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      Preface


      When we, the new team of authors were asked by Vincentz Network to continue the work of Bodo Möller and Walther Rath and to revise the book, we spontaneously agreed, having come to appreciate the book already years ago as a useful tool for getting started in the formulation of adhesives and sealants. In revising the 1st edition, we have come to appreciate the excellent groundwork laid by Bodo Müller and Walter Rath in preparing the 1st Edition, and we would like to express our sincere thanks to them.


      We were aware that a lot had changed since the 1st Edition was published in 2010. Not only have product names and raw material suppliers changed, in many cases as a result of mergers and acquisitions. Due to stricter health and safety and environmental regulations, raw materials have been withdrawn from the market or no longer accepted by adhesive users as ingredients in adhesives. Substitution with other less hazardous products was rarely possible without changing the overall formulation. On the other hand, new raw materials, such as those based on renewable resources, have entered the market.


      Like the authors of the 1st Edition, we aim with this 2nd Edition to provide not only a reference work for those interested in adhesives and sealants, but in particular to familiarise chemists, engineers, laboratory technicians and skilled workers involved in the development of adhesive and sealant formulations with the practice of adhesive and sealant formulation.


      While adhesives focus on their load-bearing function, sealants are mainly used to seal joints or gaps between components. For both functions, good long-term adhesion to the substrate is essential. Not only are adhesives and sealants similar in composition, but they are often used for both bonding and sealing, or even to fulfil both functions simultaneously. Therefore, a clear distinction between adhesives and sealants is generally neither useful nor possible. We have therefore decided to depart from previous editions and treat adhesives and sealants together in the relevant chapters, without neglecting any differences in formulation.


      Part I briefly summarises the basic principles of bonding technology. Part II discusses the chemical basis of the various types of adhesives and sealants, together with information on formulation, manufacturing processes and important areas of application. Wherever possible, this part is supplemented by guide formulations and their explanation and evaluation. As formulations are generally highly proprietary and not publicly available, they are based on formulations published by some raw material manufacturers, in usually older technical literature, in patents, or developed as part of our own work. It should be noted that some of the formulations provided may no longer reflect the current state of the art and may not necessarily meet the requirements of a specific application. Nevertheless, we consider them to be a valuable basis for the targeted development of application-specific adhesives or sealants, taking into account the structure-activity relationships. Part III represents an attempt to look into the future and to identify future challenges in new product development in line with the expected changes in market requirements. Part IV provides general information on the development process for adhesives and sealants. In addition to information on establishing the requirements profile at the beginning of any adhesive or sealant development, the most common test methods for determining processing properties, for quality assurance in the manufacture of adhesives and sealants, and for testing adhesive bonds are listed, each with a brief description.


      We are aware that the present edition does not cover all adhesive and sealant systems in their full diversity and would therefore like to encourage experts to send us further formulation examples for publication in a future 3rd Edition of this book, stating the source and a brief description of the application where appropriate.


      Patent restrictions or registered trademarks (TM or ®) are not explicitly mentioned. It should also be noted that product and brand names may change in the future as a result of mergers and acquisitions.


       


      Breitenberg and Bremen, Germany


      March 2025


       


      Hartwig Lohse & Matthias Popp


      hlohse@hdyg.de


      matthias.popp@ifam.fraunhofer.de


      Exclusion of liability


      It should be noted that the contents of this book reflect the personal views of the authors, based on their own knowledge and experience. This does not absolve readers of the responsibility of performing their own tests with respect to the uses and applications of the various processes or products described herein, and/or obtaining additional advice regarding the same.


      The statements made in this book do not claim to cover all safety aspects associated with the formulation of adhesives and sealants. It is the responsibility of the respective formulator to observe all relevant legal health, safety and environmental legislation and to determine all applicable regulatory requirements.


      All liability of the authors is excluded to the fullest extent permitted by law, subject to all legal interpretations.
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      Part I General basics


   

      

         

         1Introduction


      Adhesives and sealants have been used since prehistoric times. For example, Stone Age people used birch resin to attach spear and axe points made of stone and in the broadest sense mud, grass, and reeds to seal dwellings from the weather. Adhesive bonding also has role models in nature, an example being the barnacle, which as a free-swimming larva can attach itself to practically all maritime hard substances by means of its own secretion. For a long time, adhesives and sealants were made solely from natural raw materials, mostly in small craft workshops. With the development of macromolecular chemistry and the new synthetic raw materials, bonding as well as sealing experienced a real boom.


      Nowadays adhesives and sealants play an essential role in a huge range of consumer, professional and industrial products and adhesive bonding is considered a key technology of the 21st century. There is hardly a branch of industry or trade in which it is not used innovatively. One of the many reasons for the wide range of adhesive applications is the potential of bonding both similar and dissimilar materials while avoiding stress peaks and maintaining their properties, thus providing long-term stability and safety. An overview about the advantages is summarized in Figure I-1.1; like any technology, adhesive bonding has some disadvantages, which are summarized in Figure I-1.2.
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            Figure I-1.1: Advantages of adhesive bonding
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            Figure I-1.2: Disadvantages of adhesive bonding

      


       


      Without modern adhesive bonding technology, for example, today's intelligent lightweight construction and the utilization of renewable energy such as solar and wind energy as a contribution to reaching the ambitious climate and environmental goals would be inconceivable.


      The transition to a circular economy called for by the European Green Deal, with the aim of improving the repair and recycling capabilities of products without having to compromise on long-term durability and reliability, i.e., durability, is not necessarily in conflict with the use of adhesive bonding technology. Achieving these two seemingly contradictory requirements is certainly not easy and requires the development of specific solutions adapted to the particular need. Here, the formulator of adhesives and, to the same extent, the designer of the bonded component are equally challenged. There are already a considerable number of examples, some of which have been proven for a long time. Examples include the removal of labels before reusing returnable bottles or the replacement of defective display screens on cell phones. DIN/TS 54405:2022-12 [1] provides a systematic description of the processes for debonding.


      The European adhesives and sealants market amounted to 4.7 million tons in 2020, with a value of € 15.5 billion. Although sales in 2020 declined by 5 % compared to the previous year (probably caused by global COVID-19 pandemic) in terms of volume and value, it is expected to increase in 2021–2026 at an annual growth rate (CAGR) of 3.6 % to reach 22.2 billion euros. [2]


      In terms of chemical and applications technology, the field of adhesives and sealants is extremely diversified. Like the previous editions, this edition covers the most important adhesives and sealants based on organic or organosilicon raw materials; inorganic adhesives are not covered; needless to say, the selection presented here is subjective.


      From the title "Formulation of Adhesives and Sealants" it is obvious that the focus of this book lies on the materials (chemistry) and not on the basics of joining technology (bonding and sealing), which, by the way, is already well covered by a large number of textbooks. The underlying technological aspects are both multidisciplinary and interdisciplinary by nature. Figure I-1.3 illustrates this interdisciplinarity from the point of view of the disciplines involved, while Figure I-1.4 shows the most important parameters influencing the quality of a bond.
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            Figure I-1.3: Interdisciplinarity
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            Figure I-1.4: Factors influencing the quality and strength of an adhesive bond


       


      

         

         1.1Definitions


      

         

         1.1.1Adhesive and adhesive bonding


      An adhesive is defined by EN 923 [3] as a non-metallic substance capable of joining materials by surface bonding (adhesion) and the bond possessing adequate internal strength (cohesion). Adhesive bonding is the process of joining two surfaces together by means of an adhesive.


      Typically, adhesives are applied in a liquid-like state to one or both of the parts to be bonded (often also referred to as „adherends“ or „substrates“), wet the adherends as a prerequisite for forming adhesion, and then, with the exception of pressure-sensitive adhesives (see Part III), harden (i.e., building cohesion) by a physical or chemical process (curing); in special cases, hardening occurs by a combination of both.


      

         

         1.1.2Sealants


      A sealant is likewise a non-metallic substance with the ability to wet the surface of the substrate and to build adhesion as well as cohesion. Compared to adhesives the main function is to seal cracks or joints, whereby the adhesive and cohesive properties allow a permanent seal to compensate joint movements without loss of adhesion. Like adhesives, sealants are applied in a liquid state, wet the substrates and then harden (i.e. build cohesion) by a physical or chemical process.


      Non-hardening elastic sealants and gaskets produced by cutting from sheet material which transmit only small loads (< 1 MPa) between the sealed structural elements are not subject of this book.


      

         

         1.1.3Adhesive sealants


      The transition between sealing and bonding is smooth. A distinction based on the achievable strength level alone is not meaningful. Besides strength the ability to compensate joint movements and to fill wider gaps must be considered. It must be decided on a case-by-case basis which function, that of load bearing or that of sealing, is of primary importance. In many cases, it is precisely the ability to fulfil two functions with one material that has led to the use of an adhesive or sealant. Since not only the classification of an application as bonding or sealing, but also the classification of a material as adhesive or sealant is often not clearly recognizable, such materials are often referred to as “adhesive-sealant”.


      

         

         1.1.4Wettability


      Wettability as prerequisite to form adhesion is the ability of a liquid (e.g. adhesive or sealant) to spread on a specific solid surface [3] (see Chapter II-2.2).


      

         

         1.1.5Adhesion/cohesion


      Adhesion is the tendency of dissimilar particles or surfaces to cling to one another while cohesion refers to the tendency of similar or identical particles or surfaces to cling to one another. In terms of adhesives or sealants, adhesion describes the ability of an adhesive or sealant to adhere to a surface. See Chapter  I-2 for detailed information about adhesion. Cohesion, on the other hand, describes its internal strength.


      The ability of an adhesive or sealant to transfer loads in a bond is determined by two parameters: adhesion to the substrate(s) and cohesion. As in a chain, the weakest link will fail first when a mechanical load is applied. Thus, a distinction is made between different failure modes defined by EN ISO 10365:2022 [4]. The most important ones are explained schematically in Figure I-1.5.
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            Figure I-1.5: Most important failure modes [4]


       


      

         

         1.2Classification of adhesives and sealants


      

         

         1.2.1Classification according to the mechanism of solidification

      


      When using adhesives and sealants, they must be flowable so that they can wet the substrates as a prerequisite for the formation of adhesion (Chapter  I-2). The subsequent solidification denotes and represents the transition from the liquid to the solid state, i.e., the formation of cohesion. This transition can occur by a physical process or by a chemical reaction. An exception here are pressure-sensitive adhesives, which are permanently tacky (typically used for self-adhering labels or adhesive tapes) and which, strictly speaking, do not solidify (see Chapter II-3). Even though there are various other criteria, some of them explained below according to which adhesives can be classified, the classification according to their hardening mechanism has proven itself and became established.


      

         Figure I-1.6 schematically shows the classification of adhesives according to the hardening (setting) mechanism.
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            Figure I-1.6: Classification of adhesives by (the most important) hardening mechanisms


       


      In the cured state, the adhesives considered here represent plastics and, like plastics, adhesives can also be classified into one of the plastic classes described by Figure I-1.7.
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            Figure I-1.7: Classification of polymers and simplified illustration of the polymer chains of the different plastic classes


       


      In addition to the type of monomer composition of the polymer, its classification in one of the polymer types mentioned in Figure I-1.6 and Figure I-1.7 determines its properties. Table I-1.1 characterizes the most important adhesives with regard to their classification into the polymer classes thermoplastic, elastomer and thermoset.


      

         

            

            

         

         

            

               	

                  

                     

                        Table I-1.1: Classification of adhesives (in the solidified state) into polymer classes


               

            


            

               	

                  Polymer class


               

               	

                  Examples of adhesive and sealant types


               

            


         

         

            

               	

                  Thermoplastic


               

               	

                  

                     	Hot-melt adhesives


                     	Solvent based adhesives


                     	Water-based dispersion adhesives (depending on polymer)


                     	Polyimide adhesives


                     	Cyanacrylate adhesives (super glue)


                     	Radiation curing acrylate adhesives


                     	Methyl methacrylate adhesives (MMA)


                     	Pressure-sensitive adhesives


                  


               

            


            

               	

                  Elastomer


               

               	

                  

                     	Water-based dispersion adhesives (depending on polymer)


                     	Plastisol


                     	1-part moisture curing polyurethane


                     	1-part heart curing polyurethane


                     	2-part polyurethane


                     	1-part rubber-based adhesives


                     	Silicone adhesives


                     	Silane modified adhesives


                     	Polysulfide adhesives


                     	Pressure-sensitive adhesives


                  


               

            


            

               	

                  Thermoset


               

               	

                  

                     	Epoxy adhesives


                     	2-part polyurethane


                     	Phenolic adhesives


                     	Methyl methacrylate adhesives (MMA)


                     	Anaerobically curing adhesives


                     	Unsaturated polyester adhesives


                     	Radiation curing acrylate adhesives


                  


               

            


         

      


       


      

         

         1.2.1.1Physical hardening


      The group of physically hardening adhesives and sealants is characterized by the fact that the substance determining the cohesion and adhesion properties, usually a polymer, is already present in its final form when the adhesive is delivered, i.e., the chemical structure does not change during its solidification.


      Hardening occurs solely as a result of a physical process. This can be the solidification of the adhesive melted by heating before application, the evaporation of the liquid (organic solvent, water) in which the polymer is dissolved or dispersed, or the diffusion of a plasticizer into the polymer under heating.


      The polymers used for the formulation of physically hardening adhesives and sealants all belong to the group of thermoplastics (see Figure I-1.7 and Table I-1.1). Due to their structure of entangled linear polymer chains, thermoplastics show the ability to deform. They can be described as tough to brittle at room temperature, meltable, swellable, soluble and showing a tendency to creep. These properties, which typically limits the resistance of joints made with thermoplastic adhesives and sealants, must be considered in the formulation of adhesives and sealants. The polymers used must meet the resistance requirements of the intended adhesive application. On the other hand, thermoplastic adhesives offer the possibility of controlled debonding, e.g., by heating to a temperature above the softening point.


      

         

         1.2.1.2Chemical curing

      


      In contrast to physically hardening adhesives and sealants, the polymer chains that determine the properties of the cured adhesive are formed after the adhesive or sealant has been applied by a chemical crosslinking of the monomers and prepolymers present in the as-supplied state.


      Prepolymers can be used in the form of commercially available raw materials together with other formulation components in a pure mixing process to form adhesives or sealants or can be formed directly during the manufacture of the adhesive by a chemical reaction of the raw materials involved. From a regulatory point of view (REACH), it should be noted that the newly formed prepolymers may have to be registered evaluated and authorized before the adhesive can be marketed in Europe, i.e., if they do not meet the polymer definition under REACH. It should be noted today that the EU is currently working on extending the REACH regulation to polymers. Similar regulations may also exist outside Europe and must be considered accordingly.


      In the case of crosslinking reactions, polyaddition, polycondensation and polymerization are three mechanisms that have to be taken into account, among others, regarding the processing of adhesives and sealants and the selection of an adhesive or sealant for a specific application.


      To allow wetting of the substrate surface, the monomers or prepolymers must be present in a liquid state.


      The chemical cure leads to an increase in molecular mass and the formation of a more or less pronounced crosslinking. The resulting crosslink density determines whether the adhesive or sealant cures to a thermoplastic, an elastomer, or a thermoset polymer and thus has an influence on the properties of the cured adhesive or sealant.


      The specifics of the different variants of physically bonding adhesives are described in Chapter II-1 of the second part of this book.


      

         

         1.2.1.3Not hardening adhesives – pressure-sensitive-adhesive tapes and die-cut parts


      In the case of pressure-sensitive or self-adhesive products, a distinction is made between those that join two parts, whether with the main function of load transmission or sealing, and labels including self-adhesive films, e.g., for decorative purposes. The decisive component for the adhesive properties of these products is the so-called pressure-sensitive adhesive. These are polymers which, due to their low glass transition temperature, have a permanently tacky surface and are extremely high-viscosity liquids. The main polymer classes used are polyacrylates or synthetic rubbers made permanently tacky by resins and, to a lesser extent, silicones, and polyurethanes.


      They are marketed as single-sided or double-sided adhesive tapes, where the adhesive is coated to a carrier or without carrier as a so-called free film (Figure I-1.8) in, as die-cut parts fitting the geometry of the adherends or as self-adhesive labels or films, e.g., for decorative purposes.


      The specifics of the different variants of non-hardening adhesives are described in Chapter II-3.
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            Figure I-1.8: Construction of self-adhesive articles


       


      

         

         1.2.2Other classification systems


      In addition to the established classification according to the type of solidification, adhesives and sealants are also classified according to other criteria briefly presented below. The aim is to consider the different properties, types of polymers, types of applications, areas of application, etc. of the adhesive.


      

         

         1.2.2.1By strength


      The internal strength (cohesion) of adhesives and sealants can vary extensively with the formulation. Within a series of adhesives or sealants with the same polymer base, the elasticity, e.g., determined by measuring the elongation at break, decreases with increasing Young's modulus or increasing cohesive strength. Products of high cohesion are usually classified as adhesives, and if this property is permanent in an adhesively joined assembly, they are called structural adhesives. Products of low cohesion are classified as sealants, especially if they are able to fill and seal large gaps. As already explained in Part I-1.1 the distinction based on the achievable strength level alone is not sufficient to differentiate between adhesives and sealants. Besides strength the ability to compensate joint movements as well to fill wider gaps must also be considered. Today, a distinction is therefore usually made between low-modulus and high-modulus adhesives or sealants, whereby the boundary between high and low is not generally defined but depends to a certain extent on the adhesive or sealant and also the application.


      

         

         1.2.2.2By the substrate they are used to bond/seal


      Some adhesives, for example, are particularly suitable for certain kinds of substrates. Some adhesives or sealants provide good adhesion to metals, others to concrete, plastics, glass, wood, etc. Accordingly, they are classified as metal, plastics, glass, wood adhesives etc. In most cases, this classification is not useful since bonding is often used to join different materials together. In addition, each of the above-mentioned material groups contains a large number of different materials, which differ significantly not only from the point of view of bonding technology.


      Plastics are a good example; an adhesive that is very suitable for bonding components made of polycarbonate or ABS, for example, is only suitable for polyethylene to a very limited extent. This also applies analogously to the bonding of other material groups such as metals and even the various types of wood.


      Needless to mention, a general-purpose adhesive or sealant does not exist even though it might be desirable and some products are marketed as such.


      

         

         1.2.2.3By application


      Classifying adhesives and sealants by their field of application is a market-oriented approach and is based on the end use of the products and to some extend on the processes typical for this field of application. Automotive adhesives, unsurprisingly, will therefore be used in vehicles. More specifically, the product may be called an automotive body-in-white adhesive so as to clarify the manufacturing step in which it is used. When one talk about a hem-flange adhesive, everyone knows exactly what the product is used for.


      Other terms, such as textile-laminating adhesive, shoe-sole adhesive, insulating glass sealant and construction sealant are all self-explanatory. Many of these applications are discussed in the corresponding chapters of this book.


      

         

         1.2.2.4By chemistry


      Classification of adhesives and sealants by their chemistry essentially describes the chemical composition of the base polymer system used for the final product. Almost all polymers that can be reversibly converted into a liquid state that allows wetting of surfaces either by dissolving in a suitable solvent, including water, by dispersing in water or by melting, or whose monomers or prepolymers are present in a liquid state and are capable of solidifying by means of a controlled chemical reaction, are in principle suitable to produce adhesives and sealants. Accordingly, adhesives and sealants may be based on polyurethane (PU), epoxy (EP), polyamide (PA), ethylene-vinyl acetate-copolymer (EVA), polyvinyl acetate (PVAc), polychloroprene (CR), phenolic resin, acrylic resin or cyanoacrylate etc.


      For users with knowledge of adhesives and chemistry, this classification can be quite useful, since the adhesives of a polymer base show to a certain extend properties typical for this group. Even if knowledge of the chemistry of a polymer system provides insight into the properties of the adhesives and sealants in question, it should not be forgotten that the wide range of variations possible in the formulation of such products also leaves room for those with quite atypical properties. As an example, the group of 2-component epoxy adhesives may be mentioned here. They are typically characterized by a high Young's modulus in the low four-digit megapascal range, a high tensile strength in the two-digit megapascal range and a low elongation at break in the single-digit range. In contrast, products with a significantly lower modulus in the low three-digit megapascal range but an elongation at break of 60 % are also available.


      Nevertheless, the underlying chemistry is from a R&D point of view naturally the most important criterion for developing an adhesive for a certain application. Hence, R&D specialists know from experience which problem might be solved with an epoxy-based product or where it might be better to use an acrylic system. Besides the setting mechanism, the chemical aspects of adhesives and sealants will play an important role in this book.


      

         

         1.2.2.5By the mode of application and hardening


      Classification of adhesives according to the type of application and hardening process, is often the simplest and clearest because it addresses the concerns of the user. Besides others, a distinction is made between adhesives that are suitable for bead application and those that can be applied over a wide area, e.g., by spraying, roll coating or using a slot nozzle. Likewise, a distinction is made between adhesives that cure at room temperature, require moisture from the environment and those that require, for example, heat or irradiation with UV light.


      

         

         1.3Economic significance of adhesives and sealants


      Nowadays, for a variety of reasons, practically every industry or business sector uses adhesive bonding technology as an innovative and reliable joining technology, e.g., to join different materials with long-term stability while preserving their properties. In addition to the actual function of load transmission, further functionalities can be provided by an adhesive bond – for example, the compensation of different thermal expansion of the adherends, electrical and/or thermal conductivity or insulation, corrosion protection, vibration dampening or sealing against liquids and/or gases. Like no other joining technology, adhesive bonding allows the implementation of advanced design through an optimal combination of technological, economic, and ecological aspects. In this respect, adhesive bonding technology is now undisputedly considered a key technology of the 21st century.


      Since it is not always possible to make a clear distinction between adhesive and sealant applications, the commercial aspects of the two groups are mainly addressed together in this overview. The information compiled below has been obtained from various publicly available sources [5–12] and is intended to give the reader an impression of the commercial importance of adhesives and sealants.


      In contrast to the previously observed steady growth in the global adhesives and sealants market, the year 2020 was characterized overall by a pandemic-related decline of about 7 % in sales. Due to lockdown and other restrictions, this affected products, especially adhesives and sealants for the building and construction sector. On the other hand, the DIY sector has proven to be stable during the Corona pandemic. It is expected that sales in 2021 will recover to the level of 2019 at USD about 63 billion. For subsequent years, in particular due to the increasing use of adhesives and sealants in building and construction, but also in other areas such as transportation, medical and electronics, a further growth is forecasted to just over USD 92 billion in 2029, corresponding to a CAGR of 5 %.


      From a regional perspective, Asia-Pacific represents the largest market, followed by North America and Europe at almost equal shares (Figure I-1.9). Asia-Pacific is expected to continue to hold the largest share of the adhesives and sealants market in the future and it is no surprise that China, Japan, and India are the most important countries in this region.
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            Figure I-1.9: Regional breakdown of adhesive and sealant consumption [5, 9, 10]

      


       


      Due to the advantages associated with their use, adhesives are successfully utilized in almost all industrial sectors. Figure I-1.10 provides an overview of the respective shares of the market segments. Applications in paper and packaging and in building and construction account at almost equal percentage for the largest shares. In the building and construction sector, the group of sealants is overrepresented compared to the other market segments.
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            Figure I-1.10: Adhesive and sealant consumption by market [11]


       


      For environmental, health and safety (HSE) reasons, the market share of solvent-based adhesives and sealants is expected to decline further in favor of solvent-free products. Due to the principle weakness of limited water and moisture resistance of water-based systems, hotmelts are expected to grow disproportionately, also because of their short curing times and the resulting high productivity that can be achieved (see Figure I-1.11).
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            Figure I-1.11: Projected increase in the consumption of hot-melt adhesives [12]


       


      The reactive adhesives and sealants segment is also expected to experience significant growth. The ability to produce durable and, depending on the requirements, both high-strength as well as elastic bonds, even between different materials, has led to an increasing number of applications in the various industrial sectors.


      For example, intelligent lightweight construction, which is a prerequisite for complying with the increasingly stringent emission limits of the automotive industry and for achieving acceptable ranges for electric vehicles, would be inconceivable without modern adhesive bonding technology and, in particular, without reactive adhesives.
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         2Adhesion

      


      The term adhesion has already been defined in Chapter I-1.1 of this book as the tendency of dissimilar particles or surfaces to cling to one another. It is so to say the attraction which exists at the interface of two different solid phases.


      The force required to remove an adhesive or sealant from a substrate can be considered as a measure of adhesion. If the force acts in the form of a tensile or shear load, it is given as force/area with the unit MPa or N/mm2; if, on the other hand, it acts as a peel load, it is given as force/length with the unit N/mm. A prerequisite for this, however, is that in the destructive test the defect occurred exclusively due to a failure of the adhesion forces, i.e. the adhesive detaches completely from the surface of the substrate in the form of a straight adhesive failure (see Figure I-1.5). In case a cohesive, substrate failure or mixed failure occurred it can be assumed that the adhesive strength is higher than determined by the test. Experience shows, however, that adhesive systems practically never separate or fail exactly where the adhesion has occurred. If, during the formation of the bond, the partners have come close enough to each other to form interactions leading to adhesion (see Chapter I-2.1), there is, according to [1], no such phenomenon as pure adhesion failure. Nevertheless, the practical significance of the failure modes described in EN ISO 10365:2022 [2], including adhesive failure, should not be underestimated, as they provide additional information valuable for the evaluation of an adhesive bond in addition to the determined bond strength. Macroscopic detected adhesion failure is usually a sign of suboptimal adhesion, which most often lead to further loss of bond strength and even early failure under aging conditions.


      The counterpart to adhesion is cohesion. Cohesion is the attraction which exists within a single phase (in the solidified adhesive or sealant phase). Cohesion is a state in which particles (molecules) of a single substance are held together; it is a special instance of adhesion in which only molecules of the same kind adhere to each other. Figure I-2.1 explains adhesion and cohesion in an adhesive bond.
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            Figure I-2.1: Interaction of adhesion and cohesion in a bond


       


      

         Note: Throughout this section, it is referred to adhesives, however, similar considerations apply to sealants and to coatings.


      

         

         2.1Adhesion forces and mechanisms


      In view of the fact that the intention of this book is to provide assistance in the formulation of adhesives and sealants, that the phenomenon of adhesion is not only extremely complex but also not yet fully understood, and that the statements of the various adhesion theories are therefore discussed quite controversially, this section is limited to a description summarizing the most important phenomena contributing to adhesion, described in more detail in the respective literature e.g. in [1, 3–6].


      Different types of interactions taking place in the atomic and molecular range seem to contribute to the resulting adhesion. It is assumed that these interactions do not only take place at the outermost molecular layer, but can extend over several atomic or molecular layers, depending on the structure and composition of the substrates.


      The mechanisms leading to adhesion can be divided into the groups shown in Figure I-2.2 and Table I-1.1. In addition to the range of the respective interactions, Table I-1.1 also indicates the magnitudes of the binding energies measured in each case. If the bond energies are used to calculate the adhesion forces theoretically possible under ideal conditions in relation to a unit area, the values obtained are usually well above the strength values which can be achieved with adhesives. Even if the ideal conditions on which the calculation is based are practically never given in reality, the conclusion is obvious that any of the potential adhesive interactions is capable of forming a bond in an adhesively bonded part. The question seems rather to be how many of these interactions are formed under real conditions.
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            Figure I-2.2: Mechanisms of adhesion


       


      

         

            

            

            

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.1: Interaction forces in adhesive boundary layers according to [1]


               

            


         

         

            

               	

                   


               

               	

                  Primary valence bonds


               

               	

                  Hydrogen bonds


               

               	

                  Secondary valence bonds


               

            


            

               	

                  Ionic bonds


               

               	

                  Chelate


               

               	

                  Covalent bonds


               

               	

                  Permanent dipoles


               

               	

                  Induced dipoles


               

               	

                  Dispersion forces


               

            


            

               	

                  

                     Range

                  


               

               	

                  ←–––– 0.1 – 0.2 nm ––––→


               

               	

                  0.3 – 0.5 nm


               

               	

                  ←–––– 0.3 – 0.5 nm ––––→


               

            


            

               	

                  

                     Bond energy

                  


               

               	

                  600 – 1000 kJ/mol


               

               	

                   


               

               	

                  60 – 700 kJ/mol


               

               	

                  ≤ 50 kJ/mol


               

               	

                  ≤ 20 kJ/mol


               

               	

                  ≤ 2 kJ/mol


               

               	

                  0.1 – 40 kJ/mol


               

            


            

               	

                  

                     Theoretical adhesion forces

                  


               

               	

                  30 MPa


               

               	

                  5000 MPa


               

               	

                  17500 MPa


               

               	

                  500 MPa


               

               	

                  200 – 1750 MPa


               

               	

                  35 – 300 MPa


               

               	

                  60 – 360 MPa


               

            


            

               	

                  

                     Experimentally determined bond strength

                  


               

               	

                  ←–––– 15 – 25 MPa ––––→


               

            


         

      


       


      

         

         2.1.1Primary valence bonds

      


      In the case of the group of primary valence bonds, a distinction is made between the formation of salts (ionic bonds), the formation of chelates and the formation of covalent bonds. All three variants offer by far the highest bond energies and therefore produce strong adhesive bonds. Their contribution is almost undisputed, at least when bonding with chemically reactive adhesive systems, i.e., adhesives curing in the joint by a chemical reaction. The extent to which they play a role in non-reactive adhesives, on the other hand, has not been fully clarified.


      

         

         2.1.1.1Ionic bonds

      


      Ionic bonds (e.g., salt formation) are formed especially on mineral substrates. Examples are metal oxide layers and phosphated metal surfaces. Figure I-2.3 shows the formation of an anionic bond by an acid-base reaction between hydroxyl-groups of the oxide layer of a metal, like aluminium and a carboxyl group of an adhesive. The disadvantage of most ionic bonds is that they are sensitive to moisture as they can be broken by infiltrating water which finally leads to loss of adhesion under wet conditions.
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            Figure I-2.3: Salt formation on aluminium or iron oxide surfaces (acid-base reaction)


       


      

         

         2.1.1.2Chelate complexes on surfaces


      In contrast, chelate complexes formed between metal(oxide) surfaces and adhesive are often largely hydrolytically stable and thus generally lead to bonds with good moisture resistance.


      Thus, the good wet adhesion of many amine-cured epoxy resins and thermally cured phenolic resins (resoles) on metal oxide surfaces is attributed to the formation of chelate complexes as shown in Figure I-2.4. [7–8]
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            Figure I-2.4: Adhesion of an amine-curing 2-component epoxy adhesive by chelation on aluminium or iron oxide surfaces


       


      According to the principles of complex chemistry, the complexes formed are stable if the bonding angles of the chelate bonds correspond to the bonding angles favourable for the metal atom and the ligands. In other words, if the chelate structure can be built up with as little stress as possible. Thus, the 6-ring chelate complex formed on aluminium surfaces (Figure I-2.5) is very stable, which is considered to be the main reason for the good stability of aluminium bonded with phenolic resins [1]. On the other hand, the 8-ring chelate complex (Figure I-2.5), which also appears plausible on the basis of recent molecular calculations [9], is less stable due to Figure I-2.5 the less ideal bond angles.
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            Figure I-2.5: Stable 6-ring chelate complex between hydroxymethylphenol and an aluminium oxide surface compared to the strained, less stable 8-ring chelate complex


       


      For a urethane group, e.g. in a methylene diphenyl isocyanate (MDI)-diol-prepolymer the formation of an ionic complex-like adhesion mechanism (Figure I-2.6) has been proposed [5].
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            Figure I-2.6: Formation of an ionic complex-like interaction of a methylene diphenyl isocyanate (MDI)-diol-prepolymer on aluminium [5]


       


      

         

         2.1.1.3Covalent bonds

      


      A further possibility is the formation of covalent bonds on substrates by chemical reaction between reactive groups of the adhesive and suitable functional groups in the surface of the substrate. This may e.g., be hydroxyl- or carboxyl-groups of glass surfaces, in the oxide layer of metals or formed by surface pre-treatments measures of plastic surfaces (e.g., oxidation by flame treatment).


      

         Figure I-2.7 is showing as an example the formation of a covalent bond between the hydroxyl-group of an aluminium oxide surface layer and the isocyanate group of diphenyl methane diisocyanate often used as curing agent in a reactive 2-part polyurethane adhesive or sealant [5].
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            Figure I-2.7: Formation of a covalent bond between hydroxyl group of the aluminium oxide surface layer and the isocyanate group of the diphenyl methane diisocyanate curing agent of a reactive polyurethane adhesive/sealant [5]


       


      The adhesion-promoting effect of silanes (see also  Chapter I-2.3) is an example of the formation of covalent bonds, in this case between the silanol groups formed by traces of water from the alkoxy groups of the silane coupling agent by hydrolysis and the hydroxy- or carboxyl-groups, e.g. of inorganic substrate surfaces. The group R2- of the silane coupling agent, which is tailored to the adhesive used, allows it to be built into the polymer network of the adhesive that is formed during the curing of the adhesive, so that a strong bond is ultimately formed (Figure I-2.8).
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            Figure I-2.8: Formation of covalent bonds between silane coupling agent and a surface containing hydroxyl groups


       


      

         

         2.1.2Secondary valence bonds


      The weaker, secondary valence bonds (Table I-2.1) are the more common type of specific adhesion. Similar to the formation of primary valence bonds a close contact between adhesive and substrate is required. The following types of secondary valence bonds exist.


      

         

         2.1.2.1Dipole forces (dipole-dipole interaction)


      In chemistry, dipole

         s are regions in a molecule or polymer, in which the electron cloud of a covalent bond is not evenly distributed due to a different electronegativity (ability to attract electrons) of the atoms involved but is therefore concentrated at the more electronegative atom. Thus, a negative partial charge is present at the more electronegative atom and a positive partial charge at the less electronegative atom. The greater the difference in the electronegativity, the stronger the dipole. The best-known dipole in chemistry is the water molecule (H2O). Hydrogen has a low electronegativity of 2.1, while oxygen has a much higher electronegativity of 3.5, so that the water molecule bears a negative partial charge at the oxygen atom and a positive partial charge at the hydrogen atoms (Figure I-2.9).
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            Figure I-2.9: Dipole character of the water molecule


       


      If two dipoles come close enough to each other, attractive forces occur between the areas with positive and those with negative partial charge. In the case of water, this leads to the fact that, in contrast to hydrogen sulfide H2S (the electronegativity of sulfur, at 2.4, is significantly lower than that of oxygen with 3.5), water is a liquid at room temperature due to the attractive forces between the dipole molecules and not a gas like hydrogen sulfide.


      In terms of the phenomenon of adhesion of an adhesive or sealant to a substrate surface, dipoles of the adhesive or sealant can interact with those on the substrate forming adhesion. An example of such polar groups is the polypropylene glycol frequently used in 2-part polyurethane adhesives or sealants. Here, caused by the, compared to carbon higher electronegativity the oxygen atoms of the polymer chain carry a negative partial charge and the positive partial charge is located in the region of the carbon and hydrogen atoms (Figure I-2.10).
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            Figure I-2.10: Charge distribution in polypropylene glycol


       


      Similar to the adhesive molecules or polymers, shifts in the electron cloud and thus positive and negative partial charges also occur in adherends made of plastics. In the case of polyethylene (PE), which is consists solely of carbon and hydrogen atoms, dipoles are not formed due to the minimal differences in electronegativity. The situation is different with polyvinyl chloride (PVC). Here, every fourth hydrogen atom (electronegativity of 2.2) is replaced by a much more electronegative chlorine atom (electronegativity of 2.8), so that there are negative partial charges on the chlorine atoms and the respective positive partial charge in the area of the carbon and hydrogen atoms (Figure I-2.11). This explains, at least in part, that PVC is much easier to bond than PE.
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            Figure I-2.11: Different charge distribution in PE and PVC due to the different electronegativities of the atoms involved


       


      Dipoles can also be formed by approaching a permanent dipole in intrinsically nonpolar molecules if these, such as the aromatic ring, have delocalized electrons. (Figure I-2.12).
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            Figure I-2.12: Formation of an induced dipole when a permanent dipole approaches a polarizable molecular group


       


      

         

         2.1.2.2Hydrogen bonds


      Hydrogen bonds are formed between molecules in which hydrogen atoms (electronegativity of 2.2) are bonded to particularly strongly electronegative atoms, such as oxygen (electronegativity of 3.5) or nitrogen (electronegativity of 3.1) The hydrogen atoms carry a positive partial charge and can interact with the free electron pairs of other electronegative atoms. Figure I-2.13 describes the formation of hydrogen bonds between the carboxy group of an adhesive/sealant and hydroxyl groups of the oxide layer on the surface of aluminium.
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            Figure I-2.13: Formation of hydrogen bond on a metal oxide surface


       


      A disadvantage of hydrogen bonds is that they have limited resistance to water diffusing into the interface, which might lead to a reduction of adhesion under wet conditions.


      

         

         2.1.2.3Diffusion theory

      


      A special case is the often-observed high adhesion between similar and dissimilar surfaces of polymeric materials that are in close contact. The diffusion theory explaining this phenomenon is based on the assumption that polymeric materials, especially in the slightly crosslinked or non-crosslinked state, are not static systems in the sense of the molecular orientation of their basic building blocks. Especially above glass transition temperature, the molecular chains can move between their interlocking points in the form of atomic rotations. In these movements, it is possible that molecular regions may also emerge beyond their original surface and diffuse into an adjacent polymer. It is assumed that adhesion occurs during bonding with contact adhesives (see Chapter II-1.1.3.2, II-1.1.4.1 and II-1.1.4.2) when the parts to be bonded, which are coated on both sides with the well-dried adhesive, are pressed at least briefly under high pressure. As a result of the diffusion of the adhesive polymers into each other, an initial strength is achieved which increases further in the course of time.


      In a first step, the adherend surface is dissolved by THF, which greatly increases the mobility of the PVC chains and thus their ability to diffuse. The PVC chains penetrate and interlock with each other, which, after evaporation of the THF, ultimately leads to a strong bond between the parts to be joined. In many cases, PVC or post-chlorinated PVC is additionally dissolved in the THF used as the adhesive, which improves processing and gap-filling capacity due to the increase in viscosity without impairing the bonding mechanism. One application for this is the bonding of rigid PVC drainage pipes.


      

         

         2.1.2.4Electrostatic adhesion

      


      This effect is not very important in adhesives technology. Electrostatic adhesion occurs when two different polymers or a polymer (e.g. adhesive) and a metal are in close contact with each other. Differences in electron emission energies leads to electron transfer between the two materials. The electron transfer creates an electric double layer that induces electrostatic attraction.


      

         

         2.1.2.5Mechanical interlocking

      


      As already shown in the overview diagram of adhesion mechanisms (Figure I-2.2), mechanical entanglement is a special case. In general, a distinction is made between the already described mechanisms of specific adhesion, where the formation of interaction is independent of the geometric shape of the surface, and mechanical adhesion, also called mechanical interlocking, described in the following. Here, a liquid adhesive or sealant first penetrates cavities (voids, roughness including undercuts) of the substrate’s surface. In case the adhesive or sealant was able to flow into undercuts, after hardening a form-fit joint, so to speak, by mechanical anchoring is formed.


      This can be achieved, for example, by the flow of a sufficiently liquid adhesive or sealant into undercuts deliberately designed during the construction of the components or into undercuts of a very rough surface. Other possibilities are the flow of the adhesive or sealant into a porous material, e.g., a foam or a fibre structure, see Figure I-2.14.
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            Figure I-2.14: Forms of mechanical interlocking


       


      It should be noted at this point that the effect of increasing the surface area by roughening the adherend is often greatly overestimated. The increase in potential bonding sites for interactions between adhesive/sealant and adherend due to the larger real surface area appears to contribute only to a small extent to the sometimes observed higher bond strength. The often observe effect of an increase in bond strength after grinding the surface is in most cases caused more by a removal of an adhesion-unfriendly surface layer than the increase in surface


      If the adhesive or sealant is too high in viscosity to completely fill the grooves in the adherend’s surface adhesion can therefore only occur at the tips which drastically reduces the “available” surface and as a result the number of potential bonding sites (Figure I-2.15).
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            Figure I-2.15: High viscose adhesive/sealant unable to fill the cavities of a rough surface


       


      

         

         2.2Wetting of substrates


      Although the phenomenon of adhesion has not yet been fully understood scientifically, it is undisputed that adhesion takes place at the interface between the materials involved. Due to the very small range of the different adhesion forces of less than 1 nm (see Table I-2.1), it is absolutely necessary for the formation of interactions that the adhesion partners come very close to each other. In terms of the utilization of adhesives and sealants, this means that the ability to wet the adherends is a prerequisite for the formation of adhesion, albeit not a sufficient one.


      

         

         2.2.1Surface tension and surface free energy

      


      The terms surface free energy (SFE) and surface tension are physically equivalent. SFE is typically used for solid surfaces and surface tension for liquid surfaces. Occasionally, however, surface tension is also used for solids.


      The term surface tension or surface free energy refers to the work required to increase the surface area, i.e., it has the unit of work per area (mJ/m2) or force per wetted length (mN/m) and has the formula symbol γ (small gamma) or, more rarely, σ (small sigma).
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      In a liquid, such as water, all molecules in the bulk phase are uniformly surrounded by neighbouring molecules. The attractive forces acting on these molecules extend equally in all directions of space and cancel each other out (Figure I-2.16). At the water/air interface, things change dramatically, the water molecules are surrounded by other water molecules only at the interface itself and into the direction of the bulk phase. As a result, the forces of attraction do not cancel each other out but force acts on the water molecule towards the inner phase of the liquid (Figure I-2.16).
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            Figure I-2.16: Molecular environment in the volume phase and at the interface to air


       


      Being on the surface is therefore energetically less favourable. Without external forces acting, a liquid strives to take the most energetically favourable shape, i.e., the one with the smallest possible surface area. In zero gravity environment liquids would form spherical drops. The drop shape formed on earth under the influence of gravity results from a superposition of the surface tension and the gravitational pull. Surface tension is usually measured using the hanging drop method. For this, the shape of a drop hanging on a needle in a liquid or gaseous phase is measured. The shape of the drop results from the relationship between the surface tension or interfacial tension and gravity. Surface tension values for some exemplarily liquids are provided withTable I-2.2. The greater the surface tension, the greater the cohesion in the respective liquid phase and the stronger are the forces interacting between atoms or molecules. Water molecules associate strongly with each other by means of hydrogen bonds, which generate a high level of cohesion and a high surface tension. The water surface acts like a skin. The less polar a liquid is, the lower is its surface tension.


      

         

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.2: Surface tension [mN/m] of liquids


               

            


            

               	

                  Liquid


               

               	

                  Surface tension [mN/m]


               

               	

                  Source


               

            


         

         

            

               	

                  Mercury (15 °C)


               

               	

                  487


               

               	

                  [18]


               

            


            

               	

                  Water


               

               	

                  72.75


               

               	

                  [18]


               

            


            

               	

                  Butyl acetate


               

               	

                  61.3


               

               	

                  [19]


               

            


            

               	

                  Glycerine


               

               	

                  63.0


               

               	

                  [18]


               

            


            

               	

                  Epoxy resins, diglycidyl ether of bisphenol-A (DGEBA) diluted with diglycidyl ether of 1,4 butanediol (80:20)


               

               	

                  41.7


               

               	

                  [21]


               

            


            

               	

                  Butyl glycol


               

               	

                  65


               

               	

                  [20]


               

            


            

               	

                  Castor oil


               

               	

                  39


               

               	

                  [23]


               

            


            

               	

                  Toluene (25 °C)


               

               	

                  27.3


               

               	

                  [18]


               

            


            

               	

                  Ethanol


               

               	

                  22.3


               

               	

                  [18]


               

            


            

               	

                  Polydimethylsiloxane, surface tension is increasing with molecular weight


               

               	

                  15 – 24


               

               	

                  [22]


               

            


            

               	

                  n-Hexane


               

               	

                  18.4


               

               	

                  [18]


               

            


            

               	

                  Diethyl ether


               

               	

                  17.00


               

               	

                  [18]


               

            


            

               	

                  If not otherwise specified Measurement at 20 °C, more data are available from [24, 25]

                  


               

            


         

      


       


      Unlike liquids, solids are unable to minimize their surface area by deformation. In order to reduce the free energy, they are capable of forming an interface with a liquid, i.e., they can be wetted.


      

         

         2.2.2Wetting

      


      When a liquid is applied to a substrate surface, a new interface is created between the liquid and the substrate.


      The measure of wettability is the contact angle θ, which is usually determined optically as the angle at the intersection of the contour of the liquid droplet with the plane of the surface (see Figure I-2.17). The contact angle results from a force equilibrium of the following three stress or energy components:


       


      γS:surface free energy of the solid, γS

      


      γL:surface tension of the liquid, γL

      


      γLS:interfacial tension between the solid and the liquid


       


      each of which strives to minimize the surface or boundary layer. The relationship between these three components is described by the Young's equation.


      

         

            

            

         

         

            

               	

                  γS = γSL + γL · cosΘ


               

               	

                  

                     

                        Equation 2.2
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            Figure I-2.17: Wetting of a solid by a liquid


       


      In the case of complete spreading (Θ = 0° and cosΘ = 1), Young's equation becomes:


      

         

            

            

         

         

            

               	

                  γS = γSL + γL

                  


               

               	

                  

                     

                        Equation I-2.3

                  


               

            


         

      


       


      resp.


      

         

            

            

         

         

            

               	

                  γL = γS - γSL

                  


               

               	

                  

                     

                        Equation I-2.4

                  


               

            


         

      


       


      A liquid, such as an adhesive, cannot wet the surface of a solid substrate unless its surface tension is lower than the surface free energy of the solid (γL< γS). Thus, if a liquid has a higher surface tension than the substrate, there will be no wetting.


      In purely qualitative terms, the basic statement applies that good wetting is evident at a small contact angle, while poor wetting is evident at a large contact angle.


      The Young-Dupré's contact angle equation


      

         

            

            

         

         

            

               	

                  Wa = γL + γS - γSL = γL (1 + cos Θ)


               

               	

                  

                     

                        Equation I-2.5

                  


               

            


         

      


       


      shows the relationship between the variables of Young's equation (Equation I-2.2) and the work of adhesion. The work of adhesion is the sum of the surface tension of the liquid and the surface free energy of the solid minus the interfacial energy between the liquid and the solid. It is the energy required to separate the interactions between the solid and the liquid phase. With a boundary angle of 180°, i.e., “complete” non-wettability of the solid surface by the liquid, the value of the work of adhesion is zero. [25]


      In  Chapter I-2.1, the different types of forces causing the cohesion of atoms and molecules were discussed. In particular, a distinction is made between disperse interactions i.e., those based on temporal fluctuations of the electron distribution, and polar interactions i.e. those based on permanent dipoles, and those occurring between permanent and induced dipoles. Accordingly, the surface free energy or surface tension of a component is also composed additively of a dispersive and a polar component [26, 27].


      

         

            

            

         

         

            

               	

                  γ = γD + γP

                  


               

               	

                  

                     

                        Equation I-2.6

                  


               

            


         

      


       


      To determine the disperse and the polar part the surface energy of a solid, the contact angles formed on the surface of at least two test liquids are first determined optically. With their known surface tensions including the respective disperse and polar fractions, the polar and disperse fractions of the surface free energy of the solid can be calculated e.g., based on the model of Owens, Wendt, Rabel and Kaelble (OWRK model). In most cases, this is done by the software used by the respective measuring instruments. For more details of the WORK-model see [28].


      

         Table I-2.3 provides the surface free energy data for a number of common solid materials obtained from different sources. The values given in this table for metals differ significantly from those of other sources, like [13], which give values in the range of several hundred to a few thousand. The reason for this is that these high values were determined for metals in the molten state i.e., they are not relevant for metal surfaces when it comes to adhesive bonding.


      The values also show that the surface free energy is far from being a material constant but is influenced by a number of various parameters.


      

         

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.3: Surface free energy [mN/m] of common solid materials


               

            


            

               	

                  Material


               

               	

                  Surface tension [mN/m]


               

               	

                  Source


               

            


            

               	

                  γ


               

               	

                  γD

                  


               

               	

                  γP

                  


               

            


         

         

            

               	

                  Glass not further specified


               

               	

                  43–112


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  Microscope glass slide


               

               	

                  57.8


               

               	

                  18.9


               

               	

                  38.9


               

               	

                  [41]


               

            


            

               	

                  Lime-glass


               

               	

                  47


               

               	

                  –


               

               	

                  –


               

               	

                  [42]


               

            


            

               	

                  Steel not further specified


               

               	

                  29–56


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  Steel S235


               

               	

                  39.3


               

               	

                  38.90


               

               	

                  0.4


               

               	

                  [30]


               

            


            

               	

                  Steel S235 blasted


               

               	

                  47.6


               

               	

                  45.3


               

               	

                  2.2


               

               	

                  [30]


               

            


            

               	

                  Steel S235. electro galvanized


               

               	

                  37.6


               

               	

                  34.2


               

               	

                  3.4


               

               	

                  [30]


               

            


            

               	

                  Iron oxide


               

               	

                  28–33


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  Stainless steel 1.4401


               

               	

                  36.8


               

               	

                  35.8


               

               	

                  1.0


               

               	

                  [30]


               

            


            

               	

                  Aluminium


               

               	

                  33–35


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  Aluminium


               

               	

                  37.1


               

               	

                  35.4


               

               	

                  1.7


               

               	

                  [30]


               

            


            

               	

                  PE – Polyethylene not further specified


               

               	

                  27–36


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PE – Polyethylene – linear


               

               	

                  35.7


               

               	

                  35.7


               

               	

                  0


               

               	

                  [24]


               

            


            

               	

                  PP – Polypropylene


               

               	

                  28.0–34.1


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PP – Polypropylene-isotactic


               

               	

                  30.1


               

               	

                  30.1


               

               	

                  0


               

               	

                  [24]


               

            


            

               	

                  PS – Polystyrene


               

               	

                  29.2–42.8


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PS – Polystyrene


               

               	

                  40.7


               

               	

                  34.5


               

               	

                  6.1


               

               	

                  [24]


               

            


            

               	

                  PTFE – Polytetrafluorethylene


               

               	

                  15.6–24.8


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PTFE v Polytetrafluorethylene


               

               	

                  20.0


               

               	

                  18.4


               

               	

                  1.6


               

               	

                  [24]


               

            


            

               	

                  PVC v Polyvinylchloride


               

               	

                  27.0–44.1


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PVC – Polyvinylchloride


               

               	

                  41.5


               

               	

                  29.5


               

               	

                  2.0


               

               	

                  [24]


               

            


            

               	

                  PMMA – Polymethylmetacrylate


               

               	

                  38.7–45.8


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PMMA – Polymethylmetacrylate


               

               	

                  41.1


               

               	

                  29.6


               

               	

                  11.5


               

               	

                  [24]


               

            


            

               	

                  PET – Polyethylene terephthalate


               

               	

                  37.4–46.5


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PET – Polyethylene terephthalate


               

               	

                  44.6


               

               	

                  35.6


               

               	

                  9.0


               

               	

                  [24]


               

            


            

               	

                  PBT – Polybutylene terephthalate


               

               	

                  45


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PA 6 – Polyamide 6 (polycaprolactam)


               

               	

                  38


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PA 6.6 – Polyamide-6.6


               

               	

                  46.5


               

               	

                  32.5


               

               	

                  14.0


               

               	

                  [24]


               

            


            

               	

                  PC – Polycarbonate


               

               	

                  29–38.8


               

               	

                   


               

               	

                   


               

               	

                  [47]


               

            


            

               	

                  PC – Polycarbonate


               

               	

                  34.2


               

               	

                  27.7


               

               	

                  6.5


               

               	

                  [24]


               

            


            

               	

                  PEEK – Polyetheretherketone


               

               	

                  42.1


               

               	

                  36.2


               

               	

                  5.9


               

               	

                  [24]


               

            


            

               	

                  PDMS – Polydimethylsilicone


               

               	

                  19.8


               

               	

                  19


               

               	

                  0.8


               

               	

                  [24]


               

            


         

      


       


      It is assumed that the polar fractions of a liquid can interact at least preferentially with polar fractions of a solid surface and, conversely, disperse with disperse fractions. It is therefore possible to make a prediction about the quality of the wetting and, to a certain extent, also about the intensity of the resulting adhesive forces by comparing the ratio of the polar and disperse fractions of the surface tension of a liquid with that of the solid surface to be wetted.


      The more the disperse and polar fractions match, the more interaction potential there is between the phases, and the better the wetting will be, which is usually reflected in an increased adhesion. This explains, at least in part, the statement that good wetting is a necessary but not necessarily a sufficient condition for the formation of adhesion. [28]


      The theory of the so-called wetting envelope is based on this assumption that similar areas can best interact with each other. Provided that the polar and disperse parts of the surface tension and the surface free energy are known, the calculation of the wetting envelope allows to determine whether the liquid phase matches the surface of the solid phase and wetting can take place. This theory has proven useful in questions of wetting of coatings, among others. Unfortunately, adhesives and sealants are often very high viscous liquids or even sag resistant pasty materials whose surface tension is not easy to determine. For example, the geometry of a drop is not determined solely by gravity and surface tension, but also to a large extent by rheological properties. In addition, the surface tension is not constant but changes due to the chemical and physical processes occurring during solidification. [31, 32]

      


      In 2021, a research project was therefore launched with the aim of developing various alternative methods for determining the surface tension of adhesives and systematically investigating the factors that influence the surface tension of adhesives. [33]


      

         

         2.2.3Surfaces

      


      If one takes a closer look at solids, one realizes that their surface differs from the bulk material; this is applicable to all materials. In addition, the surfaces of solids are influenced to a not inconsiderable extent by the way in which they were formed and may well change because of external effects.


      Consequently, the values provided in Table I-2.3 for the surface free energy of solids can by no means be regarded as material constants for the respective materials, but merely as reference values.


      

         

         2.2.3.1Metal surfaces

      


      According to the schematic structure of a metal surface shown in Figure I-2.18, metals, like all other solids, are not homogeneous throughout, but have various very thin layers at the surface. Figure I-2.19 uses the example of aluminium to illustrate this with chemical formulas. It is a simplification of the real situation in that the adsorption layer following the oxide layer is deliberately not included.


      If, as in the case of sheet metal production, a cold rolling process has taken place, the undisturbed structure of the bulk metal is initially followed by the so-called cold deformed layer.
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            Figure I-2.18: Schematic structure of a metal surface [4]
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            Figure I-2.19: Simplified structure of the oxide layer and the adsorption zone of an aluminium surface [35]


       


      This is followed by the oxide layer, which is formed under undefined conditions during storage by a chemical reaction of the metal with oxygen and moisture from the environment. It has therefore an undefined structure, adheres quite firmly to the underlying layers but can have a detrimental effect on adhesion during bonding and should therefore be removed mechanically or chemically in beforehand. If it is not feasible to bond immediately after its removal, it is advisable to build up a defined oxide layer suitable for bonding e.g., by means of an appropriate surface treatment.


      ESCA/XPS measurements show that metal surfaces contain in addition to the respective metal and oxygen a significant amount of carbon. Presumably, this layer consists of substances adsorbed from the ambient air, such as water, carbon dioxide, but also traces of organic compounds like hydrocarbons contained in the air [36, 37]. Furthermore, impurities such as dust particles are naturally deposited on the surface and there may also be deliberately applied anti-corrosion oils and residues of processing aids like drawing lubricants on the surface [34].


      

         

         2.2.3.2Surfaces of plastics


      Similar but to some extend even more complicated are the surface structures of engineering plastics [35]. Like metals, the material on the surface differs significantly from the bulk. These differences are the result of the manufacturing or processing conditions and vary depending on the processing conditions and of course also on the type of polymer.


      During the moulding process in the manufacturing of plastic parts, the polymers are either in the form of a melt or the polymer is formed by a chemical reaction between the liquid monomers or prepolymers. In both cases, the polymer chains, respectively the resulting polymers, have the ability to align themselves in such a way that an energetically favourable state is achieved. This means that according to the alchemists' maxim “similia similibus solvuntur” (Latin: “Similarity dissolves in similarity”) the polar groups preferably align themselves in the direction of a polar environment and, conversely, non-polar groups preferably aligned in the direction of a non-polar environment.


      At least in part, this can explain the phenomenon often observed in injection moulded parts of an unusual low surface free energy for the respective polymer and thus poor wettability. Due to the poor compatibility of the polar domains of the polymer chains with the non-polar surface of the mould, which is covered by release agent, the polar polymer domains orientate themselves towards the bulk during moulding. As a result, an accumulation of nonpolar chain segments, the so-called mould skin is formed on the surface (Figure I-2.20).
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            Figure I-2.20: Schematic structure of the surface of a plastic part


       


      Furthermore, it must be considered that engineered plastics contain, in addition to the respective polymer, a number of functional ingredients which may influence the bonding properties (see Table I-2.4).


      Some of these ingredients show the tendency to migrate. For example, internal release agents accumulate on the surface during the moulding process under the influence of heat and must be removed before bonding or, under certain conditions, can be absorbed into the adhesive during heat-supported curing and neutralized, so to speak. Plasticizers often show even at room temperature a more or less pronounced migration. Depending on the type, they tend to migrate from the bulk of the plastic material to the surface. Even if the plasticizer has been removed from the plastic surface before bonding, migration, now into the boundary layer between adherend surface and adhesive is to be expected, resulting in a significant weakening of the bond. This effect is known, for example, for plasticized PVC and EPDM.


      Again, similar to metals an adsorption layer as well as a layer of contaminants like dust are present on polymer surfaces.


      

         

            

            

         

         

            

               	

                  

                     

                        Table I-2.4: Additives in engineering plastics

                  


               

            


            

               	

                  Additive


               

               	

                  Purpose


               

            


         

         

            

               	

                  Filler

                  


               

               	

                  Reduction of raw material cost, improving of specific properties


               

            


            

               	

                  reinforcing fibres

                  


               

               	

                  Improving of mechanical properties


               

            


            

               	

                  Pigments


               

               	

                  Colouration


               

            


            

               	

                  Optical brighteners


               

               	

                  Improving colour and brilliance


               

            


            

               	

                  Antioxidants


               

               	

                  Stabilization against the influence of oxygen, during processing at elevated and during use


               

            


            

               	

                  Light (UV)-stabilizer

                  


               

               	

                  Improving stability against light, especially UV-radiation


               

            


            

               	

                  Biostabilizers


               

               	

                  Prevention biological material deterioration


               

            


            

               	

                  Antistatic agents

                  


               

               	

                  Prevention of static charging


               

            


            

               	

                  Flame retardants

                  


               

               	

                  Prevention or retardation of the spread of fires


               

            


            

               	

                  Plasticizer (external)


               

               	

                  Increasing flexibility/softness


               

            


            

               	

                  Internal mold release agents

                  


               

               	

                  Improving mold release due to accumulation on the surface during the molding process


               

            


            

               	

                  Anti-blocking agent

                  


               

               	

                  Minimize contact between adjacent polymer surfaces


               

            


         

      


       


      

         

         2.2.3.3Glass surfaces

      


      Glass is a collective term for a group of inorganic amorphous solids consisting mainly of silicon dioxide (SiO2). Although glass is one of the oldest materials known to mankind, many questions about its atomic composition and structure are still unresolved. In the case of silicate glasses, SiO4 tetrahedra form the basic structure; in contrast to crystalline quartz, these form a random network. During production of glass Metal ions are intentionally introduced into the network by additives such as sodium-, calcium- or potassium carbonate. The cations break the bonds of the bridging oxygen in the silicon- tetrahedra and the oxygen forms a much weaker ionic bond with a cation. The chemical structure of soda-lime glass (Figure I-2.21), the most common type of glass resembles a silicate network whose bonding conditions, but no long-range order, are comparable to the crystalline state. [38]


      

         Figure I-2.21 clearly shows that the glass surface is favoured for the accumulation of water molecules (formation of hydrogen bonds). Therefore, glass surfaces carry a thin film of moisture depending on the relative humidity. Cations can be dissolved from the surface and replaced by H3O+-ions. The resulting OH--ions lead to an increase in the pH-value, which in turn causes further dissolution of metal ions [40].
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            Figure I-2.21: Chemical structure of Soda-lime glass [39]


       


      It can therefore be assumed that the surface of glasses is covered with a hydroxide layer. Due to the dependence of the chemical processes occurring with water on glass surfaces from the respective ambient conditions, this layer is not very well defined and is also subject to changes. This explains the quite different values given in the literature for the free surface energy of glass (see Table I-2.3).


      In the case of bonded joints, these irreversible changes in the glass surface, also known as corrosion, which occur under the influence of moisture and may be accelerated by basic fillers contained in the adhesive, lead to adhesive failure in the interface between the adhesive and the glass which explains the observation that bonded joints on glass are without the use of a primer generally not resistant to the effects of moisture. [1]


      

         

         2.3Improvement of adhesion

          through pretreatment

      


      As already explained, the surface of adherends in the untreated state is usually not defined and is therefore of very limited use to produce high-quality bonded joints or seals. It is therefore a good idea to treat the surface to achieve a defined state that allows the adhesive or sealant to build up sufficient adhesion for the intended application. In addition to cleaning, which is unavoidable in most cases, targeted modification of the surface of the adherend should be considered. Figure I-2.22 provides an overview of common technologies.
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            Figure I-2.22: Overview of common surface treatment technologies


       


      It is beyond the scope of this book to further explain the different procedures. Therefore, reference is made to the wide-ranging technical literature on the various method like [35, 43, 44]. Since suppliers of adhesives and sealants often offer special primers to improve the adhesion of their products to certain materials, their basic structure and mode of action is briefly explained in the following section.


      

         

         2.3.1Primer

          and thin adhesive polymer layers


      Primers are chemical substances dissolved in suitable solvents, which are applied in a thin layer to the bond area before dispensing the adhesive. The adhesive is applied within a time window which is limited on the one hand by the minimum flash-off time, which is essentially based on the evaporation rate of the solvent, and for most primers also by the maximum flash-off time, i.e. the time after which the primer loses its activity.


      The thin film of the primer's active substance remaining on the adherend acts as a bonding bridge between the surface of the adherend and the adhesive or sealant, thereby improving the adhesion of the adhesive or sealant to the adherend and ultimately the strength and long-term durability of the adhesive/sealant.


      The mode of action is based on the assumption that the active substance of the primer can interact with the surface of the adherend by means of suitable groups and with the adhesive by means of a different type of groups. This is shown schematically in the upper part of Figure I-2.23 and in the lower part for a primer based on an amino silane

          as active ingredient as an example for enhancing the adhesion of an epoxy adhesive to aluminium.


      Upon application of the primer to the adherent the active molecules are expected to react via one of the two different reactive groups in this example the silanol-group with the adherend forming a strong connection to the adherend’s surface. After evaporation of the solvent and application of the adhesive the second reactive group of the primer molecules, in this example an amine group becomes part of the adhesive network with a corresponding group of the adhesive, in this example an epoxy group.
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            Figure I-2.23: Mode of action of a primer; top schematic, bottom using the example of an amino silane containing primer in an aluminium bond with an epoxy adhesive


       


      To achieve the best performance in regard to bond strength and durability, it is crucial to create a thin, ideally monomolecular layer of the primer molecules on the surface of the joined part. With increasing layer thickness, the reaction of the primer with the surface of the adherend and with the adhesive no longer necessarily takes place at the same primer molecule. In simplified terms, the strength of the bond is thus increasingly determined by the interactions between the individual primer layers, i.e. the cohesion of the hardened primer.


      It is self-evident and needs no further explanation that when selecting a primer for a bonding task, the active substance must match both the adherend’s surface and the adhesive used. However, the solvent also plays a certain role, as it must not only have sufficient dissolving power for the active substance but should also not damage the adherends. In particular, the risk of stress corrosion cracking in plastics should be mentioned here. Of course, the requirements of occupational safety must also be considered, with the solvent being of particular importance, as it is essential that it evaporates during application.


      The term primer is used to describe not only materials which, like silanes, are capable of forming covalent bonds between the surface of the adherend and the adhesive, but also products which form an adhesive bridge by forming complex bonds or secondary valence bonds.


      Thus, as described above (Figure I-2.5), thermally cured phenolic resols form stable chelate complexes on metal oxide surfaces [7, 8]. The application of thin phenolic resin layers can therefore improve the bondability of metals and, in particular, their resistance to moisture. Furthermore, thermosetting phenolic resins (resols) are well known for their very good adhesion to aluminium, e.g. adhesive bonding in aircraft construction [45, 46].


      The use of primers is not limited to metallic materials. Glass bonding, for example, generally requires the use of a primer if good moisture resistance is required [1]. Here, too, silanes are frequently used as active substances. Adhesion to the glass surface is achieved via the silane group, while adhesion to the adhesive requires a group adapted to the adhesive chemistry. Glass primers are often pigmented black, which, compared to a non-pigmented i.e., colourless product, not only facilitates the application of the desired thin layer, but also provides the adhesive (PU adhesives are typically used) with a certain degree of UV protection. Table I-2.5 provides a typical formulation for a glass primer


      

         

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.5: Guide formulation for a glass primer for windscreen bonding


               

            


            

               	

                  Item


               

               	

                  Raw material


               

               	

                  Parts by weight [%]


               

            


         

         

            

               	

                  1


               

               	

                  Physical drying saturated polyester


               

               	

                  10 (solid)


               

            


            

               	

                  2


               

               	

                  Aromatic/aliphatic polyisocyanate based on toluene diisocyanate (TDI)/hexamethylene diisocyanate (HDI)


               

               	

                  10 (solid)


               

            


            

               	

                  3


               

               	

                  Carbon black


               

               	

                  10


               

            


            

               	

                  4


               

               	

                  Organic solvent mixture


               

               	

                  66.5


               

            


            

               	

                  5


               

               	

                  Desiccant, p-toluolsulfonyl isocyanate


               

               	

                  0.5


               

            


            

               	

                  6


               

               	

                  Adhesion promoter, glycidyl propyl trimethoxy silane


               

               	

                  3


               

            


            

               	

                  Total


               

               	

                  100


               

            


            

               	

                  Item 1: Polyester, molecular mass 20,000 – 25,000


                  Item 2: Desmodur HL BA, Covestro AG


                  Item 4: e.g. ethyl acetate, butyl acetate and 1-methoxypropylacetate-2


                  Item 5: Additive TI, Borchers


                  Item 6: Dynasilan GLYMO, Evonik Operations GmbH


               

            


         

      


       


      The bondability of plastic surfaces can also be improved by using suitable primers. For example, primers based on a polyester resin crosslinked by isocyanate groups through atmospheric moisture are used to improve the adhesion of 2-part PU adhesives to SMC (sheet moulded compound, short fibre reinforce polyester-based composite).


      

         Table I-2.6 provides a guide formulation for a primer to enhance adhesion of polyurethane adhesives and sealants on SMC surfaces. When manufacturing the primer, care must be taken to ensure that the process is carried out in a water-free environment, as even traces of water can lead to undesired side reactions with the diisocyanate and the reaction product formed from polymeric diphenylmethan disocyanate (p-MDI) and polypropylene glycol might exhibit deviating properties. The dry primer film which remains after evaporation of the solvent has a maximum open time of up to 8 hours.


      

         

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.6: Guide formulation for a primer to enhance adhesion of polyurethane adhesives and sealant on SMC


               

            


            

               	

                  Item


               

               	

                  Raw material


               

               	

                  Parts by weight [%]


               

            


         

         

            

               	

                  1


               

               	

                  p-MDI (mixture of diphenylmethan-4,4‘-disocyanate with isomers and higher functional homologues


               

               	

                  10


               

            


            

               	

                  2


               

               	

                  Polypropylene glycol (MW 2000, OH-content 1.7 %)


               

               	

                  10


               

            


            

               	

                  3


               

               	

                  Solvent


               

               	

                  80


               

            


            

               	

                  Total


               

               	

                  100


               

            


            

               	

                  Item 1: Desmodur VKS 20, Covestro AG


                  Item 2: Arcol Polyol PPG 2000, Covestro


                  Item 3: e.g butyl acetate


               

            


         

      


       


      The adhesion of various plastics including polypropylene, TPO, and ABS can be improved by a solution of chlorinated polyolefin. Table I-2.7 shows a corresponding guide formulation. Especially in the pretreatment of polypropylene (PP) it has been proven beneficial to support the flash-off of the solvent by a heat treatment. It seems that this supports the effect of incorporation of the chlorinated polyolefin into the PP surface. Using a 2-part PU adhesive, the lap shear strength could be increased from 1.2 MPa for PP cleaned only with isopropanol to 3.5 MPa for the specimens pretreated by a chlorinated polyolefin-based primer.


      

         

            

            

            

         

         

            

               	

                  

                     

                        Table I-2.7: Guide formulation for a primer for plastics including PP


               

            


            

               	

                  Item


               

               	

                  Raw material


               

               	

                  Parts by weight [%]


               

            


         

         

            

               	

                  1


               

               	

                  Chlorinated polyolefine


               

               	

                  32.5


               

            


            

               	

                  2


               

               	

                  Acrylate-silicone copolymer


               

               	

                  13.0


               

            


            

               	

                  3


               

               	

                  Solvent


               

               	

                  54.5


               

            


            

               	

                  Total


               

               	

                  100.0


               

            


            

               	

                  Item 1: Eastman CP730-1, Eastman Chemical Company


                  Item 2: Wacker G783, 38 % in Toluene, Wacker Chemie AG


                  Item 3: Xylene
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      Part II Adhesives


   

      

         

         1Physically setting adhesives


      

         

         1.1Solvent-based adhesives and sealants

      


      

         

         1.1.1Basic principles


      Polymers in solution


      Solvents are the traditional auxiliaries for applying adhesives. Solvent-based adhesives have a fairly simple composition: Take a polymer and dissolve it in a suitable solvent to produce a polymer solution which is a more or less serviceable adhesive, Figure I-1.1.


      

         

            [image: Fig_Formulating_II_1-01]

         


      


      

         

            Figure II-3.1: Random polymer model in solution


       


      All thermoplastic polymers – polymers which are not crosslinked – are suitable if an appropriate solvent can be found for them. However, various additional components, such as resins and additives, still need to be added before a serviceable adhesive is obtained. Various considerations are involved in the choice of solvent (in the adhesives industry, this means an inert liquid which has a boiling point below approximately 200 °C and which can dissolve the polymer and the other ingredients): The first is the nature of the polymer, i.e. the polarity relative to that of the polymer. Others are evaporation rates, safety, threshold limits, flammability, toxicology as well as ecological and economics issues. In many cases, a blend of solvents has to be used [1, 2].


      The solubility of polymers in solvents can be predicted. Polar polymers will dissolve in polar solvents and non-polar polymers will dissolve in non-polar solvents. This is true as long as the polymer exhibits no strong tendency to crystallise.


      Better results are obtained by applying the concept of solubility parameters

          δ according to Hildebrand; the idea here is that the parameters of the solvent and the polymer should match as closely as possible. The Hildebrand concept describes the properties of a solvent in terms of three intermolecular forces:


      

         	

            dispersive forces

             as the weak forces of attraction between all kind of materials


         	

            dipole or electrostatic forces

             arising from permanent dipole moments, and


         	

            hydrogen bonds

             as strong electrostatic forces between electronegative elements, such as fluorine, oxygen and nitrogen on one hand and the hydrogen bonded to one of them on the other.


      


      Solubility parameters are well established for most solvents (see Figure I-1.2), polymers (Figure I-1.3), and polymer building blocks [1–3]. Solubility is ideal when there is close agreement between the dispersive, polar and hydrogen bonding elements.


      

         

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table II-3.1: Solubility parameters of solvents 

                     [1, 11]

                  


               

            


            

               	

                  Solvent


               

               	

                  δ


               

               	

                  δ dispersive


               

               	

                  δ polar


               

               	

                  δ H-bridges


               

            


         

         

            

               	

                  Heptane


               

               	

                  7.4


               

               	

                  7.4


               

               	

                  0


               

               	

                  0


               

            


            

               	

                  Cyclohexane


               

               	

                  8.18


               

               	

                  8.18


               

               	

                  0


               

               	

                  0


               

            


            

               	

                  Toluene


               

               	

                  8.9


               

               	

                  8.8


               

               	

                  0.7


               

               	

                  1.0


               

            


            

               	

                  Dichloromethane


               

               	

                  9.73


               

               	

                  8.72


               

               	

                  3.1


               

               	

                  3.0


               

            


            

               	

                  Acetone


               

               	

                  9.75


               

               	

                  7.58


               

               	

                  5.1


               

               	

                  3.4


               

            


            

               	

                  Ethyl methyl ketone


               

               	

                  9.3


               

               	

                  7.77


               

               	

                  4.45


               

               	

                  2.5


               

            


            

               	

                  Ethyl acetate


               

               	

                  9.08


               

               	

                  7.44


               

               	

                  2.6


               

               	

                  4.5


               

            


            

               	

                  Diethyl ether


               

               	

                  7.61


               

               	

                  7.05


               

               	

                  1.4


               

               	

                  2.5


               

            


            

               	

                  Ethanol


               

               	

                  12.90


               

               	

                  7.73


               

               	

                  4.3


               

               	

                  9.4
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thickness

» joining of thin adherends

« cost savings due to reduced material
usage (e.g., bonding of local
reinforcements)

Retention of the construction

material‘s properties

« little or no heat input allows low tolerance
manufacturing minimal surface distortion,

* no mechanical damage e.g., due to
required holes

Customized integration of

additional functionalities:

* leak proof joints,

- thermal and/or electrical conductivity or
isolation,

« contact corrosion avoided

» sound dampening,

» compensation of tolerances or uneven
surfaces,

« corrosion protection, etc.

» compensation of different thermal
elongation

» compensation of part movements,
vibrations

Maintaining the integrity of the
adherents

« low-heat joining process, no thermal
damage to the adherends like distortion
or change in microstructure

+ no thermal distortion of adherends

« drilling of holes not required
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Cl-atoms have a higher attraction for

electrons compared to C and H

— Accumulation of electrons around
the ClI-Atoms, polar surface

C- and H- atoms show a similar attrac-
tion for electrons (electronegativity)

= Even electric charging, no dipoles
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