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Glasurit’s “Paints and Coatings” handbook has been a standard work in the field of coating materials since it was first published in 1934. The latest German edition appeared in 2014 and serves as the basis for this third English edition, which is sponsored by BASF Coatings. Compared with its 2007 predecessor, this third edition contains more up-to-date market data and incorporates new raw materials, new application technologies, new legislative developments, mainly in Europe, as well as modern coating processes.


The main new developments covered in the raw materials and coatings sector are nanotechnology, polyurethane dispersions for water-borne coatings and smart coatings. As for pretreatment processes, application methods and recovery techniques, the latest advances here include workpiece rotation during electrocoating, the integrated paint process and new methods for handling overspray in the automotive industry. More than 200 new references have been added and some 500 others updated.


The proven arrangement of chapters has been left unchanged.


The handbook starts logically with a brief historical summary of painting, its economic and technical significance and the social framework underpinning the industry. Next comes a chapter on raw materials, product composition, the various production processes and the principles behind product formulation. Descriptions are then given of the properties of the liquid and solid coating materials employed in the various applications. This is followed by a chapter dealing with the theoretical aspects of coating compositions. Applications are then explained for the reader against the background of the current major industrial coating processes. This chapter clearly shows just how important the substrate is because of the impact it has on the coating outcome. A chapter follows dealing with the demands on environmental compliance, health, safety and quality as specified in current legislation, mainly in Europe and Germany. After that, the reader is taken on a journey through various sectors of the paint and coatings industry, accompanied by numerous examples and illustrations. This chapter will be of particular interest for newcomers to the industry and practically-minded readers alike. The book concludes with tables of selected standards, explanations of physical symbols, useful websites, definitions of terms and a comprehensive index round.


Literature references are provided for readers seeking more in-depth information. These are to be found at the end of each chapter and are repeated on occasion. Many of the comments and scenarios are based on experience gained by BASF Coatings and are not directly attributable.


We would like to thank BASF Coatings for making this edition possible, along with countless persons for their support and invaluable tips. Special thanks are due to Dr Walter Jouck, Dr Peter Betz, Sabine Rüttgers, Rolf Döring, Jürgen Book, Heike Thöne and Dr Peter Bachhausen from BASF Coatings. We are indebted to Bernd Reinmüller,


Director at the German DIN Institute for the trouble he took to ensure that the standards listed are up to date.


Finally, we would like to express our gratitude to the many companies which kindly provided us with pictures and charts for publication.


Prof Dr Artur Goldschmidt and Dr Achim Streitberger


Paderborn and Münster, November 2017
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1 Introduction


1.1 Definition, Tasks and Economic Importance


The task of coating technology is to provide surface protection, decorative finishes and numerous special functions for commodities and merchandise by means of organic coatings. Many everyday products are only made usable and thus saleable because of their surface treatment. For this, the right coating formulations, production plant, coating material and suitable coating processes for the product must be available. However, the level of quality attainable via the coating process is not solely a function of the coating material. The object to be coated, along with its design, specific material treatment and an appropriate application method, are further variables which play a significant role. In addressing the ongoing tasks of quality optimisation and rationalisation while minimising the impact on humans and the environment, it is vital that the dependencies mentioned above be not only recognized but also taken into account as the framework shaping the conditions in which work advances from development through to application. Coating technology, therefore, is an interdisciplinary subject.
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Figure 1.1.1: Coated everyday objects


Source: VdL





Paints and coating materials are not end products, but merely starter or intermediate products which, for the above-mentioned reasons, require a skilled and conscientious user if they are to be converted into the actual end product, namely the coating itself. Only the cured coating, which in many cases is a system of several individual coats, can meet the wishes invested in and the requirements demanded of the coated products.
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Figure 1.1.2: Factors determining the quality of coatings





Two of the most important of the many functions which coatings have to meet are protection and decoration. Others worth noting are the informative tasks and the achievement of special physical effects. The conspicuousness of emergency service vehicles, the camouflaging of military equipment, and road or airport markings are just some of the informative tasks required of coatings. Colour markings enable areas or spaces to be clearly signed or divided. Colour coding helps to indicate the contents of containers and the materials being conveyed in pipes. Optical effects induced by coloured or metallic pigments lend a coating a particular optical attraction. Deliberately generated surface textures such as scars or wrinkles expand the range of effects which can be achieved. The use of colour schemes based on the known physiological and psychological effects of colours also contributes in various ways to improved working conditions and enhanced safety wherever work is done in rooms and on machines. Functional pigments produce colours that vary with temperature, for example as a result of their thermochromic properties, and therefore afford an indirect way of measuring the temperatures of objects.


The most important task of coatings, in economic terms, is surface protection. Thus, coatings help to retain value and improve the usability properties of almost all products and so are of huge economic significance. Particular mention should be made of the protection of metal goods that acquire lasting anticorrosive protection only when they have been painted.


It is vital in this regard, e.g. in the automotive sector, for the resistance of the coating system to external, sometimes aggressive natural and anthropogenic atmospheric influences such as tree resins, bird droppings, acids, alkalis, salts and organic solvents, to be guaranteed.


The protective function of paint on cars must not be impaired even under extreme mechanical impact, such as stone chippings thrown up from the road by traffic or by brush action in carwashes.


Furthermore, coatings must withstand combined, i.e. physical and chemical, effects to which objects are subjected, for example, in different weather conditions. The interaction of sunshine, rain, heat and frost, combined with emissions from heating systems and internal combustion engines, ozone and salt fog makes great demands on a coating’s resistance and protective properties.


However, a surface protection coating can also be applied in order to meet quite different requirements. Floors and steps can be made non-slip, and their utility value enhanced, by means of rough or high-grip coatings. By contrast, surface friction can be reduced by using smooth coatings to produce a high degree of slip. Flammable materials can be rendered safe by means of flame retardant coatings. Antibacterial coatings help keep surfaces sterile in production and storage facilities in dairies and breweries and prevent the growth of barnacles and algae on ships’ hulls. In the electrical engineering sector, insulating coatings provide effective and lasting insulation for wire, windings and condenser materials. On the other hand, conductive coatings can be used to make insulating substrates electrically conductive or even to print electrical circuits. Furthermore, organic coatings can help to reduce noise pollution. Acoustic insulation coatings for machines and underbody protection coatings for passenger cars are examples of this.


This broad spectrum of requirements explains why no single coating material can satisfy every wish simultaneously and in the same way. The goal of providing coating materials for the lasting protection, decoration and improvement of objects made of wood, metal, plastic or mineral materials at reasonable prices can be met only by adopting different formulations based on a range of materials and material combinations. Each of these combinations targets a limited field of substrates, a selected application method and a specific profile of film properties.
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Figure 1.1.3: Regional division of the market for paint and coatings in 2010





Coating technology is used in metal processing, in the manufacture of plant and machinery and in the electrical engineering industry. All kinds of road and rail vehicles, ships and aircraft are important objects which require painting or coating. Effective surface protection by means of paints and coatings is also indispensable in the civil engineering sector, for steel and concrete structures and in wood processing. Even plastics and leather require coating in many cases. Modern paper, plastic and sheet-metal packaging materials would be inconceivable without the protection and decoration afforded by coatings.


The global paint and coatings market reflects economic developments in the regions. It is most highly developed, for example, in the triad of North America, Europe, and South East Asia. Per capita consumption of paints and coatings in these regions is approx. 4.5 kg. Growth in coatings consumption is determined by economic development in the various regions and countries [1.3.1].


The broad field of applications for coatings and their widespread use are explained by the high value and great benefits which they offer. The fact that there are few objects which do not require coating is an indication of the enormous importance of coating technology. It would present an incomplete picture to evaluate this importance merely in terms of the 30.5 million tonnes of coating materials manufactured worldwide in 2010 with a value of some 80 billion euros (Figure 1.1.3).


Although quoting the quantities of coating materials is not a direct indication of the added value of industrial commodities, it does permit that area to be calculated which can be protected or decorated by means of coating materials, with due allowance for the film thickness to be applied. An annual production quantity of 30.5 million tonnes (see above) is enough to coat a surface area of some 340,000 km2 in a wet film 100 μm (0.1 mm) thick. That is equivalent to about 3/4 of the surface area of Germany. The same quantity of paint applied to a 10 m wide strip in a film thickness of 100 μm, on the other hand, would stretch from the earth to the moon about 100 times or go around the world 650 times.


A more meaningful evaluation would consider the value of the effectively protected and improved products. On the assumption that painting or coating the goods produced generates an added value of 20 % in the form of extended service life and increased attractiveness, this translates to 140 billion euros for the German market in 2012, or 70 times the value of the paints and coatings sold.


The division of the market into branches and segments is not uniform around the world. A number of such divisions, however, seem to agree on certain segments, such as decorative paints, general industrial paints, automotive paints, and printing inks.
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Figure 1.1.4: Worldwide coatings market in 2010 by segments





The largest market for paints and coatings, at 54 %, is that of decorative paints. This is followed, at 38 %, by the market for the industrial coating of a huge range of objects, from compact discs via plastic bumpers for cars to rail vehicles. Automotive coating lines and refinishing body shops are each clearly defined segments with a high technological value, though of less significance in terms of volume sales. Although not shown in Figure 1.1.4, printing inks represent approx. 4 % of global demand for coating materials and are a separate segment in technological and marketing terms, though not from the point of view of their composition.
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Figure 1.1.5: Production of coatings in Germany from 2006 to 2010





The size of the European market in 2011 was 9.4 million tonnes. It has undergone a slight shift towards industrial coatings and printing inks compared with the sectoral division in the rest of the world. Germany leads with a consumption of approx. 1.5 million tonnes, ahead of Italy, France, the UK and Spain, which are all in the range between 0.8 and 1.0 million tonnes. The North American market (NAFTA) had a volume of 6.6 million tonnes in 2010 and is served by about 800 companies.
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Figure 1.1.6: German coatings market in 2010 by product classes


Source VdL





Figure 1.1.5 gives an overview of the economic development of the paint and coatings industry in Germany since 2006 which is closely linked to the country’s overall economic development.


One of the characteristic features of coatings technology in addition to coatings consumption is the ongoing high energy consumption for processing coatings which is estimated at approx. 200 billion kWh annually worldwide. This figure is the equivalent of the energy content of approx. 30 million tonnes of crude oil. If the raw materials required for paint production are also added to this figure in the form of crude oil equivalents, the result is a total crude oil requirement of approx. 120 million tonnes for the global manufacture and processing of coating materials, or some 3 % of global annual crude oil extraction of approx. 4 billion tonnes in 2012.


The legal requirements imposed on environmentally compatible coating processes have led to the greater use of appropriate coating materials over the last 20 years. These include, in particular, solvent-free powder coatings, water-borne paints, in which organic solvents are replaced in whole or in part by water, high solid paints and radiation-curable paints, which are processed either in aqueous solution or completely without conventional solvents but with the aid of low-molecular reactive thinners. Statistics from the Association of the German Paint Industry (VdL) show that these coatings have achieved the greatest growth over the last 10 years.


As a result of stricter legislation and ongoing improvements in our knowledge of their toxicology, the raw materials are having to be replaced regularly, with all the attendant development costs, if the quality standard achieved is to be maintained.


As far as energy consumption is concerned, there is still a need to be more economical in the use of raw materials and energy. A proportion of the material is lost en route to the finished coating. Spray application, which is specified for many objects to be painted because of its optical attractiveness and range of colours, is prominent in this regard. As far as coating of wood and plastics is concerned, the more effective electrostatic spray methods have not yet found universal acceptance. In addition, paint lines lose substantial quantities of heat energy. In recent years a number of developments have increased the efficiency of coating processes to such an extent that growth in the paint and coatings market in the industrialized countries has only just been below the growth level of the gross domestic product (GDP).


As a result of the use of solvents as an application aid for coatings with an average organic solvent content of 50 %, it has been estimated that additional hydrocarbon emissions of approx. 200,000 tonnes occurred in Germany alone in 2007 [1.3.2].


Whereas organic emissions from motor vehicles have been successfully reduced to less than 1/3 of their previous level in the last 30 years by the introduction of the catalytic converter, successes in coating technology have been much more modest so far by comparison. Despite the use of water-borne paints and powder coatings, including by small and medium-sized enterprises after the enactment of the EU VOC (volatile organic compounds) directive of 1999 and its implementation in Germany under 31 BImSchG (BundesImmissionsSchutzGesetz = Federal Immission Control Act), the German Ministry of the Environment estimates that 30 % of all solvent emissions in 2020 will stem from the paints and coatings industry [1.3.3].


Manufacturers and processors of paints and coatings have substantial gains in terms of occupational health and safety. For some time, the chemical industry, for example, has led the accident statistics in Germany for the industry in having the least number of incidents. Health risks posed by paints and coatings are being kept as low as possible through REACH [1.3.4] and the Biocides Ordinance [1.3.5] in Europe and through the Clean Air Act (CAA) and the Toxic Substances Control Act (TSCA), legislation and civic engagement in North America, and these have brought about substantial changes in coatings technologies and formulations.
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Figure 1.1.7: Various factors determining the final coating result of the spray application process





An analysis of this situation reveals that manufacturers and consumers of paints and coatings, though occupying different value added stages, are highly interconnected. Manufacturers develop and supply coatings materials to the consumers who, by applying the products, induce physical, physico-chemical and chemical processes that convert them into an adhering, mechanically solid and, at the same time, flexible coating.


The chemical path by means of which the raw material becomes a finished coating starts at the raw materials or paint manufacturer and is then deliberately interrupted before being taken up again during application by the paint consumer. Although the performance profile of a coating is initially shaped by the paint and thus by the paint manufacturer, it is the processor who actually generates the finished properties. The industrial scale coating of consumer goods is therefore a joint effort between paint and coatings manufacturers and processors.


Paint manufacturers who really know their job not only are responsible nowadays for developing, manufacturing and selling paint. Their task also includes creating the conditions for successful painting through the provision of a permanent technical presence and support. This relates primarily to materials and processes, but also extends to detailed environmental protection and occupational safety issues. Paint manufacturers offer a package, as it were, in which the material is just one component among many (see Figure 1.1.7). A consequence of this in past years has been that the responsibility for producing a coating outcome in the required quality has increasingly been transferred into the hands of the paint supplier (see Chapter 7.1.7).


Apart from the technical tasks of manufacturing and processing coating materials, particular attention needs to be paid to quality assurance methods. Quality assurance provides the link between production and R&D and sales within a company. Production must be capable of reproducibly providing the quality demanded by the customer, while sales must identify the total costs in order that appropriate prices may be obtained.


However, paint manufacturers face specific problems because they are expected to produce material of constant quality and, at the same time, paints of constant processability. This is the only way to create the best conditions for achieving a uniform result in the painted article. This means that there is more to the production of paint and coatings than merely manufacturing a product whose composition is identical with a defined standard. Rather, since physical variables can only rarely serve as criteria for the practical properties of coatings, paint testing of necessity must include simulating the application method used by the processor of these materials. This gives rise to a large number of different test methods because of the very wide range of specification conditions and the different requirements on the coating process resulting from them. Standardising these tests and reducing their overall number are also a priority task for all concerned.


Quality and costs of a coating are defined, as mentioned earlier, not only by the paint material and an appropriate application method but also and significantly by the substrate, i.e. by the material and the design of the object to be painted. It is therefore clear that it is extremely important to address surface treatment and the selection and design properties of the material during the product design stage and to incorporate these features into the overall planning.


Coating technology is therefore a complex marriage of chemical, physical, process-engineering, environmental, toxic and economic variables. This discipline is in a constant state of change as a result of technical progress and is further accelerated by legislative requirements. It is therefore incumbent on companies to link well known features with new knowledge. Industrial coating technology can only be fully understood if, in addition to detailed knowledge of paint processing, the properties of the coating material and of the object to be coated are known and also if all the quality-shaping variables within the range of economic and environmental requirements are addressed.


1.2 Retrospective


The aim of the following retrospective of materials and painting methods in the past is to highlight the entangled paths which coating technology has taken down to the present day by illustrating a few key events that will make its progress more transparent.


The early coating materials were natural resins . Dioscorides and Plinius report, among other things, on the use of countless exotic natural resins from the time of the Ancient Greeks and Romans. Later papers describe the importance of colophony, copals, shellac and dammar. Later still, in the 12th century, come reports of the combination of hardened natural resins such as amber with resinifying, i.e. chemically hardening, natural oils [1.3.6].


The application methods up to that point consisted solely of brushing or wiping techniques, without the generation of significant emissions, waste water or paint waste.






Rodgerus von Helmarshausen, also known as Theophilus, describes how to make coatings and provides a detailed recipe In chapter 21 of his book Schedula Diversarium Artium, which dates from around 1000 AD:


1* Put linseed oil into a small pot and add the gum which is called fornis …


1* Place together four stones … place a common pot upon them and put into it the above mentioned gum fornis”, which in Latin is called “glassa” …


2* Then place fire carefully underneath until this gum liquefy.


3* Have also a third pot nigh, placed upon the coals, in which is hot linseed oil …


4* Pour the warm oil into it and stir it with the iron …


5* And take care in this, that in weight there are two parts of oil and the third part of gum…





Figure 1.2.1: First recipe of a coatings material by Theophilius





Around the end of the first millennium, the monk Rodgerus of Helmarshausen reports in his book Schedula Diversarium Artium the first details of the composition and manufacture of the then standard paint [1.3.7]. He is therefore, regarded as the creator of the first binding paint formulation and of the detailed instructions on how to make it.


Linseed oil and amber (called “rubber” in German back then), are boiled together in a ratio of 2:1, with the hardened resin acting as a nonvolatile film former, and the linseed oil as a chemically crosslinking reactive thinner. Solvents to regulate viscosity were not used at that time because they were not available in sufficient quantities.


In the 10th century it was the Arabs in the guise of the doctor Abu Mansur who taught the Europeans the art of distillation [1.3.8]. This art was then used in Europe for, among other things, extracting turpentine oil. When the van Eyck brothers took Rodgerus of Helmarshausen’s formulation, which was the first to be systematically described, and extended it by adding turpentine oil in the early 15th century, physical drying and thus emissions had been invented [1.3.9]. This outcome is noteworthy on one hand because it greatly expanded the use of painting and on the other because the associated environmental problems are still tying up a considerable part of paint-specific research capacity to this day.


The memorable “invention” of emissions was followed very much later by the “invention” of waste. By this is meant the introduction of the continuous production line by Henry Ford in the early 20th century and consequently the start of industrial-scale painting technology.


The production line has brought the world huge benefits in terms of speedy and economical production systems. However, the necessary faster coating processes could only be fully exploited by employing quick-drying paints and a new application method. Consequently, the oil paints which took several weeks to cure were superseded by quick-drying cellulose paints with solvent contents of up to 80 %. At the same time the waste-free brush method which had been standard up to that point was replaced by the spray method. However, the introduction of the spray gun, which had been invented by de Vilbiss back in the 19th century, also ushered in a new problem because it had an extremely poor material application efficiency of less than 50 %: the generation of paint waste and, at the same time, a dramatic increase in organic emissions because of the considerably higher solvent contents of the cellulose paints.


So, 1920 introduced a completely new situation into coating technology, but failed to provide an appropriate approach for the new problem. This approach had to be developed in the course of the following decades. The production line meant technical progress in the form of increased coating quality as a result of improved application and a more economical production system, though at the expense of the environment in the form of waste and emissions.
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Figure 1.2.2: Historical highlights in the evolution of coating technology





The introduction of the production line therefore shared the problems of emissions and waste which had been known since the time of the van Eyck brothers and also signalled the start of the metamorphosis of craftsmanship into a segment of industrial production technology.


It took government action in the form of environmental legislation for people finally to become aware of this situation and for themselves to take appropriate concerted action. The innovations which subsequently occurred were no longer the outcome of individual ideas but were increasingly achieved thanks to cooperation among all those involved in the finished coating.


The first goal was to rationalise the processes and optimise quality on the basis of conventional, i.e. solvent-borne, coating technology. Later, from the 1960s onwards, research started in a new direction from several different locations simultaneously, initially separated but later with a common goal in view: the development of low-solvent and low-waste painting methods [1.3.9].


The results of this work are new water-borne materials, radiation-curable systems and waste-free powder coatings in conjunction with new processing methods. Electrocoat painting, roller and curtain coating, e.g. for coil coating, and the application of solid powder coatings are the most noteworthy innovations of the last 50 years. Environmental protection on one hand and occupational safety issues on the other are beginning to become much more structured. With the passage of Germany’s Bundesimissionsschutzgesetz (Federal Immission Control Act) in March 1974 and the oil crises, research into environmentally compatible coating technologies was expanded to include the aspect of resource conservation.


The various trade associations and technical bodies of the American and European paint and coatings industries were also involved in this. Efforts in this direction were strengthened by the voluntary commitment (“responsible care”) of the paint and coatings industry in almost every region of the world.


Successful examples of such a concerted approach to dealing with a problem by a number of different groups and bodies include the development of the new paint process for the Mercedes A-Class in the late 1990s in which a paint manufacturer, a paint processor and a plant manufacturer cooperated, and also the “Expansion of the application fields for powder coating technology” research project funded by Germany’s Federal Ministry for Education and Research (i.e. BMBF) and coordinated by the German Research Association for Surface Treatment (i.e. DFO) together with a total of 20 companies from the fields of paint production, paint processing, plant engineering, the raw materials industry and countless research institutes. The same approach can be seen in North America, where the industry-supported LEPC (Low Emission Paint Consortium) under the umbrella of USCAR (United States Council for Automotive Research), invested a great deal of money in the 1990s to develop low-emissions paint technologies for automotive coating [1.3.10].


The globalization of the world economy, particularly the manufacturing industry, is currently confronting the paint and coatings industry with new challenges. Since quality requirements have been standardised worldwide as a result of consolidation, in the automotive industry for example, the major paint suppliers have positioned themselves globally and now guarantee the same quality standard for coatings everywhere. No end to this development is presently in sight. In addition, sales channels have expanded for many paint suppliers through the introduction of e-commerce, the electronic transaction of purchases over the internet. Of necessity, all aspects are steps in the direction of consolidation.


The quality requirements, particularly those imposed by the automotive industry in the form of ISO standards, VDA standards and the QS9000 series, mean that the entire process from the product idea, via development, scale-up, production and sale to the final application is falling more and more completely within the sphere of responsibility of paint and coatings companies. It now seems that the entire process chain, starting with the production of the paint materials to the finished (coated) article, will become a key competency of the major paint companies. It is therefore certain that the active players in this field will continue to grow closer together. Only in this way will it be possible to develop efficient processes for the respective sectors or applications.


The conditions for coating technologies that have zero environmental impact and make the most efficient use of resources are largely in place. Future success will depend on whether holistic concepts can be found [1.3.11]. Product life-cycle or ecoefficiency audits [1.3.12] aimed at achieving sustainable development will therefore provide the principles underpinning research and development programmes more and more frequently [1.3.13] (see Chapter 5.5).


In-depth knowledge is an essential factor for the successful introduction of environmentally compatible coating technologies in conjunction with the implementation of new ideas in processing technologies. This includes details on correlations and interdependencies between the individual scientific disciplines and thus of the various sectors involved in the paint process. This book has been written not least for this reason.
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2 Coating Materials


In accordance with the international standard ISO 4618-2 as well ISO 4618-3 and the supplementary German standard DIN 55 945, and in general agreement with the English speaking experts, the correct designation for materials for organic coat-ings that provide surface protection is coating materials. Paints, on the other hand, is the standard term for coating materials that possess particular properties. In the English speaking world, the term “coating” is often synonymous with paint, the layer on the coated product, and the painting process.


The standard defines paints as liquid, paste or powder coating materials which enable optically opaque coatings to be produced that have decorative, protective and, if necessary, specific technical properties. It should be noted that many terms in general use, such as varnish and vehicle, are different from the terms specified in international standards (see Chapter 8). Paints are therefore just one part of the large class of coating materials, but nevertheless have to meet a broad spectrum of extremely different requirements. They can be sub-divided in accordance with various principles: by the function of the coating (clearcoat, metallic paint, solid paint), by the particular layer in the coating system (primer, primer surfacer, topcoat), by the purpose of the paint (car paint, decorative paint, industrial paint), by the degree of environmental compatibility (water-borne paint, high solid paint, radiation-curable system, powder coating), by the chemistry of film forming agent (alkyd resin paint, acrylic resin paint, cellulose nitrate lacquer) and by the processing conditions (stoving enamel, oxidatively curing coating material), to name the major classification criteria.


The selection of the right coating materials the optimum performance profile therefore depends equally on the quality requirements, the specified application conditions, the curing process, the design features and the various constituent materials of the object to be painted. All coating materials, however varied their use may be, must have the same properties of wetting substrates, transforming into a closed film, flowing and then solidifying so that the desired mechanical and chemical protection of the object is achieved.


The performance profile of the paints therefore has to be tailored not only to application but also to subsequent film formation. A fresh paint finish applied by spray gun must exhibit sufficient flowability for the droplets to seal all pores. At the same time or subsequently, it must level out all the peaks and troughs in the film surface that are caused by application. Surface tension and viscosity are the most important paint parameters in this regard. Furthermore, special effects such as high-gloss finish, chroma and oriented reflection (metallic effect) may have to be achieved. Clearcoats for wooden panelling, for example, therefore have a completely different composition from anticorrosive paints and from coating materials for applying colour designs to leather.


2.1 Raw Materials


Resins in their capacity as film forming agents (often incorrectly termed binders), along with additives, solvents, pigments and extenders are the usual ingredients of liquid coating materials. Binders, according to ISO 4618, are the pigment-free and extender-free fractions of the dried or cured coating. They are, therefore, composed of the film forming agent and the nonvolatile fraction of the additives.
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Figure 2.1.1: Typical composition of coating materials





If there are no pigments and extenders, the material is a clearcoat, and if there are no solvents when higher molecular film forming agents are used, the coating material can be ground to produce a powder coating. If the film forming agents are lower molecular liquid products, it is also possible to eliminate some or all of the organic solvent. Where the resins or dispersions are miscible with water, the solvents can be replaced by water.


Irrespective of the intended application, a film forming agent which solidifies as a result of physical or chemical processes is the one indispensable component of a coating material. Traditional film forming agents are exclusively oligomeric to polymeric organic materials because of the range of requirements imposed on adhesion to the substrate, mechanical strength combined with elasticity, and resistance to ambient effects. They can be manufactured from natural substances which have been chemically modified or by industrial synthesis.


Despite the existence of a broad range of synthetic resins, the natural substances or modified natural substances have lost little of their importance. Cyclorubber or chlorinated rubber, cellulose esters and alkyd resins based on natural fatty acids are just a few examples of the technically important group of renewable paint raw materials. A foreseeable shortage of raw materials derived from crude oil has spurred activity aimed at finding a new basis for synthetic chemical raw materials and intermediates (see Chapter 5.6.2) [2.4.1].


Film forming agents can be divided into two basic groups, irrespective of their origin. The first group consists of the higher molecular, physically curing film forming agents such as cellulose nitrate, cellulose acetobutyrate, thermoplastic acrylates and also PVC copolymers. These resins set by releasing solvents, but do not undergo a chemical change during film formation.


The second group comprises chemically reactive film forming agents or combinations thereof and are used for high-grade decorative and industrial paints. A crosslinking reaction initiated by heat or catalysts after application enables lower molecular and thus high solid base resins to be used. As an example, consider stoving enamels based on acrylic-amino resin, alkyd-amino resin or phenolic resin combinations. Oxidatively curing alkyd resins (incorrectly termed “air drying”) start to crosslink at room temperature, though much more slowly.


Modern polyurethane and epoxy resin paints cure very quickly, even at room temperature. The latter can generally only be used in the form of 2-component materials because of their high chemical reactivity.


A coating material formulation usually contains solvents in addition to a film forming agent. Trouble-free processing and film formation are possible only if the right solvents are selected and combined. The most common organic solvents are aromatic hydrocarbons such as xylene and solvent naphtha, aliphatic hydrocarbons such as mineral spirit or vernice, esters such as ethyl acetate or butyl acetate, alcohols such as propanol or butanol, ethers such as butyl glycol, ether esters such as ethyl and butyl glycol acetate, and various ketones. It is important that the combination of solvents chosen from the huge range available matches the resin type.


It is critical, for the sake of the application process, to choose solvent combinations that have the correct evaporation properties. This is the only way to strike a balance between the levelling and the non-sag properties of fresh paint on vertical surfaces.


Traditionally, solvents have served merely as viscosity regulators, but they can also react chemically with the paint resins during film formation, i.e. they can do more than function as thinner. Such reactive thinners remain in the solidifying film and thus contribute to a reduction in organic emissions. Paints which can be cured by means of UV radiation or electron beams also deserve to be mentioned in this context, as do unsaturated polyesters cured by organic peroxides.


The pigments used in coating materials provide chroma and hiding power. Extenders influence technical properties, such as sandability and hardness, but also increase the nonvolatile content of the coating material. In many cases, by absorbing UV radiation, pigments and extenders prevent premature degradation both of the substrate to be protected by painting and of the polymeric protective coating itself. A further important task for certain special pigments and extenders is to optimise protection against corrosion.


The various types of pigment are divided into organic and inorganic absorption pigments, metallic and interference pigments, and anticorrosive pigments. The first two groups consist of extremely finely dispersed, generally crystalline solids. The most important among the inorganic pigments are titanium and iron oxides and the mixed-phase pigments. Organic pigments vary hugely in their composition. Modern, synthetically manufactured organic pigments also offer excellent lightfastness and long-term outdoor exposure properties. Their particular advantage lies in their brilliance and high tinting strength. At elevated temperatures, however, and with certain exceptions, they are inferior to the inorganic pigments in terms of heat stability.


Special optical effects are achieved by means of pearlescent, interference or metallic pigments. Coatings whose colour or brightness varies with the viewing angle are of particular interest in the automotive sector because of their attractiveness.


The final coating material components to be mentioned are the additives and plasticisers. With the exception of the plasticisers, these substances are added to the resin/solvent or pigment mixture in sometimes minute quantities. Despite this low concentration, they have a significant impact on the properties of coating materials and coatings. Additives facilitate dispersion of the pigments during production. In the ready-to-use paint they suppress the tendency for the pigments to settle, enhance flowability when the paint is applied, improve levelling during film formation and improve technical properties by influencing the surface smoothness or roughness. They prevent the pigments from floating to the surface, accelerate curing, while also exerting an influence on the gloss, increasing resistance to harmful UV radiation and reducing premature degradation by bacteria or mildew which attack paint.


Whereas in the past raw materials were mostly chosen on the basis of their chemical and physico-chemical properties, recent insights have shifted the focus increasingly onto particle morphology, dimensions and the associated interaction with other surfaces. Particles or surface structures with dimensions on the nanometre scale exhibit interesting structure-related properties. The behaviour of such nanoparticles can differ quite substantially from that of individual molecules as well as that of particles of larger dimensions. This brings an additional variable into play for many technical areas, including the composition and formulation of coating materials.


The size, shape and surface structure of a wide range of established and new raw materials are therefore being adjusted for the purpose of trimming the size-dependent properties to the optimum extent for the intended application. For instance, it is possible to modify the dimensions of TiO2 and SiO2 particles such that they lose the ability to scatter light yet retain their UV stability and immobility in the coating. As a result, the use of micronized, i.e. nanoscale, TiO2 to formulate clearcoats makes it possible to achieve stable UV absorption without adversely affecting permeability to visible light.


Numerous other applications of nanoparticles and nanostructured surfaces have opened up new problem-solving approaches in paint research (see Chapter 2.1.5).


2.1.1 Film Forming Agents


Whereas it is possible for a coating material to dispense with the raw materials such as solvents, additives or pigments mentioned in the first section, a film forming agent or a combination of such agents is absolutely essential if the specified tasks as a paint are to be met. The film forming agent must meet numerous criteria. These essentially concern adhesion to the substrate and the film’s mechanical strength (cohesion) in conjunction with retention of elasticity. Such a range of requirements makes it necessary to use macromolecular polymeric materials. Their molecular structure enables them to meet many requirements through mechanical entanglement of the molecular chains. It is just as feasible to achieve these properties with synthetically manufactured oligomeric or polymeric materials as with appropriate natural polymers, although the last of these must be chemically modified if they are to find practical application. However, optimum coating properties can only be obtained if the film forming agent can wet the substrate as a resin solution, as a dispersion or as a molten powder coating and can be transformed into a visually attractive, smooth film by means of subsequent levelling.


The mechanical strength can therefore be developed through the release of solvents (physical drying) or through molecular enlargement with simultaneous crosslinking of the molecules of the film forming agent (chemical hardening) .
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Figure 2.1.2: Various forms of film forming molecules





All film forming agents which solidify by physical drying, i.e. purely by releasing solvents, therefore remain sensitive to solvents and can be liquefied again by heat treatment. These film forming agents are thermoplastic. Consequently, coatings made with them are also thermoplastic.


Chemically reactive film forming agents, on the other hand, perform differently. These are chemically crosslinked with reactive groups of the resin molecules during film formation and are thereby transformed into an insoluble thermosetting film which cannot be reliquefied.


Unlike purely physical drying, this supplementary chemical hardening also permits the use of low molecular film forming agents. This means that the amount of solvents which are needed for processing can be substantially reduced in the chemically reactive systems. Chemically reactive systems therefore help to lower solvent emissions, unlike thermoplastic materials.


The varied shapes and sizes of the film forming agent molecules (see Figure 2.1.2), and of those functional groups at the points of linkage within the polymer chains and of those at the end of the molecular chains, determine the film forming agents’ properties and thus the application for which they can be used.


Linearly structured molecules behave differently from branched ones in many respects. The large number of chain ends in dendrimers (tree-like polymers) affords much higher functionality despite the low molecular weight compared with the former, thereby providing the necessary conditions for high crosslinking density.


The size or size distribution of these resin molecules has a particular impact on the processing properties, though also, of course, on the quality of the end product. This applies as much to the processing state as to the structure of the molecular bond in the finished coating. In thermoplastic materials, i.e. where nonreactive film forming agents are used, the molecule size remains unchanged even after processing. Chemically reactive coating materials, on the other hand, undergo considerable changes in molecule size as a result of chemical crosslinking. When paint resins and their usability are being categorised, therefore, the molecular weight and molecular weight distribution serve as important indicators of the molecule size.


Polymer chemists have developed a number of methods for determining these indicators. Resin solution viscosity (viscometry), diffusability and the osmotic pressure (osmometry) which occurs when semi-permeable membranes are employed act as indicators of molecular weight. More up to date and informative are methods involving chromatographic separation of the individual film forming agent molecules which can vary considerably in size. With the appropriate equipment, different dwell times in the cavities of polystyrene gels can be used to determine average molecular weights and the molecular weight distribution concurrently (see Chapter 2.3.2). The molecular weight distribution is particularly important because the use properties cannot be specified by means of the average molecular weight alone.


Reactive end groups and the type of chemical link between the basic structural elements also help to shape properties. Information on the crosslinking capabilities of the resins and their polarity can be obtained by experimentally determining the number of free carboxyl, hydroxyl or isocyanate groups in the form of the acid, hydroxyl or isocyanate values. Similarly, the iodine absorption value provides information on the presence of carbon double bonds which in turn can be used to describe the oxidative curing of alkyd resins (see Chapter 2.3.2).
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Figure 2.1.3: Classification of important film forming agents





To understand the nature of the film forming agents’ basic structural elements, wet chemical degradation reactions must first be conducted. Only then can the functional groups created be identified. This can be done either by determining the aforementioned resin indicators or by identifying and quantifying functional groups or characteristic molecular moieties with the aid of analytical instruments. These are divided into spectroscopic, thermal and chromatographic techniques (see Chapter 2.3.2).


Film forming agents, which have proved their value over thousands of years for protecting and decorating objects, are extremely varied and belong to a huge range of classes of chemical substances. A number of different approaches can be used to classify them systematically. One is to classify them by the chemical principle of the molecular structure; another consists in dividing them into film forming agents which either remain thermoplastic during film formation or are transformed into thermosets. A further meaningful classification method is to distinguish between natural materials, modified natural materials and materials which are obtained synthetically. As division into natural and synthetic products also reflects the history of paint, this chapter will also be structured in this way.


Accordingly, natural oils which have been important for thousands of years should be mentioned first. They were combined at an early stage with hard resins such as shellac to increase the initial hardness because solidification was a slow, purely chemical process. Other important representatives of such hard resins are colophony, copal, dammar and amber. They belong to the large group of natural isoprene derivatives. Latex milk which is produced from certain plants is also an isoprene derivative in the form of 1,4-cis-polyisoprene. It was used centuries ago as natural rubber to make water-repellent coatings. Later modifications to produce cyclorubber and chlorinated rubber gave access to those film forming agents which are still in use today for heavy-duty anticorrosive protection and the protection of damp rooms because of their hydrophobic properties.
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Figure 2.1.4: Global resins market for coating materials in 2010


Source: authors’ own estimate





Carbohydrates such as cellulose and starch which are produced in nature to excess by photosynthesis proved to be useful raw materials for paints in the form of organic or inorganic esters and ethers more than 100 years ago. Even in the 21st century, cellulose nitrate and cellulose acetobutyrate are still technically important base resins for the woodworking and furniture sectors on one hand and the automotive sector on the other.


Overall, with the invention or synthesis of artificial resins, natural materials have lost their pre-eminence because of their restricted availability and the limited adaptability of material and processing methods.
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Figure 2.1.5: Film forming agents’ share of the overall market in 2010


Source: authors’ own estimate





The economic breakthrough for synthetic resins came with the invention of phenolic resins and combinations of amino resins of enhanced yellowing resistance with alkyd resins and saturated polyesters. The first synthetic resins also included the unsaturated polyesters which, when combined with chemically reactive solvents, enabled paints to be developed that offered a combination of high film thickness and low emissions because of the chemical bond that formed between the film forming agent and the solvent. A degree of long-term outdoor weatherability and chemical resistance which had not been possible previously was made possible by the invention of polyurethane and epoxy resins. Thanks to the resistance conferred by silicone resins to heat and longterm outdoor exposure, coating materials can be designed that feature correspondingly excellent properties.


Polymer resins such as polyacrylics, polyvinyl chloride, polyvinyl esters and ethers, polystyrene and copolymers are now used in all kinds of paint systems, e.g. as aqueous dispersions, radiation curable systems and powder coatings (see below).


Film forming agents are by far the largest component in a coatings formulation, in terms of quantity. In 2010 they had a global market volume of around 8.9 million tonnes. In first place came emulsion polymers, including acrylic resins, followed by alkyd resins and then epoxies. Polyesters, the mostly water-borne polyurethane dispersions and the crosslinkers for the various resin types have roughly the same market share.


The film forming agent, in being responsible for coating functionality, stability and application properties, performs roughly 70 % of the tasks of the various paint components found in all coating materials.


2.1.1.1 Natural Materials


By far the most important natural materials used as film forming agents are the natural oils which are also known as fatty oils. Being tri-esters of glycerine with polyunsaturated fatty acids, they became extremely important as film forming agents for surface protection a considerable time ago because of their ability to transform from a low viscosity liquid into a solid by interaction with atmospheric oxygen. This capability distinguishes them from fats based on saturated fatty acid esters. Fatty oils are pure natural materials and are available in sufficient quantity as inexpensive raw materials for paints.


Even though natural oils have increasingly diminished in importance with the development of synthetic film forming agents, their fatty acid components are still used by raw materials suppliers for modern alkyd resins.


Numerous types of fatty oils are produced naturally by various plants and certain marine animals. If they are to be used successfully in technical applications, they need to be isolated from seeds and fruits by cold- or warm-pressing and to be freed of impurities. These are mainly carbohydrates, proteins, and lecithin, which is of interest as a paint additive. Due to its surfactant character, lecithin is used to improve the dispersibility of coloured pigments in stoving enamels. It has an inhibiting effect on the oxidative crosslinking of fatty oils and so must be quantitatively removed from them.
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Figure 2.1.6: Fatty oils as triglycerides of unsaturated fatty acids





The huge diversity of oils which can be used in paint production, without exception esters of glycerine, stems from the wide availability of fatty acids, the acidic esterification component. Nature produces these in varying chain lengths and, at the same time, a fluctuating number of double bonds and different cis/trans forms.
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Figure 2.1.7: Important natural fatty acids as the constituents of fatty oils





The fatty acids shown in Figure 2.1.7, i.e. stearic and palmitic acid, cannot be cured by oxygen. Their analogue with a double bond in the cis position is oleic acid. Its ability to be crosslinked by oxidation is poor, and so it cannot be used by itself in practice as a paint raw material. The C18 fatty acids containing two or three double bonds are much more effective in terms of paint curing by means of atmospheric oxygen. In the former group, the most important role is taken by the 9,12- and 9,11-octadecanoic acids. Unlike the 9,12- variant, linoleic acid, 9,11-octadecanoic acid does not occur naturally. It is obtained by artificial transformation (isomerisation) of natural linoleic acid or by dehydration from castor oil or ricinoleic acid. Both double bonds occur proportionately in conjugated form and consequently confer increased reactivity on the film forming agents into which they are chemically incorporated.


Fatty acids containing three isolated double bonds are even more reactive than those with two double bonds. Linoleic acid, which has three isolated double bonds and is the main component of linseed oil, gives the oil an extremely pronounced oxidative curing capability which has been used since time immemorial. Elaeostearic acid, which is contained in tung oil and also has three double bonds, albeit in a conjugated configuration, is among the most reactive of all fatty acids. Unfortunately, the highly unsaturated oils are less resistant to yellowing and therefore unsuitable for white coatings.


Among the large group of oils which are of importance in paint and coating technology, special mention should be made of linseed oil, soy oil, tung oil, oiticica oil, groundnut oil, sunflower oil, cottonseed oil, castor oil and fish oil.


It is also worth noting that tall oil, an important raw material for synthetic paint resins, is not actually an oil. It is not, as would be anticipated from its name, a triester of glycerine, but rather is a mixture of various fatty acids formed during cellulose production by the alkaline saponification of oil-containing byproducts.


A proven indicator for the oxidative hardening of oils is the iodine value. This indicates the quantity of iodine which is added to the double bonds for every 100 g substance. An iodine value > 150 is a pointer to rapidly hardening oils, a figure of 150 to 100 to “semidrying”, i.e. less reactive oils, and < 100 to non-drying oils. Although the last of these react with atmospheric oxygen, they solidify only incompletely such that mechanical hardness cannot be achieved even after an extended reaction period.
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Figure 2.1.8: Selection of important natural oils and the composition of their fatty acids







[image: ]


Figure 2.1.9: First steps in the oxidative hardening of oils by forming hydroperoxides and peroxides





Oxidative Drying of Oils


The solidification caused by the action of atmospheric oxygen has been described by numerous authors [2.4.2, 2.4.3]. It is now known that there is no single mechanism by means of which all oils react in the same way [2.4.4]. Various reaction mechanisms have been identified that vary with the type of fatty acid and the number and configuration of the double bonds, as well as the temperature. Whereas it has been shown that the formation of cyclic peroxides is the first stage when conjugated double bonds are present, hydroperoxides are formed initially in the case of isolated double bonds. The atmospheric oxygen acts either directly on the double bonds or on the activated methylene group between the double bonds as a function of temperature. Whereas at low temperatures the action primarily occurs the activated methylene group, at higher temperatures the oxygen adds to a double bond and forms new conjugated double bonds at the same time.
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Figure 2.1.10: Mechanism of oxidative curing of unsaturated fatty acids





When the peroxides and hydroperoxides decompose into radicals, the molecule-enlarging crosslinking process begins which then initiates radical polymerisation. At the same time, additional chain-transfer and recombination reactions start because of the high radical density. This extremely complex process is also subject to numerous secondary reactions.


The chemical crosslinking process can be accelerated substantially by the use of specific catalysts, known as siccatives. Metallic soaps, whose cations accelerate peroxide decomposition by reversible valence change, are suitable as siccatives.


The hydrogen and hydroxyl ions formed by hydroperoxide or peroxide decomposition combine to form water. They shift the equilibrium towards the radicals and are therefore the driving force behind the catalytic action.


The natural “drying” oils, with a molecular weight of approx. 880, are relatively low molecular substances. In chemical terms, therefore, it is a long journey until the crosslinking caused by oxidative hardening produces a hard and, at the same time, resistant coating.


The natural oils’ low molecular weight leads to a low viscosity and consequently a high tendency to run on vertical surfaces. To remedy these shortcomings, various methods of preliminary, targeted molecular enlargement of the oils have been used for years to increase the viscosity. One such method involves heating the oils in the absence of oxygen at temperatures of between 260 °C and 300 °C over a period of a few hours. This leads to thermally induced polymerisation reactions of the double bonds to form so-called stand oils of higher viscosity. The goal of molecular enlargement can be achieved in the same time-frame at temperatures of between 100 °C and 150 °C by heating in the presence of oxygen. By contrast with the stand oils mentioned above, the increase in the molecular weight in the case of the so-called blown oils is achieved by molecular enlargement via oxygen bridges.
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Figure 2.1.11: Acceleration of peroxide decomposition by siccatives
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Figure 2.1.12: Modification of oils by reaction with styrene





The reaction of oils with styrene or cyclopentadiene also leads to an increase in viscosity and thus to the faster formation of mechanically solid films.


One way of making natural oils more reactive is to increase the number of double bonds and simultaneously raise the content of conjugated double bonds. The number of double bonds can be increased by epoxidation of the double bonds in the fatty acids, followed by ring opening and dehydration.


Fatty oils, particularly linseed oil, can be also converted into candidate raw materials for coatings by reaction with maleic anhydride. Addition of the maleic anhydride to the fatty acids’ double bonds, followed by treatment with butanol to split open the ring and then neutralisation with amines yields anionic paint raw materials that are soluble in water. Such modification products have been highly successful for many years as film forming agents for anodic electrocoating (see Chapter 4.2.1).


Another way to improve the processing properties of oxidatively curing oils is to blend them with natural hardened resins. However, the resulting increased viscosity has to be lowered again by the addition of appropriate solvents. The hardened resins accelerate physical drying, while the oils ensure subsequent chemical crosslinking.
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Figure 2.1.13: Increasing the number of conjugated double bonds of oils by epoxidation
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Figure 2.1.14: Water-soluble resins obtained by reaction of oils with maleic anhydride





Natural Resins


Other important natural materials for paint formulations are the cyclic diterpenes and triterpenes. These include copals, amber, dammar and colophony. Since colophony still plays a very important technical role in printing inks, it is discussed here as a representative example of the whole range of natural resins. It should not be forgotten that amber, which is now known solely as a material for ornamental objects, used to serve as a raw material for particularly wear-resistant coatings. Whereas dammar and the copals have also become less important in coating technology, shellac, a natural polyester obtained from cycloaliphatic, hydroxy-functional polycarboxylic acids still serves as a raw material for the surface treatment of furniture.


Colophony


As just mentioned, colophony is by far the most important and is consumed in by far the most notable quantities of all the natural resins. Colophony is a constituent of conifers and is extracted from them as balsam by tapping. This involves cutting notches in the trees which exude the balsam as a sealing compound. The raw material extracted in this way is a mixture of mono- and diterpenes, along with numerous impurities.


The balsam is separated into volatile turpentine oil, a blend of various monoterpenes including limonene and camphene, and the residue, colophony. This was previously done with steam distillation, but fractional distillation is now the preferred method. Its main constituent is abietic acid (see Figure 2.1.15). Other sources of natural resins, corresponding to colophony in terms of composition, are tree stumps from cleared forests and the waste water from cellulose production.


Despite colophony’s good compatibility with fatty oils, its softening point, which is too low at 65 °C and its high content of acid groups are performance shortcomings, though these can be eradicated by chemical modification.


The softening point can be raised and the degree of acidity lowered at the same time either by neutralisation or by esterification with polyfunctional alcohols. Calcium oxide and zinc oxide have proved successful for the salt formation, and glycerine and pentaerythritol for the molecular enlargement by esterification.


Esterification of abietic acid can be carried out stoichiometrically on one hand to produce non-polar combination resins for oils (see Figure 2.1.16) or can be carried out with excess alcohol on the other to produce polar modifying agents for cellulose nitrate.
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Figure 2.1.15: Abietic acid as the main constituent of colophony





While the salts of colophony have practically no technical significance any more, the products modified with maleic acid are still important in the printing ink sector (see Figure 2.1.17). After thermal rearrangement of abietic acid to laevopimaric acid, the latter reacts with maleic anhydride in the form of a 1,4-Diels-Alder addition to form the intermediate stage of a tricarboxylic acid. This then reacts with polyols to yield maleic resins.


These maleic resins are light-coloured, hard, high-melting, oxidation-resistant and readily soluble and may be combined advantageously with many other film forming agents. They still play a significant role, particularly as additives for physically drying and oxidatively curing coating materials.
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Figure 2.1.16: Modification of colophony by salt formation or esterification
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Figure 2.1.17: Production of maleic resins from colophony, maleic anhydride and polyols
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Figure 2.1.18: Rubber and gutta-percha as isomeric forms of 1,4-polyisoprene





Natural Rubber


Nature is not just capable of synthesising cyclic terpenes or terpenoids. In certain plants it can also join activated isoprene in a 1,4-polymerisation stereospecifically to form macromolecules. 1,4-trans-Polyisoprene has achieved less technical importance as gutta-percha or balata than the isomeric 1,4-cispolyisoprene, known as natural rubber, i.e. caoutchouc. The latter is extracted as latex from notches cut in Hevea Brasiliensis which is grown in plantations specifically created to harvest this raw material. After treatment of the aqueous dispersion, the crude rubber is then isolated.


Although 1,4-cis-polyisoprene is now manufactured synthetically, there is still a high proportion of natural rubber on the market. While unmodified, natural rubber plays a major role as the raw material for rubber, natural rubber needs to be chemically modified before it can serve as a film forming agent, because of its insolubility in all commercial paint solvents and its lack of resistance to atmospheric oxygen.


The very high molecular weight and the double bonds, which become capable of crosslinking due to atmospheric oxygen, can be effectively reduced by selected heat treatment in the presence of catalysts. New valency bonds are then formed by the initiation of hydrogen ions when the double bonds are split. As a result of the new bonds, 6-membered intramolecular rings are formed from the originally aliphatic molecular chain. This cyclisation eliminates more than 80 % of the previously existing double bonds. If the reaction is controlled properly, the molecular weight of the resulting cyclorubber is also substantially reduced. The molecular weight of cyclorubber intended for use in coating technology is only 3,000 to 10,000 g/mol. This guarantees adequate solubility in aliphatic, cycloaliphatic, aromatic and terpene hydrocarbons. Cyclorubber is a hard resin which has a melting point in the range between 130 °C and 140 °C, and exhibits good compatibility with drying oils, alkyd resins and bituminous film forming agents. It has excellent chemical resistance due to the absence of saponifiable groups and also good compatibility with alkaline pigments due to the lack of acid groups. Its relatively good heat resistance enables the manufacture of coatings which will be subjected to thermal stress. Cyclorubber is preferred for applications in heavy-duty anticorrosive protection, for underwater coatings and for coating vessels used in dairies, breweries and other branches of the food industry. The low solid content of the coating formulations and the low resistance to light and long-term outdoor exposure have prevented it from being used more widely.
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Figure 2.1.19: Cyclisation of rubber
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Figure 2.1.20: Chlorination of rubber





Another option for using caoutchouc for coating applications is to chlorinate it under the influence of UV light. A synchronous reaction occurs in which the chlorine is first attached to the double bonds and then is removed as HCl, leaving behind new double bonds. Then chlorine then becomes attached again to these new double bonds, and HCl is again removed and so on until complete chlorination of all the C atoms has been achieved in this way. The chlorination reaction is halted at a chlorine content of 66 % and a density of 1.6 g/cm3.


Unlike cyclorubber, chlorinated rubber is soluble in polar solvents because of its higher polarity. Leaving its lower heat resistance aside, chlorinated rubber has a similar performance profile to cyclorubber.


Carbohydrates


Carbohydrates are also natural materials which have significantly influenced industrial coating technology in the form of numerous modifications. Cellulose nitrate and cellulose acetobutyrate still serve today as film forming agents for wood and automotive paints. Because of their high availability in nature, the unmodified hydrocarbons are also presented below to increase understanding of them.


Carbohydrates are termed mono-, di- or polysaccharides in accordance with the number of basic structural elements which are chemically linked to each other. The mono-saccharides or sugars as the basic structural elements of this class of materials have the empirical chemical formula CnH2nOn or, using the older notation, [C(H2O)]n. This also explains the name carbohydrates.
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Figure 2.1.21: Important carbohydrates for use in coatings
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Figure 2.1.22: The two enantiomeric (D-, L-) forms of glycerine aldehyde as the base substances of all carbohydrates





The monosaccharides synthesised by nature, principally with 5 or 6 C atoms in the aliphatic parent chain, are derived from glycerine aldehyde, the smallest base material meeting the definition of carbohydrates.


Glycerine aldehyde contains one aldehyde and two hydroxyl groups in the presence of an asymmetric carbon atom which gives the molecules stereoisomerism in the form of enantiomeric constituents, i.e. an isomer with its mirror-image isomer.


Apart having a longer parent chain, the longer-chained pentoses which contain 5 C atoms, and the hexoses, which contain 6, also differ from glycerine aldehyde in the number of asymmetric C atoms. The existence of enantiomers and diastereoisomers means that there are many individual forms, the number of which is determined by the number of asymmetric atoms. If there are n asymmetric C atoms, there will be 2n different variants in the form of enantiomers and diastereoisomers. In the case of the hexoses, there are thus 24, i.e. sixteen, variants comprising eight D- and eight L-forms. As far as coating technology is concerned, however, only the mannoses, the galactoses and the glucoses are important.


The degree of variety among the monosaccharides is increased still further by the position of the carbonyl group, but also by the ability to form intramolecular hemiacetals that can vary in ring size at the same time. Since the cyclising formation of hemiacetal gives rise to a further asymmetric C atom, the individual hexoses differ not only in their D- and L-forms, but also in their a- and β-forms, depending on the steric configuration of the hydroxyl group of the hemiacetal. All monosaccharides are soluble in water, colourless, odourless and sweet-tasting because of their large number of hydroxyl groups.
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Figure 2.1.23: Glucose, mannose and galactose as raw materials for resins





In the context of their importance in coating technology, it is worth noting that the terminal aldehyde and OH groups can easily be oxidised, separately or together, to hydroxy-functional carboxylic acids. Reduction of the carbonyl group is also easily possible. When glucose is reduced, for example, the result is sorbitol, a hexavalent alcohol which became important, among other things, as a polyol for the production of long-oiled alkyd resins.


Of the disaccharides, cane sugar, i.e. sucrose, is the most important substance of relevance to coating technology. The total of eight hydroxyl groups, 3 primary and 5 secondary, can be converted into resin-like esters with the aid of organic acids such as acetic acid, benzoic acid or mixtures of acetic and butyric acids. These are compatible with a large number of film forming agents and exhibit good solubility. As additives they increase hardness and increase the dependence of viscosity on temperature.


Monosaccharides, the basic structural elements of carbohydrates, are capable of selfcondensation to form long-chain polysaccharides.


Starch and cellulose are produced naturally in huge quantities as highly polymerised forms of glucose and are therefore available for use as paint raw materials in sufficient volume. Despite their similar chemical structure, their range of properties is extremely different. Both starch and cellulose consist of D-glucose units linked via the glycosidic hydroxyl group with the fourth C atom of the next structural element. The mere difference in the steric configuration of the glycosidic hydroxyl group is responsible for the major differences in their solubility and resistance to saponifying agents. While starch serves as an energy-storage medium for plants and must, therefore, exhibit a certain solubility in water, cellulose as a skeletal material is absolutely insoluble in all usual solvents, especially in water.
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Figure 2.1.24: Sucrose esters as raw materials for coatings
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Figure 2.1.25: Chemical structure of starch and cellulose





These different requirements are met by the different ways in which intermolecular hydrogen bridging bonds can be formed during α- und β-linking of the structural elements.


The two products are only of any significance to coating technology in chemically modified form. Dextrins, i.e. partially hydrolysed starch, and also etherified and esterified starch have acquired importance as physiologically harmless adhesives and film forming agents for paper coatings. Aldehyde starch occupies a special position because of its water resistance. It is obtained from starch by oxidation with per-iodic acid. The glucose structural elements are transformed into aldehyde groups without any significant reduction in molecular weight by splitting their parent chains between C2 and C3, with subsequent oxidation.


The derivatives of cellulose are of much greater technical importance. As with starch, the ethers and esters merit particular attention. In this regard the three hydroxyl groups per glucose unit can be made to react partially or completely.
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Figure 2.1.26: Synthesis of aldehyde starch by degradation of starch by per-iodic acid





Of the ethers, benzyl cellulose and ethyl cellulose are worth mentioning. Benzyl cellulose served in the past as a film forming agent for heavy duty anticorrosive protection products because of its non-saponifiable ether groups and its low water vapour permeability. Cyclorubber or chlorinated rubber coatings have succeeded in ousting benzyl cellulose in terms of quantity because of their lower cost.


Ethyl cellulose suffered a similar fate. The commercial product, which has an ethoxyl content of 45 to 50 % and is readily soluble in alcohols and aromatic hydrocarbons, was unable to match modern synthetic resins because of its brittleness on exposure to UV light. Ethyl cellulose is still used to a limited extent for paper films and printing inks for food packaging.


The water-soluble variants of methyl or hydroxyethyl cellulose, however, continue to be successfully used as thickening agents for dispersions, as film forming agents for distemper and as wallpaper paste.


Cellulose can also be modified with organic and inorganic acids at different esterification levels. The most important examples are cellulose nitrate, commonly known as nitrocellulose, collodion cotton or soluble guncotton, and the esters of acetic, propionic and butyric acids, though the latter are only used as mixed esters of acetic and butyric acids because of the decreasing hardness with increasing chain length of the esterification component.


Cellulose nitrate is produced from cellulose through the action of a mixture of nitric and sulphuric acids (nitrating acid). Different esterification levels and a varying reduction in the original molecular weight are produced, depending on the reaction conditions. The target esterification level is achieved at a nitrogen content of between 10.6 and 12.2 % in the end product. Products with a lower nitrogen content lack the necessary solubility. The lower end of the nitrogen content range, from 10.6 % to 11.2 %, is made up of the alcohol-soluble products, known as alcohol-soluble cellulose nitrate, while the higher end, i.e. 11.8 and 12.3 % nitrogen, comprises the ester-soluble products, known as ester-soluble cellulose nitrate. In the case of products with a higher nitrogen content, the blendability of the solutions with aromatic hydrocarbons causes problems. Furthermore, the reaction product has a pronounced thermal instability. All cellulose nitrate types used for the production of coating materials require special precautionary measures during handling, because they are easy to ignite and highly flammable. Thus, they are never supplied as dry goods, but instead are usually delivered wetted in butanol in a ratio of 2:1. They can also be reliably transported in the form of chips processed with plasticisers or concentrated solutions in suitable solvents.
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Figure 2.1.27: Synthesis path of cellulose nitrate





The properties which make cellulose nitrate stand out as an exclusively physically drying film forming agent are its extremely rapid drying and its ability to completely liberate its solvent. With the advent of coating materials based on cellulose nitrate, for the first time paints were available which were dry and could be sanded and polished within a few minutes of application, and could therefore keep pace with the short cycle times of modern industrial production.


Cellulose nitrate is combined with many other film forming agents to regulate the desired application properties. In addition to shellac and modified colophony, amino, amido and ketone resins can be used (see elsewhere in this chapter). Alkaline pigments may not be combined with cellulose nitrate due to the latter’s sensitivity towards saponifying agents.


The most important differences between the cellulose esters of organic acids compared with cellulose nitrate are their improved lightfastness and reduced flammability. The favourable performance profile of cellulose esters made with organic acids is rounded out by improved resistance to extremes of temperature, good electrical insulation ability and resistance to water, oil, grease and sweat. Particular disadvantages of acetic acid esters are their limited solubility in organic solvents and restricted compatibility with other resins. This disadvantage is not so marked in mixed esters of propionic and butyric acids.


The cellulose acetate types used for paint manufacture have acetyl contents of between 38 and 40 %. Cellulose propionate contains 2.5 to 3.5 % acetyl and 45 % propionyl groups. In the case of cellulose acetobutyrate, the acetyl content is between 2 and 30 %, and the butyryl content between 15 and 53 %. In all products, the residual hydroxyl group content is between 1.6 and 5 %.


The esters of cellulose produced with organic acids can be used, like cellulose nitrate, to manufacture physically drying coating materials for a wide range of applications. The advantages are to be found in greatly improved resistance to light, water and heat, as already mentioned. The last of these enables cellulose esters from organic acids to be used as a rapidly drying component in stoving enamels. During film formation by metallic paints, for example, the position of bronzes in the film can be stabilised effectively.
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Figure 2.1.28: Cellulose esters of organic acids





For environmental reasons, however, and despite the aforementioned advantages in terms of application technology, no great future can be forecast for solvent-containing cellulose derivatives in view of their solvent levels of up to 80 %.


Proteins


Apart from natural resins, oils and hydrocarbons, nature also provides proteins by way of macromolecular substances. Based as they are on amino acids, these are essentially polyamides. They can occur either in isolation or in association with other polymeric substances, e.g. polysaccharides. Products which merit attention for practical operations include collagens, casein, which is extracted from milk, and zein, which is obtained from corn (maize). Collagens, which are connective tissue proteins, are transformed into bone glue via the intermediate stage of gelatin by boiling them in aqueous alkaline solution. This product, known as animal glue, is compatible with fatty oils and is used for artists’ paints, particularly water-colours.


Casein, a calcium-containing phosphoprotein, is insoluble in neutral water and can be converted into highly viscous fillers, casein fillers, in reactions with calcium oxide. Zein has a similar performance profile, though with a different solubility. Unlike casein, it is readily soluble in alcohol.


2.1.1.2 Synthetic Resins


The path from natural materials and chemically modified natural materials to the synthetic resins which are widely available today started in the early years of the 20th century. The most important reasons for the success of synthetic resins are on one hand the scope for tailoring products to a huge range of application fields with much higher reproducibility and on the other their unlimited availability.


In Germany the starting point in the systematic search for new resins, apart from the improved technical possibilities, was the political situation at the turn of the last century but one. Hard resins such as copals, colophony, dammar and particularly shellac, all of which were foreign-sourced raw materials, were products which it was imperative to replace in the medium term by synthetic alternatives because their availability could not be guaranteed.


The invention of glyptals as hard resins and the more fortuitous discovery of phenolic resins during the search for means of synthesising shellac are just a couple of examples of noteworthy inventions from the pioneering phase of synthetic resin chemistry [2.4.4].


Whereas at the start of the new era, a great deal had to be left to chance due to a lack of knowledge surrounding the production of large molecules and to the absence of a sound knowledge of the structure/property correlations of resins, the situation changed, at the latest, when scientists were in the position to comment more precisely on the construction and structure of macromolecules. Systematic developments for producing specific product properties in tailor-made resins only became possible when scientists learned how to produce linear, branched and even crosslinked macromolecules specifically by chemically bonding polyfunctional structural elements and when it became known that these could become entangled with each other because of the free mobility of their chains, a fact which guarantees elasticity and mechanical strength. It was the scientists Staudinger, Carothers and Kuhn who laid the foundations of modern polymer chemistry [2.4.5] through their detailed knowledge of the construction of macromolecules.


Thanks to a very wide range of analytical techniques, we now have a detailed picture of the structure and properties of macromolecular materials. The desire at that time to develop or synthesise paint resins to meet the varied range of practical requirements has now become conventional technology.


Synthetic production of oligomeric and macromolecular materials is possible via chemical conversions of monomers, provided that these are at least bifunctional. Classifying reactions as step and chain reactions to reflect the type of molecular growth has proved useful. The first group includes polycondensation, which is accompanied by the formation of low molecular cleavage products, and polyaddition, which produces no cleavage products. The second group includes polymerisation, with the sub-groups of radical and ionic growth of the molecules during their production.


The synthesis of polyesters from dicarboxylic acids and diols by elimination of water is an example of a typical polycondensation reaction, while the formation of polyurethanes from polyfunctional isocyanates and OH-functional reactants without the cleavage of molecular elements of low molecular weight is an example of polyaddition.
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Figure 2.1.29: Basic reactions for synthesising film forming agents





Polymerisation as a chain reaction operates in accordance with a quite different mechanism. With the aid of suitable starting radicals or ions, monomers – which in the vast majority of cases are basic structural elements containing C=C bonds – become activated and thereby enabled to attach further monomers to the growing chain. In radical polymerisation, molecular enlargement does not stop until one activated chain combines with another activated chain.


The different reaction mechanisms behind polycondensation and polyaddition reactions are used to produce simple reactive resins of low to medium molecular weight. Both types of reaction are important in synthesising film forming agents for low-solvent industrial coatings. Polymers, with the exception of the reactive acrylic resins, are generally high molecular, non-reactive thermoplastic materials with a relatively high content of organic solvent or are dispersed in water in the form of emulsion polymers.


For further details on the principles of macromolecular chemistry, please refer to [2.4.6, 2.4.7].


Polycondensation Resins


In the 1920s, the esterification of glycerine with phthalic anhydride was achieved for the first time, and led to the first fairly useful substitutes for natural hardened resins. However, these glyptal resins, as they were known from the abbreviation for glycerine and phthalic acid, tended to gel prematurely or caused incompatibilities with chemically curing oils, to an extent depending on the ratio in which the raw materials were mixed. Only later was it discovered that, because of their bi- and tri-functional structural elements, reaction mixtures of phthalic acid or phthalic anhydride and glycerine – as a function of the mixing ratio – either crosslink during the synthesis process itself, and thus become unusable as film forming agents, or lose their compatibility with fatty oils due to the excessive polarity that results from the chain-breaking excess of glycerine.
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Figure 2.1.30: Glyptal resins as replacements for natural resins





This knowledge led Patton to formulate the so-called Pgel value as an easily calculated coefficient for reliably predicting the “cookability” of raw materials mixtures for polyester [2.4.8]:
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The Pgel value, the quotient of the sum of the moles weighed out and the sum of the acid equivalents (see Chapter 2.3.2) should be as near to 1 as possible. Useful resins can only be synthesised if this is so. If the Pgel value is too high, higher molecular resins cannot be made; if it is < 1, higher conversion rates as a function of the raw material composition lead to premature crosslinking and thus gelling. The Pgel value represents the maximum permissible conversion. It enables a critical acid value to be calculated, below which gelling of the reaction mixture will occur.


Without this new knowledge, Kienle successfully managed as early as 1927 to cut the Gordian knot represented by the tightrope walk between tendency to gel and compatibility with oils. Once people learned to bond oils to glyptals chemically, the lack of oil compatibility and the premature gelling of glyptals were consigned to history at a stroke.
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Figure 2.1.31: Synthesis of alkyd resins by fatty acid and transesterification methods





This marked the birth of alkyd resins, a class of substances which still heads the list of film forming agents for industrial coatings and decorative paints because of its balanced film properties and its price.


Two means of chemically linking the physically drying, hard polyesters with the chemically crosslinking oils were developed: the oils are either separated into their starting materials of glycerine, the polyol and fatty acids, i.e. monocarboxylic acids, by saponification, and then re-esterified jointly in the presence of phthalic anhydride and another polyol (fatty acid method), or the oils are converted by transesterification in the presence of polyols into a hydroxy-functional intermediate stage which then reacts with phthalic anhydride to form the alkyd resins.


The essential reasons for the success of this class of substances are the simplicity of the synthesis methods, the availability of the raw materials, namely oil as a natural material and phthalic anhydride as an inexpensive product from the petrochemical sector, and the scope for meeting many practical demands by varying the mixing ratios and using different types of oil.
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Figure 2.1.32: Alkyd resins: suitable for oxidative hardening (a), for hardening with reactive partners (b)





It should be mentioned, to complete the picture that, after the incorporation of hydroxyl groups, the process of crosslinking, which originally occurred via the double bonds of the fatty acids only, could also be carried out with corresponding complementary resins such as phenol and amino resins. The class of substances comprising the previously oxidatively curing alkyd resins therefore found it had an important new member in the guise of film forming agents for stoving enamels.


The term alkyd is a modification of the original name “alcid”, which is derived from the words alcohol and acid. Although the term alkyd resin makes no reference to the fatty acid component, alkyd resins are always understood to be oil-modified polyesters which are sub-divided into long-, medium- and short-oiled alkyd resins, in accordance with the proportion of fatty acids or oils. The percentage of fatty acid which is esterified in imaginary fashion with glycerine is termed the oil length, irrespective of the polyol actually used by the resin manufacturers. The oil ratio and oil length are therefore only identical if glycerine serves exclusively as the polyol.


Alkyd resins, as mixed esters of polyols, fatty acids and generally o-phthalic acid, are in turn given a merely imaginary division into a physically drying, hard phthalate part and an initially soft, but chemically reactive oil part in order that their characteristics may be described. In line with the above definition, long-oiled alkyd resins have an oil length of more than 60 %, medium-oiled 40 to 60 % and short-oiled less than 40 %.
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Figure 2.1.33: o-Phthalic anhydride





In addition to the basic structural elements already mentioned, i.e. fatty acids, glycerine and phthalic anhydride, numerous mono- and dicarboxylic acids and polyols have now become accepted as supplementary raw materials or as alternatives for modifying, i.e. adapting, properties.


The most popular of the dicarboxylic acids, measured in terms of quantities used, for the production of alkyd resins, is still o-phthalic acid or phthalic anhydride. It is manufactured by oxidising o-xylene and has a relatively low melting point of 131 °C.
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Figure 2.1.34: Isophthalic acid
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Figure 2.1.35: Terephthalic acid





Isophthalic acid does not form an internal anhydride and, because of the resulting higher polarity, does not melt below 348 °C. Preliminary esterification with polyols is therefore recommended. Because it has less of a tendency to form cyclic byproducts, isophthalic acid yields resins of higher viscosity and is therefore of particular interest for long-oiled alkyd resins. Isophthalic acid alkyds have greater heat resistance because of their inability to form internal anhydrides.
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Figure 2.1.36: Trimellitic anhydride (TMA)





Terephthalic acid does not form an internal anhydride either and is primarily used, because of its even higher melting point and sublimation point, as a dimethyl ester which is liquid at room temperature. Its incorporation into the alkyd resin proceeds via transesterification. Such alkyd resins are also thermally stable and are therefore important film forming agents for electrically insulating coatings.


Trimellitic anhydride is trifunctional. If only two carboxyl groups are esterified, and the remaining free acid group is neutralised with amines, water-soluble alkyd resins result.
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Figure 2.1.37: Tetrahydrophthalic acid





Tetrahydrophthalic acid plays merely a subordinate role for alkyd resins. It has more important uses in unsaturated polyesters. It is employed to mitigate the inhibiting effect of atmospheric oxygen on film formation (see Chapter 2.1.4 and 4.3.4).
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Figure 2.1.38: Hexahydrophthalic acid





Hexahydrophthalic acid confers increased elasticity on alkyd resins, along with a simultaneous improvement in UV transmittance.


Endomethylene tetrahydrophthalic acid, a 1,4-Diels-Alder adduct made from cyclopentadiene and maleic acid, mitigates the inhibiting effect of oxygen, just like tetrahy-drophthalic acid.




[image: ]


Figure 2.1.39: Endomethylene tetrahydrophthalic acid





Maleic anhydride is an essential raw material for unsaturated polyesters (see below). Maleic anhydride reduces the discolouration of alkyd resins during their manufacture, and so is added to the raw material mixture in small quantities (< 2 %).


A proven means of elasticising alkyd resins is to replace the aromatic or cycloaliphatic dicarboxylic acids proportionally with aliphatic dicarboxylic acids.
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Figure 2.1.40: Maleic anhydride
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Figure 2.1.41: Adipic acid





Adipic acid (C6) and the longer-chain azelaic acid (C9), which is accessed by oxidative cleavage of oleic acid, are among the most important aliphatic dicarboxylic acids.


Apart from glycerine, other polyols are important esterification components for alkyd resins and polyesters:


Diols such as ethanediol (ethylene glycol), 1,2-propanediol (propylene glycol), 1,3-propanediol, 1,4-butanediol und 2,2-dimethyl-1,3-propanediol (neopentyl glycol) mainly serve to construct the basic chain of polyesters and less that of short-oiled alkyd resins.


Glycerine is a triol. However, it is only used nowadays in short- and medium-oiled, oxidatively and thermally curing alkyd resins.


Trimethylolpropane (TMP) and trimethylolethane are interesting alternatives to glycerine because of their three equivalent hydroxyl groups. Compared with glycerine, TMP-based alkyd resins lead to improved compatibility with non-polar solvents such as benzine, for the same oil length.


Pentaerythritol, with its four hydroxyl groups, is an important structural element for long-oiled alkyd resins. Dipentaerythritol, a byproduct of the manufacture of pentaerythritol, enables the oil length to be extended even further.


The range of natural fatty acids has now been expanded by a large number of synthetic monocarboxylic acids. While monounsaturated or polyunsaturated C18 acids are of particular interest for the oxidatively curing alkyd resins, thermally curing alkyd resins are generally manufactured with the aid of saturated, short-chain natural or synthetic monocarboxylic acids. By contrast with natural fatty acids, synthetic monocarboxylic acids feature greater purity and thus lead to more consistent quality in the resins. The saturated monofunctional structural elements which are important for thermally curing alkyd resins are either unbranched short-chain C4 to C12 acids obtained from natural materials or synthetic fatty acids which are branched to a greater or lesser extent.
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Figure 2.1.42: Diols as components for esterification of alkyd resins and unsaturated polyester resins
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Figure 2.1.43: Triols as components for esterification of alkyd resins and saturated polyester resins
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Figure 2.1.44: Tetrols and higher polyols for alkyd resins and saturated polyester resins
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Figure 2.1.45: Isononanoic acid as an example of branched primary and synthetic fatty acids
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Figure 2.1.46: α-Ethylhexanoic acid as an example of branched, secondary synthetic fatty acids





Isononanoic acid is highly branched in the alkyl group, but has a primary carboxyl group, nonetheless. Like the natural fatty acids, therefore, it is readily esterified, though equally readily saponified.


α-Ethylhexanoic acid, with a branch in the α-position to the carboxyl group, is harder to esterify, but it is at the same time also harder to saponify. This means that coatings have a greater resistance to chemicals.


As tert.-carboxylic acids, versatic acids with alkyl chains (C9 to Cn) of different lengths have virtually no esterification capability due to pronounced steric hindrance. They are therefore generally provided as glycidic esters bearing a reactive epoxy group. This behaves like a diol under the conditions prevailing during alkyd resin production.


As a supplement to the aliphatic fatty acids, the aromatic benzoic acid and p-tert.-butyl benzoic acid as monofunctional structural elements serve as modifying agents for improving compatibility with other resins, in addition to their role as viscosity regulators.


There are two different methods for manufacturing the alkyd resins. Either free fatty acids, dicarboxylic acids and polyols are made to react together in an appropriate mixing ratio (fatty acid process) or the actual esterification is preceded by a transesterification of the natural oils with appropriate quantities of polyols into bifunctional starter products. Only after this is esterification carried out with phthalic anhydride (see Figure 2.1.31). Unfortunately transesterification of the starting oils into bifunctional structural elements is not quantitative. In addition to measurable quantities of non-transesterified triglycerides, monofunctional and thus chain-breaking fractions are found.
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Figure 2.1.47: Epoxy-modified versatic acid as raw material for alkyd resins
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Figure 2.1.48: (a) Benzoic acid and (b) p-tert.-butyl benzoic acid







[image: ]


Figure 2.1.49: Vessel for manufacturing alkyd resins


Source: BASF Coatings





If mention is also made of the fact that the relatively high transesterification temperature of up to 260 °C permits molecule-enlarging preliminary reactions via the fatty acids’ double bonds, it will be clear that the various production processes cannot yield identical products. The molecule sizes and, in particular, the molecular weight distributions differ substantially at times, even when the formula ingredients have the same composition. Nevertheless, the two processes have not lost their technical importance to this day. Whereas in some countries the transesterification process is preferred, the fatty acid process is the more sensible method because it allows greater flexibility in the selection of raw materials for customised film forming agents.


If alkyd resins are to be manufactured in uniform quality, it is imperative in the current standard batch process that appropriate measurement methods be used to monitor molecular growth during the synthesis. This is usually done by conducting the polycondensation reaction over a specified temperature curve and measuring the cleavage products removed by distillation. Corresponding performance indicators are a rise in viscosity and a reduction in free acid groups (acid value). In the case of thermally curing alkyd resins, the number of free hydroxyl groups (hydroxyl value) must also be specified because of the later crosslinking with complementary resins (see Chapter 2.3.2).


The properties of alkyd resins are mainly determined by the composition of the raw materials, the molecular weights achieved and the molecular weight distributions. In this context, the molecular weight distribution is influenced by the production process and the reaction conditions. The latter give rise to various secondary reactions which impact quality to an extent depending on the production temperature and the reactivity of the raw materials. Unwanted preliminary reactions of the double bonds, etherification, dehydration with simultaneous attachment of hydroxy- and carboxy-functional molecule groups and unwanted cyclisation are just some of the reactions which affect the molecular size and form.


Preparatory fractionation of the alkyd resin and selective combination of the individual fractions enable the effect of the different sizes of the structural elements on the application properties to be studied. It turns out that, with the exception of unwanted residual monomers, all fractions contribute positively to the overall quality. While the high molecular fractions ensure good, rapid physical hardening during film formation, it is the polar, low molecular structural elements which promote wetting of the pigments during incorporation and thus uniform distribution in the liquid matrix [2.4.9].


In long-oiled alkyd resins, the incorporated fatty acids are primarily unsaturated, i.e. they render the resin amenable to oxidative crosslinking. Reactivity is closely correlated with the properties of the oil from which the relevant fatty acid mixture is derived and with the subsequent treatment (isomerisation, dehydration) which it has undergone. A high oil content delivers good levelling, leads to high elasticity and easy processability using workshop application methods. However, the slow curing of the film, and thus the mechanical sensitivity of the coatings shortly after processing, is a disadvantage. The most important alkyd resins in this class are based on linseed oil. As these yellow very markedly, resins based on soya oil and tall oil fatty acids are preferred in the decorative paints sector for light coatings which have to resist yellowing (see Figure 2.1.8).


Long-oiled alkyd resins should be used as sole film forming agents. Medium-oiled alkyds feature universal solubility and good compatibility with modified natural resins, cellulose nitrate and amino and amido resins. Short-oiled alkyds, both with oxidative crosslinking and with saturated monocarboxylic acids, are among the most widely used film forming agents for stoving enamels when used in combination with amino or amido resins, and frequently also with epoxy and phenolic resins. The performance profile is largely determined by the oil length and the type of fatty or monocarboxylic acids.


If saturated or only weakly unsaturated fatty acid mixtures such as those of coconut oil, castor oil or groundnut oil are added, the resulting alkyd resins do not crosslink oxidatively or do so only negligibly. They can, therefore, serve as plasticising components in cellulose nitrate and acid-curing coatings.


The choice of suitable fatty acid or monocarboxylic acid mixture for particular applications therefore plays an important role for stoving enamels, too. Stoving enamel coatings with low stoving temperatures of < 100 °C require oxidative secondary crosslinking. This is achieved with high levels of fatty acids that have good resistance to yellowing and a high number of conjugated double bonds. Ricinoleic fatty acid, which is derived from castor oil fatty acid by dehydratation, is ideal because it absorbs less atmospheric oxygen and tends to yellow less than the analogous isolenic acids. Hardness and chemical resistance are achieved by using branched synthetic fatty acids. The aromatic monocarboxylic acids which are sometimes also used in the fatty acid component of alkyd resins make it easier for solvents to be released from the liquid coating film and promote physical drying.


By contrast with the long- and medium-oiled alkyd resins, the emphasis of the crosslinking function in short-oiled stoving enamel alkyd resins is transferred to conversion of the hydroxyl groups and in water-soluble alkyd resins is transferred to conversion of the carboxyl groups.


Despite the wide range of properties of alkyd resins, as a result of the type of oil, oil length, molecular weight, molecular weight distribution and free content of carboxyl and hydroxyl groups, numerous attempts have been made to adapt alkyd resins better to practical requirements by chemical modification.


The modification of alkyd resins with long-chain polyaminoamides made from dimerised fatty acids and aliphatic polyamines leads to thixotropic alkyd resins that possess the special feature of time- and shear-dependent flow (see Chapter 2.3.2).


The originally incompatible components can be rendered compatible by means of transesterification and transamidation. At the same time, because of the formation of numerous intermolecular hydrogen bridging bonds, viscosity in the form of pseudoplasticity and thixotropy is a function of the shear load. Since the thixotropy is also time-dependent, such resins open up new routes for formulating run-resistant coatings. Thixotropy is responsible for a temporary reduction in viscosity in response to the high level of shear exerted during spraying or brush application; this reduction is then reversed at a speed that depends on the level and type of thixotropy. Thixotropy is an important phenomenon and aid for trouble-free film formation, particularly on vertical surfaces. Alongside curing via solvent release or via chemical crosslinking, it is the third physical variable that affects film formation and it harmonises the levelling and running of coating materials, particularly in the case of water-borne paints (see Chapter 5.6.2).


By analogy with the addition reactions familiar from the fatty oils, styrene-modified alkyd resins result from the conversion of styrene or vinyl toluene with oxidatively curing alkyd resins. The chemical linking of the styrene to the double bonds of unsaturated fatty acids can represent up to 50 % of the oil component. Physical drying is substantially improved as a result. The good resistance that coatings made of styrenated alkyds present to water and alkalis is offset by a permanent sensitivity towards solvents.


The incorporation of acrylic acid or methacrylic acid esters leads to acrylated alkyd resins. They also dry very quickly and yield coatings with good adhesion and excellent long-term outdoor exposure properties.


The partial replacement of the o-phthalic acid by diisocyanates yields the urethane alkyds group. The basic chain of these materials exhibits increased stability against saponifying agents, with the increase depending on the degree of substitution. Quantitative substitution of the dicarboxylic acid leads to the urethane oils which are particularly wear-resistant and, at the same time, have better resistance to acids and alkalis. Aromatic diisocyanates impair the resistance to yellowing. To ensure the production of resins which are resistant to yellowing, aliphatic modification agents, such as hexamethylene diisocyanate (HDI) or isophorone diisocyanate (IPDI), must be used.
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Figure 2.1.50: Structural formula of urethane oils based on toluylene diisocyanate (TDI) and fatty acid (FS)
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Figure 2.1.51: Synthesis of an epoxy-modified alkyd resin (FS = fatty acid)





Modification with epoxy resins is also possible. This is based on the partial replacement of the polyol, which is necessary for the manufacture of the alkyd resin, by a suitable epoxy resin (see Figure 2.1.51). During this process the epoxy groups and the hydroxyl groups of the epoxy resin act as the polyol component for the mono- and dicarboxylic acids.


Another way of modifying resins is the chemical bonding of epoxy resins with an alkyd resin. As expected, the result is a shift in properties towards the resin used for the modification. Improvements in the adhesion, resistance to saponification and hardness on one hand but also impairment of the lightfastness on the other are the outcome if aromatic ether types serve as the epoxy resins.


Hydroxy- or methoxy-functional silicone resins are also suitable for chemical bonding with hydroxy-functional alkyd resins. Such silicone-modified alkyd resins effectively improve the heat resistance and long-term outdoor exposure properties of the corresponding coatings, though only if the silicone resin is present in a proportion of 20 % or more. Despite the associated high price, silicone-modified alkyd resins have created an important role for themselves, particularly where iso- or terephthalic acid is used.


Through-hardening of oxidatively curing alkyd resins can be improved substantially by chemically modifying them with diketenes to enable them to form complexes with organic aluminium compounds. When unmodified alkyd resins undergo oxidative curing, molecular enlargement starts at the surface of the forming film, as a result of the crosslinking. This is accompanied by a reduction in oxygen permeability. Good through-hardening therefore requires only slow surface hardening. Thus if both properties need to be combined, further crosslinking mechanisms must be sought. The aforementioned use of diketenes to convert the alkyd resins’ hydroxyl groups leads to acetoacetic ester groups which cause additional through-hardening of metal supported crosslinked alkyd resins during film formation by trans-complexation of an aluminium-acetylacetone complex added as a liquid component. The acetylacetone is released and then escapes.


The search for coating materials which can be processed in an environment-compatible manner has shown water-soluble and water-emulsifiable alkyd resins to be inexpensive film forming agents.
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Figure 2.1.52: Structural formula of silicone-modified alkyd resins
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Figure 2.1.53: Film forming of metal-supported alkyd resins





Solubility in water or the ability to form stable emulsions in water is achieved by integrating polar functional groups corresponding to the polar nature of the water into the film forming agent. Free carboxyl and carboxylate groups have proved suitable in practice. The number of carboxyl and carboxylate groups determines whether the outcome is either a homogeneous solution or a dispersion or emulsion, i.e. a heterogeneous distribution of extremely fine resin droplets in water.
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Figure 2.1.54: Typical structural element of alkyd resins for water-soluble resins





Neutralisation of the polar carboxyl groups with amines increases their polarity and enables the manufacture of stable emulsions and solutions as a function of the quantity of amines and the supplementary solvents used, i.e. the cosolvents, which can be mixed with water. Glycol ethers and classic alcohols in volumes ranging from 5 % to 15 % have proved successful as cosolvents for aqueous solutions. The water-soluble alkyd resins obtain the number of carboxyl groups needed for hydrophilisation through substitution of trimellitic acid for some or all of the customary o-phthalic acid. This is the only way in which the demands for a sufficiently high molecular weight and a sufficient number of carboxyl groups to ensure solubility in water can be met. Compared with solutions, emulsions offer the advantage of being able to cope with a smaller number of polar groups and significantly lower levels of cosolvents.


The environmental benefit of reduced emissions during the processing of oxidatively curing alkyd resins dissolved or emulsified in water must be offset in the form described thus far against the disadvantages of the polar carboxyl or hydroxyl groups which impair the film resistance. If, as happens in the film formation of conventional alkyd resins, physical curing is followed by oxidative curing, the carboxyl groups remain in the cured film. By contrast, the carboxyl groups in the thermally curing alkyd resins react with complementary resins. Initial problems with the resistance of emulsions, which was compromised by saponifiable ester groups, were overcome by displacement into the interior of the emulsion droplets.


Saturated Polyester Resins


The starting point for the success of oilfree saturated polyesters, which are now becoming more and more important, is the glyptals which were controversial at the time of their invention. In the early days they could only be manufactured with difficulty and were often incompatible with non-polar partners. In addition, the alkyd resins first synthetically manufactured by Kienle with their short-oiled variants exhibited a certain degree of yellowing when subjected to thermal loads, light or long-term outdoor exposure. Only when fatty acids were completely dispensed with did it prove possible to manufacture non-yellowing resins.


Usable resins were produced by replacing the glycerine with neopentyl glycol, trimethylol propane or pentaerythritol and substituting isophthalic acid or terephthalic acid for phthalic anhydride. The elasticising which now becomes necessary due to the lack of fatty acids is achieved by internal plasticising by incorporating adipic acid or sebacic acid into the resin. Any solubility in water which is desired is obtained, as in the case of the conventional alkyd resins, by replacing the dicarboxylic acids with the trifunctional trimellitic acid or tetrafunctional pyromellitic acid. The molecular form and the molecular weight, and therefore the solubility and compatibility with other resins, are affected by the overall functionality of the raw materials and the degree of conversion.


The success of saturated polyesters is due in part to their ability to provide specific properties for powder coatings and coil coatings. In both cases, thermal resistance in conjunction with high requirements imposed on application properties may be mentioned. This has led to the establishment of saturated polyesters as the base resins for sophisticated polyurethanes in addition to their standard applications as stoving enamels.


Saturated polyesters, whether they are purely hydroxy-functional or, as specialty resins for water-borne paints and powder coatings, also carboxy-functional, are exclusively polar representatives, compared with their fatty acid-containing rivals, and are therefore also only compatible with correspondingly polar complementary resins. Low-molecular melamine resins highly etherified with methanol have proved successful. The high degree of etherification promotes mutual crosslinking of the melamine resin and the saturated polyester. Quality-diminishing self-curing, as occurs in melamine resins with a low etherification level, is thus prevented (see below).
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Figure 2.1.55: Qualitative chart of the development of the saturated polyester market in comparison to other resin types


Source: authors’ estimate
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Figure 2.1.56: Typical structural unit and building blocks of a saturated polyester





Despite having a lower number of basic structural elements by comparison with alkyd resins, saturated polyester products are available in a wide range. The solvent-borne polyesters with molecular weights up to 25,000 g/mol should be mentioned first. As linear or branched products they are OH-functional and therefore suitable for crosslinking with melamine or isocyanate resins.


Solvent-free polyesters with similarly high molecular weights are used as solid resins, with OH- or carboxy-functional again being used for powder coatings. Those representatives which have hydroxyl groups are combined with polyisocyanates, while the carboxy-functional types were previously combined with triglycidyl isocyanurate (TGIC), though this crosslinking component has now been replaced by isophthalic acid, trimellitic acid glycidyl ester or N,N,N’,N’-tetrakis-(2-hydroxyethyl)adipamide (Primid) or similar ß-hydroxyl alkylamides because of its proven mutagenic effect [2.4.10].


The basic reactions b) and c) in Figure 2.1.57 are polycondensation reactions and suffer from the disadvantage that, in the event of relatively large film thicknesses, removal of the cleavage products generated during crosslinking can give rise to flaws in the film.


Hydroxy- and at the same time carboxy-functional resins with acid values of 40 to 80 mg KOH/g (see Chapter 2.3.2) become water-soluble after neutralisation with amines, although cosolvents are required for acid values in the lower range quoted. Water-borne stoving enamels can be formulated for the automotive and coil-coating sectors and for industry in general by combining them with water-soluble, highly etherified melamine resins.


Low molecular hydroxy-functional polyesters with molecular weights of 1,500 to 4,000 g/mol can also be processed into 1-component high solid coatings with solid contents of up to 70 %. Even higher solid contents are possible if the molecular weights are reduced still further and crosslinking is carried out with low molecular isocyanate hardeners. The merely slight increase in viscosity which is a result of physical drying after application has to be compensated by pseudoplasticising or thixotroping.


A further application area for saturated hydroxy-functional polyesters opens up if the hydroxyl groups at the ends of the polyester chains are esterified with acrylic acid. This makes it possible to use high-energy UV or electron radiation for curing (see Chapter 4.3.2). Such resins can also be copolymerised with monomers of acrylic acid or methacrylic acid, a fact which overcomes the general incompatibility of polyesters with acrylic resins.
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Figure 2.1.57: Crosslinking reactions of saturated polyester resins for powder coatings (a) with trimellitic glycidyl ester, (b) with ß-hydroxyl alkylamides, (c) with blocked isocyanates





Modifications of saturated polyesters with silicone resins also yield interesting film forming agents for coatings that possess extreme long-term outdoor exposure properties if they are made to react with melamine resins in polycondensation reactions or with aliphatic/cycloaliphatic polyisocyanates in polyaddition reactions.


Saturated polyesters generally feature a high level of hardness combined with pronounced elasticity. High crosslinking densities and mobile segments in the basic chains are the reasons that these are suitable for coil coatings which have to withstand extreme deformation without suffering damage. Good gloss, excellent film build, resistance to yellowing when over-stoved and good chemical resistance are other noteworthy properties.


Unsaturated Polyester Resins


Unsaturated polyester resins are semi-finished products which are transformed into a thermosetting coating through copolymerisation of their double bonds with styrene or vinyl toluene acting as chemically reactive solvent. Unsaturated polyesters are members of the class of polycondensates or condensation polymers because they are manufactured from dicarboxylic acids and diols in polycondensing reactions.


The special feature of this class of substances, when compared with the saturated polyesters, lies in the linear structure of the resin molecules and the proportion of maleic anhydride used. This makes crosslinking with the styrene solvent possible. In this process the ratio of maleic acid to phthalic acid in conjunction with the quantity of styrene determines the crosslink density of the cured film and thus the solvent resistance and the mechanical/technological properties. Since the styrene as a reactive diluent does not leave the paint film on curing and, in addition, no volume-reducing cleavage products are formed, unsaturated polyesters can be applied in high film thicknesses without cau sing any problem. They therefore have important applications for thick-film coatings in the wood and furniture sectors, as well as resins for automotive repair fillers.


In addition to the ratio of maleic anhydride to phthalic anhydride, elasticising basic structural elements/units can also affect the mechanical/technological properties. On the dicarboxylic acid side these are adipic acid or sebacic acid. On the polyol side the standard components ethanediol and 1,2-propanediol are partially or wholly replaced by l,3-propanediol, neopentyl glycol, diethylene glycol, 1,4-butanediol or triethylene glycol.
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Figure 2.1.58: Structural unit of an unsaturated polyester
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Figure 2.1.59: Chemical effect of the inhibitors quinone and hydroquinone





When unsaturated polyesters are being synthesised, trouble-free esterification is only possible if atmospheric oxygen is excluded at reaction temperatures of 190 to 210 °C and with the addition of inhibitors because of the risk of premature crosslinking.


Radical scavengers such as hydroquinone and quinone in volumes of 0.001 to 0.1 % have proved to be successful inhibitors. If unwanted curing has started, they can halt it again by chain transfer. The ready-to-use unsaturated polyester is a mixture of the actual polyester resin, styrene, and hydroquinone which serves as a stabiliser to increase storage stability.


Since the inhibitor retains its inhibiting properties when initiators are added to harden the coating, it affects the starting point of the curing process and the crosslinking rate. Manufacturers make use of this fact by varying the inhibitor quantity to adjust the pot life to operating conditions.


Not all application techniques can be used to apply unsaturated polyesters to the object to be coated. Spraying is not an option because of the huge increase in the material surface area during application and the resulting acceleration in evaporation of the styrene reactant. This leaves roller and curtain coating as usable processing methods. Both are used solely for planar objects such as coils, and wooden and plastic panels.


Since the styrene solvent is also a reactant in the curing process and therefore must not leave the forming film, thermal processes cannot be used to accelerate crosslinking of the film. The mutual bonding of styrene to the double bonds of the basic chain of the unsaturated polyester resin can therefore only be induced by “cold” formation of starting radicals. These can be obtained from catalytic decomposition of peroxides and hydroperoxides or from photoinitiators exposed to high-energy radiation (see Chapter 2.1.4). Whereas the first option yields 2-component paints with a limited pot life, the second opens up the possibility of 1-component paints which are UV-curable. 2-Component paints consist of the base containing the unsaturated polyester, styrene, inhibitor, and accelerator, and the hardener, which contains the peroxide.
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Figure 2.1.60: Crosslinking reaction of unsaturated polyesters with styrene





Decomposition of peroxides or hydroperoxides is achieved by the catalytic action of certain metallic soaps. Cobalt salts can be successfully used to accelerate radical formation because of their ability to reversibly change valency. Commercial radical initiators are available in a wide ranged, including dibenzoyl peroxide, cumyl hydroperoxide and t-butyl perbenzoate.


Tertiary amines are alternatives to cobalt salts. Their effect is based on radical-forming hydrogen transfer.


Both product groups of accelerators have an established track record. Whereas the highly reactive amine is gradually consumed by the curing process and its effect thereby diminishes, the cobalt salt acts purely catalytically, with relatively low reactivity initially but better through-hardening. Blends of the two product groups are therefore used to ensure the best processing properties. The amines’ tendency to yellow is a disadvantage to note in light coatings.


The chemical destruction of the inhibitors that sets in after decomposition of the initiators and the subsequent exothermic crosslinking reaction give rise to a restricted pot life. Users have two performance indicators to enable them to make a quantitative evaluation. The gel time is defined in DIN 53 184 as the time which elapses until the temperature of the reaction mixture has risen by 10 °C as a result of the heat of the crosslinking reaction. The curing time is the time taken to reach the maximum temperature.
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Figure 2.1.61: Mechanism of catalysis by amines for the decomposition of peroxides





Because of the limited pot life and at the same time the relatively slow curing of unsaturated polyester resins, additional curing methods have developed. The process of generating radicals by means of photoinitiators under the simultaneous effect of UV radiation has been in use since the 1950s. The pot life was now no longer limited and this advantage was then supplemented by a significant acceleration in the curing process. Photoinitiators or sensitisers are benzoin derivatives, benzil ketals, α-halogen ketones and benzophenone derivatives. The last of these do not decompose into radicals, but rather abstract hydrogen atoms from suitable synergists which are thereby transformed into radicals (see Chapter 2.1.4).
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Figure 2.1.62: Dicarboxylic acids for unsaturated polyester coatings that are not inhibited by oxygen





Mercury vapour lamps serve as the radiation source for the curing process, supplying the necessary energy in the form of short electromagnetic waves from low pressure and high pressure lamps. Electron beam curing further shortens the crosslinking time while also enabling photosensitisers to be dispensed with. Accelerated electrons are capable of forming radicals or radical ions by direct interaction with the coating resins (see Chapter 4.3.2).


Intensive research in the field of radiation curing brought new understanding of the mechanism behind photopolymerising curing. The ratio of the rate of chain growth to chain termination is crucial for a high degree of crosslinking and thus high hardness in the coatings. Out of the huge range of different classes of substances, special acrylic resins proved advantageous in this context. Consequently, more than 60 % of radiation curable coatings contained acrylic resins as their base resin by 1995 (see below).


No matter which processing method is used, crosslinking is inhibited by atmospheric oxygen. As a diradical present in high concentrations, it intervenes in the molecule-enlarging chemical reactions to terminate radical chains. All the standard resins described thus far therefore have the drawback of failing to achieve optimum surface cure, coupled with permanent stickiness. There are two different approaches to eradicating this problem. Either the interaction of the oxygen with the forming coating must be stopped by adding floating waxes, or the chain terminating effect of the oxygen must be prevented by the chemical insertion of special groups into the polyester resin, i.e. by incorporating these groups into the coating formulation via additives. The first method requires an additional working stage for removing the floating layer of wax by polishing. The chemical route proceeds either by adding hydroperoxide-forming and thus oxygen-deactivating structural elements during production of the polyester or by subsequently including additives which contain allyl groups. Possible substances for the first case are tetrahydrophthalic acid and endomethylene tetrahydrophthalic acid.
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Figure 2.1.63: Examples of additives for suppressing inhibition by oxygen





The paints formulated on these principles can be safely applied in high film thicknesses by means of the low-waste-generating processes of curtain and roller coating. As a result, these methods are still widely used in the wood and furniture sector to this day.


Polyamides


Polyamides are polymeric compounds whose basic structural groups are bonded to each other via acid amide groups. Despite being related to polyesters; polyamides are only of negligible importance in coating technology terms.


Synthesised from aliphatic dicarboxylic acids and aliphatic diamines or ω-aminocaprolactam by Carothers in the USA in 1929 and by Schlack in Germany in 1935, they originally served as synthetic replacements for the then expensive Japan silk because of their chemical similarity to natural silk [2.4.11, 2.4.12].


It was only later that methods of manufacturing polyamides from other basic structural elements were developed. The greatest significance in terms of coating technology may be ascribed to polycondensates of dimerised fatty acids and aliphatic polyamines.


Polyaminoamides have proved successful as thixotropic agents for alkyd resins and as hardeners for epoxy resins, the application depending on the mixing ratio of the starting components. If an excess of dicarboxylic acids is chosen, starting materials for providing thixotropy are obtained. In the presence of excess amines, the then liquid polycondensates become raw materials for flexible epoxy resin coatings.


The polyamide manufactured from ω-aminoundecanoic acid merits mention as a base resin for thermoplastic powder coatings processed by the fluidised-bed method. The amino acid is made available by thermal decomposition of ricinoleic acid. followed by attachment of amino groups to the resulting product.


Like the related polyimides, polybenzimidazoles and polybenzimidazopyrrolones, polyamides are proven starter products for thermally stable plastics and coatings.


On account of the low mobility of the rigid monomers which are unable to form coils, the entropy changes only minimally during synthesis or decomposition. Consequently, the ratio of the change in enthalpy to the change in entropy has a relatively high value.
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Figure 2.1.64: Structural units of polyamide 6 (from ε-aminocaprolactam) and polyamide 66 (from hexamethylenediamine and adipic acid)
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Figure 2.1.65: Polyaminoamides as thixotropic agents and hardeners for epoxy resins
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Figure 2.1.66: Synthesis of ω-aminoundecanoic acid from ricinoleic acid





[image: ]


The variable stated as the ceiling temperature Tc is the temperature at which the rates of polymer formation and polymer decomposition become the same. As ∆S is relatively small for the polyamide derivatives mentioned above, they have exceptional heat resistance.


Polyimides


Polyimides are manufactured from aromatic tetracarboxylic acids and aromatic diamines via the intermediate stage of acid polyamides. Heat resistances of more than 250 °C for continuous exposure and up to 600 °C for transient heat exposure are obtained with this class of substances.


The solubility which is necessary for use as coating materials is obtained by substituting diphenyl endomethylene cyclohexane tetracarboxylic acid for the pyromellitic acid, though this leads to a gradual reduction in the heat resistance.


If the tetracarboxylic acid is replaced by the bifunctional isophthalic acid phenyl ester and if tetraaminobiphenyl, a 4-functional structural element, is simultaneously substituted for the diaminophenyl ether, the result is the polybenzimidazole class of substances via the intermediate stage of a polyamide.


The poor resistance of polybenzimidazoles to atmospheric oxygen can be eliminated by partially replacing the amino groups with mercaptan groups, i.e. by converting the imidazoles into thiazoles. Only exotic solvents can be used for processing as coating materials with dimethyl sulphoxide.
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Figure 2.1.67: Synthesis of polyimides from pyromellitic acid and diaminodiphenyl ether
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Fig.2.1.68: Polybenzimidazoles from isophthalic acid phenyl ester and tetraaminobiphenyl
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Figure 2.1.69: Polyimide azopyrrolones from pyromellitic acid and tetraaminobiphenyl





A further increase in the molecular stability to heat can be achieved by polycondensation of the 4-functional pyromellitic acid with the equally 4-functional tetraaminobiphenyl to form the polyimidazopyrrolones. Apart from further-improved heat resistance, this class of substances also has excellent stability against the effect of high-energy radiation. The polymeric azopyrrolones therefore serve as resins for special aerospace applications.


As polyimides cannot be crosslinked and are difficult to dissolve, they are only employed as a raw material for special coatings, particularly wherever high heat resistance is called for.


Silicone Resins


By contrast with the film forming agents which have been discussed so far and which essentially consist of carbon chains, the elements that make up the backbone of silicone resins (polysiloxanes) are silicon and oxygen. Hydrocarbon groups are found only as substituents in the side chains. Greater stability is achieved because of the higher bond energy of 375 kJ/mol in the alternating silicon/oxygen bonds compared with 340 kJ/mol for the carbon/carbon single bond. Any organic alkyl or aryl groups attached to the backbone are always directly connected to the silicon. Different groups of product can be synthesised in accordance with the type of basic structural elements employed. These groups range from liquid to paste-like silicone oils or silicone greases via elastomeric silicone rubbers to solid silicone resins.


Due to their good resistance to long-term outdoor exposure, chemicals and damaging atmospheric effects and to their excellent mechanical/technological properties, silicone resins have always proved successful wherever particularly high demands are imposed on the coating. They are important components for coil coatings. This application is particularly demanding in terms of heat resistance because of the high coil speeds and the associated high stoving temperatures.


Polysiloxanes are now manufactured exclusively by the Müller-Rochow synthesis method [2.4.13]. This entails making extremely finely-ground elemental silicon react with alkyl halides over a cuprous catalyst to form mono-, bi- and trifunctional organosilanes. The individual components are then separated by distillation, before being joined back together again in defined mixtures for molecule-enlarging hydrolysis, in accordance with the chemical goal. The mixing ratio of the mono-, bi- and trifunctional basic structural elements determine the molecular size and shape. Monofunctional chlorosilane terminates chains and thus limits molecular growth, whereas trifunctional silanes cause molecules to branch.


The polysiloxanes can be divided into various types on the basis of the organic groups bonded to the parent chain. If only chloromethanes are used for reaction with silicon, extremely non-polar, macromolecular silicone oils are obtained. These are not chemically reactive, nor do they develop mechanical strength, regardless of their molecular weight. On account of their very low surface tension of 20 mN/m silicone oils and silicone pastes are important additives for wetting, for improving levelling and for defoaming.
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Figure 2.1.70: Basic components for the synthesis of polysiloxanes
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Figure 2.1.71: Structural units of silicone oils and silicone resins
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Figure 2.1.72: Polysiloxanes for hardening with isocyanate crosslinkers





Their incompatibility with almost all surface coating resins is also deliberately exploited to create surface textures, such as hammer finishes.


Compatibility with the usual surface coating resins is improved by replacing some of the methyl groups with bulky, polar phenyl groups and by simultaneously ensuring that the ends of the chains bear reactive groups. The hydroxy-functional chain ends can undergo co-condensation with other hydroxy-functional reactants either directly or after etherification with methanol. Precondensation with saturated polyesters or OH functional acrylic resins is worth mentioning in this context. Final hardening can then be carried out with the usual crosslinking resins.


Apart from the good properties already described, silicone resins have a continuous heat resistance of between 180 and 200 °C. Even transitory peak temperatures of up to 600 °C can be withstood without any quality impairment.


A further increase in the resistance of polysiloxanes can be achieved by crosslinking with isocyanates. This, however, entails replacing the acidic SiOH groups of the conventional silicone resins by neutral Si-CH2-CH2-OH (see below).


As they are expensive, silicone resins are also frequently modified with resins from other classes of substance. The mutual chemical bonding between the silicone resins and the modification resins takes place at an early stage in the manufacturing process. Important examples of the resultant modified products are silicone polyesters, silicone alkyds, silicone-reinforced epoxy resins and silicone acrylates.


The properties of the modified resins are determined by the starter resins and the proportions in the resin combination. Where the silicone ratio exceeds 50 %, the character of the silicone resin is dominant. In these cases, the modification leads to improved application properties relative to those of pure silicone resins, with only a slight deterioration in heat resistance. Where the silicone resin proportion is below 50 %, the partner’s character prevails. Thus, oxidative crosslinking of a paint film consisting of an alkyd resin modified with 30 % silicone takes hardly any longer, assuming standard drying, than in the case of an unmodified alkyd resin.


The price of silicone resins limits the use of pure polysiloxanes to applications in which high resistance to heat and/or long-term outdoor exposure is indispensable. With the exception of certain branches of the electrical industry, such applications include the manufacture of ovens, stoves and other goods subjected to extreme temperatures. Recently a further application field has been added, namely the coating of cladding elements which are mounted on façades of high-rise buildings which are difficult to access.


Crosslinking Resins for Polycondensation Reactions


Many of the paint resins described require a reactant in order that the desired coating properties may be obtained via crosslinking. Crosslinking agents are generally low molecular, high-functionality resins. Important crosslinking resins for polycondensation reactions include phenolic resins and amino resins, with the subgroups of urea resins and melamine resins. Another group of crosslinking agents is the polyaddition isocyanate resins which are described in greater detail elsewhere.


When the chemist C. H. Meyer, an employee at Louis Blumer, received an order from his brother-in-law, a merchant, to manufacture shellac synthetically, but at the same time also received the incorrect information that shellac, being a vegetable product, would also contain phenol and formaldehyde, he could not possibly have known that, despite being given inaccurate information, he would succeed in manufacturing a resin that was extraordinarily similar to shellac, i.e. a secretion from an insect known as a lac and thus demonstrably an animal product. Even though the product was synthesised on a completely incorrect premise, the supposed imitation shellac was to go down in history as the first synthetic coating resin [2.4] – not by C.H. Meier, however, but by the Belgian Baekeland, who, after refining the synthesis of the phenolic resin class of substances under the name Bakelite, was able to introduce the world to the first mass-produced plastic [2.4.4].


Although a few decades earlier, under different circumstances and with a different objective, Adolf von Beyer had failed to synthesise phenolic resins [2.4.14], C. H. Meier succeeded in isolating a chemically inert synthetic resin which was soluble in polar solvents by mixing phenol with a mistakenly low volume of formaldehyde. The new coating was named Novolak. Today it is regarded as the original resin in a now large class of resins with important descendants in coating technology.


Novolaks


The synthesis of novolaks from phenol and formaldehyde succeeded despite the high reactivity of the reaction mixture because the reactants were mixed in a ratio that only permitted a limited molecular size.


The electrophilic addition of formaldehyde to the phenol body is continued by a subsequent polycondensation stage to yield the novolak. If the proportion of formaldehyde is increased during the synthesis process, this leads to premature crosslinking and the product’s therefore becoming unusable because of the trifunctionality and high reactivity of the phenol in the acid environment.
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Figure 2.1.73: Synthesis of novolak from phenol and formaldehyde
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Figure 2.1.74: Synthesis of resols from phenol and excess formaldehyde





Only when scientists learned to slow the reaction rate down by increasing the pH value such that intermediate stages of the polycondensation processes could be stabilised by premature cooling was the now more important resols subgroup invented.


Resols contain hydroxymethylene groups and are therefore reactive resins which can self-cure to become resites by heating or acid catalysis. Phenolic resins are less suitable for use as sole film forming agents because of their poor elasticity. However, an additional modification is needed if they are to be mixed with elasticising OH-functional alkyd resins or saturated polyesters.


To improve compatibility, reduce the tendency to self-condensation and to achieve additional elasticity, phenolic resins must be etherified with aliphatic alcohols.
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Figure 2.1.75: Etherification of resols with butanol





The variety of phenolic resins commercially available today partly results from the different types and levels of etherification. These determine reactivity, compatibility with other resins and solubility. Moreover, there has been no shortage of attempts to manufacture further variants by using additional raw materials and modifying the base resin.


Replacing phenol with alkylphenol produces a reduction of functionality and, in accordance with the type, position and length of the alkyl groups, permits the polarity to be lowered. The improvement in compatibility with non-polar oils should also be noted in this regard.


Phenolic Resins


An opposite effect is achieved by incorporating diphenolic acid (DPA), a conversion product from laevulinic acid and phenol. Such products are converted into phenolic resins which are water-soluble but, at the same time, are stable when stored after neutralisation of their carboxyl groups.


Through modification with cardanol, a natural material obtained from cashew nuts (CNSL or cashew nut shell liquid), phenolic resins even acquire oxidatively curing properties. The conversion products of resols with colophony or maleic resins, termed artificial copals, which are modifications of already manufactured phenolic resins, are worth noting [2.4.15].


During the production and processing of phenolic resins, the acidic phenol group remains chemically unchanged. Despite chemical crosslinking, therefore, films made of crosslinked phenolic resins are unstable in alkalis. Stability in alkalis can be generated by chemical inactivation of the phenol group. Transesterifications with acetyl chloride or trans-etherifications with epichlorohydrin have proved successful. The latter yield either epoxy novolaks that contain epoxy groups or hydroxy-functional glycerobenzyl resins, with the outcome being determined by the stoichiometric ratio of the reactants.
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Figure 2.1.76: Phenol derivatives as components for phenolic resins
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Figure 2.1.77: Alkali-resistant phenolic resins obtained by modification of the phenolic group
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Figure 2.1.78: Applications of phenolic resins





In general, phenolic resins are found in numerous applications today because of their good acid stability, hardness, adhesion and electrical insulation capability. They deserve mention as coatings for receptacles (“gold coatings”) and, in for their water-soluble variant, as electrocoating paints.


When combined with polyvinyl butyral (see below) and phosphoric acid they are known as wash primers and offer effective anticorrosive protection as primer coats for untreated steel or ground areas. In combination with alkyd resins and epoxy resins they are also important film forming agents for stoving enamel primers and primer surfacers processed on an industrial scale.


Since phenolic resins require relatively high stoving temperatures of 180 °C and they display marked yellowing at the same time, there has been no shortage of attempts to develop more reactive and, at the same time, more colour-stable alternatives. Urea, melamine, benzoguanamine, various urethanes and recently also glycoluril are the preferred materials from the broad range of products tested to replace phenol in reaction with formaldehyde. They are all nitrogen-containing compounds with reactive amino or amido groups and can readily be converted to corresponding methylol compounds with formaldehyde. Molecular enlargement can be achieved, if required, by subsequent self-condensation. The reactivity of aniline and alkyl-substituted benzenes with formaldehyde has also been investigated, but these materials remain only suitable for exotic niche markets because of their different chemical properties.


Urea Resins


Urea resins, which are etherified to various degrees with mostly butanol and methylolated to various degrees with formaldehyde, generally occur in solution in butanol. Commercially available urea resins are relatively low molecular products with molecular weights < 1000 g/mol.


Intramolecular dehydration and subsequent ring formation leading to hexahydrotriazine as a secondary reaction during manufacture is the reason that the functionality of the urea resins is lower than would be anticipated from the chemical structure of the urea.


Urea resins do not serve as sole film forming agents owing to the brittleness of their films and a lack of resistance to water. These properties, together with lightfastness and sandability, are improved in combinations with soft resins and cellulose nitrate.
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Figure 2.1.79: Synthesis of partially etherified urea resins
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Figure 2.1.80: Side reactions during the synthesis of urea resins
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Figure 2.1.81: Chemical structure of urethane resins





When the resins are used in acid-curing paints, plasticising is generally carried out with alkyd or polyester resins. The most common partners of etherified urea resins in stoving enamels are lean to semi-fatty hydroxy-functional alkyd resins.


Urea resins can be elasticised and their compatibility enhanced at the same time by precondensation with saturated polyesters. This generates plasticised urea resins which can be used in all relevant application fields which require acid-curing or thermally reactive products, and they can also serve as sole binders.


Urethane resins, which are similar to urea resins, are reaction products of esters of carbamic acid. Because of the bifunctionality of the starter materials only linear structures are possible. They remain soft and elastic up to high molecular weights. Their plasticity increases with the chain length of the carbamic acid ester. Urethane resins are employed only as modifying agents in combination with other resins, for example as elasticising agents for acid-curing urea resins.
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Figure 2.1.82: Melamine (2,4,6-triamino-1,3,5-triazine)





Melamine Resins


A higher crosslink density compared with the urea resins can be obtained by replacing urea with its maximum functionality of four by the hexafunctional melamine. This is readily obtained by conversion of urea with carbon dioxide and is thus an inexpensive raw material.


The target properties during the production of melamine resins are influenced by the mixing ratio of melamine to formaldehyde which is usually between 1:3 and 1:6, the etherification alcohol and the degree of etherification. Different molecular weights occur as a function of the reaction conditions.


Whereas traditional, polynuclear melamine resins are condensation products which consist of 5 to 6 melamine structural elements and which, for the purpose of imbuing them with sufficient reactivity and compatibility with standard solvents, are only partially etherified with butanol, a different route is followed as regards the molecular structure of today’s melamine resins. A new generation of low molecular, in the most extreme case even mononuclear, products which are highly etherified with methanol has been created to improve compatibility with polar saturated polyesters through to water-soluble reactants. Due to their low molecular mass they are liquid and at the same time are soluble in both organic solvents and water.


For this reason, high solid and water-borne paints are formulated with these melamine resin variants. If we add that a high etherification level lowers undesirable self-condensation during crosslinking with hydroxy-functional reactants, the importance of the new melamine resin class, such as hexamethoxymethyl melamine (HMMM), is underlined from a quality perspective, too.
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Figure 2.1.83: Traditional condensed melamine resin for crosslinking OH-functional reaction partners
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Figure 2.1.84: Hexamethoxymethyl melamine (HMMM)





The lower reactivity which is a consequence of the high etherification level must be compensated for by acid catalysis using carboxyl groups of the reactant or by separately added acids.


Since the important stoving enamels processed on an industrial scale are exclusively melamine resin combinations with short-oiled alkyd resins, saturated polyesters or OH-functional acrylic resins whose crosslink density determines the quality, it is important to pay particular attention to the etherification level. While the capability for external crosslinking increases with rising etherification level, the thermal reactivity shows a marked deterioration.


A low etherification level leads to stability problems during storage because of the tendency towards self-condensation.


If water-soluble reactants are used as the reactants for melamine resins, it is important to ensure that the carboxyl groups which confer solubility in water react with the melamine resins during the stoving process to improve long-term outdoor exposure properties. Only if this is the case will it be possible to obtain coatings whose quality level is comparable to that of traditional solvent-borne coatings.
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Figure 2.1.85: Reaction scheme for crosslinking highly etherified melamine resins with OH-functional resins
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Figure 2.1.86: Self-condensation reaction of melamine resins
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Figure 2.1.87: Crosslinking of melamine resins with OH-functional resins and acidic resins





Since, however, the activation energy for the conversion of melamine resins with carboxyl groups is significantly higher than for conversion with OH groups, higher stoving temperatures must be set when stoving water-borne materials.


Measurable quantities of formaldehyde are released during the thermal crosslinking of melamine resins. In partially etherified melamine resins, the free formaldehyde formed can amount to up to two per cent of the melamine resin content. With the more highly etherified alternatives it is now possible to reduce this formaldehyde formation to less than 0.1 %. A concomitant feature of this is the reduction in the overall quantity of cleavage products during the stoving process, which in turn leads to a fall in the formation of gloss-reducing microstructures in the surface of the coating. The outcome is improved film build.


In general, coatings produced with melamine resins offer improved long-term outdoor exposure, water resistance, gloss retention, resistance to salt spray and excellent hardness because they have a higher crosslink density and lower stoving temperature than urea resins.


Combinations with medium- and short-oiled alkyd resins, saturated polyesters and reactive acrylic and epoxy paints span the wide range of applications found in automobiles, domestic appliances, machine and coil coating of steel and aluminium.


Usable resins for coatings can also be synthesised from benzoguanamine or glycoluril by conversion with formaldehyde in a manner similar to the manufacture of phenolic resins.


Compared with traditional melamine resins, benzoguanomine resins improve the levelling, gloss and adhesion of the coating, although this comes at the expense of a deterioration in resistance to long-term outdoor exposure.


Glycoluril, a reaction product of glyoxal and urea, permits the synthesis of mononuclear, highly etherified crosslinking resins that possess good storage stability and excellent adhesion to metallic substrates. Less formaldehyde is released during processing, while anticorrosive protection improves at the same time.


Other, admittedly exotic, reactants for formaldehyde are sulphonamides and alkyl-substituted benzenes. While, for example, the reaction between toluene-p-sulphonamide and formaldehyde proceeds in accordance with expectations in the first reaction stage, there then follows practically quantitative trimerisation to a stable sulphonamide resin which principally serves as a modifying resin because of its lightfastness, solubility and compatibility with other paint resins.
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Figure 2.1.88: Glycoluril and benzoguanamine resins





The reactivity scheme of aniline is similar. Here, too, triazine rings are initially formed as a result of the action of formaldehyde. Unlike the sulphonamide resins these can be opened by a thermal load above 140 °C, with formation of long chains. The reaction product remains thermoplastic, is lightfast and displays interesting dielectric properties. These products are therefore mainly used for electrical insulation.


If, on the other hand, substituted benzenes such as toluene or xylene are converted with formaldehyde under extreme reaction conditions, the outcome is ring-substituted reaction products. These have properties similar to those of phenolic resins. They serve almost exclusively as modifying agents in the printing ink sector.


Also, those ketones which contain activated methylene groups next to the carbonyl group can be converted with formaldehyde. These resins primarily serve as binders for adhesives and printing inks.


While cyclohexanone can be converted with formaldehyde, it can also be transformed into usable paint resins by self-condensation. Converting the oxygen in the carbonyl group with the reactive hydrogens in α-position also gives rise to lightfast, nonsaponifiable resins that offer good compatibility.
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Figure 2.1.89: Trimerisation of methylolated sulphonamide resins
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Figure 2.1.90: Ketone resins from cyclohexanone (a) with and (b) without formaldehyde





Polyaddition Resins


Polyaddition is a step reaction in which the reactants join to form macromolecules without, in contrast to polycondensation, releasing low molecular fragments. Molecular enlargement is achieved by transferring a hydrogen atom to the reactant while forming new bonds at the same time. Such polyaddition resins have only achieved any degree of technical importance for two classes of substance. These are the polyurethanes, which can be formed from OH-functional and isocyanate-containing structural elements, and the epoxy resins, which react with amines or carboxylic acids.


After molecular mixing of the two components, both classes of substance can react and enlarge their molecules at room temperature. Coating materials made from them are mostly formulated as 2-component systems.


Polyurethanes


When O. Bayer transferred the reaction of ethanol with ethyl isocyanate – described by Wurtz as long ago as 1849 – to polyfunctional structural elements in 1940, he laid the foundation for the new class of substances known as the polyurethanes [2.4.16]. They outperformed the polymers known at that time in terms of elasticity and resistance to saponification and consequently quickly established themselves for use in plastics, adhesives and coatings.
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Figure 2.1.91: Basic reaction of the most important polyaddition resins





The conversion of resins containing hydroxyl groups with an isocyanate hardener leads to the formation of urethane groups. Because isocyanates are highly reactive, the manufacture of polyurethanes also features numerous secondary reactions which vary with the reaction conditions and the choice of raw materials.
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Figure 2.1.92: Principal and secondary reactions in the manufacture of polyurethanes





If the isocyanate hardener is present in excess, this can continue to react to form allophanates because of the active hydrogen in the urethane group. Isocyanates also react with ambient humidity. The resulting unstable carbamic acid undergoes decarboxylation to a primary amine. This in turn is able to form urea or biuret structures if there is an excess of isocyanate hardeners. When acid resins, such as polyester resins, are used, account must also be taken of the carboxyl groups which will also enter into reaction with isocyanates. The adduct formed initially soon decarboxylates to an acid amide. It is therefore recommended that polyesters with the lowest-possible acid value be used. Two further isocyanate reactions afford commercially available hardeners. This is because, under certain reaction conditions and the right choice of catalyst, isocyanates can dimerise to uretdiones or trimerise to isocyanurates. Whereas the isocyanurate ring is only split back into its starter materials at temperatures > 300 °C, the uretdione is split at temperatures > 140 °C. Uretdiones are therefore proven thermoreactive reactants for OH-functional resins (see Figure 2.1.92).


Large-scale synthesis of isocyanate hardeners is generally performed by converting primary amines with phosgene in the presence of CO2 as catalyst.


Because of moves to replace chlorine processes, phosgene-free syntheses are gaining in importance. They are based on the thermal degradation of suitable derivatives of carbamic acid or urea [2.4.17].


The rate at which polyurethane coatings cure is essentially determined by the reactivity of the isocyanate group. Here, the electrophilic property of the carbon in the isocyanate group is the deciding factor. The first attack is by the electrophilic carbon of the isocyanate at the OH group of the reactant. The hydrogen atom from the hydroxyl group is then transferred to the nitrogen in the isocyanate group, thereby giving rise to the urethane group.


As aromatic rings on the nitrogen of the isocyanate group increase the carbon’s electrophilic property through electron withdrawal, aromatic isocyanates are substantially more reactive than aliphatic ones.
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Figure 2.1.93: Synthesis of isocyanates from phosgene and amines
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Figure 2.1.94: Synthesis of isocyanates by thermal degradation of derivatives of urea





By contrast, the influence of the OH-functional resin component on the reaction rate can be rated as low. Although secondary hydroxyl groups are basically more reactive than their primary counterparts, steric hindrance frequently overcompensates for this.


Countless types of hardener are available commercially because of the various requirements imposed on polyurethane paints. These in turn are manufactured from 2-functional basic structural elements by molecular enlargement, with simultaneous increase in functionality. Important basic materials for aromatic hardeners are toluylene diisocyanate (TDI), diphenylmethane diisocyanate (MDI) and xylylene diisocyanate (XDI).




[image: ]


Figure 2.1.95: Impact of structure on the reactivity of isocyanates
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Figure 2.1.96: Reaction scheme for crosslinking isocyanates with OH groups
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Figure 2.1.97: Aromatic diisocyanates as basic structural elements for hardeners





The manufacture of aliphatic or cycloaliphatic hardeners usually involves hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI) or H12MDI, a hydrogenated variant of MDI.


The disadvantage of the lower reactivity of aliphatic isocyanates can be more than offset by suitable catalysts.


The isocyanates described cannot be used as raw materials for paints because of their low molecular weight, high vapour pressure and the associated potential physiological hazard, e.g. an occupational exposure limit (OEL) for HDI of 0.01 ppm (see Chapter 5.4). An additional molecular enlargement step should therefore be carried out. This can be done using appropriate reactants or by adduct formation with itself. Practical examples include the conversion products of TDI with trimethylolpropane (TMP) and the triadduct of HDI after its partial hydrolysis with water. Important adducts from a coating perspective also include the isocyanurates of HDI or IPDI as well as those formed from mixtures of HDI and TDI.
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Figure 2.1.98: Aliphatic diisocyanates for non-yellowing and weather resistant polyurethane coatings
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Figure 2.1.99: Synthesis of high molecular isocyanate crosslinker by forming adducts with triols





Saturated polyesters and polyacrylates are of similar technical importance as resins for the OH-functional parts of the generally 2-component paint formulations known as base paints. To further improve the chemical and weathering resistance of the already excellent polyurethanes, the polyols required to manufacture the hydroxy-functional base resins can be equipped with fluorine groups. Provided that no extreme demands are placed on the resistance to yellowing, even alkyd resins, as oil modified polyesters, make appropriate partners.


Owing to the reactivity of the isocyanates and, consequently, the incipient chemical reaction between mixtures of the base-paints and hardener at room temperature, common polyurethane coatings have only a limited pot life. A proven performance indicator is the time taken for the processing viscosity to double.


Both components in 2-component polyurethane coating systems must be metered extremely accurately and homogenised prior to processing. So, if large quantities of materials are being processed, suitable metering and homogenisation systems are required (see Chapter 4.2.1). This additional expense is more than compensated for in many applications, e.g. for automotive refinish paints or aircraft paints, by the advantage of rapid curing at room temperature. Two-component paint systems are conquering the market for many applications in the transport sector, wood and plastics, and very large objects such as ships, pipelines, and buildings [2.4.18].
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Figure 2.1.100: Molecular enlargement by partial saponification of hexamethylene diisocyanate (HDI) with water
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Figure 2.1.101: Molecular enlargement of isocyanates by trimerisation
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Figure 2.1.102: Traditional hardening of polyurethane resin with water





Due to the technical outlay entailed and the additional sources of errors during metering and homogenising, countless attempts have been made to process polyurethanes as 1-component coatings too. One means of achieving storage-stable 1-component systems consists in involving ambient humidity in the formation of films by resins which have no OH groups. The isocyanate groups are partially hydrolysed by the water and converted through decarboxylation into amines with which excess isocyanate crosslinks.


In addition to these conventional systems a new generation of humidity-hardening polyurethane coatings has been developed. Since ketimines, aldimines and also oxazolidines react more quickly with ambient humidity than do the isocyanates, but will not react with isocyanates due to a lack of active hydrogen atoms, corresponding paints can be processed as 1-component systems. The ambient humidity which is permitted access to the film after processing does not now cause any hydrolysis of isocyanates and thus does not form CO2 either; instead it opens the oxazolidine ring or splits the imines. Both cases give rise to the necessary hydrogen for crosslinking in the form of OH or NH2 groups.


Another method of designing 1-component coatings consists in carrying out a preliminary conversion of the isocyanates into chemically inert intermediate stages which can, however, be reactivated by heat action. As already mentioned, such blocking can be carried out with the material itself or with external materials. These are cleaved again, i.e. unblocked, during thermal reactivation and then have an impact on air flow and consumption in the drier as volatile cleavage products (see Chapter 4.3.1).
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Figure 2.1.103: Hardening reaction of polyurethane resins with water in the presence of oxazolidines or ketimines
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Figure 2.1.104: Deblocking reaction of capped isocyanate hardeners





Traditional blocking agents for isocyanate groups are phenols and ε-aminocaprolactam. Because of the relatively high cleavage temperature of 160 to 180 °C, oximes or CH-acid compounds such as acetoacetic ester, acetylacetone or malonic ester have been successfully tested as blocking agents. Other blocking agents which also resplit materials at around 140 °C are 1,2,4-triazole and dimethylpyrazole [2.4.19].


The blocked, thermally curing 1-component polyurethane paints occupy a special position in that they exhibit better chemical resistance and elasticity combined with greater hardness than the traditional stoving enamels containing amino resin crosslinking agents. Representatives blocked with ε-aminocaprolactam are used to meet special demands for coil coating and can coating, for sterilisation-proof coatings on the insides of cans intended for aggressive foodstuffs and on cans for fuels and oils. Blocked isocyanate crosslinking agents are also used in electrical insulation coatings because of their high heat resistance and their constant electrical properties.
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Figure 2.1.105: Blocking agents for isocyanate crosslinkers and their respective deblocking temperature
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Figure 2.1.106: Uretdiones: Hardeners for OH-functionalised resins by thermolysis





In powder coatings the blocking agent ε-aminocaprolactam (a) is being replaced more and more by the more reactive 1,2,4-triazole (b). Furthermore, isocyanates of the trimeric HDI and IPDI blocked with methyl ethyl ketoxime (c) are being incorporated into stoving primer surfacers for automotive paints. Isocyanate hardeners blocked with ethyl acetoacetate (e) or diethyl malonate (f) have proved successful for reactive topcoats and clearcoats because of their low stoving temperatures. 3,5-dimethyl-l,2-pyrazole (d) also recently became available as a blocking agent for similarly low reaction temperatures (see Figure 2.1.105).


Blocked isocyanates are also used in cationic electrocoat paints to achieve a high crosslink density.


The formation of cleavage products of blocked isocyanates is a disadvantage which does not occur when the already mentioned uretdiones are used. After heating, the uretdiones are activated by ring opening or cleavage, as a function of temperature, without the formation of cleavage products. In the case of ring opening, allophanates are formed after addition of the OH-functional reactant, while with cleavage, traditional urethanes are formed. This has enabled 1-component polyurethane paints to be formulated which have already proved successful as powder coatings [2.4.20].


In view of the reaction of isocyanates with water and the associated destruction of the crosslinking functions, precautions must be taken when designing water-borne polyurethane paints to prevent this preliminary reaction of the isocyanate groups. This can involve either, as just described, blocking the isocyanates or using the reactive groups before film formation with the specific intention of building up the basic chains to high-molecular and physically drying resins.


The latter method is used with water-borne 1-component polyurethane dispersions or PUDs [2.4.21]. These predominantly anionically stabilised dispersions are manufactured by converting diisocyanates, diols and sterically hindered dihydroxycarboxylic acids into prepolymers, followed by neutralisation with amines and then transformation into a fine dispersion. Steric hindrance of the carboxylic acids prevents them from reacting with the isocyanates. This preserves the carboxylate groups for anionic stabilisation. Subsequently, during the emulsification, the NCO end-groups are transformed into further hydroxyl groups by adding further diols. These polyols can be polyester diols, polycarbonates or polyethers [2.4.22]. The polar groups of such resins permit full-scale conversion into a stable emulsion if adequate shear forces are applied.


For trouble-free dispersing, the prepolymers need to be dissolved in appropriate solvents, such as acetone, which then have to be stripped after the emulsification. Owing to the low boiling point of acetone, N-methylpyrrolidone (NMP) and N-ethylpyrrolidone (NEP) have been able to establish themselves as alternatives. However, these substitutes for acetone cannot be removed completely after the emulsification. Thus undesirable residues of the not entirely physiologically safe solvents NMP and NEP remain in the dispersions.


The prepolymer and melt processing methods are two further production variants that render the use of NMP and NEP obsolete. Whereas in the acetone process, polyols are used irrespective of the type of solvent employed for the purpose of transforming the NCO groups at the chain ends, the prepolymer process utilises water. The amino groups formed by partial hydrolysis of the terminal NCO groups serve the function of chain extension with excess isocyanate.
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Figure 2.1.107: Chemical steps for manufacturing water-borne polyurethane dispersions





In melt processing, the third manufacturing process, chain extension of the prepolymers occurs in the aqueous phase. Figure 2.1.108 uses the example of a cationic, urea-blocked prepolymer to show that subsequent conversion with formaldehyde leads to the formation of reactive hydroxymethylene groups. During film formation via acid catalysis or heating, these are capable of inducing molecular enlargement by crosslinking. For ready-to-use coatings, plasticisers are usually also incorporated into the dispersions.


Reactive PUR dispersions can be synthesised by modifying the prepolymer with unsaturated fatty acids [2.4.23]. Aside from the familiar capability of the traditional urethane oils to engage in oxidative crosslinking, the presence of fatty acid groups also has a positive effect on emulsifiability.


Polyurethane dispersions can also be converted into reactive systems by incorporation of OH groups. Thus, by crosslinking with melamine resins dissolved in the aqueous phase, they can be transformed into thermosetting films. HMMM resins have proved ideal for this group of water-borne polyurethane stoving systems. Conversion with dispersible isocyanates is increasingly being used for producing high-quality coatings [2.4.24].
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Figure 2.1.108: Production of reactive polyurethane dispersions
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Figure 2.1.109: Typical structure of a nonionic polyurethane dispersion





In the meanwhile, analogous cationic and nonionic polyurethane dispersions have been developed. The resin molecules containing amino groups are converted with acids, usually acetic acid, into the water-soluble form. It should be noted that, e.g. OH-functional acrylic dispersions made to react with water-dispersible isocyanate crosslinkers are also very commonly referred to in the literature as 2-component PUR systems [2.4.25, 2.4.26].


Generally polyurethane dispersions have the advantage over emulsion polymers that, if subjected to high enough shear forces, they can be produced in a particularly fine form that will dry physically to yield glossy, dense, homogeneous films. The films are tough and elastic due to the elastomeric character and the resulting hydrogen bridging bonds. The dispersions can also be combined with other water-dilutable binders. For this reason, they are particularly suitable for water-thinnable primer surfacers, one-coat topcoats, plastic coatings, and wood and film coatings. They can also be combined with primary acrylic dispersions to form water-thinnable decorative paints. The result is diffusion-resistant, glossy films that can be used both for high-quality applications, such as automotive base coats, automotive primer surfacers and for painting windows.


Contrary to the assumption that OH-functional water-borne polyurethane dispersions made with isocyanates cannot be processed as 2-component coatings, both chemical and process engineering methods have been developed to improve the resistance of the hardener to the aqueous environment [2.4.25]. Improved emulsifiability involving the incorporation of polyether groups, reduced reactivity and a suitable dispersing system have led to attractive water-borne 2-component coating systems. Mixing with such hardener components takes place directly prior to processing by means of jet dispersion of the hardener in the base paint, with the result that hydrolysis can only take place very slowly. Acrylic or polyester polyols containing OH-groups are combined with an isocyanate-containing hardener using appropriate metering and emulsifying equipment. A relatively coarse primary emulsion is first obtained; this is then so finely distributed in a downstream dispersing machine that the necessary molecular blending occurs by diffusion during film formation [2.4.27].


Despite the heterogeneous distribution of the components and the reduced reactivity, the possibility that some of the isocyanate groups are split hydrolytically due to the influence of the water at the dispersion interface cannot be excluded. To ensure optimum crosslinking, therefore, it is necessary to remove the water quickly from the film and also to provide excess hardener.
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Figure 2.1.110: Isocyanate crosslinker for water-borne 2-component paints





Consideration is being given to the use of allophanate-modified polyethers as new hardeners to further improve the emulsifiability of the isocyanate hardener and the film properties (see Figure 2.1.111) [2.4.25].


The range of possible applications for polyurethane paints is as wide as the available variety of raw materials. Pigmented and unpigmented polyurethanes for a huge range of substrates with an impressive list of benefits are in use in the individual industries. These benefits include their good adhesion, wear resistance, long-term outdoor exposure properties, and hardness combined with a high degree of elasticity and a high resistance to chemical agents such as acids, alkalis, household chemicals, solvents and fuels. 2-Component PUR systems are very successful as automotive refinish paints. Their use on automotive coating lines has also advanced greatly in recent years for the above mentioned reasons. Polyurethanes have had a dominant role for quite some time now when it comes to coatings for large vehicles such as buses, commercial vehicles, road tankers, passenger and freight carriages on the railways, and also aircraft. They have also proved successful for coating highly stressed parts in the wood and furniture industry. Other applications include coatings on masonry, concrete, asbestos cement, plastics and even on rubber.
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Figure 2.1.111: Allophanate-modified hardener for 2-component dispersions





Humidity-hardening polyurethane paints yield finishes with excellent mechanical properties and good resistance to the effects of water, acids, alkalis and solvents. They are therefore used on highly stressed wooden parts such as parquet and hall floors, plastics, fabrics and often also on concrete surfaces. In the last of these, they largely protect concrete structures against penetration by moisture, road salt, oil contamination and other critical active substances.


Polyurethane paints are now used in all environment-compatible coating systems, such as powder coatings, water-borne, solvent-free, liquid and radiation-curable coatings.


In view of the fact that intermediate stages involving isocyanate groups are not unproblematic from the point of view of industrial health and are an integral part of the product chain extending from raw material to finished polyurethane coating, there have been many attempts to arrive at, from a quality perspective, the attractive end stage of a polyurethane structure by other reaction chains whose every intermediate stage is isocyanate-free.


One promising route to the desired urethane groups is the modification of hydroxyl groups with methyl carbamate. Suitable base products here are the hydroxy-functional acrylic resins, which have been known for a long time. The two components are chemically linked by transesterification in conjunction with thermal cleavage of methanol from the methyl ester of carbamic acid (see Figure 2.1.112).
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Figure 2.1.112: Conversion of hydroxy-functional acrylic resin to the carbamide-functional ester, with release of methanol
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Figure 2.1.113: Trisbutoxycarbonylaminotriazine





As described in Chapter 2.1.1.2 on acrylate resins, carbamic acid esters of preferably hydroxy-functional acrylic resins can be crosslinked with etherified melamine resins. Hexamethoxymethyl melamine (HMMM) fully etherified with methanol proves to be particularly suitable for a co-condensation. Thermal initiation during the hardening of such 1-component systems cleaves methanol and leads to the formation of coatings containing urethane groups (see Chapter 2.1.1.2 and Figure 2.1.145b).


A further possibility of obtaining polyurethanes without the isocyanate-containing intermediate stages is afforded by the reaction of trisalkoxycarbonylaminotriazine (TACT) with OH-functional reaction partners [2.4.29]. Hydroxy-functional acrylic resins are also suitable. for designing high-quality industrial paints Chemical linkage occurs during thermal crosslinking with TACT, with elimination of the esterification alcohol butanol.


Both concepts, be they the reaction of carbamate-containing acrylic resins with HMMM resins or the reaction of TACT with unmodified hydroxy-functional acrylic resins, yield urethane-containing crosslinking sites and thus films possessing the outstanding properties of the traditional PUR coatings. In particular, these compounds are characterised by excellent long-term outdoor exposure properties and chemical resistance combined with a high degree of hardness and elasticity, with the triazine component additionally producing excellent surface smoothness along with high gloss and film build.


Epoxy Resins


The second important group of polyaddition resins from a coatings perspective is that of the epoxy resins. Even though the first successful attempts at manufacturing epoxy compounds took place more than 100 years ago, it nevertheless took more than 35 years for the first technically usable paint raw materials to become available [2.4.30].


Today epoxy resins have a secure place among the high-performance polymers because of their excellent adhesion to metallic substrates and good mechanical/technological properties as adhesives, plastics and coating materials. As with the polyurethanes group, the epoxy resins are generally processed as 2-component paints.


The oxirane or epoxy group is characteristic of epoxy resins. It consists of a three-membered ring containing oxygen with a high ring strain. The reactivity is further enhanced by the electronegativity of the oxygen and the resulting polarity of the epoxy groups. The carbon atoms of the three-membered ring which are starved of electrons therefore become electrophilic and can take part in addition reactions with numerous nucleophilic partners. The reactions with amines and carboxylic acids are of particular importance for practical operations. The oxirane group can also be polymerised such that the ring is opened even without reactants. The reaction, initiated by Lewis acids, such as BF3, or ferrocene complexes that split under UV radiation, affords polyethers of industrial importance.
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Figure 2.1.114: Crosslinking reactions of epoxy resins
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Figure 2.1.115: Classification of epoxy resins





By far the most important group among the epoxy resins is formed by the aromatic glycidyl ether types. They are manufactured by polycondensation of epichlorohydrin and bisphenol A. The molar mass of the individual representatives of this group is determined solely by the mixing ratio of the reactants. If a molar ratio for epichlorohydrin to bisphenol A of 2:1 is chosen, the outcome is the smallest representative of this resin class. If the ratio is increased to 3:2 or even further towards 1:1, higher molecular products will be synthesised. They differ from the first representative described in having additional hydroxyl groups. As a result, in addition to the reactivity of the epoxy groups, the epoxy resins become of interest for all partners capable of reacting with OH groups.
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Figure 2.1.116: Chemical structure of important epoxy resins





If a mixing ratio close to 1:1 is chosen, the resin molecules become so large that the terminal oxirane groups lose more and more importance in respect of crosslinking. Such high molecular phenoxy resins therefore only have a role as hydroxy-functional resins.


The light-unstable ether groups formed by the reaction of epichlorohydrin with bisphenol A restrict the use of this resin group to primers and primer surfacers. Ester types must continue to be used for lightfast topcoats. Technically important examples are  the glycidyl esters of hexahydrophthalic acid and isophthalic acid or trimellitic acid. Triglycidyl isocyanurate (TGIC), formerly the standard hardener for acid reactants in powder coatings, may now only be used if appropriately labelled because of its toxicity.
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Figure 2.1.117: (a) Triglycidyl isocyanurate TGIC and (b-d) alternatives
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Figure 2.1.118: Heat-resistant and non-yellowing epoxy crosslinkers





The resulting decision to dispense with TGIC has caused problems in the field of powder coatings. Today, in addition to the isophthalic acid and trimellitic acid esters of epichlorohydrin, there are other alternative partners, albeit ones which crosslink in polycondensing reactions, for the acid acrylic or polyester resins. Noteworthy glycidyl group-free crosslinking agents include hydroxy-functional adipic acid amides which have been largely able to supersede TGIC (see above).


Other yellowing-resistant epoxy crosslinkers with good long-term outdoor exposure properties are the 2- and 3-functional reactants of epichlorohydrin with isophorone diisocyanate or hydantoin, with hydantoin derivatives also having the benefit of higher heat resistance.


A completely different approach to epoxy resins involves the epoxidation of carbon double bonds. This yields so-called olefin types. The reaction of tetrahydrostyrene with peracetic acid, for example, leads to a bifunctional cycloaliphatic, yet low molecular epoxy resin. These solvent-free, low viscosity structural elements have proved their worth as reactive diluents. As solvents they have a pronounced viscosity-lowering effect, but are also involved in the polyaddition process of crosslinking during hardening. As they therefore do not leave the film, they help to lower organic emissions.
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Figure 2.1.119: Olefin types of epoxy components as reactive diluents







[image: ]


Figure 2.1.120: Summary of applications of epoxy resins in coating formulations





As outlined in principle above, the crosslinking of epoxy resins can take place, in accordance with the reactant, either exclusively at the oxirane groups or additionally at the less reactive hydroxyl groups. Consequently, epoxy resins can be cured as 1-component or 2-component coatings. The usual method of curing epoxy resins involves amines, acid anhydrides or carboxylic acids. In addition, mercaptan hardeners also serve as reactants for special applications.
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Figure 2.1.121: Amine hardeners for epoxy resins (EDA = ethylenediamine, DETA = diethylenetriamine, TETA = triethylenetetramine)
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Figure 2.1.122: Crosslinking of epoxy resins with anhydrides, for example phthalic anhydride





The reaction rate of amine curing depends on the type of amino group. The processing or curing times can be varied via the basicity of the amine hardener in association with the steric configuration of the amino group. The most reactive with a pot life of 15 to 30 minutes are the short-chain aliphatic polyamines (ethylenediamine, diethylenetriamine etc). The longer chain polyaminoamides are less reactive and yield more elastic films. Mixtures of epoxy resins with cycloaliphatic or aromatic amines must even be heated briefly to 120 to 140 °C because of their inadequate reactivity. Dicyandiamide occupies a special position among the amine hardeners. This product, which is solid at room temperature, is incompatible with epoxy resins and forms two phases from homogeneous melts when solidifying by cooling. The reaction takes place only at the common interface and is therefore so slow that the mixture is ground and can be used as a powder coating which is stable in storage. The reaction of dicyandiamide with epoxy groups proceeds differently from that of traditional amines. Primary adducts are rearranged into acid amides and urethanes, among other things, by secondary reactions. Dicyandiamide is therefore not 4-functional, as would be expected from its chemical structure, but only 3-functional [2.4.32].


The second, no less important route for industrial coating technology to highly crosslinked and adhesive coatings involves the reaction of epoxy resins with acid anhydrides. Due to the lack of active hydrogen atoms, acid anhydrides cannot react directly with epoxy resins. Only once the reaction of the anhydride ring with the hydroxyl groups of the epoxy resin chain has been initiated by heat action does this lead to ring opening and the simultaneous formation of a carboxyl group. If the ring-opening OH groups are absent, reaction of the acid anhydride with the epoxy resin due to the addition of catalytic quantities of butanol is possible because a new OH group is formed for each bond between a carboxyl group and an epoxy ring.


If the performance profile of anhydride-cured and amine-cured epoxy resins is compared, it will be noted that the systems differ significantly in their acid and alkali resistances. The amine-hardened films are sensitive to acids, while the acid-hardened esters are more susceptible to saponification by alkaline compounds.


If aliphatic or cycloaliphatic epoxy resins are used in place of aromatic ones during acid curing, the resulting coatings feature improved electrical insulation properties, even when subjected to continuous heat treatment.


On account of the ring tension in the epoxy group, epoxy resins can be polymerised to polyethers with the assistance of suitable starter ions such that the ring can even be opened without supplementary reactants. The reaction is particularly rapid if the starter ions are provided by the Lewis acid, boron fluoride. One method of successfully extending the pot life is to form a complex of boron fluoride and amines. The boron fluoride can then be released again by means of thermal decomposition at the time of film formation.


This reaction sequence is used on a large scale for the production of polyethylene glycols from ethylene oxide. The degree of polymerisation determines whether the polymer is liquid or wax-like (carbowaxes); it serves as a plasticiser or dispersant in water-borne paints.


In the search for high-quality 1-component systems the experience of blocking gained with the polyurethanes was successfully transferred to epoxy resins. Inactivated amine hardeners in the form of ketimines or aldimines achieve a pot life of more than 200 days if stored correctly, for a curing time of less than 16 hours. The ketimines and aldimines hydrolyse as a result of the ambient humidity, and release the amines required for crosslinking (see Figure 2.1.103).


The simple mixing of epoxy resins with amino resins or phenolic resins also yields usable, thermally curable 1-component coatings. Such combinations feature excellent resistance to a wide range of aggressive chemicals.


The reaction of epoxy resins with fatty acids to form epoxy resin esters yields a resin class in which the excellent adhesion and hardness values of the epoxy resins are combined with the elasticity and good levelling properties of the oils. Furthermore, it is possible via the choice of fatty acid type to engineer purely oxidative curing or, in conjunction with amino resins, thermal curing.
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Figure 2.1.123: Example of an anhydride hardener produced by reaction of trimellitic anhydride with 1,2-ethanediol
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Figure 2.1.124: Polymerisation via ring opening of epoxy resins with BF3





Epoxy resin esters are therefore important basic structural elements for high-quality primers and primer surfacers for industrial coatings.


Due to good adhesion to many different substrates, high chemical resistance and the associated good corrosion protection afforded to steel structures, construction machines and vehicles as metallic objects, as well as the sealing of concrete and mineral substrates, epoxy resin paints have evolved into an economically important class of products. The special properties of the solvent-borne 2-component and 1-component materials led to their being accorded priority when it came to adapting to low-solvent, mainly waterborne systems and powder coatings [2.4.33].


If the epoxy alkyd resin esters are modified via the double bonds in the fatty acids with maleic anhydride and if the incorporated anhydride ring is opened in similar fashion to the maleinised oils with butanol and is then neutralised with amines, the result is water-soluble resins for anodic electrocoating.


Bisphenol A epoxy resins are also used for the manufacture of resins for cathodic electrocoat paints, which are significantly more important today (see Figure 2.1.127). The cations which are required for dispersion in water are obtained by adduct formation with amines and subsequent neutralisation with acetic acid.


The important electrocoat primers in the automotive and subcontractor industries are based on resins which consist of polyester core segments and added epoxy resins. The epoxy end groups are then converted with amines as described. Crosslinking takes place mainly with admixed and dispersed blocked isocyanates which then react with the OH and NH groups of the base resin after thermal unblocking from about 150 °C [2.4.34].


The changeover to cathodically depositable coatings that was achieved in a very short period of time in automotive coating, despite the necessity for substantial plant outlay (see Chapter 4.2.1.1), is a good example of the technical advances made in corrosion protection (see Chapter 7.2).


Initially attempts were made to produce water-thinnable epoxy resins for spray or manual application by simply converting conventional systems into a dispersion with the aid of suitable agitators but without resorting to any chemical changes, and then to simultaneously or subsequently combine them with the traditional water-soluble hardeners. The type of crosslinking partner would then produce hot- or cold-curing paints. However, the vagaries of the base-paint material led to specific problems: epoxy resins, even at relatively low molecular weights, are solids and so are not emulsifiable. It was therefore necessary either to resort to very low molecular weight base resins or to add unwanted organic solvents. It was found that low molecular weight epoxy resins cannot be converted into stable dispersions in the absence of stabilisers. Conventional emulsifiers, such as nonylphenol ethoxylate, may increase the stability and, with drop sizes in the range 5 to 10 μm, allow the production of sufficiently fine dispersions needed for subsequent film formation. As plasticisers, however, they degrade the mechanical-technological properties of the films, and through migration and evaporation over the long-term, lead to a reduction in quality which was already moderate to start with, ranging from embrittlement through to partial detachment.
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Figure 2.1.125: Structure of epoxy resins modified with fatty acids





A further weak point of epoxy group-containing dispersions is the interaction with the surrounding water. The finer the emulsion, the more extensive is the interaction. However, a fine emulsion is desirable from the point of view of film forming and levelling properties.


As described in numerous patents, suitable additives have been developed that eliminate these weak points and enable the quality to be adapted to the traditional role models that were dissolved in solvents. In addition to permanently effective stabilisation of the emulsion, it proved possible to reduce the droplet sizes to 1 to 5 μm and, at the same time, form an effective barrier layer against the influence of water, without adversely affecting the application properties.


The replacement of conventional emulsifiers by chemically reactive alternatives, such as epoxy-modified polyalkyl ether polyols or polyamidoamine-modified polyethers [2.4.35] in conjunction with novel hardeners obtained from the reaction of diamines with aliphatic diglycidyl ethers [2.4.36] paved the way for substantial progress with regard to the emulsifiability and fineness of the dispersion. The mobility conferred by the aliphatic chains of the polyethers additionally boosts the elasticity and maximum attainable film thicknesses, in association with a wider range of application.


Epoxy resin emulsions optimised by such modification are limited to liquid, i.e. low molecular, resin types which yield films with a correspondingly high degree of crosslinking. If lower levels of crosslinking are intended to induce further elasticisation, higher molecular base resins are indispensable. Since these are only available as solid resins, organic solvents or reactive diluents must be used as viscosity regulators. This has less to do with the process viscosity of the dispersion than with the fact that the resin components in the binder droplets must have a low viscosity which is necessary for uniform mixing.


The quality of current water-borne epoxy paints compares favourably with that conventional epoxy paints dissolved in solvents. Recent studies have even reported that the use of active pigments such as zinc phosphate which is classified as environmentally harmful can be dispensed with when water-borne anticorrosion primers are being designed [2.4.37].
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Figure 2.1.126: Structural element of maleinised epoxy resin esters for anodic electrocoating





In addition to their importance for conventional 2-component and 1-component systems as well as their use as base resins for anodic and cathodic electrocoat paints, epoxy resins have also found a broad field of application as film formers for powder coatings, as primers and, in mixtures with polyesters, as so-called hybrid powders for topcoats [2.4.38].


The good film properties in conjunction with the processing-specific advantage of the lower stoving temperatures without elimination of condensation products have made polyaddition coating resins particularly attractive. The search for further crosslinking possibilities through polyaddition has thrown up several product groups.


The addition of active methylene and amino groups to vinyl ketones or acrylic esters, the reaction of carboxylic acids with carbodiimides and the varied reaction options for oxazolines with carboxylic acids, carboxylic acid anhydrides and with itself are just some of the novel crosslinking reactions which are worth noting. An example which merits a special mention is the Michael addition of malonic acid esters or polyamines with resins containing acrylic ester. The discovery of catalysts means that the crosslinking temperatures can be reduced to as low as 70 °C, as a result of which new options are opening up even for thermally sensitive substrates and for the automotive refinishing sector [2.4.39].
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Figure 2.1.127: Example of the chemical structure of cathodic electrocoat epoxy-based resins





Carbodiimides, which have been known for many decades as a mild condensing agent in the chemistry of natural products, can be employed as paint resins if they are made to react with carboxyl-group-containing film forming agents such as acid polyesters or polyacrylates.


Oxazolines, which have been known for their role in the emulsification of alkyd resins for decades, are experiencing renewed interest. Their synthesis works by the intramolecular dehydration of hydroxy-functional acid amides or by removal of NH3 from the products of the reaction of ethanolamine with nitriles.


Oxazolines, made from the analogous unsaturated fatty acid amides, are eminently suitable for the synthesis of oxidatively curing polyamides if they made to undergo ring-opening polymerisation in the presence of appropriate catalysts.
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Figure 2.1.128: Michael addition of malonates to acrylic acid derivatives







[image: ]


Figure 2.1.129: Reaction scheme for the addition of carboxylic acids to carbodiimides
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Figure 2.1.130: Synthesis of oxazolines from ß-hydroxy acid amides







[image: ]


Figure 2.1.1131: Ring opening polymerisation of oxidative-hardening oxazolines
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Figure 2.1.132: Crosslinking reaction of oxazolines with organic acids
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Figure 2.1.133: Crosslinking reaction of oxazolines with acid anhydrides
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Figure 2.1.134: Scheme of crosslinking reaction of carbonic acid esters with polyamines





Film forming agents containing oxazoline groups are also partners for acid polymers. They react with carboxyl groups at temperatures above 180 °C, leading to ring opening, formation of esters and, at the same time, formation of acid amide groups.


A reaction with acid anhydrides is also possible. For example, maleinised epoxy resin esters can be converted with oxazolines to stable ester imides.


Cyclic carbonic esters can also be used as crosslinking resins. Cyclic propylene carbonate reacts with primary and secondary amines at low temperatures to form polyurethanes.


Resins by Polymerisation


Polymerisation has become by far the most important type of reaction for the manufacture of synthetic materials. As a result of the mechanism and kinetics of the reaction, polymers generally have substantially higher molecular weights than condensation resins, which are more suitable for paint purposes. Since a high molecular weight in a film forming agent is associated with reduced solubility, increased viscosity in the paint solutions and thus a low solid content, the use of high molecular polymers in dissolved form faces considerable environmental problems. As solvent-borne paints, they are therefore waning in importance.


A way out of this problem is afforded by processing as a dispersion, or as a powder coating. The aqueous emulsion polymers play a very major role. They serve as the basis for dispersion coatings, fillers and synthetic resin plasters. Acrylic or polyvinyl acetate dispersions for coating external façades or interior surfaces can be particularly mentioned in this regard. Dispersions, in which solvents or plasticisers act as the fluid phase instead of water, include particularly the organosols and plastisols which are used as stoving enamels. The plastisols contain plasticisers, while the organosols also contain nonsolvents which are still volatile. Those polymers which are important in coating technology are divided into polyolefins, polyvinyl compounds and polyacrylates.
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Figure 2.1.135: Groups of important coating resins produced by polymerisation





The classic polyolefins, such as polyethylene, polypropylene, i.e. those which are no longer amenable to chemical crosslinking during film formation, have failed to gain any technical importance as film forming agents because of their insolubility in standard solvents and their tendency to crystallise. Polyisobutylene, obtained by ionic polymerisation, partially soluble in hydrocarbons and possessing excellent cold resistance, has proved a successful elasticising component for bitumen and for flexible coatings of food wrappings and textiles.


Low molecular polyethylene wax dispersions are additives for influencing the surface smoothness and effect formation of metal effect coatings. Following sulphochlorination they perform special tasks as film forming agents. The situation with polyolefins is different, as these still contain reactive double bonds after their manufacture. Polybutadiene and polyisoprene belong to this product group. Low molecular polybutadiene oil, like fatty oils or oxidatively curable epoxy resin esters, is maleinisable and thus a proven film forming agent for anodic electrocoating [2.4.40].


The most important members of the polyvinyl resins group are polystyrene, polyvinyl chloride (PVC) and various polyvinyl esters and polyvinyl ethers.


Polystyrene, a homopolymer, is not suitable for use in coatings because of its inability to wet pigments and its high degree of brittleness. Only following copolymerisation with acrylonitrile (better colour absorption) and butadiene (elastic properties) is the resulting acrylonitrile-butadiene-styrene copolymer (ABS), which is processed from aqueous dispersion, of interest for coating, among other things, surfaces at risk of chipping.


Copolymers of butadiene with styrene in the form of aqueous dispersions have acquired another application field. On account of their residual C=C double bonds the films are capable of oxidative secondary crosslinking. This helps to increase hardness and resistance to water, chemicals and detergents. Latex paints are manufactured with styrene-butadiene copolymers. They are suitable for internal and external application, particularly on mineral substrates and, in some cases, also on metals.


Unless it is modified, PVC too is not usable as a film forming agent. Its poor solubility and sensitivity to light are the most serious shortcomings from the coatings perspective. Only post-chlorinating the raw material, which already contains 56 % chlorine, to a chlorine content of approx. 65 % improves solubility and thus permits the manufacture of physically drying film forming agents. These were used in the past, in combination with tar and bitumen, for heavy-duty anticorrosive protection.
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Figure 2.1.136: Polystyrene (PS) as a homopolymeric compound as well as styrene-butadiene (SB) and acrylonitrile-butadiene-styrene (ABS) as copolymeric compounds
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Figure 2.1.137: Molecular segments of polyvinyl chloride (PVC) and a copolymer with vinyl acetate





PVC attains much greater importance when used as a dispersion in plasticisers. Such plastisols can be processed without emissions. They then gel under the action of heat to form a highly elastic compound which is processed in thick films. Underbody protection and seam sealing compounds in the automotive sector are important applications for PVC plastisols. PVC plastisols are also processed as topcoats in the coil-coating sector.


Coatings made of nonplasticised polyvinyl chloride have a high surface hardness and wear resistance and above-average resistance to water, solvents, chemicals and fuels. As a result, they are particularly suitable for cladding containers, storage tanks and similar objects.


Their poor lightfastness and heat resistance can be overcome by the use of stabilisers. Good adhesion to iron can only be achieved by the use of special wash primers.


Water-borne PVC dispersions are also used to coat textiles, leather and synthetic leather. PVC-based powder coatings are only of interest for the fluidised-bed process (see Chapter 4.2.2). A widely used method of obtaining film forming agents with better solubility, adhesion and compatibility properties is copolymerisation of the vinyl chloride with vinyl acetate, vinyl propionate, vinyl isobutyl ether or in smaller proportions with free acrylic and maleic acids. The amount of ester- and ether-type comonomers ranges from 5 % to 50 %, while that of the adhesion-enhancing acid components is of the order of 1 %. Apart from the molecular weight, the type and proportion of comonomers used have a defining effect on the solubility and compatibility of the resins, as well as on the properties of the coatings made with them.


With few exceptions, the copolymers of vinyl chloride are physically drying film forming agents. Important applications for PVC copolymers include internal coatings of beverage cans, heat-sealable coatings on aluminium foils for lamination and bonding, high-adhesion coatings on hot-galvanised substrates and aluminium sheets. PVC copolymers are also used to protect concrete floors and for road-marking paints. When combined with alkyd resins they serve as primers and high-build anticorrosive coatings.


The homopolymer polyvinyl acetate is a crystal-clear, lightfast, odourless and tasteless coating resin. It is available in a wide range of different molecular weights. The molecular weight is not only important for the viscosity of solutions, but also for compatibility with other paint raw materials and for the mechanical properties of the dried films. In all cases polyvinyl acetate has good adhesion, even on difficult substrates. The preferred solvents for polyvinyl acetate are esters and ketones. There is good compatibility with cellulose nitrate, acetobutyrate, chlorinated rubber and polyacrylates.
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Figure 2.1.138: Molecular segment of polyvinyl acetate





Carefully coordinated combinations increase the bonding strength and build. Despite their good barrier effect against gases, polyvinyl acetate films are extremely permeable to moisture. This permits the exchange of moisture between the coated substrate and the atmosphere.


Water-borne polyvinyl acetate dispersions with solid contents of 50 to 60 % have incomparably more important uses than the solvent-borne types. For the homopolymers the minimum processing temperature, i.e. the minimum film forming temperature (MFT), is 15 °C which is too high for central European climate conditions. To lower this and thus to guarantee film formation even at lower temperatures, the material has to be plasticised. Plasticisation can be achieved by adding plasticisers or by copolymerising vinyl acetate with plasticising monomers. Materials which can be considered for use as plasticising monomers are esters of vinyl alcohol with lauric or stearic acids, as well as alkyl esters of maleic and fumaric acids.


Polymers of vinyl propionate have greater resistance to alkalis. The high inherent elasticity of polyvinyl propionate means that for many applications it is necessary to raise the product’s hardness by copolymerisation, e.g. with vinyl chloride.


Aqueous dispersions (see below) of polymers of vinyl acetate and propionate prepared by emulsion polymerisation have been the foundation of emulsion paints for decades. They are very widely employed in the manufacture of coatings for buildings, wood coatings, coatings for wallpaper and textiles and of fillers and synthetic plasters. The numerous advantages of good compatibility with many other film forming agents, physiological safety, lightfastness and film gloss that can be achieved with polyvinyl acetate must be weighed against the disadvantages of their tendency to be swelled by water and the saponifiability of the ester groups.


Polyvinyl alcohol cannot be manufactured from its monomer because of the instability of the vinyl alcohol, which immediately rearranges into acetaldehyde. Polyvinyl alcohol therefore has to be obtained indirectly by saponification of polyvinyl acetate. As a technical material it is used as a thickening agent and as the starting material for polyvinyl acetals.


Polyvinyl acetals are products of the reaction of polyvinyl alcohol with aldehydes or ketones. Polyvinyl formal is produced by the reaction of formaldehyde with polyvinyl alcohol, while polyvinyl butyral, which is more important from a coatings perspective, is from reaction with butyraldehyde. As polyvinyl alcohol is manufactured from polyvinyl acetate, residual amounts of unsaponified ester groups remain. There are also hydroxyl groups which escaped acetalation. Apart from the molecular weight, the defining factors for the products’ solubility properties and compatibility are the respective rations of residual acetate and hydroxyl groups to the acetal groups formed.


Polyvinyl butyral is compatible with all phenolic and urea resins, and with some alkyd resins and cellulose nitrate. Low molecular types serve as plasticising components in stoving enamels based on phenolic resins and in acid-curing coatings based on urea or melamine resins. Medium-molecular types are often blended with epoxy and phenolic resins and have an important role in corrosion control in reactive mixtures with phosphoric acid as wash primers.
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Figure 2.1.139 Saponification of polyvinyl acetate
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Figure 2.1.140: Molecular segment of polyvinyl acetal
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Figure 2.1.141: Molecular segment of polyvinyl ether





Other noteworthy polyvinyl compounds are the polyvinyl ethers which are more resistant to saponification than polyvinyl esters, but are not lightfast. The copolymer of polyvinyl isobutyl ether and PVC is the most important commercial product in this class of substances and is ideal for physically drying primers because of its good adhesion to nonferrous metals.


Most of the polymers described thus far are processed as aqueous dispersions when used for coatings. They are mostly produced by emulsion polymerisation [2.4.41].


In this manufacturing process, the monomeric structural elements to be polymerised are first transformed into a coarse aqueous emulsion stabilised by surfactants. Excess surfactants aggregate together in the polar aqueous phase to form micelles. These are small nests composed of polar moieties of surfactant facing outwards and less polar moieties facing inwards.


The hydrophobic monomers, which have poor solubility in water, ultimately migrate into the hydrophobic cores of the micelles. Water soluble starting radicals R· initiate a polymerisation reaction in the micelles. Via of the surfactant and radical concentration, it is possible to control the growth of the particles in the micelles such that the desired particle size is reached when the monomer has been fully used up.
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Figure 2.1.142: Schematic diagram of emulsion polymerisation


Source: BASF SE





Acrylic Resins


The term acrylic (acrylate) resins, which are also called polyacrylates or polyacrylics, refers generally not just to the polymers of the pure acrylic acid derivatives, but rather to the copolymers of the esters of acrylic and methacrylic acids and styrene. The various monomers can be randomly incorporated into the polymer chains in almost any mixing ratio.


The character and properties of the acrylic resins are defined by the monomer mixture employed and also by the molecular weight. Thermoplastic acrylic resins having molecular weights of more than 100,000 g/mol and no reactive groups have found their niche in coating technology just as much as low molecular chemically reactive types having molecular weights of less than 20,000 g/mol. Thermoplastic polyacrylates are mainly processed in aqueous dispersions nowadays (see above). For environmental and economic reasons, the proportions of genuine organic partial solutions are low these days. The chemically reactive variants are used in conjunction with crosslinking agents such as melamine resins as 1-component paints or with isocyanate hardeners as 2-component materials. Important monomers for thermoplastic coating materials include ethyl, methyl and butyl acrylates and analogous esters of methacrylic acid and styrene.
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Figure 2.1.143: Basic components of thermoplastic acrylic resins





Thermally curing coating paints, known as “thermosetting paints”, use resins which also contain proportions of free acrylic acid, hydroxy-functional acrylic esters, acrylamides, glycidic esters of acrylic acid and corresponding methacrylic acid derivatives (see Figure 2.1.145b).


The film properties and chemical reactivity can be controlled by the number and type of functional groups. In addition to hydroxyl and carboxyl groups, amino or amido groups also merit a mention in this regard. The latter can occur free, mixed with formaldehyde and also etherified.


The mixing ratio of the randomly copolymerising basic structural elements affects the softening point, also termed the glass transition temperature (see Chapter 3.2.5) and thus also the minimum film forming temperature for aqueous dispersions. The methyl side groups of the methacrylic esters stiffen the molecular chains in similar fashion to the aromatic groups in styrene. Polymethacrylates or styrene-containing polyacrylates are therefore harder than the corresponding pure polyacrylates. The softening point of the polymers is also affected by the length of the alcohol group of the acrylic or methacrylic esters. Given comparable molecular weights of the polymers, the butyl esters are relatively flexible whereas the methyl esters are rigid and hard. The length of the alcohol group affects the mechanical properties, solubility in solvents and compatibility with other resins.


A characteristic feature of the performance profile of acrylic resins, irrespective of whether they are thermoplastic or chemically reactive, is the very high degree of saponification of the polymeric acrylic and methacrylic esters. They are therefore proven film forming agents for coating concrete, plastics and nonferrous metals such as copper, silver, brass or chromium-plated iron. Aqueous thermoplastic acrylic resin dispersions have now also gained access to the wood coatings field due to the relatively rapid evaporation of the water.


However, the high molecular weight and associated poor pigment absorption prevents them from achieving peak performance in terms of gloss. Despite such difficulties thermoplastic acrylic resins have achieved a certain importance as rapidly drying automotive refinishing paints for spray cans because of their excellent resistance combined with good polishing properties. They allow flaws and contamination to be sanded away during refinishing work without the need for any additional secondary coating, since the coating merely needs to be heated to enable it to flow again and create a smooth, glossy film. This method, known as the “reflow” process was used on automotive coating lines in the US for a time in the 1970s.
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Figure 2.1.144: Basic components for thermosetting acrylic resins





Functional polyacrylates, combined with melamine resins or isocyanate hardeners to achieve crosslinking, are widely used on industrial coating lines and for refinishing. Because of the benefits they bring, they have largely superseded the topcoats based on alkyd/melamine resin combinations which previously served as standard. To ensure high cracking resistance (see Chapter 3.3.2) under extreme climatic conditions, clearcoats for metallic base coats are formulated primarily with externally crosslinking acrylic resins.


For reactive OH-functional polyacrylates, which are usually crosslinked with melamine resins or isocyanate hardeners, new reaction partners have been found. Trisalkoxycarbonylaminotriazine, or TACT (see Figure 2.1.113), is a crosslinking component which, due to the formation of urethane groups in the film, rivals melamine resin and isocyanate-crosslinked variants in terms of the properties of the finished coating. Reactive acrylic resins which can be crosslinked with melamine resins, polyisocyanates and the newer TACT hardeners have become widely accepted as high-quality industrial and automotive finishes.


Mention should also be made of the previously described carbamate-modified acrylic resins in combination with HMMM resins as a new variant for heat curable polyurethane acrylates (see Figure 2.1.145a and b).


If glycidyl acrylate or glycidyl methacrylate is used proportionately in the manufacture of acrylic resins, such special resins can also be made to react with acid polyesters or acid acrylic resins via the epoxy groups which are now present in the molecule. This crosslinking reaction is used in powder coating technology, among others.
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Figure 2.1.145a: Reaction schemes for external crosslinking of OH-functional acrylic resins
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Figure 2.1.145b: Reaction schemes for external crosslinking of modified acrylic resins





If a specific modification is carried out, it is possible to produce self-curing acrylic resins. One of the many options that these resins contain in their chain molecules, in addition to the hydroxyl groups, is amino groups formed by copolymerisation with  acrylamide. These can be methylolated and additionally etherified with butanol. Starting from the modified amino groups, a thermosetting network is formed with the hydroxyl groups during stoving, without the need for the presence of an external resin. These are the base resins for detergent-proof single-film coatings for household appliances, dishwashers and refrigerators.
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Figure 2.1.146: Typical reaction scheme for self-curing acrylic resins
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Figure 2.1.147: Acrylic acid-modified resin for radiation curing





Increasing the proportion of the hydroxy- and particularly the carboxy-functional monomers in the monomer mixture leads to special products which, after the addition of amines as polymer anions, become soluble in water and which can therefore also serve as resins for anodic electrocoating. Cathodically depositable acrylic resins can also be manufactured by polymerisation of acrylate esters that contain amino groups in the esters. After addition of blocked isocyanates and neutralisation with organic acids the mixture can be dispersed and used for topcoats that possess acceptable long-term outdoor exposure properties [2.4.42].


The radiation curable acrylic resins have a completely different chemical constitution from the film forming agents described thus far (see Chapter 5.6.1.4). Unlike classic acrylic resins, radiation curable resins still contain carbon double bonds. These are inserted by the incorporation of terminal acrylic ester groups. They are, therefore, not genuine acrylic resins, but rather acryl-modified film forming agents from a huge variety of origins.


Such resins contain terminal active double bonds. Consequently, their suitability as film forming agents for radiation curable coatings differs from that of the styrene-containing unsaturated polyesters which previously served as standard because they have a better ratio of growth to termination during curing. They lead to higher molecular networks and as a result are more resistant to chemical and mechanical stresses.


Various prepolymers, which are enabled to bond chemically with acrylic acid via either the terminal epoxy or hydroxyl groups, are used to manufacture the acrylic acid-containing film forming agents for UV-curing.
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