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 The cathodic disbondment (CD) of organic coatings is a continual problem in 

applications of cathodically protected steel in civil infrastructure and petrochemical 

production and transportation.  Multiple researchers have proposed that the degree of 

disbondment is a function of factors such as service temperature, coating thickness and 

applied cathodic potential.  While the mechanism by which disbondment occurs has 

received a fair amount of attention, efforts to develop new material coating systems to 
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resist the disbondment of organic coatings on cathodically protected metal substrates has 

been lacking.  The objective of this dissertation is to develop a new coating system to 

protect metal substrates under cathodic protection, such as buried pipelines.  Pipeline 

coatings must be tough, durable, resistant to chemical and moisture diffusion, and 

maintain adhesion in wet environments.  A reactive ethylene terpolymer (RET) was 

compound blended with standard high-density polyethylene (HDPE) as a potential 

coating material for steel.  The HDPE component provides toughness and high chemical 

and moisture resistance, while the RET component provides high polarity and reactivity, 

which enhance adhesion to steel substrates.  Micro- and nanocomposite approaches were 

taken to incorporate multi-walled carbon nanotubes (MWCNTs) to provide increased 

cohesive strength while inorganic particles (clay, talc, and zinc) micro-scale fillers and 

organically-modified nanoclays were explored to reduce diffusion pathways through the 

polymer coatings.  The cathodic disbondment performance of the various blend and 

composite coatings are presented and analytical models developed to predict long-term 

durability of the coatings in corrosive environments. 

 

  

 

 

 

 



 

 1 

1.  Introduction to Research, Goals & Objectives 

It is the goal of the author to use this first chapter to identify and introduce 

important scientific topics that will be studied and presented in greater detail and depth 

throughout this dissertation relating to the Ph.D. research work, “Cathodic Disbondment 

Resistance with Reactive Ethylene Terpolymer Blends and Composite Coatings.”  Topics 

to be discussed are illustrated in a flow chart in Figure 1.1 to assist the reader.  Topics to 

be included are:  polymer coatings, adhesion science, adhesion loss of organic coatings, 

cathodic protection and disbondment, thermoplastic coating materials including blends 

and reactive thermoplastics, and macro- and nanoscale particle reinforcements for 

thermoplastics. 

 

 

1.1  PROBLEM STATEMENT 

New material coating systems must not only provide the necessary corrosion 

protection, but should also maintain the integrity of the structure via arresting crack 

propagation of corrosion weakened sections and joints.  Making use of the reversible 

curing cycle of thermoplastic matrix materials may reduce costs through labor savings 

and the elimination of service disruption for repairs associated with thermosetting 

coatings.       
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The coating system must provide adhesion to steel substrates, the resistance to O2 

and H2O diffusion, resistance to cathodic disbondment and provide mechanical 

strengthening via the introduction of reinforcing fillers.  Table 1.1 shows the 

performance, properties necessary for engineered coatings, the testing regime to quantify 

performance and the range of acceptable values for each test.  These performance criteria 

will be employed to quantify the performance of dual and three-layer coatings systems 

presented in Chapter 7 of this dissertation. 

  

Table 1.1:  Necessary Properties of the Coating System, Testing Procedures and the 
Acceptable Range of Performance Values. 

Performance Properties Testing Regime Range of Acceptable Values 

Adhesion ASTM D1002 > 5 MPa 

Elongation ASTM D638 > 50% 

Cathodic disbondment ASTM G92 < 20 mm in 24 days 

Tensile strength ASTM D638 > 10 MPa 

Water absorption ASTM D570 < 0.1% in 24 days 

Accept fillers/fibers Pass/Fail 10 vol. % 

Ease of application Pass/Fail - 

Environmental impact Pass/Fail - 

 

 

Through experimental development of the coating system, potential capabilities 

should include any combination of the following:  corrosion protection, cathodic 

disbondment inhibitor, mechanical strengthener, and crack growth inhibitor.  Such 

capabilities would make this material attractive in the transportation industry for the 

rehabilitation of pre-existing structures such as bridges, road signs and guard rails; in the 

oil and gas industries in applications such as pipelines and off-shore oil rigs rehabilitation 

and protection; and in commercial and military marine vessels. 
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1.1.1  Goals of Research 

1.  Develop novel thermoplastic polymer coating system for corrosion control of 

metals  in structural applications.  

 2.  Resist cathodic disbondment via introduction of inorganic fillers. 

3.  Improve permeability barrier of thermoplastic coatings by transitioning to 

nanoscale reinforcements. 

4.  Apply the results of primer and coating data to develop a multi-layer coating 

system that outperforms currently available materials. 

 

1.1.2  Rationale of Materials and Techniques 

In applications requiring polymeric materials, thermoplastics are gaining 

acceptance over thermosetting for coatings applications due to the ability for quick in-

the-field bonding using a variety of fusion bonding methods.  Hot-melt thermoplastic 

coatings eliminate the need for harmful solvents which reduce production curing time and 

offer a more environmentally friendly approach with reduced emissions.  Additionally, 

thermoplastic coatings may be applied in various thicknesses, whereas thermoset epoxies 

must be applied in thin, often brittle layer.  The most commonly used thermoplastic in 

such applications is polyethylene.  However, the corrosion protection of polyethylene is 

limited by poor adhesive properties because of its non-polar nature, leading to low 

surface energy.  It has been suggested that blending polyethylene with polar polymers 

may help increase dry adhesion between polymer coatings and high surface energy steel 

substrates. 
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Historically, high adhesive strength has best been established by coatings in the 

family of ethylene copolymer ionomers, which are ion neutralized (typically sodium) 

ethylene methacrylic acid copolymers.  These materials possess the desired toughness, 

impact resistance and adhesion for external pipeline coatings, but are sensitive to the 

permeability of moisture.  An olefin (polyethylene) system seems like a better choice for 

such coating applications in corrosive environments.  A reactive ethylene terpolymer 

(RET) composed of ethylene/n-butyl acrylate/glycidyl methacrylate (E/nBA/GMA) 

formulations (Elvaloy® 4170 by DuPont™), taking advantage of the dual functionality 

GMA component, show promise for novel coating systems; however they are too soft and 

pliable to be implemented independently.  Blending the RET with olefins such as 

polyethylene have been shown to increase strength and adhesion of polymers to steel 

surfaces without sacrificing elongation properties.   

 

 

1.2  POLYMER COATINGS AND PRIMERS 

Protective coatings have been employed for thousands of years and are considered 

to be one of the most ancient technologies of mankind.  The first functional organic 

coatings of beeswax, eggs, and blood were all used for their resistance to water 

absorption and degradation [1].  Since then, the focus of organic coatings research has 

been on controlling corrosion and minimizing O2 and H2O transport, as in the food 

packing industry.  Interestingly, coatings have emerged as the first true everyday uses of 
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nanotechnology in scratch-resistant varnishes, stain-resistant clothing and nanoclay-filled 

plastics. 

 

1.2.1  Principles of Functional Coatings 

Today’s coatings must display functionality such as corrosion protection, water 

resistance, scratch resistance, etc.  The development of multi-functional coatings is 

obviously of great importance, where one coating or coating system could perform a 

variety of tasks.  In just about every application of polymeric coatings, superior adhesion 

and toughness along with reduced permeability are of paramount importance.  Table 1.2 

below outlines the desired properties of polymeric coatings for a variety of potential 

applications.  This is by no means a complete list, but serves as a good reference in 

establishing a performance criterion for the development of polymeric coatings.  Coating 

properties of particular importance for this dissertation work are identified in bold.  

 

Table 1.2:  Properties of Polymeric Coatings for a Variety of Potential Applications. 

DESIRED CHARACTERISTICS OF COATINGS 
(Characteristics of Highest Emphasis Listed in Bold) 

Superior adhesion to wide range of substrates 

Abrasion, impact and penetration resistance 

Chemical and corrosion resistance 

Resistance to cathodic disbondment 

Flexibility 
Stability at low temperatures 

Resistance to water absorption and water vapor permeability 

Durability 
Uniform application thickness 

Ease of application 
Limited cure time 

Minimal environmental impact 
Economic value 

Ability to accept fillers/fibers 
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Recent estimates indicate annual corrosion damage repairs add up to 4% of the 

gross domestic product of western countries [2].  In the oil and gas industry alone, $5.4-

8.6 billion is spent annually on replacement or repair of pipeline steel [2].  The need to 

prolong the service life of existing structures and ensure long life-spans of newly built 

structures is the goal of many research efforts.  Current state-of-the-art materials and 

methods for corrosion protection include everything from genetically engineered fungi to 

conductive polymers [3].   

 

The resistance to cathodic disbondment is crucial in applications where organic 

coatings are placed on steel pipe supplied with cathodic protection buried in corrosive 

environments such as soil or in underwater applications.  Surface defects such as pinholes 

and scratches introduced into the coating (as a result of transportation, installation or 

“wear and tear”) serve as initiation sites in the formation of microcircuits in which 

electrons flow through the metal in one direction while positive ions (Na+ from the 

electrolyte) flow back along the metal surface.  Degradation of the metal/polymer 

interface ensues due to increased local pH and the formation of corrosion products.  As 

the coatings become separated, fresh metal is exposed, continuing and accelerating the 

process.   

 

With the increasing number of structurally deficient bridges in the United States, 

innovative means of repair and rehabilitation are required.  Composite materials have 

been shown to provide excellent flexural and shear strengthening along with ductility 

enhancement in concrete structures.  In steel bridges, fatigue and corrosion damage make 
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these structures candidates for strengthening with composite materials.  Current methods 

for steel bridge strengthening involve welding new steel plates over existing cracks and 

corrosion weakened joints.  This does little to address the corrosion issue and may 

introduce long-term weakening with the introduction of excessive welds along with a 

sharp increase in the weight of the structure. 

 

1.2.2  Principles of Coating Materials 

Thermoplastics, thermoset resins, artificial elastomers and even some ceramics 

may be suitable coatings for a variety of the applications.  These materials may also be 

applied as drops, beads, pellets, tapes, or films in liquid, solid, or gel form.  Coating 

systems on the basis of organic chemistry are categorized into five different systems:  

solvent-based, latex, pressure-sensitive, hot-melts and reactive coatings [4].  Commonly 

used protective coatings include materials such as epoxies, cyanoacrylates, anaerobics, 

acrylics, urethanes, silicones, high-temperature coatings and thermoplastic hot melts.  

The reversible thermo-physical nature of thermoplastic polymers make them ideal 

materials for many coatings applications because they can be processed, applied and 

recycled with thermal energy.  The hot-melts are molten thermoplastics applied to a 

substrate.  Upon cooling, the material re-hardens to bond to the substrate.  These coatings 

are typically used when the speed of bonding is important since cooling may only take a 

few seconds.  They perform well against peel and resist environmental attack [2].  

Previously, hot melts were not thought to be acceptable for structural applications, 

however with the advancement of thermoplastic composite materials, hot melts are being 

used increasingly to transmit loads especially in composite material systems [5].  
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Thermoplastic resins are solid at room temperature but melt abruptly when heated 

between 100˚ and 150˚C [6].  Thermoplastics also often perform well as adhesives when 

the material is melted and can flow to wet the adherent surfaces usually under some 

applied pressure [7].  Often times the adhesive properties of thermoplastics can be 

improved by the application of a dilute solution of phenolic resin primer or an 

aminosilane coupling agent.  An important advantage of hot melt thermoplastics is their 

ability to provide reasonable strength within minutes of application. 

 

1.2.3  Principles of Primers 

Primers are used on metallic substrates for one or more of the following reasons:  

to protect the substrate from degradation and corrosion until bonding is carried out, to 

increase surface wettability, to block pores of porous surface thereby preventing adhesive 

escaping, as a vehicle for corrosion inhibition and as a coupling agent capable of forming 

chemical bonds with the adherent and adhesive [8]. 

  

Pretreatment primers, known as coupling agents are used to form covalent bonds 

between the adhesive and adherent, thereby producing strong and durable joints.  Silanes 

are widely used coupling agents.  Silane coupling agents have the following structure R – 

Si(OR’)3 where R is the functional group that chemically reacts with the coating.  R’ is 

usually an ethyl or methyl group.  The main advantage of silane coupling agents is to 

improve durability of adhesive bonds in the presence of water or water vapor.  Typical 

application of silanes is on the order of 1-4 atomic layers, so only minimal material 

volume is needed.  γ-APS (aminopropyltriethoxysilane) is a common primer used on 
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titanium and titanium alloys [9, 10] and is used in this work to pretreat grit-blasted steel 

to provide bonding groups for the reactive component of the terpolymer blend.  The γ-

APS primer is commonly applied by immersing the metal substrate in a 0.4-1.0 vol.% γ-

APS solution in a mixture of ethanol/water for 15 minutes followed by blowing the 

excess off in a stream of an inert gas [11].  The reported increase in wet strength between 

Ti-6Al-4V and epoxy was 50% [12].  The γ-APS and γ-GPS 

(glycidyloxypropylmethoxysilane) have been shown to improve the level of durability of 

grit-blasted specimens to that of sodium hydroxide and catalytic hydrogen peroxide etch 

[9].  

 

 

1.3  ADHESION SCIENCE OF COATINGS  

The ability of a coating to adhere to the surface it is intended to protect is of 

paramount importance.  In fact, Funke has said for polymer coatings, “adhesion is 

performance” [13].  Therefore, the science of adhesion including the thermodynamics of 

processes at work along with the surface chemistries of the substrate and coatings must 

be understood to engineer high performance corrosion and disbondment resistant 

coatings.  The field of surface engineering is important in many chemical and material 

systems such as catalysis, corrosion and adhesion.  Each relies on the phenomena that 

surface properties differ from bulk properties within the same material.  This phenomena 

is due to the rapid structural changes which occur at or around phase boundaries.  In a 

bulk material, molecular forces are able to balance whereas on a surface, molecular 

forces go unbalanced.  As a result of unbalanced forces, equilibrium bonding 
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arrangements are disrupted, leading to an excess energy, γ, which is defined as the 

surface energy necessary to create a unit area of new surface or the energy necessary to 

move a molecule from the bulk to the surface.  Excess energy may be minimized by 

minimizing surface area.  Surface energy may also be lowered by segregation of the 

various components to and from the surface; such behavior is called adsorption [14].  The 

magnitude of γ may be estimated for metallic and covalent materials by considering the 

number and energy of bonds which must be broken to form the surface. 

 

1.3.1  Surfaces and Interfaces 

In order for the full adhesive potential of a coating to be realized, complete 

surface contact must be achieved.  The adhesive must spread over the entire solid 

substrate surface and needs to displace air and any other contaminants that may be 

present on the surface.  It is very important for a liquid adhesive to maintain near zero 

contact angle with low viscosity during bonding and to displace any trapped air which 

may adsorb on the adherent surfaces.   

 

Tack is the adhesion of two surfaces of the same rubbery polymer.  When two 

such surfaces are pressed together and subsequently pulled apart, the maximum force 

necessary to break the junction depends on the initial time of contact and the normal 

force applied, as well as the rate of separation, the temperature, and other variables [15].  

From the dependence on temperature and polymer molecular weight, it can be inferred 

that the effectiveness of the bond depends partly on the interdiffusion of molecules across 

the interface and hence on molecular motions which are reflected in viscoelastic 
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properties.  However, the effectiveness depends on the ultimate properties of the polymer 

itself [16]. 

 

Wetting is the ability of a liquid to spread onto a solid surface and is useful in 

determining the adhesion potential of adhesive and adherent.  This is significantly 

important in the area of composite materials in which good mechanical strength of the 

overall composite can be ensured by choosing a resin that completely “wets” the 

reinforcing fibers.  Wetting can be expressed in terms of the thermodynamic work of 

adhesion, Wa, which is the energy necessary to separate bonded surfaces, such as a 

coating from a substrate.  The work of adhesion is represented by the following equation: 

 

SLLVSVaW γγγ −+=         (1.1) 

 

such that γSV, γLV and γSL are the specific surfaces energies of the solid-vapor, liquid-

vapor and solid-liquid interfaces, respectively [2, 14, 17]  This equation can be related to 

the physical situation of a liquid drop on a solid surface as shown in Figure 1.2.  The 

contact angle is the angle between the liquid and the solid at the intersection of the two 

phases.  The surface tension of solids is difficult to measure whereas the surface tension 

of liquids can be determined quite easily. 

 

When the surface energy of the solid is higher than that of the liquid, wetting is 

said to occur.  Complete wetting yields a contact angle of 0˚.  Conversely, when the 

surface energy of the solid is lower than that of the liquid, the system will minimize the 



 

 

13 

surface free energy by maximizing the surface area to volume of the liquid.  Such a 

favorable energy ratio yields a stable spherical geometry of the liquid.  Young’s equation, 

 

θγγγ cosLVSLSV +=         (1.2) 

 

is employed to determine surface boundary energies of phases present at a recorded 

contact angle, θ  [14, 17, 18].  Contact angles are obtained using a goniometer or by 

simple trigonometric relationships using a dynamic contact angle analyzer.  Perfect 

wetting is said to occur at contact angle 0˚ (Figure 1.2(b)) while “no wetting” occurs at 

180˚ (Figure 1.2(c)).  A low contact angle, meaning good wetting, is a necessary but not 

sufficient condition for strong bonding.  One can have excellent wetting and weak van 

der Waals-type low-energy bond [18].  

 

In general, the Young’s relationship (Equation 1.2) applies only to one-

dimensional spreading and becomes invalid if the substrate is not rigid or motion of the 

contact-line take place in both horizontal and vertical directions.  The force equilibrium 

ignores the vertical component of the surface tension which acts along the line of contact.  

As the capillary forces are not balanced, external forces must be applied to the solid to 

achieve equilibrium.  These forces may produce deformation even in highly deformable 

solids, such as gels and rubber, destroying the co-planarity of interfacial tensions that is 

assumed in Young’s equation and causing ridge formation at the interfacial region.  With 

the use of Young’s equation, it has to be emphasized that only “quasi-equilibrium” exists 
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within the window of time when observations are made, provided that the solid’s 

deformation rate is small.   

 

 

Figure 1.2:  Contact Angle, θ, and Surface Tension, γ, for a Liquid Drop on a Solid 
Surface: SV, SL and LV for Solid-Vapor, Solid-Liquid, and Liquid-Vapor Interfaces, 

Respectively.  Three Wetting Conditions are Shown:  (a) Partial Wetting, γSV = γLV cos θ; 

(b) Non-Wetting, γSV + γLV < γSL; and (c) Complete Wetting, γSL + γLV < γSV.  Figure 
Adapted From [4].  

 

 

Using Young’s relationship (Equation 1.2) for the contact angle and then 

substituting in Equation 1.1 results in the following: 
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LV

SLSV

γ

γγ
θ

−
=cos         (1.3) 

 

θγγ cosLVLVaW +=         (1.4) 

 

)cos1( θγ += LVaW         (1.5) 

 

Since the surface tension, γLV, the contact angle, θ, can be determined experimentally, the 

work of adhesion, Wa, can be found, as shown in Equation 1.5.  However, the work of 

adhesion should not be equated to the adhesive bond strength since the bond strength also 

contains the energy of dissipative processes such as viscoelastic deformation, plastic 

deformation, local micro-cracking etc [2]. 

 

The static contact angle data can be determined using a video contact angle 

(VCA) analyzer [19].  The VCA can be used to register angles up to 180˚ on both sides of 

the drop without moving the substrate.  The surface energy information is then 

calculated, in terms of dispersive and polar (non-dispersive) components, using the 

geometric mean equation combined with Young’s equation. 

 

[ ]2/12/1 )()(2)cos1( p

SV

p

LV

d

SV

d

LVLV γγγγθγ ⋅+⋅=+     (1.6) 
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such that γLV and γSV are the surface energies at the liquid/vapor and solid/vapor 

interfaces, respectively, θ is the contact angle and the superscripts d and p represent the 

dispersive and polar components, respectively.   

 

Wetting of the adherents by the adhesive is critical to the formation of secondary 

bonds in adsorption theory [20].  It has been theoretically verified that for complete 

wetting, the surface energy of the adhesive must be lower than the surface energy of the 

adherent [21].  Therefore, the primary objective of a surface pretreatment is to increase 

the surface energy of the adherent as much as possible [8]. 

 

1.3.2  Thermodynamics of adhesion 

The measure of adhesion is the amount of mechanical work necessary to separate 

two adherent surfaces, ie. the energy necessary to break chemical bonds.  In the past, 

researchers have studied the molecular interaction between two surfaces.  Prediction of 

bond strength between adhesive and adherent, or between the interphase and the 

adhesive, can be obtained by applying the general principles of surface chemistry [2]. 

Creton has recently theoretically investigated the molecular interactions between two 

surfaces assuming that the contact between the adhesive and substrate is perfect, i.e., that 

there is no surface roughness and that the bond forms instantaneously upon contact [22].  

This assumption is clearly not true and has significant implications for the measurement 

of quick tack.  However, it is easier to concentrate on the perfect contact case first, which 

is a reasonable assumption when interpreting peel test results.   
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In the simplest case of the contact of an adhesive A and a rigid substrate B, which 

do not chemically react or have specific interactions, the process of forming A-B contact 

and then separating the surfaces involves the formation and then destruction of van der 

Waals bonds.  The energy necessary to break these bonds per unit area of surface is given 

by: 

 

assaaW γγγ −+=         (1.7) 

 

where γa and γs are the specific surface energies of the adhesive and of the substrate, 

respectively, and γas is the interfacial free energy [22].  If the forces are purely dispersive, 

the interfacial energy is approximately: 

 

2/1)(2 sasaas γγγγγ −+=        (1.8) 

 

so that the thermodynamic energy of adhesion is given by 

 

2/1)(2 saaW γγ=         (1.9) 

 

On the other hand, the cohesive energy of the adhesive will be given by the relationship: 

 

acohW γ2=          (1.10) 
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Two key observations can be drawn from these equations.  First, the energy of adhesion 

is predicted to increase with the surface energy of the substrate and second, such an 

approach would predict cohesive failure in the adhesive if the surface energy of the 

substrate is higher than that of the adhesive (γs > γa).  None of these simple predictions 

have actually been quantitatively confirmed experimentally yet.  Furthermore, it is well 

known that the measured adhesion energy Wa is usually several orders of magnitude 

higher than what is predicted by the thermodynamic equations [4].    

 

1.3.3  Bonding Mechanisms 

Several bonding mechanisms may be enacted to secure adhesion between coatings 

and substrate surfaces.  In some cases, one or more mechanisms may be acting at any 

given time.  Some well accepted bonding mechanisms are shown in Figure 1.3:  (a) 

electrostatic attraction; (b) chemical bonding; (c) molecular entanglement following 

interdiffusion; and (d) mechanical interlock [4, 17, 18, 23, 24].   

 

Physical bonding involves weak, secondary or van der Waals forces, dipolar 

interactions, hydrogen bonding and other low energy forces [18, 24].  The bond energy in 

such physical bonding is approximately 8-16 kJ/mol [18].   

 

Adsorption theory is based upon the notion that to secure a successful bond, the 

adhesive must completely wet the adherent.  With the appropriate intermolecular contact 

at the interface, the materials adhere because of surface forces acting between the atoms 

of the two surfaces [23].  The most common are van der Waals forces or secondary 
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bonds.  In addition, chemisorption may occur and thus ionic, covalent and metallic bonds 

may operate across the interface; these types of bonds are referred to as primary bonds 

[17].  The terms “primary” and “secondary” are indicative of the bonding strength and 

the energy necessary to break the bond. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 1.3: Bonding Mechanisms:  (a) Electrostatic Attraction; (b) Chemical Bond 
Between Groups A and B; (c) Molecular Entanglement Resulting from Interdiffusion; 
and (d) Mechanical Interlocking Between Rough Surfaces.  Images Taken From [4]. 
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Perhaps the oldest and best known of all the bonding mechanisms is the chemical 

reaction and bonding of two surfaces.  A chemical bond is formed when a chemical group 

on one surface interacts and bonds to a compatible chemical group on another surface 

[17, 24].  The bond strength is ultimately determined by the number and type of bonds 

because failure of the adhesive involves breaking of these bonds.  The physical and 

chemical behavior of the bond depends on atomic transport and diffusion.  Solid solution 

and compound formation at the interface result in a reaction zone with a certain thickness 

range.  This encompasses all types of primary bonds:  ionic, covalent and metallic giving 

bond energy of 40 - 400 kJ/mol [18].   

  

Surface pretreatments often involve chemicals which produce surfaces with 

different chemical compositions and oxide stoichiometries.  These morphological 

changes influence the nature of the chemical bonds.  Subsequently, a relationship exists 

between chemical composition of the surface and the bond durability [8, 20, 25]   

 

Diffusion occurs when atoms are able to pass across an interface.  This bonding 

mechanism is applicable to cases in which the adhesive contains a solvent for the 

adherent [23].  In polymer adherents, interdiffusion bonding causes molecules to migrate 

across the interface and become entangled with the polymer chains of the other adherent.  

The number of polymer molecules and the degree to which the polymers become 

entangled will determine the strength of the bond.  The ability to achieve interdiffusion 

bonding between polymers will be discussed further in Chapter 4 as a means of 

quantifying the adhesive strength of coatings to metal substrates.  Interdiffuion may be 
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promoted by the presence of solvents and the amount of diffusion will depend on the 

molecular conformation, constituents involved and the ease of molecular motion [26].  

The solubility parameter, δ, may be defined by: 

 

V

RTH v

2/1−∆
=δ         (1.11) 

 

where ∆HV is the molar heat of vaporization, R is the gas constant, T is the temperature in 

degrees Kelvin and V is the molar volume [26].  

 

Mechanical bonding may occur by the mechanical interlocking of two surfaces.  

The theory points out that surfaces on a micro-scale are very rough [23].  Therefore, 

when a liquid adhesive is placed between two surfaces, it penetrates the crevices and 

pores and then solidifies.  The fact that roughened surfaces provide the best bond, support 

this theory.  Again, the strength of the bond depends upon the degree of interlocking of 

the two surfaces.  While mechanical impingement can lead to significant bonding, in 

general this mechanism is low-energy with less strength than that of a chemical bond 

[18].  In most cases, mechanical interlock is not enough to secure a successful bond.  

However, when combined with chemical bonding, the overall adhesive strength could be 

improved significantly.  Roughening the surfaces at the interface essentially creates 

surface area [24].  High surface areas give rise to increased sites for mechanical 

interlocking to develop.  The mechanical bonding at the interface is not likely to have 

good strength in transverse tension.  However, the strength in shear may be significant 
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and depends on the roughness of the surface.  In load transfer applications, mechanical 

bonds perform well when load is applied parallel to the interface [24].  

 

1.3.4  Durability Concerns Affecting Adhesion 

Controlling the bonding environment of metal surfaces will affect the durability 

of the bond.  Metal and metal oxides are generally high-energy solids with surface 

energies greater than 500 mJ·m-2.  Even after contaminants (grease, oil, dirt) are removed 

from a surface and when bonding a much lower surface energy adhesive (70 mJ·m-2), a 

high energy surface absorbs water vapor from the atmosphere and other contaminants 

such as nitrogen and inorganic adsorbents, such as hydrocarbons, which lower the surface 

free energy of the substrate, and may limit interaction and prevent spreading of the 

adhesive [27].  Shafrin and Zisman determined the critical surface tension, γc, of various 

clean, hydrophilic, high surface energy surfaces at two extreme values of relative 

humidity, 0.6% and 95%, and found that the surfaces were converted to lower γc (about 

46 and 38 mJ·m-2 respectively) and, further, that the γc values were almost independent of 

the actual underlying solid substrate [28].  Studies by Glendhill et. al. have extended this 

earlier work by examining the effect of a range of relative humidity on the wettability of 

the mild-steel surfaces and have considered the implications of such data on the strength 

of joints prepared under different humidity conditions [29].  From the contact angle 

measurements and using equations for γSV for a polished and grit-blasted steel surface, Wa 

was deduced as a function of relative humidity.  Adhesion strength dropped with 

increasing relative humidity.  Thus the enhanced wetting of steel surfaces by the adhesive 

at lower humidity was directly reflected by higher joint strengths.   
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It is important to ensure that the bonding environment is such that adsorbed 

contamination is kept to a minimum; as the lower the extent of contamination; the more 

readily it will be displaced by the adhesive which may then achieve intimate molecular 

contact with the solid surface.  If multilayer contamination is not displaced by the 

adhesive it will act as a “weak boundary layer” and low joint strength will result.  Lastly, 

the presence of adsorbed hydrocarbons probably assist the displacement process since the 

common adhesives are usually polar species and thus will have a thermodynamic 

tendency to displace such non-polar contamination, especially if physabsorbed.   

  

The work done by Baszkin et. al. demonstrated the effect of the orientation at the 

interface upon the strength of an adhesive joint [30].  They qualitatively determined the 

surface densities of the polar sites on a polyethylene substrate as the surface was 

oxidized, employing a technique based upon the adsorption of radioactive calcium ions 

[30].  They showed that as the temperature was raised between 80˚C and 85˚C there was 

a decrease in wettability, due to increased chain mobility, leading to the redistribution of 

polar groups into the bulk, and the remaining surface density of polar groups depended 

upon the nature of the liquid in contact with the polyethylene.  This loss of polar groups 

at elevated temperatures was mirrored by a lost of adhesive strength [30].      

  

It has been shown that the kinetics of the environmental failure mechanisms may 

be governed by the rate of diffusion of water into the joint.  Fortunately, water uptake by 

cross-linked adhesives often behaves according to Fick’s law and thus, from calculating 

the diffusion constant from moisture absorption data, using bulk adhesive film samples, 
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the water concentration profile within the joint as a function of geometry, temperature 

and water activity may be predicted [31].  Comyn et. al. and Althof have shown that these 

predictions are reasonably accurate, certainly around the periphery of the joint where the 

initial de-bonding occurs [32, 33].   

 

Comyn et. al. have also demonstrated that a linear relationship often exists 

between loss of joint strength and total water content of the adhesive layer [32, 34].  

Recently, Gledhill et al. have undertaken quantitative predictions of the durability of 

unstressed butt joints consisting of mild steel substrates bonded with a simple epoxide 

resin [29].  First, from diffusion data for the adhesive, concentration profiles for water 

ingress into the adhesive joint were calculated as a function of time and temperature.  For 

this joint, environmental attack occurs by truly interfacial failure and, in the absence of an 

applied stress, the kinetics are governed solely by the rate of water diffusion.  Second, 

therefore, by assigning a constant, critical water concentration for debonding, the 

interfacial environmental crack length, a, as a function of time spent in water at a given 

temperature, was deduced [29].  Third, this crack length was combined with the 

independently-measured values of the fracture energy of the components and the elastic 

modulus of the adhesive used to predict the failure stress expected when the joint was 

subsequently removed from the environment and fractured [29].  The predictions, over a 

wide range of times and temperatures, were in excellent agreement with the 

experimentally-determined values. 
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The loss of strength will be faster if a tensile or shear stress is present, albeit an 

externally applied stress or internal stresses induced by adhesive shrinkage (due to 

curing) or by adhesive swelling (due to water uptake) [35-37].  Such stresses render 

primary and secondary bonds more susceptible to environmental attack by lowering the 

free energy barrier that must be crossed if the bond is to change from an unbroken to a 

broken state, i.e. lower the activation energy for, and so increase the rate of, bond rupture 

[31].  On the positive side, plasticization of the adhesive may diminish stresses by 

relaxation and crack blunting may actually cause the apparent toughness of the adhesive 

to increase [31, 37, 38]. 

 

The negative effect of water on the adhesive strength and substrate corrosion may 

be avoided if the integrity of the interfacial regions is maintained [31, 39].  Thus, either 

water must be prevented from reaching the interface or the durability of the interface 

must be increased.  Organic polymers are susceptible to water permeation.  However, 

structural adhesives are usually based upon epoxy or phenolic polymers and these 

materials are already at the low end of the spectrum of such values.  Thus, while there is 

undoubtedly room for improvement the other properties of any adhesive, such as wetting-

adhesion characteristics, processabilty, toughness, cost, etc. Kinloch has stated that the 

need for high adhesive strength must be balanced against the need for low water 

permeability [20].  A second approach has been to use sealants to coat the edges of an 

exposed joint.  However, while this will obviously slow down water penetration it is 

often not possible to apply a thick enough layer to be very effective and this approach has 

other disadvantages such as adding extra operation and cost to the bonding process [31]. 
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1.3.4.1 WET ADHESION LOSS 

 The ability of organic coatings to remain adhesively bonded to the substrate to be 

protected will determine its overall performance.  Many coatings may provide excellent 

adhesive strength under dry conditions, but in the presence of moisture, blistering and 

delamination may occur.  Wet adhesion is the adhesion of an organic coating to a 

substrate with direct exposure to liquid water.  This will be introduced in detail in 

Chapter 4 as is related to the overall CD performance of RET blend coatings.  Water, or 

wet, disbondment is the separation that occurs between a polymer coating and a solid 

substrate when a moderate force, insufficient to affect the system when not exposed to 

water, is applied during or immediately after the coating system is exposed to gaseous or 

liquid phase water or aqueous solutions [40].  The presence of moisture at the 

substrate/coating interface can disrupt adhesion in two distinct ways:  (1) loss of 

mechanical interlock due to water migration front acting like a crack tip and (2) 

plasticization or weakening of chemical bonds.  For epoxy coatings on steel, hydrogen 

bonding is the major chemical interaction at the metal/polymer interface [40, 41].  This 

relatively weak bond has little resistance against a wet environment.  For instance the 

bond energy for hydrogen bonding between an epoxide and metal oxide may be around 

25 kJ/mol whereas the affinity for water to a polar high energy iron oxide surface is 

between 40-60 kJ/mol [41].  Additionally, the high wetting ability of water on iron oxide 

surfaces will displace polymers bound to the substrate.  In some cases, this displacement 

of metal/polymer interaction may be recovered after the moisture has been removed [41, 

42].  However, wet adhesion loss as a result of physical or chemical changes within the 

polymer such as saponification or plasticization are nonreversible [41, 42].  A 
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comprehensive review of water disbondment and wet adhesion loss of organic coatings 

can be found in reference [40].   

 

 

1.4  DISBONDMENT OF POLYMER COATINGS ON STEEL 

1.4.1  Cathodic Protection 

Cathodic protection (CP) reduces or prevents the corrosion of metals exposed to 

any aqueous electrolyte by means of an imposed current or through the use of a sacrificial 

anode, as shown in Fig. 1.4(a) and (b), respectively.  This corrosion preventative measure 

is used most frequently for coated carbon steels in buried pipe, oil and gas casings, ship 

hulls and underground fuel tanks.   
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          (a)         (b) 

Figure 1.4:  (a) Cathodic Protection of (a) an Underground Pipeline using a Zinc 
Sacrificial Anode, and (b) an Underground Tank using an Impressed Current.  Image 

Adapted from [43]. 
 

 

Cathodic protection via the sacrificial anode method, utilizes a galvanic cell 

purposely created where a metal of lesser nobility (active) is directly coupled to the metal 

intended for protection.  Zinc, magnesium and aluminum have all proven satisfactory for 

sacrificial anodes [44].  They are preferentially dissolved into cationic species as 

electrons flow from the active anode to the noble cathode structure.  The anodic reaction 

at the cathode structure, for example: 

 

−+ +→ eFeFe 22         (1.12) 

 

is reduced by the surplus of electrons provided by the sacrificial anode.  The produced 

electrons accelerate the reduction of dissolved oxygen (Equation1.13) and the evolution 

of hydrogen (Equation 1.14).   
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−− →++ OHeOHO 442 22        (1.13) 

−− +→+ OHHeOH 222 22        (1.14) 

 

1.4.2  Cathodic Disbondment 

Cathodic disbondment (CD) is the loss of adhesion between an organic coating 

and a metal substrate that results from a cathodic reaction under a coating.  It is the main 

degradation mechanism for coated steel exposed to seawater and buried steel pipe.  

Organic coatings include polymer films, paints and primers used to protect the pipe or 

girder from harsh environments.  Often times an imposed current applied to prevent 

corrosion, initiates the reduction of water and oxygen around a holiday or defect in the 

coating.  Hydroxyl ions are created, elevating the pH at the interface.  Such increases in 

pH affect the adhesion between coating and metal leading to de-bonding.  A thorough 

survey of the literature with regards to cathodic disbondment is presented in Chapter 2. 

 

Cathodic disbondment initiates at defects within the coating [45, 46].  At an 

isolated metal/electrolyte interface, metal is oxidized (Equation 1.12) and oxygen is 

reduced (Equation 1.13).  At an isolated electrolyte/metal interface the electrode potential 

(the sum of anodic and cathodic currents) is zero.  In this case, the diffusion rate of 

oxygen through the electrolyte layer limits the corrosion rate.  At an intact (defect-free) 

metal/polymer interface the kinetics for electrochemical reactions are very low.  The 

metal oxidation is completely inhibited and no electrons are available for oxygen 

reduction.  This results in a positively charged interface.  When these two interfaces are 

brought into contact, via a defect in the coating, electrons flow through the metal from 
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the defect to the intact interface.  Here they are available for oxygen reduction, provided 

there is ionic conduction along the interface to close the circuit.  Since the exchange 

currents at the defect are high and those at the metal/polymer interface are extremely low, 

the potential at the polymer/metal interface is drawn in the direction of the potential 

observed at the defect.  The potential difference to the defect is then determined by the 

potential drop caused by the cation transport across the resistance of the interface.  

During this process the diffusion of cations and anions alongside the interface turns into a 

nearly exclusive transport of cations from the defect to the delamination site in order to 

compensate for the flow of electrons [47].   

 

Intermediate products of the oxygen reduction are hydroxyl radicals (Equation 

1.13).  The hydroxyls are aggressive and reactive molecules that cause the destruction of 

the adhesion between polymer coating and steel substrates.  Figure 1.5 shows a schematic 

outlining the mechanism for disbondment and delamination, where delamination occurs 

along the polymer/metal interface.  The major product of the oxygen reduction is OH- 

which significantly increases pH at the interface.  At such high pH the electrode 

potentials typical at the delaminating interface, iron is passive; even though the bond 

between polymer and metal is gradually destroyed, there is little or no corrosion of iron.  

The anodic reaction occurs only at the defect site itself.   
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Figure 1.5:  Cathodic Delamination Process Originating From an Artificial Defect in an 
Organic Coating on a Steel Substrate With an Applied Cathodic Potential. 

 

 

The defect and delamination sites form anode and cathode galvanic elements.  

These facilitate the migration of cations along the delaminating interface to maintain 

oxygen reduction and thus the process that destroys the interface.  Studies on the 

delamination of polymer coatings from gold surfaces where iron is placed at the defect 

supports the theory that no anodic reactions are occurring at the interface (iron is passive) 

[48].  However, the situation is different on galvanized steel.  Here, a thin clad coating of 

zinc does not stay passive at high pH levels along the interface.  An anodic delamination 

front follows the cathodic one and a close interaction between both delamination fronts 

was observed by Fürbeth et. al. [49-51].   

 

1.4.2.1  THERMODYNAMIC PROCESSES 

Cathodic disbondment is a direct result of chemical reactions occurring from the 

products of electrochemical reactions.  In components such as buried or aboveground 
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pipelines, defects or holidays in protective organic coatings give rise to CD.  When these 

localized defects come in contact with an electrolyte, they behave anodically against the 

much larger surface area of the pipeline, which serves as the cathode.  For small defects, 

anodic sites are created and electrochemical reactions ensue resulting in the evolution of 

hydrogen and reduction of oxygen.  Reduced oxygen then combines to form hydroxyl 

anions, raises local pH and adversely affects the adhesion between the substrate and the 

coating.  The dramatic increase in pH at the coating defect may reach pH levels of 11-14 

[52].  At such alkalinity, the adhesive and polar functional groups of the coating are 

weakened [53].   

 

1.4.2.2  KINETIC PROCESSES 

For a defect in an organic coating, the formation of a compact electrochemical 

double layer at the metal surface results in a steep potential gradient (about 107 V/cm) 

between the metal surface and the electrolyte [54].  Thus, the driving force for 

electrochemical reactions is quite high.  As described above, metal is oxidized and 

oxygen reduced at a rate limited only by the diffusion of oxygen through the electrolyte 

layer.  The electrode potential assumes a value where the sum of the anodic and cathodic 

current equals zero (E1), the corrosion potential, Figure 1.6.  The kinetics for the 

electrochemical reaction at an isolated, intact metal oxide/polymer interface, however, is 

very slow, because the electrochemical double layer is diffuse [54].  In this region the 

metal oxidation is completely inhibited, while only an extremely limited amount of 

oxygen reduction can take place at the oxide surface leading to a depletion of electrons in 

the oxide and a positively charged interface (E3), also inhibiting oxygen [54].  If the two 
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regions are brought into contact, as at a defect, oxygen reduction is possible at the intact 

interface, because on the one hand electrons can flow through the metal from the defect 

site to the intact interface and are therefore available for oxygen reduction.  On the other 

hand, ions can diffuse into the intact metal oxide/polymer interface leading to a compact 

electrochemical double layer and causing the electrode potential of the metal 

oxide/polymer interface to shift in a cathodic direction (E2) in Figure 1.6 [54].  A high 

rate of oxygen reduction at the delamination front is then maintained by the migration of 

cations along the interface, which closes the electrical circuit.  Because of this coupling 

with the defect, the electrode potential of the metal oxide/polymers interface shifts then to 

a significantly more negative value [54].   
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Figure 1.6:  Schematic Drawing of the Mechanism of Cathodic Delamination.  The 
Electric Circuit Required for Providing the Delaminating Interface with Electrons is 
Closed by Selective Migration of Cations Along the Interface.  Adapted From [54]. 

 

 

 



 

 

34 

1.4.2.3  TRANSPORT PROCESSES 

The disbondment of organic coatings on steel results from the reduction of 

oxygen from electrolytes that migrate to the metal/polymer interface.  These may be due 

to humidity, or in the most severe cases, seawater or melting ice with road salts.  

Therefore the key to preventing CD is to eliminate moisture absorption though the 

coating and making sure the substrate is free of moisture before the coating is applied.  It 

has been shown that moisture is rarely absorbed laterally from the defect, but permeates 

through the coating.  Diffusion is the rate-limiting-step in cases of cathodic disbondment.  

To support this, Kamimura et. al. have shown that the radius of disbondment (used to 

quantify CD damage) is a function of the coating thickness [47].  Thicker coatings show 

lower levels of CD at decreased disbondment rates as shown in Figure 1.7.  Increased 

diffusion path lengths slow the rate of moisture absorption thus decreasing CD.  In a 

related experiment, Kamimura found the degree of cathodic disbondment (in millimeters) 

to increase with increased pre-immersion time in 0.52 M NaCl solution without an 

inflicted defect.  However, no relationship was found between disbondment and 

concentration of NaCl (0 – 1.9 M).  The abundance of oxygen at the metal/polymer 

interface also affects CD rates.  The availability of oxygen may result from breakdown of 

the metallic surface oxide or reduced oxygen from aqueous diluents.  Surface oxidation 

breakdown is most likely the cause of hydroxyl formation and initial disbondment or 

blistering in organic coatings.  Kamimura found that the dissolved oxygen concentration 

greatly affects the radius of disbondment [47].  The radius of disbondment was found to 

double in oxygen saturated-solutions compared to de-aerated solutions.  Figure 1.8 shows 

the impact of oxygen concentration on CD on polyethylene coatings on steel. 
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Figure 1.7:  Schematic Illustrating the Effect of Polyethylene Coating Thickness on 
Cathodic Disbonding.  Image Adapted From [47]. 

 

 

 

Figure 1.8:  Schematic Illustrating the Effect of Dissolved Oxygen on Magnitude and 
Rate of Cathodic Disbondment vs. Time for a Polyethylene Coating on Steel.  Image 

Adapted From [47]. 
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Early work by Koehler, examined the role of the steel oxide surface on cathodic 

disbondment of oleoresinous organic coatings.  The rate of oxygen reduction on steel was 

found to increase as Fe3+ in the oxide was reduced [52, 55].  The oxide film properties are 

important as they will dictate the rate of oxygen reduction that causes CD.  Reduction of 

Fe3+ in the oxide film may result in either soluble Fe2+, or in intermediate film 

compositions from Fe2O3 to Fe3O4, dependent upon pH and potential (Figure 1.8) [55].  

At sufficiently negative potentials, a portion of the Fe3+ in the oxide film is reduced, the 

steel substrate becomes active, yielding soluble or insoluble oxidation products, again 

dependent upon pH and potential.  This is explained by surface roughening and oxide 

film thickening observed beneath the disbonded coating [55]. 

 

Some groups have found good correlation between the degree of CD and the 

amount of wet adhesion loss, of the loss of substrate/coating adhesion while exposed to 

aqueous baths [45, 46, 56-58].  However, a more simple correlation can be drawn such 

that both wet adhesion loss and CD result when water is able to penetrate though the 

organic coating to the adhesion interface.  A study of the correlation between dry 

adhesion, wet adhesion and cathodic disbondment performance is presented in Chapter 4. 

 

1.4.3  Means of Prevention 

Most work in the area of CD has been done to characterize the failure mechanism 

for delamination.  Several studies have been completed by Steinso et. al. and Roy et. al. 

quantifying rates of cathodic disbondment of coatings and developing new materials 

systems to impede CD, respectively [45, 46, 56-58].  Most recently, Hamade and Dillard 
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have assessed the effects of shear, compression and peel on the CD of elastomer/metal 

adhesive bonds [53].    

  

The importance of electrolyte, polarization potential, dry film thickness and 

temperature were investigated as they relate to CD performance of mild steel coated with 

epoxy, vinyl-tar and epoxy-tar films.  The electrolyte used in the Steinsmo study (0.25M 

NaCl, 0.5M NaCl, artificial seawater, and a Cl2 rich NaCl solution) , were found to have 

no direct impact on CD performance [47].  A slight variation in the disbonded areas was 

observed and explained as the likely result of variation in the average dry film thickness 

from one electrolyte to another.  In all cases, thicker coatings offered lower disbonding 

rates, which is supported by Kamimura as was shown previously in Figure 1.7 [47].  For 

films of thickness 75 µm to 300 µm, disbonded areas linearly decreased with increasing 

film thickness.  These findings further supported the claim, that the electrolytes 

investigated by Steinsmo et. al. have no effect on CD even with differing initial pH [59].  

Studies by Leidheiser found the cation present in solution had a strong influence on CD 

[60].  The rate of disbondment of coatings on steel increased as the electrolyte changed in 

the order:  calcium chloride, lithium chloride, sodium chloride, potassium chloride, 

rubidium chloride, cesium chloride [59].  The rate of cathodic disbonding also was found 

to increase with increasing oxygen concentration.  Leidheiser and Wang found no 

correlation however, on CD and the anions present in solution [61].  This conclusion was 

based upon a comparison of sodium chloride, sodium bromide, and sodium fluoride.   
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Elevated temperatures greatly affect disbondment of organic coatings.  From 

room temperature (~24˚C) to 50˚C, disbondment areas were found to increase greater 

than 3 fold.  What’s more, Steinsmo et. al. found the CD of an epoxy to be 100 times 

higher than commercial paints used in offshore applications [59].  Polarization potential 

effects on CD performed by Steinsmo proved to be inconclusive as there was much 

scatter in the data and no trends could be easily identified [59].  One interesting 

observation was of the complete set of 27 collected data points, the best CD performance 

(least area disbonded) was found at the -500 mV vs. SCE, while the worst coating 

(highest degree of disbondment) was recorded at -1,400 mV vs. SCE.  This suggests 

disbondment increases with decreased polarization potential.   

 

Steinsmo et. al. examined the time dependence of CD.  They observed an initial 

time delay period, where cathodic disbondment behaved linearly with time to about 200 

days [59].  After 200 days, a more severe linear increase of disbondment was found.  

Figure1.9(a) shows a schematic of the time dependence for an epoxy in a short-term test, 

Figure 1.9(b) longer term testing to 500 days. 
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Figure 1.9:  Schematic Illustrating:  (a) the Cathodic Disbondment Area for an Epoxy 
Over a Short-Term Test Duration Where an Initial Time Delay is Evident and (b) the 

Cathodic Disbondment Area of the Same Epoxy Where the Disbondment Rate Increases 
at a Transitional Point During the Test.  Illustrations Adapted From [59]. 

 

 

Cathodic disbondment prevention in terms of materials design and engineering 

has been led by Roy et. al [45, 46, 56-58].  They have done significant work in 

developing polyethylene containing thermoplastic blends for improved CD performance 

and analyzed possible failure mechanisms for disbondment [56, 57].  Their findings 

indicate no correlation between CD performance and dry-bond strength of polyethylene 

and polyethylene-blend materials.  Observations of mechanical testing show heavy 

cohesive failure in dry-bonded joints whereas in CD measurements, failure is always seen 

as adhesive failure, or the loss of adhesion (debonding) at the polymer/metal interface 

[46, 58].  Wet adhesion tests on the other hand, correlate well with CD measurements; 

where the higher the wet adhesion strength, the better the CD performance of the organic 

coating [45].  Polyethylene blends containing polar functional groups, such as maleic-
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anhydride (MAH), have led to significant improvements in CD performance, even at low 

loadings.  Roy proposed a modified multi-stage process earlier outlined by Castle and 

Watts, who suggested a two-stage theory for disbondment.  The first stage being the 

dissolution of metal oxide at a logarithmic rate and the second stage due to the failure of 

the metal oxide/polymer interface at a linear rate.  The third stage, observed by Roy, 

suggests a change in failure kinetics, the reasons for which are still not clear [58].   

 

Decreased permeability of moisture in a coating can be beneficial for the 

prevention of cathodic disbondment.  Also, highly adhesive coatings resistant to abrasion 

and chemical attack can improve the lifetime of the coating and the structural element to 

be protected.  Materials selection is very important as the coating must withstand the 

environmental conditions (aboveground or buried), and the conditions of the gas or liquid 

flowing though the pipe (high temperature, alkaline, acidic).  The incorporation of fillers 

in organic coatings may serve as CD inhibitors.  For instance, the addition of clay or 

ceramic particles may impede diffusion pathways so much, that moisture permeability 

will no longer exist.  This topic will be expanded into micro-scale and nano-scale fillers 

in Chapters 5 and 6, respectively.  The incorporation of talc particles by Roy has been 

shown improved cathodic disbondment performance in polyethylene coatings possible 

due to high adsorptive capacity of the filler [46].  
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1.5 THERMOPLASTIC COATINGS 

The relative ease of processing thermoplastic materials makes them ideal 

materials for compositing or blending to achieve multi-function coatings materials.  The 

combinations of polymer components often yield a combination of physical properties 

depending, of course, on the composition of the mixture.  The concept of polymer 

blending or alloying is very important to understand the physical date presented in 

Chapters 3 and 4. 

 

1.5.1  Thermoplastic Blends and Alloys 

The concept of mixing one or more thermoplastic polymers in the melt phase to 

form blends or alloys is not new.  Rubber for instance is commonly blended with other 

polymers to form automobile tires or dispersed within a polystyrene matrix to improve 

ductility and impact resistance through craze formation [62].  Some of the most common 

thermoplastic blends include:  polyphenylene oxide/polystyrene; acrylonitrile-butadiene-

styrene/polycarbonate; and polyvinyl chloride/polymethyl methacrylate [62].  The 

implementation of new thermoplastics into blends and the discovery of new alloy 

compositions can create many useful commercial products.  Polymer blends are 

characterized by their phase behavior as either miscible or immiscible.  Immiscible 

blends are phase separated and exhibit the glass transition and melting temperatures of 

each blend component [63].  For a completely immiscible blend, separation occurs where 

each phase contains the pure elements of each constituent polymer.  For partially 

immiscible blends, some phases will include constituents from all polymers in the blend.  

Blends with perfect mixing are said to be completely miscible characterized by the 
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presence of one single phase and a single glass transition temperature [63].  The thermal, 

mechanical and adhesive properties of a polymer blend greatly depend on the miscibility 

as will be discussed in detail in Chapter 3.  Interaction parameters within the constituent 

polymers such as the free energy of mixing ultimately will dictate physical and chemical 

structures [62] such as crystallinity, melt and glass-transition temperatures and dispersion 

(inclusion) size and separation within the continuous matrix.   

 

1.5.2 Thermodynamics of Mixing 

To understand the interaction between polymer components in a blend we must 

consider miscibility to be a function of the thermodynamic Gibb’s free energy of mixing, 

∆Gm.  For a binary mixture the composition may be varied in several different ways.  

Complete miscibility exists only if 

 

0<∆ mG          (1.15) 
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Curve “B” in Figure 1.10 shows the free energy profile for complete miscibility for all 

compositions.  Completely immiscibilty is identified by curve “A” since free energy 

exceeds zero over the full composition profile in the binary system.  Partial miscibility is 
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shown by curve C where a single amorphous phase can be formed at compositions to the 

left and right of the minima of curve C [64].  Two phases are formed, however, with 

compositions given by the minima when mixtures are blended at overall concentrations in 

the center range [64].      

 

 

Figure 1.10:  Free Energy of Mixing Curves for Binary Thermoplastic Blends, where φ2 
is the Volume Fraction of Component 2 in Component 1.  Figure Adapted From [62].  

 

 

The free energy of mixing at a given temperature is related to the enthalpy and entropy 

changes by the Gibb’s free energy equation, 

 

mmm STHG ∆−∆=∆         (1.17) 
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such that ∆Hm is the change in the heat of mixing and ∆Sm is the change in entropy of 

mixing.  To describe the entropy of mixing in terms of a polymer/solvent or 

polymer/polymer system, Flory developed the relationship [65, 66] for a fixed volume 

system 
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Vi is the molar volume of species i and φi its volume function in the blend.  The molar 

volume, Vi, is proportional to molecular weight and considered to be very large.  This 

result has a large effect on the miscibility of the polymer blend since it suggests that ∆G 

< 0 only when ∆Hm < 0.  The enthalpy of mixing is primarily dependent upon the energy 

change associated with nearest neighbor contact during mixing and independent of 

molecular weight [62].  To account for the formation of dispersive or secondary inter-

atomic forces such as van der Waals type bonding, the heat of mixing can be estimated 

using solubility parameters, δi, of the pure components, such that: 

 

21

2

21 )( φφδδ −=∆ VH m        (1.19) 

 

For mixtures containing non-polar polymers such as polyethylene for instance, the 

enthalpy of mixing will always be positive or at least zero for δ1 = δ2, making the blend 

phase separated and immiscible.  Dispersive interactions between weakly interacting non-
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polar polymers lead to positive heats of mixing and immiscibility as demonstrated by the 

fact that high density polyethylene and low density polyethylene blends are immiscible 

[62, 67].   

 

1.5.3  Processing of Polymer Blends 

Polymer blends may be processed using the same melt processing machinery used 

for pure polymers.  Consequently, the challenges faced with thermal processing of pure 

polymers, such as thermo-oxidation degradation also exists within polymer blends.  

Chemical interactions between the blend constituents may also create rheological 

problems when certain materials are blended together [62].   

 

Because of favorable thermodynamics, miscible mixtures are easily formed by 

simple melt blending such as occurs in a laboratory size single-screw extruder.  Once 

cooled and solidified these single melt-phase materials behave like homopolymers [62].  

The phase separation that occurs within immiscible blends causes multiple melt zones 

which exist even with high intensity and extensive mixing.  The intensity of mixing can 

be used to control the dispersed phase size within the host polymer, but a single phase-

melt is not possible for immiscible polymer blends.  The existence of multiple melt zones 

creates a non-uniform melt viscosity which can create problems with injection and 

compression molding processing techniques; where less viscous melt blends may overfill 

a mold creating excessive flash and material waste.  On the contrary, high viscosity zones 

can lead to an unfilled mold cavity.  Generally for polymer blends a melt viscosity range 

is established as a guide to aid in melt processing where the viscosity is some function of 
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the shear stress and composition of the melt blend.  It has been reported for polyethylene 

blends, that the behavior of the melt is affected during processing and the subsequent 

physical properties are influenced by thermo-mechanical degradation and shearing 

history in the processing equipment [62, 68].   

 

For injection molded polymer blends (such as the technique used for blend 

processing in Chapter 3-5 and 7) phase orientation can occur where molten polymer is 

rapidly cooled when injected into a metal die.  Such effects can cause a pronounced 

anisotropy of strength in the fabricated parts [69].  Phase deformation leads to the 

formation of fibrillar and lamellar dispersed phases.  In a comprehensive review of 

thermoplastic blends, Barlow and Paul comment on the likelihood that within a two-

component blend, the component with the higher volume fraction or lower viscosity ratio 

tends to be the continuous phase [62].  This has been observed in the HDPE/RET blend 

studied in Chapter 3.  Since both viscosity and volume ratios are important in 

determining continuity of the phases, there may exist a state of co-continuity, known as 

the co-continuous phase within immiscible polymer blends.  This intermediate region of 

co-continuous phase formation is especially useful for preparing thermoplastic blends 

with improved properties and is receiving considerable attention by manufacturers [62].  

In fact, Barlow et. al. have observed the improvements in mechanical properties resulting 

from the incorporation of up to 20 wt.% of a block copolymer in polyethylene [70].  

These improvements were attributed to the co-continuous phase formation within the 

blend but could also have resulted from increases in interfacial adhesion between the 

immiscible phases.   
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1.5.4  Morphology and Properties of Polymer Blends 

When polymers are blended together they are typically immiscible exhibiting 

almost total phase separation.  Qualitatively, this is explained by the reduction in the 

combined entropy of mixing with a multi-component system.  In a two-phase system the 

macromolecular chains do not interact with one another due to covalent bonding along 

the backbone of the individual chains.  Due to the endothermic heat of mixing and very 

small combinatorial entropy of mixing, creating a negative free energy of mixing system 

(driving force for miscibility) seems to be out of reach.  The properties of polymer blends 

depend upon the phase morphology and phase interaction as well as the composition of 

the blend.  As mentioned earlier, the thermal history or melt processing of the polymer 

blend will greatly affect the phase morphology and properties of the blend.   

 

1.5.5  Reactive Polymers for Blend Compatibilization 

Blending of immiscible polymers offer attractive opportunities for developing 

new materials with useful combinations of properties [63].  However, most immiscible 

blends have poor physical properties compared to their respective components.  This 

stems from a lack of interaction between the phases.  The result is large interfacial 

tension in the blend melt which causes phase separation and dispersion.  The lack of 

interaction between phases also leads to poor interfacial adhesion which can lead to 

mechanical failures below expected values [63].  The development of blends of 

immiscible polymers with specific properties often requires the addition of a 

compatibilizer to favor dispersion of the lower concentration componenet by lowering the 
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interfacial tension, to stabilize the morphology by reducing coalescence, and to improve 

the interfacial adhesion between phase [71].   

 

Multiple examples exist where compatibilizers have been introduced into 

immiscible blends including:  compatibilization by the introduction of nonreactive graft 

or block copolymers, non-bonding specific interactions, low-molecular weight coupling 

agents, and reactive polymers.  For this work, a reactive ethylene terpolymer (RET) was 

used as a compatibilizer, adhesion promoter and independent coating material.  For this 

reason, only reactive polymers will be discussed further.  There are 6 major types of 

reactive compatibilizers differentiated by their functional group:  maleic anhydride, 

carboxylic acid, carboxylic acid derivatives, primary and secondary amines, hydroxyl and 

epoxide, and groups capable of ionic interactions [63].   

 

Amine functionalized polymers offer several opportunities for blend 

compatabilization.  Reactive polymers with hydroxyl and epoxide functionality are listed 

in Table 1.3 along with the respective blend polymers and the reaction mechanism to 

achieve an optimized physical property that results from blend compatabilization (please 

refer the “List of Abbreviations” provided in the Table of Contents for polymer 

terminology).  The epoxide groups within epoxy resins have been utilized for reactive 

toughening in the compatibilization of PPE-EAA blends [63].  Adding epoxide 

functionality into thermoplastics via can be achieved through the synthesis and 

polymerization of a glycidyl methacrylate (GMA) monomer.  GMA molecular segments 

have been copolymerized to polystyrene for PA6-PS blends, polyethylene for PET-PE 
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blends, and to ethylene acrylates (AC) for polybutalene terphthalate (PBT) in PBT-AC 

blends [63].  Additionally, the effectiveness of the GMA to adhere to different polymers 

make it incredibly useful for compatibilization purposes of polymer blends [72].   

 

Table 1.3:  Examples of Epoxide and Hydroxyl Terminated Reactive Polymers, Their 
Respective Blend Counterparts, the Reaction Type and the Optimal Physical Properties 

that Result from Blend Compatibilization.  

Polymer Reactive Group Blends Reaction Type Properties 

PPE terminal epoxide PPE/EAA Ring opening Impact/tensile 

PS Copolymerized GMA PA6/PS Ring opening Modulus 

PE Copolymerized GMA PET/PE Ring opening Impact 

AC Copolymerized GMA PBT/AC Ring opening Impact 

NR Grafted epoxide PE/NR Ring opening Tensile 

EPDM Grafted epoxide PBT/EPDM Ring opening Thermal 

PP Grafted epoxide - Ring opening - 

EBA Copolymerized GMA HDPE/EBA Ring opening Impact/ 
Adhesive 

 

 

1.6  FILLED THERMOPLASTICS 

Additives are commonly compounded with thermoplastic polymers to adjust 

handling/processing properties, or to achieve a specific property or to add bulk and 

reduce cost without impairing properties of the pure resin [73].  Fillers for polymers may 

be organic or inorganic derived from metals or mineral sources and are used for impact 

improvement, tensile strength, stiffness, pigmenting, heat stabilizers, UV protection, light 
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stabilizers, flame resistance, anti-static agents, lubrication, cross-link catalysts, 

compatibilizers, plasticizers, blowing agents, mold release agents, shrinkage modifiers, 

and abrasion resistance [73].  Filler geometry is very important for achieving desired 

properties.  Fillers with small particle geometry generally do not improve mechanical 

properties other than modulus while laminar platelet and fiber reinforcements with larger 

particle geometry and aspect ratio generally give stabilization with improved mechanical 

properties.  Chapters 5 and 6 focus on the aspect ratio of micro-scale and nano-scale 

fillers on the CD performance of an RET coating.  For the present work on the resistance 

to cathodic disbondment, thermoplastic coatings must be abrasion resistant, retard the 

uptake and permeation of moisture, retain high adhesion even under sever corrosion 

conditions, and has a coefficient of thermal expansion close to that of the substrate to be 

protected.  Thermo-oxidation degradation is also of concern for polymer blends as 

described above.  To meet the physical demands placed upon a thermoplastic coating 

under cathodic protection, the incorporation of inorganic fillers may be the means by 

which the demands are met.  Improved properties have been widely reported for 

polymers filled with nano-scale reinforcements such as exfoliated nanoclay.   

 

 

1.7  THERMOPLASTIC NANOCOMPOSITES       

Remarkable progress has been made regarding the use of carbon nanotubes 

(CNTs) to reinforce polymer matrices since the helical tube geometry of carbon 

nanotubes was first discovery by Iijima in 1991 [74].  As the name implies, CNTs are 

cylindrical tube structures of varying lengths made of carbon atoms.  They exist as either 
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a single-walled carbon nanotube (SWCNT) or multi-walled (MWCNT) where individual 

tubes are nested concentrically inside one another like tree rings.  These unique 

nanostructures are considered one dimensional due to their high aspect ratio (length-to-

diameter) leading to superior mechanical and electrical properties.  The diameter and 

chirality of the CNTs produce either metallic (conducting) or semi-conducting nanotubes.  

Additionally, their anisotropic nature makes CNTs interesting reinforcing fibers for 

multi-functional ultra-light, high strength composite materials and devices.  Compared to 

carbon fibers, which have elastic modulus of up to 750 GPa, the elastic modulus of CNTs 

have been measured to approximately 1-4.7 TPa [75, 76].  The tensile strength is also 

approximately 2 orders of magnitude higher than currently available carbon fibers [76].  

For example, a 30 nm diameter nanotube has 150 times more surface area than a 5 µm 

diameter carbon fiber for the same filler volume fraction [77].   

 

Several comprehensive reviews of carbon nanotube reinforced polymer 

composites have been published over the last few years [78-85].  It is the goal of this 

chapter to introduce the advances in CNT nanocomposite research since the publication 

of these review with specific emphasis on processing routes used to disperse, align and 

fabricate carbon nanotube reinforced polymer nanocomposites for enhanced physical and 

mechanical properties.  

 

1.7.1  Aspects for Consideration 

Just as on the macroscale the distribution, orientation and fiber/matrix interaction 

will dictate the properties of the composite.  Because nanotubes tend to form clusters and 
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bundles, the biggest challenges on the nanoscale are to fully disperse individual 

nanotubes in the matrices and achieve good interfacial adhesion between CNT and 

polymer for load transfer capabilities.  These aggregates persist unless high shear forces 

are applied by vigorous mixing of the polymer.  However, mixing intensity must be 

controlled since over mixing often damages CNT structures, compromising their 

properties. Another issue is the polymer–nanotube mixtures are highly viscous (owing to 

the large surface area of nanotubes). This creates engineering problems, because the 

composites don't flow easily and are difficult to mold. Processing is also hindered by the 

poor solubility of nanotubes in most solvents and polymers. Nevertheless, several 

approaches have been successfully adopted to obtain intimate mixing of nanotubes with 

polymer phases, including dry powder mixing, melt mixing, polymerization of monomers 

onto and surrounding CNT surfaces, and surfactant-assisted mixing.  More creative 

processing techniques are still needed.  The potential mechanical, electrical, and thermal 

properties offered by nanotubes has not fully been realized and is mostly limited by 

processing methods. 

 

1.7.2  Chemistry of Carbon Nanotubes 

1.7.2.1  CARBON NANOTUBE MORPHOLOGY 

There are two primary types of CNTs available.  SWCNTs consist of a single 

graphene sheet seamlessly wrapped into a cylindrical tube.  The one-dimensional nature 

of the CNTs exhibit electrical conductivity as high as copper, thermal conductivity as 

good as diamond, strength 100 times greater than steel at a fraction of the weight.  The 

structure of MWCNTs can be thought of as concentrically nested SWCNTs where 
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dimensions such as inner and outer tube diameter are important for strength and 

conduction.  In most cases tube diameter is linearly proportional to tube thickness 

(concentric tube layering).  MWCNTs offer higher stiffness than SWCNTs especially in 

compression due to the reinforcing efforts of centrically aligned tubes. 

 

Single walled carbon nanotubes can exist in three distinct structures:  arm-chair, 

zigzag and chiral.  The packing of the carbon hexagons in the graphitic sheets defines a 

chiral vector (m,n) and angle.  The indices of the vector determine the morphology of the 

CNT [80].  Zigzag structures are identified by (n, 0) type indices while armchair are (m,n) 

and chiral are (n,m where n ≠ m).  When m-n/3 is an integer, the resulting structure is 

conductive and termed “metallic.”  Other variations have semi-conductive properties.  

Therefore all armchair and one-third of zigzag CNT are metallic having a continuous 

conduction band [80].  The remaining two-thirds of the zigzag and chiral CNTs are 

semiconducting, having an energy gap in the conduction band [80].   

 

1.7.2.2  SYNTHESIS OF CARBON NANOTUBES 

The mechanisms by which CNT may be synthesized can be grouped into two 

categories:  ablation of graphite or decomposition of carbon-containing compounds.  The 

main methods of CNT synthesis using graphite sublimation are direct-current arc 

discharge and laser ablation.  Many versions of the arc discharge method have been 

reported.  The main disadvantage of this process is the concurrent formation of 

amorphous carbon soot, metal clusters coated with carbon and non-tubular  fullerenes 

along with CNTs [86].  Such inefficiencies limit the production of SWCNTs to a 20-40% 
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yield.  Additionally, the produced SWCNTs are generally entangled with poor linear 

orientation.  SWCNT synthesis by laser ablation was first achieved by Smalley.  This 

process makes use of a pulsed laser striking a target of graphite and a metal catalyst such 

as Co or Ni [87].  The laser vaporization plume condenses on a collector outside the 

reaction chamber to form the SWCNT structure.  Another common technique for the 

production of SWCNTs is electric arc discharge in which carbon is vaporized between 

two graphite electrodes acting as the anode and the cathode. When DC voltage is 

supplied a large quantity of electrons from the arc-discharge moves to the anode and 

collide into the anodic rod.  Upon cooling, the electrode deposits condense on the 

cathode.  The contents contain carbon nanotubes, nanoparticles, and clusters.  Therefore 

when comparing laser ablation and arc-discharge synthesis methods, the nanotubes 

produced by laser ablation are purer (up to about 90% pure) than those produced in the 

arc process [87]. 

 

Chemical vapor deposition (CVD) is based upon the mechanism of decomposition 

of carbonaceous compounds to grow vertically aligned CNT arrays of controlled length.  

In this process a continuous supply of carbon containing vapor is introduced into a 

reaction furnace at elevated temperature.  Carbon is deposited onto conductive seed 

particles which can be pattered onto a silicon wafer to produce uniquely design CNT 

arrays.  Fang et al. used a CVD process to grow vertically aligned MWCNTs on a thin 

polysilicon film deposited on top of a silicon wafer.  An iron film is then deposited and 

patterned onto polysilicon by means of a lift-off technique.  Aligned MWCNTs were 

grown by CVD using acetylene as the precursor at 800°C in an Ar/H2 flow for 10 
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minutes.  This method has shown to produce more intricate patterns of aligned MWCNTs 

depending upon the seed particle (Fe) patterning. 

 

Plasma enhanced CVD (PECVD) results in further CNT uniformity within the 

array.  Figure 1.11 shows the controlled length and diameter of vertically aligned 

MWCNTs grown from the PECVD of acetylene on a silicon wafer.  Of all the synthesis 

techniques, variations of the CVD process show the most promise for economically 

viable, large-scale synthesis of high quality CNTs.  Even so, there is no clear 

understanding of the influence of key parameters (temperature, pressure, carbon source) 

on CNT properties (diameter, length, and morphology) which shows that further research 

is necessary to optimize this process [88].  Recent work has focused on scaling-up 

production of SWCNTs to supply large quantities to meet the demands of implementing 

CNT reinforced composite devices in a variety of application fields.  A scaled-up pulsed 

laser vaporization process also shows promise for high production of SWCNTs to 

produce up to 10g/day  SWCNT [89]. 
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Figure 1.11:  SEM Image of Vertically Grown MWCNT on Silicon Substrate Produced 
by PECVD Process. 

 

 

1.7.2.3 CARBON NANOTUBE SURFACE PRETREATMENTS 

Surface treatments such as oxidation and chemical functionalization of CNT 

sidewalls and endcaps assist in the separation of bundles and entanglements.  Acid etch 

pretreatments are often used as a means of purifying the CNTs and removing catalyst 

“seed” particles that result from the CVD synthesis process.  Much like macroscale fiber 

sizing promotes interfacial adhesion, chemical functionalization on the surface of the 

CNTs improves interaction with the polymer matrix on the nanoscale of the composite. 

 

Functionalization along CNT sidewalls offer more coverage area than endcaps 

and thus a higher capacity for property enhancement.  Surface treatments may be the 

attachment of functional groups or graft low molecular weight polymers to the CNTs by 
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covalent interaction or by adsorption where weaker secondary bonding interactions take 

place.  Covalent bonding to CNT surfaces can be achieved through attaching chemical 

functionality to carboxylic acid groups on the CNT surface as a result of the acid etch 

treatment, or through direct bonding to surface carbon double bonds. 

 

1.7.2.4  SURFACE OXIDATION 

Oxidation of CNTs surfaces is typically the starting point for various 

functionalization techniques.  The introduction of oxygen containing carbonyl, carboxylic 

acid and hydroxyl moieties can be easily introduced via an acid treatment which also 

helps to purify the CNTs by removing elemental impurities.  Concentrated HNO3 and 

mixtures of H2SO4 with HNO3, H2O2, or KMnO4 have been used for attaching 

oxygenated functionality to CNTs.  However, excessive acid treatments may result in a 

decrease in physical properties.  Functionalization by vigorous oxidation processes 

followed by covalent bonding has been shown to introduce defect sites where sp2 

hybridization is converted to sp3 hybridization which may affect the properties of the 

nanotube itself [90].   

 

As a precursor for CNT functionalization, the oxidation conditions were explored 

by Hong et al.  Their findings indicate MWCNTs were damaged during the oxidation 

process and became shorter [91].  As the temperature of the oxidation step increased the 

CNT length decreased; however, with increasing oxidation time, the length distribution 

becomes comparatively narrow with an optimal oxidation time around 10 minutes for 

acid oxidation at 80°C [91].  While physical properties of CNTs may be diminished with 
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decreasing CNT length, the shorter lengths have been shown to aid in the dispersion of 

MWCNT in PP composites [91].  Jin et al. also found nitric/sulfuric acid treated CNTs 

showed a lower degree of entanglement due to shorter lengths [92].  Another technique 

showed the exposure of CNTs to CO2/Asr plasma optimized with respect to time, 

pressure, power, gas concentration resulted in 14.5 atomic% in the first atomic layers [93] 

forming hydroxyls, carbonyls, and carboxyl groups as detected by XPS.  Bubert et al. 

used plasma, resulting in polar groups formed on the surface and a modified surface 

morphology [94].  Bubert et al. commented on the use of plasma treatments to introduce 

oxygen containing functional groups to the surface of carbon nanotube which has been 

shown to increase the adhesion between CNTs and a polymer matrix [94].  Optimal 

treatment conditions were carbon dioxide as the plasma gas, a low pressure of 

approximately 0.1 hPa, a low plasma power of approximately 80W or less and a 

treatment time of not more than 3-5 minutes [94].   

 

1.7.2.5  POLYMER GRAFTING 

Functionalization not only increases dispersibility in various solvent and polymers 

but also increases the strength of the interface between CNTs and the polymer [93].  

Poly(vinyl alcohol) (PVA) has been used to functionalized SWCNTs to render them 

dispersible and stable in water [95] and to create a dissipative interface for introduction 

into a poly(butyl acrylate) latex dispersion [96].  Hwang used emulsion polymerization to 

graft PMMA on the surface of MWCNTs [97].  The resulting MWCNT-g-PMMA were 

added to PMMA at high loadings up to 20 wt.% and solution cast from chloroform 

solvent.  A significant increase in elastic modulus was observed, nearly 29 GPa greater 
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than pure PMMA [97].  The in-situ emulsion polymerization of monomer BA or MMA 

has been shown to proceed while CNTs are re-dispersed consequently coating the CNTs 

[98].  This technique could be extended to other monomer/CNT systems.  At only 1.0 

wt.% polymer encapsulated MWCNTs dispersed in PA6, the yield strength increases 

about 31% and the elastic modulus increases about 35% [98].  Graft polymerization via 

plasma chemical vapor deposition has also been shown to produce PMMA coatings on 

MWCNT [99].  The resulting MWCNT-PMMA can then be processed via melt mixing 

and drawing causing a significant improvement in mechanical properties compared to 

pure PMMA [99].  Functionalized MWCNTs with PMMA via in-situ polymerization 

improve the elastic modulus 94%, 360% for ultimate tensile strength, 373% for breaking 

strength, 1282% for toughness, and 526% for elongation at break with less than 0.5 wt.% 

MWCNTs [100].   

 

Amine functionalized CNTs have received a lot or research attention because of 

the potential for covalent bonding with epoxy resins.  A full review of fluorinated 

trichlorosilane functionalization of MWCNTs was performed by [101].  A proposed 

schemes by which acid purified CNTs are functionalized with 3-

aminopropyltriethoxysilane is shown in Figure 1.12.  Amine terminated CNTs increased 

the modulus, tensile strength, and elongation at break when introduced into natural rubber 

due to high polymer/CNT interaction between the silanized CNT and natural rubber 

vulcanizates [102].  Amino functionalization make the CNTs very effective cross-linking 

agents.  Zhu et al. has demonstrated that the functionalized CNTs form strong covalent 

bonds during epoxy curing and become an integral part of the cross-linking system.  
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Ramanathan et al have explored two techniques for introducing amine functionalization 

to the surface of SWCNTs [103].  In the first approach, carbonxylated SWCNT were 

treated with ethylenediamine in a controlled reaction to link the free amine group to the 

SWCNTs for form amide functionality [103].  The second approach, involved the 

reduction of the carboxyl group to hydroxymethyl, followed by transformation into 

aminomethyl group [103].  In both approaches, amine groups are tethered to the CNT 

surface which is available for reaction with a variety of reactive polymers.  Diamine-

MWCNTs can be obtained from the reaction between acid-treated MWCNTs and 1,10-

diaminodecan (DA10) [92].  The lower degree of aggregation in functionalized 

MWCNTs is attributed not only to the functional drops, such as carboxyl and diamine, 

but also their shorter lengths [92]. 
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Figure 1.12:  Probable Mechanism of Interaction between Aminosilane and Carbon 
Nanotubes.  Adapted from Ref [102]. 

 

 

1.7.2.6  γ-RADIATION 

Guo et al. used γ-irradiation to prepare various functionalized modification on CNTs, 

namely through the formation of an amine bond.  The concentration of functional groups 

bound to the CNT increased due to the number of defect sites created by γ-photons [104].   
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1.7.2.7  MECHANO-CHEMICAL MIXING 

The large scale production of functionalized short CNTs using of mechano-

chemical ball milling has been shown to introduce functional groups such as thiol, amine, 

amide, carbonyl and chloride onto the surface of MWCNTs [105]. 

 

1.7.3  Processing Methods for Nanotube Based Polymer Nanocomposites 

1.7.3.1  SOLUTION BLENDING 

Perhaps the most commonly applied processing technique for carbon nanotube 

polymer composites is the solution mixing or solution blending technique.  Solution 

processing of CNT/polymer composites involves the dispersion of nanotubes in a 

polymer solution by energetic agitation, controlled evaporation of solvent and finally 

composite film casting [79].  Agitation may be by magnetic stirring, shear mixing, reflux 

or, most commonly, sonication.  Sonication or ultrasonication excitation of filler/resin 

mixtures break up CNT clusters through cavitation (nucleation and collapse of bubbles) 

in the liquid and/or exciting resonant vibrations of the clusters [82].  Sonication is 

commonly applied to disperse CNT and break up agglomerations in solvent and polymer 

solutions.  Sonication can be achieved either by immersing a beaker of solution of CNT 

in solvent in an ultrasonic bath or by partially submerging an ultrasonic wand (tip or 

horn) directly into the CNT/solvent solution.  The effect of processing parameters 

including CNT weight percent, bath and tip sonication, sonication times, surfactant type 

and solvent type on the dispersion of SWCNTs in an epoxy has been explored [82].   
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Solution-based processes make use of low viscosities to facilitate mixing and 

dispersion.  Many studies have used this method for processing of both thermosets and 

thermoplastics.  Khan et al. studied the effect of solvent choice on the mechanical 

properties of CNT/polymer composites via a solution drop-casting technique [106].  The 

solvent selection is important for several reasons.  First the solvent must provide 

complete dissolution of the polymer matrix material.  Second the solvent must ensure 

proper viscosity to evenly disperse CNTs with the aid of sonication.  The results of 

Khan’s work show the removal of solvent from the CNT/polymer system also plays a 

critical role in the physical properties of the composite [106].  When residual solvent 

remains, the Tg decreases due to the build up of solvent at the CNT/polymer interface.     

 

1.7.3.2  THERMOPLASTIC POLYMERS 

Solution blending of thermoplastics begins with the dissolution of the polymer in 

a solvent.  It was observed that the solvent selection can influence the mechanical 

performance of the composite [107] as shown in Table 1.4.  Solution mixing may be done 

at room temperature or with the application of external heating to accelerate the 

thermodynamic dissolution process.  The nanotubes are then added to the liquid polymer 

solution and mixed via ultrasonication.  To assist in the complete dispersion of 

nanotubes, a suspension may be created with CNTs in solvent first before combining with 

the polymer solution.  Once ultrasonication is complete for the polymer solution with 

nanotubes, the mixture is cast in a mold.  Film casting may be done in a vacuum oven to 

assist in the solvent removal; however, it has been observed by the author that slow 
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evaporation of solvent (no vacuum oven) yields a composite with higher polymer 

crystallinity than a more rapid solvent evaporation method. 

 

Li et al. were able to add 10 wt.% MWCNTs to ethylene-co-vinyl acetate (EVA) 

by solution processing technique in a mixture of solvent oil and ethanol.  Ultrasonication 

successfully dispersed the MWCNTs.  CNTs were observed to act as nucleating agents 

and hence noticeably increase the crystallization temperature of EVA [108].  Foster et al. 

explored the effect of solvent choice on SWCNT dispersion in polystyrene (PS) and 

thermoplastic polyurethane (TPU) matrices using a dip-coating method.  Of the solvent 

studied toluene and chloroform were disregarded due to poor dispersions characteristics 

[109].  On the other 1-methyl-2-pyrrolidinon (NMP) which dissolved both PS and TPU 

provided adequate dispersion quality and stable suspension even up to several months 

[109].   

  

The solution casting method is capable of producing high CNT loading up to 50 

wt.% with reasonably good dispersion [79].  MWCNT dispersed in water and blended 

with poly(vinyl alcohol) in water yielded 60 wt.% nanotube composites.   

 

Safadi et al. dissolved PS in toluene with MWCNTs and sonication to cast thin 

film composite of random orientation CNTs with thickness 100-400 µm [110].  The work 

by Qian et al. found the optimum sonication time needed for complete dispersion 

increased with CNT length (30 min for 15 micron length and 1 hour for 50 µm length) 

MWCNT solvent cast in PS with ultrasonic wand at 150W [111].  The variable 
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distribution quality of MWCNT in a thermoplastic matrix process via solution casting is 

shown in Figure 1.13.  Insufficient sonication time results in the presence of MWCNT 

bundles. 

 

 

 

 

Figure 1.13:  SEM Fracture Surface of a Solvent Cast MWCNT/Reactive Ethylene 
Terpolymer Composite Illustrating (a) Dispersion of Individual MWCNTs with some 

Agglomerations, (b) Close-up of MWCNT Agglomeration Identified by Arrow. 
 

 

(a) 

(b) 
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Peng et al. used an electrostatic-assembly solution technique to evenly disperse 

and distribute CNTs and polymer particles in an aqueous suspension [112].  MWCNTs 

underwent an acid etch process to introduce oxygenated surface functionality to the CNT 

walls making them negatively charged.  Polymer particles of PMMA prepared by soap-

free emulsion polymerization are dispersed in a cationic surfactant in water.  Electrostatic 

coupling between the negatively charged CNTs and positively charge PMMA particles 

facilitate the formation of dispersed and distributed filler networks [112].  The water is 

removed by vacuum heating and the CNT/polymer particles are fused at elevated 

temperature to create composite films.       

 

The solvent choice is generally made based upon the solubility of the polymer.  

Some pure CNTs may not be easily dispersed in some solvents.  To overcome this a 

surfactant may be used to break up CNT bundles and entanglements.  The most 

commonly used surfactant is sodium dodecylsulfate (SDS) which has been widely used.  

Fidelus used SDSd to disperse MWCNTs in epoxy [113] between 0.01 and 0.5wt.% CNT 

loading.  The use of an anionic surfactant in water helps stabilize CNTs leading to good 

dispersion of MWCNTs [114].  The use of a nonionic surfactant, polyoxyethylene 8 

lauryl (C12EO8), as a wetting/dispersing agent, aided in the processing of 1 wt.% CNTs to 

improve the Tg from 63°C to 88°C and increases the elastic modulus more than 30% over 

pure epoxy [115].  The nonionic surfactant contains a hydrophilic oxyethylenated 

segment which can interact with epoxy via hydrogen bonding while the hydrocarbon 

hydrophobic segment acts a dispersing agent for carbon where steric repulsive forces 

overcome the van der Waals bundling forces and facilitate CNT dispersion [115].     
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Table 1.4:  Mechanical Properties of PVA and Double-walled CNTs/PVA Composites as 
a Function of Solvent Selection and Drying Time.  Adapted from [106]. 

Solvent Drying Epolymer Ecomposite Strain at  Tensile 

  time (days) (GPa) (GPa) break (%) strength (MPa) 

1 1.28 ± 0.1 1.85 ± 0.01 9 78 ± 0.0 
H2O 

5 1.18 1.43 ± 0.03 19 49 ± 15 

1 0.41 ± 0.01 0.50 ± 0.05 63 35 ± 2 
DMSO 

5 0.65 ± 0.05 0.90 ± 0.0 110 38 ± 1 

1 0.35 ± 0.05 0.24 ± 0.02 85 25 ± 1 
NMP 

5 0.78 ± 0.02 0.46 ± 0.01 72 37 ± 4 
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2.  Literature Review of Cathodic Disbondment:  

Mechanisms, Materials and Prevention 

 

 

2.1  INTRODUCTION 

Corrosion is the deterioration of a material due to a chemical and 

electrochemical reaction with its environment.  There are many types of corrosion 

processes such as galvanic, atmospheric, environmental and stress corrosion to name a 

few.  The focus of this review is the environmental corrosion protection offered by 

organic coatings on steel pipelines.  The corrosion of steel pipelines in soil is due to 

the electrochemical oxidation of metallic iron on a portion of the steel surface (anode) 

coupled with the reduction of oxygen on another portion of the surface (cathode).  

Buried steel pipes are protected from corrosion by covering the exterior with an 

electrically insulating organic coating.  Often times an imposed current (cathodic 

protection, CP) applied to prevent corrosion, initiates the reduction of water and 

oxygen around a holiday or defect in the coating.  Hydroxyl ions are created, elevating 

the pH at the interface.  Such increases in pH affect the adhesion between the coating 

and the metal leading to de-bonding.  Cathodic disbondment is the loss of adhesion 

between the organic coating and a metal substrate that results from the cathodic 

reaction under the coating.  It is the main degradation mechanism for coated steel 

exposed to seawater and buried steel pipe.  Much of the work characterizing cathodic 

disbondment mechanisms and proposing materials for protection against CD, has been 
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a compilation from various fields of electrochemistry, metallurgy, polymer materials 

science and engineering, and corrosion engineering.  This chapter will present a 

comprehensive literature review on the topic of cathodic disbondment with the 

objective to join the various fields of research which identify mechanisms for cathodic 

disbondment occurring at the metal oxide surface and transport processes through the 

coating in a variety of environments. 

 

 

2.2  THE EFFECT OF CATHODIC PROTECTION ON METAL SURFACES  

 To prevent steel alloys from corrosion a negative potential is applied either 

through a sacrificial anode (magnesium, zinc or aluminum) or through a direct power 

source (battery or electrical rectifier).  The potential required to maintain a passive 

oxide layer on steel is know as the “immunity” potential.  When coupled to a zinc 

sacrificial anode, the immunity potential supplied to protected substrates is -0.76 V 

versus a standard hydrogen electrode [1].  The immunity potential necessary for 

corrosion protection is unique to the ferrous alloy to be protected and the environment 

of application.  In fact there is an entire field of study, cathodic protection engineering, 

dealing with monitoring cathodic protection currents via non-destructive evaluation 

techniques and adjusting the applied potential accordingly to maintain immunity.  

However, the amount of applied potential must not be too high as this can greatly 

enhance the cathodic disbondment damage.  First, the increase in potential creates a 

more severe environment where oxygen reduction reactions and hydrogen evolution 

will readily take place where a defect in the coating is exposed to moisture or soil.  
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Second, the potential can alter the oxide formation on the outer surface of the 

protected substrate which can then lead to problems at the oxide/coating interface.  

Amongst these is the dissolution of metal oxide which may take place under severe 

potentials.   

 

2.2.1  Electrochemical Characterization of Metal Substrates 

When a cathodic potential is applied to prevent atmospheric corrosion, the 

metal oxide surface of the substrate can be altered depending upon solution pH, 

potential strength, and temperature.  The behavior of the steel surface covered by 

aqueous solution under cathodic polarization can be predicted by thermodynamic 

Pourbaix diagrams [2] which is a plot of the electrical potential (E) versus pH for a 

redox reaction.  The Pourbaix diagram is in many ways a phase diagram showing the 

ranges of pH and E under which various metal and metal oxides species may exist. A 

redox reaction that does not involve the gain or loss of a proton is illustrated by a 

horizontal line on the diagram where E is independent of pH.  Whereas redox 

reactions that involve a proton gain or loss will yield a slope of approximately -60mV 

per pH unit.  For iron, oxides may form at pH levels between 9 and 14 by the reaction: 

 

Fe
2+

 + 2OH
-
 → Fe(OH)2       (2.1) 

 

The iron hydroxide remains stable and acts as a passive film for values E between -

0.65 V to -0.9V vs. SCE (saturated calomel electrode) at pH = 14.  Magnetite (Fe2O4) 

can also form at a pH greater than 9.  Oxide dissolution can occur by the formation of 
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a soluble dihypoferrite iron (HFeO2
-
) from either Fe3O4 or Fe(OH)2 at pH greater than 

12, according to the reaction below [2]: 

 

FeO + H2O→ HFeO2 + H
+
       (2.2) 

 

At greater than -0.4V vs. SCE, steel should always be passive in both neutral and 

alkaline solutions [2].  The presence of the oxide depends on kinetics as well as pH 

and ion concentration.  Voltammetry studies of a steel substrate in 1M KOH showed 

that oxides formed at potentials just positive of hydrogen evolution, -1.1 V, suggesting 

that in a cathodic protection application environment, a protective organic coatings  

must be able to bond with an iron-oxide rich substrate surface [2].    

 

Song et. al. studied the electrochemical behavior of iron substrates and 

observed the formation of iron oxides using cyclic voltammetry.  Cycling the electrode 

potential between -1.3 and -0.72 V vs. SCE resulted in a rapid loss of material which 

was also confirmed visually [3].  The loss of material was attributed to the formation 

of soluble HFeO2
-
 during cycling through the region where HFeO2

-
 is stable with 

respect to iron and the iron oxides [3].  The variation of potential in alkaline 

environments causes chemical and structure changes in the iron oxide structure.  Such 

changes can make the coating/metal oxide interface unstable and more susceptible to 

cathodic disbondment.   
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2.2.2  Effect of Oxygen Reduction Products on Stability of Metal Oxide/Polymer 

Interface 

The process of cathodic disbondment of organic coatings on steel may be 

entirely caused by the interaction of hydroxyl ions, electrochemically produced as a 

result of the oxygen reduction reaction.  This reduction product, namely hydroxyl ions, 

penetrate into the coating through pinholes and reach the coating/metal interface [4].  

This leads to the loss of adhesion and subsequent coating disbondment.  Therefore it is 

necessary to determine parameters by which these reduction products are created and 

their effect on the stability of the coating/metal oxide interface.  These parameters will 

be discussed in Section 2.3. 

 

Koehler measured the cathodic disbondment of an olefin coating on an air-

formed oxide layer in pH 9.2 (sodium borate) and pH 7.6 (borate buffer) solutions to 

compare the oxygen reduction and oxide film reduction against uncoated steel.  The 

oxygen reduction reaction increased as Fe
3+

 in the oxide layer decreased.  The 

cathodic disbondment rate was concluded to be a function of the oxygen reduction rate 

as determined by the oxide film properties.  The reduction of Fe
3+

 in the oxide resulted 

in either soluble Fe
2+

 or an intermediate composition of Fe2O3 and Fe3O4.  The 

formation of these iron oxides were highly dependent upon the solution pH and 

applied potential [5].  At significantly negative potentials, Fe
3+

 in the oxide film is 

reduced, making the steel surface active.  The active steel surface then yields soluble 

and insoluble oxidation products depending upon solution pH and the applied 

potential.  The activity of the iron surface and the transformation between oxide states 
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was confirmed with visual evidence of electrode surface roughening and oxide film 

thickening beneath the disbonded coatings [5]. 

 

The electrochemistry of steel in aerobic and anaerobic alkaline solutions has 

been studied to investigate the cathodic processes occurring on steel exposed by 

defects in polymer coated steel pipe [6].  A large percentage of the electro-reduced 

oxygen on ASTM A516 working electrode resulted in the production of peroxide.  

This is an important finding since, oxidizing agents such as peroxide and its 

decomposition products, superoxide and hydroxyls, can degrade the polymer used for 

pipeline coatings [6].  The degradation of the polymer and interfacial bonds at the 

coating/metal interface ultimately causes the accelerated disbondment under cathodic 

protection. 

 

 

2.3  CATHODIC DISBONDMENT MECHANISMS 

The cathodic disbondment process is a complex and multi-stage phenomena.  

Several explanations have been reported in the literature with regard to the time 

necessary to initiate, propagate and grow cathodic delaminations.  Watts and Castle 

suggested a two-stage theory of disbondment.  The first stage is dissolution of the 

metal oxide following a logarithmic rate.  The second stage is due to the failure at the 

metal oxide/polymer interface at a linear rate [7].  A third stage reported by Higgins 

suggests a change in the failure kinetics from metal oxide/polymer degradation, 

although the reasoning is still a bit unclear [8].  There is evidence in the literature 
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which supports the work of Watts and Castle where the reduction of interfacial oxide 

is the prime cause of the earlier stage of disbonding.  Steinsmo and Skar found 

cathodic disbondment for an epoxy/steel system demonstrated an initial time delay 

before disbondment, followed by a linear increase in the disbonded area with time [9].  

The study of Hinton and Charlton on a polyamide-cured epoxy/steel system showed 

the delamination area increased with time according to second order polynomial [10].  

The Watts and Castle model predicts a logarithmic relationship with time in the initial 

stages of the disbondment just as the study by Luo on polyurethane/steel coating 

systems which reported a slow rate of disbonding at the beginning of testing, after 

which the disbondment linearly increased with time [11]. 

 

2.3.1  Electrochemical 

The major driving force for cathodic delamination are electrochemical 

processes in the presence of air (oxygen reduction): 

 

H2O + ½O2 + 2e
-
 → 2OH

-
            (2.3) 

 

When a stronger potential is applied, another the important reaction may be initiated 

(hydrogen evolution): 

 

2H
+
 + 2e

-
 → H2          (2.4) 
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At a potential of -0.8V the dominant reaction is oxygen reduction and at potentials 

more negative than -1.0V the dominant reaction is hydrogen evolution [12].  

Polarization at -0.8V of polymer-coated steel containing a defect in the absence of 

oxygen leads to no significant delamination from the defect, whereas in the presence 

of air there is significant delamination [12, 13].   

 

2.3.1.1  CATHODIC POTENTIAL 

The application of more negative cathodic potentials yields a more severely 

alkaline environment leading to higher disbondment areas of organic coatings.  

Steinsmo and Skar showed that decreasing the cathodic potential from -1.0V (vs. 

SCE) to -1.4 V (vs. SCE) increased the disbonding rate 1.6 times [9].  A similar 

experiment by Jin et. al. reported an increased disbonding rate of nearly 2 times [14].  

Generally, the minimum potential required for immunity of the steel substrate should 

be applied for cathodic protection.  With regards to the applied potential, greater 

strength is not necessarily better. 

 

2.3.1.2  ELECTROLYTE 

The nature of the environment surrounding a buried pipeline has an important 

effect on the rate of cathodic disbondment.  For instance, cathodic disbondment does 

not occur in the absence of oxygen or when the applied potential is maintained in the 

range where the oxygen reduction reaction is the predominant cathodic reaction [15].  

Steinsmo and Skar studied the rate of cathodic disbondment of commercially available 

paints on steel in various electrolytes.  The effect of the cation which dissociates from 
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the electrolyte had a strong influence on the rate of cathodic disbondment.  The rate 

increased as the electrolyte type changes in the order:  calcium chloride (CaCl2), 

lithium chloride (LiCl), sodium chloride (NaCl), potassium chloride (KCl), rubidium 

chloride (RbCl), and cesium chloride (CeCl) [9].  The rate of CD was also found to 

increase with increasing oxygen concentration [9] which has been observed by several 

groups [15, 16].  In another work, an organic coating tested in 1 M NaOH electrolyte 

showed a much larger cathodic disbondment area than the same coatings tested in sea 

water [17]. 

 

 The composition of the electrolyte also had a significant influence upon the 

rate of cathodic disbondment for a polymethyl methacrylate coating on a copper 

substrate [18].  In this coating/metal system potassium ions in solution were more 

aggressive than lithium, sodium, or barium [18].  This was concluded to be most likely 

the result of the migration rate associated with each cation which is also a function of 

its ionic radius, where smaller cations are more readily transported than larger ionic 

species.   

 

2.3.1.3  pH 

Disbondment of organic coatings of cathodically protected steel is typically the 

result of high pH at the coating/metal interface generated from oxygen reduction 

reactions.  While this is a widely excepted cause of CD, the direct mechanism by 

which high pH destroys the integrity of the coating is a bit more uncertain.  One of the 

pioneers in the field of cathodic disbondment, Koehler, offered three possible 
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explanations for adhesion loss at the coating/metal interface as a result of high pH [5, 

19]: 

 

(1)  Cohesive failure within the polymer at the interface as the result of hydrolysis of 

bonding groups 

 

(2)  Displacement of the coating by film of a high pH water at the interface 

 

(3)  Disbondment by dissolution of the oxide film beneath the coating 

 

Perhaps more important than the mechanism by which high pH leads to 

coating disbondment, is how to limit the solution pH from reaching highly alkaline 

(pH = 14) levels.  The cathodic reaction which occurs at the delaminating front 

generates hydroxyl ions which appear to be the destructive influence on the 

organic/substrate bond.  The value of the pH at the delaminating front is determined 

by the following factors [12]: 

 

(1)  The rate at which the cathodic reactions occur; dependent upon the availability of 

reactants and the catalytic activity of the surface.  It determines how many hydroxyl 

ions are generated per unit time, but the pH is determined by volume effects.  The 

more hydroxyl available to raise the environmental pH the higher the CD rate. 
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(2)  The shape of the delamination front; hydroxyl ions generated at the metal surface 

and are furnished to the aqueous phase.  If the angle between the substrate and the 

coating is small, the effective volume is small and the pH will be high.  If the angle is 

large, the effective volume of the aqueous phase will be greater and the pH will be 

substantially lower.   

 

(3)  The rate of diffusion of hydroxyl ions away from the delamination front; the rate 

of dissipation of the hydroxyl ions away from the region in which they were formed is 

also a critical factor in determining the pH.  This dissipation rate will be determined to 

some extent by the thickness of the liquid layer immediately behind the delaminating 

front, since diffusion is slower when the dimensions of the layer are low multiples of 

the ionic diameter. 

 

(4)  Buffering reactions; for aluminum, iron and tin, the hydrolysis reactions at high 

pH generate hydrogen ions which may neutralize the hydroxyls generated, for 

instance: 

 

Al2O3 + H2O → 2AlO2
-
 + 2H

+
     

Fe3O4 + 2H2O + 2e
-
 → 3HFeO2

-
 + H

+
     (2.5) 

SnO2 + H2O → SNO3
2-

 + 2H
+
 

 

thus decreasing the amount of harmful hydroxyl concentration surrounding the 

coating. 
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2.3.1.4  ELECTRON MOBILITY 

An essential reactant in the cathodic reaction is the electron [12].  The 

concentration and supply of electrons at the delaminating front is an important 

variable.  Covering the metal surface with a non-conductive layer, such as a 

phosphate, reduces the availability of electrons for the cathodic reaction and can 

minimize the disbondment of organic coatings [12].  Pourbaix (E vs. pH) diagram 

curves give a good indication of the electron availability at various stages of the 

delamination process.  The cathodic polarization of steel in air-saturated 0.5 M NaCl is 

contained within the pH range of 6.5 to 12.5 [12].   

 

2.3.1.5  ANION MIGRATION 

Anion diffusion plays a limited role in the CD process because the metal 

surface already has contact with negative OH
-
 ions due to the cathodic electrochemical 

reaction; therefore only positive ions should diffuse through the coating or through a 

coating defect in order to balance the charge.  Deflorian and Rossi found the CD of a 

polyester coating on phosphatized steel in chloride (Cl
-
) containing solution was 

greater than in a similar concentration bromide (Br
-
) solution [20].  The mechanism of 

cathodic disbondment is said to be a function of the oxidative action of the anions in 

solution [20].  The work of Deflorian and Rossi identify showed the evidence of a 

clear influence of cation mobility on the cathodic disbondment rate of a polyester 

coating on phosphatized steel substrates.  In fact, when CsCl was chosen as the 

electrolyte, the polyester coating displayed the highest CD rate, whereas with a LiCl 

electrolyte no disbondment area was observed.  The voracity of CD rate was 
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dependent upon the migration path with which the cations were able to travel.  For 

example, sodium ions diffused only through the defect site, while potassium ions 

diffused both through the coating and the defect site, increasing the CD rate [20].  Of 

the cations migrating towards the cathodically protected substrate, approximately 1/3 

of these cations diffused through the intact coating while 2/3 migrated in and through 

the defect site.  The cation diffusion was found to be the rate limiting step for cathodic 

disbondment, but no correlation was found between the cations and the induction time 

to initiate disbondment [20].  The induction time is determined by the diffusion of 

water through the coating.  It is only in the presence of water when CD may begin 

[21].  The presence of ions in solution slows the migration of water to the interface, 

thus increasing the induction time [21].  However, the mechanism by which CD area 

is increased is not necessarily due to the type of anion, as it is the anions ability to 

draw cations the polymer/metal interface, which drives the disbondment process. 

 

2.3.1.6  CATION MIGRATION 

Negatively charged hydroxyl ions are the product of the oxygen reduction 

reaction occurring on cathodically protected steel surfaces.  These anions (hydroxyls 

and peroxides) seek to be balanced by cations which may dissociate from the soil 

environment or immersion electrolyte.  In order for the cations to balance out the 

concentration of anionic species, the cations must first dissociate from the solution and 

then, migrate towards the anion product.  Pommersheim et. al. studied the transport of 

various cations along the coating/metal interface from a defect site [22].  They suggest 

a two-step process for cation diffusion is present.  First, during the initial period ion 
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transport occurs by radial diffusion along the coating/metal interface with rapid 

adsorption on the coating underside surface and then a propagation period in which 

ion diffusion occurs outward through the coating [22].   

 

Skar and Steinsmo suggested a rate controlling factor for cathodic disbonding 

that involves the migration of cations through the coating [23] since cations are able to 

migrate through the coating where the paint film is already disbonded.  Cations enter 

the disbonded region in order to balance the negatively charged hydroxyl ion 

generated by the cathodic reaction [23].  Metal surfaces covered with an organic 

coating may become sufficiently cathodic to catalyze the cathodic reaction beneath the 

coating [23].  The cathodic nature may be purposely induced or it may be corrosion 

induced due to the separation of anodic and cathodic areas.  The cathodic reaction, or 

the products of the cathodic reaction, adversely affect the bond between the coating 

and the substrate and thus the coating separates from the metal [13, 23].   

 

2.3.1.7  CATALYTIC SURFACE ACTIVITY 

The cathodic reaction on steel at -0.8V is limited by the rate at which oxygen 

can diffuse and reach the electrode surface.  At a potential of -0.8V it is not possible to 

increase the rate of the reaction by increasing catalytic activity of the substrate since 

the maximum disbondment rate is limited by oxygen diffusion to the interface [12].  

The rate of CD can therefore be decreased by inactivating the surface so that it is 

ineffective in catalyzing the oxygen reduction reaction [12].  Song et al. studied iron 

K-edge x-ray absorption near edge structure (XANES) of laboratory-scale model 
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oxide systems to provide insight into the oxidation effect of substrates under 

polarization potentials [24].  Experiments on thin films of iron showed the formation 

of a multiphase system of iron oxides Fe3O4 and Fe2O3 at 240°C [24].  This 

temperature was selected since it is relevant to the mill application of a fusion-bonded 

epoxy in the pipeline coating process.  When XANES was applied to FBE-coated iron, 

the cathodically disbonded region contained more metallic character than the as-

bonded region [24].   

 

2.3.2  Chemical 

Even though the process by which oxygen reduction products, namely 

hydroxyl, are created is generally electrochemical, the attack on the coating is 

chemical in nature, where hydroxyl ions chemically attack the organic coating leading 

to disbondment [4].  For instance, the accelerated loss of adhesion of a typical fusion-

bonded epoxy coating was shown by Payer et. al. to be the result of chemical and 

electrochemical processes due to cathodic protection [2].  Oxygen reduction products 

(hydroxide and peroxide) degraded the stability along the FBE/metal oxide interface 

[2].  Alkaline degradation by hydrolysis may also take place within the polymer 

coating bulk which decreases the cohesive strength of the coating.  This failure 

typically requires gross permeation of the coating by hydroxyl ions and their metal 

counter ions. 

 

Nearly all published data indicates the CD process occurs because of high pH 

generated by the cathodic reaction.  The evidence indicates that a strongly alkaline 
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environment attacks the oxide at the interface and may also attack the polymer bulk.  

Attack of the oxide has been observed and described by Ritter using ellipsometric 

techniques in the case of polybutadience on steel [25].  Ritter’s works showed the 

alkaline solution attacks the oxide layer, but it is not clear whether the alkali is the 

cause of the delamination or is a result of exposure to the highly alkaline medium after 

delamination has occurred [25, 26]. 

 

2.3.3  Mechanical 

 In some instances thin organic coatings on steel show a higher level of 

adhesion than thicker coatings [27].  The reason behind this phenomenon is the degree 

of internal stresses which increase with thicker coatings.  In some cases, moisture 

absorption in the organic coating may create swelling and the development of internal 

stresses within the polymer bulk.  Mechanical (internal and external) stresses 

experienced by an organic coating will also play a role in its cathodic disbondment 

performance.  A review of the effect of external stresses (tensile, compressive, peel) 

on cathodic disbondment performance is given below.  

 

2.3.3.1  TENSILE 

 The effect of an applied tensile stress on the cathodic disbondment of organic 

coatings on steel substrates has been observed by several groups [17, 28-30].  Elbasir 

and Mehta studied the CD of an epoxy coating in 1 N Na2CO3-1 N NaHCO3 solution 

at 25°C under two tensile stress levels; one in the elastic region for the coating, and 

the other above the yield stress of the coating [28].  Applied tension above yielding 



 

 

90 

decreased cathodic disbondment while for an elastic stress; CD was enhanced, 

compared to an unstressed coating.  This result is a bit counter-intuitive and requires 

further study to explain the phenomena.  One theory for this behavior is that stress 

above the yield point initiates plastic deformation causing surface roughening of the 

substrate.  This increased surface area is theorized to enhance bonding through 

mechanical interlock mechanisms between the coating and substrate [28].   

 

2.3.3.2  SHEAR 

At first glance, it is reasonable to assume shear stress accelerates bond 

degradation and promotes disbondment crack-tip growth.  However, in the study by 

Hamade, disbondment distance on the stressed edges appears to be of nearly the same 

regardless of the expected shear distribution [17].  If shear stress had an effect on 

metal/polymer interface weakening, one might expect to see a similar linear 

distribution of weakening along the edge flowing the expected stress distribution.  

Therefore, shear stress appears to have no effect on bonded weakening rate [17]. 

 

2.3.3.3  PEEL 

 Hamade and Dilliard have done extensive experimentation on the effect of 

mechanical peel stresses on the CD behavior of elastomers bonded to steel [17, 29, 

30].  The combined effects of peel stress and the environment on the delamination 

rates of adhesive bonds is modeled using a formulation derived from the Paris law 

[30].  Cathodic disbondment rates were found to be dependent upon the total applied 

strain energy release rate of elastomers bonded to steel with an internal flaw pulled in 
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tension to initiate peeling.  Three distinct regions exist in the disbondment growth rate 

as a function of the applied strain release rate as shown in Figure 2.1.  Disbondment 

occurred between a high critical value of the strain energy release rate and a low 

threshold strain energy release rate.  For strain energy release rates approaching the 

threshold, the disbondment rate is large and bond failure is uncontrollable [30].  For 

total strain release values lower than the threshold, the disbondment mode ceases to 

contribute to debonding and only weakens the polymer/metal interface [30]. 

 

 The delamination rate, 
dt

dZ 2 , of Region I of Figure 2.1 was modeled and found 

to be of the form: 
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where GT is the total applied strain energy release rate (calculated form the onset of 

the CD test), C1 is a coefficient, and m1,2,3 are rate coefficients.  The value of these 

constants were found to be dependent upon material and testing parameters, such as 

the use of a silane modifier, the testing temperature, and applied voltage.  Region II is 

a function of the environment as well as the instantaneous applied strain energy 

release rate.  Thus, Region II must be of the form: 
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where DR is the bond delamination rate, V is the applied voltage, and T is the testing 

temperature.  The equations for Region I and II can be combined to analyze the effects 

of peel stress and the environment on the delamination rates of adhesive bonds using 

the derived Equation 2.6 and 2.7.  A full explanation of derivations and equation 

coefficients is given in [30]. 

 

 

Figure 2.1:  Schematic Illustrating the Weakening and Delamination Zones for the 

Elastomer-to-Metal Study by Hamade [30] with a Generic Plot of log Crack Growth 

Rate versus log G Illustrating the Effect of the Environment and Rate.  Images 

Adapted from [30]. 
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2.3.3.4  COMPRESSION 

Only limited work regarding the effect of compressive stresses on the cathodic 

disbondment performance of organic coatings has been performed.  Of these, Hamade 

and Dillard have shown a beneficial effect of compressive stress for slowing the 

weakening (induction period) in a non-polarized environment [17].  This is evidenced 

by a decrease in the progression of weakening the elastomer/metal interface as a 

function of increasing applied compression [17].  The suggested mechanism for CD 

resistance is during compression, a tighter seal is developed between the substrate and 

coating making interfacial migration of moisture and harmful reactants difficult. 

 

2.3.4  Physical 

2.3.4.1  FILM THICKNESS 

Cathodic disbondment rates for polybutadiene coatings on steel have been 

shown to drop significantly when the thickness of the topcoat exceeds 90 µm [31].  

The delamination rate of an epoxy primer plus polybutadiene topcoat did not change 

greatly with film thickness when the thickness exceeded 50 µm [31].  The primer 

alone exhibited much better resistance to disbondment than the topcoat alone.  A 

relationship between the induction time to propagate CD for an organic coating and 

the coating thickness was developed where the square root of the delay time plotted 

against film thickness yields a linear relationship with an intersection of approximately 

25 µm [31].  The schematic illustrating this has been shown previously in Figure 1.7.   
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2.3.4.2  TEMPERATURE 

The rate and magnitude of cathodic disbondment are very sensitive to 

temperature.  In fact, several CD testing methods are performed at elevated 

temperatures in order to accelerate the disbondment process.  Steinsmo and Skar tested 

commercially available paints on cathodically protected steel at two different testing 

temperatures.  At 25°C the disbondment area was 40% larger than the disbondment 

area for 21°C.  This is a substantial CD magnitude difference for only altering the 

testing temperature 4°C.  Similar findgins have been reported in reference [17].  

Touzain et. al. found the cathodic disbondment doubled at 45°C as opposed to 20°C 

for thick epoxy coatings on steel [32] illustrating the magnitude of CD is effected by 

temperature for a variety of coating materials.     

 

2.3.4.3  WATER  UPTAKE 

The accumulation of water at the coating/metal interface is a major cause of 

adhesion loss when an organic coating is subjected to high humidity levels or water 

immersion [33].  First, moisture at an interface can reduce the interfacial bonding 

strength dramatically by altering chemical bonds; and second, when an interface with 

a crack-like defect (delamination) is under tensile stresses, stress corrosion may allow 

crack growth at stresses much lower than critical fracture would normally require [34].  

The speed at which moisture migrates towards the coating/metal interface is therefore 

obviously of great importance.  The time for water uptake may be delayed however 

through the use of pigments and fillers.  For pigmented chlorinated rubber lacquer 

coatings, for instance, the time lag to CD is higher than for un-pigmented coatings 
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[35].  This is a result of the increased water diffusion path necessary where pigments 

act as diffusion barriers.  The cathodic disbondment of polyethylene tape coatings on 

pipeline steel measured at various times and temperatures indicated the rate 

determining step for CD is diffusion and is most likely related to the absorption of 

water into the delaminating zone [36].  Shaw et al. studied the water uptake of epoxy-

coated steel with time and adjusting electrolyte pH [37].  Excessive amounts of water 

were observed within an epoxy filled with calcium carbonate filler, where the 

absorbed moisture dominated the electrochemical properties of the cell [37].  Calcium 

carbonate was dissolved into solution at pH levels between 7 and 11 but remained 

intact at a pH level of 14.  This resulted in larger weight gains in the pH 7-11 solutions 

than in the pH 14 solution [37].  At pH = 14 without calcium carbonate dissolution 

coating/metal interface degraded much faster.  Therefore the dissolved calcium 

carbonate, while absorbing the most moisture, actually acted as an immunity barrier 

for the steel substrate, reducing the degradation rate.     

 

 Water absorption not only alters the bulk and interfacial properties of organic 

coatings but can also cause swelling and volumetric changes.  Thorton et. al. found 

organic primer coatings which experience large increases in swelling in the presence 

of hydroxyl ions, despite stability and considerable bond strength in salt water, 

perform poorly when a cathodic potential is applied [38].  Therefore, materials 

selected for CD protection should be examined not only on their ability to prevent 

adhesion loss in aqueous environments but also to resist large volume changes in the 

presence of hydroxyl ions.   
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Nazarov and Thierry studied the effect of water on the electrical double layer 

structure at the coating/metal interface using electrochemical impedance spectroscopy 

[39].  The potential of the contact changed as function of water vapor pressure, 

following absorption of moisture into the polymer.  Drying the coating restored the 

initial potential.  Over time, the interface hydrolyzed, its capacitance increased and the 

time of subsequently restoring the electrical double layer by drying increased [39].  

The results of their work indicated the coating/metal interfacial bonds passivite the 

metal; however, the passivation can be broken down with hydrolysis from the 

accumulation of moisture along interface [39].   

 

2.3.4.4  EFFECT OF DRY AND WET ADHESIVE STRENGTH 

The nature of the adhesive bond is important in the CD process.  There are 

many factors responsible for the degradation of the metal/polymer interface and the 

contribution of each of them to the adhesion loss can be very specific for a particular 

metal/polymer system.  Initial dry adhesion is a poor indicator of coating performance 

in the presence of water [40].  If the level of wet adhesion is sufficient, then the water 

permeability and absorption qualities are of less importance to the durability of the 

bond of the coating.  The factors that influence wet adhesion strength are also 

important parameters for improving CD performance, although the specific factors are 

still unclear.  It is apparent that wet adhesion tests may well be good predictors of CD 

behavior and are quite useful as they can generate data much more rapidly than normal 

CD tests [41].  The improvement of wet adhesion has been reported to retard the 
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migration of sodium ions, thus slowing CD processes [16].  Therefore, wet adhesion 

strength can provide a rapid assessment technique for gauging a coatings cathodic 

disbondment performance.  As it is currently understood in the literature, the better the 

wet adhesion strength of the coating, the better the cathodic disbondment performance 

[42].   

 

2.3.4.5  EFFECT OF CRACK GROWTH FRACTURE MECHANICS 

The work by Martin et. al. takes a fracture mechanics approach to predicting 

the onset of non-osmotic, defect-controlled cathodic disbondment of coatings on steel.  

Their model integrates the mechanics associated with blister initiation and growth and 

the subsequent internal stresses experienced by the coating on cathodically protected 

surfaces [43].    Martin et. al. offered the following steps to describe the disbondment 

process as a crack-type growth behavior [43]: 

 

(1)  Water is absorbed by the coating which induces in-plane compressive stresses 

within the coating and elastically extends the interfacial bonding. 

 

(2)  Beneath the cation ingress point in the coating (defect site), an electrochemical 

corrosion cell is established in which the pH increases over time, causing the 

disbondment of the coating from the substrate. 
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(3)  When the disbonded area reached a critical diameter, the compressively loaded 

coating buckles, imposing both shear and normal stresses at the periphery of the 

blister.  The critical compressive load, Pc, at which the coating buckles is given by: 

 

Pc = 4EIπ
2
/lu

2
          (2.8) 

 

where E is the elastic modulus of the coating, I is the moment of inertia of the coating, 

and lu is the diameter of the disbonded area.  These developed shear and normal 

stresses, in the presence of alkaline solution, cause blister growth via a stress corrosion 

cracking process. 

 

Liechti et. al. used a fracture mechanics approach to provide a method of 

characterizing the cathodic disbondment resistance of rubber bonded to steel [44].  

Their approach is similar to that taken for stress corrosion cracking of metals, without 

the effects of diffusion [44].  Using finite element modeling of large deformations, 

including the nonlinear material behavior of rubber, fracture parameters were 

developed for correlation with disbondment growth rates [44].  Analysis of a primer 

adhesive under cathodic conditions was found to be 30 times weaker (lacking fracture 

toughness) compared to the primer adhesive under dry conditions.  In another work, 

Liechti and Adamjee used the extracted fracture parameters of rubber to study the 

mixed-mode delamination of rubber from steel [45].  In that work, the CD growth 

rates were found to be independent of the energy release rate chosen for the study, but 
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were strongly dependent on the crack opening angle [45].  As the crack angle grew 

larger, more reactants were able to reaches the disbondment front and facilitate CD.   

 

 

2.4  MATERIALS  

Epoxy-coated rebar is often used in the field to extend the life of a structure by 

providing a protective barrier against corrosion.  Water permeability is an important 

property which may be determined by factors such as the coating free volume, 

molecular mobility and hydrophilicity.  As stated before, when water reaches the 

coating/steel interface it leads to a loss of adhesion.  Presumably, the water breaks 

hydrogen bonds between the coating and the steel.  While CD is thought to occur 

primarily because of hydroxyl ion formation at the coating/steel interface; depending 

upon the test conditions, water permeation and hydrogen gas generation may also play 

important roles.  Long-term adhesion retention will depend upon the physical barrier 

properties of the coating material and the application process.  Improved resistance to 

adhesion loss for epoxy-coated rebar can be achieved for instance, by surface 

pretreatments (chromate and non-chromate), developmental coatings, and coatings for 

prefabrication. 

 

 

2.4.1  Thermoset Coatings 

Malik et. al. studied the corrosion and mechanics of fusion bonded epoxy 

(FBE) coatings on steel in aqueous media (water, distilled water and saline) [46].  
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Pull-off adhesion tests carried out on coated samples showed the adhesive strength of 

FBE coatings was greater than 500 psi (500-550 micron thickness) [46].  Not only did 

the FBE exhibit a high adhesive strength when bonded to steel, but also a high 

resistance to cathodic disbondment.  In CD testing, the failure mode was observed to 

be adhesive [46].  When the surface roughness of the substrates was increased, failure 

appeared to move towards a more mixed-mode adhesive-cohesive failure.  This was 

concluded after observing oxide asperities which fractured within the polymer phase 

[46].  One characteristic of the failure in this system was the large amount of oxide 

reduction that occurred at the sites of pre-damage prior to the onset of adhesive failure.  

CD testing was also performed on difference size and geometry defects.  It was 

concluded that large aspect ratio defects yielded greater cathodic disbondment areas 

[47]. 

 

2.4.2  Thermoplastic Coatings 

The cathodic disbondment performance of thermoplastic, ethylene vinyl 

acetate (EVA) depends upon the double layer parameters at the coating/metal 

interface.  These parameters as determined by Korzhenko were:  the specific volume 

change of hydrated cation of the electrolyte, the potential of the substrate, the presence 

of oxygen, and the surface active species. [48].  During CD testing, electrons were 

transferred to the polymer functional groups.  Electron transfer to the polymer 

functional groups along the metal/polymer interface occurred during the cathodic 

disbondment.  This led to the formation of hydroxyl and hemiacetal groups from 

acetates [49].  The electron transfer coupled with the alkaline attacking the adhesion 
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bonds (as a result of the electrochemical degradation) provided the main mechanism 

for adhesion loss [48].  The rate of cathodic disbondment increased when the potential 

was changed from -1.0 to -1.2V in the presence of dissolved oxygen.  The alkali 

product of the oxygen reduction reaction did not cause any changes to the EVA during 

the first 30 minutes of CD testing [48].  However, CD tested and films exposed to 

alkali for 5 days showed an increase of the IR absorption bands for O-H and C-O 

groups and a decrease of the bands for C=O and =CH3 groups [48].  The decrease in 

carbonyl and methyl groups suggested the splitting out of acetate groups within the 

polymer.  This was seen elsewhere by Pud and Shapoval when EVA was acted upon 

by prolonged electrolysis (5hr) in uniform contact with the cathode [50].  In that 

experiment, the splitting of acetate was accompanied by conjugated C=C bond 

formation in the main polymer chain which was responsible for the appearance of a 

band at 1600 cm
-1

 in the IR spectra [50].  For the Korzhenko studies, this feature was 

absent which suggests the replacement of the acetate group by hydroxyl groups.  The 

increase of C-O absorption, however, did not agree with this suggestion.  Judging 

from the decrease in C=O groups, the quantity of acetate groups destroyed was greater 

than that found to form a decrease in –CH3 groups.  This indicated that the splitting of 

acetate groups proceeded in parallel with another process that was responsible for the 

transformation of a portion of the acetate groups without their splitting out from the 

polymer chain.  During the observed C-O bond increase upon CD of EVA, such 

transformations were explained in terms of hemiactetal formation, which is known to 

occur in the electrochemical reduction of some low molecular weight esters [50].  The 

absence of an alkali effect during the initial 30 minutes in the control experiment is 
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very important.  This indicated that changes observed at the surface occur at a low 

potential due to the electrochemical processes running along the coating/metal 

interface for the rather short times of the movement of the delamination front along 

the specimen [49]   

 

The majority of work on polyethylene (PE) coatings and polyethylene blend 

coatings has been done by Roy et. al. [16, 41, 42, 51, 52].  As a result of their work the 

optimum loading of polar functional groups in medium density polyethylene (MDPE) 

necessary for optimal CD performance is discovered.  For maleic anhydride graft-PE 

(MAH-PE), the wet adhesion strength was determined to be an important parameter to 

asses and understand the CD performance of organic coatings [51].  A feature of PE 

coatings is the relatively large coefficient of thermal expansion of the coating which is 

about 12-14 times larger than mild steel and may result in residual shrinkage stresses.  

High thermal contraction differentials develop on cooling because the coating 

crystallizes and may densify further as the temperature was reduced.  For a semi-

crystalline thermoplastic bonded to steel, crystallinity played an important role in the 

residual stress development which may have developed an internal strain with a 

possibility of inducing or promoting interfacial failure.  Finally, an important 

consideration in formulating a coating for cathodic disbondment protection is to 

ensure that adhesion was maintained in the presence of water and hydroxyl ions [51].   

 

Thermoplastic blending was suggested by Roy to incorporate reactive and 

polar functionality to otherwise non-polar PE [42].  In fact, blending yielded higher 
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dry bond strength compared to unmodified medium density polyethylene (MDPE), 

although sufficiently high dry bond strength was clearly obtained even with 

unmodified MDPE and a high energy steel substrate.  Complete cohesive failure was 

observed in all blends.  Thus, polarity of the blend may have produced toughness in 

the bulk material rather than simply promoting greater bonding with the substrate [51].  

Roy found the addition of 2.5 wt% g-MAH polar functionality was required to cause a 

significant improvement in CD properties [16].  Indeed, there is a slight decrease in 

CD resistance for higher loadings (20 wt. %) due to the possibility of degradation of 

the polar moieties in the presence of alkali generated during CD reactions [16].  This 

verifies the hypotheses that the introduction of a lower amount of functionalized 

polyethylene containing a polar functional group such as MAH into the backbone of 

polyethylene does improve CD performance.  When CD performance was compared 

to dry bond strength, little correlation is observed [51]. 

 

For a reactive polymer blend, a higher initial CD area was observed whereas 

MDPE started from a lower level and developed at a faster rate compared to blends.  

The disbonded area was found to increase linearly with time during the 14-28 days of 

the CD test.  Thus it appears that blending with polar functional groups results in a 

decreased rate of disbonding at later stages of the CD process.  This could be a result 

of the less aggressive species at the interface at longer times.  It should be noted that 

with increased disbondment, a larger potential drop is expected such that the potential 

at the crevice will be significantly more positive than at the holiday.  This change in 

potential is likely to result in a changing CD mechanism with time.  The oxidation of 
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PE at high temperature, such as thermal fusion bonding, created carbonyl and other 

oxygen-containing groups which result in Lewis acid/base interactions on high surface 

energy steel.  Blending PE with polar polymers may further increase dry adhesion.  

The work done by Sugama suggests plastics with polar functional groups, such as 

methacrylic acid-modified polyethylene, leads to an improvement of the interfacial 

bond strength of the copolymer to steel with a low rate of delamination under CD 

conditions [53].   

  

Polybutadiene was one of the first organic coatings to be studied 

comprehensively even though the adhesion of polybutadiene to steel is quite complex 

and involves the formation of an interphase zone containing iron carboxylate.  Failure 

in polybutadiene coatings may then occur between the metal oxide and the interphase 

(adhesive failure), between the interphase and the polymer leaving polymer residue on 

the metal oxide (polymer hydrolysis) or a combination of the two [47].  Leidheiser et. 

al. calculated the activation energies for polybutadiene coatings on galvanized steel to 

be 9500 cal/mol [12].  Unfortunately, this data is not sufficient for use in determining 

the rate-controlling step.  The value is in the high range for diffusion of counter-ions 

in ion exchange polymers.  It was considerably higher than the value for the diffusion 

of NaCl in aqueous solution, 4100 cal/mol, and was lower than the value of 17,000 

cal/mol obtained for ionic conductivity in cellulose acetate which has been soaked in 

0.1 M NaCl [12].  The conclusion offered for this was that the value of 9500 cal/mol is 

consistent with a rate-controlling step that involves diffusion [12]. 
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2.4.3  Conductive Polymers 

Williams et. al. studied the changes in cathodic disbondment behavior when 

adding various volume fraction of the conductive polymer, polyaniline, to a polyvinyl 

butyral coating applied to iron.  In order for polyaniline to become conductive it must 

be become “doped” with emeraldine salt.  Williams et. al. found the emeraldine base 

in electrolyte had no effect on substrate potential or delamination kinetics [54].  

However, emeraldine salts doped using p-toluenesulfonic (HpTS), camphorsulfonic 

(HCS), phosphoric (H3PO4), and phenylphosphoric (H2PP) acids increased the 

substrate potentials by up to 0.36 V; which inhibited the delamination with efficiency 

on the order of HpTS < HCS < H3PO4 << H2PP [54].  The conclusion of the work on 

conductive polymer coatings was, inhibition arises primarily from cathodic oxygen 

reduction which relocates from the substrate onto the conductive coating [54].  

Paliwoda-Porebska et. al. used scanning Kelvin probe microscopy to show significant 

inhibition of cathodic delamination by on demand functioning release of [PMo12O40]
3-

 

doped polypyrrole [55].  For these coatings, anion decomposition reactions played an 

essential role in the successful delamination inhibition where the reaction provided a 

significant buffering effect [55].  In essence, the buffering effect prevented the 

formation of high pH values at the coating/metal interface thus decreasing the rate of 

cathodic disbondment.   

 

2.4.4  Multi-Layered Coating Systems 

 Multi-layered polymer coatings are currently widely used to protect buried 

steel pipelines from corrosion, cathodic disbondment and mechanical abrasion.  Three 
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layer-polyolefin containing pipeline coatings display significant advantages over one 

layer coatings.  The unique combination of superior corrosion and cathodic 

disbondment resistance of a FBE primer with the barrier and abrasion resistance 

qualities make a highly durable coating system.  The third layer is an adhesive “tie-

layer” which joins the FBE primer and the olefin topcoat.  Typically the tie-layer is a 

reactive thermoplastic or thermoplastic elastomer which can readily bond with the 

FBE and olefin surfaces.  Fusion-bonded epoxy primers are applied to pretreated steel 

via a spray and bake process similar to paint powder coatings.  The tie-layer and outer 

topcoat may then apply at elevated temperature by either a wrapping or co-extrusion 

techniques.    

 

 The mechanism of cathodic disbondment of three-layer epoxy primer/adhesive 

polyethylene/polyethylene coating were performed by Kamimura and Kishikawa [56].  

In the field, this coating combination has proven reliable and trouble-free; however 

trouble arises with the presence of surface defects in the coatings resulting from 

transport, installation, or in-service stresses placed upon the coating [56].  The factors 

affecting the CD of the multi-layered coating system was similar to those described 

earlier for single layer coatings.  Cation, water and oxygen migration towards the 

defect site attributed to coating disbondment.  The reduction and dissolution of the 

interfacial oxide may have been the primary cause of the earliest stage of disbondment 

[56].  Dissolved oxygen and water were able to migrate through the PE topcoat during 

disbondment testing strongly affecting cathodic disbondment [56].  Even in the 

presence of a semi-impermeable olefin topcoat, the rigor with which oxygen and water 
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attempt to reach the defect site is almost inevitable.  Therefore, the toughness and 

abrasion resistance of the olefin topcoat should be of primary importance to resist 

damage in the first place. 

 

2.4.5  Surface Pretreatment 

Silane pretreatments are known to enhance adhesion [57, 58].  When a silane is 

deposited from solution, the resulting layer is normally in the form of a multi-layer 

film with variable orientation, depending upon the conditions of deposition.  The 

silane is the only remaining component of the solution as the water and alcohol 

evaporate.  The use of 3-aminopropyltriethoxysilane (3-APS) treatment on an alkyd 

coating has been shown to lower moisture absorption over an untreated alkyd coating 

surface [59, 60].  Silanes also greatly reduced the total gravimetric water absorption of 

the coating system on both metal and glass substrates.  The use of a silane adhesion 

promoter has been reported to significantly decrease the velocity of cathodic 

delamination of an epoxy resin on cathodically polarized steel [61].  The silanol 

function is able to form a water resistance bond at the metal oxide/hydroxide surface, 

and the amine function chemically binds to the epoxy coating, thus leading to an 

improved stability both against cathodic disbondment and wet adhesion loss [61].  In 

another work, a silane modified polymer coating outperformed non-modified 

polymers under cathodic disbondment testing [17].  Additionally, the adhesive 

performance for alkyd coatings on mild steel and glass were enhanced with a silane 

surface pretreatment [59].   
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2.4.6  Pigments & Fillers  

The barrier protection behavior of pigmented and un-pigmented coatings is 

fundamentally different [35].  In the case of un-pigmented coatings, the rate of 

delamination is controlled by cation migration along the coating-metal interface and 

increases as the mobility of the cations increases [35].  With iron-oxide pigmented 

systems, the increase in ionic transport rate and decrease in oxygen transport rate is 

such that the rate control is due to oxygen transport, most likely along the coating-

metal interface, and the disbondment rate is independent of ion mobility [35].  The 

work by Smith and Dickie showed no reduction in the cathodic disbondment of an 

organic primer with corrosive inhibitive pigments [62].  Increasing the surface energy 

of a coating was once thought to improve the CD performance.  However, for a lower 

surface energy talc-filled thermoplastic coating, the cathodic disbondment 

performance improved over the un-filled polymer [16].  To account for the increased 

CD resistance, Roy concluded the filler addition decreased shrinkage stress at the 

steel/polymer interface because of the reduced crystallinity of the blend, which was 

observed by DSC [42].  In some  instances, corrosion products, such as iron oxides 

may even mimic particle fillers and cease the disbondment process by blocking ionic 

pathways between the anode and the cathode [35].   

 

 

2.5  CATHODIC DISBONDMENT TESTING METHODS 

The most commonly practiced cathodic disbondment testing methods are from 

the American Society for Testing of Materials (ASTM).  Generic CD testing is often 
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carried out using the standard test method or some variation of ASTM G8-96 

“Standard Test Method for Cathodic Disbonding of Pipeline Coatings.”  This method 

covers the accelerated procedure for determining comparative characteristics of 

insulating coating systems applied to steel pipe exteriors for the purpose of preventing 

or mitigating corrosion that may occur in underground service where the pipe will be 

in contact with natural soils and may or may not receive cathodic protection [63].  The 

test method is intended for use with samples of coated pipe taken from commercial 

production however multiple reports exist in the literature of researchers using the 

specifications of ASTM G8-96 on flat coated metal plates [64-66].  The cathodic 

disbondment experiments in Chapter 4-7 of this dissertation all use variations of the 

ASTM G8-96 method.  The standard test method for cathodic disbonding of pipeline 

coatings subjected to elevated temperatures is given in ASTM G42-96.  This method 

allows the experimentalist to gather accelerated disbondment data.  The method 

subjects the coating to an electrical stress (either direct current or sacrificial anode) in 

a highly conductive electrolyte at elevated temperature.  An initial artificial defect is 

imposed upon the coating prior to testing.  Electrical instrumentation is recommended 

for measuring the current flow in the cell [67].  The electrical potential may also be 

measured and the specimen physically examined at intervals during the test periods 

and upon completion of the test [67].   

 

Kellner described an electrochemical technique for the determination of 

cathodic disbondment area by measurement of the double layer capacitance of a 

wetted surface of the test specimen where the technique is non-destructive, in-situ, and 
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can determine the area of disbondment automatically on a daily basis under the control 

of a simple microprocessor [68].  In addition to ability to give real-time data, the 

information gathered with this technique is less subjective and more quantitative 

compared to destructive visual observations of disbondment area.   

 

Several work have successfully demonstrated the use of scanning Kelvin probe 

force microscopy (SKPFM) to measure the degree of cathodic delamination of 

coatings on metal substrates [61, 69-77].  Of these, Leng et al. showed it was possible 

to identify and follow the disbondment process by measuring the corrosion potential 

as a function of time and local position [77].  Adhesion loss due to coating 

disbondment was observed in-situ by measuring the local electrode potential with the 

Kelvin probe.  The potential measured by the Kelvin probe followed exactly the 

change of the electrode potential at the coating/substrate interface [77].   

 

 

2.6  CATHODIC DISBONDMENT MITIGATION 

Superior protection of a coating against cathodic disbondment requires that the 

interfacial region be highly resistant to alkali.  The reactants responsible for the build 

up of high pH alkaline environment are primarily oxygen and water as described 

earlier.  The path and ease with which these reactants reach the cathodic (defect site) 

will dictate the severity of the environment over time.  Oxygen and water are able to 

pass through the organic coating whereas cations, at least in part, reach the front by 

lateral diffusion.   
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 The most comprehensive work on cathodic disbondment mitigation is given by 

Leidheiser in [12].  The following are steps by which cathodic disbondment may be 

reduced according to the most recent literature: 

 

(1)  No bare metal or superficially oxidized metal should be present at the 

coating/substrate interface.  Slightly oxidized metals such as copper, zinc and steel are 

good catalysts for the oxygen reduction reaction.  Since the destructive component in 

the delamination process is the hydroxyl ion, the rate of formation of hydroxyls should 

be minimized.  Any layer at the metal surface should completely cover the metal and 

thus limit access of reactants to the metal surface.   

 

(2)  There should exist at the coating/substrate interface a layer which is a very poor 

conductor of electrons.  If the electron supply to the interface can be minimized, the 

reaction rate will be reduced.  A non-metallic interfacial layer with poor electron 

conductive properties is desirable.   

 

(3)  The interfacial layer should be a poor catalyst for the cathodic reaction.  The two 

common cathodic reactions (Equation 2.5) and (Equation 2.6) are both catalyzed 

reactions that do not occur readily in the absence of a solid.  The first reaction occurs 

most easily on oxidized metals and the latter reaction most easily on bear metal 

surfaces.  Both reaction result in a local increase in pH and both play a role in CD.  

The relative importance of each reaction is dependent upon the potential as well as the 



 

 

112 

nature of the surface.  The interfacial layer should have a chemical nature such that it 

is inactive catalytically for both the above reactions.  Hydroxyl ion generation will not 

occur is the surface is inactive. 

 

(4)  The boundary between steel and polymer should be rough.  A rough surface 

increases the available surface area and provides a tortuous pathway for diffusion of 

cations to the site of the hydroxyl generation.   

 

(5)  The interfacial region should be resistant to alkaline attack.  The delamination 

process occurs as a consequence of the attack of the oxide on the surface of the metal 

or, as some researchers believe, the attack of the organic coating at the interface.  

Although attack of the oxide is the more likely mechanism for deterioration of the 

bond between polymer and the metal surface, it is recognized that in some systems the 

polymer at the interface may be attacked at a rate faster than the oxide is dissolved.  

The ideal interfacial region should include an alkali-resistant coating on the metal and 

organic materials that is very resistant to hydrolysis or other type of attack by aqueous 

alkali. 

 

To protect against cathodic disbondment, the bond established between the 

organic coating and steel substrate must be resistant to the harmful effects of highly 

alkaline environments.  Optimizing the alkali resistance of a coating may be done by 

eliminating hydrolysable groups such as esters, amides, urethanes, and urea linkages 

[78].  Improving wet adhesion strength, improving dielectric strength and minimizing 
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film transport properties also seem to be avenues toward this goal [78].  Minimizing 

the permeability of the organic coating to ion and moisture diffusion also will help 

slow the production of hydroxyls generated by the cathodic reaction [79].   Cathodic 

reaction rates can also be reduced with chemical conversion layers (chromates, 

phosphates, etc.) on steel and because pretreatments can improve adhesion they should 

be considered for ultimate protection against the cathodic disbondment of organic 

coatings [21].  CD performance can be improved with three aspects:  the addition of 

polar species such as a reactive ethylene terpolymer and maleic anhydride grafted 

polyethylene (MAH-gPE), an amorphous thermoplastic elastomer and inorganic filler.  

It is believed that MAH-gPE and a terpolymer with an active epoxy group may have 

improved CD performance by improving wet adhesion between the steel and the 

polymer.  For the thermoplastic elastomer, the decrease in elastic modulus because of 

its amorphous structure which may assist adhesion and this possibly reduces the 

shrinkage stress between polyethylene and steel [42].  The addition of an inorganic 

filler leads to lower surface tension and improved CD performance by contributing to 

the reduction of internal stresses developed as a result of the large difference in 

coefficients of thermal expansion between polyethylene and steel.  Water diffusion is 

also important because it is the medium for the diffusion of the hydrated ions and it 

can nucleate the delamination process. In some cases, it is the rate-limiting step.  

Diffusion process of ions (promoted by applied potential) O2 and H2O are fundamental 

to the CD process:  (1) through the defect coating promoting cathodic reactions and 

delamination as well as through the delamination interface and (2) through the intact 

coating [21]. 
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3.  Thermal, Mechanical, and Adhesive Performance of 

High Density Polyethylene / Reactive Ethylene 

Terpolymer Blends and Multi-Walled Carbon 

Nanotube Composites 

 

 

3.1  INTRODUCTION 

The development of protective coatings for corrosion control of metals is 

continually important in the marine, oil and gas industries.  Coatings for steel structures 

must be tough, abrasion resistant, impermeable to attack from moisture and chemicals, 

easily applied in-the-field, resistant to cathodic reactions and of course highly adhesive to 

the substrate to be protected [1].  The use of thermoplastic polymer materials is gaining 

increasing acceptance over thermosetting materials for such applications due to the 

ability for quick in-the-field bonding using a variety of bonding methods [2, 3].  Hot-melt 

thermoplastics eliminate the need for environmentally harmful solvents which reduce 

curing time and reduce emissions making them a more environmentally friendly 

alternative [4, 5].  Additionally, thermoplastic coatings may be applied in various 

thicknesses, whereas thermoset epoxies must be applied in thin, often brittle layers.  

Perhaps the most commonly used thermoplastic in such applications is polyethylene due 

to its resistance to chemical and moisture attack and high toughness [6].  However, the 

implementation of polyethylene by itself is limited by poor adhesive properties because 
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of its inherent non-polar nature.  Blending high density polyethylene (HDPE) with polar 

copolymers has been shown to help increase adhesion between polymer coatings and 

high surface energy steel substrates [7-10].   

 

Historically, high adhesive strength and compatibility have been best established 

by coatings containing ethylene copolymer ionomers, containing either sodium, zinc or 

lithium ion neutralized ethylene methacrylic acid copolymers [11-17].  These materials 

possess the desired toughness, impact resistance and adhesion but are sensitive to the 

permeability of moisture.  Reactive olefin copolymers provide an alternative where lack 

of permeability is of great importance for the durability and reliability of the coatings, as 

in the case of off-shore structures and naval vessels.  Glycidyl methacrylate (GMA) 

containing ethylene copolymers (ethylene/methyl acrylate/glycidyl methacrylate) have 

been successfully applied to compatibilize poly(ethylene terephthalate) (PET) and HDPE 

[18].  As indicated, the epoxy functionality of GMA provides reactivity with the PET end 

groups, while the ethylene sequence is expected to ensure adhesion to the HDPE [18].  

The content of GMA within the copolymer decides the miscibility and thus the 

mechanical and thermal properties of the blend of HDPE and the copolymer [18].  The 

increase of GMA content of the copolymer deteriorates the miscibility between the 

copolymer with HDPE.  In the present Chapter 3 study, the reactive ethylene terpolymer 

(RET) of ethylene/n-butyl acrylate/glycidyl methacrylate (E/nBA/GMA) was compound 

blended with HDPE in order to develop a potential coating material.  The HDPE 

component offers high chemical and moisture resistance, while the RET component 

provides the material with high polarity and reactivity, which will enhance adhesion to 
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the substrates to be coated.  The blends of RET and HDPE in all compositions were 

prepared by injection molding rather than the industrially used twin-screw extruder 

compounding routine.  This one step melt processing proved satisfactory for mixing 

HDPE with PET with and without a compatibilizer [18].  Additionally, it is of great 

importance from an industrial point of view due to high efficiency.  The injection molded 

blends were investigated in terms of their morphology, and thermal and mechanical 

properties as well as the adhesive strength to the metal substrates.  An additional study 

was also undertaken to observe the effect of adding multi-walled carbon nanotubes 

(MWCNTs) as a means of improving the cohesive strength of RET adhesive coatings. 

 

 

3.2  EXPERIMENTAL DETAILS 

3.2.1  Materials 

Pure HDPE with melt flow index (MFI) of 0.3 g/10min and molecular weight 

(Mw) of 125,000 was purchased from Scientific Polymer Products™.  The GMA 

containing terpolymer, RET (Elvaloy 4170®), was obtained from the DuPont™ company.  

The terpolymer contains an ethylene backbone with n-butyl acrylate, an elastomeric 

toughening agent and glycidyl methacrylate, a dual functionality epoxidized adhesion 

promoter.  The density and the melt flow index (MFI) of the RET are 0.94 g/cm3 and 8 

g/10min, respectively.  
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A silane coupling agent, gamma-aminopropyltriethoxysilane (Aldrich™) was 

applied to treat the surfaces of steel coupons for lap-shear tests.  The steel coupons (101.6 

mm x 25.4 mm x 1.53 mm) were cut from structural grade, A36, hot-rolled steel plates. 

 

3.2.2  Preparation of Polymer Blends 

A reciprocating screw injection molder was used to facilitate mixing of the RET 

and HDPE, and to produce “dog-bone” tensile samples.  The dimensions of the injection 

molded samples are 165 mm overall length, 50 mm gage length and 3.2 mm thickness, as 

specified for Type I testing in ASTMD D368 [19].  Three injection molder heat zones 

were kept constant at 190˚C with the mold heated at 40˚C to minimize coupon shrinkage.  

Prior to injection molding, the RET was dried at 60˚C overnight to remove absorbed 

moisture.  The prepared blends include 25, 33, 50, 66 and 75 wt. % RET, and are 

designated HDPE 75/25, HDPE 66/33, HDPE 50/50, HDPE 33/66 and HDPE 25/75 in 

the following text, respectively. 

 

3.2.3  Material Characterization 

3.2.3.1  SCANNING ELECTRON MICROSCOPY (SEM) 

A scanning electron microscope was used to investigate the morphology of the 

blends.  Freeze-fractured surfaces were examined with and without etch.  Etched 

specimens were placed in toluene for 90 minutes to preferentially remove the RET 

component.  Samples were pressed against carbon tape mounted on aluminum stubs.  A 

thin layer (approximately 40 Å) of gold/palladium alloy was sputter coated on the 

fractured surfaces. 
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3.2.3.2  DIFFERENTIAL SCANNING CALORIMETRY (DSC) 

A differential scanning calorimeter was used to determine the degree of 

crystallinity (Xc) and melting temperature (Tm) of pure HDPE, RET, and their blends.  

Samples of approximately 15 mg were taken from injection molded coupons.  For HDPE 

and its blends, the heat profile went as follows:  sample were scanned up to 150˚C from 

10˚C at a heating rate of 10˚C·min-1, annealed at 150˚C for 3 min, and then cooled down 

to 10˚C at a rate of about 2˚C·min-1 with N2 purge gas at a flow rate of 10 mL·min-1.  For 

the pure RET, the maximum heating temperature was set to 100˚C, to ensure complete 

melting while avoiding degradation for further scans.  All other conditions were similar 

to that for HDPE.  Scans were re-run with the subsequent scan reported to eliminate the 

thermal history effects of the injection molding process.  Crystallinity was determined 

using the ratio of the melting enthalpy of samples to that of a perfect and infinite 

polyethylene crystal, ∆Hm,HDPE˚ = 292 J·g-1 [20].  The degree of crystallinity (Xc) for 

HDPE was estimated using Equation 3.1: 

 

o

HDPEm

m
c

H

H
X

,∆

∆
=         (3.1) 

 

where ∆Hm is the melting enthalpy. 

 

3.2.3.3  DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA) 

A dynamic mechanical thermal analyzer with a three-point bending fixture was 

used to determine the viscoelastic properties.  Specimens (35 mm x 10 mm x 4 mm) cut 
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from the injection molded coupons were tested from -140˚C to 140˚C (110˚C for pure 

RET sample) at 2˚C·min-1 with 1 Hz frequency and 0.025 strain.  Liquid nitrogen was 

used for achieving sub-ambient temperature.   

 

3.2.3.4  TENSILE TESTING 

Tensile testing was performed according to ASTM D638.  Sand paper was used in 

the machine grips to avoid pull-out and “slippage.”  The extension rate was 50 mm·min-1 

and all tests were performed at room temperature.  Five samples were tested for each 

blend composition.   

 

3.2.3.5  IMPACT TESTING 

Charpy impact tests were carried out on unnotched specimens using an Instron 

impact tester at 23°C.  A 2.75J energy hammer was used to strike the filled-RET with an 

impact velocity of 3.46m/sec.  Samples were cut from injection-molded tensile bars to 

rectangular shapes of dimensions 90 mm x 10 mm x 3 mm.  To facilitate easy fracture of 

the elastomeric composites, impact specimens were placed in liquid nitrogen until frozen.  

The specimens were pulled from the liquid nitrogen and immediately tested for impact 

strength.  The impact data was recorded and will be presented herein with units of J/mm2. 

 

3.2.3.6  SINGLE-LAP ADHESIVE TEST 

Lap shear adhesion testing consisted of the polymer blend hot-melt bonded 

between structural grade (A36) hot-rolled steel coupons of dimensions 25.4 mm x 101.6 

mm and thickness 1.53 mm.  Two surface pretreatments techniques were performed on 
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steel substrates.  Polished surfaces were achieved using 320-grit silicon carbide paper and 

a rotary polishing wheel.  Sand-blasted surfaces were achieved using 320 grit roughening 

media.  A silane coupling agent, gamma-aminopropyltriethoxysilane (Aldrich), was 

employed in several adhesive measurements.  Two concentrations of silane (3 & 10 vol. 

%) in a methanol/ethanol solution were produced to achieve varying silane layer 

thicknesses on steel.  While more sophisticated surface pretreatment techniques such as 

laser roughening and corona discharge could be employed to maximize adhesive 

performance, they were not considered in this work as they prove to be impractical for in-

the-field applications. 

 

Metal/polymer/metal lap-shear joints were prepared using the polymer blend as an 

adhesive.  Steel coupons were acid etched to remove an anti-corrosion chemical 

treatment left by the manufacturer and wiped clean with acetone prior to bonding.  The 

thin polymer films, thickness of approximately 0.4 mm, were cut to an area of 645 mm2 

(1 in2) which represented the total bonding area.  Metal/polymer/metal joints were 

preheated to 215˚C without pressure for 3 minutes.  A pressure of 3.8 MPa was then 

applied for 3 minutes before removing the joint from the press and cooling to room 

temperature (23°C).  A diagram of the produced lap-shear joint for testing is given in 

Figure 3.1.  The adhesive performance of the lap-shear joints was evaluated using a 

servo-hydraulic Instron tension testing machine.  Sample joints were loaded to failure 

according to ASTM D5868 at 13 mm·min-1 for similar adhesive joints.  Equation 3.2 was 

used to find the adhesive strength, τAdh, of the polymer blends bonded to steel. 
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Bond

Max
Adh

A

P
=τ          (3.2)  

 

Where PMax is the maximum load at or before rupture and ABond is the area of overlap 

bonding (645 mm2).  Fracture surfaces were observed to qualitatively characterize failure 

as being associated with adhesion, cohesion or mixed adhesion/cohesion.  For purposes 

of this investigation, cohesion is defined as polymer product left bonded to both lap-shear 

substrates.  Adhesion is defined by a clean substrate surface free of residual adhesive 

polymer. 
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Figure 3.1:  Lap-Shear Adhesion Testing Schematic. 

 

 

3.3  RESULTS AND DISCUSSION 

3.3.1  Morphology, Thermal, and Mechanical Properties of Blends 

The scanning electron micrographs of freeze-fractured polymer surfaces in Figure 

3.2 show the two-phase morphology indicating immiscibility of the blends at 0, 25, 33, 

66, and 100 wt% RET.  It has been suggested that such immiscibility may result from the 
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difference in chain polarity as in the case of HDPE/ionomers polymer blends [21].  This 

behavior is also well documented in other instances of olefin/olefin-containing blends 

[21-25].  The terpolymer appears as short rod-shaped segments dispersed in an HDPE 

matrix with greater inclusion density found at higher RET content.  For pure RET, Figure 

3.2(e) no inclusions exist, the “pull-out” and “tearing” are all artifacts of the ductile 

fracture behavior of the elastomeric RET.  The inclusions appearing in Figure 3.2(a) are 

not an immiscible phase of RET but rather dust particulates on the polymer surface 

(contaminates resulting from the plating process) and not encapsulated within the 

polymer.  During freeze fracture, RET segments were strained causing “pull-out” and the 

formation of voids surrounding the inclusions.  The rod diameter is approximately 0.3 – 

0.5 µm.  The improvements of elongation at break and adhesive strength of HDPE (as 

shown later in Figures 3.6, 3.9, and 3.10) when blended with RET come from the 

compatibility similar to that shown in HDPE/polyethylene terephthalate (PET) systems 

[18]. 
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Figure 3.2:  Scanning Electron Micrographs of Freeze-Fractured HDPE/RET Blends: (a) 
HDPE 100/0; (b) HDPE 75/25; (c) HDPE 66/33; (d) HDPE 33/66; and (e) HDPE 0/100. 
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The SEM micrographs in Figure 3.3 illustrate the morphological effect of adding 

RET to the blend, where the RET has been removed via etching.  In blend HDPE 75/25 

(Figure 3.3(a)), the RET appears as small spherical and elongated inclusions dispersed 

evenly throughout the continuous HDPE matrix.  A range of spherical diameters and 

ellipsoidal lengths approximately fall within 0.3 – 0.6 µm for diameter and 0.3 – 1.3 µm 

for the ellipsoidal length.  As RET content increases to 33% (Figure 3.3(b)) the RET 

inclusions coalesce and further elongate in the injection molding direction into irregular 

domains within the HDPE matrix.  The ellipsoidal length of RET inclusions at this 

composition were shown to extend past 14 µm.  The tendency towards coalescence of 

elastomeric particles added to brittle matrices and the elongation thereof has been shown 

in polyethylene/ethylene vinyl acetate (PE/EVA) blends at 30 wt% EVA [26] and in an 

HDPE/solid silicone system [27].  Likewise, a decrease in matrix domain size is seen 

with increasing compatibilizer content in poly(butylene terephthalate)/polypropylene 

system where the compatibilizer is similar to the glycidyl methacrylate component 

present in the RET system used here [28].  The morphology in Figure 3.3(c) (HDPE 

33/66) is more consistent with a two phase co-continuous matrix in which both HDPE 

and RET co-exist.  Interestingly, the rod-shaped RET inclusions shown in Figure 3.2(b) 

are also seen within HDPE domains in Figure 3.3(c) (indicated by arrows).  This is 

possible because the etch technique used was done purely to remove RET at the cryo-

fractured surface.  In both conditions of etched and non-etched, the approximate inclusion 

diameter remains the same (0.3 – 0.6 µm).   
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Figure 3.3:  Scanning Electron Micrographs of Etched Freeze-Fractured HDPE/RET 
Blends; (a) HDPE 75/25; (b) HDPE 66/33; (c) HDPE 33/66. 

 

 

The melting thermograms of HDPE, RET and their blends are shown in Figure 

3.4.  No distinct melting peak is seen for pure RET but rather a broad distribution of 

melting temperatures ranging from 29.9˚C to 87˚C; which becomes less distinct as RET 

content decreases.  Repeat tests supported this observation identifying the existence of a 

melting zone, rather than a distinct melting point for the RET.  This zone includes the 

(a) (b) 

(c) 



 

 

131 

manufacturer reported melting temperature of Tm,RET = 72˚C.  It has been presented 

elsewhere that melting temperature for a semi-crystalline polymer is related to the 

lamellar thickness [29].  The melting zone measured in the present study may indicate a 

broad distribution of the crystalline lamellar thickness in the RET, on the order of 10’s of 

Angstroms.  Considering the complex molecular structure of the copolymers in the RET, 

it is reasonable to assume that the arrangement of the –CH2–CH2– molecular segment 

into a regular crystalline structure is blocked or limited by the butyl-acrylate and glycidyl 

methacrylate segments.  This may lead to a range of crystalline lamellar thickness and 

melting temperatures.  As for HDPE, the melting temperature was found to be 129.6˚C, 

in accordance with previous reports [29].  The incorporation of RET decreases melting 

temperature of HDPE slightly as shown in Table 3.1.  The distinct melting zone for RET 

and peak for HDPE of the blends indicates separate crystals formed during crystallization 

of the blends which illustrate immiscibility in the crystalline phases [21].  This is 

expected due to the immiscibility of HDPE and the RET (Figure 3.3).   

 

The effect of RET content on Tm of HDPE and its blends is shown in Table 3.1.  

The addition of RET reduces Tm,HDPE only slightly, while the magnitude of the endotherm 

peak (Figure 3.4) decreases significantly with increasing RET content.  Likewise, the 

melting zone for the RET remains uniform but increases in magnitude with increasing 

RET content.  The small decrease of Tm of HDPE may be explained by a decrease in 

HDPE crystalline lamellar thickness, to a small extent, because of the disturbance of RET 

molecules during crystallization.   
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Figure 3.4:  DSC Melting Thermograms of HDPE, RET and their Blends. 

 

 

The variation of the blend crystallinity with RET content is presented in Table 

3.1.  The addition of the RET suppresses HDPE crystallinity.  Note that the crystallizing 

temperature for HDPE is around 110˚C [29], at which temperature RET is in the 

complete melting state.  In this case, it is a reasonable assumption that the crystallinity of 

HDPE is affected by the RET melt.  The decrease in crystallinity of the blend suggests 

the RET shows a negative effect on the crystallizing process of HDPE.  This may be due 

to the high viscosity of the RET melt or the extent of entanglement between nBA and 

GMA copolymers, which constrains the motion of HDPE molecular chain during 

crystallization. 
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Table 3.1:  Thermal Characteristics of HDPE/RET  Blends. 

 

 

 

A plot of the tan δ loss factor versus temperature for HDPE/RET blends is shown 

in Figure 3.5.  Peaks below the melting point of HDPE are designated as α, β, and γ 

relaxations.  The γ transition serves as the primary Tg for pure HDPE (HDPE 100/0) at -

120˚C.  This Tg value is one among many cited in the literature [8, 30].  As for the RET, 

there is no γ transition seen in this reported temperature range.  The addition of RET 

leads the position of the γ transition to shift to lower temperature indicating the enhanced 

motion of molecular segments in the amorphous phase.  The shoulder of the tan δ curve 

in the β transition serves as the Tg for pure RET at -48˚C.  This transition increased from 

-48˚C (HDPE 0/100) to -37˚C (HDPE 75/25), suggesting the HDPE shows a constraining 

effect on the molecular segment motion.  This is related to good interfacial interaction 

and adhesion between the two phases. 

 

The α transition for pure HDPE shows a broad peak around 51˚C.  This may 

result from the high degree of crystallinity (Xc = 43%), where sharp tan δ peaks are often 
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only observed in amorphous polymers [8].  The storage modulus (E’) versus temperature 

for HDPE/RET blends in Table 3.1 illustrates as RET content increases, storage modulus 

decreases. 
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Figure 3.5:  tan δ vs. Temperature for HDPE/RET Blends. 

 

 

Tensile testing stress-strain curves show the physical effects of blending RET 

with pure HDPE.  Typical stress-extension curves are shown in Figure 3.6.  The large 

plastic deformation and ductile behavior of HDPE 100/0 is characteristic of the necking 

behavior displayed in semi-crystalline polymers due to a spherulitic morphology [31].  

However, when RET is added to semi-crystalline HDPE, a number of mechanisms of 

plastic deformation contribute to the overall failure.  The addition of RET to HDPE 
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greatly increases the extension-to-failure but decreases strength.  Visual observations of 

the tensile fracture surfaces of HDPE 75/25 and HDPE 66/33 showed excessive 

formation of deformed fibrils as shown in Figure 3.7.  All other blends showed crazing 

dominant failure characteristic of lamellar separation, shear, and slip as in high density 

polyethylene [31, 32].  Fibrillous failure is seen in Figure 3.6 in the step-wise strength 

drop and extension-to-failure curves characteristic of these blends (HDPE 75/25; HDPE 

66/33).  The elastic modulus as a function of RET content is given in Figure 3.8.  The 

standard deviations within each sample set are considerably small with the exception of 

the HDPE 100/0 and HDPE 66/33 samples.  A 2nd order polynomial curve fit is given 

with an R2 value of 0.992.  The effect of Ret blending on the elastic modulus of HDPE 

may in fact be linear; however the polynomial fit can be helpful for predicting moduli 

values for other HDPE/RET compositions.  The maximum tensile strength as a function 

of RET content is shown in Figure 3.9.  Again a 2nd order polynomial curve fit was 

implemented to match the experimental data, however the R2 value for tensile strength is 

lower than for the elastic modulus, 0.9723.  Variations from a linear relationship between 

second phase concentration and tensile strength may suggest poor interfacial adhesion 

between the two phases [21].  Fibril formation in HDPE 75/25 and HDPE 66/33 may 

suggest the elongation of amorphous tie chains followed by slip and tilting of crystalline 

lamellar chains and orientation of blocks of crystals along the tensile axis [32].   
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Figure 3.6:  Stress-Extension Curves for HDPE, RET and their Blends at a Displacement 
Rate of 50 mm·min-1. 

 

 

    

Figure 3.7:  Scanning Electron Micrographs of The Tensile Fracture Surface of HDPE 
75/25 Illustrating Fibril Formation Typical for HDPE 75/25 and HDPE 66/33 Blends. 
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Figure 3.8:  Elastic Modulus as a Function of RET Content for HDPE/RET Blends. 

 

 

 
Figure 3.9:  Tensile Strength as a Function of RET Content for HDPE/RET Blends. 
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 Impact fracture toughness values for HDPE has been reported in the literature to 

be anywhere between 4.66 x 10-3 J/mm2 [33] to 6.9 x 10-3 J/mm2 [18].  The average value 

for HDPE in this study was found to be within this range, 5.8 x 10-3 J/mm2, however the 

standard deviation between 5 samples was quite high, 3.9 x 10-3 J/mm2.  RET acted as an 

impact modifier, increasing the average fracture toughness with RET content at a near 

linear rate.  However, these values had extremely large standard deviations as a result of 

the need to freeze the sample prior to impact testing.  The samples were placed in liquid 

nitrogen for approximately 5 minutes until completely frozen, removed quickly and 

placed in the impact fixture for testing.  However, the large thermal gradient between the 

liquid nitrogen bath (-180°C) and the room temperature (23°C) test fixture made it 

difficult to maintain a controlled temperature at impact.  Therefore, the addition of an 

impact modifier such as RET, should increase the fracture toughness when added to 

HDPE; however the values listed herein are unrepeatable at best.  The fracture toughness 

of RET was 1.8 x 10-2 J/mm2 or double the observed value for HDPE. 

 

3.3.2  Adhesive Strength of Metal/Polymer/Metal Lap-Shear Joints 

The adhesive properties of HDPE/RET blends were characterized between steel 

substrates by lap-shear tensile testing.  Typical curves for adhesive lap-shear testing of 

HDPE, RET and a HDPE/RET blend are represented as curves A, B and C in Figure 

3.10.   
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Figure 3.10:  Typical Lap-Shear Adhesion Curves for HDPE/RET Blends:  (a) HDPE 
100/0; (b) HDPE 66/33; and (c) HDPE 0/100. 

 

 

Curve A shows the linear-elastic behavior of HDPE before catastrophic adhesive 

failure, curve B illustrates linear-elasticity and continuous yielding with a slow softening 

to failure of the HDPE/RET blend, while curve C shows the significant ductility and 

extension-to-failure capability of pure RET.  Figure 3.11 shows the adhesive performance 

of HDPE hot-melts with the addition of RET.  The adhesion measurements of 

HDPE/RET blends vary slightly with the incorporation of RET.  A subtle peak in 

adhesive strength between metallic substrates occurs at 33 wt % RET.  This may be 

understood to be due to competing cohesive/adhesive properties within the polymer blend 

where HDPE provides strength and RET provides the functional groups necessary for 

polymer/metal adhesion.  Visual observations of the failure surfaces show adhesive 

B 

C 
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failure in HDPE 100/0 where the polymer is completely intact to one metal surface but 

there is no residual polymer bound to the other metal lap-shear coupon.  However, as 

RET content increases, the failure mode shifts to cohesive failure where residual polymer 

is left on both lap-shear substrate surfaces, as failure occurs in the polymer layer. 
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Figure 3.11:  Adhesive Strength as a Function of RET Content for HDPE/RET Blends. 

 

 

The lap-shear adhesive strength of HDPE 100/0, HDPE 66/33 and HDPE 0/100 

samples was measured with the incorporation of two different surface pretreatments and a 

silane coupling agent of varying concentration.  These 3 materials were selected because 

they represent the outer bounds (HDPE100/0 and HDPE0/100) along with the blend 

material with the best combination of tensile properties as discussed in Section 3.3.1.  

Changing silane layer thickness will influence bonding characteristics and influence the 
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strength of the polymer/metal bond [34].  Figure 3.12 shows the change in adhesive 

performance between polished and sand-blasted steel surfaces.  In the case of HDPE 

100/0, the adhesive mechanism of mechanical interlock is dominant in grit-blasted steel 

surfaces as shown by the large increase in adhesive performance.  However, in RET and 

the RET-containing blends, polished surfaces provided increased adhesion most likely 

due to optimized surface wetting associated with the high surface energy substrate. 

 

The use of a silane coupling agent to promote adhesion between steel surfaces is 

shown in Figures 3.13 and 3.14.  No significant deviation is seen in RET and RET-

containing between a 3% and 10% silane agent.  However, in the case of HDPE 100/0 

with 10% silane treatment, optimized adhesion is seen in the grit-blasted condition.  

HDPE 66/33 in conjunction with the 3% silane coupling agent on polished steel 

substrates exhibits the highest adhesive strength of RET-containing blends, 

approximately 9 MPa.   
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Figure 3.12:  The Effect of Surface Pretreatments on Lap-Shear Joints using HDPE, RET 
and a HDPE/RET Blend as the Adhesive Agent. 
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Figure 3.13:  The Effect of a 3% silane Coupling Agent Applied to Surface Pretreated 

Steel in Lap-Shear Adhesive Testing. 
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Figure 3.14:  The Effect of a 10% Silane Coupling Agent Applied to Surface Pretreated 

Steel in Lap-Shear Adhesive Testing. 

 

 

3.4  IMPROVING THE COHESIVE STRENGTH OF RET WITH MULTI-

WALLED CARBON NANOTUBES 

From the mechanical properties listed in Section 3.2.1 it is evident the application 

of the pure RET resin (HDPE 0/100 in this study) as a coating material is limited by its 

lack of tensile (cohesive) strength and elastic modulus.  The potential improvement in 

elastic modulus offered by multi-walled carbon nanotubes (MWCNTs) make them ideal 

candidates for RET reinforcement [35, 36].  The increases in mechanical properties such 

as tensile strength and stiffness offered by these rigid high-surface area reinforcements 

have been the subject of many studies in nanocomposite applications.  MWCNT added to 

polymers may also improve fracture characteristics along with improving mechanical 

stiffness [36-38], resisting thermal [39, 40] and solvent [41] degradation, and the ability 
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to withstand large strains before failure [36] make them interesting materials for adhesive 

and coating applications.  The cohesive strength of the bulk coating is an important 

parameter in preventing unexpected failure [42] and providing a durable protective 

barrier.  The overall adhesion performance of any polymer coating is given by the 

combination of high adhesion and cohesive strength.  The one negative of the RET is the 

lack of bulk strength and rigidity.  The use of nanoscale reinforcements for increasing 

bulk properties of adhesives has only recently been studied by Hsaio et. al. [38], Zhai et. 

al. [43], Meguid and Sun [44], and Kinloch et. al. [45], which have mostly involved use 

of carbon nanotubes and ceramic nanoparticles in thermoset epoxy resin systems.   

Improving the adhesive strength of lap-shear and pull-off joints is both dependent upon 

the adhesive and cohesive characteristics of the coating.  Additionally, the variations in 

crystallinity within the nanocomposite coating may also affect factors such as:  melt flow 

properties, polymer melt/metal interface, and polymer melt cooling adhesive strength.  

The addition of nano-scale rigid reinforcements can also alter the failure mode by 

increasing the bulk cohesive strength and stiffness of the adhesive layer.  The reinforcing 

and improved bulk mechanical properties of multi-walled carbon nanotubes in RET 

improve the adhesive joint strength between metal adherends which had been found and 

noted elsewhere in an epoxy adhesive system [38].  The ability of the nanofillers to 

increase the strength of the adhesive/adherend interface is due to a densification of the 

adhesive where particles may reduce the void content and the mechanical interlock 

resulting from the presence of extensive contact regions between the fillers and the 

adhesive [44].   
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As with any structural composite, the interfacial adhesion between the matrix and 

the reinforcement dictates the load transfer capabilities of the composite [35, 36].  

MWCNTs have the benefit of being high surface area-to-volume materials presenting 

more areas for matrix bonding.  To increase adhesion at the MWCNT/polymer interface, 

several authors have suggested increasing the polarity of the polymer matrix [46], 

functionalizing the nanotube surface [47-49], and oxidation [50] of the nanotube surface.  

The degree of adhesion at the reinforcement/polymer interface determines the load 

transfer capabilities of the composite.  Surface functionalization and oxidation of carbon 

nanotubes has been shown to improve mechanical properties in thermoset epoxy resin 

systems via covalent integration [39, 51].  Oxidation of the carbon nanotube (the addition 

of oxygen containing carbonyl, carboxyl, and hydroxyl species) has been shown to serve 

as the starting point for binding a variety of different chemical molecules [50]. Defect 

sites located throughout the nanotube surface contribute towards its reactivity with 

oxidative agents such as acids. To predict the mechanical properties of the 

MWCNT/polymer composite, it is essential to understand the role of the interface with 

regards to load transfer.  Improved interaction at the MWCNT/polymer interface results 

in better mechanical properties due to increased stress transfer and an ordered interphase 

is likely intrinsically stiffer than a less ordered semi-crystalline bulk.  In fact, the role of 

the polymer interphase plays a significant role in the overall performance of composites 

[35, 37, 52] where polymer material selection is important for promoting crystallization 

by the addition of carbon nanotubes [53]. 

 



 

 

146 

The objective of this portion of Chapter 3 was to improve the overall adhesive 

performance of RET by increasing the bulk mechanical (cohesive) performance through 

the addition of multi-walled carbon nanotubes (MWCNTs) at various weight loadings 

when tested in tensile pull-off and lap-shear between metal adherends.  The effect of 

MWCNT surface pretreatment on reinforcement/polymer interaction and overall 

performance of the nanocomposite was also studied. 

 

3.4.1  Experimental Details 

For physical properties of the RET please refer to Section 3.2.1 of this 

dissertation.  The terpolymer at stated before is comprised of ethylene, n-butyl acrylate 

and glycidyl methacrylate polymer block components.  Adhesion to metal substrates is 

achieved through covalent interactions of the epoxide as well as weaker hydrogen and 

van der Waals interactions with the substrate.  The reactivity and functionality of the 

terpolymer make it inherently polar which is an added feature that has been shown 

elsewhere to favor dispersion of MWCNTs [46] which in turn increases the mechanical 

performance.  The reactive nature of the epoxide group is able to form bonds with OH, 

NH2 and COOH functionalities which are on the surface of the adherend or the surface of 

the reinforcing media.   

 

3.4.1.1  PREPARATION OF OXIDIZED MWCNT SURFACES 

The most commonly known technique to incorporate oxygenated functional 

groups on the surface of carbon nanotubes was used to prepared oxidized multi-walled 

carbon nanotubes.  A solution of sulfuric and nitric acids help produce primarily 
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carboxylic groups and removes impurities from MWCNT sidewalls.  For this technique, 

2.0g of MWCNT (Aldrich®: diameter 110-170 nm; length 5-9 µm; 90+% purity) were 

added to 400 mL of H2SO4/HNO3 (3:1 v:v) solution at 50°C and stirred for 20 hours.  

After the oxidation process, the slurry was rinsed generously with 5 liters de-ionized 

water to achieve a pH close to 7 and dried at 60°C for 24 hours. 

 

3.4.1.2  PREPARATION OF RET/MWCNT NANCOMPOSITES 

Composite films were made by first preparing a polymer solution of 2.0g of RET 

in 40 mL toluene solvent and heating to 60°C for 3 hours with stirring.  As-received or 

oxidized multi-walled carbon nanotubes (MWCNT and OX-MWCNT, respectively) were 

dispersed in 20 mL toluene and sonified with a ¼” ultrasonic tip for 5 minutes at 50% 

amplitude.  The nanotube suspension was then added to the polymer solution and sonified 

at 50% amplitude for 30 minutes.  To remove excess solvent the mixture was then stirred 

with magnetic stirring at 60°C for 3 hours before finally being poured into glass dishes 

treated with a mold release agent.  The resulting composites were black colored flexible 

thin films.  Following the composite manufacture process, the reinforcement content was 

measured using thermal gravimetric analysis.  Sample filler compositions were calculated 

and denominated:  0.95; 1.50; 2.40; 3.0; 5.0; 0.90 OX; 1.35 OX; 2.20 OX where the 

numerical value is the filler content in terms of weight percent (wt.%) and the “OX” 

signifies the MWCNTs were oxidized prior to being added to the RET polymer.    
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3.4.1.3  EFFECTIVENESS OF SOLVENT CASTING TECHNIQUE 

The solvent casting process used to produce the composite films is a slow 

evaporation process which allows for slow crystallization and solidification.  Upon 

reheating and fast air cooling to room temperature (23°C), the damping is increased due 

to a decrease in polymer crystallinity.  Thermal cycling from room temperature to 120°C 

followed by ambient cooling to room temperature was performed to observe any physical 

changes that may have taken place during the hot-melt adhesive testing.  The magnitude 

of heat enthalpy versus temperature decreased from the initial solvent cast/drying process 

identifying slow solvent evaporation yields a higher degree of crystalline polymer 

surrounding the MWCNTs.  This has been noted elsewhere for MWCNT-PVA 

nanocomposites [53].  Cooling crystallization yields fewer crystalline domains than the 

slow solvent drying process.  Figure 3.15 shows the effect of “hot press” reheating (held 

at 120°C for 5 min before air cooling to ambient temperature) a 0.95wt.% MWCNT/RET 

composite film on tan δ behavior.  No significant change in the glass transition 

temperature was observed after 2 thermal cycles above melting.  After 1 thermal cycle, 

the tan δ peak at Tg increases and the Tβ peak diminishes to only a slight shoulder.  After 

2 cycles, the peak at Tg increases and the lack of a Tβ peak signifies there is no ethylene 

crystallization at the polyethylene beta-transition similar to HDPE 0/100 in Figure 3.5.     
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Figure 3.15:  Effect of Thermal Cycling on the DMTA tan δ Peak for 0.95 wt.% As-
Received MWCNT in RET. 

 

 

3.4.1.4  MEASUREMENTS 

Scanning electron microscopy was again used to examine freeze-fractured 

polymer and MWCNT composite surfaces.  A thin gold sputter-coating was applied to 

improve surface conductivity for SEM imaging.  Dynamic mechanical thermal analysis 

(DMTA) was used to measure the storage modulus (E’) and glass transition temperature 

Tg at the tan δ peak.  Rectangular specimens (20 mm x 6.5 mm x 0.4-0.6 mm) with 10 

mm gage length were tested in tension at 1 Hz frequency over a temperature range of  

-100°C to 50°C (polymer melting temperature 72°C).  Differential scanning calorimetry 

(DSC) was performed on samples of 3-10 mg mass at a heating rate of 10°C/min from 
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0°C to 120°C to examine the crystallization kinetics associated with introducing 

MWCNT and OX-MWCNTs into RET resin.  The data presented herein is the result of 

the second scan used to remove the thermal history of the samples.  Tensile properties of 

rectangular (20 mm x 6.55 mm x 0.3-0.6 mm) composite films were measured at room 

temperature with a crosshead speed of 50 mm/min to provide mechanical and failure 

characteristics of the adhesive.  Adhesive pull-off testing was done using a DYNA 

portable pull-off tester according to ASTM 4541-02 where the nano-reinforced RET 

adhesive was hot-press bonded between an A36 steel plate and a 50 mm diameter A36 

steel dolly.  Each surface was grit-blasted with 320 micron sand abrasive before hot 

pressing to remove debris and unstable oxide layers as well as to increase the surface area 

to maximize polymer/metal interfacial bonding.  The final thickness of the adhesive was 

between 0.5 and 0.6mm.  Tensile lap-shear coupons were prepared by hot pressing 

composite films (approximate thickness:  0.5mm) between A36 steel adherends (6.55 mm 

x 6.55 mm x 50.8 mm).  The steel/nanocomposite/steel assemblies were pulled in tension 

at a crosshead speed of 13 mm·min-1 at 23°C.   

 

3.4.2  Results and Discussion 

3.4.2.1  QUALITY OF MWCNT DISPERSION 

The dispersion of MWCNT and OX-MWCNT in RET are shown in the electron 

micrographs in Figures 3.16 and 3.17.  Some evidence of OX-MWCNT “bundling” is 

seen; however, for the most part dispersion is completely random and uniform throughout 

all specimens.  This indicates the preparation method is suitable for avoiding 

agglomeration of the nanotubes.             
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(a) 

 

 
(b) 

Figure 3.16:  Electron Micrographs of Freeze Fracture Surfaces of:  (a) 0.95 wt.% 
MWCNT and (b) 0.90wt.% OX-MWCNT in RET.  OX-MWCNT “Bundling” Identified 

by White Circle. 
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(a) 

 

 
(b) 

 
Figure 3.17:  Electron Micrographs of Freeze Fracture Surfaces of:  (a) 2.4 wt.% 

MWCNT and (b) 2.2 wt.% OX-MWCNT in RET. 
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3.4.2.2  MECHANICAL PROPERTIES OF RET/MWCNT NANOCOMPOSITES 

The addition of carbon nanotube reinforcements plays an important role in the 

cohesive mechanical performance and subsequent adhesive performance of the hot-melt 

material.  The mechanical properties in Table 3.2 are the average and standard deviation 

of 5 samples tested for each composition.  The typical stress-strain behavior of pure RET, 

MWCNT/RET and OX-MWNCT/RET composites are shown in Figure 3.18.  As the 

nanotubes are introduced into the RET, the yield point increases.  In addition, significant 

plastic deformation is observed for the mid-range nanotube-loadings.  The elastic 

modulus of RET is increased with the introduction of MWCNT and OX-MWCNTs.  A 

significant increase in modulus of 47% is observed with just 0.5wt.% MWCNTs in RET.  

Above 0.5wt.% MWNCT, the modulus decreases almost linearly.  The elastic modulus 

behavior for OX-MWCNT is quite different.  When the OX-MWCNTs were added to 

RET, the modulus increased without dropping off.  Further data points are needed; 

however, to asses what OX-MWCNT loading gives the maximum elastic modulus.   

 

The strain at fracture increases steadily with MWCNT content reaching εf = 

1223% at 0.95wt.% MWCNT.  Above 0.95wt.% MWCNT loading, strain at fracture 

decreases and the nanocomposite becomes more brittle.  The increase in strain at fracture 

is also present for OX-MWCNT where the maximum fracture strain is 1132% for 

0.9wt.% OX-MWCNT.  Above this loading, the strain decreases just as for the MWCNT.  

This suggests that the mechanical behavior of as-received MWCNT nanocomposites and 

OX-MWCNT nanocomposites may follow similar trends as carbon nanotubes are added, 

however, the MWCNT-filled RET nanocomposites display greater magnitude of 
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mechanical properties.  The energy at fracture data follows very similar trends to the 

elongation at fracture since no significant changes are observed in the tensile strength of 

the nanocomposites with MWCNT.  This is expected since the fracture energy is the area 

under the stress-strain curve where there is little change in the stress levels between the 

nanocomposites.  The tensile strength of reinforced RET hot-melts is held near constant 

at 0.95wt.% loading.  As the MWCNT content increases, the tensile strength fluctuates 

only slightly.  For OX-MWNCT in RET, a decrease in tensile strength is observed even 

at low loadings and remains low throughout the test set.  Typically for filled-polymers, a 

minimal change in ultimate tensile strength indicates sufficient dispersion of the filler.  

Adequate MWCNT and OX-MWCNT dispersion in RET was expected based upon the 

SEM analysis in Section 3.4.2.1.     

 

Table 3.2:  Mechanical Properties of MWCNT/RET and OX-MWCNT/RET 
Composites. 
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Figure 3.18:  Typical Stress-Strain Behavior of RET, RET+MWCNT and RET+OX-

MWCNT Nanocomposite Films Pulled in Tension at 50 mm·min-1. 
 

 

Such large increases in displacement and fracture energy indicate the huge energy 

dissipation potential of the nanocomposite adhesive at low loadings.  At loadings higher 

than 0.95wt.% MWCNT and 0.90wt.% OX-MWCNT, the fracture strain and energy 

values decrease.  A decrease in strain at failure, has been described by others as a 

weakening of the composite material and is seen at high levels of MWCNT loading 

(>3wt.%) in poly(styrene-co-butyl acrylate) [54].  At higher loadings, strain hardening of 

the RET around MWCNT inclusions results in the restriction of plastic deformation 

coupled with a decrease in ultimate tensile strength.  The decrease of fracture energy 

coupled with the increases observed in tensile modulus at higher loadings suggest 

improved interfacial bonding and reduced frictional energy dissipation [55].  The weaker 

properties of OX-MWCNT may come from the oxidation process which may have 
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introduced surface defects or the slippage to the inner walls of the multi-walled nanotube 

structure. 

 

3.4.2.3  THERMAL PROPERTIES OF RET/MWCNT NANCOMPOSITES 

The thermal characteristics of storage modulus and glass transition temperature at 

the tan δ peak are given in Table 3.3.  Typical storage modulus curves for RET, 

MWCNT/RET and OX-MWCNT/RET are shown in Figure 3.19.  The addition of 0.95 

wt.% randomly aligned MWCNT to the pure RET resin increased the tensile storage 

modulus two-fold over the tested temperature range.  The oxidized MWCNT composites 

showed a slightly decreased modulus from the “as received” grade of carbon nanotubes 

in the glass transition region, but show improved modulus at and above 23°C.  The 

increase in stiffness indicates the interactions between the RET and the MWCNT are 

strong enough for efficient load transfer providing higher stiffness. 

 

Table 3.3:  Temperature and Magnitude of tan δ Peaks for RET and MWCNT/RET 
Composites. 
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Figure 3.19:  The Effect of 0.95 wt.% MWCNT and 0.90wt.% OX-MWCNT on Storage 
Modulus. 

 

 

Only slight variations in tan δ peak height are observed between each of the 

nanocomposites.  The lack of a significant shift in the glass transition temperature 

indicates weak interaction at the MWCNT/polymer interface where polymer motion goes 

relatively unrestricted at all loadings.  This suggests interaction at the nanotube/polymer 

interface is limited to weaker van der Waals (and hydrogen bonding) forces and covalent 

interaction was not achieved.  As more nano-reinforcements are added to RET, the 

magnitude of the tan δ peak decreases both for treated and as received MWCNTs.  A loss 

in magnitude of the tan δ indicates a reduction in damping properties.  That said, the 

oxidized-MWCNT composites show a greater loss in damping throughout the 
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compositions.  The glass transition temperatures, Tg, for pure RET resin, non-treated and 

treated MWCNT in RET are within 1°C of one another which is within the bounds of the 

DMTA instrument and are hence considered identical.  Morphological transitions as 

measured via peaks in tan δ behavior versus temperature are shown in Figure 3.20.  The 

near identical glass transition temperatures 30.06°C, 30.76°C, 31.48°C for RET, 

RET+0.95wt.% MWCNT, and RET+0.90wt.% OX-MWCNT, respectively are evident by 

the overlapping tan δ behavior. 

 

 

Figure 3.20:  tan δ Glass Transition Peaks for RET, + 0.95 wt.% MWCNT, + 0.90wt.% 
OX-MWCNT. 

 

 

Typical melt heat flow versus temperature curves are provided in Figure 3.21.  

The RET polymer alone displays a broad enthalpy of melt ranging from 30.74°C to 
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85.76°C that was previously shown in Figure 3.4.  The degree of crystallinity as well as 

the melting endotherm range (Tonset and Tendset) for the composites are given in Table 3.4.  

The highly amorphous RET polymer exhibits a broad melting endotherm ranging from 

30.74 to 85.76°C yielding limited crystallinity (7.48%).  This behavior has been observed 

elsewhere and is attributed to the lack of long-range order of the bulky molecular chain 

segments associated with the terpolymer [56].  The degree of crystallinity within the 

ethylene component is based upon the enthalpy value 292 J·g-1 for a perfect polyethylene 

crystal just as described in Section 3.2.3.2.  The increased crystallinity observed in 

oxidized nanotubes (14.33%) suggests the increased interaction and bond at the 

polymer/nanotube interface also serves as nucleation sites for crystallization.  The 

addition of non-treated MWCNTs introduced nucleation sites for polymer crystallization 

as evident by Χc = 9.54%; however, crystallization for as-received MWCNTs is not as 

favorable as for OX-MWCNT in RET at similar weight percentages.   
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Figure 3.21:  Melting Thermograms of RET/MWCNT Composites. 

 

 

Table 3.4:  Melt and Crystallinity Characteristics of RET and RET/MWCNT 
Composites. 

 
 

 

The degree of crystallinity of the ethylene component increases with the addition 

of MWCNTs and OX-MWCNTs as the onset melt temperature is depressed by 8-9°C.  

This phenomena has been seen elsewhere for HDPE [57] and PP [58] systems.  The 
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addition of MWCNTs increases the melt enthalpy of crystallization which indicates a 

higher degree of chain organization and packing until 1.5 wt.% MWCNT in RET.  In the 

case of oxidized-MWCNT, a sharp increase is observed at 0.90% (14.33% crystallinity) 

before dropping and leveling off between 11-12% crystallinity.  The dramatic increase 

and subsequent leveling could indicate a percolation threshold prior to 0.90 wt.% where 

all of the available nucleation sites are occupied.  The increase in crystallinity with 

weight fraction of MWCNT suggests each nanotube may be surrounded by a crystalline 

polymer zone but to this point is unknown for this system.  Sites along the nanotube 

surface serve as nucleation points for local polymer crystallinity [35, 53, 57, 58] resulting 

in interfacial stiffening.  The dramatic increase in crystallinity suggests that nucleation 

sites along the CNT surface have an ordered crystalline polymer coating.  This coating 

forms an interphase region unlike the bulk polymer which serves as a matrix for these 

dispersed crystalline domains. 

 

3.4.2.4  ADHESIVE PROPERTIES OF RET/MWCNT NANOCOMPOSITES 

The oxidation of MWCNTs in RET showed no significant advantages over 

MWCNTs in RET for mechanical properties necessary for high cohesive energy, namely 

the elastic modulus and tensile strength.  A decreased elastic response in tension and 

energy at fracture make oxidized-MWCNT less than ideal materials for adhesive joint 

assemblies.  However, due to the dramatic increase in polymer crystallinity the effect of 

loading larger amounts of OX-MWCNT into RET should be studied further.  However, 

with regard to adhesive properties only “as received” MWCNT in RET are studied 

herein.  The adhesive pull-off strength of RET is increased 81 % with 0.95 wt.% 



 

 

162 

MWCNT loading as shown in Figure 3.22 when bonding a 50 mm diameter dolly to a 

steel substrate.  The adhesive strength for all reinforced composites is higher than the 

RET resin; however, a threshold value can be observed at or around 1.5 wt.% loading 

where the adhesive strength begins to plateau and decline.   

 

 

Figure 3.22:  Adhesion Pull-Off Strength of RET/MWCNT Composites Bonded 
Between Steel Substrates. 

 

 

The lap-shear adhesive strength of MWCNT/RET nanocomposites with MWCNT 

loading is shown in Figure 3.23.  An increase in 53% lap-shear strength is observed with 

the addition of 0.95 wt.% MWCNT in RET.  At 2.4 wt.% MWCNT in RET, the lap-shear 

adhesive strength is at a maximum increase of 150% over the performance of the RET 

alone.  The strain experienced by the lap-shear joint prior to failure increased from 8.96% 
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for RET to 17.85% with 0.95 wt.% MWCNT loading.  This behavior is similar to that 

observed for the strain-to-failure performance of the hot-melt composites during 

mechanical characterization (Table 3.2).  The increase in energy at fracture of an 

adhesive material is generally accompanied by a decrease in lap-shear strength.  However 

this does not seem to be the case for MWCNT/RET nanocomposite lap-shear adhesive.  

Referring back to the data presented in Table 3.2, we see that the peak lap-shear adhesive 

strength, 3.61 MPa at 2.4wt.% MWCNT loading (150% increase over RET) coincides 

with a relatively high strain at fracture of 1151% (121% increase over RET).  A similar 

trend was reported by Kinloch et. al. for nanosilica rubber-toughened composite materials 

tested in shear [45].   

 

 

Figure 3.23:  Strength of Steel Lap-Shear Joint with RET/MWCNT Composite 
Adhesives. 
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Adhesive shear strength improvements of 31.2% and 45.6% were found by 

Hsaiao and coworkers for 1% and 5% MWCNTs added to an epoxy system between 

graphite fiber composite adherends [38].  In that case, mechanical interlock played an 

important role in securing a strong adhesive bond causing failure to occur in the graphite 

fiber section.  For the adhesive epoxy containing no MWCNTs adhesive failure at the 

epoxy/composite interface was found.  A similar mechanical interlock strengthening 

theory was given by Zhai to explain increases in interfacial adhesive performance of 

Al2O3 nanoparticle-filled epoxy bonded to steel [43].  For this study, the initiation of 

crystalline domains surrounding the nanotubes contributes to the overall mechanical 

cohesive strength and stiffness reinforcing effect. 

 

 

3.5  CONCLUSIONS 

RET was compounded at various compositions with high density polyethylene to 

develop a coating material for steel.  Based upon DSC and SEM observations, blends of 

HDPE/RET were found to be immiscible in all compositions.  The percent crystallinity 

and melting temperature of HDPE decrease slightly with increased RET content.  The 

relationship of tensile strength with RET additions, suggests good interfacial adhesion 

which is to be expected in an olefin/olefin-containing blend.  Overall, strain to failure is 

increased with RET content.  As RET was added to HDPE resin, adhesive properties 

increased only slightly in lap-shear joints at 33 wt% RET.  Lower RET composition (25–

33 wt %) blends show the best overall performance potential for coatings:  moderate 

tensile strength (~13 MPa), a large strain-to-failure (300–400% extension) and increased 
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adhesive properties when bonded to steel (8–10 MPa).  The elastic moduli of the blend 

decreased as the composition of the non-rigid elastomeric RET increased.  The decrease 

in modulus was compounded further with the addition of RET to the blend by the 

suppression of crystallinity of the ethylene segment of the terpolymer.  The addition of 

multi-walled carbon nanotubes to RET increased the mechanical cohesive strength and 

the crystallinity of the thermoplastic.  The improvement in mechanical properties with 

MWCNT loading can be attributed to both the addition of rigid inclusion and the fact that 

rigid crystalline domains formed about the nanotubes create entanglements and 

impingement resisting deformation (increasing modulus).  Increased stiffness, elongation 

and toughness with MWCNTs added to the nanocomposite contributed to the increase in 

adhesive bond strength in both tensile pull-off and lap-shear configurations.  The optimal 

loading for tensile pull-off was approximately 1.5wt.% MWCNT in RET.  For lap-shear 

testing, the MWCNTs content was a bit higher for optimal adhesive performance near 

2.5wt.% MWCNT.  Oxidized MWCNTs provided an increase in polymer crystallinity at 

less than 1 wt.% loading after a slow solvent evaporation solidification process.  

Repeated thermal cycles of fast cooling reduce the crystallinity of the composite.   
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4.  Cathodic Disbondment Resistance of High Density 

Polyethylene / Reactive Ethylene Terpolymer Blend 

Coatings and Primers 

 

 

4.1  INTRODUCTION 

The cathodic disbondment (CD) of organic coatings is a continual problem in 

applications of cathodically protected steel in civil infrastructure and petrochemical 

production and supply facilities.  Multiple researchers have proposed that the degree of 

disbondment is a function of factors such as:  service temperature, coating thickness and 

applied electrical potential [1-4].  While these parameters are clearly defined the 

mechanism of cathodic disbondment is still unclear.  Several authors have identified 

possible mechanisms that could lead to the disbondment of organic coatings under 

cathodic protection, however, much of this work has been materials focusing primarily on 

fusion-bonded epoxy (FBE) [5] and polybutadiene coating systems [6].  Work by Roy et. 

al. has recently focused on the application of thermoplastic polymers and blends for such 

coating applications, indicating an improved resistance to CD with the introduction of 

polar species to medium density polyethylene (MDPE) via maleic anhydride graft onto 

PE or through blending with a terpolymer [7, 8].  The switch from conventional FBE 

coatings to thermoplastic blends may offer significant improvements in resistance to 
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cracking, moisture absorption and diffusion, all while eliminating excessive cure time 

and the release of volatile organic compounds.   

 

4.1.1  Cathodic Disbondment Mechanisms and Mitigation Strategies 

Cathodic disbondment is the loss of adhesion between an organic coating and a 

cathodically protected metal substrate typically initiating from a defect site such as a 

pinhole, scratch, or crack which exposes the underlying cathodically protected substrate 

to an electrolyte [1].  An aqueous environment supplies oxygen and moisture which 

permeate through the coating leading to the formation of hydroxyl anions as a result of 

the oxygen reduction reaction previously introduced in Equation 1.13.  As the reaction 

ensues, cations from the electrolyte such as Na
+
 dissociate to charge balance the OH

-
 

build-up at the metal/coating interface and migrate along the interface during the radial 

disbondment growth from the defect site.  The generation of hydroxyl can raise the local 

pH to approach 14, creating an extremely tortuous alkaline environment [9].  While the 

oxygen reduction reaction and subsequent hydroxyl formation and cation migration are 

the cause of CD, the actual degradation and delamination have been reported as one or 

any combination of:  (a) displacement of the coating by a thin layer of high pH aqueous 

solution [9-11], (b) dissolution of the underlying oxide layer [12], (c) cohesive failure 

within the polymer at the metal/polymer interface as a result of hydrolysis of bonding 

groups [9, 12-15], (d) cation ingression/migration along the metal/polymer interface [16], 

(e) mechanical loss due to plasticization of the coating, (f) microcracking and micro-

crazing [17-19], and (g) critical crack propagation as a result of corrosion stress [20].  
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Eliminating the exposure of bare metal at the coating interface with tough durable 

coatings can greatly reduce the affinity for scratches, nicks and cracks and thus 

consequential cathodic disbondment.  The increase in surface roughness provides more 

surface area for bonding and creates a tortuous pathway for the cation migration slowing 

the progression of CD [1].  It is noted that in order for the interfacial region to be resistant 

to alkaline attack the metal oxide must be stable enough to avoid dissolution and the 

polymer bonding groups must be durable enough to endure the harsh environment [1].  

Roy and co-workers postulated that the introduction of polar species to a polyethylene 

blend may mitigate CD due to the increase in adhesion offered under wet and cathodic 

environments [7, 8].   Harun et. al. suggested that interfacial chemical interactions (the 

formation of primary covalent bonds) can be established to ensure that water was slowed 

or completely prevented from reaching the interface [21].  For coatings with higher 

resistance to moisture diffusion and ion migration through the bulk, transport along the 

interface, rather than through the coating can control the rate of disbondment [22].  The 

objective of this chapter is to measure the degree of cathodic disbondment that HDPE/RET 

blend coatings undergo when bonded to steel in situations of cathodic protection as a stand-

alone coating and primer under an impermeable topcoat.  As with any coating material, 

adhesive strength (both under dry and wet conditions) are important properties which can be 

measured directly and correlated to cathodic disbondment performance.   
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4.2  EXPERIMENTAL DETAILS 

4.2.1 Materials 

The reactive ethylene terpolymer was compounded with a standard grade high 

density polyethylene (HDPE) as discussed in Chapter 3.  RET was added to HDPE in 

weight fractions of 0, 33, 66 and 100% yielding samples designated as HDPE 100/0, HDPE 

66/33, HDPE 33/66 and HDPE 0/100, respectively.  Table 4.1 outlines the physical 

properties of the constituents of the thermoplastic blend previously studied [23].  The RET 

includes an ethylene component an nBA toughening agent, and a dual functionality acrylic 

and epoxide GMA adhesion promoter.  All individual polymer and polymer blends were 

compounded as previously discussed in Section 3.2.2.  Moldings were left to equilibrate to 

ambient temperature then hot-pressed at 215°C under 1 metric ton pressure over a 232 cm
2
 

platen area to form films approximately 100-150 µm thick.  Films were then hot-press 

laminated onto 320-grit blasted A36 structural grade steel plates with the same heating 

conditions held under vacuum to remove entrapped air at the polymer/metal interface.  In 

some conditions a silane coupling agent was applied to grit-blasted steel prior to the 

laminating step.  When deposited from solution, silanes are normally in the form of a multi-

layer film with variable orientation, depending upon the conditions of depositions [21].  For 

simplicity only a single silane concentration of 0.4 vol.% γ-APS in 1:1 (ethanol:water) 

solution was applied based upon the observations obtained in Section 3.3.2 and unreported 

data.  The silane/ethanol/water solution was brushed on the metal surface and allowed to dry 

at least 3 hours at 23°C prior to coating.   
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Table 4.1:  Physical Properties of HDPE and RET Prior to Blend Compounding. 

 

 

 

Hot press molding was employed for the manufacture of the steel dollies bonded 

to the UHMWPE substrate using HDPE/RET films as adhesives.  The steel side of the 

assembly was supplied with 215°C with the top platen held at room temperature to 

minimize warpage of the rigid polymer substrate.  Lower molecular weight polymer 

inter-diffusion occurring at the UHMWPE/polymer interface creates a “semi-infinite” 

bond making adhesion at the steel/polymer interface a measurable quantity.  The 

assembly was held under minimal pressure for 5 minutes to ensure complete melting of 

the HDPE/RET adhesive.  The assembly was then removed from the press and left to 

cool to room temperature.   

 

4.2.2 Experimental Procedures 

Durability tests were performed to measure the adhesive strength lost under 

immersion conditions with and without the application of a cathodic potential for 

HDPE/RET stand-alone coatings and primer layers.  Adhesion and disbondment under 

“wet” conditions were achieved at room temperature where an artificial defect in the 

testing cell was exposed to a 0.5M NaCl environment.  Results of these immersion tests 

were correlated with the standard cathodic disbondment performance along with moisture 
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absorption, and water vapor and oxygen transmission through the coatings to better 

determine the mechanism of disbondment in the HDPE/RET system. 

 

4.2.2.1 ADHESIVE PULL-OFF TESTING 

The adhesive pull-off strength was measured using a portable pull-off tester 

following ASTM D4541-02.  Structural grade, A36 50 mm diameter steel dollies were 

sandblasted and bonded to 3.18 mm thick ultra-high molecular weight polyethylene 

(UHMWPE: E ~ 680 MPa; σts ~ 40 MPa) substrates using the polymer blend as an adhesive 

(Figure 4.1).  UHMWPE was chosen because its non-conductive nature would not disrupt 

cathodic disbondment testing and resistance to thermal deformation up to 150°C allows for 

use in hot-press bonding. 

 

 

Figure 4.1:  Schematic Pull-off Assembly for Testing Adhesive Strength of HDPE/RET 

Blend Coatings. 
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4.2.2.2 CATHODIC DISBONDMENT TESTING OF HDPE/RET COATINGS 

A cell was created to replicate the environment of cathodically protected steel in 

aqueous electrolyte to measure the cathodic disbondment of HDPE/RET coatings on steel.  

The initial test configuration for measuring radial cathodic disbondment from an initial 

defect of diameter 6.35 mm on laminated steel plate specimens is illustrated in Figure 4.2.  

CD cells were exposed to –1.45V vs. Cu/CuSO4 reference electrode with a platinum counter 

anode in 0.5 M NaCl at 23°C.  Disbondment lengths were visually observed at various 

increments of time up to 4 weeks (672 hours) taking average radial measurements from the 

original defect with a standard digital micrometer.  The final cathodic disbondment area was 

then calculated by subtracting the initial imposed defect area.     

 

 

Figure 4.2:  Cathodic Disbondment Cell with Artificial Defect for Measuring Radial 

Disbondment of Coatings on Cathodically Polarized Steel. 
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4.2.2.3 CATHODIC DISBONDMENT/ADHESION TESTING OF HDPE/RET PRIMERS  

A second test fixture was developed for measuring the combined pull-off 

adhesion/cathodic disbondment performance of the polymer blends using a steel dolly both 

as the metal cathodic substrate and pull-off adhesion disc as shown in Figure 4.3.  After the 

designated CD testing period, a steel bolt is threaded into the dolly and the assembly is 

tested with a portable pull-off tester (as in section 4.2.2.1).  This situation mimics the 

polymer blend used as an adhesive primer where an impermeable topcoat is assumed with 

only the defect site being in contact with the electrolyte solution.  For this condition, the 

cathodic disbondment area was measured after destructive adhesive pull-off testing where 

radial disbondment can be easily discerned visually.  The cathodic potential and anodes for 

this test were the same as described for stand alone coatings.  The adhesion/disbondment 

cell designed for this experiment is discussed in detail in Appendix A.  Experimental data 

relating the observed disbondment area via thermography and the actual disbondment area is 

given in Section 4.3.4.  Additional data and on the reliability of this technique using 

thermographic non-destructive evaluation is presented in Appendix A.   
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Figure  4.3:  Combined CD/Pull-off Adhesion Testing Cell for Primer Coating Where 

UHMWPE Acts as an Impermeable Topcoat. 

 

 

4.2.2.4 OXYGEN & WATER VAPOR TRANSMISSION 

Since oxygen and water are necessary reactants to facilitate oxygen reduction on 

cathodically polarized steel, the rate at which these reactants are able to permeate through 

the coating and react at the defect site influence the cathodic delamination performance of 

the coating.  The permeability of water vapor and oxygen through the coating was tested to 

better understand the ability of these reactants to reach the cathodic defect site and their 

influence on the overall disbondment rate.  Water vapor transmission rates were recorded in 

the customary standard, g/100 in
2
·day, respectively over a 103 cm

2
 surface testing area.  

Specimens for oxygen transmission were tested with room temperature air (20.9% O2) and 

then normalized to 100% O2.  Samples were masked to 5 cm
2
 area prior to testing in room 
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air with units cm
3·100 in

2
·day.  The permeability coefficient for gases though polymeric 

membranes is expressed in a variety of systems of units and no agreement appears to exist 

between different investigators on the selection of a rational system. The permeability 

coefficient, P, is generally defined by the expression:  pAtqP ∆⋅⋅= / ; 

where q is the mass flux of gas through a membrane of area A and thickness t, under a 

partial pressure gradient ∆p across the membrane.  Some investigators in the field of gas 

permeation, particularly those interested in mechanism studies, have expressed q in 

cm
3
(STP)·sec

-1
, A in cm

3
, t in cm or m, and ∆p in cm Hg or atm [24].  Other workers, who 

were more concerned with the performance of membranes in packaging and coating 

applications, have preferred to use systems of units that provide a more descriptive measure 

of the permeation process under conditions of practical interest [24].  For example, they 

have expressed q in cm
3
 (STP)·24 hr

-1
, A in ft

2
 or 100 in

2
, t in mils (0.001 in), and ∆p in atm.  

This is the unit notation adopted for this study of protective coatings. 

 

4.2.2.5 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDAX) 

Elemental analysis was performed on post-CD tested HDPE/RET polymer films to 

detect changes in oxygen levels present at the polymer/steel interface.  The presence of 

detectable iron was sought as a potential link to dissolution of the metal oxide surface as a 

means for disbondment.   
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4.3  RESULTS 

4.3.1 Adhesion under Ambient Conditions 

Results of ambient (representative of conditions of 23°C and 30-40% RH) or 

“dry” adhesion of HDPE/RET bonded to non-silane treated steel dollies are listed in 

Table 4.2.  The addition of polar groups and the reactive epoxide is seen to increase the 

adhesive strength at a near “rule-of-mixture” rate as in Figure 4.4.  This trend indicates 

that the addition of RET (ie. the introduction of GMA reactive functional groups) 

increased the adhesion capabilities of HDPE coatings, which are inherently non-adhesive 

due to a lack of polarity and functionality.  A “rule-of-mixtures” behavior was also 

observed by Chernian and Lehman for the adhesive lap-shear strength of HDPE added to 

polystyrene [25].  As the non-polar HDPE component was added the lap-shear adhesive 

strength decreased.  In this work, the addition of RET, and thus reduction in overall 

HDPE content, is the main contributor for increasing the adhesive performance, while 

properties such as the tensile (cohesive) strength will also add to the overall adhesion of 

the coating.  For this study, the decline in tensile strength with RET addition suggests a 

mixed-mode failure at work in the pull-off adhesion tests (as discussed previously in 

Section 3.3.1).  At low RET loading, the high tensile strength of the coating and low 

adhesion between the coating and metal substrate yield adhesive failure at the 

polymer/metal interface.  At high RET loading (low tensile strength), optimized adhesion 

is observed where cohesive failure occurs within the bulk polymer.  This is visually 

confirmed where residual polymer was left on the metal substrate which is indicative of 

cohesive failure.  Figure 4.5 illustrates the change in fracture mode by the amount of 

residual polymer remaining bound to the steel dolly and UHMWPE substrate surface 
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(outlined by dotted line).  The use of a silane surface pretreatment did not provide 

significant changes in the adhesive strength of the pull-off assembly as shown in Figure 

4.4. 

 

Table 4.2:  Cathodic Disbondment Performance after 4 Weeks and Dry Ambient Initial 

Adhesive Strength of HDPE/RET Blends. 

 

 

 

 

Figure  4.4:  The Effect of Adding RET to HDPE on the Adhesive Pull-Off Performance of 

Silane Treated and Untreated Steel Dollies. 
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(a) 

 

 
(b) 

Figure 4.5:  Photographs Depicting the Change in Fracture Mode between (a) HDPE 

66/33 and (b) HDPE 33/66 as Evident by the Increase in Residual Polymer Left on the 

Surface of the Steel Dolly and UHMWPE Substrate Indicated with Arrows.  
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4.3.2 Cathodic Disbondment of HDPE/RET Stand Alone Coatings 

The total area of cathodic disbondment of HDPE/RET blends over the 4 week 

period of assessment is listed in Table 4.2.  The cathodic disbondment of the coatings 

decreases with increasing dry adhesive strength.  The cathodic disbondment data in terms 

of delaminated area over immersion time is given in Figure 4.6.  In the early stages of 

disbondment (< 200 hours) each data point is the average of 5 samples under identical 

conditions.  After 200 hours, 1 sample was removed weekly and tested destructively by 

performing a routine 8-slice cut through the coating and peeling away the disbonded 

region.  This disbonded region was measured to validate visual observations.  From the 

onset of CD immersion, all samples follow an initial linear CD growth rate over time 

extending until 71 hours, after which the CD rate slows for HDPE 0/100, as illustrated in 

Table 4.3.  The transition time listed in Table 4.3 is the time at which the CD area departs 

from the initial linear rate.  As the content of RET in the blend is decreased, the time at 

departure from initial linearity increases (HDPE 33/66: 163 hours; HDPE 66/33: 330 

hours; HDPE 100/0: 336 hours).  As RET was added to the blend, the initial CD rate 

increased slightly.  However, the quicker the initial rate, the sooner the transition time 

was reached which begins to decrease the CD rate for RET-rich coatings. 
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Figure 4.6:  Cathodic Disbondment Area of HDPE/RET Blend Plate Coatings at -1.45V vs. 

Cu/CuSO4 in 0.5M NaCl Electrolyte. 

 

 

Table 4.3:  Initial CD Rates for HDPE/RET Blends and the Transition Time at Which the 

CD Behavior Departs from the Initial Linear Rate. 
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4.3.3 “Wet” Adhesion & Disbondment 

The disbondment due to moisture ingress and degradation of interfacial bonds is 

noted to decrease with increasing RET content.  Wet adhesion strength and disbondment 

area for the HDPE/RET blends is shown in Figure 4.7.  Linear curve fits show a loss of 

adhesive strength to the rate of 2.4 kPa/day for all HDPE/RET blends.  Results of HDPE 

100/0 are not plotted because complete adhesive loss is seen at the first recorded 

measurement (168 hours).  The complete loss of adhesion for HDPE 100/0 coatings on 

steel combined with the rapid deterioration caused by CD make measuring the 

disbondment area extremely difficult and therefore have been omitted.  The variation 

seen in the data is attributed to existing non-uniformity in melt-mixing where slightly 

RET-rich or RET-sparse zones may develop within the polymer blends which have 

differing melt flow indices.  Coatings with high RET levels failed cohesively where bond 

rupture and chain scission occurred at the boundary between the disbonded and intact 

layer.  At low RET content, a clean disbondment surface was observed on steel where no 

residual polymer was left on the substrate.  Adhesive “peeling” failure was observed as 

most often seen where the disbondment behaved as a moving crack tip.  Water observed 

at the polymer/metal interface assists in the loss in adhesive strength [26, 27] where 

hydrogen bonds at the coating/metal interface provide little resistance against water and 

alkaline environments [28].   
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(a) 

 

 
(b) 

Figure 4.7:  (a) Wet Adhesion Loss and (b) Wet Disbondment Area for HDPE/RET Primer 

Coatings Exposed to 0.5M NaCl without Cathodic Potential at 23°C. 
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4.3.4 Cathodic Disbondment and Post-CD Adhesion of HDPE/RET Blend Primers 

The pull-off adhesive strength of the polymer blend bonded to steel dollies after 

cathodic disbondment testing was measured as described in Section 2.2.3 and compared 

to ambient dry adhesion and wet adhesion data.  As shown in Figure 4.8(a) only slight 

variations in adhesive strength are observed after cathodic disbondment testing in the 

primer configuration.  The adhesive strength degrades at approximately the same rate as 

the wet disbondment specimens in Figure 4.7(a) (2.4 kPa/day).  An initial increase in 

adhesive strength for HDPE 33/66 could be the result of a plasticization effect within the 

blend or the result of experimental scatter.  Like the HDPE/RET coatings in the stand-

alone coating cell, increasing the RET content within the blends decreases the rate and 

severity of cathodic disbondment in the primer configuration.  The samples exposed to a 

cathodic potential (-1.45 V vs. Cu/CuSO4) in Figure 4.8(b) show an increased rate and 

severity of disbondment when compared to samples without an applied potential (Figure 

4.7(b)).  The wet disbondment rates are on the order of 1.32, 1.22, and 1.04 mm
2
/hr for 

HDPE66/33, HDPE 33/666, and HDPE0/100, respectively.  The cathodic disbondment 

rates of the initial linear portion are greater:  2.85, 2.07, and 1.11 mm
2
/hr for HDPE66/33, 

HDPE 33/666, and HDPE0/100, respectively.  The magnitude of disbondment also 

increases from wet disbondment to cathodic disbondment:  890 to 1002 mm
2
 for 

HDPE66/33; 823 to 921 mm
2
 for HDPE 33/66; and 700 to 738 mm

2
 for HDPE0/100.  

Table 4.4 lists the CD area for HDPE/RET as tested along with the thermography data 

collected prior to destructive adhesive testing.  The CD area as determined by 

thermography is given as a range of observed values after image analysis.  Clearly, 

optimization of the thermography process parameters are needed to add precision and 
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accuracy to predicting CD area of buried primers in-situ.  However, the use of 

thermography herein serves as a tool to monitor the growth of cathodic disbondment 

progression in primer applications in which visual observation is impossible.  Smaller 

disbondment areas were more difficult to distinguish as evident by the low thermography 

CD ranges, such as 0 -50 mm
2
 for HDPE 0/100.  At larger disbondment areas the thermal 

gradient was a bit more defined most likely due to the presence of electrolyte within the 

disbonded regions under the coating.   
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(a) 

 

 
(b) 

Figure 4.8:  (a) Post-CD Adhesive Strength and (b) CD area of HDPE/RET Primer 

Coatings at -1.45V vs. CuSO4 with 0.5M NaCl Electrolyte. 
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Table 4.4:  Experimental CD Area Over Time for HDPE/RET Primer Coatings and the 

Area as Calculated from Thermography Imaging. 

 
 

 

4.4  DISCUSSION 

4.4.1 Mechanism of Disbondment 

Energy dispersive x-ray spectroscopy of the top and bottom surfaces of 

cathodically disbonded and intact coatings offer quantitative information as to the amount 

of Fe, Na and O present at the polymer surfaces (Table 4.5).  Elemental iron present on 

the top surface of the polymer is a result of the dissolution of the steel substrate from the 

defect site.  Whereas, the increase in atomic % Fe underneath the coating indicates 

corrosion products were formed at the steel/polymer surface.  The amount of oxygen 

present throughout the HDPE 100/0 sample is constant while higher oxygen 

concentrations were found under the disbonded HDPE 0/100 coating.  Only trace 

amounts of sodium were found with the exception of the disbonded RET coating which 
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could indicate the migration of Na
+
 ions along the polymer/steel interface prior to loss of 

adhesion.   

 

Table 4.5:  EDAX Analysis of Elements Present on Coating, at Disbonded Polymer/steel 

Interface and Intact Polymer/Steel Interface for HDPE 100/0 and HDPE 0/100 Coatings. 

 

 

 

Analysis of a disbonded and intact HDPE 66/33 coating along a linear path from 

the initial defect point to the exterior edge showed a high concentration of Fe present near 

the defect.  The atomic % of elements found at distance, x, from the defect are given in 

Table 4.6 with 0 < x < 20 mm for the underside of the disbonded HDPE 66/33 surface 

and x > 20 mm for the intact polymer/steel surface.  Trace amounts of gold and palladium 

used as a conductive plating tool as well as other impurities were subtracted from the 

compositional calculation.  Large amounts of Fe (56.5 atomic %) observed at the defect 

(x = 0 mm) completely mask the underlying polymer since only trace amounts of carbon 

were detected.  At the set EDAX magnification of 20 kV and considering the atomic 

weight and density of elemental iron, the penetration depth was calculated to be 

approximately 1.6 µm.  This suggests the thickness of dissolute iron oxide present on the 

polymer was greater than 1.6 µm.  
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As water is cathodically reduced to hydroxyl ions at the metal surface, sodium 

acts as a counter ion where the concentration distribution represents the diffusion of Na+ 

along the interface which has also been observed by Watts [29].  Away from the defect 

site the amount of elemental chlorine is much less than sodium; suggesting the excess 

sodium forms with the generated hydroxyls to form sodium hydroxide.  The oxygen 

present is a combination of inorganic oxygen (iron oxide) and the covalently bonded 

organic oxygen in the polymeric coatings as also shown elsewhere [29]. 

 

Table 4.6:  Atomic Percent of Elements Found Under a Representative Disbonded HDPE 

66/33 Coating at Distance, x, from the Original Defect. 

 
 

 

The discovery of high iron concentrations near the defect site provides evidence 

that the initial stages of CD are corrosion dependent as a result of iron oxide dissolution.  

This serves as the explanation for the initial linear CD rate seen in all blends (Figure 4.6).  

However, since the presence of iron is not seen throughout the disbonded films, it is 

concluded that interfacial diffusion of water and oxygen along the metal/polymer surface 

proceeds at a faster rate than corrosion processes.  As separation occurs at the 

polymer/metal interface, corrosion of the iron oxide can lead to a considerable increase in 
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the oxide thickness [30].  Such an oxide layer buildup may become brittle leading to 

mechanical separation or electrochemical dissolution as is thought to be the primary 

cause of the high concentration of iron present near the initial defect (Table 4.5).   

 

4.4.1.1 O2 & H2O VAPOR TRANSMISSION THRU HDPE/RET COATINGS 

Water vapor transmission through a coating system can involve different 

processes such as desorption/adsorption on the surface, dissolution in the polymer matrix 

and diffusion through the polymer and oxide layers [28].  Diffusion through the polymer 

is governed by physical characteristics of a polymer such as polar groups on the 

molecular chains, cross-link density in thermosets, cohesive energy density, the rigidity 

of the chains [28] and the degree of crystallinity in thermoplastics.  The lack of 

crystallinity offered by the RET due to bulky n-butyl acrylate and glycidyl methacrylate 

segments within the terpolymer makes the diffusion of water and oxygen through the 

polymer film worthy of  study especially in wet environments.  The highly amorphous 

RET (Xc = 6.3%; Table 4.1) offers greater free volume for oxygen and water permeation 

than HDPE with longer range order and chain packing.  The transmission rates of these 

reactants through the HDPE/RET films are shown in Figure 4.9.  The transmission rates 

are normalized according to polymer thickness to account for variations in manufacture 

of semi-thin films.  After the addition of 33 wt.% RET, the rate of water vapor 

transmission is seen to increase sharply.  At compositions greater than 33 wt.% RET, the 

blend is considered co-continuous [23] with a high degree of phase boundaries leading to 

an increase in the number of permeation pathways.  Only minimal differences are seen 

between the HDPE 100/0 and HDPE 66/33 samples, suggesting less than 33 wt.% RET 



 

 

194 

there are not enough phase boundaries to introduce sufficient diffusion pathways as are 

seen with higher RET loading. 

 

 

Figure 4.9:  The Influence of Adding RET to HDPE on Water Vapor and Oxygen 

Transmission Rates through HDPE/RET Blend Coatings.  Rates are Normalized to Film 

Thickness. 

 

 

4.4.2 Cathodic Disbondment Model in HDPE/RET Coatings 

The reduction of oxygen and water reactant species at the coating undersurface 

will ultimately determine the materials ability to prevent CD.  HDPE acts as a semi-

impermeable membrane to moisture and oxygen ingress through the coating; therefore 

for the CD reaction to take place, these reactants must enter the interface at the defect site 

and travel along the polymer/metal interface.  Ma et. al. [20] studied the effect of 
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moisture induced interface strength loss and successfully correlated the degradation of 

the interface strength with the moisture diffusion along the interface.  In the case of the 

present study, the debonding of the coatings from the metal substrates is related to the 

diffusion of water molecules along the interface.  In addition, chemical reactions near 

coating defects result in the formation of ions which prompt the diffusion of water 

accelerating degradation of the interface.  Assuming that the water diffusion along the 

interface follows the Fickian response, moisture uptake can be described by the 

approximate form of Fick’s second law [31] as 

 

])/(3.7exp[1 4/32
hDt

M

M t −−=
∞

      (4.1) 

 

where Mt is the water content in the interfacial region at time t, M∞, is the equilibrium 

water content in the interface, D the water diffusivity and h the length of the interface 

from the water front.  When Mt exceeds the initial time lag at
0t

M , disbondment occurs 

for an interface with length, l.  For a system, it is reasonable to assume that 
0t

M  is 

constant, and thus the gradient on the left side of Equation 4.1 can be replaced by a 

constant z.  For water diffusion, the z parameter represents the driving force for water 

migration into the interface.  In the present disbondment case, z indirectly represents the 

driving force for disbondment due to water diffusion.  It should be noted, in addition to 

the water concentration gradient, the oxygen reduction reaction and the concentration of 

resulting hydroxyl, sodium and chlorine ions also contribute to the disbondment process. 

Therefore, z is expected to be related with the polarity of the interface, water gradient and 
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the severity of the reaction.  Equation 4.1 can be rearranged further to incorporate 

disbondment length l as a function of time, t, as tkl = where; 

 

8/3

)1ln(

3.7









−

−
=

z

D
k         (4.2) 

 

k is considered the disbondment rate parameter, which increases with the diffusion 

coefficient D (which includes temperature effects) of the water along the interface and 

the driving force z (water and ion content gradient).  Thus, it can be considered as a 

measure of the resistance of a coating to disbondment.  Higher values of k indicate lower 

resistance to disbondment.  As expected for the HDPE/RET, k is related to the matrix 

polarities and the reaction severity. 

 

For some CD processes, an induction time (t0) exists as shown in Figure 4.10. 

Therefore, the expression for disbondment length can be modified accordingly where 

)( 0ttkl −= .  Figure 4.10 shows the disbondment distance as a function of a square root 

of t.  At the first stage of disbondment, a good linearity between l and the square root of t 

is found based upon R
2
 values greater than 0.98.  The disbondment rate k and induction 

time t0 are obtained from the modified relationship and listed in Table 4.7.  At constant 

temperature, the activation parameter behaves as a rate parameter ranging from 1.422 

(HDPE 100/0) to 1.220 (HDPE 0/100) mm/√hr.  Activation energies in terms of kcal/mol 

for cathodic disbondment of 12.5 µm thick polybutadiene coatings on steel calculated 
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from delamination rate and delay time have been reported by Leidheiser.  Under similar 

testing parameters, activation energies of 13.5 and 13.3 kcal/mol were reported from 

delamination rate and delay time respectively [32].   

 

 

Figure 4.10:  Radial Cathodic Disbondment Distance of HDPE and RET coatings on Non-

silane and Silane Pre-Treated Steel Plates. 

 

 

In general, the activation parameter k for both silane pre-treated and untreated 

substrates decreases with the addition of RET which indicates the incorporation of the 

terpolymer enhances the resistance to disbondment.  From a previous study it is known 

that the adhesive strength between HDPE and steel substrates can be increased by the 

addition of RET to the coating blend [23].  The enhanced interfacial adhesion is believed 
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to prevent the diffusion of water and the disbondment, which is believed to be 

responsible for the lowered k.  It should be noted that the incorporation of RET can also 

accelerate the water diffusion through the coating due to its polar functional groups.  

Conversely, the decreased k with terpolymer content suggests that the enhanced adhesion 

is dominant to the disbondment propagation compared to the negative effect of water 

absorption.  For all compositions, the silane pretreatment significantly reduces the value 

of k as shown in Table 4.7.  The silane treatment prompts the covalent bonds between the 

metal and the coatings through the chemical reactions, and increases the interfacial 

adhesion.  Similarly, the enhanced interfacial adhesion contributes to the further 

decreased k.   

 

Table 4.7 presents the induction time, t0, to disbondment for each composition.  It 

is seen that HDPE without inclusion of RET exhibits a much higher induction time (0.41 

hr no silane; 19.64 hr silane), while the blend of RET exhibits no induction time or very 

low induction times (~0 hr no silane; 1.86 hr silane).  This is hypothesized to be related to 

the diffusion of water along the interface in the initial immersion stage, where the 

electrochemical reactions may not have occurred in the interface due to the lack of water 

and oxygen molecules.  Due to the polarity of RET, the water molecules diffuse into the 

interface immediately and initiate the chemical reactions (Equation 1.13).  As a result, 

induction times are extremely short.  However, for HDPE, the extremely low 

permeability leads to a long time for the water diffusion into the interface zone, leading to 

a pronounced induction time.  For comparison at similar testing parameters, others have 
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reported CD initiation times ranging from 3 hours (110 µm thick alkyd coating on steel) 

[33] to 112 hours (90 µm thick polyester coating on phosphatized steel) [34].   

 

 The use of the silane pretreatment results in a resistance to interfacial adhesion 

loss under cathodic conditions and inhibits water diffusion along the interface which 

contributes to the increase in induction time.  In this case, the positive effect is found to 

be also more remarkable for HDPE than for the blend materials.  Although the longer 

induction time was found for HDPE, k is much higher than the other RET containing 

coatings due to the poor interfacial strength.  Therefore it may be concluded that the 

propagation of cathodic disbondment in the HDPE/RET system is related to the 

interfacial strength, while the induction time is correlated to a higher extent with the 

water diffusion behavior along the polymer/steel interface from the initial defect.  

 

The introduction of the polar species of the RET increases the hydrophilicity 

along the metal/polymer boundary, but it is the adhesive capabilities of the RET that 

retard the migration of the diffusion front resulting in a lower activation coefficient and 

area of disbondment.  This is most likely due to poor resistance to moisture ingress at the 

defect site along the polymer/metal interface.  However, in the case of silane treated 

HDPE 100/0 an induction time of over 19 hours was calculated, which is ascribed to the 

lack of high concentrations of polar functional groups which promote the increased 

sorption of polar permeants including water [28].  



  

2
0
0
 

  

Table 4.7:  Rate Parameters of Cathodic Disbondment and Induction Times to CD Propagation for 

HDPE/RET Coatings on Silane and Non-Silane Treated Steel Plates. 

 



 

 

201 

  For HDPE 100/0 coatings, it is reasonable to assume that most moisture and 

oxygen presence under the coating originates from the defect site because of the low 

transmission rates of these reactants through the film (Figure 4.9).  The increased 

moisture and oxygen transmission in HDPE 0/100 films suggest diffusion of species 

could occur through the defect site as well as within the intact coating.  When comparing 

the CD performance of HDPE 0/100 between the plate and primer application after the 

four week testing period, the disbondment area is reduced by a factor of 3 when used in 

conjunction with a topcoat.  The reduction in CD in the primer configuration results from 

the ability of the thick UHMWPE substrate to act as an impermeable barrier where 

moisture and oxygen ingression is restricted to only the defect site.     

 

4.4.3 Mitigation of Cathodic Disbondment 

Silane-pretreated surfaces further assist in the mitigation of cathodic disbondment 

growth over time in conjunction with the HDPE/RET polymer blending scheme as shown 

elsewhere [13, 35].  Numerous authors have reported on the ability of the silane as a 

coupling agent on metal substrates by establishing a stable link to the metal oxide surface 

without building a molecular ordered structure on the metal [35].  Most recently Harun 

showed the improved adhesion strength (wet and dry) and cathodic disbondment 

performance via surface modification of carbon steel substrates using a functionalized 

silane in an epoxy resin system [13, 21].  Silane pretreated substrates yielded 

approximately a 40% decrease in cathodic disbondment over the four week testing 

period.  The effects of silane pretreatment of steel on the degree of cathodic disbondment 
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performance of RET 0/100 plate coatings are shown in Figure 4.11.  This trend is 

representative of all blends in the HDPE/RET system.   

 

 

Figure 4.11:  Effect of Silane Pretreatment on Cathodic Disbondment of HDPE 0/100 

Coating on Steel Plate. 

 

 

While no observable change in adhesive performance was found with the 

introduction of the silane in this particular study, the ability of the silane to retard 

disbondment greatly enhances the durability of the HDPE/RET blend coating in severe 

environments.  This is because the silane agent is able to form a water-resistant bond to 

the metal oxide/hydroxide surface and the amine functionality chemically bonds to 

epoxide adhesives thus leading to an improved stability both against cathodic 

disbondment and wet adhesion loss of the adhesive [35].  While dry adhesion strength 

and cathodic disbondment performance appear to perform in parallel, adhesion cannot 
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necessarily be correlated directly to superior resistance to CD in the present study of 

HDPE/RET blends.  

 

Silane pretreatment is noted to have an adverse effect on the degradation of “wet” 

disbonded HDPE/RET blend coatings as shown in Figure 4.12(a).  Adhesion decreases at 

twice the rate as non-silane treated surfaces (approximately 4.8 kPa/day).  Wet 

disbondment rate and magnitude again is limited by the addition of RET (Figure 4.12b).  

No variation is observed in the post-CD adhesion samples as shown in Figure 4.13(a).  

However, the cathodic disbondment performance in Figure 4.13(b) is improved in the 

HDPE/RET primer system although not as dramatically as in the plate configuration 

(Figure 4.6).  The incorporation of amine functionality has been noted to cause an 

improvement in the wet adhesion performance [11].  However, the silane primer did help 

to maintain that level of adhesion under the entire testing period as shown in Figure 

4.12(a) & 4.13(a).  In fact, in the case of HDPE 66/33 wet adhesion strength increased 

over time suggesting the onset of a toughening mechanism.  The degree of wet 

disbondment is suppressed with the addition of the silane coupling agent suggesting that 

the epoxide-amine interaction between RET and silane remains strongly bonded even in 

the presence of moisture, and the resistance to hydrolysis expected in the number of CH2 

groups in the n-butyl acrylate component of the terpolymer.   
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(a) 

 

(b) 

Figure 4.12:  (a) Wet Adhesion Loss and (b) Wet Disbondment Area of HDPE/RET Blend 

Primer Coatings on Silane Treated Steel without Cathodic Protection. 
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(a) 

 

(b) 

Figure 4.13:  (a) Post-CD Adhesive Strength and (b) CD Area of HDPE/RET Blend Primer 

Coatings on Silane Treated Steel at -1.45V vs. Cu/CuSO4 in 0.5M NaCl Electrolyte. 
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4.4.4  Cathodic Disbondment Model in HDPE/RET Primers 

Modeling for long-term performance of primers is important since in most 

instances, the primer layers are buried under topcoats making visual observations of 

degradation impossible.  Mathematical analysis was performed on the CD area versus 

time data in Figures 4.8(b) and 4.13(b) to determine an approximate performance criteria 

for blend coatings as a function of a secondary component (RET) and immersion time.  

First, let us assign the CD area in Figures 4.8(b) and 4.13(b) as, Ac(t) the area of cathodic 

disbondment for blend composition, c, at time, t.  Therefore for the case of HDPE 100/0 

where the RET content is zero we have, A0(t).  To begin analysis of the CD performance 

of primers let us find the normalized CD area, AN for each blend against the initial 

condition for HDPE 100/0 where 

 

N

c A
tA

tA
=

)(

)(

0

          (4.3) 

 

Therefore at time, t, a relationship exists between the normalized CD area and the 

composition of RET within the blend, referenced here as the weight fraction.  A plot of 

normalized CD area of HDPE/RET blend primers versus composition RET is shown in 

Figure 4.14 at immersion times 24, 48, 72, 120, 168, 336, 504, and 672 hours 

corresponding to experimental data.  The linear curve fits shown in Figure 4.14 correlate 

to R
2
 values greater than 0.98 agreement with the experimental data from section 4.3.4.  

The magnitude of the slope decreases with increased immersion time indicating an 

increased severity of disbondment over time shown experimentally in Figure 4.8(b).  The 
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same analysis can be applied to HDPE/RET blend primers on silane pre-treated steel 

dollies as shown in Figure 4.15.  Again, the absolute magnitude of the change in 

normalized CD area versus RET concentration, dAN/dc, decreases as the severity of CD 

increases.  The value of dAN/dc for silane and non-silane treated steel dollies is shown in 

Table 4.8.  The data contained in Table 4.7 is plotted in Figure 4.16 to illustrate the 

logarithmic relationship containing information of RET concentration, magnitude of CD 

and immersion time.  As discussed previously, the use of a silane treatment can help 

retard the magnitude of CD area of HDPE/RET primers on steel over time.  At the initial 

stages of CD testing (0 < t < 504 hours) the non-silane treated surface maintained 

between contact with the HDPE/RET blend primers as indicated by a higher dAN/dc.  

However, better long-term CD mitigation capability is achieved with a silane treatment 

where t < 504 hours.  When fit with a logarithmic curve fit, the degree of agreement, R
2
 

is 0.9846 for non-silane treated and 0.9967 for HDPE/RET primers on silane treated 

steel.   
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Figure 4.14:  Normalized Cathodic Disbondment Area of HDPE/RET Blend Primers as a 

Function of the Composition of RET within the Blend at Various Times Throughout the 

Disbondment Testing Regime. 
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Figure 4.15:  Normalized Cathodic Disbondment Area of HDPE/RET Blend Primers on 

Silane Pretreated Steel Dollies as a Function of the Composition of RET within the Blend 

at Various Times Throughout the Disbondment Testing Regime. 
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Table 4.8:  Absolute Magnitude of Normalized CD Area for HDPE/RET Blend Primers 

on Steel and Silane-treated Steel versus Composition of RET within the Blend for 

Multiple Testing Times.   

 
 

 

 

Figure 4.16:  Performance Index of Normalized CD Area with Respect to RET 

Concentration versus Immersion Time for HDPE/RET Primers on Silane-Treated and 

Non-Silane Treated Steel Dollies. 
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4.5  CONCLUSIONS 

The addition of RET to HDPE increases the dry adhesion of the coating when 

bonded to steel.  No significant differences were observed in dry adhesive strength when 

bonded in conjunction with a silane surface pretreatment as opposed to non-treated steel.  

The introduction of the RET decreases the magnitude cathodic disbondment area of 

polyethylene coatings used both as a primer layer or a topcoat material.  The rate of 

adhesive loss under wet conditions was approximately the same for all blends.  After 

applying a cathodic potential to the coating substrate, the adhesive strength was observed 

to remain the same for silane pretreated steel dollies.  Without silane pretreatment, post-

CD adhesive loss resembles that of the open circuit “wet” condition.  The magnitude of 

disbondment under wet and post-CD conditions decreased with increased RET content.  

EDAX data in conjunction with oxygen and water vapor transmission rates suggest an 

initial stage of disbondment where interfacial oxide is dissolved resulting in the 

delamination of coating around the initial defect.  This initial disbondment zone acts like 

a moving crack tip creating larger areas of disbondment where interfacial bonds are 

degraded by the ingress of moisture and ions along the interface.  The diffusion of 

reactants through the blend coating can is increased by the number of pathways along 

phase boundaries.  Therefore, the use of a semi-impermeable topcoat in conjunction with 

a HDPE/RET blend primer may be an attractive system where the integrated adhesion 

and resistance to cathodic disbondment of the blend combine the functions of a primer 

and tie-layer in one layer.  A model is presented for the activation rate of CD for polymer 

blend coatings as a function of polymer concentration and time.  The addition of RET to 

HDPE decreases the activation parameter for cathodic disbondment.  A silane surface 



 

 

212 

pretreatment increases the induction time to disbondment by resisting the interfacial 

migration of moisture.  A CD performance index is also presented for polymer blend 

primers to determine long-term durability of the primer materials under cathodic 

protection.  The model consists of a normalizing the experimental disbondment data 

against the zero concentration condition.  The severity of CD increases with time for 

HDPE/RET primers.  Again, silane pretreatments decrease the magnitude of cathodic 

disbondment and provide the best option for long-term application of HDPE/RET 

primers. 
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5.  Cathodic Disbondment Resistance of Reactive 

Ethylene Terpolymer Coatings:  The Effect of Inorganic 

Fillers 

 

 

5.1  INTRODUCTION 

In excessively corrosive environments metal structures with organic protective 

coatings may also require cathodic protection to maintain immunity such that corrosion 

reactions are impaired.  Coatings used in conjunction with cathodic protection can ensure a 

long service life by minimizing moisture diffusion, slowing oxygen and other corrosive 

species from migrating to the metal surface, and resisting surface scratches.  However, in the 

instance of a damaged coating, even the smallest scratch acts as a cathodic site where 

oxygen reduction reactions create a highly alkaline environment facilitating coating 

disbondment [1].  Cathodic disbondment is the loss of adhesion between an organic coating 

and a cathodically protected metal substrate due to the electrochemical reduction of oxygen 

and water at the coating interface.  This reaction creates a high concentration of OH
-
 ions 

and can raise the local pH above 13 [2, 3].  As the reaction ensues, covalent, van der Waals, 

and hydrogen bonds formed at the polymer/metal interface are weakened and ultimately 

ruptured [4].  Organic coatings which offer high wet adhesion strength and the resistance to 

saponification often perform well in cathodic disbondment testing [3].   
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Inorganic fillers are routinely incorporated into polymers to reduce cost [5], improve 

mechanical performance [5-7], enhance hardness [5], reduce permeability [8, 9], provide 

extra protection against corrosion of metallic substrates [3], improve dimensional stability at 

elevated temperatures [5, 6], improve impact resistance [5], and protect against UV 

degradation [10, 11].  Hydrous magnesium silicate, commonly known as talc, is commonly 

added to polymers due to its softness, lubricity, excellent wetting, and ease of dispersion 

which can improve the tensile properties of the host polymer [11].  The reinforcing effect 

offered by talc is due to its plate-like structure which adds rigidity and resists creep even at 

elevated temperature.  The plate-like structure of talc also makes the filler an ideal barrier 

for reducing permeability of gases and water vapor [11].  

 

Hydrous aluminum silicate (clay) is commonly used to increase the tensile strength 

and modulus of low Tg thermoplastics without sacrificing elongation and impact 

performance [12].  While its layered aluminum silicate structure is hydrophilic and absorbs 

water even after just 1 day of immersion [13], when dispersed adequately the clay fillers can 

provide a permeation barrier against oxygen and water vapor transmission through RET 

films [14].  From the results of Chapter 4, it is known that for RET primers with an 

impermeable topcoat, the diffusion properties through the film are not as important as the 

durability of the polymer to remain bonded to the steel substrate even under harsh corrosive 

conditions.   

 

The addition of metal powders, specifically zinc, to thermoplastic polymers has been 

studied for a wide variety of applications, such as:  discharging static electricity, heat 
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conduction, electromagnetic interface shields, and electrical heating [15].  The addition of 

zinc powder to thermoplastics can also provide corrosion protection where the zinc acts as a 

sacrificial anode protecting an underlying metal substrate.  The active nature of the zinc 

within a polymer primer may also help to reduce the amount of O2 and H2O reactants which 

find their way to the primer/metal interface by causing redox reactions to occur within the 

polymer coating bulk rather than at the sensitive polymer/metal interface.  Reducing the 

concentration of oxygen at the coating/substrate interface as in a de-aerated electrolyte, has 

been shown elsewhere to prevent the escalation of cathodic disbondment [1]. 

 

The RET characterized in Chapter 3 has shown promise in CD resistance coating 

and primers applications as discussed in Chapter 4 [16].  The addition of mineral fillers to 

RET can improve the mechanical cohesive strength, stiffness and further reduce 

permeability of the coating by occupying polymer free volume.  As a general trend in the 

literature, going to smaller nano-sized diameter fillers with increased exfoliation would 

provide increased resistance to diffusion of reactive species [17], however, for the 

purpose of preventing cathodic disbondment as a primer layer with an impermeable 

topcoat for this study materials selection of the inorganic filler is of primary importance.  

The objective of this work is to investigate the effect of micron-scale clay, talc, and zinc 

inorganic fillers on the cathodic disbondment resistance of a reactive ethylene terpolymer 

with application for metal coating primers under an impermeable topcoat.   
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5.2  EXPERIMENTAL DETAILS 

5.2.1  Materials 

Micron-scale fillers of clay (Aldrich™), talc (Aldrich™) and zinc (ZCA™) were 

extrusion compounded into the RET.  The physical properties of the inorganic fillers are 

shown in Tables 5.1.  Please refer to Tables 3.1 and 4.1 for the physical properties of the 

RET.  Platelets sizes of approximately 20-24 µm were selected for clay and talc materials, 

respectively, while zinc fillers consisted of a random distribution of spherical particles 

between 2 and 10 µm diameter.   

 

Table 5.1:  Physical Properties of Inorganic Fillers. 

 

 

 

 Master batches of 40 wt.% clay and talc fillers in RET were extrusion 

compounded by ECM Plastic, Inc. (Worchester, MA).  A zinc masterbatch of 80 wt.% in 

RET was extrusion compounded and provided by DuPont™.  Compositional studies were 

done by reducing filler contents from the master batches to achieve volumetric 

percentages:  C4, C18, C23, T3, T15, T23, Z3, Z8, Z39 (where C4 is 4 vol.% clay in 

RET; T3 is 3 vol.% talc in RET; Z3 is 3 vol.% zinc in RET; etc.) using a reciprocating 

screw injection molding machine.  The upper limit for the zinc particles (80 wt.%, i.e. ~ 

39 vol.%) was chosen to coincide with the level used in general compositions for zinc-
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rich anti-corrosion coatings [3].  The filled-polymer composites were injection molded 

into tensile “dog-bone” coupons following ASTM 638 type I specifications [18] for 

mechanical characterization (overall length: 165 mm; gauge length: 50 mm; width of 

narrow section: 13 mm; and thickness 3.2 mm).  To eliminate the negative effects of 

absorbed moisture on the quality of processed coupons, all pellets were dried at 60°C for 

at least 12 hours prior to injection molding.  Three barrel heat zones were held constant at 

175°C with the mold preheated to 40°C to minimize coupon shrinkage.  Injection 

pressures were varied accordingly from 3.1 MPa to 6.2 MPa (450-900 psi) to process 

high viscosity melts resulting from high filler content.  For clay and talc-filled RET, the 

higher the filler content, the higher the injection pressure needed to fill the injection mold 

cavity.  No significant morphological changes, such as 2-phase skin-core structures, were 

observed between samples injected at low or high injection pressure.  This is most likely 

due to the thermally insulative properties of the clay and talc ceramic fillers; where the 

transition from the melt to solid phase is gradual due to the lack of thermal conductivity 

of the fillers.  Tensile bar moldings were left to equilibrate to ambient temperature before 

being hot-pressed at 215°C under 1 metric ton pressure over a 232 cm2 platen area to 

form films approximately 100-150 µm thick.   

 

5.2.2  Adhesive and Cathodic Disbondment Cell Assembly 

Clay, talc and zinc-filled RET films (100-200 µm thickness) were cut to 50 mm 

diameter discs for adhesive and CD testing.  Hot press molding was employed for 

manufacture of the three component assembly (steel/primer/topcoat) for CD testing just 

as in Chapter 4 where the filled-RET acts as the primer layer.  The parameters for 
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pressing, preparing and testing of the primer adhesion/CD cell is the same as discussed 

previously in Sections 4.2.2.1 and 4.2.2.3 of this dissertation.  The reported CD areas are 

the average of 5 samples for each composition.    

 

5.2.3  Tensile Testing 

Tensile testing was performed according to ASTM D638 [18].  The extension rate 

was 50 mm·min-1 and all tests were performed at 23°C.  Five samples were tested for 

each blend composition with average properties reported.  The stress-strain behavior for 

all materials was elastic-plastic and the modulus of elasticity was calculated from the 

initial linear-elastic region. 

 

5.2.4  Impact Testing 

 Charpy impact tests were carried out on unnotched specimens using an Instron 

impact tester at 23°C.  A 2.75 J energy hammer was used to strike the filled-RET with an 

impact velocity of 3.46 m/sec.  Samples were cut from injection-molded tensile bars to 

rectangular shapes of dimensions 90 mm x 10 mm x 3 mm.  To facilitate easy fracture of the 

elastomeric composites, impact specimens were placed in liquid nitrogen until frozen.  The 

specimens were pulled from the liquid nitrogen and immediately tested for impact strength.  

The impact data was recorded and will be presented herein with units of J/mm2. 

 

5.2.5  Dynamic Mechanical Thermal Analysis 

A Rheometric Scientific™ dynamic mechanical thermal analyzer (DMTA) with 

tensile fixture was used to determine the viscoelastic properties of the primer films.  Film 
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specimens were tested with a gage length of 10 mm from -100˚C to 50˚C at 3˚C·min-1 at a 

frequency of 1 Hz and 0.001 pre-strain.  Liquid nitrogen was used for achieving sub-

ambient temperature.  Values for the glass transition temperature, Tg, for each specimen 

were taken from the peak of the tan δ curve where tan δ is the ratio of the loss to storage 

moduli (E”/E’).   

 

5.2.6  Moisture Uptake Characterization 

To understand the hydrophilic/hydrophobic effects of clay, talc and zinc fillers in 

RET, moisture uptake testing was conducted at room temperature in 0.5M NaCl solution 

for 696 hours to mimic the concentration and type of electrolyte used in CD testing.  

After 696 hours, the moisture uptake levels decreased gradually to below 0 mass percent 

indicating a loss of lower molecular weight polymer.  To minimize confusion, moisture 

uptake is reported up to 696 hours, rather than the total CD immersion time, 840 hours. 

Prior to immersion the 50 mm diameter composite films (thickness ~ 330 µm) were dried 

in a 60°C oven for 12 hours to condition the samples and remove any previously 

absorbed moisture.  Once immersed, the films were periodically removed, patted dry to 

remove excess moisture, weighed and placed immediately back into the solution bath.  

The mass was recorded in terms of % mass gain.   

 

 

5.3  RESULTS AND DISCUSSION 

Scanning electron micrographs of impact freeze fracture surfaces are given in 

Figure 5.1.  Clay filling media agglomerated into “clumps,” while talc remained as well 
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dispersed platelets.  Zinc fillers show uniform dispersion and separation of various 

diameter particles throughout the RET matrix an indication of excellent extrusion 

compounding of the masterbatch.  To reduce filler concentrations from the masterbatch, 

dispersion compounding was done via a reciprocating-screw injection molder as 

discussed in Section 5.2.1.  It is reasonable to assume a more advanced method for 

compounding, such as twin-screw extrusion, would yield better dispersion of fillers in 

RET. 

 

The fracture surfaces of clay-filled RET suggests propagation of crack growth 

through ductile clay particles.  The residual clay particles appear to be sheared where 

cracks migrated directly through the filler, Figure 5.2(a).  Talc-filled RET on the other 

hand indicates only limited interaction between the polymer and the filler as evident by 

the delamination failures surrounding the rigid talc platelets, Figure 5.2(d); and the 

platelet-shaped voids where talc particles once occupied in Figure 5.2(e).  The failure 

appears more brittle as the composition of talc is increased to T23 (Figure 5.2(f)) where 

the jagged but flat fracture surface indicates a lack of ductile flow where tearing ensues 

until rupture.  As filler contents increase to C18 through C23, T15 through T23, and Z39 

the fracture surfaces indicates a transition from ductile to quasi-brittle fracture where the 

increase in filler content leads to an increase in void formation surrounding the particles.  

The high concentration of particles, and hence voids, elevate the local stress on the thin 

polymer segments between particles.  When the thin segments are no longer able to carry 

the load, lateral coalescence of voids takes places leading to a more brittle fracture 

surface. 
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Figure 5.1:  Scanning Electron Micrographs of Impact Freeze Fracture Surfaces 
Identifying the Mode of Failure as Well as Content, Dispersion and Separation of  

(a) Clay; (b) Talc; and (c) Zinc Fillers in RET. 

(a) (b) 

(c) 
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Figure 5.2:  Freeze Impact Fracture Surface of RET + Inorganic Fillers Illustrating 
Particle Geometry and Particle/Matrix Interaction.  Clay-Filled RET (a) C4, (b) C18, and 

(c) C23 Show Modest Polymer/Particle Interaction as Evident by Particles Shearing.  
Talc-Filled RET:  (d) T3. 

 

 

 

 

 

(d) 

(a) (b) 

(c) 
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Figure 5.2, Continued:  (e) T15, and (f) T23 Show the Rigid Platelet Particles 
Delaminating from the RET Leaving Inclusion-Shaped Voids.  Zinc-Filled RET:  (g) Z3, 

and (h) Z18 

 

 

 

 

 

 

 

(g) (h) 

(e) (f) 
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Figure 5.2, Continued:  (i) Z39 Show a High Level of Polymer/Particle Adhesion 
Where the Fracture Surface Shows a Thin Layer of Polymer Bound to the Spherical Zinc 

Particles. 

 

 

5.3.1  Mechanical & Thermal Properties of Filled RET 

The elastic modulus, strength and elongation at fracture were measured via tensile 

testing.  The stress-strain behavior of all the composites was completely elastic-plastic at 

room temperature (23°C).  The addition of inorganic fillers improves the elastic modulus 

of RET at higher loadings.  At low filler contents C4, T3, Z3 no significant improvements 

in tensile modulus are observed over the pure RET (~ 5 MPa).  Figure 5.3 shows the 

experimental elastic modulus data versus filler content for clay, talc and zinc-filled RET 

along with predicted model curves (to be discussed later in this section).  T23 offers the 

greatest enhancement in stiffness, a 533% improvement over unreinforced RET.  The 

addition of micro-scale clay fillers provides increased stiffness up to 270% at a near 

linear rate as the filler content increases to C23.  The addition of zinc increases the elastic 

modulus only slightly between 3 and 8 vol.%.  Above 8 vol.% the modulus increases 

(i) 
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sharply from 5.8 MPa to 23.3 MPa between Z8 and Z39, respectively; which results in an 

increase of 366% over the pure RET.  The stiffness increases offered by the addition of 

inorganic fillers in RET may be attributed to percolation theory as outlined by He and 

Jiang where under applied tensile load stress concentrations arise around the fillers 

causing a plane strain to plane stress transition in the polymer matrix material 

surrounding the filler [19].  He and Jiang [19] assumed that all particles were spherical 

and particle sizes remained somewhat constant, such that the inter-particle distance 

between filler particles decreased with increasing weight fraction of the filler.  Thus as 

the filler content is increased in the polymer, the increase in the number of percolation 

pathways formed a rapid increase in the composites elastic modulus [19].  In the present 

study clay and talc fillers exist as platelets as shown in Figure 5.2(d-f) while zinc 

particles are spherical with distribution of particle sizes between 2 and 10 µm diameter.  

Under the given particle size dimensions (Table 5.1), The Halpin-Tsai and Lewis-Nielson 

models correspond well to experimental data as shown, especially at higher loadings.  For 

reference, the correlations of actual experimental data taken from tensile testing and the 

predicted values of the Halpin-Tsai and Lewis-Nielson models at the given filler volume 

fractions are given in Table 5.2.  Clay and talc particles when added to RET act much 

like short fibers with aspect ratios, thus correlating to a fair degree of accuracy with the 

Halpin-Tsai model [20-22] where the modulus of the composite, Ec is: 
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where 
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Em is the modulus of the matrix resin (5 MPa), Ef is the modulus of the filler (Eclay = 20 

GPa; Etalc = 176 GPa; and Ezinc = 108 GPa), l is the length of filler or platelet (lclay = 20 

µm; ltalc = 24 µm), and d is the diameter or thickness of the filler (dclay = 5 µm; dtalc = 3 

µm) based upon manufacturer specifications and SEM observations.  
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Figure 5.3:  The Effect of Inorganic Fillers and Loading on Elastic Modulus of RET 
Specimens Pulled in Tension at 50 mm·min-1 at 23°C. 

 

 

The model developed by Lewis and Nielson for elastic modulus of filled polymers 

includes a maximum packing fraction term which corresponds well with experimental 

data for spherical randomly sized zinc particles in RET.  In the Lewis-Nielson model 

[23]: 
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The maximum packing factor, φmax, is 0.52 for simple cubic geometric packing [24].   

 

Table 5.2:  Experimental Values of Elastic Modulus vs. Filler Content for Clay, Talc and 
Zinc-filled RET and Predicted Values from Halpin-Tsai (Equation. 5.1) and Lewis-

Nielson (Eqn. 5.4) Models of Elastic Modulus of Particle Filled Composites as a 
Function of Filler Volume Fraction. 

 

 

 

No significant changes are seen in tensile strength between the unreinforced RET 

(4.50 MPa) and the lowest filler contents:  C4 (4.07 MPa), T3 (4.52 MPa), Z3 (4.24 

MPa).  The ultimate tensile strength improves linearly thereafter with the addition of all 

three filler materials as shown in Figure 5.4.  Talc and zinc fillers at the highest loadings 

(T23 and Z39) provide increases in strength of 48% and 23%, respectively.  Clay-filled 

RET was observed to be strongest at C18 (38% increase) rather than C23 (34% 

improvement), but this could very well be due to scatter and local variation in filler 

distribution. 
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Figure 5.4:  The Effect of Inorganic Filler Type and Loading Volume Fraction on the 
Tensile Strength of RET Resin Pulled in Tension at 50 mm·min-1. 

 

 

The elongation at fracture, εf, of inorganic-filled RET decreases with increasing 

filler content.  Plotting elongation as a function of filler volume fraction as shown in 

Figure 5.5, yields a better illustration of the changes in fracture behavior at higher 

loadings.  The addition of zinc particles results in the highest loss in elongation at fracture 

(-72%).  Clay shows the least affect of filler content on elongation (-52%).  A sharp drop 

in elongation is observed for talc-filled RET at filler contents greater than T4.  At 

concentrations higher than T15, the fracture strain decreases at a much slower rate with 

increase in filler loading.  The decreased elongation at break (up to 86%) at high 

bentonite (clay) loading (20-50 wt.%) was also observed by Othman who suggested that 

it was due to the decreased deformability of a rigid filler/polymer interface [13], while at 

higher loading, the filler/polymer interaction is replaced by filler/filler interactions [25].  
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This is confirmed with the ductile particle failure observed for C23 in Figure 5.4(c).  The 

clay and talc filled RET studied here show a transition in elongation behavior between 

0.14 ≤ Vf ≤ 0.22.  The sharp decrease in strain-to-failure exists until approximately Vf = 

0.14, for talc-filled RET.  At loadings above 0.14 volume fraction, the elongation 

behavior for talc-filled RET remains near asymptotic.  This value is in agreement with 

others reported for talc-filled polymer systems; where Li et. al. found Vcritical = 0.14 [26] 

and elsewhere [13, 27] in the literature 0.10 < Vcritical < 0.50 .  The transition near Vf = 

0.14 signifies a change from ductile to quasi-brittle behavior.  This behavior is confirmed 

by observations discussed previously of the fracture surfaces in tensile testing of filled-

RET materials in Section 5.3.  The transition threshold for clay-filled RET is less obvious 

than talc-filled RET.  At loadings approaching C24, the elongation behavior appears to 

plateau.  However, more experiments are requires at clay concentration greater than 

Vf=0.23 to validate this claim.  Unal et al. reported a transition plateau in elongation at 

fracture behavior at loadings above 10wt.% (~5vol.%; Vf=0.05) for Kaolin clay filled 

nylon 6 polymer [28].  However, in another study of Kaolin-filled nylon 6, Unal et. al. 

noted the optimal overall composition to be around 20wt.% (~10vol.%; Vf=0.10) [29].  

For clay-filled RET, the transition threshold is higher than the system studied by Unal et. 

al. which may be more a function of the host polymer since the elongation at fracture for 

pure RET (εf = 525%) is significantly higher than pure nylon 6 (εf = 90%).   

 



 

 

233 

  

Figure 5.5:  The Effect of Inorganic Filler Type and Loading on the Elongation at 
Fracture of RET Resin Pulled in Tension at 50 mm·min-1. 

 

 

The impact fracture energy of particle-filled RET composite coatings is shown in 

Figure 5.6.  The impact fracture strength increases up to 265% for T3 and then decreases.  

This behavior has been fairly well characterized and reported in the literature [30].  The 

increase in toughness at low concentrations is likely due to the local micro-plastic 

deformation arising from the microscopic cavities around the filler particles [30].  This 

explanation is supported by the fracture surface shown in Figure 5.2 (d), (e) and (f) where 

the lack of RET/talc interaction leads to large voids encapsulating the filler.  In this case, 

the cavity surrounding the talc platelets act as crack initiation sites in impact and thus 

lower the impact strength.  This has also been shown for another particle-filled 

polypropylene system [30].  The impact strength of zinc-filled RET increases initially to 
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164% at Z3.  The impact strength of zinc-filled RET at zinc concentrations above Z3 is 

non-uniform.  The initial increase from RET to Z3 is followed by a decrease in impact 

strength at Z8 followed by an increase to the maximum impact strength for zinc-filled 

RET at Z39 (toughness increase of 341%).  On the contrary, clay-filled RET shows a 

steady increase in impact strength as the clay volume fraction is increased.  Particle-filled 

polymers with perfect adhesion display a decrease in impact strength with increasing 

filler content, whereas a maximum impact strength is reached with poor polymer/particle 

adhesion  [31].  The location of the impact strength maximum is thus a function of the 

size of the particle filler.  For the relatively large talc filler, the maximum impact strength 

occurs at low concentration (T3).  For zinc-filled RET, the results are inconclusive as 

more impact data points are needed to confirm the critical threshold for impact fracture.  

The maximum impact strength of clay-filled RET is at or about C23 (271% higher than 

RET).  This suggests the RET coatings and primers may be filled with large amounts of 

clay fillers making the clay-filled RET system a viable option for in-the-field coating 

applications.  
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Figure 5.6:  The Effect of Inorganic Filler Type and Loading on the Impact Fracture 
Energy of RET Resin. 

 

 

Glass transition temperatures for RET and filled-RET materials are given in Table 

5.3.  Only slight variations in Tg are observed and are within the ±2° sensitivity of the 

DMTA instrument.  The study of particle-filled polymers generally shows that an 

increase in filler content results in a shift towards higher Tg temperatures [32].  That is 

based upon the concept that as micro-fillers are added; particle/polymer interactions 

increase the internal friction of the composite hindering the movement of polymer 

molecules resulting in a higher value for Tg.  For filled-RET, no conclusive statements 

can be made regarding the effect of filler type and content on the Tg of the composite.  

The height of the tan δ peak decreases with increasing filler content which suggests there 
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is restriction of molecular motion at high filler contents; with the exception of zinc-filled 

RET where a slight increase in tan δ peak is observed from Z3 to Z8 followed by a large 

decrease in height from Z8 to Z39.  At similar loadings (C23, T23, Z39), the storage 

modulus is enhanced with a larger more coarse filler as in T23 (refer to Table 5.1 for 

particle dimensions) which has also been observed in other inorganic particle filled 

polymers [33].  The storage moduli values for filled-RET primers taken at 23°C (Table 

5.3) correlate with the trends shown by tensile testing at room temperature (Figure 5.3).  

The higher magnitude of storage modulus (E’) values compared to the tensile elastic 

modulus (E) is most likely the result of the additional compression molding processing 

step and the effects of dimensional differences between ASTM D639 type I tensile bars 

used to calculate E and thin films used to calculate E’. 

 

Table 5.3:  Glass Transition Temperature (Tg), tan δ Peak Height, Storage Modulus (E’) 
and Loss Modulus (E”)  at 23°C Thermal Properties for Pure RET and RET + Inorganic 

Fillers (Clay, Talc, and Zinc). 
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5.3.2  Dry Pull-off Adhesion 

The ability of the primer to bond both with the ultra-high weight polyethylene 

substrate and the steel dolly dictates the overall adhesive tensile pull-off strength of the 

film.  The adhesive values in Figure 5.7 along with visual observations of the steel dolly 

in Figure 5.8(a-c) are necessary to determine the failure mechanism of the primer.  

Adhesive failure is defined herein as the loss of adhesion on a surface or substrate where 

little or no residual polymer is left after complete separation.  Conversely, cohesive 

failure is the loss of bond as a result of internal rupturing of the RET film joining the steel 

dolly and UHMWPE substrate.  Surface analysis can be a useful tool for determining the 

locale of failure whether adhesive, cohesive or mixed adhesive/cohesive [3].  It is 

important to keep in mind; there are two interfaces present in the pull-off adhesion 

assembly used in this work: (1) the steel dolly/primer and (2) the primer/UHMWPE. 

 

After destructive pull-off, the amount of residual polymer remaining on the metal 

and polymer topcoat surfaces was qualitatively observed visually without magnification 

to understand the failure and fracture mechanisms.  The amount of residual material 

remaining on the UHMWPE substrate increases with clay filler content while the 

adhesive strength remains relatively constant: 0.88 MPa (C4), 0.95 MPa (C18), and 0.92 

MPa (C23).  In lower loading, C4, adhesive failure occurs at the steel interface with 

minimal polymer remaining on the UHMWPE surface (Figure 5.8(a)).  The amount of 

polymer on the UHMWPE surface increases at C18, with only minimal amounts on the 

steel surface (~2%).  At highest loading, C23, the primer fails completely cohesively as 

evident by the “tearing” and “peeling” failure seen in Figure 5.8(c) (C23) where both 
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steel and UHMWPE surfaces are completely covered with polymer (+95%).  At this 

composition there appears to be a very tight bond at the primer/UHMWPE interface 

which could indicate the inter-diffusion of lower molecular weight species.   

 

 

Figure 5.7:  Adhesive Pull-Off Strength of RET and RET + Inorganic Filled Primers 
between UHMWPE Substrate and 50 mm diameter Steel Dollies. 

 

 

As talc filler is added to RET, the adhesive strength decreases from 0.94 MPa for 

pure RET to 0.58 MPa for T23; a loss of 38%.  The amount of residual polymer on 

UHMWPE surfaces for talc primers remains approximately constant throughout all 

compositions as determined by visual observation, while the amount of residual polymer 

on the steel dollies increases from 2%, +95%, 100% for T3, T15, and T23, respectively.  

T3 displays adhesive failure at the primer/steel interface while T15 and T23 fail as a 
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result of cohesive rupture (Figure 5.8(b)).  The failure in Figure 5.8(b) (T23) shows 

“delamination” within the composite film as a source of failure.  A possible explanation 

of this cohesive failure could be the result of imperfections within the primer or stress 

concentrations surrounding the inorganic fillers which initiate cracks that are furthered 

under tensile pull-off load.   

 

Like clay-filled RET, zinc-filled RET displays increased residual polymer at the 

primer/UHMWPE interface as the filler content is increased.  Again, at low filler content, 

Z3, failure is almost entirely adhesive where most of the primer did not remain bound to 

the steel surface (only 5% adhesion to steel).  As zinc levels increase the failure mode 

shifts from mixed adhesive/cohesive (Z8) to fully cohesive (Z39).  The highest adhesive 

strength of 1.07 MPa for Z8 correlates to the mixed mode peel/tear failure seen in Figure 

5.8(c).  The adhesive pull-off data along with visual observations suggest the highest 

strength against pull-off for filled RET primers between steel and UHMWPE surfaces 

depends upon both the tensile and adhesive properties of the composite.  It is important to 

point out, under cohesive failure, all that is known about the actual adhesive strength; 

however, is that it is greater than the measured value [3].   
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Figure 5.8:  Dolly Surfaces After Destructive Adhesive Pull-Off Testing Illustrating the 
Degree of Cohesive Failure Indicated by the Amount of Residual Polymer Remaining on 

the Steel Surface for:  (a-c) Clay-Filled; (d-f) Talc-Filled; and (g-i) Zinc-Filled RET 
Primers. 

 

 

 

 

(a) (c) (b) 

(i) (g) (h) 

(f) (d) (e) 
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5.3.3  Cathodic Disbondment Performance of Clay, Talc, Zinc Filled RET Primers 

The application of cathodic potential prevented the artificial defect from 

corroding even when in contact with 0.5M NaCl solution for 840 hours (5 weeks) for all 

specimens.  However, the electrochemical reduction of oxygen and dissociation of water 

at the defect site created a severe environment which lead to the disbondment of the RET 

and filled-RET primers surrounding the initial defect.  The disbondment areas could 

easily be calculated after adhesive pull-off testing.  After pull-off a small amount of water 

was observed under all disbonded films at the primer/steel interface indicating the ingress 

of moisture along the disbondment front.  Nearly all samples tested displayed a near 

perfect circular disbondment pattern as in Figure 5.9.  In the few instances of irregular 

disbondment geometry, average disbondment radii were taken to calculate the average 

area of cathodic disbondment.  The data shown in Figure 5.10 is the average CD area 

(minus the area of the initial defect) of 5 sample testes for each composition.  Clay-filled 

RET provides the greatest reduction in cathodic disbondment area, approximately 82% at 

C18 and C23.  No changes in disbondment area are noticed in talc and zinc-filled RET at 

low loading.  A modest reduction of 8.6% in CD area is seen at the highest level of talc 

loading (T23).  This value is slightly lower than that observed by Roy et. al. who found 

that adding 10 wt.% talc filler (~ 3 vol.%) to medium density polyethylene coatings, 

cathodic disbondment radius was decreased from 20.8 to 14.3, a 50% reduction in CD area 

[34].  Roy’s increased resistance to CD was attributed to increased dry bond strength due to 

the reduction of thermal shrinkage after processing with the addition of talc.  For the current 

study, several observations between dry adhesive pull-off strength and cathodic 

disbondment performance may be drawn.  First, the cathodic disbondment resistance is 
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highest for clay-filled RET where the adhesive integrity remained relatively constant from 

C3 through C23 (Figure 5.8) near that of the unfilled-RET.  This suggests that dry adhesive 

strength of the primer will assist in resisting CD via mechanical means; however other 

characteristics may more heavily influence the overall CD protection offered by the primer, 

such as durability in electrochemical cells, moisture uptake, and wet adhesive strength.  

Second, the addition of talc to RET created a loss in adhesive performance coupled with 

only minimal protection against cathodic disbondment at high filler volume fraction (T23). 

 

 

Figure 5.9:  Steel Dolly Surfaces Illustrating Pull-Off Fracture Surfaces and 
Disbondment Areas for:  C4; C18; C23; T3; T15; and T23 after 840 Hours Under 

Cathodic Disbondment Testing.  The Outer Disbondment Radii are Noted by Arrows. 
 

 

 

C4 C18 C23 

T23 T15 T3 
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Figure 5.10:  Cathodic Disbondment Areas for RET Primer Coatings on Steel with Clay, 
Talc and Zinc Fillers at Various Compositions after 840 hours (5 weeks) Testing at  

-1.45V vs. Cu/CuSO4 in 0.5M NaCl at 23°C. 
 

 

The incorporation of zinc particles increased the overall CD area by 27.8% at Z8.  

However, at the highest level of zinc added (Z39) the CD area was decreased 24.6% 

which is most likely the result of zinc particles behaving as diffusion barriers resisting 

moisture uptake and ionic mobility than electrochemical reactions taking place within the 

coating instead of at the primer/steel interface.  The overall performance of the zinc-filled 

RET suggests a non-conductive primer may be necessary for minimizing the effects of 

cathodic disbondment which has been explained elsewhere [1].  The superior cathodic 

disbondment resistance supports this claim while non-conductive talc-filled RET primers 

only showed modest protection against CD even at 23 vol.% talc.   
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The analysis model developed for the HDPE/RET blend primer in Section 4.4.3 

can also be employed to model the cathodic disbondment behavior of filled-polymer 

primer systems.  In the present case, we are interested in the concentration of inorganic 

fillers rather than an immiscible phase polymer.  However, the results herein dictate the 

method may be applied to polymer blending schemes or composite schemes where 

particles are used to reinforce a polymer matrix.  For the current study only the 

magnitude of CD area after the CD testing period was relevant.  Therefore, only CD data 

is only known for one time interval, t = 840 hours.  Normalization of CD area of filled-

RET is done against the unfilled system (just as HDPE 100/0 was the normalizing agent 

in the HDPE/RET system).  Thus, normalizing CD area is done via the following 

expression: 
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          (5.6) 

 

where AN is the normalized CD area at 840 hours.  A plot of AN against the inorganic 

filler content for clay, talc and zinc in RET is shown in Figure 5.11 for 840 hours.  Just as 

in the analysis of HDPE/RET blend primers, the absolute magnitude of the slope of the 

AN vs. c curve will decrease as the severity of CD increases.  The excessive disbondment 

areas of zinc filled-RET primers correlates to a slope nearing infinity indicating no 

improvement in CD performance when normalized against a pure RET primer until 

identical conditions.  Only a slight improvement of the CD performance index is 

observed for talc-filled RET, while clay-filled RET yields the highest change in 
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normalized disbondment area versus concentration clay added.  The absolute magnitude 

of normalized CD area for filled-RET primers on steel after 840 hours is listed in Table 

5.4.  The highest dAN/dc values for clay (2.20) indicates the superior CD protection 

offered against non-reinforced RET primers.  Complete correlation of the CD 

performance indices (dAN/dc) for HDPE/RET blend primers and filled-RET composite 

primers will be discussed further in Chapter 7. 

 

 

Figure 5.11:  Normalized Cathodic Disbondment Area of HDPE/RET Blend Primers as a 
Function of the Composition of RET within the Blend After 840 Hours in CD Testing. 
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Table 5.4:  Absolute Magnitude of Normalized CD Area for Filled-RET Primers on Steel 
versus Composition of the Filler within RET for 840 Hours.   

 

 

 

5.3.4  Post-CD Adhesion of Filled-RET 

The initial “dry” and post-CD adhesive strengths for filled-RET primers are given 

in Table 5.5.  A tremendous loss of adhesive strength between 52-85% of the original dry 

pull-off adhesive strength is observed for clay-filled RET, whereas adhesive losses in talc 

and zinc-filled RET are within 5-12% and 6-31% of dry condition measurements 

respectively following the same trends as under the initial conditions.  Clay-filled RET 

primers however behave completely different where a continual loss in adhesive strength 

is evident as the filler content increases.  One explanation for the drastic changes in 

adhesive performance could be the result of moisture diffusion into the primer layer from 

the exposed defect site.  Moisture absorption measurements were taken at conditions 

similar to the cathodic disbondment testing regime (solution concentration, temperature, 

immersion time).  During CD testing in the primer situation describes above, moisture 

was only permitted to enter the primer laterally from the defect site.  Moisture absorption 

testing consisted of free standing films exposed to 0.5M NaCl solution at 23°C for 696 

hours yielding a total exposed surface area of 3927 mm2.  After the immersion time in 

solution large geometric volume increases (~ 25%) due to swelling were observed for 

clay-filled RET (C23).  The moisture uptake of filled polymer adhesives has been 



 

 

247 

described to be a result of one or a combination of two mechanisms:  (1) water molecules 

accumulating within the apparent free volume of the polymer in the dry where the 

molecules are relatively mobile within the free volume voids; and (2) water uptake 

through the formation of hydrogen bonds within the polymer immobilizing the water and 

causing swelling [35].  No dimensional changes were detected for T23 or Z39.  Since 

only insignificant swelling was observed for talc and zinc-filled RET the swelling 

observed here is most likely due to the hydrophilic and absorptive nature of the clay 

filling media rather than the sorption characteristics of the unfilled polymer.  A plot of 

moisture (0.5M NaCl) absorption over immersion time is shown in Figure 5.12 where Mt 

is the % mass moisture absorption at time t in hours.  The magnitude of moisture uptake 

for clay (C23) is 10.25% at 696 hours.  This is 2 orders of magnitude greater than Mt for 

talc (T23) and zinc (Z39); 0.16% and 0.57%, respectively.  The rate of moisture 

absorption begins very rapidly for clay and then levels out after 300 hours indicating near 

complete saturation.  The rate of moisture absorption for Z39 remains linear up to 696 

hours of immersion.  The bentonite clay used in this study exists in a naturally 

hydrophilic state and remains such when added to RET resin.   
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Table 5.5:  Adhesive Pull-Off Strength of RET and Inorganic Clay, Talc and Zinc-Filled 
RET under Initial “Dry” Conditions and after 840 Hours.  The Magnitude of CD Area is 

also Given for Reference. 

 

 

 

Complete adhesive failure at the primer/UHMWPE interface was observed for all 

clay-filled RET primers as well as T3 and Z3.  This is in direct contrast to the adhesive 

behavior of clay-filled primers under dry conditions where cohesive failure was most 

commonly observed indicated by high levels of residual polymer remaining on the 

UHMWPE surface after separation.  At higher talc and zinc loading, the failure 

mechanism shifts from adhesive at primer/steel interface to completely cohesive within 

the primer (Figure 5.8).    Large standard deviations are observed for talc-filled RET, 

while virtually no standard deviations are with zinc-filled RET.  The high adsorptive 

capacity of talc has been theorized elsewhere [10] to absorb low molecular weight species 

generated during thermal cycling of thermoplastic coatings (the lamination process) that 

occurs during the coating process, thereby improving the cohesive film strength and 

adhesion at the interface of steel and polyethylene [34].   However, zinc is hydrophobic and 
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can help resist the absorption of moisture along the defect interface therefore maintaining 

the mechanical and physical integrity of the polymer primer film.  As a general 

observation, a large amount of plastic deformation was found in films with filler contents 

≥ 8 vol.% whereas higher modulus primers (at higher loading) did not yield as 

extensively before failure (Figure 5.5).   

 

 

Figure 5.12:  Moisture Absorption Curves for Free-Standing Inorganic Filled-RET Films 
in 0.5M NaCl at 23°C with 3927 mm2 Total Exposed Surface Area (2 Sided 50 mm 

Diameter Films) where Mt is the Mass % Absorbed Moisture at Time t. 
 

 

According to the data in Table 5.4, no direct relationships can be observed 

between the adhesive strength, wet adhesive strength and cathodic disbondment 

performance of clay, talc, and zinc-filled RET primers.  It has been suggested [36] that 

dry adhesive strength can be an indicator of CD performance but this is not the case for 
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the materials studies in the present work.  The findings of Harun et. al. suggests cathodic 

disbondment may be controlled by interfacial processes of hydrolysis and bond scission 

for epoxide coatings or by hydrolysis and bond scission within the bulk polymer for 

alkyd coatings [37].  While interfacial degradation maybe the mechanism for CD of 

epoxide-containing RET primers, degradation of the polymer bulk as a result of moisture 

absorption must also be considered.  The post-CD adhesive pull-off surfaces for clay-

filled RET (Figure 5.8) show adhesive failure (hydrolysis) at the primer/UHMWPE.  This 

interfacial failure is most likely due to the uptake of moisture, where moisture can 

degrade the bonds at the primer/UHMWPE interface either by hydrolysis or by 

mechanical shearing as a result of the swelling strains associated with absorbed moisture.  

For talc-filled RET primers in Figure 5.10, the rate of hydrolysis of bonds at the 

primer/steel interface is faster as indicated by the increased magnitude of CD.  Cohesive 

failure also assumes some hydrolysis may take place within the bulk polymer, but most 

importantly a high level of adhesion is maintained at the primer/topcoat interface.  In 

regards to the coating system adopted in this study, the integrity of the primer/topcoat 

bond greatly determines the adhesive strength after CD testing; whereas the CD 

performance is due to the rate of bond degradation at the primer/steel surface.  The 

highest level of protection against CD is therefore achieved by the incorporation of clay 

fillers in an epoxide-containing thermoplastic primer.  For overall CD and adhesive 

performance in a multiple layer coating system, adhesive strength at the primer/topcoat 

surface must be improved for clay-filled RET. 
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5.4  FILLED-RET STAND ALONE COATINGS 

In the primer situation, an impermeable topcoat (UHMWPE) can be assumed so 

there is little need for permeation date of oxygen and water vapor reactants migrating 

through the thickness of the layer.  In the primer configuration, only lateral moisture 

transport occurs at the defect site and propagates radially forming a circular disbondment 

zone (as in Chapter 4).  For stand-alone coatings however, oxygen and water 

transmission rate are of great importance since the amount and rate with which these 

reactants reach the cathodically polarized steel surface will dictate the cathodic 

disbondment performance of the organic coating.  Hence, inorganic particle fillers may 

be helpful to retard oxygen and water transmission by creating an increased diffusion 

pathway to the metal/polymer interface.  The proposed transmission scheme for RET + 

inorganic fillers:  clay, talc and zinc is given in Figure 5.13 where solid lines indicate 

direct transmission pathways as a result of the physical characteristics of the inorganic 

filler.  Dotted lines indicate a more tortuous pathway resulting in slower transmission 

rates through the RET (+ filler) stand alone coating.  Clay particles provide a suitable 

barrier against O2 transmission, while allowing H2O to reach the interface more readily 

(Figure 5.13(a)).  The oxygen reduction reaction is therefore the limiting step towards 

disbondment.  Talc fillers provide sufficient protection against both O2 and H2O 

diffusion.  Metallic zinc powder was also used as a filler to reduce the amount of 

reactants which reach the metal/polymer interface (Figure 5.13(b)).  Here both reduction 

of water and oxygen are the limiting factors towards disbondment.  In addition to a 

diffusion blockage, the electro-active nature of metallic zinc dust was theorized to also 

create sacrificially anodic cells causing reduction and oxidation reactions to occur within 
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coating rather than at the polymer/steel interface and the influence thereof on 

disbondment (Figure 5.13(c)).  For zinc-filled RET, main factors limiting oxygen and 

water reduction is the activity of the zinc metal within the coating.  Active high surface 

area zinc particles greater probability cathodic reactions occur with the polymer coatings 

rather than at the metal/polymer interface. 
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Figure 5.13:  Schematic Oxygen and Water Vapor Transmission through RET + 
Inorganic Fillers:  (a) Clay; (b) Talc; and (c) Zinc. 
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5.4.1  Oxygen and Water Vapor Transmission 

To asses the validity of the assumptions made in Figure 5.13, oxygen and water 

vapor transmission rates were measured just as described in Section 4.2.2.4 of this 

dissertation.  The permeability of RET and the highest filler contents of clay, talc and 

zinc are shown since this is the maximum barrier provided for the composite film.  The 

transmission rates of both oxygen and water vapor through the filled-RET films is shown 

in Figure 5.14 and Figure 5.15, respectively.  Talc-filled RET provides the best protection 

against water vapor (-61.5%) and oxygen (-79%) migration through the film thickness.  

Zinc-filled RET provided adequate protection as the dispersed zinc spheres reduced 

diffusion pathways through the thickness decreasing the transmission rates -40.5% for 

water vapor and -40% for oxygen.  Clay-filled RET had no effect on limiting water vapor 

transmission, a reduction of 1.6% in transmission rate compared to pure RET.  In terms 

of oxygen migration, talc-filled RET outperformed the clay, zinc and pure RET films.  

Again, zinc-filled RET provided a challenging pathway for oxygen migration and thus 

resulted in the slight improvement in oxygen transmission reduction compared to the pure 

RET resin.  The clay-filled RET however, does provide protection against oxygen 

reactant traveling through the coating as in the case of the CD test.   

 

Talc fillers typically provide slightly higher protection against water vapor 

transmission than clay-filled polymers.  The mechanism for reduced permeability of talc-

filled polymers is associated with the plate-like structure which provides a greater aspect 

ratio which lengthens the pathway for penetrating molecules or more simply the more 

tortuous path model [38].  For clay and talc-filled RET resin coatings, oxygen reduction 
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is the main mechanism for disbondment creating harmful hydroxyl ions which degrade 

the coatings covalent and hydrogen bonding to the steel substrate.  For zinc-filled RET, 

the cathodic reactions are occurring at the zinc inclusions to sacrificially oxidize the zinc 

thus protecting the steel substrate from electrochemical attack.     

 

 

Figure 5.14:  Oxygen Transmission Rates Through RET, C23, T23 and Z39. 
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Figure 5.15:  Water Vapor Transmission Rates through RET, C23, T23 and Z39. 

 

 

5.4.2  Cathodic Disbondment of Stand Alone Coatings 

 The addition of clay (C23) and talc (T23) fillers to RET decreases the magnitude 

of cathodic disbondment over a 668 hours testing period.  The cathodic disbondment test 

parameters are the same as described fully in Section 4.2.2.2 of this dissertation.  The 

disbondment behavior is similar for clay and talc filled RET.  The greatest protection of 

RET is shown for 23 vol.% clay in RET.  The cathodic disbondment data for zinc-filled 

RET coatings has been omitted from Figure 5.16 due to poor performance.  Lower clay 

and talc filler contents only yielded slight improvements in CD performance over the 

RET.  To illustrate the change in CD performance of C23 and T23, the lower filler 

contents are left out of Figure 5.16.  After just 24 hours into the disbondment test, 

complete disbondment of the coating was observed along with a thin film of electrolyte 

separating the metal substrate from the disbonded coating.  The conductive nature of the 
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highly metallic particle-filled polymer has been shown in Section 5.3.3 to have 

detrimental effects on adhesion and bonding performance in cathodic environments.  

Much like the cathodic disbondment performance of filled RET primers in Section 5.3.3, 

clay-filled RET stand-alone coatings outperform talc and zinc filled RET films. 

 

Using the cathodic disbondment data in Figure 5.16 along with the oxygen and 

water vapor transmission data in Figs. 5.14 and 5.15 respectively, one can conclude the 

migration of water vapor has less of an effect on cathodic disbondment than the migration 

of oxygen through the coating.  Water vapor transmission for RET and C23 are nearly 

identical while the magnitude of cathodic disbondment is reduced more than 50%.  The 

oxygen transmission rate through RET is reduced over 75% with the addition of clay 

fillers (C23).  This reduced oxygen rate correlates to decreased cathodic disbondment 

area.  This trend remains for talc-filled RET (T23) although not as dramatic a decrease in 

cathodic disbondment area is observed.  The hydrophilic nature of the clay fillers will 

saturate the film in wet environments.  Once saturated, water is easily transmitted through 

the coating.  However, even though C23 polymer coatings are susceptible to high 

moisture absorption (Figure 5.12) and high water vapor transmission (Figure 5.15) their 

performance in cathodic disbondment tests makes them important materials for organic 

coating applications in conjunction with cathodic protection.  The volume fraction of clay 

filler is in no way optimized in this study, however from the data presented herein for 

filled RET in primer and stand-alone coating applications, clay fillers provide the best 

protection against cathodic disbondment via maintaining a high level of adhesion over 
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time in wet and cathodic environments.  The transition to smaller aspect ratio reinforcing 

fillers will be explored in Chapter 6.   

 

 

Figure 5.16:  The Increased Cathodic Disbondment Performance Offered by RET + Clay 
and RET + Talc Compared to Non-Reinforced RET Stand Alone Coatings on 

Cathodically Polarized Steel. 
 

 
The one-dimensional modified Fickian diffusion model for CD propagation 

developed for HDPE/RET stand alone coatings in Section 4.4.2 can also be successfully 

applied to composite coatings of RET + inorganic fillers.  Using the analysis method, the 

activation parameters, k, and induction time to disbondment, t0, may be deduced.  These 

values for C23 and T23 are given in Table 5.6.  From Table 4.5 in Chapter 4 the 
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activation parameter for pure RET is 1.220 with no significant induction time, t0 ~ 0 

hours for non-silane treated steel plates.  The additions of clay and talc fillers diminish 

the magnitude of CD as shown in Figure 5.16.  The decreased magnitude and rate of CD 

for filled RET is evident by the reduced activation parameters, from 1.220 to 1.206 for 

T23 and 0.898 for C23.  The inorganic fillers also have an effect on the time necessary to 

begin disbondment.  For pure RET, no known induction is reported, however an 

induction time of zero disbondment is achieved until 0.23 hours and 0.48 hours for 23 

volume percent talc and clay fillers, respectively.  This increase is most likely related to 

the improved diffusion barrier achieved with the talc and clay fillers.  While the 

mechanism by which the diffusion is hindered is different for each filler type (clay: 

absorption of moisture; talc: tortuous path model) the ability to resist the early stages of 

CD is evident in both C23 and T23.    

 

Table 5.6:  Rate Parameters of Cathodic Disbondment and Induction Times to CD 
Propagation for C23 and T23 Stand-Alone Composite Coatings. 

 

 

 

5.5  CONCLUSIONS 

The magnitude of cathodic disbondment of a reactive ethylene terpolymer may be 

decreased with the addition of inorganic filling media:  clay, talc and zinc.  A transition in 

elongation behavior from ductile to quasi-brittle was observed when approximately 14 

vol.% platelet clay and talc reinforcing fillers were added to the RET.  The transition to 
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quasi-brittle fracture is accompanied by a drop in fracture strain, causing a loss of 

toughness that may exclude the application of highly filled-RET primers from low 

temperature environments.  The impact strengths for clay-filled RET as a function of 

volume fraction clay suggest the RET is capable of accepting large amount of clay fillers 

while still remaining impact resistant.  This is a key physical property for pipeline coating 

applications.  The highest protection of CD was found in clay-filled RET and was 

dependent upon filler content.  At clay content between 18-23 vol.% in RET, cathodic 

disbondment area was reduced approximately 82%.  No specific correlations where found 

between tensile and adhesive properties with the cathodic disbondment performance of 

the primers.  However, a mixed-mode adhesive/cohesive failure was observed to yield the 

highest adhesive strength.  The post-CD adhesive performance of talc and zinc-filled 

primers followed the same trends observed for ambient adhesion with lower magnitude.  

Post-CD adhesion for clay-filled primers was significantly lower than under dry 

conditions where complete adhesive failure was observed at the primer/UHMWPE.  The 

loss of post-CD adhesion of clay-filled RET suggests water migration from the defect site 

along the primer/UHMWPE interface weakens bonds even while bond strength is 

maintained at the primer/steel interface.  Moisture absorption data suggests clay-filled 

RET behaves in a completely hydrophilic fashion by absorbing 10.25% of its original 

mass in only 696 hours of immersion in 0.5M NaCl solution at 23°C.  The absorbed 

moisture causes the destruction of the primer/UHMWPE interface thus decreasing the 

overall adhesive strength of the primer/steel/UHMWPE coating assembly.  However, the 

integrity of the primer/steel interface is maintained and the underlying steel substrate 

protected against corrosion and cathodic disbondment making the clay-filled RET a 
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potential primer in dual or tri-layer organic coating systems for steel with cathodic 

protection.  The cathodic disbondment performance of clay filled-RET stand-alone 

coatings reduce CD area by over 50%.  The activation parameters for CD was decreased 

for clay and talc filled RET coatings.  Water vapor transmission through reinforced RET 

coatings is determined not to be crucial for cathodic disbondment performance, rather the 

reduction of oxygen transmission and the ability to maintain adhesive bond strength in 

wet environments lead to the outstanding performance of clay-filled RET in cathodic 

disbondment testing.  Clay fillers with higher aspect ratios should be employed to exploit 

potential benefits on the nanoscale.   
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6.  Cathodic Disbondment Resistance of Reactive 

Ethylene Terpolymer Coatings with Clay Fillers:  From 

Micro to Nano 

 

 

6.1  INTRODUCTION  

Inorganic fillers are often used to improve the barrier protection capabilities of 

organic coatings.  Chapter 5 showed the addition of micro-scale clay, talc and zinc 

fillers to RET polymer can improve the mechanical properties and for clay-filled RET, 

reduce the severity of cathodic disbondment.  For primer composition C23 the CD 

resistance was improved 68% over a pure RET primer at the end of the 5 week testing 

period.  While CD performance was enhanced dramatically, the high filler content is 

less than desirable due to the cost and processing parameters necessary to disperse high 

volume contents of fillers within a viscous polymer melt.  The transition to smaller 

scale high surface-to-volume clay nanofillers has been reported to provide excellent 

thermal, mechanical and barrier properties by providing a more tortuous diffusion path 

against permeation [1-6].  In contrast to micro-scale composites, nanocomposite 

materials exhibit structure over the nanometer length scale which leads to physical and 

mechanical properties where micro-scale limitations no longer apply.  The CD 

performance of RET and micro-scale clay-filled RET primers and coatings have been 

characterized in Chapter 5.  A significant amount of research emphasis has been placed 
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upon nanoclay-filled polymers but only limited attention has been given to 

nanocomposites in coatings applications.  The current technology for nanocomposite 

coatings is built upon the improved wear, hardness, and stiffness and diffusion barrier 

capabilities of nanoscale clay fillers when added to polymers.  The lifetime of the 

coating is dependent upon the barrier, adhesion and inhibiting properties of coatings [6].  

Recently several efforts have been made to improve the anticorrosive properties of 

barrier films and coating through the introduction of nanoclay fillers [7-10].  One recent 

work by Garea and Iovu found the addition of nanoclay fillers to an epoxy coating 

improved the mechanical properties (adhesion, hardness, elasticity), the durability 

(water resistance) and corrosion properties when applied to steel plates in anodic 

corrosive conditions [9].  Similar anticorrosive properties were observed by 

Bagherzadeh and Mahdavi for another epoxy/nanoclay composite coating system [6].  

However, a study of the ability of nanoclay fillers to improve protective capabilities 

under cathodic protection (resistance to CD) has not been explored.   Additionally, the 

use of thermoplastic polymer as the host matrix material for nanoclay reinforced 

anticorrosion coatings has not been considered.  The ability of RET to accept a variety 

of fillers, to adhere to steel in wet environments and to resist abrasive damage make the 

RET/nanoclay system worthy of study.  The objective of this chapter is to incorporate 

nanoscale clay fillers into RET and observe the resistance to cathodic disbondment 

offered by a composite coating system with clay filler contents an order of magnitude 

lower than that for micro-scale clay.    
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6.2  EXPERIMENTAL 

6.2.1  Materials 

The RET fully described in Sections 3.2.1 and 4.2.1 was used as the matrix 

component of the nanocomposite coating.  Natural clay, montmorillonite, was bought 

from Sigma-Aldrich
™

.  Montmorillonite is an expandable dioctahedral smectite 

belonging to the family of 2:1 phyllosilicates [5].  Nanoclay particles exist as stacks of 1 

nm thick aluminosilicate layers with a regular interlayer gap distance.  Each layer 

consists of a central Al-octahedral sheet fused to two tetrahedral silicate sheets [5].  

Electrostatic and van der Waals forces hold the layers at a variable distance apart 

depending upon the state of hydration of the montmorillonite and the atomic radius of 

the cations within the layers.  Nanoplatelets have an approximate length of 0.5-1 µm 

leading to an aspect ratio of 500-1000.  This geometry allows for a high surface to 

volume ratio where nanoclay surfaces create for opportunities for the filler to interact 

with the host polymer.  Octadecylamine, used for the organo-modification of natural 

montmorillonite clay, was also purchased from Sigma-Aldrich
™

. 

 

6.2.2  Preparation of Organically Modified Clay 

The method applied to prepare organo-clay (OC) is similar to the one reported 

by Kawasumi et al [11].  Octadecylamine (3.11 g) and concentrated HCL (2.1 g) were 

dissolved in 200 mL distilled water at 75°C.  The mixture was vigorously stirred using 

magnetic stirring for 20 min until a clear solvent formed.  Next, 8 g of montmorillonite 

natural clay (NC) was dispersed in 300 mL distilled water and added into the hot 

octadecylamine solution.  The total volume of the mixture was kept at 500 mL. The 
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mixture was then vigorously stirred with magnetic stirring for 2 hours at 80°C.  The 

dispersed solution was washed with 75°C hot water several times until no chloride was 

detected with 0.1 mol/L AgNO3 solution.  The clay solution was then filtered and 

repeatedly washed with 300 mL of 1:1 water and ethanol mixture to further remove any 

excess alkylammonium salt intercalative reagent.  Lastly, the organically treated clay 

was dried at 60°C for 24 hours, ground and stored under vacuum. 

 

6.2.3  Preparation of RET-Clay Nanocomposites 

It was difficult to ground the above prepared organo-clay into very fine powders 

by hand.  The coarse powder could not be well dispersed into the resin with mechanical 

mixing (injection molding). Therefore, a solvent solution-casting method was applied to 

produce a masterbatch of RET with 10wt. % clay.  First, the organo-clay was sonicated 

in acetone for 1 hour at 23°C with a concentration of clay of about 1 g in 10 mL 

acetone.  Second, the sonicated clay was mixed with a polymer solution (5wt.% RET 

dissolved in toluene solvent), leading to 10 wt.% clay content as the masterbatch.  To 

remove the residual acetone and toluene in the masterbatch, the mixture (polymer, clay 

and solvents) was poured into a 500 mL beaker and exposed in air at 23°C for one 

week, and then vacuum dried at 40°C for 24 hours.  The resulting solid composite 

casting took the shape of the beaker with a rough surface.  The masterbatch was then 

removed from the beaker and cut into pieces and distributed into 80°C RET solutions 

(5wt.% RET in toluene) to dilute the OC clay content and achieve final nanocomposite 

compositions of 1, 3, 5, 7, and 9wt.% OC in RET (denoted 1wt. OC, 3wt.% OC, 5wt.% 

OC, 7wt.% OC and 9wt.% OC, respectively.  A pure resin sample was also prepared for 
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reference (denoted RET) along with a nanocomposite of 5wt.% of the as-received 

natural clay (denoted 5 wt.% NC) to evaluate the effect of the organo-modification on 

RET/clay nanocomposites.  The RET and RET/clay solutions were each sonified for 1 

hour at 23°C degassed in vacuum at 40°C for 30 min.  The resulting air free solutions 

were cast into glass dish molds.  A small amount of mold-release was applied to easy 

removal of the solid cast films.  The preparation procedures for 5wt.% NC/RET 

nanocomposites were the same as those for the OC nancomposites.   

 

6.2.4  Preparation of RET-Clay Nanocomposite Film Coatings for Cathodic 

Disbondment Testing 

The solution-casting system yielded flexible semi-transparent polymer/clay 

nanocomposite films of variable thickness (approximately 1-3 mm).  In order to 

normalized the coating thickness and remove surface roughness the nanocomposite 

films were processed with a hot press.  The RET/clay nanocomposites (3.0 g) were hot 

press molded at 180°C under 1 metric ton pressure to produce 152 x 152 mm films of 

thickness 0.1-0.2 mm between steel plates lined with Teflon
®
 film.  For clay contents 

greater than 5wt.% (5-9wt.%) the temperature was elevated to 200°C to overcome the 

high viscosity and reduced melt flow compared to pure RET and RET with lower clay 

loading (1-3wt.%).  After 3 minutes in the hot press, the mold plates were removed and 

placed on the bench-top and allowed to slowly cool to 23°C.  This generally took about 

30-40 minutes for complete cooling to occur.  The resulting films were flexible and 

semi-transparent.  A general qualitative visual observation exists where, as the clay 
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content increased in RET the transparency of the thin film decreased from transparent 

(RET) to semi-transparent (1-3wt.%) to semi-opaque (5-7wt.%) to opaque (9wt.%).     

 

Cathodic disbondment testing requires the prepared films to be thermally 

laminated onto steel plates to replicate a typical coating service application.  A36 steel 

substrates (75 mm x 102 mm) were sand-blasted with 320-grit abrasive, cleaned and 

silane treated just as before in Section 4.2.1.  The thin nanocomposite films were cut to 

55 mm x 102 mm, cleaned with ethanol solvent and placed over the steel substrate.  The 

steel/polymer films were then placed between large steel plates lined with Teflon
®
 film 

and placed into the hot press at 200°C.  An initial heating period of 3 minutes was given 

to allow for complete polymer melt.  After 3 minutes, 1 metric ton of pressure was 

applied and held for an additional 3 minutes.  The mold plates were then removed from 

the press and left on the bench-top to slow cool to 23°C.  The cooling process for 

nanocomposite films laminated on steel took significantly longer than the individual 

nanocomposite films (Section 6.2.4), about 2-3 hours.  Once cooled, an artificial defect 

was drilled in the coating to expose the underlying steel substrate for CD testing.  The 

defect size and CD parameters were the same as outlined in section 4.2.2.2  

 

6.2.5  Characterization of the Nanocomposites 

Tensile properties of the cured specimens were tested with an Instron
 
tension 

testing machine at a crosshead speed of 50 mm·min
-1

.  Rectangular test specimens (40 

mm x 5 mm x 0.1-0.2 mm) were easily cut from the thin films with scissors.  The gage 

length for tensile testing was 25.4 mm.  Five samples were tested for each 
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nanocomposite in order to obtain a reliable data set (average and standard deviation).  

Dynamic thermal mechanical analysis (DMTA) was performed for rectangular 

specimens (40 mm x 5 mm x 0.1-0.2 mm) using a Rheometric Scientific dynamic 

mechanical thermal analyzer in tension.  The DMTA gage length was 10 mm and tested 

at a frequency of 1Hz with a strain of 0.025% and a heating rate of 5°C from 25 -160°C.  

Thermogravimetric analysis (TGA) was performed on samples of ≤ 10 mg to obtain 

thermal degradation information over a temperature range of 25-750°C at a ramp 

heating rate of 10°C/min with 25 mL/min nitrogen purge gas.  X-ray diffraction data 

was obtained from a crystallographic diffractometer unit with a nickel filtered Cu Kα 

radiation source operated at 40 kV and 40 mA.  The basal spacing or d001 reflection of 

the nanocomposite films was calculated from Bragg’s equation (Equation 6.1)  

 

θλ sin2dn =          (6.1) 

 

where is n is the order of reflection taken to be 1, λ is the wavelength (.154 nm), d is the 

interplanar spacing, and θ half of is the diffraction angle.  XRD data was collected by 

monitoring the diffraction 2θ angle between 2 and 10° at a rate of 1°/min.   

 

Cathodic disbondment testing of RET-Clay protective coatings laminated on 

A36 steel substrates was done using the same technique, procedures and parameters 

described in Section 4.2.2.2 of this dissertation.  The nanocomposite coating thickness 

on steel was approximately 0.10-0.15 mm. 
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6.3  RESULTS & DISCUSSION 

6.3.1  Morphology 

The x-ray diffraction patterns for different OC nanocomposite blend 

compositions processed via the solvent-casting technique are shown in Figure 6.1.  The 

diffraction patterns for 1, 3, and 5wt.% OC in RET show peaks at 2θ = 5.52°, 5.54°, and 

5.62°, corresponding to d-spacings of 1.60, 1.59, and 1.57 nm, respectively.  No clearly 

defined peaks are observed for 7 and 9wt.% OC in RET.  For 7wt.% OC only a slight 

shoulder is observed at 2θ = 5.5° (d = 1.60 nm).  At 9wt.% OC in RET, the relative 

intensity peak broadens and shifts to a lower Bragg diffraction angle, 2θ = 5.15° (d = 

1.71 nm).  No significant increase in the basal plane spacing is observed for OC 

concentration 1-7wt.%.  However, the basal plane spacing increased 6.4% from 1wt.% 

OC to 9wt.% OC.   

 

The lack of a definitive peak for 7wt.% OC suggests the disorder and loss of 

structure regularity, an indication of exfoliation where clay layers are dispersed at the 

molecular level into the RET [12, 13].  The presence of clearly defined diffraction peaks 

for 1,3 and 5 wt.% OC RET does not necessarily indicate poor distribution however.  

After all, as the clay concentration is increased, the resistance to mixing increases 

making it difficult to exfoliate the nanoclay.  The lack of a sharp peak for 7wt.% and 

9wt.% OC in RET offer the best intercalation and basal plane spacing, respectively.  

Therefore it is suggested that the thermal processing step (hot pressing into films) may 

have played a role in clay agglomeration.  This has been observed by Chen et. al. in the 

study of thermal processing (extrusion versus injection-molding) nanoclay-filled 
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polypropylene nanocomposites [14].  After extrusion no XRD peaks are observed.  

However, after a successive injection-molding processing step, clearly defined XRD 

peaks are observed.  The reasoning is that the intercalated clay morphology under high 

shear forces in the extruder was unstable prior to injection molding [14].  Once the 

extruded pellets were reheated into the melt, the shear stresses were relieved and the 

clay galleries regained their original dimensions [14].  For this work, the hot press 

molding step was carried out above melting and for sufficient time for the 

reorganization of the clay to occur.  Additionally, the slow cooling process may have 

aided in the nanoclay reorganization.   
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Figure 6.1:  X-ray Diffraction Patterns of RET/Clay Nanocomposites with Variable OC 

Loading (1, 3, 5, 7, and 9wt.%). 

 

 

The intercalation of organo-modified clay (OC) versus natural (NC) is given in 

Figure 6.2.  This serves as the evaluation of the organo-modification process.  At 5wt.% 

nanoclay in RET the shift from a diffraction peak of 2θ = 6.97° (d = 1.27 nm) to 2θ = 

5.62° (d = 1.57 nm) is the result of the organo-modification of clay.  The increased 
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intercalation of OC over NC is evident by the increase in basal plane spacing from 1.27 

nm to 1.57 nm, respectively an increase of nearly 24%.        

 

 

Figure 6.2:  X-ray Diffraction Patterns for 5 wt.% OC and NC in RET.    

 

 

6.3.2  Thermal Characterization of RET/Clay Nanocomposites 

Organically-modified nanoclay increased the storage modulus, E’, of RET over 

the thermal testing range given in Figure 6.3.  The increase in storage modulus is not 
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necessarily an indication of the intercalation of the nanoclay in RET, but rather the 

reinforcing capability of nanoclay in RET.  This was shown for micron-scale clay in 

RET in Section 5.3.  In that work, the effect of clay at various particle sizes and 

distribution levels combined to improve the storage modulus of the RET.  The increase 

in storage modulus with OC concentration therefore is not as definitive for identifying 

nanoclay intercalation as it is for nanoclay reinforcing and polymer morphology 

characteristics.  The XRD data in Section 6.3.1 should serve as the main 

characterization method for nanoclay intercalation. 

 

The high surface-to-volume ratio of the nanoclay provides contact area for 

interaction with the polymer.  As the OC concentration is increased, the degree of 

polymer/nanoclay interaction is increased.  This restricts the macromolecular motion of 

the RET.  This is evident from the glassy (-90 to -70°C) to the onset of the rubbery 

region (~ 40°C).  The full extent of the rubbery region is not shown since the melt 

temperature for RET is around 70°C.  The impingement of the RET and interaction with 

the nanoclay fillers leads to the increased storage modulus.  The increased storage 

modulus as a function of nanoclay filler content behaves just as observed for micro-

scale clay added to RET in Chapter 5.  The reinforcing effect of OC nanofillers at three 

temperatures is plotted in Figure 6.4 to show the behavior within the glassy, transition, 

and rubbery regions.  Storage modulus as a function of OC concentration at the glass 

transition temperature cannot be plotted since there were differences in the Tg value 

with OC content.  At -80°C the nanocomposites are within the glassy region of Figure 

6.3.  Only slight improvements in storage modulus as a function of OC loading is 
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observed in the glassy region.  However, towards the higher temperature limit of the 

transition region, near room temperature (25°C) the storage modulus is increased quite 

significantly between RET and 9wt.% OC.  This trend continues well into the rubbery 

plateau (60°C) where the increment of storage modulus is improved nearly 450% for 

9wt.% OC.  The increment of storage modulus for 5wt.% NC was 51.3% at -80°C, 

43.2% at 25°C and 66.7% at 60°C.  These values were much lower than the storage 

modulus increments for OC-filled RET.  For clarity, these value were left out of Figure 

6.3.   

 

Figure 6.5 illustrates the effect of the organic modification technique on the 

storage modulus of the clay/RET nanocomposites.  A more pronounced reinforcing 

effect is seen between the RET and the NC nanocomposites (Figure 6.3) than between 

the 5wt.% OC and NC (Figure 6.5).  The exfoliation of nanoclay as a result of the 

organic modification technique leads to the improvement in stiffness over the thermal 

profile.  The lack of nanoclay intercalation (d = 1.27) and dispersion within the RET at 

5wt.% NC shows inferior reinforcing capabilities and a decreased glass transition 

temperature.  The decrease in glass transition temperature of the NC nanocomposite is 

evident by the slight leftward shift of the 5wt.% NC in the transition region.  Typically, 

increases in the glass transition temperature of engineered polymers and composites are 

desirable to extend the environmental service capabilities of the material.  A curve for 

the storage modulus of 36 wt.% micron-scale clay (MSC) from Chapter 5 is given for 

reference.  Clearly more of a reinforcing effect is shown for the 36wt.% MSC in RET 
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than 5wt.% OC and NC nanofillers.  However, the values of storage modulus for 

36wt.% MSC and 9wt.% OC are comparable up to 40°C.   

 

 

Figure 6.3:  Storage Modulus vs. Temperature Illustrating the Reinforcing Effect of OC 

Clay added to RET at Various Compositions. 
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Figure 6.4:  Storage Moduli of RET and RET + OC Clay Nanocomposites at -80°C, 

25°C, and 60°C. 

 

 

 
Figure 6.5:  Storage Moduli vs. Temperature Illustrating the Reinforcing Effect of OC 

Added to RET.  Pure Solvent Cast RET and 36 wt.% Microscale Clay (MSC) are Given 

as Reference.   
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Glass transition temperatures for RET and OC and NC nanocomposites were 

detected from the peak of the loss factor, tan δ.  The glass transition temperatures, Tg, 

and the height of the tan δ peak are listed in Table 6.1.  The addition of OC clay shows 

a slight increase in the glass transition temperature coupled with a decrease in the tan δ 

peak higher with increasing OC content.  The slight shift in Tg indicates a 

morphological change within the RET polymer as the OC content increases.  The 

morphology of pure RET was altered with the OC nanofiller content causing restrictions 

of macromolecular chain movement leading to an increase in the nanocomposites glass 

transition temperature, Tg.  Additional energy, specifically thermal energy, was needed 

to facilitate the transition from a glassy rigid composite to a more rubbery composite.  

The addition of OC causes this thermal boundary to be pushed further and further in the 

positive direction.  The result is a higher Tg material which as explained earlier extend 

the service capacity of the coating.  The slight depression in Tg at 1 wt.% loading may 

indicate non-uniform dispersion of the exfoliated silicate nanoplatelets within the RET 

or shows the effects of poor exfoliation.  Decreases in Tg are common for immiscible 

composite or polymer blend systems in which only limited polymer/filler interaction is 

attained.  At OC loadings above 1wt.% higher cohesive strength nanocomposites are 

formed with a higher level of OC/RET interaction.  This degree of OC/RET interaction 

improves with OC content as evident by the near linear relationship of Tg vs. OC 

content.     

 

 The Tg value for 5wt.% NC was over 2°C lower than 5wt.% OC in RET with a 

higher tan δ peak to 0.346.  The increase in tan δ peak is indicative of a lack of 
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interfacial adhesion between the RET and the NC nanofillers.  On the contrary, 

organically-modified nanocomposites with good exfoliation and intercalation (7wt.% 

OC as evident by XRD) and increased basal plane spacing (9wt.% OC as evident by 

XRD) show the lowest tan δ peak heights.      

 

Table 6.1:  Glass Transition Temperature for RET and RET/Clay Nanocomposites as 

Detected from tan δ Peak.  Also Shown are the Heights of the tan δ Peaks. 

 

 

 

The thermal degradation behavior of RET and OC/RET nanocomposites from 

thermogravimetric analysis is given in Figure 6.6.  The onset of thermal degradation, 

Tonset, decreases with the introduction of organo-modified nanoclay as shown in Table 

6.2.  Included in Table 6.2 are the key features of the thermal degradation curves in 

Figure 6.7.  A schematic is provided in Figure 6.8 illustrating the tangential method 

used to find the onset and endset temperatures (Tonset, Tendset) as well as a typical weight 

derivative (% weight loss/°C) curve identifying peaks 1 and 2 (Td1, Td2) for a 5wt.% NC 

nanocomposite film.  The derivative of the weight loss curves gave distinct degradation 

temperatures peaks where the effect of the addition of clay nanoplatelets is clearly seen.  

The onset of thermal decomposition for the nanocomposites is relatively the same as the 
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pure RET.  Slight decreases in onset temperature are most likely the result of the 

degradation of the organo-modifier present in the clay [15].  It is evident however from 

the data presented in Table 6.2 the derivative weight loss per °C of pure RET increases 

with the addition of nanoclay.  At 9wt.% OC the temperature at derivative peak 2 (Td2) 

is 27°C higher than pure RET.  An increase in derivative weight loss of 44°C was 

observed by Ma et. al. for the addition of 10wt.% nanoclay in polypropylene [13].  This 

improvement has been explained elsewhere to be due to homogeneous dispersion of the 

silicate nanoplatelets in the polymer matrix [16].  The increase of the degradation 

temperatures of Td1 and Td2 indicate the intercalated nanoclay basal layers hindered the 

permeability of volatile products out of the RET.  This has also been suggested for 

polystyrene/nanoclay nanocomposites [16, 17] and for polyimide/nanoclay 

nanocomposites [12].  The increase in degradation temperature within nanoclay loading 

is also due in part to the ability of the intercalated nanoplatelets to restrict segmental 

motion of the RET chains resulting in higher stability as well as ability of the nanoclay 

to retard thermal degradation due to the lower heat diffusion toward the polymeric 

molecules [18].  The increase in endset degradation temperature is a result of the 

increase nanoclay loading as well as the degree of exfoliation and intercalation that is 

achieved, especially at 7 and 9wt.% OC, where the lack of definitive XRD peaks 

suggest good intercalation and dispersion.  Therefore, overall nanoclay intercalation 

hinders thermal degradation.    

 

 The effect of the organo-modification of clay on thermal degradation properties 

of the nanocomposite can be seen by comparing the data for 5wt.% OC and 5wt.% NC 
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in Table 6.2.  The onset of thermal degradation occurs at 10°C lower temperature for 

the 5wt.% NC nanocomposite compared to the 5wt.% OC.  The NC nanocomposite 

does not have the intercalation and dispersion qualities like the OC nanocomposites 

leading to less polymer/nanoplatelets interaction and higher levels of aggregation (as 

described in Section 6.3.1).  No changes are observed in the derivative peak 

temperatures between 5wt.% OC and 5wt.% NC.  A decrease of 8°C in the degradation 

endset is shown for the 5wt.% NC compared to 5wt.% OC.  The decrease in endset 

indicates a lower degree of degradation resistance which again can be explained where 

intercalation hinders thermal degradation.  The lack of intercalation in NC 

nanocomposites limits the degradation resistance.   

 

 

Figure 6.6:  TGA Thermal Degradation Profile for RET and OC/RET Nanocomposites. 
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Table 6.2:  Key Features of the TGA Thermal Degradation Profile a Function of OC 

Loading of RET-Clay Nanocomposites:  Onset Temperature (Tonset); Temperature at 

Derivative Peak 1 (Td1), Temperature at Derivative Peak 2 (Td2), and the Endset 

Temperature (Tendset).  

 

 

 

 

Figure 6.7:  Schematic Representation Illustrating Key Features of the Thermal 

Degradation Data from TGA:  (a) Weight Loss vs. Temperature and (b) Derivative 

Weight Loss vs. Temperature. 

 

(a) 

(b) 
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6.3.3  Mechanical Characterization of RET/Clay Nanocomposites 

The stress-strain behavior for the RET-clay nanocomposites all exhibited 

elastic-plastic deformation with elongation after yielding.  The mechanical properties of 

the RET and nanocomposites are given in Table 6.3.  The addition of OC to RET had a 

pronounced effect on the elastic modulus yielding nearly a 3-fold increase from RET to 

9wt.% OC.  In fact, the modulus of RET was improved well over 100% with just 5wt.% 

OC added.  The increase in tensile modulus (E) is similar to the reinforcing effects 

described in Section 6.3.2 for the storage modulus (E’) as determined by DMTA.  The 

addition of clay nanoplatelets restrict plastic deformation and stretching resistance of 

oriented polymer segments within the intercalated layers [16].  Increased modulus is 

often described to reflect the reinforcement effect attained by the dispersion of the 

nanoclay in polymer systems [12, 14, 16].  The work of Kojima et. al. takes this 

explanation a bit further, including the region where the polymer chains are restricted in 

mobility contribute to the improvement in tensile modulus in a polymer-clay system 

[19].  The addition of OC filler therefore, greatly restricts the macromolecular motion of 

the RET thus increasing the modulus.  The 3-fold increase in modulus between RET 

and 9wt.% OC is indicative of good interfacial interaction between the RET and the 

clay nanoplatelets.  Most likely the reactive and polar segments along the RET 

backbone bond with the intercalated clay.  The drastic improvement in elastic modulus 

would suggest specifically, covalent interaction between the glycidyl methacrylate 

component of the RET with the hydrophilic-layered silicates of the nanoclay although a 

high concentration of van der Waals and hydrogen bonding could also account for the 

improved mechanical performance [15].  The addition of 5wt.% NC yielded a small 
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decrease in the elastic modulus.  Without organo-modification, the clay exists as large 

agglomerates.  The loss in modulus indicates poor interfacial interaction between the 

RET and NC.   

 

The tensile strength increased from 4.32 MPa to 6.35 MPa for 7wt.% OC as 

listed in Table 6.3 but then decreased slightly to 6.13 MPa for 9wt.% OC.  The decrease 

in tensile strength from 7 to 9wt.% OC is most likely due to the dramatically decreased 

elongation at fracture.  Mohanty and Nayak described the loss of tensile strength at 

higher nanoclay loadings (5wt.%) in polystyrene to be attributed to filler-filler 

interaction which results in agglomerates and induced local stress concentration in the 

nanocomposites [16].  The XRD results in the RET/nanoclay system however do not 

support the findings of Mohanty and Nayak.  At 7wt.% OC the intercalation is at the 

highest level which corresponds to the highest tensile strength of the nanocomposites 

(6.35 MPa).  However, the highest level of basal plane spacing occurs in 9wt.% OC 

where the modulus is the highest of all the nanocomposites and the tensile strength is 

slightly decreased from 7wt.% OC.  Therefore, in the RET/nanoclay nanocomposite 

system, polymer interaction within the intercalated silicates layers will improve the 

tensile strength via more active surface area for polymer/clay contact.  Alternatively, 

expanding the basal plane of OC provides the main reinforcing mechanism for RET.      

 

The addition of nanoclay reinforcing fillers caused the strain at fracture to 

decrease.  The decrease of elongation at break with increasing filler content is seen in 

many reinforced plastics [16].  The energy at fracture follows a very similar path as the 
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strain to failure which indicates the strain component of the energy (energy = 0.5 stress 

x strain) is the dominant factor above the tensile stress of the nanocomposite.  A 

predicative model and the evaluation of the percolation threshold is described later in 

Section 6.3.3.3.  

 

 Nanocomposites prepared with organically-modified clay displayed superior 

mechanical properties compared to the nanocomposite composed of natural clay (5wt.% 

NC).  The presence of immobilized or partially immobilized polymer phases as a result 

of the interaction of the RET with the organo-modification is the cause for these 

improvements.  Without the organo-modification, clay nanoplatelets cannot interact 

fully with the RET.   

 

Table 6.3:  Mechanical Properties of RET and RET-Clay Nanocomposites Obtained via 

Tensile Testing At 23°C With Crosshead Speed 50 mm·min
-1

. 
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6.3.3.1 PREDICTION OF ELASTIC MODULUS OF OC/RET NANOCOMPOSITE 

COATINGS 

 To predict the elastic moduli of organo-modified nanoclay filled RET, the 

Halpin-Tsai model was employed, just as in Chapter 5 for micron-scale clay fillers in 

RET.  Again, the model consists of parameters including the modulus of the non-

reinforced polymer matrix (Em), the modulus of the clay filler (Ef = 20 GPa), the filler 

volume fraction (φf) and the particle aspect ratio (l/t).  The Halpin-Tsai model has been 

shown to provide good prediction of the longitudinal stiffness for composites filled with 

disk-like particles [20].  The Halpin-Tsai model is given in Equation 6.2:   
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 The correlation of the Halpin-Tsai model for elastic modulus of nanocomposites 

and experimental data for OC/RET nanocomposites is shown in Figure 6.8.  The 

experimental data shows a good correlation with the proposed model.   
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Figure 6.8:  Experimental Data for Elastic Modulus of OC/RET Nanocomposites and 

the Halpin-Tsai Predictive Model from Equation 6.2. 

 

 

6.3.3.2  PREDICTION OF TENSILE STRENGTH OF OC/RET NANOCOMPOSITE 

COATINGS 

Tensile strength is an important property for organic coatings.  The tensile 

strength of a coating applied to a steel transmission pipeline must be capable of 

withstanding numerous thermal expansion and contraction cycles.  For nanoclay filled 

polymer, predicting the tensile strength for nanocomposites is often times more difficult 

than the elastic modulus [21] which can be modeled using a variety of well-known 

relationship such as the Halpin-Tsai (Section 6.3.3.1) and Lewis-Neilson models used in 

Section 5.3.1 of this dissertation.  Since the tensile strength of a composite encompasses 

the transfer of stresses through the material, physical characteristics such as exfoliation 
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and dispersion of the nanofiller within the polymer are important and complex 

components of the tensile strength model.  To predict the tensile strength behavior over 

a broader range of OC contents, a simple assumption must be made.  Assuming perfect 

adhesion between the OC nanofillers and RET the tensile strength in the direction of the 

tensile stress will follow the rule-of-mixtures as in Equation 6.4:   

 

ffmmc φσφσσ +=         (6.4) 

 

where, as described in previous chapters, the subscripts c, m and f stand for composites, 

matrix and filler, respectively.  This assumption is reasonable knowing the ability of the 

RET to accept and interact with fillers and the reactive capabilities of the polymer 

segments within the terpolymer.  To assess tensile strengthening of the polymer matrix 

with the addition of OC filler let us consider a relative tensile strength, σR, is 

approximately equal to; 

 

( )
rfmcR σφσσσ +=≡ 1/        (6.5) 

 

where σr is the relative tensile strength between the filler and matrix, such that 

 

mfr σσσ /≡          (6.6) 
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The relative tensile strength, as calculated from the data in Table 6.1 versus 

volume fraction of OC filler in RET is given in Figure 6.9.  The slope of the fitted linear 

relationship is relatively high compared to a comparable nanoclay/polymer system [21].  

The high slope suggests the increase in tensile strength offered by the OC is quite 

significant.  However, this may a bit skewed since the initial tensile strength of RET is 

relatively low, 4.32 MPa.  Nonetheless the strengthening capabilities of the OC in RET 

reach a maximum at approximately φf = 0.03 (7wt.%).  These volume fractions serves as 

the maximum limit for strengthening capability offered by the OC in the OC/RET 

nanocomposite system.  From this we can assume the high loadings above φf=0.04 

(9wt.%) of OC will further decrease the tensile strength.   

 

 

Figure 6.9:  Relative Tensile Strength of OC/RET Nanocomposite Films. 
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6.3.3.3  TENSILE ELONGATION AT FRACTURE BEHAVIOR OF OC/RET 

NANOCOMPOSITE COATINGS 

For direct correlation with the percolation threshold for nanoclay-filled RET, the 

elongation at fracture was plotted as a function of volume fraction of OC, as performed 

for micro-scale clay fillers in RET in Chapter 5.  The plot of elongation at fracture 

versus nanoclay volume content is shown in Figure 6.10.  The percolation threshold for 

elongation fracture occurs at φf = 0.026 for OC in RET.  This volume fraction serves as 

the transitional point between low OC content (1 to 5wt.%) ductile nanocomposites and 

higher OC content (7 to 9wt.%) quasi-brittle nanocomposites.  Data from the previous 

chapter suggested a percolation threshold at or around an order of magnitude higher 

clay volume fraction (φf ~ 0.15-0.22).  Therefore small high aspect ratio nanofillers can 

achieve the same level of property enhancement at lower volumetric loadings.  Lower 

clay content reduces cost of the overall coating and can make the installation process 

much easier since less material is necessary to coat the substrate.   
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Figure 6.10:  The Elongation at Fracture Behavior for OC/RET Nanocomposites as a 

Function of OC Loading.  Note the Transition from Ductile-to-Quasi Brittle Near  

φf = 0.026. 

 

 

6.3.4  Cathodic Disbondment Performance 

The cathodic disbondment performance in terms of total disbondment area over 

a 696 hour immersion testing regime is given in Figure 6.11.  In addition to RET and 

RET-clay compositions a coating of RET + 36 wt.% micro-scale clay (MSC) is given as 

a reference to the mitigation capability when using micro-scale reinforcing fillers.  The 

magnitudes of CD area of RET decreased as nanoclay was added to the coating just as 

observed for micro-scale clay primers in Chapter 5.  A magnification of the CD 

behavior during the initial 300 hours of testing is shown in Figure 6.12 for clarity.  The 

initial CD behavior is nearly identical for nanoclay-filled RET.  However, the 

magnitude for non-reinforced RET is notably higher.  As immersion time progresses the 
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magnitude of CD for nanoclay-filled RET becomes significantly decreased.  A study of 

the CD performance for 5 wt.% NC against 5 wt.% OC is given in Figure 6.13 with 

RET shown for reference.  The CD behavior against immersion time is similar for both 

NC and OC where OC has a slightly higher magnitude of CD.  However, the cause for 

this increased CD mitigation ability is unknown.  Perhaps this indicates the main 

protection mechanism is the blocking of diffusion pathways by agglomerated particle 

fillers.  Since the organo-modified nanocomposites all exhibited higher mechanical 

properties than natural clay, it would then seem to be reasonable to assume the degree to 

which a coating can resist cathodic disbondment, is less a function of the mechanical 

properties of the coating and more a function of the diffusion barrier properties and the 

ability to maintain adhesion in wet and corrosive environments (as shown in Chapter 5).   
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Figure 6.11:  Cathodic Disbondment Area vs. Immersion Time of RET, RET-

Organically Modified Clay Nanocomposites (OC), and RET with Micro-Scale Clay 

Filler (MSC).  RET and OC Composites Prepared Using Solvent Casting while MSC 

was Prepared Using Extrusion/Injection Molding Processes.   
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Figure 6.12:  Magnification of Figure 6.11 Illustrating the Effect of OC Loading on 

Cathodic Disbondment Performance of RET Coatings During the Early Stages of 

Testing. 
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Figure 6.13:  The Effect of Organo-Modification of Clay Fillers on CD Performance. 

 

 

6.3.5  Modeling CD Performance of OC/RET Nanocomposite Coatings 

 To determine the activation parameters needed to facilitate CD for nanoclay-

filled RET coatings, the 1-dimensional modified Fickian diffusion model was applied 

just as in Section 4.4.2.  The radial disbondment distance for the coatings developed in 

this chapter is plotted against the square root of immersion time in the CD cell in Figure 

6.14.  Only data for the outer limits 1 and 9wt.% OC and RET are given for simplicity.  

The liner curve fits for all collected data gave an R
2
 value of 0.98 for all coatings.  The 

slope of the linear fit is the activation parameter for CD while the t
1/2

-intercept is the 

induction time, t0.  These values are given for reference in Table 6.4.  Notice as OC 

content is increased the activation parameter is diminished to just 0.592 for 9wt.% OC 
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in RET.  The initial introduction of nanoclay (1wt.%) causes over 120% increase in the 

induction time for disbondment.  As the clay content increases, this induction time 

decreases until increasing again at 9wt.% OC.  The barrier properties of the nanoclay 

provide the main reasoning for increased induction time.  However increasing barrier 

fillers also creates more polymer/filler boundaries which are prone to moisture 

permeation.  The rate of permeation along the boundaries almost negates the improved 

diffusion barriers provided by the nanoplatelets fillers at 7wt.% where only a slight 

improvement in induction time is observed compared to the unfilled pure RET coating. 

Natural clay surprisingly performed well under CD testing with the lowest activation 

parameter, 0.587, and a moderate induction time of 4.89 hr which is near the 4.30 hr for 

5wt.% OC.  For comparison, the injection-molded and hot-pressed RET coatings on 

silane treated steel in Chapter 4 had an activation parameter of 0.734 very close to the 

activation parameter for solvent cast RET coatings, 0.781.  Additionally, the induction 

times are almost exactly the same 1.86 hr for thermal processed RET and 1.88 hr for 

solvent cast RET.  This suggests the coating manufacturing process has little to do with 

the CD performance which allows in the future for direct comparison between injection-

molded composites and solvent-cast nanocomposites.  The activation parameters for 

nanoclay-filled RET (k = 0.592 for 9wt.% OC) is significantly less than for C23 (k = 

1.206) with increased induction times to disbondment as well.  This suggests from a 

cathodic disbondment resistance standpoint, nanoclay-filled coatings are a viable option 

for the protection of steel substrates under cathodic protection.   
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Figure 6.14:  Radial Cathodic Disbondment Distance of OC Nanoclay-Filled RET 

Coatings on Silane-Pretreated A36 Steel Substrates. 

 

 

Table 6.4:  Rate Parameters of Cathodic Disbondment and Induction Times to CD 

Propagation for RET-Nanoclay Composite Coatings on Silane Treated Steel. 
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6.4  CONCLUSIONS 

 The effect of nanoscale clay as a reinforcing media in RET has been studied.  

An initial organo-modification of montmorillonite clay yields a more exfoliated 

structure with increased d-spacing between the basal planes.  This increased exfoliated 

and binding capabilities of organo-modified nanoclay offers significant advantages over 

micron-scale clay.  Improvements in thermal degradation and increased glass transition 

temperatures were observed with increasing OC content.  The reinforcing effect of OC 

in RET was observed over a thermal profile in DMTA measurements and at room 

temperature (23°C) tensile testing.  The percolation threshold for elongation at fracture 

is an order of magnitude lower than micro-scale clay.  This indicates superior protection 

may be achieved with nanoclay fillers at significantly lower clay volume fractions.  This 

is important for coast-saving and reducing the amount of labor necessary to install these 

coatings in-the-field.  The cathodic disbondment resistance of RET was further 

improved with OC content as evident by the reduced magnitude of CD area and 

decreased activation parameters necessary for a 1-dimmensional moving delamination 

front.  The ability of nanoclay/RET coatings to this point is limited only by problems 

associated with scale-up of production by laboratory solvent-casting to industrial 

thermal processing.   
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7.  Combined Cathodic Disbondment Mitigation 

Strategies:  Multi-Layered Coating Systems 

 

 

7.1  INTRODUCTION 

Organic coatings when combined with cathodic protection as discussed 

previously in Chapters 1 and 2 can eliminate the corrosion risk of steel structures and 

pipes.  Effective coatings require barrier protection against diffusion of oxygen and 

water species, adhesion in wet and corrosive environments, and resistance to abrasion, 

scratches and pinholes.  Severe environments, such as on oil rigs in the North Atlantic 

or pipelines through Alaska or northern Canada, require the highest level of protection 

against the elements [1, 2].  Harsh environments and stringent conditions for pipeline 

construction and operation directly affect the pipeline coating selection and 

performance [1].  In severe application environments, multi-layered coating systems are 

required to provide the highest level of protection against the environmental elements.  

The underlying philosophy behind 3-layer coating has been to combine the advantages 

of various types of coating, namely the chemical resistance and interfacial properties of 

epoxies with the mechanical protection afforded by thick film olefin-type coatings and 

an adhesive layer to tie the two together [3].  Generally in the oil and gas industry 3-

layer systems are applied to protect transmission pipelines where adhesive tie-layer and 

topcoats are flame sprayed or extrusion coated onto a fusion-bonded epoxy (FBE) 

coated steel pipe.  These high-performance coating systems typically consist of a FBE 



 

 

303 

primer, adhesive polyethylene tie-layer and polyethylene protective topcoat layer [4-7].  

Multi-layer polyolefins are considered the leading cost-effective high-performance 

systems for the passive corrosion protection of pipelines around the world [5].  They 

have been widely used since the later 1970s and early 1980s and have developed greatly 

since their introduction.  Recent field inspections reveal good-to-excellent adhesion 

with limited CD over 30 year service lives [8].  The combination of technologies 

developed in Chapters 3, 4 and 5 can be applied to develop a similar working multi-

layered system, where RET could be used in place of the adhesive polyethylene in the 

tie-layer or FBE primer. 

 

External coatings of FBE as pipeline primers have provided excellent protection 

against corrosion and long-term service in corrosive environments [9-11].  The role of 

the FBE primer is two-fold:  (1) to provide a thin continuous film that bonds directly to 

the metal substrate and is highly resistance to chemical attack, thus ensuring good CD 

resistance, and (2) to provide chemical bonding sites for the reactive functional groups 

contained within the RET tie-layer that ensure good adhesion throughout the operating 

service limits of the polyolefin topcoat [3].  A FBE is a one part thermosetting epoxy 

resin powder that requires heat to melt, crosslink, and adhere to a metal substrate [12].  

In single layer systems, FBE is typically applied in a thickness range of 350-500 µm 

[12].  Increasing the layer thickness has been shown to further improve the resistance to 

CD and damage.  While FBE systems generally provide good CD resistance, 

differences in the coating chemistries exist among commercially available systems.  The 

surface preparation before bonding is also a source for variable CD performance [13] 
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and makes direct correlation of coating systems difficult.  The biggest problem with 

FBE coatings is they are prone to mechanical and handling damage [14].  Since CD 

ensues when surface defects expose the underlying substrate, an extra coating layer can 

be helpful towards reducing the potential for this disbondment initiation mechanism.   

 

The intermediate tie-layer usually consists of a co- or ter- polymer based upon a 

polyolefin backbone.  Typically, tie-layers consist of the topcoat olefin material graft 

with a reactive component such as ethyl vinyl acetate (EVA), ethyl butyl acrylate 

(EBA), carboxylic acid, etc. ranging in thickness from 250-400 µm. [3].  Non-polar 

polyolefin coatings, such as HDPE, are excellent moisture barriers as shown in Section 

4.4.1.1.  However, they are poor oxygen barriers (Section 4.4.1.1).  On the other hand, 

RET provides moderate resistance to oxygen but not quite the moisture barrier that is 

provided by HDPE.  Thus, the blending scheme of RET added to HDPE as described in 

Chapter 3 makes for an interesting combination of protective properties.  Likewise, 

layering materials to form a multi-layered system seems to be an efficient way to 

provide the optimum resistance to cathodic disbondment and prevent corrosion of an 

underlying steel substrate.  Kamykowski found that increasing the level of reactive 

maleic anhydride-graft onto a polypropylene tie-layer increased the adhesion between 

polypropylene and polyamides layers [15].  Tie-layers containing EVA have been 

successful for improved seal ability, optical properties and satisfactory mechanical 

properties [16].  In another work, increasing the maleic anhydride (MA) content of the 

tie-layer increased the interfacial toughness.  With only 0.5% MA, the interfacial 

toughness exceeded the craze condition of PP resulted in a transition from interfacial 
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delamination to craze delamination [17].  The transition towards crazing failure 

effectively reduces the stress concentration at the interface and dramatically increases 

the delamination toughness [17].  Polymer blending for hot-melt tie-layers has been 

examined by Kumar et al. using an HDPE/elastomer blend [18].  The key features of the 

coating materials developed herein are the toughness of HDPE, the adhesion strength of 

RET and the reduced oxygen barrier of C23.     

 

The role of the topcoat is to provide mechanical protection to the coating and an 

extremely high barrier against moisture diffusion [11].  Olefins such as HDPE and 

polypropylene (PP) are typically used for the topcoat because they possess barrier and 

abrasion resistant qualities and are widely available.  Specifically, the topcoat must 

provide good impact resistance over a wide range of operating temperatures and 

withstand handling damage during transportation from the factory to the job site and 

abrasion during installation [19].  For buried pipeline coatings, the topcoat must also 

have good creep resistance and mechanical strength at the maximum operating 

temperature.  These properties are needed to withstand the considerable soil stresses 

arising initially from ground settlement and subsequently from expansion and 

contraction of the pipe in service [19].   

 

The objective of research in this chapter is to apply previously obtained CD 

results to develop a multi-layered polymer coating which when applied in tandem 

provide goods impact resistance, superior adhesion to steel substrates, and resists the 
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propagation and growth of cathodic disbondment in the presence of an artificial coating 

defect.   

 

7.2  EXPERIMENTAL DETAILS 

7.2.1  Materials 

The multi-layered coating systems used for this study have been previously 

discussed and characterized as individual primers and coatings, with the exception of a 

fusion-bonded epoxy primer layer (Nap-Gard
®
 7-2500 by DuPont

™
) in Chapters 4 and 

5.  Fusion-bonded epoxies (FBE) have been used historically for organic coatings 

systems used in conjunction with cathodic protection.  The FBE in this study serves as a 

control specimen as well as primer layer applied in conjunction with the polymer blend 

and composites systems developed in Chapters 3-6.  Applying FBE to metal surfaces 

must be done professionally by licensed application technicians.  Nap-Gard
®
 7-2500 

FBE was applied to grit-blasted A36 steel plates by Crest Coating Inc. (Anaheim, CA).  

Pure polymers and polymer blends were selected for use in the multi-layered testing 

regime.  HDPE 66/33 was chosen as the trial blend due to its superior combination of 

mechanical, adhesive and CD resistance capabilities as shown in Sections 4.3.1 and 

4.3.2.  HDPE 100/0 was selected for its superior resistance to oxygen and water vapor 

transmission as described in Section 4.4.1.1 and now denoted HDPE.  HDPE 0/100 was 

chosen because it may be bonded to a variety of surfaces (ie. metals, FBE, HDPE, and 

polymer blends), now denoted, RET.  A coating from the polymer “compositing” 

scheme from Chapter 5, C23, was selected because of its tremendous capabilities to 
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resist CD especially in a primer situation.  This material was tested as an alternative to 

the conventional FBE primer coating and as a replacement tie-layer.   

 

7.2.2  Multi-Layered Assembly 

Thin films of HDPE, HDPE 66/33, RET and C23 were prepared as described in 

previous chapters.  Application of the FBE was done out-of-house by Crest Coating Inc. 

(Anaheim, CA).  The laminating process involved hot press molding as described in 

previous chapters.  Several 2 and 3-layer coating systems were tested to determine the 

optimal coating system to resist and mitigate cathodic disbondment on cathodically 

protected steel.  Figure 7.1 schematically illustrates the various multi-layered systems as 

coated on steel.  The steel substrate is identified as the black component (bottom) with 

the coatings applied sequentially from bottom to top.  Figure 7.1(a) is a single layer of 

200 µm thick FBE on steel which serves as the control specimen.  Figures 7.1(b) 

through (e) are 3-component systems where the FBE acts as the primer.  The middle or 

“tie-layers” and top layer or “topcoat” are of variable material types as shown in Figure 

7.1.  However, in all samples (b) through (e) the tie-layer has a uniform thickness of 

150 µm and the topcoat has a uniform thickness of 200 µm.  These values are typical 

for 3-layered coating systems currently available.  Figures 7.1(g) & (h) are 2-layer 

coatings to quantify the performance of RET versus C23 as the primer in a multi-

component (2) system.  



 

 3
0
8
 

Figure 7.1:  Schematic of the Various Multi-layered Polymer Coating Systems Tested for CD Resistance on A36 Steel Plates. 
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7.2.3  Cathodic Disbondment Testing Multi-Layered Systems 

The CD testing parameters for multi-layered coatings were performed identical 

to the procedure outlined in Section 4.2.2.2 for a period of 5 weeks (840 hours) 

according to a modification of the standard, ASTM G8-96 [20].  Four specimens were 

tested for each specimen material type with the average CD area reported.  The only 

variation unique to this study was the disbondment recording process.  In earlier studies, 

visual disbondment areas were recorded periodically to gather data regarding the rates 

of disbondment processes for the various polymer blend or composites.  However, this 

was difficult to do for multi-layered systems.  Disbondment between the primer layer 

and steel is masked with an additional topcoat layer which makes instantaneous visual 

analysis impossible.  However, a destructive end-of-test technique was employed to 

determine the magnitude of CD at the end of experimental testing.  This was also used 

to calculate CD area in Section 4.3.2.  Using a sharp knife, 8 slices were taken radially 

from the artificial defect site.  The slices are then pulled gently with forceps to reveal 

and expose the delaminated region.  Radial measurements were then recorded to 

calculate the total cathodic disbondment area minus the area of the initial defect.   

 

 

7.3  RESULTS AND DISCUSSION 

7.3.1  Visual Observations on Disbondment and Delamination of Multi-Layered 

Coatings 

After 840 hours under cathodic potential, the samples were removed and 

visually inspected.  The photographs in Figures 7.2 through 7.9 show to-scale images of 
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a typical sample for each coating system after the destructive 8-slice peeling method to 

reveal the CD area.  The coating specimen identification letter (a) through (h), the order 

of the layers, and the average cathodic disbondment area for each system is provided in 

the photograph for reference.  No visual delamination was observed for specimens with 

FBE primers (a) through (f) prior to the destructive peeling.  Visual disbondment was 

traceable, however, in the absence of the FBE primer layer, samples (g) and (h).  

Coating (g) was virtually translucent while coating (h) was only semi-translucent due to 

the C23 primer layer, which appears brown in color.  The FBE primer appears red in 

color as pigmented by the manufacturer.    

 

The FBE primer layer had a slight texture, as a result of powder-coating onto the 

grit-blasted steel surfaces.  The outer edges of the coating appear glossy compared to 

the dull finish surrounding the central defect.  The glossy area was masked during CD 

testing and was not exposed to the 0.5M NaCl electrolyte.  However, the inner “dull” 

portion was exposed to the electrolyte for the entire testing period.  When the sample 

was removed from the CD test assembly it was observed that water was able to “pool” 

in the dull areas, while water on the glassy portion had the tendency to “bead up.”  This 

is a direct result of surface energy as discussed in Section 1.3.1, where higher surface 

energy causes water to form droplets while lower surface energy causes partial wetting.  

The decrease of surface energy is a feature at the coating/electrolyte interface and 

therefore does not influence cathodic disbondment mechanisms which occur along the 

metal/polymer interface.  However, decreased coating surface energy could imply the 
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onset of polymer degradation, either by bond scission or the build-up of a thin film of 

debris or electrolyte salt.   

 

The roughness of the FBE coating in Figure 7.2 illustrates the ability of the FBE 

coating to wet and adhere to the rough surface profile created by the grit-blasting the 

steel surface prior to the application of FBE.  The brittle nature of the FBE coating is 

shown by the jagged fracture edge (highlighted by arrow) where the disbonded coating 

was pulled backwards away from the initial defect site and fractured.     

 

 

Figure 7.2:  Photograph of Typical Coating (a) after CD Testing. 

 

 

 Brittle failure of the FBE primer coating is also shown in Figure 7.3 (indicated 

with arrow) with an RET tie-layer and HDPE topcoat.  For this coating system, (b), the 

ductile thermoplastic tie-layer and topcoat remained tightly bonded to the disbonded 
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FBE coating.  No significant changes in the surface gloss are observed with the HDPE 

topcoat.  The 8-slice pattern is clearly shown which is due to stress-whitening of the 

HDPE during cutting.  As the HDPE is deformed by the action of the cutting knife, 

voids are created which scatter light that manifests itself as a white mark on the plastic  

[21].  Void and craze deformation causing stress-whitening in HDPE has been reported 

elsewhere [21, 22].  The corrosion product at the initial defect site was not the result of 

the CD testing, rather the sample storage in ambient air between testing and imaging 

(approximately 1 week). 

 

 

Figure 7.3:  Photograph of Typical Coating (b) after CD Testing. 

 

 

 Specimen (c) in Figure 7.4, displays the least cathodic disbondment area of all 

the coating systems.  However, a new failure mode was observed; delamination failure 
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between the HDPE66/33 tie-layer and the HDPE topcoat (indicated by arrow).  The 

failure of the FBE primer layer is again brittle and remained bonded to the HDPE66/33 

tie-layer.  This adhesive bonding suggests bonding at the FBE-HDPE66/33 interface 

was stronger than at the HDPE66/33-HDPE interface, where delamination occurred.  

One initial explanation could be the affinity of the GMA component of the RET to 

migrate towards the FBE surface which is likely to have various surface oxides present.  

The lack of polarity and oxidation of HDPE make bonding even with HDPE66/33 

which has a similar morphology difficult.  Also, the lack of polyethylene inter-diffusion 

between the tie-layer and the topcoat may account for the lack of adhesion, although 

further testing is required to substantiate that claim.  Stress-whitening outlines the 

destructive scoring of the coating as well as the delamination area where the HDPE 

topcoat was peeled ways from the HDPE66/33 tie-layer. 

 

 

Figure 7.4:  Photograph of Typical Coating (c) after CD Testing. 
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 No delamination was observed in the three-layer coating system (d), Figure 7.5, 

indicating a good bond exists between FBE & RET as well as RET & HDPE66/33.  The 

availability of GMA in the pure RET tie-layer and as a constituent of the RET in the 

topcoat, facilitates this bond.  The addition of RET to the topcoat layer greatly reduced 

the appearance of stress-whitening lines.  Rengarajan et. al. also reported a reduction in 

stress-whitening of polypropylene with the addition of an impact modifier [21].  The 

impact modifier in that study, an ethylene-methacrylic copolymer, has a very similar to 

the terpolymer, RET used herein.   

 

 

Figure 7.5:  Photograph of Typical Coating (d) after CD Testing. 

 

 

 Coating system (e) appears dark as a result of the brown C23 tie-layer.  The 

white particles (identified in circles) on the coating surface are sodium deposits from 
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the 0.5M NaCl electrolyte used for CD testing.  The salt was removed by wiping the 

coating surface with a small amount of water, which left small pits in the HDPE66/33 

topcoat surface.  Just as in specimen (a), a topcoat surface defect does not pose a means 

for the cathodic disbondment reaction; however, this could indicate a potential long-

term durability problem for this material. 

 

 Coating system (e) uses the micro-scale clay-filled RET, C23 as a tie-layer.  The 

results of Chapter 5 indicate increased CD protection is offered when clay is introduced 

into pure RET coatings and primers.  This is due to the distribution and dispersion of 

clay particles throughout the bulk of the RET which helps protect against CD by 

increasing diffusion pathways and slowing water migration.  For the Chapter 5 study, 

the clay-filled RET was melt processed via 3 methods:  (1) injection molding, (2) hot 

pressing to form films and (3) hot press laminating to steel substrates.  The result of that 

processing cycle did not significantly alter the distribution and dispersion of the clay in 

RET.  However, for system (e) in this study, the clay-filled RET (C23) experienced 

particle agglomeration when thermal processing step (3) was performed in conjunction 

with the HDPE66/33 topcoat lamination.  The clay agglomeration is indicated by 

arrows in Figure 7.6(a); where the arrows indicate the flow direction of the polymer and 

subsequent orientation of the agglomerated clay particles.  This feature is difficult to see 

without magnification.  Figure 7.6(b) shows a 100x magnification of specimen (e).  The 

sharpening of the red coating color is a result of the image analysis to clearly define the 

clay features.   
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(a) 

 

(b) 

Figure 7.6:  Photograph of Typical Coating System (e) after CD Testing.  Image (a) is 

Taken To-Scale While Image (b) is Magnified 100x with Enhanced Contrast to Show 

Elongated Clay Features.   
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 Significant delamination between FBE and HDPE66/33 is shown for the 2-layer 

coating system, (f), in Figure 7.7.  Cathodic disbondment of this coating system is less 

than the single FBE coating, system (a).  Brittle fracture of the FBE is evident by the 

jagged disbondment fracture edge.  Interestingly, within the disbondment region the 

FBE tightly adheres to the HDPE66/33 topcoat (no tie-layer is present for 2-layer 

coatings); while away from the cathodic disbondment region, mixed adhesive-cohesive 

failure occurs between the two layers.  The loss of adhesion outside the disbondment 

zone is of mixed-mode due to the presence of residual polymer remaining on the intact 

FBE surface.  No sodium deposits or surface pitting is evident on the HDPE66/33 

topcoat and no differences in surface gloss are observed between the masked and non-

masked regions.  Relatively no corrosion product (rust) is evident at the immediate 

defect zone.  This indicates even the disbonded FBE coating in conjunction with 

cathodic protection can shield the steel substrate and resist corrosion. 
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Figure 7.7:  Photograph of Typical Coating (f) after CD Testing. 

 

 

 Cathodic disbondment is most severe for system (g) as evident by the large 

disbonded area as shown in Figure 7.8.  The outer edge of the disbondment ring is 

indicated by a white arrow.  For all systems previously discussed (a) through (f), 

cathodic disbondment regions are generally uniform in geometry with circular 

disbondment areas.  For system (g), however, the disbonded pattern is a bit non-uniform 

as evident by the ellipsoidal shape of the disbonded coating.  The dark circular feature 

within the disbonded region surrounding the initial defect site (indicated by black 

arrow) is corrosion product (iron oxide) from the steel substrate.  The iron oxide rust is 

fixed to the underlying surface of the RET primer.  This supports the CD mechanisms 

outlined in Chapter 4 for RET coatings, where dissolution of the metal oxide/polymer 

interface gives way to the initial stages of cathodic disbondment.  The fact the corrosion 
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ring does not occupy the entire disbondment area suggest that after some time the 

mechanism switches from oxide dissolution to degradation of the adhesive bonds at the 

metal oxide/polymer interface.  Small areas of salt deposit were observed on the 

HDPE66/33 topcoat as shown previously in Figure 7.6.   

 

 

Figure 7.8:  Photograph of Typical Coating (g) after CD Testing. 

 

 

 The two-layer coating system comprised of C23 primer and HDPE66/33 topcoat 

is shown in Figure 7.9.  The cathodic disbondment area is easily distinguished from the 

intact coating area.  The disbondment pattern is fairly uniform with a typical circular 

geometry indicating the disbondment front moves laterally outward in all directions at 

the same rate.  The rust present in the defect site is the result of sample exposed to 

ambient air after CD testing was completed.  The dark disbonded region is a result of 

the clay in the C23 primer layer and not due to corrosion product found on the 
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underside of the disbonded coating.  Although it is difficult to ascertain from the image 

in Figure 7.9(a), under higher magnification (Figure 7.9(b)), the C23 primer layer 

exhibits signs of clay agglomeration just as in system (e).  This feature is however more 

pronounced in the coating area with direct contact to the electrolyte than the outer 

masked region (as indicated).  It is assumed the agglomeration of clay within the RET is 

present throughout the film coating.  The fact agglomerations are only seen in the non-

masked area is a function of the HDPE66/33 topcoat becoming more translucent.  The 

degree of light scattering through a polymer accounts for the level of transparency.  In 

most cases, the polymer crystallinity determines it translucency; where densely packed 

crystalline polymer are opaque while amorphous polymers are transparent [23].  

Crystalline domains block the passage of light.  Therefore, the absence of crystalline 

domains in amorphous polymers allow for the passage of light through the polymer 

bulk.  Semi-crystalline polymers such as HDPE66/33 appear opaque in the as-laminated 

state.  The change to translucency is likely the result of a degradation of the crystalline 

domains with the HDPE component of the blend tie-layer.   
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(a) 

  
(b) 

Figure 7.9:  Photograph of Typical Coating (h) after CD Testing.  Image (a) is Taken 

To-Scale While Image (b) is Magnified 100x with Enhanced Contrast to Show 

Elongated Clay Features.   
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7.3.2  Magnitude of Cathodic Disbondment 

The average cathodic disbondment areas for the various multi-layered coatings, 

specimens (a) though (h), are given in Figure 7.10 along with the delamination area 

between primers and topcoats for systems (c) and (f).  The error bars report the standard 

deviation in the 4 samples tested for each coating system. 

 

7.3.3  Normalization of Cathodic Disbondment Area 

The effect of coating thickness on CD performance has been discussed 

previously in Chapters 1 and 2 (Figure 1.7).  Since coatings provide more protection 

against CD than thinner coatings; some normalization of the cathodic disbondment 

areas must be done to allow for the direct correlation of results, between single, double 

and triple-layer systems.  The cathodic disbondment areas may be normalized according 

to overall coating thickness to account for changes in diffusion and permeability 

behavior between the single, double, and triple-layer coating systems.  The magnitude 

of cathodic disbondment area per coating thickness is given in Figure 7.11 for coating 

systems (a) through (f).  The highest disbondment areas were found in systems (g: 3727 

mm
2
) and (h: 1474 mm

2
) and left out of Figure 7.11 for clarity.  The average 

disbondment area for the single layer FBE primers was 185 mm
2
 with a coating 

thickness of approximately 200 µm.  Additional polymer layers on top of the FBE 

primer resulted in decreased and increased disbondment areas when normalized against 

coating thickness.  For instance, systems (b), (c), and (e) decreases the disbondment 

area by 11%, 88%, and 38%, respectively.  Systems (d) and (f) increased the 
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disbondment area by 23% and 6%, respectively.  The addition of layers on top of the 

FBE should not increase the rate of disbondment.  The small increases seen here are 

within the standard deviations for the single FBE layer (a).  However, normalizing CD 

area by the global coating thickness is not a reasonable means of quantifying the 

performance of a multi-layered coating system.  A normalization technique similar to 

that discussed in Sections 4.4.4 and 5.3.3 can be employed here to create a disbondment 

performance index for multi-layered coating systems.  In the previous performance 

indices, the change in CD area was obtained per concentration RET within the blend 

(Chapter 4) or clay content (Chapter 5) within the RET.  For the analysis of multi-

layered coatings on FBE primers, we can normalize first with respect to the initial 

condition; cathodic disbondment area for FBE primer alone, then plot across coating 

thickness.  This non-diffusion based approach begins by assuming the FBE/tie-layer or 

FBE/topcoat interfaces are at position, x = 0 as shown in Figure 7.12.  Coating 

thicknesses were obtained for each sample with an Elcometer digital coating thickness 

meter.  Thickness was measured at 4 locations on each coating prior to CD testing, and 

averaged for normalization.  The thickness meter uses a magnetic response to give the 

total distance away from a ferrous metal surface.  This value includes the FBE primer 

layer which is assumed to be 200 µm.  Therefore, to assume the primer/tie-layer 

interface is the thickness, x = 0; 200 µm was subtracted from the thickness gauge 

measurement.  It is assumed for this non-diffusion model, all coating layers applied 

above the FBE primer act as one cohesive coating, thus neglecting diffusion coefficients 

and the integrity of the tie-layer/topcoat interface.  For coatings with an FBE primer 

layer, systems (b) through (f), the total as-measurement disbondment area was divided 
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by the CD area for the single-layer FBE, 185 mm
2
.  Samples (g) and (h) with an RET 

primer were normalized against the cathodic disbondment area for pure RET obtained 

in Chapter 4 under the same testing conditions, 2087 mm
2
.  Dividing the coating 

disbondment by the initial primer disbondment, whether FBE or RET, gives the 

normalized area, AN.  Next, the normalized areas were plotted against thickness as 

shown in Figure 7.13.  Linear curve fits were applied to the 4 data points for each 

coating system to intersect the AN-axis at 1 to account for the initial condition, the FBE 

primer disbondment.  The linear curve fits gave low correlation R
2
 values between 0.2 

and 0.8.  Since the correlation factors are so low, it is important not to place too much 

emphasis on the rates of CD protection offered by the various coating systems in this 

study.  However, the linear slopes do give information as to the approximate CD 

performance with respect to the other coating systems in this study.  Therefore, 

correlations such as, selecting the best tie-layer RET, HDPE66/33, or C23 and the best 

topcoat material, HDPE or HDPE66/33 can be determined.  Table 7.1 listed the absolute 

slope of the AN vs. x curve for each coating system, where the higher the slope, the 

greater the protection offered by the additional upper coating layers.  A discussion of 

the optimal primer, tie-layer and topcoat configurations is given in the next section.   
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Figure 7.10:  As Measured Cathodic Disbondment Area for Multi-Layered Coating Systems. 
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Figure 7.12:  Schematic Diagram of Normalization Cathodic Disbondment Area, AN, 

as a Function of Multi-Layer Coating Thickness on FBE. 
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Figure 7.13:  Normalized Cathodic Disbondment Area Plotted Against As-Measured 

Coating Thickness. 

 

 

Table 7.1:  CD Performance Index for Multi-Layered Coating System. 
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7.3.4  Effect of the Primer 

The effect of the primer material on CD area can be discerned from evaluation 

of the 2-layer systems (f), (g) and (h).  In all specimens an identical topcoat of HDPE 

66/33 was applied.  The FBE primer layer protects CD far superior to the thermoplastic 

alternatives due to its superior adhesive strength.  The use of clay-filled C23 in (h) 

results in a higher performance than the un-filled RET primer in (g).  Coating system 

(g) performed the worst of all the coating systems, an order of magnitude lower in CD 

performance index.  The inability of the RET and C23 to resist CD discounts them as 

viable candidates to replace FBE for in-the-field applications.  However, in certain 

instances, the C23 may be a successful alternative, especially in environments where 

toughness, ductility and the resistance to surface defects is of the utmost importance.  It 

is interesting to note the usefulness of a particle reinforced primer-layers, such as the 

C23.  The addition of clay to the RET primer decreases the CD area by a factor of 2 

over the pure RET primer with the same HDPE 66/33 topcoat.  This is likely due to the 

increased resistance to oxygen diffusion provided by the clay fillers (Figure 5.14).  As 

described in Chapter 5, clay is inexpensive, widely available and can be compounded 

into thermoplastic primers with little or no modifications to traditional thermal 

processing techniques.  This makes an interesting option for primers in multi-layer 

coating systems.   

 

7.3.5  Effect of the Tie-Layer 

The effectiveness of the tie-layer in 3-layer configurations was evaluated by 

comparing the CD performance values specimens:  (b), (c), (d) and (e).  Just as in the 
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primer application C23 outperformed RET due to the increased resistance to oxygen 

migration through the polymer coating.  The additions of the clay fillers add multi-

functionality to the tie-layer.  Typical tie-layers perform one job; to “tie” the primer and 

topcoat layers together.  The use of the RET tie-layer in specimen (b) has shown 

excellent adhesion properties as evident by the lack of delamination in Figure 7.3.  

Combining this adhesive performance with the ability of the clay to provide an oxygen 

diffusion barrier makes the C23 tie-layer an outstanding candidate material for 

implementation in a multi-layered protective coating assembly.  Specimen (c) shows the 

best protection of all the coatings tested in this study.  The use of the HDPE66/33 blend 

as the tie-layer in conjunction with the superior impermeability of the HDPE topcoat 

contributes to the overall performance index of 2.3 (x 10
-3

 µm
-1

).  The HDPE66/33 tie-

layer provides an excellent barrier to resist water migrating towards the cathodic defect 

site.  While the HDPE66/33 remains tightly adhered to the HDPE topcoat, adhesion is 

lost at the FBE-HDPE66/33 interface as illustrated by the large delamination area 

present in Figure 7.4.  The lack of adhesion to the FBE surface is likely due to the low 

concentration of RET in the blend.  A higher concentration of RET within the blend 

would introduce more GMA functionality, the key to facilitating a secure bond.   

 

7.3.6  Effect of the Topcoat 

The primary function of the topcoat in a multi-layered system is to protect 

against surface defects (cuts, scratches) and provide an impermeable diffusion barrier to 

prevent moisture from migrating through to the steel surface.  For 3-layer coatings, 

HDPE outperforms the HDPE 66/33 blend as the topcoat material.  The CD area is 
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reduced 50% when the pure HDPE topcoat is applied.  This supports the notion that an 

impermeable topcoat assist in the reduction of CD.  However when comparing FBE (a) 

to FBE with a HDPE 66/33 topcoat (f), no improvement in CD area is observed.  The 

CD area for both specimens (a) and (f) is approximately the same CD.  This suggests 

that a blend topcoat is of little or no importance when applied over the FBE primer.  

However, when normalized to overall thickness, coating (f) does provide more 

protection than FBE alone.   

 

7.3.7  Effect of the Entire Multi-Layer System 

 In summary, the following information was derived from the cathodic 

disbondment studies through the use of coating thickness normalization: 

 

(1)  For the primer layer:  FBE outperforms all thermoplastic alternatives; the addition 

of clay to RET increases the oxygen diffusion barrier and resists CD greater than RET 

alone. 

 

(2)  For the adhesive tie-layer:  HDPE66/33 provides an excellent barrier against water 

migration through the coating system; C23 outperforms RET alone in terms of an 

oxygen barrier. 

 

(3)  For the topcoat:  HDPE is superior to HDPE66/33 for its excellent resistance to 

moisture and chemical attack as well as its resistance to abrasion.  However, non-polar 
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HDPE does not adhere well to HDPE66/33 tie-layers which are indicated by the large 

delamination area. 

 

Observing the CD resistance of the multi-layered coatings from a more global 

stand-point can be summarized as follows: 

 

(1)  The increased performance of the HDPE66/33 over the RET tie-layer is of more 

importance to the overall CD resistance than the selection of the topcoat material 

(HDPE or HDPE66/33). 

 

(2)  The increased performance of the C23 over the RET tie-layer is of more importance 

to the overall CD resistance than the selection of the topcoat material (HDPE or 

HDPE66/33). 

 

(3)  The multi-layered structure of RET with a HDPE66/33 overcoat layer does not 

perform as well as the same assembly with a FBE primer; meaning, the CD resistance 

gained with the FBE far outweighs the increased thickness of the coating system.   

 

 

7.4  LONG-TERM DURABILITY OF HDPE/RET BLEND COATINGS 

In addition to accelerated disbondment data collected in this dissertation, 

information on the long-term durability of the coating materials is necessary before 

implementation of these systems in real world pipeline coating applications.  Tensile 
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specimens of each coating material discussed in this chapter were immersed in aqueous 

environments for nearly 55 months (658 days) to observe any significant decreases in 

mechanical strength.  The tensile specimens were the same used to characterize tensile 

properties in Chapters 3 and 5.  The samples were immersed in environmental baths of 

de-ionized water (H2O) at 23°C, 3%NaCl at 23°C, 3%NaCl at 60°C and de-ionized 

water (H2O) at 60°C.  No changes in the appearance of the tensile specimens were 

observed for sample immersed in 23°C H2O and 3%NaCl.  Tensile specimens from the 

23°C H2O immersion bath after 658 days are given in Figure 7.14, where the materials 

are (from left to right) HDPE 100/0; 75/25; 66/33; 50/50; 33/66; 25/75; and 0/100.  

Significant changes in the physical appearance of samples immersed in hot 60°C H2O 

for 658 days are shown in Figure 7.15.  The hot water immersion caused a discoloration 

of the HDPE 100/0 sample (far left) as indicated by its yellow color.  This may be the 

result of breakdown of the high density (long chain length) macromolecular structure 

into shorter lower molecular weight segments.  For samples 75/25 through 25/75, a thin 

film was observed on the surface of the tensile bars.  The substance of this film is 

unknown thought to be sodium deposits similar to those observed on the surface of the 

HDPE66/33 topcoats in Section 7.3.1.  Perhaps the most interesting observation is the 

significant change in shape for HDPE 0/100 (far right).  The melting range for RET was 

determined to be between 30°C – 87°C in Chapter 3.  Immersing in solution within the 

melt range caused the release of internal residual stresses as a result of the injection 

molding process.  This is common for injection molded parts where the thermal gradient 

between hot molten polymer and the cooler metal mold cavity causes an instantaneous 

surface “freezing” while the inner portion of the mold is able to slow cool.  The 
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mismatch between the frozen skin and the slow cooled core causes internal stresses to 

arise.  Once the polymer is reheated either above the melt temperature or within the 

melt range for a long period of time, the internal stresses are alleviated, which typically 

results in significant volumetric changes and “shrinkage.”   

 

 

Figure 7.14:  Tensile Specimens after 658 Days in 23°C H2O Immersion Bath:  (From 

Left to Right) HDPE 100/0; 75/25; 66/33; 50/50; 33/66; 25/75; and 0/100.   

 

 

 



 

 

335 

 

Figure 7.15:  Tensile Specimens after 658 Days in 60°C H2O Immersion Bath:  (From 

Left to Right) HDPE 100/0; 75/25; 66/33; 50/50; 33/66; 25/75; and 0/100.   

 

 

The stress-strain response for the conditioned samples removed from solution at 

383 days and 658 days followed the same behavior as the stress-strain curves previously 

given in Figure 3.6.  The typical fracture behavior of HDPE/RET blend materials in de-

ionized H2O at 23°C for 658 is given in Figure 7.16.  The elastic modulus was 

calculated from the slope of the initial linear-elastic portion of the stress-strain curve 

and given along with the initial data (from Chapter 3) in Table 7.2.  The immersion 

conditions had a weathering effect on the elastic modulus of HDPE.  Exposure of the 

HDPE samples to 23°C H2O increased the tensile modulus 36% after 383 days.  An 

increase of 38% is also shown for 23°C 3%NaCl, 60°C H2O, and 60°C 3%NaCl 
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immersions at 383 days.  The longer immersion time further increased the modulus for 

HDPE.  Mendes et. al. observed the same stiffening of HDPE when exposed to weather 

elements in the humid tropical environment in Brazil [24].  The elastic modulus of 

HDPE showed a continuous increase with exposure time which was thought to be 

related to slight increases in the degree of crystallinity and/or rearrangement of the 

HDPE macromolecules [24].  Interestingly for this study, no distinguishable difference 

in the elastic modulus is seen between 23°C H2O and 60°C H2O at 658 days.  If the 

stiffening mechanism is due to increases crystallinity or molecular rearrangement, it 

appears to operate independent of temperature.  This mechanism also works in the 

presence of an addition polymer phase as the trend continues for HDPE/RET blends.  

As RET is added to HDPE, the increased stiffness remains significant throughout all of 

the blends.  The only increase in pure RET (HDPE0/100) are in the presence of 

3%NaCl at 60°C (383 days) and 3%NaCl at 23°C (658 days).  This small increase in 

modulus could also be the result of improved crystallinity, where only the small 

ethylene portion of the terpolymer may undergo crystallization.    

 

 The effect of immersion solution, time and temperature as they relate to the 

tensile strength of HDPE/RET blends is given in Table 7.3.  No significant deviations 

from the initial tensile strength values are found for HDPE/RET blends in the various 

environmental immersions.  Similar findings for HDPE have been reported by Krishna 

Sastry [25] and Mendes [24] where only slight scatter is reported in tensile strength 

versus exposure time.  The RET displays some fluctuations in tensile strength, most 

notably, a loss of 2.0 MPa (-44%) in the most severe environment, 3%NaCl at 60°C for 
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358 days.  No data is presented for this condition at 658 days due to inconsistencies 

with the temperature-controlled immersion tank.   

 

 The most significant mechanical degradation of HDPE/RET blends exposed to 

weathering environments was on the elongation at fracture as shown in Table 7.4.  

Significant losses in elongation at fracture are observed for HDPE and HDPE-

containing blends after 383 days of exposure.  However, at the longer exposure time of 

658 days, some elongation recovery is observed, especially in the RET-rich blend 

HDPE25/75 and pure RET (HDPE0/100).  The decreased elongation for HDPE is most 

likely due to environmental oxidative degradation.  This has been observed elsewhere to 

coincide with reductions in the molecular weight of HDPE [24], which is reflected in 

the poor elongation at fracture for HDPE in this work.  The loss of HDPE elongation is 

most evident with increased immersion temperature for the HDPE-rich blends.  

However, this trend is reversed, such that the elongation of the blend increases when the 

RET becomes the dominate phase in the blend; as evident for HDPE50/50 which is 

considered co-continuous with HDPE and for blends:  HDPE33/66, HDPE25/75 and 

pure RET in which RET is the dominant continuous phase.  This is most likely the 

result of plasticization of the bulky molecular nBA and GMA groups of the terpolymer.  

In fact, it would be assumed that any covalent bond formed by the epoxide segment of 

the GMA would weaken when immersed in aqueous solutions at elevated temperatures 

for long period of time.  The data in Table 7.4 suggests the temperature has more of an 

initiating effect on plasticization than the exposure time.   
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Figure 7.16:  Fracture Behavior of HDPE/RET Blends as Tested in Tension after 

Immersion in De-Ionized H2O for 658 Days at 23°C.   
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Table 7.2:  The Effect of Immersion Environments on the Long-Term Durability of 

Modulus of Elasticity of HDPE/RET Blend Coating Materials. 

 
 

 

Table 7.3:  The Effect of Immersion Environments on the Long-Term Durability of 

Ultimate Tensile Strength of HDPE/RET Blend Coating Materials. 
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Table 7.4:  The Effect of Immersion Environments on the Long-Term Durability of 

Elongation at Fracture of HDPE/RET Blend Coating Materials. 

 

 

 

 The performance ranking of elastic modulus of HDPE/RET (high to low) 

remains the same for all environments tested.  For initial tensile strength, however, the 

initial performance (high to low) varies only slightly, such that:   

 

HDPE100/0 > 66/33 > 75/25 > 50/50 > 33/66 = 25/75 > 0/100. 

 

The relationship 33/66 = 25/75 is also shown for 60°C H2O (658 days).  A change in 

tensile strength to 25/75 > 33/66 occurs in 23°C H2O (383 days), 23°C 3% NaCl (383 

days), 23°C H2O (658 days), and 23°C 3% NaCl (658 days).  The mechanical 

performance ranking for elongation-at-fracture is a bit scattered where the ranking of 

the initial condition is the same only for the 60°C 3% NaCl (383 days) immersion 

environment.  The blend ranking trend is the same for immersion environments:  23°C 

H2O (383 days), 60°C H2O (383 days), 23°C 3% NaCl (658 days), and 60°C H2O (658 

days).  
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7.5  CONCLUSIONS 

The cathodic disbondment resistance offered by a single-layer FBE surpasses 

the capabilities of the RET coatings in Chapter 4.  However, the durability of the RET 

thermoplastic and ability for thermal interdiffusion bonding to various polymers make it 

an exceptional intermediate tie-layer candidate material.  When used in conjunction 

with a FBE primer and HDPE topcoat, RET provides the properties necessary for the 

greatest resistance to cathodic disbondment, namely, toughness, high adhesive strength 

and reduced permeability to oxygen and water transmission.  The highest level of 

protection is achieved with a FBE/HDPE Blend/HDPE where permeability within the 

intermediate layer is reduced with the addition of an HDPE component.  However, the 

limiting characteristics are the delamination observed between the HDPE66/33 tie-layer 

and HDPE topcoat which resulted in a crazing crack tip along the tie-layer/topcoat 

interface.  C23 may be applied in a tie-layer capacity in situations where superior 

resistance to permeability and high inter-layer adhesion is necessary.  Improved 

resistance to CD may be enhanced by increasing the thickness of the protective layers as 

discussed in Section 1.4.2.3.  Additionally, an increase in thickness may also result in 

increased adhesion shown by Kamykowski for a similar olefin/reactive olefin multi-

layered coating system [15].  The improved adhesion between the layers would seem to 

correct the delamination observed for blends with low RET content.  Further 

characterization of the 2- and 3-layer coating systems will be required before this 

technology can be adopted for in-the-field applications.  Properties such as tensile and 

peel strength and resistance to thermal cyclability of the system will dictate the severity 

of the environment in which this coating system may be applied.  
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8.  Conclusions and Future Work 

 

 

8.1  SUMMARY OF RESEARCH 

The cathodic disbondment (CD) of organic coatings is a continual problem in 

applications of cathodically protected steel in civil infrastructure and petrochemical 

production and transportation.  Multiple researchers have proposed that the degree of 

disbondment is a function of factors such as:  service temperature, coating thickness and 

applied cathodic potential [1-3].  While the mechanism by which disbondment occurs 

has received a fair amount of attention, efforts to develop new material coating systems 

to resist the disbondment or organic coatings on cathodically protected metal substrates 

has been lacking.  The objective of this dissertation was to develop a new coating 

system to protect metal substrates under cathodic protection, such as buried pipelines.  

Pipeline coatings must be tough, durable, resistant to chemical and moisture diffusion, 

and maintain adhesion in wet environments.  A reactive ethylene terpolymer (RET) was 

compound blended with standard high-density polyethylene (HDPE) as a potential 

coating material for steel.  The HDPE component provided toughness and high 

chemical and moisture resistance, while the RET component provides high polarity and 

reactivity, which enhanced adhesion to the substrates.  A nanocomposite approach were 

taken to incorporate multi-walled carbon nanotubes (MWCNTs) to provide increased 

cohesive strength.  Micro-scale inorganic particles (clay, talc, and zinc) and organically-

modified nanoclay fillers were also explored to reduce diffusion pathways through the 
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polymer coatings.  The cathodic disbondment performance of the various blend and 

composite coatings were presented and analytical models developed to predict long-

term durability of the coatings in corrosive environments. 

 

Varying the composition of RET within the blend altered the mechanical, 

thermal and adhesive strength of coating materials.  Based upon DSC and SEM 

observations, blends of HDPE/RET were found to be immiscible in all compositions.  

At low concentration of RET, HDPE is the dominant continuous phase where RET 

appear as elongated rod-lie inclusions.  At equal weight fractions, HDPE and RET are 

co-continuous as evident the large phase boundaries separating the immiscible phases.  

RET is the dominant continuous phase at concentrations greater than 50% when 

blended with HDPE.  The percent crystallinity and melting temperature of HDPE 

decreased slightly with increased RET content due to the disruption of crystalline 

domains by the bulky macromolecular nBA and GMA functional groups of the 

terpolymer.  The relationship of tensile strength with RET additions followed by a near 

rule-of-mixture model.  This suggested good interfacial adhesion which is to be 

expected in an olefin/olefin-containing blend.  Overall, the strain-to-failure increased 

with RET content which is an important property for pipeline applications where low 

temperature toughness is necessary.  As RET was added to HDPE, the adhesive 

properties increased only slightly in lap-shear joints at 33 wt% RET.  Theoretically, 

HDPE should not have any significant adhesive strength due to its lack of polarity and 

functionality.  While some adhesion was achieved via thermo-oxidation of HDPE 

during the hot melt bonding process, the epoxide functionality of the RET served as the 
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main adhesion promoter for the blend.  The adhesion of the lap-shear joints bonded with 

HDPE/RET blends was determined by both the tensile (cohesive) strength and adhesive 

strength of the blend.  Lower RET composition (25–33 wt %) blends showed the best 

overall performance potential for coatings:  moderate tensile strength (~13 MPa), a 

large strain-to-failure (300–400% extension) and increased adhesive properties when 

bonded to steel (8–10 MPa).  Lap-shear joint strength was greater for polished steel 

substrates than grit-blasted.  This was due to the high surface energy created with 

polishing, where the lower energy polymers were better able to wet the metal surface in 

the melt phase.  Multi-walled carbon nanotubes were added to RET in order to boost the 

tensile properties of the terpolymer, which also elevated the adhesion performance.  The 

solvent-casting technique used to process the RET and RET/MWCNT nanocomposites 

gave lower initial values for mechanical properties than the injection molded blends in 

the HDPE/RET study.  However, the sonication during processing provided good 

dispersion and distribution of the MWCNTs in RET.  Modest stiffening of RET was 

observed with MWCNT loading.  This was most likely the result of the increased 

crystallinity of the ethylene component of the RET surrounding the MWCNTs where 

the surface of the nanofillers acted as initiate sites for polymer crystallization.  The most 

significant finding was the increased elongation at fracture achieved with MWCNT 

loadings up to 3.0wt.% MWCNT and 2.2wt.% OX-MWCNT.  The surface oxidation of 

MWCNTs should be further explored to increase the interaction between the nanofillers 

and the RET.  Significant increases in the adhesive strength of RET in both lap-shear 

tension and tensile pull-off joint configuration was found.  The adhesive pull-off 

strength increased 81% with just 0.95wt.% MWCNT added.  A MWCNT loading 
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threshold of approximately 1.5wt.% was found for tensile pull-off.  At 2.4wt.% 

MWCNT in RET, the lap-shear adhesion increased to a maximum, 150%, over non-

reinforced pure RET.  The increased cohesive strength of the RET/MWCNT 

nanocomposites along with mechanical interlock of the nanofillers with the rough metal 

surfaces were thought to be the mechanisms by which adhesion was improved.    

 

The introduction of the RET to HDPE decreased the magnitude of cathodic 

disbondment area in both the primer and stand-alone coating applications.  The polarity 

and functionality of the RET maintained adhesion even in wet and corrosive 

environments.  The rate of adhesive loss under wet conditions was approximately the 

same for all blends.  After applying a cathodic potential to the coating substrate, the 

adhesive strength was observed to remain the same for silane pretreated steel dollies.  

Without silane pretreatment, post-CD adhesive loss resembled that of the open circuit 

“wet” condition.  The magnitude of disbondment under wet and post-CD conditions 

decreased with increasing RET content.  EDAX data in conjunction with oxygen and 

water vapor transmission rates suggested the initial stage of disbondment was due to the 

dissolution of interfacial oxide resulting in the delamination of coating around the initial 

defect.  This initial disbondment zone then acts like a moving crack tip creating larger 

areas of disbondment where interfacial bonds were degraded by the ingress of moisture 

and ions along the interface.  The diffusion of reactants through the blend coating was 

increased by the number of pathways along phase boundaries.  A modified Fick’s first 

law approximation for the migration of water along an interface was developed to 

model the progression of cathodic disbondment within the HDPE/RET coatings.  This 



 348 

model may be applied to any polymer blend coating system to track CD performance as 

a function of second-phase polymer concentration and CD testing time.  The activation 

parameters for CD decreased from 1.595 for HDPE66/33 to 1.220 for RET.  The 

addition of a silane treatment further decreased the activation parameters to 0.861 and 

0.734, respectively.  No induction time was observed for RET-rich blends without 

silane treatment.  Silane treated surfaces increased the induction time due to the water 

resistance afforded by the silanol interaction with the metal surface.  The time needed to 

weaken the silanol bond dictated the induction time, or the onset of cathodic 

disbondment.  A normalization method was developed and applied to the HDPE/RET 

blend primers as well.  Long-term adhesion and cathodic disbondment performance was 

estimated by plotting the normalized disbondment area as a function of RET 

concentration against the CD immersion testing times.  During the first few hours of 

immersion, cathodic disbondment resistance was higher for low RET concentration 

blends, however at approximately 430 hours into CD testing, non-silane treated surfaces 

led to a decrease in CD resistance, while the silane-treated systems maintained a higher 

level of CD resistance.    

 

The cathodic disbondment resistance of RET may be decreased further with the 

addition of clay micron-scale fillers.  A percolation threshold in elongation behavior at 

fracture behavior from ductile to quasi-brittle was observed when approximately 14 

vol.% platelet clay reinforcing filler was added to the RET.  The transition to quasi-

brittle fracture was accompanied by a drop in fracture strain, causing a loss of 

toughness.  This toughness loss may exclude highly filled-RET primers from low 
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temperature coating applications.  Halpin-Tsai models were applied to represent the 

tensile modulus improvements with clay and talc inorganic particle fillers.  This model 

served as a good predictive model for rigid elongated clay and talc fillers in RET.  For 

spherical, zinc particle filled-RET, the Lewis-Nielson model gave a good degree of 

correlation with experimental data.  The tensile strength of RET was increased with all 

particle fillers, however no model was fit to the experimental data.  The highest 

protection of CD was found in clay-filled RET and was dependent upon filler content.  

At clay content between 18-23 vol.% in RET, the cathodic disbondment area was 

reduced approximately 82% where the clay offered an increased barrier against oxygen 

diffusion through the coating.  The absolute magnitude of the normalized CD area for 

filled-RET primers on steel were 2.2, 0.154 and 0.015 for C23, T23 and Z39, 

respectively, where the higher the magnitude, the greater the CD protection.  Mixed-

mode adhesive/cohesive failure was determined to be the main mechanism for enhanced 

adhesion.  The post-CD adhesive performance of talc and zinc-filled primers followed 

the same trends observed for ambient adhesion with lower magnitude.  Post-CD 

adhesion for clay-filled primers was significantly lower than under dry conditions 

where complete adhesive failure was observed at the primer/UHMWPE.  The loss of 

post-CD adhesion of clay-filled RET suggested that water migration from the defect site 

along the primer/UHMWPE interface weakened bonds even while bond strength was 

maintained at the primer/steel interface.  Moisture absorption data suggested clay-filled 

RET behaves in a completely hydrophilic manner by absorbing 10.25% of its original 

mass in only 696 hours of immersion in 0.5M NaCl solution at 23°C.  The absorbed 

moisture caused the destruction of the primer/UHMWPE interface which decreased the 
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overall adhesive strength of the primer/steel/UHMWPE coating assembly.  However, 

the integrity of the primer/steel interface was maintained and the underlying steel 

substrate protected against corrosion and cathodic disbondment making the clay-filled 

RET a potential primer in dual or tri-layer organic coating system.  The cathodic 

disbondment performance of clay filled-RET stand-alone coatings reduced the CD area 

by over 50%.  The activation parameters for CD was decreased for clay and talc filled 

RET coatings.  Water vapor transmission through reinforced-RET coatings was 

determined not to be crucial for cathodic disbondment performance, rather the reduction 

of oxygen transmission and the ability to maintain adhesive bond strength in wet 

environments led to the outstanding performance of clay-filled RET in cathodic 

disbondment testing.  Clay fillers of higher aspect ratios were suggested to exploit 

potential benefits on the nanoscale.   

 

The cathodic disbondment resistance of clay-filled RET coatings could be 

enhanced even further with the transition to smaller scale reinforcing nanoclay platelets.  

An initial organo-modification of montmorillonite clay yielded a more highly exfoliated 

structure with increased d-spacing between the basal planes.  The diffraction patterns 

for 1, 3, and 5wt.% OC in RET showed peaks at 2θ = 5.52°, 5.54°, and 5.62°, 

corresponding to d-spacings of 1.60, 1.59, and 1.57 nm, respectively.  No clearly 

defined peaks were observed for 7 and 9wt.% OC in RET.  For 7wt.% OC only a slight 

shoulder was observed at 2θ = 5.5° (d = 1.60 nm).  At 9wt.% OC in RET, the relative 

intensity peak broadened and shifted to a lower Bragg diffraction angle, 2θ = 5.15° (d = 

1.71 nm).  No significant increase in the basal plane spacing was observed for OC 
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concentration 1-7wt.%.  However, the basal plane spacing increased 6.4% from 1wt.% 

OC to 9wt.% OC.  This increased exfoliated and binding capability of organo-modified 

nanoclay offered significant advantages over micron-scale clay.  Improvements in 

thermal degradation and increased glass transition temperatures were also observed with 

increasing OC content.  The reinforcing effect of OC in RET was observed over a 

thermal profile in DMTA measurements and confirmed at room temperature (23°C) 

with standard tensile testing.  The addition of OC to RET had a pronounced effect on 

the elastic modulus yielding nearly a 3-fold increase from RET to 9wt.% OC.  In fact, 

the modulus of RET was improved well over 100% with just 5wt.% OC added.  The 3-

fold increase in modulus between RET and 9wt.% OC was indicative of good interfacial 

interaction between the RET and the clay nanoplatelets.  Most likely the reactive and 

polar segments along the RET backbone bonded with the intercalated clay.  The drastic 

improvement in elastic modulus would suggest specifically, covalent interaction 

between the glycidyl methacrylate component of the RET with the hydrophilic-layered 

silicates of the nanoclay although a high concentration of van der Waals and hydrogen 

bonding could have also accounted for the improved mechanical performance.  The 

addition of 5wt.% NC yielded a small decrease in the elastic modulus.  Without organo-

modification, the clay existed as large agglomerates.  The loss in modulus indicated 

poor interfacial interaction between the RET and NC.   

 

The percolation threshold for elongation fracture occurred at φf = 0.026 for OC 

in RET.  This volume fraction served as the transitional point between low OC content 

(1 to 5wt.%) ductile nanocomposites and higher OC content (7 to 9wt.%) quasi-brittle 
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nanocomposites.  Data from Chapter 5 suggested a percolation threshold at or around an 

order of magnitude higher clay volume fraction (φf ~ 0.15-0.22).  Therefore smaller 

high aspect ratio nanofillers could achieve the same level of property enhancement at 

lower volumetric loadings.  Since the percolation threshold for elongation at fracture for 

nanoclay was an order of magnitude lower than micro-scale clay, identical protection 

may be achieved with nanoclay filled coatings at significantly lower clay volume 

fractions.  This is important for cost-savings and material reduction.  The cathodic 

disbondment resistance of RET was evidenced by the reduced magnitude of CD area 

and decreased activation parameters necessary for a 1-dimmensional moving 

delamination front. 

 

The results and findings in Chapter 3-6 were compiled to develop novel multi-

layered coating systems ready for use in cathodic protection applications.  The cathodic 

disbondment resistance offered by the traditional organic coating for CD resistance, 

single-layer FBE, surpassed the capabilities of the RET thermoplastic coatings in 

Chapter 4.  However, the durability of the RET thermoplastic and ability for thermal 

interdiffusion bonding to various polymers made it an exceptional intermediate tie-layer 

candidate material.  When used in conjunction with a FBE primer and HDPE topcoat, 

RET provided the greatest resistance to cathodic disbondment while also providing a 

tough, durable, highly adhesive mid-layer barrier against oxygen and water 

transmission.  The highest level of protection was achieved with a FBE/HDPE 

Blend/HDPE where permeability within the intermediate layer was reduced with the 

addition of an HDPE component.  However, the limiting characteristics were the 
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delamination observed between the HDPE66/33 tie-layer and HDPE topcoat which 

resulted in a crazing crack tip along the tie-layer/topcoat interface.  C23 may be applied 

in a tie-layer capacity in situations where superior resistance to oxygen migration and 

high inter-layer adhesion is necessary.  Improved resistance to CD may also be 

enhanced by increasing the thickness of the protective layers as discussed in Section 

1.4.2.3.  The improved adhesion between the layers would seem to correct the 

delamination observed for blends with low RET content.  Further characterization of the 

2- and 3-layer coating systems will be required before this technology can be adopted 

for in-the-field applications.  Properties such as tensile strength, peel strength, and 

thermal cyclability of the system will dictate the severity of the environment in which 

this coating system may be applied. 

 

8.2  CONCLUSION OF RESEARCH 

A summary of the cathodic disbondment performance of all coating systems 

presented in this dissertation is given in Tables 8.1 and 8.2.  The greatest protection 

against cathodic disbondment for thermoplastic coatings was achieved as follows:   

 

(1)  Incorporate a polar reactive ethylene terpolymer to boost the adhesive strength of 

the coating. 

 

(2)  Pretreat steel substrates with a silane coupling agent, such as γ-APS, to resist water 

migration along the metal/polymer interface. 
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(3)  Introduce micro-scale particle fillers to reduce the permeability of the coating. 

 

(4)  Introduce nano-scale particle fillers to achieve the same permeability resistance and 

cathodic disbondment protection at a fraction of the filler concentration compared to 

micro-scale fillers. 

 

(5)  Implement a multi-layered coating system based upon a fusion-bonded epoxy 

primer which contains an adhesive tie-layer rich in RET and a semi-impermeable 

topcoat of high density polyethylene.  

 

Table 8.1:  Summary of Cathodic Disbondment Performance of the Various RET 

Coating Systems Developed in this Dissertation. 
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Table 8.2:  Summary of Cathodic Disbondment Performance of the Various Multi-

Layered RET Coating Systems Developed in this Dissertation. 

 

 

 

8.3  FUTURE WORK 

The initial cathodic disbondment mitigation strategy of this dissertation began 

with the addition of a polar reactive thermoplastic to a well characterized thermoplastic 

coating material, HDPE.  Through the progression of RET/HDPE blending schemes, it 

became apparent the performance of the blends could increased with an inexpensive 

clay filler.  Through a study of various clay compositions, it was then discovered that 

the filler aspect ratio played an important role in the CD protection offered by the 

coating.  These results were combined with previous results which prompted the study 

of multi-layered systems in Chapter 7.  This portion of the dissertation serves as the 

bridge between the complete findings of this research effort and the preliminary data 

necessary to pursue the research of the cathodic disbondment performance of reactive 

ethylene terpolymer blends, composites and nanocomposite coatings.  Among the most 

pertinent information necessary to further this research, is to obtain more of an 

understanding on water and oxygen permeability through multi-layered coating 
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systems.  Specifically, the cathodic disbondment rate equation should be reworked to 

include the effects of:  multiple layers (consisting of multiple materials, elastic moduli, 

permeability and thickness).  The current model developed in Chapter 4 has proven 

successful for single-layer polymer coatings on cathodically protected steel followed, 

where: 
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k is the activation parameter for disbondment, D is the diffusion coefficient of the 

coating and z is the ratio of the absorbed moisture to complete saturation.  More 

information is needed regarding the diffusion coefficient and the point at which the 

materials reach moisture saturation.  These could be achieved through long-term 

moisture absorption data collection which could require long immersion times, 

especially for non-polar and hydrophilic HDPE.  However, a much faster approach 

would be to calculate the diffusion coefficients for prospective coating materials 

directly from permeability studies just as shown in Section 4.4.1.1.  The permeability 

(transmission rate) of water through the coatings can be found quite easily by using a 

standard water permeation instrument.  The resulting permeability could then give the 

diffusion coefficient of the prospective coating materials by: 

 

P = D × S         (8.2) 
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where the P is the permeability, S is the solubility and D is the diffusion coefficient as 

stated above.  Once these values are known, the overall D and z for a multi-layered 

coating system could be found.  Once a cathodic disbondment rate model is achieved 

which includes diffusion coefficients of the individual layers, a “smart” approach may 

be taken to develop the best multi-layered polymer coating.  This would then limit the 

amount of data collection necessary and take the concept of this dissertation from less 

of a “shot in the dark” approach to a theoretically justified approach.   

 

 Also, the change in optical translucency of the HDPE66/33 blend coating when 

exposed to 0.5M NaCl electrolyte under a cathodic potential should be explored.  

Clearly, some morphological changes occur within the polymer which decreased the 

crystallinity of the coating.  The mechanism by which the polymer degradation takes 

place is worthy of future study.  For example, if the degradation is due to loss of lower 

molecular species or UV degradation, stabilizers or multi-functional particle fillers 

and/or binders may be added to prevent premature degradation of the coatings.   
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Appendix A:  Qualification of the Combined 

Adhesion/CD Testing Assembly 

 

 

A.1  INTRODUCTION 

The overall performance criteria for an organic coating include characteristics 

such as adhesion, toughness, resistance to corrosion and delamination as well as 

resistance to chemical and moisture attack.  Ideal characterization techniques would 

quantify at least 2 measurable characteristics.  In fact, Leidhesier and Funke noted a need 

for an experimental technique to quantify adhesive performance with the amount of water 

accumulated at the coating/metal interface [1].  Additionally, non-destructive techniques 

for measuring the loss of adhesion during times of exposure to water can be employed to 

collect as much data as possible before a final destructive measurement.  Hamade and 

Dilliard have observed the degrading adhesive performance of rubber bonded to steel 

after a designated cathodic disbondment testing period [2, 3].  Their technique provides 

valuable information correlating disbondment area with a final destructive tensile or peel 

adhesive test.  The cell design presented herein allows a means for non-destructive 

monitoring before a final destructive test to quantify adhesive performance.  Once a 

baseline of adhesion vs. disbondment area is developed via this technique, non-

destructive field monitoring can yield information as to the remaining adhesion strength 

of the coating at the polymer/metal interface.   
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Thermography has been shown by Dom et al. to be an effective non-destructive 

means of monitoring polymer/metal bond continuity [4].  The basis for thermography is 

applied to the detection of subsurface disbondment or flaws arises from the notion that 

“defects represent anomalies in the thermal properties of the host material” and is 

therefore possible to detect by the application of a suitable thermal gradient or pulse 

heating to the material.  Such “anomalies” can include the disbondment of organic 

coatings from metal surfaces due to wet and/or cathodic disbondment phenomena.  In 

such cases, thermal imaging may even exaggerate the thermal gradient necessary for 

imagine due to the presence of water, corrosion product and salts under delaminated or 

disbondment coatings.  The use of infrared thermography offers such advantages as 

remote sampling, portability, and not contacting (and, hence, not contaminating) the 

surface of interest all making it a perfect technique for in-the-field testing [4].   

 

A novel method was developed for measuring the cathodic disbondment area of 

polymeric coatings on metals and the subsequent adhesive strength at the polymer/metal 

interface.  The testing cell consists of the polymeric film sandwiched between a 

conductive dolly (or disc) a rigid substrate.  A cathodic potential is applied in an aqueous 

electrolyte such as a sodium chloride solution simulating the effect of cathodic protection 

much like ASTM G80-88 and ASTM G42-96.  After the designated testing time, the cell 

is removed for non-destructive thermographic imaging. Defects under the rigid substrate 

yield valuable information as to the relative size and shape of the disbonded area.  Post 

image analysis with mathematical software allows for direct calculation of areas of 

disbondment in terms of cm
2
.  De-bonded regions are evident because of the presence of 
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water and air at and along the delamination front.  Samples may be subjected to cathodic 

disbondment testing with the delamination front measured periodically and non-

destructively through infrared thermography.  Finally, adhesive pull-off tests of the steel 

dolly are performed similar to that of ASTM 4541-02 at the end of the designated testing 

regime.  Once a baseline of data is collected for a particular polymer/metal cell, 

estimation can be made regarding the remaining adhesive strength of the coating at 

particular disbondment areas.   

 

 

A.2  SAMPLE AND CELL DESIGN 

The objective was to develop a system for measuring the cathodic disbondment, 

nondestructively measure the rate of disbondment over time and measure the adhesive 

strength for polymeric coating on steel all in one cell.  The application of a one cell 

testing regime allows for direct correlation of CD measurement by non-destructive means 

(thermography) with a final destructive adhesive test.  A rigid non-conductive high 

temperature polymer substrate is used for the base of the cell to eliminate any galvanic 

coupling to the test dolly and allow for elevated temperature bonding of thermoplastic 

adhesives.  Additionally, thermal imaging is difficult to achieve through a dense metal 

substrate, whereas thermal imaging can be observed through a thin polymer substrate.  A 

steel dolly of diameter 2 inches and height 1 inch was hot-melt bonded using a film of 

thickness 100-300 µm of the designated polymer.  This technique could also be employed 

for liquid curing resins or adhesives such as epoxies.  The dolly was bore and threaded to 

M8 thread pitch to accommodate a steel bolt for electrical connection with the power 
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supply and later for adhesive pull-off testing using a typical portable pull-off tester.  The 

dolly/substrate is then inverted (dolly side down) to impose the artificial defect necessary 

for cathodic disbondment testing as shown in Figure 4.3.  A hole is drilled through the 

rigid substrate and polymer adhesive to expos the steel dolly surface.  For best removal of 

polymer and to maintain perfect defect diameter, a flat-head router bit used in a standard 

plunge router.  Next a short length of PVC tube was fixed to the UHMWPE surface 

spaced equidistant concentrically from the defect to serve as an electrolyte containment 

wall.  A bead of modeling clay was run at the PVC/substrate interface to contain the 

electrolyte solution.  The entire substrate/adhesive/dolly assemble can then be connected 

to the power supply and electrolyte filled in the tube reservoir.  A platinum counter 

electrode (anode) is used to complete the circuit where the defect sites acts as the 

cathode.    

 

 

A.3  EXPERIMENAL METHOD 

A.3.1 Cathodic Disbondment Testing 

Once the adhesive has fully cured and artificial defect imposed, the cell is ready 

to be tested for cathodic disbondment.  A conductive screw is threaded into the hole 

leaving approximately ½ inch of the bolt length exposed.  Electrical contacts from a DC 

power supply are connected to the bolt with standard copper alligator clips.  The anode 

wire is fastened to a platinum wire.  The anode is placed inside the PVC ring with care 

not to touch the inside surfaces of the ring, the bottom of the cell or the defect.  Ideal 

placement of the anode should be ¼ inch from the containment ring and ¼ inch from the 
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bottom of the cell, and the same for all samples.  Also, approximately the same anode 

surface area should be exposed to maintain the same cathode-to-anode surface area ratio 

for all samples.  A Cu/CuSO4 reference electrode is placed in each cell and the voltage 

adjusted to achieve the desired cathodic potential.  At potentials more negative than -1.0 

V vs. Cu/CuSO4, hydrogen evolution will take place at the exposed defect site giving off 

hydrogen gas bubbles [5].  In the case of trapped bubbles isolating the defect from the 

electrolyte, it may be necessary to bubble in an inert gas (N2 or Ar) at the defect site. 

 

For testing at elevated temperatures, the entire assembly may be placed in an oven 

of the appropriate set temperature as shown in Figure A.1.  In this case, it may be 

necessary for the entire cell with electrolyte to equilibrate over a few hours at temperature 

prior to connecting the anode and cathode leads to the power supply. 
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Figure A.1: CD Cells Tested at Elevated Temperature. 

 

 

A.3.2  Thermographic Imaging and Analysis 

Once CD testing is complete to user specifications, a non-destructive technique is 

employed to observe the area of disbonded polymer.  Thermographic images can be taken 

and compared to images taken prior to CD testing.  Initial heating of the 

substrate/polymer/dolly assembly may be necessary to achieve high resolution images 

prior to CD testing.  However, after CD testing, the diffusion of solution and presence of 

corrosion product along the disbonded interface is easily distinguished with the thermal 

camera.  Captured images can be compared with initial images and the qualitative area of 

disbondment can be discerned. 
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Image capturing capability is dependent upon several factors:  distance from bond 

interface to material surface, the material’s thermal conductivity, the defect size and its 

thermal impedance [4].  Therefore considerable attention must be paid towards selecting 

the appropriate experimental parameters.   

 

To track the disbond growth over time, a nondestructive test utilizing 

thermography was used.  The thermal conductivity mismatch between the disbonded and 

bonded surfaces is very small, so the best way to evaluate the disbond growth is to 

compare before- and after- disbond images of the same sample.  The substrate surface is 

painted black to minimize thermal reflection.  Care was taken to plug the hole exposing 

the steel, so as not to seal the artificial defect with paint.  Thermography was performed 

using EchoTherm software controlling a FLIR ThermaCAM SC3000 infrared camera.  

The test utilized two flash bulbs as a heat source, with the flash firing on the 9
th

 frame 

and the camera capturing 300 frames at 60 frames per second.  The sample was placed on 

the ground at a distance of about 17” from the lens.  The camera used a resolution of 240 

x 320 pixels, which covered an area of about 4.25” x 5.75.”  

 

For side by side comparison of care was taken to position the sample in exactly 

the same location underneath the camera (a paper template was used to position both the 

sample and the camera to ensure identical placement).  The raw data files were then 

analyzed using a MATLAB script created for the purpose.  This script requires the user to 

input the two raw data files, the frame number to be analyzed, the radii of the hole 

(including edge effects) and of the dolly, the radius after which no disbond occurs, the 



 

 

366 

radius before which edge effects from the steel dolly are negligible, and the location of 

the center of the hole in the image.  This script first reads in the data for each frame, 

making sure to skip the header of each file (where information such as file name, size, 

etc. is stored).  A single frame number to use was selected by the user.  For both sets of 

data, the first 8 frames (before the flash) are averaged and subtracted from the sample 

frame in order to cancel out reflections, hot spots from handling the sample, and other 

heat signatures not due to the flashbulbs.  The two frames were normalized with respect 

to a section of the background (either the substrate outside of the steel area or the floor 

outside the sample area).  The frames were cropped to center and contain the whole steel 

dolly area, and then were normalized to each other using the average value of a ring 

within the steel dolly radius believed to be defect-free.  This allows the two images to be 

directly compared to each other even if the flash bulbs happened to be hotter in one test 

than the other, or some other environmental consideration.  The area containing the hole 

and its edge effects were then cropped out, as well as the area past the edge effects of the 

steel dolly.  The ‘before’ image is then subtracted from the ‘after’ image, and any points 

beyond three standard deviations from the mean value of the intensity are set to equal the 

mean plus/minus three standard deviations.  The resulting image shows the difference in 

temperatures resulting from disbondment-induced changes in thermal conductivity.  The 

temperature difference seen in the image then is a direct result of the size of the 

disbondment.   

 

It should be noted that this method requires multiple user-input values which are 

arbitrary, and can only be estimated based on experience.  In general, for a narrow-angle 
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lens, the radius after which no disbond occurs was set to 0.7 times the dolly radius, and 

the radius before which no dolly edge effect occurs was set at 0.8 times the dolly radius.  

The ring between those two radii is then the ring used to normalize the two images to 

each other.  The location of the center of the holes was input using the cpselect tool. 

 

A.3.3  Adhesive Pull-Off Strength 

After thermal imaging, the adhesive strength of the reaming coatings measured 

via a pull-off test.  A Proceq Dyna Model Z6E digital pull-off tester was used for 

adhesive strength measurements.  A metal overlay was used to maintain stiffness in the 

bottom member to eliminate elastic effects of the substrate on adhesive measurements.  

Adhesive strengths measured in kN can then be used to find adhesive strengths 

neglecting the area of the initial defect.  The adhesive performance in MPa then is 

correlated with the disbondment area along with the cathodic disbondment conditions 

(solution concentration, applied potential, cell temperature, and time under simulated 

CP). 

 

 

A.4.  RESULTS AND DISCUSSION 

 The cathodic disbondment area and post-CD adhesive strength results of using the 

combined testing approach is given in Table A.1.  The versatility of the testing method is 

evident by the range of metallic cathode substrates, coating materials, applied cathodic 

voltages, immersion times and testing temperatures.  As the immersion time increases, 

the severity of the CD area increases as shown in Chapters 4, 5 and 6.  Increasing the 
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testing temperature and/or applied cathodic voltage also increase the severity of CD area 

and causes the coating to loss adhesive strength.  The stainless steel substrate had a much 

greater CD area for the RET coating at the same time, temperature, and applied potential. 

 

Table A.1:  Adhesive and Cathodic Disbondment Data Collected at Various Testing 

Parameters using the Combined Adhesive/CD Testing Assembly. 

 

 

 

A plot of the post-CD adhesive strength against the normalized cathodic disbondment 

area for various HPDE/RET coatings is given in Figure A.2.  As presented earlier in 

Chapter 4, the adhesive strength is improved with RET content.  A gradual post-CD 

adhesion loss is shown for each HDPE/RET coating as the disbondment area increases.  

The rate of adhesive loss for HDPE 66/33 and HDPE 33/66.  For coating, HDPE 0/100 

the adhesive strength is maintained up to a normalized cathodic disbondment ratio of 

1/25 the original CD area for HDPE 100/0.  
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Figure A.2:  Pull-Off Adhesive Strength versus Normalized Cathodic Disbondment Area 

of HDPE/RET Blend Primers. 

 

 

 

 Thermography data obtained from a CD/adhesive cell after 4 days in the testing 

assembly is shown in Figure A.3.  The red line indicates the thermal intensity of a sample 

after 4 days in the test assembly superimposed over the original thermal profile.  These 

lines are the relative thermal intensity of a cross-sectional slice bisecting the image into 

equal half-segments.  The basal plane illustrates the top view of the test assembly 

showing the extent of the cathodic disbondment defect.  Figure A.4 offers another view 

of the data in Figure A.3.  The vertical segments of the blue (pre-CD testing) are the 

initial defect imposed by drilling through the UHMWPE substrate.  After disbondment 

(red line) the artificial defect zone is broadened to include the initial defect and the defect 
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caused by the disbondment processes.  Figure A.5 shows the direct effect of the imposed 

defect and subtracted surrounding area (outside the defect zone) at a cross-sectional slice 

within the defect zone.  Again the blue line indicates the original defect intensity and the 

red line is the thermal intensity after 4 days in the testing assembly.  Figure A.6 illustrates 

the data taken at another cross-sectional slice location; where the slice is the thermal 

intensity relative along the plane perpendicular to the coating surface.  The images in 

Figures A.3 through A.6 offer only qualitative information on the extent and progression 

of the cathodic disbondment defect.  Further mathematical analysis using the data in these 

images offer more quantitative information on not only the extent of the disbondment 

defect, but also the severity of the defect raised from the surface (3-dimmensional 

analysis).  Figure A.7 shows the contour surface plot of the thermography data with 

manipulation; where the original (no CD) thermography data is subtracted from the 4 day 

CD data.  The blue area surrounding the dolly indicates the “zero change” condition.  

Thermal intensity is transposed from the matrix image from the thermographic image 

captured after testing, to a numerical matrix in 256 gray-scale.  The color changes in the 

surface plot show the thermal intensity of wavelength reflected into the gray-scale (0-

256).  Figure A.8 provides the same information as Figure A.6 with the surrounding 

thermal information removed for clarity.  Figure A.9 shows the 3-dimmensionality of the 

defect and the influence of the thermal intensity via the reflection of wavelengths 

reflected in the gray-scale.  Figure A.10 shows an alterative view for full representation 

of the 3-dimmensionality of the defect zone.  Figure A.11 is the combined image of 

subtracted thermal information along the slice and the contour surface plot showing 



 

 

371 

thermal intensity near the defect zone.  The blue or “cold” areas indicate the progression 

of disbondment failure of the coating delaminating from the A36 steel dolly surface.   

 

 

Figure A.3:  Visual Representation of Superimposed Thermography Data Obtained 

Before CD/Adhesion Testing (Blue) and After 4 Days of Testing (Red).  The Basal Plane 

Indicates the Top View of the Testing Assembly; the Red and Blue Lines Indicate the 

Relative Thermal Intensity. 

 

 



 

 

372 

 

Figure A.4:  Additional View of Visual Representation of Superimposed Thermography 

Data Obtained Before CD/Adhesion Testing (Blue) and After 4 Days of Testing (Red).  

The Basal Plane Indicates the Top View of the Testing Assembly; the Red and Blue 

Lines Indicate the Relative Thermal Intensity. 
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Figure A.5:  Thermal Data Taken at Slice Location (43 Pixel) Near Original Defect Site. 
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Figure A.6:  Thermal Data Taken at Slice Location (104 Pixel) Near Original Defect 

Site. 
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Figure A.7:  Surface Contour Plot of Image Matrix Data Transposed to 256 Gray-Scale, 

where Color Changes Indicate the Thermal Intensity of Wavelength Reflected into the 

Gray-Scale. 
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Figure A.8:  Contour Surface Plot Illustrating the Presence of the Dolly where the 

Surrounding Thermal Information has been Removed via Subtraction. 
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Figure A.9:  3-Dimmensional Image Representing the Shape of the Cathodic 

Disbondment Defect in the CD/Adhesion Assembly after 4 Days Immersion. 
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Figure A.10:  Alternate View of 3-Dimmensional Image Representing the Shape of the 

Cathodic Disbondment Defect in the CD/Adhesion Assembly after 4 Days Immersion. 
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Figure A.11:  Subtracted Image Indicating Thermal Intensity of Cathodic Disbondment. 

 

 

A.5  CONCLUSIONS 

 The combined testing assembly designed for cathodic disbondment testing of 

polymer primers between rigid substrates and the subsequent post-CD adhesive strength 

has proven successful for the characterization of thin polymer primers.  The versatility of 

the testing assembly was shown for various of testing parameters, including:  applied 

potential, metallic cathode substrate, immersion time, environment temperature, and type 

of thermoplastic polymer primer.  The progression of failure can be evaluated throughout 

the testing regime without a destructive adhesive pull-off test via thermographic non-

destructive imaging.  Thermography data taken at various immersion times throughout 

CD testing can be analyzed against the baseline (t = 0) condition via numerical matrix 
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subtraction.  After the allotted immersion time, the post-CD adhesive strength can be 

measured using the direct tensile pull-off test as described in Chapter 4.   
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