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9 Joining of Composite Materials



9.1



Introduction



In any product, there are generally several parts or components joined together to make the complete assembly. For example, there are several thousands of parts in an automobile, a yacht, or an aircraft. The steering system of an automobile has more than 100 parts. Heloval 43-meter luxury yacht from CMN Shipyards is comprised of about 9000 metallic parts for hull and superstructure, and over 5000 different types of parts for outfitting. These parts are interconnected with each other to make the final product. The purpose of the joint is to transfer loads from one member to another, or to create relative motion between two members. This chapter discusses joints, which create a permanent lock between two members. These joints are primarily used to transfer a load from one member to another. Joints are usually avoided in a structure as good design policy. In any structure, a joint is the weaker area and most failures emanate from joints. Because of this, joints are eliminated by integrating the structure. Joints have the following disadvantages: 1. A joint is a source of stress concentration. It creates discontinuity in the load transfer. 2. The creation of a joint is a labor-intensive process; a special procedure is followed to make the joint. 3. Joints add manufacturing time and cost to the structure. In an ideal product, there is only one part. Fiber-reinforced composites provide the opportunity to create large, complicated parts in one shot and reduce the number of parts in a structure. There are two types of joints used in the fabrication of composite products: • Adhesive bonding • Mechanical joints
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Adhesive



(a) Adhesive bonding



(c) Fusion bonding



Composite tube



Metal end



(b) Bolted joint



(d) Threaded joint



FIGURE 9.1 Various types of joints for joining a metal end with a composite tube.



Adhesive bonding is the more common type of joint used in composites manufacturing. In adhesive bonding, two substrate materials are joined by an adhesive. Mechanical joints for composites are similar to the mechanical joints of metals. In mechanical joints, rivets, bolts, and/or screws are used to form the joint. Fusion bonding is also used for joining purposes; however, this chapter focuses on adhesive bonding and mechanical joints. Fusion bonding is primarily used to join thermoplastic parts by means of heat. Figure 9.1 depicts an application in which a composite tube is joined with a metal end by various means. Every joint has its advantages and disadvantages, as discussed later. A design engineer studies the various options for joining the two substrate materials and selects the best one for the application.



9.2



Adhesive Bonding



In adhesive bonding, two substrate materials are joined by some type of adhesive (e.g., epoxy, polyurethane, or methyl acrylate). The parts that are joined are called substrates or adherends. Various types of bonded joints are shown in Figure 9.2. The most common type of joint is a single lap joint wherein the load is transferred from one substrate to another by shear stresses in the adhesive. However, because the loads applied are off-centered (Figure 9.3) during a single lap joint, the bending action caused by the applied load creates normal stresses (cleavage stress) in the thickness direction of the adhesive. The combination of shear stress and normal stress at lap ends of



© 2002 by CRC Press LLC



Butt joint



Single lap joint



Scarf joint



Double lap joint



Single strap joint



Bevel joint



Step joint Double strap joint FIGURE 9.2 Types of adhesively bonded joints.



Undeformed joint at initial loading Peel stress



Deformed shape under extreme loading FIGURE 9.3 Illustration of joint under loading.



the adhesive reduces the joint strength in a single lap joint. To overcome the bending effect, a double lap joint is preferred. In a double lap joint, the bending force and therefore normal stresses are eliminated. The joint strength obtained by double lap joint testing is greater because of the absence of normal stresses. For adhesive selection and characterization purposes, single lap joint tests are conducted because single lap joints are very easy to manufacture. The stepped and scarf joints shown in Figure 9.2 provide more strength than single lap joints, but machining of stepped or scarf ends is difficult. In adhesively bonded joints, the load gets transferred from one member to another by shear, and therefore shear tests are conducted on adhesives.
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For this reason, the adhesive supplier seldom reports the tensile strength of the adhesive. The data reported by adhesive suppliers is usually the shear strength obtained from a single lap joint test. An exception to this is that the tensile tests are conducted by sandwich panel manufacturers to calculate the bond strength between skin and honeycomb core materials. This test is performed for quality control purposes or for selecting the correct adhesive for a sandwich structure. In honeycomb-cored sandwich structures, the bonded surface area between the core and skin material is much less than the surface area of the skin and therefore failure usually takes place at the interface. The most common test method for shear testing is the single lap joint test (ASTM D 1002). The lap shear test measures the strength of an adhesive in most extent in shear. In this test, the specimen is prepared as shown in Figure 9.4. Substrate materials are cut into 1 ¥ 4-in. test coupons from a large, flat rectangular sheet. The substrate materials are then joined in a 0.5-in. overlap area with the desired adhesive. Once the adhesive is cured, the two ends of the substrate materials are pulled under tension as shown in Figure 9.3. Because shear at the bonded surface during the lap-shear test is created by applying tensile load on the substrate material, this test is also called the tensile-shear test. This test method is used extensively because of its simplicity and low cost for evaluation purposes. However, due to nonuniform stress at the joint, the strength values obtained by this test method are of little use for engineering design purposes. However, this test method can be used to see the effects of lap length, adhesive thickness, adhesive material, etc. on bonded joints. When the bond strength test is performed for two dissimilar materials (e.g., glass/epoxy and aluminum) the thickness of the substrates is maintained such that the stiffness values of the adherend materials are the same (i.e., E1t1 = E2t2, where E1, E2, t1, t2 are the stiffnesses and thicknesses of the adherend materials 1 and 2, respectively). Mazumdar and Mallick1 conducted a series of tests on SMC-SMC and SRIMSRIM joints to determine the effects of lap length, bond thickness, and joint 0.0064"
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FIGURE 9.4 Standard lap shear test specimen.
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Substrate 2



1.0"



Substrate



Adhesive failure



Adhesive



50% adhesive failure



Cohesive failure



Substrate failure



FIGURE 9.5 Common failure modes during bond test.



configuration. Single lap joints, single step lap joints, symmetric lap joints, and rounded edge single lap joints were considered and various failure modes were determined. They found that the failure load increases with increasing lap length; however, average lap shear strength value decreases. They also found that the joint strength improves with the increase in substrate stiffness. 9.2.1



Failure Modes in Adhesive Bonding



There are two major types of failure during testing of adhesively bonded joints: adhesive failure and cohesive failure, as shown in Figure 9.5. Adhesive failure is a failure at the interface between the adherend and the adhesive. Cohesive failure can occur in the adhesive or in the substrate material. Cohesive failure of the adhesive or substrate material occurs when the bond between the adhesive and the substrate material is stronger than the internal strength of the adhesive or substrate material. The goal of any good bond design is substrate failure; that is, the bond is stronger than the joining materials themselves. In substrate failure, the parent materials fail either away from the joint or near the bond area by tearing away the parent materials. Another expected failure mode might be the cohesive failure of the adhesive, wherein the adhesive splits in the bond area but remains firmly attached to both substrates. Adhesive failure, where adhesive releases from substrate materials, is considered a weak bond and is generally unacceptable. 9.2.2



Basic Science of Adhesive Bonding



There is no single theory that explains the complete phenomena of adhesion. Some theories are more applicable for one type of application than others. However, the theories presented herein provide a general idea about the formation of good bond.
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Trapped air



Poor wetting (a)



Adhesive



Good wetting (b) FIGURE 9.6 Demonstration of (a) poor wetting and (b) good wetting.



9.2.2.1 Adsorption Theory According to this theory, adhesion results from molecular contact between two materials and the surface forces that develop between these materials. The surface forces are usually designated as secondary or Van der Waals forces. To develop forces of molecular attraction, there should be intimate contact between the adhesive and the substrate surfaces, and the surfaces must not be more than 5 Å apart. The process of developing intimate contact between the adhesive and substrate material is known as wetting. Figure 9.6 illustrates good and poor wetting. For an adhesive to wet a solid surface, the adhesive should have a lower surface tension than the solid’s critical surface tension. Metals usually have high critical surface tension and organic surfaces usually have a lower critical surface tension. For example, epoxy has a critical surface tension of 47 dyn/cm and aluminum has a critical surface tension of about 500 dyn/cm. For this reason, epoxy wets a clean aluminum surface very well. Epoxy has poor wetting with polycarbonate, polystyrene, polyimide, polyethylene, and silicone surfaces because these substrates have critical surface tensions of 46, 33, 40, 31, and 24 dyn/cm, respectively, which are lower than epoxy’s critical surface tension. 9.2.2.2 Mechanical Theory According to this theory, bond formation is primarily due to the interlocking of adhesive and substrate surfaces. The true surface of the substrate material
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is never a flat, smooth surface; instead, it contains a maze of peaks and valleys. During the wetting process, adhesive flows into microcavities of substrate surfaces and fills them. When the adhesive hardens, the two substrates are held together mechanically. Application of pressure during the bonding process aids in penetrating the cavities and displacing the entrapped air from the interfaces. During the bonding of composites or metals, sandblasting or surface roughening is performed on joining surfaces to increase joint strength. Surface roughening provides benefits such as removal of oily surface, formation of a more reactive surface, increased mechanical locking, and formation of larger surface area. The larger surface area increases the bond strength by increasing intermolecular forces (adsorption theory). 9.2.2.3 Electrostatic and Diffusion Theories This theory is not as well regarded as the above two theories (adsorption and mechanical) on adhesion. According to this theory, electrostatic forces in the form of an electrical double layer are formed at the adhesive/substrate interface. These forces create resistance against separation. According to the diffusion theory, adhesion occurs due to the inter-diffusion of molecules on the adhesive and substrate surfaces. This theory is more applicable for the cases in which both the substrate and the adhesive material are polymer based. The key to diffusion processes is that the substrate and adhesive materials should be chemically compatible. Solvent or fusion welding of thermoplastic substrates is considered as bonding due to diffusion of molecules.



9.2.3



Types of Adhesives



For a better understanding of the types of adhesives available in the marketplace, adhesives are divided into three categories: (1) two-component mix adhesives; (2) two-component, no mix adhesives; and (3) one-component, no-mix adhesives. The majority of epoxy and polyurethane adhesives fall into two-component mix adhesives. Acrylic and anaerobic adhesives fall into two-component, no-mix adhesives. These adhesives are described as follows. 9.2.3.1 Two-Component Mix Adhesives The adhesives falling into this category require prior mixing before being applied to the substrate surface. Epoxies and polyurethanes fall into this category. Once two components are mixed, there is a limited pot life. 9.2.3.1.1 Epoxy Adhesives Two-component epoxy adhesives are very common in the composites industry and offer many benefits (epoxy adhesives also come as one-component and are discussed later). Two-component epoxy adhesives have a good shelf life and do not require refrigeration. They can be cured at room temperature but generally require elevated temperature curing to enhance performance.
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Epoxies are sensitive to surface condition and mix ratio. Usually, surface preparation prior to bonding is required to enhance the bond quality. Epoxies have good gap-filling characteristics. Large volumes of epoxy, such as in potting, can be cured easily without the need for light, moisture, and/or absence of air to activate the curing process. Epoxy adhesives are usually applied by hand; but for high-volume applications, automatic dispensing equipment is used. In automatic dispensing equipment, adhesives are mixed automatically prior to application on the bonding surface. This avoids human error in mixing and applying. Epoxies are mostly brittle and do not provide good peel strength. Elastomers (e.g., rubbers) are mixed to increase the toughness of epoxies. Epoxies are good for bonding stiff surfaces. For bonding flexible members, epoxies are not good because they lack peel strength. 9.2.3.1.2 Polyurethane Adhesives Similar to epoxies, polyurethane adhesives also come as one- or two-component systems. Two-component polyurethane adhesives are available with a broad range of curing times to meet various application requirements. Polyurethane adhesives provide higher peel strength than epoxies. They provide good, durable bond strength to many substrate surfaces, although a primer may be necessary to prepare the bond surface. The primers are usually moisture reactive and require several hours to react sufficiently before parts can be used. They bond well to wood, composites, and some thermoplastics. They also have good gap-filling characteristics. 9.2.3.2 Two-Component, No-Mix Adhesives In this category, adhesive is applied on one substrate surface and an activator, usually in a very small amount, is applied on other substrate surface. When these two surfaces are put together, the adhesive cures by the reaction of two components. There is no mixing required for the cure of the adhesive. Acrylic and anaerobic adhesives fall into this category. 9.2.3.2.1 Acrylic Adhesives Acrylic adhesives have a polyurethane polymer backbone with acrylate end groups. They are formulated to cure through heat or the use of an activator applied on a substrate surface, but many industrial acrylic adhesives are cured by light. Light-cured adhesives are typically used for high-volume applications in which the capital investment for creating the light source can be justified. An additional need for light-cured adhesives is that bond geometry should allow light to reach the adhesives. Acrylic adhesives are relatively insensitive to minor variations in mix ratio and are mostly used in high-volume production environmenents such as automobile, speaker magnets, and consumer items. Acrylics are used for bonding thermoset composites, thermoplastic composites, wood, metals, and ceramics. They create a tough and durable bond, with a temperature resistance of up to 180°C. Some
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commercial acrylics have high heat generation (exothermic reaction) during cure and therefore the amount of adhesive needs to be judiciously selected for the specific application. 9.2.3.2.2 Urethane Methacrylate Ester (Anaerobic) Adhesives Methacrylate structural adhesives are mixtures of acrylic esters that remain liquid when exposed to air but harden in the absence of air. An activator is generally required on one substrate surface to initiate the cure. These adhesives are used in a large number of industrial applications where highreliability bonding is required. There is no mixing required, and no pot-life or waste problem with this adhesive. These adhesives provide flexible/durable bonds with good thermal cycling resistance. Anaerobic adhesives are good for bonding metals, composites, ceramics, glass, plastics, and stone. 9.2.3.3 One-Component, No-Mix Adhesives The adhesive in this category is one component and therefore no mixing is required. Most one-component adhesives consist of two or more premixed components such as resin, curing agent, fillers, and additives. One-component epoxies, polyurethanes, cyanoacrylate adhesives, hot-melt, light-curable adhesives, and solvent-based adhesives fall into this category. 9.2.3.3.1 Epoxies One-component epoxies are premixed and come in a bottle. They are refrigerated and have limited shelf lives. These adhesives require a high heat cure. 9.2.3.3.2 Polyurethanes One-component polyurethanes cure by reaction with atmospheric moisture over a period of several hours or days. Usually, these adhesives are used as sealants. Heat is sometimes used to expedite the curing process. 9.2.3.3.3 Cyanoacrylates Cyanoacrylate adhesives are one component and have rapid strength development. In a matter of few seconds, they provide good handling strength. These adhesives cure in the presence of surface moisture when confined between two substrate surfaces. Cyanoacrylate adhesives have poor heat, solvent, and water resistance as compared to structural adhesives. They provide excellent adhesion to many substrates, including metals and thermoplastics. 9.2.3.3.4 Hot-Melt Adhesives Hot-melt adhesives are used heavily in wood, furniture, and consumer industries. Hot melts are thermoplastics and come in solid form. They are melted before being applied to a bonding surface. After application, the melt cools and solidifies, resulting in a bond between the mating surfaces. The bond is mostly a mechanical lock. The joining is achieved within a minute. Because of rapid bond formation, hot melts are used in high-volume applications. Hot melts have lower temperature resistance.
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9.2.3.3.5 Solvent- or Water-Based Adhesives In this type of adhesive, solvent or water is used as a carrier material. The purpose of the solvent or water is to lower the viscosity of the adhesive so that it can be easily dispensed and applied. Once it is applied, the solvent or water is evaporated into the air by heat or by diffusion into a porous substrate. Solvent- and water-based adhesives find application in porous substrates such as wood, paper, fabrics, and leather. Contact adhesives and pressure-sensitive adhesives fall into this category. Contact adhesives are heavily used in the wood industry. They are applied to both substrate surfaces by spray or roll coating. The substrate surfaces are then pressed under ambient or heated conditions. With water-based adhesives, the bonded assembly is typically kept at 220°F for faster evaporation of water. After evaporation, the adhesive rapidly bonds or knits to itself with the application of pressure. Pressure-sensitive adhesives usually come in a carrier film similar to a prepreg or film adhesive. The adhesive is laid down on one substrate surface and then carrier film is removed. After removal of carrier film, the other substrate surface is brought into contact with the adhesive. Very little pressure is required for mating the two substrate surfaces. Once the solvent is removed, the adhesive develops aggressive and permanent tackiness. Pressure-sensitive adhesives are applied similar to contact adhesives. 9.2.4



Advantages of Adhesive Bonding over Mechanical Joints



Joining of materials using an adhesive offers several benefits over mechanical joints. In the composites industry, adhesive bonding is much more widely used compared to the metals industry. 1. In adhesively bonded joints, the load at the joint interface is distributed over an area rather than concentrated at a point. This results in a more uniform distribution of stresses. 2. Adhesively bonded joints are more resistant to flexural, fatigue, and vibrational stresses than mechanical joints because of the uniform stress distribution. 3. The weight penalty is negligible with adhesive bonding compared to mechanical joints. 4. Adhesive not only bonds the two surfaces but also seals the joint. The seal prevents galvanic corrosion between dissimilar adherend materials. 5. Adhesive bonding can be more easily adapted to join irregular surfaces than mechanical joints. 6. Adhesive bonding provides smooth contours and creates virtually no change in part dimensions. This is very important in designing aerodynamic shapes and in creating good part aesthetics. 7. Adhesive bonding is often less expensive and faster than mechanical joining.
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9.2.5



Disadvantages of Adhesive Bonding



Adhesive bonding suffers from the following disadvantages: 1. Adhesive bonding usually requires surface preparation before bonding. 2. Heat and pressure may be required during the bonding operation. This may limit the part size if curing needs to be performed in an oven or autoclave. 3. With some adhesives, a long cure time may be needed. 4. Health and safety could be an issue. 5. Inspection of a bonded joint is difficult. 6. Adhesive bonding requires more training and rigid process control than mechanical joints. 7. Adhesive bonding creates a permanent bond and does not allow repeated assembly and dis-assembly.



9.2.6



Adhesive Selection Guidelines



The selection of an adhesive depends on the type of substrate material, application need, performance requirements, temperature resistance, chemical resistance, etc. A successful application requires a good joint design, good surface preparation, proper adhesive selection, and proper adhesive curing. The first step in selecting an adhesive is to define the substrate materials and set up durability and other requirements. The following is a checklist for setting up some requirements: • • • • • • • •



Strength requirement Cost requirement Loading type Impact resistance Temperature resistance Humidity, chemical, and electrical resistances Process requirements Production rate requirements



Once the above requirements are met, then the processing parameters for the adhesive bonding can be defined. These include the production rate, adhesive position, clamp time and position, surface preparation, fixture time, open time, cure parameters such as time, temeperature, and pressure, dispensing method, manual or automated assembly, and inspection method.
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TABLE 9.1 Adhesive Selection Guidelines Characteristics Adhesive typea Cure requirement Curing speed Substrate flexibility Shear strength Peel strength Impact resistance Humidity resistance Chemical resistance Temperature resistance (oC) Gap filling Storage (months) a



Standard Epoxies



Urethane



Acrylic



Silicones



Polyolefins (Vinylics)



L1, L2, F Heat, ambient Poor Very good Best Poor to fair Fair Poor



L, W, HM Heat, ambient Very good Very good Fair Very good Very good Fair



L1, L2, W Heat, ambient Best Good Good Good Fair Fair



L1, L2 Heat, ambient Fair Good Poor Very good Best Best



F Hot melt



Very good



Fair



Fair



Fair



Good



Fair



Fair



Fair



Good



Poor



Fair 6



Very good 6



Very good 6



Best 6



Fair 12



Very good Fair Poor Fair Fair Fair



Adhesive type: L1 = Liquid one part, L2 = Liquid two part, F = Film, W = Waterborne, HM = Hot melt.



There are many types of adhesives avilable on the market. The most common adhesives are epoxies, acrylics, urethanes, silicones, and polyolefins. Table 9.1 categorizes these adhesives by their relative properties.



9.2.7



Surface Preparation Guidelines



The bond strength in an adhesively bonded joint greatly depends on the quality of the adherend surface. Therefore, surface preparation is key to the creation of successful joint. Surface preparation is performed to remove weak boundary layers and to increase wettability of the surface. Certain lowenergy surfaces must be modified by plasma treatment, acid etching, flame tratment, or some other means to create attractive forces necessary for good adhesion. To prepare the surfaces, all dust, grease, oil, and foreign particles should be removed from joining surfaces. It is important for good wetting that the adherend have a higher surface tension than the adhesive. Surface preparation can range from simple solvent wiping to sandblasting to chemical etching or combinations of these. Metals are best cleaned by vapor degreasing with trichloroethane, followed by sandblasting or, preferably, chemical etching. Chromic acid is often used as a chemical etching process for steels. Aluminum surfaces are primed to improve their bondability. Once the surfaces are cleaned, bonding is performed as soon as possible to avoid accumulation of foreign materials. If storage is necessary, special precaution is taken so that the assembly does not become contaminated. Composite surfaces
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very often need some form of preparation because their surfaces are often contaminated with mold release agents or other additives. These contaminants are removed, either by abrading the surface with sandpaper or by alkaline wash. With some polymeric materials, the surfaces are chemically modified to encourage wetting and to achieve acceptable bonding. Thermoplastic materials are generally difficult to bond and some kind of treatment, such as oxidation by flame treatment, plasma or corona treatment, ionized inert gas treatment, or application of primers or adhesion promoters, is usually necessary. The amount of surface preparation needed for an application depends on the production volume, ultimate joint strength requirement, and cost. For low- to medium-strength applications, extensive surface preparation is not necessary. For applications where maximum bond strength or reliability and safety are concerns, such as in aerospace applications, surface preparation is performed in a controlled atmosphere. For consumer and automotive applications, cost and cycle time play major roles in selecting a surface preparation method. Surface preparation methods can be classified as passive surface treatment or active surface treatment. In passive surface treatment, such as sanding and solvent cleaning, the chemistry of the surface does not change. It only cleans and removes the weakly bonded outer surface layers. In active surface treatment processes, such as plasma treatment, anodizing, and etching, the surfaces are chemically modified. The following sections describe some of the surface preparation methods. 9.2.7.1 Degreasing Degreasing implies the removal of an oily surface from the surfaces to be bonded. Degreasing is performed differently for metals and composites. To degrease metals, the surfaces are suspended in a stabilized trichloroethane vapor bath for approximately 30 seconds. If a bath is not available, the surfaces are cleaned with pieces of absorbent cotton dampened with trichloroethane. Trichloroethane is a toxic chemical, although non-flammable, and therefore the working area should be well-ventilated. For degreasing composites or polymeric surfaces, solvents such as acetone and methyl alcohol or detergent solutions are used to remove the mold release agents or waxes. 9.2.7.2 Mechanical Abrasion This process is quite common in the composites industry. In this process, the smooth surfaces of metals or composites are roughened to increase the surface area and to remove the contaminants and loose particles from the surface. Sandpaper, wire brush, and emery cloth are used for this purpose. For sanding big sheets of metals and composites, as in making large sandwich panels with aluminum and composite skins, the surfaces are passed between two moving rollers (mechanical sanders), one containing a sandpaper belt. The surfaces to be bonded with honeycomb or foam are sanded and the other side is covered with a protective coating to avoid scratching.
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Sandblasting, vapor honing, or hand-held mechanical abraders are used for localized roughening. After abrading, the solid particles are removed by solvent wiping or by blasting with clean air. 9.2.7.3 Chemical Treatment Chemical treatment greatly increases bond strength. In this process, strong detergent solutions are used to emulsify surface contaminants on both metallic and nonmetallic substrates. Parts are typically immersed in a well-agitated bath containing detergent solutions at 150 to 200°F for about 10 minutes. Following that, the surfaces are rinsed immediately with deionized water and then dried. Typical alkaline detergents are combinations of alkaline salts, such as sodium metasilicate and tetrasodium pyrophosphate with surfactants included.



9.2.8



Design Guidelines for Adhesive Bonding



Structural joints are used to transfer the load from one component to the other. Because adhesives are good in shear, the joint design is made to ensure that load is transferred in shear. Adhesives are not good in peel and tensile stress, and therefore load transfer in these modes is avoided. The mechanical joints such as bolting and riveting used in the metals industry are good in transfering loads in peel. Therefore, when bolted and riveted joints need to be replaced by adhesive bonded joints for composite structures, proper care must be taken in redesigning the joint. It is easy to visualize tensile, compressive and shear stress in an application, whereas peel stresses are not so obvious. Peel stresses are created when joint edges are subjected to bending loads. Tensile and shear loads get translated to peel stress when substrates are flexible and when applied loads are not in line or parallel with each other. Guidelines for designing adhesively bonded joints include: 1. Design the joint in such a way that load transfer predominates in shear or compressive mode. 2. Select the right adhesive material to meet the application needs (e.g., temperature resistance, chemical resistance, strength, etc.). 3. Design the joint to be production friendly. The bond area should be easily accessible and technicians should be able to perform surface preparation and bonding with minimum effort and movement. 4. Use the maximum area possible for adhesive bonding so that stress induced in the joint is minimal. 5. When joining dissimilar materials, stress caused by thermal expansion and contraction should be considered in the joint design. 6. There is an optimum adhesive thickness required to create the best bond strength. Too thin or too thick an adhesive layer provides poor bond strength. There should be enough adhesive to wet the joining surface.
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9.2.9



Theoretical Stress Analysis for Bonded Joints



Theoretical stress analyses for adhesively bonded joints are derived either from classical analytical methods or finite element methods. A good review of these techniques is that by Matthews, Kilty, and Godwin.2 The majority of the work was performed analyzing single lap joints loaded in tension.3–7 In the classical analytical approach, linear and nonlinear analyses are performed. The pioneering work in the category of linear analysis was performed by Volkersen,8 the so-called shear lag analysis. In this analysis, the only factors considered are the shear deformation of the adhesive and the elongation of the adherends. This scenario is more applicable for double lap joints than single lap joints because in single lap joints, bending of adherends and thus peel stresses are induced. The effect of bending in single lap joints was first considered by Goland and Reissner9 and then by several other authors.10,11 During a single lap joints loaded in tension test, peel stresses are induced due to eccentric loading, as shown in Figure 9.3. The magnitudes of peel and shear stresses increase with increaseing applied load, and they are higher at the edges. Several authors12–14 have performed parametric studies to identify the factors that influence the maximum stresses in a joint. Maximum stress is induced at the ends of the overlap along the length. To minimize the maximum stresses at the joint, the use of the same adherend materials, stiff adherend material, modulus adhesive, and tapering of adherend along the length is suggested. The work described above was performed considering that adhesive stresses remain within the elastic range. Because of this assumption, the ultimate static load of the joint can be underestimated. This assumption can be true under fatigue loads where stresses are relatively low. In reality, adhesives behave in a nonelastic mode even with so-called “brittle” adhesives, but discrepancies are much more serious for “ductile” adhesives.2 Adams et al.15 and Grant16 have considered the nonlinearity of adhesives in their studies. Hart-Smith17–20 performed extensive studies on single lap, double lap, and scarf joints, taking into account adhesive nonlinearity. Adhesive nonlinearity is based on assumptions of idealized elastic, perfectly plastic shear stress and strain curve. Various researchers21–25 have used finite element methods for analyzing bonded joints. In finite element methods, there is no need to simplify assumptions as done in classical methods.



9.3



Mechanical Joints



Mechanical joining is most widely used in joining metal components. Examples of mechanical joints are bolting, riveting, screw, and pin joints. Similar to the mechanical joints of metal components, composite components are also joined using metallic bolts, pins, and screws; except in a few cases where
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Bolted joint



Riveted joint FIGURE 9.7 Schematic diagram of mechanical joints.



RFI shielding and electrical insulation are required, composite fasteners are used. For most mechanical joints, an overlap is required in two mating members and a hole is created at the overlap so that bolts or rivets can be inserted. When screws are used for fastening purposes, mostly metal inserts are used in the composites, the reason being that the threads created in the composites are not strong in shear and therefore metal inserts are used. Figure 9.7 shows examples of bolting and riveting. In bolted joints, nuts, blots, and washers are used to create the joint. In riveting, metal rivets are used. Bolted joints can be a single lap joints, double lap joints, or butt joints, as shown in Figure 9.8. (a)



(b)



(c)



FIGURE 9.8 Types of bolted joints: (a) single lap joint, (b) double lap joint, and (c) butt joint.
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Sections 9.3.1 and 9.3.2 describe the advantages and disadvantages of joints using mechanical fasteners.



9.3.1



Advantages of Mechanical Joints



1. They allow repeated assembly and disassembly for repairs and maintenance without destroying the parent materials. 2. They offer easy inspection and quality control. 3. They require little or no surface preparation.



9.3.2



Disadvantages of Mechanical Joints



1. Mechanical joints add weight to the structure and thus minimize the weight-saving potential of composite structures. 2. They create stress concentration because of the presence of holes. The composite materials do not have the forgiving characteristics of ductile materials such as aluminum and steel to redistribute local high stresses by yielding. In composites, stress relief does not occur because the composites are elastic to failure. 3. They create potential galvanic corrosion problems because of the presence of dissimilar materials. For example, aluminum or steel fasteners do not work well with carbon/epoxy composites. To avoid galvanic corrosion, either metal fasteners are coated with nonconductive materials such as a polymer or composite fasteners are used. 4. They create fiber discontinuity at the location where a hole is drilled. They also expose fibers to chemicals and other environments.



9.3.3



Failure Modes in a Bolted Joint



A bolted joint is made by drilling holes in mating parts. The mating parts are then aligned and a nut is passed through it and then bolted. Failure in a bolted joint may be caused by: 1. 2. 3. 4.



Shearing of the substrate Tensile failure of the substrate Crushing failure of the substrate Shearing of the bolt



The first three failure modes are shown in Figure 9.9. Among these three, crushing failure is the most desirable failure mode in the joint design. Crushing helps in relieving the stress concentration around the hole.
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FIGURE 9.9 Failure modes in bolted joints: (a) shear failure, (b) tensile failure, and (c) bearing failure.



Bolt failures are not common because steel fasteners are very strong in shear. There is another type of failure mode called cleavage failure, which takes place in laminates having 0° fibers along the loading direction. Cleavage failure is shown in Figure 9.10.



9.3.4



Design Parameters for Bolted Joints



The following parameters affect the strength of a bolted joint: 1. Material parameters such as fiber orientation, lay-up sequence, and type of reinforcement 2. Joint parameters such as ratios of width to bolt hole diameter (w/d), edge distance to bolt hole diameter (a/d), and thickness to bolt hole diameter (t/d) 3. Quality of hole, such as delaminated edge 4. Clamping force
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FIGURE 9.10 Cleavage failure in the 0° composite laminate.



The stress concentrations around the hole are reduced using doublers (local increase in thickness around the hole), minimizing component anisotropy, and using softening strips of lower modulus such as fiberglass plies in graphite composites. In multi-bolting joints, where more than one row of bolts is used, the spacing between holes (pitch) and the hole pattern are also important in designing bolted joints.



9.3.5



Preparation for the Bolted Joint



Bolted joints are prepared by drilling holes in mating parts at specified places. Methods of drilling holes are described in Chapter 10. Once the holes are machined, the mating parts are brought closer together and aligned to pass the bolt through the hole. A washer is placed on the other side and then the nut is placed. Bolts are often tightened by applying torque to the bolt head or nut, which causes the bolt to stretch. The stretching results in bolt tension or preload, which is the force that holds the joint together. For various applications, a prespecified torque is applied according to the design requirement using a torque wrench and is repeated for each assembly.
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Questions 1. What are the commonly used joining methods in the composites industry? 2. What are the advantages of adhesive bonding over mechanical joints? 3. Why should the critical surface tension of substrate material be higher than that of adhesive material? 4. How does the bond form in adhesive bonding? 5. What type of failure mode is recommended in adhesive bonding as well as in bolted joints? 6. How many types of adhesives are commonly available? 7. How would you select a right adhesive for an application? 8. What are the process parameters in adhesive bonding? Process parameters are those that affect the quality of the bond. 9. Why is there no need of surface preparation in a mechanical joint? 10. If a joint needs to be designed under peel load, which type of joint will you select and why?
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