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Adhesion properties of cis-1, 4-polyisoprene-based polyurethane coatings.

Ekasit ANANCHAROENWONG

Industrially, metal/polymer adhesion is involved in a wide range of industries such as
automotive industry, or aeronautic and electronic applications.

Polyurethanes (PU) are frequently used as structural adhesives, and are based from
polyols obtained from petrochemical products (polyester and polyether polyols). However, these
products have some disadvantages as they are non-renewable resources, they may cause
environmental pollution, and they tend to be exhausted in the near future. Natural rubber (NR) is
an interesting choice to use as a starting material in PU synthesis, due to the fact that they are
renewable source, abundant polymer and they have interesting mechanical properties and can be
chemically modified.

In this work, hydroxytelechelic polyisoprene (HTPI) having a hydroxyl functionality of 2
was successfully performed via controlled epoxidation and cleavage of high molecular weight
polyisoprene, following by a selective reduction reaction of the obtained
carbonyltelechelicoligoisoprenes. These HTPI with different molecular weights (1000-8000 g
mol™) were reproducible obtained. Chemical modifications on HTPI were performed by various
percentage of epoxidation (10-60%, EHTPI). The different microstructures of these oligomers
were evidenced by the characterization techniques FT-IR, NMR, SEC. Their thermal properties
were also investigated by TGA and DSC.

Surface properties (surface energy, optical microscopy) and adhesion properties (wedge
test) of different materials have been characterized.

To resume adherence results, pure HTPI samples (without any epoxy group) present a
very high adhesion level. Epoxidation degrees close to 30-40% allow to obtain interesting
adhesive performance. Elsewhere, the effect of molecular weight is slight (nevertheless, a higher
M, of HTPI induces globally a better adherence). The adherence level is similar to whose
measured for structural adhesive used in car or aeronautic industry. The wedge test is a severe
adherence test, and the low crack propagation observed for some formulations underlines
promising industrial developments for this new polymers.

KEYWORDS : Cis-1,4-polyisoprene, Natural rubber, Polyurethane , Telechelic oligomer,
Degradation, thermal properties, adhesion properties, physicochemical properties



Etude des propriétés d’adhésion de revétements polyuréthane a base de cis-1,4-
polyisopréene

Ekasit ANANCHAROENWONG

Industriellement, les problématiques d’adhésion polymeére/métal se rencontrent dans de
nombreux secteurs tels que l'industrie automobile, ou les applications aéronautiques et
électroniques. Les polyuréthanes (PU) sont fréquemment utilisés comme adhésifs structuraux, et
sont obtenus a partir de polyols provenant de la pétrochimie (polyester et polyéther polyols).
Cependant, ces produits ont des inconveénients notables sur le plan écologique car ils sont
produits a partir de ressources non renouvelables, ils peuvent également générer une pollution de
I'environnement, et leurs matiéres premiéres de départ sont d’une part de plus en plus coliteuses
et d’autres part amenées a se raréfier dans les années a venir.

Le caoutchouc naturel (NR) est une alternative intéressante aux polyols de synthése car il
est issu d’une ressource végétale (hévéa), renouvelable et abondante, et également car il présente
des propriétés mécaniques intéressantes. De plus, il peut étre facilement modifié chimiquement,
afin notamment d’apporter des groupements hydroxyle capables de réagir ensuite avec des
fonctions isocyanate pour former un polyuréthane.

Dans ce travail, le polyisoprene hydroxytéléchélique (HTPI) ayant une fonctionnalité en
hydroxyle de 2 a été synthétisé avec succeés par époxydation contrdlée suivie de coupure
oxydante de polyisoprene de hautes masses, puis réduction sélective des oligoisoprenes
carbonyltéléchéliques obtenus. Ces HTPI de différentes masses molaires (1000-8000 g mol™) ont
été obtenus de facon reproductible. Des modifications chimiques ont été effectuées par
époxydation a différents taux (10-60% EHTPI). Les différentes microstructures de ces
oligomeéres ont été mises en évidence par FT-IR, RMN and SEC. Leurs propriétés thermiques ont
été déterminées par ATG et DSC.

Les propriétés de surface (énergie de surface, microscopie optique) et les propriétés
d’adhésion (test de clivage) de différents matériaux ont été caractérisées.

Les échantillons & base de HTPI pur (sans époxyde) présentent un niveau d’adhésion
¢levé. Des taux d’époxydation proches de 30-40% permettent d’obtenir des performances
adhésives intéressantes. D’autre part, I’effet de la masse molaire est faible(cependant, une masse
molaire plus élevée entraine globalement une meilleure adhérence). Le niveau d’adhérence
observé est similaire & ceux mesurés pour des adhésifs structuraux utilisés dans I’industrie
automobile ou aéronautique. Le test de clivage est un test d’adhérence sévére pour un joint
adhésif, et les faibles propagations de fissures observées pour certaines formulations permettent
d’escompter des développements industriels prometteurs pour ces nouveaux polymeres.

MOTS CLES: Cis-1,4-polyisopréne, caoutchouc naturel, polyuréthane, oligoméres
télécheliques, dégradation, propriétés thermiques, propriétés d’adhésion, propriétés
physicochimiques



List of abbreviations :

NR Natural rubber

EPI Epoxidized cis-1,4-polyisoprene

HTPI Hydroxytelechelic cis-1,4-polyisoprene

CTPI Carbonyltelechelic cis-1,4-polyisoprene

EHTPI Epoxidized hydroxytelechelic cis-1,4-polyisoprene

m-CPBA meta-chloroperbenzoic acid

FTIR Fourier Transform Infrared Spectroscopy

'HNMR Proton-1 Nuclear Magnetic Resonance spectroscopy
BCNMR Carbon-13 Nuclear Magnetic Resonance spectroscopy
SEC Size Exclusion Chromatography

My Weight average molecular weight

M Number average molecular weight

PU Polyurethane

TDI Tolylene-2,4-diisocyanate

H1,MDI Dicyclohexylmethane diisocyanate

I-1PDI Isocyanurate of isophone diisocyanate

DBTL Dibutyltin dilaurate

DSC Differential scanning calorimetry

TGA Thermogravimetric analysis

DTG Derivative thermogravimetry
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General introduction

Industrially, metallized polymer films are widely used for gas barrier applications,
composite and photoconductive materials, for decorative purposes, in the automotive industry,
etc. But, as already established, most synthetic polymers used as commercial materials have
low surface energy and as a result these materials have a low adhesion to high surface energy
metallic coatings [1]. All of the above considerations make the realization and reproducibility
of good adhesion of metallic coatings on polymer substrates an important industrial and

scientific challenge.

The interaction between a metal and a polymer strongly depends on the type of the
metal and on the functional groups present in the polymer. Oxidation of polymer substrate
surfaces is one of the techniques most commonly used to promote the adhesion of polymers to
metals. The oxidation can be done prior to, or during the interface formation [2, 3-7].
Chemical modification of the interfacial polymer chains with polar groups, like hydroxyl,
carbonyl and carboxylic acid moieties is also used. Plasma treatment of the metallic surfaces

seems to be favourable to adhesion as well [8, 9].

There are a large number of areas where adhesives are used to join materials. In the
automotive industry, examples of the use of adhesive bonding include the manufacture of
doors, engines and car bodies. Other industrial examples include bridge construction and
electronic component manufacture [10]. Polyurethanes (PU) today account for the largest
percentage (by weight or volume) of any plastic materials used in automotive industry and
their growth rate is also faster than that of other plastics [11,12]. Nowadays, an estimated 20
kg of various PU are used per automobile, ranging from all foam seat cushions and backs to
crash pads, bumpers, fenders, etc [13]. The developments in adhesives technology,
particularly the discovery of PU adhesives [14] have lead to the recommendation to use

adhesive bonding technology in many industrial applications [15].

A typical urethane adhesive may contain, in addition to urethane linkages, aliphatic
and aromatic hydrocarbons, esters, ethers, amides, urea and allophanate groups. An
isocyanate group reacts with the hydroxyl groups of a polyol to form the repeating urethane
linkage. Isocyanates also react with water to form a urea linkage and carbon dioxide as a by-
product (gaz which induces the formation of a foam). Urethane adhesives have some
advantages due to the following reasons: (1) they effectively wet the surface of most
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substrates, (2) they readily form hydrogen bonds to the substrates, (3) small molecular size
allows them to permeate porous substrates, and (4) they can form covalent bonds with
substrates that have active hydrogens. One of the primary mechanisms of bonding by urethane
adhesive is believed to be through non-reacted isocyanate (-NCO) to the active hydrogen
containing surfaces [16] and through polar, (-NH and C=0) groups. These polar groups are
capable of forming strong chemical/physical interactions with the polar surfaces (functional

group having active hydrogens).

Polyols currently used in the production of urethanes are petrochemical, being
generally derived from propylene or ethylene oxides. Polyester polyols and polyether polyols
are the most common polyols used in urethane production. There is a very wide variety of
polyester and polyether polyols available for use, with particular polyols being used to
engineer and produce a particular urethane elastomer or foam having desired particular final
toughness, durability, density, flexibility, compression set ratios and modulus, and hardness
qualities [17].

Use of petrochemicals such as polyester or polyether polyols is disadvantageous for a
variety of reasons. As petrochemicals are ultimately derived from petroleum, they are
nonrenewable resources. The production of a polyol requires a great deal of energy, as oil
must be drilled extracted from the ground, transported to refineries, refined, and otherwise
processed to yield the polyol. These required efforts add to the cost of polyols and to the
disadvantageous environmental effects of its production. Also, the price of polyols tends to be
somewhat unpredictable and tends to be exhausted in the near future. Also, as the consuming
public becomes more aware of environmental issue and exhaustive issue, there are distinct
marketing disadvantages to petrochemical based products. Consumer demand for “bio-based”
or “green chemistry” products continues to grow. The term “bio-based” or “green chemistry”
polyols for the purpose of this application is meant to be broadly interpreted to signify all
polyols not derived exclusively from non-renewable resources. As a result, it would be most
advantageous to replace polyester or polyether polyols, as used in the production of urethane
foams and elastomers, with more versatile, renewable, less costly, and more environmentally
friendly components[17].

Researchers have successfully synthesized PU elastomers using vegetable oil-derived
polyols and observed improvements in both thermal stability and oxidation resistance [18-20].
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Natural rubber (NR) is an abundant renewable source polymer. It is an important
industrial material, particularly in the tire industry or in the manufacture of various products
including household, engineering, medical and commercial goods. The chemical modification
of NR is one of alternative methods to increase its value and to develop versatile applications.
Actually, the NR double bonds in the chains are prone to varieties of chemical reactions. An
alternative way to transform NR into useful products is by starting with a low molecular
weight NR which is widely known as liquid natural rubber.

An Indian scientist group has been interested to the possibility of developing new
polymeric materials from hydroxyl terminated liquid natural rubber [21-22], but radical
mechanism of the degradation of the NR by H,O, under UV leads to secondary and not well
defined structure of the HTNR. HTNR is the interesting choice of the starting materials in use
in the development of block copolymers polyurethanes as soft segment [23-26]. A wide range
of physical and morphological properties can be obtained, depending upon the composition
and chemical structure of the hard segments in the block copolymer structure to prepare solid

polyurethane such as membrane, coating or film applications.

Our groups focused research a original controlled degradation of high molecular
weight cis-1,4-polyisoprene[27], obtaining difunctional HTPI for use in PU synthesis [28].

This thesis focus on synthesis of various polyurethanes with different molecular
weights and microstructures of hydroxytelechelic polyisoprene, and different types of chain
extenders for the study of the adhesion properties on metal surface. FT-IR, *H-NMR, **C-
NMR were employed to investigate the chemical structure. In addition, the modification of
oligomer structure by epoxidation was also studied. The molecular weights of telechelic
polyisoprenes are defined by SEC, *H-NMR.Their thermal and physicomechanical properties

were also investigated.

The first chapter is the literature survey of the theories of adhesion, surface
characterization, adhesion measurement and metal-polymer adhesion, focusing on the metal-

rubber adhesion and the chemical structure of natural rubber-based adhesives.
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The second chapter deals with the reaction of controlled cleavage of high molecular
weight epoxidized synthetic cis-1,4-polyisoprene or natural rubber using periodic acid in
organic medium to obtain carbonyl telechelic cis-1,4-oligoisoprene (CTPI). The chain-end
modification of carbonyl groups to hydroxyl groups to obtain hydroxytelechelic cis-1,4-
polyisoprene (HTPI) is presented. Moreover, main chain isoprene unit modifications by

epoxidation of HTPI for preparing different precursors of polyurethane are described.

The third chapter describes preparations of polyurethanes. Characterization by FT-IR
allows an approach of the effect of I\/I_n of the oligoisoprenes precursors, the effect of
percentage of epoxide, the effect of chain extender and the effect of mixing precursor with
and without epoxide, on the hydrogen bondings appearance. Their thermal and physico-
mechanical properties were determined by DSC and ATG.

The fourth chapter implicates the characterization of adhesive properties of
polyurethane prepared from hydroxytelechelic cis-1,4-polyisoprene. The study of wettability,
the wedge test and the optical microscopy were used for analyzed.

Finally, a general conclusion summarizes the main results and presents some further

perspectives.
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1.1 Introduction

The process that allows the adhesive to transfer a mechanical stress from the adherend
to the adhesive joint is known as the adhesion. In general the adhesive is a polymer-based
material, which intimately interacts, either through chemical/physical forces, to the adherend
surface to which it is being applied. The physical and chemical interactions result from atomic
scale attractions between specific functional groups of the adhesive and the adherend surface.
For thermoset adhesives, during the early phase of the curing process the viscous adhesive
material will flow to enable contact with the adherend and penetration of the surface
asperities. As curing proceeds, the viscous mixture becomes a rigid solid as the compounds
react and cohesively link the adhesive, often referred to as crosslinking. This process enables
strength to be established between the joined adherends [1].

When it comes to measuring the adhesion, there are more than adhesion tests [2]. The
choice of the test depends solely on the material system investigated and the structure of the
sample. If one is dealing with sputtered metallic films on ceramic substrates the scratch test
[3] is suitable while for metallic films on polymer substrates the peel test [4] is a good choice.

This bibliographic part will present the different the adhesion concepts and tests, and
then will focus on metal/polymer adhesion, and natural rubber based adhesives.

1.2 Theories of adhesion

Adhesion corresponds to the interatomic and intermolecular interactions at occurring

at interface between two surfaces. [5]

It is important to realize that, although some theories of adhesion emphasize
mechanical aspects and others put more emphasis on chemical aspects, chemical structure and
interactions determine the mechanical properties and the mechanical properties determine the
force that is concentrated on individual chemical bonds. Thus, the chemical and mechanical
aspects are linked and cannot be treated as completely distinct entities. In addition, some of

the theories emphasize macroscopic effects while others are on the molecular level. [6]
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Adhesion is acknowledged to be one of the more complex phenomena to describe in
simple terms. Adhesion to and by polymers is a particularly subtle part of the subject, and one
of increasing applied importance. The subtlety lies in the many characteristic properties of
polymer surfaces and interfaces. [7]

In the past thirty years, the level of basic adhesion research has outnumbered the
growing use of the technological applications. Despite this, a single unifying theory that
adequately describes all adhesion phenomena is yet to be proposed. However, several basic
models have been established. The following mechanisms of adhesion are emphasized in the

literature.

1.2.1 Mechanical interlocking

This theory essentially proposes that mechanical keying, or interlocking, of the
adhesive into the irregularities of the substrate surface is the major source of instrinsic
adhesion. [8] Although a number of examples relating joint strength and durability to
increased surface roughness exists in the literature, the theory is not universally applicable
since good adhesion occurs between smooth surfaces, such as the adhesion that occurs
between wet glass microscope slides. Also, it has been observed that increased roughness can
result in lower joint strengths. [9] Mechanical interlocking can make a significant contribution
towards the joint strength if the adherend surface geometry is specifically fabricated to
enhance adhesive penetration. It is still debatable whether the increase in joint strength can be
directly related to a mechanical interlocking or to secondary mechanisms such as an increase
in specific surface area for chemical bonding or improved kinetics of wetting [9].

Some authors have studied the importance of the surface porosity in the mechanism of
adhesion. Packham suggests that the shape of the pore (cylindrical versus ink bottle) is a
crucial factor in controlling the pore filling process [10]. Penetration of the adhesive into
pores on the surface can contribute significantly towards high joint strengths, since it is
believed that the adhesive that penetrates into the pores requires considerable plastic
deformation, and thus high fracture energy. Packham and Johnston [11] were able to vary the
porosity of a ceramic by varying the firing temperature, and showed that the bonding strength

of polyethylene to the fired ceramic was a function of the degree of porosity of the ceramic.
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Many researchers have noted the significance of mechanical interlocking in explaining
adhesion phenomena but in combination with other forces. Adhesion between surfaces is
influenced by the presence of van der Waals forces in addition to mechanical coupling, but it
was noted that these forces are not sufficient to create the strong interfacial bonding observed
between polymers [12]. Bright et al. [13] and Arrowsmith[14] suggested that the number of
pores penetrated by the adhesive is linked with adhesion strength. These findings revived the
mechanical adhesion theory. Venables [15] work of examining the phosphoric acid anodise
(PAA) process indicated a link with surface micro-porosity and bond strength. Evans et
al.[16] and Wang et al.[17] have studied the anodizing process on metal surface where they
found that the surface roughness contribute to increase the energy dissipation processes in the

zone of interface separation.

1.2.2 Diffusion Theory

Wool [18] described the concept of the diffusion theory as the penetration of adhesive
into the substrate. The diffusion theory of adhesion proposes that adhesion can be attributed to
the interdiffusion of polymer molecules at the interface [19]. Since this requires that the
adhesive and substrate are mutually miscible and have significant mobility, the mechanism
does not directly apply in the case of metal/polymer adhesion [20]. Allen [19] argues that the
penetration of polymers into interstices of a metal surface involves a diffusion mechanism,
although he admits that this is an extreme interpretation of the original proposals of
Voyutskii[21] who believes that the adhesion between two polymers is a result of interfacial
interdiffusion of polymer chains. Critics of the theory believe that if the interdiffusion process
is involved, the joint strength should depend on the type of the material, contact time and
pressure, temperature, molecular weight, and formation of primary and secondary interfacial
forces [22]. The fundamental understanding of the molecular dynamics of entangled polymers
has advanced due to the theoretical approach proposed by a number of authors [23-25].This
new approach stems from the idea that polymers cannot pass each other in concentrated
solution or melt or solid form. Therefore, a chain with a random coil conformation is trapped
in an environment of fixed obstacles has assumed a wormlike motion of confined chains and
gave it the name “reptation”. The most important and useful application of reptation concept
is the crack healing [26]. The problem of healing is to correlate the macroscopic strength

measurements to the microscopic description of motion. The difference between self diffusion
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phenomena in the bulk polymer and healing is that the polymer chains in the former case
move over distances larger than their gyration radii, whereas in the other case, healing is

essentially complete in terms of joint strength.

1.2.3 Electronic theory

This theory postulates that adhesion arises from the interaction of point charges,
positive and negative, on either side of an interface, where on one side there is a solid, and on
the other an electric double layer composed of solvated ions and counter-ions. This model

finds much application in colloid science [11].

This theory states that the work of adhesion is due to the formation of an electrical
double layer between the adhesive and substrate. According to Deryaguin[27] the high joint
strength results from the electrostatic interactions between the adhesive and the adherend. As
the distance between the charges increases so does the electrostatic potential. When the bonds
break, the discharge energy provides a measure of the interfacial adhesion forces present.
Evidence for the theory provided by Deryaguin [27] and Weaver [28] suggested the interfacial
charge was an important parameter in determining the adhesive strength. However, work by
Skinner et al. [23] and Chapman [30] indicated that these forces were small relative to the

forces of molecular attraction, i.e. van der Waals interactions.

Although the mechanism is likely to occur in metal / polymer systems, researchers
have calculated, from charge densities at surfaces, that the electronic contribution to the
thermodynamic work of adhesion (WA) is small compared to the contribution from chemical
interactions [20].

1.2.4 Molecular bonding

Molecular bonding is the most widely accepted mechanism for explaining adhesion
between two surfaces in close contact. It entails intermolecular forces between adhesive and
substrate such as dipole-dipole interactions, van der Waals forces and chemical interactions
(that is, ionic, covalent and metallic bonding). This mechanism describes the strength of the
adhesive joints by interfacial forces and also by the presence of polar groups [31]. Molecular

bonding mechanisms require an intimate contact between the two substrates. However,
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intimate contact alone is often insufficient for good adhesion at the interface due to the
presence of defects, cracks and air bubbles [32]. The molecular bonding mechanism is not yet
fully understood and there have been many theories proposed to explain it. Mutsuda and
Komada [33] studied poly(oxy- 2,6-dimethyl-1,4-phenylene) (PPE) bonding to rubber and
reported that the adhesion mechanism was based on a hydrogen abstraction reaction. This
occurs when the separation between two polymer substrates becomes negligible, allowing
radicals from one substrate to attack the other causing the formation of more radicals.
Recombination of these radicals with the polymer allows chemical bonding between
substrates [34]. Further evidence for this hypothesis was seen in the XPS and ToF-SIMS
work conducted by other researchers [35, 36]. It was shown that interfacial bonding was the
crucial factor in the adhesion strength between silanes and metals [32, 34, 35]. Another theory
is discussed in the review article written by Basin [48] which considers adhesion between
solid substrates and organic coatings. Basin [36] reported that as the number of chemical

bonds increased at the contact zone, adhesion strength passed through a maximum value.

This finding is supported by the study investigating the shear strength of aluminium-—
polypropylene lap joints by Chen et al. [37]. They found that the overriding adhesive
mechanism was the chemical interaction between the functional groups at the interface and
also concluded that excessive chemical bonding at the adhesive interface could have a
negative effect on the interface strength. Adhesion strength has been shown to depend on the
thickness of the adhesive layer for composite interfaces. Interfacial bonding strength increases
as the thickness of the adhesive layer is reduced as stress is able to dissipate through the
interface with greater ease [38]. Polar adhesives have been used previously to change the
polarity in rubber systems [38, 39]. It has been shown that there is a parallel relationship
between the hydrophilic properties of the surface and its subsequent polarity [38,].
Hutchinson and Iglauer [39] studied tack and peel tests of foam and sealants used in building
construction. They found no sign of interdiffusion or electrostatic interaction at the adhesive
interface while mechanical interlocking only had a marginal role in the adhesive strength of
the system. The primary adhesive mechanism identified was chemical bonding of the

substrates at the interface [39].
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1.2.5 Thermodynamic Theory.

Adhesion by this mechanism is attributed to surface chemical forces, and the
chemisorption or physisorption of atomic and molecular species. The attractive forces
working across two surfaces include weak dispersion forces and stronger forces due to

hydrogen, covalent, and ionic bonding [20].

According to the adsorption theory of adhesion, the interatomic and intermolecular
interactions between adhesive and substrate are responsible for adhesive forces. These
interactions are classified into primary (chemical bonding) and secondary forces (physical
interactions, e.g. hydrogen bonding). The primary bonds are the strongest with energies in the
range of 1000-100 kJ/mol as compared with 40-20 kJ/mol of secondary forces. In case of
urethane adhesives bonded to active hydrogen containing substrates, a primary bond is
believed to exist [40].

Zisman has shown that van der Waals dispersion and polarization forces are more than
adequate to account for the observed strengths of adhesive joints [41]. The types of bonds
formed between two surfaces depend upon the chemical constitution of the interface. The
criterion for chemisorption / physisorption processes to occur across the interface is that the
adsorbate wet the substrate. In general, for spontaneous wetting, the surface energy of the
solid must be greater than that of the liquid. Then the thermodynamic work of adhesion
between the solid and the liquid can be expressed as: Wa = ys+ y. + ysL Where ys is the surface
energy of the solid, y_ is the surface tension of the liquid, and ys_ is the solid / liquid

interfacial tension.

Schultz, et al.[42] proposed that the surface free energy can be generally expressed by
two terms corresponding to dispersion forces and to polar forces: ys = y°s + "5 . Carré and
Schultz, [43] using a two liquid contact angle method developed for high-energy solids,
determined the surface energetics of aluminum that had received various pretreatments. They
concluded that for good “dry” adhesive joint strength, and for good durability in the presence
of moisture, the surface should have a high dispersive component of surface energy, y°s, and a
low polar component, »°s . The contribution of dispersion and polar components can then be
used to predict interactions at the interface. It was hypothesized that the work of adhesion,

W, can be correlated to the measured joint strength.
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Lee [44] using contact angle measurements, determined the wettability of silica
surfaces primed with reactive silanes. The wettability was determined by the conformation of
the organic portion, R, of the silane molecule: R - Si(OR")s. Lee classified various silanes into
three groups based on polarity of the R group. For example, if the R group was vinyl-, the
silane treated surface was classified as having low polarity, for amino- groups, the silane
treated surface was classified as having medium polarity, and for glycidoxy- groups, the

surface was classified as having high polarity.

Baier et al. [45] using the concept of critical surface tension, yc, have measured yc on
several structurally homologous series of solids, including unbranched polyethylene, and
chlorinated and fluorinated analogues of polyethylene. They correlated these empirical
measurements of surface energy “with respect to the most probable exposed atoms.” In the
same work, Baier et al.,[45] concluded that in order to get good adhesion, the adherend
surface should be kept free from low surface tension organic films. They predicted that
substituent groups, such as -OH, -SH, -COOH, and -NH, at the outermost surface, would
increase the “adhesiveness” of the surface by increasing the surface energy; whereas less

polar groups, such as -CHj3 or -CH,- would decrease the bondability of the surface.

In another class of interaction, namely acid-base, is in part responsible for the intrinsic
adhesion forces at inorganic / polymer interfaces. Fowkes[46] extended this viewpoint to the
understanding of adhesion of polymers on inorganic surfaces, by proposing that the
thermodynamic work of adhesion could be separated into components of: London dispersion
(d) forces, hydrogen-bond (h) forces, acid-base (ab) forces, dipole-dipole (p) interactions, and

induced dipole-dipole (i) interactions Namely: Wa = W %+ W A + W, + WP, + W5

Later, Fowkes [47] demonstrated that hydrogen bonding is a subset of the acid-base
reactions. Using the Drago E and C constants and equations Fowkes,[61] calculated the
enthalpies of acid-base interaction between various hydrogen bonding liquids, and compared
these calculated values with measured enthalpies of interaction. The calculated acid-base
enthalpies agreed well with the measured interaction enthalpies, giving rise to Fowkes’ claim

that hydrogen bonds are a subset of acid-base interactions.

Fowkes proposed that the work of adhesion between a polymer and an inorganic
substrate could be accounted for by dispersion forces and acid-base interactions [60].

WAZWdA+WabA
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In a metal / polymer system, both the polymer and the metal substrate can exhibit
amphoteric behavior. Bolger [49] claims that the only forces worth considering, in addition to
dispersion forces, are hydrogen bonding forces, and used an acid-base mechanism to predict
the relative magnitude of the hydrogen bonds. Since under ambient conditions, metal oxide

surfaces are generally hydroxylated, the hydroxyl group can act as either an acid or a base.

Different adhesion theories are therefore proposed in the literature. For
elastomer/metal systems, the mechanisms which can be involved are mostly the adsorption
theory (wetting step and creation of an intimate contact), the molecular theory (formation of
physical end/or chemical bonds between metal and polymer), and possibly the mechanical

interlocking in the case of a rough metal surface.

In order to better understand the adhesion mechanisms, it is necessary to have precise
information on the surface properties of materials. Surface characterization techniques can be

also useful to analyse the surfaces after assemblies separation.

1.3. Surface characterization techniques

Any consideration of adhesion mechanisms requires information about the physical
and chemical properties of the adhering surfaces and the delamination surfaces in cases where
adhesion has failed in use or as a result of mechanical testing. There are a number of surface
characterization techniques utilized for investigating properties related to adhesion
mechanisms and adhesion strength. These include atomic force microscopy (AFM), time-of-
flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy
(XPS), secondary electron microscopy (SEM), attenuated total reflectance infrared
spectroscopy (ATR-IR) and other microscopy techniques plus methods sensitive to surface
energy such as optical contact angle analysis. There have been numerous studies which have
looked at surface properties such as roughness, polarity, chemical composition and surface
free energy to describe and explain adhesion phenomena at a surface or interface using the
above mentioned techniques [50]. Brief descriptions of these techniques are included below.
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1.3.1 Atomic force microscopy (AFM)

The AFM measures the forces acting between a fine tip and a sample. The tip is
attached to the free end of a cantilever and is brought very close to a surface. Attractive or
repulsive forces resulting from interactions between the tip and the surface will cause a
positive or negative bending of the cantilever. The bending is detected by means of a laser

beam, which is reflected from the back side of the cantilever [51].

AFM is widely used to generate topographic maps of surfaces, whereby cantilever
deflections arising from the interaction with surface features are recorded as a function of
raster position. AFM is able to achieve atomic resolution in the vertical plane and 0.01 nm
spatial resolution in the horizontal plane [50].

This resolution allows for the detection of changes to topography after surface
treatment, and can be measured through roughness values, providing valuable information on

contribution of surface roughness to adhesion strength.

1.3.2 Time-of-flight secondary ion mass spectrometry (ToF-SIMS)

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) is a powerful technique
that provides chemical information about the surface of a solid sample and does not need any
chemical pretreatments. The significant advantage of TOF-SIMS over other techniques is
imaging analysis, which allows the direct visualization of the chemical distribution on the
sample surface with submicrometer spatial resolution [52].

ToF-SIMS instruments generate surface mass spectra under clean ultrahigh vacuum
conditions. A pulsed, highly focused primary ion beam is directed at the surface causing the
emission of secondary charged and neutral fragments from the surface and near-surface
region. The primary ion source was formerly monoisotopic Ga but contemporary instruments
typically use Bi cluster ion sources or C60 ion sources for superior mass range and spectral
yield. Positively or negatively charged secondary ions within a narrow energy band are
extracted from the surface region and mass analysed using a time-of-flight analyzer. The
resulting mass spectrum plots secondary ion intensity as a function of mass/charge ratio. ToF-

SIMS provides elemental, isotopic and molecular information at extremely high surface
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sensitivity (monolayer).This molecular information provides the chemistry at the interface,

allowing for molecular insight into the adhesive reaction [50].

1.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is one of a number of surface analytical
techniques that bombard the sample with photons, electrons or ions in order to excite the
emission of photons, electrons or ions [53].

XPS is a surface analysis technique that is unique in providing chemical state bonding
information. For example, it is widely used to determine localized bonding chemistry of
carbon and to differentiate oxidation states of inorganic compounds (i.e. sulfate vs sulfide and
metallic vs oxidized states of metals). It is a quantitative techniques and can detect all

elements except for H and He with detection limits of approximately 0.1% atomic.

XPS is an ultra-high vacuum surface analysis technique with a sampling volume that
extends from the surface sensitivity makes XPS a technique of choice for analyzing thin
contamination layers and characterizing outer most surface chemistry. XPS can also be
utilized for sputter depth profiling to characterize thin films by quantifying matrix-level
elements (> 1% atomic) as a function of depth. The technique can accommodate in sulating as
well as conducting samples. The maximum area of analysis for XPS is approximately 30 pm
[54].

As with ToFSIMS, this surface sensitivity requires that XPS instruments operate
ideally at ultrahigh vacuum to minimize undesirable surface contamination. X-ray photons
(generally in range 100-2500 eV), derived from monochromated laboratory X-ray sources or
soft X-ray synchrotron beam lines, irradiate the sample surface and cause the emission of
photoelectrons from the near surface region. The Kkinetic energy of these electrons is
determined, typically using a hemispherical sector analyzer, and the corresponding electron
binding energy calculated. The spectra produced show photoelectron intensity as a function of
binding energy, mapping out the electronic structure of the parent atoms. Characteristic peaks
in the spectra correspond to the electronic core levels in the atoms in the near surface region
and can be used to identify the species present and quantify the relative surface composition.
The elemental information along with the bonding states allow for the chemistry at the

adhesive interface to be understood. XPS also facilitates quantitative correlations between
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elemental and functional groups present on the surface and surface energy or adhesion

strength. XPS operating principles are explained in detail in a variety of published works [50].

1.3.4. Scanning electron microscopy (SEM)

The transmission electron microscope (TEM) was the first type of Electron
Microscope to be developed and is patterned exactly on the light transmission microscope
except that a focused beam of electrons is used instead of light to "see through™ the specimen.
It was developed by Max Knoll and Ernst Ruska in Germany in 1931. The first scanning
electron microscope (SEM) debuted in 1938 (Von Ardenne) with the first commercial
instruments around 1965. Its late development was due to the electronics involved in
"scanning” the beam of electrons across the sample. Scanning electron microscope (SEM) is a
type of electron microscope that images a sample by scanning it with a high-energy beam of
electrons in a raster scan pattern. The electrons interact with the atoms that make up the
sample producing signals that contain information about the sample's surface topography,

composition, and other properties such as electrical conductivity.

The types of signals produced by a SEM include secondary electrons, back-scattered
electrons (BSE), characteristic X-rays, light (cathodoluminescence), specimen current and
transmitted electrons. Secondary electron detectors are common in all SEMs, but it is rare that
a single machine would have detectors for all possible signals. The signals result from
interactions of the electron beam with atoms at or near the surface of the sample. In the most
common or standard detection mode, secondary electron imaging or SEI, the SEM can
produce very high-resolution images of a sample surface, revealing details about less than 1 to
5 nm in size. Due to the very narrow electron beam, SEM micrographs have a large depth of
field yielding a characteristic three-dimensional appearance useful for understanding the
surface structure of a sample. Back-scattered electrons (BSE) are beam electrons that are
reflected from the sample by elastic scattering. BSE are often used in analytical SEM along
with the spectra made from the characteristic X-rays. Because the intensity of the BSE signal
is strongly related to the atomic number (Z) of the specimen, BSE images can provide
information about the distribution of different elements in the sample. For the same reason,
BSE imaging can image colloidal gold immuno-labels of 5 or 10 nm diameter which would
otherwise be difficult or impossible to detect in secondary electron images in biological

specimens. Characteristic X-rays are emitted when the electron beam removes an inner shell

17


http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Raster_scan
http://en.wikipedia.org/wiki/Topography
http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Secondary_electrons
http://en.wikipedia.org/wiki/Backscatter
http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
http://en.wikipedia.org/wiki/Cathodoluminescence
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Depth_of_field
http://en.wikipedia.org/wiki/Depth_of_field
http://en.wikipedia.org/wiki/Elastic_scattering
http://en.wikipedia.org/wiki/Colloidal_gold
http://en.wikipedia.org/wiki/Immunogold_labelling
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Electron_shell

Chapter 1-Literature Review

electron from the sample, causing a higher energy electron to fill the shell and release energy.
These characteristic X-rays are used to identify the composition and measure the abundance

of elements in the sample [55].

SEM has the potential to generate images with a few nanometers spatial resolution,
and has a relatively large depth of field, in some cases up to 100 times that of an optical
microscope. This provides topographical information on the sample surface allowing for

greater understanding of the reaction between surface treatment and substrate [50].

1.3.5. Optical contact angle analysis

Optical contact angle analysis (OCA) is a surface sensitive technique which allows the
wetting properties and surface energy of the investigated sample to be measured. In general, a
polar and non-polar liquid are dispensed onto the sample surface with the angle that the liquid
makes with the surface (as measured through the liquid) being recorded. Smaller contact
angles indicate a more wetting surface with a higher surface energy and therefore a greater
work of adhesion. As surface energy and wettability are related to adhesion, OCA provides an
indirect measure of adhesion, allowing for the comparison between the work of adhesion and
direct adhesion methods [50].

1.3.6. Attenuated total reflectance infrared spectroscopy (ATR-IR)

ATR was developed by Fahrenfort for the determination of optical constants and as a
means of obtaining intense spectra from samples which were difficult or unamenable to study
by normal transmission techniques. Simultaneously Harrick developed a multireflection
technique to obtain spectra from surface layers. In this case the surface was sampled many
times and hence weak absorptions were magnified. In ATR the radiation incident on an
interface (at angles of incidence greater than the critical angle) between the sample and an
analysing crystal of higher refractive index will be totally reflected at those wavelengths
where the sample shows no absorption. However, at wavelengths where the sample absorbs,
part of the incident radiation will be absorbed causing an attenuation of the reflected radiation.
Such an effect produces a spectrum which strongly resembles the transmission spectra,
although the shape of the bands will be different [56].
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ATR-IR is conducted by passing infrared radiation into an infrared transmitting crystal
to achieve multiple reflections between the ATR crystal and the surface under investigation.
The increased spectral sensitivity and reduced depth of analysis achieved in ATR-IR is used
for surface molecular characterization. For example, it has been used to detect chemical bonds
between proteins and nitrogen plasma treated polypropylene (PP/N,). This bonding increased
adhesion between the (PP/N;) and the hybrid hydrogel. ATR-IR has also been used to
characterize improved adhesion between polyethylene and a surface grafted acrylic acid
monomer (PE-g-AAc). This study concluded that covalent bonds formed between carboxylic
groups of grafted polyacrylic acid and the hardener amine group improved adhesion.
Similarly, after glow discharge treatment of poly(vinylidene difluoride) ATR-IR provided
information to detect the formation of oxygen-containing species on the polymer surface [50].

Surface analysis are fruitful to better predict and understand adhesion mechanisms.
The adhesion performance can be evaluated through mechanical separation tests.

1.4. Adhesion measurement

Direct adhesion measurements such as pull off tests, peel tests, lap and shear tests, and
scratch tests are destructive methods that measure the force required to break, tear and
delaminate surfaces at the interface. Understanding the locus of failure for any system is of
high importance. While many direct measurements of adhesion strength provide qualitative
data, tests such as peel and pull up tests provide a quantitative measure of adhesion. However,
many tests are required to provide consistent results. Further, direct methods do not provide
physical interpretations of different adhesion measurements. A combination of direct adhesion
measurement and surface characterization using techniques such as XPS, ToF-SIMS and
contact angle measurements is an optimum way of investigating polymer adhesion. This

section deals primarily with the role of direct adhesion measurement [50].
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1.4.1 Peel test

The peel test was attentively studied by Kim and Kim (1988), Kim and Aravas (1988)
and, most recently by Kinlock, Lau and Williams (1994) in order to characterize the
mechanics of the test. Earlier work on this topic is cited in these papers. One of the primary
aims of this general line of research has been to link the peel force or, equivalently, the
macroscopic work of fracture, to the work of interface adhesion by accounting for plastic
deformation accompanying the peeling process. In steady-state peeling, the peel force per unit
width of film is simply related to the macroscopic work of fracture, which is effectively the
sum of the work of adhesion and the plastic dissipation. Successful partitioning of these two

contributions to the peel force would enable the work of adhesion to be inferred [57].

Measurement of the peel strength of an adhesive joint is usually a very good way of
ensuring that adequate quality control has been maintained in the manufacture of an
adhesively bonded structure. The peel test is particularly sensitive to variations in a region
adjacent to the interface between adhesive and adherend, and is widely used by the aerospace
industry to ensure sufficient process control has been exercised during the pretreatment and

anodizing of adherends [58].

Williams, Kinloch et al. and Moidu et al. have described analyses of the peel test
which permitted them to derive the energy release rate by considering each of the loss
mechanisms in the peeling adherend arm in detail. Their major aim was to obtain quantitative
expressions for the energy dissipated by plastic deformation due to bending of the peeling
arm. Williams successfully applied his analysis to the results originally obtained by Gent and
Hamed on the bending of mylar strips through 180 °. Kinloch et al. successfully applied their
analysis to the modelling of the peeling behaviour of various flexible laminates comprising
polyethylene and poly(ethylene terephthalate) (PET) films bonded to aluminium foils and
PET films. Moidu et al. successfully applied their analysis to the peeling of metal to metal

adhesive joints [59].
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The peel test is popular for adhesion measurements. The geometry consists of a film
bonded to a thick substrate, and the test proceeds by measuring the force required to pull the
film off the substrate. This peel force is then related to the properties of the interface. Under
some limiting conditions, the peel force is a direct measure of the interfacial toughness.
However, more generally, the peel force is affected by the geometry, the constitutive

properties of the film and substrate, and the cohesive properties of the interface [60].
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Figure 1.1 Peel testing apparatus [61]
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Figure 1.2 Basic modes of loading during fracture mechanics. [1]

1.4.2 Lap shear test.

The lap shear test or tensile — shear test measure the strength of the adhesive in shear.
If requires the bonding together of two coated samples. A full force is applied to both parts
until a film failure occurs by shearing. It is the most common adhesive test because the
specimens are inexpensive, easy to fabricate, and simple to test. However, at time it is
difficult to minimize or eliminate bending stresses in common shear joint specimens. Due to
the nonuniform stress distribution in the adhesive arising from the joint configuration, the

failure strength values are of little use for engineering design purposes.

Lap shear tests are similar to peel tests although this method of adhesion measurement
is more commonly quantitative in nature [50]. A more comprehensive way of exploring and
measuring adhesion phenomena is through a combination of both direct and indirect

measurements by shear test in conjunctions with XPS measurements for example.
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Figure 1.3 Schematic of tensile lap shear test. [50]

1.4.3 Pull out test

This test is widely used to quantify fiber/matrix adherence, especially in composites
materials. The specimen can be tested in two different configurations. When the shearing
force reaches a critical value, pull-out takes place and the droplet is displaced along the fibre
axis. The average shear stress is calculated as the maximum force divided by the embedded

fibre area.
T = _EFE @
7D L

where F is the maximum load measured prior to debonding of the fibre, d is the fibre diameter

and L is the embedded length.
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Figure 1.4 Stress distributions for a short embedded fibre [62]

The basic assumption of the shear-lag theory is that all the tensile loads are carried by
the fibre and all the shear loads are carried by the matrix, although in practice the matrix
surrounding the fibre also sees some tensile stresses. The load transfer into the fibre from the
matrix occurs over a length of fibre commonly called the ineffective length, li (Figurel.4),
which is defined when some proportion of the remote fibre load is reached. If the shear
strength is calculated from Equation (1) for a fibre whose embedded length is greater than this
ineffective length, then the shear strength will be underestimated. This is because a length of
fibre is included over which little stress transfer is taking place. So the smaller the embedded
length is the greater the estimate of the shear strength. Extending this argument the maximum
shear stress will be obtained when the embedded length tends to zero, and embedded fibre
length becomes too small to measure directly. However, as will be shown, it is not necessary

to go to such lengths to obtain the maximum shear stress of the interface [62].
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Figure 1.5 Adaptations made to the top grip of a tensile testing machine for single fibre pull-
out testing [62].
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Figure 1.6 Schematic of pull out test [50].
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1.4.4. Torque test

A torque method is similar to the method developed by Holloway and Walker. For this
test, a small hollow, stainless steel cylinder is adhesively bonded to the surface of the test
specimen. After the adhesive has cured, a larger hollow cylinder, referred to as a support
table, is placed over and around the smaller cylinder. A torque wrench is attached to the top of
the support table and twisted. The reading (in pound) on the torque wrench, when the small
cylinder is sheared off, is then converted to pounds per square inch by deviding the reading by
the bonded area. [63]

Torque tests provide good quality quantitative adhesive information. One such test
was used to investigate the adhesive force at a hexamethyldisiloxane (HMDSO) gas modified
polypropylene substrate. A hydrophobic polymer veneer was formed on the surface as a result
of the treatment. A slotted steel stud was attached to the surface with cyanoacrylate adhesive
and a torque wench used to determine torque at failure. Shear stress (T) was calculated using

the relationship,
T =165 @)
nd®

where | is the measured torque and d the diameter of the stud . No great difference in adhesion
strength was found as a function of treatment time and the failure types observed were not
statistically significant [50].

1.4.5. Scratch test and nanoindentation test

The scratch test is closely related to the nanoindentation test, and for simplicity, the
two will be considered together. In both cases adhesion is assessed using a fine tip that is
dragged across the samples surface under an increasing load, resulting in an indentation.
Indentation and scratch tests are well suited to the investigation of thin films and coatings,

generally producing definitive results.

Scratch test is one of the indirect methods used to test coatings adhesion to subtrate.

It’s performed by scratching a surface with an indenter or ball to characterize the critical loads
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(LC) at which failure occurs. It allows the user to determine and investigate the phenomena

identified along the length of the scratch cracking deformation, delamination [64].
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Figure 1.7 Schematic of scratch test [64].
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Figure 1.8 Schematic of scratch test [64].

Nanoindenting is a new method to characterize material mechanical properties on a
very small scale. Features less than 100 nm across, as well as thin films less than 5 nm thick,
can be evaluated. Test methods include indentation for comparative and quantitative hardness
determination and scratching for evaluation of wear resistance and thin film adhesion [78]. A
prescribed load is applied to an indenter in contact with a specimen. As the load is applied, the
depth of penetration is measured. The area of contact at full load is determined by the depth of

the impression and the known angle or radius of the indenter. The hardness is found by

27




Chapter 1-Literature Review

dividing the load by the area of contact. Shape of the unloading curve provides a measure of

elastic modulus [64].

Nanoindentation has been used to investigate surface properties such as hardness and
coating delamination force for polymers. In the exploratory work by Beake et al., [65]
nanoindentation was applied to thermoplastic materials (for example plasma-polymerized

hexane films) which were, in general, harder and stiffer than general thermoplastics.

Failure mechanisms for polymer systems have also been used in scratch tests to
explain surface condition. In a study between a gelatin coating and nitrogen plasma-treated
PET surface, it was found that the failure mechanism was dependant on a series of
interactions between the indenter and the coating. The study also supplemented the previous
work carried out by Ochi et al. [66] and others in that they found that the critical load

increased as a function of nitrogen plasma treatment time.
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Sub@trate plastic deformation

Figure 1.9 Schematic illustration of the principle involved in scratch test of wear resistant
coatings. [64]

The outcomes from indentation tests are sometimes dependant on the interactions
between the indenter and the coating. Finite Element Analysis (FEA) has been used to
normalise the effect the geometry of the tip has on the results by only considering the stress

and not the load applied to the coatings. One such study using FEA was the investigation of
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acrylic polymers coated on steel substrates. In this study it was concluded that the scratch

behavior of coatings can be evaluated in a manner similar to bulk polymers.

Jardet and Morel [67] analyzed scratch parameters that relate to mechanical properties.
They reported a correlation between the tensile stress-strain behaviour and scratch fracture
toughness for poly(methylmethacrylate) (PMMA). Modifying the scratch test to measure not
only the normal force range but also the tangential forces simultaneously allows for a
complete tribological approach to surface characterization, in as much that the energy which
is dissipated in the scratching process can also be measured. One such approach was
undertak