers, which develop upon pre-condensation in
solution and the associated formation and physio-sorption of silane oligomers. [189,192]

6.1.1. Modification of the PET carrier — application of adhesion promoters

In this work, 3-methacyloxypropyl trimethoxysilane (3-MAPTMS), 3-acryloxypropyl
trimethoxysilane (3-APTMS) and bis(acylphosphane)oxide-4-(trimethoxysilyl)butyl-3-
[bis(2,4,6-trimethylbenzoyl)phosphinoyl]-2-methyl-propionate  (TMESI> BAPO) were
applied as coupling agents to strengthen the adhesive-carrier interface.
These organosilanes were covalently attached to the PET surface via the methoxy groups
(hydrolyzable groups) and provided either unsaturated C=C moieties or photoactive
groups (organofunctional group) for reactions with the coated PSA.
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Figure 58: Chemical structures of the organosilanes used for surface modification of the PET carriers

Since the neat PET surface does not contain any reactive functionalities for coupling with
the organosilanes, the carrier surface was oxidized by corona discharge (1528 Wmin/m?).
As already explained in chapter 6.3.3, corona treatment of PET follows a free-radical
mechanism that leads to the formation of oxidized functional groups such as C-OH, C=0,
COOH, C-O-C, epoxy, ester and hydroperoxide. [66—68] In particular, the generated
superficial hydroxyl groups participate in the subsequent immobilization of the
organosilane compounds, which is achieved via condensation reaction with the silanol
moieties. [189]

Due to hydrophobic recovery (see 6.3.3) [69-72], the PET carriers were modified
immediately after corona treatment. For surface modification, 2wt% of the respective
organosilanes were dissolved in EtOH (96 %), which had been acidified to pH 4-5 by the
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addition of AcOH. [189,193,194] Hydrolysis was induced by traces of water in the solvent
and accelerated by acidic conditions. [183,185,188] The activated PET carriers were
immersed into the silane solutions for 2h at rt (Figure 59, step I) and subsequently cured
at 110 °C overnight (Figure 59, stepIl). [183,193,194] Thus, adsorption, physical
immobilization (H-bonds of silanols and superficial OH-/-COOH groups) and oligomer
formation took place in step I [60,184], while the thermal treatment in step II completed
condensation and led to covalent attachment of the respective silanols to the carrier via
siloxane linkages. Since the applied adhesion promoters carried three hydrolizable groups
per molecule, crosslinked oligolayers were built on the carrier surface by reactions
between neighboring silanol molecules. [186]

o™
VO
807 et
? O{(\O // 7
¢ ,
carrier
__EEOH@pH4-5
corona-treatment
I: Hydrolysis
RSi{OCH5); + H,O = RSi{OH)3 + 3 CH;OH
OH __ OR __ _OH~OR ., OH
— [T F prgor 9T ¢
— — I e
. silanol polar groups on surface

\ / e
]

[ — §-0-5-0-5i-0-5-0-$i-O-Si-

l“-—— S— ——-Z:I Il: Condensation . ? |:|: (|: ? ? (?

modified carrier

-

T R - overnight, 110°C
Immersion for 2h at rt

Figure 59: Attachment of adhesion promoters to the carrier surface — surface modlification procedure

Although increased temperatures (50-70 °C) would enhance hydrolysis and
condensation [191], the immersion bath was not heated to allow for slow but uniform
adsorption to the surface. Moreover, a low pH value and moderate silane concentration
were chosen to prevent pre-condensation and thus too thick and non-uniform layers.
Consequently, the solutions were prepared freshly and applied directly after
preparation. [60,184,189,192] Finally, the excess silane (not covalently bond) was removed
by washing with EtOH and the modified carriers were dried at rt.
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Characterization of the modified carriers

The successful application of the different adhesion promoters was proven by XPS and
contact angle measurements prior to and after surface modification of the PET carrier.
The deconvoluted XPS high resolution C1s, Si2p and P2p spectra of an unmodified but
etched carrier, a corona treated carrier and the modified carriers are shown in Figure 60
and Figure_A 11 (see appendix). The hydrocarbon structures of the PET carrier (unmodified
and corona treated) as well as the organic groups of the silanes gave rise to the peaks at
284.8 eV (C-C, hydrocarbon), 286.3 eV (C-O) and 288.9 eV (C=0) [195-197] in the C 1s
spectra of all samples. In contrast, the peaks at 284.1 eV were assigned to
CH>-CH>-Si-O [198] and were only observed after surface modification, which indicated
the successful attachment of the organosilanes to the carrier surfaces. The high resolution
Si2p spectrum of the unmodified, corona treated carrier was characterized by the peaks
at 104.8 eV and 104.2 eV, respectively. These signals were attributed to inorganic SiO>
particles or powder in the commercially used PET foils [199-202], which act as non-
migratory additives for better web handling [165,166]. However, after the attachment of
the silanes these signals shifted to 103.3 eV (SiO2) [199,200,203,204] and a second peak
arose at 102.4 eV (C-Si-O). The latter was assigned to organosilanes [200,203,205] and
hence confirms the functionalization of the carrier. The layer thickness of the silanes was
estimated to values below 10 nm based on the fact that the inorganic SiO: (filler; 103.3 eV)
was still detected on the modified carriers and that XPS analysis is a highly surface sensitive
technique, where signals typically originate within tens of angstroms below the solid
surface. [54,206] In addition, the high resolution P2p spectrum of the TMESI> BAPO
modified carrier revealed peaks at 131.8 eV (P-C) and 133.0 eV (P-O) which were related
to the organic phosphorus groups (phosphine oxide units) in the BAPO moiety. [207,208]
Peak assignments of the high resolution C1s, Si2p and P2p spectra is summarized in Table
18.

Although C, O and Si were already detected for unmodified but etched PET films, a distinct
increase of the carbon content from ~45 at% to ~55-65 at% on the modified carriers
indicated the attachment of the different organosilanes (see Table 19). The decrease of
oxygen and silicon was also attributed to the application of the silane layers, which
contained more C than O and Si and simultaneously shielded the respective signals
originating from the PET film. In addition, about 4 at% of phosphor were detected for
TMESI? BAPO modified carriers.
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modiified PET carriers
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Table 18: Assigned peaks of the high resolution CTs, Table 19: Chemical composition [at%] of the
SiZp and P2p XPS spectra unmodified but etched, the corona treated and the
modified carriers
Cis Si2p P2p
[eV] [eV] [eV] relative concentration
CH:-CH>-Si-O 284.1 [at.-%]
Cc-C 284.8 C o Si P
c-0 286.3 unmodified but 482 371 147 -
Cc=0 288.9 etched carrier
C-Si-O 1024 Corona 455 408 138 -
SiO; (inorg.) 103.3 3-MAPTMS 539 326 135 -
SiO: (inorg.) 104.2 3-APTMS 62.7 288 8.8 -
P-O 131.8 TMESI2 BAPO 669 239 51 41

In addition, contact angle measurements confirmed the modification of the PET carriers.
The water contact angle decreased from 43 ° to 27 ° after corona treatment due to the
establishment of polar groups on the carrier surface. After silanization, the water contact
angles increased to 65-85 ° (see Table 20), depending on the respective adhesion
promoter. This was attributed to the formation of hydrophobic siloxane layers and the

apolar residues R reaching away from the carrier surface.

Table 20: Water contact angles of unmodified but etched, corona treated and carriers modified with 3-MAPTMS,

3-APTMS or TMESF BAPO

sample

water contact angle [°]

unmodified but
etched carrier
corona treated carrier

3-MAPTMS modified carrier

3-APTMS modified carrier

TMESI?2 BAPO modified carrier

430+ 1.6

272 +£59
65.8 £ 3.7
775+ 438
84.6 £ 2.6
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6.1.2. Covalent attachment of the adhesive layer to the modified carriers
Adhesive layers based on acryl_1 and DPEPHA were applied onto the modified carriers
according to method I and method II as described in chapter 6.2.2. DPEPHA adhesives
were chosen due to their moderate reaction rate, which allows for good adjustment of the
tack during pre-crosslinking, the high functionality of the multifunctional monomer and
their superior performance in previous adhesion experiments. As shown schematically in
Figure 61, covalent attachment of the PSA layers was achieved via UV-irradiation, initiating
chemical reactions between the organofunctional groups of the immobilized adhesion
promoters and the adhesive. More precisely, the unsaturated C=C moieties of 3-MAPTMS
and 3-APTMS or the photo cleavable groups of TMESI2 BAPO, respectively, participated
in the free radical crosslinking reaction of DPEPHA and were therefore covalently bound
to the resulting semi-IPN.

As a consequence, improved adhesion strength at the PSA-carrier interface and thus clean
peel from the substrates at application temperatures even higher than 160 °C was
expected. Since immobilized silanes are stated to form open polymeric structures, which
are easily to penetrate [60], it was suggested that interdiffusion of the adhesion promoting
layer and the PSA further enhanced the interactions at the interface. [21,53]

+ UV-irradiation

Figure 61: Scheme of covalent attachment of the adhesive layer to the modified PET carriers

6.1.3. Adhesion strength of the PSA tapes
Since reliable fixation during application and easy peel by debonding on demand were
required, the photo-triggered release was characterized by means of peel strength tests
prior to and after UV-irradiation. Adhesive layers comprising acryl_1, 20 wt% DPEPHA and
1 wt% Lucirin TPO-L (adhesive 6) were applied to unmodified and modified carriers either
according to method Ior method II. The tapes were adhered to tarnish protected copper
(Cr-Zn coated) and peeled off at a constant speed of 300 mm/min and an angle of 90 °. [6]
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The peel speed of 300 mm/min was chosen according to common test methods of
industrial manufacturers.

As already discussed in chapter 6.3.4, the initial tack of the PSA tapes was influenced
significantly by the preparation method and the resulting crosslinking gradients, which
developed during pre-crosslinking. In general, method Itapes were less tacky than those
prepared by method II. This was also reflected by peel strength tests, where the peel
strength of method I tapes was already below the calibration range (< 1N) after pre-
crosslinking. The peel strength of method II tapes ranged from 1.5 to 2.5 N/cm -
independent of the application of adhesion promoters - and were reduced significantly
upon UV-irradiation (< 0.50 N/cm) as a result of IPN formation and the accompanied
increase of cohesion and 7g (-32 °C to 57 °C). Although pre-crosslinking already increased
the 7g of the PSA (see DSC measurements in chapter 6.2.1), the adhesive strength of
method II tapes was not reduced markedly. This was explained by the crosslinking
gradient, which arises from the preparation procedure, where the tapes were
pre-crosslinked from the backside of the carrier.

Alternatively, the surface tack of method I tapes was measured by pressing them onto
tarnish protected copper substrates (25 N, 90 s) and subsequent detraction at constant
speed (300 mm/min). [121] However, the results showed high deviations within the series
of one adhesion promoter and no distinct reduction of tack after UV-curing. The surface
tacks ranged from 0.5 to 1 N/cm? for both, the pre-crosslinked and irradiated tapes (data
not shown). Difficulties with the central and contactless application of the PSA tape
(without touching the adhesive layer) to the die were seen as the predominant source for
the high deviations.

6.1.4. Performance of tapes with modified carriers
So far, residue-free peel from BondFilm® substrates was limited to application
temperatures of 160 °C, while clean removability from pristine and tarnish protected
copper was possible after storage at temperatures of > 200 °C. Since BondFilm® is the
most challenging and most important surface for the desired application, it was important
to go beyond this limitation. Therefore, corona treated PET carriers were modified with
3-MAPTMS, 3-APTMS or TEMSI? BAPO (see Figure 58), to covalently attach the adhesive
layer to the carrier and hence to provide increased cohesion within the tape. Adhesive
formulations containing acryl_1, 20 w% DPEPHA and 0.75-1wt% Lucirin TPO-L
(adhesives 5 and 6) were applied to the modified carriers according to method (30 um)
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and method I (90 um). All tapes were pre-crosslinked with a UV-dose of 80 mJ/cm? and
comprised satisfying tack. In order to investigate the adhesion performance and the
removability of the tapes, they were applied onto BondFilm® substrates and UV-cured
with 1000 mJ/cm?. In addition, the performance on pristine copper, tarnish protected
copper was also investigated. The samples were stored for 1 hour at a selected
temperature in the range of 160 -240 °C, cooled to rt and peeled off manually.
To demonstrate the effect of the adhesion promoters, the results were compared to the
performance of tapes prepared on unmodified, corona treated carriers.

As depicted in Figure 62, the peel performance of method I tapes was improved by the
use of modified carriers. Surface modification with TMESI> BAPO allowed for residue-free
removability from Bondfilm® substrates after storage at 180 °C, which is 20 °C above the
maximum application temperature of the corresponding unmodified tapes. Moreover,
modification with 3-APTMS enabled improved, but not completely clean peel after storage
at 170 °C. In contrast, this trend was not observed for method Itapes, which left residues
after temperature storage (180 °C), independent of the carrier modification. The divergent
results for method I and method Il tapes were attributed to the different approaches in
pre-crosslinking. As already explained above (see chapter 6.3.4), method /tapes comprise
higher crosslinking gradients at the surface of the adhesive layer than tapes prepared by
method Il This prevents the PSA from excessive penetration into the substrate
morphology and avoids residues, which result from insufficient deformability of the PSA
during peel (see also chapter 6.2.2). Thus it was concluded, that the preparation method
and the surface morphology are still the dominating factors here.
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structured BondFilm®, Method |
unmodified, 3-MAPTMS 3-APTMS TMESI’BAPO
corona treated modified modified modified
160 °C
170 °C
180 °C

Figure 62: BondFilm® substrates after temperature storage and removal of PSA tapes as a function of carrier
modification

The improved peel performance of TMESI? BAPO modified tapes within the series of
method I tapes arises from efficient coupling of the PSA to the carrier and enhanced
crosslinking throughout the adhesive layer. This was rendered possible by the UV-induced
photolysis of BAPO, which results in up to four radicals (see Figure 63). [209] The highly
reactive phosphinoyl radicals remain attached to the carrier, where they react with
adjacent DPEPHA monomers, building covalent bonds between the adhesive and the
carrier. Moreover, they contribute to the overall polymerization of the PSA layer, starting
from the carrier-adhesive interface. On the contrary, the mesitoyl radicals are cleaved from
the immobilized molecules and diffuse through the adhesive layer, where they initiate
polymerization of DPEPHA monomers, although less effectively than the phosphinoyl
radicals (also from Lucirin TPO-L). [205] Briefly spoken, the modification with TMESI?> BAPO
provided coupling sites for the covalent attachment of the adhesive layer and led to an
increase of the total PI concentration. The combination of high amounts of growth centers
with the highly functional monomer (penta/hexa acrylate) resulted in dense networks
comprising increased cohesion within the PSA layer. Consequently, the resistance against
peel forces and shearing over sharp edges of BondFilm® substrates during tape removal
was improved.
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The reason for the superior performance of TMESI?> BAPO over the other two adhesion
promoters originates from differences in the reaction mechanisms. Attachment of the
adhesive to 3-MAPTMS and 3-APTMS modified carriers occurs via the unsaturated (meth)
acrylic moieties, which participate in the polymerization reaction of DPEPHA, induced by
the photolysis of Lucirin TPO-L. Since 3-MAPTMS and 3-APTMS do not generate additional
radicals during UV-irradiation, the PSA layer and the adhesive-carrier interface expected
to be less densely crosslinked compared to TMESI? BAPO tapes. In addition, mechanical
interactions can be considered, where the bulky groups of TMESI> BAPO may more
effectively interdiffuse with the adhesive polymer network than the shorter and less
branched segments of 3-MAPTMS and 3-APTMS. [53]
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Figure 63: Schematic description of the photolysis of TMESI? BAPO and initiated polymerization of acrylic monomers
[205]

Experiments on tarnish protected copper revealed that the use of TMESI> BAPO modified
carriers in the preparation of method II tapes increased the maximum application
temperature by 20 °C compared to unmodified (etched) carriers (Tmax = 220°C).
The irradiated part of the tape was removed without residues after storage at 240 °C.
Again TMESI? BAPO performed better than 3-MAPTMS and 3-APTMS (see Figure 64),
due to enhanced crosslinking at the adhesive-carrier interphase (tightly bound to carrier)
and increased cohesion throughout the PSA layer (for details see above, experiments on
BondFilm® substrates). However, no improvement was observed with modified method I
tapes, for which the maximum application temperature on tarnish protected copper
remained <160 °C.

As already mentioned in chapter 6.3.4, the reason for the superior performance of
method II tapes on tarnish protected copper was not clarified and requires further
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research. However, no experiments with regard to the reproducibility or investigation of
this effect were done, since the main focus was set to the removability from BondFilm®
substrates anyway.

Method Il
240 °C
s 2-MAPTMS 3-APTMS TMESI: BAPD
unmecliieel’ | o aidifed | cdified modified

irradiated side

Figure 64: Tarnish protected copper substrates after temperature storage and removal of PSA tapes as a function of
carrier modlification

In contrast to the results of adhesion experiments on tarnish protected copper substrates,
the use of adhesion promoters did not affect the removability from pristine copper.
All the tapes prepared according to method I were removed without residues after
application at up to 180 °C and all method II tapes were peeled cleanly after storage at
200 °C, irrespective of whether the carrier was modified or not. Still the surface quality was
seen as the predominant factor, determining the peel performance. Again, the pristine
copper substrates oxidized partially during temperature storage (see Figure 65). As already
explained in chapter 6.3.4, this is a consequence of either low surface tack, based on
irradiation on top of adhesion layer (method ), or of discontinuous adhesive layers, which
may result from imperfect transfer during lamination (method Ij). The only residues found
on these samples were located at the edges of the oxidized areas due to mechanical
interlocking of the PSA with the rough and porous copper oxide areas [181,182].
However, these residues are not seen as representative, since ideal adhesion to the
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substrate would prevent oxidation of the substrate and consequently the development of
adhesive residues.

Moreover, it was striking that all tapes were easily and (almost) cleanly removed from both,
the irradiated and the non-irradiated part of pristine copper substrates. Since this was
observed independently of preparation method, carrier modification and type of adhesion
promoter, it was suggested that (further) crosslinking of DPEPHA and the related release
of the PSA tape was initiated by a trigger different to UV-irradiation. Thermally induced
polymerization was excluded, because the effect did not occur for similar tapes on other
substrates. Due to the fact that this phenomenon was limited to pristine copper, a catalytic
effect of copper ions, which are typically present on metallic copper exposed to air [210],
on the radical polymerization of acrylic PSA formulation was considered. According to
literature, Cu(l)-complexes and copper halides such as CuBr are used as catalysts in atom
transfer radical polymerizations (ATRP) of vinyl, methacrylic and acrylic monomers. [211-
213]

Besides the above mentioned reasons for surface oxidation of the pristine copper
substrates (see chapter 6.3.4), also the copper ion induced polymerization may be
considered. This additional and uncontrolled crosslinking of the PSA layer caused release
beyond the desired extent, leading to complete loss of tack in some parts of the tape and
to a lift off from the substrate. Thereby, parts of the copper surface were not covered by
the PSA and were thus prone to oxidation in the hot air atmosphere during temperature
storage.

Method | Method Il

180°C 180 °C 200 “C

3-MAPTMS | 3-APTMS 3-MAPTMS | 3-APTMS 3-MAPTMS | 3-APTMS
unmodified | odifisd | modifled | UNModified | difisd | modified |UNModified | dified | modifisd

Figure 65: Pristine copper substrates after temperature storage and removal PSA tapes as a function of carrier
modlification

166



-Results and discussion, Improvement of the removability by the use of adhesion
promoters-

6.1.5. Conclusion about the application of adhesion promoters and their
impact on the removability of the tapes

Based on the improvement of removability achieved with corona treatment, the adhesive-
carrier interface was further strengthened by the use of adhesion promoters. The PET
carriers were modified with three different organosilanes (3-MAPTMS, 3-APTMS or TMESI?
BAPO) in a two-step mechanism. Firstly, the silanes were hydrolyzed to the corresponding
silanols, which adsorbed to the polar surface of the corona treated PET films.
In the following drying step, the adhesion promoters were chemically attached to the
carriers by condensation reactions of the silanols with superficial hydroxyl groups.
Covalent attachment of the adhesive layer was achieved during UV-induced radical
polymerization, involving the unsaturated C=C double bonds of 3-MAPTMS and 3-APTMS
or the photo-cleavable group of TMESI?> BAPO, respectively. In addition, interdiffusion of
the cured adhesive and the siloxane layer contributed to adhesion at the PSA-carrier
interface.

Successful application of the adhesion promoters was proven by XPS measurements,
where characteristic binding energies of the organosilanes were detected on the silanized
samples. These included signals at 284.1 eV in the C1s spectra and at 102.4 eV in the Si2p
spectra, which are characteristic for CHz-CH2-Si-O and C-Si-O bonds, respectively.
Additional signals at 131.8 eV (P-C) and 133.0 eV (P-O) in the P2p spectrum were found
on TMESI> BAPO modified carriers, originating from the phosphine oxide moiety.
Moreover, contact angle measurements showed a significant increase of the water contact
angle from 43 ° to 65-85 °after surface modification.

The modified carriers were used to prepare PSA tapes according to method I and
method II. Based on previous results, the applied adhesive formulations consisted of
acryl_1, 20 wt% DPEPHA and 0.75-1 wt% Lucirin TPO-L. The adhesive force of modified
and unmodified tapes was determined in peel strength tests on tarnish protected copper
at a speed of 300 mm/min and an angle of 90 °. While the results for method Itapes were
below the detection limit (< 1N) due to on-top irradiation, the adhesive strength for
method II tapes was in the range of 1.5-2.5 N/cm and was reduced significantly upon
UV-irradiation (< 0.50 N/cm) as a result of IPN formation. Moreover, the prepared tapes
were applied to BondFilm® substrates as well as to tarnish protected and pristine copper
in order to investigate the impact of the adhesion promoters on the removability of the
tapes after storage at high temperatures (160-240 °C). The results showed, that substrate
morphology and preparation method were still the most influencing factors, determining
peel performance. For the application on BondFilm® surfaces, method I tapes were still
advantageous over those prepared by method I because of the on-top UV-irradiation
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during pre-crosslinking and the associated limited penetration into the surface
morphology. However, within the series of method I'tapes, the application of TMESI? BAPO
improved the removability from Bondfiim® and enabled clean peel after storage at
180 °C. The maximum application temperature was increased by 20 °C, compared to tapes
based on unmodified, corona treated carriers. The effect of TMESI> BAPO was attributed
to the generation of phosphinoyl and mesitoyl radicals by the photolysis of the BAPO
moiety, which led to strong linkages at the adhesive-carrier interface and increased
cohesion throughout the adhesive layer, based on enhanced crosslinking of DPEPHA.

Also, the general trend for the removal from tarnish protected copper and pristine copper
did not change by the use of adhesion promoters. As already observed for unmodified
tapes in chapter 6.3.4, tapes prepared by method I performed better on these substrates
and the impact of the preparation method was less pronounced on pristine copper. the
peel performance from pristine copper was not affected at all, the removability of
method tapes from tarnish protected copper was improved by carrier modification with
TMESI? BAPO. The maximum application temperature was increased to 240 °C, which is
20 °C above the value for the corresponding unmodified, corona treated tapes.
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7. Conclusion

A UV-curable pressure sensitive adhesive (PSA) tape for temporary application in the
microelectronic industry was developed. The requirements included high thermal stability
(up to 200 °C) and high initial tack as well as easy and clean peel in the end of the
application. These contradictory demands are combined in one PSA by adjustment of
adhesive composition and the incorporation of a UV-release function, allowing for
debonding on demand.

Acrylic copolymers were synthesized in a free radical polymerization and used as basic
adhesive materials. The chemical composition of the copolymers was varied in order to
adjust the adhesive properties, to increase the thermal stability by the introduction of
aromatic monomers or isobornyl acrylate and to introduce reactive sites for
UV-crosslinking (vinyl side chain, side chain functionalization). Moreover, the polarity of
the adhesive was reduced by removal of acrylic acid to prevent strong interactions with
polar substrates such as metals. In addition, polyether adhesives were synthesized from
mono-epoxy monomers, providing high thermal stability via the polyether backbone and
acrylic sides chains for UV-reactivity. The main and side chain modifications of the
synthesized adhesive polymers were proven by Fourier-transformed infrared spectroscopy
(FT-IR) and nuclear magnetic resonance spectroscopy (NMR). The acrylic copolymers were
characterized by glass transition temperatures (7gs) in the range of -40 °C to -30 °C
(differential scanning calorimetry, DSC), thermal stabilities up to 330-370°C
(thermogravimetric analysis, TGA) and broad poly dispersion indices (gel permeation
chromatography, GPC), which offer good adhesion (short chains) and the necessary
cohesion (long chains), which are required for the application as a PSA. Against our
expectations, the polyethers did not show superior thermal stability over the acrylic
copolymers, but decomposed at similar temperatures (336 °C).

The basic adhesive system was elaborated in screening experiments. Acrylic copolymers,
were blended with multifunctional acrylates and the photoinitiator Lucirin TPO-L to give
photo-curable PSAs, which reduce their adhesive strength due to the formation of semi-
interpenetrating networks (IPNs). Moreover, crosslinking is related with an increase of
cohesion, enabling easy peel and clean removability on demand. Network formation was
proven by DSC measurements, showing an increase of the 7g value after UV-exposure.
While the initial tack of the PSA was governed by the linear structure of the acrylic
copolymers (7g = -32°C for acryl_1), the semi-IPN dominated the adhesive properties after
UV-crosslinking (7gon = 60 °C). Furthermore, the thermal stability of the PSAs was slightly
improved by UV-crosslinking. According to TGA measurements, the cured adhesives
comprised similar 7oy as the basic acrylic copolymer (acryl_1), while 7znp shifted to higher
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temperatures for highly crosslinked systems (high monomer contents, short spacers).
This means that the complete decomposition of the cured PSA was retarded by the
formation of semi-IPNs.

Since the adhesion performance strongly depends on the chemical composition of the
PSA, the influence of the basic acrylic copolymer, the structure and the concentration of
the multifunctional acrylic monomers as well as the impact of the photoinitiator content
on the photo-triggered release were investigated by FT-IR kinetic measurements.
It was found that reduced interactions in the bulk of the basic adhesive polymer and high
photoinitiator contents led to high final conversions of the C=C double bonds and high
reaction rates. Moreover, multifunctional acrylic monomers with low functionality and long
spacers increased the final conversion due to reduced steric hindrance, while bulky groups
such as isobornyl side chains, reduced the final conversion.

PSA tapes were prepared by coating the adhesive formulations onto polyethylene
terephthalate (PET) carriers. First experiments showed superior wetting and improved
attachment of the adhesive on etched PET carriers. Furthermore, the evaporation of the
solvent turned out to be essential to achieve clean removability and effective UV-release.
In order to prevent excessive penetration of the substrates, which is often related to
cohesive failure of the PSA, the adhesive layer was pre-crosslinked after coating. The
applied irradiation dose for pre-crosslinking and UV-release were adjusted individually,
depending on the adhesive formulation, to ensure sufficient tack and adhesive strength
during use as well as efficient debonding in the end of the application. Finally, two
methods for the preparation of PSA tapes were developed. With method Ithe adhesive
formulation is directly coated onto the carrier, dried and pre-crosslinked. With method 1]
in contrast, the PSA is applied to a release liner, dried and subsequently transferred to the
carrier via hot lamination. Pre-crosslinking is done through the release liner.

The performance and the removability of different PSA tapes were investigated in
adhesion experiments, where the tapes were laminated onto the substrates and
subsequently peeled off manually after adhesion at rt or storage at elevated temperatures
(140 °C - 240 °C). The revealed substrate surfaces were evaluated with regard to adhesive
residues by means of optical light microscopy. In course of these experiments, the impact
of the nature of the substrate, the chemical composition of the PSA layer as well as the
influence of carrier pre-treatment, the irradiation dose and the preparation method was
examined. The results showed that BondFilm® treated copper was the most challenging
substrate for clean peel due to the adhesion promoting layer and the high level of
superordinate structures on its surface, which make it prone to mechanical and chemical
interactions with the adhesive layer. These interactions were found to be the main cause
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for adhesive residues, especially after application at high temperatures, where the viscosity
of the adhesive is reduced and penetration of the substrate microstructure is enhanced.
Concerning the chemical composition, higher tack and improved removability were
observed for PSAs with low 7g and in the absence of bulky groups, which sterically
restricted UV-crosslinking. Moreover, a direct correlation of the monomer functionality
and the maximum application temperature was observed. Adhesive formulations
containing highly functional monomers were associated with higher crosslinking densities
and 7g values and consequently with a higher resistance against penetration of the
substrate microstructure. In addition, adhesion experiments revealed that increased
monomer contents of 20-50 wt% led to improved removability, independent on the
structure of the multifunctional acrylate. The photoinitiator concentration was optimized
to 0.75-1 wt%, preventing residues caused by over- and under-cure of the PSA layer.
Another important factor concerning the cure of the PSA, is the adjustment of the
irradiation dose applied during pre-crosslinking and UV-release. Further improvement of
the removability was achieved by corona treatment of the carrier. Based on roughening
and oxidation of the surface, the interactions and the bonding between the adhesive layer
and the carrier were significantly increased. Last but not least, the performance and the
removability of the tapes were influenced by the preparation method. Due to the different
procedures, method I and method II tapes comprise different crosslinking gradients.
Although the on top irradiation of method I'tapes reduced the surface tack, it also limited
penetration of the adhesive into the microstructure of the substrate and thus enabled
superior performance on BondFilm® treated copper. In contrast, method II tapes were
only cleanly removable from less challenging substrates (tarnish protected copper and
pristine copper). Finally, residue-free peel from BondFilm® treated copper after
application at 160 °C was realized by tapes based on acryl_1, 20 wt% of DPEPHA or
DTMPTA and 1 wt% Lucirin TPO-L, prepared by method Ion corona treated PET carriers.

The max. application temperature of the developed PSA tape was further increased by the
application of adhesion promoters, which additionally strengthened the adhesive-carrier
interface. Therefore, three different orgaosilanes were chemically attached to corona
treated carriers in a two-step mechanism, encompassing the hydrolysis of methoxy groups
and the condensation of the resulting silanols with superficial hydroxyl sites on the carriers.
Subsequently, the coated PSA layers were covalently attached to the modified carriers
during UV-irradiation, where either the unsaturated C=C moieties or the photoactive
groups (bis(acylphosphane)oxide, BAPO) of the organosilanes were polymerized with the
multifunctional acrylic monomer in a free radical mechanism. Surface modification was
proven by XPS spectroscopy, where characteristic signals at 284.1 eV (CH2- CH2-Si-0O),
102.4 eV (C-Si-0O), 131.8 eV (P-C) and 133.0 eV (P-O) in the C1s, Si2p and P2p spectra
indicated the presence of the respective organosilanes. In addition, the water contact
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angle was increased from 43 ° to 65-85 °after surface modification. The modified carriers
were used to prepare PSA tapes containing 20 wt% of the penta/hexa functional acrylate
and 0.75-1 wt% photoinitiator according to method Iand method II. The adhesive strength
of method I tapes was below the detection limit of 1 N due to on top irradiation.
The adhesive strength of method Itapes in contrast, amounted to 1.5-2.5 N/cm and was
reduced significantly to < 0.5 N/cm upon UV-irradiation. The impact of the adhesion
promoters on clean removability was investigated in adhesion experiments at
temperatures of 160-240 °C. The results showed that the substrate morphology and the
preparation method were still the dominating factors determining peel performance.
However, carrier modification with TMESI> BAPO (organosilane with photoactive groups)
increased the maximum application temperature of method Itapes on BondFilm® treated
copper to 180 °C. This was explained by the strengthening of the adhesive-carrier
interface, resulting from the covalent attachment of the PSA, and increased cohesion
throughout the adhesive layer, which is based on enhanced crosslinking of the highly
functional acrylate by the mesitoyl radicals (pholtolysis of BAPO). In addition, a similar
improvement was obtained for TMESI> BAPO modified method II tapes. Although clean
removability was still limited to tarnish protected and pristine copper substrates, the
maximum application temperature on tarnish protected copper was increased from 220 °C
to 240 °C.

To sum up, the major achievements of this thesis are:

» The development of a PSA tape, which provides high thermal stability as well as clean
removability on demand, which was realized by the UV-triggered formation of semi-
IPN in acrylic adhesives, based on an acrylic copolymer, multifunctional acrylic
crosslinkers and a photoinitiator.

> A detailed insight in the reaction kinetics of the developed adhesive system, with
respect to the influence of to the structure of the basic copolymer, the type and
concentration of the multifunctional crosslinker and the photoinitiator concentration.

» The elucidation of the impact of the nature of the substrate, the chemical composition
of the adhesive and various processing parameters, including carrier pre-treatment,
irradiation dose and preparation method, on the performance of the PAS tape.

» The identification of enhanced penetration of the substrate microstructure and the
related intense mechanical and chemical interactions by the PSA as the main cause for
residues at high temperature applications.

> The improvement of the maximum application temperature of the designed PSA tape
by surface modification of the PET carrier with the TMESI> BAPO, which enables
covalent attachment of the PSA layer and consequently strengthened adhesive-
substrate interfaces.
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8. Outlook

In this work, an acrylic based PSA tape comprising high thermal stability and residue-free
removability on demand was developed. Therefore, an acrylic copolymer was blended with
multifunctional acrylic monomers and a photoinitiator. Upon UV exposure, photo-induced
crosslinking leads to the formation of semi-IPN, which is related with increased molecular
weights, 7gs and cohesion as well as with the reduction of the adhesive strength.

Alternative approaches for the preparation of thermally stable and cleanly peelable PSAs,
include the use of silicon acrylates, which resist high temperatures due to the siloxane
backbone and provide UV-crosslinkable acrylic side chains for release on demand. [214]
Moreover, the use of polymerizable photoinitiators [34], which are incorporated into the
main chain of the adhesive polymer, is expected to improve residue-free removability of
the PSA, since all compounds of the adhesive formulation are covalently connected
(crosslinked) after UV-polymerization. In addition, alkyne compounds may be considered
as crosslinking agents. Compared to the acrylic monomers (C=C) used in this work, the
C=C triple bond of alkynes is suggested to form networks of even higher crosslinking
density and consequently to contribute to a more efficient release on demand.

Based on the work of Pang et al., who applied vinylated graphene-oxide to an acrylic PSA,
the incorporation of modified nanoparticles represents an interesting approach to
increase the thermal stability of adhesive systems. [24]
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14. Appendix
Figure_A 1 shows the FT-IR-spectra of the synthesized acrylic copolymers acryl_1, acryl_4,
acryl_5, acryl_6 and acryl_1_scf.
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Figure A 1: ATR-FT-IR spectra of (a) acryl 4, (b) acryl 5, (c) acryl 6, and (d) acryl 1_scf
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Figure_A 2 and Figure_A 3 show the 'H-NMR spectra of the synthesized copolymers

acryl_5 and acryl_6.
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Figure_A 2: TH-NMR spectrum of acryl 5
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Figure_A 4 shows the FT-IR spectra of the synthesized polyether copolymers polyether_1,
polyether_2 and polyether_3.
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Figure A 4: FT-IR spectra of (a) polyether 2 and (b) polyether 3

100 T T T T T T T T
80 -
S
= 60 -
0
(2]
kel
5
2 40 i
; o
— Ty =336 °C
20 | E
Tap=412°C
O T T T T T T ‘ T : T T T T
0 100 200 300 400 500 600
T[°C]

Figure A 5: Weight loss curve of polyether_1 and determination of the degradation onset and end temperature
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Figure_A 6 shows the effect of monomer and PI concentration on the C=C double bond

conversion in adhesive layers based on acryl_1 and DTMPTA or SR 494, respectively.
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Figure A 6: (a) Conversion of C=C double bonds in adhesive layers based on acryl 1 containing as a function of the
photoinitiator concentration at a constant DTMPTA concentration of 10 wt%. (b) Conversion of C=C double bonds in
adhesive layers based on acryl_T containing as a function of the photoinitiator concentration at a constant concentration
of 10 wt% SR 494. (c) Conversion of C=C double bonds in adhesive layers based on acryl 1 as a function of the DTMPTA
concentration at a photoinitiator concentration of 1 wt%. (d) Conversion of C=C double bonds in adhesive layers based
on acryl_1 as a function of the concentration of SR 494 at a photoinitiator concentration of T wt%.
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Figure_A 7 displays the influence of the monomer type and content as well as the PI
concentration on the 7g of the cured adhesive formulations.
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Figure_A 7: DSC measurements of different adhesive mixtures monitoring (a) the impact of the monomer . PI ratio and
(b) the impact of the type of multifunctional acrylate
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Figure_A 8 shows the thermograms and the corresponding first derivatives of the DTMPTA
and SR 494 adhesives, which were investigated by TGA measurements with regard to their
thermal stability.
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Figure_A 8: (a) Thermograms of DTMPTA adhesives as a function of monomer and PI content. (b) First derivative of the
temperature-weight-loss curves of the DTMPTA adhesives. (c) Thermograms of SR 494 adhesives as a function of
monomer and PI content. (d) First derivative of the temperature-weight-loss curves of the SR 494 adhesives.
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Figure_A 9 shows the UV-VIS absorption spectra of the untreated and the chemically
etched PET carriers.

T T T T T T T T
10 I untreated PET| |
—— etched PET
8
g 6 7
a
@]
8 4 i
()
2 -
0 4
T T T T T T T T T T T
200 300 400 500 600 700 800

wavelength [nm]

Figure A 9: Absorption spectra of the untreated and the chemically etched PET carrier

Figure_A 10 illustrates the removalbility of tapes containing aromatic multifunctional
acrylates from BondFilm® substrates after adhesion at rt and storage at 150 °C.

Figure_A 10: BondFilm® substrates after removal of tapes based on acryl 1 and 50 wt% SR 480 and 5 wt% Lucirin TPO-
L, which had been adhered at rt or stored at 150 °C
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Figure_A 11 shows the deconvoluted XPS high resolution C1s and Sip2 spectra of the
unmodified, the 3-MAPTMS and the 3-APTMS modified carriers.
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Figure_A 11: Deconvoluted XPS high resolution C1s and Sip2 spectra of the unmodiified, 3-MAPTMS and 3-APTMS
modified carriers
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Table_A 1 lists the glass transition temperatures of the acrylic monomers, which were used
in the synthesis of acryl_1-acryl_6.

Table A 1. Glass transition temperatures of the acrylic compounds applied in the synthesis of the basic adhesive
copolymers [120,127,132,178]

Homopolymer Tg [°C]
2-EHA -50
MA 10
BA -54
AA 105
VP 54
EGPEA 5
VMA no infqrmation
available
IBA 94
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Table_A 2 summarizes the results of the characterization of acryl_1, acryl_4, acryl_5 and
acryl_6 by FT-IR-spectroscopy.

Table A 2: List of FT-IR bands of acryl_1, acryl 4, acryl 5, acryl 6 and acryl 1_scf including peak assignment{139]

FT-IR Peaks [cm™]

Peak
assignment
-OH, stretch
CH, stretch

(aliphatic)
C=0, stetch
C=C, stretch

C=0, stetch of
carboxylic acid
salt

HCH, bend

HCH, bend
C-0-(C, stretch

C-0-C, stretch

C=CH,
deformation

-(CH2)-n>3

acryl_1

3000-2800

1731
1645

1450
1380, 1336

1242
1159

1117
1062
1034
961
907

829
768
729

acryl_4

3000-2800

1734
1647

1460
1386

1229

1161
1132

1030
974
874

762

acryl 5

3000-2800

1733
1645

1453
1380

1235
1159

1117
1051

968
839

768
729

acryl_6

3000-2800

1733
1698

1451
1380

1236
1160

1118
1064
1034
963
906

829
768
729

acryl_1_scf
3389
3000-2800

1736
1664

1574

1459, 1413
1366

1262
1165

1132-1018

974

844

725
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Table_A 3 summarizes the results of the characterization of polyether_1-3 by FT-IR-
spectroscopy.

Table A 3: List of FT-IR bands of polyether 1, polyether 2 and polyether 3 including peak assignment [139]

FT-IR Peaks [cm™]

Peak
e polyether_1 polyether 2 polyether_3
-OH, stretch 3425 3479 3517
Sap ST 2939 3000-2800  3000-2800
(aliphatic)
C=0, stetch 1710 1723 1721
C=C, stretch 1641 1641 1638
1458 1460 1455
HCH, bend 1366 1381, 1318 1379, 1318
HCH, bend
C-0-C, stretch 1249 1279, 1254 1252
1171 1161 1156
1129 1133 1131
C-0-C, stretch 1104
1045 1019 1015
945 942 984
911 910
defg;rﬁl:t'ion el e A
819 816
766 762
-(CH2)-n>3 659 656
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The UV-doses, which were applied during pre-crosslinking and UV-release in experiments
displaying the impact of the PI-concentration on PSA tape performance, are listed in
Table_A 4.

Table A 4: UV-doses for pre-crosslinking and photo triggered release applied in the experiments which displayed the
Impact of the PI concentration on PSA tape performance

multifunctional

PI concentration UV-dose [mJ/cm?]
acrylate
pre-crosslinking release

< 0.5 80 7750
& 0.75 80 7750
= 1 1550 7750
a 5 / /

< 0.5 80 1000
= 0.75 80 1000
a 1 200 1550
a 5 1550 7750

211



