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Preface
A basic industrial process is the bonding of similar and dissimilar materials to each other. Bonding using an adhesive has proven to be an effective means of attaching materials together.
There are numerous books about adhesives. Several excellent books are available that deal with the subject of adhesives from various viewpoints. Some have looked at adhesives from the perspective of synthesis, chemistry, or bonding techniques. Others have treated the subject from a practical standpoint. Of these, most are attempts to describe adhesion in relation to a variety of materials, including plastics, metals, wood, and so on. A few books regarding applications of adhesives are highly specialized in particular industries, such as metals and construction.
What is different about this book? The present book is focused on practitioners of adhesion technology from an end-user's perspective, 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. Other than the choice of the appropriate adhesive, surfaces must be pretreated according to specific methods and prior to the application of adhesives. By including generous selections from the recent back catalog of both Elsevier and William Andrew publishing (now part of Elsevier), I aim to provide to an audience of engineers and other professionals working with adhesives, a wide-ranging and practical handbook.
This book describes treatment methods that must be applied to a material surface before successful adhesive bonding is possible. There are numerous examples, ranging from wallpaper in a house and paint on surfaces to parts used in the construction of aircraft. The aim of the contents is to explain, in an accessible yet complete manner, all that is required to achieve successful adhesion bonding of different materials.
Fundamental material considerations have been given priority to facilitate the use of the contents of this book in different industries. The book is both a reference and a source for learning the basics. Additionally, it is useful for all involved in the product value chains, and it offers information helpful to engineers, chemists, students, and all others involved in material adhesion and processing.
Every attempt has been made to enhance the accessibility of the information to create a reader-friendly text. In the balance of practical and theoretical subjects, practical has been given definite precedence. 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 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 wherever they represent 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 to the 1960s.
The book consists of four parts. Part I contains two introductory chapters that describe the fundamental concepts of surface treatment and adhesion. Part II is comprised of chapters that describe surface tension (energy) concepts, surface characterization techniques, and surface preparation methods for metals and thermoplastics, thermosets, and elastomers.
Part III describes the characteristics of adhesives from the standpoints of chemical structure and application. Heat-resistant and UV-cure adhesives are discussed in separate chapters because of their importance to the adhesive industry.
Part IV of the book describes the applications of adhesives with respect to special adherends. Applications of adhesives in aerospace, electronic, and medical/dental have been described in separate chapters because of the importance and breadth of adhesion use in these industries. There are few, if any, adhesives that are not used by these industries, thus rendering the information in the chapters useful to nearly any other industry. After all, the aerospace industry has been a pioneer in the use of structural adhesive bonding in critical applications.
Appendix A discusses Safety, Environmental, Economic Aspects, and Future Trends. Appendix B provides an exact copy of the FDA Guidance for Tissue Adhesive for the Topical Approximation of Skin issued in May 2008. A glossary section rounds off the book.
I hope this book is useful to those who practice the art of adhesion as a profession. None of the views or information presented in this book reflect the opinions of any of the companies or individuals that have contributed to the book. If there are errors, they are an inadvertent oversight on the part of the author. A note indicating suggestions or specific errors to the publisher, for the purpose of correcting future editions, would be much appreciated.
Sina Ebnesajjad
Chadds Ford, Pennsylvania



1. Introduction and Adhesion Theories
Sina Ebnesajjad

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 losing of integrity within design limits. 3 Bonds must also be durable throughout the useful service life of a part, which may be years. In addition to possessing significant resistance to aging, a structural bond is defined as having a shear strength greater than 7 MPa. 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 may argue that such an adhesive can 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 Obtaining adhesive bonds that are stronger than those of the strength of adherends is not unusual.
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 than are used with conventional fastening can often be used with adhesive bonding 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, thereby 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 adhesively 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. Adhesives are categorized into two 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 subcategories 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 of adhesive bonding, and some points are reiterated.
1.4.1. Advantages
• Uniform distribution of stress and larger stress-bearing area5. and 6.

• Joins thin or thick materials of any shape

• Joins similar or dissimilar materials

• Minimizes or prevent electrochemical (galvanic) corrosion between dissimilar materials

• Resists fatigue and cyclic loads

• Provides joints with smooth contours

• Seals joints against a variety of environments

• Insulates 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

• Dampens vibration and absorb shock

• Provides an attractive strength/weight ratio

• Quicker and/or cheaper to form than mechanical fastening




1.4.2. Disadvantages
• The bond does not permit visual examination of the bond area (unless the adherends are transparent)5.6. and 7.

• 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
Imparting strength to a joint by design is possible. 8 A carefully designed joint yields a stronger bond than one not carefully designed when advantages of the mechanical design are combined with adhesive bond strength to meet the end use requirements of the bonded part.

1.5.3. Cleanliness
To obtain a good adhesive bond, starting with a clean adherend surface is essential. Foreign materials such as dirt, oil, moisture, and weak oxide layers must be removed, lest the adhesive be bonded to weak boundary layers rather than to the substrate. Various surface treatments exist that remove or strengthen the weak boundary layers. Such treatments typically involve physical or chemical processes, or a combination. 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; 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 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



Requirements to form a good adhesive bond, as well as processes for bonding, analytic techniques, and quality control procedures, are 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. Theories have recently been postulated for adhesive bonding mechanisms (Table 1.1). It is often difficult to fully ascribe adhesive bonding to an individual mechanism is often difficult. A combination of different mechanisms is most probably responsible for bonding. The extent of the role of each mechanism may vary for different adhesive bonding systems. An understanding of these theories is helpful to those who 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, discussed later in the 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. It 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. Thus that an adhesive penetrating into the surface roughness of two adherends can bond them is concluded. 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, for good adhesion also occurs between smooth surfaces. 12
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. Thorough wetting and extensive chemical bonding are expected consequences of increased contact surface area.
There are supportive data in the literature that relates joint strength and bond durability to increased surface roughness. There are also observations indicating, contrarily, 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. and 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 by 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 to that of chemical bonding.19. and 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 occurs. 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 occurs 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, Eqn (1.1)) can be used to interpret diffusion bonding, as defined by Eqn (1.2). Bond strength is maximized when solubility parameters are matched between the adhesive and the adherend.(1.1)
[image: B978143774461310001X/si1.gif is missing]


(1.2)
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Ecoh 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. Inferentially, interdiffusion of polyolefins and butyl rubber increases at elevated temperatures, generating higher bond strength.
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	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 requires a lower surface tension than the critical surface tension of the solid. This is precisely the reason for surface treatment of plastics, increasing 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/r7) 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.
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	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. Criteria for good wetting require adhesives to have a lower surface tension than that of 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 transpire 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 those 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, it requires that mutually reactive chemical groups 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. and 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 texts28. and 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 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. and 31.


1.7. Definition of Failure Modes
A hypothetical adhesion bond is shown in Figure 1.3. Assume the bond is tested in the tensile mode, during 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.
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	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 to save time and money.
Table 1.3Table 1.4 and Table 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
Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.	nd, not detectable.
			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


Table 1.4 Surface Chemical Analysis (ESCA) in a Cohesive Failure of Polyvinyl Fluoride
Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.	nd, not detectable.
			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


Table 1.5 Surface Chemical Analysis (ESCA) in a Adhesive Failure of Polyvinyl Fluoride
Data were provided by Dr. James J. Schmidt at the DuPont Company, 2003.	nd, not detectable.
			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


In a pure cohesive failure, the two surfaces involved should have virtually identical chemical compositions, which is nearly the case in Table 1.3 and Table 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 Table 1.3 and Table 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 they are 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. Introduction to Surface Preparation and Adhesion
Sina Ebnesajjad

2.1. Definition of Surface Preparation, Adhesives, and Adhesive Bonding
Surface preparation or treatment is defined as one or a series of operations including cleaning, removal of loose material, and physical and/or chemical modification of a surface to which an adhesive is applied for the purpose of bonding. In plastics bonding, surface preparation is aimed at increasing the surface polarity, improving surface wettability, and creating sites for adhesive bonding. Metal surfaces are typically covered with oxide layers, rendering the surface highly polar and fit for good adhesive bonding. Surface preparation is intended to enhance the bonding strength to metal surfaces. But the main reason for preparing a metal surface is to improve the durability of the bond, especially when exposed to humidity.
An adhesive is a material that is applied to the surfaces of articles to permanently join the articles by a bonding process. An adhesive is a substance capable of forming bonds to each of the two or more parts of which the final object consists. 1 A feature of adhesives is the relatively small quantities (also thickness) that are required relative 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: 2Adhesion 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. There is unifying theory of adhesion that relates the physical-chemical properties of materials to the actual physical strength of an adhesive bond. 3 The interfacial forces holding the two phases together may arise from van der Waals forces, chemical bonding, or electrostatic attraction. The 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.


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 in contact with the fasteners. 4 It is not unusual to obtain adhesive bonds that are stronger than the strength of the adherends (surfaces that are to be bonded together).

2.2. Introduction to Surface Treatment
There are a number of reasons for surface treatment of materials. The main reasons for applying surface treatments prior to bonding are as follows:(1) To remove or prevent the later formation of a weak layer on the surface of the substrate

(2) To maximize the degree of molecular interaction between the adhesive or primer and the substrate surface

(3) To optimize the adhesion forces that develop across the interfaces to ensure sufficient initial joint strength and during the service life of the bond

(4) To create specific surface microstructure on the substrate



Normally, optimum surface energy and structure is achieved by chemical surface treatment. The chemical composition and the morphology of the surface are changed, so that the surface energy of the substrate is maximized for adhesion. Chemical treatments also increase the chances that hydrogen, dipole, van der Waals ionic and/or covalent bonding can form at the substrate/adhesive interface. A quick and dirty test for adequate chemical treatment is to place a bead of water on the surface of the part and note if the water spreads. If so, the contact angle it forms with the surface is very small. There are special fluids called dyne liquids that bracket the numeric value of the surface energy of a material surface and fairly precisely.
Alternative methods to chemical treatment (with similar surface changes) include plasma, corona, and flame treatment methods. These act in ways similar to chemical treatments, with less hazardous waste generation. Mechanical abrasion is another means of surface preparation. This method of surface preparation is superior to other methods because of the simplicity of the process and significantly less waste generation. Mechanical abrasion works because it provides a clean surface and increases the contact area between the substrate and adhesive. In ordinary gluing of objects together, these methods are not needed because optimal adhesion is not always necessary. When strong adhesion bond is required, the minimum surface preparation required is cleaning and removing of dirt and grease from the contact surfaces. 5
More recently, novel techniques have been developed to treat the surfaces at the nano scale. For example, the interfacial adhesion energy between the lithography resist and the substrate is very important in nanoimprinting because of problems with the resist sticking or pulling off during separation of the mold from the substrate. Substrate surface treatments with a self-assembled monolayer or oxygen plasma provide good adhesion between a resist coating and a silica substrate. 6
2.2.1. Degreasing
Removal of all traces of oily contamination and grease from the substrate surfaces to be bonded is vital to the formation of strong adhesive bonds. Different methods, which should be carried out even though the contact surfaces may appear clean, are available for degreasing.
A part may be submerged in trichloroethylene or perchloroethylene vapors even though the vapors are pure uncontaminated solvent. As the vapors condense on the part, contaminants are dissolved and drip off the part with the condensed solvent. When a vapor degreasing unit is not available, the joint surfaces can be wiped with a cloth soaked with trichloroethylene, followed by complete evaporation from the joint surfaces. These solvents are toxic in both liquid and vapor form, requiring the work environment to be well ventilated.
Another technique consists of scrubbing the joint surfaces in a solution of a detergent. Metals can be immersed in or sprayed with an alkaline degreasing agent, followed by rinsing with clean hot water and thoroughly drying by hot air, steam, or ambient air.
Ultrasonic degreasing is known to produce excellent results for small components. Trichloroethylene, acetone, methylene chloride, tetrachloroethylene, and so on are among good solvents for ultrasonic degreasing. Alcohol, gasoline, and paint thinners are not recommended. An effective solvent is 1,1,1-trichloroethane because of its low toxicity and flammability. To verify the cleanliness of a surface that has been degreased, water or dyne liquids are used. If a drop of water forms a film of the surface, then it is free from contamination. If a drop retains its shape, degreasing of the surface must be repeated.

2.2.2. Abrasion
Abraded rough surfaces usually form stronger adhesive joints than do highly polished surfaces, primarily due to larger contact surfaces. A properly abraded surface should not contain any smooth or polished areas. Abrasion treatment should be followed by a second degreasing treatment to ensure the removal of loose particles. Grit-blasting removes surface deposits such as tarnish, rust, or mill scale from metal surfaces. If grit-blasting equipment is not available, or the metal is too thin to withstand blast treatment, clean the joint surfaces with a wire-brush, emery cloth, or sandpaper. Painted surfaces should be stripped down to substrate with a stripper prior to preparation, otherwise the adhesive joint will not be strong.

2.2.3. Chemical Treatment
Degreasing alone, or degreasing followed by abrasion and further degreasing, is sufficient for many adhesive bonds. To obtain maximum strength, reproducibility and resistance to deterioration a chemical or electrolytic pretreatment is required. Careful attention should be paid in the preparation of chemical solutions to assure correct proportioning of components required for formation of adequate bond strengths. Exposure time in the solution application is critical. If the application is too short, it does not sufficiently activate the surfaces. Overexposure to the solution builds up a layer of chemical reaction products that may interfere with the adhesion bond formation.
Some of the surface preparation treatments use chemicals that have serious health effects, unless used with extreme caution. As with all chemicals, consult the Material Safety Data Sheet (MSDS) before using. Organic solvents must be handled with care because their use may raise a fire and/or toxic hazard. Read the material safety data sheet before handling. Acids and sodium hydroxide are aggressive (corrosive) chemicals. Always wear protective clothing and a face shield when using. Read material safety data sheets of all materials before using. Never add water directly to an acid; always add acid to water slowly.


2.3. Requirements of a Good Adhesive Bond
The objective of any surface treatment method is to enhance the adhesive bond strength and durability when it is exposed to environmental factors of service. There are, however, other considerations for the formation of an adequate adhesive bond. The basic requirements for a good adhesive bond are the following7:• Proper choice of adhesive

• Good joint design

• Cleanliness of surfaces

• Wetting of adherends (surfaces that are to be bonded together).

• Proper adhesive bonding process (solidification and cure)



2.3.1. Proper Choice of Adhesive
There are numerous choices 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.

2.3.2. Good Joint Design
Imparting strength to a joint by design is possible. 8 A carefully designed joint can yield a stronger bond than one not designed carefully, by combining the advantages of the mechanical design with adhesive bond strength to meet the end use requirements of the bonded part.

2.3.3. Cleanliness
To obtain a good adhesive bond, starting with a clean adherend surface is essential. Foreign materials such as dirt, oil, moisture, and weak-oxide layers must be removed, or 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. A number of such treatments will be discussed in Chapter 5, Chapter 6 and Chapter 7. These treatments generally involve physical or chemical processes or a combination of both.7. and 9.

2.3.4. Wetting
Wetting is the displacement of air (or other gases) on the surface of adherend 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.7. and 10. Surface treatment techniques are applied to modify the adherend surface to increase wettability. 
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3. Surface Tension and Its Measurement
Sina Ebnesajjad

3.1. Introduction
Surface science is an important branch of physical organic chemistry that studies the behavior and characteristics of molecules at or near a surface or interface. The interface can form between solids, liquids, gases, and combinations of these states. Complex apparatus has been developed to identify and quantify surfaces and interfaces. Polymer surfaces are of special interest in industrial and biological applications; examples of the latter include dental implants and body part prosthetic devices. Modification of surfaces of these devices allows formation of controlled interfaces to achieve characteristics such as bondability and compatibility.
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 the interfaces is helpful to 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 work of adhesion that quantitatively characterize surfaces of materials.

3.2. 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 due to being on the boundary of the respective phase and interacting 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 less than 0.1 μm.1. and 2.

3.3. 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 nonzero quantity in the direction toward the bulk (Fig. 3.1). 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. Although surface tension and surface free energy of a liquid are equal, the same is not true for a solid surface.
	[image: B9781437744613100033/f03-01-9781437744613.jpg is missing]

	Figure 3.1 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 surface energy per unit area and alternatively as force per unit length. Surface tension of liquids can be measured directly and expressed in the units of work or energy per unit area (erg/cm2), which is then simplified (erg/cm2 = dyne.cm/cm2 = dyne/cm) to dyne/cm. There are a number of methods for measuring surface tension of liquids, including ones devised to make measurements for unusual liquids such as molten metal and ionic liquids.3.4. and 5. The challenge has been to find methods to determine the surface tension of solids surfaces. 6
Surface tension of polymers can be divided into two components: polar (γp) and dispersion (γd), to account for the type of attraction forces at the interfaces. 7 Chemical constitution of the surface determines the relative contribution of each component to the surface tension. Polar component is comprised of various polar molecular interactions, including hydrogen bonding, dipole energy, and induction energy, whereas 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 being additive: γ = γp + γd.

3.4. Surface Free Energy
A hypothetical example is used to describe the concept of surface free energy. Suppose a box with a sliding cover is filled with a liquid (Fig. 3.2). The sliding cover is assumed to have no interfacial tension with the liquid. If the cover is slid back to uncover a surface area of dA, the necessary reversible work will be (γ dA). For a pure substance, the increase in the free energy of the system at constant temperature and pressure is defined by Eqn (3.1).(3.1)
[image: B9781437744613100033/si1.gif is missing]
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	Figure 3.2 An “ideal liquid” box.




The total free energy of the system is comprised of the energy of the bulk liquid and the surface liquid. The latter is equal to the surface free energy per unit area (Gs) multiplied by the surface area as shown in Eqn (3.2). Combining Eqns (3.1) and (3.2) results in Eqn (3.3), which illustrates that free surface energy of a pure substance is equal to its surface tension.(3.2)
[image: B9781437744613100033/si2.gif is missing]


(3.3)
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In a reversible system, the heat (q) associated with it can be related to entropy (S) or surface entropy (Eqn (3.4)), where Ss represents surface entropy per unit area. Equation (3.5) is a thermodynamic relationship applied to the liquid surface in which T represents absolute temperature. Equation (3.6) is obtained by substituting for Gs from Eqn (3.3).(3.4)
[image: B9781437744613100033/si4.gif is missing]


(3.5)
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(3.6)
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The total surface energy (Eqn (3.7)) can be calculated by applying the enthalpy relationship with Gibbs free energy and entropy to the liquid surface.(3.7)
[image: B9781437744613100033/si7.gif is missing]



Equation (3.8) is the result of substitution from Eqn 3.6 into 3.7.(3.8)
[image: B9781437744613100033/si8.gif is missing]



Surface tension of most liquids decreases with increasing temperature in a linear manner. A well-known expression (Eqn (3.9)), defining the relationship between temperature and surface tension, has been attributed to EôTVôS. 8(3.9)
[image: B9781437744613100033/si9.gif is missing]



V is the molar volume, k has the same value for most liquids (2.1 erg/K), Tc is the critical temperature of the liquid, and T is the liquid temperature. The expectation is that surface tension of a liquid will approach zero at its critical temperature. There are other equations that express the behavior of liquids as a function of temperature.1. and 7.
Techniques have also been developed for estimation of the free surface energy of polymers. For example, a method for measuring the surface energy of solids and resolving the surface energy into contributions from dispersion and dipole-hydrogen bonding forces has been developed. It is based on the measurement of contact angles with water and methylene iodide. Good agreement has been obtained with the more laborious γc (critical surface tension method). Evidence for a finite value of liquid–solid interfacial tension at zero contact angle is presented. The method is especially applicable for the surface characterization of polymers. 9
3.4.1. 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. 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 of high and low surface energy. 10 High surface energy materials include metals and inorganic compounds such as oxides, silicates, silica, diamond, and nitrides. Surface tension of high-energy materials is 200–500 dynes/cm. Low-energy materials are mainly comprised of organic compounds including polymers with critical surface tension <100 dynes. Polymer surfaces have themselves been classified11 as being of low, medium, and high surface energy. Low surface energy solids have critical surface tension in the range of 10–30 dynes/cm, medium energy from 30 to 40 dynes/cm, and high energy >40 dynes/cm.
Low-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 from the environment of water and organic contaminants thereon. Accordingly, 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.

3.4.2. 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 (3.10) shows the work of adhesion for a liquid–solid combination. This definition is attributed to the French scientist A. Dupre.(3.10)
[image: B9781437744613100033/si10.gif is missing]


γL is the surface energy (tension) of the liquid phase, γS is the surface energy of the solid phase, γSL is the interfacial surface tension, and Wa is the work of adhesion. A rise in the interfacial attraction results in an increase in the work of adhesion. Equation (3.10) can be rewritten to determine the work of cohesion (Wc) when the two phases are identical and no interface is present, as shown in Eqn (3.11) for a solid phase.(3.11)
[image: B9781437744613100033/si11.gif is missing]





3.5. Contact Angle (Young's Equation)
Most liquids wet solid surfaces to some extent and exhibit a contact angle. A contact angle in a static system can be measured at equilibrium. Figure 3.3 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 where three phases intersect. The subscripts L, S, and V denote liquid, solid, and vapor phases, respectively. γo 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. Young12 described Eqn (3.12) without presenting a proof. It has since been proven by different researchers.13.14. and 15.(3.12)
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	Figure 3.3 Equilibrium contact angle on an ideal surface.




One route to prove Young's equation is by using the Gibbs free energy of the wetting, proposed by Poynting and Thompson. 16 After the liquid droplet forms the meniscus and reaches equilibrium, the variation in Gibbs free energy is zero. An assumption in Eqn (3.13) is the neglect of the gravitational force.(3.13)
[image: B9781437744613100033/si13.gif is missing]


(3.14)
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In Eqn (3.14), dA represents small incremental increases/decreases in the surface or interface area. Changes in the interfacial areas are given by Eqns (3.15) and (3.16), because any increase in the solid–liquid interface is countered by a decrease in the solid–vapor interface. Substitution from these two equations in Eqn (3.14) will yield Young's equation (Eqn (3.12)).(3.15)
[image: B9781437744613100033/si15.gif is missing]


(3.16)
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(3.12)
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The difference between the equilibrium surface energy of solid–vapor and solid–liquid is sometimes called adhesion. 17 It must be noted that the work of adhesion and adhesion tension involves the solid–vapor equilibrium instead of the solid–liquid equilibrium.[image: B9781437744613100033/si17.gif is missing]



Most surfaces have heterogeneous composition and are not perfectly smooth. Wetting of such a surface may reach equilibrium or remain in a metastable state. In the case of an ideal surface, the addition or removal of a small volume of liquid from the drop will result in the advancement or recession of the drop. The contact angle will return to its equilibrium value. In the case of a real surface, which may contain roughness and heterogeneity, there is a delay in the movement of the liquid drop in response to the addition or removal of liquid. This phenomenon is called hysteresis, which requires a revision of the definition of contact angle.
The contact angle formed as a result of the addition of liquid to the drop is dubbed the advancing angle. The angle formed because of the removal of liquid is called the receding angle. The contact angle of a liquid on a real surface is measured in both contacting and advancing modes. Typically, after the addition or removal of the liquid there is a delay followed by a sudden motion in the drop of the liquid. The maximum angle for the advancing mode and the minimum angle for the receding mode are defined, respectively, as advancing and receding contact angles.
Harkins and Livingston18 proposed a correction to Young's equation, concerning the surface of the solid carrying a film of the liquid's vapor. The surface energy of a solid surface that contains an adsorbed vapor layer (γSA) is less than that of a “clean” solid surface. This concept has practical significance because clean surfaces tend to adsorb the ambient vapors and oils and must therefore be protected prior to the application of adhesive. Hankins’ and Livingston's correction, known as spreading coefficient (πE), is shown in Eqn (3.17); thus, resulting in Eqn (3.18) after substitution in Eqn (3.12).(3.17)
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(3.18)
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The spreading coefficient can be measured by a technique developed by Padday. In this method, it has been shown19 that such a sessile drop, when successively increased in volume, reaches some constant maximum height (h) for a given solid–liquid system, provided the system is aged to reach equilibrium. It has also been shown that this maximum height is related to the spreading coefficient by Eqn (3.19). In this equation,ρ is the density of the liquid and g is the gravitational acceleration.(3.19)
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Finally, by substituting for the interfacial tension from the modified Young's equation (Eqn (3.12)) into the work of adhesion (Eqn (3.20)) for a solid–liquid system, the equation for the work of adhesion can be simplified to Eqn (3.21), also known as Young–Dupre's equation.(3.20)
[image: B9781437744613100033/si21.gif is missing]


(3.21)
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This means that the work of adhesion can be calculated by measuring the contact angle and the surface tension of the liquid.

3.6. Laplace's Equation
This equation is the governing relationship for the shapes of all bubbles and drops of liquids. It is also the basis for measuring the static surface/interface tensions of fluids. Laplace's equation states that the pressure drop across a curved surface is proportional to the capillary forces as shown in Eqn (3.22). 12(3.22)
[image: B9781437744613100033/si23.gif is missing]


Pa and Pb are pressures in the two phases and R1 and R2 are the main radii of curvature. Dimensionless forms of Laplace equation that are more convenient to apply have been derived. 20 For a spherical surface R1 = R2; simplify Eqn (3.22) to the following form:(3.23)
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3.7. Effect of Temperature on Surface Tension
An important variable of surface tension is temperature, which has practical value during the adhesion bonding of plastics. Surface tension of both adhesive and polymer is affected by temperature. Guggenheim's equation (Eqn (3.24)) is applicable to liquids that have small molecules. 21 It has also been found to be applicable to polymers. In this equation, γ0 is surface tension at T = 0 K and Tc is the critical temperature (K) of the liquid. The values of γ0 and Tc can be determined by fitting a line to the surface tension data as a function of temperature. According to the Guggenheim equation, surface tension decreases with an increase in temperature. 22 The rate of surface tension decrease as a function of temperature is 0.1 dynes/°C cm for liquids with small molecules.21. and 23.(3.24)
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3.8. Surface Tension Measurement
Surface tension measurement techniques are classified into methods for solids and liquids. There are two modes for measuring surface tension of liquids: static and dynamic. Values reported in the literature are often for static surface tensions of liquids. Table 3.1Table 3.2 and Table 3.3 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 3.1 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 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 when both are being rotated.
	Pendent Drop	Surface and interfacial tensions are measured by this method.


Table 3.2 Dynamic Surface Tension Measurement Methods for Liquids
	Technique	Brief Description
	Bubble Pressure	This method is used for determining 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 liquid of one density is pumped into a second liquid of a different density.


Table 3.3 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 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. 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, applied to single fibers to measure advancing and receding contact angles.
	Powder Contact Angle	This procedure allows the measurement of average contact angle and adsorption speeds of powders and other porous species. The change in the weight as a function of time is measured.
	Liquid Homolog Method (Zissman)	Called critical surface tension, it is based on measuring the contact angle of several liquids and plotting the cosine of the angle versus surface tension of the liquids. The surface tension at which cosine of the contact angle is equal to one, obtained by extrapolation, is the critical surface tension of the solid.


Several standards have been written to define methods for measuring contact angle for different applications (Table 3.4). The objective of these methods is to provide procedures for the comparison of surface energy of industrial materials.
Table 3.4 Standard Contact Angle Measurement Methods for Various Materials
	∗See TAPPI (Technical Association of the Pulp and Paper Industry) Web site: www.tappi.org.

	Technique	Title—Scope
	ASTM D724-99	Standard Test Method for Surface Wettability of Paper. 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. 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. 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. Method covers the measurement of 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.


3.8.1. Measurement for Liquids: Du Nouy Ring and Wilhelmy Plate Methods
The du Nouy ring and Wilhelmy plate methods (Fig. 3.4) are two most frequently used techniques of 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 of 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, whereas in the du Nouy technique a ring is used. These techniques are ascribed to two scientists who conducted some of the earliest research in the area of surface tension measurement. In 1863, Wilhelmy24 described measurement of capillary constants in a paper, without a detailed calculation of surface tension. Lecomte du Nouy illustrated the shortcomings of the past surface tension determination methods in a paper published in 1919. 25
	[image: B9781437744613100033/f03-04-9781437744613.jpg is missing]

	Figure 3.4 Schematic of (a) du Nouy Ring and (b) Wilhelmy Plate.




Equation (3.25) shows the relationship for the calculation of surface tension by the du Nouy ring method. In this equation, PT is the total force on the ring which is measured, PR is the weight of the ring, R is the radius of the ring, and γideal is the ideal surface tension. In practice, a meniscus correction factor is required because the size and shape of the surface inside and outside the ring are not the same. Surface tension must, therefore, be corrected for the shape of the ring by a factor (f), as shown in Eqn (3.26). The correction factors have been determined and tabulated.23.26. and 27.(3.25)
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(3.26)
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The Wilhelmy method does not require a correction factor for meniscus shape. Though it does require correction if the plate is partially or completely submerged in the liquid. In Equation (3.27), PT is the total force on the plate that is measured, PP is the weight of the plate, p is the perimeter of the plate, and γideal is the ideal surface tension. A buoyant force term must be added or subtracted to/from the second part of the equation, depending on whether the plate is above or below the level of the free liquid. In Eqn (3.28), 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.(3.27)
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(3.28)
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The total force (PT), acting on the ring (du Noy) or the plate (Wilhelmy), can be measured by a balance connected to either device. Substituting for the total force and other parameters in Eqn (3.28) allows the value of surface tension (γ) to be calculated.

3.8.2. Measurement for Solids: Liquid Homolog Series
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. Table 3.3 shows a list of methods that can be applied to measure the surface energy of solids.
An alternative method uses a concept called critical surface tension, proposed by Fox and Zissman10.28. and 29. to characterize the surface energy of solids. A plot cosine of the contact angle (cos θ), and liquid–vapor surface tension (γlv), yields a straight line for a homologous series of liquids (Fig. 3.5). Nonhomologous liquids yield a curved line that may not be easily extrapolated. The intercept of the line at cos (θ) equal to one is defined as the critical surface tension of the polymer (γc). Values of 18 dynes/cm for polytetrafluoroethylene and 30 dynes/cm for polyethylene are obtained according to this procedure (Figure 3.5 and Figure 3.6). Table 3.5 and Table 3.6 present surface free energies of solids and surface tension of liquids.
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	Figure 3.5 Zissman plot for polytetrafluoroethylene using n-alkanes as the testing liquids.4. and 23.
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	Figure 3.6 Zissman plot for polytethylene using n-alkanes as the testing liquids.4. and 23.




Table 3.5 Surface Free Energy of Select Plastics
	Plastic Material	Surface Free Energy, dynes/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 3.6 Surface Tension of Select Liquids
	Liquid	Surface Free Energy, dynes/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 (Eqn (3.29)) between the critical surface tension and the solid–vapor surface tension by setting the contact angle to zero in Young's equation (Eqn (3.12)). Critical surface tension is therefore smaller than solid–vapor surface tension. Figure 3.7 shows the effect of temperature on critical surface tensions of two plastics. 30 Surface energy of plastics decreases with temperature.(3.29)
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	Figure 3.7 Effect of temperature on critical surface tension of two plastics. 24




In summary, the experimental and analytical methods described in this chapter enable the reader to both measure and calculate surface energy of liquids and solids. Surface preparation techniques are partly aimed at changing surface energy of materials, which can be determined using the methods provided in this chapter. 



References
1. S.  Wu,  Polymer Interface and Adhesion. 1st ed. (1982) Marcel Dekker, Inc., New York, NY.
2. L.W.  McKeen,  Fluorinated Coatings and Finishes, William.    (2006) Pub/Elsevier, Norwich, NY.
3. M.  Przyborowski, I.  Egry, T.  Hibiya, M.  Eguchi,  Surface tension measurement of molten silicon by the oscillating drop method using electromagnetic levitation, J Cryst Growth151  (1)  (May 1995) 60–65.
4. G.  Law, P.R.  Watson,  Surface tension measurements of N-alkylimidazolium ionic liquids, Langmuir17  (20)  (2001) 6138–6141.
5. W.M.J.  Fernandez de la Mora, Y.  Yoshida, G.  Saito, J.  Wilkes,  Surface tension measurements of highly conducting ionic liquids, Green Chem8  (2006) 390–397.
6. W.R.  Tysona, W.A.  Miller,  Surface free energies of solid metals: estimation from liquid surface tension measurements, Surf Sci62  (1)  (January 1977) 267–276.
7. S.  Wu, J Adhesion5  (1973) 39–55.
8. A.W.  Adamson, A.P.  Gast,  Physical Chemistry of Surfaces. 6th ed. (1997) John Wiley & Sons, Inc, New York.
9. D.K.  Owens, R.C.  Wendt,  Estimation of the surface free energy of polymers, original pub date 1969, on-line, J Appl Polym Sci13  (8)  (Mar 9, 2003) 1741–1747.
10. H.W.  Fox, W.A.  Zisman, J Colloid Interface Sci5  (1950) 514.
11. L.H.  Lee,  Fundamentals of Adhesion.    (1991) Plenum Press, New York, NY.
12. T.  Young, Phil Trans Roy Soc (London)95  (1805) 65.
13. J.W.  Gibbs,  The Collected Works of J.W. Gibbs.    (1931) Longmans, Green, New York, NY.
14. The Scientific Papers of J. Willard Gibbs, vol. 1, Thermodynamics.    (1961) Dover, New York, NY.
15. R.E.  Johnson  Jr., J Phys Chem63  (1959) 1655.
16. J.H.  Poynting, J.J.  Thompson,  A Textbook of Physics: Properties of Matter. 8th ed. (1920) Charles Griffin, London.
17. F.E.  Bartell, L.S.  Bartell, J Am Chem Soc56  (1934) 2205.
18. W.D.  Harkins, H.K.  Livingston, J Chem Phys10  (1942) 342.
19.(a) J.F.  Padday,  Apparatus for measuring the spreading coeff. of a liquid, on a solid surface, J Sci Instrum36  (June 1959); (b) J.F.  Padday,  Proc. 2nd Int. Conf of Surface Activity, Vol. III.    (1958) Butterworths Scientific Publications, London; p. 136.
20. S.  Bashforth, J.C.  Adams,  An Attempt to Test the Theory of Capillary Action.    (1892) Cambridge University Press and Deighton, Pub. By Bell and Co, London.
21. E.A.  Guggenheim, J Chem Phys13  (1945) 253.
22. D.R.  Paul, S.  Newman,  Polymer Blends.    (1978) Academic Press, New York.
23. J.F.  Padday,   In:  (Editor: E.  Matijevic) Surface and Colloid Science,,  vol. 1 (1969) Wiley, New York, NY, pp.  39–99.
24. L.  Wilhelmy,  Ueber die Abhangigkeit der Capillaritats – Constanten des Alkohol con Substanz und Gestalt des benetzten festen Korpers, Ann Physik119  (1863) 177–217.
25. P.  Lecomte du Nouy,  A new apparatus for measuring surface tension, J Gen Physiol1  (1919) 521–524.
26. W.D.  Harkins, H.F.  Jordan, J Am Chem Soc52  (1930) 1756.
27. B.B.  Freud, H.Z.  Freud, J Am Chem Soc52  (1930) 1772.
28. H.W.  Fox, W.A.  Zissman, J Colloid Sci7  (1952) 109.
29. H.W.  Fox, W.A.  Zissman, J Colloid Sci7  (1952) 428.
30. F.D.  Petke, B.R.  Jay, J Colloid Interf Sci31  (1969) 216.




4. Surface and Material Characterization Techniques
Sina Ebnesajjad

4.1. Introduction
In the analysis of adhesion bonding, possessing knowledge of the composition and structure of the adherend surface is important. Characterization of bonding surfaces aids both in design and failure analysis of a bond, should the adhesion bond fail.
Surface analysis is the use of microscopic chemical and physical probes that give information about the surface region of a sample. (The term “sample” refers to any piece of material, structure, device, or substance that is under study). The probed region may be the extreme top layer of atoms (the only true surface, for purists), or it may extend up to several microns (millionths of a meter) beneath the sample surface, depending on the technique used. Analysis provides information pertaining to chemical composition, level of trace impurities, and physical structure or appearance of the sampled region. Such information is important to researchers and manufacturers who must understand the materials in order to verify a theory or to create a better product. 1
Many of the techniques used to probe surfaces utilize a beam of ions (e.g., secondary ion mass spectroscopy, SIMS) to strike the surface and knock atoms off the sample material. These atoms are ionized and identified and measured using a technique known as mass spectrometry. Another technique is ion scattering spectroscopy (ISS), which probes the outermost layer of the surface. If a beam of ions is directed at a sample surface, then a certain number will be elastically reflected. Measurement of the energy of the backscattered particles can be used to identify the mass of these atoms. The intensity of the scattered ions, as a function of angle of emission, provides information regarding the surface crystallographic structure. The variation in the intensity of the scattered beam is partly due to the shadowing of substrate atoms by adsorbed atoms. Using scattering theory, knowledge of the sites that the surface atoms occupy can be derived.2. and 3.
Other probes strike the surface with electrons (Auger spectrometry; energy dispersive X-ray spe ctroscopy, EDS or EDAX) or X-rays (electron spectroscopy for chemical analysis, ESCA or total reflection X-ray fluorescence, TXRF) and measure the resulting electron or photon emissions to probe the sample. Measurements of the way high-energy helium nuclei bounce off a sample can be used as a sensitive measure of surface layer composition and thickness (Rutherford backscattering spectrometry, RBS).
Surface structure on a microscopic scale is observed by using scanning electron microscopy (SEM), optical microscopy, and atomic force or scanning probe microscopy (AFM/SPM).
NOTE: All of these techniques must be performed in a high-vacuum environment—characterized is the substrate under those conditions, not atmospheric conditions under which most bonding processes are done.
Table 4.1 and Fig. 4.1 show a comparison of the sampling depth of traditional methods with those of new techniques. These analyses can focus on a much shallower thickness of the surface, and virtually yield analyses of the outermost layers of a polymer article.
Table 4.1 Comparison of Average Sample Depth for Various Surface Analysis Techniques4
	Analysis Method	Sampling Depth
	Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, conventional secondary ion mass spectroscopy (conventional SIMS)	<2 μm
	Energy dispersive X-ray (EDS or EDAX)	<5,000 Å
	Rutherford back scattering (RBS)	<400 Å
	Surface secondary ion mass spectroscopy (surface SIMS)	<300 Å
	Electron spectroscopy for chemical analysis (ESCA) also called X-ray photoelectron microscopy (XPS)	<100 Å
	Auger electron spectroscopy (AES)	<100 Å
	Ion scattering spectroscopy (ISS), also called low-energy ion scattering (LEIS)	<2 Å
	Time-of-flight secondary ion mass spectroscopy (TOF-SIMS)	1.3 Monolayers
	Atomic force microscopy (AFM) or scanning probe microscopy (SPM)	0.1 Å
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	Figure 4.1 Sampling depth for surface analysis techniques. 1




In addition to surface specific methods, a number of other analytic techniques that can be applied to characterize the bulk properties of materials are discussed in this chapter.

4.2. Infrared Spectroscopy
During analysis by infrared spectroscopy (IR), a sample is subjected to electromagnetic radiation in the infrared region of the spectrum. The wavelengths that are absorbed by the sample depend on the nature of the chemical groups present. These wavelengths are defined by a wave number (cm−1) that is obtained by dividing the number 10,000 by the wavelength in microns. The ranges of various wave numbers are given in Table 4.2. Absorbance is defined per Eqn (4.1) and varies from 0 (100% transmission) to infinity (0% transmission). Absorbance is related to concentration of the absorbing species by Beer's law (Eqn (4.1)). (4.1)
[image: B9781437744613100045/si1.gif is missing]


(4.2)
[image: B9781437744613100045/si2.gif is missing]


K = a constant that is occasionally called the extinction coefficient,

c = concentration of the absorbing species, and

l = sample thickness



Table 4.2 Definition of Electromagnetic Wave Ranges
	Definition of Range	Wave Number (104 cm−1)	Wave Length (μm)
	Ultraviolet	5–2.5	0.2–0.4
	Visible	2.5–1.42	0.4–0.7
	Near IR	1.42–0.4	0.7–2.5
	IR	0.4–0.02	2.5–50
	Far IR	0.02–0.0012	50–830


Equation (4.2) can be used to determine the concentration of a compound in a solution, if the value of K is known for that compound. Chemical bonds such as C–O, O–H, and so on, absorb different amounts of infrared energy over various wavelengths. Absorption patterns vary from sharp to broad for different bonds. Peak IR absorption wavelength (wave number) is characteristic of a chemical bond. Absorption over the infrared spectrum is a fingerprint characteristic of an organic material. Qualitative identification can be achieved by obtaining and analyzing the IR spectrum of a material. 
Infrared spectra can also be obtained by reflecting the IR beam on the surface of a sample. This technique is applied when obtaining an IR spectrum by a transmission technique is not possible. Attenuated total reflectance (ATR), also known as ATIR (attenuated total internal reflectance), is based on multiple internal reflectances of the IR beam on the sample surface using a high refractive index crystal (e.g., thallium bromo-iodide). The IR beam is entered into the crystal at an angle, and after about 25 internal reflections (5 cm), a spectrum similar to that of the transmission is obtained. The sample is in tight contact with both surfaces on the crystal, as seen in Fig. 4.2.
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	Figure 4.2 Schematic of the sample configuration relative to the reflective crystal in attenuated total reflectance IR.




Modern infrared spectrometers use Fourier transform for the calculation of results. The method is called Fourier transform infrared spectroscopy, abbreviated as FTIR.

4.3. Raman Spectroscopy
When incident light strikes a sample, part of the light is scattered. Most of the scattered light has the same wavelength as the incident light; this is called Rayleigh scattering. Some of the light is scattered at a different wavelength; this is called Raman scattering. The energy difference between the incident light and the Raman scattered light is called the Raman shift. It is equal to the energy required to vibrate or rotate the molecule. Several different Raman shifted signals will often be observed in a single sample; each is associated with different vibrational or rotational motions of molecules in the sample. The particular molecule and its environment will determine what Raman signals are observed. In practice, because the Raman effect is so slight, a laser is used as the source of the incident light. A plot of Raman intensity versus the frequency of the Raman shift is a Raman spectrum. It usually contains sharp bands that are characteristic of the functional groups of the compounds or materials. This information can be interpreted to determine chemical structure and to identify the compounds present. It is complementary to FTIR in that it uses a different method to measure molecular vibrations.
Raman spectroscopy is a good technique for qualitative analysis and discrimination of organic and/or inorganic compounds in mixed materials. A Raman spectrum can be obtained from samples that are as small as 1 μm. 1 The intensities of bands in a Raman spectrum depend on the sensitivity of the specific vibrations to the Raman effect and are proportional to concentration. Thus, Raman spectra can be used for semiquantitative and quantitative analyses. The technique is used for identification of organic molecules, polymers, biomolecules, and inorganic compounds both in bulk and as individual particles. Raman spectroscopy is particularly useful in determining the structure of different types of carbon (diamond, graphitic, diamond-like-carbon, etc.) and their relative concentrations.

4.4. Scanning Electron Microscopy (SEM)
SEM is a useful technique for the analysis of plastics surfaces. Actually, it is useful for any surface that survives in a vacuum. Almost all SEMs start by sputtering the surface with a thin layer of gold metal. If it is not already conductive, this makes the surface conductive, which is a requirement; so, you are often not looking directly at the surface. It involves a finely collimated beam of electrons that sweeps across the surface of the analysis specimen. The beam is focused into a small probe that scans across the surface of a specimen. The beam interactions with the material result in the emission of electrons and photons as the electrons penetrate the surface. The emitted particles are collected with the appropriate detector to yield information about the surface. The final product of the electron beam collision with the surface topology of the sample is an image (Fig. 4.4).
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	Figure 4.4 SEM images of a polymer-coated device: (a) 750 times magnification and (b) 35,000 times magnification. 1




For example, Fig. 4.4 shows the result of topical SEM analysis of a drug-infused polymer coating on	[image: B9781437744613100045/f04-03-9781437744613.jpg is missing]
	Figure 4.3. 
	Raman spectroscopy identified this micron-sized particle as polyethylene.



      a stainless steel device. SEM of the surface at 750 times magnification is shown in Fig. 4.4(a) and at 35,000 times magnification in Fig. 4.4(b). The higher magnification revealed the presence of crystals on the surface of the coating.
A helpful attachment to the SEM is the electron microprobe. An electron beam is focused on a sample surface, causing ionization to a depth of a few micrometers. Energies and wavelength of the emitted X-ray during the de-excitation cycle are characteristic of the elements present in the top layers of the sample. The result is not a true surface analysis, but the electron microprobe allows analysis of various spots of the sample surface. 5
4.4.1. Environmental Scanning Electron Microscopy (ESEM)
The first commercial environmental scanning electron microscopy (ESEM) was introduced in 1988. Although it is extremely expensive to modify a standard scanning electron microscope (SEM) to perform as an ESEM, a microscope designed for dual function (ESEM/SEM) can operate well in both modes. 6
One advantage of using the environmental scanning electron microscope (ESEM) is that by operating it in “wet mode” the need to make nonconductive material conductive is eliminated. Material samples do not need to be desiccated and coated with carbon or gold–palladium and thus their original characteristics can be preserved for further testing or manipulation. One may image the sample, modify the sample, and image the sample again, ad infinitum, without destroying its usefulness by having coated it to make it conductive.
Dynamic experiments can also be performed with the ESEM in the wet mode; one of the hot stages may be used to heat a small sample to as high as 1500 °C and image it during every step of the heating/cooling process. After a certain temperature is passed, above 1100 °C, bias actually needs to be adjusted to reject thermal electrons, but this can be done easily.
The Peltier heating/cooling stage7 allows working within 20 °C above or below ambient temperature, and the combination of low temperature (e.g., 4 °C) and high water vapor pressure (e.g., 6.1 Torr) permits achievement of 100% relative humidity (RH) at the sample surface. At 100% RH, samples are not dehydrated during the imaging process. At less than 100% RH, a moist sample constantly loses water as the vacuum in the chamber pumps on it; in the “scope,” it appears as constant movement of the sample.


4.5. Rutherford Backscattering Theory
RBS is based on collisions between atomic nuclei and derives its name from Lord Ernest Rutherford, who in 1911 was the first to present the concept of nuclei in atoms. It involves measuring the number and energy of ions in a beam, which backscatter after colliding with atoms in the near-surface region of a sample where the beam has been targeted. With this information, determining atomic mass and elemental concentrations versus depth below the surface is possible. RBS is ideally suited for determining the concentration of trace elements heavier than major constituents of the substrate. Its sensitivity for light masses, and for the makeup of samples well below the surface, is poor.
When a sample is bombarded with a beam of high-energy particles, the vast majority of particles are implanted into the material and do not escape. This is because the diameter of an atomic nucleus is on the order of 1e-15 m, whereas the spacing between nuclei is on the order of 2e-10 m. A small fraction of the incident particles undergo a direct collision with a nucleus of one of the atoms in the upper few micrometers of the sample. This “collision” does not actually involve direct contact between the projectile ion and target atom. Energy exchange occurs because of Coulombic forces between nuclei in close proximity to each other. However, using classical physics, the interaction can be modeled accurately as an elastic collision.
The energy measured for a particle backscattering at a given angle depends upon two processes. Particles lose energy while they pass through the sample, both before and after a collision. The amount of energy lost is dependent on that material's stopping power. A particle also loses energy as the result of the collision. The ratio of the energy of the projectile before and after collision is called the kinematic factor.
The numbers of backscattering events that occur from a given element in a sample depend upon two factors: the concentration of the element and the effective size of its nucleus. The probability that a material will cause a collision is called its scattering cross section.

4.6. Energy Dispersive X-Ray Spectroscopy (EDS)
EDS is a standard method for identifying and quantifying elemental compositions in a very small sample of even a few cubic micrometers. In a properly equipped SEM, the atoms on the surface are excited by the electron beam, thus emitting specific wavelengths of X-rays that are characteristic of the atomic structure of the elements. An energy dispersive detector, a solid-state device that discriminates among X-ray energies analyzes the X-ray emissions. Appropriate elements are assigned, thus yielding the composition of the atoms on the specimen surface. This procedure is called energy dispersive X-ray spectroscopy, or EDS, and is useful for analyzing the composition of the surface of a specimen (Figure 4.5 and Figure 4.6).
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	Figure 4.5 EDS elemental analysis of a clean PTFE surface.
(Courtesy of DuPont Fluoroproducts.)
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	Figure 4.6 EDS elemental analysis of a contamination spot on the PTFE surface.
(Courtesy of DuPont Fluoroproducts.)




4.7. Transmission Electron Microscopy (TEM)
Transmission electron microscopy is similar to SEM, except for the fact that the beam passes through the sample. A high voltage (80–200 keV), highly focused electron beam is passed through a thin solid sample, typically 100–200 nm in thickness. Electrons undergo coherent scattering or diffraction from lattice planes in the crystalline phase of materials, thus yielding phase identification. Characteristic X-rays that are generated can be detected in a separate detector, permitting qualitative elemental analysis.
Figure 4.7 shows a TEM micrograph of particles of polyvinylidene fluoride that have been produced by emulsion-polymerization in an aqueous phase. Figure 4.8 shows the capability of TEM in revealing the structure of a material. The authors have used nonaqueous miniemulsions to perform polymerizations. Polyvinylpyrrolidone nanoparticles (Fig. 4.8) can be synthesized at temperatures higher than 150 °C in nonaqueous inverse miniemulsions and in the presence of an additional stabilizer. Particle size and size distribution can be measured from the micrograph because of its excellent resolution. 8
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	Figure 4.7 Transmission electron micrograph of particles of emulsion-polymerized PVDF particles (Dp = 128 nm). 6
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	Figure 4.8 TEM micrograph of polyvinylpyrrolidone particles.





4.8. Electron Spectroscopy for Chemical Analysis (ESCA)
This is a widely used analytic technique for characterizing polymer surfaces. ESCA is also called X-ray photoelectron spectroscopy (XPS) and is able to detect all elements except hydrogen. A sample is irradiated by X-ray beams, which interact with the inner electron shell of atoms. Photon energy of the X-ray is transferred to an electron in the inner shell, enabling it (photoelectron) to escape from the sample surface. An analyzer measures the kinetic energy of the photoelectron, which is equal to the binding energy of this electron. Knowledge of the binding energy allows identification of the element. The chemical bond of an atom to other elements shifts the bonding energy of the photoelectron to higher or lower values. This shift in binding energy provides structural information for a molecule.
Operation and maintenance of ESCA equipment and interpretation of its data are quite complex. Samples intended for ESCA and other surface analysis must be handled carefully because minute contamination can mask the surface structure of the samples. To alleviate this type of complication, the sample surface can be washed with volatile solvents such as methanol, acetone, hydrocarbons, and fluorocarbons using an ultrasound bath. Typically, analysis is conducted before and after the surface wash while studying a sample that has been handled and/or contaminated. Another application of surface wash is removal of loose material that may be weakly bound to the surface. The working details and data interpretation for ESCA are outside the scope of the present book. The interested reader is encouraged to refer to other sources to gain an in-depth understanding of ESCA.4.9.10.11.12. and 13.
A typical spectrum of ESCA shows peaks as a function of binding energy, as shown in Fig. 4.9 for polytetrafluoroethylene. C1s and F1s peaks on a “clean” surface indicate that the PTFE surface is comprised of only carbon and fluorine. The energy shift can be curve-fitted by trial and error to determine the functional groups on the surface. The most simplified report that ESCA generates is a survey of the atomic composition of the surface elements, with the exception of hydrogen. A helpful tool to investigate surface changes of a polymer is the ratio of other elements to carbon, as shown in Table 4.3, for the effect of sodium etching on the surface composition of a few different fluoropolymers.
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	Figure 4.9 XPS spectra of polytetrafluoroethylene (a) before cleaning and after cleaning with an ultrasonic cleaner in (b) methanol, (c) acetone, and (d) n-heptane. 13




Table 4.3 Effect of Sodium Etching on the Surface Composition and Adhesion Bond Strength of Fluoropolymers14
	1Supplied by WL Gore Corporation.

	2Treatment with 1 mole solution naphthalenide in tetrahydrofuran at room temperature.

	Polymer	Treatment	Surface Chemical Analysis (%) by ESCA
			F/C Ratio	Cl/C Ratio	O/C Ratio	Cl	C	F	O
	PTFE	–	1.60	–	–	–	38.4	61.6	–
	PTFE	Tetra-Etch®1 (1 min)	0.011	–	0.20	–	82.2	0.9	16.9
	PTFE	N/1 min2	0.005	–	0.14	–	87.2	0.4	12.4
	PVF	–	0.42	–	–	–	70.4	29.6	–
	PVF	Tetra-Etch®1 (30 min)	0.21	–	0.026	–	80.7	17.2	2.1
	ECTFE	–	0.64	0.27	–	14.1	52.5	33.4	–
	ECTFE	Tetra-Etch®1 (1 min)	0.16	0.05	0.12	3.8	74.9	12.2	9.1



4.9. Auger Electron Spectroscopy (AES)
Auger refers to the mission of a secondary electron after the surface of a solid has been bombarded with electrons. This is a different phenomenon from photoelectron emission (the basis of ESCA), which occurs after bombardment of a solid surface with low-energy X-rays. 15 The energy of the Auger electron depends on the chemical bonding state of the element from which it has emitted. The depth of the escape of an Auger electron is less than 1 nm, with metals having shortest escape depth and organic material the deepest. Lateral resolution of AES is around 1 μm. Auger spectroscopy, thus, characterizes the surface of materials.
This method uses a low-energy electron gun, with a power less than 5 keV, to lessen the heating and decomposition of the surface. The number of electrons and their energies are detected by a counter and energy analyzer. The energy of the electron identifies the element, whereas the number of emitted electrons indicates the surface concentration of the element. 

4.10. Ion Scattering Spectroscopy (ISS)
When a beam of ions hits a solid surface, part of the projectiles will be scattered back into the vacuum after one or more collisions with target atoms of the top few layers. 16 Measurement of the energy of the backscattered particles can be used to identify the mass of these atoms. The technique is called ion scattering spectroscopy (ISS). The term encompasses several techniques, depending on the energy of the primary ion beam. LEIS (low energy ion scattering) spectroscopy refers to primary energies in the range of 100 eV–10 keV, medium energy ion scattering (MEIS) to a range from 100 to 200 keV, and high energy ion scattering (HEIS) to energies between 1 and several MeV. Often the LEIS technique is called ion scattering spectroscopy (ISS); the term we will use below means LEIS, while HEIS technique is best known as Rutherford backscattering spectroscopy (RBS).
LEIS is attractive as a surface-specific technique. Spectra are usually obtained using noble gas ion beams from 0.5 to 3 keV. 17 Due to strong electron affinity of inert-gas ions, the probability of electron transfer is very high, even in the initial collision with a surface atom. After two or more collisions, most ions are neutralized so that a detector set to analyze only ions of the same type as those in the incident beam detects ions that have almost entirely had only one collision with a target atom. Projectiles entering the solid are discarded because they require several scattering events to return to the surface and exit.
The practical use of IIS is determined by its extreme sensitivity to only the top surface layer (for standard experimental arrangements) or two monolayers (for grazing incidence). Typical applications include composition of catalytic surfaces, thin film coatings, and adhesion, as well as arrangement of surface atoms, including the localization of adsorbed atoms. Quantification of surface analysis, using low-energy ions, is hampered by the uncertainty of the inelastic losses and the neutralization rate, depending on ion trajectories. In addition, overlapping peaks and multiple scattering have to be considered, and here computer simulation becomes an indispensable tool.

4.11. Secondary Ion Mass Spectroscopy (SIMS)
This is a valuable technique for identifying the structure and composition of polymer surfaces, and it complements ESCA. ESCA spectra for similar materials are difficult to resolve, whereas SIMS can differentiate among different polymers. This is partly due to the smaller sampling depth required by SIMS. In a typical analysis, the surface of the polymer sample is bombarded by a primary ion at low current density, principally intended to minimize alteration of the sample surface because of irradiation. The polymer surface generates positive and negative ions, which are analyzed using a mass analyzer. The results of detailed analysis provide chemical structure and composition data about the surface. A traditional shortcoming of SIMS, however, is its inability to perform quantitative analysis. 
A different type of analyzer called time of flight (TOF-SIMS) can be utilized to determine the structure of the sample as a function of sampling depth. TOF-SIMS is used to measure the mass of an ion, so it is a mass analyzer. It can be useful in determining stratification of resins in coatings or diffusion of atoms into an area underneath a surface.18.19. and 19A. TOF-SIMS works best for samples that do not degrade by exposure to ion irradiation, such as inorganic material.
Quantitative analysis of organic materials by TOF-SIMS is intrinsically difficult because of their tendency to decompose under ion irradiation. Techniques have, however, been devised to circumvent radiation-induced degradation. In a study, principal component analysis (PCA) was applied as a means of compensation for the spectral degradation caused by this decomposition and this improved the accuracy of the quantitative analysis. 20
Two organic additives were used that had quite different composition and vulnerability to decomposition under ion irradiation in polystyrene. This enabled the extraction of a principal component related to their content that is independent of the decomposition. It proved the effectiveness of the approach in quantitative analysis of organic additives content in polymers without loss in accuracy due to spectral degradation.

4.12. Mass Spectroscopy (MS) or spectrometry
MS is applicable to both organic and inorganic substances. It is a quantitative technique that allows the study of the structure of organic matter. A sample is degraded, often bombarded with electrons, into fragments that are identified through fractional mass differences in atoms of the same principal mass number. 21 There are two types of mass analyses: one is high resolution that differentiates between fractional mass differences and the second is mass analysis that only differentiates principal mass number. The latter is more common. The method requires extremely low pressure (high vacuum), and the fragments must be volatile. Charged fragments are ejected into vacuum; strictly speaking, this does not mean that they are volatile (implies evaporation). The determination relies on the pattern of fragmentation of a molecule upon ionization. These patterns are distinct, can be reproduced, and are additive for mixtures. A mass spectrum is a graph that shows the measured values of ion intensities per unit charge (m/e, mass divided by charge). Mass spectrum is unique for each compound (Fig. 4.10). In a high-resolution spectrum, the deviation of the molecular weight of each fragment from an integral value is used to determine the elemental composition.
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	Figure 4.10 Matrix-assisted laser description ionized time-of-flight (MALDITOF) mass spectrum of poly(methylmethacrylate) (PMMA).22. and 24.




There are several methods for ionization of organic compounds including particle bombardment, chemical and field ionization, electron impact, field desorption, and laser pulse. For example, in laser micromass analysis methods, a laser pulse is used to supply the necessary energy to volatilize a sample from the surface for mass spectroscopy. 22 Mass spectrometry is often used in conjunction with gas chromatography to identify the separated components. The working technology of mass spectrometry is quite complex. 23

4.13. Gas Chromatography (GC)
Chromatography separates a mixture into its components, which are then analyzed by one of many detectors. In GC, the sample is passed during the vapor phase through an appropriated solid bed placed in a column. An oven supplies heat to the column, through which the vapor is carried using a constant stream of a gas such as nitrogen or helium. The time required to elute each component (retention time) is monitored. (Analysis times can run for more than an hour.) GC refers to the use of solid absorbent or molecular sieve columns. In the majority of GC columns, the packing is coated with a stationary liquid phase. Separation takes place by partitioning between the liquid coating and the carrier gas.
There are a variety of column packing material and liquid phases. Sometimes a very long capillary column is used without a solid packing and is only coated with a liquid on the wall. The oven can be operated isothermally at a given temperature or according to a program where temperature varies as a function of time.
There are different types of detectors, including thermal conductivity and electron capture types. The most common detector is the flame ionization variety (FID). A hydrogen flame is utilized to combust the column effluents. Thermal conductivity detectors do not degrade the effluents and are not as sensitive as flame ionization detectors. Electron capture detection is especially sensitive to halogenated compounds.
Retention time of a compound is a characteristic of that compound under a set of conditions. To resolve an overlap of retention time, a combination of GC with MS or IR is employed. Figure 4.11 and Figure 4.12 show examples of GC/MS spectra for two isomers. Note the similarity that is typical of the GC/MS spectra of various isomers.
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	Figure 4.11 GC/MS spectra of alkylated polycyclic aromatic hydrocarbon (PAH) isomers. 23
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	Figure 4.12 GC/MS thermal desorption chromatogram of silicon oil causing poor adhesion of thermally bonded package; peak 1: octamethylcyclotetrasiloxane, peak 2: decamethylcyclopentasiloxane.





4.14. Nuclear Magnetic Resonance (NMR)
NMR is a unique technique that depends on the magnetic nature of a few isotopic nuclei, primarily 1H, 13C, 19F and 31P. In a strong magnetic field, a nucleus processes about the direction of the magnetic field with a frequency proportional to the field strength. A nucleus is bombarded with radio frequency electromagnetic waves at right angles to the magnetic field. When the spinning nucleus and the radio frequency become equal, resonance happens. The energy transfer is the basis of the NMR spectrum of the nucleus and is measured and depicted as a band. The resonance frequency at which the energy absorption occurs depends on the chemical nature of the sample and the environment (e.g., solvent). The nature of the bonds in a molecule can be identified by NMR (Fig. 4.13), by the use of reference spectra and characteristic frequencies for different types of chemical bonds.
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	Figure 4.13 Example of NMR frequency shift in elucidating chemical structure of a polymethyl methacrylate.




If a strong magnetic field is applied to the nuclei, a difference can be found between alignment in the direction of the applied magnetic field and alignment in the opposite direction of the applied magnetic field. In NMR, the constraint that leads to quantized transitions is applied by the spectrometer. Due to this, the frequency of absorption varies with the applied magnetic field and thus there is no absolute frequency or wavelength for a given absorption. NMR spectra are not plotted as absorption versus wave number, as IR spectra are, but are plotted as absorption versus chemical shift, d. The chemical shift for proton NMR is the difference between the frequency of absorption of the sample and a standard, tetramethylsilane (TMS), normalized by the frequency of absorption of TMS, which is expressed in parts per million (ppm). Therefore, the above equation is multiplied by 106. 25
In IR we consider two states for a bond: vibrating and nonvibrating. The transition associated with the change from nonvibrating to vibrating leads to the absorption at fixed wave numbers. In NMR several states are possible depending on the spin quantum number. The permitted states are given by the allowable values for the magnetic quantum number, mI = I, I − 1, … −I. For I = 1/2 there are two states possible, mI = 1/2 and mI = −1/2. For I = 1 three states are possible, mI = 1, 0, −1. For protons the two allowable states are generally spoken of as parallel and antiparallel to the applied field.
PMMA was one of the first polymers studied in depth for tacticity, using proton NMR. For syndiotactic PMMA (bottom), three main absorptions are observed, α-CH3 at 0.91, β-CH2 at 1.9, and α-COOCH3 at 3.6. For the isotactic polymer (top curve), the α-CH3 is more deshielded at 1.20, the β-CH2 becomes a quartet centered at 1.9 and the α-COOCH3 remains a singlet at 3.6. The splittings of the β-CH2 in what should be a sequence of 1:1:1:1 is due to two types of methylene groups, termed erythro, e (more deshielded), and threo, t (less deshielded), corresponding to the bottom and top protons in the molecular sketch above. Each of these peaks are split into two peaks by the other, leading to an expected splitting of four equal peaks, with a reported J coupling constant of about 0.2 ppm. The e and t protons are separated by 0.7 ppm, which can be verified by molecular modeling. A higher resolution NMR can resolve higher order stereosequences, as shown below for isotactic and atactic PMMA. You should compare the information content of the 60 MHz spectrum above to the 500 MHz spectra below. (Again, 60 MHz refers to the natural resonance frequency of a proton for a given magnetic field of the instrument, ν a B0.) 26

4.15. Differential Scanning Calorimetry (DSC)
DSC is one of the best known techniques among a group called thermal analysis methods. Others include differential thermal analysis, dynamic mechanical analysis, and thermogravimetric analysis methods; all will be covered in the following sections.
DSC is a thermal analysis technique that is used to measure the heat flows related to transitions in materials, as a function of time and temperature. 28 These measurements provide qualitative and quantitative information about physical and chemical changes that involve endothermic or exothermic processes or changes in heat capacity. Any event, such as loss of solvent, phase transitions, crystallization temperature, melting point, and degradation temperature of the plastic sample, results in a change in the temperature of the sample. The available DSC systems have a wide range of temperature capability, from −60 °C to >1500 °C.
Two types of systems are commonly used: power compensation and heat flux DSCs. In the former apparatus, temperatures of the sample and the reference are controlled independently by using separate but identical furnaces. The power input to the two furnaces is adjusted to equalize the temperatures. The energy required for the temperature equalization is a measure of the enthalpy or heat capacity of the sample relative to the reference. In heat flux DSC, the sample and the reference are interconnected by a metal disk that acts as a low-resistance heat-flow path. The entire assembly is placed inside a furnace. Changes in the enthalpy or heat capacity of the sample cause a difference in its temperature in relation to the reference. The resulting heat flow is small due to the thermal contact between the sample and the reference. Calibration experiments are conducted to correlate enthalpy changes with temperature differences. In both cases, enthalpy changes are expressed in units of energy per unit mass.
A typical DSC is run isothermally, or with the temperature change at a constant rate under an atmosphere of air, or another gas. In the isothermal case, the heat flow or enthalpy change is plotted against time. In the latter case, heat flow or enthalpy is plotted against temperature or time. Figure 4.14 shows an example of an enthalpy peak generated by an exothermic event or an endothermic event such as melting of the crystalline phase of a semicrystalline or crystalline polymer. Heat of fusion (Hf0) represents the enthalpy change at the crystal melting point of T0. The weight fraction of the crystalline phase (W) can be determined by comparing the measured heat with Hf0. A sample of the polymer is heated in a DSC from a temperature of T1 to T2, where the polymer becomes amorphous at a temperature of T0 prior to reaching T2, as shown by the baseline shift in Fig. 4.14. The enthalpy changes are determined according to the following procedure.
	[image: B9781437744613100045/f04-14-9781437744613.jpg is missing]

	Figure 4.14 Example of a DSC peak.




Ha represents the simple enthalpy change during the heating of the polymer sample from T1 to T0. At T0, the crystalline phase melts and becomes amorphous. The enthalpy of fusion is expressed in Eqn (4.3). The increase in the enthalpy of the amorphous phase as a result of heating from T0 to T2 is designated as Hc. If the enthalpy change, calculated from the separation of the DSC curve from the baseline (i.e., area under the curve), is designated as HT, then Eqn (4.4) can be derived to calculate the weight fraction of the crystalline phase.(4.3)
[image: B9781437744613100045/si3.gif is missing]


(4.4)
[image: B9781437744613100045/si4.gif is missing]



An example of a DSC thermogram for two types of polyether ether ketone is given in Fig. 4.15. 
	[image: B9781437744613100045/f04-15-9781437744613.jpg is missing]

	Figure 4.15 DSC thermogram for two types of polyetheretherketone. 27





4.16. Differential Thermal Analysis (DTA)
This technique measures the temperature difference between a sample and a reference, as temperature is increased. A plot of the temperature difference (thermogram) reveals exothermic and endothermic reactions that may occur in the sample. Temperature for thermal events, such as phase transitions, melting points, crystallization temperatures, and others, can be determined by this method. Maximum temperature capability of DTA is in excess of 1000 °C under air or other gas atmospheres. A typical heat-up rate for DTA is in the range of 10–20 °C/min, although slower rates are possible by using a typical optimum sample weight of 50–100 mg. The sample should be ground to particles finer than 100 mesh.
Melting of a semicrystalline or crystalline polymer manifests itself as an endothermic peak. The peak temperature is correspondent to the actual melting point of the polymer. As in DSC, the area under the peak is proportional to the crystalline fraction of the sample. Mixtures of polymers can be characterized by DTA because the melting points of individual polymers are for the most part unaffected by the mixture. Similar polymers, such as high and low density, are distinguishable by DTA, whereas IR would not be able to easily resolve such subtle differences. Figure 4.16 shows the thermogram of a mixture of polytetrafluoroethylene (PTFE) and perfluoroalkoxy polymer (PFA). Three peaks are noticed: one at about room temperature (19 °C), which is a transition point for PTFE, and two melting points. PTFE and PFA are distinguished by the difference in their melting points.
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	Figure 4.16 Examples of DTA thermogram for PFA and PTFE.





4.17. Dynamic Mechanical Analysis (DMA)
DMA method is generally a more sensitive technique for detecting transitions than are the DSC and DTA methods. This is because the properties measured are the dynamic modulus and damping coefficient, both of which change significantly when crystalline structure transitions to the amorphous phase. The operating principle is that in these transitions, a proportionally larger change occurs in the mechanical properties of a polymer than the change which occurs in its specific heat. DMA is, thus, the preferred method of measurement for glass transition temperature and other minor phase/structure changes of polymers.
The DMA method determines29 elastic modulus (or storage modulus, G′), viscous modulus (or loss modulus, G″), and damping coefficient (Tan Δ) as a function of temperature, frequency, or time. Results are usually in the form of a graphical plot of G′, G″, and Tan Δ as a function of temperature or strain. DMA may also be used for quality control and product development purposes.
The forced nonresonance technique is one of the simpler DMA methods. 30 In the majority of commercially available DMAs, a force is applied to a sample and the amplitude and phase of the resultant displacement are measured. These instruments utilize a linear actuator where the applied force is calculated from knowledge of the input signal to the electromagnetic coils in the driver. An alternative to the above is the use of a force transducer to measure the applied load, with the sample held between this transducer and the magnetic driver. These are the two types of arrangements that are found with the forced nonresonance technique. In each case, the sample is driven at a frequency below that of the test arrangement. Typically, the frequency range of instruments is from 0.001 to 1000 Hz. Any measurements below 0.01 Hz take too long for most analytical experiments, especially if the data are required as a function of temperature. Resonance often occurs at frequencies greater than 100 Hz, depending upon sample stiffness.
Figure 4.17 shows an example of a DMA output for polytetrafluoroethylene. Samples of PTFE were analyzed by DMA in shear mode at a length to thickness ratio of 4:1. Figure 4.17 (a) shows the DMA output of stress versus time versus temperature, the results of which have been converted to Fig. 4.17(b) by the time–temperature superimposition technique. 
	[image: B9781437744613100045/f04-17-9781437744613.jpg is missing]

	Figure 4.17 Examples of DMA graphs for three grades of PTFE.
(Courtesy DuPont Fluoroproducts.)



Time–temperature superimposition technique allows the prediction of material properties that normally would require measurements over many months or years. To collect the necessary data, measurement of a time-dependent variable is made at a number of temperatures. The curves are shifted mathematically along the time axis until some ove rlap occurs and a continuous curve is formed covering several decades of time; this curve is called the master curve. The master curve can be used to determine the time-dependent property as a function of time. Figure 4.17 (c) shows total strain as a function of time and temperature for PTFE.
The choice of geometry will be dependent on the sample under investigation. For example, thin films can only be measured accurately in tension. High-quality dynamic mechanical testers perform well in tension and should apply the required pre-tension forces automatically, including those associated with large modulus changes that may occur at the glass transition. Pre-tension is necessary in order to maintain the sample under a net tension in order to prevent buckling that would otherwise occur. Tension should be the first choice for any sample less than 1 mm thick. Samples thicker than 1 mm will be likely too stiff for the instrument in tension; bending mode would be preferable in this case. Materials that creep excessively, such as polyethylene, may be difficult to test in tension, due to creep under the pre-tension force.
Readers interested in a more in-depth understanding of data obtained from DMA measurements can refer to polymer rheology textbooks. Helpful books on this topic include Transport Phenomena by Bird, Stewart, and Lightfoot, Melt Rheology and its Role in Plastics Processing—Theory and Applications, by J. M. Dealy and K. F. Wissbrun and Polymer Melt Rheology—A Guide for Industrial Practice, by F. N. Cogswell.31. and 32.

4.18. Thermogravimetric Analysis (TGA)
TGA is a powerful technique for the measurement of thermal stability of materials including polymers. In this method, changes in the weight of a specimen are measured while its temperature is being increased. Moisture and volatile contents of a sample can be measured by TGA. The apparatus basically consists of a highly sensitive scale to measure weight changes and a programmable furnace to control the heat up rate of the sample. The balance is located above the furnace and is thermally isolated from the heat. A high precision hang-down wire is suspended from the balance down into the furnace. At the end of the hang-down wire is the sample pan, the position of which must be reproducible. The balance must be isolated from the thermal effects (e.g., by use of a thermostatted chamber) to maximize the sensitivity, accuracy, and precision of weighing. Addition of an infrared spectrometer to TGA allows analysis and identification of gases generated by the degradation of the sample.
TGA apparatus is equipped with a microfurnace, which can be rapidly cooled. The heating element is made of platinum (reliable up to 1000 °C). An external furnace with a heating element made of an alloy of platinum and 30% rhodium can extend the temperature range to 1500 °C.
A modern apparatus is usually equipped with a computer that can calculate the weight-loss fraction or percentage. A commercial TGA is capable of >1000 °C, 0.1 μg balance sensitivity and a variable controlled heat-up rate under an atmosphere of air or another gas. Heat up rate capability of TGA may vary from 0.1 to 200 °C/min.
Figure 4.18 and Figure 4.19 show the TGA spectra for the FEP resins, DSCs of which have been shown in the Figure 4.20 and Figure 4.21. A comparison of these figures indicates deterioration in the thermal stability of FEP after incorporation of pigment. Figure 4.22 represents the TGA thermogram for a PTFE (31% wt.) compounded with carbon black (18% wt.) and silica (50.5% wt.). The 0.5% difference is due to the evolved volatile gases, which have not been shown in Fig. 4.22. 
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	Figure 4.18 TGA thermogram of a neat FEP resin.
(Courtesy DuPont Fluoroproducts.)
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	Figure 4.19 TGA thermogram of a pigmented FEP resin.
(Courtesy DuPont Fluoroproducts.)
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	Figure 4.20 DSC thermograms of a neat FEP resin (melt flow rate = 30 g/10 min).
(Courtesy DuPont Fluoroproducts.)
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	Figure 4.21 DSC thermograms of a pigmented FEP resin (melt flow rate = 30 g/10 min).
(Courtesy DuPont Fluoroproducts.)
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	Figure 4.22 TGA thermograms of a pigmented PTFE resin.35
(Courtesy DuPont Fluoroproducts.)
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5. Material Surface Preparation Techniques
Sina Ebnesajjad

5.1. Introduction
Surface treatment and preparation for adhesive bonding is complex because of the material-specific nature of the required methods. This chapter and the next two are arranged in a comprehensive fashion to facilitate learning and referral. This chapter is devoted to delineating in a general manner the surface preparation and treatment techniques. Emphasized is the method instead of the specific material (adherend). Proceeding chapters focus on material-specific surface treatment processes and conditions for metallic and plastic/elastomer substrates, respectively.
Chapter 5 is organized to separate the sections for metallic and nonmetallic (plastics and elastomers) materials. 5.35.4 and 5.5 describe the surface treatment techniques of metals and Section 5.6 describes those of plastics and elastomers. Fluoroplastics are extremely difficult to treat and to adhere. They have been treated as a special case and are covered in Section 5.7. In Section 5.7, methods to assess the effectiveness of surface treatment are covered. Finally, Section 5.8 looks at the important topic of treatment age, which may affect bond strength and durability.

5.2. General Considerations
Adhesive bonding is a surface phenomenon; thus, preparation prior to adhesive bonding is the keystone of successful bonding. Surface preparation, or surface pretreatment as it is interchangeably known, is carried out to render adherend surfaces receptive to the development of strong, durable adhesive joints. It is desirable, although not always practical, to expose the basic adherend material 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 never directly contacts the adherend surface. 1
Selection of the exact surface preparation method to use for a particular adherend requires careful evaluation. A number of factors, some obvious and others not, influence the choice. The size of component parts and the availability of equipment and facilities are obvious considerations. Less obvious factors include the rapid depletion of active chemicals in an immersion bath or the accumulation of foreign materials in the bath that gives rise to weak boundary layers. 1
In order to place surface preparation in proper perspective, the adherend-to-organic material (i.e., adhesive) interface must be considered from design through fabrication. Joint design, adhesive selection, and processing must be considered. These factors are interdependent. The use of an optimum surface preparation is of little value when an unsuitable adhesive is used, the bond is not properly processed, or the joint design involves peel or cleavage stress. 2
Proper surface preparation ensures that the weakest link in an adhesive joint exists within the adhesive or organic material layer and not at its interface within the adherend. In adhesive bonds, this type of fracture is known as cohesive failure: when a layer of adhesive remains on both adherends. Adhesive failure is when fracture of failure occurs at the adhesive-to-adherend interface. Many American Society for Testing Material (ASTM) prescribe reporting the mode of failure of fracture as a certain percentage cohesive and a certain percentage adhesive. From a surface preparation viewpoint, the ideal type of failure of a bonded joint or test specimen is one with 100% cohesive failure. 2
Table 5.1 shows the different surface treatment processes for metallic and nonmetallic substrates and includes a short description of the effect of the treatment on the material surface.
Table 5.1 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



5.3. Surface Treatment of Metals
Preparing the surface of a metallic sample involves multiple steps, and the sum of these steps are not always applied. Obtaining a quality adhesive bond without cleaning (and abrading) the metal surface is not possible. Metals have high-energy surfaces and absorb oils and other contamination from the atmosphere. These steps are as follows:1. Cleaning (using a solvent or other chemical) (Always)

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

3. Improvement of corrosion resistance (Almost always)

4. Priming (applying a material to the surface) (Sometimes)

5. Surface hardening (mechanical or chemical to strengthen the surface) (Occasional)



Metal surfaces are best cleaned by vapor degreasing with an organic solvent such as trichloroethane, although effective aqueous systems have been developed. This treatment is followed by grit blasting to increase the adhesive contact surface area by roughening the metal surface. Chemical etching removes weakly bonded oxides from the metal surface and forms an oxide that is strongly bonded to the bulk of the part. Another useful step is the priming of the part surface, which can improve the wettability of the surface and protect it from oxidation.
The optimum surface preparation to provide durability and uniform quality is ordinarily a chemical immersion or spray process. In the case of very large parts, the application is often carried out by the use of reagents in paste form. Low-energy surfaces, mainly plastics, require entirely different types of surface treatment that often alter the chemical nature of the surfaces.
The choice of the process used is desirable only if the production process of the entire system will accommodate it. Cost must also be considered and balanced against the requirement for reliability, maintainability, and critical roles of the joint.
Table 5.2 illustrates the importance of proper surface preparation for five different metal adherends, using two different adhesives and a variety of surface treatment techniques. 3Figure 5.1 shows how various surface treatments impact the durability of the aluminum bond under adverse conditions. Surface treatment is particularly important for the durability of aluminum. The exact ranking order of results may change in studies of this type, depending on the adhesive primer and type of alloy being used. 4
Table 5.2 Effect of Metal Substrate Surface Preparation in Adhesive Bonded Joints3
	Adherend	Treatment	Adhesive	Shear strength, MPa
	Aluminum	As received	Epoxy	3.06
	Aluminum	Vapor degreased	Epoxy	5.77
	Aluminum	Grit blast	Epoxy	12.1
	Aluminum	Acid etch	Epoxy	19.0
	Aluminum	As received	Vinyl-phenolic	16.8
	Aluminum	Degreased	Vinyl-phenolic	19.9
	Aluminum	Acid etch	Vinyl-phenolic	35.7
	Stainless steel	As received	Vinyl-phenolic	36.0
	Stainless steel	Degreased	Vinyl-phenolic	43.5
	Stainless steel	Acid etch	Vinyl-phenolic	49.7
	Cold-rolled steel	As received	Epoxy	20.0
	Cold-rolled steel	Vapor degreased	Epoxy	19.9
	Cold-rolled steel	Grit blast	Epoxy	29.6
	Cold-rolled steel	Acid etch	Epoxy	30.8
	Copper	Vapor degreased	Epoxy	12.3
	Copper	Acid etch	Epoxy	16.1
	Titanium	As received	Vinyl-phenolic	9.35
	Titanium	Degreased	Vinyl-phenolic	21.4
	Titanium	Acid etch	Vinyl-phenolic	46.5
	Titanium	Acid etch	Epoxy	21.8
	Titanium	Liquid pickle	Epoxy	22.9
	Titanium	Liquid hone	Epoxy	26.9
	Titanium	Hydrofluorosilicic acid etch	Epoxy	27.6
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	Figure 5.1 Effect of surface pretreatment on the performance of aluminum-alloy epoxy joints subjected to accelerated aging in water at 50 °C. 4




More recently, new surface treatments using nonisothermal, low-temperature plasma have drawn a great deal of interest. Plasma-chemical methods suitable for coating and surface treatment replace conventional galvanic methods, because they are not as harmful to the environment as the classical ones5 (see Section 5.4.2).

5.4. Cleaning (Degreasing) Metals
Before adhesive bonding, thoroughly cleaning the adherends is essential. Unclean adherends will not be receptive to optimal adhesion, regardless of the quality of materials used, or the stringent control of the application process. Proper surface preparation is extremely important in assuring strong and lasting bonds. For many adherends, surface preparation requirements go far beyond simple cleanliness.
After cleaning is done to remove obvious surface contamination, such as soil, grease, oil, finger marks,  and so on, specific chemical or physical treatments are usually required to produce a surface receptive to adhesion. Polytetrafluoroethylene (PTFE) and other fluorinated polymers are good examples of surfaces having this requirement. Adhesion bond strength to clean, pure PTFE is close to zero and it is only after severe chemical treatment, which alters the surface chemically and physically, that the surface is receptive to adhesion.
Magnesium is somewhat similar, requiring considerable treatment beyond simple cleaning. In the case of magnesium, however, strong initial adhesion is possible with clean magnesium. Even so, the chemically active nature of the metal means the permanency of this adhesion is poor. With many organic materials, such as adhesives, reactions occur at the metal-to-organic material interface, producing by-products having low cohesive properties. These by-products subsequently degrade the initially good adhesion to an unacceptable level. For this reason, using chemical or anodic treatments after cleaning magnesium is necessary. Such treatments result in the formation of thin inorganic chemical films, which adhere tenaciously to the magnesium and at the same time are receptive to adhesion to organic materials, such as adhesives. The treatment film laid down in this manner also functions as a barrier between the metal and organic material, preventing any chemical reaction between them. The term “cleaning” has come to mean removal of dirt, contaminants, and oils, and also specific chemical surface treatments for adhesive bonding. 2
5.4.1. General Sequence of Cleaning
Any surface preparation requires completion of one, two, or three of the following operations: 2• Solvent cleaning

• Intermediate cleaning

• Chemical treatment



Priming, discussed later, may also be carried out in some cases in order to ensure superior durable bonds under particularly adverse environments.
5.4.1.1. 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 as follows2:1. Vapor degreasing

2. Ultrasonic vapor degreasing

3. Ultrasonic cleaning with liquid rinse

4. Solvent wipe, immersion, or spray



5.4.1.1.1. Vapor Degreasing
Vapor degreasing is a solvent cleaning procedure for the removal of soluble soils, particularly oils, greases, and waxes, as well as chips and particulate matter adhering to the soils from a variety of metallic and nonmetallic parts. The principle step of vapor degreasing is scrubbing the part with hot solvent vapors. These vapors condense on the part at a sufficient rate to form liquid flow, which dissolves and washes the soil from the part as the condensed solvent drains by gravity. Vapor degreasing requires both the proper type of solvent and degreasing equipment. The solvents used must have certain properties, including the following: 21. High solvency of oils, greases, and other soils

2. Nonflammable, nonexplosive, and nonreactive under conditions of use

3. High vapor density, compared with air, and low rate of diffusion into air to reduce loss

4. Low heat of vaporization and specific heat to maximize condensation and minimize heat consumption

5. Chemical stability and noncorrosiveness

6. Safety in operation

7. Boiling point low enough for easy distillation and high enough for easy condensation (for recycling and reuse of dirty solvent or regeneration of clean solvent from used)

8. Conformance to air pollution control legislation



The eight common vapor degreasing solvents are as follows:1. Methyl chloroform (1,1,1-trichloroethane)

2. Methylene chloride (dichloromethane)

3. Perchloroethylene (tetrachloroethylene)

4. Trichloroethylene

5. Trichlorotrifluoroethane

6. Trichlorotrifluoroethane-acetone azeotrope

7. Trichlorotrifluoroethane-ethyl alcohol azeotrope

8. Trichlorotrifluoroethane-methylene chloride azeotrope



These materials have a wide range of boiling points, from a low of 39 °C for methylene chloride to a high of 121 °C for perchloroethylene. Trichloroethylene and perchloroethylene are the solvents most commonly used for vapor degreasing, particularly the former. Considerable attention to detail regarding equipment is required, and the vapor degreasing process is given in Ref. 2.

5.4.1.1.2. Ultrasonic Vapor Degreasing
Vapor degreasers are available with ultrasonic transducers built into the clean solvent rinse tank. The parts are initially cleaned either by the vapor rinse or by immersion in a boiling solvent. They are then immersed for ultrasonic scrubbing, followed by rinsing with vapor or spray plus vapor. During ultrasonic scrubbing, high-frequency inaudible sound waves (more than 18,000 cycles per second) are transmitted through the solvent to the part, producing rapid agitation and cavitation. The cavitation (repeated formation and implosion or collapsing of the bubbles in the solvent) transmits considerable energy to the parts and to the soil on them. Particulate materials, insolubles, and strongly adherend soils are quickly removed from a part, even on remote surfaces and blind holes. The ultrasonic frequency and intensity for optimum cleaning must be selected by test. It depends on the type of part being cleaned, soil removed, and particular solvent in the system. Some ultrasonic degreasers have variable frequency and power controls. The most common frequency range for ultrasonic cleaning is from 20,000 to 50,000 cycles per second. Power density may vary widely, but 2, 5, and 10 W/in2 are common. 2

5.4.1.1.3. Ultrasonic Cleaning With Liquid Rinse
Ultrasonic cleaning is a common procedure for high-quality cleaning, utilizing ultrasonic energy to scrub the parts and a liquid solvent to rinse away the residue and loosened particulate matter. This procedure, rather than using the vapor degreasing technique for precleaning and final rinsing, utilizes manual application of liquid solvents. The process is not limited to any particular solvents and, indeed, organic solvents need not be used. It is widely used with aqueous solutions: surfactants, detergents, and alkaline and acid cleaners. The only real limitations are that the cleaning fluid must not attack the cleaning equipment, fluids must not foam excessively, and the fluids must cavitate adequately for efficient cleaning. 2
The process is not as efficient as vapor rinse, solvent wipe, immersion, or spray, but it is suitable for many surface preparation applications and pretreatments. One or a combination of these techniques may be used. A large number of solvents are recommended. Solvent wiping is the most portable and versatile of these methods, but is also the least controllable. There is always a danger of incomplete removal of soil, and spreading of soil in a uniform manner, causing its presence not to be readily visible, and contamination of a surface with unclean wiping materials.
For general cleaning, wiping materials should be clean, freshly laundered cotton rags, new cheese cloth, or cellulose tissues. For special super-clean applications whereby cleaning must occur in a controlled “clean” room, specially processed lint-free polyurethane foam wiping materials are available (from Sills and Associates, Glendale, CA). The solvent should be used only once, and it should be poured onto the wiping material. The wiping material should never be immersed in the solvent. Solvent containers with small openings should be wiped systematically with the solvent-soaked cloth or tissue. The wiping material should be discarded, and the surface should be cleaned again with new solvent and cloth or tissue. This cycle should be repeated until there is no evidence of soil on either the cloth or the cleaned surface.
Although immersion and soaking in a solvent is often sufficient to remove light soil, scrubbing may be required for heavier soils. The most efficient scrubbing method is ultrasonic, as discussed earlier. Other scrubbing techniques include tumbling, solvent agitation, brushing, and wiping. After the parts are soaked and scrubbed they must be rinsed. The quality of cleaning produced by the immersion process depends primarily on the final rinse. The solvent spray cleaning method is efficient because of the scrubbing effect produced by the impingement of high-speed solvent particles on the surface. The solvent impinges on the surface in sufficient quantity to cause flow and drainage, which washes away the loosened soil. Also, because only clean solvent is added to the surface, and scrubbing and rinsing occur, there is no danger of contamination, as there is with the immersion process.

5.4.1.1.4. Safety
Four safety factors must be considered in all solvent cleaning operations: toxicity, flammability,  hazardous incompatibility, and equipment. The solvents must be handled in a manner that prevents toxic exposure of the operator. Where flammable solvents are used, they must be stored, handled, and used in a manner preventing any possibility of ignition. In a few cases, knowledge of the hazardous incompatibility of the solvents, cleaning equipment, and materials to be cleaned is essential. Safe equipment and proper operation are also critical. Snogren lists maximum acceptable concentrations (MACs), the term being synonymous with threshold limit values (TLVs), for a number of solvents used in cleaning. These values are given in parts per million (ppm) (e.g., acetone, 1000 ppm; methyl alcohol, 200 ppm; and methyl chloroform, 500 ppm). Obviously methyl alcohol, which requires less concentration to incapacitate than do methyl chloroform and acetone, is the solvent with the greatest exposure to danger. It should be pointed out that TLVs are merely guides in the control of health hazards, and represent conditions under which it is believed that nearly all workers may be repeatedly exposed, day after day, without adverse effect. 2
All flammable solvents should be stored in metal containers, such as safety cans, and must be applied using metal containers. The container should be grounded during pouring or dispensing. Snogren gives flammability limits in terms of percentage by volume in air (lower and upper) for the solvents commonly used. Some of the solvents he lists are nonflammable. The flammable solvents must be used only in areas ventilated to prevent accumulation of vapors and fumes. Other obvious precautions must also be taken. Unstabilized methyl chloroform, trichloroethylene, and perchloroethylene are subjected to chemical reaction on contact with oxygen or moisture, forming acid by-products. These acids are highly corrosive to metals. Only stabilized grades of these solvents should be used. Strong alkalies, such as caustic soda, may react with trichloroethylene to form explosive mixtures (dichloroacetylene). Fluorocarbon solvents may react violently with highly reactive alkaline earth metals. 2


5.4.1.2. Intermediate Cleaning
Intermediate cleaning is the process of removing soil from a surface by physical, mechanical, or chemical means without altering the material chemically. Small amounts of parent material may be removed in this process. Examples include grit blasting (most common technique), wire brushing, sanding, abrasive scrubbing, and alkaline or detergent cleaning. Solvent cleaning should always be carried out before this step. Intermediate cleaning operations may be an end in themselves. Examples of such a situation include cleaning stainless steel with uninhibited alkaline cleaner or detergent scrubbing epoxy laminates. 2
5.4.1.2.1. Grit Blasting (contributed by Dr Laurence W. McKeen)
Grit blasting is the method most commonly used to obtain good adhesion of fluoropolymer coatings. Grit blasting should precede preheating of ferrous metals to retain the protective oxide formed. With other clean substrates, the order of these two operations is not important.
Grit blasting is a relatively simple process. Hard grit is propelled by compressed air, or occasionally by high-pressure water, directed at the substrate that needs cleaning or roughening.
Grit blast profiles are commonly measured in microinches or root mean square by means of a profilometer (see Section 5.3). A profilometer drags a diamond stylus across the substrate and measures the depth of the peaks and valleys (Table 5.3).
Table 5.3 Grit Blast Media Properties
	Media	Hardness, Moh	Density, g/cm3	Bulk density, lb/ft2 (g/cm3)	Relative cost volume basis
	Walnut shells	1–4		40–80 (0.64–1.28)	19
	Silicon carbide	9	3.2	95 (1.52)	50
	Aluminum oxide	9	3.8	125 (2.00)	25
	Glass bead	6	2.2	100 (1.60)	18
	Plastic grit	3–4	1.45–1.52	45–50 (0.72–0.80)	30
	Steel shot	6	7.87	280 (4.49)	27
	Steel grit	6	7.87	230 (3.68)	
	Sand, silica, (silicon dioxide)	7	2.6		11
	Sodium bicarbonate	2.5	2.16		


Surface profiles in excess of 100 microinches (2.5 μm) are recommended and 200–250 microinches (5.1–6.5 μm) are frequently employed. On hard substrates, aluminum oxide grit from #40 to #80 is commonly used at air pressures ranging from 80 to 100 psi (5.8–7.3 kg/cm2) at the gun. Aluminum and brass are commonly used at air pressures ranging from 80 to 100 psi (5.8–7.3 kg/cm2) or below. Maximum air pressures on stainless steel may exceed 100 psi (7.3 kg/cm2).
It should be noted that profiles measured by common profilometers indicate only the depth of profile. They measure neither uniformity or coverage of the grit nor the sharpness of the peaks. Full coverage of the grit blast is indicated by lack of gloss on the metal surface when viewed at a flat grazing angle.
There are numerous types of grit. The choice of which grit to use depends on its intended purpose, the substrate, and the expense. Important properties of the grit include hardness (grit needs to be harder than the substrate to roughen it). Denser materials have more momentum and impart more energy to the substrate.
Sometimes minimal damage to the substrate is required. This could be due to the relative softness of the substrate or because the texture of or pattern machined in the substrate needs to be maintained. Plastic grit, walnut shells, or sodium bicarbonate can clean the substrate or remove the previous coating.
Occasionally, the abrasive is propelled by pressurized water. Sodium bicarbonate slurries have been used to remove fluorocarbon coatings in this fashion.
Aluminum oxide is usually offered in a size range of 16–240 grit. It is angular in shape. It is the most popular cleaning blast media. Aluminum oxide conforms to major industrial and government standards including MIL A21380B and ANSI B74.12-1982.
Silicon carbide is usually offered in a size range of 16–240 grit. It is angular in shape. Silicon carbide is an extremely hard sharp grain that is more friable than aluminum oxide. It is used in blasting of extremely hard materials, and it is expensive.
Sand, silicon dioxide, or silica, is considered too smooth and uniform. It breaks down too rapidly to be useful in preparing metal substrates and, though it is cheap and naturally occurring, it is not recommended.
Glass beads are made from chemically inert soda-lime glass. Blasting with glass bead will produce a metallurgically clean surface for parts and equipment. The beads are spheres of uniform size and hardness. Glass beads can meet OSHA standards for cleaning operations. Another advantage of using glass beads is the disposability; spent glass is environmentally friendly. This can simplify the disposal and reduce cost. Glass beads are often used for stress relief. Mil-spec (MIL-G-9954A) glass beads are available.
Crushed glass is available in a range of sizes from coarse to very fine. Crushed glass is an excellent low-cost alternative to various reclaimed blast abrasives. Although it breaks down relatively easily, it is silica free with minimal iron content (2%) and produces a luster-white metal finish.
Steel grit and shot are generally available with diameters of 0.007–0.078 in. Steel grit is angular in shape, whereas shot is round. Steel grit and shot have one of the lowest breakdown rates of all blast media and can, therefore, be recycled and reused. The density is also high, which helps impart more energy to the substrate being cleaned. Steel grit is excellent for use in large blast room applications. It should not be used on stainless steel where iron impregnation is a concern. Cast stainless steel shot is available for nonferrous castings or for other items where ferrous contamination is a problem.
Walnut shells are not very hard. This media is offered in sizes 10/14, 14/20, 20/40. The abrasive is soft, friable dried shells or nuts. It is sometimes called “organic,” or agrishell abrasive and is often used for removing contaminants, such as carbon deposits or old paint from delicate parts, or for removing soft materials, such as aluminum. It is also good for blast cleaning with portable equipment.
Plastic grit is another soft medium, typically in a size range of 12–60 mesh. It is often made from recycled or waste plastic. Like walnut shells, plastic grit is typically used to clean surfaces and remove old paint without harming the substrate. 
Blasting of baking soda is unique because of its biodegradable characteristics. Cleanup after use is easy, because it is water soluble and can be literally “washed” away. Baking soda is commonly used where one-pass coverage with no recovery is acceptable or desirable, and the substrate is delicate or sensitive. Typical applications for baking soda include graffiti removal, boat hulls, and large printing press rolls. It is often made into waterborne slurry and propelled by high-pressure water.


5.4.1.3. 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 and, frequently, intermediate cleaning should be used in between. 2


5.4.2. Surface Treatment of Metals—Atmospheric Plasma Jet
In addition to using plastics, glass, or polymers, plasma treatment for cleaning of the contaminants and surface modifications are used in various applications. This produces the new functional surfaces, for thermally sensitive substrates can be used for treatment. Plasma pretreated metal products have new applications in the field of automobile, printed circuit board manufacturing, and electromagnetic interference shielding materials, and so on, which affects environmental nonpollution. This indicates that for these applications, the surfaces must be cleaned and activated, resulting in enhancing the adhesion properties between metal–metal and metal–polymer interfaces.6. and 7.
Kim et al. 5 have reported the investigations of surface modification phenomena of different metal surfaces by atmospheric plasma jet treated under the condition of nearly atmospheric pressure. The aims of our study are to obtain the optimum conditions with high surface energy and to understand the surface phenomena for increasing the adhesion property.


5.5. Priming
An adhesive primer is usually a dilute solution of an adhesive in an organic solvent applied to the adherend producing a dried film with a thickness of 0.0015–0.05 mm. Some of its functions are as follows:• Improves wetting8

• Protects the adherend surface from oxidation after surface cleaning, extending the time that may elapse between surface preparation and adhesive application. (Such an extension may increase the usable time for aluminum adherends from 12 h to up to 6 months) 2

• Helps inhibit corrosion (corrosion inhibiting primes) 8

• Modifies the properties of the adhesive to improve certain characteristics, such as peel9

• Serves as a barrier coat to prevent unfavorable reactions between adhesive and adherend8

• Holds adhesive films or adherend in place during assembly. This type of primer retains tack or develops tack at room or elevated temperatures9



The use of primers provides (1) more flexible manufacturing scheduling, (2) high reliability of joints, (3) less rigorous cure conditions, (4) wider latitude in choice of adhesive system, and (5) more durable joints. 8 Primers are usually not fully cured during their initial application. They are dried at room temperature and some are force-dried for 30–60 min at 65.5 °C. These steps, frequently called “flashing,” provide a dry nontacky surface that can be protected from contamination and physical damage by wrapping with clean paper, sealing in polyethylene bags, or covering with a nontransferring adhesive-backed paper. 2
When primers are desirable, the manufacturer's literature will ordinarily specify the best primer to use. The primers, such as the adhesives, are usually proprietary in nature and are made to match the adhesives. 9

5.6. Surface Treatment of Plastics
An important and relevant difference between metals and plastics is 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. Adhesion is the mechanical resistance to separation of a bonded system and involves the outer surface of a material. Treatment only impacts the region near the surface and does not alter the bulk properties of the plastic parts.
During the dawn of plastic technology, chemical priming was the only method of surface preparation. Soon after, the first rudimentary machines were developed to treat polymer surfaces, increasing their polarity and surface energy and making them acceptable for the various laminating, coating, and decorating processes. The flame and corona treatment methods gradually evolved through the 1960s and 1970s. With solvent-based systems predominant, major breakthroughs came slowly. The advent of waterborne—and then energy-cured—systems changed the pace of development. Suddenly, marginal treatment levels (34–38 dynes/cm) caused serious adhesion bond quality problems. Films that had been readily printable exhibited pinholes, fisheyes, ink liftoff, and other defect types. The remedy was to increase the treatment level to a part surface energy of 40 dynes/cm or higher.
There are now 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; such as 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.
This section describes the significant techniques available for the treatment of plastic surfaces to enhance adhesion (Fig. 5.2). Not all methods have wide commercial application. Some of the techniques are limited in the scope of their use. For example, chemical treatment (acid-induced oxidation) is the most frequently used method to impart adherability to plastic surfaces. Plasma treatment is limited to smaller components and parts. Flame and corona treatments are effective for continuous films (often called webs) and thin sheets of plastic, usually operated at high speed.
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	Figure 5.2 Classifications of plastic treatment techniques.




5.6.1. Effect of Treatment on Plastic Surfaces
The changes that occur in the surface of plastics by applying the treatment methods are the result of the four processes of cleaning, ablation, cross-linking, and surface chemical modification (mostly oxidation). Common 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 dynes/cm to achieve proper adhesive bonding in polymers such as polyolefin, polyphenylene sulfide, polyaramide, and others. 10 The other changes in the plastic surfaces include removal of weak materials, strengthening of the surface (by cross-linking), and increased surface roughness.
The increase in surface energy of plastic occurs through the surface oxidation of the polymer chains of the plastic part. For halogenated polymers, such as chlorinated and fluorinated polymers, surface modification involves significant dehalogenation, which is the removal of chlorine and fluorine atoms from the surface molecules. In general, each surface treatment can be viewed as a transfer of energy to the surface of plastics. In almost every case, the dissipation of treatment energy on the plastic surface results in more than one change to the surface; these changes are described later.
Cleaning, or removal of contamination, including process oils, dirt, waxes, mold release agent, and exuded plasticizer, is an important change that occurs as a result of surface treatment. Methods involving chemicals such as solvent cleaning and etching, if not properly used, can leave behind a residue that may interfere with adhesive bond formation. Clean surfaces must be protected because of rapid reacquisition of contamination from the ambient atmosphere.
Plastic surfaces often contain a low-molecular-weight polymer such as an oligomer or loosely bonded matter, also called a weak boundary layer. There is some debate about production of low-molecular-weight polymers as a result of surface treatment. 11 The low-molecular-weight polymer is also the normal product of most polymerization reactions. Loosely bonded material may originate from the plastic part itself and additives incorporated such as pigments, processing aids, and mold release agent. They may also have been acquired externally as a result of contact with contaminated surfaces or exposure to a contaminated environment. The treatment methods remove loose material from the part surface. One mechanism for removal of material from the part surface material is ablation, which is the degradation and conversion of organic matter into volatile species.
The electrical discharge at the plastic surface during corona-treatment reacts with the polymer molecules generating free radicals. The presence of free radicals allows cross-linking and funtionalization of the plastic surface with and without chain scission. The radicals rapidly react with ambient oxygen and produce peroxide groups that can decompose and give rise to a variety of polar groups. These groups include hydroxyl (OH), carbonyl (CO), and carboxylic acid (OCOH), the presence of which has been confirmed by electron spectroscopy for chemical analysis (ESCA or XPS).
Corona treatment is believed to roughen the plastics by the degradation of amorphous regions of the polymer surface. 12 The belief is that corona treatment does not impact the crystalline region of the surface, preferentially attacking the relatively weak amorphous regions. Degradation and subsequent removal of the amorphous material leads to the increased roughening of the surface of plastics such as polyethylene.13.14. and 15. A rough surface provides a much larger adhesive contact area than a smooth surface.
Plasma treatment oxidizes the surface of the polymer in the presence of oxygen. It can, thus, remove organic contaminants from its surface. Early studies have concluded cross-linking of low-molecular-weight surface species as the mechanism for elimination of a weak boundary layer. 16 More recent research has attributed the effectiveness of plasma treatment to surface cleaning, ablation of surface polymer chains, surface cross-linking of polymer chains, and introduction of polar functional group that result in increased surface energy. 17
The mechanism of flame treatment is thermal oxidation of the polymer surface. Flame temperature may exceed 2000 °C. It can clean the surface and remove the weak boundary layer by vaporizing surface contamination and low-molecular-weight polymers.
Chemical treatment, or etching, oxidizes the plastic surface similarly to corona treatment. For instance, chromic acid is used to etch the surface of polyethylene and polypropylene (PP). An increase in etching time and temperature intensifies the surface treatment by increasing the degree and depth of oxidation.

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

5.6.3. Mechanical Treatment (Surface Roughening)
Surface roughening and sanding of plastics accomplishes 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, if there are decorative and aesthetic considerations that require an even, smooth surface. For instance, if a plastic part is painted or laminated to a thin film, the application of surface roughening and sanding may not be possible or limited. When applicable, plastic surfaces are usually hand-sanded or sand-blasted to impart roughness (increased contact surface area) to the part surface.

5.6.4. 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 in order 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 (Fig. 5.3). In this method, the plastic article is exposed to a corona discharge produced by high-frequency, high-voltage alternating current.
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	Figure 5.3 Conceptual schematic diagram of a film corona treatment system.




There are three types of treating configurations (two of which are shown in Fig. 5.4), and all consist of the same parts, including an electrode, an electrical insulator or dielectric, and a return path or ground. The differences among the three configurations are in the location of the electrode. In a conventional system (Fig. 5.4 a), the web passes over a roll, which is covered with insulating material such as a silicone rubber. A metal electrode is suspended above the roll so that an air gap of 1.5–2.5 mm exists between the electrode and the insulated roll. High voltage operates across the air gap, ionizing it and forming a corona discharge curtain between the electrode and the material (e.g., film) that is being treated. The conventional configuration can be used only with nonconductive material. The second configuration is called bare roll (Fig. 5.4 b), in which the electrode is covered with a dielectric (usually ceramic), and the roll is made of anodized aluminum. In the third configuration, called double dielectric, the roll and the electrodes are covered with dielectric material.
	[image: B9781437744613100057/f05-04ab-9781437744613.jpg is missing]

	Figure 5.4 Configurations of corona treatment equipment. (a) Conventional configuration. (b) Bare-roll configuration. 15




The main parameters for the control of the treatment process include voltage, width of the air gap between electrodes, film/web speed, and width of the electrodes. Most machines allow treatment of one side of the web (Fig. 5.5), and require two passes for two-sided treatment. There are machines that are equipped with two sets of electrodes for one-pass two-sided treatment.
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	Figure 5.5 A typical single side corona treatment machine.




The appropriate treatment voltage to turn the air in the electrode gap into a conductor depends mainly on the size of the gap. It is possible to reduce the voltage to about 300 V independent of the gap size (within the operating range) by increasing the current. The color of a stable corona discharge is purple, resembling a natural gas flame across the gap.
Effect of corona treatment on adhesion of polyethylene to itself (autohesion) has been studied as a function of lamination temperature and density, as shown in Figure 5.6 and Figure 5.7.18. and 19. Corona treatment has a dramatic effect on the increase of adhesion bond strength over that achieved with untreated polyethylene. Increase in lamination temperature enhances the bond strength of treated film.
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	Figure 5.6 Adhesion bond strength of polyethylene (PE) to itself as a function of lamination temperature for untreated and corona-treated PE.
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	Figure 5.7 Adhesive bond strength of polyethylene (PE) to itself versus density at lamination temperature of 36 °C for untreated and corona-treated PE.




Effectiveness of corona treatment depends on the type of polymer. Examples of bond strengths of corona-treated PP and a polyetherimide can be found in Fig. 5.8. PP is affected by the treatment, as seen by the increase in adhesive bond strength in contrast to the bond for the polyetherimide, which is unchanged. 
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	Figure 5.8 Bond strength (shear) of corona-treated polypropylene, bonded to aluminum using an epoxy adhesive (Araldite AW 136 H/hardner HY994).




The duration of corona discharge treatment in air has a strong influence on the surface energy of the plastic. Figure 5.9 illustrates this relationship for low-density polyethylene, polyethylene–propylene copolymer (PEP), and PP. Surface energy increases more slowly as the crystallinity of the polymer being treated increases (from lower to higher, PE → PEP → PP); thus, a longer exposure time is required to achieve the same level of surface energy.
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	Figure 5.9 Surface energy of plastics versus duration of corona discharge treatment.




5.6.4.1. Three-Dimensional Corona Treatment
Problems with flame treating are manifold. Heat easily distorts the surface it is meant to treat if it is not calibrated and recalibrated frequently and exactly. Complex three-dimensional (3D) objects may need to be manipulated several times to get the treatment into every corner or into closed areas, which can be a very tedious and time-consuming process. The gas/air mixture has to be closely monitored and frequently recalibrated to ensure any measure of consistency. 20
3D corona treatment, as the name indicates, is aimed at surface modification of objects with a third dimension, compared with a web (two dimensional). Plastic objects are treated by 3D corona discharge to promote adhesion for printing, painting, coating, bonding, and labeling.21.22.23. and 24.
A 3D corona discharge head has a dielectric enclosure with two small electrodes made of medium thickness, bare aluminum, or stainless steel wire and is connected to a high-voltage power supply and a fan (Fig. 5.10). 25 When a high voltage exceeds the air breakdown value (30 kV/cm), an electrical arc occurs. This high current arc is blown out from the enclosure by the air stream and is usually several centimeters long and 1 mm in diameter.
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	Figure 5.10 Examples of 3D Corona Treater offered by four equipment manufacturers. 25




When the arc strikes a solid object, it goes across the surface and returns into the enclosure. 26 The treatment is achieved by moving the object under the discharge head or by moving the head over the object. The arc is essentially a one-dimensional object (such as a wire), and a treatment of 3D surfaces requires at least two heads. It is difficult to treat objects with complicated geometry, especially with internal cavities or channel structure, including tubing. The average power required for one head operation is about 500 W. The effective power dissipated in the arc could be as low as 50 W. Most of the ions and electrons travel between the two electrodes along the arc trajectory, where the main transfer of energy occurs.
Although the fan cools the arc continuously, it still has a fairly high core temperature. The air stream created by the fan is usually unstable. The arc constantly changes, following the random pulsation of the air, leading to a nonuniform surface treatment. To increase uniformity, the exposure time should be significantly increased, cutting down the production rate. On the other hand, high current density within the arc makes the arc plasma very hot and limits exposure time by the thermal damage threshold of the surface.
The plasma effect on the material strongly depends on the exposure time because each material requires a minimum exposure time to activate its surface. The required level of surface modification depends on the application (e.g., printing, bonding, and coating), as well as on the applied ink, adhesives, coatings, and curing process. Occasionally, there is not a sufficient window for the necessary exposure time and thermally safe material handling for the 3D corona treaters. It especially relates to tough treating materials (“plasmaphobic”) when the surface gets burned rather than modified. This is also the case for heat-sensitive materials, thin wall plastic objects, wires with thin insulation, fiber optics, thin coating layers, and so on. The problem is partly solved by installation of several discharge heads along the process line. If the problem is not solved, other techniques are used.
“3D” corona treaters also generate ozone. To reduce high ozone concentration, special filters are required to comply with clean room environment regulations for the medical and semiconductor industries. High voltage signal, when applied to the electrodes, usually has an audible frequency (60 Hz and up). Electrical breakdown takes place each half period of the cycle and produces a small shock wave with distinctive sound. This could generate significant amounts of noise in multiple head discharge systems, requiring noise abatement and hearing protection.

5.6.4.2. Corona Treatment of Fluoroplastics
Corona discharge treatment of FEP and PTFE films in air has been reported27 to improve adherability of these films, as indicated by higher values of peel strength. The bond was inconsistent and fairly weak. Later, corona treatment of FEP was reported28 under an atmosphere of gases other than air (Fig. 5.11). Typically, process conditions included a voltage in the range of 10,000–30,000 V, pulsing peak voltage of 100,000–500,000 cycles per second, and less than 5% by volume of a suitable gas in nitrogen. A suitable gas had to have a vapor pressure of 0.25 mm of mercury at 60 °C. Examples included glycidyl methacrylate, tetrahydrofuran, carbon tetrachloride, vinyl butyl ether, and methyl vinyl ketone.
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	Figure 5.11 Schematic diagram of a corona treater under an organic vapor. 22 (1) Metal roll, (2) stationary hollow tube, (3) distributor duct, and (4) enclosed chamber.




For example, consider McBride and Wolinski28 corona-treated FEP film (0.25-mm thick) under the atmosphere (0.5% by volume) of various chemicals. A voltage was applied in the range of 10,000–30,000 V, with pulsating peak voltages of up to 100,000 V, whereas the film moved at a speed of 1.5 m/min. The treated film was stuck to a strip of cold-rolled steel using an epoxy containing 1% amine hardener. Bond strength was then measured at a peel angle of 90° in a Suter tester, which is essentially an extensiometer equipped with jaws that can be separated at a controlled speed. Table 5.4 shows the bond strength for various atmospheric chemicals; film treated without a vapor phase chemical developed a weak bond.
Table 5.4 Bond Strength of Corona-Treated FEP under an Atmosphere of Different Chemicals22
	Atmosphere Chemical	Bond Strength, g/cm
	None	39.7–119
	N-vinyl-3-pyrrolidone	3571
	Acrylonitrile	2500
	p-Chlorostyrene	1190
	Toluene-2,4-diisocyanate	1952
	Vinyl acetate	1913
	Xylene	1389
	Hexane	1349
	Carbon tetrachloride	1587
	Tetraisopropyl titanate	1428


Kreuz and Zytkus29 reported corona treatment of FEP under an atmosphere of acetone (<5%–40% by volume in nitrogen), which had the advantage over the previous atmospheric compounds of producing a film that did not block in roll form. Treated FEP could be printed and marked with inks, was heat sealable, and adhered well to metals. Adhesion of FEP film (25 μm thick) to metal was accomplished by first laminating it to a thin polyimide (PI) film (13 μm thick) using a nip roll at 250–270 °C and at a pressure of 270 kPa. The treated FEP surface was then laminated to a 13-μm-thick (Fig. 5.12) aluminum foil in a nip roll at a speed of 6–9 m/min. In some cases, the laminate was postheated to test the effect of heat on the bond strength and the locus of bond failure (Table 5.5). 
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	Figure 5.12 FEP laminate to aluminum foil and polyimide.




Table 5.5 Bond Strength of Corona-Treated FEP Under the Atmosphere of Acetone23
	Lamination Temperature, °C	Postheat treatment	Bond strength, g/cm	Failure interface
	230	Yes	137	FEP-Al
	230	No	161	FEP-Al
	235	No	167	FEP-Al
	241	No	127	FEP-Al
	240	Yes	182	FEP-Al and PI-FEP
	272	Yes	244	PI-FEP
	272	No	226	PI-FEP


The importance of the role of acetone in the corona treatment atmosphere is shown by the data in Table 5.6. In this case, a FEP film at a thickness of 13 μm was treated in an atmosphere of acetone (3.1% by volume) and nitrogen. The treated film was heat sealed to a 25-μm-thick PI film, both corona treated and untreated, at different temperatures. Untreated PI produced a weaker bond, whereas FEP treated in air (vs. acetone/N2) yielded almost no bond strength.
Table 5.6 Effect of Corona Treatment and Heat Sealing Variables on Bond Strength of FEP24
	FEP corona treatment atmosphere	FEP film speed, m/min	Bond strength, g/cm at heat seal temperature of 315 °C	Bond strength, g/cm at heat seal temperature of 350 °C
	Treated PI	Untreated PI	Treated PI	Untreated PI
	Air	15.1	13.5	–	15.5	–
	Air	24.2	16.3	–	13.9	–
	Acetone	15.1	208	110	416	253
	Acetone	24.2	196	50	287	138




5.6.5. Flame Treatment
Flame treatment is a commercial process to render polyolefins and polyethylene terephthalate adherable. The polymer article (e.g., film) is passed over an oxidizing flame formed by an oxygen-rich (relative to stoichiometry) 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. Gas flame contains excited fragments and species such as atomic oxygen (O), NO, OH, and others that can abstract hydrogen from the surface of the polymer that is replaced by oxygenated functional groups (mostly CO and OH).
Polyethylene and PP have a surface tension of 30 dynes/cm, which has to be raised to a minimum of 38 dynes/cm, but preferably raised to 42 dynes/cm, in order to render their surfaces adherable. Flame treatment is the most widely used method of pretreatment. It is flexible and reliable if carefully controlled. It enables uneven and curved surfaces to be treated. It uses a mixture of air at 138–345 kPa and a fuel gas at a (low) pressure of 1.7 kPa. The gas can be butane, propane, natural gas (methane), and coal gas.
For the flame to be effective, it must be oxidizing; that is, blue. Correct flame control is very important. A basic flamer will do simple work, but for routine operations and long production runs, it is recommended to use specially designed flame control systems. These are fitted with gas and air control valves to compensate for pressure fluctuations, ensuring that the mixture is always at its optimum. Safety devices, such as flame failure shutdown, are fitted as standard. Automatic ignition is also normal. Flame nozzle design is important for these normally single- or double-row ribbon burners. This will give a more stable flame shape and characteristic. “Flame throwers” are inefficient and unreliable. Flame control and position of the item in the flame are critical. Setting up the flamer is also very important (see Fig. 5.13). Overflaming will damage the surface of the product, whereas underflaming can cause the ink not to stick/adhere.
	[image: B9781437744613100057/f05-13-9781437744613.jpg is missing]

	Figure 5.13 Effect of distance between part and inner cones of flame. 26




It is imperative to find the correct flame treatment suitable to the component in question. Key factors include the gas type, gas-to-air ratio, burner type, gas flow rate, flame distance, and flame passage speed (treatment time). Excessive treatment of the surface results in degradation of the PP, and therefore poor adhesion. Insufficient treatment, however, does not modify the surface adequately, thus leading to poor adhesion. It is often a rather delicate procedure to find the proper conditions, and great care has to be taken in the experimentation.
During flame treatment, all hydrocarbon gases combine with oxygen to produce heat, as shown here for methane:[image: B9781437744613100057/si1.gif is missing]



The above equation indicates complete combustion of the fuel gas methane. The volume of air required for complete theoretical combustion of 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. Figure 5.1430 shows the effect of using more or less air than the stoichiometric volume on tape peel strength of polyethylene or PP. A maximum value develops at about 115% stoichiometry or 15% excess air.
	[image: B9781437744613100057/f05-14-9781437744613.jpg is missing]

	Figure 5.14 Effect of air/gas ratio on treatment level. 26




In Fig. 5.15, 31 the influence of the flame passage speed over the plastic on the adhesion (shown as percentage of maximum adhesive bond strength)  between the adhesive and glass matte-reinforced thermoplastic is presented. The machine supplier often provides assistance with the optimization of the system.
	[image: B9781437744613100057/f05-15-9781437744613.jpg is missing]

	Figure 5.15 An example of measured influence on burner speed on the adhesion of molded GMT. Where the optimum is situated depends on the whole system. 27




Speed of the conveyer greatly affects the flaming. As a rule, the higher the speed of passage of the item through the flame, the less likelihood there is to damage the surface. High gloss surfaces are susceptible to blooming, reducing the gloss. Higher speeds help to reduce blooming. Conveyers are constructed from metal mesh, which must be of sufficient length to allow the mesh to cool. Hot meshes will mark plastic components.
Flame treatment is not effective in the adhesion treatment of perfluoroplastics. The data in Table 5.7 reveal a large increase in the bond strength of polyvinyl fluoride (PVF) and ethylene chlorotrifluoroethylene (ECTFE) after flame treatment. Fluorine-to-carbon ratio (F/C) of PVF remained unchanged but O/C ratio increased significantly. In the case of PTFE, F/C ratio actually increased, which could explain the drop in the bond strength as a result of flame treatment. Flame probably removed contamination that had previously masked (covered) some of the F-atoms on the surface.
Table 5.7 Effect of Flame Treatment on the Surface Composition and Adhesion Bond Strength of Fluoropolymers
	∗Electron spectroscopy for chemical analysis.

	∗∗Bond strength in Newton (N) using lap-shear test and an epoxide adhesive.

	Polymer/treatment	Surface chemical analysis (%) by ESCA∗	Bond strength, N∗∗
	F/C ratio	Cl/C ratio	O/C ratio	CI	C	F	O
	PVF
	No	0.41	–	0.011	–	70.4	28.8	0.8	360
	Yes	0.41	–	0.065	–	67.6	28.0	4.4	3240
	ECTFE
	No	0.61	0.27	–	14.3	53.2	32.5	–	240
	Yes	0.25	0.12	0.087	8.0	68.8	17.2	6.0	2980
	PTFE
	No	1.60	–	–	–	38.4	61.6	–	420
	Yes	1.94	–	–	–	34.0	66.0	–	80



5.6.6. Plasma Treatment
Plasma (glow discharge) sometimes refers to the fourth state of the matter. It is produced by exciting a gas with electrical energy (Fig. 5.16). 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. Plasma is intensely reactive, which is precisely the reason that it can modify surfaces of plastics. 32 It can be used to treat parts to make their surfaces harder, rougher, more or less wettable, and more conducive to adhesion. 
	[image: B9781437744613100057/f05-16-9781437744613.jpg is missing]

	Figure 5.16 Schematic diagram of a plasma system. 31




In 1966, Schonhorn and Hansen33 reported on a highly effective 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., radio-frequency field). For polyethylene, only very short treatment times were necessary (ca. 9 s), whereas larger contact times were required for other polymers, such as PTFE. 34 Plasma gases used (O2, He, and 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. 3
Plasma treatment can be carried out on a variety of plastic parts, and even on powder additives such as pigments and fillers. In practice, plasma treatment is used sparingly in the industry because it is conducted under vacuum process, and so it is both expensive and inconvenient. Nevertheless, plasma treatment is a well-researched topic that is replete in academic literature.
The plasma used for treating material surfaces is called cold plasma, meaning its temperature is about room temperature. Cold plasma is created by introducing the desired gas into a vacuum chamber (Fig. 5.17), followed by radio frequency (13.56 MHz), or microwave (2450 MHz) excitation of the gas. The energy dissociates the gas into electrons, ions, free radicals, and metastable products. Practically any gas may be used for plasma treatment, but oxygen is the most common. The electrons and free radicals created in the plasma collide with the polymer surface and rupture covalent bonds, thus creating free radicals on the surface of the polymer. The free radicals in the plasma may then recombine to generate a more stable product. After a predetermined time or temperature is reached, the radio frequency is turned off. The gas particles recombine rapidly and the plasma is extinguished.
	[image: B9781437744613100057/f05-17-9781437744613.jpg is missing]

	Figure 5.17 Schematic of the surface modification of plastic in a gas-plasma reactor.




Plasma-treated polymers usually form adhesive bonds anywhere from two to four times stronger than bonds formed by traditional chemical or mechanical preparation. Researchers at Picatinny Arsenal conducted and reported a study of a number of polymers using activated gas plasma treatment. 35 Another study covered other plastics (Valox® polybutyl terephthalate polyester, polyethersulfone, polyarylsulfone, polyphenylene sulfide, ECTFE fluoropolymer, nylon 11, nylon 6/12, and nylon 12). 36Table 5.8Table 5.9Table 5.10 and Table 5.11 illustrate the effectiveness of this process for a number of polymers. Clearly, plasma treatment is not equally efficient in rendering different plastics adherable.
Table 5.8 Effect of Plasma Treatment on Lap-Shear Joint Strength (kg/cm) of High-Density Polyethylene Sheet (1.6 mm thick) 32
	Treatment type (duration)	13-mm wide lap shear	6-mm wide lap shear
	Oxygen (30 min)	80	245
	Oxygen (1 min)	84	248
	Helium (1 min)	84	242
	None—solvent wiped	9.3	–


Table 5.9 Effect of Plasma Treatment Duration on Lap-Shear Joint Strength and Failure Mode of Polyethylene (3.2 mm thick) 32
	Treatment type	Duration, min	Bond strength, Mpa
	High density	Low density
	None—solvent wiped	–	2.2 (A, PE)	2.6 (A, PE)
	Oxygen	0.5	13.7 (A, PE)	–
	Oxygen	1	9.2 (A, Al)	10 (C, PE)
	Oxygen	30	16.8 (A, Al)	10.1 (C, PE)
	Helium	0.5	6.4 (A, PE)	9.6 (C, PE)
	Helium	1	9.4 (A, PE)	9.5 (C, PE)
	Helium	39	21.6 (C, PE)	9.1 (C, PE)


Table 5.10 Effect of Plasma Treatment Duration on Lap-Shear Joint∗ Strength of Polycarbonate and Polypropylene Sheet32
	A = adhesive failure, C = cohesive failure (see Section 5.2 for definitions of bond failure), PE = polyethylene, Al = aluminum, PC = polycarbonate, PP = polypropylene.
	∗Bonded to etched aluminum coupons using a cross-linked epoxy (a blend of Epon® 828 and Versamid® 140, 70/30 parts by weight).

	Treatment type	Duration, min	Bond strength, MPa
	Polycarbonate (1.6-mm-thick sheet)	Polypropylene (0.12-mm film)
	None—solvent wiped	–	2.8 (A, PC)	2.6 (A, PP)
	Oxygen	0.5	5.5 (A, PC)	12.9 (A, PP)
	Oxygen	30	6.4 (A, PC)	21.2 (A, PP)
	Helium	0.5	4.6 (A, PC)	3.1 (A, PP)
	Helium	30	5.8 (A, PC)	1.4 (A, PP)


Table 5.11 Effect of Plasma Treatment Duration on Lap-Shear Joint∗ Strength of Various Plastics32
	A = adhesive failure, C = cohesive failure, Al = aluminum, PS = polystyrene, PET= polyethylene terephthalate, PVF = polyvinyl fluoride, CAB = cellulose acetate butyrate, N = nylon 6.
	∗Bonded to etched aluminum coupons using a cross-linked epoxy (a blend of Epon® 828 and Versamid® 140, 70/30.

	Treatment type	Duration, min	Bond strength, MPa
	Polyethylene (0.25-mm-thick film)	Polystyrene terephthalate (0.25-μm transparent film)	Polyvinyl fluoride (25-mm transparent film)	Cellulose acetate(15.2-mm-thick sheet)	Nylon 6 (76-μm-thick film)
	None—solvent wiped	–	3.9 (A, PS)	3.6 (A, PET)	1.9 (A, PVF)	7.5, 4.5 (A, CAB)	5.8 (A, N)
	Oxygen	0.5	–	–	9.4 (A, Al/PVF)	7.8 (A, CAB)	11.2 (A, AL)
	Oxygen	1	–	–	–	3.1 (A, CAB)	10.5 (A, AL)
	Oxygen	30	21.5 (C, PS)	9.4 (A, PET)	9.8 (A, Al/PVF)	9.5 (A, CAB)	24.1 (A, AL)
	Helium	0.5	–	–	9.9 (A, Al/PVF)	9.6 (A, CAB)	9.4 (A, AL)
	Helium	1	–	–	–	4.1 (A, CAB)	9.5 (A, AL)
	Helium	30	27.7 (C, PS)	11.4 (A, PET)	9.3 (A, Al/PVF)	–	27.3 (A, AL)


5.6.6.1. Atmospheric Plasma1
1The authors would like to gratefully acknowledge the use of material developed by Dr Igor Morokh, Tri-Star Technologies, El Segundo, CA, in this section.
Atmospheric plasma systems have been developed in response to a number of issues with 3D corona treatment systems that were discussed in Section 5.6.4.1. Even though the same physical phenomenon, electrical breakdown of gases at atmospheric pressure (electrical discharge), is used, the methods of creation and application of this discharge are completely different. 37
The plasma system is designed to create a uniform plasma cloud that completely surrounds small objects or spreads into the boundary layer of the surface. It can also be placed in the internal cavities, channels, and so on. The same plasma system can treat the internal surfaces of a 50-μm capillary and cover a 50-mm diameter (and higher) surface area. For example, one design of a machine38 is based on the well-known physical phenomenon. 38 The strength of the electrical field considerably increases in the vicinity of small radius objects. Applying a high-voltage signal to the sharp edge body (e.g., a needle) causes electron leakage from the edge to the gaseous environment (e.g., air). These free electrons, accelerated by the strong electrical field, have enough energy to ionize neutral gas molecules and produce other free electrons and ions.
These electron avalanches, however, do not develop into an arc but gradually decay as they move away from the edge, creating a uniform glowing cloud near the electrode. Because there is no well-defined second electrode, the currents in the plasma cloud are extremely low (100 μA), and plasma occupies a finite volume at near to room temperature. The overall power to initiate and maintain this glow discharge usually does not exceed 100 W. The low-temperature plasma cloud may be applied directly onto the surface of the treated material or considerably extended with the use of inert gases such as helium, argon, and so on.
This kind of plasma is very effective because most of the microdischarge trajectories end up on the surface of the treated material. A specially designed high-frequency, low-current power supply significantly increases the efficiency by multiplying the number of microdischarges in the cycle. The system is practically noiseless, produces very little ozone when operating in the open air, and generates no ozone when inert gases are used. A small amount of reactive gases may be added into the flow to obtain plasma with unique properties; this is frequently required for chemical surface modification. Thin film deposition by plasma polymerization may also be accomplished on the treated surface by adding monomers (CH4, C2H2, etc.) into the plasma cloud.
A comparison of an atmospheric plasma and a 3D corona treater is given in Table 5.12.
Table 5.12 Comparison of an Atmospheric and a 3D Corona-Treater25
		Atmospheric plasma	3D Corona
	Average power	100 W	1000 W
	Plasma carrier	Argon	Air
	Plasma currents	Low (mA)	High (10 mA)
	Main direction of the energy transfer	From the electrode to the substrate surface	Between the electrodes parallel to the substrate surface
	Plasma frequency	High (20,000 Hz)	Low (60 Hz)
	Noise level	Low	High
	Ozone generation	Low	High
	Plasma flow temperature	Low (room)	High (>250 °F)
	Substrate exposure	Unlimited	Limited to thermal damage
	Coverage from single head on the flat surface	Up to 3-in-diameter circle or up to 5 in × 1 in strip	Up to 2 in × ¼ in strip
	Ability to treat patterned surfaces	Unlimited	Limited
	Ability to treat inner surfaces	Unlimited	Very limited
	Ability to introduce special additives into the plasma for chemical surface modification	Limited	Very limited
	Overall flexibility	High	Low
	Overall efficiency	High	Low



5.6.6.2. In-line Plasma Treatment of Wire Insulation
Some atmospheric plasma treatments allow in-line surface modification of almost any wire insulation material. Examples include polyamides, polyesters, and the fluoropolymers most difficult to treat. A treated surface can then accept inkjet printing for marking purposes. Table 5.13 shows a comparison of the marking durability on ethylene tetrafluoroethylene copolymer (ETFE) and fluorinated ethylene propylene copolymer (FEP) for untreated (U), flame treated (Fl), and plasma treated (Pl) conditions. Some wires have been cross-linked by irradiation (IR) to enhance cut-through resistance of the insulation. Wire suppliers have been identified in each case and all ink was UV curable.
Table 5.13 Marketing Durability of Flame- and Plasma-Treated Fluoropolymer Insulated Wires59
	All wires were marked with UV-curable ink; rub (finger): 20 strokes of moderate pressure; rub (eraser) per MIL-M-91531, 4.62; alcohol, trichlor, Freon® TMC (50% methylene chloride, 50% 1,1,2-trichlorotrifluoroethane), water (plus surfactant to promote wetting), acetone, and episolve per MILSTD 202; masking tape: press onto marking, wait 30 s, peel off and read marking; thermal shock per WS 19185; ISO oil: soak for 48 h and rub once; pen: check the spreading on the surface of the wire; cold shock: 5 min at −40 °F, bend and rub.
	U = untreated, Fl = flame-treated, Pl = plasma treated. F = fail, P = pass.
	Insulation type	ETFE	ETFE	IR ETFE		IR ETFE	FEP
	Wire spec	M17 5000-14TE1U00	M37 500 10TO2T14	M17 500 24102T23	M13-101364	WS191991-20-1	MIL-C 17G
	Wire vendor		Thermax CDT, Belden Company	Teledyne Thermatics	Judd wire	Delta wire	Thermax CDT, Belden Company
	Treatment testing	U	Fl	Pl	U	Fl	Pl	U	Fl	Pl	U	Fl	Pl	U	Fl	Pl	U	Fl	Pl
	Rub (finger)	F	P	P	F	F	P	F	P	P	F	P	P	F	P	P	F	F	F
	Rub(eraser)	F	P	P	F	F	P	F	P	P	F	P	P	F	F	P	F	F	P
	Alcohol	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P	F	F	P
	1,1,1 Trichlor	F	P	P	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P
	Freon® TMC	F	P	P	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P
	Water	F	P	P	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P
	Acetone	F	F	P	F	P	F	F	P	P	F	F	P	F	F	P	F	F	P
	Episolve301	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P	F	F	P
	Masking tape	F	P	P	F	F	P	F	P	P	F	P	P	F	P	P	F	F	P
	Thermal shock	F	P	P	F	F	P	F	P	P	F	P	P	F	F	P	F	F	P
	Iso Oil	F	P	P	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P
	Pen (40 dyne/cm)	F	P	P	F	P	P	F	P	P	F	P	P	F	P	P	F	F	F
	Cold shock	F	P	P	F	P	P	F	P	P	F	P	P	F	F	P	F	F	P


Table 5.14 shows the results of scrape abrasion testing on a Tefzel® ETFE (www2.dupont.com) insulation with and without plasma treatment. Clearly, plasma has a positive effect on enhancing resistance of the marking to removal by scrape abrasion. Contact angle data and calculated surface energy data can be found in Table 5.15 and Table 5.16. 
Table 5.14 Results of a Scrape Abrasion Test Performed at Raychem, Menlo Park, CA, on Tefzel® Spec 55 Insulated Wire for the Marking Identification Made by M-100J Ink-Jet Wire Marker
	Testing method: motor driven, reciprocating cam mechanism, equipped with a reset counter and capable of a 3/8-in stroke at 60 cycles per minute with a clamp for holding specimens. The contact surface is a smooth cylindrical steel mandrel, 0.025 in in diameter. Applied weight is 500 g. One cycle corresponds to two strokes. Note: The tests were stopped after 125 cycles.
	Line speed	30 ft/min	60 ft/min	120 ft/min
	UV exposure, s	1	0.5	0.25
	Average number of cycles plasma off	7	11	12
	Average number of cycles plasma on	58	>125	48


Table 5.15 Contact Angles (Degrees) Measurement for the Plasma-Treated FEP Insulated Wire (22759/11-20)
	Plasma treatment conditions	Water surface tension 72 dyne/cm	Methylene iodide surface tension 50 dyne/cm	Xylene surface tension 30 dyne/cm
	No treatment	101 ± 5	75 ± 4	46 ± 4
	Air plasma	94 ± 8	70 ± 3	32 ± 3
	Argon plasma	90 ± 4	66 ± 5	23 ± 5
	Argon and ammonia	82 ± 4	6 ± 6	20 ± 7


Table 5.16 Surface Energy Calculation Based on Contact Angle Measurement for Plasma-Treated FEP Insulated Wire (22759/11-20)
		Harmonic-mean approximation	Geometric-mean approximation
	Plasma treatment conditions	Dispersive component, dyne/cm	Polar component, dyne/cm	Total, dyne/cm	Dispersive component, dyne/cm	Polar component, dyne/cm	Total, dyne/cm
	No treatment	17.3	5.4	22.7	14.3	2.6	16.9
	Air plasma	20.5	7.2	27.9	17.7	3.9	21.6
	Argon plasma	19.9	9.1	29.0	16.4	6.0	22.4
	Argon and ammonia	23.0	11.5	34.5	19.3	8.4	27.7



5.6.3.3. Plasma Treatment of Fluoroplastics
Table 5.17 contains data that compares the results of plasma treatment and sodium etching for four perfluoropolymers. Peel strengths of untreated and treated samples were measured by bonding them into T-peel specimens using the flexibilized epoxy adhesive Scotch-Weld® 3553 (available from 3M Corp.; www.3m.com). The laminates were cured for several hours at 70 °C and peel tested at 12.5-cm/min pull rate. PTFE does not accept plasma treatment as well as PFA and FEP, as indicated by its relatively low peel strength. Sodium etching is the only effective method of modifying the surface of PTFE.
Table 5.17 Peel Strength of Adhesive-Bonded Fluoropolymers39. and 40.
	Treatment	Material
	PTFE	FEP	ETFE	PFA
	Untreated	Negligible	0.1	Negligible	0.04
	Sodium etched	5	8.2	–	6.4
	Plasma treated	2.2	10.4	15.8	8.3


A study of adhesion improvement of ETFE by plasma treatment using oxygen, ammonia, and oxygen + SF6 gases has been reported. 41 Joints were made using commercial epoxy adhesives by a double lap-shear configuration (Fig. 5.18). Bond strength of the plasma-treated ETFE significantly exceeded bond strength of sodium-etched polymer specimen (Table 5.18). A range of values was obtained for bond strength with different adhesives.
	[image: B9781437744613100057/f05-18-9781437744613.jpg is missing]

	Figure 5.18 Schematic of the double lap-shear test specimen.




Table 5.18 Bond Strength of Plasma-Treated ETFE Using a Double Lap-Shear Test and Epoxy Adhesives37
	∗Tetra-Etch® by W.L. Gore & Associates, Inc.

	Treatment type	Bond strength, MPa
	None	0.07
	Tetra-Etch®∗	0.78
	Plasma (O2 + SF6)	1.49–2.31
	Plasma (O2)	1.47–1.83
	Plasma (NH3)	1.40–1.72


Plasma treatment does not impart sufficiently strong adhesive bonds in PTFE, the most common perfluoropolymer. Bond strength of plasma-treated PTFE is at best 60% of that obtained by sodium etching. 42
An alternative plasma treatment technique is the glow discharge method that can be done at atmospheric pressure. Fluoroplastic films were treated by glow discharge in helium atmosphere. 43 Strips of the treated and untreated films were bonded to 0.2-mm-thick aluminum foils using a urethane adhesive cured at 100 °C for 15 min. The treatment conditions and bond strengths of the samples are given in Table 5.19.
Table 5.19 Effect of Atmospheric Glow Discharge Treatment in He on Bond Strength38
	Treatment conditions: gas flow rate = 5 L/min, discharge frequency = 5 kHz. Treatment time = 60 s.
	Fluoroplastic	Untreated, g/cm	Treated, g/cm
	PFA	0	600
	FEP	0	640
	ETFE	0	430
	PVDF	100	830




5.6.7. Chemical Etching
Chemical treatment is the most effective method of rendering the surface of plastics optimum for bonding. This technique can alter the physical and chemical properties of the surface. Chemical treatment is often preceded by a cleaning operation that removes 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. 44 Afterward, the part is rinsed in water, followed by drying at elevated temperature. 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 5.20 shows examples of most common chemical etching treatment systems.
Table 5.20 Common Chemical Treatment Solutions61
	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; a list can be seen in Table 5.21. There are few hard rules to determine the composition of these treatment media, although ranges can be found in Table 5.21. 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 tried successfully.2. and 45.
Table 5.21 Composition and Process Variables for Sulfuric Acid-Dichromate Etching61
	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 s to 90 min
	Temperature	–	Room temperature—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 has been ascribed to topography of etched plastic surfaces rather than polarity of the surface. 46
Sodium etching is an extreme treatment technique that is suitable for surfaces that are very difficult to treat. Examples include fluoropolymers and thermoplastic polyesters. A description of sodium etching and its application to fluoroplastics is provided in the next section.
5.6.7.1. Sodium Etching of Fluoroplastics
Perfluorinated fluoroplastics are chemically unaffected by nearly all commercial chemicals. An exception is highly oxidizing substances such as element forms of sodium, potassium, and other alkaline metals. This is the basis for sodium etching of fluoroplastic parts, which is described in this section.
The original method for surface treatment of PTFE for adhesive bonding is etching in a sodium solution in anhydrous liquid ammonia.47. and 48. The reagent is prepared by simply dissolving metallic sodium in liquid ammonia to obtain a 0.5–1% by weight concentration. The solution has a dark blue color and should be stirred thoroughly before use. The surface of the fluoropolymer should be cleaned carefully with an organic solvent such as acetone in order to remove oils or grease and other contaminants that can cause poor treatment and weak bonding. Moisture must be kept from the solution by storing it under positive pressure in protective packaging.
The fluoropolymer needs to be in the solution for a brief duration ranging from 2 to 10 s. 49 Ammonia rapidly volatilizes after the article is removed from the bath. Sodium can be removed by dipping the treated article into ethyl alcohol. A lengthy immersion time actually weakens the adhesive bond. The optimum time depends on the freshness of the etching solution. The treated fluoropolymer has a shiny dark brown color, which grows into a dull brown after exposure to air. Analysis of the baths shows the presence of fluoride and/or chloride ions, suggesting defluorination and/or dechlorination of the surface during treatment (Table 5.22).
Table 5.22 Effect of Sodium Etching on the Surface Composition and Adhesion Bond Strength of Fluoropolymers43
	∗Electron spectroscopy for chemical analysis.

	∗∗Lap-shear test.

	†Supplied by W.L. Gore Corporation.

	‡Treatment with a 1 mole solution of sodium naphthalenide in tetrahydrofuran at room temperature.

	Polymer	Treatment	Surface Chemical Analysis (%) by ESCA∗	Bond strength, MPa∗∗
	F/C ratio	Cl/C ratio	O/C ratio	CI	C	F	O
	PTFE	None	1.60	–	–	–	38.4	61.6	–	2.1
	PTFE	Tetra-Etch®† (1 min)	0.011	–	0.20	–	82.2	0.9	16.9	21.3
	PTFE	N/1 min‡	0.005	–	0.14	–	87.2	0.4	12.4	21.4
	PVF	None	0.42	–	–	–	70.4	29.6	–	1.8
	PVF	Tetra-Etch®† (30 min)	0.21	–	0.026	–	80.7	17.2	2.1	20.8
	ECTFE	None	0.64	0.27	–	14.1	52.5	33.4	–	1.2
	ECTFE	Tetra-Etch®† (1 min)	0.16	0.05	0.12	3.8	74.9	12.2	9.1	10.0


Table 5.23 gives the bond values of fluoroplastics before and after etching, obtained by the lap-shear test method. Bond strengths of the treated surfaces of PTFE, PVF, and ECTFE are larger than that of the untreated surfaces by an order of magnitude or more.
Table 5.23 Effect of Sodium Etching (Tetra-Etch® by W. L. Cole) on the Surface Composition and Adhesion Bond Strength of Fluoropolymers28
	Bond strength in Newton (N) using lap-shear test. An epoxide adhesive was used for PVF, PTFE, and ECTFE and a cyanoacrylate adhesive for PVDF.
	∗Electron spectroscopy for chemical analysis.

	Polymer/treatment	Surface Chemical Analysis (%) by ESCA∗	Bond strength, N2
	F/C ratio	Cl/C ratio	O/C ratio	Cl	C	F	O
	PVF
	None	0.41	–	0.011	–	70.4	28.8	0.8	360
	10 s	0.37	–	0.012	–	72.4	26.7	0.9	800
	1 min	0.37	–	0.021	–	75.4	23.0	1.6	2080
	60 min	0.13	–	0.015	–	87.3	11.4	1.3	3020
	PVDF
	None	0.93	–	0.014	–	51.4	47.9	0.7	1580
	1 min	0.17	–	0.12	–	77.4	12.9	9.7	2450
	60 min	0.11	–	0.14	–	79.5	9.2	11.3	2940
	ECTFE
	None	0.61	0.27	–	14.3	53.2	32.5	–	240
	1 min	0.24	0.05	0.095	3.7	72.5	17.7	6.9	3300
	PTFE
	None	1.6	–	–	–	38.4	61.6	–	420
	10 s	0.01	–	0.13	–	87.6	0.8	11.6	4280
	1 min	0.01	–	0.20	–	82.2	0.9	16.9	4260


Etching has a profound effect on the surface chemistry of fluoroplastics. Results of surface chemical composition of fluoroplastics, using ESCA, are summarized in Table 5.23. The consistent changes in surface composition of fluoroplastics due to the treatment are a reduction in fluorine and/or chlorine content, and an increase in carbon content and oxygen content. Treated PTFE surface is composed virtually entirely of carbon and oxygen and a small amount of fluorine.
The change in the surface of the treated fluoroplastics is also reflected in the contact angle. For example, the water contact angle of FEP and PTFE decreases from 109° to 52° (advancing) on sodium/ammonia treatment.46.50. and 51. Heating the treated fluoropolymer for a lengthy period can reverse the change in the surface. Water contact angle of treated PTFE increases back to 101° after 96 h exposure to a temperature of 200 °C.
Table 5.23 shows the effect of sodium etching for several fluoroplastics by Tetra-Etch® (www.gore.com), on the surface composition and lap-shear bond strength. In general, the data for various fluoroplastics indicate an increase in the adhesive bond strength with increasing fluorine and chlorine content.
The use of a commercial dispersion of sodium in naphthalene can reduce the preparation time. The shelf life of the bath is 60 days, provided that it is stored in a closed container and isolated from air. The polymer is immersed in the solution for 1–5 min followed by rinsing in alcohol or acetone. Bond strength using epoxy adhesives ranges from 7 to 14 MPa in tensile mode. This broad range of adhesive bond strength is obtained in butt tensile, disk tensile, and lap-shear test configurations, displayed in Fig. 5.19.
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	Figure 5.19 Test specimens for determination of bond ability of treated PTFE. 45




Research has shown that defluorination depth of the polymer surface extends about 300 nm (Fig. 5.20) as a result of sodium naphthalenide treatment.52. and 53. The researchers reported that exposure to X-rays decreased the defluorination depth to 30–150 Å. The structure of the defluorinated layer is highly porous. The suggested adhesion mechanism is mechanical interlocking of adhesive with this porous structure. Bond failure nearly always occurs by stripping the etched layer, as opposed to cohesive failure of the adhesive.
	[image: B9781437744613100057/f05-20-9781437744613.jpg is missing]

	Figure 5.20 Apparent defluorination depth as a function of Na/naphthalene treatment time. 45




Etching solutions for in-house treatment can be purchased from a number of sources. They include Fluoro Etch® by Acton Corp. (www.actontech.com) and Tetra-Etch® by W.L. Gore & Associates. Some companies, such as Acton and Goodrich Corporation (Porter Process; www.goodrich.com), provide surface treatment service. Operational safety and waste disposal are two issues concerning parties who deal with etching solutions. 



5.7. Methods for Evaluating 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.
5.7.1. 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 dynes/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 s. Successive liquids with different surface tensions allow for narrowing of the surface tension range of the plastic surface. This method is subjective, but it provides a rapid means of assessment of the treatment level, which especially useful in a production environment. There are also pens that operate similarly to dyne liquids. A more quantitative approach is the measurement of contact angle, which decreases with an increase in treatment level. A perfect wetting liquid forms a contact angle of zero on the solid surface.

5.7.2. 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 s 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 treating process itself should be analyzed to determine the cause of the problem. 2

5.7.3. 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, whereas large contact angles show that the wetting is poor. Every surface has a critical surface tension, γc, of wetting. Liquids with surface-free energies below γc will have zero contact angles and will wet the surface completely, whereas liquids with surface-free energies above γc will have finite contact angles. The critical surface tension is in units of dynes per centimeter at 20 °C. Contact angles for untreated materials vary from 37° to 48° for relatively polar materials, such as nylon, to highs of 100° and 97° for the nonpolar, unbondable silicone, and polyethylene resins. After exposure to activated argon plasma, contact angles are reduced to 40° for polymethyl methacrylate (PMMA) and to 19° or less for nylon, polystyrene, polyethylene, and room-temperature-vulcanizing (RTV) silicone. 6 Zissman and others have written comprehensively on surface-tension phenomena relating to adhesion.54.55. and 56.
Table 5.24 gives the treatment values required for a number of plastics as a function of the adhesive coating system and the manufacturing processes. Notice that, as discussed earlier in this section, in all cases waterborn adhesives require higher surface energy levels than solvent-based systems.
Table 5.24 Suggested Surface Energy (Treatment Level) for Various Plastics Adhesion Substrates50
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5.8. Surface Exposure Time (SET)
SET is the time elapsed between the surface preparation and actual bonding. After parts have been subjected to surface preparation, they must be protected from contamination during transportation and storage. The clean surface should never be touched with bare hands or soiled gloves. If more than a few hours are required between cleaning and priming, the parts should be covered, or, for still longer periods, wrapped in clean craft paper until the priming can be carried out. After priming, the dried primer surfaces, if not being bonded immediately, should again be protected by wrapping in craft paper. These steps should be carried out whether or not a primer is used. The period of time for which the parts can be safely stored in this way varies, depending on the nature of the adherends, the adhesive, the surface-preparation method, and the ultimate bond strength required.34.57. and 58.
Picatinny Arsenal (now the US Army Armament Research and Development Center) has published a number of reports and papers on SET, using both shear tests and peel tests. Peel tests, in particular the roller peel test, are more sensitive to variation in surface preparation than are shear tests. Peel tests show that, in general, increasing SET tends to reduce the critical joint strength. Up to 30 days may elapse between surface preparation and actual bonding if the frying surfaces are protected and the relative humidity is kept at about 50%, without serious loss in joining strength. Temperatures and relative humidity above normal will cause deterioration in shorter periods of time.34. and 57.
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