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Abstract
Resins are materials largely employed in the adhesive industry and when employed in pressure
sensitive adhesives they are commonly labeled as tackifiers. There are several types of adhesives
and a special group is the hot melt pressure sensitive adhesive. These materials are polymer
blends of thermoplastic elastomer, tackifier and, commonly, also a plasticizer. Blends are widely
employed in the industry due to their properties improvement achieved for a material but with
low efforts and costs involved in their development in comparison to a new designed material.
Polymer blends are generally thermodynamically immiscible but they are compatible in concern
to the application behavior enabling them to be extensively employed in end-use applications.
Hence, understanding the compatibility between the elastomers and the tackifiers is crucial for
achieving adequate adhesive performance in pressure sensitive adhesives. The influence of
chemically different tackifiers is investigated in this study in order to understand its correlation
with polymer blend viscoelastic properties, morphology, surface properties and adhesive
performance. The effect of temperature as a processing parameter is evaluated as well since it
influences the components miscibility, blend rheology and morphology. Styrenic block
copolymers are classically employed in manufacturing hot melt pressure sensitive adhesives.
However, developments in elastomeric field suggest the use of poly(ethylene-co-1-octene) block
copolymer as an alternative for such styrenic polymers. A comparison between both
thermoplastic elastomers was conducted regarding blend viscoelastic properties, morphology,
surface properties and adhesive performance. The results revealed that compatibility between the
thermoplastic elastomer and the tackifier highly impacts in the investigated properties and that
processing temperature showed a trend of how these properties change independent of the
tackifier chemistry due to processing conditions. In summary, the impact of tackifier chemistry
in the polymer blends used as hot melt pressure sensitive adhesive could be demonstrated
through different levels of interaction with the polyisoprene and the polystyrene contained in the
block copolymer by the methods selected as well the effect of processing temperature
independent of the tackifier chemistry. Tackifier chemistry also demonstrated to be relevant
when olefinic block copolymer was assessed in the blends.
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Kurzfassung
Harze sind Materialien, die in hohem Maße in der Klebstoffindustrie verwendet werden. Werden
diese in Haftklebstoffen verwendet, werden sie üblicherweise als Klebrigmacher bezeichnet. Es
gibt

verschiedene

Arten

von

Klebstoffen,

von

denen

eine

spezielle

Gruppe

der

Haftschmelzklebstoff ist. Diese Materialien sind Polymermischungen aus thermoplastischem
Elastomer, Klebrigmacher und üblicherweise auch Weichmacher. Mischungen sind in der
Industrie aufgrund möglicher Eigenchaftsverbesserungen weit verbreitet,

wobei im Vergleich

zu einem neu gestalteten Material nur ein geringer Aufwand und geringe Kosten für deren
Entwicklung anfallen. Polymermischungen sind im Allgemeinen thermodynamisch nicht
mischbar, aber sie sind hinsichtlich des Anwendungsverhaltens kompatibel, so dass sie in
Endanwendungen umfassend eingesetzt werden können. Daher ist das Verständnis der
Verträglichkeit zwischen den Elastomeren und den Klebrigmachern entscheidend für das
Erreichen einer angemessenen Klebeleistung in Haftklebstoffen. Der Einfluss chemisch
unterschiedlicher Klebrigmacher wird in dieser Studie untersucht, um die Korrelation mit den
viskoelastischen Eigenschaften, der Morphologie, den Oberflächeneigenschaften und der
Klebeleistung von Polymermischungen zu verstehen. Die Auswirkung der Temperatur als
Verarbeitungsparameter wird ebenfalls bewertet, da sie die Mischbarkeit der Komponenten, die
Mischungsrheologie und die Morphologie beeinflusst. Styrolblockcopolymere werden klassisch
bei der Herstellung von Haftschmelzklebstoffen eingesetzt. Entwicklungen auf dem Gebiet der
Elastomere legen aber auch die Verwendung von Poly (ethylen-co-1-octen) -Blockcopolymer als
Alternative für solche Styrolpolymere nahe. Ein Vergleich zwischen beiden thermoplastischen
Elastomeren wurde hinsichtlich der viskoelastischen Eigenschaften der Mischung, der
Morphologie, der Oberflächeneigenschaften und der Klebeeigenschaften durchgeführt. Die
Ergebnisse zeigten, dass die Verträglichkeit zwischen dem thermoplastischen Elastomer und
dem Klebrigmacher die untersuchten Eigenschaften in hohem Maße beeinflusst, und dass die
Verarbeitungstemperatur einen Trend zeigt, wie sich diese Eigenschaften unabhängig von der
Klebrigmacherchemie aufgrund der Verarbeitungsbedingungen ändern. Zusammenfassend lässt
sich

feststellen,

dass

ein

signifikanter

Einfluss

der

Klebrigmacherchemie

in

den

Polymermischungen, die als druckempfindlicher Schmelzklebstoff verwendet werden, mit den
verwendeten Methoden nachgewiesen werden konnte, was sich durch unterschiedliche
Wechselwirkungen mit dem Polyisopren und dem Polystyrol im Blockcopolymer ausdrückt. Die
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Klebrigmacherchemie erwies sich auch als relevant, wenn das olefinische Blockcopolymer in
den Mischungen bewertet wurde.
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1

Introduction

1.1 General
Resin is a very broad term for defining organic substances with similar physical properties
nevertheless with very different chemical composition.1 They find application in many
different fields, as in paints and casting but in this work, their application as tackifiers is
investigated. Tackifier is a special designation for resins when their purpose is to bring
stickiness to a material. It finds its utilization in a broad range of applications from
adhesives for bookbinding to more demanding applications such as in transdermal drug
delivery system.2,3
Pressure sensitive adhesive (PSA) is a very unique type of adhesive in which the bond is
formed at room temperature with either no, or light pressure.4 Besides, PSAs constantly
present some stickiness degree. Historically, PSAs are composed of natural rubber and
tackifier. Later on, with the development of the styrenic block copolymers (SBCs), these
polymers are frequently applied for preparing PSAs. They present better resistance against
oxidation. Recently, another class of polymer, referred as olefinic block copolymer (OBC)
is also reported in the literature as a suitable polymer class for preparing hot melt pressure
sensitive adhesive (HMPSA) blends but only few works have been conducted using
poly(ethylene-1-octene) block copolymer (EOBC) in HMPSA mixtures.5,6
PSAs can be prepared by different processes, as solvent-based, water-based or hot melt.
The hot melt technology is an environmentally friendly process, since no solvent is
involved since only heat is needed to bring the adhesive to a molten state in order to be
mixed and further coated.7 Hot melt pressure sensitive adhesives are polymer blends.
Blending is a common and simple practice applied in the industry in order to achieve
improved final product properties to design a completely new polymer. However, due to
thermodynamic reasons, miscibility among polymers is not something always possible to
be achieved. In most cases, a compatible blend is obtained. A compatible polymer blend is
an immiscible polymer blend, which exhibits macroscopically uniform characteristics
generating satisfactory engineering properties.8 The compatibility among the materials in
the polymer blend influences the blend morphology, which will affect its final properties.
The chemical nature of each blend’s component is of great relevance on the blend
1

compatibility level to be obtained. On the other hand, the blend morphology is also
affected by processing parameters (i.e. time, temperature, shear rate), rheological
properties of the materials, components concentration and interfacial properties.
There are several works in the literature investigating properties of PSAs obtained when a
solvent based system is used for mixing the components as well as coating.9–11 Yet, not so
many studies investigate such properties using melt mixing equipment as well as melt
coating.12 Even fewer report the influence of melt mixing process parameters on PSA’s
properties. Therefore, this work is more precisely focused on polymer blends prepared
using tackifying resins for application in a very specific class of adhesives which are
pressure sensitive adhesives processed using the hot melt technology. It also explores the
use of poly(ethylene-1-octene) block copolymer as part of hot melt pressure sensitive
adhesive’s blend. This work intends to answer the following goals described below.

1.2 Aims of the work
The aim of this work is to investigate polymer blends comprising tackifying resins
differing in their chemical structures as model blends of hot melt pressure sensitive
adhesives. Based on this, the following goals are part of this present study:
•

Compatibility evaluation of the materials employed in the blends by means of dynamic
mechanical analysis method.

•

Investigating the effect of tackifying resins according to their types: hydrogenated and
partially hydrogenated C9 hydrocarbon resins, hydrogenated C5 hydrocarbon resin,
pentaerythritol rosin ester and hydrogenated rosin ester when blended with
Poly(styrene-block-isoprene-block-styrene) and paraffinic oil utilized as HMPSA
models.

•

Studying the tackifier concentration effect on blends’ viscoelastic properties, adhesion
and adhesive performance.

•

Assessment of temperature influence as a process parameter on blends viscoelastic
properties, morphology, adhesion and adhesive performance.

•

Formulating morphology-property relationships among HMPSA blends based on
poly(ethylene-co-1-octene) block copolymers and comparing them to those based on
classical poly(styrene-block-isoprene-block-styrene), having the selected tackifying
resins as component of such polymer blends.
2

2

Basics and state of the art of tackifier containing adhesives

2.1 Tackifying resins
Resin is a very broad term for defining organic substances with similar physical properties
nevertheless with very different chemical composition.1 They have low molecular weight,
ranging from about 300 g/mol to 2000 g/mol, are amorphous material and have high glass
transition temperature, typically ranging from 0 ºC to 70 ºC.13
Resins can be classified according to many criteria. ISO 4618/3 categorizes them by their
origin as natural or synthetic resins. Natural are those formed from vegetable or animal
sources, whilst synthetic are those made from controlled chemical reactions. Further
possible categorizations are based on physical aspect, reaction mechanism of their
synthesis, intended modification of product properties and application. A very
comprehensive natural resin is the rosin (colophony or pine resin) as well as its derivatives.
From synthetic sources, the petroleum based resin is one of the most important groups. A
sub-classification organizes them as C5, C9, DCPD and pure monomer. These terms are
commonly used because they relate to the raw material origin. C5 and C9 hydrocarbon
resins are so denominated because they are polymerized using monomers which are
present in the C5 and C9 distillated oil streams. The monomers utilized for polymerizing
them, comprise respectively five and nine carbon atoms per monomer.
Here, according to its application, a resin can be defined as a tackifier or a tackifying resin.
It is added to an elastomer to improve tack and wettability.12 Some important
characteristics of tackifiers are their polarity, since it influences the miscibility in the
polymer blend, as well as their softening point and molecular weight.14,15 The softening
point is a well-known and a property of practical importance for selecting a resin. It is the
temperature at which the material flows under load while being heated.
A lot of resin types have been applied as tackifiers in PSAs formulations, e.g. gum rosin,
wood rosin, tall oil rosin, polymerized rosin, hydrogenated rosin, pentaerythritol wood
rosin, glycerine-hydrogenated rosin, pentaerythritol-highly stabilized rosin, hydroabietyl
phthalate, olefin, cycloaliphatic hydrogenated olefin, aliphatic petroleum hydrocarbon,
modified aromatic hydrocarbon, dicyclopentadiene, mixed olefin, alpha and beta pinene,
3

terpene, alpha-methyl styrene-vinyl toluene, alpha-methyl styrene, styrene, terpene
phenolic and coumarone-indene.16

2.1.1 C9 and hydrogenated C9 hydrocarbon resins
The C9 hydrocarbon resins are obtained by co-polymerizing mainly the monomers indene,
alpha-methyl styrene and vinyltoluene. Their structures are displayed in figure 1. The term
“C9” has its origin in the nine carbon atoms found in the monomers used for the
copolymerization.
CH3

CH3
C

CH2
CH

Indene

Alpha-methyl styrene

CH2

Vinyltoluene

Figure 1: Structure of main monomers used for polymerizing C9 hydrocarbon resins.

Figure 2 shows the structure of the polymerized C9 hydrocarbon resin and it can be seen
that the material contains many unsaturations in the final structure, which gives high
aromaticity and polar character to the final material.
CH3
CH3

CH

CH2

CH3

CH

CH

CH

CH2

CH

CH

C

CH3

Figure 2: Representation of an ideal structure of C9 hydrocarbon resin.

The hydrogenation process of such resins is also practiced giving rise to the so-called
hydrogenated C9 hydrocarbon resins.17,18 The structure of the hydrogenated material is
shown in figure 3. It can be seen that aromatic rings are no longer present while alicyclic
rings as well as saturated bonds can be seen in the polymer backbone chain. The
hydrogenation reaction can be interrupted generating to the so-called partially
hydrogenated C9 hydrocarbon resin.17
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CH3
CH3

CH

CH2

CH

CH

CH

CH2

CH

CH2

CH

CH3

CH3

Figure 3: Representation of and ideal fully hydrogenated C9 hydrocarbon resin.

Kim et al.18 investigated the hydrogenation degree effect of aromatic hydrocarbon resins in
pressure sensitive adhesives based on styrene-block-butadiene-block-styrene copolymer
(SBS) and styrene-block-isoprene-block-styrene copolymer (SIS). In their first work, by
measuring probe tack of a PSA based on SBS, they demonstrated that better results were
achieved when the interactions between resin and polybutadiene were at the highest level,
namely when the hydrogenation degree of the hydrogenated hydrocarbon resin was 70 %.
In a following work, they concluded that the miscibility between tackifier and either endblock or midblock of the block copolymer correlated to viscoelastic properties of the
adhesive. At lower hydrogenation degree, there was an association of hydrocarbon resin
and styrenic part and the influence in tack was negligible. When there was an association
with midblock, the tack properties were affected. For SBS, an optimum hydrogenation
degree of 70 % was identified, while for SIS, the hydrogenation degree increased as the
tack properties increased.17

2.1.2 C5 and hydrogenated C5 hydrocarbon resins
The main monomers which are co-polymerized for producing C5 hydrocarbon resins are 2methyl-1,3-butadiene, 1,3-pentadiene, 2-methyl-2-butene and cyclopentadiene; and their
structures are displayed in figure 4.
CH2

C

CH

CH2

CH2

CH

CH

CH

CH3 CH3

CH3

Isoprene (2-methyl-1,3butadiene)

C

CH

CH3

CH3
Piperylene (1,3-pentadiene)

Isoamylene (2-methyl-2butene)

Cyclopentadi
ene

Figure 4: Structure of the main monomers used to prepare C5 hydrocarbon resins.

C5 hydrocarbon resins can also be hydrogenated and a possible structure is shown in figure
5.
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Figure 5: Representation of ideal structure of aliphatic C5 hydrocarbon resin.19

2.1.3 Rosin and rosin derivatives resins
Rosin and its derivatives are historically employed as tackifiers. They are obtained from
wood by-product such as gum rosin, wood rosin and tall oil.20 Gum rosin is obtained by
tapping pine trees to extract pine oleoresin. The purification method, which involves
filtration and water washing, and a distillation process, generates gum rosin. Rosin is
composed of several different acids. The main component of rosin is the abietic acid
(figure 6).21

Figure 6: Structure representation of abietic acid, which is the main component of rosin resins.20

Since its structure contains conjugated double bonds and a carboxyl acid, many further
chemical reactions are possible giving rise to the so-called rosin derivatives.22 Among
these derivatives are the rosin esters, which can further undergo a hydrogenation reaction.
For the esterification reaction, mainly the alcohols glycerol and pentaerythritol are utilized
to produce resins with appropriated softening points.23 Figure 7 presents the structure of
pentaerythritol rosin ester resin.

6

Figure 7: Structure representation of pentaerythritol rosin ester resin.24

The effect of tackifiers in hot melt pressure sensitive adhesives has been studied by several
researchers.12–14,17,18,25

2.2 Adhesives
Adhesives are materials that promote the adhesion between two different bodies.26 Some
typical raw materials employed for adhesives are vinyls, natural and synthetic rubber,
acrylics and modified acrylics, polyurethane, block copolymers, epoxy, silicones,
polysulfide, urea-formaldehyde, polyolefin, polyester and polyamide.23,27–29
Adhesives can be classified according to their production, application and their adhesion
effect.27 The solvent-borne system involves dissolving the adhesive and applying the
solution on the substrate. The viscosity is low enough to promote a good contact between
the adhesive and the substrate. Afterwards, the solvent evaporates and the bond is
established.5 The water-borne systems are similar to the solvent-borne one; however, water
is utilized to prepare the solutions. This leads to a much more ecologically friendly
technology.30 There are also the so-called reactive systems that can be further subdivided
into one and two component systems. A chemical reaction takes place and it results in the
cure of the adhesives. The one-component systems are cured, for example, by heat or UVradiation. The two-component systems are cured via a chemical reaction which starts by
the time the two components are mixed.31
7

Hot melts are adhesives that require heat to be melted. The material is applied in the
molten state and the bond is formed as soon as it cools.32 There are several advantages
since only heat is needed for processability, for example, costs reduction, environment
friendly material and elimination of further steps in process.12,33 The present work is
focused on this system.
Adhesives can also be classified according to their application or market segments27, as
listed below:
•

Construction or building

•

Flexible Packaging/ Laminates

•

Transportation

•

Footwear

•

Woodworking

•

Pressure Sensitive Adhesives

•

Bookbinding

•

Consumer Adhesives

•

Converting/ Packaging

•

Product Assembly

•

Disposables

•

Others

Pressure sensitive adhesives are able to establish a bond between two materials at room
temperature with either no or light pressure.4 They are permanently tacky at room
temperature, i.e. despite no chemical reactions or temperature variations, they are able to
establish a bond.34,35 Their performance as adhesives is commonly measured by means of
tackiness, peel strength and shear resistance.16 The output of the tackiness measurement is
the force required to debond a PSA, which was virtually bonded without pressure. Peel
strength measurements provide, as result, the force needed to remove a PSA which was
previously bonded under standard conditions (i.e. properly brought into contact with the
substrate). Shear resistance measurements provide either the temperature or the time
interval in which the adhesive fails (i.e. debonds) under shear forces.36 All the mentioned
tests were conducted under standard conditions since parameters such as geometry, coat
thickness, testing rate, room temperature, humidity, substrate, substrate contaminations,
bonding pressure can all impact on the bonding and debonding processes since they are not
only related to bulk properties but also to surface characteristics.
Zosel37 investigated the influence of viscoleastic properties and surface properties on tack
and on adhesion by means of adhesive failure energy by studying different polymers. He
observed that the mean molecular weight between entanglements, Me, influenced the
8

failure energy. Besides, a maximum in tackiness was obtained about 50 °C to 70 °C above
the polymer glass transition temperature. Further on, he investigated the surface properties
by determining the surface tension between the adherents and adherends involved. He
could observe that there was a relation amid work of adhesion and adhesive failure energy.
An important condition for high tack is the wetting of the adherent by the adhesive.
Historically, natural rubber has been utilized in pressure sensitive adhesives but, due to its
tendency to oxidize, other materials were also introduced.23,38 Nowadays, together with
natural rubber, acrylics and block copolymer based pressure sensitive adhesives are the
most common types.23,39

2.2.1 Styrenic block copolymers
Block copolymers, especially styrenic block copolymers
polyisoprene-block-polystyrene

copolymer

(figure

8)

as polystyrene-block-

and

polystyrene-block-

polybutadiene-block-polystyrene copolymer, do not have to be chemically crosslinked to
perform well as PSAs due to their physical crosslinks. Nevertheless, they need to be
formulated with resins, which are substances with a low molecular weight and high glass
transition temperature, in a process called tackification.40 Hence, the resins employed for
formulating PSAs are called tackifiers. The main purpose of them is to bring tackiness to
the PSAs.

Figure 8: Polystyrene-block-polyisoprene-block-polystyrene copolymer chemical structure.41

From a chemical point of view, styrenic block copolymers are composed of polystyrene,
which has a glass transition temperature of about 100 °C and an elastomer for which, in the
case of polyisoprene, a glass transition temperature of about -60 °C is typically observed.
Further on, polystyrene and polyisoprene have different solubility parameter values. In
summary, due to these relevant differences regarding the copolymers chemistry, the
9

chemical nature of the other components used for preparing hot melt pressure sensitive
adhesive blends will influence the blends properties differently according to the affinity of
each material to polystyrene and polyisoprene segments.
Figure 9 schematically represents the morphology of SIS. The red lines represent
polyisoprene segments connecting the polystyrene domains. Blue lines represent
polyisoprene segments, which form loops and green lines represent polyisoprene segments
ending in the polyisoprene phase.42

Figure 9: Proposed morphological model for Kraton D1161, where polystyrene domains are connected by
polyisoprene segments (red lines). Blue lines represent polysioprene segments forming loops and green
lines are polyisoprene segments ending in the matrix phase.42

The elastomeric polymer segments form the continuous phase chemically connected to the
glassy phase formed by polystyrene, which organizes itself in domains acting as physical
cross-links.43
The morphology of such styrene block copolymers can be modified depending on different
factors, such as the volume fraction of each copolymer.44,45 The morphology is a result of
system phase behavior, which tries to minimize the system Gibbs free energy according to
thermodynamic principles.46,47 This same principle acts in a polymer blend. However, it
must be highlighted that in a block copolymer, the species are covalently bonded.48 The
isoprene and the styrene blocks forming the SIS triblock copolymer employed in this work
10

were completely amorphous. The different blocks presented phase separation already in the
melt and finally, with glass transition of polystyrene, microphase separation occurred,
resulting in elastomeric and glassy domains formation.

Figure 10: Morphological model of a blend comprising SIS and tackifier. Black segments represent
tackifier molecules, while red, green and blue represent segments of polyisoprene segments.49

Figure 10 represents a morphological model for a blend containing SIS and tackifier
proposed by Dixit.49 He reported that up to a concentration of 30 wt% tackifier, the
mobililty of polyisoprene chains were increased since the tackifier acted as a solvent for
polyisoprene. However, as of a concentration of 50 wt% tackifier, the tackifier molecules
could saturate the available free volume and swell the Polyisoprene-rich phase.
Consequently, the polystyrene domains were pushed apart.
Very often polystyrene-block-polyisoprene-block-polystyrene copolymers of commercial
grades used in PSAs are blends of triblock and polystyrene-block-polyisoprene
copolymers. Several works have been published dealing with this topic.9,50–54 The
morphology of triblock copolymers of type ABA and diblock copolymers AB are very
different since ABA type is able to tether both ends of the polymer, which leads to possible
physical crosslinks formation and very different mechanical properties.55,56 Blending ABA
triblock copolymers/AB diblock copolymers results in a decrease in the number of
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physical crosslinks.42 From a practical point of view, for PSAs application, pure SIS is too
hard and shows lower interfacial adhesion.9
Commercially available polymers may have a styrene content varying from 15 wt% to 50
wt% and diblock content varying from 0 wt% to 100 wt%. Sasaki et al.9 studied systems of
SIS/SI containing 15 wt% of styrene and varying the SI content from 0 wt% to 100 wt%.
They could observe that mechanical and adhesion properties were significantly influenced
by the SI amount while the morphology was not strongly affected. The polystyrene
domains were still dispersed in the polyisoprene matrix; however, fracture stress
significantly decreased as the diblock amount increased in the blend and the molecular
mobility increased with it.

2.2.2 Olefinic block copolymers
Another kind of elastomeric copolymer not yet extensively used in PSAs is olefinic block
copolymer of ethylene and octene.57–59 It is produced by a technique called chain shuttling
polymerization.60–62 In comparison to the random poly(ethylene-co-1-octene) copolymer
(EOC), the Poly(ethylene-co-1-octene) block copolymer presents a higher operating
temperature, improved scratch resistance as well as crystallization rates when compared to
EOC.63
Polyethylene is one the most produced polymers. It refers to multiple polymers and
copolymers derived from ethylene.63,64 Polyethylene is a semi-crystalline polymer,65 which
means that due to some level of ordering in its structure, it is able to crystallize. Crystalline
materials present a first-order transition, i.e. melting; the enthalpy of fusion or melting can
be determined for such constituents.66 Some models were proposed to explain the structure
of crystalline polymers: the fringed micelle model, the folded chain model and the
switchboard model.67 Kinetics of crystallization is an important field of study which deals
with the crystals growth rate.68 The final structure of a semi-crystalline block copolymer
cooling from the melt shall be determined by two concomitant processes which are
crystallization kinetics and thermodynamic microphase separation.69
From a chemical point of view, the segments forming the poly(ethylene-co-1-octene) are
synthesized only from olefinic monomers. The ethylene segments in the copolymer chain
have similar solubility parameters as the octene segments, i.e. are non-polar. Therefore,
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when preparing a blend containing poly(ethylene-co-1-octene) and a tackifier, similar
chemical affinity occurs between the tackifier and either the ethylene segments in the
copolymer chain or the octene segments in it. From a morphological point of view,
poly(ethylene-co-1-octene) is a semi-crystalline material able to develop higher or lower
crystalline degree according to the polymerization parameters (e.g. comonomer amount).
Figure 11 depicts a scheme for classifying block poly(ethylene-co-1-octene) copolymers.

Figure 11: Classification schemes of poly(ethylene-co-1-octene) (adapted from ref.61).

The EOBC material used in this present work can be classified as Type I. i.e., a low
crystalline degree as well as low percentage of the so called “hard” block. Hard blocks are
copolymer segments containing high amount of ethylene and low amount of octene and
soft blocks are those containing high concentration of octene. The morphology of the hard
and soft blocks develops due to a crystallization process and it is originated from a
miscible melt, which has the soft non-crystallizable blocks expelled to the interlamellar
region .61 Auriemma et al.57,58 investigated the structure of EOBCs in a nanometric length
scale as well as the structure-property relationship. Their proposed model of the structural
organization is schematically shown in figure 12.
Auriemma et al.57 reported that EOBCs are multiblock copolymers, which have a statistical
distribution of block length and of blockiness. They present a non-uniform constitution of
the chains. They concluded that the mechanical properties are highly influenced by the
average molecular mass of soft and hard blocks as well as the number of blocks/chain
(blockiness), even for materials with the same octene concentration.
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Figure 12: Structural organization representation of the EOBC chains arrangement in the solid state. The
thick blue lines represent the hard blocks while the thin red lines represent the soft blocks. 58

Wang et al.61 characterized poly(ethylene-co-1-octene) block copolymers according to
their thermal behavior, dynamic mechanical relaxation, crystal structure and solid state
morphology. Sharp melting and crystallization peaks were reported. By increasing the
comonomer amount, the heat of melting decreased proportionally to the hard block content
while the melting peak temperature of the hard block decreased only slightly. There was an
evident phase separation of hard and soft segments concluded by the linear decrease of
crystallinity as the amount of soft segment increased.70 Hard and soft blocks could be
proved to be present since evident alpha- and beta- relaxations were identified. The
morphology was reported to consist of space-filling spherulites and radially oriented
lamellae.61
As Shan et al.71 highlighted in their work, the reason for the high melting point temperature
measured for olefinic block copolymer is due to the presence of the semi-crystalline hard
segments which form spherulitic domains. In contrast, in SBCs the glassy domains formed
by polystyrene are the responsible for providing a high glass transition temperature in the
styrene based part of the copolymer.
Among the applications, block poly(ethylene-co-1-octene) can be used for production of
elastic films as thermoplastic elastomers since flexibility, heat resistance and elastic
recovery properties are present. Their performance is comparable to styrenic block
copolymers. Raja et al.6 evaluated blends of olefin block copolymers and amorphous
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polyolefin polymers. As a compatibilizer, hydrocarbon resins were used. Nevertheless,
they acted as tackifying resins as well for the pressure sensitive adhesive. The influence of
resins on the morphology and viscoelastic behavior of the blends was investigated. Among
the results, it was established that ternary phase morphology was observed when highly
aromatic unsaturated hydrocarbon resins were used. The system employing saturated
aliphatic hydrocarbon resins presented better miscibility. Further on, they could obtain
satisfactory results when employing blends composed of poly(ethylene-co-1-octene) block
copolymers and hydrocarbon resins tackifiers for preparing hot melt pressure sensitive
adhesives for application in diapers.72

2.2.3 Plasticizer
Plasticizers are small molecules which have the function of softening a polymer. They are
able to accomplish it because they lower the glass transition temperature of a polymer or
reduce the crystallinity or melting temperature, in the case of crystalline polymer.43 A
plasticizer is also employed in formulating PSAs since it improves the processability, ease
polymer chains mobility and reduce product costs. Regarding the molecular structure, it
decreases the polymer glass transition temperature and reduces crystallinity and melting
temperature.43 It has been reported that the morphology of block copolymers was
influenced by the oil since it affects segmental interactions.73 In investigated systems,
containing polystyrene-block-polybutadiene-block-polystyrene copolymer mixed with
mineral oil, the oil was preferentially located in the butadiene phase and the SBS
morphology was affected. It was concluded that the polystyrene cylindrical domains
evolve to spherical domains in a rubbery matrix.74 Laurer et al.75 studied the influence of
aliphatic oils in the morphology and rheology of SIS and poly[styrene-block-(ethylene-altpropylene)-block-styrene] (SEPS) copolymers. It was concluded that the compatibility
between the oil and the elastomeric block (midblock) influences the copolymer
morphology and plays an important role in the final properties of the copolymer leading to
differences in the application. Galán et al.76 studied ternary systems based on SBS,
aliphatic and aromatic tackifiers as well as paraffinic and naphthenic oils employed as hot
melt pressure sensitive adhesives. The effect of oil and tackifier regarding chemical nature
as well as concentration were correlated to peel strength and tackiness by thermal
transition measurements and viscoelastic relaxations determination. They observed that the
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loss factor peak temperature increased as the paraffinic character of the oil decreased.
However, the storage modulus at around 20 °C was basically the same for all the different
mixtures produced with different oils. Higher tackiness was observed for those mixtures
with higher loss factor peak temperature. Although not investigated by Galán et al.76, they
state that aromatic oils are not preferred for HMPSAs blends because they interact with the
polystyrene domains causing a severe strength reduction.

2.3 Viscoelasticity of pressure sensitive adhesives
Three kinds of deformation can be identified in a body when a force is applied: elastic
deformation, which is characterized by an instantaneous response and completely
reversible; viscous deformation, in which the response is time-dependent and irreversible,
and finally the viscoelastic deformation, which is time-dependent and reversible.
Polymeric materials behave in all described ways at the same time depending on
temperature and deformation rate, i.e. frequency or time.
By conducting an oscillatory measurement, for example by varying the temperature and
keeping the frequency measurement constant, in a polymeric material, four important
zones and transition regions can be identified.77 Below glass transition temperature, the
polymer chains are frozen and it can be assumed that no segmental movement occurs; this
is the glassy zone. As the material is heated up, segments of the molecule are able to move
because there is an increase in free volume, i.e. the space available for a molecule to
develop internal movements. Thus, local motions, bending, stretching of the main chain
and side groups become active characterizing the β and γ transitions (or secondary
relaxations). These transitions are associated to mechanical properties of the material in the
glassy state. The next transition zone is the α-transition. For amorphous polymers it
corresponds to the glass transition temperature (Tg) where the storage modulus decreases
by some orders of magnitude. The glass transition is a second-order transition and not a
first-order transition as crystallization.43 The mechanical properties of the polymer change
severely when it goes from the glassy to the rubbery state. Therefore it is important to
determine the operating range of the polymer according to this transition. As the
temperature continues to increase, the rubbery plateau is reached where there is high
mobility of the whole chains. The length of this zone is dependent on the molecular weight
between the entanglements or cross-links. Finally, the melting takes place ending on the
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terminal zone. At this point, the material is completely molten and there is a strong relation
to the molecular weight of the polymer. Chemically cross-linked materials do not present
this region since such state is characterized by slippage of molecules through each other,
however due to chemical bonds between the chains it cannot occur.
The glass transition has not yet been explained on a molecular basis and several theories
exist attempting to explain it. A commonly accepted theory is the free volume theory.78,79
The principle can be explained based on the presence of holes or vacant positions. The
polymer segment can move towards a new position only if this new position is vacant, in
other words, only in the case free volume being available. The free volume temperature
related and at a certain temperature (about -52 °C of the polymer Tg), no free volume is
available. Based on Doolittle`s work, Williams, Landel and Ferry developed a relation,
which correlates viscosity and temperature for polymeric materials (equation 1):
𝜼

𝑪 (𝑻−𝑻 )

𝟏
𝒈
𝑳𝒐𝒈 (𝜼 ) = − 𝑪 +(𝑻−𝑻 )
𝒈

𝟐

𝒈

(1)

Where: η is the melt viscosity, ηg is the melt viscosity at Tg, T is temperature and Tg is
glass transition temperature. C1 and C2 are constants which values for linear amorphous
polymers are 17.44 and 51.6.
An important and vastly studied topic is the correlation between viscoelastic properties of
blends used as adhesives and their performance.22,28,29,35,77,80–96 The immense amount of
work dealing with viscoelastic properties correlation to adhesive performance is probably
due to high relevance and application of the results as a predictive tool when designing
adhesives, especially pressure sensitive adhesives. As further explained in this study, the
work of adhesion is certainly a property which contributes to the adhesive performance
(for example, for peel strength). However, the order of magnitude of the viscoelastic
properties contribution, especially when considering the adhesion separation process, is
much bigger than the work of adhesion magnitude. It is worth to remind that the work of
adhesion is not less important than the viscoelastic properties, especially in the bond
formation. Additionally, the dissipation energy (loss factor) effect in the debonding process
is extremely relevant for the adhesive performance.
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Aubrey et al.11 investigated the viscoelastic behavior of natural rubber and two different
tackifiers, namely poly(beta-pinene) and pentaerythritol ester of hydrogenated rosin. They
observed that both of them change the viscoelastic behavior of natural rubber in a similar
manner. In a frequency sweep measurement, there was a reduction of rubbery plateau
width; the transition zone shifted to lower frequencies while the terminal zone shifted to
higher ones. Chu et al.13,14,97 explored the viscoelastic properties of a rubber and resin
mixture regarding resin structure, molecular weight and concentration. It was observed that
when there was compatibility between rubber and resin, there was a significant shift in loss
factor peak and a decrease of storage modulus in the rubbery plateau region. Even for
expected compatible systems, there was a superior limit for resin molecular weight.
Otherwise the system would become incompatible. A prediction of the blend loss factor
peak temperature and rubbery plateau modulus can be achieved due to a relationship based
on plateau modulus of the pure rubber and of one typical blend. Kraus et al.98 developed a
criterion for calculating compatibility of the polydiene midblock and resins since it is
known that a satisfactory compatibility between midblock and resin is essential for
tackiness in pressure sensitive adhesives.
Figure 13 illustrates a typical viscoelastic behavior of a hot melt pressure sensitive
adhesive.

Figure 13: Typical viscoelastic behavior for a hot melt pressure sensitive adhesive .99
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2.4 Polymer blends
Mixing different polymers together in order to achieve certain mechanical, thermal, optical
and other properties, which are not possible by using a single material is a common
practice.82,100–103 Despite being very convenient, such practice is not always so simple or
even possible due to components miscibility.104 A miscible polymeric blend is
characterized as a polymeric mixture obeying the thermodynamic criteria of miscibility.
An immiscible polymeric blend is defined when more than one phase is observed.
Thermodynamic relationships also describe immiscibility.8,105 A compatible polymer blend
is said of an immiscible polymer blend, which exhibits macroscopically uniform properties
generating satisfactory engineering properties.8
Miscibility in polymer blends can be measured by several methods which can be direct or
indirect.7 A classical direct method is the turbidity measurement. It consists in preparing
the blends, heating up / cooling down the system temperature in order to go from a one
phase system to a phase separated system. The temperature at which phase separation
occurs is the so-called cloud point. The identification of this point can be done by several
methods from naked eyes to much more precise and sophisticated ones.106
An indirect and commonly used method for determining miscibility (or better saying
compatibility) in polymer blends is by measuring the glass transition temperature. The
method is controversial and it cannot be understood as a measure of thermodynamic
miscibility of the blend but as a measure of state of dispersion.106 To consider that a blend
is compatible by glass transition temperature approach is to consider that the domain size
is between 2 and 15 nm.106
Fox equation (Equation 2) is one of the empirical formulas proposed to calculate the glass
transition temperature of a mixture.107
𝟏
𝑻𝒎
𝒈

=

𝐗𝐚
𝑻𝒂
𝒈

+

𝐗𝐛
𝑻𝒃
𝒈

(2)

Where: 𝑇𝑔𝑚 is the glass transition temperature of the mixture containing component a and
b; 𝑇𝑔𝑎 is the glass transition temperature of component a; 𝑇𝑔𝑏 is the glass transition
temperature of component b; Xa and Xb are the weight fraction of components a and b,
respectively.
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The thermodynamic relationship, which rules the phase behavior of a substance mixture, is
given by equation 3:108
∆𝐆𝐦 = ∆𝐇𝐦 − 𝐓∆𝐒𝐦

(3)

Where: ∆Gm is the free energy of mixing; ∆Hm is the heat or enthalpy of mixing; T is
temperature and ∆Sm is the entropy of mixing. In order to achieve a miscible system, free
energy of mixing must assume a negative value, ∆Gm < 0.
For low molecular weight materials, the contribution of the combinatorial entropy of
mixing is an important factor, which is generally significant. Hence, the requirement of a
negative value for the free energy of mixing is fulfilled, leading to many miscible mixtures
of them.
For polymers, most mixtures are not miscible. It was experimentally observed that the
combinatorial entropy of mixing, which considers mole fraction, is not valid. In this case,
the theory developed independently by Flory109 and Huggins110,111 is applied for polymer
mixtures. The Flory-Huggins theory was developed for a binary polymer mixture assuming
an incompressible lattice. It is expressed as described in equation 4:48
𝚫𝑮𝒎
𝑲𝒃 𝑻

𝝓

𝝓

= 𝑵𝑨 𝒍𝒏𝝓𝑨 + 𝑵𝑩 𝒍𝒏𝝓𝑩 + 𝝓𝑨 𝝓𝑩 𝝌
𝑨

𝑩

(4)

Where: 𝐾𝑏 is the Boltzmann constant; 𝜙𝐴 and 𝜙𝐵 are the volume fraction of polymers A
and B, respectively; 𝑁𝐴 and 𝑁𝐵 are the degree of polymerization of polymers A and B,
respectively; T is the temperature and 𝜒 is the Flory-Huggins interaction parameter. The
temperature dependence of the interaction parameter,𝜒, can be expressed as shown in
equation 5:48,44
𝛘𝐀𝐁 = 𝛂𝑻−𝟏 + 𝛃

(5)

Where α and β are experimentally determined coefficients.
Specific interactions, as hydrogen bonds, acid-base, dipole-dipole, are important in
polymer blends since they give a considerable contribution to the enthalpy of mixing.48
The concept of solubility parameter first developed by Hildebrand and Scott to characterize
liquids interactions can also be applied to polymers.112–114
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Based on the explanations exposed above, it is important to consider the phase behavior,
i.e. miscibility and compatibility, among the tackifiers and polymers used when preparing
PSAs.115 As mentioned before, styrenic block copolymers are generally employed in PSAs
blends and the compatibility between each block and the tackifiers employed may be
different. Aromatic tackifying resins have a solubility parameter similar to polystyrene,
which means that the compatibility between them is favored in comparison to the
compatibility expected between aromatic resins and the polyisoprene block. The
polystyrene phase would thus be plasticized by the resin giving a negative effect to the
adhesive performance.23

2.4.1 Phase diagram and phase separation
Theoretical phase diagrams for polymer blends are illustrated in figure 14 (a). For the case
of a so-called upper critical solution temperature (UCST), a phase-separated system is
found as the temperature decreases. For the so-called lower critical solution temperature
(LCST), phase separation occurs as the temperature is increased. It is not always that a
phase diagram can be drawn for polymer blends.
Phase separation occurs by two different mechanisms, namely nucleation and growth and
spinodal decomposition. Nucleation and growth occur in the metastable region. First, a
nucleus must be formed and only when the necessary energy barrier for creating a nucleus
with a critical radius value is reached, the particle will continue to grow. Its main
characteristic is that a constant concentration is maintained and the particle increases in
size with time.105 Spinodal decomposition occurs in the unstable region due to composition
fluctuations and is characterized by a varying composition as time increases.105 The
morphology developed for each phase separation mechanism is schematically represented
in figure 14 (b) for a binary homopolymer blend. It can be seen that a more ordered
structure is found for the nucleation and growth mechanism. Both systems evolve to
coarser structures in an attempt to reduce interfacial energy by decreasing interfacial
area.48
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(a)

(b)

Figure 14: (a)Theoretical phase diagram for polymer blends (adapted from reference116) and (b) blend
morphology development for nucleation and growth and spinodal decomposition mechanisms.48

Kawahara et al.117 studied phase separation of poly(vinyl ethylene-co-1,4-butadiene)
blended with rosin resin in solvent based system and correlated it with adhesive property.
They reported that the system exhibited LCST behavior and could detect spinodal
decomposition. In conclusion, they predicted that the adhesive property was related to the
phase dispersed structure induced by jumping temperature over the LCST. Han et al.118
studied phase equilibria of solvent based PSA containing SIS and an end-block-associating
tackifier having two different molecular weight tackifier grades analyzed by means of hot
stage microscopy and light scattering method. They could observe that for blends
containing low molecular weight tackifier, no macrophase separation occurred for
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concentrations ranging between 10 % and 90 % of tackifier (when analyzed by means of
light scattering method). For higher molecular weight tackifier containing blends, they
observed macrophase separation at about 200 °C for 50:50 blends. They could not
construct a phase diagram for this sample since thermal degradation of the blend occurred
at the needed temperature. By this study, firstly, it could be observed that it is not always
possible to construct a phase diagram for a polymeric mixture. Secondly, the influence of
molecular weight on blend morphology could also be investigated. Finally, as concluded
by the authors, an end-block associating resin which forms separate domains (macrophase
separation) in the blend does not improve adhesive performance in HMPSAs.
Crystallinity and crystallization kinetics of the semi-crystalline polymer are influenced by
the blend’s phase behavior. This effect is more pronounced in miscible systems and it is
dependent on the glass transition temperature of the added polymer.105

2.4.2 Mixing and morphology of polymer blends
The structural organization of polymers and their blends is an important factor affecting
their final and application properties.119 By studying particle size and distribution as well
as dispersion and agglomeration of one component in another by creating a blend can be
very helpful in understanding their final properties.120,121 A wide spread method for
studying morphology is via microscopy122 and a summary of the methods suitability is
presented in figure 15 regarding domain size range.

Figure 15: Experimental methods for studying polymer and polymer blends morphology.106
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The preparation of a polymer blend can be carried out by several methods. Among them,
there is the solvent mixing method, which consists in finding a common solvent for the
polymers involved.105 Another possibility is the mechanical melt mixing.123 Both methods
may be employed for preparing pressure sensitive adhesives.
Polymer blends preparation considerably affects their morphology. For example, preparing
a blend by solvent or by mechanical mixing may lead to a miscible or immiscible system.
As exposed, miscibility is achieved when certain thermodynamics conditions are fulfilled,
thus such behavior is explained by equilibrium process.106 Mechanical blending can be
conducted in different types of equipment and the equipment’s relevance in the final blend
morphology will depend whether the blend is miscible or immiscible. For immiscible
blends, the phase separation occurs too fast leading to an irrelevant influence on the blend
morphology regarding the type of mixing equipment and it is explained due to a balance
between drop break up and coalescence.106,124
The PSAs coating method is also an important process step, which can also be conducted
by preparing a solution or by melting it. O’Connor and Macosko12 analyzed the effect of
both methods in coating PSAs which were prepared by melt mixing and they observed that
the adhesive properties measured by peel, tack and shear holding power were superior
regarding peel and tack for hot-melt coated adhesives while shear holding power were
superior for solvent coated adhesives. They demonstrated that these differences arose from
disparities in the degree of physical crosslinking and composition gradients within the
solvent coatings. Since the cooling rate in hot-melt coated adhesives is very high, a
microstructure that is further from the equilibrium is obtained for them in comparison to
the solvent coated adhesives.
When blending polymers in the molten state, two mechanisms can be identified when a
dispersed and a matrix phase are present. The dispersive mixing, which is responsible for
breaking the particles into smaller ones and the distributive mixing, which is responsible
for spreading the particles uniformly through the matrix, homogenizing it. Dispersive
mixing involves application of stress and distributive mixing involves application of
strain.116 Figure 16 schematically shows such mechanisms in order to illustrate the
difference on how they affect the mixture. Such mechanisms occur simultaneously in a
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mixture along with a third mechanism acting against the mixture of the components which
is the coalescence process.

Figure 16: Theoretical illustration of dispersive mixing and distributive mixing.

The capillary number is a way of understanding whether dispersive or distributive mixing
is predominant. It is the ratio between shear stress and interfacial tension and it is
expressed in equation 6:
𝑪𝒂 =

𝝈𝒅
𝒗

(6)

Where Ca is the capillary number, σ is the shear stress, d is the drop diameter and 𝑣 is the
interfacial tension coefficient. The shear stress in the mixing process acts in a way of
deforming the drops whilst the interfacial tension (of the dispersed and matrix phases in
the blend) acts against it. If shear stress dominates, droplet breaking becomes possible, i.e.
dispersive mixing occurs. If interfacial stress dominates, distributive mixing occurs.125 The
viscosity ratio of the components is mainly responsible for the distributive mixing and it is
described in equation 7:
𝜼

𝜼𝒓 = 𝜼 𝒅

𝒎

(7)

Where: ηr is the viscosity ratio; ηd is the viscosity of the dispersed phase and ηm is the
viscosity of the matrix phase.
Only if ηm > ηd the deformation of the dispersed particles, i.e. distributive mixing, becomes
possible.
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It is important to remind that for polymer melt, two factors are affecting its viscosity,
namely shear rate and temperature, which relation was shown by WLF equation (eq. 1). At
lower processing temperature, dispersive mixing is favored since a condition of higher
viscosity exists. At higher processing temperature, distributive mixing is aided since lower
viscosity is achieved. In polymer blends, it is more difficult to mix a system composed of a
high viscosity dispersed phase to a low viscosity matrix phase than the other way
around.126 Morphology development of polymer blends in the molten state as well as their
final morphology depend on factors like rheological properties of the components (melt
elasticity, viscosity ratio), components concentration, interfacial properties and processing
parameters (time, temperature, shear rate).125,127–129
Since the study of polymer blends is challenging, a common approach is to study known
systems.106 For miscible polymer blends, a model considering a mixture of low molecular
weight liquids (solutions) and a model considering mixtures of polymer fractions or
homologous polymer blends are used. For studying immiscible polymer blends,
suspensions, emulsions and block copolymers systems are used respectively for blends
with a low concentration of a more viscous polymer, a general model of blends with
dispersed morphology and for well compatibilized blends and/or blends with cocontinuous morphology. In these systems, a common effect is observed, i.e. they all
present flow induced morphological changes.
Blends flow induced morphology is not simple to be investigated for real mechanical
mixing devices due to the complex deformation field which occurs during processing.
Generally many assumptions are made and systems having either shear or extensional
deformation field are used for such researches.130
Taylor131 studied the viscosity of a fluid containing small drops of another fluid. For this,
he started from the expression of the viscosity of a fluid containing solid spheres in
suspension. Since liquid spheres are able to deform, the expression would be very complex
and he proposed some assumptions to his system. The expression is valid, if the surface
tension is high enough to keep the drops shape approximately spherical. He also proposed
an expression for the limit of the size which such drops can achieve in the other fluid. The
drops tend to break up when either the rate of distortion of the fluid or the radius of the
drop is large enough.
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Wu132 proposed an extension of Taylor’s criterion for the critical condition for drop break
to the case of a viscoelastic drop in a viscoelastic matrix. He could show the interfacial and
rheological effects on of the dispersed phase particle size in his systems by showing a
parallel of the interfacial tension between the blends components and the correlation with
viscosity ratio of them. He stated that particle size in a blend can be effectively controlled
by adjusting interfacial tension of the blend components (equation 8).
𝒅=

𝟒𝒗𝜼±𝟎.𝟖𝟒
𝒓
Ẏ𝜼

(8)

If ηr > 1; +0.84 ; If ηr < 1; -0.84
Where: d is the drop size; 𝑣 is the interfacial tension; ηr is the viscosity ratio; Ẏ is the strain
rate and η is the viscosity.
Sundararaj et al.124 investigated the equilibrium between drop break up and coalescence in
polymer blends by studying the effects of compatibilizers and reactive polymers. The
influence of shear rate was also discussed and a critical shear rate for finest dispersion was
proposed. Contrary from the expected behavior of a decrease in particle size as shear rate
increased, for polymer blends, i.e. viscoelastic materials, the matrix viscosity decreased
and the drop elasticity increased meaning that a higher resistance against deformation
occurred.
Favis et al.133 studied the effect of viscosity ratio and torque ratio on the morphology of
polypropylene and polycarbonate blends during processing. The size and size distribution
of the minor phase in polymer blends have significant impact on final properties, e.g.
impact strength. In polymer-polymer systems, differently from composite, the minor phase
particles are deformable. Hence, controlling the parameters influencing particles
deformation will have an impact on blend morphology and consequently in its final
properties. Some of these parameters are composition, viscosity ratio and interfacial
tension. Favis et al.133 concluded that the viscosity ratio has an influence on the
morphology of the dispersed phase. A minimum particle size was observed for a viscosity
ratio at ca. 0.15 and the existence of upper and lower limits for viscosity ratio at which the
deformation became too difficult.
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Sundararaj et al.134 studied the morphology development of polymer blends in a twin
screw-extruder. They concluded that the break up mechanism involved was the sheeting
mechanism and most of the significant morphology changes occurred during the melting
and softening stages (for twin screw-extruder within 30 mm of the first point of melting
and for batch mixer within 1 min). They reported that other authors also concluded that the
major portion of the morphology development occurred during the pellets melting.
Some authors studied the blends morphology of the main polymer in pressure sensitive
adhesives, however in solvent based systems. Nakamura et al.19,10 studied the effect of
tackifier compatibility with the backbone polymer, namely SIS, for solvent based systems.
Tackifiers with satisfactory compatibility with the polyisoprene block, showed influence in
adhesion as its content increased. At low content, it was assumed it was dissolved in the
polyisoprene matrix and as its content increased, agglomerates formed improving cohesion
strength. Slightly differences were observed with the tackifier content increase when an
end-block compatible resin was used. From small-angle X-ray scattering (SAXS)
measurements, it was determined that the agglomerates were about 15 nm apart from each
other. In the end-block compatible resin’s system, the agglomerates were not confirmed.
Hock135 studied the morphology of solvent borne pressure sensitive adhesives by electron
microscopy on mixtures of rubber (either natural or synthetic) and natural resins. He
attempted to correlate tack results with morphology observed in micrographs and he
observed an optimal tack value for systems containing between 40 wt% and 60 wt% of
resins. He described a two-phase system in such concentration, which he attributed to one
consisting of low molecular weight rubber dissolved in resin being responsible for tack due
to its more viscous-like character and one consisting of rubber (matrix) saturated with resin
and being responsible to the adhesive strength.
Nakamura et al.136 evaluated the influence of rosin based tackifier concentration and
molecular weight on blends based on polyacrylic block copolymer in solvent based
systems. When employing tackifier with a molecular weight of 2160 g/mol, they observed
micrometer-sized agglomerates while for tackifiers with a molecular weight between 650
g/mol and 890 g/mol nanometer sized agglomerates were identified. Besides, they could
also identify that compatibility decreases with molecular weight increase. By these
observations combined with tack and peel strength measurements as well as viscoelastic
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properties, they noticed better adhesive performance for blend containing tackifier of 890
g/mol (intermediate compatibility), hence they assumed that the nanometer sized tackifier
agglomerates was connected to such performance.
Dixit49 studied the microphase separation kinetics of pressure sensitive adhesive blends
comprising commercial SIS and commercial C5 aliphatic tackifier (Piccotac 1095) by
means of SAXS and rheology. He could acknowledge a decrease in the extent of ordering
of polystyrene domains and from 30 wt% tackifier on, no ordering was identified for
polystyrene, remaining in a liquid-like disordered state because as the tackifier amount
increased, lattice disorder-order transition (LDOT), i.e. order-disorder transition assigned
to the breakdown of the body-centered cubic-ordered polystyrene domains and
demicellization-micellization transition (DMT), i.e. dissolution of the polystyrene spheres
in the polyisoprene matrix, were reduced. The ordering process is dictated by two
competing effects, namely thermodynamic driving force and polymer chain mobility.
Polystyrene chain mobility is reduced as the amount of tackifier increases. Further on
Dixit49 investigated the effect of tackifier compatibility with the polystyrene block in a
commercial styrene-(isoprene-co-butadiene)-styrene copolymer in this blend phase
behavior. He could observe different transition temperatures for a given blend composition
but containing different tackifiers. Dixit highlighted that the impact of processing
temperature and final blend morphology on the adhesive properties of the blends has not
yet been studied and an attempt to cover this topic is done in the present study for the
systems encompassed here.

2.4.3 Polymer blends interfacial tension and compatibilization
Compatibilization of polymer blends is a common technique applied to improve blends
final properties when they are immiscible or even incompatible.137,138 When adding a
compatibilizer, which acts on the surface of the polymers, the interfacial tension between
them is decreased leading to a lower free energy state of the system.139,140 A better contact
between the polymers is achieved, leading to wetting. Hence, it can be stated that
compatibilizer is a kind of surfactant in polymer blends. Blends containing block
copolymers are frequently studied due to the important application as compatibilizer, as
long as the block compositions are equal or similar to the components of the blend.141,105 In
Sundararaj’s et al.124 work, they point out that diblock copolymers used as compatibilizers
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contribute to interfacial tension reduction in polymer blends but they mainly play a role to
the decrease of particles coalescence in mechanical mixed blends.
Harkins spreading coefficient (S) can be used to evaluate if a liquid will spread on the
other, or whether component A will wet component B spontaneously or not.142,143 For
positive values of the coefficient, a spontaneous process occurs. The background for this
spreading coefficient is based on surface thermodynamics. The expression to estimate, if b
spreads upon a, is described in equation 9:
𝑺 = 𝜸𝒂 − 𝜸𝒃 − 𝜸𝒂𝒃

(9)

Where S is the spreading coefficient, 𝛾𝑎 is the free surface energy of component a, 𝛾𝑏 free
surface energy of component b and 𝛾𝑎𝑏 is the free surface energy of the surface or
interface.
Based on Dupré’s equation, the spreading coefficient can be written in terms of work of
adhesion (Wa) and cohesion (Wc) (equation 10):
𝑺 = 𝑾𝒂 − 𝑾𝒄

(10)

Thus, spontaneous spreading occurs if the adhesion between a and b is larger than the
cohesion of the component to be spread.

2.5 Adhesion phenomenon
Adhesion can be defined in a macroscopic level as the work transferred from one body to
the other after the formation of an interface between them; and in a microscopic level as
the molecular forces resisting separation as soon as an interface is established.144 The
adhesion phenomenon is very complex and there are many theories proposed to explain the
mechanism of adhesion.145

2.5.1 Intermolecular forces
The intermolecular forces involved in adhesion are the fundamental forces that hold
together atoms and molecules.145
Electrostatic forces act when atoms or molecules with opposite electrical charges interact.
In the same manner, they repel each other when they have equal electrical charges.146
Electrostatic forces are crucial to the formation of ionic bonds.
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Van der Waals forces are all those deviating from the perfect gas law. These interactions
are further classified as dipole-dipole interactions, dipole-induced dipole interactions and
dispersion forces (or London forces).
Dipole-dipole interactions. Electrons can be unevenly distributed in a molecule due to the
different electronegativity of the existing atoms. Such molecules are known as dipoles.
Dipole-induced dipole interactions. Molecules with symmetrical distribution can develop a
dipole moment due to the interaction with a dipole.
Dispersion forces. Given that there is the probability that the electrons in an atom or
molecule are all in one side of the atom or molecule in a moment in an atom or molecule
with symmetrical distribution, there is the possibility of an instantaneous dipole being
created. The dispersion forces are weak but they appear in every material and are crucial
for polymeric materials.
Interactions through electron pair sharing. They comprise covalent bonding, which is
formed when molecules share a pair of electrons from their external layer.
Acid-base interactions are part of the so-called donor-acceptor interactions. According to
the definition for Lewis acid-base reactions, Lewis acids are those that are electron
deficient and Lewis bases are those that have an unbounded electron pair.23
Repulsive forces. When the atoms or molecules come too close, a repulsive force acts. This
force is of a very short range.
In systems where no chemical reaction occurs, intermolecular dispersion forces are very
important for the adhesion. Such highly localized intermolecular dispersion forces between
different phases result in a physical bonding.26,147

2.5.2 Basic concepts of surface science
Some basic concepts relating to surface science are necessary to be introduced prior to
explaining some proposed theories of adhesion.
Surface tension is the resistance to the deformation of the surface of a liquid.145 It can also
be defined as the necessary work to generate a new area in the liquid. This concept does
not apply for solids, thus surface energy concept is used. Surface free energy can be
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defined as the necessary energy to form a unit area of new surface, or the necessary energy
to move a molecule from the bulk to the surface.148 Surface tension and surface energy are
numerically identical for liquids.149
A bond between two bodies is properly formed when they come into intimate contact with
each other. The ability of a material to act so can be described as wettability. Wetting is
achieved when the substrate has a higher surface energy than the adhesive.37,150
The thermodynamic work of adhesion is the work required to separate the unit area of two
bodies in contact. It can be expressed by Dupré’s equation151 (equation 11):
𝑾𝒂 = 𝜸𝑺𝑽 + 𝜸𝑳𝑽 − 𝜸𝑺𝑳

(11)

Where: Wa is the thermodynamic work of adhesion; 𝛾𝑆𝑉 is the surface free energy of the
solid; 𝛾𝐿𝑉 is the surface free energy of the liquid; 𝛾𝑆𝐿 is the interfacial energy between the
solid and the liquid. This equation considers that only reversible work is done during the
separation of the bodies. Thus, energy dissipated during the breaking process is not
considered.151 Surface free energy/ tension can be simply determined for liquids, however,
it is not possible to be directly determined for solids. A common approach to overcome
this limitation is to determine the contact angle between a solid and a liquid. A drop lying
on a perfectly smooth solid surface in thermodynamic equilibrium is schematically shown
in figure 17:

Figure 17: Representation of a drop of a known surface tension lying in equilibrium on a solid surface to
measure the solid surface energy by applying Young’s equation.

Young’s equation (equation 12) demonstrates a correlation among surface free energy of
the solid, liquid and vapor for such a drop:
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𝜸𝑺𝑳 = 𝜸𝑺𝑽 + 𝜸𝑳𝑽 𝒄𝒐𝒔𝜽

(12)

Where: Θ is the contact angle for the solid, liquid and vapor phase.
If equation (12) is substituted in equation (11), work of adhesion can be written as:
𝑾𝒂 = 𝜸𝑳𝑽 (𝟏 + 𝒄𝒐𝒔𝜽)

(13)

Equation 13 is known as Young-Dupré equation and the work of adhesion can be
determined by simply measuring the liquid surface tension and the contact angle Θ.
Contact angle analysis is a very simple, fast and inexpensive method for determining the
work of adhesion.152 However, it should be noticed the existence of contact angle
hysteresis due to surface roughness and non-homogeneous surface chemistry.
Several theories have been proposed to determine the thermodynamic work of adhesion
and surface free energy. Some of them are presented here.

a) Fowkes theory: Fowkes proposed in his work that the total surface tension can be
separated into 2 components for the surface free energy. The first component being
the dispersive force, which embraces all the London forces. The second one being
the polar force component, which includes short-range non-dispersive forces such
as hydrogen bonding.153 Surface free energy and work of adhesion, according to
Fowkes work, are described in equation 14 and 15, respectively.

𝜸𝑺𝑳 = 𝜸𝑺 + 𝜸𝑳 − 𝟐√𝜸𝒅𝑺 𝜸𝒅𝑳

𝒑

𝑾𝒂 = 𝑾𝒅𝒂 + 𝑾𝒂

(14)

(15)

Since Fowkes considered only dispersive component, the model can be applied
particularly for simple systems.
b) Geometric mean theory (OWRK): Further development was done based on Fowkes
theory and the geometric mean theory was proposed considering also the
contribution of the polar term, as described in equation 16.154
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𝒑 𝒑

𝜸𝑳 (𝟏 + 𝒄𝒐𝒔𝜽) = 𝟐√𝜸𝒅𝑺 𝜸𝒅𝑳 + 𝟐√𝜸𝑺 𝜸𝑳

(16)

This theory is also known as OWRK since their authors are Owen, Wendt, Rabel
and Kaelbe.155
c) Acid-base theory (Van Oss, Good and Chaudhury): Van Oss and Good proposed an
equation, and later extended by themselves and Chaudhury, where the polar
component is described in terms of acid-base interactions in order to consider the
chemical nature of the phases (equation 17).156
+ −
𝑳𝑾
− +
𝜸𝑳 (𝟏 + 𝒄𝒐𝒔𝜽) = 𝟐√𝜸𝑳𝑾
𝑺 𝜸𝑳 + 𝟐√𝜸𝑺 𝜸𝑳 + 𝟐√𝜸𝑺 𝜸𝑳

(17)

2.5.3 Adhesion mechanisms
The adhesion mechanisms or theories were proposed to try to explain the adhesion
phenomenon based on the intermolecular forces.144,148 Since it is a complex and
interdisciplinary subject, there is no unified theory explaining adhesion phenomena. Some
of the mechanisms currently proposed are briefly explained in this chapter.
Thermodynamic adhesion mechanism. The thermodynamic adhesion mechanism relates to
an equilibrium process at the interface for good adhesion to occur. It is accepted by many
authors.26,151,153,157–160
Mechanical interlocking. The mechanical interlocking mechanism is based on the fact that
the adhesive keys in the substrate due to its roughness, porosity and surface
irregularities.148
Some authors stated that it should not be considered as a theory explaining adhesion
phenomena itself, but as a contribution to it, since molecular level aspects are not
considered.148,153
Weak boundary layer. If a weak boundary layer is formed in the bond, an adhesive will not
act properly, displaying a lower cohesive strength.23 Bikerman proposed that, due to the
presence of a low cohesive strength material, a weakness zone is formed between the
adhesive and the adherend. When a force is applied, the bond rupture will occur in this
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zone.161 Consequently, an adhesive will act properly, if such weak boundary layer is
absent.
Electrostatic theory of adhesion. This theory proposes that the adhesive strength between
two materials bonded exists due to opposite electrical charges interacting. An interface
between an electropositive material layer and an electronegative material layer is
formed.23,148,153
Diffusion theory of adhesion. The diffusion adhesion theory explains that the adhesion
between two materials occurs due to the molecular diffusion between them, if they are
miscible and enough molecular mobility exists. It can be described by Fick’s law. It is
generally difficult to explain adhesion in polymers, since they are generally immiscible.
An example where this theory may apply is on welding of polymers.148
Molecular bonding (or chemical bonding) theory. Molecular bonding is broadly accepted
and it considers the intermolecular forces between adhesive and substrate, e.g. Van der
Waals forces.
In the adhesive systems investigated, no chemical reaction is involved. Thus, secondary
valence forces are crucial in such systems.
The addition of tackifying resins to the polymer in the blend affects their morphology.
Resins are relatively small molecules which are able to improve the polymer chains
segments mobility. Thus, improved intimate contact of the adhesive and the substrate is
achieved and adhesion is promoted. The surface energy of the polymer is reduced when
tackifying resins are added. However, it only occurs if there is a certain degree of chemical
affinity between the resin and the polymer chain segments.
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3

Experimental

3.1 Materials
3.1.1 Tackifying resins
Hydrogenated C9 hydrocarbon resin (Arkon P-100) and partially hydrogenated C9
hydrocarbon resin (Arkon M-100) were provided by Arakawa Europe GmbH, Böhlen,
Germany. Pentaerythritol rosin ester resin (Pensel GA 100) and hydrogenated rosin ester
resin (Pinecrystal KE-311) were provided by Arakawa Chemical Industries, Ltd, Osaka,
Japan. Hydrogenated C5 hydrocarbon resin (Eastotac H-100L) was produced by Eastman
Chemical Company, Kingsport, USA. Properties of the resins used in the present work are
shown in table 1.
Table 1: Properties of resins employed in the polymer blends.
Code

Comm.
Name

Classification
acc. to origin/
process

R&B
Soft.
Pointa

Tgb

MWc

Mnc

Aroma
-ticityd

Surf.
Ener.
dispe.e

Surf.
Ener.
Polare

Surf.
Ener.
Totale

°C

°C

g Mol-1

g Mol-1

%

mN/m

mN/
m

mN/
m

530

2.9

39.2

0.7

39.9

535

6.1

39.6

1.5

41.1

380

0.9

40.6

0.4

41.0

700

5.0

41.3

1.4

42.7

700

5.5

41.2

1.6

42.8

Hydrogenated
C9
HC9
102
48
930
hydrocarbon
resin
Partially
hydrogenated
Arkon MPHC9
C9
101
48
935
100
hydrocarbon
resin
Hydrogenated
Eastotac
C5
HC5
103
42
930
H-100L
hydrocarbon
resin
Pentaerythritol
Pensel GA
RE
rosin ester
104
58
1130
100
resin
Hydrogenated
Pinecrystal
HRE
rosin ester
96
53
730
KE311
resin
a
Ring & ball softening point determined as described in 3.3.2.
Arkon P100

b

Glass transition temperature determined as described in 3.3.12.

c

Molecular weight determined as described in 3.3.10.

d

Aromaticity determined as described in 3.3.11.

e

Surface energy disperse, polar and total determined as described in 3.3.3.
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3.1.2

Backbone polymers

Poly(styrene-block-isoprene-block-styrene) Kraton™ D1161PT (Kraton Polymers LLC,
Houston, USA) with 15 wt% styrene and 19 wt% Polystyrene-block-polyisoprene
copolymer diblock was used.15,162
Poly(ethylene-co-1-octene) block copolymer from Infuse™ type (Dow Chemical
Company, Midland, USA) was used as well. Properties of the polymers are shown in table
2.
Table 2: Properties of copolymers used in the blends.

Polymer
SIS
EOBC

Tg
(elast.
part)a
( °C)
-60
-62

Tm
(crystal.
part)b
( °C)
123

Diblock15
( wt%)
19
-

Styrene15
( wt%)
15
-

Surface
Energy
disper.c
( mN/m)
29.3
24.1

a

Glass transition temperature determined as described in 3.3.12.

b

Melting temperature determined as described in 3.3.12.

c

Surface energy disperse, polar and total determined as described in 3.3.3.

Surface
Energy
polarc
( mN/m)
3.8
1.6

Surface
Energy
totalc
( mN/m)
33.1
25.7

3.1.3 Oils
Paraffinic oil (Shell Deutschland Oil GmbH, Hamburg, Germany) with a kinematic
viscosity of 108 mm2/s at 40 °C and a refractive index of 1.478 at 20 °C (manufacturer
literature) and naphthenic oil with a kinematic viscosity of 129 mm2/s at 40 °C and a
refractive index of 1.495 at 20 °C (manufacturer literature) (Shell Deutschland Oil GmbH,
Hamburg, Germany) were used.

3.1.4

Antioxidant

4,6-bis((octylthiomethyl)-o-cresol), Irganox 1520 produced by BASF (Ludwigshafen,
Germany) was used as antioxidant.

3.2 Polymer blend preparation
3.2.1 Polymer blend preparation for the compatibility investigation
The samples were prepared in metal beakers containing a total of 100 g of materials. They
were mixed using a stirrer at 50 rpm RW 28 W (Janke & Kunkel, VWR International
GmbH, Darmstadt, Germany) for 40 min at 170 °C. For compatibility study between
styrenic block copolymer and resins, samples containing 20 / 30 / 50 / 70 parts by weight
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of SIS, 80 / 70 / 50 / 30 parts by weight of resin were prepared. In order to reduce thermal
degradation, 1 part by weight of anti-oxidant was used. For compatibility study between
olefinic block copolymer polymer and resins, blends were prepared containing 50 parts by
weight of EOBC and 50 parts by weight of resin. Here, also 1 part by weight of antioxidant was added.
Resins used were hydrogenated C9 hydrocarbon resin (I. HC9), partially hydrogenated C9
hydrocarbon resin (II. PHC9), hydrogenated C5 hydrocarbon resin (III. HC5),
pentaerythritol rosin ester resin (IV. RE) and hydrogenated rosin ester resin (V. HRE). A
comprehensive table of the formulations prepared for compatibility investigation of base
polymers and tackifiers is disclosed in appendix A, table A-1.
For compatibility study between polymers and oil blends comprising 80 wt% SIS and 19
wt% oil as well as 80 wt% EOBC and 19 wt% oil were prepared. Paraffinic and naphthenic
oils were used. 1 wt% anti-oxidant was added. A comprehensive table of the formulations
prepared for compatibility investigation of base polymer and oils is disclosed in appendix
A, table A-2.
For compatibility study between oil and resins 30 parts by weight of paraffinic oil and 70
parts by weight of resins were prepared. The employed resins were hydrogenated C9
hydrocarbon resin (I. HC9), partially hydrogenated C9 hydrocarbon resin (II. PHC9),
hydrogenated C5 hydrocarbon resin (III. HC5), pentaerythritol rosin ester resin (IV. RE)
and hydrogenated rosin ester resin (HRE). 1 part by weight of anti-oxidant was added. A
comprehensive table of the formulations prepared for compatibility investigation of
tackifiers and oil is disclosed in appendix A, table A-3.

3.2.2

Preparation of hot melt pressure sensitive adhesive blends

The blends intended to be hot melt pressure sensitive adhesives models were prepared
using a laboratory kneader LUK 1.0 (Werner & Pfleiderer, Stuttgart, Germany) with sigma
blades operating at 55 rpm. The set temperatures ranged from 180 °C to 190 °C, which
corresponds to a final internal temperature of 149 °C and 155 °C, depending on the
processed polymer. The total mixing time was 80 minutes. The samples comprised SIS in
three concentrations (64 wt% / 25 wt% / 16 wt%), resins in three concentrations (16 wt% /
55 wt% / 64 wt%), 19 wt% paraffinic oil and 1 wt% anti-oxidant. For the investigation of
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EOBC effect the samples comprised 25 wt% poly(ethylene-co-1-octene), 55 wt% resin, 19
wt% paraffinic oil and 1 wt% anti-oxidant. In both cases the resins used were:
hydrogenated C9 hydrocarbon resin, partially hydrogenated C9 hydrocarbon resin,
hydrogenated C5 hydrocarbon resin, pentaerythritol rosin ester resin and hydrogenated
rosin ester resin. Details are displayed in appendix A, table A-4.

3.2.3

Hot melt pressure sensitive adhesives blends preparation for process
investigation

The blends intended to be hot melt pressure sensitive adhesives models for investigating
process effects were also blended using a laboratory kneader LUK 1.0 (Werner &
Pfleiderer, Stuttgart, Germany) with sigma blades. The same blend recipe was prepared
two times: one time the set internal temperature was 140 °C and the second time the set
internal temperature was 165 °C both at 55 rpm. The total mixing time was 80 minutes.
The formulation comprised 25 wt% of SIS, 55 wt% of resin, 19 wt% of paraffinic oil and 1
wt% anti-oxidant. The resins were hydrogenated C9 hydrocarbon resin, partially
hydrogenated C9 hydrocarbon resin, hydrogenated C5 hydrocarbon resin, pentaerythritol
rosin ester resin and hydrogenated rosin ester resin.
Details of the formulations are displayed in appendix A, table A-5.

3.2.4

Hot melt pressure sensitive adhesives coating

The tapes were prepared on Nordson Meltex® Hot Melt Laboratory Coater CL 2018 S
(Nordson Engineering GmbH, Lüneburg, Germany) operating in the temperature range of
120 °C to 170 °C and a coating speed of 3 m/min using a gear pump operating at 18 rpm.
A slot die was used to coat the molten blend on polyester film and further supported by
double-side siliconized paper. Films of 35 g/m2 ± 2 coating weight were produced.
For the process investigation chapter, the coater operated either at 140 °C or at 165 °C
according to the mixing temperature used.
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3.3 Materials characterization and instrumentation
3.3.1 Dynamic mechanical analysis (DMA)
In a dynamic experiment, in which a sinusoidal oscillatory stress is applied, a perfectly
elastic solid will respond with a strain wave in phase (phase angle 0 °).

Stress

Strain

Time, t

Amplitude
Phase Angle, δ

Figure 18: Principle of oscillatory measurement. As a sinusoidal strain is applied (green dotted line curve),
a sinusoidal stress response occurs (blue full line).

In the same situation, a Newtonian liquid will generate a strain wave 90 ° out of phase and
for a viscoelastic material the strain wave will be situated in between. Figure 18
schematically shows this principle. If a material shows a linear viscoelastic behavior, i.e.
strain and rate of strain are infinitesimal, then the ratio of stress to strain is only a function
of time and not of the stress magnitude. Using complex notation, complex modulus can be
written and related to complex stress strain as described in equation 18:163
𝑮∗ = 𝑮′ + 𝒊𝑮"

(18)

Thus,
𝑮"

𝒕𝒂𝒏𝜹 = 𝑮′

(19)

As presented in equation 19, the real part, G’, is called shear storage modulus or shear
elastic modulus and is directly proportional to the energy storage in a cycle. The imaginary
part, G’’, is called shear loss modulus or shear viscous modulus and is proportional to
energy dissipation in a cycle. The loss tangent or loss factor is the tangent of the phase
angle, and it is the ratio between loss modulus and storage modulus, G”/G’. Hence, a
relationship between the energy loss and the recoverable energy can be built.
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The tests for the prepared blends were performed by a mechanical spectrometer Bohlin
CVO HR120 (Malvern Instruments, Worcestershire, UK). The temperature range was -25
°C to 130 °C. The cooling run was performed and analyzed with a cooling rate of 2 °C/min
at oscillation mode at 1 Hz frequency using the plate-plate geometry of 20 mm diameter.
For frequency sweep, the temperature was set to 25 °C and to 150 °C with a frequency
range of 0.01 rad/s to 100 rad/s using plate-plate geometry of 20 mm diameter.
The tests for the neat SIS, EOBC and their respective blends with paraffinic and
naphthenic oils were performed according to ISO 6721-7 using a mechanical spectrometer
MCR 501 (Anton Paar GmbH, Graz, Austria) in torsion mode at 1 Hz. The heating run was
performed and analyzed in the temperature range of -100 °C to 150 °C for SIS and its
blends; and from -100 °C to 90 °C for EOBC and its blends; and a heating rate of 2 K/min
at torsion mode at 1 Hz and 0.05 % strain. The dimension of the samples was 30 mm x 10
mm x 2 mm made from pressed plates prepared at 160 °C.

3.3.2 Ring and ball softening point
The tests were carried out at the Petrotest RKA-2 (Petrotest Instruments GmbH & Co. KG,
Ostfildern, Germany) according to ASTM E-28.

3.3.3 Contact angle measurements
Contact angle measurements were performed using a drop shape analyzer DSA 100
(Krüss, Hamburg, Germany) by the sessile drop method. A 20 μl drop was deposited on
the material surface and three liquids were used for the measurements, namely water,
diiodomethane and ethylene glycol. The surface energy and work of adhesion of the pure
materials as well as of selected blends were determined by applying the Owens, Wendt,
Rabel and Kaelbe equation (OWRK) using the DSA4 software (details in appendix B).

3.3.4 Peel adhesion strength at 180°
The samples were tested according to PSTC-1 using the tensile strength tester UPM 1446
(Zwick GmbH, Ulm, Germany). Tapes of 220 mm x 25 mm were prepared from the coated
material and tested against two substrates, namely steel and polyethylene. The peeling rate
was 300 mm/min. Figure 19 presents the test arrangement.
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Figure 19: 180° peel test arrangement.164 As the upper clamp moves up with a rate of 300 mm/min, the tape
(black stripe) is detached from the substrate and this force is recorded.

3.3.5 Shear adhesion (Holding Power)
The tests were carried out on a Shear tester HT-8 (ChemInstruments, Fairfield, USA)
according to PSTC-107. The sample testing area was 25 mm x 25 mm measured against
steel. The samples were measured at 40 °C and 60 °C with a 1 kg weight and the falling
time was recorded. Figure 20 presents the test arrangement.

Figure 20: Holding power test arrangement.164 As the 1 Kg weight is coupled to the ring, the tape (blue
stripe) is submitted to shear forces and detaches from the steel panel.

3.3.6 Shear adhesion failure temperature (SAFT)
The tests were carried out on a shear tester HT-8 (ChemInstruments, Fairfield, USA)
integrated in a mechanical convection oven DKN 602 (Yamato Scientific America Inc.,
Santa Clara, USA) according to ASTM D4498-07.
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The samples testing area were 25 mm x 25 mm with a temperature ramp program of 30
°C/h using 500 g weight. The failure temperature was recorded. Figure 20 presents the test
arrangement.

3.3.7 Loop tack
The measurements were conducted according to DIN EN 1719 using the tensile strength
tester UPM 1446 (Zwick GmbH, Ulm, Germany). Samples of 175 mm x 25 mm were
prepared and tested in a loop configuration. It was tested against steel with a peeling rate of
300 mm/min. Figure 21 shows test arrangement (left hand-side) and schematic
representation of a sample being tested (right hand-side).

Figure 21: Loop tack test arrangement (left hand-side) and its schematic representation (right hand-side).164
As the upper clamp moves up with a rate of 300 mm/min, the tape (black stripe) is detached from the
substrate and the maximum force is recorded.

3.3.8 Brookfield viscosity
A Brookfield viscometer RVDV-II+ (Brookfield Engineering Lab., Inc., Middleboro,
USA) with spindle 27 was used according to ASTM D-3236. The viscosity was
determined at 140 °C.

3.3.9 Tensile properties
The mechanical properties were measured in the tensile tester UPM 1446 (Zwick GmbH,
Ulm, Germany) at a cross-head speed of 300 mm/min. The samples were prepared using a
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heated film drawer at 180 °C. A PTFE coated glass fiber fabric was used as removable
support. The molten hot melt was spread on the support film by a scraper to reach a film
thickness of 50 μm ± 5. Test pieces were cut from this film by a die cutter.

3.3.10 Gel permeation chromatography (GPC)
Gel permeation chromatography (SECcurity GPC system), (PSS GmbH, Mainz, Germany)
was performed with a column combination of pre-column (PSS SDV 5 µm), column 1
(PSS SDV 5 µm, 1000 A), column 2 (PSS SDV 5 µm, 100000 A) and column 3 (PSS SDV
5 µm, 1000000 A) and a SECcurity differential refractometer detector. 20 mg of each
sample was dissolved in 5 ml tetrahydrofuran (THF) for 24 hours. The calibration was
carried out based on polystyrene standards.

3.3.11 Nuclear magnetic resonance (NMR)
The 1H nuclear magnetic resonance was performed using an Avance III 400 MHz (Bruker
BioSpin GmbH, Rheinstetten, Germany) with a pulse interval of 15 s, acquisition time of
4.09 s, pulse angle of 90 °, resolution of 0.3 Hz (LB) and 0.24 Hz (FIDRES) and number
of scans set at 64.

3.3.12 Differential scanning calorimetry (DSC)
The glass transition temperatures of the resins were determined using a DSC 822 (Mettler
Toledo Inc., Columbus, USA) at heating and cooling rates of 10 K/min. The first heating
run ranged from -60 °C to 200 °C and back to -60 °C. It was held at -60 °C for 10 min. The
second heat run ranged from -60 °C to 300 °C and the glass transition temperature was
determined from this second run.
The glass transition temperature of neat SIS was determined using a DSC 2041F1 Phoenix
(Netzsch GmbH, Selb, Germany) at heating and cooling rates of 10 K/min. The first
heating run ranged from -150 °C to 200 °C and back to -150 °C. It was held at -150 °C for
10 min. The second heating run ranged from -150 °C to 300 °C.
The glass transition temperature, the melting temperature, heat capacity and enthalpy of
neat EOBC and its blends with each resin were determined using a DSC 2041F1 Phoenix
(Netzsch GmbH, Selb, Germany) at heating and cooling rates of 10 K/min. The first
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heating run ranged from -150 °C to 200 °C and back to -150 °C. It was held at -150 °C for
10 min. The second heating run ranged from -150 °C to 300 °C.

3.3.13 Polarized light optical microscopy (PLOM)
Images of neat SIS, neat EOBC and their respective selected blends were prepared under
polarized light (crossed polarizers) using a DM 2700 M microscope from Leica (Leica
GmbH, Wetzlar, Germany). The studied materials were molten directly in the microscopy
slides placed on the top of a heating plate.

3.3.14 Atomic force microscopy (AFM)
The morphology of the neat SIS, neat EOBC as well as selected blends was characterized
by Atomic Force Microscopy. The images were acquired using a Nanowizard 4 (JPKInstruments AG, Berlin, Germany) under intermittent contact mode.
For the pure polymers, a preparation from the pellets using a cryo-ultamicrotome (PT-CRX
LN Ultra, RMC products) (Boeckeler Instruments, Inc., Tucson, USA) using diamond
knives was conducted.
For the blends, the measurements were conducted directly from samples coated using the
Meltex lab coater.
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4

Results and discussion

4.1 Compatibility investigation of the thermoplastic elastomers, tackifiers
and oils used in the polymer blends of hot melt pressure sensitive adhesive
models
Miscibility and compatibility of a polymer blend components are of great importance to
understand its final properties after processing it. Systems consisting of polymer and
tackifiers of different chemical nature and at different concentrations were studied in order
to characterize their compatibility. Furthermore, the effects of the oil on compatibility used
in PSA blends were also assessed.

4.1.1 Influence of the resins chemical structure on compatibility
The influence of the resins chemical structure on compatibility with SIS and EOBC was
studied by means of dynamic mechanical analysis. The glass transition temperature for
neat materials was determined by DSC whilst for the blends it was determined by the loss
modulus peak temperature and compared to the calculated values predicted by Fox
equation (Equation 2).
Class et al.13,14,97 analyzed blends of natural rubber and SBR with polystyrene resin,
polyvinyl cyclohexane resin and poly(tert-butylstyrene). In their study, they concluded that
the degree of compatibility of rubber-resin can be assessed by its viscoelastic properties. A
system will present a good degree of compatibility with the elastomer, if both a
pronounced shift in the loss factor peak (glass transition) temperature of the elastomer is
achieved and a decrease in the storage modulus value in the rubbery plateau region is
observed. Table 3 presents storage modulus at 25 °C, which is in the rubbery plateau
region and at which further properties were determined, i.e., application temperature, loss
modulus peak temperature and loss factor peak temperature for pure polymers investigated
and 1:1 blends in the elastomeric region.
Further on, figure 22 (a) presents the storage modulus and loss factor curves as well as (b)
loss modulus for such blends.
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Table 3: Viscoelastic properties for pure SIS, pure EOBC,1:1 blends of SIS and resins and 1:1 blends of
EOBC and resins.

Sample
SIS
S-HC9-50
S-PHC9-50
S-HC5-50
S-RE-50
S-HRE-50
EOBC
E-HC9-50
E-PHC9-50
E-HC5-50
E-RE-50
E-HRE-50

G' at 25°C
(105 Pa)
8.98
1.76
1.77
1.97
2.66
1.92
42.5
22.4
21.6
19.0
94.1
66.8

G" Peak
Temperature
(elastomeric region)
(°C)
-60
-11
-18
-17
-7
-16
-59
4
-10
-10
50
30-70

tanδ Peak
Temperature
(elastomeric region)
(°C)
-51
2
-5
-2
12
-5
-52
15
3
3
83
40-80

According to Class et al.13,14,97 criteria, all the presented systems mixed with SIS showed a
certain degree of compatibility since storage moduli in the rubbery plateau region
decreased for blends when compared to pure SIS; while loss factor peak temperature,
corresponding to glass transition temperature of the polyisoprene phase in the copolymer,
increased.
Blends containing EOBC and hydrogenated C9 hydrocarbon resin, partially hydrogenated
C9 hydrocarbon resin and hydrogenated C5 hydrocarbon resin presented a decrease in
storage modulus at 25 °C as well as an increase in glass transition temperature, thus, a
good molecular interaction exists. Systems containing EOBC and pentaerythritol rosin
ester resin as well as hydrogenated rosin ester cannot be considered compatible since an
increase in the storage modulus at 25 °C was observed as well as a glass transition
temperature (loss factor peak) around 80 °C for pentaerythritol rosin ester resin and a
broad loss factor peak glass transition temperature around 40 °C to 80 °C for hydrogenated
rosin ester.
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Figure 22: Storage modulus (full lines) and loss factor (dashed lines) (a); loss modulus (b) for pure SIS
and 50:50 blends comprising SIS and chosen resins determined by means of Bohlin CVO HR120.

Loss factor curves for pure EOBC, blends containing EOBC and chosen tackifiers are
displayed in figure 23. The measurements were performed in torsion mode from -100 °C
till 100 °C in order to clearly show the two peaks identified in natural resins based blends
and only one peak identified in petroleum based resins.
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Figure 23: Loss factor for pure poly(ethylene-co-1-octene) block copolymer and 50:50 blends containing
EOBC and chosen resins determined by means of MCR 501.

In an attempt to evaluate the compatibility of the employed resins and the glassy region,
i.e. polystyrene, the peak temperature of the loss moduli for the neat SIS as well as for the
1:1 blends with resins are displayed in table 4. It can be observed a shift of the peak
temperature toward lower temperatures for all the blends and a larger shift for the natural
resins. It can be interpreted as an association indication between the resin and the glassy
region. A weaker association degree is observed for the hydrocarbon resins, even weaker
for the less polar hydrocarbon resins while a stronger association degree for the natural
resins was found.
Table 4: Loss moduli peak temperature at the glassy (polystyrene) region for pure SIS and1:1 blends of SIS
and tackifiers.

Sample
SIS
S-HC9-50
S-PHC9-50
S-HC5-50
S-RE-50
S-HRE-50

G" Peak Temperature (glassy region)( °C)
115
103
94
104
89
84
49

(a)

Glass Transition Temperature (elastomeric
region) (°C)

60
Tg Fox

Tg G"

40
20
0
-20
-40
-60
-80
S-HC9-50

S-PHC9-50

S-HC5-50

S-RE-50

S-HRE-50

Resin Chemical Structure

(b)

Glass Transition Temperature (glassy
region) (°C)

150

Tg Fox

Tg G"

130

110
90
70
50
30
10
S-HC9-50

S-PHC9-50

S-HC5-50

S-RE-50

S-HRE-50

Resin Chemical Structure

Figure 24: Glass transition temperature measured (G” peak temperature) and predicted by Fox equation for
blends with resins and SIS 1:1 for the elastomeric region (a) and for the glassy region (b).

When studying compatibility of end-block associating tackifier with SIS, Han et al.118 also
observed a shift of glass transition temperature to lower temperatures. They hypothesized
that the amount of tackifier, which does not associate with the polystyrene microdomains,
may have formed a separate phase. Thus, a rubber matrix rich phase containing high
amount of tackifier and a tackifier rich phase containing some polyisoprene could also be a
possibility. Kamagata et al.165 identified these two phases for their system when the resin
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concentration was over 40 wt% by the presence of a shoulder in the loss factor curves.
Such shoulders were not identified in the loss factor curves in the present study.
Figure 24 presents a comparison of glass transition temperature values measured by means
of DMA and calculated values by Fox equation for mixtures for SIS: resins 1:1 blends (a)
for the elastomeric region and (b) for the glassy region. A reasonable congruence can be
observed for the measured and predicted values regarding hydrocarbon resins and
polyisoprene while a not satisfactory congruence between these values is observed for the
polystyrene. Natural resins present a good congruence between the measured and predicted
values for both polymers leading to an understanding that these resins have a satisfactory
association with the elastomeric matrix and the dispersed glassy phase.
Figure 25 presents the comparison of glass transition temperature values measured by
means of DMA and predicted values by Fox equation for mixtures for EOBC/ Resins 1:1
blends for the elastomeric (amorphous) region. In analogy to the SIS and SIS based blends,

Glass Transition Temperature (°C)

a second peak on G” curves could not be identified.

60
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40
20

0
-20
-40
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-80
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Resin Chemical Structure

Figure 25: Glass transition temperature measured (G” peak temperature) and predicted by Fox equation for
blends with resins and EOBC.

Congruence is observed for EOBC using predicted values and G” peak temperature
measured by DMA for hydrocarbon resins HC9, PHC9 and HC5. It can be seen that for
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EOBC blends containing natural resins, RE or HRE, the results strongly deviate from the
predicted values by Fox equation, reassuring the poor compatibility between EOBC and
these rosin-based resins.
Figure 26 presents the DSC curves for the pure EOBC and the respective 1:1 blends with
the tackifiers analysed.
Poly(ethylene-co-1-octene) block copolymer can be understood under the concept of
thermoplastic block copolymer since the soft and hard segments form separate domains.70
The sharp peak with a bimodal distribution at about 120 °C characterizes the presence of
well structured large crystals. The soft block melting region can be observed in the region
between -50 °C and +20 °C although a sharp limit for this region is very difficult to be
determined. The polymer microstructure varies strongly in this region.

Figure 26: DSC curves for EOBC and blends of 1:1 EOBC:resin for the second heating run. For better
clarity, the curves are vertically shifted.

An overview of the glass transition temperature, heat capacity, heat of fusion as well as
adjusted heat of fusion for the neat EOBC and for the 1:1 EOBC:resin blends measured
from the second heating run, which occurred under non-isothermal crystallization
conditions, are summarized in Table 5.

52

Table 5: Glass transition temperature, heat capacity, heat of fusion and adjusted heat of fusion measured by DSC at a
heating rate of 10 K/ min for neat EOBC and blends 1:1 EOBC:Tackifiers.
Soft Block

Hard Block
Tm
Peak
ΔH
(°C)
(J/g)

ΔH
Adj
(J/g)

Tg (°C)

ΔCp
(J/(g*K))

Tmi
(°C)

ΔH
(J/g)

ΔH
Adj
(J/g)

-62.1

0.157

-50

7.98

7.98

-19.5

20

88.3

122.6

21.88

21.88

E-HC9-50

-36.9

0.143

-23

0.36

0.72

-17.8

20

109.5

117.5

12.25

24.50

E-PHC9-50

-42.2

0.161

-30

0.49

0.98

-21.9

20

110.4

115.9

13.40

26.80

E-HC5-50

-37.7

0.191

-25

-0.09

-0.17

-3.1

20

109.0

116.8

14.46

28.92

E-RE-50

-58.2

0.097

-50

5.07

10.14

-21.2

20

115.5

119.4

17.22

34.44

NI (-53.8)

0.055

-45

4.71

9.42

-8.5

20

112.9

116.8

18.79

37.58

Sample
EOBC

Tm
Peak
(°C)

Tmf
(°C)

Onset
T
(°C)

Pol+ Resin

E-HRE-50

In congruence with the glass transition temperature determined by DMA for the neat
EOBC and for its blends, an increase in the Tg is observed. However, for the natural resins
blends, the glass tranisition was not easily identified, especially for E-HRE-50.
Furthermore, a second glass transition temperature can be identified for the natural resins
blends at about 50 °C indicating a phase separation for these systems. In congruence with
the results measured by DMA, for the hydrocarbon resins only one Tg was identified in the
blends, reassuring the high degree of compatibility between these resins and the EOBC.
The hard block melting peak temperatures for all the blends slightly decrease since the
addition of resin influences the crystallization behavior. Crystals, which are smaller, less
perfect and with lower thickness, are preferably formed. The melting point depression
theory considers that solvents, diluents, plasticizers are impurities, which contribute to this
melting temperature decrease.43,166,167
The adjusted heat of fusion for the hard block increases, indicating that crystalline degree
is higher than for the pure EOBC. It is worth highlighting that the adjusted heat of fusion
increases even more for the natural resins blends. It might be due to a higher influence on
the crystallization or due to a difficulty (overlaping) in determining the baseline.
The soft block melting region is extremely broad, and an attempt to determine the initial
and final melting temperatures was performed. The results of the heat of fusion can give a
hint that, for the hydrocarbon resins, crystals are no longer formed in this region (or of
these types) and for the natural resins blends, crystals in the soft block part are still present.
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4.1.2 Influence of resin concentration on compatibility
The effect of resins concentration on compatibility with SIS was studied by means of
dynamic mechanical analysis.
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Figure 27: Glass transition temperature as function of resin content for blends of SIS/ resins (a) hydrogenated
C9 hydrocarbon resin; (b) partially hydrogenated C9 hydrocarbon resin; (c) hydrogenated C5 hydrocarbon
resin; (d) pentaerythritol rosin ester resin; (e) hydrogenated rosin ester resin. Open symbols are used for the
experimental values from DMA, red curves represent the calculated values by Fox equation.
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The glass transition temperature was determined by the loss modulus peak temperature and
compared to the calculated values predicted by Fox equation, as shown in figure 27.
Systems containing SIS and resins presented a better correlation with the predicted values
in a concentration around 50 wt% of resin. As observed by Kamagata et al.165 ,in systems
containing pentaerythritol ester resin and natural rubber, a homogeneous phase is observed
up to 40 wt% resin. For higher resin concentration systems, they state that a phase
separation occurs.165

4.1.3 Influence of oil on compatibility
An additional investigation considering the effect of oils, which are used as plasticizers in
hot melt pressure sensitive adhesive blends, on compatibility with SIS was conducted by
means of dynamic mechanical analysis and differential scanning calorimetry.
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Figure 28: Storage modulus (full line) and loss factor (dotted lines) for neat polystyrene-blockpolyisoprene-block-polystyrene copolymer (grey lines), blend of 80 wt% polystyrene-block-polyisopreneblock-polystyrene copolymer / 20 wt% paraffinic oil (blue lines) and blend of 80 wt% polystyrene-blockpolyisoprene-block-polystyrene copolymer / 20 wt% naphthenic oil (green lines).
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The storage modulus and loss factor curves are presented in figure 28 and loss modulus
curves in figure 29 showing data for neat SIS, a blend of 80 wt% SIS and 20 wt%
paraffinic oil as well as a blend comprising 80 wt% SIS and 20 wt% naphthenic oil. They
were determined using a mechanical spectrometer MCR 501.
The general effect of oil acting as plasticizer is confirmed in the measurements. A decrease
in glass transition temperature of the blend in comparison to neat SIS is observed as well
as a decrease in storage modulus. Plasticizers are known to dissolve in the polymer and to
ease the polymer chains mobility.43
Furthermore, the glass transition temperature for blends containing paraffinic oil is lower
than for those containing naphthenic oil. Similar results were reported by Galán.76 In a
comprehensive study of oils used in PSA, Carvagno et al.168 described that the oil viscosity
as well as its glass transition temperature correlates with adhesive performance. Further on,
they observed that the glass transition temperature of PSA prepared with iso-parafinic oil
was lower than Tg of PSA prepared with naphthenic oil. However, they attributed this
factor to the lower Tg of the iso-paraffinic oil and not to its composition. In the present
study, the viscosity of the naphthenic oil is higher than the viscosity of the paraffinic oil.
Thus, both factors may be attributed to the lower glass transition temperature identified in
the blend containing SIS and paraffinic oil. In the region of the glass transition temperature
of the styrene block, a shift in G” toward lower temperature was observed for both blends,
as expected. It is difficult to determine the temperature at which the viscous behavior
dominates the elastic behavior in this region, however, it might occur at first to the blend
based on naphthenic oil, allowing to be speculated that better interaction occurs between
naphthenic oil and the styrene domains. Carvagno et al.168 detected no correlation in their
experiments for carbon content type and this point where loss factor is equal one. Although
the glass transition temperatures of the oils were not measured, values of around -75 °C are
reported in the literature for paraffinic oils measured by DSC.168
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Figure 29: Loss modulus (dashed lines) for neat polystyrene-block-polyisoprene-block-polystyrene
copolymer (grey lines), blend of 80 wt% polystyrene-block-polyisoprene-block-polystyrene copolymer /
20 wt% paraffinic oil (blue lines) and blend of 80 wt% polystyrene-block-polyisoprene-block-polystyrene
copolymer / 20 wt% naphthenic oil (green lines).

The experimental data measured by DMA for paraffinic oil are in satisfactory correlation
with the calculated ones by additive rule of mixture (equation 20), as shown in table 6.
𝒂
𝒃
𝑻𝒎
𝒈 = 𝑾𝒂 𝑻𝒈 + 𝑾𝒃 𝑻𝒈

(20)

Table 6: Glass transition temperature determined by loss moduli peak temperature and predicted by additive rule.

Sample
S-P-80
E-P-80

Tg from G'' (°C)
-63
-64

Tg additive rule (°C)
-63
-65

Debier et al.169 investigated the compatibility between a naphthenic/ paraffinic oil and
polystyrene at two concentrations, namely 50/50 and 90 % polystyrene / 10 % oil. Both
blends were opaque concluding that the polystyrene and the oil may not be compatible.
Based on the exposed data, it is supposed that the oil is preferentially located in the
polyisoprene matrix phase.
Results of DMA for blends of EOBC and oils are presented in figure 30 and their DSC
curves are depicted in figure 31. It can be observed by DSC measurements that the glass
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transition temperature for both blends decreased in comparison to the neat EOBC and that
for the blend with paraffinic oil the Tg is the lowest one, confirming the result reported in
the literature.71 Therefore, it can be assumed that the oil associates only with the
amorphous phase.
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Figure 30: Temperature sweep at torsion mode for neat poly(ethylene-co-1-octene) block copolymer
(black lines), 80 wt% poly(ethylene-co-1-octene) block copolymer / 20 wt% paraffinic oil (blue lines) and
80 wt% poly(ethylene-co-1-octene) block copolymer / 20 wt% naphthenic oil (green lines). Storage
modulus curves and loss factor are represented by full lines and dotted lines, respectively.

The influence of oil on the crystalline structure of EOBC was also evaluated by DSC
measurements. The results are summarized in Table 7.
Table 7: Glass transition temperature, heat capacity, heat of fusion and adjusted heat of fusion measured by DSC at a
heating rate of 10 K/ min for neat EOBC and blends of 20 wt% Oil and 80 wt% EOBC.
Soft Block

Tg (°C)

Tmi
(°C)

ΔH
(J/g)

ΔH Adj
(J/g)

-62.1

0.157

-50

7.98

7.98

-19.5

20

88.3

122.6

21.88

21.88

E-P-80

-66.3

0.189

-55

10.08

12.60

-29.9

15

113.9

119.6

21.01

26.26

E-N-80

-64.3

0.158

-55

4.69

5.86

-32.9

-4

112.8

118.8

22.29

27.86

EOBC

Tmf
(°C)

ΔH
Adj
(J/g)

ΔCp
(J/(g*K))

Sample

Onset
T
(°C)

Hard Block
Tm
Peak
ΔH
(°C)
(J/g)

Tm
Peak
(°C)

Pol + Oil
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In the hard block region, it was detected that the melting peak temperature decreased for
both type of oils in correlation with the typical behavior of polyolefins when oil is added.
This effect is caused by the reduced crystals size as well as their reduced perfection.43 In
comparison to the resin addition, it can be observed a less pronounced effect on
crystallinity in the hard block region. In the soft block region, an attempt was also made
for the EOBC and oils blends to define the limits at which the melting temperature would
start and end. Only an indication that crystals still exist in this region could be interpreted.

Figure 31: DSC curves for neat poly(ethylene-co-1-octene) block copolymer; 20 wt% paraffinic oil / 80
wt% poly(ethylene-co-1-octene) block copolymer; 20 wt% naphthenic oil / 80 wt% poly(ethylene-co-1octene) block copolymer.

The investigated resins were also blended with paraffinic oil to characterize their
compatibility. Figure 32 presents DMA loss modulus curves for blends containing 70 wt%
resins and 30 wt% oil. It can be seen that the blends were very viscous and as expected no
rubbery plateau region existed. A glass transition temperature from the loss modulus peak
temperature could be experimentally determined and the determined values are
summarized in table 8.
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Figure 32: Loss modulus curves of blends containing 70 wt% resin / 30 wt% paraffinic oil.

The blends presented a macroscopically homogeneous behavior, which was visible by
naked eyes.
Table 8: Glass transition temperature determined by loss moduli peak temperature and predicted by Fox equation and
additive rule.

Sample
P-HC9-70
P-PHC9-70
P-HC5-70
P-RE-70
P-HRE-70

Tg from G'' (°C)
4.3
1
-2
9
-9

As a next step, the mixture of block copolymer, resin and oil was studied regarding its
mechanical behavior. Figure 33 illustrates the effect of adding a compatible plasticizer, i.e.,
oil to SIS, of adding a compatible resin and of adding both to SIS. By adding a compatible
resin, the rubbery plateau modulus decreased in relation to the pure SIS plateau modulus.
The glass transition temperature of the blend was higher than the Tg of the pure SIS. By
adding a plasticizer, the glass transition temperature was lowered (as can be seen in figure
28 and 29) and the rubbery plateau modulus decreased in comparison to pure SIS. When
all the three components were mixed in a concentration typically employed in HMPSA
blends, a decrease in rubbery plateau modulus was reached and this should occur in the
application temperature (in this case ca. 25 °C) as well as an increase in glass transition
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temperature in comparison to the pure SIS in order to obtain a blend which encompasses
pressure-sensitive adhesive character.
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Figure 33: DMA curves for pure SIS, addition of tackifier, addition of oil and addition of oil and tackifier
together to SIS. The full lines are storage modulus curves and dashed lines are loss factor curves.

4.2 Influence of tackifier chemical structure and concentration on properties
and performance of hot melt pressure sensitive adhesive blends
Different classes of tackifying resins were used in the present work to understand their
effect on blends of a model HMPSA as well as the effect of their concentration on such
blends. Their influence on blends viscoelastic properties, morphology, adhesion and
adhesion performance are discussed below.

4.2.1 Influence of tackifier chemical structure and concentration on
viscoelastic behavior
Viscoelastic properties of the blends were investigated by means of dynamic mechanical
analysis. In the work of Tse et al.86,146, a rheological model developed by them was
employed to analyze the adhesive behavior of blends containing a styrenic block
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copolymer and resin(equation 21). In their study, SIS and a C5 tackifying resin were
evaluated.
P = P0 B D

(21)

Where P is the tack term for the PSA/stainless steel substrate interface, P0 is the term
related to the intrinsic adhesion, B is the bonding term and D is the debonding term. These
two last parameters are terms related to the viscoelastic properties of the bulk PSA. The B
term depends on the plateau modulus of the adhesive as well as the contact time and
pressure of the bond formation during the test. The D term is related to the energy
dissipation during debonding process. Tse et al.86,146 stated that intrinsic adhesion can be
measured by means of contact angle as surface energy values. The order of magnitude of
such contribution is of 10-1 J/m2, while the two other terms, which are related to the blend
viscoelastic properties, present values with an order of magnitude in the range of 102 J/m2
to 104 J/m2. Furthermore, they show a satisfactory correlation for the debonding term with
logarithm G” at the debonding frequency and finally to the adhesive tack values. Figure 34
shows such correlation for the blends employed at different concentrations.
As stated by Chang,88 a frequency of 102 Hz corresponds to the debonding frequency of a
50 μm thick adhesive for a tack test conducted at 5 mm/s. In the present study, a 5 mm/s
loop tack test was conducted for samples with an average value of 50 μm thickness. A very
good relationship was observed for all the samples indicating that a high dissipation is
connected to high tackiness of the adhesive.
It is emphasized in figure 35 the outcome when different resins are compared. Tack values
are presented for blends having the same resin concentration on weight but with different
chemical structure. The blends presenting higher logarithm loss modulus at 100 rad/s also
exhibit higher tackiness.
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Figure 34: Loop Tack correlation with logarithm loss modulus at debonding frequency of 100 rad/s at 25 °C.
Resin concentration increases in the formulation from left to right, as indicated by the black arrow.

A good compatibility between the elastomeric part of the SBC and the tackifier is
important to bring pressure-sensitive characteristic to the adhesive. As previously stated, if
there is a good compatibility between the polymer and the resin, a decrease in the storage
modulus in the rubbery plateau region can be expected as well as an increase in glass
transition temperature of the elastomeric region. Based on the results presented in section
4.1, it was assumed that a distinct compatibility degree was observed for SIS and the
tackifiers investigated in this study.
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Figure 35: Logarithm of loss modulus measured at debonding frequency of 100 rad/s at 25 °C and loop tack
results emphasizing the results obtained for each hot melt pressure sensitive adhesive blend containing 55
wt% of resin.

Figure 36 shows storage modulus and loss factor curves (a) and loss modulus curves (b)
for neat SIS as well as for HMPSAs models containing SIS, paraffinic oil and the resins
examined.
It can be seen that for all the blends, the storage modulus in the rubbery plateau region
decreased to a lower level than the Dahlquist criterion value, which is highlighted by the
yellow line. The yellow line is positioned in a level where G` corresponds to about 3x105
Pa which is known as the Dahlquist criterion.170 This is recognized to be a limit modulus
value for an adhesive to exhibit characteristics of a PSA at application temperature. Also,
relevant shifts in glass transition temperature values are observed. As already shown, the
glass transition temperature for the elastomeric part of the SIS triblock copolymer is -60
°C. Based on it, a pressure sensitive character for these blends is expected to be achieved.
Further on, it can be observed from loss modulus curves in figure 36 (b) that a shift
towards lower temperatures in the glass transition region of the styrenic domains occurs,
which follows the same trend as observed in section 4.1. Blends containing natural resins
show a higher decrease in glass transition temperature for the glassy region, followed by
the partially hydrogenated C9 hydrocarbon resin and finally by the hydrogenated resins.
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Figure 36: (a) storage modulus curves (full lines) and loss factor curves (dotted lines) and (b) loss modulus
curves for hot melt pressure sensitive adhesives as well as polystyrene-block-polyisoprene-blockpolystyrene copolymer. Yellow line depicts storage modulus value according to Dahlquist criterion.

Figure 37 presents the peel strength results measured against stainless steel at 25 °C for the
studied blends. Indeed, all of them revealed a pressure-sensitive character with relevant
peel strength values.
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Figure 37: Peel strength results obtained for each hot melt pressure sensitive adhesive blend containing 55
wt% of resin.

As it can be expected for compatible systems, the glass transition temperatures in the
elastomeric region increase with addition of a tackifying resin. Storage modulus measured
at 25 °C decreases as the resin is added.
Figure 38 shows the effect of tackifier concentration in blends containing hydrogenated C9
resin in comparison to neat SIS on viscoelastic properties. The measurements were
conducted between -30 °C and 130 °C, thus the glass transition temperature for the
elastomeric part of neat SIS cannot be identified in these graphs. However it was
demonstrated from previous measurements that the glass transition for the pure SIS is
about -60 °C (figure 28). Analogous measurements were conducted for blends containing
partially hydrogenated C9 resin, hydrogenated C5 resin, pentaerithritol rosin ester resin
and hydrogenated rosin ester resin and are presented in appendix D.
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Figure 38: Storage modulus (full lines) and loss factor (dashed lines) curves for pure SIS (black curves),
and 16 wt% resin (green curves), 55 wt% resin (red curves) and 64 wt% resin (blue curves) for blends
comprising hydrogenated C9 hydrocarbon resin (A-S-HC9).

As seen in figure 38, a decrease in storage modulus occurred in the rubbery plateau region.
Properties were determined at 25 °C. The storage moduli measured at 25 °C for all blends
were lower than the G’ at 25 °C of the pure SIS in the rubbery plateau region. As the
tackifier concentration in the blends increased, an increase of the elastomeric glass
transition temperature occurred, as can be seen by the shift in the loss factor peak
temperature. The same behavior was identified for the blends containing partially
hydrogenated C9 resin, hydrogenated C5 resin, pentaerithritol rosin ester resin and
hydrogenated rosin ester resin (appendix D).

4.2.2 Influence of tackifier chemical structure on morphology
Morphology of the studied blends was analyzed by means of polarized optical morphology
and atomic force microscopy for selected samples. Optical microscopy images are
presented in figure 39 from selected samples. Figure 39 (a) shows neat SIS observed using
polarized light microscope. No defined structure could be detected under optical
microscopy for SIS. Figure 39 (b) presents an image for the sample HC9-140 and figure 39
(c) presents image for sample RE-140. In these two images, some particles can be
identified but not the structure of the SIS. The blends were macroscopically transparent,
however, it is important to bear in mind that they are not thermodynamically miscible.
Such particles might be present due to an incomplete mix.
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Figure 39: (a) Polarized light optical microscopy image of pure SIS; (b) Polarized light optical microscopy
image of hot melt pressure sensitive adhesive blend containing hydrogenated C9 hydrocarbon resin (HC9140); (c) Polarized light optical microscopy image of pentaerythritol rosin ester resin (RE-140). The bars
in the figures represent a scale of 100 μm.

No special interpretations can be stated when comparing the polarized light optical
microscopy images for the HMPSA based on hydrocarbon resin (figure 39 (b)) and the one
based on pentaerythritol rosin ester resin (figure 39 (c)).
Atomic Force Microscopy images (phase mode) displayed in figure 40 present the
morphology for the neat SIS (a), HMPSA blend containing 55 wt% of HC9 (b), HMPSA
blend containing 55 wt% of PHC9 (c) and HMPSA blend containing 55 wt% of RE (d). In
the AFM images, the darker areas correspond to softer regions in comparison to
whiter/yellower areas which correspond to harder regions.
It can be observed from figure 40 (a) showing a gyroid arrangement where the lighter areas
correspond to the harder styrenic domains. By investigation of blend with HC9 (figure 40
(b)), it can be seen that the styrenic domains arrange themselves in a spherical way. They
can be clearly distinguished as dispersed in a matrix since the contour is very sharp. Figure
40 (c) presents a polymeric blend containing partially hydrogenated C9 hydrocarbon resin
and it can be seen that the styrenic domains contour became a bit more diffuse than those
in figure 40 (b). This may be understood as a better interaction between the dispersed
phase and the matrix phase. This interpretation is supported by the DMA results in which it
was observed that the PHC9 showed a more pronounced decrease in the glass transition
temperature of the glassy region (figure 36 (b)).
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Figure 40: (a) AFM image (phase mode) of neat SIS; (b) AFM image (phase mode) of HC9-140; (c) AFM
image (phase mode) of PHC9-140; (d) AFM image (phase mode) of RE-140.

In figure 40 (d) a blend containing natural resin is depicted. The styrenic domains,
arranged in a spherical way, are also identified; however, the outline is somewhat less
sharp in comparison to figure 40 (b). This is an indication of better interaction between the
dispersed phase and the matrix. This is in line with the DMA results where a better
segmental interaction between the styrenic domains and the natural resins could be
observed in comparison to blends containing HC9. The observations of the AFM images
are in congruence with the images displayed by O’ Brien et al.15 They also investigated
polymeric blends of type Kraton D1161 (SIS) and hydrocarbon resins with different
aromaticity levels by means of AFM. They also observed differences in the blends
morphology, especially regarding the styrenic domains, as the aromaticity level of the
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resins changed. They speculated that this different morphology may be related to
differences in holding power measurements performed at room temperature. They could
further determine the particle’s diameter size of the glassy polystyrene domains for their
polymer blends and an average of 14 nm was measured for the low and intermediate
aromatic containing resins while an average of 22 nm was measured for the high aromatic
containing resins polymer blends.

4.2.3

Influence of tackifier chemical structure on adhesion and adhesive
performance

Surface energy of both the neat materials and the blends were determined by contact angle
measurements and are presented in tables 1 and 2 for pure materials. Figure 41 presents the
surface energy for hot melt pressure sensitive adhesive blends containing 55 wt% of resin.
The results show that all blends possess a lower surface energy than the stainless steel
plate’s used as substrate for the tests. Thus, the intrinsic adhesion term P0 is expected to be
fulfilled. A direct relation between the surface energy value and the peel strength was not
observed based on these data. It could only be determined that the adhesives presented a
lower surface energy than the substrate’s, which is a condition generally to be fulfilled for
good adhesion. As previously mentioned, the viscoelastic properties of the HMPSA
strongly influence the final adhesion force, here characterized by its peel strength.
Nevertheless, it must be observed that the blends’ surface energy is much lower than the
neat components’ surface energy. The combination of these components leads to a system
with lower free energy than the pure components and this is helpful for the adhesion
phenomenon. Thus, the thermodynamic adhesion mechanism may be one of the adhesion
mechanisms occurring in such systems.
Siročić et al.171 studied the miscibility for a blend composed of SAN and EPDM, using
high impact polystyrene as a compatibilizer.
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Figure 41: Surface energy and peel strength results for hot melt pressure sensitive adhesive blends containing
55 wt% of resin.

In their study, they employed the surface energy value as an indicator for the blend
miscibility trend and attempted to validate what they called “minimum interfacial energy
hypothesis”. The non-polar and acid-base interactions were the background for this
hypothesis; when these interactions were at their highest level in a blend, the interfacial
energy was at its lowest level. An attempt to illustrate this behavior is depicted in figure
42. The orange spheres represent the dispersed phase, the blue dots represent the matrix
phase and the dashed blue lines represent the non-polar and acid-base interactions.
According to the authors, it can be interpreted that, due to these interactions, the systems
present lower surface energy values than the pure materials. These results are consistent in
relation to the DMA curves which showed that these systems show a satisfactory degree of
compatibility. It is also observed that the measured polar components of the surface energy
values are zero or close to zero and these values are lower than the pure materials polar
components. According to Siročić et al.171, this is an indication that the interactions
between the phases present in the blends show a dispersive character.
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Figure 42: Schematic representation of film being measured by contact angle method. The orange spheres
represent the dispersed phase and the blue dots represent the matrix phase. The connecting dashed lines
represent the interactions (non-polar and acid-base) responsible for minimizing the interfacial energy of
the HMPSA blend film.171

Figure 43 presents the surface energy measured for blends containing each analyzed
tackifier as its concentration increases.
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Figure 43: Surface energy of blends containing different resins as their concentration increases.

It is difficult to come to a conclusion based on these data but it might be assumed that the
minimum interfacial energy for these polymer blends is achieved when a concentration of
about 50 wt% of resin is present.
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Adhesion shear resistance (Holding Power) is an industrial method intended to measure
HMPSA shear resistance. It can be performed at room temperature or at elevated
temperatures. At elevated temperatures, the failure mode (cohesion or adhesion) can be
identified. However, it is not always easy to identify or to assure that only cohesive failure
is happening and no adhesive (interfacial) failure is occurring. Sosson et al.172 studied the
shear failure mechanism in chemically crosslinked PSAs by an own developed device in an
attempt to determine in situ the PSAs failure micromechanisms. Considering the
parameters analyzed, they could conclude that the crosslinking density plays an important
role in the failure mechanism. For weakly crosslinked adhesive, a fluid-like behavior was
observed and failure occurred due to creep. For strongly crosslinked adhesive, the results
suggested a fracture failure instead of creep failure. In the present study, holding power
was determined at elevated temperatures in order to accelerate the testing procedures.
These temperatures were above the glass transition of the elastomeric part of SIS and
below the glass transition temperature of the dispersed polystyrene domains. Thus,
polystyrene domains were expected to act like physical crosslinks in the blends. It can be
observed that relevant differences in holding power results were identified for natural
based blends in comparison to hydrocarbon based blends, as depicted in figure 44.
From the characterization reported in section 4.1, it becomes clear that natural resins had a
better interaction degree with the polystyrene, and a higher shift in the glass transition
temperature occurred for polystyrene. Thus, chain mobility was aided at lower
temperatures in comparison to blends using hydrocarbon resins, as seen in figure 36. The
fluid-like behavior started at lower temperatures for natural resins based blends. This can
be also observed in figure 36 (b) where the loss modulus curves displayed a larger shift in
glass transition temperature of the glassy region for blends employing natural resins.
Further on, in figure 36 (a) the entanglement density expressed by the horizontal G’ values
(G’e) was higher for hydrocarbon resins based blends. This gives a contribution to the
shear resistance.
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Figure 44: Shear adhesion holding power results determined at 60 °C for hydrogenated C9, partially
hydrogenated C9 and hydrogenated C5 resins and at 40 °C for pentaerithritol rosin ester and hydrogenated
rosin ester resins.

O’ Brien et al.15 studied the effect of aromaticity degree in aliphatic hydrocarbon resins in
PSAs. They stated that when observing the third cross-over point, meaning where G’=G”
(tanδ=1) at around 70 °C to 90 °C in the present systems, a reasonable correlation was
observed between the third cross-over temperature and the shear-adhesion failure
temperature test. A reasonable correlation was observed in the present study as well, as
shown in figure 45, which confirmed the statement from the authors.15 The meaning of this
point is that the temperature at which elastic and viscous moduli are the same and after this
point for such systems, viscous behavior prevails. According to the authors, this happens
as the styrene domains soften and begin to flow. From the compatibility study, this may be
indeed correlated to the polystyrene domains starting to soften. Exactly those resins which
showed a higher compatibility to polystyrene phase, in which a higher shift of the
dispersed phase loss factor peak to lower temperatures occurs, are those, in which the
cross-over temperatures are lower. Consequently, it results in lower shear adhesion failure
temperature values. Shear adhesion failure temperature (SAFT) test is a measurement of
material bulk cohesion and it is related to the polymer glass transition temperature. Figure
46 presents the adhesive performance results in relation to the blends resin concentration.
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As it can be seen in general, as resin concentration increases peel strength increases and
holding power decreases. This is a general result essentially observed overall for PSAs.
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Figure 45: Loss factor temperature at the third cross-over point, i.e. at G’=G” and shear adhesion failure
temperature (SAFT).

As the tackifier concentration increases and the thermoplastic elastomer concentration
decreases, the storage modulus in the plateau region decreases and this leads to lower peel
strength.
For the holding power, it can be understood that less polystyrene is present in the
formulation which means less physical cross-links and due to the interaction of polystyrene
and tackifier, as the tackifier amount increases, the glass transition temperature in the
glassy part shifts to lower temperatures.
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Figure 46: Adhesive performance (peel strength and shear adhesion holding power) in correlation to resin
concentration.

4.3 Influence of processing on properties and performance of hot melt
pressure sensitive adhesive blends
4.3.1 Overview
HMPSA`s blends were prepared by following identical formulation for each investigated
tackifier type. Mixing and coating were carried at 140 °C or at 165 °C. A processing
parameter effect investigation, in this case the temperature, was conducted and the
outcomes are discussed in this chapter. Hot melt PSAs were blended by mechanical mixing
and coated using slot die coating technology, which are very different processes in
comparison to solvent based PSAs. Several authors17,19,10 investigated morphology and
final properties of solvent born adhesives but not so many investigations were conducted
on mechanically blended PSAs. Some authors15 state that solvent blending of PSAs is
preferred for a research when comparing materials involved in the blends due to processing
effects on adhesive performance, for example temperature and shear rate. On the other
hand, solvent blending influences the PSA morphology.12 Since hot melt pressure sensitive
adhesives were investigated in this present study, mechanical melt mixing and melt coating
were performed and an attempt to understand process parameter influence on adhesive
performance was conducted.
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4.3.2 Influence of processing conditions on viscoelastic behavior
Viscoelastic properties of the blends were explored by means of DMA measurements
(Figures 47 and 48).
1.0E+08

a)

Storage modulus, G' (Pa)

1.0E+07

1.0E+06
1.0E+05
1.0E+04
1.0E+03
1.0E+02
1.0E+01

G' RE-140

G' RE-165

G' HC5-140

G' HC5-165

G' PHC9-140

G' PHC9-165

G' HC9-140

G' HC9-165

G' HRE-140

G' HRE-165

1.0E+00
-30

-10

10

30
50
70
Temperature (°C)

90

110

130

1.0E+05

Storage modulus, G' (Pa)

b)

1.0E+04
10

G' RE-140

G' RE-165

G' HC5-140

G' HC5-165

G' PHC9-140

G' PHC9-165

G' HC9-140

G' HC9-165

G' HRE-140

G' HRE-165

20

30
Temperature (°C)

40

50

Figure 47: Storage modulus curves for blends processed at 140 °C and at 165 °C (a). A zoomed graph is
shown (b) at around 25 °C, i.e. properties measurement temperature.
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For most of the blends, independent on the tackifier chemistry involved, slightly higher
storage moduli were obtained at 25 °C for blends processed at 140 °C. A deviation was
noticed for samples involving HRE resin. The storage moduli determined for this sample at
140 °C and 165 °C were indeed very similar, however, this result was unexpected.
Loss modulus curves are shown in figure 48 and it can be observed that when comparing a
pair of the same resin processed at 140 °C and at 165 °C, the elastomeric glass transition
temperatures are the same. When comparing the glassy region glass transition temperature
for the same situation, they are also the same. Thus, it can be understood that the
interaction of the tackifier and the styrenic domains are the same for blends processed at
140 °C and at 165 °C.
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Figure 48: Loss modulus curves for blends processed at 140 °C and 165 °C.

Viscosity measurements determined by Brookfield viscometer at 140 °C (figure 49) for all
samples revealed that higher viscosity values were identified for blends processed at lower
temperature, independent on the chemical structure. This fact points either to a higher
thermo-mechanical destruction when processing at higher temperatures or to different
mixing degrees, hence resulting in different morphologies leading to different rheological
behavior.
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4.3.3 Influence of processing conditions on tensile strength
Mechanical properties were measured at room temperature and figure 49 presents tensile
strength results of the samples involved.
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Figure 49: Brookfield viscosity measured at 140 °C and tensile strength results for blends processed at 140
°C and at 165 °C.

Although small differences in tensile strength are observed, a clear trend exists showing
that for mixtures processed at lower temperatures, higher tensile strength values are
identified. These results are in congruence with storage moduli determined at 25 °C. The
results of storage modulus, viscosity and tensile strength for blends processed at 140 °C in
comparison to 165 °C leaded to the conclusion that SIS chains degradation might have
occurred, as discussed before concerning viscosity. From literature, such effect is also
reported for HMPSAs.15

4.3.4 Influence of processing conditions on morphology
Blends of model PSA were investigated by means of atomic force microscopy.
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By stress-strain test results, viscosity, DMA, peel strength and holding power, it could be
confirmed that differences on properties indeed occurred when processing and coating the
same adhesive formulation under different temperatures. Further on, tensile strength results
supported this assumption as well as the viscosity results. Smaller particles mean higher
particles surface area, helping to increase particles friction in the blend which led to a
higher blend viscosity.

a

b

c

d

Figure 50: (a) AFM image (phase mode) of HC9-140 ; (b) AFM image (phase mode) of HC9-165 ; (c)
AFM image (phase mode) of RE-140; (d) AFM image (phase mode) of RE-165

Atomic Force Microscopic images for the blends containing hydrogenated C9 resin
processed at 140 °C and at 165 °C are presented in figure 50, as well as blends containing
rosin ester resin processed at 140 °C and 165 °C. No essential differences can be identified
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regarding the styrenic domains when comparing blends containing hydrogenated C9
hydrocarbon resins processed at 140 °C (figure 50 (a)) or at 165 °C (figure 50 (b)). In the
same manner, no essential differences among the styrenic domains were observed when
comparing images containing rosin ester resin blend processed at 140 °C disclosed in
figure 50 (c) and processed at 165 °C shown in figure 50 (d). These observations are in
congruence with the results measured by means of dynamic mechanical analysis. Although
no particle size distribution or further statistical analysis by means of AFM was conducted,
merely based on RE-140 image (figure 50 (c)) and RE-165 image (figure 50 (d)), a more
inhomogeneous image can be identified at figure 50 (c) since larger brighter regions are
found in the middle and larger darker areas in the right-hand side. This observation might
be connected to different mixing degrees when processing at different temperatures. This
assumption is in congruence with the results obtained by Brookfield viscosity
measurements.

4.3.5 Influence of
performance

processing

conditions

on

adhesion

and

adhesive

Surface energy results show a trend of higher values for blends processed at 165 °C than
for those processed at 140 °C, except for resin HC5 as displayed in figure 51. All of the
blends present lower surface energy values than stainless steel, thus a bond formation for
all these materials are expected to be achieved and indeed confirmed by good peel strength
results (figure 51). When a better compatibilization of the blend is achieved, a lower
interfacial tension is achieved and a better adhesion between the phases is expected to
occur leading to better mechanical properties. This is supported by the tensile strength
values measured for such blends independent on the tackifier chemistry. Besides, it is
assumed that particles present in blends processed at 140 °C are smaller than particles
present in those processed at 165 °C. This also assists in decreasing the interfacial tension
between the components in the blend.132
Figure 52 shows the schematic explanation of the differences observed between blends
processed at 140 °C and at 165 °C when their films contact angle were measured. The
orange spheres represent the dispersed phase whilst the dotted blue area represents the
matrix phase. Figure 52 (a) represents the situation of finely dispersed phase. Due to better
interactions and compatibilization of the materials, the surface energy values were lower
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than in the situation depicted in figure 52 (b). Coarser dispersed phase was expected to be
identified in this situation since the surface energy values measured were higher. In this
case, the measurement result was more influenced by the matrix.
When a weaker interaction occurs between the phases, it is expected the surface to be
enriched by the lower molecular weight polymer due to conformational entropy of the
polymer chains.171 This supposition could not be confirmed by the AFM, which is a
suitable tool for this analysis, due to the very soft and sticky nature of the samples.
50

35
Surface energy

Peel strength
30
25

30

20
15

20

10

Peel strength (N/25mm)

Surface energy (mN/m)

40

10
5

HRE-165

HRE-140

RE-165

RE-140

HC5-165

HC5-140

PHC9-165

PHC9-140

HC9-165

0

HC9-140

0

Sample

Figure 51: Surface energy and peel strength results for hot melt pressure sensitive adhesive blends containing
55 wt% of resin; mixed and coated at either 140 °C or 165 °C.

Peel strength values were higher for polymer blends processed at higher temperatures
(figure 51). Considering the work of Tse146, equation 21 states that peel strength is
influenced by both surface and viscoelastic properties. Considering the surface energy
results, the adhesion term was higher for HMPSAs processed at 140 °C. Considering
viscoelastic properties such as viscosity, storage modulus and loss modulus, the B and D
terms were higher for HMPSAs processed at 165 °C. As a result, it can be observed that
even though only small differences in the viscoelastic properties were achieved for the
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polymer blends processed at different temperatures, these differences were related to
different peel strength results and it overcame surface properties effects.
a)

b)

M

Figure 52: Schematic representation of film measured by contact angle method. The orange spheres
represent the dispersed phase and the blue dots represent the matrix phase. For the system with finely
dispersed phase (represented in (a)), the surface energy measured was more influenced by the better
compatibilized (interacted) system and the system with coarser dispersed phase (represented in (b)), the
measurement was more influenced by the matrix surface energy value.

Shear adhesion holding power measured at 60 °C (at 40 °C for HRE based blend, since
values could not be detected at 60 °C) was determined for the blends studied in order to
understand about blends cohesion and the results are displayed in figure 53. Holding power
test is a method, in which high deviation values are detected. However, a very good
congruence is identified for all samples independent on the tackifier employed. A decrease
in shear adhesion is expected from practical work when blends are processed at higher
temperatures and higher shear rate since a reduction of molecular weight occurs.15 Shear
rate during mixing process was kept constant in this present work and indeed lower
holding power values were measured for blends processed at higher temperatures. As
observed from loss modulus curves, no differences in glass transition temperature were
observed when comparing a pair of tackifier processed at 140 °C and at 165 °C. Further
on, no differences were observed in the AFM images for the styrenic domains when
comparing blends containing the same tackifier but processed either at 140 °C or at 165
°C. This supports the conclusion that the processing temperature influences the holding
power results but probably not due to an effect on the physical crosslinks derived from the
styrenic domains. Instead, the reason for this behavior might be connected to the molecular
weight of the SIS.
In summary, no differences were observed concerning styrenic domains interaction with
the tackifiers when processed at different temperatures but considering the same type and
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concentration of resin. Differences which might be associated with molecular weight
decrease due to SIS chain scission degradation were perceived. Differences in surface
energy which might be associated with process parameters were observed. Molecular
weight directly affected holding power.
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Figure 53: Shear adhesion holding power results for hot melt pressure sensitive adhesive blends containing
55 wt% of resin; mixed and coated at either 140 °C or 165 °C.

4.4 Influence of backbone polymer on properties and performance of hot
melt pressure sensitive adhesive blends
Typically hot melt pressure sensitive adhesives are formulated with styrenic block
copolymers being employed as the so called “backbone polymer”, as it has been shown
through this work. With the introduction of the polymerization technique “chain shuttling
polymerization”, synthetization of block copolymers of olefins with relevant structure and
properties as well as economically encouraging production could be established.60,173 As
shown in some works,5,6,71 olefin block copolymers produced from ethylene and 1-octene
are suitable for HMPSAs blends due to their rheological properties, which are similar to
SBCs. Figure 54 presents the storage and loss modulus curves as well as loss factor curves
measured in torsion mode for neat SIS and neat EOBC employed in this work. It can be
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seen that the loss modulus peaks as well as the loss factor peaks temperatures were similar
for both materials evidencing a similar glass transition temperature for the elastomeric part
for both of them as well as a well-defined rubbery plateau region. However, higher storage
modulus was seen for the EOBC and ramp-like behavior in this region. In their study, Shan
et al.71 obtained blends based on EOBC with suitable characteristics for a PSA only when
high amounts of tackifier and plasticizers were used due to the high stiffness of the EOBC.

1.0E+10

10

1.0E+08

tanδ ()

G' , G" (Pa)

1
1.0E+06

1.0E+04
0
1.0E+02

1.0E+00
-150

G' EOBC

G" EOBC

G' SIS

G" SIS

Loss tangent EOBC

Loss tangent SIS

0
-100

-50

0
50
Temperature (°C)

100

150

200

Figure 54: Temperature sweep torsion mode (MCR 501 device) for neat SIS and neat EOBC. The purple
vertical line highlights the maximum of the loss factor curve at the elastomeric region of both polymers,
indicating the glass transition temperature. The green vertical line indicates the maximum of loss modulus
curves for both polymers at the glassy region (this peak can also be used to identify the glass transition
temperature).

4.4.1 Viscoelastic properties of poly(ethylene-co-1-octene) block copolymer
based blends as hot melt pressure sensitive adhesives
Viscoelastic properties of the EOBC based blends were investigated by means of dynamic
mechanical analysis.
Figure 55 (a) presents storage modulus for compounds based on EOBC, oil and different
classes of tackifying resins used here as well as neat EOBC; loss factor curves are shown
in figure 55 (b) for the same compounds and material.
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Figure 55: (a) Storage modulus curves for neat EOBC and blends based on different tackifiers. Yellow line
showing modulus fulfilling Dahlquist criterion.170 (b) Loss factor curves for neat EOBC and blends based
on several tackifiers.

The yellow line depicted in figure 55 (a) is positioned in a level where G` corresponds to
about 3x105 Pa, which is known as the Dahlquist criterion.170 This is recognized to be a
limit modulus value for an adhesive to exhibit characteristics of a PSA at application
temperature. It can be seen that together with the pure EOBC compounds based on natural
resins show G’ at room temperature region higher than the Dahlquist criterion. Compounds
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based on partially and fully hydrogenated C9 hydrocarbon resins are in a borderline region
and compound based on hydrogenated C5 hydrocarbon resin presents the lowest value.
As exposed in equation 21, from Tse et al.86,146 work, it can be considered that the
requirements to establish a bond are not achieved for polymer blends containing natural
resins and fulfilled for the hydrogenated C5 hydrocarbon resin blend. Hydrogenated and
partially hydrogenated C9 hydrocarbon resins are in a boundary region. Figure 56 presents
values of loop tack and logarithmic loss moduli for the EOBC based blends. A conclusive
correlation is difficult to state since only HC5 resin based blend presented some tackiness,
and thus correlating with the debonding term, D. However, it can be understood that when
the bonding was never formed, no tackiness (and debonding) was achieved.
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Figure 56: Logarithm of loss modulus measured at debonding frequency of 100 rad/s at 25 °C and loop tack
results emphasizing the results obtained for each hot melt pressure sensitive adhesive blend containing 55
wt% of resin based on poly(ethylene-co-1-octene) blends.

These viscoelastic results reaffirm the importance of good compatibility between backbone
polymer and tackifier based on the chemistry nature of the tackifier. They also highlight
the importance of viscoelastic properties of the blends on the pressure sensitive adhesive
strength. It is interesting to note that even for lower G” values at high frequency and 25 °C
obtained for SIS based blends (A-S-HC9-55, A-S-HRE-55, A-S-HC5-55, A-S-PHC9-55)
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in comparison to EOBC-based blends (A-E-HC5-55), tackiness is higher for SIS based
blends. This suggests that not only the viscoelastic properties are correlating with
HMPSAs tackiness.

4.4.2 Morphology of poly(ethylene-co-1-octene) block copolymer based blends
as hot melt pressure sensitive adhesives
Optical microscopy images are presented in figure 57. Selected blends were analyzed by
means of this technique. Figure 57 (a) shows an image of neat EOBC under polarized light.
Spherulites can be identified, as expected for this type of material. Figure 57 (b) is an
image of blend containing hydrogenated C9 hydrocarbon resin. This blend is similar,
regarding formulation, to those measured for SIS based HMPSA under such magnification.
Dispersed particles are observed, heterophase blend, but the spherulites observed in the
neat EOBC can no longer be identified. From section 4.1, it was observed that a good
compatibility degree was identified for EOBC and HC9 blends. Figure 57 (c) presents a
HMPSA blend containing natural resin RE. Spherulites cannot be identified and separated
phases are apparently present. Furthermore, the blend was macroscopically opaque.
From section 4.1, two glass transition temperatures were detected and a poor degree of
compatibility for such blend was understood.
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b

c

Figure 57: Polarized light optical microscopy of (a) neat EOBC; (b) A-E-HC9-55; (c) A-E-RE-55. The bar
in the figure represents a scale of 100 μm.

The morphology of EOBC based blends were also investigated by means of atomic force
microscopy (Figure 58).
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Figure 58: (a) Phase mode AFM image of neat EOBC; (b) phase mode AFM image of A-E-HC9-55; (c)
phase mode AFM image of A-E-RE-55.

Figure 58 (a) presents an atomic force image of the neat EOBC (phase mode). A lamellar
structure is observed and identified as the whiter regions while an amorphous region is
identified in the darker region.
Figure 58 (b) depicts atomic force image of a blend containing 55 wt% of HC9. A very
diffuse image is observed, showing that the well-defined lamellar structure is no longer
present and that “pre-structure” of crystals (smaller crystals) appears (whiter regions).
Some small, fairly well dispersed dark regions are observed and this might be the tackifier.
The diffuse contour is also an indication of good interaction among the phases in the
polymeric blend.
Figure 58 (c) presents a very different morphology when compared to figure 58 (b). Very
well defined dark spherical phase-separated domains are observed. This is a clear hint that
the soft region has a low molecular interaction with the hard region. The soft region is
assumed to be the tackifier. This is in congruence with the DMA and DSC results, where
two distinct glass transition temperatures were identified for the blends.
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Figure 59 compares blends produced with SIS (a) and EOBC (b) having HC9 as tackifier.
It can be observed that a completely different morphology is exhibited for each system.

a

b

Figure 59: (a) Phase mode atomic force image of HC9-140; (b) phase mode atomic force image of A-EHC9-55.

Figure 60 compares blends produced with SIS (a) and EOBC (b) having RE as tackifier.
Also here, completely different morphology between them is observed. It should be
highlighted the phase-separated domain demonstrated in figure 60 (b).

a

b

Figure 60: (a)Phase mode atomic force image of RE-140; (b) phase mode atomic force image of A-E-RE55
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Thus, figures 59 and 60 clearly demonstrate the differences generated in the blends
morphology for HMPSAs produced with styrenic block copolymers and olefinic block
copolymers.

4.4.3 Adhesion and adhesive performance of poly(ethylene-co-1-octene) block
copolymer based blends as hot melt pressure sensitive adhesives
Adhesion and adhesive performance of the EOBC blends were investigated by means of
contact angle measurements, peel strength, loop tack and holding power.
Figure 61 presents surface energy of the HMPSAs based on EOBC and the different
tackifiers measured by means of the contact angle method.
It is observed that for blends where a better compatibility between EOBC and resin was
detected, the surface energy of the blend was lower. To achieve good adhesion, it is known
that the surface energy of the adhesive should be lower than the surface adhesion of the
substrate. Stainless steel plates were used as a substrate and its surface energy was
measured to be 45 mN/m. Metals are considered high surface energy substrates. All the
samples presented some adhesion against stainless steel as shown in figure 61. It can also
be observed that as the blends surface energy increased, peel strength decreased. This
suggests that intrinsic adhesion term plays a relevant role in the adhesion fracture strength
of EOBC based HMPSAs blends. This behavior was not identified for SIS based HMPSAs
blends. Probably thermodynamic caused adhesion mechanism is at least one of the
mechanisms responsible for adhesion in EOBC based HMPSAs.
Figure 62 is a schematic picture that attempts to explain the surface energy measured by
means of contact angle method for blends employing EOBC. In comparison to the blends
employing SIS as the thermoplastic elastomer, the measured values for the total surface
energy were higher, varying from 30 mN/m to 40 mN/m, while for SIS based blends, the
values ranged from 20 mN/m to 30 mN/m. Considering that surface energy values can be
used as an indication of compatibility between the phases,171 this shows poorer interaction
between EOBC and the tackifiers in comparison to the SIS based systems.
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Figure 61: Surface energy and peel strength results for hot melt pressure sensitive adhesive blends containing
55 wt% of resin an based on poly(ethylene-co-1-octene) blends.

According to figure 62, coarser dispersed particles are expected to be identified in such
blends due to this poor interaction among the phases. Since the phases are less interacted
and understanding that lower molecular weight polymer chains have the trend to come to
the surface layer due to reduction of conformational entropic penalty,171 it is expected that
the tackifier is preferentially located on the surface.

M

Figure 62: Schematic representation of film being measured by contact angle method. The orange spheres
represent the dispersed phase and the blue dots represent the matrix phase.

Considering that the dispersed component is an indication of interaction between the
phases in the blend,171 poor interactions are perceived for such blends and especially for
the natural resins based ones. This is in congruence with the DMA results.
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From the SAFT results displayed in figure 63, it is observed that all values were higher
when EOBC was employed in comparison to the analogous SIS based blend.
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Figure 63: Shear adhesion holding power and shear adhesion failure temperature (SAFT) results for hot melt
pressure sensitive adhesive blends containing 55 wt% of resin an based on poly(ethylene-co-1-octene)
blends.

Two factors might be possibly related to this result which are the storage modulus of the
neat polymers and the melt temperature of EOBC based blends. As stated by Brien et al. 15,
SAFT values are related to the transition from the elastic to the viscous region. Further
investigation would be needed to better understand the crystals melting influence on
cohesion.
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5

Assessment of future applications of new poly(ethylene-co-1-octene) block
copolymer based pressure sensitive adhesives

The influence of tackifiers employed in polymer blends for producing hot melt pressure
sensitive adhesives on viscoelastic behavior, morphology, surface properties and adhesive
performance were evaluated in this work for HMPSAs based on classical poly(styreneblock-isoprene-block-styrene), which is currently the state of the art.
Due to new developments on catalyst field, olefin block copolymers are currently able to
be economically synthesized.173 It is reported that OBC has excellent elastomeric
properties even at high temperatures.173 Hence, it can be used as an alternative for classical
styrenic block copolymers.
An investigation of the influence of poly(ethylene-co-1-octene) block copolymer on
viscoelastic behavior, morphology, surface properties as well as adhesive performance in
polymer blends employed as HMPSA was conducted. The same formulations were
prepared. However, SIS was exchanged by EOBC.
It could be demonstrated that although SIS and EOBC presented similar viscoelastic
behavior, the polymer blends presented chemical and morphological differences, which
affected the adhesive performance. Thus, the formulation employed was certainly not the
optimized one for OBC’s based HMPSA. Based on these results, poly(ethylene-co-1octene) block copolymer is suitable to be used as HMPSA, however, a fine-tuning on the
blends composition must be carried out. The results obtained in the current study can
support in such optimization.
The adhesive industry focuses its efforts in developing environment friendly materials,
which are just as effective as, or even better than solvent based systems. In transportation
segment, for example, the original motivation for application of adhesives is still the
driving force for new developments, namely, replacement of mechanical fastening.174
Pressure sensitive adhesives can be employed in different areas and regarding end-use
industry, electronics, medical and automotive are those with highest expectation of growth
for specialty PSA tapes market.175
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Figure 64: Global market segments for pressure sensitive adhesives according to composition, type,
application, end-use industry and geography.176

Electronics are present in several areas of modern life. As displayed in figure 65, all the red
marked areas are parts employing adhesives for assembling a smartphone.

Figure 65: Schematic representation of a disassembled smartphone. Red marked areas are parts employing
adhesives during assembly.177

The importance of electronic pieces in automotive industry has also increased
considerably, e.g. with the demand coming from electric car manufacturers.
Another trend for pressure sensitive adhesives is the so-called radio frequency
identification (RFID).178
Hot melt pressure sensitive adhesives are unique. Processing occurs at elevated
temperature. This must be at a rheologically suitable range, in order to allow the coating to
be accomplished in the molten state. However, during utilization, the adhesive stiffness
increases, despite being still in a fluid state.16 Thus, the viscoelastic properties of the bulk
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adhesive must be carefully selected, so the adhesive will be able to properly contact the
substrate and remain cohesive. Styrenic block copolymers are thermoplastic elastomers,
thus they are suitable to be used as hot melt adhesives. Due to physical crosslink, formed
by styrene domains, they can achieve adequate mechanical properties even though they are
not chemically crosslinked. Nevertheless, for some applications aromatic components are
not suitable or undesired. Further on, it was demonstrated in this study that process
temperature influences hot melt pressure sensitive adhesive performance, since thermomechanical degradation occurs mainly due to the presence of unsaturation in the polymer
chain.
OBCs are also thermoplastic elastomers; however, in contrast to SBCs, neither aromatic
rings nor unsaturation are present in the polymer chain. Thus, promising applications for
OBCs are, for example, in food, hygiene or medical fields.
The use of OBCs has been reported in transposable pressure sensitive adhesives, i.e.
adhesive which changes state or properties under variations in environment, for example
under heating.179
Also concerning its chemical structure, OBCs have pronounced affinity with low surface
energy substrates, since most of them are based on olefins. Adhesion to low surface energy
substrates are challenging, however, development in such field has been achieved by
optimized OBCs HMPSA formulation.180
As reported by Raja72, blends containing OBC are suitable for application in hygiene
products. Not only adhesive performance could be attained in contrast to styrenic block
copolymers blends, but also OBC based blends showed advantages in processing in
comparison to SBC based blends. Due to the viscosity of the reported blend being lower
than that of the compared formulation, the material can be adequately processed at lower
temperatures.
Hot melt adhesives are environment friendly adhesives, since only heat is required for their
processing.7 A combination with olefin block copolymer is of advantage. Not only due to
the absence of styrene but also due to a rheological motivation. Since EOBC is comprised
of ethylene and octene segments, i.e. both olefins, a homogenous melt is obtained during
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processing. Further on, oxidative breakdown during process is not expected, as the
polymer lacks unsaturation.
It could be observed that blends based on cycloaliphatic or aliphatic hydrocarbon resins
presented better HMPSA performance than those based on partially hydrogenated C9 resin
or natural resins. This result suggests further development on HMPSA’s blends fully
committed to environment friendly products.
The arguments exposed demonstrate the potential use of OBCs in HMPSAs, especially in
growing demanding areas. It has to be considered that an optimization of the blend is
necessary; nevertheless, there are significant advantages in using newly developed olefinic
block copolymer in comparison to the classical styrenic block copolymers.
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6

Summary and outlook

The aim of this work was to understand polymer blends structure-properties relationships,
which are the state of the art for mixtures employed as hot melt pressure sensitive
adhesives and compare these results with polymer blends produced by replacing classical
polymer by newly developed polymers. These polymers are olefinic block copolymers
synthesized via chain shuttling polymerization, which is reported to be an economically
feasible route.173
The specific goals of the present work was to investigate polymer blends as models of hot
melt pressure sensitive adhesives employing five chemically different tackifying resins
varying their concentrations. Hot melt pressure sensitive adhesives are environment
friendly glues since only heat is needed to process them avoiding the use of solvents or
chemically reactive substances. The chosen thermoplastic elastomer was SIS, since
styrenic block copolymers are the state of the art in HMPSA.
The realization of the goals was achieved by investigating the compatibility of the main
materials employed in a HMPSA blend, namely, tackifiers, thermoplastic elastomer and
plasticizing oil whereas polymer blend compatibility among its components influences
final properties; by assessing the influence of chemically different tackifiers on
viscoelastic, morphological, surface properties in connection to adhesive performance of
SIS based HMPSA as well as OBC based ones and by evaluating the influence of
temperature as a process parameter, which affects mixing and coating steps, on the
aforementioned properties.
For the compatibility investigation, blends of SIS and the selected tackifiers (hydrogenated
C9 hydrocarbon resin, partially hydrogenated C9 hydrocarbon resin, hydrogenated C5
hydrocarbon resin, pentaerythritol rosin ester resin and hydrogenated rosin ester resin)
were mixed using a stirrer at elevated temperature and concentrations ranging from 70
wt% to 30 wt%. Polymer blends of EOBC and the selected tackifiers were mixed using the
same stirrer and a concentration of 50 wt%. The compatibility degree was evaluated by
means of dynamic mechanical analysis.
For the model HMPSA, polymer blends containing SIS (from 16 wt% to 64 wt%) and the
selected tackifiers (from 64 wt% to 16 wt%) as well as paraffinic oil (19 wt%) and anti98

oxidant (1 wt%) were mixed using a sigma blade kneader (internal mixer). Blends
containing EOBC, the previously mentioned tackifiers and paraffinic oil as well as
antioxidant were mixed in a proportion of 25 wt% / 55 wt% / 19 wt% / 1 wt%. The
samples were coated using a laboratory melt coater and a slot die technology. Viscoelastic
behavior was evaluated by means of dynamic mechanical analysis, surface properties were
assessed via contact angle measurements, morphology was investigated by optical as well
as atomic force microscopy and adhesive performance was measured by means of typical
industrial methods, i.e., 180° peel strength, loop tack, holding power and shear adhesion
failure temperature.
It could be observed that the chemical structure of the tackifiers influences the adhesive
performance of the HMPSAs. Their compatibility with the elastomeric part of the polymer
has a high impact on the viscoelastic properties. No blends were thermodynamically
miscible but a degree of compatibility was detected. Natural resins also showed a more
pronounced association with polystyrene domains.
For HMPSAs, adhesion strength is very much dependent on blends viscoelastic properties,
nevertheless, it was also noticed that surface energy of the blends were minimized in
comparison to neat materials. This gives a contribution to the blend intrinsic adhesion.
Lower values of surface energy were measured for hydrocarbon based resins. It was
observed that shear resistance is related to tackifiers association with styrenic domains.
Natural resins presented a higher association degree with polystyrene domains than
hydrocarbon resins. Thus, glass transition temperature of the polystyrene was shifted to
lower temperatures leading to a lower resistance against shear forces when natural resins
were employed.
The influence of processing temperature when mixing and coating the polymer blends
could be observed and this was reflected on the adhesive performance. Higher mixing and
processing temperatures led to thermomechanical degradation of the thermoplastic
elastomer. Rheological properties of the molten HMPSA changed and consequently
different mixing degrees of the polymer blend occurred at different processing
temperatures. This could be evaluated by surface energy results.
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Viscoelastic properties of HMPSAs based on poly(ethylene-co-1-octene) were similar to
those based on SIS. However, from the compatibility investigation it could be seen that
especially for natural resins, the association degree was not as strong as to the hydrocarbon
resins. Consequently, different adhesive performance in comparison to SIS based blends
was observed. Natural resins produced highly incompatible mixtures.
Viscoelastic properties of the HMPSAs are well known to play an important role in the
final adhesive performance and this could be demonstrated through this work. However, it
was interesting to show that when another thermoplastic elastomer, namely EOBC, was
used to prepare a model HMPSA, although similarities in viscoelastic properties were
observed in the polymer blends, significant morphological differences were identified as
well as complete different adhesive performance. It is important to highlight that the SIS
used is an amorphous polymer while OBCs are semi-crystalline polymers.
The differences observed in chemical and morphological properties of polymer blends
produced with OBC when compared to SIS contribute to further development of OBC
based HMPSA. It could be perceived that blends based on cycloaliphatic or aliphatic
hydrocarbon resins presented better HMPSA performance than those based on partially
hydrogenated C9 resin or natural resins. This pathway should be further investigated in
order to achieve polymer blend with optimized adhesive performance. Based on these
results, poly(ethylene-co-1-octene) block copolymer is of advantage in applications, in
which aromatic components are not suitable or undesired, for example, food, hygiene or
medical fields.
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Appendices
Appendix A –Composition of blends prepared
Table A-1: Blends formulations for studying interactions between base polymer and resins.

Sample

Polymer

Amount
Polymer(parts)

S-HC9-80

SIS

20

S-HC9-70

SIS

30

S-HC9-50

SIS

50

S-HC9-30

SIS

70

S-PHC9-80

SIS

20

S-PHC9-70

SIS

30

S-PHC9-50

SIS

50

S-PHC9-30

SIS

70

S-HC5-80

SIS

20

S-HC5-70

SIS

30

S-HC5-50

SIS

50

S-HC5-30
S-RE-80
S-RE-70
S-RE-50
S-RE-30
S-HRE-80
S-HRE-70
S-HRE-50
S-HRE-30

SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS

70
20
30
50
70
20
30
50
70

E-HC9-50

EOBC

50

E-PHC9-50

EOBC

50

E-HC5-50
E-RE-50
E-HRE-50

EOBC
EOBC
EOBC

50
50
50

Resin
Hydrogenated C9
hydrocarbon resin
Hydrogenated C9
hydrocarbon resin
Hydrogenated C9
hydrocarbon resin
Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Rosin Ester
Rosin Ester
Rosin Ester
Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Rosin Ester
Hydrogenated Rosin Ester

Amount
Resin
(parts)

Amount
AO(parts)

80

1

70

1

50

1

30

1

80

1

70

1

50

1

30

1

80

1

70

1

50

1

30
80
70
50
30
80
70
50
30

1
1
1
1
1
1
1
1
1

50

1

50

1

50
50
50

1
1
1
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Table A-2: Blends formulations for studying interactions between base polymer and oils.

Sample
S-P-80
S-N-80
E-P-80
E-N-80

Polymer
SIS
SIS
EOBC
EOBC

Amount
Polymer(%)
80
80
80
80

Amount
Oil(%)
19
19
19
19

Oil
Paraffinic
Naphthenic
Paraffinic
Naphthenic

Amount
AO(%)
1
1
1
1

Table A-3: Blends formulations for studying interactions between tackifiers and oils.

Sample
P-HC9-70
P-PHC9-70
P-HC5-70
P-RE-70
P-HRE-70

Resin
Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated
C9 hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Rosin Ester
Hydrogenated Rosin
Ester

Amount Resin
(parts)

Oil

Amount
Oil(parts)

Amount
AO(parts)

70

Paraffinic

30

1

70

Paraffinic

30

1

70
70

Paraffinic
Paraffinic

30
30

1
1

70

Paraffinic

30

1
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Table A-4: Hot melt pressure sensitive adhesives blends formulations.

Sample

Polymer

A-S-HC9-16
A-S-HC9-55
A-S-HC9-64
A-S-PHC9-16
A-S-PHC9-55
A-S-PHC9-64
A-S-HC5-16
A-S-HC5-55
A-S-HC5-64
A-S-RE-16
A-S-RE-55
A-S-RE-64
A-S-HRE-16
A-S-HRE-55
A-S-HRE-64
A-E-HC9-55
A-E-PHC9-55
A-E-HC5-55
A-E-RE-55
A-E-HRE-55

SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
SIS
EOBC
EOBC
EOBC
EOBC
EOBC

Amount
Polymer
(%)
64
25
16
64
25
16
64
25
16
64
25
16
64
25
16
25
25
25
25
25

Resin
Hydrogenated C9 hydrocarbon resin
Hydrogenated C9 hydrocarbon resin
Hydrogenated C9 hydrocarbon resin
Partially Hydrogenated C9 hydrocarbon resin
Partially Hydrogenated C9 hydrocarbon resin
Partially Hydrogenated C9 hydrocarbon resin
Hydrogenated C5 hydrocarbon resin
Hydrogenated C5 hydrocarbon resin
Hydrogenated C5 hydrocarbon resin
Rosin Ester
Rosin Ester
Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated C9 hydrocarbon resin
Partially Hydrogenated C9 hydrocarbon resin
Hydrogenated C5 hydrocarbon resin
Rosin Ester
Hydrogenated Rosin Ester

Amount
Resin
(%)
16
55
64
16
55
64
16
55
64
16
55
64
16
55
64
55
55
55
55
55

Oil

Amount
Oil (%)

Amount
AO(%)

Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic

19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19
19

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Table A-5: Hot melt pressure sensitive adhesives blends formulations for process investigation.

Polymer

Amount
Polymer (%)

HC9-140

SIS

25

HC9-165

SIS

25

PHC9-140

SIS

25

PHC9-165

SIS

25

HC5-140

SIS

25

HC5-165
RE-140
RE-165
HRE-140
HRE-165

SIS
SIS
SIS
SIS
SIS

25
25
25
25
25

Sample

Resin
Hydrogenated C9
hydrocarbon resin
Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Partially Hydrogenated C9
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Hydrogenated C5
hydrocarbon resin
Rosin Ester
Rosin Ester
Hydrogenated Rosin Ester
Hydrogenated Rosin Ester

Amount
Resin (%)

Oil

Amount
Oil (%)

Amount
AO (%)

Process
Temp. (°C)

55

Paraffinic

19

1

140

55

Paraffinic

19

1

165

55

Paraffinic

19

1

140

55

Paraffinic

19

1

165

55

Paraffinic

19

1

140

55
55
55
55
55

Paraffinic
Paraffinic
Paraffinic
Paraffinic
Paraffinic

19
19
19
19
19

1
1
1
1
1

165
140
165
140
165
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Appendix B – Contact angle data analysis

The contact angle results were obtained by means of the sessile drop measurement
applying the equation proposed by Owens, Wendt and Rabel, also known as the geometric
mean theory (equation 16).154,155
Equation 15 can be expressed in a linear form (equation B-1):181
𝑦 = 𝑚𝑥 + 𝑏

(B-1)

Where:

𝒚=

𝛾𝐿 (1+𝑐𝑜𝑠𝜃)
2√𝛾𝐿𝑑

𝑝

; 𝑚=

√𝛾𝑆𝑝

; 𝒙=

√𝛾𝐿

√𝛾𝐿𝑑

; 𝑏 = √𝛾𝑆𝑑

The slope (m) of the linearized equation is used to calculate the polar component of the
surface energy of the solid. The intercept (b) is used to calculate the dispersive component
of the surface energy of the solid.
Prior to applying this linearized equation for determining m and b, the polar and dispersive
component of each probe liquid must be determined. It was done by using a standard
reference, namely (poly(tetrafluoroethylene)). Pure poly(tetrafluoroethylene) is assumed to
have no polar type interactions (polar component is zero). Thus, the total surface energy
for poly(tetrafluoroethylene) is equal to its dispersive surface energy.181
The polar surface energy component for the liquid is obtained by the difference between
the liquid total surface energy and its dispersive component.
Figure B-1 presents an example of a graph obtained using the DSA4 software employing
the OWRK method for obtaining the surface energy of the analyzed solids.

119

Figure B-1: Example of measurement for the calculation of surface energy employing the method proposed
by Owens, Wendt and Rabel.
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Appendix C – Description of data
Table C-1: Viscoelastic, surface and adhesive properties for HMPSAs blends comprising 55wt% of tackifier.

Sample

A-S-HC9-55
A-S-PHC9-55
A-S-HC5-55
A-S-RE-55
A-S-HRE-55

tanδ
Temp.
(G'=G")
(°C)

Log G"
at 100
rad/s 25
°C (Pa)

Surface
Energy
dispers.
(mN/m)

Surface
Energy
polar
(mN/m)

Surface
Energy
Total
(mN/m)

Peel
Strength
Steel
(N/25mm)

Loop
Tack
(N)

Holding
power
at 60 °C
(min)

SAFT
(°C)

93

5.37

20.07

0.01

20.08

32.8

18.8

27

78

84

5.28

24.50

0.00

24.50

26.7

17.2

9

74

92

5.23

22.90

0.00

22.90

23.3

15.4

24

75

66

5.77

27.80

0.20

28.00

33.6

23.7

62

4.82

27.40

0.30

27.70

20.5

15.0

74
(40 °C)
15
(40 °C)

61
54

Table C-2: Rheological, viscoelastic, mechanical, surface properties and adhesive performance of HMPSAs blends
processed at 140 °C and at 165°C.
Brook.
Surface
Surface
Surface
Peel
Holding
Viscosity
G' at 25 °C
σ max
Energy
Energy
Energy
Strenght
Sample
Power 60 °C
2
at 140 °C
(Pa)
(N/mm ) dispers.
polar
total
(steel)
(min)
(mPas)
(mN/m)
(mN/m)
(mN/m)
(N/25mm)
HC9-140
16715
3.53E+04
1.29
22.27
0.22
22.48
25.2
22
HC9-165

15127

2.73E+04

1.23

23.50

0.30

23.90

27.8

17

PHC9-140

17309

3.47E+04

1.43

23.90

0.00

23.90

25.1

13

PHC9-165

15778

3.33E+04

1.39

25.13

0.13

25.26

29.6

13

HC5-140

17552

3.83E+04

1.12

23.00

0.00

23.00

19.9

31

HC5-165

14814

2.97E+04

0.81

21.30

0.00

21.30

20.5

13

RE-140

15590

6.09E+04

0.97

27.20

0.00

27.20

30.4

8

RE-165

15361

5.36E+04

0.82

29.50

0.10

29.60

31.4

HRE-140

9092

2.52E+04

0.65

24.00

0.40

24.40

20.3

HRE-165

8030

2.68E+04

0.62

25.00

0.20

25.20

22.1

4
5
(40 °C)
4
(40 °C)

Table C-3: Viscoelastic, surface properties as well as adhesive performance for EOBC based blends as
HMPSAs.
Log G" at
100rad/s
25 °C (Pa)

Surface
energy
dispers.
(mN/m)

Surface
energy
polar
(mN/m)

Surface
energy
total
(mN/m)

Peel
Strength
Steel(N/25
mm)

Loop
Tack
(N)

Holding
power at
60 °C
(min)

SAFT
(°C)

A-E-HC9-55

6.04

29.90

0.30

30.20

21.7

0.0

18

82

A-E-PHC9-55

6.03

30.80

0.20

31.00

17.2

0.0

13

80

A-E-HC5-55

5.69

25.70

0.40

26.10

41.4

11.9

10

79

A-E-RE-55

6.09

31.90

0.80

32.60

NA

NA

A-E-HRE-55

38.60

0.60

39.27

NA
0.6

NA

6.03

0.0

6

69

Sample
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Appendix D – Viscoelastic properties of hot melt pressure sensitive adhesives blends prepared
with different resin amount
0 wt% PHC9

1.0E+08

1.0E+03

16 wt% PHC9
55 wt% PHC9

1.0E+06

1.0E+02

64 wt% PHC9

1.0E+05
1.0E+01

1.0E+04
1.0E+03

1.0E+00

tanδ ()

Storage Modulus, G' (Pa)

1.0E+07

1.0E+02
1.0E+01

1.0E-01

1.0E+00
1.0E-01

1.0E-02
-30

-10

10

30
50
70
Temperature (°C)

90

110

130

Figure D-1: Storage modulus (full lines) and loss factor curves (dashed lines) for pure SIS (black curves),
and 16 wt% resin (green curves), 55 wt% resin (red curves) and 64 wt% resin (blue curves) for blends
comprising partially hydrogenated C9 resin (A-S-PHC9).
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Figure D-2: Storage modulus (full lines) and loss factor (dashed lines) curves for pure SIS (black curves),
and 16 wt% resin (green curves), 55 wt% resin (red curves) and 64 wt% resin (blue curves) for blends
comprising hydrogenated C5 resin (A-S-HC5).
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Figure D-3: Storage modulus (full lines) and loss factor (dashed lines) curves for pure SIS (black curves),
and 16 wt% resin (green curves), 55 wt% resin (red curves) and 64 wt% resin (blue curves) for blends
comprising pentaerithritol rosin ester resin (A-S-RE).
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Figure D-4: Storage modulus (full lines) and loss factor (dashed lines) curves for pure SIS (black curves),
and 16 wt% resin (green curves), 55 wt% resin (red curves) and 64 wt% resin (blue curves) for blends
comprising hydrogenated rosin ester (A-S-HRE).
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