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ABSTRACT

Pressure-sensitive adhesives (PSAs) are complex macromolecular-based blend
formulations that, in dry form will adhere permanently to diverse surfaces with the
application of mere finger pressure. This thesis addresses the bonding and debonding
mechanisms of coated films of different commercially available PSAs by systemically
investigating the film characteristics on multiple levels. The methods implemented involve
a novel procedure in investigating viscoelastic properties with Dynamic Mechanical
Analysis, film surface chemistry with Time-of-flight Secondary lon Mass Spectrometry
and film morphology, modulus and bonding characteristics with Atomic Force
Microscope. The theoretical aspect invoked rubber elasticity, viscoelasticity and
thermodynamic concepts in representation of film morphology with corresponding

adhesion nature.

The results indicate that the bonding and debonding behaviour of PSA films are of a
viscoelastic nature, dictated mainly by two fundamental morphological elements. These
elements are; (1) the formation of phase-separated self-assembly of polystyrene-rich-
copolymer nano-domains within the adhesive matrix and (2) the inter-linking of the nano-
domains by elastically active elastomer segments into a physical crosslinked network
system that is highly efficient in dissipating large strain energy. These morphological
factors are manifested through a profound contribution to the peel strength of the adhesive
films when either coated at high temperatures or annealed. Increasing the content of the
polystyrene endblock-tackifier in the adhesive blend formulation increased the PSA’s
performance sensitivity to the film coating temperature. Meanwhile increasing the cis-C=C
bond concentration in the formulation reduced the film’s performance sensitivity to coating
temperature, as polydienes are premised to promote the entropy-elasticity of the film
matrix by contributing to the nano-domain interconnections. This thesis generates many
qualitative similarities, despite the significantly different adhesive blends investigated and

hopefully the results reported here are more universal than one might expect.
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at 120°C. The adheive matrix appeared to exhibit heterogenous mechanical
characteristics. The scan size is 10 UM X 10 M. oceeiiiiieiee e e eecerree e e 157

Figure 6.4: The film morphology of DF645 film coated at 155°C at 5 pm x 5 um scan size.

Figure 6.5: The microphase separated agglomerate size distribution in the DF645 coated
films at 120°C (uniform colour) and 155°C (colour gradient), respectively. In (a) the
number distribution of domains within the film coated at 120°C is presented, where
in (b) the total corresponding domain area of each domain-area category to the total
sample surface area is shown. In (c) the number distribution of domains within the
film coated at 155°C is presented, and (d) the total corresponding domain area of
each domain-area category to the total sample surface area is shown. In (e), the
random area distribution of the micro domains in the different coated films is
SPOWN. et 158

Figure 6.6: 7M8 adhesive blend coated at 130°C exhibited a film morphology of relatively
hard microphase separated agglomerates dispersed within the continuous adhesive
matrix (bright domains in phase image, right). The stripes (phase image) insinuates
that the matrix exhibited regions of different mechanical properties. Scan size is 10 x
101U T o o TR PP PUPPPPPPRP 160

Figure 6.7: TM-AFM images of the same surface area of 7M8 coated at 130°C. In (a) a light
tapping force (rsp= 0.98) revealed the uppermost film morphology of a continuous
relatively soft phase (phase image, right). As the tapping force was increased
(rep=0.78) in (b), a film sub-surface morphology comprising of relatively hard

agglomerates dispersed within the film matrix is revealed. Scan sizes are 5 x 5 um.
Figure 6.8: When coated at 165°C, the 7M8 film morphology comprised of fewer

relatively hard agglomerates compared to films coated at 130°C. Moderate tapping

with scan size 10 x 10 um was used for the AFM imaging. .......cccccevvveeeeeeeeeeccnvnnneen. 162
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Figure 6.9: Some areas of the film surface of 7M8 coated film at 165°C had no
agglomerates, as the phase image to the right indicates. The tapping was perfoemd
on ffilm surface area 0f 5 X 5 M. cooiiiiiiiiie e s 162
Figure 6.10: TM-AFM image of DFC600 coated at 120°C virtually exhibit none of the
microphase separated relatively hard aggolmerates as seen in the film samples of
the DF645 and the 7M8 blend systems. Scan size is 10 X10 pm. .....ccccvvvvveeeeeeerecnnns 163
Figure 6.11: TM-AFM image of DFC600 coated at 120°C revealed a continous film matrix
consisiting of further phase separation on a higher scale. Scan size is 5 x 5 um. .....164
Figure 6.12: TM-AFM image of DFC600 coated at 155°C showed an adheisve film matrix
with no agglomerates just like the film coated at 120°C. The film matrix exhibited
continuous regions of less soft mechanical nature as suggested by the different
colour contrasts. The scan size is 10 X 10 M. coocuuvieiiiiiiieiiiiieee e e sreee e seeeeee e 164
Figure 6.13: TM-AFM image of DFC600 coated at 155°C a homogenous film matrix with
continuous areas of slightly different mechanical charctistics. The scan size is 5 x5
[T 0 PR PSP PP PPPPT T PPPPPPPRt 165
Figure 6.14: The phase images from the TM-AFM revealed rigid phase-separated PS-rich-
copolymer domains dispersed within the DF645 adhesive film matrix. In (a) the
morphology of the film coated at 120°C and (b), the film morphology of the adhesive
coated at 155°C. The Scan Sizes are 1 X 1 M. cuecuecreereereeeeeeeeeeereeteereereereeeereseesaeene e 166
Figure 6.15: AFM images of DF645 coated at 155°C. When (a) light tapping force was
applied, a film morphology of densely packed PS-rich-copolymer spheres (phase
image to right) protruding from the film surface as shown in the height image (left) is
revealed. When the tapping force was increased significantly in (b), the organised
features were entirely distorted. Scan sizes are 1 X 1M, ....ccccvveeeeeieciiiiieeeeeeeeeeeens 167
Figure 6.16: AFM images of 7M8 coated film at 130°C revealed, (a) film surface
morphology of phase separated PS-rich domains seemingly extending from film
matrix. When the tapping force was increased further in (b), the rubbery phase is
pushed further down to enhance the nano-domain boundaries. Scan sizesare 1 x 1
3L o TR OO PRSP PUUPPRTON 169
Figure 6.17: The AFM images with moderate tapping for 7M8 coated at 165°C show that
the PS-rich-copolymer domains were pushed further down in the film matrix as
indicated by the height image. The observation is presumably due to faster

viscoelastic recovery of continuous rubbery phase. Scan sizeis 1 x 1 um................. 170
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Figure 6.18: AFM phase images of 7M8 film coated at (a) 130°C exhibited much fewer PS-
rich-copolymer phase-separated domains, than observed in (b), for the film coated
at 165°C where higher domain presence is seen. Scan sizes are 1 x 1pum. ............... 171
Figure 6.19: AFM images of the film morphology of DFC600 coated at 120°C, (a) where
light tapping revealed the near-surface film nature and (b) moderate tapping
revealed the sub-surface film structure. The Scan sizes are 1 x 1um. ......cccceeveenneeee. 172
Figure 6.20: AFM images of the film morphology of DFC600 coated at 155°C, (a) where
light tapping revealed the near-surface film nature and (b) moderate tapping
revealed the sub-surface film structure. The Scan sizes are 1 x 1um. .....cccccveveenneen. 173
Figure 6.21: Phase images of DFC600 revealed the film morphologies of, (a) film coated at
120°C comprising larger and fewer PS-rich-copolymer domains than (b) the film
coated at 155°C. The matrix areas (colour contrast between dark and bright) are
implicit of intermediate mechanical characteristics. The scan sizes are 1 x 1um.....174
Figure 6.22: AFM phase images performed at moderate tapping revealed film surface
morphologies of annealed D645 coated at 120°C at (a) microscale with scan size 5 x 5
pm, and (b) nanoscale with scan size 1 X 1 UM...ceiiiiiiieiiniiieee e 183
Figure 6.23: AFM phase images performed at moderate tapping revealed film surface
morphologies of annealed 7M8 coated at 130°C at (a) microscale with scan size 5 x 5
pum, and (b) nanoscale with scan size 1 X 1 UM...ocecciiieeiciiiie e 183
Figure 6.24: The illustrations of the triblock copolymer segmental units of the 7M8 blend
system showing (a) styrene-b-isoprene-b-styrene (SIS) and (b), styrene-b-
ethylenebutylene-b-styrene (SEBS). .....ccoocuiiii oo e e 188
Figure 6.25: Mass spectra in the low m/z range at < 50 for the samples of A = 7M8 coated
at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at 165°C....189
Figure 6.26: Mass spectra in the low m/z range from 50 to 100 for the samples of A = 7M8
coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
1B5%C. wouvrererereristeteteseest ettt sttt ettt a bRt a Rt e R et a s R ettt e se et s st ene e e 191
Figure 6.27: Mass spectra in the m/z range from 100 to 150 for the samples of A = 7M8
coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
13 TP TUTSRRRTT 192
Figure 6.28: Mass spectra in the m/z range from 150 to 200 for the samples of A = 7M8
coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
LB5°C. ettt ettt ettt ettt ettt ettt ettt et ettt e te et eatete et et eteeteeteneeteetenseneeteeteneas 193
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Figure 6.29: Mass spectra in the m/z range from 200 to 250 for the samples of A = 7M8
coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
LB5°C. ottt ettt ettt ettt ettt b et bbb re et et e et eae et b et et e et ese b ebe s beaearas 194

Figure 7.1: AFM images of 7M8 coated at 130 °C revealed relatively hard phase-separated
agglomerates within the adhesive film matrix. The height image is to the left and the
corresponding phase image to the right. Scan size is 5x5 umz .................................. 198

Figure 7.2: The same phase image of Figure 7.1 with the grids explaining the areas on the
film surface where the 64 tip-sample adhesion measurements were collected. The
measurement was commenced at the bottom outermost left grid designated as
Index 0, and continued horizontally until the first row was done, and then proceeded
from the next grid above in reversed horizontal direction until the centre point of the
Index 63 area region Was MEASUIEd. .......ciieicuiieeeiriiiee e e esree e e e e eee e e e s aaeee s 199

Figure 7.3: The F-D curves measured at bright agglomerate and soft matrix areas are
similar in adhesion nature. The inserted phase image highlights the regions (Index)
on the sample surface where the measurements were collected. The area of the
confined region between the extension and the retraction curves is equivalent to the
work of adhesion, i.e. the energy exerted by the cantilever probe to detach from the
film surface. Other explanations are also given in the curves. The horizontal gap, §,
indicates the sample surface deformation. ........ccccccoieeeiciii e, 202

Figure 7.4: The Index 48 region (Fig. 7.3) displayed an F-D curve of homogenous
deformation as the tip was pulled into the sample (extension curve) and a one-step
tip jump-out from the sample surface (retraction curve). .......cccceeevveeeeciieeeeccnennnn. 202

Figure 7.5: The AFM images of 7M8 film coated at 165°C revealed a rather flat surface
topography (left) and a phase image (right) of very few phase-separated relatively
hard agglomerates(bright regions) within the film matrix. Scan size is 5 x 5 pm?....203

Figure 7.6: Two selected F-D curves measured on the film surface of 7M8 coated at 165°C
imply homogeneous adhesion property irrespective of the film surface region. The
indexes and gridlines designate the region on the phase image of the film surface
where each measurement Was taken. ..........cceoiiiiiiiiiiieiiee e 205

Figure 7.7: The TM-AFM images of DF645 film coated at 120°C show seemingly smooth
film surface with height range (left image) of ~ 11 nm and a phase image (right) of
phase-separated relatively-hard agglomerates dispersed within the film matrix. Scan

areais5x5 umz. ........................................................................................................ 206

17



Figure 7.8: Two F-D curves collected at different phase-separated areas of the film surface
as depicted by the arrows, clearly generated similar adhesion forces and energies.
This insinuates that the film surface adhesion property is not directly related to the

films local phase-separated mechanical characteristics as seen in the phase images.

Figure 7.9: TM images of DF645 film coated at 155°C displaying a relatively smooth film
surface (height topology, left image), and the phase image (right) comprised of less
microscale phase-separated relatively hard agglomerates dispersed within the
continuous film matrix. SCan area is 5X5 JM.......ccuvvieeereeeeeeeeeeeeee e sees e eseeeen 207

Figure 7.10: Two adhesion force measurements collected at different regions of both
relatively hard agglomerate and matrix sub-surface areas of DF645 coated at 155°C
show similar adhesion Properties. .......cccoveuueie e 207

Figure 7.11: TM-AFM images of the 7M8 film coated at 130 °C and annealed for 4 weeks
at 40°C revealed a significant morphology improvement. The height image (left) and
phase image (right) show less microscale phase-separated agglomerates dispersed
within the more homogenous film matrix. Scan size is 5 X5 UM ....ovcueveeeeereeeeeeeeenn. 209

Figure 7.12: Two different force-distance curves measured on the film surface at different
regions show reproducible large adhesion forces and adhesion energies for the 7M8
ANNEAIEA SAMPIE. .. e e e e e e e e e e e ean 209

Figure 7.13: The TM-AFM images of the DF645 film coated at 120 °C and annealed for 4
weeks revealed the hard agglomerates (phase image, right) seemingly dispersing
within the continuous adhesive film matrix. Scan size is 5 x5 umz. ......................... 210

Figure 7.15: Schematic illustration depicting (a) the pre-dominant network architecture of
the adhesive matrix of low temperature-coated film, (b) the predominant matrix of
high-temperature coated and annealed films. In (c) polydiene--induced dangling PS
chain-end entanglements contributing to the network system by inter-connecting
the nano-domains at distances energetically unfavourable for elastomer chain
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Figure 7.16: Sketch of (a) the indentation profile of the AFM tip, and (b) loading and

unloading curves including the elastic contact slope, S and final depth hf*’*. .......... 226
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Chapter 1

1 Introduction

1.1 General Introduction

Everybody has perhaps during their lifetime experienced the stickiness of some materials
by the touch of a finger. This is simply adhesion, and is caused by the mutual
intermolecular force attractions between ones finger and the material in question. Adhesion
is a surface physico-chemical phenomenon measured by the nature of the bonded adhesive
joint. The word “adhesive” is a general term assigned to any material used to bond two
surfaces together, and adherends are the materials being adhered together'. Since ancient
times, humans have used naturally occurring adhesives such as pinesap and tar for various
construction/domestic purposes. In the past century, as the number of manufacturing
applications has blossomed, the need for adhesives to fit diverse applications has followed
suit. Accordingly, adhesives have been designed for nearly every imaginable application.
We rely on adhesives to seal our letters, catch flies, and partly to keep our mobile phones

from falling apart.

The mechanisms of adhesion are still not fully understood and many theories can be found
in the current literature. Often, the advocates of each theory offer their hypothesis as a
comprehensive explanation of all adhesion phenomena and exclude other alternative
explanations. Much of this confusion undoubtedly arises because the test methods
commonly employed to measure the strength of adhesive joints are not well suited for
comprehensive theoretical analysis, as they fail to account for indeterminate contributions
from viscoelastic energy losses in the adhesive and susbtrate that inevitably influences the

magnitude of the adhesion force. Nevertheless the four main mechanisims of adhesion
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which have been proposed are (1) mechanical interlocking, (2) diffusion theory, (3)
electrostatic theory, and (4) adsorption theory.

Mechanical interlocking®?

is enforced on rough surfaces where the adhesive fills the
surface pores of the adherend and is partially blocked from flowing by the adherend due to
the surface roughness. This is best exemplified by anyone who has amended a puncture on
a bicycle hose before. The region of the puncture is usually scratched with a sand paper to
roughen up the area before applying the adhesive to ensure a strong and permanent bond as

interlocking is exerted.

Diffusion theory*® proposes that the intrinsic adhesion of high polymers to themsleves
(autohesion), and to each other, is due to mutual diffusion of polymer molecules across the
interface and requires that the polymer chains are suffieciently and mutually soluble with
each other. For example if two solutes are compatible with each other, they will form a
homogeneous solution when mixed together. Diffusive bonding is therefore exceptionally
strong bonding. In situations where an adhesive is not compatible with an adherend, a thin
layer of a block copolymer which is compatible with both materials could first be coated to
the substrates before bonding. A reported work demonstrated this when polystyrene (PS)
was adhered to polyisoprene (PI), by the application of a thin layer of a PS-PI block

copolymer at the interface of the two incompatible materials®.

Electrostatic theory depicts surfaces forces that are strong and occur due to the attraction
of a negatively charged adhesive surface which is brought into contact with a positively
charged adherend and vice versa. Adhesion by electrostatic forces was confirmed by
Derjaguin, who postulated that all adhesion mechanisms have relation to electrostatic

forces®”’.

Adsorption theory of adhesion is the most generally accepted theory and has been
discussed in details by Kemball®, Staverman® and Wake'®. This theory stipulates that,
provided sufficiently intimate intermolecular contact is established at the interface, the
materials will adhere because of the surfaces forces acting between the atoms of the two
bonding surfaces; the most common of such forces being Van der Waals forces (Figure

1.1). Van der Waals dispersion forces or London forces''*?

occur between any two
molecules in the close vicinity of each other, due to fluctuating temporary dipoles created

because of a delocalization of the electron clouds. VVan der Waals force is not an explicitly
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strong attraction force. Dipole-dipole forces emerge when two molecules with permanent
dipoles come close to each other. A strong intermolecular force is hydrogen bonding which
occurs between hydrogen and either one of the atoms with a high affinity for electrons, i. e.

nitrogen, oxygen or fluorine™.

) )
Original temporary Induced dipole
dipole

Figure 1.1: The original temporary dipole of the electron cloud to the left induces
temporary dipole with opposite charge to the approaching molecule to the right,
generating Van der Waals attractive force between the two atoms™

For the forces discussed above to be highly effective during adhesion, there should be good
wettability between the adhesive and adherend. This can only be achieved if the surface
energy of the adhesive is equal to or lower than the surface energy of the adherend. Surface
energy is measured with contact angle technique. Flame, plasma, primers and corona
discharge pre-treatments of substrate surfaces are frequently implemented in the adhesion

industry, to enhance wettability which consecutively leads to good adhesion™*.

1.2 Pressure-sensitive adhesives

Today there are many types of adhesives, and the categorization is based on the fact that
some adhesives require a chemical reaction, activation of UV light, heat or a solvent to
generate adhesion'*®. This research focuses on the category of removable adhesives
termed as hot-melt pressure sensitive adhesives (HMPSA), which for simplicity will be
termed as pressure-sensitive adhesives (PSAs). PSAs are a version of hot-melt adhesives
which adhere to most surfaces with very slight pressure. They are defined by the Pressure
Sensitive Tape Council*’ as adhesives that in dry form are aggressively and permanently
tacky at room temperature and will firmly adhere to a variety of dissimilar surfaces upon
mere contact without the need of more than finger or hand pressure, thereby the name.
PSAs are available in solvent and latex or water based forms. Some of the most common
types of PSA systems include acrylic and methacrylate adhesives, styrene copolymers (SIS

/ SBS) and silicones™.
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The large scale application of PSAs dates back to the period during 1920-1930". They
were manufactured as tapes and plasters, and mainly used for medical, construction and
domestic purposes. Further areas of application comprise office and fabric art tapes,
packaging and surface protection materials, automotive and building products, corrosion
protection tapes, etc. PSAs’ universal utilization is indisputably due to their permanent
tackiness, free from toxic solvents, the ease at which they bond to substrates and are

removed from the substrates, without leaving any residues.

Some indispensable demands that PSAs need to meet are that they should be resistant to
creep but yet have adequately low viscosity in order to flow under application processing.
They should also display an elastic property after application in order to ensure long-term
durability, and possess sufficient cohesiveness to be able to be peeled away from surfaces
without leaving residues. For PSAs to undergo strong adhesive bonds, they should have
high macromolecular mobility to ensure diffusion either across interfaces or along it*°. For
adhesives to have good creep resistance, they should have a large average molecular

weight between entanglements, M¢+?%%

(molecular segments between entangled units in
the elastomer phase). Crosby and Shull®* have reported that for an adhesive to show
outstanding bonding properties, an optimal M. value (inversely proportional to the rubbery

plateau shear elastic modulus G”) needs to be reached.

Up to date, the polymer scientist has not been able to identify one polymer fulfilling these
contradictory criteria. In an attempt to combat the challenge, research has taken a different
path, namely the modification of adhesive products by introducing block copolymers
comprised of polymers with the desired properties. Other typically used constituents in
PSA blends are low molecular weight tackifying resins, mineral oil and antioxidants.
Linear styrene-rubber-styrene copolymers, with the rubber being isoprene, butadiene,
ethylene/propylene or ethylene/butylene, are the most widely used block copolymers. This
class of PSAs have unique properties which are related to their molecular

superstructure®?.

PSAs are sophisticated blend systems and currently, there is no simple relationship
between the properties of the constituents and the product performance. Michiharu et al*’
explained in their study of acrylic based PSA where adhesion is improved by the formation

of micro-domain structure imparting strong hydrogen bonds to substrates. Zosel?® used for
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the first time in-situ optical observations during the debonding of a metal disk probe with
adhesive deposited on the metal surface in a probe tack test, and demonstrated that good
adhesives are able to form bridging fibrils between the probe and the substrate. More of the

understanding of the PSA behaviour is presented in Chapter 2.

PSA is still widely used today and one of the areas of interest for this project is its
application to hygienic products such as diapers and feminine utilities. During
manufacturing of such products, the blended bulk adhesive is heated at a specified
temperature of preference to acquire a low viscosity, and the molten adhesive is typically
slot-coated directly onto a non-bonding paper stock substrate at room temperature and then
covered with a release liner. Alternatively, the adhesive may be transfer-coated by first
applying the adhesive to the release liner and subsequently contacting the adhesive to the
substrate layer, sandwiching the hot melt PSA between the substrate and the release
paper?®. Film processing by dissolving the adhesive in a suitable solvent® and allowing the
solvent to dry off before application does occur but the hot-melt processing is more
environmentally friendly and a preferred choice in the industry. The adhesive

manufacturing process in presented in Chapter 3.

The challenge currently facing the industry is the impact of the film coating temperature
which seems to govern the performance of the thin adhesive film. This temperature has
proved to generate adhesive films with superior peel strength if the coating is performed
typically beyond 150°C, as compared to poor bonding ability if the coating is performed
typically below 150°C. This generates high film manufacturing costs, as well as the
detrimental impact on substrate materials such as shrinkage. Therefore the commercial
importance of PSAs underlies the quest for a better fundamental understanding of these
materials on the macro- to the molecular level. Such an understanding will enable the
predictions of adhesive performance which will consequently lead to the design of more

cost-effective and yet better PSAs.

On a practical point of view the findings in this thesis work may prove significant for the
industry when applying the results to technical multi-blend systems, where the quality of
the blend processing and application are influenced by the nature of the product. Such
nature can be the product morphology down to the nanoscale range, as is the situation in
adhesive technology and other thermoplastic product engineering. The understanding of
the relationship between the film molecular architecture and property, to the adhesion
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performance, should help in designing and optimising adhesive products suitable for a
wide variety of substrates.

1.3 Thesis Structure

1.3.1 Aims of the Thesis

Although the research and development of the hot-melt PSAs has been well-developed, the
demands for easy-processing and high-performance adhesives are still a driver for future
PSAs. Meanwhile the methodology of formulation and characterisation used in this
discipline and industry is still traditional and partially empirical, and it fails to explain
some of the problems and phenomena often occurred in the product development and

industrial processing, as mentioned above.

The results gained in this thesis will contribute to new fundamental knowledge as well as
to new PSA product development and process. The main areas of the research therefore

include:

e Characterization and analysis of chemical and physical properties at the surfaces of
PSAs on multiple levels. The analysis will focus on surface morphology and
adhesion properties on the macro- to the nanometre scale.

e Effect of factors at the coating manufacturing process to the adhesive film’s
bonding and debonding characteristics.

e The interfacial characterisation and analysis of adhesion and debonding.

e Provide an understanding of the adhesion mechanism between pressure sensitive

adhesive film and the soft non-woven fabrics used for hygiene product applications

1.3.2 Outline of the Thesis

Chapter 1. Introduction to adhesion, PSA, and outline of thesis.

Chapter 2. Includes review on thermodynamics of polymer mixing. Emphasis is directed

towards block copolymers that underpin the property of the PSA, and tackifiers. Literature
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review on the principles of PSAs is presented, with the current understanding of PSAs and
the roles of the blend constituents.

Chapter 3. Presents the materials and methods used in this research work.

Chapter 4. Establishes the problem facing the adhesive industry, through the investigation
of the mechanical properties of PSA bulk samples annealed at temperatures typically
implemented at film manufacturing process. The investigation of the adhesive peel strength

with some non-woven fabrics is also presented.

Chapter 5. Exploration of the dynamic viscoelastic behaviour of different PSA films with
discernible film processing thermal histories. This chapter is in preparation for

publication.

Chapter 6. Demonstates the hierarchal adhesive film structure, from the micro- to
nanoscale level, including the chemical nature of the near-surface of coated and annealed
films. This chapter is in preparation for publication.

Chapter 7. Local adhesion properties on the nano-scale level are discussed here, together
with measurement of film surface elastic modulus. This chapter is in preparation for

publication.

Chapter 8. Gives concluding remarks and suggestions for future studies.
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Chapter 2

2 Polymers, Block copolymer blends and pressure

sensitive adhesive

2.1 Introduction

This chapter discusses hierarchical thermodynamics of polymer mixing. Parameters such
entropy and enthalpy contributions to the Gibbs free energy of mixing are presented.
Topics like polymer phase separation, structure and viscoelasticity are also discussed. The
behaviour of block copolymers and tackifiers are especially highlighted since they serve as
the fulcrum of the adhesive formulations utilized in the research work. Furthermore
literature review on the principles of hot melt PSAs, and the current understanding of the

end-use performance are introduced.
2.2 Polymers and copolymers

2.2.1 Polymers

A polymer is a substance made up of recurring structural units termed monomers. Prior to
the early 1920’s, chemists doubted the existence of molecules having molecular weights
greater than a few thousand®-****, This view was changed by Hermann Staudinger, who
received the Nobel Prize in Chemistry in 1953. Staudinger proposed that polymers were
made up of macromolecules composed of 10,000 or more atoms, contradicting the
previous rationalization that they were colloidal aggregates of small molecules with quite
non-specific chemical structures®**. The mass of polymers are generally defined by two
experimentally determined values®*, which are the number average molecular weight M,

according to
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Mn = ZniMi 2.1

Where n; is the mole fraction of chains with molecular weight M;, and the weight average

MW = Z WiMi 2.2

Where w; (= niMi/M,) is the weight fraction of chains with molecular weights M;. Since the

molecular weight M,,, according to

larger molecules in a sample weigh more than the smaller molecules, the weight average
M,, is skewed to higher values, and is always greater than M,. As the weight dispersion of
molecules in a polymer sample narrows, M, approaches My, and in unlikely cases whereby
the polymer molecules have identical weights equivalent to a pure monodispersed sample,

the ratio M./M, which defines the polydispersity becomes unity®.

The knowledge of definite chemical structures for polymers has had far reaching practical
applications, because it has led to an understanding of how and why the physical and
chemical properties of polymers change with the nature of the monomers from which they
are synthesized. This means that to a very considerable degree, the properties of a polymer

can be tailored to particular practical applications®*>*,

In a homopolymer sample, if there exists a high degree of order between the chain
segments, the segments can undergo intermolecular bonding typically via Van der Waals
forces, to generate crystallites. Factors that influence the degree of crystallinity are®: (1)
chain length, (2) chain branching, (3) molecular structure (tacticity) and (4) Interchain
bonding (crosslinking). If the polymer segments lack any degree of order and are
essentially randomly placed with respect to each other, they form what is known as an

32-35

amorphous polymer®>°. Semi-crystalline polymers often occur when the polymeric

material exhibits both crystallite and amorphous regions, as illustrated in Figure 2.1.
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Figure 2.1: An illustration depicting a polymer with ordered or crystalline-like

regions mixed together with disordered or amorphous regions®.

In terms of general properties, polymers are usually classified according to their chain
architectures. The structural characteristics that are the most important in determining the
properties of polymers are (1) the degree of rigidity of the polymer molecules, (2)
molecular weight, (3) the electrostatic and Van der Waals attractive forces between the
chains, (4) the degree to which the chains tend to form crystalline domains, (5) the degree
of cross-linking between the chains and (6) chain branching with side configuration
(tacticity)***®. Because of the diversity of function and structure found in the field of
polymers, they are commonly placed under convenient headings as shown in Figure 2.2.
The Classification (Fig. 2.2) based on the physical and chemical properties of synthetic
polymers typically assigns them to two major categories known as thermoplastic and

thermosetting polymers.

Thermoplastic polymers are made of linear (1D) or branched, dentritic (2D) chains in an
amorphous or semi-crystalline hard phase in most cases at room temperature, but on
heating they become soft, more or less fluid and can be molded. Their properties are
thermoreversible. Thermoplastic adhesive is applied in its molten form, and will adhere
to a surface when cooled to temperatures below its melting point®. Some of the
thermoplastic adhesives are sensitive to UV rays, have poor heat, chemical, and creep
resistance. However innovations in the area by tailoring special combinations of
copolymers, can remove some of the limitations. Some common thermoplastic adhesives
are polyvinyl acetate (PVA), polyvinyl alcohol (PVA), polyacrylates, polyamides, ethylene

vinyl acetate (EVA) copolymers, and styrene-rubber copolymers®.

Thermosetting polymers are made of 3D network chains which can be moulded at room

temperature or above, but when heated more strongly become permanently hard and
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infusible®>*. Thermosetting adhesives adhere to a surface by chemical curing or by the
application of heat®’. They set as a result of the build up of molecular chains to produce a
rigid crosslinked structure. They have good creep resistance, higher modulus, and higher
temperature resistance than thermoplastics and elastomers. Commonly used thermo-setters

include epoxy resins and polyurethanes that are heat resistant once cured.

From the application viewpoint, polymers can either be plastics, rubbers (elastomers),
adhesives or paints. These can still be either thermoplastics or thermo-setters depending on
their characteristics. A plastic is not well defined and is an organic high polymer capable of
changing its shape on the application of a force and retaining this shape on removable of

the force, i.e. a material in which a stress produces a non-reversible strain®?-®,

An elastomer is a polymer that exhibits rubber properties, i.e. a material that can be
stretched to several times its original length without breaking and which, upon release of
the stress, immediately returns to its original length. Rubbers are almost elastic materials,
i.e. their deformation is instantaneous and they almost show no creep®’. The fundamental
requirements of any potential elastomer are that the polymer is amorphous with a low
cohesive energy, and that it is used at temperatures above glass transition. Such a polymer
is characterised by a low modulus (about 10° Nm?)** and, for useful elastomers, by large
reversible extensions. This reversibility characteristic requires a polymer in which there is
a highly localized mobility of segments, but a low overall movement of chains relative to
one another. The first requirement is satisfied by flexible chains, with low cohesive energy,
which are not inclined to crystallize (although the development of some crystalline order
on stretching is advantageous). The second requirement, prevention of chain slippage, is
overcome by cross-linking the chains to form a three-dimensional network. Crosslinking
provides anchoring points for the chains and these anchor points restrain excessive

movement and maintain the position of the chain in the network®*>%".

The unique characteristics of rubber was discovered in 1805 by John Gough, whose work
was based on studies of natural rubber (polyisoprene), obtained in the form of latex from
the tree Hevea Braziliensis®. Later development of rubber technology has involved
peroxide crosslinking and thermoplastic elastomers. The former is achieved through
covalent bonds (chemical crosslinks), and the latter consists of block-copolymers with hard
(physical crosslinks) and flexible segments. The crosslink domains (physical crosslinks)

can either be in glassy amorphous or semi-crystalline states®®. These materials can be
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processed by conventional thermoplastic processing methods at temperatures above the
glass transition temperature or above the crystal melting point of the hard segments. More

about elastomers is presented in Section 2.5.1.

Polymers

Natural Synthetic

Polysaccharides

Proteins Elastomers

Polynucleotides Gum Thermoplastic Thermosetting
N Resins

Figure 2.2: Classification of polymers®

2.2.2 Copolymers

The molecular structure achieved by covalently bonding different incompatible monomers
with anionic polymerisation has allowed the formation of AB and ABA, diblock and

triblock copolymers, respectively®* >

. It is useful to distinguish the several ways in
which different monomeric units might be incorporated in a polymeric molecule into a
copolymer. The following examples refer to a two component system, in which one

monomer is designated A, and the other B3>,

e Statistical Copolymers — Also called random copolymers, where monomer units
are distributed randomly: ~AABABAAABBBABB~

e Alternating Copolymers — Here monomer units are distributed with nearly
equimolar amounts of each in the chain:~ABABABABABABABA~

e Block Copolymers — A long sequence or block of one monomer is joined to a
block of the other monomer (Fig. 2.3): ~AAAAAAA-BBBBBBB-AAAAA-BBBB

e Graft Copolymers: As the name suggests, side chain of a given monomer is
attached to the main chain of  the second monomer:
~AAAAA(BBBBB~)AAAAA(BBB~)AA~
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Olefin Block Copolymers

) t
soft block hard block

The soft blocks deliver flexibility and low temperature
properties and the hard blocks deliver high
temperature resistance

Figure 2.3: Microstructure of olefin block copolymer typically used for pressure-

sensitive adhesive application®

Block copolymers are lauded as a breakthrough in PSA technology due to a unique block
structure that delivers novel combinations of end-use properties and processability with
cost-effective product manufacturing. The choice and function of some block copolymers
for PSA application relate to the unique rheological characteristics, indicative of a low
softening point and low molten viscosity in combination to high cohesive strength*!,
Thermoplastic block copolymers*®** (Fig. 2.3) constitute the most frequently used category
of polymers, of which poly(styrene-b-butadiene-b-styrene) (SBS) and poly(styrene-b-

isoprene-b-styrene) (SIS) are commonly preferred.

2.3 Polymer mixing and phase separation

2.3.1 Entropy of mixing

In the blending of polymers or copolymers applied to the adhesive industry, compatibility
is a key parameter for mixing of the formulation components. Many polymers having high
molecular mass are immiscible*’. To understand the behaviour of polymer blends and
polymers in solution more fully, knowledge of the enthalpic and entropic contributions to
the Gibbs free energy of mixing AG" is required. The state of miscibility of any mixture is

38,42,43 a

given by the Gibbs free energy of mixing S,

AGM = AHM — TASM 2.3
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Where AHY and ASM are the enthalpy and entropy of mixing, respectively, and T is the
absolute temperature. According to the Second Law of Thermodynamics two components

will only mix if the free energy of mixing is negative®*>**:

AGM <0 2.4

Based on the thermodynamic theory of molecular mixing the following effects contribute
to the Gibbs free energy of mixing: the combinatorial entropy of mixing, the
intermolecular interaction and the free volume effect arising from the different free
volumes of any two components®****3. For combinatorial entropy of mixing, an equation

begins with the Boltzmann relationship as*®“2*,

ASM=k InQ 2.5

Where k is the Boltzmann constant, and Q represent the summation of combinations of
arranging of N molecules of component (A) (Na) and N molecules of component (B) (Ng)

into a regular lattice of N (N=Na + Ng) cells**,

N!

AT 26
And application of Stirling’s approximation yields®®:
InN!'=NInN - N 2.7
Substitution of Eq. 2.7 into Eq. 2.6 and then Eq. 2.5 yields®:
ASM = k(NInN — Ny,InN, — NgInNg) = —k(N,4Inx, + Ny Inxg) 2.8

Where xa= Na/N and xg = Ng/N. This expression is derived assuming that*** (a) the
volume change on mixing AV™ = 0, (b) the molecules in the mixture are all of equal sizes,
(c) all possible arrangements have the same energy, AH™ = 0, and (d) the motion of the
components about their equilibrium positions remains unchanged on mixing. Thus the free

energy of mixing AGM is
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AGM == _TASM == _kT(NA ln xA +NB ln xB) 29

This shows that mixing in ideal systems is an entropically driven, spontaneous process.
Nevertheless, it was recognised that, for a mixture of solvent and polymer the above
expression did not agree with experimental observations, as deviations from the
assumptions (a) to (d) occur®®**. Due to the disagreement between the experimental

evidence acquired with vapour pressure measurements** and the theory, the value of the

mole fraction (x;) was therefore replaced with volume fraction, ¢;, to yield a more realistic

agreement***,

Flory* and Huggins*® considered that the formation of a polymer solution depends on (a)
the transfer of the polymer chain from the pure, solid state where it is restricted to only one
of many conformations, into a state of disorder which has the necessary freedom to allow
the chain to be randomly placed on a lattice, and (b) on passing into the liquid solution the
chain achieves relative freedom and can now change rapidly among a multitude of possible
equi-energetic conformations, dictated partly by the chain flexibility and partly by the
interactions with the solvent. For polymer blends, the assumption made is that, the lattice
consists of N cells with a volume of V. Each polymer molecule occupies volumes V4 and

Vg, respectively. The molecular volume, V;j, is equal to the product of Vper and the number

of mer units. For solvents, the number of mer is 1. The volume fractions ¢ and ¢g are

represented by the relations®##**:

__ Valla __ Ve dV = V,Ny+VgNg  2.10
A=y N TN, TN, rvpn, AV S VaNatVeNe o 2.
In accordance with the assumptions for placement of polymers in the lattice, substitution of
Eq. 2.10 into Eq. 2.8 generates™:

$a oF ) 211

ASM = _k(NA ln ¢A +NB 11’1 d)B) = _kV <_ln ¢A +_ln d)B
Va Vp

for molecular volume or molar volume, respectively. As V; can conveniently be expressed
as a function of a reference volume V, such that V; = N;V, and assuming that, without
introducing significant error, N can be equated with the degree of polymerization for the

polymer then3®4244:
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RV (¢, b5 )
M___ [I£ =
AS" = 7 (NAlnq,’>A+ Blnqu 2.12

The change from mole fraction to volume fraction for xa and xg is only valid if it is
assumed that this ratio is expressed as the number of cells occupied by segments of A (or
B) over the total number of cells in the lattice. If the volume fraction form is retained, then
for a simple liquid-liquid mixture, Na = Ng, but for a solution of solvent molecule (A) and
polymer (B) solution, Ng >> 1 and the last term in Eq. 2.12 will be smaller than equivalent
term calculated for small molecules®®****. Consequently the combinatorial entropy to the
mixing process in a polymer solution is not as large as that for solutions of small molecules
when calculated in terms of volume fractions and expressed as per mole of sites. The one
basic problem with the Flory-Huggins approach is the selection of the mer units such that
the mer units of the different polymers occupy a similar volume*:. Though this theoretical
approach is not ideal, it nevertheless allows for at least a qualitative assessment of the
thermodynamics of polymer blends**“®. An illustration in Figure 2.4 demonstrates lattice

arrangements for, solvent-solvent >> solvent-polymer >> polymer-polymer*.
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Figure 2.4: Schematic of solvent-solvent, solvent-polymer and polymer-polymer

arrangements in a lattice of N cells, a visual illustration of combinatorial entropy™.

2.3.2 Enthalpy of mixing

In addition to the entropy effect, an enthalpy change can also be expected with molecular
mixing. Applying the regular lattice model, the enthalpy can be represented by a quasi-

chemical process where three molecular interactions can be considered and related as****
44,

1
Wap =5 (e4a + €gB) — €ap 2.13
Where &;jj is the energy of contacts between components i and j and wag is the exchange
energy of interacting segments. Assuming the mixture is incompressible, every site of the
lattice must be occupied either by an A component or by a B component, so ¢a + ¢g = 1.

The heat of mixing is then related to the wag by the expression:

AHM = ZWABd)Ad)B 214
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Where z is a coordination number, i.e. the number of nearest neighbours for a lattice site
where each one is occupied either by one polymer chain segment or a solvent molecule. To
eliminate z a dimensionless parameter commonly termed the Flory-Huggins interaction

parameter, yag, is employed and defined as®****,

VA%
XaB = k—,;B 2.15
Leading to
AHM = y, 5 kT 2.16

In words, y is the energy change, in units of kT, when for instance a segment of A is taken
from an environment of pure A and swapped with a segment of B in an environment of
pure B*¥42% If y is positive for components in a mixed state, the state will exhibit energy
and therefore such a mixture is energetically unfavourable and will be prone to phase
separation, though sometimes entropic factors may outweigh the enthalpic factors.
Conversely a negative y means that mixing is energetically favourable®®***. Having
calculated the entropy and enthalpy contributions to mixing, these can now be combined to

give the expression for the free energy of mixing, AGM = AH™ — TASM as:

AGM = kT (Eln bt Bmg, + X¢>A¢>3) 217
Ny Np

It has already been stated how for instance a mixture of polymers generating a negative
will be thermodynamically favourable and the polymers will mix fully. This is often due to
specific interactions such as a hydrogen bond formation between the different polymer
segments. In the absence of a specific interaction, segments interact via the Van der Waals
force®, and this always leads to a positive y value. Van der Waals interaction energies are
essentially proportional to the product of the polarisabilities of the interacting species,
which always results in positive y value. So it can be said that, in the absence of a specific

interaction, for a high enough relative molecular mass, polymers are always immiscible**
46

Based on the simple Flory-Huggins concept, y is entirely of energetic, rather than entropic
origin, and it is inversely proportional to temperature (Eq. 2.15). This then insinuates that
phase separation takes place in polymer mixtures as one lowers the temperature. This

38,42-444

usually occurs at a critical temperature , the so-called ‘upper critical solution
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temperature’ (UCST), as illustrated in Figure 2.5. In fact it is observed in many polymer
mixtures that phases separate as the temperature is raised, and these systems exhibit the so-
called ‘lower critical solution temperature (LCST) at the critical temperature where phase
separation occurs (Fig. 2.5). This means that the interaction parameter must have different
temperature dependency and from this, it follows that the parameter is not entirely
energetic in nature®*’. It must therefore contain an entropic component, a so-called non-
combinatorial entropy of mixing, which arises from local packing constraints at the level of
the polymer segments. Moreover, when y is measured by scattering techniques, it is often

found that the value y depends quite strongly on composition®’.

2-phase region

— — — LCST
= 1-phase region
——— UCST

2-phase region

(#.Cn

Figure 2.5: Schematic diagram of the two types of phase boundaries commonly
encountered in polymer solutions. The two-phase regions characterised by the upper
critical solution temperature (bottom shaded region), and the lower critical solution
temperature (upper shaded region), with a single phase region, lying between the

two.

Thus there is strong experimental evidence that Flory-Huggins theory is inadequate as a
quantitative description of mixing thermodynamics in polymer mixtures. From a
theoretical point of view it can be seen that errors arise due to four potential sources,

1. Implicit in the Flory-Huggins theory is the assumption of unperturbed chain
statistics. This is not expected because a polymer chain in a solvent collapses as
conditions are changed to bring about phase separation between the polymer and
the solvent*®. One would expect a polymer chain in a mixture to do the same as

conditions for phase separation were approached®.
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2. Neglect of fluctuations. Flory-Huggins theory is a mean field theory and so
neglects large composition fluctuations that occur close to the critical point. This
will result in the failure of the theory close to the critical point, but for polymers it
is expected that this region of failure is rather small because screening effects
observed in systems of high relative molecular mass reduce the significance of
these fluctuations®°.

3. The assumption that no change of volume takes place upon mixing, that there is no
extra free space created when two polymers are mixed has been found
experimentally to be inaccurate®®. The reason is that if two species have a strongly
unfavourable interaction, then, if mixed it will be energetically favourable for the
system to lower its density slightly, thereby reducing the number of unfavourable
contact and gaining some extra translational entropy associated with the ‘free
space’.

4. Finally, the local structure of monomers may lead to difficulties in packing, which
will lead to restrictions of configurations available and thus to changes in the
entropy of mixing. This is most important for pairs of polymers with very different
local stiffnesses or with monomers with bulky side groups. A huge amount of effort
has been done into making a more refined theory of polymer mixtures. Although

51,52

many of the resulting methods have had their successes >, it is probably fair to

state that no single improved method has achieved universal applicability.

Despite all its shortcomings, Flory-Huggins theory provides the universal framework for
considering polymer blend problems. This is partly because if one allows y to vary with
both composition and temperature in an empirical way, one is using Flory-Huggins less as
a theory and more as a convenient parameterisation of the free energy. In multi component
blend systems comprising for instance of homopolymers and copolymers, phase behaviour
can be very complex™, and different approaches are then required. Even simple ternary
blends which only contain chemically homogeneous polymers have complicated phase-

separation kinetics with complicated interfaces>*.

2.3.3 Phase separation

The Flory-Huggins theory on the free energy of mixing has clarified why it is difficult to

form homogeneous mixtures of two polymers. The combinatorial entropy of mixing of two

polymers is less than that of low molecular mass components. This is because the disorder
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refers to the segments of the polymer, and therefore for polymer blends, due to the high
molecular masses of the polymers, the term ASM is virtually zero, and the entropic
stabilization can be neglected®*****. Homopolymers are only miscible if there are
favourable specific interactions between them leading to a negative contribution to the
Gibbs free energy of mixing. Therefore AG < 0 required for mutual miscibility of polymers
can only result from other effects related to interactions between the components other
than the contribution from the combinatorial entropy. The miscibility behaviour of
mixtures of components may be characterised by the Hildebrand solubility parameter, d, of
each component, where a general rule of thumb is miscibility occurs if 5a~ 8g°°. According
to Hildebrand™ the solubility parameter & is defined as the square root of the cohesive

energy density as:
E
§= (5)? 2.18
&)
Where V is the molar volume of pure solvent, and E is the molar energy of vaporization.
The numerical value of the solubility parameter in the unit®” MPa? is 2.0455 times larger

than that in (cal/cm®2 Based on solubility, Hildebrand then proposed®*? the heat of

mixing of two non-polar components as:
AHM = (6, — 65)2papgV M 2.19

Where ¢a and g are the volume fractions of solvent and polymer, respectively, and VM is
the volume of the mixture. Equation 2.19 was found not to be correct since positive heats
of mixing are only allowed and solubility parameters can be used to predict both positive
and negative heats of mixing. Patterson et al*® modified the Hildebrand Equation and

proposed a non-combinatorial free energy of solution AGMnoncomb as:

AG%mcomb. = (6A - 6B)Z¢A¢BVM 2.20

The non-combinatorial free energy of solution, AGMnoncomp, includes all free energy effects
other than the combinatorial entropy of solution that results by simply mixing the
components. However this approach is limited when applied to polymers with high levels
of secondary bonding, and it is often more advantageous to implement Hansen’s concept58
of a three-dimensional solubility parameter which includes contributions of hydrogen

bonding, permanent dipole interactions and dispersion forces according to
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8% =65+ 6%+ 6; 2.21

Where 64, dp, and y are the dispersion, electrostatic, and hydrogen bond components of 6,
respectively. For molecules whose heats of vaporization can be measured, or calculated®,
one can easily determine the value of 8. The Hansen solubility is determined empirically
based on multiple experimental solubility observations. However, for polymers the Hansen
parameters are assigned to the parameters of the solvent causing the maximum swelling in
a series of polymer swelling experiments®, as especially crosslinked polymers do not
dissolve but swell. Thus, the two quantities represented by Eq. 2.18 (Hildebrand ) and Eg.
2.21 (Hansen) are expected to be similar but not always identical, because Hildebrand
parameters are not always determined from heats of vaporization, particularly for
substances with high boiling points. For polymers, a variety of other experimental methods
are also employed™® leading to a wide variety of experimentally reported values. Values of
the solubility parameter can also be calculated from knowledge of the chemical structure of
any compound, polymer or otherwise, given in tables by Small®® and Hoy®!. Use is made of

the group molar attraction constants, G, for each group according to®*®2,

6= 2.22

puG
M

Where p is the density and M is the molecular weight. For a polymer M 1is the mer

molecular weight. The use of solubility concept has been extended to predict the heat of

mixing for polymer (A)-polymer (B) mixtures through the interaction parameter y as*?**°®

62

Vo 2
XaB = ﬁ (64 — 65) 2.23

Where V, is a reference volume** normally assumed at a value of 100 cm®mol™. A
practical aspect of this is that, (8, — 85)? will always be zero or positive, leading to
positive values for AHM, thus immiscibility in the limit of very high molecular weight
polymers, as stated earlier. With lower molecular weight and values of (6, — 85)? equal or
very close to zero, miscibility can be achieved through small contribution of the
combinatorial entropy*. Table 2.1 presents reported values of solubility parameters for
some selected materials determined at 25°C. Recently Chee et al®, proposed a relationship
of temperature dependence on the solubility parameter for polymeric materials according
to,
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§=26,+m(T—T,) 2.24
Where 94 is the d at the glass transition temperature (Tg)., and m; is an empirical constant

with the subscript ‘i’ =s, | designating the polymers below and above Ty respectively.

Table 2.1: Solubility parameters of some selected materials at 25°C.

Material Solubility parameter & Reference
(cal/lcm?®)Y2

Acetone 9.9 64
Benzene 9.2 64
Water 23.4 64
N-dodecane (paraffin) 7.8 63
Polyethylene 7.9 64
Polyisoprene 7.9. 64
Polybutadiene 8.4 64
Polystyrene 9.10 64

2.4 Block copolymer self-assembling and mesophase

Scientific interest in the fabrication of ordered nanostructures of block copolymers has
attracted huge attention over the last decade. There has been considerable progress in the
development of synthetic strategies for preparing block copolymers of various nano-
structured architectures, solubilities, and functionalities®®. Such architecture comprises
diblock, triblock and multi-block copolymers arranged into different morphological
shapes. The preparation of well-defined block copolymers requires a chain-growth
polymerization mechanism than can be conducted in the absence of undesired transfer and
termination steps. The anionic polymerization of styrene and isoprene was the first
successful demonstration of this approach using AB diblock copolymers, i.e. poly(styrene-
block-isoprene) (PS-b-P1)®’. Subsequently a number of different routes to block copolymer
synthesis have been reported, e.g., group transfer polymerization®, cationic
polymerization®®, combined anionic and photo polymerization™, and direct anionic

polymerization”.
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The unique properties of block copolymer materials rely crucially on the mesoscopic self-
assembly of these materials in the molten and solid states. Such self-assembly spatially
produces periodic structural patterns that can exhibit considerable complexity. These
patterns are commonly referred to as microphases, mesophases, or nanophases, depending
on the length of the block copolymer system’?. Mesophases are intermediate phases
between rigid, fully ordered crystals and the mobile melt”. The basic reason behind the
self-assembling is clear. The monomers comprising the different blocks prefer
energetically to be surrounded by monomers of the same kind and to avoid contact with

monomers of other species’>*">7677,

At sufficiently low temperatures, known as the strong segregation limit (SSL)®"*, th

e
block polymers will arrange themselves so as to minimize contact between the different
species of monomers. Were the blocks not chemically bonded to one another, they would
undergo phase separation as two separated phases (Fig. 2.5). Because they are covalently
bonded, they cannot separate but must arrange themselves in an ordered manner. In the
simplest case of an AB diblock copolymer, there is only the issue of compatibility between
dissimilar A and B blocks. Unlike binary mixtures of low-molecular-weight fluids, the
entropy of mixing per unit volume of dissimilar polymers is small, as explained earlier.
Thus, even minor chemical or structural differences between A and B is sufficient to

produce excess free energy contributions that are usually unfavourable for mixing® """

In the solid state of the phase segregated structures, microscopic statistical theories on

72787980 q\welling equilibria®, and the illustrations of models for small

angle X-ray scattering (SAXS)® 2 profiles of block copolymers have been subsequently

phase equilibria

studied. From the experimental results of SAXS, neutron scattering®®, and transmission
electron microscopy (TEM) of ultra-sectioned samples®™, and within mean-field theory’*
768185 two parameters, yN, and f, have been found to control the order and disorder in
block copolymers melts®. The parameters are ,y, which has already been presented, the N
= Na + Ng is the total degree of polymerization, and the volume fraction of for instance the
(A) component fa Recently fluctuation effects have been found to contribute a third
parameter to the self-assembly as®, N = a®v~SN, where a = R,(N/6)~%/2 and R, is the
Gaussian coil radius of gyration and v is the segment volume. Conformational asymmetry
leads to a fourth parameter®, e = p2/B% where B2 = a?/6v. The analyses and
observations of microphase separation in polystyrene-polyisoprene (PS-PI) diblock

copolymer have been systematically demonstrated as shown in the illustration in Figure
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2.6, presenting microstructures from body-centred-cubic (BCC) spherical, hexagonal (hex)
cylinders, complex bicontinuous gyroid (gyr) discovered recently between lam and hex

near the ODT, and lamellae (lam), in the order of increasing fa of polystyrene’>#%".
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Figure 2.6: Strong segregation limit (SSL) equilibrium morphologies for (A-B), type
block copolymers. The order-disorder transition compositions shown apply to
polystyrene-polyisoprene diblock copolymers where fa corresponds to the polystyrene

volume fraction®’.

At sufficiently high temperatures, of course, the system is disordered due to dominance of
entropy considerations, but will order when the temperature is reduced sufficiently. The
transition temperature is, to a good approximation, determined by the product yN"*"". Thus
¥’ N = constant determines the transition temperature T . Note that the transition
temperature is proportional to the length of blocks, because longer blocks have much

smaller entropy per monomer, making it easier for the system to order.

Over the last decade, together with the complex bicontinuous gyroid phase®®, two new
ordered microstructures have been discovered for the PS-PI systems. These are the

hexagonally perforated layers (HPLs)®, and the hexagonally modulated lamellae®®, as
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shown in Figure 2.7. It is reported that the occurrence of these new morphologies is
controlled by the overall molecular weight (i.e. N or N), in addition to the classical
parameters N, and f, suggesting a new type of non-universality for block copolymer self-

assembling*®2,

The extent of segregation for diblock copolymers can be summarised based on the N, and
f, into three major regimes as: weak segregation limit (WSL) where yN ~ 10, intermediate
segregation limit (ISL) with yN ~ 10 — 100, and SSL with yN > 100. Details of the other

limits are found elsewhere’.

la3d

Bicontinuous Perforated Modulated
Layers Lamellae

Figure 2.7: The additional microstructures of diblock copolymer self-assembly to the

classical ones’.

2.4.1 Block copolymer self-assembly in solution

Block copolymers consisting of chemically distinct homopolymers that are covalently
bonded in an AB or ABA sequences, are capable of spontaneously self-organising into a
variety of classical nanoscale morphologies such as lamellae, cylinders, spheres, gyroid,
etc., alone as explained above, or in the presence of a solvent, homopolymer or another
copolymer®®*. Addition of an organic solvent to a microphase-separated AB diblock® or
ABA triblock®™®% copolymer provides a straightforward route by which to controllably
modify copolymer morphologies and accompanying properties. The presence of solvent
affects segmental interactions and may alter interfacial curvature, thereby influencing
morphological development, especially if the solvent is preferentially compatible with one

block of the copolymer®.
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The possible utility of adding small amounts of block copolymers in adhesive blends as
impact modifier is widely recognised by the adhesive industry. Efficient utilization of the
copolymers calls for a better understanding of the thermodynamics governing the
miscibility behaviour and adhesive film morphology as a result. Both theoretical

4997 and experimental observations®%899100.101.102103 haye shown that when di-

concepts
or triblock copolymers are used in a solvent-selective blend system, the block polymer
compatible with the solvent will form an equilibrium continuous phase with the solvent
and the incompatible block polymer will assemble into independent microphase separated
domains. Efforts have been done in an attempt to explain how, when, and to what extent
phase separation occurs in an incompatible copolymer™®1% Many of the explanations
ultimately rest in the realm of thermodynamics, and in particular with arguments based
upon issues of solubility. In systems for instance, with adhesive blend formulations where
the triblocks are covalently attached, they are restricted with regard to the scale over which

they may phase separate.

In small amounts, both diblock and triblock copolymers form micelles with selective
solvents, however triblock copolymers can adopt more topologies® . In reported studies
by Kossauth et al'®., and others'®, about styrene-ethylene/butylene-styrene (SEBS) gel
systems, they found that the polystyrene (PS) formed different phase-separated glassy
domains from spherical-to-hexagonal-to-lamellae structures within the continuous phase of
oil and elastomers. The PS was incompatible with the continuous phase and therefore
undertook the different energetically favourable distinguished structures as its content in
the gel was increased. Balsara et al'®%., schematically showed the possible structures
formed by diblock and triblock copolymers in a selective solvent, as displayed in Figure
2.8. Figure 2.8(a) reveals the case of diblock (AB) and triblock (BAB) copolymers where
solvent is selective to the endblocks. The micelle core is made up of A block surrounded
by a corona of solvated B blocks with one end “tethered” to the core-corona interface,
while the other end is free. Preferential dissolution of midblock in BAB triblock is shown
in Figure 2.8b-d. Figure 2.8(b) shows flower-like micelles due to the formation of loop by
solvated midblocks, which causes an additional entropy penalty. If this penalty is too large,
endblocks extend into the solution as free ends, Fig. 2.8(c). This entropic penalty is also
overcome by formation of branched structures of the triblock copolymers (BAB) where

endblocks (B blocks) connect to different cores, as illustrated in Fig. 2.8d.
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Figure 2.8: Possible micelles and aggregates formed by diblock and triblock
copolymers in selective solvents. (a) Solvent is selective towards endblock or B block
in case of AB and BAB block copolymers. (b) For high loop/bridge ratio, flower-like
micelles in case of BAB triblock copolymer where solvent is selective towards A block.
(c) A block selective BAB triblock with some free B block extending into solution. (d)
A block selective BAB triblocks, branched structure formed where strands of B

blocks extending into the core of different micelles*®.

In semidilute and concentrated solutions, the microdomain formation of diblock and
triblock copolymers are different. In the case of diblock (AB) copolymers, molecules are
coupled through the entanglement of solvated B blocks in the corona of the close-packed
microlattice'®%1% In the case of the triblock copolymers at high copolymer dilution, the
midblock adopts conformations such as loops (both endblocks resides in the same micelle),
bridges (each endblock resides in different micelle), and dangling ends where a fraction of
the endblocks choose to reside in the matrix and remain unassociated with a micelle, as
clearly illustrated in Figure 2.9. In these systems gelation could occur by bridging of the

109110 " along with entanglements®, which results in a 3-D network formation, the

|99

micelles
so-called physical gel™. Bridged midblocks are responsible for the formation of the 3-D
network that binds the solvent and creates the physical gel, that is stabilized by the micelles
of the glassy or semcrystalline copolymer enblocks. Gels represent a state of matter
between solid and liquid exhibiting a solid-like behaviour when one of the components in

111,112

solution forms a 3-D network'®. Previous studies on SEBS copolymer/oil blends
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have shown that the oil is completely bound within the midblock network at oil mass
fractions of up to 0.90.

Thermoplastic elastomer triblock or multiblock copolymers with rubbery midblock and
glass/semicrystalline endblocks, in the presence of midblock selective solvent are

designated as thermoplastic gels (TPEGs)**.

Properties of TPEGs are greatly
influenced by chemical nature of both the midblock and the endblock polymer. TPEGs are
also physical gels. Physical gels are formed by intermolecular forces such as hydrogen
bonds, Van der Waals forces, electrostatic forces, or other molecular interactions that
favour association between certain points on different polymeric chains. These gels are
also termed thermoreversible gels because the interactions taking place between connected
domains are of the order of KT (k, Boltzman constant and T, absolute temperature). Hence,
the network can collapse upon heating and reform upon cooling**. If the solvents

molecules are organic, the formed physical gel is known as an “organo gel”**.

.‘6\“\\ Dangling chain

end

Figure 2.9: Possible micellar chain topologies for SEBS gel system*®!3, The glassy PS
micelles stabilize the gel by serving as physical crosslinks for the EB matrix

containing solubilised oil.

2.4.1.1 Diblock versus triblock

An AB diblock in a micelle can only be found in a dangling topology in which the A block
is in the micellar core, whereas an ABA triblock chain can form a loop, bridge or
dangeling end'®. The ability of self-associating triblock chains to bridge two insoluble

domains is one main feature distinguishing them from self-associating diblock chains™*®**".
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This distinction leads to a very important qualitative difference in the phase behaviour of
the two systems; namely, that ABA triblock chains can form a network structure'®. This
qualitative difference also leads to different viscoelastic behaviour for the two systems. At
low concentrations, diblock copolymer solutions behave like fluid suspensions of soft
particles. The viscoelastic behaviour exhibited by diblocks, at high concentrations, is
dominated by extensive entanglements of the B blocks in the corona of the close-packed
micelles**®*%% This structure has also been observed for the equivalent system of BAB
triblock copolymer**!?2_ In an ABA triblock system, on the other hand, gelation could
occur by bridging of the micelles in addition to entangelemnets®. Not only would a
triblock copolymer gel have a higher elastic modulus but also a larger average lifetime
(broader plateau modulus region). Furthermore, at zero or very low shear rate, a diblock
“gel” would behave like a fluid because of gradual disentanglement of the polymer chains

whereas the ABA triblock gel would have a finite elastic response’®*.

In a study by Gilbert et al**®

, they analyzed the individual behaviour of a styrene-isoprene-
styrene (SIS) triblock and styrene-isoprene (SI) diblock copolymers of a PSA blend
system. With dynamic rotational rheology measurements, they observed an onset of flow
region (storage modulus — 0) for the SI diblock between 10% to 10 rad/s at room
temperature but a frequency independent storage modulus (G’) for the SIS triblock
copolymer. The observation for the SIS copolymer was attributed to a viscoelastic solid-
like behaviour due to the organisation of a physical network of polyisoprene trapped
between glassy polystyrene nodules in the triblock network. The lack of physical network
system within the Sl diblock enabled the polymer chains to disentangle, align and to slip
pass each other at the low frequency measurement condition. The sample then displayed
behaviour as indicative of flow. However for the SIS sample, the entrapment of the
elastomer segments between the styrene sequences hindered their relaxation significantly
at room temperature. In terms of adhesive behaviour, this observation is significant
because no creep (flow) should occur at long times, and the formulations must exhibit a

rubbery-like behaviour at room temperature, once cooled™®

. The rubbery plateau
(frequency independent G”) region for the SI diblock was reported to be between 10° to 10°

rad/s at room temperature, in the work by Gilbert et al*®,

Although there are several contrasting features between the association behaviour of

diblock and triblock systems, the driving force for assembling is the same and that is the
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reduction of the enthalpic contribution''®. Table 2.2 shows comparision between diblock

and triblock gels.

Table 2.2: Diblock versus triblock copolymer gel systems

Property Diblock copolymer  Triblock copolymer Reference
(AB) gel (ABA) gel
Topology Dangling ends Bridges, loops, and 125
Dangling ends
Gelation Gelation occurs by Gelation occur by 125
Extensive bridging and
Entanglement of the entanglement
coronial chains
Aggregation For same My, higher  Lower than diblock 125
number aggregation number at same M,
Elastic modulus Lower than triblock  Higher than diblock 125
copolymer gel copolymer gel
Rheological Behaves as fluid Behaves as elastic 125

response at very

solid

low shear strain
rate (T < T4™")

Over the past decade, numerous experimental studies have aimed to establish fundamental
relationships between morphological and property development in styrenic triblock

copolymer gels. Both commercial*® 127128

and synthesise styrenic based copolymers have
been used for studying the effect of molecular weight, copolymer compositions, and
process parameters such as temperature and shear on the properties of theses gels.

Bordeianu and co-workers!?®130.131

established the relationship between the mechanical
properties of styrene-butadiene-styrene (SBS) diluted with two different types of mineral
oils. They found that oil with more aromatic hydrocarbons exhibited larger stress values at
any given elongation and oil level. Watanabe et al.**2., developed a transition map which
classified the temperature response of SBS, diluted with n-tetradecane. They found that the
rubbery-to-plastic transition temperature (48-53°C) did not show pronounced dependency
on the SBS concentration. However the plastic-to-viscous transition (103-119°C) showed a

strong concentration dependency.
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Linear viscoelastic response of styrene-isoprene-styrene (SIS) copolymers dissolved in
polyisoprene selective n-tetratdecane (C14) was studied by Sato at al***. They found that
SIS/C14 exhibited a composition fluctuation in the vicinity of the order-disorder transition
temperature (Topr). The stress relaxation response of SEBS TPEGs was determined under
compressive deformation by Quintana et al.,*?. They found large relaxation rates for the
SEBS gels which was indicative of high mobility of the physical networks over the time of
the measurement. They believed that a dynamic equilibrium existed in the SEBS gels
where some junctions were broken and new ones were formed continuously. They also
showed that the relaxation rates were relatively independent of the copolymer
concentration. Spontak et al™***** have studied in details a class of styrenic TPEGs with
TEM to reveal the microstructure. They found that the shape and size of the styrenic
micelles are not strongly dependent on either the wt-% copolymer or processing history
(quenching vs. slow cooling). They observed that as the copolymer fraction increased, the
inter-domain distance (D) and linear viscoelastic strain (y_veg) decreased (Fig. 2.10).
However, time to rupture, dynamic tensile and shear storage moduli, and order-disorder

temperature (ODT) increased*®*

. In addition they reported that the y,ve decreased with
increase in both temperature and copolymer fraction**. They found a power law
relationship between the storage modulus, and copolymer concentration (C in g/cm?) for
SEBS/oil blends and concluded that the measured modulus was a contribution of entangled

midblock loops and dangling ends, along with bridged midblocks.

Modulus
increases

Inter micellar
distance decreases

decreases

Time to rupture
decreases

Copolymer wt%
decreases

Figure 2.10: TEM micrograph of SEBS TPEG with 30, 20, 10 weight percent (wt-%o)
copolymer quenched from 180°C to 0°C**.
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King et al.™*® monitored the change in the time dependent oil content upon swelling of SIS
and SEBS triblocks. Due to the greater chemical similarity of EB than | with mineral oil,
they found that maximum oil uptake in the SEBS/oil and SIS/oil blends was 154% and

34% mass increase, respectively.

The alteration of the mechanical properties of TPEGs by the addition of either an endblock
compatible homopolymer, to swell the micellar core'*"**® or by the addition of a diblock

copolymer™*®

, to alter the extent at which midblock connects neighbouring micelles are
also mentioned in the literature. Register and co-workers*® have obsevered that the
addition of Sl diblock to SIS triblock copolymer system eliminated the macrophase
separation and produced optically clear gels of very low modulus. They found that an
increment in the modulus as the diblock was added at a constant triblock content was due
to entanglements by the diblocks and reduction in the intermicellar spacing. A similar
observation was made by Spontak et al.***, in the storage modulus upon the addition of SI
diblock in SIS triblock, in the presence of mineral oil. They explained the results based on
tail-induced volume exclusion, assigned to the presence of diblock molecules, within the
micellar coronas that improved the network development by increasing the population of

bridged midblock (1).

2.5 Viscoelasticity of PSAs

When a PSA is applied to a substrate, the adhesive is expected to spontaneously spread on
the surface with little or no applied pressure, i.e. easy wettability. However, when peeled
or a weight is hung from the sample, it is expected to resist the applied force, i.e. display

141

solid-like property~". This contradictory behaviour is available from viscoelastic materials.
Since block copolymers provide the underlying bases of PSA formulations, it is then
believed that the viscoelastic behaviours of the products are consequently governed by that
of the copolymers**'. The viscoelastic property of polymers or PSAs is typically
determined by dynamic mechanical measurements (DMA), which will be further presented
in Chapter 3. Based on the mechanical models by Maxwell*****% and Kelvin-Voigt*****,
Hata et al'** described that the deformation of PSAs during a peel test can be approximated

as a uniaxial extension of independent adhesive strands.
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When subjected to a uniaxial stress, o, an ideal elastic material will deform proportionally
to the applied stress and and return completely to its original dimensions by removal of the
stress. Such material is said to obey Hooke’s law, and at small applied shear stress, the

corresponding strain, €, which is lineraly proportional to the stress is>*4243,

o = Ge 2.25

Where E which is the tensile modulus or Young’s modulus in a stress-strain measurement
is equal to the slope of the initial curves of the measurement, as illustrated in Figure 2.11.
The application of a shear stress to a viscous liquid on the other hand, is relieved by

viscous flow, amd for small values of o can be described by Newton’s law?*142143,

des
Os = TIE 2.26

de,

Where n and are the viscosity and applied shear rate, respectively. Because of their

chain-like structure, polymers are not perfectly elastic bodies and deformation is

accompanied by a complex series of long and short co-operative molecular

34,142,143

rearrangements Consequently their mechanical behaviour is dominated by

1142143 assumes that the ideal viscoelastic strain

viscoelastic phenomena. Maxwell’s mode
response of a polymer to a small applied stress can be described by both Hook and
Newton’s laws. The two units are connected in series as shown in Figure 2.12, and the total

deformation is additive of the elastic and viscous components,

Etot = Eel. T Eyis. 2.27
Leading to
de _ 1do N o 228
dt Gdt 7 '

The Kelvin-Voigt model***? is constructed from the ideal elements by placing a spring
and a dashpot in parallel. Any applied stress is now shared between the elements and each
is subjected to the same deformation. The corresponding relationship for the constitutive

relation is expressed as a linear first-order differential equation as;
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o(t) = Ee(t) + ndz—(tt) 2.29

In reality the viscoelastic behaviour of most polymers cannot be described very well by
only the Maxwell or Kelvin-Voigt models based on only the two parameters. Generally
more complicated models with larger numbers of the constitutive relationships are used to

approximate more closely the behaviour of real polymers**%*,

Britde
C

Stress

Strain

Figure 2.11: Stress-strain curves for brittle, ductile and elastomeric material*>**.

In a stress-strain experiment, at the early low strain portion of the curve, most materials
obey Hooke’s law to a resonable approximation (Fig. 2.11). As the strain is increased,
many materials eventually deviate from linear proportionality, the point of departure being
the proportional limit. This nonlinearlity is usually associated with “stress-induced” plastic

flow in the specimen'*!4

. Here the material is undergoing an internal molecular
rearrangement, in which atoms are being moved to new equilibrium positions. Brittle
materials lack this phenomenon since they exhibit internal microstructures that block
dislocation motion'*>**. They typically exhibit linear behaviour over full range of strain,
and eventually fracture without appreciable plastic flow (Fig. 2.11). Ductile materials will
continue to plastically deform above the proportional limit, with ever increasing stress, a
mechanism termed strain hardening, until they eventually fracture. Their microstructural
rearrangement associated with plastic flow is usually not reversed when the stress is

removed, so thier proportional limit is often the same as or close to the material’s elastic

limit.

Elastomers strain significanlty under small stress due to the relatively high mobility of
their molecular segments, which enable them to reconfigure themselves to distribute an
applied stress®”**1% The entropy of the chains is more favourable in the relaxed state than

in the stretched state. The covalent cross-linkages ensure that the elastomer will return to
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its original configuration when the stress is removed. As a result of this extreme flexibility,
elastomers can reversibly extend from 5-700%, depending on the specific material®’.
Without the cross-linkages the strain of elastomers under an applied stress would result in a
permanent deformation®’. Each material’s toughness is defined as the area umderneath the
various curves from the strain=0, to the strain value at failure point C, and it is equivalent

to the energy each sample can absorb before it breaks (Fig. 2.11).

n [

Figure 2.12: Mechanical models of. a) Maxwell and , b) Kelvin-Voigt***14,

2.5.1 Elasticity of polymer network systems

The molecular mechanism that underlines rubber elasticity remains one of the most
unsolved problems in polymer physics. Numerous attempts to develop a molecular
description of polymer networks in the last half century have been only partially successful
and have left the field with a dozen competing and often conflicting models**’. What
causes such ambiguity in understanding the molecular dynamics is the unusual properties
inherent to the chain-like structure of rubbers*®'*®. For example a polymer material in
rubber-like state will exhibit a mechanical behaviour, which at first glance, might appear

142185 However the force

Hookean, in that extension is close to 100% recoverable
extension curve, as illustrated in Figure 2.11 does not approximate to what is expected
from Hookean behaviour, except in the regions of small strains. The most obvious and also
the most important physical characteristics of the rubber-like state is the high degree of
deformability exhibited under the action of comparatively small stress. The maximum
extensibility normally falls within the range 500 — 1000 %**. These properties, i.e. high
extensibility and low modulus, are to be contrasted with the properties of typical hard solid
(e.g steel), for which the value of Young’s modulus is 2.0 x 10> N mm™ and the

corresponding maximum elastic (i.e. reversible) extensibility about 1.0 percent or less®.
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In rubbers, the necessary cross-linkages between the chains are normally introduced by a
chemical process called vulcanization, which was originally discovered by Charles
Goodyear in 1839, The chemical reaction involves the formation of interchain links,
composed of two, three, or four sulphur atoms, between sites of unsaturation on adjacent

8 In systems

chains. Such crosslinks are known as chemical crosslinks (Fig. 2.13a)
involving copolymers of glassy polystyrene domains and elastomer chains, the crosslinks
are formed by glassy polystyrene regions interconnecting elastomer chains. This is a

thermo-reversible physical crosslink (Fig.2.13b).

Soft domain
with flexible
segments

Figure 2.13: lllustrations depicting, (a) chemical Crosslinked rubber via covalent

bonds and, (b) structure of thermoplastic rubber with glassy hard crosslinks®

Despite the complexity of the deformation curve for a rubber, the curve can be well
described with a simple model based on the random arrangement of segmental units in a
polymer chain. A hint at the relationship between the entropy of a polymer chain and the
mechanical properties is seen when a stressed rubber is subjected to changes in
temperature®*®**°, A rubber band stretched by a fixed load will shorten with increasing
temperature, reflecting a net thermal contraction rather than expansion. This unique rubber
property was examined further through relationships between force, length, and
temperature on one hand and thermodynamic quantities, internal energy and entropy, on
the other”’. In discussing the equilibrium of a system which is subjected to reversible
changes (e.g. elastic deformations), the reversible adiabatic extension of an ideal elastomer

is considered first by the Helmholtz function for a system according to*3141%,

A=U-TS 2.30
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Where A is the Helmhotz free energy and U is the internal energy. If the applied force is f,
and 1° and | are the lengths of the sample in the un-extended and extended states, then

differentiation of Eqg. 2.30 with respect to |, at constant temperature gives,

0A, _ U 23S Lot
(E)T = (W)T - (a)r :

The work done on the system during a reversible extension of the sample by an amount dl

of an applied force f, is given by dA = f dl and so,

_ou Tas _ 232
f=Gpr—TGPr=ftfs -

The force is constitutive of two contributions; the energy f, and entropy fs. For an ideal
elastomer the contribution of f, to the total force is negligible because there is no energy

change during extension and™***°,

aS

ST 2.33

f=-T(

This is the expression for an entropy spring and shows that the strain in a stretched
elastomer is caused by a reduction in conformational entropy of the chains under stress.
This is the fundamental reason why extended rubbers tend to retract spontaneously when
the load is removed. It depends on the fact that the number of possible ways a polymer coil
can exist in a compact form is overwhelmingly greater than the number of available
arrangements of the chain segments in an extended ordered form. In reality the behaviour
of most elastomers and polymer networks are far from ideal, and a significant contribution
from f, is found. This is because an elastomer is a three dimensional network system®”
147,149,150

, and when subjected to stress, there is a volume change and though this is small, it

contributes significantly to the internal energy

A number of models have been developed to describe the relaxation properties of
crosslinked polymer networks. The phantom model assumes that the cross-linkers are
completely free to move in space. At the opposite extreme, the affine model assumes that
the cross —linkers are confined to fixed locations and move affinely under deformation. For
real networks, the fluctuations of the cross-linker junctions are partially suppressed by
entanglements of the strands which are described by the constrained model. When the
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strands between two neighbouring cross-linkers are longer than critical chain length,
interchain entanglements may significantly affect the motion of the cross-linkers and the
modulus. One of the most successful theories for the treating of the interchain
entanglement is the reptation model initially proposed by de Gennes, Doi and Edwards™".
The theory of reptation confines the motion of a polymer chain within a tube formed by
neighbouring polymer chains, and the chains diffusion coefficient is proportional to the
inverse of the molecular weight. The diffusion behaviour of unentangled systems can be
described by the Rouse model, in which the polymer chains are modelled as a series of
beads joined by rings. The diffusion coefficient is proportional to the inverse of the
molecular weight. Details of the concepts and theories explaining the deformations of

polymer network systems are extensively presented in the literature'*’ %1213,

The quantitative description of the viscoelastic behaviour of multiphase thermoplastic
block copolymer systems such as the PSAs is complicated by effects arising from
incomplete phase separation and impacts from network structure due to physical crosslinks
of hard domains and trapped entanglements of elastomer chains*>*. Roos and Creton have
nevertheless proposed a model to explain the elastic behaviour of PSAs based on
thermoplastic styrenic triblock copolymers™>. Their model was developed from the more
commonly affine and phantom rubber elasticity models considered that microphase
separated polystyrene (PS) hard domains and soft elastomers + resin/oil matrix could be
assimilated to a loosely crosslinked rubber where the PS domains were the crosslink points
and the elastomers provided the entropic springs between them. The elastic modulus G’

was represented by a reduced stress according to**°,

Ge
or = G, + 2.34

1
(0.742 + 0.61A72 — 0.35)

Where G; represented the contribution from the fixed crosslinks, i.e., the crosslinks formed
by the PS domains connected by the elastomer blocks. G represented the entanglement
parts made up of the elastomers/resin units. Lambda A, represented the extension ratio I/lo.
According to the relationship, the elastic modulus G’ observed at small strain oscillatory
measurement, would be dominated by the entanglement domains G.. At large strain (large
A), investigated with a tensile test, they found that the non-linear elastic modulus of the

system was strongly controlled by G, i.e. the modulus of the PS domains.
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2.6 Pressure-sensitive adhesives

2.6.1 Principles of development of PSAs

It is known in the adhesive industry that the base polymer and the formulation additive
influence the peel of the finished product*®. Hence the science and technology are based
on this dependency. As known from formulation praxis, various base elastomers or visco-
elastomers provide different peel resistance. Such demand requires blending of
components with different properties. Diblocks and triblocks are synthesized separately
and then volumetrically combined®®. The diblocks reduces the rubbery plateau modulus

57 ‘When only triblock copolymers are used

and results in softening at a lower temperature
as base in a PSA formulation, the product will exhibit higher shear resistance, higher
viscosity and a better high temperature performance®’. The diblock/triblock content
strongly affects the adhesion-cohesion balance of the formulation. In earlier work, the
increase of SI/SIS ratio was found to improve the tack and peel but reduced the shear
adhesion failure temperature (SAFT) of a formulation™®. There are similarities in the role
of a tackifier and that of diblocks in styrenic rubber based adhesive formulation.
Principally it is possible to design a formulation on pure triblock and tackifier where the
softening role of the diblock is played by the resins and a major incentive to the choice is

the generally lower cost of the resins as compared to the diblocks™"**°.

Because of their unique domain structures, styrenic block copolymers (SBCs) typically
used for PSAs exhibit high viscosities that are very sensitive to shear rate. During blending
and application the viscosity of the SBC must be lowered by decreasing the strength of the
polystyrene endblock domains™3. In solution application this is done by dissolving the
endblocks in a solvent. In hot melt applications this is accomplished by heating the
polymer to a temperature substantially above the Ty of the polystyrene (PS)
endblocks™®*®1. Normally, styrene-isoprene-styrene (SIS) polymers will give formulations
having the lowest viscosity. However, styrene-ethylene/butylene-styrene (SEBS) and
styrene-ethylene/propylene-styrene (SEPS) based adhesives can be processed at higher
temperatures than the SIS and styrene-butadiene-styrene (SBS) based adhesives with less
concern about polymer degradation. Thus, processing SEBS or SEPS based adhesives can

be made easier by working at a higher temperature®>1,
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2.6.1.1 Role of Styrene

The styrene content is a very important polymer design parameter and greatly influences
the relaxation of the rubbery matrix of the PSA®*. The effect of the styrene content on the
storage modulus of pure SIS is shown in Figure 2.14, as reported by Sims*®. In
viscoelastic terms, increasing the styrene content increases the elastic response. The
storage modulus G’ increases significantly as the styrene content increases from 18% to
44%. The increase in G’ values shown (Fig. 2.14) with increasing styrene level is not linear
because the styrene domains are going through morphological changes from spheres to
rods to lamellae configuration (Fig. 2.7), which also leads to an increase in the polymer
hardness'®>®®. The best SBC lattices usable for PSA include no more than 25-35% styrene
with the formulation T4 between -60°C to 35°C*’. An increase of the polystyrene content

in PSASs is not possible because of the increase of the plateau modulus**®’

o Styrene 44%
8
E Styrene 29%
=
Z
. N
O

Styrene 18% x

Temperature, (C)

Figure 2.14: Effect of the styrene wt-% on the modulus of SIS,

2.6.1.2 Role of Tackifiers

Tack is defined as an adhesive’s ability to form a physical bond with a substrate, under
application of a very light pressure™. In order to obtain the required tack property,
adhesives must have a relatively low moduli and short relaxation times to relieve internal
stresses. Hence low molecular weight middle block compatible resins/tackifiers are added
to PSA blends to increase the flow properties and surface wettability™®. A good

compounding tackifier must also have a high Ty to increase the T of the blend. Unlike peel
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adhesion and shear resistance, the concept of tack is difficult to define. According to

Johnston'®

, tack has been assigned diverse names such as wet grab, quick stick, initial
adhesion, finger tack, thumb tack, quick adhesion, and wettability by the PSA industry.
Tack is defined by Zosel'® as the ability of an adhesive to form a bond of measurable
strength to another material under conditions of low contact pressure and short contact
time. The American Society for Testing and Materials (ASTM)'" defines tack as “the
force required to separate an adherend and an adhesive at the interface shortly after they
have been brought rapidly into contact under light load of short duration”. However, it is
not clear how long a time is considered as a short duration and also the amount of load

defined as slight or light.

Nevertheless tack is not merely a material property of the adhesive, but also depends on a
wide range of factors. These factors are the nature of the adherend, adhesive processing
condition, contact load, dwell time, temperature of application, air humidity and the
adhesive flow characteristics'’*. Due to the interaction of these variables, it is hard to

describe tack by a unified theory. Creton and Leibler'"

attempted to better understand the
dependence of tack on the pressure and contact time during a tack test, and to
quantitatively relate the results to the molecular structure of the adhesive and the roughness
of the substrate. Zosel'”® presented experimental studies of the influence of the contact
formation on the adhesive or interfacial fracture energy and tack of polymer. The easiest
test method of measuring tack is touching the finger lightly for a short time to a PSA and
then quickly withdrawing it. Numerous standard tack tests have been developed for PSAs

by different organisations and comprised by Johnston®®®,

The tackifiers typically consist of short chain polymers of molecular mass between 300
and 3000 g/mol, with a softening temperature between 60°C and 115°C, depending on the
desired nature to the final adhesive compound*’**">1®177 Dye to the two-phase nature of
styrenic elastomer block copolymers, the choice of the resin type is very important because
the main properties depend on the compatibility of the resin with either the elastomeric or
styrenic phase of the copolymers. For example the tackification of the styrenic aromatic
domains affects the cohesion, creep and heat resistance’’®*”®. The tackification of the
middle block (midblock) influences the modulus, elongation and tack of the
adhesives*’"*"®. The midblock-associating tackifiers mix with the elastomeric domains by
diluting the entanglement network and lowering the rubbery plateau modulus'?**®. This

action also creates an increase of the molecular weight between entanglement (M¢)'®°. A
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lowered modulus always promotes bond formation (creep compliance), and the
entanglement dilution makes the adhesive dissipate energy during deformation which
causes moderately high peel force'®®*®!. Generally a mixture of tackifiers with different
rheological properties is added in an attempt to optimise the performance of the PSA, as

depicted in the illustration by Hansen et al'®

in Figure 2.15.

Aliphatic, aliphatic/low aromatic and cycloaliphatic petroleum resins, rosin esters, and
polyterpenes having low solubility parameters particularly, are strongly midblock
associating resins. Such resins can show desirably lower melt viscosities and produce
softer adhesives but tend to reduce cohesive strength at elevated temperature performance
due to some softening of the endblocks™®**®*. The molecular weight distribution of the
resin also play a decisive role in tackification and the narrower it is, the more compatible it

is with the base polymer'®?,

Mid block resin — s -
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Figure 2.15: Effect of midblock and endblock tackifiers of styrene based copolymer
phases'®?,

Mixing of tackifiers and base copolymers depends on the mutual compatibility of the
components of the blend (See Section 2.3.3). Common tackification of the base
copolymers and the low molecular weight resins obeys the thermodynamic laws. The
components of the blend can be mixed if the AGM is negative, as elucidated in the earlier
sections The tackifying effect of resins is generated if the solubility range of the base
copolymer is equivalent/or equal to that of the resins. The choice of resins suitable for a
certain blend formulation is made by the adhesive industry*'® by following a chart

supplied by the resin manufacturer as that given by Exxon'®, presented in Figure 2.16.
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Figure 2.16: Type of resin and polymer solubility regions™’.

It has been observed experimentally that the tackifying effect prediction made by the PSA
industry in regards to the mutual solubility parameters is not that straightforward. De Walt
et al'®, investigated the complex behaviour of the solubility parameter, 8, in studies about
blends of natural rubber (NR) and styrene butadiene rubber (SBR), with hydrocarbon and
polyterpene resins based on a- and B-pinene. With the three dimensional presentation of o
(Section 2.3.3), they found that the 6 ranges of the NR and the hydrocarbon resin were very
different and this insinuated no tackifying effect by the resin. However their experiment
generated a very high tack of the NR/hydrocarbon resin system. Similar trend was
observed for the SBR/hydrocarbon resin system. Han et al'®., reported in their studies
about the viscoelastic property of SIS and endblock-associating alpha-methyl styrene
(AMS) mixtures that, low M,, AMS associated more with the polyisoprene (PI) phase than
with the polystyrene (PS) domains. As the M,, of AMS was increased, the resin partitioned
more in the PS phase. Their observation was attributed to segregation effect whereby with
the increase in the AMS blocks, the resin became less compatible with the PI phase. Lim et
al'®., found in their studies about the viscoelastic properties of SIS-based PSA with
midblock-associating tackifiers that, though the resin was more compatible with the PI
phase, it also associated with the PS domains, by shifting the Ty of the latter to lower
temperatures. Kim and Ryu'®# have performed various studies on how the compatibility
of aromatic resins shifted towards the different domains in an SIS and SBS systems,
respectively. They reported that the shift towards each separated phase depended on the
degree of hydrogenation of the cyclic resins which altered the 6 of the resin. Therefore it
was concluded that it is not possible to elucidate the effect of the tackifying resin based on

the solubility parameter only.
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The compatibility between resins and the base copolymers can also be examined with
viscoelastic measurements by observing the glass transition (Tg) of the blend system. The
position of the Ty is an index of the molecular mobility and pressure sensitivity. The T of
compatible blends depends on the polymers and on their respective molecular weights.
Several theoretical and empirical equations have been developed to describe the Tg
dependence of polymer/polymer blends. One of these is the Fox equation'®*®*. According
to the equation the Tg4of a polymeric blend is related to the Ty of the pure components as:

1_ D (K) 235
Tg Tgi .

Where w; and Ty are the weight fraction and the glass transition of each component, i, of
the mixture. This equation assumes miscibility at random level. A compatible tackifier
with endblock will affect the Ty of polystyrene by shifting it to lower, or higher
temperature, depending on the Ty of the resin. The Fox equation is a quick way to
investigate if the final Ty will fall between the T4s of the two compatible components. The
information obtained with the Fox Equation can be found in the phase transition
observation from a viscoelastic test with dynamic mechanical analysis (DMA)* (Fig.
2.17).
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Figure 2.17: Block copolymer tackifier compatibility™ depicting (a) phase transition
of the pure base copolymer, (b) phase transition of midblock compatible resin and
base copolymer where the midblock Ty is shifted to higher temperature. In (c)
endblock compatible tackifier with low Ty, shifts the endblock base copolymer Ty to
lower temperature and in (d) each copolymer Ty is altered as both phases are
compatible with the resin.

2.6.2 Role of mineral oil

Mineral oil is a plasticizer, and plasticizers are essential in the compounding of the hot
melt PSAs in order to achieve desirably low viscosities. The main effect of oil addition is
to create a significant decrease in the melt viscosity and the formation of softer compounds
with improved tack'®®. However it also reduces adhesion and resistance to heat and
deformation. Naphthenic-paraffinic oils with a low aromatic content are preferred in
HMPSA formulations™®, while aromatic oils are not used because their interaction with the

polystyrene domains causes a drastic reduction in product strength™®.
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2.6.3 Current understanding about structure of PSA and

theory

A lot of research and industrial studies about the properties of hot-melt PSAs have been
confined to the macroscopic scale and/or the behaviour of the bulk adhesive. Many studies
have discussed how tailoring different blocks and resins will be suitable for diverse
applications. The bonding and debonding characteristics of PSAs have been reported to
depend on many factors, and earlier reports discuss how changing factors such as chemical
composition, molecular weight, or molecular structure of the base polymers alter the

196

adhesion properties entirely******. Surface properties®, including morphology*® also play

a very important role in the strength of an adhesive bond. It has been reported that surface

197 However if the

roughness enhances adhesion between adhesives and adherends
tortuousness is due to cracks or cavities, these areas deteriorate the bond strength since
accumulated forces at the edges of the defected regions initiate propagation of the cavities,

eventually leading to failure of the bonded joints.

The effect of a flexible substrate on the bonding ability of PSAs has been examined by A.J.
Steven-Fountain et al*®®, The wettability and tackiness of a PSA system based on natural
rubber and pentaerythritol ester of hydrogenated rosin have been reported in a study by
Kinnosuke et al*®. Shankaragouda et al®® conducted a study about the impact of the
viscoelasticity of adhesives on adhesively bonded lap joints. They examined how different
factors affect the adhesive bond strength and found that the boundary conditions have a
profound impact on the stress distribution at the bonded interface. The impact of melt
versus solvent coating on the structure and properties of block copolymer based PSAs have
been investigated by O’Connor et al®®. Ick Kyung Sung et al have investigated the
mechanical properties of pressure-sensitive adhesive (PSA) by examining the compatibility
of various tackifiers with either polystyrene or polybutadiene in an SBS based PSA*Z.
Sherriff et al have reported how the addition of a tackifying resin to an elastomer shifted
the onset of the transition zone to a lower frequency and also reduced the plateau
modulus®®?*. Class and Chu have studied the viscoelastic properties of rubber-resin
blends based on resin structure, resin molecular weight, and resin concentration®®”. In 1966

Dalquist proposed?®

the correlation between the viscoelastic property and performance of
a PSA. He stated that in order for a PSA to wet a substrate properly during the short time

of the contact charcteristics of a tack test, the one-second creep compliance at the use
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temperature must be greater than 10”7 cm?/dyne which is equivalent to a dynamic storage
modulus (G) below 0.1 MPa at a frequency of 1 Hz in a DMA test®”’.

An important usage property of commercial PSAs is the ability to debond from the

208

substrate without leaving much residual adhesive“™, that is, it should exhibit interfacial

failure. In the work on viscoelastic properties of PSAs by Creton et al.?®®

, they reported
that the performance of PSAs which was based on tack, peel strength and shear depended
on the viscoelastic response of the bulk adhesive, as well as the surface energies of the
adhesive and adherend. Chang et al*®, have reported that the glass transition temperature
and dynamic storage modulus (G’) at the application temperature are the most important

parameters for PSA performance.

High tack or peel strength generated by the adhesive’s ability to dissipate a large amount of
energy during debonding has been reported to occur by the formation and growth of fibrils
during the bond separation®. Fibrillation was first observed in peel tests by Kaelble et

al.?*°. Creton and Lakrout®®

showed that the debonding process of PSAs generally
proceeds in the following manner:

1. Homogenous deformation of the film in tension.

2. Nucleation of cavities at the interface between the film and probe (the number and
location of these cavities are related to the presence of air pockets trapped at the
interface between film and probe)

3. Simultaneous expansion of these cavities as interfacial cracks

4. Growth of the cavities in the direction normal to the plane of the film and formation
of a fibrillar structure.

5. Fracture of the fibrils by creep or debonding of the foot of the fibril from the test

probe.

The formation of the cavities has been observed to occur in rubbery elastic medium and
suggested to be controlled by the elastic modulus of the adhesive. The cavity nucleation
sites can be imparted by air pockets trapped at the adhesion interfacial layer. The nucleated
cavities will then propagate and result in the formation of fibrils as the debonding process
continued. Fibrils will not be formed if the cavities coalesce due to diffusion and molecular
mobility processes®®. In Crosby et al**!, they categorized various deformation and failure

modes of adhesively bonded elastic layers. It was stated that three main deformation modes
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can be used to categorize the early stages of the debonding processes of a compliant layer
from a rigid substrate:

e Edge crack propagation

e Internal crack propagation

e Cavitation

In addition to these three main classes of deformation, the following two subclasses,
related to the shape of the edge of the complaint layer, can also be defined:

e Edge crack fingering

e Bulk fingering

They considered the two classes, which are the interfacial deformation modes (edge crack
propagation, edge crack fingering, and the internal crack propagation) and the bulk
deformation modes (cavitation and fingering). The former are governed by the energy
release rate describing the driving force for crack propagation, whereas the latter are

governed by the stress within the layer. Williams et al.,?*

, have reported that the
debonding criterion depends on the maximum pressure applied to the adhesive, and also in

one case on the time of contact.

S A. Zosel® adopted fracture mechanics to analyze a probe tack test, where a cylindrical
probe of stainless-steel with diameters of 2-4 mm was brought into contact with PSA
surfaces under well-defined conditions of contact, force and time, and subsequently
separated with defined rate of separations. Plots showing the debonding processes
observed by Zosel are presented in Figure 2.18. The curve in Fig. 2.18a shows a
homogenous deformation of an adhesive debonding where a sharp stress maximum at
comparatively low adhesive strain is observed. Zosel reported that the debonding curve
exhibited a similar shape to the stress-strain plots of brittle polymeric materials in the usual
tensile tests (Fig. 2.11). This behaviour was observed for the adhesives with low tack and
debonded without fibril formation. The stress-strain plot shown in Fig 2.18b with a stress
maximum and the pronounced shoulder with large strain at break was observed for

adhesives with high tack properties and debonded through fibril formation?.
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Figure 2.18: Stress-strain diagrams® of the debonding process for (a) homogenous

deformation, and (b) fibrilation deformation.

Zosel confirmed the observation of the adhesives with high tack by means of high speed
photography, that showed the adhesives deformed by the growth of fibrils and debonded
from the probe surface by interfacial (fibril) fracture. The stress versus strain in Fig 2.18b
offered a way to characterise the formation and growth of fibrils more quantitatively than
by simple visual inspection. Three quantities are deduced from his studies®: (1) the
apparent maximum stress oy, Which is regarded as the critical stress for cavitation and
fibril formation, (2) the height of the plateau or shoulder of, which is the stress required to
deform fibrils, and (3) the strain at fracture, i.e., the maximum elongation of fibrils g,. The
nucleation of cavities under the influence of the tensile stress at the beginning of the

debonding process and their growth is supposed to be the origin of fibrilation.

Additionally, the M, has been found to play a very important role on the debonding stage
in a PSA, by influencing the ability for the adhesive fibrilation, the type of rupture, and
consequently the debonding energy. In adhesive failure studies by Crosby et al.,?**
they observed with adhesives of low M, polymers that failure was caused by crack
propagation while blends of high M. polymers failed by cavitation and the formation of
fibrils. The transition was understood to be purely mechanical. The critical stress, o, for
cavitation in the bulk to occur is said to be proportional to the elastic modulus E’ of the

24,214

polymer at a testing frequency . Therefore when E’ decreases, the critical stress for
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cavitation decreases, and becomes eventually smaller than a critical energy release rate G,

at the interface?®.

Tack has been reported to be predominantly related to the mechanical behaviour in the

plateau range'>?'°

. Therefore E’ is equivalent to the plateau shear modulus, G’, obtained
during linear viscoelastic measurement under shear strain, as reported by Zosel®. The G’ is
inversely proportional to M 2#%# Hence, for low M, the initial debonding is by crack
propagation and cannot evolve towards a fibrillar structure while for high Me, the
debonding occurs through cavitation and fibrilation, and a larger amount of energy is

2324218 similar observations and cavitation in rubber-like

dissipated in the process
polymers have been treated by Gent and co-workers*®**°. They reported that adhesives
based on polymers with M. about 1.5 x 10* g/mol showed fibrilation during debonding,
whilst materials with M. below this limit debonded by homogeneous deformation®®2%°, |t
is obvious therefore that high a M. is favourable for cavitation, and polymers with high M.

need a lower critical stress for fibrilisation than those with a low Me.

The tack of an adhesive has been reported to decrease with the degree of chemical
crosslinking of the base polymer?®. In the study it was found that the adhesive deformed
by homogeneous deformation and not by fibrilation, when the polymer was crosslinked to
such a degree that the strand length in the network becomes comparable to M.. The degree
of physical crosslinking of the copolymers used for PSAs has proved to have a positive
influence on the bond failure mechanism. In a shear failure study, it was detected that the
bonding of the lightly crosslinked adhesive failed by creep at the interface due to the
adhesives fluid-like behaviour. The higher crosslinked adhesive exhibited more of an

elastic behaviour and the nature of the failure was assigned to interfacial slippage*".

On the basis of temperature some authors??? have reported that the adhesion of PSAs
strongly depends on the temperature of application and attains a tack maximum between
50°C and 70°C above the Tq of the adhesive blend. Hardly any work has been reported
about adhesion on a micro- or nanoscale contact surface. With the information put forward
in literature, it seems that the formation of fibrils is the most crucial factor influencing the

peel strength and the tack of pressure-sensitive adhesives.
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Chapter 3

3 Materials and characterisation of coated hot-melt
PSA films

3.1 Materials
3.1.1 The PSAs

3.1.1.1 The triblock copolymers

The three different adhesive products used in this research work are commercially
available PSA formulations supplied by Henkel, Slough, England. Their product names are
DF645, 7TM8 and DFC600. The base triblock copolymers of the DF645 blend are 1,4-cis
styrene-b-isoprene-b-styrene (SIS), commonly known as Vector 4114 (from Dexco
Polymers LP, ExxonMobil Chemical Company or as Kraton D-1164 from Kraton
polymers) and styrene-b-ethylenebutylene-b-styrene (SEBS), known as Kraton G 1650
(from Shell and Kraton Polymers). Both triblock copolymers are linear and substantially
pure. A study about the different microphase network structures that SIS undergoes and the
impact on the copolymer’s rheological property has been reported223. In recent years others
copolymers with similar properties as SIS are being considered for PSA application since
the double bonds of the polyisoprene units are susceptible to temperature degradation as

well as exhibiting poor weather resistance properties®**.

The plasticizing oil is added to the PSA formulation to enable easy processibility such as
blending and coating. The problem that emerges with this action is during the end-use
application, e.g in the usage of diapers, low molecular weight additives exude into the oil
when the body heat increases, making the underwear dirty. One of the reasons why SEBS
is added to the formulation is its capability of engulfing large amounts of oil into the
elastomeric polymer structure, enabling less oil to exude into the fabric??>?%. Other

advantages with SEBS are the resistance to degradation due to the polymer backbone
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saturation and the highly entangled ethylene-butylene units giving the copolymer a very

high modulus™®.

The characterisation data of the copolymers are given in Table 3.1. The 7M8 blend
formulation is similar to the DF645 blend, but with higher styrene content. In the DFC600
blend, the SEBS is substituted with Styrene-butadiene-styrene (SBS). The SBS is
commercially known as Kraton G 1101, from Shell?® (Table 3.1). The chemical structures

of the triblock copolymers are illustrated in Figure 3.1.

Table 3.1: Block copolymer characterisation data

Trade Type Styrene  Diblock M, m,’ Mid- End- Manufacturer
name content content (g.mol”) (g.mol’) block® T, block® T,
(wt-%)*  (wt-%)° °c °c

Vector Linear 40 % <1% 114,000 108,000 -60 9g° ExxonMobil
4111 SIS -58° Chemical Co.
Kraton Linear 30% <1% 100,000 91,000 -55 og® Shell, Belgium
G 1650 SEBS -37°

Kraton Linear 30% <1% 153,000 132,000 -88 98 Shell, Belgium

G 1101 SBS

% Data supplied by manufacturer
®:Determined by DMA

3.1.1.2 The tackifying resins

Two types of tackifying resins (Midblock and Endblock) are used in these blend
formulations. The midblock tackifiers which are added to be compatible with the midblock
rubbery phase of the copolymers (hence the name) are aliphatic derivatives of
hydrogenated dicyclopentadiene (HDCPD). Other examples of commercially available
midblock resins include Escorez 5400 and 5600 from ExxonMobil Chemical, Sylvares
ZT105LT from Arizona Chemical and Eastotac H-1000W from Eastman Chemical Co.
The endblock resins added to be compatible with the polystyrene endblocks of the

copolymers are alpha-methyl styrene (AMS) and rosin esters®*’.
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3.1.1.3 Blending oil

Mineral oil such as paraffin or naphthalene is typically used in the PSA blend formulation.
Paraffinic with the product name ParaLux 6001 or Chevron-Phillips, and napthenic Calsol
5550, from Calumet** are used. As is known in the art, various other components can be
added to modify the tack, colour, odour, etc., of the hot-melt adhesive. Antioxidants and
other stabilizing ingredients are also typically included to protect the formulation from heat

and light induced degradation*%*¢*,
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PS-block-poly(1,4-cis butadiene)-block-PS

Figure 3.1: The polymer structures of the base triblock copolymers of the PSA blends
are (a) SIS, (b) SEBS and (c) SBS*

3.1.1.4 The formulation process

The blend composition of each adhesive is summarised in Table 3.2. The adhesive
formulations were prepared by Henkel in a Z-blade mixer at about 160°C — 170°C by
blending the copolymers and the tackifying resins in paraffin oil for several hours. An

antioxidant, Irganox 1010 is used as thermal stabilizer. The molten blends were then
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allowed to cool naturally to room temperature in the mixer chamber, which was a slow
process lasting for several hours. After cooling, the bulk blends were cut and packaged in
plastic sachets of 1 kg each, sealed, and stored in a temporized environment between 20 to
40°C, until needed for coating. The shelf life of the adhesives blend is a minimum of one

year, recommended by Henkel.

Table 3.2: The subcomponents of the various PSA formulations with their total
weight percentages (wt-%6).

Formulation Copolymers Resins Mineral oil
DF645 SISV 4114 Midblock tackifier, Paraffin
(Wt-% = 12 %) HDCPD (Wt-% = 20%)
SEBS G 1650 (Wt-% = 56 %)
(Wt-% = 4 %) Endblock tackifier,
Total wt-% PS = 6% AMS
(Wt-% = 8%)
7M8 SIS and SEBS HDCPD Paraffin
(More PS) Higher M, PS (wt-% < 56%) (wt-% = 20%)
AMS content

(Wt-% = 16%)
with higher My,.

DFC600  SBS G 1101 (wt-%) > HDCPD Paraffin
(more C=C) SIS V4114 (wt-%) (W% =56 %)  (Wt-% = 20%)
SBS (My) > AMS
SIS (My) (Wt-% = 8%)

During the coating process, the bulk adhesive was heated at the coating temperature of
choice. The hot melt adhesive was then slot-coated onto a silicon release paper at room
temperature, seen in the diagram in Figure 3.3. The cooled film was subsequently transfer-
coated onto a polyethylene film (PE-film) and another silicon paper was adhered on the
adhesive surface to protect it from contamination. The coated film was then ready to be

used.
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Figure 3.2: A sketch describing the adhesive film manufacturing process.

3.1.2 The non-woven fabrics

3.1.2.1 Cotton fabric

Cotton is a natural fibre grown from the Gossypium plant®®. It is a biological polymer

made up of cellulose, small quantities of hemicelluloses, pectins, and proteins that provide

excellent wearability and aesthetics. The cottons fibres are tortuous and can grow up to 6

cm in length.

3.1.2.2 Nylon

Nylons belong to the polyamide family??

., 1.e. polymers with amide groups, -CONH- in

their main repeating chain. They are denoted with indexes and normally synthesized from

diamines and diacids, with a chemical formula as shown in Figure 3.4.
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n

Figure 3.3: Nylon (6/6) is formed by the reaction between hexamethylene diamines
and adipic acid under elimination of water. The first 6 in the index represents the
carbogzgatoms in the diamines and the latter, represents the carbon atoms in the
diacid””.

3.1.2.3 Microfibre

A development of synthetic fibres in recent years has been the technology to extrude

extremely fine filaments, namely microfibres*®

(less than 1.0 denier per filament) while
maintaining all of the strength, uniformity and processing characteristics expected by
textile manufacturers and consumers (to provide a measure for comparison, microfibers are
half the diameter of a fine silk, one-third the diameter of cotton, one-quarter the diameter
of fine wool). Microfibre is by far the best thing that has happened to the garment industry.
It is tough, resilient, and many times thinner than other synthetics. Microfibre is a blend of
polyester; a polymer consisting of ester repeating units in the main chain (Fig. 3.5), and
nylon, commonly manufactured in the blend ratio of polyester/nylon of 80/20, 75/25 or

70/30.

i
H
O
H, O Tc
n

2 H2

Figure 3.4: A polymer repeating unit of polyester®*°.

There is an increase in use of new fabrics based on microfibres since they can bring their
outstanding performance to a wide variety of end users®*. Since the small filaments pack
closely together, as a result, the surfaces of the microfibre fabrics offer greater fibre
surfaces than other synthetic fabrics. Hence the properties are different from that of
conventional fabrics. Microfibres can be used alone or blended with conventional man-

made fibres as well as with natural fibres such as cotton, wool, and silk.
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3.2 Characterisation

3.2.1 Dynamic mechanical analysis

During a DMA measurement an oscillatory (sinusoidal) stress is applied to the specimen
and the strain response (the displacement of the specimen) is recorded®. If the sample is
an ideal linearly elastic, it will deform instantaneously when the stress is applied and just
as quickly return to its original shape after removal of the stress. The material stores all the
energy it was subjected to, and uses it to recover its original shape after the stress removal.
The strain response measured from elastic material will be in phase with the oscillatory
stress applied, since no energy is converted into heat during the cycle. Therefore there will
be no phase lag between applied stress and strain response. If the sample is totally viscous,
it will strain permanently with time when the stress is applied. It will entirely dissipate all
the energy it was subjected to, in the form of heat and the response strain measured will be
a lag which is 90° out of phase with the applied oscillatory stress. A viscoelastic material
possesses the properties of both an elastic and viscous material. Hence if a sinusoidal stress
is applied to a linear viscoelastic polymer, the strain response will also be sinusoidal, but
will be out of phase to the applied stress with an angle & (Fig. 3.6a), as an indication of

some energy dissipation or damping in the material®****

. In dynamic measurement the
stress is referred to as a complex stress o*, and divided into two components according to,

c*=0"+0o” 3.1
Where 6’ is an elastic stress in phase with the strain and is also ¢’ = 6*cos 6. A viscous
stress 6”7 in phase with the strain rate can also be written as ¢°° = o*sin 6. The materials
overall resistance to the deformation can be represented as a vector (Fig. 3.6b),

E =c*/e=E+iE” 3.2
Where ¢ is the strain. E’ is known as the elastic (storage) modulus and a measure of the
materials ability to store energy or the elasticity of the material. E’ is obtained via the
elastic stress divided by the strain according to,

E’=06’/e = 6*/ £C0S b 3.3
The viscous part of the material in phase with the strain rate is a measure of the materials
ability to dissipate energy (energy loss in the form of heat per cycle strain applied), and
measured by the viscous (loss) modulus E’’ as,

E”=06"/e=0*gsind 3.4
The tangent of the phase angle (Fig. 3.4b) is the ratio of the loss modulus to the storage
modulus according to,

Tan 6=E”’/E’ 3.5
78



This parameter is very useful and provides information about, for instance, the energy loss
of the material’s response to temperature and frequency, especially a sharp change of the
energy loss related to the movement of molecular chains, chain segments and chemical
groups occurring within a material during the DMA test. Therefore, tan 6 is useful to

determine relevant phase transitions and other secondary transitions.

‘ ‘é— Fhase angle

Ell

Measured

/J’ stramn

Applied stress (force)

Phase angle ¢

EI

Figure 3.5: (a) An applied strain and delayed response stress with lag &, and (b),
complex modulus given as the hypotenuse, with E’ which reflects the in-phase
component and E’’ which reflects the out-of-phase component with the applied

strain®®,

The DMA equipment employed for the research studies was Q800 from TA instruments,
integrated with a cooling system based on liquid nitrogen and a computer for measurement
operation. An illustration of the equipment by TA, and the single cantilever clamp

employed for all the measurements are found in Figure 3.7.

Lave Muss, High Stiffaces
Lawping Fixewros

Air Beurimg Stiele ~ Optical Encoder

Divive Matar

Figure 3.6: (a) The Q800 DMA equipment used for the viscoelastic tests and, (b) an
illustration of clamped sample in single cantilever mode®*.
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3.2.1.1 Thermorheological spectrum typical for |linear

amorphous polymers

Generally in thermorheological analysis, transitions observed in the study of a polymer
material are associated with different localized or medium-to long-range cooperative
motions of molecular segments. These molecular motions are referred to as relaxations.
Different types of relaxations as a result of diverse molecular mobility in the form of side
group rotation, or a crank-shaft mechanism involving polymer —(CH,)- units have been
reported in the literature®®*?**, The polymer segmental relaxation of interest in this study is
the glass transition (Tg), which can simply be defined as the temperature at which co-
operative main chain segments in amorphous polymers begin to coordinate large scale
motion®**?*®, Since the T, involves segmental mobility, it is therefore a kinetic transition
and any factor that influences the nature of moving chain segments will affect Ty Such
factors are typically chain stiffness or steric hindrance by bulky side groups, molar mass,
branching and crosslinking, and those that influence the free volume available for

segmental movement™.

In Figure 3.8, a typical dynamic viscoelastic spectrum depicting the different physical
states of a linear amorphous polymer at different temperatures is illustrated. In the Glassy
region at low temperatures, the thermal energy supplied to the material is insufficient to
allow chain segments to move co-operatively, and the chains are therefore frozen in their
disorganised state. Any sort of transitions (y and [} relaxations) observed in this region is
caused by local main-chain movement such as independent —(CHy)- units motion or side

group rotation, as mentioned above®#2332%

. The polymer material will have the
characteristic property of glass which is prone to brittle fracture if subjected to large
stresses. However, if subjected to small stresses the material will respond like an elastic
solid, thereby displaying high E’or G’. As the temperature is increased, the chain segments
will eventually gain sufficient thermal energy to co-ordinate large scale movement and a
transition region is observed where G’ drops significantly and a peak in E’> or G is
observed. The midpoint of this region is the T4. The maximum appears in the loss modulus
because as stated above, the E’” is a measure of the materials damping ability, and the peak

is an indication that the materials is passing from low-damping glassy state, through the

high-damping transition region, to the lower-damping rubber-like state®*.
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In the rubbery region, the polymer chains have gained enough thermal energy to assume
any of the immense number of equi-energetic conformations available, without significant
chain untangling taking place. In this state, the material exhibits several properties of

rubber3"14°

, such as the ability to stretch and retract rapidly if subjected to stress under
short times, and several other unique properties which can be attributed to the chain-like
structure. In asymmetric copolymer based adhesive systems, it is known that the rubbery

plateau modulus G\° of the blend scales linearly with the reciprocal of the molecular

weight between entanglements (M), according to the rubber elasticity equation?*%?,
RT
Go=" — 3.6
e

Where p is the density, R is the gas constant and T is the temperature. As the temperature
is raised further, the polymer material moves into the so-called terminal region. Here the
chains have gained adequate thermal energy for significant chain disentanglement to occur
and a flow-like behaviour is observed as polymer chains slip past each other. For
asymmetric block copolymers, different shapes of the terminal region curve manifest the

rheological responses of the different phase separated morphological chain organisations
104,223
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Figure 3.7: Viscoelastic spectrum for a typical amorphous polymer displaying the

storage and loss modulus as function of temperature®*,

3.2.2 Rotational Rheometer

Rheology is the science that deals with the flow of fluids and deformation of solids to an
external applied force in terms of the material’s elasticity and Viscosity145’237. In polymer

based materials, the structure-rheology relationship is a key to the development of polymer
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products with the correct rheology for processing. The rheology of a polymer melt is very
sensitive to small changes of the polymer structure. The important structure parameters
defining the rheology of a polymer melt is molecular weight, molecular weight distribution
and chain branching®®, and such information can be obtained with the Rotational
Rheometer. Just as the DMA, the Rotational Rheometer is a mechanical spectrometer
capable of subjecting a sample to a dynamic (sinusoidal) or steady (linear) shear strain
(deformation), and the resultant torque expended by the sample in response to the shear
rate is measured. The Rotational Rheometer is however mainly used to perform viscosity
measurements and the material properties obtained can be?**:
e Dynamic shear flow behaviour (G’, G’’, tan delta or tan &6 and the dynamic
viscosity, 1¢) as a function of frequency (time) and temperature.
e Steady shear flow behaviour (shear viscosity and shear stress) as a function of
shear rate
e Molecular architecture (molecular weight, molecular weight distribution,
branching) using frequency sweeps and creep/recovery tests (zero shear viscosity).
e Influence of long chain branching on linear viscoelastic properties (zero shear

viscosity, steady state recoverable compliance).

The storage shear modulus G’, loss shear modulus G’ and tan 6 are obtained according to

the following relationships®**:

Ga

” where Gz = dynamic shear modulus 3.7

Ng =
w = angular frequency = 2nf

ng = dynamic viscosity

6 = phase lag
G” =Gy - cosd 3.8
G = Gy siné 3.9
Gu
Tan 6 = — 3.10

G

The rotational rheometer used to measure the G’ and G’, as function of frequency (time)
for the adhesive samples was the ARES (Advanced Rheometrics Expansion System) (Fig.

3.9) from TA instruments.

82



Figure 3.8: ARES integrated with a computer used for the shear modulus
measurements.

3.2.3 Peel test

The strength of an adhesive bond can be investigated with a variety of methods and one of
the most frequently applied is the peel test method™*. This test is easily performed and
the results are obtained with no time delay. A peel test is basically about peeling apart a
two-bonded specimen and measuring the peel force applied. The peel force is actually a
sum of different forces combined. These include the force it takes to bend the test
materials, elongate soft materials like polymer films and fabrics, and breaking the

molecular bonds between the adhesives and the substrates®*'.

Different types of peel test methods can be chosen depending on the information of
interest. Some commonly used ones are illustrated in Figure 3.10. These methods have
specific standard test geometries and are issued by the American Society for Testing
(ASTM)*2. The 90° peel test with standard number BS 5350 is implemented when
assessing the performance of flexible-to- rigid joints but can also be used for rigid-to-rigid
joints. 180° degree peel test has the standard number ASTM D 903-49 and it is best for
testing flexible-to-rigid joints, whilst the T-peel test with the standard number ASTM D
1876 has more of a general application, for both rigid and flexible substrates. Other
standard peel test methods not included in the Figure comprise of the single lap joint
(ASTM D 905-49) mainly used for wooden substrates, the climbing drum peel test (ASTM
429-73) for rubber-to-metal bonding®*, etc.
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Quite a few non conventional peel test methods are also available for testing soft substrates

and these include Circular Platen for Adhesives Testing (GF-8) for determining the

244

adhesive property of sealants™ and the SER peel method for measuring adhesive

properties as PSA, gels and pastes®*®.

A

— —-

90° peel test
180° peel test

T-peel test

}

Figure 3.9: Different types of peel tests with arrows indicating directions of peel force
applied®*.

In this research 180° T-peel test was conducted with an Instron series IX Automated
Materials tester version 8.27.00, according to the American Standard Test Method (ASTM
1876-72). The method was adapted for use with fabric substrates®®, in a thermostated
room with a temperature around 21°C and relative humidity of about 31%. The typical
experimental set-up is shown in Figure 3.11. The peel strengths of the PSA bonded to

cotton, nylon and microfibre fabrics were investigated.
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Fabric material

Thin adhesive coated on
white polyethylene film

Figure 3.10: An adhesion peel-test being performed showing nylon fabric (black)

peeled from a thin transparent adhesive film coating on a PE-film substrate (white).

3.2.4 Scanning electron microscope

The Scanning Electron Microscope (SEM) is an electron microscope that images a sample
surface by scanning it with high-energy beam of electrons in a raster scan pattern®*’. The
first SEM image was acquired by Max Knoll in 1935 but further pioneering work on the
physical principles of the SEM and beam interactions was performed by Manfred Von
Ardenne in 19372, In SEM imaging, by scanning an electron probe across a specimen,
images of high resolution are produced, which means that closely spaced features can be
examined at a high magnification. An electron beam which is generated from an electron
gun hits the imaging sample and produces secondary electrons from the sample. These
electrons are collected by a secondary detector or a backscatter detector, converted to a
voltage and amplified. The amplified voltage is applied to the grid of a Cathode-ray tube
(CRT) and causes the intensity of the spot of light to change. The image consists of
thousands of spots of varying intensity on the face of a CRT that correspond to the

topography of the sample®*’.

For SEM, a specimen is normally required to be completely dry, since the specimen
chamber is at high vacuum. All samples must also be of an appropriate size to fit in the
specimen chamber and are generally mounted rigidly on a specimen holder called a
specimen stub. For conventional imaging, specimens must be electrically grounded to
prevent accumulation of electrostatic charge at the surface. Metal objects require little

special preparation for SEM except for cleaning and mounting on a specimen stub. Non-
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conductive specimens tend to charge when scanned by the electron beam, and especially in
secondary electron imaging mode, and this causes scanning faults and other image

artifacts®*®

. They are therefore usually coated with ultrathin coating of electrically-
conducting material, commonly gold, deposited on the sample either by low vacuum

sputter coating or by high vacuum evaporation. Preparation of sample requirements are®*®:

1. Elimination of water, solvents, or other materials that could vaporize while in
vacuum. A vacuum is necessary before samples are coated because gas molecules
could get in the way of the coat and this will lead to uneven coating, or no coating
at all.

2. Non-metallic samples, such as ceramics, should be coated so they are electrically

conductive. Metallic samples can be placed directly into the SEM.

The SEM instrument used in this work was ZEISS SUPRA 35VP from Gemini (Fig. 3.12),
and the detector was VPSE (vapour pressure mode) used for non-conductive specimen.
The voltage supplier was EHT target 9.93 KV. To make the samples conductive and
improve imaging, the samples were coated with thin layer of gold in a sputter coater for

approximately 15 sec before the SEM characterisation.

The SEM instrument used was ZEISS SUPRA 35VP from Gemini, and the detector was a
VPSE (vapour pressure mode) used for non-conductive specimen. The voltage supplier
was EHT target 9.93 KV. In an attempt to improve the imaging, the samples were made
conductive by the treatment of a thin layer of gold coating in a sputter coater for

approximately 15 sec before the SEM characterisation.

Gemini

Figure 3.11: Gemini SEM with integrated computer system.
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3.2.5 Atomic force microscope

The development of the atomic force microscope (AFM) in 1986 by Binnig et al**°

was a
modification of the scanning tunnelling microscope (STM) already introduced back in
1981. The original principle was based on an electronic current, known as the tunnelling
current, used to control a probe tip to track the surface of a sample. This tunnelling current
was produced in response to a bias voltage applied between the tip and a conducting
sample, and was sensitive to the tip-sample separation distance. During operation,
maintaining a constant tunnelling current through the use of a feedback loop generally
gave a constant separation of the tip above the sample surface. The feedback signal itself
was indicative of topography of the sample. Since a tunnelling current was used, the
technique required the sample to be conductive. While being a significant advance in
surface imaging, this requirement limited the AFMs application. The obstacle was
overcome by attaching the probe tip to a cantilever held against the sample surface by a

very low force via a piezoelectric actuator.

The AFM technique is now finding increasing use in academic and industrial research due
to the broad spectrum of a material’s information that can be obtained down to the atomic
level®®. In addition to examining material surface topography and nanostructure, one can

11, viscoelasticity®?, and chemical

employ AFM for investigation of mechanica
properties?®®. These properties can be examined at micron and submicron scales that are

much less accessible by other methods.

The basic objective of the operation of the AFM is to measure the forces (at atomic level)
between the sharp probing tip attached to the cantilever and a sample surface'¥2%0%42%,
Images are taken by scanning the sample relative to the probing tip or vice versa, and
measuring the deflection of the cantilever as function of lateral position. The contributions
to the total force between the probe tip and a sample are?*®%’:

Fiotai=Fchem + Foaw T Fetectr + Fmagn 3.11
Where Fenem is the short-range chemical force, Fyqy, the Van der Waals interaction force,
Felerr the electrostatic force and Fmagn the magnetic force. The typical characteristics of the
forces as a function of the tip-sample distance are defined by the Lennard-Jones curve®® in

Figure 3.13. The repulsive part at small distances is due to the overlap of electron clouds
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from the tip and sample surface atoms. Repulsive and attractive forces at small distances r,
can be described by a Lennard-Jones potential:
0, g,

Uehem = 42 = (2°] 3.12
Where o, denotes the distance where the potential is zero. Below this distance the forces
are repulsive. The Van der Waals force, Fy4y, IS an attractive electrostatic force between
permanent and temporary dipoles. Permanent dipoles are molecules which exhibit a
permanent polarity, whereas temporary dipoles are uncharged molecules with constantly
changing charge distribution. Since the range of the Van der Waals forces is limited, the
interaction between the tip and sample surface can well be approximated by a sphere in

front of an infinitely flat surface?”**,

HR

Fadw = @ 313

Where H is the Hamaker constant, R is the tip radius and d is the tip-sample distance. The
magnetic forces are only relevant for magnetic tips and samples. The electrostatic forces

arise as a result of the tip and sample forming a capacitor.

Intermittent-contact

Repulsive . (tapping region)

force

Tip-sample
distance

—

Attractive
force

Contact Noncontact
region region

Figure 3.12: A shematic illustration depicting forces governing tip-sample interaction

as function of distance between sample surface and probing tip?"#*®

3.2.5.1.1 The AFM set-up

The instrument set-up®®®*%!

(Figure 3.14a) typically consists of;
e The cantilever having the probe tip at one end.
e The piezoelectric actuator (oscillator) (Fig. 3.14b) to periodically oscillate the

cantilever in Z direction.
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e A sensor that detects the bending of the cantilever resulting from the interaction
force between the probe tip and the sample.

e Measuring electronics that generate force and force gradient information from
sensor and drive oscillation of the cantilever.

e A controller that drives the motion of the sample or the probe in accordance with
the difference between set point and measured force gradient.

e XYZ stages that move either the tip or the sample in z direction and scan at least

one of them in X, y directions.

The cantilever tip is generally made of silicon or silicon nitride and comes in various
shapes with the pyramidal shaped frequently used®®. The cantilever is made of the same
material as the tip, but its shape is usually triangular (“V” shaped) or long and rectangular
(an “T” beam). These are roughly 100 microns long and only a few microns thick. The
geometry makes them very flexible but strong enough to securely hold the tips on their end
(Fig. 3.14b).

There are two ways of how the AFM scanning set-up is designed. In one case the sample
under investigation is place on the piezoelectric scanner which is made up of crystals that
create voltage if pressure is applied, or in reverse can create a pressure by expanding or
contracting if a voltage is applied. Using the contraction and retraction of the crystal, the
configuration in a scanner allows for the controlled movement on the order of a fraction of
a nanometer. Alternatively the tip is placed on the piezo scanner and brought in contact
over the sample. This is far better configuration if the sample is large or immersed in a

liquid®®®,

Feedback signal Image-
N 3 acouistion
Piezoelectric actuators compter I
\\ |” U 2 s
Feedbadk — Electronic ‘|| ;1‘ :
sydem —— control ystem I |
Laser beam | | L \ |
i \ |
Probe | | \ I.
Surfa CE. " Sample Caesasm W
Interaction — e =
ot Teyem szmece
Coarse-movement stage _ P dvinischy

Figure 3.13: A typical AFM instrument setup, (a) with its main components, and (b)

the piezo actuator with cantilever and tip®.
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3.2.5.2 Modes of imaging

The primary modes of operation are static or contact mode CM, and dynamic mode.
Because the measurement of a static signal is prone to noise and drift, low stiffness
cantilevers are used to boost the deflection signal®>?®!. In the Contact mode (CM), the
probe is maintained in continuous contact with the sample in the region where the inter-
atomic repulsive force is very strong (Fig. 3.14). This is accomplished by a feedback
system which moves either the sample or the probe relatively perpendicularly to the
surface of the specimen in response to the deflection of the cantilever probe assembly as it
Is scanned across the sample surface. In this way, the data associated with each point are
stored and used to construct an image of the sample corresponding to the sample
characteristic being measured, e.g., surface topography. The limitation of contact mode is
its strong lateral and compressive force generated as the tip is scanned across a sample
surface?>#%2%! While allowing probing of non-conductive samples, there existed the
potential to damage the surface and/or tip while dragging the tip across the material. The
limitation was of particular concern when polymers and biological systems were being

investigated.

The potential for sample damage was overcome by the development of the Tapping mode
AFM (TM-AFM) by Eling et al*®®. TM-AFM?**20%1 4150 known as the intermittent and
tends to be more applicable to general imaging in air, particularly for soft samples, as the
resolution is similar to the contact mode while the forces applied to the sample are lower
and less damaging®>?®. In fact, the only real disadvantage of the TM compared to the
contact mode is that the scan speeds are slightly slower and the AFM operation is a bit
more complex, but these disadvantages tend to be outweighed by the advantages. In TM,
the cantilever oscillates close to its first bending mode resonance frequency, with large
oscillation amplitudes, often in the range of 20 to 200 nm, and the tip makes contact with
the sample for a short duration in each oscillation cycle. The oscillation of the cantilever
can be approximated by the equation of motion for a damped harmonic oscillator with

forced oscillation®®’,

mw

mz+ Zz+ kz=F,cos(wt) + Frorar 3.14

Where z defines the tip-sample distance, Q and ®, are the quality factor and resonance

frequency of the cantilever respectively, and defines the damping of the oscillation; k is the
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spring constant of the cantilever and F, cos(wt) represents the excitation of the oscillation
through the piezoelectric element. The oscillation amplitude, phase and resonance
frequency are modified by the tip-sample interaction forces. The changes in oscillation
with respect to the external reference oscillation provide information about the sample’s

characteristics.

During scanning, the amplitude at the operating frequency is maintained at a constant
level, called the set-point amplitude Asp, by adjusting the relative position of the tip with
respect to the sample. Similar to CM, the data associated with each point change are
collected, stored and used to characterise the sample. The images acquired simultaneously
with TM-AFM can be of two different types: In one type, the image is a record of the
changes of the piezo actuator height necessary to maintain a fixed oscillation amplitude
through a feedback loop (the height image). In the other type, the images record changes of
the oscillator phase delay relative to the excitation signal®®? (Figure 3.16). This image often
provides significantly more contrast than the height image and has revealed in many cases
a high sensitivity to the material’s surface properties, such as the mechanical,
viscoelasticity and the chemical nature®® %, A number of studies have shown the
possibility to extract useful information from TM images of soft samples, especially with
samples showing a particular contrast on small scale, like blends of hard and soft materials
or copolymers®*2%%2%4 T\ is the most popular operating mode since it virtually eliminates
the lateral force and allows more delicate samples to be imaged. However, the tapping
force can still be excessive for some soft samples. As a result, its resolution for a soft

sample is far worse than for a hard sample.

Two types of operating in tapping mode are possible: Either the oscillating amplitude is
fixed and the output signal is the resonance frequency (this is called the noncontact
resonance force mode) or the oscillation frequency is fixed and the variation of the

amplitude and phase are recorded (amplitude modulation)®’

. In frequency modulation,
changes in the oscillation frequency provide information about tip-sample interactions. The
frequency can be measured with very high sensitivity and thus the frequency modulation
mode allows for use of very stiff cantilevers. Stiff cantilevers provide stability very close
to the surface, and as a result, this was the first AFM to provide true atomic resolution in

ultra-high vacuum conditions®®.

91



In amplitude modulation, changes in the oscillation amplitude or phase provide the
feedback signal for imaging (Fig. 3.15). These can be used to discriminate between
different types of materials on a sample surface, as explained above. Amplitude
modulation typically operates at or close to the resonant frequency of the probe
cantilever®*?®_ This technique was employed for the AFM studies and is widely used in
TM-AFM because of the low interaction force and the ability to operate in an ambient
environment. However the technique has limitations. First, the relation between the
amplitude and interaction force, whether operated on- or off-resonance modulation, is not

linear?®?, |t

is difficult to relate the amplitude directly to the interaction force. Second,
the amplitude, if operated on resonance, is susceptible to ambient damping in addition to
tip-sample interaction force. For example, the damping between the cantilever and the
sample affects the amplitude. As the probe approaches the surface of the sample, the
amplitude decreases before the tip enters effective atomic force region due to the increase
in damping. As a result, it is difficult to predict the interaction force by presetting the
amplitude. If the pre-set value is too high, the tip may not track the surface. If too low, the
interaction force may be too excessive, that could damage a sample. It requires
considerable training and experience for an operator to operate it properly. Third, it is hard
to operate the on-resonance modulation in a liquid. Since the damping is strong, the
resonant peak of the cantilever is often difficult to distinguish from unrelated peaks from

mechanical structures, making identification of resonant frequency difficult?>%®.

v | Extender [~ Amplitude

Electronics | phace

Phase

Figure 3.14: llustration of phase imaging where the Extender Electronics Module
measures the phase lag of the cantilever oscillation (solid wave) relative to piezo drive
(dashed wave). The amplitude signal is used simultaneously for the TM feedback
mechanism. Spatial variations in sample properties cause shifts in the cantilever

phase (bottom) which are mapped to produce the phase images shown here?®.
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The final mode of AFM operation is known as the Non-contact mode, where the tip is
scanned above the surface of a sample at such a distance that is no longer in the repulsive
regime of the inter-molecular force curve (Fig. 3.13), and the weak Van der Waals
attractive force between tip and sample is sensed for feedback control. This mode is very
difficult to operate in ambient conditions since the thin layer of water contamination that
exists on the surface of most materials will invariably form a small capillary bridge
between the tip and the sample and cause the tip to jump-to-contact, becoming a contact

mode operation. Amplitude modulation can also be operated in the non-contact mode?®®®.

3.2.5.3 Advantages and disadvantages

In the respect of surface imaging the AFM has several advantages over the scanning
electron microscope (SEM). Unlike the SEM which provides a two-dimensional projection
or a two dimensional image of a sample, the AFM provides a true three-dimensional
surface profile. Additionally, samples viewed by AFM do not require any special
treatments (such as metal or carbon coatings) that would irreversibly change or damage the
sample, and it is therefore very suitable for studying an adhesive specimen where imaging
of the pristine surface is essential. While an electron microscope needs an expensive
vacuum environment for proper operation, most AFM modes can work perfectly well in
ambient air or even a liquid environment. This makes it possible to study biological
macromolecules®® and even living organisms®®. In principle, AFM can provide higher
resolution than the SEM.

A disadvantage of AFM compared with the SEM is the image size. The SEM can image an
area on the order of millimetres with depth of field on the order of millimetres. The AFM
can only image a maximum height on the order of micrometers and maximum scan of

about 150 by 150 micrometers®*®

. Another inconvenience is that at high resolution, the
quality of an image is limited by the radius of curvature of the probe tip, and an incorrect
choice of tip for required resolution can lead to image artifacts. The AFM cannot scan
images as fast as an SEM, requiring several minutes for a typical scan, while an SEM is
capable of scanning at near real-time (although at relatively low quality) after the chamber
is evacuated. The relatively slow rate of scanning during AFM imaging often leads to
thermal drift in the image®*?™°. To eliminate image distortions induced by thermo drift,
several methods are proposed®®?™. Table 3.2 provides a comparison between optical
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microscopy, SEM and scanning probe microscopy (SPM) (AFM belongs in this category),
and it is readily seen that SPM provides considerable investigative advantages that optical

microscopy and SEM cannot provide®'.

Table 3.3: Characteristics of common techniques for imaging and measuring surface
morphology?™*

Optical microscope SEM SPM
Sample operating Ambient, Vacuum Ambient,
environment Liquid, Liquid,
Vacuum vacuum
Depth of field Small Large Medium
Depth of focus Medium Small Small
Resolution: x,y 1.0 um 5nm 0.1-3.0 nm
Resolution: z N/A N/A 0.01 nm
Magnification range 1X-2x10°X 10X-10°X 5x10°X-10%X

3.2.5.4 Colour contrast assignment of domain regions

Though the assignment of colour contrast to height difference in AFM height image is
straightforward with bright regions depicting hills and dark regions valleys, the colour
contrast in a phase image relating to different domains is much more complex and
governed by several factors®"?’%. In some reported studies bright regions in phase images
were attributed to hard material and dark regions to soft materials®**2"32"42"> QOthers have
however assigned dark colour to hard domains and bright colour to soft domains®’®*"".
Most of the time, a tip-sample indentation examination is required to determine the
amplitude and phase signals as a function of the distance between the cantilever and

sample regions®®, before contrast assignment can be made with confidence.

In tapping mode (TM-AFM), the difference in tapping cantilever oscillating phase angles

is called the phase shift®>?®

. Images recording phase-shift changes are called phase-
contrasts. However, the specific sample properties that give rise to phase contrast images
remain unclear 2>?°®2’2_ During tapping operation, as the tip approaches the sample, the
tip-sample interaction alters the amplitude and the phase angle of the oscillating cantilever.

During imaging, the amplitude is maintained at a constant level by adjusting the vertical
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position of the cantilever-tip. Therefore for a surface region of larger amplitude damping,
the AFM feedback control will move the tip upward to keep the amplitude constant and
thus this area is recorded as higher in height image, provided the domain region in question
is hard. At the same time, the phase shift A® with respect to the freely oscillating
cantilever is recorded as phase image. Recommended by earlier work®"?** based on
energy model, the phase angle ® and the amplitude A of a tapping cantilever are related to

the average tip-sample power dissipation, P, by the expression;

_ KkoA%wm, /A
p— 0 0(_0

20, \a sin¢ — 1) 3.15

Where Qo is quality factor and wq is natural resonant frequency. In the equation it can be
noticed that the sine @ is directly proportional to changes in energy dissipation as the
feedback control keeps the scanning amplitude constant. For a two-phase system, if the
phase stays either above or below the “free phase” (90°) for both domains, the domain with
phase angle closer to the “free phase” has the higher energy dissipation. Sine is a
symmetric function about 90°, and symmetric jumps from phase > 90° to < 90° are not due
to changes in energy dissipation but are caused by a switching between net attractive and
net repulsive interaction®®®. In the adhesive films where there exist components of hard
nature such as polystyrene (PS) and soft nature such as rubbery adhesive matrix, the bright
domains in the phase images are attributed to relatively hard components and dark colour
contrast to regions of relatively soft components. This attribution is based on the contrast

2% reference to the

assignment by the Nanoscope v531rl software (Digital instruments)
amount of each component in the blends, different tapping forces implemented to examine
the extent of deformation of the different domains and reference to reported studies on
similar systems®°2%32%4 Knoll et al*®® reported in their work on AFM studies about SBS
triblock copolymers that, when tapping setpoint decreased, the phase signal from harder PS
domains rose much faster than on softer PB domains. This was the result of larger damping
of the cantilever oscillation amplitude during the tip’s interaction with the harder PS
domains. The contrast of the generated phase images were then bright. When the tip
interacted with the PB domains, the oscillation amplitude did not dampen as much, since
the tip deformed the PB phase. The corresponding contrast of the PB phase images were

then dark?®®. Others®® have reported similar observations.
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3.2.5.5 Morphology investigation with the AFM

The AFM instrument used for the studies was Dimension D3000 with Nanoscope 1A
from Digital Instruments (Santa Barbara, CA) operating in tapping mode (intermittent
contact). Commercial silicon cantilever probes from Veeco were used, with spring
constants of about 40 N/m and the tip radius of curvature < 10 nm. The measurements
were performed at the fundamental resonance frequencies of the cantilevers as
automatically tuned by the instrument (Fig. 3.16) ranging between 155 and 200 KHz.
Height and phase images were recorded simultaneously for each sample surface examined.
The software used for the operation and imaging was the Nanoscope v531rl version.
Irrespective of the scan size chosen for a specific imaging, each image was acquired with
the sample/line set by the instrument at 256°. This is the number of data points present in
the image in the X and Y scan direction. It means that for the images with scan size at
10pum x 10um, the pixel size is 39 nm (10 /256 = 0.039 um or 39 nm). Thus features
smaller than 39 nm will not be resolved in the 10pm images. For the S5Sum x 5um images,
features smaller than ~ 20 nm will not be resolved, and features smaller than ~ 4 nm will
not be resolved in the 1um x 1um scanned images. Regardless of the pixel size, the
feedback loop samples the topography many times at each pixel. Therefore the data
displayed at each pixel is the average of the sampling iterations by the feedback loop over

the pixel area®®.

Figure 3.15: A cantilever resonance frequency sweep performed before imaging.

The level of the tapping force used was related to the ratio of setpoint amplitude defined as
rsp = Asp/ Ao, Where A, = cantilever free air oscillation amplitude, Asp, = set point amplitude
in contact with the surface, as depicted in the illustration in Figure 3.17. For example, for
an rs, value close to but smaller than 1, the Ag, almost equalled the A,, and so the tip was
very lightly tapping on the surface and the image collected was from the very near-surface

feature of a sample. As the rs, decreased from 1 toward 0, the tapping forces increased and
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made it possible to image the subsurface film structure. When low set-point tapping
amplitudes were used, the tip was prone to stick to the adhesive surface. A tenacious effort
was made to collect the images with as minimum tip-sample interaction force as possible,
tapping with high rs, values. When a lower rg, was required to reveal the subsurface sample
morphology, a small as possible decrements in As, were applied, to maintain the pristine
sample features. This was a very time consuming procedure but the good results obtained

were worth the effort.

The images were recorded simultaneously in the topographic height and phase modes. For
consistent tapping conditions unless stated, two tapping force levels were used,
corresponding to rs, of 0.91- 1.0 (light tapping) and 0.60 — 0.70 (hard tapping). Between
these values, different ry, values were employed for moderate tapping. All the

measurements were carried out at room temperature.

a b c
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Figure 3.16: The cantilever free air amplitude A", is the (a) oscillation amplitude
when there are no external forces interacting with the cantilever. Once tip establishes
contact with sample surface, the cantilever oscillation amplitude is defined by setpoint
ratio rsp, where Agp = dsp, is the setpoint amplitude and a measure of distance between
tip and sample. In (c), the tip interacts with the sample surface and the height
topology will be interplay of the tip indentation into the sample surface over a

distance zjnq plus the setpoint value dsp.

3.2.5.5.1 Micro scale domain size quantification

The analysis and calculation of microscale phase separated domain sizes within the
adhesive film samples were performed with an Able Image Analyser™ (Version v3.6 from
Mu Labs). The quantification of the domains was based on the 2-dimensional AFM images

as presented. Due to their random and undefined sizes, a fixed threshold value was set for
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the smallest well resolved microscale particles observed, as recommended by the software.
No threshold was set for the largest particle sizes. The images shown in Figure 3.18
elucidate the procedure for the particle analysis, performed on an AFM phase image of
DF645 coated film at 120°C. Based on the threshold criteria set, the software identified all
the domains that fell within the criteria window, and calculated their areas in pixels. The
units were then converted from pixels into Sl-units through measuring the distance
between two points of known length, and performing the necessary conversions. In this
work, the scanned areas of the samples were utilized for the conversion as they were
already known from the AFM images, scanned at 5 um x 5 um. To obtain a knowledge of
the domain distribution, the domain areas were divided into the categories, “20-50", “51-
1007, “101-200”, “201-500", “501—", depicting the smallest area ranges to the largest
area ranges, in pixels. The average particle area (A) of each defined area category, A;, was
calculated as,
YA,
2 NiA;

Where N; is the number of particles belonging to size category, i. The standard size

A=

3.16

deviation was calculated according to,

- 1 -
Ai,var = \/;ZivzﬂAi - A)Z 3.17
A total average percentage of domain sizes in each image, j, was calculated by,

D;;—100 X LA 3.18
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Figure 3.17: An example of particle size analysis. The image to the left is the real
AFM phase image of the adhesive film morphology at 5 pm x 5 um film surface. The
corresponding image to the right is the generated analysed film surface by the Image

Analyser, with the domain area values given in a table (not shown).
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3.2.5.6 Nano scale analysis

The nanoscale domain diameters and inter-domain distances were determined with the
AFM Nanoscope Illa software. A systematic error could be introduced with the
determination of some diameters as the AFM tip interaction with domains further from
film surface at a certain rs, value, could generate smaller domains than perhaps in reality.

Nevertheless this did not affect the general conclusions drawn in the discussions.

The reproducibility of the results was checked by using different types of cantilever tips
but with similar cantilever spring constant and different A,. The results by comparing
Images with same r, but different A, were very reproducible, as long as “fresh and clean”
tips were used. With tapping to acquire images on the nanoscale where instrument

sensitivity was crucial, reproducibility was sometimes limited by the amplitude noise.

3.2.6 AFM force-distance measurement

Another major application of AFM besides imaging is the measurement of force-distance
curves. Here, the AFM tip is approached towards and retracted from the sample surface
and the static deflection of the cantilever is monitored as a function of piezo displacement.

AFM force-distance (F-D) measurement is performed to measure long range attractive or
repulsive forces between the probe tip and a sample under investigation®”®. The technique
has revolutionised the acquisition of information of mechanical properties of a material on
the micro-, nano- and even on atomic-scale level®>?®°. For adhesion and elastic modulus
investigations, the same force measurement principle is implemented but a different part of
the results is extracted for the information of interest.

The measurement is typically performed with the AFM controls set in Contact Mode?**2".
In simplicity the procedure commences when the electrodes for the z-axis scanner are
subjected to a triangular waveform voltage. This action causes the z piezo to extend and
contract in the vertical direction, resulting in a relative motion between the cantilever and
the sample (Fig. 3.19). The distance and speed that the cantilever tip travels will depend on
the magnitude of amplitude and frequency of an applied triangle wavelike voltage pattern.
As the cantilever is put into motion, the deflection of its free end (tip location) is measured

and plotted at many points as the z-axis scanner extends and retracts in relation to the
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sample surface. A laser spot beamed at the back of the cantilever reflects the motion of the

cantilever to a detector which records the movement (Fig. 3.19).

Z piezo scanner
d
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Figure 3.18: Schematic illustration of the piezo travel in force calibration mode

Adhesion force measurement is an experiment involving several steps and the force

measurement anatomy illustrated in Figure 3.20 commences®®;

At starting point A, the piezo extends and the tip descends but no contact with the
samples surface is established yet (horizontal red curve). However if the cantilever
feels a long-range attractive or repulsive force in this region it will deflect
downward or upward.

At point B, the probe tip is brought very close to the surface of the sample, and if
the tip experiences sufficient attractive forces at this distance, it will be pulled
down to the surface, explaining the dip at point B. This “jump-into-contact” point is
normally due to electrostatic forces (if charged molecular groups are present at the
surface) or surface tension (capillary) forces. Analyzing the response of the
cantilever gives valuable information about the attractive forces on the sample
surface.

The tip will press the surface once it is in contact with the sample, point C. The
cantilever will deflect upwards with different intensity depending on the hardness
characteristics of the sample surface. Typically a steep slope implies the tip’s
interaction with a hard surface where a less steep slope indicates the tip’s
interaction with a soft deformable surface®%%*?"°_ point C is very important since
the slope and shape of the curve at this point provides crucial information about the
elasticity of the sample surface.

After the desired maximum loading point has been reached, the piezo retracts and

the tip ascends (retraction curve). At this point D, adhesion and other bonds formed
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during contact will cause the tip to stick to the surface some distance past the initial
contact point on the approach curve, point B.

e At point E, the tip continues to ascend until the elastic force of the cantilever tip
overwhelms the adhesion force of the sample. The tip will finally break free and the
force measurement cycle will be completed. The size of the vertical distance of
point E and size of the area confined between the extension and retraction curves
are proportional to the adhesion force and thermodynamic adhesion energy of the

sample.
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Figure 3.19: Anatomy of a force - distance curve measurement (to the left),

illustrating the cantilever tip’s behaviour when subjected to external forces, with the

plot (to the right) obtained as a result®®.

Usually in AFM force-distance measurements the plot obtained is given as tip-sample
interaction vs. tip-sample separation distance, D. The distance generally controlled during
the measurement is not the actual D but the piezo displacement Z as shown in the plot in
Figure 3.20, which is the distance between the sample surface and the rest position of the

cantilever. The relationship between Z and D is given by?”,

Z=D+ (8. +86,) 3.19

Where & is the deformation of the sample and J. is the deflection of the complaint
cantilever. The tip-sample force is then given by Hooke’s law of elastic deformation
according to,
F =—k.6,
Where k. is the spring constant of the cantilever. One does not know in advance the
cantilever deflections and the sample deformation during the measurement and the only
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distance that one can control is the Z distance, i.e., the displacement of the piezo?”.
Therefore the raw curve obtained by AFM is normally called “force-displacement” instead

of “force-distance”.

3.2.6.1 Adhesion force measurement with the AFM

The adhesion force measurements were performed with a NanoWizard Il from JPK
instruments (Fig. 3.21) mounted on inverted optical microscope Olympus IX 70/70/81.
With this setup the experiment could be viewed in real time, through transmission optical
microscopy transferred to a computer screen via a camera and that being the reason for the
utilization of glass slides as a support for the specimen. The cantilever probe used was
commercially available phosphorous doped silicon (Si) type RTESP14 from Veeco. It was
rectangular shaped with the following dimensions: length: 115 - 135 um, width: 30 — 40
pm, thickness: 3.5 — 4.5 um. The back side was not coated. The resonance frequency was
reported to be f,: 269 — 328 kHz, with a spring constant k.: 40N/m. The probe was made of
Si with a height between 15 - 20 um and a parabolic tip with radius of 8 — 10 nm. All the

data were according to the manufacturer.

Figure 3.20: The NanoWizard Il AFM instrument integrated with computers used for

the adhesion force measurements.

The tapping mode of the AFM (TM-AFM) was employed to collect the height and phase
topographic images prior to and after the adhesion measurements, to visualise the region of
the specimen surface where the force-distance (F-D) curves were collected. The scans were
performed on areas of 5X5 um? at a scan rate of 1 Hz. The instrument was then switched to
the contact mode (CM) and the necessary calibrations executed for the force-distance tests,

without any interference of the AFM stage or sample.
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279280 was recorded on a hard non-deformable

For the calibration process, first a force curve
substrate as a reference, to calibrate for the cantilever spring constant and determine the
maximum setpoint force to be used for the measurements. This was performed by
following the calibration manager of the JPK SPM software calibration process. A freshly
cleaned silicon wafer (Si(100) Youngs modulus 179 GPa, MEMSnet® )) was used as the
reference substrate. On such a non-deformable hard material, the deflection of the
cantilever during the tip-sample indentation (Point C, Fig. 3.20) was equal to the bending
of the cantilever. The unloading and unloading curves that were taken overlapped. For
elastomeric based materials for instance, the deflection curves and hence indentation
curves present a large hysteresis between loading and unloading parts, due to the
viscoelastic behaviour®®*?®!, The slope of the loading curve with respect to a horizontal
line is proportional to the viscoelastic nature of the material, where the less steeper the
slope, the softer the material®®*?**, The F-D curves were measured at different regions on
the Si wafer, to ensure good reproducibility. After the calibration process, force volumes,
i.e. arrays of force curves in a two-dimensional grid across the sample surface were
collected on the adhesive samples. The cantilever deflection amplitude (nm) was
subtracted from the total Z-piezo displacement for each data set in each force curve. The
force-displacement curves were then corrected and plotted as force- distance curves
(Section 3.2.6). The force curves were collected over the entire sample surface and each
tip-sample measurement was taken at the centre point within the surface area of choice
(Index). All the curves were taken with a constant extension/retraction speed set at 10 um/s
and zero seconds dwell time (i.e. tip-sample contact delay time). To further verify the
dwell time, all the curves were collected under a trigger mode in which the extension force
curve reverses at a pre-assigned relative trigger value of cantilever deflection. To minimise
the influence of any excessive contact between tip and the sample, the trigger value was set
as small as possible, at 3 nm, so the entire extension and retraction force curves can be
considered to be governed by the adhesive interaction between the tip and the samples. All
measurements were executed under ambient conditions at room temperature. The
procedure was repeated for 3 samples each of a specific coated film to ensure good
reproducibility. The measured raw data were exported as ASCII files to Microsoft excel
and a JPK custom-designed Matlab, based on an adaptive algorithm was used to quantify

the values of the adhesion energies.
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3.2.6.2 Elastic modulus measurement with the AFM

The AFM used for the adhesive film surface elastic modulus measurement was an
NTEGRA Therma from NT-MDT, Russia (Figure 3.22). The equipment was designed to
perform this type of measurement since unlike the JPK instrument (Fig. 3.21), the (X,y,z)

piezo scanner is beneath the specimen stage and the cantilever with probe is kept fixed.

During the measurement the stage with sample, is moved up- and down in vertical z-axis to
ensure that indentation is performed uniaxially and eliminate lateral drift which might alter
the contact area if the cantilever is rather in motion. A commercial silicon (Si) cantilever
for force modulation measurement from Vistaprobes was used. The specifications were,
length: 125 £ 10 um, width: 40 £ 5 um, and thickness: 3 £ 0.5 um. The probe had a height
of 14 + 2 um and a parabolic tip with radius of curvature < 10nm, used to avoid
penetration of the thin film layer that might lead to inaccurate assessment of the Young’s

modulus. All the data given were according to the manufacturer.

Though similar F-D methodology as explained above is implemented to carry out elastic
modulus measurements, the fundamental theory and concepts for such an investigation is
elaborate and prompts mathematical consideration involving several factors. For the exact
quantification of the elastic modulus of the samples, it was critical to know the true spring
constant, K, of the cantilever. The value depends on the length L, width w, and thickness t
of the cantilever and the Young’s modulus E of the material by the relationship K = Ewt®/
(4L%%. The elastic modulus of cantilevers typically made from Si and SisN, are well
documented and other methods of calculating the spring constant can also be found in the
literature?®’. The length and width can easily be measured using for example the SEM. The
thickness of the cantilever is difficult to measure especially if the face of the thickness
surface is not entirely perpendicular to the incident electron beam. Thus any small error in
the measured cantilever thickness can have a significant impact on the calculated K value
due to the power relationship. For these studies a method for determining the rectangular
cantilevers K value reported by Sader and co-workers®®* was used and based on the

relationship,

K =0.1906 - ppw? - L- Qs - Ti(fy) - f2 3.19

Where w and L are the width and length of the cantilever, respectively, Q;and f, are the

quality factor and the resonance frequency of the cantilever in fluid and py is the fluid

density, all of these parameters are typically used when the cantilever is place in air, ;s
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the imaginary part of the hydrodynamic function and only depends on the Reynolds
number Re = p; fo W%/ 4n, where 1 is the viscosity of the surrounding fluid (air in this

282

case), and is independent of the cantilever thickness and density™. The quality factor Q;is

related to the damping ratio (8), which is a measure of how fast the oscillator is losing

energy and can be determined experimentally?®.

Sader’s method?®**?** for determining the rectangular AFM cantilever spring constant is
relatively simple with a reported high accuracy of around 5%. This is attributed to the
cantilever thickness not used in the calculation of the K value. For the cantilever used for
the measurements, the L and w were measured by SEM. The measurements were carried
out in air at ambient temperature, so the parameters such as density and viscosity of air
were taken as 1.18kg.m™ and 1.86x10™° kg.m™.s™ respectively, as required by the fitting
software (Nova, NT-MDT, Russia). The cantilever K value was determined exactly to be
17 N/m.

Figure 3.21: The AFM NTEGRA Therma used for the elastic modulus measurement.

3.2.7 Time —of-flight static secondary ion mass spectrometry

At the moment, molecular characterization is steadily gaining interest in analytical micro-
analysis. A lot of techniques are currently available for analysis of chemical groups on
surfaces of materials. Some of these are x-ray photoelectron spectroscopy (XPS),
attenuated total reflection fourier transformed infrared spectroscopy (ATR/FTIR), neutron
reflectivity, etc**. Perhaps the most exciting for a polymer based sample surface is the

Secondary lon Mass Spectrometry (SIMS). The technique was first developed in 1949 by
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Herzog and Viehboek?®®, but it was not until the 1970s that its true potential in Surface
science was realised as a consequence of work by Benninghoven and his group®® in

Munster, Germany.

Static secondary ion mass spectrometry (S-SIMS) allows the chemical characterisation of
the constituents in the upper-most molecular layer of a sample, compared to XPS which

probe the 10 nm subsurface layer®®

. Within the range of micro-analytical methods, S-
SIMS occupies a rather unique position in that it combines monolayer sensitivity with the
capability to generate molecular information. The main advantage of S-SIMS resides in the
capability to analyse the pristine surface which is vital in terms of adhesion science, and
also to detect information about molecular fragments, not just elemental ratios. In more
complex samples such as adhesive multi-blend formulations, S-SIMS provides a distinct
advantage over XPS since the latter method requires that all the components of the system
and their spectra are known in advance. In contrast, S-SIMS quantification is based on
relative peak ratio of two specific ions and this remains valid even if the third component is

not known?®’.

During an SIMS investigation, high energy primary ions are beamed onto the sample’s
surface as shown in Figure 3.23. Once they collide with the surface, their energy is
transferred to the atoms of the sample under analysis. This creates three major effects, (1)
mixing of the upper layers of the sample and the primary ions results in amorphization of
the surface; (2) atoms from the primary ion beam are implanted in the sample, and (3)
some secondary particles (atoms and small molecules) are ejected from the sample. Among
the ejected particles are electrically neutral, as well as positively and negatively charged
species. The charged particles of each polarity (secondary ions) can then be extracted from
the sputtering area with the help of an electrical field between the sample and an extraction
lens. They are then accelerated into a mass spectrometer. Once there, they are sorted by
mass (and energy) and finally counted in an ion detector (which can be an electron
multiplier, a Faraday cup or a channel plate). The count rates of different secondary ion
species give information about the composition of the sample in the sputtered area. Since
the size of the sputtered area depends only on the primary ion beam diameter, which is
typically in the order of a micrometer, a SIMS analysis has a relatively high lateral

resolution®®2% The basic SIMS equation is,

Im= 1pYmo®mn 3.20
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Where I, is the secondary ion current of the species m, I, is the primary ion flux, Y is the
sputter yield, a is the ionization probability, 0, is the fractional concentration of m in the
surface layer and m is the transmission of the analysis system. The two fundamental
parameters are Y, and o. Y is the total yield of the sputtered particles of species m,
neutral and ionic, per primary ion impact. It increases linearly with primary ion influx. It

285288 vy tends to

also increases with primary ion mass and energy although not linearly
maximise with energies at around 10 keV. lonization occurs at, or close to, emission of
sputtered particles with the consequence that the matrix participates in the electronic
process. This means the secondary ion yield is strongly influenced by the electronic state
of the material being analyzed, and it is very sensitive to the electronic state of the atom or
the molecule to be ionized and to the matrix from which they are emitted. This is a well
known matrix effect problem and brings significant complications when a quantification of

SIMS data is required?®.

4

to Mass Spectrometer

Beam of Secondary ons
to Be Analyzed

w— Extraction Lens

Secondary
£ lons

Sample

Figure 3.22:An illustration of SIMS experiment set-up where a high energy primary

ion beam is directed at an area of the sample surface to be characterized®®’.

To provide a better understanding of the process of secondary ion formation for polymers,
a wide range of experiments was undertaken by some of the pioneers in the area, such as
Briggs, Leggert, and Vickerman®®. From various approaches a consensus on the overall
process has been reached and different fragmentation processes of polymers at the surfaces
have been postulated, as shown in Figure 3.24. The model suggests that the primary ion

energy is transformed into vibrational energy dissipated within the macromolecules.

In the region close to the point of impact (Fig. 3.24), high energy events leading to the

emission of atomic species and uncharacteristic small organic fragments are believed to
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prevail. Surrounding the area is a zone, “finger print region” with decreased energy density
where structural rearrangements may take place, yielding e.g., polyaromatic moieties.
Farther away from the impact point, there is the “monomer region”, where the energy
available for rearrangements is low, and the ejection of species minimally rearranged and
species on the mass order of the monomers prevail. This region gives rise to larger and

structurally most informative fragments.

Incident projecie

(c)

Figure 3.23: Model for ion formation of polymers in S-SIMS involves the existence of
three regions in which fragmentation on different levels occurs: (a) violent
fragmentation in the impact region, (b) unzipping of larger fragments in the
fingerprint region, and (c) simple low-energy fragmentation into large sequences,

monomer region. Adapted from Leggert (1998)%.
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3.2.8 Static limit of SIMS

To retain the molecular information in SIMS, it is essential that no primary ion strikes
again to an already damaged region. This is achieved by using the static SIMS (S-SIMS)
mode, where an extremely low dose of primary ions is used, such that within the time scale
of the experiment very much less than 1 % of the top surface layer constituents receive an
ion impact?® . Under these conditions on a random impact basis no spot on the surface
contributing to the spectrum receives more than one strike. The secondary species
generated arise also from a certain area remote from the next point of analytical impact. It
is established that each impact physically influences an area of 10 nm% This implies that
10" impacts/cm? influence all the atoms in the surface. Therefore, the static limit is
defined to be < 10" ions/cm?. Any primary ion dose lower than this value is accepted in
the static regime of SIMS analysis®®’. Dynamic SIMS involves use of higher primary

current density on the sample.

3.2.9 The Mass analyzer

The secondary ions produced are accelerated to 2 keV upwards to an ion mirror where they
are reflected downwards to the detection system over a very short distance. Over a flight
path of 2 m the secondary ions are separated in mass because, for ions of constant energy,
their flight time is proportional to m™2. This is basically the functionality of the Time-of-
flight (ToF) Mass Analyzer. It is the most commonly used analyzer system and has
nowadays given the technique the general name of ToF-SIMS. The ToF consists of a
combination of drift regions with an ion mirror. The ion mirror utilizes an electrostatic
field to reflect secondary ions in order to provide a positive time dispersion, i.e. to increase
the flight path of high-energy secondary ions with respect to the lower energy secondary

i0ﬂ5287-289.

3.2.10 Problem with surface charging

The SIMS primary ion beam, secondary ion and electron fluxes produce a net electric
charge at the sample surface. If the sample material conducts, the charge is compensated
by the current flowing through the sample to the ground. However, insulating samples
undergo a surface charge build-up. Sample charging can deflect the primary ion beam

(especially when low energy primary ions are used) away from the region of interest so
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that the actual bombardment ends. Also the emission of electrons and ions from the surface
can be hindered or stopped. Therefore in the case of insulating samples, charging
compensation techniques must be used. Bombardment of the sample surface by low energy
electrons is the most commonly applied technique for charge compensation®’2%.

Electrons can easily compensate for the positive charge build up.

For further reading about this technique Briggs and Seah have compiled the general SIMS
basics and related techniques in their book on surface analysis of organic and inorganic
materials®®. Vickerman and Reed have given a comprehensive overview of S-SIMS
applications on polymers with particular attention to the structural assignment of the
detected ions®®'. The effects of polymer molecular weight (M), casting solvent,
ultrasonification (with a non-polymer solvent) and annealing on the TOF-S-SIMS data of

monodispersed poly(methyl methacrylate) has systematically studied by Leeson et al?®2.

3.2.11 Film chemical nature characterisation with ToF-SSIMS

In this research pristine adhesives film surfaces were analyzed with an S-SIMS analysis
using a SIMS IV time-of-flight (ION-TOF-GmbH, Minster) (Figure 3.25), equipped with
a Bismuth liquid metal ion gun, a single stage reflectron analyser and electron ionisation
gun. The Bismuth 3 cluster ions (Bis") accelerated at 25 keV bombarded the surface of the
samples at an incident angle of 45° to the surface normal. The target current was
approximately 1 pA with a raster area of 200 x 200 pm? These conditions resulted in
(Bis") of 1.53 x 10" ions/cm? well below the static SIMS accepted limit of < 10** ions/cm.
Secondary ions were accelerated to 3 keV into a 2m flight tube connected to an Einzel lens
and the reflectron, which improved the mass resolution. Charge compensation was
necessary to compensate for surface charging created by the positive primary ions and this
was adjusted using the pulsed electron flood gun emitting low-energy electrons at 10 eV.
The analysis depth was < 10 nm and each spectrum was averaged over a 15 s time period.
Both positive and negative secondary ions were collected, and all data analyses were
carried out with the lonSpec and lonlmage (version 4.1) softwares. The information from a

wide m/z range were collected and compared.
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Figure 3.24: The ToF-SIMS instrument, known as ION-TOF-GmbH used for the

surface chemical group characterization of adhesives films.

An illustration (Fig. 3.26) is shown indicating the different depth limitations of some of the
diverse material surface characterisation techniques available.
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Figure 3.25: Characterisation depth limitations for some characterisation techniques

available®®®.
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Chapter 4

4 Classical investigation of the mechanical properties
of PSA and the peel strength to non-woven fabrics

4.1 Introduction

While hot-melt pressure-sensitive adhesives (PSASs) gain significance as structural or semi
structural adhesives, the knowledge of their adhesion mechanisms has become increasingly
important. When one considers the performance of the end product, there are three distinct

28,204 123201206 that can be used to characterize

factors, peel adhesion®®?®, tack®® and shear
adhesives. The relationship of these characteristics is critical to the understanding of the

PSA performance and manufacturing.

As already stated in Chapter 1, the temperature used for coating adhesive films has proved
to have a significant impact on the peel performance of the coated adhesive films, with
films coated at higher temperatures exhibiting superior peel strengths compared to films
coated at lower temperatures. Tremendous amount of work can be found in the literature

about the influence of the subcomponents’®’:181293:294.29

of the adhesive blend, as well as
the effect of film thickness®®, and film coating method®®, on the peel properties of the
finished adhesive product. However a lack of literature on the impact of film coating
temperature on the adhesive performance makes this investigation a significant topic for

the PSA industry and adhesion science in general.

This part of the study implements classical adhesive characterisation methods such as
rotational rheometry and tensile test, commonly utilized by the PSA industry to;
(1) Investigate the effect of film coating temperature on the mechanical

property of PSA formulation at end-use condition.
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(2) Highlight why these methods are insufficient in obtaining knowledge about
the performance of the adhesive coated films.

(3) Measure the adhesion of PSA to three different non-woven fabrics and
analyze the effect of bonding rate and fabric surface characteristics to the

adhesive peel strength.

4.2 Experimental

4.2.1 Sample preparation and characterization

4.2.1.1 Dynamic shear modulus measurement

The adhesive formulation used for the studies is the DF645 blend and the product
specifications are found in Chapter 3, Section 3.1. Bulk adhesive samples of DF645 were
annealed for one hour each, at 110°C, 120°C and 160°C, respectively, and allowed to cool
to room temperature. The annealing temperatures reflected the temperatures typically used
for melt-coating the adhesive films. The cooled specimens were shaped into discs with a
diameter of 25 mm and thickness of 2.0 mm. They were then allowed to relax for 24 hours
at room temperature to minimise stresses introduced during preparation, before execution

of the measurement.

The measurement was firstly conducted by subjecting the samples to a cyclic of 10 to 10°
% strain amplitude (y,) at a fixed frequency (o) of 1 rad/s, to ascertain the linear
viscoelastic region (LVR). This was operated in the parallel/parallel plate oscillatory shear
mode with a plate diameter of 25 mm and a gap of 2.0 mm by employing the ARES
instrument (Fig.3.9). Afterwards a suitable strain value of v, =1% was chosen for the time-
dependent (frequency sweep) modulus measurements at o from 107 to 107 rad/s. All
measurements were carried out at ambient temperature of 25°C and RH of 50%, and data
reproducibility was checked by repeating the measurements at randomly selected ambient

conditions.

4.2.1.2 Tensile testing

Samples of DF645 were annealed for an hour each, at 100°C, 120°C, 160°C and 180°C,

respectively. The specimens were then molded as dog-bone shaped tensile specimens with
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the gauge dimensions (50 mm x 20 mm x 2.0 mm). Tensile testing was carried out where
the samples were strained at a cross-head speed of 300 mm/min at room temperature
according to ASTM D412-80, with an Instron 556 and 100N load cell. All the samples
were prepared in the same way so any eventual orientation of the base copolymers in the
adhesive blend was the same. All measurements were carried out at ambient temperature of
25°C and RH of 50%.

4.2.1.3 Peel Test

Strips of 155°C-coated DF645 (thickness ~10 pum) adhesive film with dimensions 60 by 90
mm on polyethylene (PE) film were rolled on each of the three non-woven fabrics of
cotton, nylon and microfibre (also of the same dimension as the adhesive film), with a 2 kg
rubber roller. The rolling rates employed were 300 mm/min and 1500 mm/min. The peel
tests (Fig. 3.11) were performed within a few minutes of the application to the adherent, to
prevent relaxation of the adhesive which could affect the results of the tests. Five peel tests
were carried out for each fabric at each rolling rate, from which the maximum and
minimum peak peel forces applied were deduced and the average of these forces were
calculated from the tensile tester software. The surfaces of the two bonded materials were
examined with scanning electron microscope (SEM), prior to and after the peel tests, to
examine if the fabrics were removed without leaving residues on the adhesive surfaces and

vice versa.

4.3 Results and Discussion

4.3.1 Dynamic shear moduli of DF645 bulk

The dynamic viscoelastic moduli of the DF645 adhesive formulation annealed at three
different temperatures was done to quantify the compliance and cohesive strength of the
blend at the end-usage condition. Since the coated films were unsuited for the
measurements, bulk samples were used instead. The samples were labelled with a suffix
specifying their annealing temperatures which was intended to mimic the coating condition
of the films. The results presented in this section deals with the adhesive rheological
behaviour at room temperature, i.e., below the glass transition (Ty) of polystyrene and

therefore polystyrene domains are expected to be rigid®® 828658
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In Figure 4.1 it can be observed that all the bulk samples exhibited similar mechanical
properties, with the dynamic shear modulus, G’, independent of the strain amplitude in the
measurement window. This indicated that the polymer molecules were in their linear
viscoelastic region (LVR). A fixed strain y value of 1 % was chosen to perform the time-

dependent modulus measurement of the samples.

10°
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Figure 4.1: Dynamic shear storage modulus, G’, as a function of strain amplitude, %,
for DF645 bulk samples initially annealed at 110°C, 120°C, and 160°C, respectively, as
shown by the legend at the top right corner. The measurements were performed at an
oscillatory frequency of 1 rad/s at room temperature.

The frequency measurements were focused on a narrow range of low frequency or terminal
region, from 107 to 10 rad/s since this regime reflects the long-time behaviour'?® of the
adhesive during the end-use application. Earlier studies have reported the shear modulus in
the low-frequency regime reflects the material’s microstructure adopted at a given

temperatu r9104'223'297'298.

All the samples displayed predominantly elastic response with G’ virtually independent of
o between 107 to 10° rad/s and also higher than the dynamic shear loss modulus, G’, as
seen in Figure 4.2. The dominant G’ is believed to be a result of the entropy elasticity of
unique rubbery network of polyisoprene (PI) and poly(ethylene/butylene) (PEB) phase
reinforced by polystyrene-rich regions within the adhesive samples. It is clear that

molecular segments with a varying range of lengths responded to the stresses applied. At
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the low frequencies, below 10™ rad/s, the deformation (strain) being mainly the
conformational changes of the chains in response to the changes of shear stress was almost
simultaneous with little dragging effect (low G”). As the frequency was further increased
up to 107 rad/s, both G’ and G” started to increase at their own pace with G” increasing
much faster than G’. This indicated that the adhesive samples were capable of responding
to quicker changes of the shear stress. The faster increase of G” implied that movements of
molecular chains with a specific length, e.g. the persistence length, started to respond to the

frequency of the shear stress, resulting in increasing dragging effect.

The observation in regards to the plateau modulus at the low frequency region is consistent
with reported studies on the dynamic mechanical behaviour of triblock copolymer physical

gel Systemsll4,129,299

. In terms of adhesive characteristics, this property is paramount
because no creep (flow) should occur at long times and the formulation must exhibit a

rubbery-like behaviour at room temperature, once cooled'?.
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Figure 4.2: The frequency spectra of G’ and G’ for DF645 adhesive bulk samples
initially annealed at 110°C, 120°C, and 160°C respectively. The measurements were

performed at 1% strain.

As the frequency was ramped up, between ~ 10° and 10? rad/s, the fast rise in G’
continued, even exceeding the slower increase of G’. This insinuated that less relaxations
and movements of the polymer chain segments of specific lengths were occurring with the
measurements. It is obvious that the adhesive systems underwent a broad transition from

“rubber-like” state towards glass transition state. It is envisaged that the movements and
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relaxations of the elastomer segments will eventually fail to respond with frequencies
beyond the experimentally accessible range. The characteristic relaxation time (1)
corresponding to the elastomer chain segments cooperative movement will be too long to
respond to the applied stress. A loss peak (glass transition) in G’> will eventually emerge
and G’ will level off to a new plateau as a signature of the elastomer chains acquiring the
condition of a glassy state.

The measurements have proved that the samples exhibit similar dynamic mechanical
properties irrespective of annealing thermal history at small strains. What is still
unanswered is the adhesives behaviour during non-linear large strain deformation,
equivalent to a debonding process, which is a paramount parameter for judging the
product’s performance. Investigation of the adhesive large strain behaviour will be
presented in Chapter 7 where relationships between the debonding mechanism and

adhesive film morphology will be discussed.

4.3.2 Tensile test

The tensile properties of the annealed adhesive samples observed in the stress-strain curves
in Figure 4.3 were indicative of elongational behaviour characteristic of elastomers®’, i.e.
low modulus and high extensibility. The phenomenon is due to the fact that the elastomer
chains (both long and short) of the base triblock copolymers are above their Tqs at ambient
condition, enabling the polymer C-C bonds to rotate with low resistance, especially in the

presence of mineral oil.

At the initial stages of the deformations (up to ~ 50 mm displacement) (Fig. 4.3), the
adhesive sample annealed at 100°C exhibited stresses slightly higher than the adhesive
samples annealed at 120°C, 160°C and 180°C, respectively. The proportionality regime of
the measurement where stress is proportional to deformation is not conspicuous in the
graph, hence the Young’s or elastic modulus, E, of the samples could not be determined.
As the deformation continued beyond 60 mm displacement, a non-linear upturn in sample
stresses was observed. The annealed samples displayed rather similar tensile properties,
except the sample annealed at 180°C, where the stress were significantly lower that the
other three samples. The results from the measurements are comprised in Table 4.1.
According to the mechanical theory of rubber elasticity, the stress-strain for the tetrahedral
network structure of rubbers is according to®"'*°,
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oy = NORT (/1—?> 4.1

Where oy, is the nominal stress, R is the gas constant, T is the absolute temperature, A is
the extension ratio A = (L/L,), (L and L, are the lengths of the stressed and unstressed
specimen, respectively), and N, is the number of moles of Gaussian chains in the network
per unit volume of rubber. The nominal stress (force divided by the original specimen
cross-sectional area) is approximately proportional to A at high A because A >> 1/ A2. The
theory therefore predicts a linear relationship between the stress and the strain, but the
upturn in stress at high adhesive extensions, which is similar to observations reported on

rubber-based systems>**3%

are due to factors that the theoretical predictions does not
account for. In the classical theories, it is assumed that the rubber network is perfectly
interconnected, i.e. that no loose chain ends exist but in reality chain ends do exist, and
they transfer stress less efficiently than the other inter-connected rubber network
part’ 3% The theoretical model does not take into account the complications from
intramolecular crosslinking (loops), which might decrease the inter-connectivity of the

elastomer network, as well as the effect of crosslinks (both physical and chemical)®.

There is no one universal relationship to explain the behaviour of rubber-based samples in
tensile test measurements. Different relationships fit the experimental observation at
different extension ratios. The equation (Equation 4.1) captures the trend in experimental
stress-strain data of unfilled rubbers in compression (A <1) and at low extension ratios (A
<1.2)"*1%% At higher extension ratios the experimental observations fall below the
theoretical curve. The Mooney equation®****® derived from continuum mechanics is

capable of describing the nominal stress-strain data at A between 1 and 2 as,

=2(2 ! C G 4.2
oy = —ﬁ 1+7 .

Where C; and C, are empirical constants. It may be noted that the Mooney equation is
identical with the equation derived from statistical mechanics when C, = 0. Experiments
have shown that for a range of different rubbers C; depends on the crosslink density
basically as the modulus does according to the statistical mechanical theory, whereas C; is
approximately constant®®. Stress-strain data for rubbers swollen in organic solvents
analysed by the Mooney equation show that C; is practically independent of the degree of
swelling, whereas C, decreases with increasing degree of swelling approaching C,=0 at v ~

0.2 (volume fraction rubber). Hence highly swollen rubbers (v< 0.2) behave according to
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the statistical mechanical theory®”**! In this study the observation implies that the tensile
strength and elongation at break are independent of sample annealing temperature, up to an
annealing temperature of 180°C where the tensile strength deteriorated but the elongation

at break increased.

0 50 100 150 200
Displacement [mm]

—=—DF645 1000C ——DF645 1200C —o—DF645 1550C —— DF645 1800C

Figure 4.3: Stress-strain curves for adhesive bulk samples initially annealed at
different temperatures indicated by the legends. (Courtesy of Dr. Wei Kong, Henkel)

The presence of PS regions serving as physical crosslinks could possibly increase the
elongation of the adhesive samples since the structure of the overall material will go from
that of individual rubber chains, to presumably chains interconnected via the PS domains
plus the eventual plastic deformation of PS domains. That is, the crosslinks could
strengthen the response of the material as a unit during large strain deformation®*. The
lowest tensile strength but largest elongation at break measured for the sample annealed at
180°C could be caused by fragmentation of connected network system in the adhesive
sample blend. It is also possible that with such a pronounced annealing temperature, the
rigid PS domains were extensively diluted by tackifiers/oil, leading to decrease in their

strength and as a consequence causing to their pronounced plastic deformations.
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Table 4.1: Mechanical properties of the investigated annealed adhesive bulk samples
by Tensile Testing

Coating temperature Tensile Strength * Maximum Fracture stress * 10°*
of sample DF645 10*[N/m?] Displacement [N/m?]
[mm]
100°C 63 167 62
120°C 63 169 59
155°C 61 164 59
180°C 50 192 35

At very large elongations (A>4), other sophisticated theoretical relationships are suggested
in the literature to explain the stress-strain behaviour of rubber materials®”***. According to
M.C. Boye et al.*®, the final steep up-turn of the stress-strain curve for rubber samples as
the ultimate strain is approached is due to most of the surviving elastomer chains
approaching their full extensions. The process of elongation enhances the alignment of the
chains within the elastomers, and cause momentary van der Waals bond formation between
segmental chains which leads to crystallization on a local basis within the elastomer
sections that can undergo crystallization®®. The ultimate break occurs possibly due to a
weak intermolecular interaction between the aligned chains, defects in the samples caused
by chain ends, or final breakage of polymer chains. This open issue related to the coating

temperature effect will be further investigated in the following chapters.

4.3.3 Peel test measurements with non-woven fabrics.

4.3.3.1 Effect of the film coating temperature

The peel test results shown in Table 4.2 clearly depict that adhesive films coated at high
temperatures underwent stronger adhesive bonds to cotton fabric than adhesive films
coated at low temperatures. The film coated at 155°C generated adhesive peel strength
approximately three times higher than the adhesive film coated at 120°C. If coated at
130°C the peel force was almost twice as large as the peel force measured for films coated
at 120°C. Factors that underline such bond strength differences will be examined in the

following chapters.
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Table 4.2: Peel strength of DF645 adhesive films bonded to cotton fabric, at peel rate
of 300 mm.min™.

Film coating temperature [°C] Peel Strength [g/30 mm]
120°C 70.2+14.1
130°C 147.0 £ 26
155°C 218 £ 31

4.3.3.2 Effect of the adhesive bonding rate

As a reminder, the DF645 adhesive films coated at 155°C were used for this part of the
studies. The results are enclosed in Table 4.3. The rolling rate employed for bonding the
adhesive to the fabric at 300 mm/min generated the highest average peel force compared to
the rolling rate at 1500 mm/min, for each of the fabric substrates examined. This indicates
that the peel strength depends on the contact time between the adhesive and the substrate,
which manifests the viscoelastic nature of the coated adhesive film. Bonding the fabrics to
the coated PSA film with the roller, subjects the adhesive to shear stress. At the slow
rolling rate of 300 mm/min, the coated film gets adequate time to deform onto the surface
of the fabrics, into the cavities and thereby increases the wettability. At the relatively faster
rolling rate of 1500 mm/min, relatively more elastic deformation recovers, leaving less
plastic deformation into the cavities of the fabrics. As a result, the adhesive bonding

strength becomes weaker due to the decrease in contact time and subsequently wettability.

Table 4.3: Average peel force as function of the adhesive bonding rate

Fabric substrate Average peel force [g] at  Average peel force [g] at
300 mm/min 1500 mm/min
Cotton 340 £59 314 + 38
Nylon 240 £ 90 189 + 22
Microfibre 80 + 64 35+11
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4.3.3.3 Effect of the substrate surface.

The cotton fabric recorded the highest peel forces to the adhesive, followed by nylon and
then the microfibre, as shown in Table 4.3. This trend can be verified by the physical
characteristics of the fabrics, presented in the scanning electron microscope (SEM) images
in Figures 4.4. A major contributor to the bonding strength superiority is the high inherent
roughness of cotton fibres and the pattern of the fabric (Fig. 4.4a). Cotton fibres are ribbon-
like and exhibit a surface roughness which will provide a larger efficient surface contact
area to impart mechanical interlocking®® than nylon and microfibre. Hence once in contact,
the adhesive is able to wet and penetrate the structure of the fabric when pressure is applied
and firmly secures the cotton in place. From end-use viewpoint in terms of suitable
substrates for the hygiene products application, the cotton fabric is not very good as some

of the fibres were adhered to the adhesive film surface after the peel test.

Rt . 17 R
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Figure 4.4: SEM micrographs of (a) cotton with a fibre width of approximately 25
pm, (b) nylon fabric consisting of plenty wide cavities, with a fibre diameter of 16 pm.
In (c) the fabric structure of microfibre with compactly thin fibres leaving little room
for cavities. Each fibre has the diameter of 8 pm. All the images were taken at 1000X
magnification.
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Nylon generated the second highest peel force of the fabrics (Table 4.3). In Figure 4.4b it
can be seen that nylon has a smooth surface, compared to cotton and with a fine weave
which is evenly distributed. The examined surface of the adhesive film after the peel test
revealed that the nylon fabric was peeled cleanly from the adhesive and vice-versa, without
leaving any residues which is a very desirable quality in its end-use application. Nylon has
a large effective contact area for adhesion due to the presence and abundance of wide
cavities, allowing the adhesive to plastically deform over the region, and establish bonds

around the smooth fibre filaments.

The microfibre displayed the lowest bond strength to the PSA of all the fabrics tested
(Table 4.3). The extremely smooth surface of the microfibre with tightly packed fibre
pattern (Fig. 4.4c) is a key factor to its poor bonding characteristics, leaving only a small
effective surface to make interaction with the adhesive. In theory the microfibre should
exhibit the largest effective surface area since it has the thinnest fibres. However since the
fibres are tightly packed, they prevent the adhesive to spread over wider region as it
deforms. Similar to the nylon, microfibre was peeled cleanly without leaving any residues

on the adhesive film surface or vice versa.

4.4 Summary

The shear and elongational behaviour of a copolymer based pressure-sensitive adhesive at
room temperature was studied and has presented some of the challenges facing the
adhesive industry in terms of examining the adhesive product performance. Bulk adhesive
samples annealed at temperatures typically employed for film coating showed similar
dynamic viscoelastic properties at room temperature. At low frequencies and strain, the
adhesive samples displayed storage plateau modulus indicative of solid-like behaviour.
This suggests a diminished creep at long times which is a good characteristic during end-
use application. The tensile tests performed on the annealed bulk samples also revealed
similar properties, except for the bulk sample annealed at 180°C where a significant

decrease in tensile strength but increase in elongation was observed.

The above results manifest the intricate nature and property of PSAs since the peel force
measurements performed with the same adhesive formulation but as coated films instead of

bulk samples, displayed discernible peel strengths with films coated at 155°C exhibiting a
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substantial higher peel force as compared to peel forces of the films coated at 130°C and
120°C, respectively.

With the peel test investigation the adhesive to non-woven fabrics, the cotton fabric
generated the strongest bonding to the PSA coated film, at the two different rolling rates of
bonding but did not peel cleanly. The nylon fabric bonding was not as strong as the cotton
fabric bonding but peeled neatly with no evidence of fabric damage. The microfibre had
the lowest average peel force at both bonding rolling rates but peeled cleanly just as the

nylon fabric.

Though the information obtained with the bulk adhesive sample is useful, it has
nevertheless proved to have limitations in judging the performance of the corresponding
coated adhesive films. The following Chapters will, therefore, put emphasis on the
behaviour and properties of the coated adhesive films by revealing the hierarchical
structure and phase transitions of the films with corresponding adhesion nature down to the

nanoscale level.
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Chapter 5

5 Thermal Phase Transition and Viscoelastic
Behaviour of Styrene-based hot-melt Pressure
Sensitive Adhesive Films

5.1 Introduction

In Chapter 4, adhesive bulk property investigations performed on samples with different
thermal histories suggested that examining the bulk property alone is not sufficient to
judge the performance of PSAs, as the results did not reflect on any potential discrepancy
in sample microstructure that might have evolved at the different annealing temperatures,
unlike work based on pure copolymer systems®?*?®". This part of the studies investigates
the structure and property of the films directly in order to understand their adhesion
variation to the coating conditions, and provide clear answers to the adhesive developers
and product manufacturers. The bonding and debonding that correspond to adhesion of
PSAs have been reported to relate to the viscoelastic behaviour of the bulk adhesive?**%®.
Therefore evaluating the viscoelastic behaviour of the adhesive film can give an insight

into the end-use and predict the performance of the product.

Due to the relatively small amount of base block copolymers used in PSA formulations,
thermal transitions demonstrative of the copolymer segmental mobility can be difficult to
detect. The Dynamic Mechanical Thermal Analysis (DMTA) or shortly Dynamic
Mechanical Analysis (DMA), was used to evaluate the viscoelastic behaviour of the
adhesives coated films due to its sensitivity to respond to subtle molecular mobility™*>#*.
The technique is actually deemed unsuitable for the adhesive films since the films are
naturally sticky and very complaint whilst the DMA is appropriate for specimen in solid
state or with a solid support. Traditionally when measuring viscoelastic properties of
adhesives with DMA, the sample material is either placed in shear clamp geometry or a
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supporting film is required for running in the tension mode®*. Sometimes the problem with
the shear experiment is that the adhesive can be too sticky for the geometry. With the
supporting film, the issue is an intricate sample preparation procedure that makes it

difficult to obtain reproducible measurements®*.

Steel material pockets from Perkin Elmer®®*30>3%

adjusted and employed for the DMA
investigation of the adhesive films proved very successful. The pocket is simply a piece of
stainless steel that the adhesive film is attached inside and folded, before mounting into the
DMA instrument. This made it possible for heating the specimen through the melt while
preserving its geometry and without contaminating the equipment. According to the

manufacturer the material pocket**

is very effective for the determination of transition
temperatures, but does not permit quantitative measurement of dynamic moduli, due to the
stiffness of the pockets which contributes very strongly to these values. The objectives

with this study were therefore to:

e To characterize the effect of coating temperature on the viscoelastic property of
hot-melt PSA films and the correlation to the adhesion strength.

e To quantify the activation energy involved in the glass transitions of phase
separated domains within the adhesive coated film with good bonding property.

e To characterize the effect of the coating temperature on the viscoleastic property of
PSA films of adhesive blends with different triblock base copolymers and
polystyrene contents.

e To compare the viscoleastic properties of different PSA films coated at different

temperatures, and the relationship with the measured adhesive peel strength.

5.2 Experimental

5.2.1 Materials and sample preparation

The three hot-melt PSA formulations termed as DF645, 7M8 and DFC600 were supplied
by Henkel as thin coated films sandwiched between silicone release papers. Details of the
subcomponents of each blend system are found in Section 3.1. The films were melt-coated
onto silicon release liner at a line speed of 300m/min, resulting in film thickness of around
10 um with a total mass of adhesive per surface area liner of 30g/m® The adhesive films of

DF645 and DFC600 were coated at 120°C and 155°C, respectively. Film coatings of 7M8
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were prepared at 130°C and 165°C, respectively. Bulk uncoated samples were also
received. Pure samples of the triblock copolymers and the resins of the DF645 blend
system were also received as granules. The preparation of specimens of the raw materials

and adhesives varied because of their different physical properties.

For the adhesive film sample preparation, well defined rectangular-shaped specimen
geometry with the dimension (length x width x thickness = 17.45 x 4.0 x1.0 mm) was
measured with callipers and cut with a pair of sharp scissors. The length was cut parallel to
the direction of the film coating. The silicon paper on one side of the pristine adhesive film
was then removed with tweezers and the freshly untouched adhesive surface was adhered
on one side of the opened material steel pocket without shearing. The other silicon paper
was then removed and a newly shaped film was attached on top of the previous film
through the same procedure. After piling up 20 layers of films, the pocket was closed and
the specimen was allowed to relax at room temperature for 24 hours before execution of

the measurement.

Granules of the block copolymers SIS and SEBS were packed into a rectangular-shaped
aluminium mould with the dimension given above and heated in an oven at 160°C for only
3 minutes, to ensure thermal degradation did not come into effect. The temperature choice
was based on the inability to shape the copolymers at any lower temperature for that short
heating period of time. It is noteworthy to mention that the thermal prehistory treatment of
the copolymers could alter their viscoelastic properties but since they were solely used for
reference purpose, the preparation procedure was justified. The solid samples were then
removed from the aluminium moulds, but not inserted into the material pockets as they
were solid sheets. The DMA measurement was carried out some days after the
preparations. Both mid-block and end-block resins came as brittle granules, and were

grounded into powder and then applied into the material pockets.

Prior to each DMA measurement, the material pocket with sample was placed on a flat
glass table and a clean flat metal disc weighing 7 kg was placed on top of the pocket for 30
minutes, before mounting it in the DMA clamps. This was done to ensure a reproducible
sample thickness of 1 mm since there would have been variations in the results if the
material pockets were hand tightened. The manufacturer suggested tightening with pliers
but the implementation of the weight proved to generate repeatable results. It was also

necessary to leave 5 cm of free space at each side of the sample in material pocket to
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ensure the specimen was not tightened under the DMA clamp screws. For accurate
reproducible measurement results, consistent sample dimension was crucial and for this
reason, the material pocket proved advantageous as the sample in the form of powder or
soft adhesive film under measurement was confined within the geometry. An illustration of

the material pocket is shown in Figure 5.1.

Figure 5.1: Sample granules inserted in steel material pocket as used for the DMA

measurements®®.

5.2.2 DMA measurement

Before the phase transition investigations, a suitable oscillatory amplitude of 15 pum was
established within all the specimens’ linear viscoelastic region (LVR). For the phase
transitions measurements, a temperature ramp test was employed where the sample’s
response was monitored at a constant frequency and constant amplitude of deformation.
Data were taken at the equipment’s default setting of 0.5 s/pt. Constant frequency of 1 Hz

was used and the experimental conditions were;

Initial temperature: -90°C
Motor drive : On
Equilibrate at: - 85°C
Data Storage: On

Ramp 3°C/min to 170°C
End of method

© o k~ w N oE

With the above set-up, it was possible to open the DMA furnace and tighten the clamp
screws that could loosen due to the equilibration at -85°C, before the furnace was closed
again and the measurement continued. The heating and cooling rates were controlled with

liquid nitrogen and the temperature accuracy monitored by thermocouples fixed just
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underneath the specimen in the DMA furnace. All the necessary calibrations to the

instruments and test set-up were performed before the measurements.

For the activation energy measurement, multifrequency/temperature mode was chosen,
where the experimental conditions were the same as previously, with the exception of the

measurements carried out at 5 discrete frequencies.

5.3 Results and Discussion

The results in the following sections firstly highlight the thermal dynamic mechanical
behaviour of the pure components of the DF645 blend formulation, followed by a
presentation of the coated films. The activation energy quantification is then presented, and
finally a comparison between DF645, 7M8, and DFC600 is discussed. Due to the
application of the steel material steel pocket, only the tan & (Equation 3.5, Chapter 3)

measurement as function of temperature was useful for these studies.

5.3.1 Thermal dynamic mechanical studies of the constituent

block copolymers

The temperature dependence of tan & for the SEBS (Kraton G 1650) is observed in Figure
5.2. The two relaxations peaks are typical for block copolymers with two incompatible
sequential™®'". The broad T, peak from around —55°C to —20°C with peak maximum at
—37°C is ascribed to the slippage of entanglement units of the polyethylene/butylene (PEB)
rubbery domains. The T4 peak beginning at around 89°C with peak maximum at 98°C is
attributed to the relaxation of rigid polystyrene (PS) phase. The broadening of the peaks is
due to the ease at which different polymer segments rearrange as a result of the heating.
Chains that are constrained have more restricted motion than unconstrained chains. The
soft rubbery chains far from the glassy PS domains have more freedom of movement than
rubbery chains adjacent to PS domains. These latter chains become more rigid and thus
need a higher energy for relaxation than their more flexible counterparts far from PS
segments, creating a broadening transition peak effect. A similar broadening effect applies
to the PS segments where rigid PS chains adjacent to flexible rubbery PEB chains move at
a lower temperature than PS chains in the bulk of PS domains. Different lengths of

polymer chain segments would also move at different temperatures. Published viscoleastic
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studies on properties of Kraton G 1650 have reported T, to be —37°C for PEB domains and
100°C for PS domains'®. Others have reported®®” —42°C for rubbery T, and 98°C for PS
domains Tg. Results observed in the literature are consistent with values obtained in this
study. The agreement of current results with literature is taken as good support for the
quality of the measurements with the DMA.

Above the Ty of the PS, the tan & curve showed a crooked pattern. This happened because
of the elongation of the specimen bar due to the substantial molecular mobility with the
heating. The data points after the T4 point of the PS is therefore not valid as consequence
of changes to specimen geometry, and will not be discussed any further since they are of

no relevance to the study.
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Figure 5.2: Tan & measurement of SEBS block copolymer bulk sample shows two
distinct peaks of Tgs at low temperatures for PEB segments and high temperature for
PS segments.

Figure 5.3 shows the tan ¢ as function of temperature for the SIS (Vector 4114). A broad
T, peak from -65°C to -25°C with maximum at -58°C is attributed to polyisoprene (PI)
chain relaxation, and the peak at 98°C is assigned to PS segmental relaxation. The trend is
similar to the SEBS and this is expected since both copolymers have discernible
chemically incompatible blocks. The Ty for homopolymer 1,4-cis polyisoprene as reported
in polymer data handbook® range from (-74°C) to (-60°C). The T, of the PI measured here
is expected to be higher due to the presence of PS domains which would restrict the
mobility of some PI chains. Just as the measurement of the SEBS, the data points after the

Tg of PS are not valid due to elongation of the specimen bar.
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The weight percentages of the PS in both triblock copolymers were smaller than the weight
percentages of the elastomer blocks but the T4 peaks relating to PS domains seem to
dominate in both measurements. This is also assigned to changes in specimen length due to
intensification of molecular mobility as the measurement ramp temperature approached
100°C. To ascertain this ambiguity, other measurements were carried out with thin samples
of the SIS inserted in material pockets. The results as shown in Figure 5.4 correlated well
with the expected Ty transition profile and reproducible with the measurement of SIS
without the material pocket (Fig. 5.3). A very weak shoulder peak appeared at around -
11°C to 0°C adjacent to the T4 for PI (Fig. 5.4), which is presumably a PI1-PS interphase
layer®® relaxation. The results also vindicate the use of material pocket as it did not have
any impact on the Tgs of the block copolymer segments. If anything it actually improved
the sensitivity of the measurements as the interphase relaxation could be identified. The

Tys measured for the block copolymers are summarised in Table 5.1.
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Figure 5.3: Tan 6 measurement of block copolymer 1,4-cis styrene-b-isoprene-b-
styrene(SIS) showing the Ty peak for Pl at low temperature and Tg for PS at high

temperature
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Figure 5.4: The tan & spectrum for SIS triblock copolymer in material pocket is
consistent with the measurement without the material pocket (Fig.5.3).

5.3.2 Thermal dynamical mechanical studies of the

constituent middle block and end block tackifiers

The results of the midblock resin in the material pocket as shown in Figure 5.5 reveal a
distinct loss maximum peak at 50°C. Additional measurements were run with the empty
steel material pockets to verify that the steel pockets did not have phase transitions in the

temperature range of interest (Fig. 5.5, bottom line).

The measurement for the endblock resin displayed chain relaxation peak at around 55°C
(Figure 5.6). The M,, for alpha-methyl styrene (AMS) in the formulation is between 1000-
2000 g/mol. Han et al*® have reported Ty for AMS of similar My, (1200g/mol) to be
(54°C). Both the tan § peaks for the resins are broad and convoluted. This is assigned to the
nature of the short-chain lengths of the resin oligomers. As a result, both resins are hard
and brittle at temperatures below their Tgys and flow like liquid at temperatures above their

Tgs, a characteristic similar to the behaviour of organic small molecules.
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Figure 5.5: The tan 6 as a function of temperature for midblock tackifier resin in
material pocket. The bottom solid line is the measurement of an empty material
pocket.
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Figure 5.6: The tan 6 as a function of temperature for endblock tackifier resin in
material pocket (patterned curve), and the measurement for an empty material

pocket (bottom solid curve).

5.3.3 The effect of coating temperature on phase transitions

of DF645 coated films.

The importance of compatibility of hydrocarbon tackifying resins in adhesive systems has

long been recognised. Investigations to quantify tackifier compatibility have explored
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mixed T4 measurements, as well as a wide and pragmatic variety of tack measurements. If
a base polymer and a tackifier are compatible, a single T is observed for the mixture and
the tan 6 peak will be shifted to a higher temperature due to the contribution from the
higher tackifier resin Ty or vice versa, as already explained in Section 2.6.1.2. The Fox
equation (Equation 2.35) has been reported to provide a fairly good prediction of T, for a
binary blend system provided the Tgs of the individual components can be determined*®*",
Lloyd M. Robeson has comprised other equations*? for predicting T4 of mixtures where he

discusses a Schneider proposed virial-like expansion expression involving two variables:

T, —T
y = (1+ K0, — (K, + K)02 + K, 03 5.1

g2 ~ Tg1

Where Ky = K’y / (Tge- Tgr) and Ky = K / (Tgo — Tgr). Ky is related to the interaction
energy difference between hetero and homo contacts; K involves the energetic effects on
the binary contacts of the molecular environments. K; and K, can be employed as data
fitting parameters. Pressure-sensitive adhesive systems are not straightforward binary
polymer blends but complex blended systems where molecular interplay between the
multiple copolymers, multiple tackifying resins and mineral oil all contribute to the nature
of the glass transition. There is therefore no simple relationship between the structure of
the base copolymers used and the T4 of the adhesive formulation. This difficulty prompted
the examination of the pure components where possible, to identify discrepancies and
connections in thermal transitions between the raw materials and the blended samples. As
elucidated in Section 2.6.1.2, the choice of a suitable resin for mixing with a specific block
copolymer domain based on mutual solubility parameters has been found experimentally to
be more complex than it was known to the adhesive industry™®®*#°. Midblock compatible
resin has been found to also associate with the endblocks of the block copolymers!®’ 188189
and the endblock compatible resin also mixes with the copolymer midblocks®®*%#° ith
the reported observations in mind, four possibilities of resin distribution with respect to the
two phases of both the SIS and SEBS block copolymers in the adhesive blend system are
postulated as follows;

Both resins can partition into the PS phase.
Both resins can partition into the elastomer phase of Pl and PEB.

Both resins can mix into both the elastomer and the PS phase.

A w0 np e

Both resins can form separate phases.
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The presence of the paraffin oil will only decrease the Tgs of the other subcomponents due
to its plasticizing effect. Meanwhile the decrease in Ty of the adhesive rubbery phase by
the paraffin oil will influence the increase of the Ty by the resins. The challenging task was
therefore to identify which resin associated most with which copolymer phase, under the
influence of the film coating temperature. The pristine uncoated bulk sample was
investigated mainly for this purpose, to be used as reference.

The bulk uncoated DF645 sample (Figure 5.7, maroon/star curve) revealed a profound
primary relaxation at —13°C, attributed to the T, of the adhesive continuous
elastomer/oil/resin phase, as it appeared between the Tys measured for the separate
components. The observation is a synergistic effect by the contribution from all the
subcomponents in the adhesive system including the PS. The shoulder peak around 12°C
indicated phase separation in the blend system but its origin is not yet understood. It could
be the transition of phase separated midblock tackifier-rich domains. Since the resin
content is highest in the DF645 formulation (56-wt %), it is plausible that once solubility
with midblock copolymer (10-wt % in total) phase is saturated®*, the residual resin would
phase separate into resin-rich domains. It could also be the Ty of poorly dispersed large
phase-separated copolymer agglomerates, where PS is dispersed and plasticized by
elastomer/paraffin oil. The rigid PS chain structure could then restrict the surrounding
elastomer segmental relaxation to a certain degree, and as a consequence the thermal
relaxation of the intermixed regions would occur at a slightly higher temperature than the
continuous rubbery adhesive matrix. Another possible reason could be the relaxation of the
interface between elastomer-styrene as observed in the spectrum for SIS (Fig. 5.4), whose
volume fraction in the blend has increased due to accumulation of resins at the interface,
shifting the T4 from -11°C to 12°C. In Chapter 6, the morphology studies of the blends will

help clarify this ambiguous relaxation peak.

At high temperature, a very weak broad peak between 68°C to 91°C assigned to PS

segmental relaxation is observed. Lee®!

tested the viscoelastic properties of a PSA based
block copolymer, and suggested that the T4 of PS is not revealed in the thermal analysis for
a styrene content less than 14%. For now let’s assume that this is also a possibility since

the total triblock PS content is only wt-6% in the formulation.
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Figure 5.7: The tan 6 as function of temperature for bulk DF645 sample, with the

corresponding films coated at 120 and 155 °C, respectively.

The DF645 coated film at 120°C (Fig. 5.7, blue/circular curve) revealed a similar trend as
observed for the bulk uncoated sample. A significant Tq transition is observed at around
—14°C attributed to the T4 of the adhesive continuous phase. However the peak is broader
as compared with that for the uncoated bulk sample, suggesting a diffuse rubbery phase
separation and a larger viscoelastic dissipation during transition. A small tailing peak at
12°C is identifiable, more or less similar to that as observed in the temperature scan of the
uncoated bulk sample. A weak broad peak between 55°C to 91°C assigned to the relaxation

of PS-rich regions is also observed.

The film coated at 155°C (Fig. 5.7, red/square curve) revealed an adhesive matrix T at -
10°C, +4°C higher than the matrix Ts of the uncoated bulk and coated film at 120°C. The
Fox Relationship is not suitable for predicting the T4 of such a complex multi-blend system
due to the synergistic effect, but it does help to interpret trends in location of the T
Rewriting the relationship given in Equation 2.35 based on only the elastomers and resins
contribution to the matrix Ty yields,

_ T g resin*T g.elastomer
Tg,matrix - 5.2

(Tg,elastomer*xresin +Tg,resin*xelastomer)
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The relationship implies that increasing the Xsin In the elastomer phase increases the
Tgmatrix- The increase in Tq marix for film coated at 155°C insinuates improved compatibility
of perhaps the midblock resin and elastomer domains. The explanation is justified by the
fact that the PS is chemically incompatible with the elastomers (Figures 5.2 to 5.4) and the
paraffin oil (T, = -118°C)*** will only reduce the Tymaix. The subtle tailing peak after
Tgmatrix Observed for bulk and film coated at 120°C is non-existent. This strongly indicates
that it could be due to phase separated midblock-rich relaxation which has disappeared as
more midblock resins have swollen up the triblock elastomer network. This is a significant

effect of the film coating temperature.

A well defined peak from 92°C to 128°C and with maximum at 102°C is assigned to
relaxation of the PS segments. The results suggest a more uniform and homogenous nature
of PS-rich regions within the film coated at 155°C. Lees®* observation whereby he
reported that the T4 of PS is not revealed in thermal analysis for styrene content less than
14% in viscoelastic studies of PSAs, is not consistent with this observation, as the PS
content was fixed in all the samples. The results of the measurements are comprised in
Table 5.1.

Table 5.1: The glass transition temperatures of the subcomponents and the adhesive
samples of the DF645 formulation.

Sample DF645 Tomatrix C Tq (PS),°C
SIS (wt-40% PS) -58 (PI) 98
SEBS (wt-30% PS) -37 (PEB) 98
Middle block resin 50
End block resin 55
Pristine Bulk -13 68 - 91
Film coated at 120°C -14 55-91
Film coated 155°C -10 102

5.3.3.1 Self-assembling of multi-phase structure within coated
films of hot-melt PSAs

The ability of polystyrene PS in low content triblock copolymers to self-assemble into
micelles in a solvent that preferentially dissolve the elastomer midblock has already been

mentioned (Section 2.4.1). Based on the above phase transition observations the PS are
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assumed to be enriched in phase separated copolymer domains within the continuous
rubbery-rich phase of the adhesive system. The core of these domains could predominantly
consist of the PS large blocks, where the surroundings could be enriched by the elastomer
blocks extending into the rubbery/oil/resin continuous adhesive phase. Since the Pl and
PEB segments are covalently bonded to the PS segments, they may plausibly form either
loops/hairpins, bridges and dangling chain ends (Fig. 2.9), depending on the most
thermodynamically favourable conformation for the elastomer chain in question®**.
These network systems will be discussed further in Chapter 6 when the morphology
studies are presented. Nevertheless it is relevant raising the topic here since the kind of
network present in the different temperature coated films contributes to the phase

transitions observed in the thermal dynamic mechanical studies.

Given the lower endblock resin Ty (Figure 5.6) than the Ty for PS of the base triblock
copolymers (Fig. 5.2 — 5.4), an ideal compatibility the two components should generate a
Ty in-between their measured Tgs. The broad peak observed in the temperature range
between 55°C to 91°C for DF645 coated at 120°C and 68°C-91°C for the bulk sample
could therefore be intermixed PS/AMS-rich regions within the adhesive film matrix. The
observation is an indication of an incomplete phase separation between the PS and the
continuous elastomer-rich adhesive matrix. Kraus and Rollman®’ have reported about
ABA triblock copolymers that the nature of the interface domain boundaries is diffuse and
intermixed as the block copolymers become shorter. Others have reported that a low molar
mass PS dissolves in AMS whilst a high molar mass PS will phase separate™®. Due to the
low coating temperature of 120°C where the adhesive blend viscosity is high, it construes
that short chain triblocks within copolymer-rich regions would diffuse into the matrix and
blend with AMS, whilst large triblocks with high degree of polymerisation (N), will still be
trapped within the copolymer-rich cores. As a result the PS-rich regions are differently
plasticized by the presence elastomer/oil. All these factors are plausible contributions to

the diminished nature of the PS T for the low-temperature coated film.

Interestingly, the film coated at 155°C displayed a distinct T4 peak for PS-rich-copolymer
domain relaxation at 102°C and meanwhile no broad peak was observed in the middle
temperature region as seen for the bulk and coated film at 120°C (Fig. 5.7). It has been
reported that a necessary requirement for viscous flow in styrene-diene block systems is
when PS detaches from domains and re-attaches to others'®. This means that the
processing temperature should be above the PS flow temperature at which all the triblock
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copolymers with different sizes are able to move. The thermal energy at the higher film
coating temperature is sufficient to induce such a segmental mobility where the flow will
facilitate PS-PS chain connections through the strong n-rt interaction of its benzene rings.
Poorly dispersed copolymer regions are now assumed to be extensively dispersed, allowing
more elastomers/oil/resins into the continuous adhesive matrix. The PS block mobility
could also promote PS domain self-assembly as the blocks move and re-connect to new
blocks in motion. This would then result in a more enriched PS phase separated copolymer
domains where PS blocks are organised more efficiently compared to that of the low
temperature coated film and the bulk samples. Hence such a phase would require a higher
energy barrier to initiate PS cooperative segmental mobility, resulting in the higher PS T,
(Table 5.1). At the same instance, the increased elastomer volume fraction in the adhesive
matrix would serve in improving the miscibility with especially the midblock resins and
reduce the fraction of residual separated resin-rich regions. All these incidences could take
place simultaneously as a result of a higher film coating temperature, and together
contribute to a profound difference in adhesive film morphology. In adhesive blends based
on SIS and SBS copolymers, it has been observed that high degree of tack is only obtained
if mid-block resins are compatible with polydiene segments and incompatible with the
polystyrene segments, providing the polydiene-resin form the continuum phase, with the

polystyrene phase forming phase separated domains*®1893%,

Based on the film coating temperature, it is hypothesized that the condition at a high
coating temperature whereby PS segments move from one domain and re-attach to another
domain should generate higher ratio of elastomer chain bridges to loops/hairpin and
dangling conformations. For the film coated at a low temperature, the elastomer
loop/hairpin conformations would dominate due to the limited mobility of the PS blocks.
Such a morphology discrepancy would have a tremendous impact on the mechanical
property of the coated films whereby bridging of PS-rich-copolymer domains suggest a
more elastic-like 3-dimensional network property than lack of domain connectivity. In a

study by Tanaka and Edwards®*®

on the viscoelastic properties of physically cross-linked
network systems, they reported that the stress transfer by the elastomers chains
interconnecting PS domains is very efficient since the stress is transmitted from one PS
junction to the other along the elastomer chain. The stress transfer by elastomer chain
loops was negligible as it could only happen through friction of loops with surrounding
chains implying much higher strains at the local adhesive film areas. These characteristics

will be investigated in Chapters 6 and 7.
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In terms of the location of the endblock AMS resin, it is envisaged to be enriched within
the PS-rich-copolymer regions where it would contribute to denser packing of the PS and
at the interface of PS-rubbery matrix since it has been reported to have chemical affinity
for both Pl and PS™®. This is not a surprise given that AMS comprise a vinylic group just
like PI and benzene group just as PS. The possibility that the midblock HDCPD is also
found in the PS-rich-copolymer regions is not discredited as it was reported to have affinity
for PS under certain conditions'®®*®. A large intermixed interfacial region between rigid
PS phase and rubbery phase would actually contribute to the outstanding property that the
adhesive manufacturer pursues since the energy dissipation during a debonding process

would be improved314*315*316_

The above concept is a simplified theoretical explanation to a probable adhesive
morphology, where the rationale is based on the viscoelastic phase transition observations,
complemented with information from the literature review. In reality, things are more
complex and much more factors need to be considered before a comprehensive elucidation
of the adhesive film morphology developed at different temperatures can be made. For
instance, a reliable account of the thermodynamic interaction between each binary
interactions by evaluating y for segment-segment interaction is needed (Section 2.4). The
for the PS alone should include yps-oiL Xps-pi, APs-PEB, XPS-midblock resin, XPS-endblock resin, @Nd €ach
x by itself is a function of temperature (Equation 2.23). Defining y for each component in
the blend system will generate an intricate matrix equation system with computer
simulation®!® only being the option of solution. Such information could not be obtained in
the literature, but the results obtained with the DMA studies, together with the information

acquired from earlier studies hopefully justifies the tentative explanation.

5.3.4 Activation energy involved with Tgs of DF645 coated

films.

The activation energy involved for the molecular rearrangement that gave rise to the Tgs of
the DF645 coated film at 155°C was acquired with dynamic multifrequency/temperature
measurements (Figure 5.8 and 5.10). The reason for the film choice was to acquire
knowledge of the energy involved in developing the morphology of the adhesive film with

good bonding property. The time-dependant polymer cooperative segmental mobility as
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function of temperature follows the Arrhenius equation used in many situations to

317, 318,319

investigate diverse molecular energy dynamics according to,

_Eq
F =Ae kg 5.3
_Eq
In(F) =In (Ae RTg) 5.4
E,
In(F) =1n(A) — 5.5

RT,

Where F is a frequency applied for a test run, A is the pre-exponential factor, Ea is the
activation energy and “R=8.314 J*K™*mol™” is the gas constant. Tg is the temperature at
which the maximum loss is observed at the frequency F. Plotting In (F) as function of 1/T,

gives a linear relationship (Figure 5.9 and 5.11) where:

—& = slope 5.7
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Figure 5.8: The dependence of the adhesive matrix tan 6 as a function of temperature
and frequency. The frequencies are shown in the legend at the top right corner.
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Table 5.2 shows data points from the plot for calculating the E, for the adhesive matrix Ty
and Table 5.3 shows data transition points for the PS-rich phase Tg4. The E; for the rubbery
matrix relaxation was 39 Kcal*mol™(164 KJ*mol™) and 48 Kcal*mol™ (201 KJ*mol™) for
the PS-rich phase, respectively. These are the energy barriers the adhesive film had to
overcome within the measurement set conditions in order to undergo the structural
reorganisation to generate the transition peaks. There has not been any study previously
reported on the same blend system so it is impossible to compare the E, values. In reported
studies about homopolymer styrene, the E; for PS relaxation was reported to be 83
Kcal*mol™ (348 KJ*mol™)**. Gao et al reported® in their work a value of 77 Kcal*mol™
for PS where they implemented Dynamic dielectric analysis (DEA) for the thermal
relaxation investigation. The deviations from literature are expected since the earlier

studies were based on pure polystyrene systems.

Table 5.2: The T, values of the rubbery matrix at different frequencies

Frequency [Hz] Temperature [°C]
1 -6.76
3.16 -3.68
10 1.29
31.6 5.92
4
3.5 ¢
3 y=-19738x+ 74.224
> ’5 R*=0.9926
c ~
8 2
@
& 15
5 g
0.5
0 +
0.00355 0.0036 0.00365 0.0037 0.00375 0.0038
1/Temperature [K]

Figure 5.9: The Arrhenius plot for the T4 of the adhesive rubbery matrix at different
measurement frequencies.
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Gao®* stated that the E, values reported in their work was still lower than the energy
involved with PS segmental sliding. The reason for the low Ea value obtained in this study
for PS segmental mobility is assigned mainly to the presence of elastomer/oil that will
increase the free volume and hence ease rearrangement of PS-segments, especially for the
chains at the interface to the rubbery matrix. As for the E;, involved in the rubbery matrix
Ty, it is fair to imply that the presence of the tackifiers can restrict elastomer entanglement
sliding due to the filler effect, and give rise to a higher E, barrier than if the system was
purely rubbery. On the other hand mineral oil will ease mobility by increasing the free
volume in the elastomer segments but the tremendous increase in matrix Tq suggests a

dominant effect by resins.
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Figure 5.10: The dependence of the PS-rich tan 6 as a function of temperature and
frequency. The frequencies are shown in the legend at the top right corner.

Table 5.3: Ty values of the PS-rich domains at different frequencies

Frequency [Hz] Temperature [°C]
1 104.55
8.6 116.99
16.2 121.43
23.8 124.10
31.6 126.23
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Figure 5.11: The Arrhenius plot for the T4 of PS-rich phase at different measurement
frequencies.

5.3.5 Phase transitions of three different adhesive blends

films and the relationship to peel strength

This section underlines the difference in thermal transitions of DF645 coated films
compared to coated films of the 7M8 and the DFC600 adhesive blend systems. The effect
of film coating temperature on the phase transitions for the coated films of the 7M8 and
DFC600 blends is consistent with the observations made for the DF645 blend system.
Unless relevant, the discussions will only relate to the differences in the blend
formulations, and their relationship to alterations in thermal transition peaks (See Section
3.1.1 for the details of the formulations). For simplicity, the impact of mineral oil is
neglected as it is fixed in all the blend systems. Two principles are discussed in this

section, (a) shifts in Tgs, and (b) tan & peak heights according to Equation 3.5.

5.3.5.1 The phase transitions of the adhesive films coated at

low temperatures

In Figure 5.12, the T, for the matrix of 7M8 coated at 130°C is lower (~ -5°C) than the
Tomarix for DF645 coated at 120°C. Due to the higher styrene content, 7M8 had to be
coated at slightly higher temperature to achieve adequate flow for successful film coating.
The difference in the matrix Tgs implies that the endblock AMS with higher My, in 7M8
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has become less compatible with the rubbery-rich matrix and associated more with the PS-
rich-copolymer regions. As given in Equation 5.2, decreasing resin volume fraction in the
rubbery matrix will result in lower Ty marix. Han et al.,'® observed in their studies that an
AMS with a M,, >2000g/mol entirely associated with the PS endblocks of SIS. Ghosh et
al'®.and others®?, have reported similar observations in studies about the effect of block
molecular weight on SEBS viscoelastic property. The matrix tan o peak height (~ 0.125) of
the DF645 is higher than that of the 7M8 (~0.095). This insinuates a relatively larger
energy loss during the Tgmarix transition for the DF645 coated film compared to the 7M8

coated film. Nevertheless all the tan 6 values are relatively low, implying a dominant

elastic-like property of all the coated films.

There are very weak broad transitions, almost non-existent between 51°C to 84°C, and
97°C to 133°C for the 7M8 coated film (Figure 5.12). This again suggests partial
plasticization of PS-rich-copolymer regions. The observation comes as a surprise as a
higher M,, polystyrene of the triblocks are assumed to phase separate efficiently due to the
stronger segregation power,yN,’>"®. However the coating temperature proves to be a key
factor as the thermal energy was not adequate to facilitate PS segmental mobility which
could result in a more uniform phase separated regions. The Tgs for the coated films have
been comprised in Table 5.4.

145



0.14
#——— DFC600 coated at 1200C

<———  7MB8 coated at 1300C
*—— - DF645 coated at 1200C

0.12+

0.10

Tan Delta

o

o

&
I

0.04

0.021

200

Temperature (°C)

Figure 5.12: The tan &-temperature curves for adhesive films coated at low
temperatures as function of adhesive blend formulations. The legend at the right
corner designates each film blend with coating temperature.

The Ty matrix 0f DFC600 coated at 120°C is +5°C higher than that of DF645 coated at 120°C
(Fig. 5.12 and Table 5.4). The tailing transition peak (around 12°C) which was
conspicuous for DF645 coated at 120°C is also non-existent, implying a diminished
presence of probably phase-separated midblock resin-rich regions or larger partitioned

copolymers agglomerates.

Table 5.4: The main phase transitions of the different PSA films coated at low

temperatures.
Sample Tgmatrix C Ty (PS),°C
DF645 coated at 120°C -14 -
7M8 coated at 130°C -19 -
DFC600 coated 120°C -9 102

The higher polydiene content in the DFC600 formulation possibly contributes to
improving the elastomer miscibility with the midblock resins and yields a better diluted

entanglement matrix, which gives rise to the higher Tgmarix. This is consistent with the
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earlier reported work®® and also the synergistic effect of all the subcomponents within the
blend system. The studies in Chapter 6 and 7 will help clarify the differences in the three

blend systems.

The tan 6 peak of the DFC600 coated film is also lower than that of the DF645 and 7M8
coated films, suggesting less energy dissipation during transition. It is envisaged that the
higher presence of cis -C=C- bonds could promote the film elasticity. Hence during the
thermally activated segmental mobility transition, the sample’s ability to store elastic
energy per measurement cycle is enhanced and a relatively lower Tgymarix peak height is
observed as a result. Further explanation will be given after the morphology studies in
regards to the effect of the polydiene segments.

After the Ty of the rubbery matrix, the DFC600 coated film revealed a small thermal
relaxation peak at around 72°C. This could be a domain-boundary mixing effect®®. The
SIS has lower M,, than the SBS in the DFC600 blend system. The PS of triblock SIS
copolymers is then likely to be more plasticized, leading to that relaxation peak. The Tq
transition between 89°C and 128°C with maximum ~102°C is ascribed to the T of PS-rich-

copolymer regions.

The peel force values reported for the films of the different blend systems coated at low
temperatures are comprised in Table 5.5. The DFC600 coated film has superior peel
strength as compared to coated films of 7M8 and DF645, respectively. Apart from the
relatively highest DFC600 film matrix elasticity, the PS-rich-copolymer domains seems to
be more uniform (Define PS Ty Fig. 5.12) which could contribute to the DFC600 film’s

highest peel strength compared to those of the other low-temperature coated blend films.

Table 5.5: Peel strength of films of the three hot-melt blends coated at low
temperatures

Adhesive film Coating temperature [°C] Average peel load [N/30mm)]
DF645 120 31.78£0.17
7M8 130 32.16 + 8.66
DFC600 120 94.80 £ 9.90
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5.3.5.2 The phase transitions of the adhesive films coated at

high temperatures

The phase transitions of the DF645 compare with the 7M8 and DFC600 coated at high
temperatures are shown in Figure 5.13, with the Ty values in Table 5.6. It is apparent that
sufficient thermal energy promotes uniform assembling of PS-rich-copolymer domains
within the coated film matrix. The Tq relating to PS block segmental relaxation for the
7M8 coated at 165°C is expected to be highest due to the highest PS M,,**®® used in the
blend. The Tgmarix Of the 7M8 is slightly lower than the Tgmarix Of the DF645 (Fig. 5.13)
and this is similar to the trend of the films coated at low temperatures (Fig. 5.12), with the

explanation already given above.

Another significant observation is the higher Ty marix for the 7M8 coated at 165°C
compared to the 7M8 coated at 130°C (Tables 5.4 and 5.6). It is possible that as the PS-PS
interactions increase during the high film temperature coating, the endblock AMS affinity
decreases towards the PS of the triblock copolymers. Therefore higher fraction of AMS
will be in the continuous rubbery adhesive phase and hence contribute to increasing the
Tg.matrix OF the high temperature coated film (See Section 5.3.3.1)

The DFC600 coated film at 155°C displayed a broad shoulder peak between -73°C and -
41°C (Fig. 5.13). This suggests some separation of rubbery-rich continuous phase. During
the self-assembling of the PS-rich-copolymer domains at the high coating temperature, the
elastomer segments are assumed to be more exposed within the adhesive due to the
extensive PS segmental mobility. The tailing peak could be some rubbery rich phase within
the continuous adhesive matrix of rubbery/resins/oil. Further investigation into the origin

of the peak is needed to establish its impact on the film’s adhesive peel strength.

After the adhesive matrix T4 peak around -11°C (Table 5.7), the DFC600 coated film
exhibited a weak shoulder peak at 17°C possibly due to some interfacial layer relaxation as
explained in Section 5.3.1.3. The defined transition peak found between 85°C to 129°C
with peak maximum at 99°C, is assigned to the relaxation of a more homogenous PS-rich-

copolymer domains within the adhesive film matrix.
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Figure 5.13: The tan &-temperature curves for adhesive films coated at high
temperatures as function of adhesive blend formulations.

Table 5.6: Major phase transitions of hot-melt PSA films coated at high
temperatures.

Sample Tg.matrix C Ty (PS),°C
DF645 coated at 155°C -11 103
7M8 coated at 165°C -13 109
DFC600 coated 155°C -11 94

As shown in Table 5.7, the highest peel force is measured for the DFC600 coated film is
ascribed which manifests the adhesion improvement due to the presence of high
concentration of polydiene which partly serve in improving the rubbery compatibility with
the resins. Film structure studies in Chapter 6 will shed more light on the influence of the

polydiene segments on coated film nature.
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Table 5.7: Peel strength of films of the three hot-melt blends coated at high

temperatures
Adhesive film Coating temperature [°C] Average peel strength
[N/30mm]
DF645 155 82.56 + 12.25
7™M8 165 128.60 + 18.90
DFC600 155 139.10 + 13.60
5.4 Summary

This work has underlined the possibility of predicting adhesive property by investigating
the coated films viscoelastic behaviour with DMA, through the implementation of material
pockets. The method has proved to be effective for determination of transition
temperatures as the steel pocket did not exhibit thermal transitions in the measurement
range. With the interrelation of the phase transition, viscoelasticity and surface adhesion of
the three adhesives, a further in-depth understanding of the formulation-structure-
properties is presented.

Two distinct phase transition peaks were observed with the DMA measurements for the
adhesive films coated at high temperatures. A thermal transition peak was visualized
around 120°C for the thermal relaxation of the adhesive rubbery matrix and another peak at
around 98°C for the relaxation of phase-separated PS-rich-copolymers regions within the
film matrix. The PS phase separation reflects the superior peel strength of the high-
temperature coated films since the PS transition peak was very weak for films coated at
low temperatures. This suggests extensive plasticisation of the PS-rich-copolymer regions

within the low-temperature coated films.

The change of block copolymer in blend appears to be effective in improving the adhesion
of the coated films and also minimising their dependency on the coating temperature. In
replacing SEBS with SBS in the DFC600 blend system, the film coated at high

temperature did not display much higher peel strength than the film coated at low
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temperature, unlike the DF645 and 7M8 blend systems. The addition of more cis-C=C
bonds from the SBS seems to have,
e Promoted the compatibility of the rubbery polymer phase with the resin tackifiers
through weak attractions of the electron-rich double bonds and the alicyclic resins.
e Imparted more elasticity to the film matrix which was observed by low tan ¢ peak
height during the Tg transition of the film matrix of both the low- and high-

temperature coated films.

The use of more polystyrene with higher molecular weight (M,) in the adhesive
formulation made the film’s adhesion behaviour very sensitive to the coating temperature
since higher temperature is essential for efficient self-assembling of the PS-rich-copolymer
regions. In the 7M8 blend system with higher styrene content and M,, compared to the
other blend formulations, the film adhesion was found to deteriorate significantly if the

film was coated at low rather than at high temperature.
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Chapter 6

6 Micro- and nanoscale morphology investigation of
hot-melt PSA films with atomic force microscopy

6.1 Introduction

In Chapter 5, thermal dynamic mechanical studies performed on coated films from the
three different hot-melt pressure-sensitive adhesive (PSA) blends revealed complex phase
behaviour of the adhesive samples. Two major glass transition (Tg) peaks were observed
for each of the blends. A defined Ty peak observed at low temperatures (below room
temperature) attributed to the thermal relaxation of the adhesive matrix and a high
temperature T, peak (~100°C) assigned to thermal relaxation of polystyrene (PS) rich
copolymer separated domains within the film matrix. Additional weak T4 peaks were also
identified, especially for films coated at low temperatures. The emergence of these peaks

was an indication of a further phase separation within the adhesive coated films.

Through the employment of atomic force microscope (AFM), this Chapter is aimed at
reviewing, (1) the adhesive film morphology on a micro- and nanoscale level and (2) to
attain further knowledge of the adhesive film structure to support the viscoelastic studies.
Since the surface adhesion and properties of the coated films are bound to be dependent on
their structure generated by a specific manufacturing condition, the purpose of this Chapter
is first, to recognise this fact and then to define its importance to the peel performance.
Coating temperature effect on film morphology is presented, followed by the annealing
effect on film morphology. The fundamental differences behind the microphase and

nanoscale film morphologies are discussed.
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Time-of-flight static secondary ion mass spectroscopy (TOF S-SIMS) is employed to
investigate the chemical group nature at the near-surfaces of the coated films.
Understanding the delicate balance between bulk chemical composition on one hand, and
the surface free energy on the other hand, leading to the desired surface structure and film

adhesion are paramount to the adhesive manufacturer.

6.2 Experimental

6.2.1 Sample preparation and characterisation

The three hot melt PSA formulations used for the studies were the commercial adhesive
products DF645, 7M8 and DFC600 supplied by Henkel as thin coated films on
polyethylene (PE) film substrates. The compositions of the formulations and film coating
process information are found in Chapter 3.1. The adhesive films of DF645 and DFC600
were coated at 120°C and 155°C, respectively. Film coatings of 7M8 were prepared at
130°C and 165°C, respectively.

6.2.1.1 Atomic force microscope

Small pieces (1 cm x 1 cm) of pristine coated films on PE substrates with surfaces covered
by silicon paper were cut with a pair of clean scissors. Each sample was firmly placed on a
steel disc with double sided tape and mounted onto the AFM sample holder. The holder
consisted of a large magnetic metal disc on an adjustable metal holder, where it was
magnetically attached. Prior to the examination, the silicon papers were removed
meticulously with a clean pair of tweezers. The surfaces of the free-standing adhesive films
were also examined to ensure that the AFM images obtained were not influenced by the PE
films used as supporting substrates for the coated adhesive films. All the film surfaces
examined were the surfaces that would eventually be placed into contact with adherends
during end-use application, and all the measurements were performed at room temperature.

See Section 3.2.5.5 for extensive characterisation procedure.
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6.2.1.1 ToF S-SIMS analysis

The pristine coated specimens on the PE substrates were cut into 7 x 7 mm? squared
samples. Double-sided tapes were adhered to the metal substrates and the PE sides were
attached to the tapes resting on top of the metal substrates. Prior to the specimen’s insertion
in the SIMS instrument, the silicon release paper on the surface to be characterized was
removed with clean tweezers. All the samples were not pre-treated but examined as

pristine adhesive films. See Section 3.1.11 for extensive characterisation procedure.

6.3 Results and Discussion

The results are presented according to the following order;
¢ Film morphology on the microscale is presented, followed by film morphology on
the nanoscale.
e Thermodynamic concepts and the literature reported studies are employed to
elucidate the observed film morphologies.
e The impact of long time annealing on film morphology is presented.
e The observations from S-SIMS chemical group analysis of coated adhesive

surfaces are presented.

6.3.1 Effect of coating temperature on microscale film

morphology

6.3.1.1 DF645 adhesive coated films

Unless stated all the AFM height images are placed on the left with corresponding phase
images placed on the right. In the tapping mode (TM) AFM images shown in Figures 6.1
and 6.2, the DF645 films coated at 120°C comprised of phase-separated agglomerates
randomly dispersed within the adhesive matrix. The images were acquired with moderate
tapping (rsp = 0.87) and the height images suggest that the agglomerates exist at the film
surface but yet beneath the uppermost surface layer. One major problem with TM-AFM on
soft materials is the distinction between the real surface topography and an apparent one

263,254

due to lateral variations in the indentation depth of the tip into the sample surface.

The observation made from this work is that when very light tapping forces were

154



employed, the height images revealed virtually uniform adhesive film surfaces, irrespective
of the blend formulation investigated. The corresponding phase images displayed a
homogeneous layer of a relatively soft phase. This is expected given the elastomers
forming the continuous phase together with paraffin oil have lowest surface energies in the
blend systems®*?*. Unfortunately it was not possible to distinguish and measure the depth
of the surface thicknesses, unlike reported work on pure triblock copolymer systems. Knoll
et al*®®, have reported a 7 nm thick uppermost layer of polybutadiene (PB) blocks on AFM
studies of pure styrene-butadiene-styrene (SBS) triblock copolymers. Hoichang et al.'*
investigated the near-surface morphology of an SBS based hot-melt PSA with transmission
electron microscope (TEM). They reported a thin homogenous uppermost PB layer of < 15
nm. Others have reported similar results on triblock copolymer systems where the polymer
block chains with lower surface energy covered the free air surface even when the
components with a higher surface energy formed the matrix®*>*?*32°. Hence all the height
images acquired with moderate tapping are not related to real surface roughness but
interplay between the real surface topography and tip indentation into the soft uppermost
film surfaces, which was necessary to reveal the informative sub-surface film
morphologies. The bright colour contrast of the agglomerates in the phase images suggests

that they are relatively harder than the continuous film matrix ( See AFM, Section 3.2.5.4).

1

Figure 6.1: The surface morphology of DF645 film coated at 120°C. The height image
(left) and the phase image (right) revealed phase-separated relatively hard
agglomerates dispersed within the adhesive matrix. The scan size is 10 pm x 10 pm.
The height and phase difference scale bars are placed to the right of each image.
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Figure 6.2: The surface morphology of DF645 adhesive film coated at 120°C, at scan
size 5 um x 5 um of film surface area.

The film morphology of DF645 coated at 155°C (Figures 6.3 and 6.4) revealed microscale
phase-separated agglomerates similar to that of the film coated at 120°C. The agglomerate
size distributions in the different temperature coated films are presented in Figure 6.5. The
analysis was performed on 25 images from each sample scanned at 5 um x 5 pm (See
Section 3.2.5.5.1 for size distribution quatification). As observed in the size statistic
diagrams (Fig. 6.5 a-d), the agglomerates were larger and occupied a larger film surface
area in the film coated at 120°C than the film coated at 155°C. The standard deviations
(Fig. 6.5a,b) suggest a broad size distribution of the largest agglomerate micro-domains,
coexisting with the smaller domains. In the film coated at 155°C, the smallest agglomerates
increased in amount and the largest agglomerates decreased in sizes, with narrower
standard deviation compared to the film coated at 120°C. Also the total number and sizes
of the agglomerates reduced sharply compared to film coated at 120°C (Fig. 6.5d). Figure
6.5e shows the random agglomerate presence within the coated films, where 25 randomly
selected films of each film coating are compared. The agglomerates are a vindication that
the formation of relatively hard micro-phase regions within the adhesive film is more

pronounced when films are coated at low temperatures rather than at high temperatures.
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Figure 6.3: The film morphology of DF645 film coated at 155°C revealed smaller and
relatively hard agglomerates similar to those of the than as observed for films coated
at 120°C. The adheive matrix appeared to exhibit heterogenous mechanical

characteristics. The scan size is 10 pum x 10 pum.
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Figure 6.4: The film morphology of DF645 film coated at 155°C at 5 um x 5 pm scan
size.
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Figure 6.5: The microphase separated agglomerate size distribution in the DF645
coated films at 120°C (uniform colour) and 155°C (colour gradient), respectively. In
(a) the number distribution of domains within the film coated at 120°C is presented,
where in (b) the total corresponding domain area of each domain-area category to the
total sample surface area is shown. In (c) the number distribution of domains within
the film coated at 155°C is presented, and (d) the total corresponding domain area of
each domain-area category to the total sample surface area is shown. In (e), the

random area distribution of the micro domains in the different coated films is shown.
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The multiple thermal transition peaks observed for each coated film in the thermal
dynamic mechanical studies presented in Chapter 5 correlate well with the film
morphologies. It was suggested (Chapter 5) that, residual resin-rich regions could be

309,327, as the

formed due to saturated miscibility with midblock copolymer elastomer phase
midblock resin content is highest in the DF645 formulation (56-wt %). Some of the
agglomerates were also suggested to be copolymer partitioned aggregates, partly due to
poor blend mixing of the relatively high viscous blend especially at the lower film coating
temperatures. As a consequence, when quenched from the molten temperature to room
temperature, the copolymers inevitably form some separated regions with the film matrix.
The fact that the agglomerates exhibit harder mechanical nature than the continuous film
phases further supports the explanation since PS are rigid at ambient temperature, as well
as the pure tackifiers. Unfortunately it was not impossible to establish the chemical natures
of the agglomerates with the standard TM-AFM utilized. It has been reported that
relatively hard microphase regions can reduce the adhesion strength of adhesives by
serving as stress accumulation or flaw regions within the films during a large strain

debonding process®%.

Another interesting observation is the sinusoidal pattern seen in the phase images
especially for the DF645 coated at 155°C (Fig. 6.3). The pattern does not correlate with the
topological height image and is therefore not caused by film surface roughness. The
intermediate colour contrast of the stripes implies that the adhesive matrix exhibit local
regions of intermediate mechanical characteristics than the relatively soft continuous larger
film matrix. This could have been caused by different flow of some molecules at the film

coating process.

6.3.1.2 7M8 adhesive coated films

The TM-AFM images at moderate tapping force of 7M8 coated film at 130°C (Fig. 6.6)
revealed relatively hard agglomerates with the coated film matrix, similar to the DF645
coated samples. The rubbery continuous matrix displayed local regions of different
mechanical characteristics proved by the stripes in the phase image, just like the DF645
coated films. In Figure 6.7 two different tapping forces implemented for imaging the
coated film surface demonstrated a discrepancy in the uppermost to subsurface film
morphology. When a light tapping force, with rg,= 0.98 was used (Fig. 6.7), a rather soft

free film surface was observed as stated earlier. When the tapping force was increased to
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r=0.78 (Fig. 6.7b), a film subsurface morphology exhibiting the relatively hard

agglomerate regions dispersed within the film matrix is seen.

Figure 6.6: 7M8 adhesive blend coated at 130°C exhibited a film morphology of
relatively hard microphase separated agglomerates dispersed within the continuous
adhesive matrix (bright domains in phase image, right). The stripes (phase image)
insinuates that the matrix exhibited regions of different mechanical properties. Scan

size is 10 x 10pum.
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Figure 6.7: TM-AFM images of the same surface area of 7M8 coated at 130°C. In (a)
a light tapping force (rs= 0.98) revealed the uppermost film morphology of a
continuous relatively soft phase (phase image, right). As the tapping force was
increased (rs,=0.78) in (b), a film sub-surface morphology comprising of relatively
hard agglomerates dispersed within the film matrix is revealed. Scan sizes are 5 x 5

um.

In Figures 6.8 and 6.9, the AFM images of 7M8 film coated at 165°C revealed film
morphologies (phase images, to the right) comprising of the relatively hard microphase
separated agglomerates but yet much fewer than the observation made for the film coated
at 130°C (Fig. 6.6 and 6.7). The random distribution of the agglomerates was confirmed
when some of the film surface areas imaged showed none of the separated aggregates (Fig.
6.9). For this adhesive system, adequate images could not be collected for agglomerate size

distribution quantification due to the limited research time.
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A significant difference observed between the 7M8 and the DF645 coated films was the
scanning conditions necessary to reveal the sub-surface film morphologies. Higher r,
values, closer to 1, were able to unveil the subsurface film morphology of the 7M8 samples
but not the DF645 film series. This implies that the 7M8 samples could be stiffer and less
tacky?”® which is not surprising given their highest PS content of the three different
adhesive formulations. From a practical point of view any stiffening of the adhesive film
surface would have impact on the adhesion performance because it would decrease the
wetting of the adherend but yet impart stronger holding power due to the larger PS

presence.
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Figure 6.8: When coated at 165°C, the 7M8 film morphology comprised of fewer

relatively hard agglomerates compared to films coated at 130°C. Moderate tapping

with scan size 10 x 10 um was used for the AFM imaging.
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Figure 6.9: Some areas of the film surface of 7M8 coated film at 165°C had no
agglomerates, as the phase image to the right indicates. The tapping was perfoemd on

ffilm surface area of 5 x 5 um.
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6.3.1.3 DFC600 adhesive coated films

In Figures 6.10 and 6.11, the phase images of DFC600 films coated at 120°C showed film
morphologies with virtually non-existent phase separated micro agglomerates. A similar
observation is made for the films coated at 155°C, as shown in Figures 6.12 and 6.13,
irrespective of the film area investigated. This is a significant discrepancy to the DF645
and 7M8 adhesive formulations. Moreover the continuous adhesive film matrices of the
DFC600 film series appeared to exhibit more of the intermediate mechanical
characteristics rather the relatively soft matrix phases of the DF600 and the 7M8 films.
This property seems more pronounced in the phase images of the coated film at 155°C
(Figures 6.12 and 6.13). In an earlier study®® highlighted in Chapter 5, it was suggested
that the polydiene segments of triblock copolymers improved the compatibility of the
rubbery segments with the tackifying resin, provided they formed the continuous phase
with the polystyrene phase separated. The DFC600 adhesive blend has the highest
polydiene content of the three different adhesive formulations. The compatibility
improvement can be due to attractive van der Waals interaction between the electron-rich
double bonds of the polydiene segments and the alicyclic groups of the resin as suggested
in Chapter 5. The observation made here, is also further indication that some of the
microphase separated agglomerates in the DF645 and 7M8 film blends are actually

residual resin-rich regions due to the saturated miscibility with the elastomeric phase.

Figure 6.10: TM-AFM image of DFC600 coated at 120°C virtually exhibit none of the
microphase separated relatively hard aggolmerates as seen in the film samples of the
DF645 and the 7M8 blend systems. Scan size is 10 x10 pm.
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Figure 6.11: TM-AFM image of DFC600 coated at 120°C revealed a continous film
matrix consisiting of further phase separation on a higher scale. Scan size is 5 X 5 um.

Figure 6.12: TM-AFM image of DFC600 coated at 155°C showed an adheisve film
matrix with no agglomerates just like the film coated at 120°C. The film matrix
exhibited continuous regions of less soft mechanical nature as suggested by the
different colour contrasts. The scan size is 10 x 10 pm.

164



Figure 6.13: TM-AFM image of DFC600 coated at 155°C a homogenous film matrix
with continuous areas of slightly different mechanical charctistics. The scan size is 5 x
5um.

6.3.2 Effect of coating temperature on nanoscale film

morphology

Unless relevant for the discussion the TM-AFM height images in this sections are omitted
since the sample surfaces appeared very smooth on this scale and there was no difference
in the height topographies of the different coated films. The image contrast on this scale
was very sensitive to the tip-sample interaction between attractive and repulsive forces
regimes (Chapter 3, AFM section). This will be highlighted in the explanation where need
be.

6.3.2.1 DF645 adhesive films

The effect of the coating temperature on the nanoscale film morphologies of the DF645
blend samples are presented in Figure 6.14. With moderate tapping at rs, = 0.78, the phase
images revealed nano-sized mostly spherical domains of harder nature within the softer
adhesive rubbery matrix. When coated at 120°C (Fig. 6.14a), the domains were fewer, less
uniform in geometry and more randomly distributed than when coated at 155°C (Fig.
6.14b) where some local short range domain order could be observed. The domains are
assigned to PS-rich-copolymers regions presumably functioning as physical crosslinks for

the midblock elastomer chains within the continuous adhesive phase of
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elastomer/resins/paraffin oil molecules. In chapter 5, the T4 peaks observed for the PS
segmental relaxations do confirm this phase separation. The well-defined PS Ty peak
observed for the film coated at 155°C reflects the superior domain abundance, with a more

homogenous nature, when compared to those formed if the film is coated at 120°C.

A meticulous tapping approach was required to reveal the organised nanoscale structures
as the specimen seemed to be very sensitive to changes in the tapping condition. Evidence
of the sample sensitivity is presented in the AFM images of DF645 coated at 155°C
(Figure 6.15). When a light tapping force of rs,= 0.90 was used, a well defined PS-rich-
copolymer domains was seen and appeared to extend towards the free air film surface,
suggested by the height images to the left (Fig. 6.15a). When the setpoint amplitude was
decreased to rs, = 0.69 (Fig. 6.15b), the organised surface features were distorted

completely, soft film surface nature.

Figure 6.14: The phase images from the TM-AFM revealed rigid phase-separated PS-
rich-copolymer domains dispersed within the DF645 adhesive film matrix. In (a) the
morphology of the film coated at 120°C and (b), the film morphology of the adhesive

coated at 155°C. The scan sizes are 1 x 1 um.
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Figure 6.15: AFM images of DF645 coated at 155°C. When (a) light tapping force was
applied, a film morphology of densely packed PS-rich-copolymer spheres (phase
image to right) protruding from the film surface as shown in the height image (left) is
revealed. When the tapping force was increased significantly in (b), the organised

features were entirely distorted. Scan sizes are 1 x 1pm.

6.3.3 7M8 adhesive films

The AFM images collected at different tapping forces for a film coated at 130°C are
presented in Figure 6.16. At light tapping (Fig. 6.16a) with rs, = 0.96, a film surface
morphology of phase-separated PS-rich-copolymer domains dispersed within the adhesive
matrix is observed. The domains appeared to extend above the film matrix (height image),

reflecting the fact that the matrix deformed more readily than the domains, similar to the
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DF645 films. As the tapping force was increased (Fig. 6.16b), with rg, = 0.78, the relatively
soft matrix was pushed further down to enhance the boundaries of the rigid PS-rich-
copolymer domains. This significant observation was not always consistent. The AFM
image collected for 7M8 coated at 165°C presented in Figure 6.17 suggests that the tip
pushed through the uppermost soft matrix to reveal the subsurface PS-rich domains. The
phenomenon is probably due to local differences in domain inter-connected network
systems, which either promotes elasticity or imparts a region of a more viscous nature. A
rubbery phase of dominant elastic nature will resist more to plastic deformation and
therefore recover at a quicker time-scale after the tip-sample interaction is removed. The
images generated will then reveal the domains existing further down than the continuous
rubbery matrix. If the local rubbery matrix is of a more viscous nature, it is plausible that
the slow recovery or permanent deformation of the rubbery layer after removal of tip-
sample interaction will result in a phase image whereby the domains seemingly extend

towards the film’s free air surface.
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Figure 6.16: AFM images of 7M8 coated film at 130°C revealed, (a) film surface
morphology of phase separated PS-rich domains seemingly extending from film
matrix. When the tapping force was increased further in (b), the rubbery phase is
pushed further down to enhance the nano-domain boundaries. Scan sizes are 1 x 1

um.
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Figure 6.17: The AFM images with moderate tapping for 7M8 coated at 165°C show
that the PS-rich-copolymer domains were pushed further down in the film matrix as
indicated by the height image. The observation is presumably due to faster

viscoelastic recovery of continuous rubbery phase. Scan size is 1 x 1 pum.

Displayed in Figure 6.18 is the effect of the coating temperature on the nanoscale film
morphology of the 7M8 adhesive films. In the phase image of the film coated at 130°C
(Fig. 6.18a), it can be seen that the relatively hard PS-rich-copolymer domains are much
fewer than the domains formed when the film is coated at 165°C (Fig.6.18b). The
temperature effect is consistent with the DF645 blend but a dramatic difference is the
domain sizes. The films seem to exhibit domains of both spherical- and small rod-shaped
morphologies. This is expected given the highest styrene content used in the 7M8 blend
formulation compared to the other two blend formulations. It has already been presented in
Chapter 2 (Section 2.4) how block copolymers form different energetically favourable
morphologies in a selective solvent, to minimise repulsive interactions with the continuous
system72'82'329. The specific morphology formed depends on the incompatible polymer’s
content, among other factors. In an SIS triblock system Hamley et al”® found that the
incremental addition of polyisoprene (PI) homopolymer caused phase-separated PS phase
to change from lamellar morphology at high local concentration, to rod-like and spherical
domains at low concentrations. However their sample was a pure triblock system unlike
the systems studied in this system which consists of resins and oil. This is an interesting
observation, which implies that the presence of elastomer-compatible oil and resins in the
adhesive do not influence the thermodynamic driving force for phase separation of the

chemically incompatible rubbery and styrene segments.
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Figure 6.18: AFM phase images of 7M8 film coated at (a) 130°C exhibited much
fewer PS-rich-copolymer phase-separated domains, than observed in (b), for the film

coated at 165°C where higher domain presence is seen. Scan sizes are 1 x 1um.

6.3.3.1 DFC600 adhesive films

The film morphology of DFC600 coated at 120°C exhibited an uppermost surface of a
relatively soft layer at light tapping (rs, = 0.91), observed in Figure 6.19a. When the
tapping force was increased to rs, = 0.79 (Fig. 6.19b), the film morphology of phase-
separated PS-rich-copolymer domains dispersed within the adhesive matrix is visualized.
A similar observation was made for the film coated at 155°C (Fig. 6.20a), where light
tapping of rg,= 0.96 revealed a uniform relatively soft rubbery surface. Increasing the
tapping force to rgp=0.79 a film subsurface morphology (Fig. 6.20b) of densely populated
phase-separated PS-rich-copolymer domains unfolded. Both the continuous adhesive
matrices of low and high coated films comprised of areas of relative soft and intermediate

mechanical characteristics, as the colour contrasts suggested.

The physical explanation of the matrix colour contrast characteristics could be related to

the forces governing the tip-sample interaction?®%2%4

(Section 3.2.5.4). For a given tapping
force level when the AFM tip begins to touch the virtually flat adhesive surface, it gives a
deeper indentation on the soft rubber-rich layer than on the hard PS-rich-copolymer
domains. With rs, value close to 1, the tip-sample interaction was dominated by van der
Waals attractive force (see AFM section, Chapter 3). Due to the rubber-like and adhesive

nature of the sample surface, the attraction could cause longer contact time between tip and
171



sample, giving rise to larger amplitude damping of the oscillation®® and making the
uppermost matrix regions appear relatively bright. In some respect the contrast of the
uppermost layer reflected the local adhesion strength, which do not seem to be as uniform
for DFC600 coated at 120°C (Fig. 6.19a), compared to DFC600 coated at 155°C (Fig.
6.20a).

The effect of coating temperature on adhesive film morphology is presented in Figure 6.21.
The PS-rich-copolymer domains were fewer and larger in the film coated at 120°C (Fig.
6.21a) than in the film coated at 155°C (Fig. 6.21b) where some short range ordering of the
domains could be found. Though the coating temperature effect is not as profound on the
DFC600 system compared to the DF645 and 7M8 blend systems, it nevertheless

influenced the nano-domain self-assembly.

Figure 6.19: AFM images of the film morphology of DFC600 coated at 120°C, (a)
where light tapping revealed the near-surface film nature and (b) moderate tapping

revealed the sub-surface film structure. The Scan sizes are 1 x 1um.
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Figure 6.20: AFM images of the film morphology of DFC600 coated at 155°C, (a)

where light tapping revealed the near-surface film nature and (b) moderate tapping

revealed the sub-surface film structure. The Scan sizes are 1 x 1um.
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Figure 6.21: Phase images of DFC600 revealed the film morphologies of, (a) film
coated at 120°C comprising larger and fewer PS-rich-copolymer domains than (b) the
film coated at 155°C. The matrix areas (colour contrast between dark and bright) are

implicit of intermediate mechanical characteristics. The scan sizes are 1 x 1um.

6.3.4 Discussion of film morphologies and the impact on

adhesive properties

The information obtained with the TM-AFM indicates that the discrepancies in the
adhesive film morphologies are strongly connected to the film thermal history. It has
already been explained how the microphase separated agglomerates could be tackifier-rich
domains formed by surplus midblock resin due to saturated miscibility with copolymer
elastomeric phase. Some agglomerates could also be copolymer-rich partitioned regions
caused partly by poor blending of the relatively high viscous adhesive at the lower coating
temperatures. The fewer agglomerates observed in the films coated at higher temperatures
support the explanation, as well as its diminished presence within the films of the DFC600

blend system which has the highest polydiene content.

On the nanoscale the films coated at higher temperatures consisted of much more PS-rich-
copolymer phase-separated domains with some sporadic presence of local short-range
order within the adhesive matrices than the films coated at low temperatures, irrespective

of the blend system. The difference in the film morphologies demonstrated by the AFM
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phase images seemed to have taken place at the different coating temperatures and frozen
in place due to the rapid cooling from molten state to room temperature. As explained in
Chapter 2, the driving force behind the nanophase domain assembling is a
thermodynamically collective and complex range of entropic and enthalpic interactions
between the different sub-components of the blends. The existence of the rigid PS-rich-
copolymer domains is due to repulsive interactions between the chemically incompatible
PS endblocks of SEBS, SBS and SIS, and the midblock elastomers (Pl, PB and PEB)
swollen by resin oligomers and paraffin oil within the continuous adhesive phases. These
interactions depend on the magnitude of the thermodynamic incompatibility factor, yN,

and the volume-fraction composition of the copolymers’®

(Section 2.4). The y between
any two binary interactions of the different components in the blends is temperature
dependent and a controlling factor in these studies, for the PS-rich-copolymer phase
separation. The yag for any binary interaction can be evaluated from the Hildebrand

56-58

solubility parameter (5) (also given in Section 2.4) according to,

_ (64— 8p)°
XaB = KBT 6.1

Where Kg and T are the Boltzman constant and absolute temperature, respectively. For
instance segregation will occur more readily between styrene and isoprene with increasing
Ystyrenefisoprene., as Ops = 9.10 (cal/cm®)? and &p = 7.9 (cal/cm®)™ at 25°C®. Polystyrene-rich
domain self-assembling is therefore affected by the coating thermal history, which directly

influences the domain network and the rubber-like adhesive behaviour of the coated films.

The quantification of the domain diameters, spacings (smallest distance between centres of
adjacent domains) and their amount per 1 x 1 pm? film area are presented in Table 6.1. The
characterisation was performed on the 2D phase images collected with the TM-AFM.
Quantification errors would possibly come from the fact that (1) the fracture trajectory in
the phase images does not produce a cross-fracture across the equators of domains, and (2)
as a two-dimensional projection of a three-dimensional nano structure, the nearest
neighbours of any given domain in the images do not necessarily lie in the same plane in
three dimensions, thereby precluding accurate assessment of inter-domain spacing. Small-
angle X-ray scattering (SAXS) experiment would have provided more accurate spacing
and domain radius measurements. However characterising these samples with the

technique simply failed due to a lack of any domain long-range order that is required and
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found for instance in pure triblock systems®. Nevertheless the results correlate well with

reported domain diameters and spacing™>**

, of other styrene based thermoplastic
elastomer gel (TPEG) systems. Since the domains in the phase images are well resolved,
their amounts per 1x1 pm film surface areas were accurately quantified. Hoffman et al®.,
have reported a PS micellar domain diameter of ~ 13.2 nm and inter-domain spacing of ~
36 nm in an SEBS(Kraton G 1650) gel system with up to 10 wt-% copolymer content. In
the adhesive systems it is plausible that the domains comprise of some oil, resins and
elastomer molecules. The average M, of the linear triblocks used in the blend systems is ~
110,000 g/mol with PS ~ 33 wt-% (Table 3.1). The weight of a PS monomer is 104 g/mol
and this gives an average number of PS monomers, N, per chain = 349 in the adhesive
systems. Assuming theta condition (i.e. the condition in a mixture where the polymer
chains are just compatible with the solvent and expand to reduce unfavourable segment-
segment interactions), the rms end-to-end distance of the polymer coil with N monomers is

331.

given by
(R)V? = R, = NY2¢;[%1 6.2

Where C, which is the expansion factor, is 9.85 at T ~ 300 K in various solvents for
polystyrene® and | is the length of the C-C single bond which is ~1.54 A. The relationship
gives a PS coil radius of ~ 9 nm. If the hard nano-domains within the adhesive films were
purely PS micelles, their sizes should even be smaller than the calculated value as the
paraffin oil is a poor solvent for PS. The observed nano-domain sizes are larger value
(Table. 6.1) within experimental uncertainty. Therefore the terminology by addressing
them as PS-rich-copolymer domains rather than PS micelles gives a better reflection of
reality. This further suggests that the nature of the domain cores move towards PS
homogeneity with the coating temperature, due to their decrease in sizes (Table 6.1) and
the conspicuous PS Ty transition peaks (Chapter 5). It is not excluded though that the

interfacial region, i.e. intermixed domain corona could have become larger.

At the relatively low coating temperatures, close to the T4 of PS, the long range mobility of
the PS segments is restrained despite the oil molecules increasing the free volume and the
highly mobile elastomers all serving to facilitate the PS movement. The reason is mainly
due to the relatively stronger segregation power (Equation 6.1) and the limited thermal
force. The morphology formed when the molten film was frozen into place preserved the

size, shape and distribution of the domains at the melt state. The larger domain sizes (Table
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6.1), together with the weak PS Ty peaks (Chapter 5) reflect a more intermixed domain
core nature frozen into place. The domains can then potentially be weaker in their ability to
distribute stresses when the film sample is subjected to external forces due to the higher
presence of other components (paraffin oil/tackifiers/elastomer) within the domain
cores'®1%1% 1t is not excluded that the larger sizes could as well be caused by a higher
number of PS chain segments within the assembled domains, especially in the case of the

166 \was used.

7MB8 blend system where a higher PS content
The question then arises as to the kind of elastomer structural arrangement that should take
place in these systems coated at different temperatures. One of the properties that make a
styrene based triblock copolymers favourable in a hot-melt PSA formulation is the
copolymers ability to maintain its network structure even at temperatures above the T of
the polystyrene® . The larger inter-domain spacings (Table 6.1) also observed for the
films coated at low temperatures suggest that some PS-rich-copolymer domains are
effectively isolated and with lack of inter-connected network by the elastomer segments.
This is due to the relatively large entropic penalty that will arise from extensive stretching
of the elastomers™ causing a reduction in their conformational entropy. With a higher
fraction of possible elastomer loop/hairpin chain conformations (Section 2.4.1) and some
dangling chain ends, the stress transfer during a debonding process would majorly be made
through friction of the local surrounding chains®®. Such a stress transfer mechanism is
inefficient compared to that controlled by elastomers, bridging the PS-rich-copolymer
domains. It therefore appears that the reduction in the population of PS-rich-copolymer
domains with decreasing coating temperature is responsible for the formation of midblock
elastomer networks that are less effective at transmitting stresses within the coated films.

The above elucidation would be true for the DF645 and 7M8 blend systems.

The situation with the DFC600 blend system is envisaged to be slightly different. Though
the inter-domain spacing is also relatively large for the DFC600 coated at 120°C, there still
seems to be a better network system within the film compared to the low-temperature
coated films of the DF645 and the 7M8 blends. This is because of the higher polydiene
content is the DFC600 formulation. It has already been mentioned how the polydienes
improve the dilution of the resins in the elastomeric entanglement network, as reported in
some studies*?>*¥3%_ since the double bond segmental units are restricted of freedom of
rotation around the o-bonds, substantial entropic penalty could arise if the polydiene
elastomer chains underwent further loop/hairpin conformations by back-folding®. It is
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believed that the system would rather choose to form dangling chain ends with PS ends
blocks extending into the rubbery matrix to gain some extra translational entropy. Hence
interconnected network system could be formed by such adjacent dangling chain ends if
their concentration becomes high enough. Such PS block connections are perhaps too
small to be resolved by the AFM phase images. The contribution of the polydienes to the
film adhesive property could be;

1. An increase of the tack characteristics due to the high presence of resins within the
elastomeric phase

2. An improved dissipation of strain energy during a debonding process via extra
inter-connected network through adjacent polydiene-induced PS-rich chain ends.

Therefore the dependency of the film’s property with the formation of the PS-rich-
copolymer physical crosslinks under the influence of the film coating temperature is not as
significant for the DFC600 system. The peel force for DFC600 coated at 120°C is 3 times
higher than that of DF645 and 7M8 low temperature coated films (Table 5.5). The film
matrices of the DFC600 samples (Fig. 6.21) exhibit more of intermediate mechanical

characteristics which could be a reflection of the enhanced tacky nature.
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Table 6.1: Estimation of PS-rich-copolymer domain population, diameter and inter-
domain distance of the adhesive films coated at different temperatures.

Adhesive film Average Average Average inter-
sample domain domain domain spacing
diameter [nm] population/ [nm]
um?
DF645 coated 32+5 287 £ 77 45+ 12
at 120°C.
DF645 coated 245 521 +39 32+6
at 155°C.
7M8 coated at 35+12 245 + 46 50+ 15
130°C.
7M8 coated at 26+ 6 482 + 29 33+8
165°C.
DFC600 27+ 6 310 +14 40+ 11
coated at
120°C.
DFC600 22+5 432 + 32 339
coated at
155°C.

At the high film coating temperatures, i.e. DF645 and DFC600 coated at 155°C,
respectively, and 7M8 coated at 165°C, the lower viscosity of the molten blends due to
increase in the molecular Kinetic energy make the systems evolve towards a more

162 was

thermodynamic equilibrium-like film state. In Chapter 5 a literature report
highlighted where flow in incompatible triblock copolymer systems was stated to be
caused by PS blocks moving from domains and re-associating with other domains and
thereby maintaining the dynamic equilibrium-state network (Section 5.3.3.1). This
condition could generate more of elastomer bridges than the loop/hairpin conformations
especially as the average domain spacing has decreased (Table 6.1). In binary blends based

on PS-PI block copolymers, the segregation power between the PS and Pl chains was
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found to decrease with increasing temperature®®®

, as indicated by Equation 6.1. This
condition would also promote the PS chains confined within copolymer agglomerates to be
pulled out more easily into the elastomer rich matrix and undergo additional PS-rich
regions. Upon quenching, the altered morphology would be frozen in-place and thereby
distinguish  the high-temperature-coated from the low-temperature-coated film
morphologies (Table 6.1). Energetically it seems that the elastomer conformation that will
dominate within the system is perhaps the stretching entropic penalty associated with the
chain bridging topology. Though the enthalpic interactions between the domains would
increase due to their higher presence which would lead to more unfavourable contacts, the
environment would still favour the elastomer chain bridges and loop-induced
entanglements connecting the nano-domains. This is because of the smaller average
domain spacings (Table 6.1), allowing bridging and entanglements of neighbouring chain
loops without any substantial chain stretching. The interfacial area of the nano-domains
enriched in elastomer/oil/resin due to the incompatibility, would become larger®*? as the
domains are closer, which is a good property in terms of energy dissipation during a
debonding process. Furthermore the interface (corona) could serve in repelling the nano-
domains from each other through limited interpenetration of the surrounding elastomer
chains. The phenomenon, known as steric stabilization is found to occur in incompatible
block copolymer systems and generates an effective stabilization of the phase separated

domains®’.

With the elastomer chain bridging and loop-induced entanglement interactions, the
interconnected network structure would be over a larger volume and generate an efficient
dissipation of stresses over a wider region from one domain junction to the other'!3313333,
This will have a tremendous impact on the elasticity of the coated films. This property will
be investigated in Chapter 7. The DFC600 coated at 155°C could exhibit substantial
additional interconnections via the polydiene-induced PS chain ends and probably explains
the smallest domain sizes (Fig. 6.21, Table 6.1) as more PS form the chains ends due to the
higher mobility at the film molten state. For

An estimation of the distribution of the domains per 1 pm? film surface area was made to
gain an insight into the volume and surface area occupied by the rigid regions. The
assumption is based on a cross-section film surface and takes into account the nano-
domain sphere surface directly in contact with the rubbery matrix. With the volume of a
hemisphere, 2/37r, and the curved surface area of a hemisphere, 2nr?, where r is the radius

of the sphere, an estimate was made and is given in Table 6.2. The thickness of the
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monolayer thin film is approximated to the average domain diameter of each sample. For
the calculation of the PS volume fraction in the blend formulations, the density of
polystyrene, 1.04 g/cm® was used. The wt-% PS of the copolymers is 6%. This gives a PS
volume percent of 5.8 vol%. The estimated volume percentages (vol-%) of the PS-rich-
copolymer spheres of all the coated films (Table 6.2) are higher than the total PS vol-% in
the formulations. This increase of the volume is taken as the presence of other components
dispersed within the PS-rich nano-domains'®. Interestingly the values are larger for the
films coated at lower temperatures which validate the earlier suggestion made in reference
to the higher presence of elastomers/resins/oil imbibed within the nano-domains of the low
temperature coated films. The possibility that fewer PS chains exist within the nano-
domains of the high-temperature coated films is valid since the domains have increased in
amount (Table 6.1).

The domains also occupy a large surface area in all of the coated films. The large surface
area contact to the rubbery matrix is envisaged to maximise their reinforcement as physical
crosslinks. For the films of the DF645 and 7M8 coated at high temperatures, the domain
surface areas are slightly higher than that of the films coated at low temperatures,
respectively. In reverse, their surface areas within the DFC600 coated at high temperature
is slightly smaller compared to that coated at low temperature. This again would confirm
the DFC600 system’s less-sensitivity to the film coating temperature in regards to adhesion
performance. The domain surface areas were actually expected to be much larger for films
coated at higher temperatures as smaller particles exhibit larger effective surface. The
unexpected values (Table 6.2) could arise from two fundamental factors. There could be a
competition between maximising the reinforcement of the physical crosslinks in terms of
their number and surface contact to the soft matrix, as well as maximising the adhesion in
terms of large volume ratio of the continuous rubbery multi-component phase. The
adhesive reaches an optimised balance easily when coated at a high temperature.
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Table 6.2: Estimation of PS-rich-copolymer domain volume fraction and surface area
per 1um x 1um film surface area, in relation to film coating temperature.

Adhesive film sample Volume fraction of PS-r-  Surface area of PS-r-Co?

Co® domains (%0) domains (%)
DF645 coated at 120°C 8.4 47.0
DF645 coated at 155°C 6.4 48.0
7M8 coated at 130°C 9.3 47.7
7M8 coated at 165°C 7.2 50.4
DFC600 coated at 120°C 5.1 34.7
DFC600 coated at 155°C 4.1 334

# PS-rich-copolymer
6.3.5 Effect of annealing on film morphology

6.3.5.1 Micro scale film morphology

The effect of an annealing period of four weeks at a temperature of 40°C on the
morphologies of adhesive films initially coated at low temperatures is presented in this
section. During the annealing period, it is assumed that self-diffusion of some triblock

copolymer segments®3+3%

with specific chain lengths, mobility of oil molecules, tackifying
resins and other related relaxations®®*, contribute to the improved adhesive film
morphology. These processes seem to be very dependent on the annealing condition

(temperature, time).

The microscale phase images of the annealed DF645 coated at 120°C and 7M8 coated at
130°C are presented in Figures 6.22a and 6.23a, respectively. The relatively harder
agglomerates appear to disperse within the film matrix with the surrounding region
exhibiting more of an intermediate mechanical characteristic and perhaps more tacky.

Jeusette et al*%’

, reported in their work on an acrylate copolymer-based PSA with rosin-
ester resins that a long annealing time caused kinetically trapped resin agglomerates within
the adhesive matrix due to the rapid quenching process, to diffuse to the film’s uppermost
surface. These could partly have happened during the aging period, resulting in an
improved miscibility of the resins and polymer elastomer chains at the near film surfaces.
Such a process could be governed by the surface energy differences of the different
components within the multi-blend systems™*".
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Figure 6.22: AFM phase images performed at moderate tapping revealed film surface
morphologies of annealed D645 coated at 120°C at (a) microscale with scan size 5 x 5

um, and (b) nanoscale with scan size 1 x 1 um.

Figure 6.23: AFM phase images performed at moderate tapping revealed film surface
morphologies of annealed 7M8 coated at 130°C at (a) microscale with scan size 5 x 5

um, and (b) nanoscale with scan size 1 x 1 um.

6.3.5.2 Nano scale film morphology

The nano scale film morphologies of DF645 initially coated at 120°C and 7M8 at 130°C,
respectively, are presented in Figure 6.22b and 6.23b. In the phase image of the DF645
film, densely populated PS-rich-copolymer domains dispersed within the continuous
rubbery adhesive matrix is observed. For the 7M8 film, both spherical- and small rod-like

domains are revealed as expected, due to the higher PS content in the formulation. The
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improved film morphologies are reminiscent of those initially coated at high temperatures.
The PS-rich domain amount per 1x1 pm? film surface area, domain diameters and inter-
domain spacing characterisations are presented in Table 6.3. During the annealing, it
appears that kinetically constrained molecular states initially locked by the rapid cooling,
are released and allowed to re-organize into the preferred thermodynamic feasible
morphological structures seen. The domains have almost doubled in amount when
compared to the equivalent unannealed film samples (Table 6.3). It is also noted that the
average diameter of the nano-domains have become smaller but yet larger than for films

coated at high temperatures, insinuating different self-assembling stages.

The organisation of PS-rich-copolymer self-assembly by thermally-induced diffusion

mechanism>3+33%

is a slow process and could not occur during the annealing period. The
diffusion, D, of a spherical particle is generally obtained by the Stokes-Einstein equation

according to®’,

kyT

D = 6.3
6mnR

Where kgT is an estimate of the translational energy per particle, kg is the Boltzmann
constant, R is the gas constant, T the absolute temperature, and | the viscosity of the fluid.
The D, for a polymer particle®” can be as low as ~ 10*® m?™. In a work by Helfand et
al®* they suggested that for a polymer A chain to diffuse from a polymer B domain, it will
require an activation free energy F~ of,

Fo= g, + oL % 6.4
X TN, b2 '

Where y is the Flory-Huggins interaction parameter, Ns is the degree of polymerisation of
the diffusing chain (polymer A), b, is the statistical length of a monomer in the pure
polymer, and dg is the distance of travel. The first term was described to be the energy of
polymer A chain in polymer B domain, and the second term is the stretching free energy of
the polymer A units. Based on the slow mobility of the block copolymers, the re-
distribution of the resins and oil molecule diffusion are speculated to majorly contribute to
the dispersion of the large agglomerates which seemingly result in the organisation of more
PS-rich-copolymer nano-domains during the annealing period. The diffusion process of the
oil which would affect the inter-domain spacing and a more uniform domain nature due to
oil expulsion could be facilitated by concentration gradient. Fouchet et al*** have reported

that the diffusion process of mineral oil in styrene-butadiene polymer films follows Fick’s
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third law in the temperature range between 20°C and 111°C. Fickian behaviour obeys the
339

relationship™>,
M, ktl1/2]
= 6.5
Msqe Z
And
4
k=—+D 6.6
ZTt

Where M is the amount of solvent absorbed by the polymer at time t, Mgy is the
equilibrium sorption-desorption amount at infinite time, z is the polymer section thickness,
and D is the diffusion coefficient which is reported to be 1.51*10™*® (m%s) at ~42°C. They
further reported that a polymer with an open structure (low crosslinking density) and high
chain mobility (low Tg) has faster mineral oil absorption-desorption rate. The polymer
polarity influence was attributed to the increase in the solubility parameter difference
between the polymer and the mineral 0il**° (Chapter 2.3.3).

Hotta et al®® studied the stress relaxation in transient networks of symmetric SIS triblock
systems. They reported a characteristic temperature (T~ ~ 30°C) well blow Ty (PS), where
PS chains were pulled out from phase separated PS domains, and reconnected to different
network domains under an applied stress. The characteristic time-scale for the PS chain
recombination was found to be much faster than the release rate, since the free PS chains
were diluted in the PI matrix, and therefore had a high mobility until they recombined with
the other glassy domains. Shorter PS segments could move during the film annealing
(40°C, 4 weeks) and presumably form new self-assembled PS-rich domains. By
experimentally finding the most efficient annealing condition, i.e., lowest free energy
pathway for rubbery matrix multi-component dynamic-equilibrium and for PS-rich-
copolymer self-assembling will be beneficial for improving adhesive film properties at low

coating temperatures.
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Table 6.3: Effect of annealing condition on the nano scale PS-rich-copolymer domain

characteristics.

Adhesive film Average Average Average
sample domain amount of interdomain
diameter domains/um?  distance [nm]
[nm]
DF645 coated 325 287 £ 77 45+ 12
at 120°C
DF645 coated 28+5 488 + 14 37+7
at 120°C and
annelaed
7M8 coated at 35+12 245 £ 46 50+ 15
130°C
7M8 coated at 29+7 458 + 12 42 +10
130°C and
annelaed

Estimation of the domain volume fractions and surface areas within the annealed film
matrices are shown in Table 6.4. Comparatively the volume fractions seem to have
increased with the annealing. The observation is not consistent with the effect of the film
coating temperature where the volume fraction decreased(Table 6.2). Presumably this
could be due to the formation of new PS-rich-copolymers domains and adding to the
already existing ones. With the adequate annealing time for ordering, the microscopic
structure organisation is revealed better by the TM-AFM. The domain surface area values
are also much higher, confirming that the long time annealing improved the arrangement of
the nano-domains within the thin film layers, generating lattices where glassy regions

interact more with rubbery matrix.
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Table 6.4: Estimation of nano-domain volume fraction and surface area per 1 x 1 pm?

annealed film surface area.

Adhesive film sample Volume Fraction of PS-r-  Surface Area of PS-r-Co®

Co?® domains (%) domains/Film Surface
Area (%)
DF645 coated at 120°C 8.4 47.0
DF645 coated at 120°C 9.8 62.0
and annealed
7M8 coated at 130°C 9.3 47.7
7M8 coated at 130°C 10.2 62.2

and annealed

% PS-rich-copolymer

6.3.6 Chemical group analysis on surfaces of coated films

The purpose with this part of the work was to examine the few nanometres of the
uppermost top layer of the hot-melt PSA films with different thermal processing histories,
and establish any discrepancies in the chemical groups and their relationship to the

adhesion property. The samples investigated were labelled as:

e Sample A = 7M8 film coated at 130°C.
e Sample B = 7M8 film coated at 130°C, and annealed at 40°C for 4 weeks.
e Sample C = 7M8 film coated at 165°C.

Positive ions collected from a wide ion mass spectra range have been compiled in the order
given above, to make the elucidation tractable. The molecular structures of the based

triblock copolymers in the 7M8 formulation are shown in Figure 6.24.

The mass spectra for m/z < 50 are presented in Figure 6.25. This low mass range provides
information from the primary ion impact region, generating secondary ion fragments from
the film sub-layer region and the uppermost film surface. The significant silicone (Si) peak
at m/z = 28 reflects the remnants of the silicone release papers peeled off from the film
surfaces. Positive ion fragments characteristic for polyethylene®* (PE) are C,H"s observed
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at m/z = 29, C3H's at m/z = 41 and C3H*; m/z = 43. In a reported work about triblock

31 the C,H's and the C3H's ions were attributed to a

copolymer surfaces by Galuska
protonated ethylene monomer ion and ethylene monomer plus an additional methylene
group. These ions were associated with chain-ends of PE homopolymer formed through
sigma ionization®**?. In the adhesive films the source of these ion fragments could be from
the alkane hydrocarbon units of paraffin oil, or from the PEB segments of the SEBS,
presumably the ethylene side groups. The observation is an evidence of the rubbery nature
at the surfaces of the three coated films due to their high relative peak intensities and with
similar abundance for all the samples. The ion CsHs" fragment peak at m/z = 39 is
presumably from the midblock resin tackifier. A similar positive ion fragment has been
reported on studies of pressure-sensitive adhesives where low H/C ratios corresponded

typically to the alicyclic ring structures of the midblock compatible resin®*’.

FPS-block-poly(1,4-cis isoprene)-block-PS

P

FPS-block-poly(ethylenebutylene)-block-PS

Figure 6.24: The illustrations of the triblock copolymer segmental units of the 7M8
blend system showing (a) styrene-b-isoprene-b-styrene (SIS) and (b), styrene-b-

ethylenebutylene-b-styrene (SEBS).
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Figure 6.25: Mass spectra in the low m/z range at < 50 for the samples of A = 7M8
coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
165°C.

In Figure 6.26, characteristic peaks of polyisoprene (PI), polystyrene (PS) and tackifiers
can be observed. Extensive studies of TOF-SIMS on styrene-isoprene block copolymers by
Mehl et al***, Hasegawa et al®*’ and others’®3* have reported the uppermost surfaces of
the block copolymers to be entirely occupied by PI block layers due to their lower surface
energies. Characteristic PI peaks®*'>* in these spectra range are m/z = 55, 68, 69, 81 and
93, and for PS*!3% m/z = 51, 63 and 91. The PS ion fragment C,Hs;" at m/z = 51 has a

very weak relative intensity. Galuska®**

reported in his studies that the relative intensity of
this ion increased as the M, of PS increased and that the ion was formed during
fragmentation of the main PS backbone chains. In the current samples the main PS
backbone chains are assumed to exist inside the phase separated PS-rich-copolymer
domains which should reside beneath the uppermost rubbery surface layer and therefore
giving the ions large escape depths?®®?%!, The very weak peak intensity signal supports this
assumption. The next significant PS ion fragment is the C;H;" at m/z = 91. This ion is

341,343

known as the tropyllium ion and it is a protonated styrene monomer minus a

methylene group. It is a characteristic of a hydrogenated end group of PS polymer (R-CH,-
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CeHs) and is formed through allylic cleavage®*?. The relative intensities observed in the
spectra are larger by a factor of 2 compared to the PS ion fragments at m/z = 51. The
sources of PS in the adhesive blends are SIS, SEBS and the a-methyl styrene (AMS)
endblock resin. The PS endgroup chains of the triblock copolymers have already been
postulated to exist inside the PS-rich-copolymer domains and hence give them large escape
depths. However the high relative peak intensities of the tropyllium ions imply a relatively
short escape depth for these ions and are assigned to AMS ion fragments. This suggests the

resin’s presence in the continuous adhesive rubbery matrix.

The high relative peak intensities observed at m/z = 55 for C4H"; and m/z = 67 for CsH; *
are assigned to the midblock resin tackifier and paraffin oil fragments**, due to their high
contents in the formulation and lower surface energies. Protonated butadiene monomers
(P1 fragment without methylene side group) can also generate the m/z = 55 peak>*'**3. The
large relative intensity peak at m/z = 69 of ion fragment CsHq" is characteristic of the

protonated isoprene monomer**:3* 327

or midblock resin fragments™'. Its relative peak
intensity is actually larger by a factor of approximately 1.5 in the spectrum of 7M8 coated
at 165°C (Spectrum C) than 7M8 coated at 130°C (Spectrum A). After annealing the 7M8
coated at 130°C (Spectrum B), the peak intensity of this cationized ion increased by a
factor of 1. The peak of the CsH;" ion is also larger in 7M8 coated at 165°C and 7M8
annealed than 7M8 coated at 130°C. This could indicate a higher presence of some
elastomers, oil or resins at the uppermost film surface of 7M8 coated at 165°C or annealed
than the 7M8 coated at 130°C. Hasegawa and Hashimoto®’ showed in their study with
transmission electron microscopy (TEM) that, by slowly evaporating the solvent from a
PS-P1 diblock copolymer blend over several days, the uppermost surface enrichment of the
P1 domains was promoted. Jeusette et al*?’ also implemented ToF-SIMS investigation to
study the surface of annealed PSA and reported the presence of phase separated resin-rich
agglomerates at the adhesive near-surface that increased in concentration with the aging

time.

A high peak intensity of C4H"g at m/z=57 relates to a protonated butylene from presumably
the PEB segments of SEBS. The Relatively high peak intensities at m/z = 73, 83, and 95
are not characteristic peaks of any of the triblock copolymers and are probably from the
midblock resin. The peaks could also originate from paraffin ion fragments due to the oil’s
low surface energy®*®. Surface energy values of some constituents in the adhesive

formulation are presented in Tables 6.5.
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Figure 6.26: Mass spectra in the low m/z range from 50 to 100 for the samples of A =
7M8 coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
165°C.

Table 6.5: The surface energies of some of the constituents in the adhesive
formulations are listed.

Adhesive constituent Surface free energy at Reference
20°C [dyn.cm™]
Paraffin oil 26 Dirac™®
Polyethylene — linear 35.7 Polymer Data
Handbook®
Polyisoprene 30-32 Mehl, Herkules***
Poly (a-methyl styrene) 39.0 Polymer Data
Handbook®
Polystyrene 40.7 Polymer Data
Handbook®

In Figure 6.27 characteristic PI ion peaks®*****® are m/z = 119 and 121 and PS peaks>*3*

are m/z = 115 and 117. The higher PI relative peak intensities compared to the PS peaks is
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1*4. also

taken as higher PI enrichment at the uppermost sample surfaces. Mehl et a
reported in their work that the relative ion yield of PS is 8.8 times greater than the ion yield
of Pl in ToF-SIMS investigation. In other words if PS was presence on the surface as much
as PI, its ion peaks would definitely be much higher and also appear at the high-mass
range. The high relative peak intensity at m/z = 105 is CgHg" and ascribed to AMS ion
fragments without the methylene group. The component appears to be higher on the
surfaces of sample C and B than A. The high relative peak intensity at m/z = 147 reflects a
low H/C ratio ion fragment of a ring structure which presumably originates from the

midblock resin.
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Figure 6.27: Mass spectra in the m/z range from 100 to 150 for the samples of A =
7M8 coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
165°C.

Towards the relatively high ion mass region (Figure 6.28), the only relative peak intensities
as an indication of triblock base copolymers are the much less prominent signals of Pl at
m/z= 177 and PS at m/z = 193. Their weak intensities suggest that the absolute uppermost
surfaces of the adhesive films, up to 10 A%’ are enriched in oil possibly due to its low

surface energy (Table 6.5).
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Figure 6.28: Mass spectra in the m/z range from 150 to 200 for the samples of A =
7M8 coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
165°C.

In Figure 6.29 the high relative peak intensities at m/z = 207 and 221 could be from the oil
but the true origin is not known. A Thorough examination of spectra regions up to m/z=
700 (not shown here), as well as an examination of the negative ion spectra showed a
striking similarity in terms of the molecular presence on the surfaces of the 7M8 adhesives

films, irrespective of the processing history.

It is noteworthy to mention that the SIMS investigations were carried out on adhesive
surfaces of 200 x 200 pum? Therefore the results do not necessarily reflect a potential
discrepancy in chemical nature on the micro- and nanoscale regions as revealed by with the
AFM. On a macroscale, it can be claimed with confidence that there are no chemical group
discrepancies on the surfaces of the adhesive coated films, but constituent quantitative
differences do exist. The results from this investigation have demonstrated that valuable
information about the surface composition of PSA systems can be provided by S-SIMS

analysis.
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Figure 6.29: Mass spectra in the m/z range from 200 to 250 for the samples of A =
7M8 coated at 130°C, B = 7M8 coated at 130°C and annealed, and C = 7M8 coated at
165°C.

6.4 Summary

The capabilities of TM-AFM for contributing to adhesion science by providing new and
important information on a highly local scale have been presented. The technique has
provided numerous insights into the micro- and nanoscale morphology of multi-blend
adhesive films with different processing thermal histories. The work has proved that
though conventional TM-AFM height images do not necessarily reflect the real surface
topography of soft adhesive films, the phase images however give a true account of the
film morphology. This is a quick and convenient way to investigate the quality of the

blending process and partly predict product end-use performance.

In the case of DF645 and 7M8 blend formulations, the TM-AFM topographies revealed
phase separated micro-sized agglomerates within the coated adhesive films. When the film
was coated at low temperatures the agglomerates were bigger in sizes and more abundant

than when the film was coated at a higher temperature. These agglomerates were possibly
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residual tackifier-rich and partitioned copolymer-rich regions. For the DFC600

formulation, the agglomerates were non-existent irrespective of film coating temperature.

On the nanoscale, the adhesive coated films of all the blend systems consisted of relatively
hard phase-separated PS-rich-copolymer domains dispersed within the film matrix. The
domains appeared smaller in sizes (~ 25 nm), had shorter inter-domain spacing (~ 33 nm)
and were more abundant when the film was coated at a higher temperature. The low
temperature films exhibited fewer domains, with an average size of ~ 30 nm and spacings
of ~ 45 nm. In part the discrepancy in film morphology is due to the preparation process,
which involved melting at high temperatures and subsequently quenching to ambient
temperatures, thereby freezing the architecture formed at the melt state. When the DF645
and 7M8 films initially coated at low temperatures were annealed at 40°C for 4 weeks, the
film morphologies improved significantly where the amount of domains per micrometre

squared film area doubled.

It seems that the two principal morphological elements that dictate the adhesion properties
of the coated films are (a) the population of the PS-rich-copolymer domains and (b) the
domains interconnection either by elastomer chain bridges and elastomer chain
entanglement junctions possibly formed by adjacent polydiene-induced dangling chain
ends. The latter is especially true for the DFC600 blend system with the highest polydiene
content. Due to this phenomenon the interconnected network structure is dominant even
for the low-temperature coated film, which makes the film’s property least sensitive to the
coating temperature. The reduction in the population of the PS-rich-copolymer domains
with decreasing film coating temperature seemed to be responsible for the formation of
elastically inactive elastomer network systems, mainly for the DF645 and 7M8 coated

films.

The capability of ToF S-SIMS to generate and detect ionized oligomers has provided a
unique potential in examining pristine adhesive surfaces. On the microscale no chemical
group discrepancies were observed at the uppermost adhesive film surfaces, irrespective of
the processing thermal history. The relative peak intensities did suggest quantitative
differences of an oil-rich rubbery thin layer covering the uppermost adhesive film surfaces.
For high-temperature coated and annealed films, the relative peak intensities of Pl ion

fragments appeared higher than found for the low-temperature coated films.
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Chapter 7

7 Adhesion force and elastic modulus of coated hot-
melt pressure-sensitive adhesive films on a nano-

scale level

7.1 Introduction

In Chapter 6, adhesive film morphologies on micro- and nano-scales were revealed with
tapping-mode atomic force microscope (TM-AFM). A film structure comprising PS-rich-
copolymer phase-separated nano-domains dispersed within the continuous adhesive matrix
could be observed for all the blend systems. For films melt-coated at high temperatures or
annealed, the domains were more abundant and exhibited shorter spacings compared to the
films melt-coated at lower temperatures. Based on the results, the domain interactions
either by elastomer chain bridges or entanglement junctions formed by adjacent rubbery

segments is believed to differ significantly in the different coated films.

The surface and bulk properties investigated with classic test techniques in Chapter 4
proved that the industrial procedure in judging the adhesive’s peel performance on the
macroscale is not adequate. For a fundamental understanding of the mechanisms by which
these tack-promoted PSAs undergo bonding, one must understand and inter-relate the
complex physics occurring at each scale level. This part of the studies extends the concept
of investigating the adhesive peel behaviour to a local scale with contact areas on the
nanometer range. Through the employment of AFM, the work aims to quantify the surface
adhesion exclusively attributed by molecular structure and morphology of the coated film
surface. The adhesion of the film in response to the morphology formed at different
coating and annealing conditions are studied. Similar AFM methodology is implemented to

examine the elastic modulus of the coated film surfaces.
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7.2 Experimental

The DF645 and 7M8 adhesive blends were supplied by Henkel as free-standing coated
films sandwiched between silicone-release papers (See Chapter 3.1 for details of the
blends). The films were melt-coated at 30g/m? (total mass of adhesive per surface area
paper) onto the silicon-release paper moving at a line speed of 300 m/min, which resulted
in film thicknesses of around 10 pm. The adhesive films of DF645 were coated at 120°C
and 155°C, respectively, and films of 7M8 were prepared at 130°C and 165°C,
respectively. Additional samples of the aforementioned DF645 coated at 120°C and 7M8

coated at 130°C, respectively, were annealed in an oven at 40°C for 4 weeks.

The pristine free-standing films were cut into the shapes of 7 x 7 mm?. The silicon release
papers on one side of the specimens were meticulously removed with clean tweezers and
the tacky film surfaces were adhered to freshly cleaned microscope glass slides (for
adhesion force measurement) and metal discs (for elastic modulus measurement) without
shearing the samples. Afterwards the samples were then fixed in the AFM stages, and the
other silicon release papers on the surfaces to be investigated were removed prior to the
measurements, in an attempt to minimise contaminants on the film surfaces. It is important
to mention that the adhesive surfaces studied were the surfaces to be exposed to substrates
during end-use application. The identification was made possible since the silicon papers
sandwiching the free adhesive films were of different colours, to distinguish the surfaces to
be exposed at the end-use from the surface usually adhered to the PE-film substrate.
Extensive description of the adhesion force and elastic modulus characterisations are given
in Sections 3.2.6.1 and 3.2.6.2, respectively. All the measurements were performed at room

temperature and condition.

7.3 Results and Discussion

The images collected with the TM-AFM are presented as 2-dimensional as obtained from
the tapping mode. Firstly images of each sample surface are introduced, followed by the
corresponding force modulation measurements in similar sequence as the investigations

were taken.
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7.3.1 Effect of film coating temperature on adhesion force

7.3.1.1 7M8 adhesive series

In the images of sample 7M8 coated at 130°C (Figure 7.1), the height image (left) suggests
a relatively rough film surface with brighter colour contrast indicating elevated regions and
darker colour contrast of depressed regions. The corresponding phase image reveal
microphase separated agglomerates of mechanically harder nature randomly dispersed
within the continuous softer adhesive film matrix. Such characteristics of the adhesive
coated samples have already been explained in Chapter 6 with the morphology studies and
therefore briefly mentioned here. In Chapter 6, the agglomerates were believed to be
residual midblock resin-rich and/or partitioned block copolymer regions partially due to
poor blending. The limited solubility between the resins (~ 56 wt-% in the blend) and
elastomer polydiene segments (~ 10 wt-% in the blend) and the limited mobility of
copolymer segments as effect of the low film coating temperature, result in a film

morphology from a more favourable thermodynamic state.
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Figure 7.1: AFM images of 7M8 coated at 130 °C revealed relatively hard phase-
separated agglomerates within the adhesive film matrix. The height image is to the
left and the corresponding phase image to the right. Scan size is 5x5 umz.

In Figure 7.2 the phase image of the 7M8 coated at 130°C is again showed, with gridlines
depicting the areas on the sample surface that the force —distance (F-D) measurements
were carried out. The AFM tip was allowed to touch the centre point within each grid
(index) before it was withdrawn and the resulting force values recorded. On this 7M8
coated film sample, 64 adhesion force curves were collected. Starting at the bottom left
grid designated as Index 0, the measurement proceeded in a horizontal pattern until the
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first each row was finished and then continued from the row above in a reverse direction

until ending at the film surface region designated as Index 63 was measured.

Index 63

IIIIIILB\I
— RIS

Index 0

Figure 7.2: The same phase image of Figure 7.1 with the grids explaining the areas on
the film surface where the 64 tip-sample adhesion measurements were collected. The
measurement was commenced at the bottom outermost left grid designated as Index
0, and continued horizontally until the first row was done, and then proceeded from
the next grid above in reversed horizontal direction until the centre point of the Index
63 area region was measured.

For further introduction of the experimental results, a couple of relevant moments with the
measurements are firstly explained. Two or three force curves collected for each sample
will be presented as it is unnecessary to present all the force curves measured for each
sample due to their similarities for each specific film sample in question. The y-axis is the
cantilever deflection and the x-axis is the piezo travel distance. In the force curves shown
in Figure 7.3 for the 7M8 film coated at 130°C, sinusoidal oscillation patterns of the
extension zero line are registered as the tip approached the sample surfaces. Theoretically

the horizontal lines®’®?!

(Section 3.2.6) should be straight as the tip at this point is far
away from the sample surfaces and hence no forces should be interacting with it. The
superimposed oscillation typically occurs if there is optical interference between the laser
beam reflecting off the upper face of the cantilever (Fig. 3.19) and the laser beam that
inevitably passes the cantilever and scatters off the sample surface to the detector®”®. As the
approached the specimen surface (Index 6, Fig. 7.3), it jumped to contact with the sample
(extension line) at a piezo distance of z ~ 9600 nm. This was the consequence of an
induced mechanical instability since the gradient of the tip-sample attractive interaction
force exceeded the force constant of the cantilever. The contact point of the jump-in is not

as conspicuous here as reported in the literature?2°5:2%6:260.279

, probably due to the high
stiffness of the cantilever used, giving rise to a diminished deflection and also as a result of

the high speed measurement condition set®®®. Once contact was established the tip was
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pulled into the sample by the adhesive interaction and the cantilever bent upwards until the
pre-set trigger value was reached. The process was then reversed and the tip begun its
withdrawal (retraction line) from the sample surface. At the initial retraction process, no
data points were recorded as observed in the F-D curves (Fig. 7.3). This occurred with all
the measurements irrespective of film coating temperature and adhesive blend system. Sun
and Walker*® have reported with AFM studies on the viscoelastic response of
poly(dimethylsiloxane) (PDMS) that, the omission of first data points with tip retraction
was dependent on the tip-sample contact-time. They noticed that a longer dwell time (pre-
set contact-time) caused a larger gap between the end of the extension curve and the
beginning of the retraction curve. They believed that the sample relaxation was the cause
to the gap. In these measurements the dwell time was set to zero and kept constant for all
the samples. Therefore it is believed that the missing data points in these measurements
was caused by the intrinsic sample adhesive which held on firmly to the tip and made it

withdraw some time after the piezo withdrawal had begun.

As the piezocrystal exerted a further pulling force on the cantilever, the sample which was
still holding on to the tip caused the cantilever to bend downwards due to the adhesion
force. This occurred with the piezo retraction until a minimum deflection point at around a
retraction distance of z ~ 9600 nm was reached, where a pull-off or jump-out was observed
(Fig. 7.3). This jump-out will normally be associated with the zero line, i.e. when the tip
detaches from the sample surface but the cantilever is again pulled as the tip was still in
contact with the film surface, seen in the trajectory of the jump-out part of the retraction
curve. Further jJumps were again recorded until contact was definitely broken at z ~ 11000
nm and the tip bounced back to the zero line (extend and retract curves overlapped). The
maximum difference between the vertical deflection of the cantilever at the contact
(Extend) and noncontact (Retract) straight lines at the jump-out point is the pull-off or

adhesion forC6250,255,256,260,279,348

Further information can be extracted from the force curve of the film region of Index 6
(Fig. 7.3). During a force-distance measurement as explained in Section 3.2.6, the slope
generated with the tip-sample contact usually reflects the hardness of the sample
surface*?"*3% |n the extension contact curve between z~ 9600 nm and z ~ 9300 nm, it
appeared that firstly, the tip-sample interaction was relatively soft (less resistance to the
tip) and as the tip extension proceeded, the interaction became relatively hard (more
resistance to the tip). This could not be caused by the impact from the steel AFM sample-
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support as the samples are relatively thick on this scale (thickness ~ < 10 pm). In a

reported study®*

where similar double-slopes were observed, the authors attributed the
phenomenon to the tip’s interaction with first a fibre or membranous structure that then
slipped way from the probe and lead to the second contact point. In this work though the
distortions of the contact point curves presumably reflects the inhomogeneity of the film

surface property where the viscoelastic/adhesion nature appear to vary locally.

Another force-distance (f-d) measurement collected at a relatively soft film matrix region
(Index 59, Figures 7.3) displayed similar characteristics to the measurement at the
relatively hard agglomerate region (Index 6). At the retraction tip-sample pull-off point of
the Index 59 sample region (Fig. 7.3), a small one-step tip-detachment unfolded, followed
by the multi-step viscous pull-offs similar to that of the Index 6 region. This would
continue until finally the elastic force of the cantilever overwhelmed the adhesion force of
the sample, resulting in the total breakage of the tip—sample contact. The force curve
measurement performed at a third region (Index 48, Figs. 7.4) exhibited a one-step tip
jump-out but with similar force magnitude as the two force curves presented above. The
trends noticed in the other 60 force curves collected were consistent with the ones shown
here (Figures 7.3 and 7.4). Another noteworthy observation is that at the experimental
measurement time-scale, the sample did not regain its original shape, indicated by the
deformation, 6, (Index 6, Fig. 7.3) after the tip withdrawal. This demonstrates the viscous-

like characteristics of the film near-surface.
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Figure 7.3: The F-D curves measured at bright agglomerate and soft matrix areas are
similar in adhesion nature. The inserted phase image highlights the regions (Index)
on the sample surface where the measurements were collected. The area of the
confined region between the extension and the retraction curves is equivalent to the
work of adhesion, i.e. the energy exerted by the cantilever probe to detach from the
film surface. Other explanations are also given in the curves. The horizontal gap, J,
indicates the sample surface deformation.
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Figure 7.4: The Index 48 region (Fig. 7.3) displayed an F-D curve of homogenous

deformation as the tip was pulled into the sample (extension curve) and a one-step tip
jump-out from the sample surface (retraction curve).
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The results above reflect an intricate nature of the tip debonding mechanism from the
coated adhesive film surface. Whilst a one-step tip jump-out is observed in some film
surface regions, other areas exhibited a multi-step tip jump-out. Remarkably the debonding
behaviour is independent of the mechanical characteristics of the phase-separated
agglomerate regions within the coated film (Fig. 7.3). As far as this work goes, this is the
first time such heterogeneous complex force curves have been measured on adhesive
samples. This infers that the tip was not directly interacting with the sample’s subsurface
morphological information revealed in the AFM phase images. Rather the tip was directly
interacting with the uppermost tackifier-promoted rubbery/oil-rich thin adhesive surface as
suggested by the results presented in Chapter 6. However the mechanical characteristics of
the surface and hence the interfacial adhesion is due to the synergistic effect mainly

contributed by the film subsurface morphology as will be proved eventually.

Height and phase images of the surface of 7M8 film coated at 165°C are shown in Figure
7.5. A vital significant difference in the film morphology compared to the film coated at
130°C is revealed. The micro-phase separated agglomerates within the continuous film
matrix are almost non-existent. This observation has also already been known and

discussed in Chapter 6.
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Figure 7.5: The AFM images of 7M8 film coated at 165°C revealed a rather flat
surface topography (left) and a phase image (right) of very few phase-separated
reIa;tiver hard agglomerates(bright regions) within the film matrix. Scan size is5 x 5
pm

Two of the 64 adhesion force measurements collected for the film coated at 165°C are
shown in Figure 7.6 with the phase image describing the areas of the measurements. In

both the F-D curves of Indexes 9 and 33, a similar oscillation approach pattern unfolded as
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the tip moved towards the sample surface, just as the measurements for the film coated at
low temperature (Fig. 7.3). Once tip—sample contact was established (extend curve, Index
9) at approximately z ~ 8 000 nm, a homogenous cantilever upward-deflection occurred as
the tip was pulled into the sample by the adhesion-induced attractive forces. This occurred
until the maximum applied load was reached where the process was reversed. At the
beginning of the piezo retraction, data points were again missing with the tip withdrawal,
for the same reasons given above. During the tip—sample pull-off point (between the
minimum retraction point and the horizontal line), a one-step debonding process is
observed with much larger tip jump-out gap compared to the results obtained for the film
coated at 130°C (Fig. 7.3). The hysteresis between the extension and retraction curves once
again manifests the adhesion of the film sample. The area relating to the work of adhesion
is also much larger than measured for the low temperature coated film (Fig. 7.3). This
indicates that the tip was in contact with the sample at a much longer piezo travel distance
(Z) than it was for the film coated at 130°C (Fig. 7.3). The discrepancy in the magnitude of
the force measurements strongly indicates that the film surface adhesion is strongly
dependent on film coating temperature, even at bonding contact areas on the nanometre
range. The repeatable behaviour of the tip-sample jump-out also reflects a more
homogenous adhesive film nature, which subsequently insinuates a more uniform
thermodynamic equilibrium-like film subsurface morphology as seen. The observation
made here is consistent with results and conclusion drawn from Chapters 5 and 6. The
plots also suggest very viscous-like film surface nature (gap between the extension and
retraction curves at the horizontal zero-line) with almost no sample recovery at the

measurement time-scale, similar to the low-temperature coated film (Fig. 7.3).
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Figure 7.6: Two selected F-D curves measured on the film surface of 7M8 coated at
165°C imply homogeneous adhesion property irrespective of the film surface region.
The indexes and gridlines designate the region on the phase image of the film surface
where each measurement was taken.

7.3.1.2 DF645 adhesive series

The coating temperature effect on the adhesion characteristics of the DF645 film series are
presented in this section. There are some similarities to the 7M8 film series, albeit that
more force measurements were collected for these samples. The TM-AFM phase image of
DF645 film coated at 120°C (Fig. 7.7) exhibited phase-separated relatively hard
agglomerates dispersed within the film sub-surface morphology. The agglomerates were
more than observed for the film coated at 155°C (Fig. 7.9). Such property of the DF645
blend under the influence of film coating temperature has already been presented and
discussed in Chapter 6. Once again the results with the F-D measurements as shown in
Figure 7.8, suggest that the tip was not directly interacting with the film sub-surface
morphologies revealed in the AFM images. It is noteworthy to mention however that the
complexity of the pull-off curves of the tip-sample adhesion of film coated at 120°C
(Figures 7.8) is not as pronounced as observed with the measurement of 7M8 coated at

130°C. This could support the argument about the adhesive film’s pronounced sensitivity
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to the coating temperature with increase in the PS content, as used in the 7M8 blend.
Nevertheless the adhesive strength trend between the films coated at high temperature

compared to the films coated at low temperature was consistent with the 7M8 film series.
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2

Figure 7.7: The TM-AFM images of DF645 film coated at 120°C show seemingly
smooth film surface with height range (left image) of ~ 11 nm and a phase image
(right) of phase-separated relatively-hard agglomerates dispersed within the film
matrix. Scan area is 5 x 5 pm-.
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Figure 7.8: Two F-D curves collected at different phase-separated areas of the film
surface as depicted by the arrows, clearly generated similar adhesion forces and
energies. This insinuates that the film surface adhesion property is not directly
related to the films local phase-separated mechanical characteristics as seen in the
phase images.
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Similar to the 7M8 coated at 165°C, the DF645 coated at 155°C (Figure 7.10) also
displayed a one-step tip-sample contact breakage, with adhesion forces and work of
adhesion which are of significantly larger than the DF645 film coated at 120°C (Fig. 7.8).

o
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Figure 7.9: TM images of DF645 film coated at 155°C displaying a relatively smooth
film surface (height topology, left image), and the phase image (right) comprised of
less microscale phase-separated relatively hard agglomerates dispersed within the
continuous film matrix. Scan area is 5x5 pm?>.
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Figure 7.10: Two adhesion force measurements collected at different regions of both
relatively hard agglomerate and matrix sub-surface areas of DF645 coated at 155°C

show similar adhesion properties.
In Chapter 6, morphology studies with TM-AFM and surface chemical group analysis with

ToF-SSIMS indicated that the surfaces of the coated adhesive films were enriched in
rubbery/oil continuous phase. It must be mentioned that for all the TM-AFM images

shown in this Chapter, further phase separations consisting of the PS-rich-copolymer
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domains exist on the nano-scale level, as already presented in Chapter 6. The results
obtained with the F-D curve measurements clearly indicate adhesion behaviour
independent of the microscale phase-separated agglomerate regions. This is a strong
support for the existence of the rubbery/oil-rich layer covering the uppermost film
surfaces. It appears then that the formation of the nano-domains with corresponding
elastomer network system is responsible for the significant tip-sample adhesion differences
presented above.

7.3.2 The effect of the film annealing condition on adhesion

force

7.3.2.1 7M8 and DF645 annealed samples

The AFM images collected on the 7M8 film coated at 130°C and annealed at 40°C for 4
weeks are presented in Figure 7.11. It is obvious that the agglomerates are fewer and the
continuous film matrix appears more homogenous and reminiscent of the morphology of
the film initially coated at high temperature. The observation has already been explained in
Chapter 6. The improved adhesion property indicative of high tip-sample pull off force and
the larger adhesion energy are shown in Figures 7.11. Similar to the high-temperature
coated films (Figures 7.6 and 7.10), the AFM probe seemed to have been in contact with
the annealed sample surface at a much bigger piezo retraction distance, visualized in the
forces curves (Fig. 7.12). The film adhesive nature is again independent on the
agglomerate region (Fig. 12) but another significant difference to the film unannealed film
(Fig. 7.3) is the more homogenous tip-sample adhesion nature, demonstrated by the

extension contact point slopes and retraction tip jump-out curves (Fig. 7.12).
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Figure 7.11: TM-AFM images of the 7M8 film coated at 130 °C and annealed for 4
weeks at 40°C revealed a significant morphology improvement. The height image
(left) and phase image (right) show less microscale phase-separated agglomerates
dispersed within the more homogenous film matrix. Scan size is 5 x5 pm?.
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Figure 7.12: Two different force-distance curves measured on the film surface at
different regions show reproducible large adhesion forces and adhesion energies for
the 7M8 annealed sample.

The annealing effect on the DF645 coated film initially coated at 120°C is presented in
Figure 7.13. It is clear that the relatively hard microphase-separated agglomerates disperse
into the film matrix and acquire the more intermediate mechanical characteristics, as

explained in Chapter 6 (Section 6.3.5). The F-D curve measurements presented in Figures
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7.14 is a vindication of the enhanced adhesion nature of the annealed DF645 coated film,
presumably caused by the improved mixing of the residual resin-rich or copolymer
aggregates during the long-time annealing. In the F-D curves (Fig. 7.14) the results again
imply that the film surface adhesion was independent on the micro-phase separated
agglomerates (curves of Index 6 and Index 33 film areas). This again suggests the tip’s
interaction with the thin rubbery/resin/oil-rich surface layer but the improvement of the

surface nano-scale film morphology is crucial of the near-surface film layer characteristics.

4
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Figure 7.13: The TM-AFM images of the DF645 film coated at 120 °C and annealed
for 4 weeks revealed the hard agglomerates (phase image, right) seemingly dispersing

within the continuous adhesive film matrix. Scan size is 5 x 5 pm?.
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Figure 7.14: The grid lines on the phase image (Fig. 7.13) depict the film surface
regions of discernible mechanical characteristics where the adhesion measurements
were collected. The adhesion nature is very similar irrespective of film subsurface
local region property.

The adhesive formulations are blend systems of high molecular block elastomers and
polystyrenes, bulky oligomers of middle-block-compatible and endblock-compatible
tackifiers and mineral oil. The molecular dynamic mechanisms resulting in the improved
film morphology during the annealing could be caused by different relaxations and
diffusion processes. Each of the different copolymer chain segments will for instance
inherit a unique specific characteristic relaxation time and/or a diffusion process which
would depend on the nature of the chain, the chain’s environment and the annealing
condition (temperature and time). Since the adhesive blends are polymer based, they
appear to exhibit the characteristics of viscoelasticity relating to the time-temperature
superposition principle**2. This means that the adhesives annealed at a low temperature for
a long time should behave similarly to those heated at higher temperatures for short times
and melt-coated. The polymer chain dynamic relaxation is governed by an energy barrier

350,351

that obeys Arrhenius relationship according to,

Eq

k; = Aexp (— ﬁ) 7.1
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Where k; is the relaxation rate constant, A is the pre-exponential constant, E; is the
activation energy, R is the gas constant, and T is the absolute temperature. Since the
elastomer chains are above their Ty, their segmental motions are on the time-scale of

nanoseconds>>*

and much faster than the relaxation times of the PS segments. With
presence of resins diluting the elastomer entanglement network and the oil serving as a
plasticizer, the polymer segmental mobility dynamics could this respect will not explicitly
obey the relationship in Equation 7.1. In Chapter (Section 6.3.5), a couple of possible

mechanisms resulting in the altered annealed film morphology are suggested.

For all the adhesion force curves collected, there was no evidence of any residual adhesive
that might have come off the film surfaces and stuck to the cantilever tip during the
measurements. TM-AFM images taken immediately after each F-D measurement revealed
a slight alteration to the domain positions due to an inevitable thermal drift of the

279,349

cantilever . The images neither showed artifacts of repeatable uniform features

typically associated with debris stuck to the tip2

. Assuming there were adhesive residues
adhering to the tip with the measurement as the sample’s cohesive failure, there would
have been tremendous differences in the force curve magnitudes from one grid region to
the next, as more adhesive accumulated on the tip. The absence of such measurement
artifact is taken as a good evidence of a strong sample cohesive strength. The tip-sample

bond fracture was mainly caused by adhesive interfacial failure®>33>.

7.3.3 Quantification of adhesion force and thermodynamic

work of adhesion

The adhesion force obtained at the tip-sample contact breakage can typically be calculated

according to the following relationships;

Faanesion = Fputi—orf 7.2
Fpull—off = k-6, 7.3

Where Fpuior is the force exerted by the sample on the cantilever (which is equivalent to
the force exerted by the cantilever on the sample, i.e. equalling to the adhesion force), k
and o are the cantilever constant and the cantilever deflection at the jump-out,

respectively®®>261279348:349 " The ahove equations are valid if the debonding process is
212



considered purely elastic. Due to the viscoelastic nature of the adhesive samples, where
sample plastic deformation contributed largely to the adhesion behaviour, a significant
error will be introduced if the aforementioned relationships are implemented to quantify
the adhesive peel force. For stiff materials with low surface energy, Derjaguin, Muller and

Toporov (DMT)*** have derived the mechanical contact between two bodies as,

Fadh = 1'57TRWadh 7.4

1
Waan = 2(¥172)? 7.5

Where v; represents the sample surface free energy, vy, is surface energy of the of the
substrate and R is a small contact radius in the nanometre range. The DMT theory is also
based on continuum elastic theories and assumes smooth surfaces with no plastic
deformation or viscoelastic phenomena. Forces acting between the contact bodies outside
the contact surface are not taken into account in the elastic theories. These forces could be
significant for the film adhesion behaviour due to the probable chain network system
within the blend matrix. Perhaps a better adopted relationship for treating complaint
adhesive materials is proposed by Sun and Walker**®. Their contact relationship is based
on Griffith’s criterion and Sneddon’s method where the Si tip is modelled as a hyperboloid

according to,

aA |m (%)2 -1 2an(1 —v2)w,
§=om|= n| =4 || - ° 7.6
Rz TS @Az 1 E
And
a 2
2E A a’? - A%« _ (Z) -1 2ar(1 —v2)w,
P = [=—=[aA + —+arcsin| ————|—a 1177
1—v2'2R 2|2 (2 +1 E
A

Where 6 and P are the indentation and the load, respectively. R is the tip radius of
curvature, A = R cot(a), where « is the tip’s semivertical angle, v is the Poisson ratio of the
sample, E is the elastic modulus of the measured sample surface, a is the contact radius,
and w, is Dupre’s work of adhesion. These equations require exact knowledge of the tip-
sample contact radius, the cantilever spring constant and the modulus of the tip-sample

contact region. In the standard AFM force-displacements curves used in these studies,
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there is no direct way to deduce the contact area or indentation depth?”*-**® (Section 3.2.6).
This is because;
e The contact surface between the AFM silicon tip and adhesive film surface will
depend on the volume of sample or topological chain conformation that adheres to
the tip 348,357
e The soft adhesive sample will most likely buckle and wrap around the tip due to
hydrophobic and viscoelastic forces*”®, altering the contact area from measurement
to measurement.
e Creep and hysteresis effects cause the tip to travel deeper into the specimen even

after maximum pre-set applied load®”*%*®

and this would affect contact depth. Non-
linear detector response is known to be another source of artifact that affects the

tip-sample contact depth®®,

Another common problem that can affect the tip-sample contact area is that the tip is
inclined at a small angle with respect to the direction perpendicular to the sample
surface®®. The ramification will be a larger contact area if the tip interacts with regions
lying below the surface’s x-y plane, as the side of the tip will touch the specimen first
before the tip apex. This however will only generate larger variations in the values for each
specific sample and do not influence the discrepancy across the different samples adhesion
nature. Based on the above reasons, the adhesion force and work of adhesion
determinations are based on the data obtained from the measurements and plotted as
presented in the figures. The tip-sample contact area (tip radius < 10 nm) is very small and
sample surface roughness could contribute to increase the adhesion force by increasing the

197

contact area”'. This has been accounted for in the discussions.

The values as measured and calculated from the F-D curves are presented in Table 7.1. The
mean adhesion force F and the variance AF = \/% N (F; = F)%, with N being the number

of force curves and F; being the individual adhesion forces were determined, as well as the
average adhesion energies. Though the absolute values should be considered semi-
quantitatively within experimental error, the discrepancy between the samples is very
meaningful. This lies in the fact that that same measurement conditions were applied to all
the samples of a specific blend. In fact the only variable parameter was the film’s
processing history (coating temperature or annealed). Hence the eventual errors from the
measurement are assumed to be consistent for all the samples. In Table 7.1, 7M8 films
coated at 165°C exhibit roughly a ~3 times improved adhesion force and a ~12 times
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higher adhesion energy than when coated at 130°C. After annealing the low-temperature
coated film, there were ~3 times and the adhesion energy was ~8 times higher. For the
DF645 series, the adhesion force is ~2.5 times higher and the adhesion energy is ~6 times
better for film coated at 155°C compared to films coated at 120°C. After annealing the low-
temperature coated film, the improvement in adhesion force and energy were twice as
much. The standard deviations in the calculated values reflect alterations in the tip-sample
contact area for reasons stated above. As the samples are commercial adhesives, no
information is found in literature about AFM interaction with similar multi-blend systems.
An attempt to identify specific mechanism of energy dissipation during the debonding will

therefore involve some speculation.

It is anticipated that using different techniques to investigate the adhesion behaviour of
different samples on a macroscopic scale should be equally the same as the investigation
on a nanoscopic scale with AFM. In comparison with the peel test results for the 7M8 and
the DF645 coated films to cotton fabrics, presented in Chapter 5, the peel force was ~ 4
times higher for 7M8 coated film at 165°C than for the film coated at 130°C. For the
DF645 coated at 155°C, the peel force was ~2.6 times higher than for the film coated at
120°C. This suggests that the chemical adhesion contribution to the product’s adhesive
strength is significant, compared to the contribution from mechanical adhesion/interlocking

which depends mostly on sample surface roughness®.

The results presented in these studies strongly indicate very distinguishable strain energy
dissipation mechanisms by the adhesive films during the tip debonding. As far this work
goes no systematic studies have been published regarding the practical adhesion of
plastically or viscoelastically deformable sample attached to a rigid/rough AFM substrate.

Sun et al*®

., have mapped force-displacement curves on poly(dimethylsiloxane) at
different ramp rates and tip-sample dwell times. With slower ramp rate and longer dwell
time, they observed larger adhesion-induced indentation and an increase in hysteresis
between the extension and retraction force curves. They attributed the observation to
energy dissipation dominated by viscoelastic relaxation processes within the polymer bulk
and polymer relaxation at the tip-sample interface. On the basis of discussions about

macroscopic measurements of adhesive performance??1*21¢

it has been noted that the peel
strength increases with increasing peeling velocity because viscoelastic losses within the
bulk of the adhesive are controlled by the deformation rate. From the peel, tack, and shear

tests, the viscoleastic losses with the formation of fibrils is assigned as the fundamental
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reason for good peel behaviour (Chapter 2.6.3). The relationship between the
thermodynamic work of adhesion, Winermo Which is determined with pull-off experiments®®*
and the practical adhesion, Wqqn, With peel, shear tests, etc., is Wagh = Winermo (1+6¢). The,
¢, is a dissipation function depending on the test parameters (e.g. crack propagation,
temperature, rate and adherend deformation) and adhesive bulk parameters (e.g. thickness
and viscoelasticity)?**?*?#18 The ohservations therefore suggest that more efficient and
faster energy dissipation mechanisms occurred within the high-temperature coated and
annealed samples compared to the low-temperature coated films. Hence the molecular
stress relaxations at the film surface and within the film morphology (of high-temperature

coated and annealed) could be faster and more efficient.

As confirmed by the force curve plots ( E.g. Figures 7.3, 7.6 and 7.12), it is apparent that
the tip stayed in contact with the high-temperature coated and the annealed films longer
than with the low-temperature coated films, until the tip-sample contact breakage. The tip
jump-outs are also larger as seen in the plots. Since the tip is on the end of a complaint
cantilever, a high pull-off is equivalent to a substantial cantilever bending during tip
detachment. These observations reflect stronger intrinsic surface adhesion exhibited by the
high-temperature coated and the annealed films compared to the low-temperature coated
films. It is though not understood yet whether fibrilisation or cavitation of the sample
preceded the tip jump-outs and contributed to the discrepancy in peel strengths as the
investigation offered no means of visualizing the debonding mechanisms in real time at the

nanometre range.
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Table 7.1: The results from the AFM force-distance measurements presenting the
quantification of the adhesion force and energy values.

Adhesive films Amount of force Average adhesion Average work of
curves force, x k® [N] adhesion x k®
[Nm]
7M8 coated at 49 2.15+0.14 1416 + 226
130°C
7M8 coated at 49 5.83+£0.27 11406 + 880
130°C, and
annealed.
7M8 coated at 49 6.92 +0.76 16580 + 2907
165°C
DF645 coated at 90 3.45+0.1 5324 + 242
120°C
DF645 coated at 49 6.34 £ 0.22 12058 + 711
120°C, and
annealed.
DF645 coated at 90 8.76 £ 0.17 33544 + 1633
155°C

®) Cantilever spring constant

7.3.1 Studies and discussions of the complex nature of the

retraction force curves

7.3.1.1 Role of rubbery phase

The synergistic contribution from all the film subcomponents with corresponding

relaxations of specific characteristic times all contribution to the adhesive strengths
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measured for the different coated films. The probable stretching of the adhesive film
during the debonding can be described by a thermodynamic balance between work of
adhesion and the sample cohesive energy. Based on the results and explanations given
above, a tentative effort is made to explain the roles of surface chemical nature, the film
hierarchical structure and block copolymer chain dynamics behind the intricate nature of
the debonding processes.

The adhesive films are highly hydrophobic consisting mainly —CH,- groups. The Chemical
group analysis with ToF-SIMS presented in Chapter 6 revealed similar chemical nature on
the surfaces of the adhesive films irrespective of processing thermal history. This is not a
surprise given the fact that each PSA sample series are of the same blend formulation. The
tip used for the force measurement was made of silicon (Si) atoms. When exposed to air, Si
is known to form a thin layer of silicon dioxide (SiO,) at the Si-air interface®™’. Hence
charged SiO" groups can exist on the Si tip surface, but their contribution to adhesion as
electrostatic attractive forces should be minimal as no charged groups were used in the
blend systems. Hydrogen (H) bonding is not expected at the tip-sample interface, as H
must be directly bonded to one of the atoms with high affinity for electrons such as oxygen
(0), nitrogen (N) or fluorine (F) for the force to be in effect. Van der Waals forces are

assumed to be dominant for the tip-sample attraction®’

. Meniscus forces generated by thin
layer of water found on most surfaces have been reported to contribute to adhesion
forces?”. The presence of water layer should be consistent for the samples under the same
measurement conditions and moreover earlier studies have reported that the adhesion force

of a hydrophobic surface is independent of the air humidity®®.

In mixtures consisting of dangling polymer chains in the solution, steric forces have been
reported to contribute to the surface adhesion forces. Steric force’”® arises when a rigid
surface is pressed against a surface of dangling polymer chains. The rigid surface can
confine the dangling chains in a well-defined volume creating a repulsive entropic force,
“steric” or “overlap” force. These forces could be in effect at the tip-sample interfacial
contact. On the basis of qualitative considerations of solubility parameters, the release of
PS segments into the film matrix at higher temperature due to the decrease in segregation
power is assumed to increase the rubbery concentration in the matrix. This is because of
the triblock structure and the outcome could be stronger steric forces for films coated at

higher temperatures and annealed than films coated at low temperatures.
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Three models are proposed to describe the adhesive peel nature observed with the force-
distance measurements. The Models are postulated with support form the phase transition
observations in Chapter 5, the film morphologies presented in Chapter 6 and information
about copolymer physical network systems found in the literature®*%475! The adhesive
systems are hypothesized to be semi-interconnected, i.e. there are sections within the films
where PS domains acting as physical crosslinks are interconnected with the elastomer
chains into a network and there are sections where the domains are effectively isolated.
Based on the results presented in Chapter 6, there appears to be a higher fraction of inter-
connected network system within the high-temperature and annealed films than within the
low-temperature coated films. What dictates the interconnection are the domain spacings
and the presence of polydiene, as hypothesized in Chapter 6.

The illustration depicted in Figure 7.15a, Model A depicts an adhesive film-morphology
with higher fraction of effectively isolated PS-rich-copolymer domains. This is due to the
relatively larger domain spacing making elastomer bridging thermodynamically unfeasible
(Chapter 6). Such a system is presumed to be dominant within the low-temperature coated
films of the DF645 and 7M8 adhesive blends. When the film matrix is subjected to the
cantilever force, the stress dissipation can mainly occur through friction and slippage of the
elastomer chains and possibly resin conformer re-organisations at the strained region. The
stresses are therefore largely localised due to the lack of long-range network system.
Assuming an absence of other molecular mechanisms for energy dissipation, the
mechanical energy absorbed by the sample system from the cantilever and stored
reversibly will be relatively low until the maximum threshold limit is reached. The sample
will then detach from the probe as a result and relatively low adhesion force and

corresponding adhesion energy are measured in effect.

In Model B (Figure 7.15b), a film morphology is depicted where the abundant presence of
phase separated PS-rich-copolymer domains enable domain inter-connections by elastomer
chain bridging®™ and adjacent loop entanglement interactions. Since the film matrix is
dominated by the domain-interconnection, it is assumed that the independent network
deformation of the matrix system in the proximity of the tip-sample contact region can be
distributed over a macroscopic region. When the film surface layer is stressed during the
tip withdrawal, the mechanical energy can then be transmitted primarily along the
elastomer chains from a domain junction to the other over the wider film matrix area. The

energy dissipation mechanism within a system of Model B would be highly efficient as

219



more units are involved in the several relaxation processes. Even though rubbery chains in
the surroundings of the rigid PS domains are restrained from easy mobility since denser
crosslinked polymer networks are known to lower the mobility of the chain segments®®® |
perhaps the dilution effect of the resins still imparts large freedom of motion to the
elastomers, giving them short relaxation times and overriding the confinement effect of the
rigid nano-domains. As such the rubbery chains at the film’s near-surface could still
exhibit quicker relaxations and contribute to the efficient energy dissipation within the

high-coated and annealed film samples.

In a system lacking suitable inter-domain distances thermodynamically feasible for
elastomer chain bridging, the presence of resin-diluted polydiene-induced PS dangling
chain ends are speculated to contribute to the domain inter-connectivity, as illustrated in
Model C (Fig. 7.15c¢). This could occur since the polydiene elastomer segments might not
undergo chain loop by back-folding® due to the already decrease in entropy of the
restrained free rotation caused by the m-m bonds. This phenomenon was postulated in
Chapter 6 for the DFC600 blend system where the adhesive peel is relatively good even for
the low temperature-coated film. The DFC600 system did have the highest polydiene

content in the blend formulation.
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Figure 7.15: Schematic illustration depicting (a) the pre-dominant network
architecture of the adhesive matrix of low temperature-coated film, (b) the
predominant matrix of high-temperature coated and annealed films. In (c) polydiene-
-induced dangling PS chain-end entanglements contributing to the network system by
inter-connecting the nano-domains at distances energetically unfavourable for
elastomer chain bridging.
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From the observations made of the samples coated at low temperatures (7M8 at 130°C and
DF645 at 120°C), the force curve trends suggest inefficient energy dissipation mechanism
as the cantilever probe detach from the film surface at relatively short piezo withdrawal
distances. The tip jump-out process also appeared to occur as a gradual detachment
(especially for 7M8 coated at 130°C, Fig. 7.3) rather than a large sharp discontinuity as
seen for the high-temperature coated and annealed films. The central arguments drawn is
that the film surface possibly elongated by fibril formation or single elastomer chain
extensions due to the film matrix’s system inability to dissipate the contact region stresses
over a wider area. As the piezo exerted further pulling force and the tip-sample distance
increased, the viscoelastic force of some of the film layer or single matrix chains tethered
to the tip became larger. In such a case the tethered sample would longer adhered and
consequently detached from the tip (first multistep level of pull-off part). The outcome was
be a new equilibrium position (horizontal line, Fig. 7.3) for the cantilever, but the tip was
still a distance away from the initial zero-force horizontal start position since as some
sample was still attached to it. The process went on until the spring constant exerted by the
piezo-cantilever exceeded the gradient of the intermolecular forces between tip and
sample. The tip would then detached from the sample and bounced back to its initial zero

force line, for the next f-d curve in the next region (Index) to be collected.

Similar observations have been reported by Portigliatti et al*®*., about the adhesion
behaviour between an AFM tip and single latex particles. They discovered that upon
retraction of the tip, viscoelastic and plastic energies were dissipated in a volume, which
could extend to several neighbouring particles. If the stress could not propagate to the
neighbouring particles, it was dissipated by the pulling out of filaments from the particle,
which was indicated by multiple tip jump-outs in the force-displacement curves. Ortiz et
al*¥., measured the entropic elasticity of poly(methacrylic acid) by stretching the polymer
chains with an AFM tip and they reported similar multistep retraction curves assigned to
the lengths of the stretched chains. The observations made in these studies suggest that the
7M8 sample coated at low temperature inherit discernible local adhesion nature. When the
tip interacted with the regions where one-step pull-off was observed (Fig. 7.3), it is
assumed that the film layer or single chains detached simultaneously. The fundamental
film subsurface morphology (Chapter 6) that underpins strong adhesion characteristics was

inefficient in dissipating the strain energy as depicted in Model A (Fig. 15).
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For the high-temperature coated and annealed films (Figures 7.6, 7.10, 7.12, 7.14) the
cantilever tip demonstrated an abrupt one-step detachment process with larger pull-off
forces. The observation manifests uniform and homogenous nature of the film surface
layers which interacted with the Si tip at the contact regions. During the debonding
processes of these films from the tip, the matrix chains binding resins/oil act in synchrony
as a result of the predominant interconnections, as explained with Model B (Figure 7.15b).
It is further assumed that more elastomer chains exist at the coated film surfaces due to the
higher PS micelle/um® amounts in the films (See Chapter 6, section 6.3.4 and 6.3.5), and
that the elastomer chains are relatively more entangled. The rationale is based on the
notion that, each self-assembled PS-rich copolymer domain will have a certain amount of
elastomer chains in its surrounding®. With a fixed film free volume, the best way for
efficient packing in a confined space would be through entanglements, resulting in a finite

length of the network chains.

As piezo retraction proceeded the extension of the entanglements is successfully trapped
which meant large sliding of the chains across each other is prevented. The Si tip was
effectively held firmly and larger cantilever deflections were observed (Figures .6, 7.10,
7.12, 7.14) with the piezo retraction. This perhaps also explains the higher intrinsic
adhesion of the films surface of high-temperature and annealed samples. The cantilever
force exerted on at the local contact region was further dissipated through the
interconnections. As the piezo retraction proceeded further, it got to a point where the
strain energy exerted on film matrix chains reached a maximum. The network chains
between successive entanglements could then be stretched fully. The repercussion was
simultaneous breakage of the tip-sample contact and the tip bounced back in a one-step
elastic-like nature to the initial zero force line for the next force measurement to take place.
Oesterhelt et al*®*, have reported about how single strands of poly(ethylene glycol) in water
were pulled by the AFM. They stated that that the water molecules were likely to form
fluctuating intramolecular bridges, shortening the net polymer length and making them

resist substantial extension during the tip retraction process.

7.3.1.2 Role of PS domains

Although the rubbery/resin/oil film matrix surfaces establish the direct contact to the

cantilever tip, the dissipation of the large strain energy during the tip debonding processes

would be majorly controlled by the polystyrene-rich regions. Hence it is also important to
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consider the stress distribution from the PS perspective. The amount and nature of the
phase separated PS-rich-copolymer domains are acknowledged to be essential for the
film’s cohesive force and peel resistance. In styrene-elastomer based thermoplastic gel
systems, the authors reported the presence of imbibed rubbery/oil within PS phase-
separated micelles'®%, This in effect will have an impact on the property of the domains
functioning as physical crosslinks for the rubbery matrix.

By implementing models of rubber elasticity (Section 2.5.1) Schlegel et al.**,
characterised the stress-strain behaviour of a multi-graft copolymer of PS and PI. They
reported that if the PS domains were ordered in homogenous lamellae or cylinder phases
enclosed by a PI phase, the stress distribution within the PS phase would be homogenous
and highly efficient. If the PS regions were disordered due to the presence of imbibed Pl
serving as local stress maxima points, they became very sensitive to stresses and failed
easily. A similar phenomenon could unfold within the adhesive samples. The more
uniform the domain cores are, the better they will function as stress distributing junctions
during film debonding process. For the films coated at high temperatures, the distinct T,
peaks attributable to the PS domain relaxation observed in the DMA measurements
(Chapter 5) support this view. The smaller domain sizes revealed by the AFM phase
images (Chapter 6) partly reflects an improved chain ordering within the PS-rich-
copolymer domains of high-temperature coated and annealed films. The films coated at
lower temperatures with larger nano-domain sizes and diminished Ty (PS) insinuates a

relatively heterogeneous domain nature with potentially poorer stress distribution ability.

The wisdom from these results is that the debonding process is comprised of viscous and
elastic parts coming from both, the adhesive soft matrix of elastomer/resins/oil and the
glassy PS-rich-copolymer domains. The contribution of the viscous deformation alone has
to be considered in two ways, firstly the PS phase due to local exceeding of the yield
stress, and the matrix elastomer chains. The elastic part can be expected firstly from the
contribution of the elastomer phase due to the chain bridging of the glassy nano-domains
and the interconnections by possibly the polydiene-induced entanglements. The glassy
nano-domains serve as obstacles to the viscoelastic flow of the matrix phase during the
debonding process. An increase of the obstacles can be expected firstly by an efficient
distribution of the PS-rich-copolymer domains as explained in Chapter 6, and also by the

PS undertaking different thermodynamic feasible phases as a result of variation in its local
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concentration. 7M8 coated at 165°C has actually displayed very high peel strength values

366

(not shown here)™, probably as a result of the higher styrene content in the formulation.

7.3.1 Elastic modulus determination of thin coated films

The use of nano indentation to measure mechanical properties can be related to the contact

37 and Boussinesq®®. Hertz

theory originally considered in the 19™ century by Hertz
analysed the problem of the elastic contact between two spherical surfaces with different
radii and elastic constants. Boussinesq developed a method based on a potential theory for
computing the stresses and displacements in an elastic body loaded by a rigid
axisymmetric indenter. A development of Boussinesq’s work has been contributed by
Sneddon®* where he derived general relationships between the load, displacement, and
contact area for any punch that can be described as a solid of revolution of a smooth
function. Oliver and Pharr*”® made a critical improvement to the indentation technique,

who applied Sneddon’s method to determine the contact area at maximum load and

function of unloading depth.

For the elastic modulus determination, the tip is allowed to penetrate into the sample,
where both elastic and plastic deformations occur. Plastic deformation will make the
sample conform to the indenter shape up to the contact depth h, as illustrated in Figure
7.17a where hma is defined as the maximum indentation depth and hs the elastic
displacement or sink-in depth®**"?, During the tip withdrawal from the sample surface, the
first phenomenon that occurs is the elastic recovery of the zone near the contact area. The
gradient S (Fig. 7.17b) of the initial portion of the unloading stiffness curve provides the
elastic parameters for the sample. The relationship of moduli obtained from an indentation

measurement by a rigid indenter is***>"

— = L+ 7.8

Where E; is the reduced modulus, E; and vj are the Young’s modulus and Poisson’s ratio of
the indenter, and Es and vs are the same parameters for the sample. For samples that are

much softer than the indenter, E; >> Es and the above equation can be rewritten as:

E;=E, - (1—v2) 7.9
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Figure 7.16: Sketch of (a) the indentation profile of the AFM tip, and (b) loading and
unloading curves including the elastic contact slope, S and final depth hf*"*.

The constituents of the adhesive blend that exhibit a viscoelastic property are mainly the
triblock copolymers, hence value for Poisson’s ratio has been chosen as 0.4 which is
between that of 0.35 for rigid polymeric material like polystyrene and 0.5 for elastomers®’>.
According to the Sneddon’s theory of the punch of a hard indenter on a deformable
surface, E, is directly proportional to S between the tip-sample contact area of the

unloading curve at the maximum load P and indentation depth h, as®"**"437>37¢

_ dPnax _4/Re

dh, 3

E, Ah® 7.10

Where R is the radius of curvature of the tip if the apex is assumed to be parabolic, he, is
the height of the penetration contact depth and S; depicts S for each indentation
measurement i. A correlation of the S factor is required due to the bending of the cantilever

itself, through the relationship®”’,

ScantileverSsample(ij)

Sconv. = 5 7.11
cantilever — 9sample(ij)
Sconv. " Kk k - Ssample(ij
S =Scom K = S : = S ple)) 7.12
cantilever cantilever — 9sample(ij)
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Where Scantilever 1S the slope measured on the non-deformable silicon substrate, to obtain the
deflection of the cantilever. Ssampiegj) IS the slope for measurement point i of each sample
surface j, k is the cantilever spring constant and has already been determined exactly to be
17 N/m (See Section 3.2.6.2). The K (nN/nA) is a conversion factor and comes about
because the Nova software (NT-MDT, Russia) records the vertical axis of the load in nano-

amps (nA) and this value has to be converted to nN according to*"*"®,

k
K=F——"7— 7.13

Scantilever

The force values are then multiplied by K to convert them from nA to nN. Since the
adhesive sample is assumed to buckle around the tip with a potential sample pile-up (i.e.
when material is forced up along the sides of the tip) due to the soft nature of the film

surface, h is determined as®"®%"®,

Ahc == Ahsample - Ah’tip 7.14

Where Ah is the penetration depth between maximum load and tip-sample contact point.
Fifteen indentation measurements on each sample surface were collected and the values are

comprised in Table 7.2. The Shear elastic modulus G is finally determined according to®**

_E;-2(1-v)

Gl
3

7.15
It must be stated that the Sneddon theory used for the elastic modulus quantification
describes an infinitely hard indenter with a special geometry and a flat, deformable
substrate. The JKR model?"**® registers a better insight into nano-mechanical evaluation
of adhesives since the model is suitable for highly viscoelastic systems with low stiffness
and indenters with large tip radii. The relationship between the applied load, P, and the

contact radius, r, is determined as,

i

k
g = P +3moR + \6mGRP + (3maR)? 7.16

Where k is the elastic constant, ¢ is the surface energy and R is the radius of the indenter.

Due to limited research time and available funds there was no opportunity for accurate
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determination of the surface energy and hence the implementation of the JKR model. Error
with the quantification of the elastic modulus will arise from the definition of the initial
points of the unloading slope since data points were missing for reasons given earlier. The
unique nature of the blend systems and further uncertainty with the determination of the
indentation depth makes it unreasonable to compare the values obtained in this work with
values found in the literature. Wensheng et al.*®, have reported G’ values of 4.27 MPa for
polybutadiene surface and 1000 MPa for polystyrene, obtained by nano indentation studies
with AFM. The values presented in this work are expectedly much smaller since the

specimens are not homopolymer systems.

Table 7.2: Quantification of the elastic moduli for DF645 adhesive coated films.

Sample DF645 Slope S [nNN/nm] Youngs Es [KPa] Shear G’ [KPa]
Film coated at 120°C 4.46 £0.34 16.8+0.4 6.7+0.4
Film coated at 155°C 7.24+0.84 11+15 39106

The film coated at 155°C appears to exhibit an easier deformable surface than the film
coated at 120°C. Crosby and Shull®® suggested in their work that for an adhesive to show
outstanding bonding properties, a large average molecular weight between entanglements
(Mg) for the base elastomer is required, and this value is inversely proportional to the
plateau elastic modulus G’(modulus at end-use condition). Other studies have also
highlighted this relationship?*"®?%, The film surfaces have proven to be rubbery-rich, as
evidenced by the phase images (Chapters 6) and the force curves not directly relating to the
phase-separated regions characteristics (7.3 to 7.13). In contrast, it is worthwhile to
mention that the tensile and the dynamic storage moduli measurements presented of the
bulk adhesives annealed at the different temperatures for coating the films do not show
such an obvious difference. This may further support the notion of discernible properties of

the films and the corresponding bulk samples.

7.4 Summary

The studies presented in this Chapter have provided new and important structure-and-
adhesion information of copolymer-based pressure-sensitive adhesives (PSAs) on a highly
local scale. With the implementation of an atomic force microscope (AFM), it has been

possible to perform straightforward adhesion investigation of pristine commercial adhesive
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surfaces. The ability to use the same AFM probe for sample imaging combined with the
capability to switch back and forth from the imaging to force mode measurement allows a

straightforward identification of the film’s local morphology and adhesion properties.

The work has demonstrated that desired bonding and debonding of PSA:s based on
styrenic triblock copolymers are dominated by the viscoelastic characteristic of the coated
adhesive film even on a local bonding region on the nanoscale range. Though the AFM tip
appeared to have interacted directly with the films’ rubbery/resin/oil-rich near-surfaces, the
fundamental characteristics governing the adhesive bonding nature involves the synergistic

effect of mainly the film’s subsurface morphology. This effect consists of;

1. The abundance of PS-rich-copolymers domains dispersed within the adhesive
continuous matrix and function as physical crosslinks.

2. The inter-connections of the domains by elastomer bridging if the domain-
spacing allows elastomer bridging without entropic penalty.

3. The inter-connections of the domains by resin-rich polydiene-induced PS-rich
dangling chain ends through entanglement junctions with similar neighbouring
chains. These entanglement inter-connections might occur even at domain-

spacings thermodynamically unfeasible for elastomer bridging.

The inter-connected network system when extending over a larger film area is profoundly
vital for the energy dissipation within the coated film when the film is subjected to external
stresses. The force-distance curve measurements with AFM cantilever tip have
conclusively verified adhesive strength superiority by films coated at high temperatures,
where much higher adhesion forces and larger adhesion energies were obtained in
comparison with corresponding adhesive films coated at lower temperatures. This is due to
the inter-connections dominating the stress distribution mechanism within the high-
temperature coated films. In the low-temperature coated films where there appears to be a
higher fraction of PS-rich-copolymer domains effectively isolated due to the low domain
presence, the film’s ability to distribute internal stresses iS deteriorated significantly and

the adhesive peel strength is suppressed as a result.

When the low temperature coated films were annealed at 40°C for 4 weeks, the adhesion
property improved tremendously, almost equalling the adhesion force and adhesion energy
values measured for the films coated at high temperatures. The long time annealing seems
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to have promoted the self-assembly of the PS-rich-copolymer domains and hence the re-
establishment of some inter-connected network system.

Adhesive film surface modulus measurement with an AFM nano indentation technique
proved that films coated at high temperatures exhibit a lower surface modulus than films
coated at low temperatures. Such property suggests that the high-temperature coated films
could exhibit rubbery chains at the near surface with shorter relaxation times to release
internal stresses probably due to a better dilution of the resins within the rubbery phase.
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Chapter 8

8 Conclusion and future work

8.1 Conclusions and Future work

8.1.1 Conclusions

Adhesion is a surface physico-chemical phenomenon and can be briefly determined by two
factors. The first factor is the energy of the deformation of the viscoelastic adhesive, which
comes into play until rupture or separation occurs from the bonding to substrates. The
second factor is that the two bonding surfaces must be brought into contact with each other
for molecular attraction forces to come into play (wetting). This responsibility partly lies
with the surface nature of the substrate and the interaction of the adhesive with the
substrate. In this research work a systematic investigation of the properties of coated films
of different commercially available pressure-sensitive adhesives (PSAS) has been carried
out. This has been done in an attempt to understand the underlying factors that govern the
adhesion performance from macro- to nanoscale. For comprehensive knowledge of the
viscoelastic behaviour and optimization of the adhesive’s performance, one must
understand and inter-relate the complex physics occurring at each scale level during end-
use. The adhesive systems utilized in this research were multi-component blends where
contradicting effects of the some of the blend components and close Tys made it difficult to
instantly identify patterns of subcomponent compatibility. Nevertheless the results
obtained are enlightening and suggest that adhesive films with different thermal histories
exhibit distinguishable peel performance even on bonding areas on the nanometre scale.

The conclusions from the studies are:

e Hierarchy of surface structure of PSA films.

With TOF S-SIMS, the uppermost surfaces of the PSA films were characterised on a

macroscopic scale of 250 x 250 mm? The results have shown from a chemical group
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standpoint that adhesive films of the same blend system exhibit similar chemical groups on
the film surfaces irrespective of the film’s preparation thermal history. Relative ion peak
intensities suggested an enrichment of the rubbery/resin/oil matrix on the uppermost film
surfaces, presumably driven by molecular surface energetics. Subtle discrepancies in peak
intensities indicated more enrichment of the aforementioned on the surfaces of films coated
at high temperature or annealed compared to low temperature coated films.

Beneath the near-surface tapping mode (TM) AFM revealed adhesive film morphology of
phase-separated micro-sized agglomerates coexisting with nano-sized domains within the
soft coated film matrices. The micro-sized agglomerates seemed to be residual resin-rich
regions and partitioned block copolymer aggregates. The nano-sized domains were PS-
rich-copolymer self-assembled domains. The micro-sized agglomerates were found within
the coated films of the DF645 and 7M8 blend systems, but were non-existent in the coated
films of the DFC600 blend system. For the 7M8 coated films, the matrices comprised of
both spherical- and small rod-shaped PS-rich-copolymer domains and this was expected
given the highest styrene content in the 7M8 blend system.

e Multi-component self-assembly, phase transition and separation.

The results from the viscoelastic property investigation with DMA were consistent with the
AFM film morphology observation. For the coated films of all the blend formulations, two
major phase transition peaks were observed. A conspicuous Ty peak observed at low
temperatures (~ -11°C) for the thermal relaxation of the adhesive rubbery matrix and a T,
peak (~100°C) indicative of the thermal relaxation of the PS-rich-copolymer domains. In
the case of the 7M8 and DF645 films there were further weak peaks which could be the
thermal relaxations of the micro-sized agglomerates. The tan &6 peak heights of the
adhesive matrix T4 of both high- and low-temperature coated films of the DFC600 blend
system were the lowest of all the adhesive samples. This suggests a relatively dominant
elastic-like film matrix nature during the thermal transition. The observation has been
attributed to the high polydiene content in the DFC600 formulation which is envisaged to
promote the elasticity of the adhesive coated films.

e Adhesion at nanoscale with corresponding nanostructure, viscoelasticity and

elasticity.

Adhesive peel strength measured with an AFM force-distance method explicitly showed

that the coated films exhibit distinguishable peel properties even on nanometre scale
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bonding contact areas. The films coated at high temperatures displayed superior adhesive
peel strengths compared to the equivalent adhesive samples coated at low temperatures.
The stronger intrinsic adhesion of the high-temperature coated films is assigned to the

synergistic effect of:

1. Inter-connected network system whereby elastomer chains binding oil and resin
molecules connect the PS-rich-copolymer domains either through chain bridging
and entanglement junctions due to high domain number density and short inter-
domain spacings. This morphology majorly governed the energy dissipation within
the coated films during the debonding by transmitting the peel-off stresses over
wider film areas.

2. Improved dilution of resins within the elastomer phase which could result in
quicker stress relaxations of the rubbery chains. The lower surface modulus
measured for high-temperature coated films compared to low-temperature coated
films could be the result of this phenomenon.

The relatively low presence of PS-rich-copolymer domains found within the low-
temperature coated films is envisaged to generate film morphology with low fraction of
domain inter-connected network. The outcome is a suppression of the film’s ability to
distribute internal stresses efficiently. Therefore low adhesion peel forces and adhesion
energy values were measured for the low-temperature coated films. After long-time
annealing of the low-temperature coated films, the adhesive peel performance improved
significantly. This was due to the improvement of the film morphology that was

reminiscent of the high-temperature coated film morphology.

e The effect of temperature on film morphology and adhesion

The adhesive film morphology and subsequently peel characteristics is strongly connected
to the film’s processing thermal history. In the case of DF645 and 7M8 blend formulations,
the aforementioned microphase-separated agglomerates were bigger in sizes and higher in
presence within the films coated at low temperatures compared to the films coated at
higher temperatures. When the low-temperature coated films were annealed, the
agglomerates appeared to disperse into and acquire similar mechanical characteristics as
the film matrix. The agglomerates were not found within the films of the DFC600 blend
system and it is concluded that the high concentration of polydiene segments enhanced the
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rubbery miscibility with the resin agglomerates, which could facilitate the PS domain self-
assembly.

On the nanoscale the formed PS-rich-copolymer domains were abundant, smaller in
diameter and with short domain spacings within the continuous matrices of the high-
temperature coated films. Within the films coated at low temperatures, the nano-domains
were much fewer, bigger in sizes and with larger inter-domain spacing. The discrepancy in
adhesive film molecular architecture was a combination of;

e The film preparation process which involved melting at high temperatures and
quenching to ambient temperatures, thereby preserving the formed morphologies at
the melt sate.

e The segregation power, YN, between mainly the PS and the rubbery phase. Since N
is fixed in the adhesive blends, the, %, which is inversely related to temperature
crucially contribute to the domain self-assembly.

There seems to be a competition between maximising the reinforcement of the PS-rich-
copolymer domains in terms of their number and surface areas (they function as physical
crosslinks) and maximising the adhesion in terms of large a volume ratio and contact
surface of the multi-component rubbery matrix. The adhesive reached an optimised
balance easily when coated at high temperatures. The long-time annealing improved the
film morphology and adhesion of the low-temperature coated films. The copolymer-based
PSA formulations inherit the characteristics of viscoelasticity, showing the time-
temperature superposition principle. This means that the adhesives annealed at a relatively
low temperature for a long time should behave similar to those heated at a higher

temperature for a short time.

The morphology and peel behaviour for the DFC600 films did not depend as much on
coating temperature compared to the 7M8 and DF645 samples. It was probably due to the
improved compatibility between the polydiene-enriched elastomer phase and the alicyclic
resins presumably via Van der Waals attractions. The polydiene could further promote the
physical interconnections of the PS-rich-copolymer domains through entanglement-
junctions of adjacent chains. Since double bonds are restricted from freedom of rotation
around the c-bonds, substantial entropic penalty could arise if the polydiene-elastomer
chains underwent further restraint by back-folding into loop conformations. It is believed
that the system would rather choose to form dangling chain ends where PS end blocks
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would extend into the rubbery film matrix to gain some extra translational entropy.
Therefore nano-domain inter-connections could occur easier as a result of a large volume
of entangled dangling chain ends within the film matrix, resulting in a wider network
system. Even when the DFC600 was coated at low temperature, its peel force was roughly
3 times higher than that of the low-temperature coated films of the 7M8 and DF645 blend
systems.

e The role of the end-block tackifier and the optimization of the PSA
formulation

Though the location of the endblock tackifier resin within the film matrix and its
involvement in the self-assembling of the PS domains could not be directly confirmed, the
alteration of the tackifier was found to have an effect on the structure and properties of the
adhesives. In the case of the 7M8 formulation where higher content of a styrene-based
resin was used, the adhesive film was found to be very sensitive to the coating temperature.
The adhesive peel strength deteriorated significantly if the coating temperature was not
high enough to enhance the mobility of the PS chains and facilitate the self-assembly of the
nano-domains. It is assumed that if the resins are enriched at the PS and rubbery matrix
intermixed interface, the phase-separated interfacial property will improve and the energy
dissipation during a debonding process will be enhanced. Factors that facilitate the
formation of the physical crosslink network system like for instance the introduction of
components like the polydienes or thermal energy to promote the PS-rich-copolymer self

assembly, the peel strength of the coated adhesive film will be improved.

¢ Novel combined techniques for characterising PSA coated films

In Chapter 4, classical mechanical property investigations performed on adhesive bulk
samples with different thermal histories suggested that though the temperature effect is not
as crucial on the mechanical characteristics of the bulk adhesive, it is extremely significant
on the properties of the corresponding coated films. The possibility to directly measure the
properties of the coated films is paramount to the adhesive industry. The investigation of
the viscoelastic behaviour of the adhesive coated films with DMA by enveloping the soft
thin films in steel material pockets proved very successful. The method allowed the
determination of the transition temperatures but did not permit a quantitative measurement

of the complex dynamic modulus due to the high stiffness of the pockets.
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The studies also provided new and important structure information about adhesives on a
highly unexplored scale. With TM-AFM, it was possible to perform a straightforward
morphology investigation of the tacky pristine adhesive surfaces. The technique
demonstrated that height images do not necessarily reflect the real surface topography of
soft adhesive samples. The phase images do give a true account of the film morphology
and it is a quick way to investigate the quality of the blending process and partly predict
product end-use performance.

AFM force-distance measurement also highlighted a quick way of investigating the
microscale and nanoscale adhesive peel properties with no specimen pre-treatment, as

required with other techniques.

8.1.2 Future work

There are a couple of avenues that lays the foundation for future studies based on the
results presented in this thesis work. No doubt each of the formulations studied could be
manipulated to maximise one or more adhesive properties and that for each blend studied,
the optimal formula will probably be different. This will however require time and
tremendous amount of work. Naturally an adhesive blend could be prepared with a triblock
copolymer consisting of three incompatible blocks such as ABC in a B selective solvent.
Such a system is assumed to generate very high fraction of B elastomer chains bridging
phase-separated A-rich and B-rich domains, resulting in a film with profound elastic-like
properties at end-use condition. The ability of the rubbery chains to bridge the rigid PS-
rich-copolymer domains in addition to entanglements is postulated to contribute largely to
the peel performance of the tackifier-promoted adhesive films. Future studies could
therefore be directed towards investigating the fraction of for instance elastic chains which
are elastically active (i.e. bridging PS domains).

8.1.2.1 Dynamic viscoelastic studies of the network system

For all the bulk samples annealed at the different temperatures in Chapter 4, an elastic
plateau modulus was observed at the low frequency (long times) range indicative of
network structure as reported in earlier studies*?. It is known that ordered copolymer melts
exhibit non-terminal relaxations on a time scale longer than the longest relaxation time of

an individual chain. Therefore, the shear modulus in the low-frequency reflects the
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material’s microstructure adopted at a given thermal history®?. It would be interesting to
find out the plateau modulus at the low frequency regime for the thin adhesive coated
films. Thin films can be prepared and piled up to the equivalence of ca 2mm. The adhesive
samples can be annealed for approximately one hour each at the different coating
temperatures and then quenched in liquid nitrogen or ice/water slurry to freeze the
morphologies developed at the molten state. Two sets of measurement protocols can be
followed; (1) amplitude strain sweep to ascertain the linear viscoelastic region and (2)
frequency sweeps at different fixed temperatures to study the relaxation characteristics of
the molecular architecture of the triblock copolymer based systems. Such information
would be useful in defining optimal film annealing condition.

In the studies by Derail et al*®®

they reported that the low frequency plateau modulus
decreased with the volume fraction of isoprene in an SIS/SI system. The samples
behaviour at the lowest frequencies was reported to correspond to the relaxation of the
polyisoprene of Sl trapped in an SIS network. The plateau modulus is known to scale
linearly with the reciprocal of the molecular weight between entanglements, M, ,according

to 382

o _ fkaNA

= 1
N5 M, 8

Where k is the Boltzman’s constant, p is the polymer density, Na is the avogadros constant
and T is the temperature in Kelvin. The value of M. can give an insight into the resin
compatibility with the rubbery phase and reflect the dissipation power of the elastomeric

phase.

8.1.2.2 AFM morphology studies of the network system

Scanning force microscopy (SFM) has been applied to detect in situ conformational
transitions of single polymer molecules adsorbed on a substrate surface. In the report by

Gallyamov et al®®

, they studied the reversible collapse-decollapse of cylindrical poly
(methacrylate)-graft-poly (n-butyl acrylate) brush-like polymers exposed to different
solvent vapours with different surface tensions in real time with SPM. The micro-
molecules on mica tended to assume a compacted globular conformation when exposed to
the vapour of compounds, which due to their amphiphilic nature adsorb on mica and lower

the surface energy of the substrate (e.g. alcohol). By contrast, the macromolecules adopted
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extended two-dimensional worm-like conformations when in the vapours of compounds
having high values of surface tension (e.g. Water). The dynamics of the collapse and
spreading of the macromolecules were observed directly and in real time. They attributed
the observation to the tendency in competition in the spreading on the substrate surface
between the macromolecules and the co-adsorbed vapour molecules. If the brush-like
macromolecules succeeded in the spreading, they acquired an extended conformation.
Otherwise they collapsed in order to reduce the surface area per molecule. These brush-like
structures could be viewed in real-time with the SPM. Similar procedure could be
implemented in an attempt to view the network conformation existing in the different

adhesive morphologies.

Solutions of the film could be prepared by film casting the adhesive in toluene which is a
very good solvent for styrene, and then such as in hexane or chloroform which has low
surface tension or vapours of mineral 0il.)*®. The films can e.g. be prepared by producing
a 20 wt % adhesive/toluene solution, then depositing on mica and allow to dry for room
temperature for 24 hours. The different network systems can then be viewed with TM-

AFM, perhaps at 150 x 150 nm? scan size at room temperature.

8.1.2.3 Bonding between PSA and non-microfibre

From the point of view of suitable substrates for hygiene products application, the future
trend is directed towards microfibre due to its strength and aesthetics. From consumer and
future perspective, the fabric is interesting but the adhesive bonding to microfibre has to be
promoted by for example improving the wettability between the adhesive sample and the
microfibre substrates. In Chapter 4, this factor seemed to be the reason for the poor
bonding the microfibre and the PSA film. Continuation of this work could be directed
towards patterning for instance the surface of the coated adhesive film with patterned
release silicon-liner to promote contact to microfibre. To micro-pattern large arrays of tip-
like sub-micrometre features on coated PSA should improve the effective contact area
between microfibre and the adhesive surface. These patterns could be made on the silicon
release paper and transferred during the coating process. Adhesion enhancement by
division of the contact area has been demonstrated experimentally by Peressadko and
Gorb®*38¢ A patterned surface made out of polyvinylsiloxane (PVS), was found to have
significantly higher adhesion on a glass surface than a smooth sample made out of the

same material.
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