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Preface



I was asked by the publisher to update Arthur Landrock's Adhesives Technology Handbook, which was first released in 1985 by Noyes Publishing. I have taken advantage of almost every bit of the material in the Landrock book by updating, revising, and including them in the present book.

There are many books about adhesives. Several excellent books are available that deal with the subject of adhesives from different points of view. Some have looked at adhesives from synthesis, chemistry, or bonding techniques points of view. Others have treated the subject from a practical standpoint. Of these, most are attempts to describe adhesion to a variety of materials including plastics, metals, wood, etc. A few books are highly specialized in the applications of adhesives in a particular industry such as metals or construction.

What is different about this book? The present book is focused on practitioners of adhesion technology from an end user's point of view, thus covering most substrates such as plastics, metals, elastomers, and ceramics. The information is aimed at allowing readers to select the right adhesive and successfully bond materials together. Every attempt has been made to enhance the accessibility of the information and the reader friendliness of the text. In the balance of practical and theoretical subjects, practical has been given a definite advantage. This is a trade-off that the author readily acknowledges. There are numerous good books and sources for the study of the theory and science of adhesion and adhesives.

The aim of this book is to explain in a simple yet complete manner all that is required to successfully bond different materials. This book is both a reference and a source for learning the basics for those involved in the entire product value chains. Basic principles of adhesion such as surface characterization, types of adhesive bonds, and adhesion failure topics have been covered in addition to a description of common adhesive materials and application techniques. This book offers information helpful to engineers, chemists, students, and all others involved in selecting adhesives and bonding materials together.

Every chapter has been arranged so that it can be studied independently as well as in conjunction with the others. For those who are interested in indepth information, numerous sources have been listed for surface adhesion and polymer science in the pertinent chapters. The references listed at the end of each chapter serve as both bibliography and additional reading sources. Most of the basic practical technology of adhesives was developed decades ago. Older references have been retained from the Landrock book wherever they represented the preferred source of information for a specific topic. Readers can find a wealth of information and reports that have been declassified by the Defense Technical Information Center (www.dtic.mil), most of which date back to the 1960s and 1970s.

The first three chapters discuss definitions, adhesion theories, surface characterization and analysis, surface energy measurement methods, adhesion mechanism, failure modes, and surface treatment of materials.

 Chapter 4 Chapter 5– Chapter 6 describe the adhesives available from a materials standpoint. In Chapter 4 adhesive classification in a number of ways has been described according to the source, function, chemical composition, physical form, and application. Chapter 5 discusses individual adhesive types in detail. As a matter of convenience, the adhesives have been arranged in alphabetical order. Chapter 6 describes adhesives for specific adherend types.

 Chapter 7 is devoted to the design of joints. Chapter 8 describes the methods of handling, storage, and application of adhesives to substrates. Solvent cementing has been covered separately in Chapter 9 because of its significance. Chapter 10 Chapter 11– Chapter 12 focus on the methods of testing the strength and durability of adhesive bonds, and quality control assurance.

 Chapter 13 deals with economic, environmental, safety, and future trends.

None of the views or information presented in this book reflects the opinion of any of the companies or individuals that have contributed to the book. If there are errors, they are oversight on the part of the author. A note indicating the specific error to the publisher, for the purpose of correction of future editions, would be much appreciated.
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1 Introduction and Adhesion Theories




1.1 Definition of Adhesives and Adhesive Bonding

An adhesive is a material that is applied to the surfaces of articles to join them permanently by an adhesive bonding process. An adhesive is a substance capable of forming bonds to each of the two parts when the final object consists of two sections that are bonded together.[1] A feature of adhesives is the relatively small quantities that are required compared to the weight of the final objects.

Adhesion is difficult to define, and an entirely satisfactory definition has not been found. The following definition has been proposed by Wu.[2] “Adhesion refers to the state in which two dissimilar bodies are held together by intimate interfacial contact such that mechanical force or work can be transferred across the interface. The interfacial forces holding the two phases together may arise from van der Waals forces, chemical bonding, or electrostatic attraction. Mechanical strength of the system is determined not only by the interfacial forces, but also by the mechanical properties of the interfacial zone and the two bulk phases.”

There are two principal types of adhesive bonding: structural and nonstructural. Structural adhesive bonding is bonding for applications in which the adherends (the objects being bonded) may experience large stresses up to their yield point. Structural adhesive bonds must be capable of transmitting stress without loss of integrity within design limits.[3] Bonds must also be durable throughout the useful service life of a part, which may be years. A structural bond has been defined as having a shear strength greater than 7 MPa in addition to significant resistance to aging. Nonstructural adhesives are not required to support substantial loads but merely hold lightweight materials in place. This type of adhesive is sometimes called a “holding adhesive.” Pressure-sensitive tapes and packaging adhesives are examples of nonstructural adhesives.

The distinction between structural and nonstructural bonds is not always clear. For example, is a hot melt adhesive used in retaining a fabric's plies structural or nonstructural? One could argue that such an adhesive may be placed in either classification. However, the superglues (cyanoacrylates) are classified as structural adhesives even though they have poor resistance to moisture and heat.




1.2 Functions of Adhesives

The primary function of adhesives is to join parts together. Adhesives accomplish this goal by transmitting stresses from one member to another in a manner that distributes the stresses much more uniformly than can be achieved with mechanical fasteners. Adhesive bonding often provides structures that are mechanically equivalent to or stronger than conventional assemblies at lower cost and weight. In mechanical fastening, the strength of the structure is limited to that of the areas of the members in contact with the fasteners.[4] It is not unusual to obtain adhesive bonds that are stronger than those of the strength of adherends.

Smooth surfaces are an inherent advantage of adhesively joined structures and products. Exposed surfaces are not defaced and contours are not disturbed, as happens with mechanical fastening systems. This feature is important in function and appearance. Aerospace structures, including helicopter rotor blades, require smooth exteriors to minimize drag and to keep temperatures as low as possible. Lighter weight materials can often be used with adhesive bonding than with conventional fastening because the uniform stress distribution in the joint permits full utilization of the strength and rigidity of the adherends.[4] Adhesive bonding provides much larger areas for stress transfer throughout the part, thus decreasing stress concentration in small areas.

Dissimilar materials, including plastics, are readily joined by many adhesives, provided that proper surface treatments are used. Adhesives can be used to join metals, plastics, ceramics, cork, rubber, and combinations of materials. Adhesives can also be formulated to be conductive. The focus of this book is on adhesives for bonding plastics, thermosets, elastomers, and metals.

Where temperature variations are encountered in the service of an item containing dissimilar materials, adhesives perform another useful function. Flexible adhesives are able to accommodate differences in the thermal expansion coefficients of the adherends and therefore prevent damage that might occur if stiff fastening systems were used.

Sealing is another important function of adhesive joining. The continuous bond seals out liquids or gases that do not attack the adhesive (or sealant). Adhesives/sealants are often used in place of solid or cellular gaskets. Mechanical damping can be imparted to a structure through the use of adhesives formulated for that purpose. A related characteristic, fatigue resistance, can be improved by the ability of such adhesives to withstand cyclic strains and shock loads without cracking. In a properly designed joint, the adherends generally fail in fatigue before the adhesive fails. Thin or fragile parts can also be adhesive bonded. Adhesive joints do not usually impose heavy loads on the adherends, as in riveting, or localized heating, as in welding. The adherends are also relatively free from heat-induced distortion.[4]




1.3 Classification of Adhesives

Adhesives as materials can be classified in a number of ways such as chemical structure or functionality. In this book, adhesives have been classified into two main classes: natural and synthetic. The natural group includes animal glue, casein- and protein-based adhesives, and natural rubber adhesives. The synthetic group has been further divided into two main groups: industrial and special compounds. Industrial compounds include acrylics, epoxies, silicones, etc. An example of the specialty group is pressure-sensitive adhesives.




1.4 Advantages and Disadvantages of Joining Using Adhesives

The previous discussion highlighted a number of advantages of adhesive bonding. This section will cover both advantages and disadvantages, recognizing that some of the points have already been mentioned.


1.4.1 Advantages[5,
6]




	Uniform distribution of stress and larger stress-bearing area


	Join thin or thick materials of any shape


	Join similar or dissimilar materials


	Minimize or prevent electrochemical (galvanic) corrosion between dissimilar materials


	Resist fatigue and cyclic loads


	Provide joints with smooth contours


	Seal joints against a variety of environments


	Insulate against heat transfer and electrical conductance (in some cases adhesives are designed to provide such conductance)


	The heat required to set the joint is usually too low to reduce the strength of the metal parts


	Dampen vibration and absorb shock


	Provide an attractive strength/weight ratio


	Quicker and/or cheaper to form than mechanical fastening







1.4.2 Disadvantages[5,
6,
7]




	The bond does not permit visual examination of the bond area (unless the adherends are transparent)


	Careful surface preparation is required to obtain durable bonds, often with corrosive chemicals


	Long cure times may be needed, particularly where high cure temperatures are not used


	Holding fixtures, presses, ovens, and autoclaves, not usually required for other fastening methods, are necessities for adhesive bonding


	Upper service temperatures are limited to approximately 177°C in most cases, but special adhesives, usually more expensive, are available for limited use up to 371°C


	Rigid process control, including emphasis on cleanliness, is required for most adhesives


	The useful life of the adhesive joint depends on the environment to which it is exposed


	Natural or vegetable-origin adhesives are subject to attack by bacteria, mold, rodents, or vermin


	Exposure to solvents used in cleaning or solvent cementing may present health problems









1.5 Requirements of a Good Bond

The basic requirements for a good adhesive bond are:[6]


	Proper choice of adhesive


	Good joint design


	Cleanliness of surfaces


	Wetting of surfaces that are to be bonded together


	Proper adhesive bonding process (solidification and cure)





1.5.1 Proper Choice of Adhesive

There are numerous adhesives available for bonding materials. Selection of the adhesive type and form depends on the nature of adherends, performance requirements of the end use, and the adhesive bonding process.




1.5.2 Good Joint Design

It is possible to impart strength to a joint by design.[8] A carefully designed joint can yield a stronger bond by combining the advantages of the mechanical design with adhesive bond strength to meet the end use requirements of the bonded part.




1.5.3 Cleanliness

To obtain a good adhesive bond, it is important to start with a clean adherend surface. Foreign materials, such as dirt, oil, moisture, and weak oxide layers, must be removed, else the adhesive will bond to these weak boundary layers rather than to the substrate. There are various surface treatments that may remove or strengthen the weak boundary layers. These treatments generally involve physical or chemical processes, or a combination of both.[9]




1.5.4 Wetting

Wetting is the displacement of air (or other gases) present on the surface of adherends by a liquid phase. The result of good wetting is greater contact area between the adherends and the adhesive over which the forces of adhesion may act.[10]




1.5.5 Adhesive Bonding Process

Successful bonding of parts requires an appropriate process. The adhesive must not only be applied to the surfaces of the adherends but the bond should also be subjected to the proper temperature, pressure, and hold time. The liquid or film adhesive, once applied, must be capable of being converted into a solid in any one of three ways. The method by which solidification occurs depends on the choice of adhesive. The ways in which liquid adhesives are converted to solids are:[6]


	chemical reaction by any combination of heat, pressure, and curing agents;


	cooling from a molten liquid;


	drying as a result of solvent evaporation.




The requirements to form a good adhesive bond, processes for bonding, analytic techniques, and quality control procedures have been discussed in this book.






1.6 Introduction to Theories of Adhesion

Historically, mechanical interlocking, electrostatic, diffusion, and adsorption/surface reaction theories have been postulated to describe mechanisms of adhesion. More recently, other theories have been put forward for adhesive bonding mechanism (Table 1.1). It is often difficult to fully ascribe adhesive bonding to an individual mechanism. A combination of different mechanisms is most probably responsible for bonding within a given adhesive system. The extent of the role of each mechanism could vary for different adhesive bonding systems. An understanding of these theories will be helpful to those who plan to work with adhesives.

Table 1.1 Theories of Adhesion


	Traditional
	Recent
	Scale of Action



	Mechanical interlocking
	Mechanical interlocking
	Microscopic



	Electrostatic
	Electrostatic
	Macroscopic



	Diffusion
	Diffusion
	Molecular



	Adsorption/surface reaction
	Wettability
	Molecular



	 
	Chemical bonding
	Atomic



	 
	Weak boundary layer
	Molecular




An important facet of adhesion bonds is the locus of the proposed action or the scale to which the adhesive and adherend interact. Table 1.1 shows a scale of action for each mechanism, which is intended to aid in the understanding of these mechanisms. Of course, adhesive–adherend interactions always take place at the molecular level, which is discussed later in this chapter.

The microscopic parameter of interest in mechanical interlocking is the contact surface of the adhesive and the adherend. The specific surface area (i.e., surface area per unit weight) of the adherend is an example of one such measure. Surface roughness is the means by which interlocking is thought to work and can be detected by optical or electron microscopy. In the electrostatic mechanism, the surface charge is the macroscopic factor of interest. The charge in question is similar to that produced in a glass rod after rubbing it with a wool cloth. Diffusion and wettability involve molecular and atomic scale interactions, respectively.

Readers who wish to gain an in-depth understanding of the interaction forces, adhesion mechanism, and thermodynamics of adhesion are recommended to consult Fundamentals of Adhesion, edited by Lieng-Huang Lee.[11] This reference provides a qualitative and quantitative treatment of adhesion, complete with derivation of force interaction equations.


1.6.1 Mechanical Theory

According to this theory, adhesion occurs by the penetration of adhesives into pores, cavities, and other surface irregularities on the surface of the substrate. The adhesive displaces the trapped air at the interface. Therefore, it is concluded that an adhesive penetrating into the surface roughness of two adherends can bond them. A positive contribution to the adhesive bond strength results from the “mechanical interlocking” of the adhesive and the adherends. Adhesives frequently form stronger bonds to porous abraded surfaces than they do to smooth surfaces. However, this theory is not universally applicable, since good adhesion also takes place between smooth surfaces.

Enhanced adhesion after abrading the surface of an adherend may be due to (1) mechanical interlocking, (2) formation of a clean surface, (3) formation of a highly reactive surface, and (4) an increase in contact surface area. It is believed that changes in physical and chemical properties of the adherend surface produce an increase in adhesive strength.[13] It can be debated whether mechanical interlocking is responsible for strong bonds or an increase in the adhesive contact surface enhances other mechanisms. More thorough wetting and more extensive chemical bonding are expected consequences of increased contact surface area.

There is supportive data in the literature that relate joint strength and bond durability to increased surface roughness. There are also contrary observations indicating that increased roughness can lower joint strength.[14]




1.6.2 Electrostatic (Electronic) Theory

This theory proposes that adhesion takes place due to electrostatic effects between the adhesive and the adherend.[15,
16,
17,
18] An electron transfer is supposed to take place between the adhesive and the adherend as a result of unlike electronic band structures. Electrostatic forces in the form of an electrical double layer are thus formed at the adhesive–adherend interface. These forces account for the resistance to separation. This theory gains support from the fact that electrical discharges have been noticed when an adhesive is peeled from a substrate.[13]

The electrostatic mechanism is a plausible explanation for polymer–metal adhesion bonds. The contribution of the electronic mechanism in nonmetallic systems to adhesion has been calculated and found to be small when compared with that of chemical bonding.[19,
20]




1.6.3 Diffusion Theory

This theory suggests that adhesion is developed through the interdiffusion of molecules in between the adhesive and the adherend. The diffusion theory is primarily applicable when both the adhesive and the adherend are polymers with relatively long-chain molecules capable of movement. The nature of materials and bonding conditions will influence whether and to what extent diffusion takes place. The diffuse interfacial (interphase) layer typically has a thickness in the range of 10–1,000 Å (1–100 nm). Solvent cementing or heat welding of thermoplastics is considered to be due to diffusion of molecules.[13]

No stress concentration is present at the interface because no discontinuity exists in the physical properties. Cohesive energy density (CED, Eq. (1.1)) can be used to interpret diffusion bonding, as defined by Eq. (1.2). Bond strength is maximized when solubility parameters are matched between the adhesive and the adherend.

	[image: Image]	(1.1)



	[image: Image]	(1.2)


E
coh is the amount of energy required to separate the molecules to an infinite distance, V is the molar volume, and δ is the solubility parameter.

A relevant example is the adhesion of polyethylene and polypropylene to a butyl rubber. The adhesive bond is weak when two polymers are bonded at temperatures below the melting point of the polyolefin. Bond strength increases sharply when the adhesion process takes place above the melting temperature of polyethylene (135°C) and polypropylene (175°C). Figure 1.1 illustrates the bond strength (peel strength) as a function of bonding temperature. An inference can be made that at elevated temperatures, the interdiffusion of polyolefins and butyl rubber increases, thus leading to higher bond strength.

[image: Image]
Figure 1.1 Peel strength of polypropylene and butyl rubber vs. bonding temperature: (1) adhesive failure; (2) adhesive/cohesive failure; (3) cohesive failure.[2]






1.6.4 Wetting Theory

This theory proposes that adhesion results from molecular contact between two materials and the surface forces that develop. The first step in bond formation is to develop interfacial forces between the adhesive and the substrates. The process of establishing continuous contact between the adhesive and the adherend is called wetting. For an adhesive to wet a solid surface, the adhesive should have a lower surface tension than the critical surface tension of the solid. This is precisely the reason for surface treatment of plastics, which increases their surface energy and polarity.

Van der Waals forces are extremely sensitive to the distance (r) between molecules, decreasing by the inverse of the seventh power (1/r
7) of the distance between two molecules and the cubic power of the distance between two adherends. These forces are normally too small to account for the adhesive bond strength in most cases.


Figure 1.2 illustrates complete and incomplete wetting of an adhesive spreading over a surface. Good wetting results when the adhesive flows into the valleys and crevices on the substrate surface. Poor wetting results when the adhesive bridges over the valley and results in a reduction of the actual contact area between the adhesive and the adherend, resulting in a lower overall joint strength.[13] Incomplete wetting generates interfacial defects, thereby reducing the adhesive bond strength. Complete wetting achieves the highest bond strength.

[image: Image]
Figure 1.2 Examples of (a) good and (b) poor wetting by an adhesive spreading across a surface.[13]



Most organic adhesives readily wet metal adherends. On the other hand, many solid organic substrates have surface tensions lower than those of common adhesives. The criteria for good wetting requires the adhesives to have a lower surface tension than the substrate, which explains, in part, why organic adhesives such as epoxies have excellent adhesion to metals but offer weak adhesion on untreated polymeric substrates such as polyethylene, polypropylene, and fluoroplastics.[13] The surface energy of plastic substrates can be increased by various treatment techniques to allow wetting.




1.6.5 Chemical Bonding

This mechanism attributes the formation of an adhesion bond to surface chemical forces. Hydrogen, covalent, and ionic bonds formed between the adhesive and the adherends are stronger than the dispersion attractive forces. Table 1.2 lists examples of these forces and their magnitudes. In general, there are four types of interactions that take place during chemical bonding: covalent bonds, hydrogen bonds, Lifshitz–van der Waals forces, and acid–base interactions. The exact nature of the interactions for a given adhesive bond depends on the chemical composition of the interface.

Table 1.2 Examples of Energies of Lifshitz–van der Waals Interactions and Chemical Bonds


	Type
	Example
	E (kJ/mol)



	Covalent
	C–C
	350



	Ion–Ion
	Na+ … Cl− 
	450



	Ion–dipole
	Na+ … CF3H
	33



	Dipole–dipole
	CF3H … CF3H
	2



	London dispersion
	CF4 … CF4

	2



	Hydrogen bonding
	H2O … H2O
	24




Covalent and ionic bonds (Table 1.2) are examples of chemical bonding that provide much higher adhesion values than that provided by secondary forces. Secondary valence bonding is based on the weaker physical forces exemplified by hydrogen bonds. These forces are more prevalent in materials that contain polar groups such as carboxylic acid groups than in nonpolar materials such as polyolefins. The interactions that hold the adhesive and the adherends together may also receive contributions from mechanical interlocking, diffusion, or electrostatic mechanisms.

The definitions of intermolecular interactions are listed below:

Dipole (polar molecule): A molecule whose charge distribution can be represented by a center of positive charge and a center of negative charge, which do not coincide.


Dipole–dipole forces: Intermolecular forces resulting from the tendency of polar molecules to align themselves such that the positive end of one molecule is near the negative end of another.

Hydrogen bonding: A special type of dipole–dipole interaction that occurs when a hydrogen atom that is bonded to a small, highly electronegative atom (most commonly F, O, N, or S) is attracted to the lone electron pairs of another molecule.

London dispersion forces (dispersion forces): Intermolecular forces resulting from the small, instantaneous dipoles (induced dipoles) that occur because of the varying positions of the electrons during their motion about the nuclei.

Polarizability is defined as the ease with which the electron cloud of an atom or molecule is distorted. In general, polarizability increases with the size of an atom and the number of electrons on an atom. The importance of London dispersion forces increases with the atom size and number of electrons.

Covalent chemical bonds can form across the interface and are likely to occur in cross-linked adhesives and thermoset coatings. This type of bond is usually the strongest and most durable. However, they require that mutually reactive chemical groups should exist. Some surfaces, such as previously coated surfaces, wood, composites, and some plastics, contain various functional groups that under appropriate conditions can produce chemical bonds with the adhesive material. There are ways to intentionally generate these conditions, such as by surface treatment of plastics with techniques like corona or flame treatment.

Organosilanes are widely used as primers on glass fibers to promote the adhesion between the resin and the glass in fiberglass-reinforced plastics. They are also used as primers or integral blends to promote adhesion of resins to minerals, metals, and plastics. Essentially, during application, silanol groups are produced, which then react with the silanol groups on the glass surface or possibly with other metal oxide groups to form strong ether linkages. Coatings containing reactive functional groups such as hydroxyl or carboxyl moieties tend to adhere more tenaciously to substrates containing similar groups. Chemical bonding may also occur when a substrate contains reactive hydroxyl groups, which may react with the isocyanate groups from the incoming coating in thermoset polyurethane coatings.

Most likely, chemical bonding accounts for the strong adhesion between an epoxy coating and a substrate with a cellulose interface. The epoxy groups of an epoxy resin react with the hydroxyl groups of cellulose at the interface.


1.6.5.1 Acid–Base Theory

A special type of interaction, the acid–base interaction, is a fairly recent discovery. It is based on the chemical concept of a Lewis acid and base, which is briefly described. The acid/base definition was proposed separately by J. N. Bronsted and G. N. Lewis. Restatement of these definitions by Lewis in 1938 led to their popularity and acceptance. The Lewis definitions are “an acid is a substance which can accept an electron pair from a base; a base is a substance which can donate an electron pair.”[21] By this definition, every cation is an acid in addition to chemical compounds such as BF3 and SiO2. Conversely, anions and compounds like NH3, PH3, and C6H5CH2NH2 are bases. According to the acid–base theory, adhesion results from the polar attraction of Lewis acids and bases (i.e., electron-poor and electron-rich elements) at the interface. This theory is attributed to the work by Fowkes et al.,[22,
23,
24,
25] Gutmann,[26] and Bolger and Michaels[27].

In BF3, the higher electronegativity of fluorine atoms preferentially displaces the shared electrons away from the boron atom. Thus, a bipolar molecule is created that has positive charge on the boron side and negative charge on the fluorine side. On the other hand, NH3, by a similar analogy, has a negative nitrogen end that renders it a Lewis base. Naturally, the positive boron end of BH3 and negative nitrogen end of NH3 interact.

A special case of acid–base interaction is hydrogen bonding such as among water molecules that exhibit both acidic and basic tendencies. Table 1.2 shows that the hydrogen bond strength, while substantially less than ionic and covalent bond energies, is one of the most significant among the secondary interactions. The reader can refer to inorganic chemistry texts[28,
29] to learn about Lewis acids and bases and their chemical reactions. In summary, the interactions between compounds capable of electron donation and acceptance form the foundation of the acid–base theory of adhesion.






1.6.6 Weak Boundary Layer Theory

This theory was first described by Bikerman. It states that bond failure at the interface is caused by either a cohesive break or a weak boundary layer.[30] Weak boundary layers can originate from the adhesive, the adherend, the environment, or a combination of any of these three factors. Weak boundary layers can occur in the adhesive or adherend if an impurity concentrates near the bonding surface and forms a weak attachment to the substrate. When failure takes place, it is the weak boundary layer that fails, although failure appears to take place at the adhesive–adherend interface.

Polyethylene and metal oxides are examples of two materials that may inherently contain weak boundary layers. Polyethylene has a weak, low-molecular weight constituent that is evenly distributed throughout the polymer. This weak boundary layer is present at the interface and contributes to low failing stress when polyethylene is used as an adhesive or an adherend. Some metal oxides are weakly attached to their base metals. Failure of adhesive joints made with these materials occurs cohesively within the oxide. Certain oxides, such as aluminum oxide, are very strong and do not significantly impair joint strength. Weak boundary layers, such as those found in polyethylene and metal oxides, can be removed or strengthened by various surface treatments. Weak boundary layers formed from the bonding environment, generally air, are very common. When the adhesive does not wet the substrate, as shown in Figure 1.2, a weak boundary layer (air) is trapped at the interface, causing a reduction in joint strength.[13,
31]






1.7 Definition of Failure Modes

A hypothetical adhesion bond is shown in Figure 1.3. Assume that the bond is tested in the tensile mode in which the two adherends are pulled apart in a direction perpendicular to the bond. There are different possibilities for the occurrence of failure. The surfaces involved in bond failure are called the locus of failure.

[image: Image]
Figure 1.3 Schematics of adhesive bond failure modes: (a) adhesive failure; (b) cohesive failure in the adhesive layer; (c) cohesive failure in the adherend.



If the bond failure occurs between the adhesive layer and one of the adherends, it is called adhesive failure (Figure 1.3a). A failure in which the separation occurs in such a manner that both adherend surfaces remain covered with the adhesive is called cohesive failure in the adhesive layer (Figure 1.3b). Sometimes the adhesive bond is so strong that the failure occurs in one of the adherends away from the bond. This is called a cohesive failure in the adherend (Figure 1.3c). Bond failures often involve more than one failure mode and are ascribed as a percentage to cohesive or adhesive failure. This percentage is calculated based on the fraction of the area of the contact surface that has failed cohesively or adhesively.

It is important to determine the exact mode(s) of bond failure when a problem occurs. Determination of the failure mode allows action to be taken to correct the true cause and save time and money.


Tables 1.3–1.5 show the result of analyses of several bonds between a substrate and a polyvinyl fluoride film using an acrylic adhesive. All surfaces were analyzed by electron spectroscopy for chemical analysis (ESCA). ESCA yields chemical analysis of organic surfaces in atomic percentage, with the exclusion of hydrogen, which is undetectable by this technique. To determine the type of bond failure, ESCA results for the failed surfaces are compared with those of the adhesive and the polyvinyl fluoride film.

Table 1.3 Surface Chemical Analysis (ESCA) in a Cohesive Failure of Adhesive Bond


	 
	Atomic Concentration (%)



	 
	F
	O
	N
	C
	Si



	As-is adhesive (control)
	
nd

	26.0
	2.1
	71.6
	
nd




	As-is film (control)
	29.3
	6.6
	
nd

	64.4
	
nd




	Polyvinyl fluoride film facing the substrate
	
nd

	24.9
	2.5
	72.6
	
nd




	Substrate facing the polyvinyl fluoride film
	
nd

	25.0
	2.1
	72.9
	
nd




	
nd, not detectable.





Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.

Table 1.4 Surface Chemical Analysis (ESCA) in a Cohesive Failure of Polyvinyl Fluoride


	 
	Atomic Concentration (%)



	 
	F
	O
	N
	C
	Si



	As-is adhesive (control)
	
nd

	26.0
	2.1
	71.6
	
nd




	As-is film (control)
	29.3
	6.6
	
nd

	64.4
	
nd




	Polyvinyl fluoride film facing the substrate
	31.0
	4.0
	
nd

	63.2
	1.7



	Substrate facing the polyvinyl fluoride film
	30.0
	5.4
	
nd

	62.6
	2.0



	
nd, not detectable.





Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.

Table 1.5 Surface Chemical Analysis (ESCA) in a Adhesive Failure of Polyvinyl Fluoride


	 
	Atomic Concentration (%)



	 
	F
	O
	N
	C
	Si



	As-is adhesive (control)
	
nd

	26.0
	2.1
	71.6
	
nd




	As-is film (control)
	29.3
	6.6
	
nd

	64.4
	
nd




	Polyvinyl fluoride film facing the substrate
	31.6
	2.1
	
nd

	66.4
	
nd




	Substrate facing the polyvinyl fluoride film
	
nd

	26.4
	3.2
	70.5
	
nd




	
nd, not detectable.





Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.

In a pure cohesive failure, the two surfaces involved should have virtually identical chemical compositions, which is nearly the case in Tables 1.3 and 1.4. In a 100% adhesive failure, one of the surfaces should have the same chemical composition as the adherend and the other the same as the adhesive. The examples presented in Tables 1.3 and 1.4 illustrate cohesive failure cases for polyvinyl fluoride (adherend) and the adhesive. Table 1.5 gives an example of an adhesive failure. One can see from the chemical composition that the adhesive and polyvinyl fluoride surfaces have been separated in a “clean” manner.




1.8 Mechanisms of Bond Failure

Adhesive joints may fail adhesively or cohesively. Adhesive failure is an interfacial bond failure between the adhesive and the adherend. Cohesive failure occurs when a fracture allows a layer of adhesive to remain on both surfaces. When the adherend fails before the adhesive, it is known as a cohesive failure of the substrate. Various modes of failure are shown in Figure 1.3. Cohesive failure within the adhesive or one of the adherends is the ideal type of failure because with this type of failure the maximum strength of the materials in the joint has been reached. In analyzing an adhesive joint that has been tested to destruction, the mode of failure is often expressed as a percentage cohesive or adhesive failure, as shown in Figure 1.3. The ideal failure is a 100% cohesive failure in the adhesion layer.

The failure mode should not be used as the only criterion for a useful joint.[3] Some adhesive–adherend combinations may fail adhesively, but exhibit greater strength than a similar joint bonded with a weaker adhesive that fails cohesively. The ultimate strength of a joint is a more important criterion than the mode of joint failure. An analysis of failure mode, nevertheless, can be an extremely useful tool in determining whether the failure was due to a weak boundary layer or due to improper surface preparation.

The exact cause of premature adhesive failure is very difficult to determine. If the adhesive does not wet the surface of the substrate completely, the bond strength is certain to be less than maximal. Internal stresses occur in adhesive joints because of a natural tendency of the adhesive to shrink during setting, and because of differences in physical properties of adhesive and substrate. The coefficient of thermal expansion of adhesive and adherend should be as close as possible to minimize the stresses that may develop during thermal cycling or after cooling from an elevated temperature cure. Fillers are often used to modify the thermal expansion characteristics of adhesives and limit internal stresses. Another way to accommodate these stresses is to use relatively elastic adhesives.

The types of stress acting on completed bonds, their orientation to the adhesive, and the rates at which it is applied are important factors in determining the durability of the bond. Sustained loads can cause premature failure in service, even though similar unloaded joints may exhibit adequate strength when tested after aging. Some adhesives break down rapidly under dead load, especially after exposure to heat or moisture. Most adhesives have poor resistance to peel or cleavage loads. A number of adhesives are sensitive to the rate at which the joint is stressed. Rigid, brittle adhesives sometimes have excellent tensile or shear strength but have very poor impact strength. Operating environmental factors are capable of degrading an adhesive joint in various ways. If more than one environmental factor (e.g., heat and moisture) is acting on the sample, their combined effect can be expected to produce a synergistic result of reducing adhesive strength. Whenever possible, candidate adhesive joints should be evaluated under simulated operating loads in the actual environment the joint is supposed to encounter.
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2 Surface Tension and Its Measurement




2.1 Introduction

Adhesion is an interfacial phenomenon that occurs at the interfaces of adherends and adhesives. This is the fact underlying the macroscopic process of joining parts using adhesives. An understanding of the forces that develop at the interfaces is helpful in the selection of the right adhesive, proper surface treatment of adherends, and effective and economical processes to form bonds. This chapter is devoted to the discussion of the thermodynamic principles and the work of adhesion that quantitatively characterize the surfaces of materials. Laboratory techniques for surface characterization have been described which allow an understanding of the chemical and physical properties of material surfaces.




2.2 What is an Interface?

Two solid or liquid phases in contact have atoms/molecules on both sides of an imaginary plane called the interface. The interfacial particles differ energetically from those in the bulk of each phase as they are present on the boundary of the respective phase and interact with the particles of the other phase. The composition and energy vary continuously from one phase to the other through the interface. This region has a finite thickness, usually <0.1 μm.[1,
2]




2.3 Surface Tension

The molecules of a liquid are held together by attraction forces. The sum of all attractive forces on any molecule present in the bulk of a liquid averages zero. The net force (also known as cohesion force) on a surface molecule is a non-zero quantity in the direction towards the bulk (Figure 2.1). This is the force that must be counteracted to increase the surface area; the energy consumed by this process is called surface energy. The unbalanced forces on the interface cause it to contract to the minimum. Water droplets are spherical because a sphere has minimum surface area for a given volume among all geometric shapes. Surface tension and surface free energy of a liquid are equal while the same is not true for a solid surface.

[image: Image]
Figure 2.1 Liquid–liquid interface and balance of forces on molecules of liquids.




Surface tension is defined as the work required to increase the area of a surface isothermally and reversibly by unit amount. Surface tension (γ) is expressed as the surface energy per unit area and alternatively as the force per unit length. Surface tension of liquids can be measured directly and expressed in the units of force per unit area (dyn/cm), which is the simplified form of energy per unit surface area (erg/cm2 = dyn cm/cm2 = dyn/cm). The challenge has been to find methods to determine the surface tension of solids surfaces.

Surface tension of polymers can be divided into two components—polar (γ
p) and dispersion (γ
d)—to account for the type of attraction forces at the interfaces.[3] The chemical constitution of the surface determines the relative contribution of each component to the surface tension. The polar component is composed of various polar molecular interactions including hydrogen bonding, dipole energy, and induction energy, while the dispersion component arises from London dispersion attractions. The attractive forces (van der Waals and London dispersion) are additive, which results in the surface tension components to be additive: γ = γ
p + γ
d.




2.4 Surface Free Energy

A hypothetical example is used to describe the concept of surface free energy. Suppose a box is filled with a sliding cover (Figure 2.2). The sliding cover is assumed not to have any interfacial tension with the liquid. If the cover is slid back to uncover a surface area of dA, the necessary reversible work will be (γdA). For a pure substance, the increase in the free energy of the system at constant temperature and pressure is defined by Eq. (2.1).

[image: Image]
Figure 2.2 An ideal liquid box.



	[image: Image]	(2.1)


The total free energy of the system is composed of the energy of the bulk liquid and the surface liquid. The latter is equal to the surface free energy per unit area (G
S) multiplied by the surface area as shown in Eq. (2.2). Combining Eqs. (2.1) and (2.2) results in Eq. (2.3), which illustrates that the free surface energy of a pure substance is equal to its surface tension.

	[image: Image]	(2.2)


	[image: Image]	(2.3)



2.4.1 Surface Energy of Solids

A solid is defined as a material that is rigid and resists stress. A solid surface may be characterized by its surface free energy and surface energy. The surface energy (tension) of a solid cannot be measured in a similar manner to that of a liquid, due to the difficulty caused by the reversible formation of its surface. The methods for the determination of surface energy of solids are described in this chapter.

Solid material surfaces can be divided into two categories, those with high and low surface energy.[4] High-surface energy materials include metals and inorganic compounds such as oxides, silicates, silica, diamond, and nitrides. The surface tension of high-energy materials is in the range 200–500 dyn/cm. Low-energy materials are mainly composed of organic compounds including polymers with critical surface tension <100 dyn. Polymer surfaces have been further classified[5,
6] as low, medium, and high surface energy. Low-surface energy solids have critical surface tension in the range of 10–30 dyn/cm, medium energy from 30 to 40 dyn/cm, and high energy >;40 dyn/cm.

Low-surface energy materials such as oils are spontaneously absorbed by the high-energy surfaces because of the reduction in the free surface energy of the system. This means that a clean, high-energy surface exposed to the normal ambient environment will not remain clean for long because of the absorption of water and organic contaminants on its surface. This is why a surface cleaning operation is included in many processes just before the actual application of the adhesive or coating to prevent prolonged exposure of the cleaned substrate (adherend) to the factory environment. Another approach is to apply a protective film to the clean surface, which is removed immediately prior to the adhesive coating step.




2.4.2 Work of Adhesion

The work of adhesion is defined as the reversible thermodynamic work that is needed to separate the interface from the equilibrium state of two phases to a separation distance of infinity. Equation (2.4) shows the work of adhesion for a liquid–solid combination. This definition is attributed to the French scientist A. Dupre.

	[image: Image]	(2.4)


where γ
L is the surface energy (tension) of the liquid phase, γ
S is the surface energy of the solid phase, γ
SL is the interfacial surface tension, and W
a is the work of adhesion. A rise in the interfacial surface tension results in an increase in the work of adhesion. Equation (2.4) can be rewritten to determine the work of cohesion (W
c), when the two phases are identical and no interface is present, as shown in Eq. (2.5), for a solid phase.

	[image: Image]	(2.5)







2.5 Contact Angle (Young's Equation)

Most liquids wet solid surfaces to some degree and exhibit a contact angle. A constant angle in a static system can be measured at equilibrium. Figure 2.3 illustrates the contact angle in an ideal system where the solid surface is homogeneous, smooth, planar, and rigid. The interfacial tensions designated as γ represent equilibrium values at the point of intersection of three phases. The subscripts L, S, and V denote liquid, solid, and vapor phases. The designation γ
o is used to indicate that the solid surface must be in equilibrium with the liquid's saturated vapor, that is, a film of the liquid is absorbed on the solid surface. Young[7] described Eq. (2.6) without presenting a proof; it has been since been proven by different researchers.[8,
9]

[image: Image]
Figure 2.3 Equilibrium contact angle on an ideal surface.
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2.6 Surface Tension Measurement

Surface tension measurement techniques are divided into methods for solids and liquids. There are two modes for measuring the surface tension of liquids: static and dynamic. Values reported in the literature are often static surface tensions of liquids. Tables 2.1–2.3 present a brief description of the common techniques for surface tension measurement of liquid and solid materials. Some of these methods have been described in further detail.

Table 2.1 Static Surface Tension Measurement Methods for Liquids


	Technique
	Brief Description



	du Nouy ring
	Traditional method for the measurement of surface and interfacial tension. Maximum pulling force on a ring by the surface is measured. Wetting properties of liquids have no influence on this technique.



	Wilhelmy plate
	This technique is broadly applicable to liquids, especially when the surface tension must be measured over a long time period. A vertical plate with known perimeter is attached to a balance and submerged in the liquid. The force due to wetting is measured by the balance.



	Spinning drop
	Suitable for low interfacial tensions. The diameter of a drop within a heavy phase is measured while both are being rotated.



	Pendent drop
	Surface and interfacial tension are measured by this method.




Table 2.2 Dynamic Surface Tension Measurement Methods for Liquids


	Technique
	Brief Description



	Bubble pressure
	This method is used for determining the surface tension at short surface ages. The actual measured variable is the maximum pressure of each bubble.



	Drop volume
	A method employed for determining interfacial tension as a function of time (interface age). The time between two consecutive drops is measured when a liquid of one density is pumped into a second liquid of a different density.




Table 2.3 Surface Tension Measurement Methods for Solids


	Technique
	Brief Description



	Sessile drop
	This method involves measurement of the contact angle optically and is used to estimate the wetting properties of a localized region on a solid surface. The angle between the baseline of the drop and the tangent at the drop boundary are determined. This technique is ideal for curved samples or when one side of the sample surface has different properties than the other side.



	Dynamic Wilhelmy
	This method requires uniform geometry for calculating average advancing and receding contact angles on solids. Both sides of the solid must have the same properties. The wetting force on the solid material is measured as the solid is submerged in or withdrawn from a liquid of given surface tension.



	Single fiber Wilhelmy
	This is a dynamic Wilhelmy method which is applied to single fibers to measure advancing and receding contact angles.



	Powder contact angle
	This procedure allows the measurement of average contact angle and sorption speeds of powders and other porous species. The change in the weight as a function of time is measured.



	Liquid homolog method (Zisman)
	Called critical surface tension, it is based on measuring the contact angle of several liquids and plotting the cosine of the angle vs. the surface tension of the liquids. The surface tension at which the cosine of the contact angle is equal to 1, obtained by extrapolation, is the critical surface tension of the solid.




Several standards have been written to define methods for measuring the contact angle for different applications (Table 2.4). The objective of these methods is to mainly provide procedures for the comparison of the surface energy of industrial materials.

Table 2.4 Standard Contact Angle Measurement Methods for Various Materials


	Technique
	Title—Scope



	ASTM D724-99
	Standard Test Method for Surface Wettability of Paper—This method covers the quantitative determination of the resistance of paper surfaces to wetting by measuring the behavior of a drop of liquid applied directly to the paper surface.



	ASTM D5725-99
	Standard Test Method for Surface Wettability and Absorbency of Sheeted Materials Using an Automated Contact Angle Tester—This method measures the contact angle of a test liquid on a flat sample of a film or a paper substrate under specified conditions.



	ASTM C813-90 (1994)e1
	Standard Test Method for Hydrophobic Contamination on Glass by Contact Angle Measurement—This method covers the detection of hydrophobic contamination on glass surfaces by means of contact angle measurement.



	ASTM D5946-96
	Standard Test Method for Corona-Treated Polymer Films Using Water Contact Angle Measurement—This method covers the measurement of the contact angle of water droplets on corona-treated polymer film surfaces; the results are used to estimate the film's wetting tension.



	TAPPI T458*

	Surface Wettability of Paper—In this method, the contact angle between air and liquid on a paper surface is taken as a measure of the resistance of the paper surface to wetting by the liquid. The initial angle of contact or initial wettability is considered to be a measure of the ruling quality of the paper. The rate of change in the wettability is considered to be a measure of the writing quality.



	
* See TAPPI (Technical Association of the Pulp and Paper Industry) website: www.tappi.org.







2.6.1 Measurement for Liquids: du Nouy Ring and Wilhelmy Plate Methods

The du Nouy ring and Wilhelmy plate methods (Figure 2.4) are the two most frequently used techniques for measuring surface tension at the liquid–air interface or interfacial tension at a liquid–liquid interface. Only the du Nouy method can be applied to measure interfacial tension. Both these techniques are based on pulling an object with a well-defined geometry off the surface of liquids and measuring the pull force. These techniques are also known as pull-force methods. In the Wilhelmy method, a plate is the pull object, while in the du Nouy technique a ring is used. These techniques have been named after the two scientists who conducted some of the earliest research in the area of surface tension measurement. In 1863, Wilhelmy[10] described the measurement of capillary constants in a paper, without a detailed calculation of surface tension. Lecomte du Nouy illustrated the shortcomings of previous surface tension determination methods in a paper published in 1919.[11]

[image: Image]
Figure 2.4 Schematic of (a) du Nouy ring and (b) Wilhelmy plate methods.




Equation (2.7) shows the relationship for the calculation of surface tension by the du Nouy ring method. In this equation, P
T is the total force on the ring which is measured, P
R is the weight of the ring, R is the radius of the ring, and γ
ideal is the ideal surface tension. In practice, a meniscus correction factor is required because the size and the shape of the surface inside and outside the ring are not the same. Therefore, surface tension must be corrected for the shape of the ring by a factor (ƒ) as shown in Eq. (2.8). The correction factors have been determined and tabulated.[12,
13,
14,
15]

	[image: Image]	(2.7)
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The Wilhelmy method does not require a correction factor for meniscus shape. It requires correction if the plate is partially or completely submerged in the liquid. In Eq. (2.9), P
T is the total force on the plate which is measured, P
P is the weight of the plate, p is the perimeter of the plate, and γ
ideal is the ideal surface tension. A buoyant force term must be added to or subtracted from the second part of equation, depending on whether the plate is above or below the level of the free liquid. In Eq. (2.10), h is the height above or below the free liquid level, A is the cross-sectional area of the plate, and γ is the surface tension.

	[image: Image]	(2.9)
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The total force (P
T) acting on the ring (du Nouy) or the plate (Wilhelmy) can be measured by a balance connected to either device. Substituting for the total force and the other parameters in Eq. (2.10) allows the value of surface tension (γ) to be calculated.




2.6.2 Measurement for Solids: Liquid Homolog Series

The surface tension of solid plastics cannot be measured directly and is thus determined indirectly, usually by contact angle methods. The problem with the direct measurement of surface tension arises from the difficulty in the reversible formation of a solid surface.

An alternative method uses a concept called critical surface tension that was proposed by Fox and Zisman[4,
16,
17] to characterize the surface energy of solids. A plot of the cosine of the contact angle (cos θ) and liquid–vapor surface tension (γ
LV) yields a straight line for a homologous series of liquids (Figure 2.5). Non-homologous liquids yield a curved line that may not be easily extrapolated. The intercept of the line at cos θ = 1 is defined as the critical surface tension of the polymer (γ
c). Values of 18 dyn/cm for polytetrafluoroethylene and 30 dyn/cm for polyethylene are obtained according to this procedure (Figures 2.5 and 2.6). Tables 2.5 and 2.6 present the surface free energies of solids and surface tension of liquids.

[image: Image]
Figure 2.5 Zisman plot for polytetrafluoroethylene using n-alkanes as the testing liquids.[4,
17]



[image: Image]
Figure 2.6 Zisman plot for polyethylene using n-alkanes as the testing liquids.[5]



Table 2.5 Surface Free Energies of Select Plastics


	Plastic Material
	Surface Free Energy (dyn/cm)



	Polytetrafluoroethylene
	18–19



	Polytrifluoroethylene
	22



	Polyvinylidene fluoride
	25



	Polyvinyl fluoride
	28



	Polypropylene
	29



	Polyethylene
	30–31



	Ionomer (low) polystyrene
	33



	Ionomer (high) polystyrene
	37



	Polymethylmethacrylate
	38



	Polyvinyl chloride
	39



	Cellulosics
	42



	Polyester
	43



	Nylon
	46




Table 2.6 Surface Tension of Select Liquids


	Liquid
	Surface Free Energy (dyn/cm)



	n-Hexane
	18



	Alcohols
	22



	Cyclohexane
	25



	Toluene, xylene
	29



	Phenol
	41



	Aniline
	43



	Glycol
	47



	Formamide
	58



	Glycerol
	63



	Water
	72




One can obtain a relationship (Eq. (2.11)) between the critical surface tension and the solid–vapor surface tension by setting the contact angle to 0 in Young's equation (Eq. (2.6)). Therefore, critical surface tension is smaller than solid–vapor surface tension. Figure 2.7 shows the effect of temperature on the critical surface tension of two plastics.[18] The surface energy of plastics decreases with temperature.

[image: Image]
Figure 2.7 Effect of temperature on critical surface tension of two plastics.[18]
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In summary, the experimental and analytical methods described in this chapter enable the reader to both measure and calculate the surface energy 

of liquids and solids. Surface preparation techniques are partly aimed at changing the surface energy of materials, which can be determined using the methods provided in this chapter.






2.7 Fractional Polarity

Wu[19] has proposed to separate the surface energy into non-polar (dispersion) and polar components (Eq. (2.12)). The subscripts “d” and “p” designate non-polar (dispersion) and polar components, respectively. The concept of the additive nature of surface energy components has been accepted by a number of researchers such as Fowkes[20,
21] and Meyer et al.[22,
23] The polar component of surface tension includes various dipole interactions and hydrogen bonding. The various components have been lumped together to simplify the discussions. The dispersion component includes the non-polar fraction of surface energy. Fractional polarity is defined by Eq. (2.13) and non-polarity by Eq. (2.14).

	[image: Image]	(2.12)


	[image: Image]	(2.13)


	[image: Image]	(2.14)


Fractional polarity can be defined for both solid and liquid phases based on Eqs. (2.13) and (2.14).

Water and methylene iodide are two liquids that are used for the determination of the components of surface tension of solid polymers by measuring contact angles. Table 2.7 gives the values of the components of their surface tension.

Table 2.7 Surface Tension Components of Water and Methylene Iodide[1]


	Liquid
	Surface Tension (dyn/cm) (20°C)



	γ
d 
	γ
P 
	γ =γ
d + γ
P 



	Harmonic mean
	 
	 
	 



	Water
	22.1
	50.7
	72.8



	CH3I
	44.1
	6.7
	50.8



	Geometric mean
	 
	 
	 



	Water
	21.8
	51.0
	72.8



	CH3I
	49.5
	1.3
	50.8



	 
	48.5
	2.3
	50.8







2.8 Critical Surface Tension

Fox and Zisman [4,
16,
17] first proposed the concept of critical surface tension in the early 1950s. In Zisman's method, the relationship between the contact angle of various liquids on a solid and the surface tension of the liquids are investigated. Specifically, cos θ is plotted against γ
LV (known as Zisman plot) in which a straight line is often obtained when a homologous series of liquids are used to wet the solid's surface (non-linear for non-homologous liquids).

One can derive the relationship (Eq. (2.15)) between the critical surface tension and the solid–vapor surface tension by setting the contact angle to 0 (Figure 2.8). Critical surface tension is therefore smaller than solid–vapor surface tension. The interfacial tension γ
SL varies with the nature of the liquid and will be very large if the polarity of the solid and the liquid are very different from each other.

[image: Image]
Figure 2.8 Zisman plot for homologous and non-homologous liquid series.
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In summary, this chapter presents the basic thermodynamic principles and the work of adhesion that quantitatively characterize surfaces of materials. Laboratory techniques for surface characterization have been described, which allow an understanding of the chemical and physical properties of material surfaces. Empirical equations have been described for calculating surface tension (energy) of solid polymeric surfaces using contact angle and other parameters.
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3 Material Surface Preparation Techniques




3.1 General Considerations

As adhesive bonding is a surface phenomenon, preparation of the contact surface is vital for strong bond formation. Surface preparation (or surface pretreatment) is carried out to render adherend surfaces receptive to the development of strong, durable adhesive joints. It is desirable to expose the adherend surface directly to the adhesive, with no intervening layer of oxide film, paint, chromate coating, chromate-free coating, phosphate coating, or silicone release agent. Such layers are called “weak boundary layers,” and in their presence the adhesive does not contact the adherend surface directly.[1]


Table 3.1 shows a list of surface treatment processes for metallic and non-metallic substrates and the main effect of each treatment procedure on the material surface.

Table 3.1 Surface Treatment of Materials to Enhance Adhesion


	Substrate
	Treatment Method
	Effect of Treatment



	Metals
	Degreasing
	Cleaning of the surface



	Metals
	Grit blast
	Loose material (weak boundary) removal from the surface and increase in contact surface area



	Metals
	Acid etch/liquid pickling
	Surface oxidation



	Plastics
	Corona treatment
	Weak boundary layer removal and surface oxidation



	Plastics
	Flame treatment
	Weak boundary layer removal and surface oxidation



	Plastics
	Chemical etching
	Weak boundary layer removal and surface oxidation



	Fluoroplastics
	Chemical etching
	Surface defluorination and oxidation







3.2 Surface Treatment of Metals

Preparing the surface of a metallic sample involves multiple steps, all of which are not always taken. It is not possible to obtain a strong adhesive bond without cleaning (and abrading) the metal surface. Metals have high energy surfaces and absorb oils and other contamination that may be present in vapor form or fine mist in the ambient. A list of steps (1–5) may be taken to prepare metal surfaces for bonding, although steps 4 and 5 are less frequently utilized.

	Cleaning (using a solvent or another chemical)


	Removal of loose materials (mechanical, e.g., grit blasting) also increases contact surface


	Improvement of corrosion resistance


	Priming (applying a material to the surface)


	Surface hardening (mechanical or chemical to strengthen the surface)




The best method to clean a metal surface is by vapor degreasing with an organic solvent such as trichloroethane. Effective aqueous systems have also been developed. The next step is sandblasting to increase the adhesive contact surface area by roughening the metal surface. Chemical etching strips away weakly bonded oxides and forms an oxide that is strongly bonded to the bulk material. An alternative is priming of the part surface to improve the wettability of the surface and protect it from oxidation.

A given process is considered desirable only if the entire production process can accommodate it. Cost must be considered and balanced against the requirement for reliability, maintainability, and critical roles of the joint.




3.3 Cleaning (Degreasing) Metals

Contaminated adherends will not form durable adhesive bonds regardless of the quality of materials used or the control of process. Many adherends require surface preparation beyond simple cleaning.


3.3.1 General Sequence of Cleaning

A surface preparation procedure requires completion of one, two, or all three of the following operations:[2]


	Solvent cleaning


	Chemical treatment


	Priming (Section 3.3.1.3) may also be carried out in some cases to ensure superior durable bonds under particularly adverse environments





3.3.1.1 Solvent Cleaning

Solvent cleaning is the process of removing soil from a surface with an organic solvent without physically or chemically altering the material being cleaned. This includes various methods such as vapor degreasing, spraying, immersion, and mechanical or ultrasonic scrubbing. Solvent cleaning can be an end in itself, as in the case of vapor degreasing of an aluminum honeycomb core before bonding. It may also be a preliminary step in a series of cleaning and chemical treatment operations.[2]

The four basic solvent cleaning procedures are:[2]

	Vapor degreasing


	Ultrasonic vapor degreasing


	Ultrasonic cleaning with liquid rinse


	Solvent wipe, immersion or spray



Vapor degreasing is a solvent cleaning procedure for the removal of soluble soils, particularly oils, greases, and waxes as well as chips and speckles of metallics and non-metallics. The principle of vapor degreasing is scrubbing the part with hot solvent vapors. These vapors condense on the part at a sufficient rate to form a liquid flow that dissolves and washes the soil away from the part as the condensed solvent drains by gravity. Vapor degreasing requires both the proper type of solvent and degreasing equipment.

Chlorinated hydrocarbons[2] such as trichloroethylene and perchloroethylene are the solvents most commonly used for vapor degreasing, particularly the former. Considerable detail on the equipment required and the vapor degreasing process is given in Ref.[2]

Vapor degreasers are available with ultrasonic transducers built into the clean solvent rinse tank. The parts are initially cleaned either by the vapor rinse method or by immersion in a boiling solvent. They are then immersed for ultrasonic scrubbing, followed by rinsing with vapor or spray plus vapor.[2]




3.3.1.2 Chemical Treatment

Chemical treatment is the process of treating a clean surface by chemical means. The chemical nature of the surface is changed to improve its adhesion qualities. Solvent cleaning should always precede chemical treatment.[2]




3.3.1.3 Priming

An adhesive primer is usually a dilute solution of an adhesive in an organic solvent applied to a dried film with a thickness of 0.0015–0.05 mm. Some of its functions include


	Improved wetting[3]


	Protection of the adherend surface from oxidation after surface cleaning


	Inhibition of corrosion











3.4 Surface Treatment of Plastics[2]

An important difference between metals and plastics is in their surface energy. Polymers have inherently lower surface energy than metals (assuming they are contamination-free) and tend to form intrinsically poor adhesion bonds without some type of treatment. Treatment of plastics only impacts the region near the surface and does not alter the bulk properties of the parts.

There are chemical, physical, and bulk treatment methods available for adhesion enhancement. Chemical modification techniques include those usually requiring wet or chemical reactions as the primary means of altering the surface. Examples include wet etching, grafting, acid-induced oxidation, and plasma polymerization. Physical surface treatment methods include corona discharge, ion or electron beam, photon beams (laser, ultraviolet light, and X-ray), plasma discharge, and flame oxidation. Bulk methods involve additives, blending, or recrystallization, all of which affect the bulk properties of plastics.


3.4.1 Effect of Treatment on Plastic Surfaces

The changes in the surface of plastics because of applying treatment are the result of four processes of cleaning, ablation, cross-linking, and surface

chemical modification (mostly oxidation).[2] Commercial treatment methods include corona, flame and plasma treatment, and chemical etching, all of which serve to increase the surface energy of plastics. The polar component of surface energy should be increased by 15–20 dyn/cm to achieve proper adhesive bonding in polymers such as polyolefin, polyphenylene sulfide, polyaramide, and others.[4] Other changes in the plastic surfaces include removal of weak materials, strengthening of the surface (by cross-linking), and increased surface roughness.




3.4.2 Surface Cleaning

Non-metallic materials, namely plastics, should be degreased, if necessary, with an aqueous detergent solution, followed by a thorough rinse with clean water and then dried. The detergent can be substituted by a solvent. Either solvent or detergent solutions can remove mold-release agents or waxes from the surface of plastic parts. Effective solvents include methyl ethyl ketone, acetone, and methanol, depending on the plastic type. Resistance of a plastic to solvents should be considered in the selection process to prevent dissolving or degrading the plastic during cleaning. The solvent surface cleaning step is skipped if the treatment technique can accomplish adequate cleaning in addition to surface modification, such as plasma treatment.




3.4.3 Mechanical Treatment (Surface Roughening)

Surface roughening and sanding of plastics accomplish the same purposes as those of metals. Essentially, loose and unstable polymers are removed from the surface, thus increasing contact surface area. This step is not pertinent, as there are decorative and aesthetic considerations that require an even, smooth surface. For example, if a plastic part is painted or laminated to a thin film, the application of surface roughening and sanding may not be possible or may be limited. When applicable, plastic surfaces are usually hand-sanded or sand-blasted to impart roughness to the part surface.




3.4.4 Corona Treatment

Corona discharge takes place at atmospheric pressure in contrast to low temperature (or cold) plasma that requires vacuum. Corona is a stream of charged particles such as electrons and ions that is accelerated by an electric field. It is generated when a space gap filled with air or other gases is subjected to a sufficiently high voltage to set up a chain reaction of high-velocity particle collisions with neutral molecules resulting in the generation of more ions. Corona discharge has been applied to treat the surface of plastics to render them adherable. In this method, the plastic article is exposed to a corona discharge produced by high-frequency, high-voltage alternating current.




3.4.5 Flame Treatment

Flame treatment is a commercial process to render plastics such as polyolefins and polyethylene terephthalate adherable. The polymer article (e.g., film) is passed over an oxidizing flame formed by an oxygen-rich mixture of hydrocarbon gas. Variables affecting the extent of oxidation include the flame characteristics (e.g., excess oxygen) and the speed of the article movement. A gas flame contains excited fragments and species, such as atomic oxygen, or functional groups, such as NO and OH, and others that can abstract hydrogen from the surface of the polymer, replacing it with oxygenated functional groups (mostly –C5O and –OH).

During flame treatment, all hydrocarbon gases react with oxygen (burn) to produce heat as shown here for methane:


CH4 + 2O2 → 2H2O + CO2



The above equation indicates complete combustion of the fuel gas methane. The volume of air required for the complete theoretical combustion of a gas (such as methane) is called the stoichiometric volume (100%). A flame containing an excess (>;100% stoichiometry) of air is referred to as an oxidizing flame; a flame that does not have sufficient air (<100% stoichiometry) to complete combustion is a reducing flame.




3.4.6 Plasma Treatment

Plasma (glow discharge) is sometimes called the fourth state of matter. It is produced by exciting a gas with electrical energy. It is a collection of charged particles containing positive and negative ions. Other types of fragments, such as free radicals, atoms, and molecules, may also be present. Plasma is electrically conductive and is influenced by a magnetic field. It is intensely reactive, which is precisely the reason that it can modify surfaces of plastics.[5] It can be used to treat parts to make their surfaces harder, rougher, more or less wettable, and more conducive to adhesion.

An early report by Hansen and Schonhorn[6] reported on plasma treatment for the surface preparation of low-surface-energy polymers for adhesive bonding. The techniques consisted largely of exposing the polymer surface to an inert gas-plasma at reduced pressure generated by electrodeless glow discharge (i.e., radiofrequency field). For polyethylene, only very short treatment times were necessary (≈9 seconds), while larger contact times were required for other polymers such as PTFE.[7] Plasma gases used (O2, He, N2) can be selected to include a wide assortment of chemical reactions. In the process, atoms are expelled from the surface of the polymer to produce a strong, wettable, and cross-linked skin.[8]

Plasma-treated polymers usually form adhesive bonds anywhere from two to four times stronger than bonds formed by traditional chemical or mechanical preparation.




3.4.7 Chemical Etching

Chemical etching is the most effective method of treating the surface of plastics for bonding. This technique can alter the physical and chemical properties of the surface. Chemical treatment is often preceded by cleaning to remove surface contamination. The benefits of cleaning the surface in advance include a reduction of the contamination of the chemical solution and improved interaction between the surface and the solution.

Typically, the surface of a plastic part is washed with soap and detergent solution or an organic solvent followed by immersion in the chemical treatment bath. The solutions include an acid, base, oxidizing agent, chlorinating agent, or other active chemicals.[9,
10] Afterwards, the part is rinsed in water, followed by drying at elevated temperature. The concentration of active ingredients must be monitored and maintained at an adequate level to allow effective treatment of successive plastic parts in the same solution. Table 3.2 shows examples of the most common chemical etching treatment systems.

Table 3.2 Common Chemical Treatment Solutions[9,
10]


	Chemical Solution
	Polymers
	Comments



	Sulfuric acid-dichromate etch
	Acrylonitrile-butadiene-styrene (ABS), polyacetal, melamine or urea polymer, polyolefin, polyethylene oxide, polystyrene, polysulfone, and styrene-acrylonitrile (SAN)
	Most common method



	Sodium etch
	Fluoroplastics and some polyesters
	 



	Sodium hydroxide
	Polystyrene, polyesters, polyamide, and polysulfone
	 



	Sanitizing
	Homopolymer polyacetal
	Developed by DuPont, US Patent 3,235,426



	Phenol
	Nylon
	 



	Sodium hypochlorite
	Thermoplastics and thermoplastic rubbers
	 




Sulfuric acid-dichromate is the most commonly applied chemical etching treatment for many plastics. There are few hard rules to determine the composition of this treatment media, although ranges can be found (Table 3.3). The exact formulation should be determined by testing the adhesive bond strength for any given plastic. Combinations of chromic acid, sulfuric acid, and phosphoric acid have been successfully used.[2,
11]

Table 3.3 Composition and Process Variables for Sulfuric Acid-Dichromate Etching[9,
10]


	Ingredient/Variable
	Typical Value (part by weight)
	Range (part by weight)



	Potassium or sodium dichromate
	5
	0.5–10



	Sulfuric acid (concentrated)
	85
	65–96.5



	Water
	10
	0–27.5



	Time
	–
	10 sec to 90 min



	Temperature
	–
	Room temperature to 71°C




Chromic acid removes amorphous regions of the polymer morphology, leading to the formation of complex (labyrinthine) cavities on the plastic surface. Some surface oxidation takes place. Improved wettability and bond strength have been ascribed to the topography of etched plastic surfaces rather than the polarity of the surface.[12]

Sodium etching is an extreme treatment technique that is suitable for surfaces that are very difficult to treat. Examples include fluoropolymers and thermoplastic polyesters.






3.5 Methods for Evaluating the Effectiveness of Surface Preparation

Before actual bonding, the subjective “water-break” test or the quantitative and objective contact-angle test may be carried out. After bonding, the effectiveness of surface preparation may be determined by measuring the bond strength and determining the mode of the failure of the adhesive joint.


3.5.1 Dyne Liquids

This method is common for estimating the treatment level of plastic surfaces in manufacturing/production environments. It involves using solutions made from a mixture of two chemicals that produce liquids (dyne) with surface tension in the range of 30–70 dyn/cm. The test consists of placing droplets of the various dyne liquids on the treated surface and observing the spreading of the drops in 2 seconds. Successive liquids with different surface tensions allow narrowing of the surface tension range of the web. This method is subjective but it provides a rapid means of assessment of the treatment level.




3.5.2 Water-Break Test

This test depends on the observation that a clean surface (one that is chemically active or polar) will hold a continuous film of water rather than a series of isolated droplets. This is known as a water-break-free condition. A break in the water film indicates a soiled or contaminated area. Distilled water should be used in the test, and a drainage time of about 30 seconds should be allowed. Any trace of residual cleaning solution should be removed or a false conclusion may be made. If a water-break-free condition is not observed on the treated surface, it should not be used for bonding. The surface should be re-cleaned until the test is passed. If failures continue to occur, the treatment process should be analyzed to determine the cause of the problem.[2]




3.5.3 Contact-Angle Test

Wettability may also be determined by measuring the contact angle between the polymer surface and the drop of a reference liquid such as distilled water. A small contact angle indicates that the liquid is wetting the polymer effectively, while large contact angles indicate that the wetting is poor. Every surface has a critical surface tension, γ
c, of wetting. Liquids with surface free energies below γ
c will have zero contact angles, and will wet the surface completely, while liquids with surface free energies above γ
c will have finite contact angles. Zissman and others have written comprehensively on surface-tension phenomena relating to adhesion.[13,
14]
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