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Foreword


A world without polyurethanes is hard to imagine these days. Polyurethane chemistry has become an established technology worldwide in various industrial applications. For innovative coatings, adhesives and sealants, it plays a significant role and has been in many cases the key to new technology implementation. Polyurethanes enable innovation and technological advancement and help to develop products that meet market needs, devising efficient and environmentally friendly manufacturing processes and asserting a position in the global competitive environment.


In 2007 the first edition of the textbook Polyurethanes for Coatings, Adhesives and Sealants was published with the purpose to give a comprehensive overview of the potential offered by polyurethane chemistry. It was a time, when the significance of solvent-free, water-borne or UV-cured systems had steadily increased and reached a considerable importance. While solvent-borne formulations occupied center stage for many years before, polyurethane chemistry suddenly demonstrated that environmental improvements, better quality and economy were not mutually exclusive, but could be synergistic.


The book became an established standard work for professionals and students in technical and commercial areas, who desired the know-how and background of polyurethane related topics for coatings, adhesives and sealants.


Now, 11 years later, we once more deal with this topic and analyze the current role of polyurethane chemistry for coatings, adhesives and sealants, taking the development within the past decade into account. Based on our findings we updated the book, added new technical developments, extended the global view and included increasingly important topics such as sustainability and digitalization. Additionally, we refreshed citations and reduced content in areas deemed to be less relevant as they had been eleven years ago.


Polyurethane chemistry appears to have become even more established in the last decade and has continued to develop. Some of the trends foreseen in the previous edition have come to fruition, e.g., the trend towards water-borne systems. Furthermore, new, even more specialized systems and application technologies have been developed. This widened the applications fields and pushed the performance of the PU technology even further. Examples include the first bio-based PU raw materials which are entering the market, new catalyst systems which have been developed, or the digital printing process as new application technology that makes its way into the market place. Due to the adaptability of polyurethanes, modern systems are able to address the more stringent market, legislation and sustainability demands of today, and it is anticipated that polyurethanes will be able to do this in the future. The enormous diversity and possible combinations of polyurethane raw materials result in an impressive breadth of properties enabling the development of specific, customized solutions. The potential of further development is by no means exhausted.


Although the book has been revised, we took care to maintain the original intent of providing a comprehensive overview that allows newcomers to the industry an understanding of the principles and the potential of the polyurethane chemistry in the applications of coatings, adhesives and sealants, as well as, give the experienced specialist the option to refresh their knowledge and inspire the interested reader to think about how new innovations in polyurethanes can solve the problems of the future. The book opens with an introduction to polyurethane chemistry and technology, followed by a discussion of the many different applications, their current significance and their future prospects. Like the first edition of the book, the second one was also created in a global team approach involving experts in their respective fields for each chapter including experts of the Covestro group of companies, as well as, partners from universities and institutes. We would like to thank all of them for their contribution and patience. The book would not have been possible without their commitment and dedication to the PU technology.
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1 Introduction


1.1 Historical aspects


Coating, bonding and sealing are techniques that humankind has used for many centuries. For a long time, only natural resins, oils and fats were used for these purposes.


Shellac, a natural resin secreted by the scaly lac insect, has been used in India as a weather-resistant coating for surfaces. The word lacquer in English is derived from the Sanskrit word laksha, which means one hundred thousand and describes the unimaginably large number of insects required to produce shellac lacquers. Later it was learned that lacquer resins could also be obtained from other sources, e.g. by boiling down wood oil.


Animal tissue, especially bones and hide, were the basis for glues and adhesives in many applications for a long time. The makers of high-quality glues were called Kellepsos in ancient Greece. During the Middle Ages development was largely static. The invention of the printing press by Johannes Gutenberg then led to a new and rapidly growing need for adhesives in the emerging bookbinding industry.


The development of synthetic resins began in the early 20th century driven by the oil industry and the emerging downstream industry with their related products. This laid the foundation for the production of coatings, adhesives and sealants of vastly improved quality and in volumes. Polyurethanes were discovered in 1937 when Heinrich Rinke produced 1,6-hexamethylene diisocyanate (HDI) and Otto Bayer developed the diisocyanate polyaddition process[1–3]. Initial research in this new field of polymer chemistry in the 1940s focused on polyurethane fibers, while the first polyurethane foams were produced a little later.
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Figure 1.1: Otto Bayer – Inventor of polyurethane chemistry[4]





Fifty years ago, the first polyurethane coatings were developed. Otto Bayer and his team discovered that the technical properties of alkyd resins could be improved through modification with diisocyanates. However, the real conquest of the coatings sector by polyurethanes only began with the development and industrial use of low-monomer polyisocyanates. The first products were based on toluene diisocyanate. Due to the aromatic nature of the base isocyanate, these tend to yellow on exposure to light and can therefore only be used for interior applications or in primers.


The range of applications was broadened later with the introduction of products based on aliphatic diisocyanates, initially hexamethylene diisocyanate. “Desmodur” N was the first product of this type and was launched in the early 1960s by Bayer AG. Gradually, the two-component (DD) coatings prepared by combining polyisocyanates (“Desmodur“) with polyols (“Desmophen”) replaced the traditional alkyd coatings, first in the coating of large vehicles. The driving force was the quality of the coatings which, even when dried under mild conditions, matched the performance of coatings which had been baked. This is important when coating large vehicles (airplanes, rail wagons and buses) as their size makes baking impossible.


In the 1970s, it was found that the quality of automotive refinish coatings could be substantially improved with the help of polyurethane chemistry. By adding polyisocyanates based on isophorone diisocyanate (IPDI) to the medium oil-based alkyd resins mainly used at that time, the hardness, overcoatability and gasoline resistance of the resulting coatings could be improved significantly. Today, two-component polyurethane coatings have almost completely replaced alkyd resin chemistry in this segment.


The broad range of applications for polyurethanes in coatings was quickly recognized. Other examples of applications include wood finishing, corrosion protection and construction, as well as textile coating. Another advance has been the development of two-component metering technology. The breakthrough in automotive OEM finishing occurred in the mid-1980s, and since this time, plastic coatings have become a further domain for polyurethanes.


Polyurethane adhesives came onto the market in the 1950s with the development of the hydroxyl polyurethanes and the first trifunctional isocyanate crosslinker, “Desmodur” R. The early 1960s also saw the development of plasticizer-resistant hydroxyl polyurethanes, which laid the foundation for the success of these products in shoe manufacture.


Solvent-free polyurethane reactive adhesives have been used since the 1970s, first in automotive production, and then in the manufacture of laminated films and sandwich elements. They were later joined by reactive sealants. Since the 1990s, polyurethane-based reactive and waterborne adhesives have gained significant market share in automotive, construction, furniture and shoe production.


The process of substituting traditional technologies in coatings, adhesives and sealants with polyurethane is ongoing, and can be observed occurring around the world. Against a background of increasingly demanding quality requirements, ever more stringent environmental legislation, and cost optimization of the end-product manufacturing processes, there has been growth in the use of low-solvent, solvent-free, waterborne and radiation-curing formulations of one- and two-component polyurethane systems[5–9]. Bearing in mind current concomitant developments, polyurethanes will continue to gain further importance. Their spectrum of use will thus expand beyond the established applications into other new areas.


1.2 Definition of scope


This book describes the use of polyurethane raw materials for coatings, adhesives and sealants in selected application areas. Topics covered include applications in the wood and furniture industry, the automotive sector, construction, the broad area of metal coatings including corrosion protection, the shoe industry, and plastic coating and bonding. Also discussed are the manufacture of laminated films and the coating of textiles, leather, glass and paper. In addition to describing the chemical and technical principles involved, the issues of occupational hygiene and sustainability associated with the handling of polyurethane coatings, adhesives and sealants are covered. The broad spectrum of applications is evidence of one key property of polyurethanes: the versatility resulting from their chemistry which is also exploited in segments other than coatings, adhesives and sealants.


For example, polyurethane raw materials are used in the manufacture of foams: rigid foams for insulation (construction industry, refrigerators) or energy-absorbing components in automobile interiors (instrument panels); integral skin foams, e.g. for furniture and medical applications; flexible foams for upholstery, mattresses and packaging materials. Other applications for polyurethanes are found in the manufacture of versatile elastomers for the footwear and electrical industries, thermoplastic urethanes, e.g. for sports and leisure equipment, and polyurethane elastic fibers for stretch fabrics.


This book does not intend to address all these applications. Detailed information can be found in other sources[10–12].
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2 Economic aspects and market analysis


2.1 Introduction and definitions


When looking at the economic importance of coatings, adhesives, and sealants, there is a significant market of formulated products with 64 million tons or 170 billion € globally in 2017 (see Figure 2.1). The formulated product always describes the ready to use material as it will be applied to the end product – being it a wall, car or industrial good. The formulated product contains the so called resin, binder or film forming component and further additives, pigments, fillers and organic solvents or water. This market is split roughly 75:25 for coatings versus adhesives and sealants with 49 versus 15 million tons of material (see Figure 2.1).
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Figure 2.1: Overview world consumption 2017 for coatings, adhesives and sealants[1]





With regard to the resin within the formulated product, several market studies and also the authors of this book refer to the resin supply form. This includes not only the monomeric, oligomeric or polymeric resin material itself, but also a certain share of organic solvent or water that is usually included in the commercially available products.


Other market data sources use the term of dry resin to describe only the active resin material without any solvents that will eventually evaporate in the final film forming process during application of the formulated product.


Within this book the term polyurethane (PU) chemistry is used to describe markets, which comprise all resin materials that are crosslinked by urethane or urea groups. In addition, the term also covers all materials that are indirectly based on isocyanates or the reaction products thereof. This means, that the isocyanate is not necessarily reacted in the last crosslinking step, but might be used as a precursor (see Chapter 3). In general, polyurethane resins consist of aliphatic polyisocyanates, aromatic polyisocyanates, prepolymers, polyurethane dispersions (PUDs), polyols and specific diamines.


Based on these definitions, polyurethane based resins have a market size of 2.4 million tons or 6.7 billion €. This represents a 12 % share of the overall resins market in supply form. Therefore, polyurethane chemistry is usually recognized as a specialty market where the final application demands for increased performance, e.g. durability or quality of appearance.[1]


2.2 Coatings


The world consumption of coatings for industrial and architectural applications (i.e. the total production of formulated coating products sold) amounted to 49,000 kilotons in 2017 (see Figure 2.2). This represented global consumption of 16 million tons of coating resins in supply form, corresponding to a value of 44 billion €. Polyurethane resins account for 1.6 million tons representing roughly 10 % of the overall resins market in supply form.[2]


2.2.1 Fields of application


There are two general fields of application for coatings in the world: The architectural applications account for approximately 66 % by volume, including dispersions for architectural coatings, whereas the general industrial coatings make up approximately 34 % (see Figure 2.3).


The architectural market is dominated by interior wall applications, i.e. wall emulsions/dispersions with 51 %. This segment is followed by exterior wall coatings with 24 %. After wood coatings with 15 %, floor coatings (8 %) and roof coatings (2 %) hold the smallest share (see Figure 2.3). Within this market, polyurethane technology only holds a very small share and thus the architectural applications are not further considered within this book with regard to market data.


The industrial market accounts for 34 % of the coating market and can be divided into seven different fields (see Figure 2.4, see page 25) with the largest, named metal, representing roughly 40 % of the market share. This application is followed by protective and marine with 22 %. Industrial wood and automotive account for 14 % and 13 %, respectively. They are followed by agricultural, construction, earthmoving equipment (ACE) and plastics with 4 % each. The smallest segment is transportation with 3 %.[4] Other markets include textile, leather, glass and paper coating. The market size for textile and leather coating sums up to approximately 5,100 kilotons of resins in supply form, of which 50 % is based on polyurethane technology.[5] This market is not reflected in the following graphs but will be discussed in detail in the respective chapter.
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Figure 2.2: Overview world consumption 2017 for industrial and architectural coatings[2]







[image: ]


Figure 2.3: Formulated coatings volumes per application 2017 (industrial and architectural): 49,000 kt in total[3]





*ACE: Agricultural, Construction, Earthmoving Equipment





The weighting is different if one compares polyurethane coatings to the total formulated industrial coatings market (i.e. the sum of all coatings types) in terms of share of technologies (see Table 2.1): Industrial wood, automotive, plastics, and ACE have a higher or even significantly higher market share in the polyurethane market compared to the total formulated industrial coatings market. This clearly shows that high-quality polyurethane resins are preferred for applications with more demanding requirements in terms of quality and durability – and these are found accordingly in a higher price segment.




Table 2.1: Formulated polyurethane coatings volume per application vs. the total formulated industrial coatings market[4]


















	
Application




	
Total industrial coatings market per application [%]




	
Polyurethane industrial coatings market per application [%]









	
Automotive




	
13




	
21









	
Transportation




	
 3




	
 8









	
Industrial wood




	
14




	
24









	
Protective & marine




	
22




	
16









	
Plastics




	
 4




	
15









	
Agricultural, construction, earthmoving equipment




	
 4




	
 6









	
Metal




	
40




	
10









	
 




	
100




	
100















2.2.2 Chemistries and regions


The world consumption for industrial coatings is distributed unequally (see Figure 2.5). More than half of the industrial coating demand is consumed in the Asia-Pacific (APAC) region, while slightly more than one quarter is used in EMEA, namely Europe (21 %) and the Middle East and Africa (4 %), and just under one quarter is going to the Americas (NAFTA and LATAM) with 23 %. It should be emphasized here that APAC’s share of global industrial coatings consumption has grown in the last five years (2012 to 2017) to more than 50 % and is expected to continue to rise.


The volume of formulated solvent-borne coating products summed up to 65 % over all technology classes (see Figure 2.6), whereas water-borne coatings, including electrocoats for cathodic electrodeposition (CED), make up 17 % of the formulated coatings market. The remaining share is distributed among powder coatings (14 %), UV coatings (3 %), and others (1 %).


The volume distribution by chemistry type shows that the traditional systems, such as alkyd resins, acrylics, and polyesters, including others, are still of great importance (see Figure 2.7). In 2017, these product groups accounted for just over 51 % of world consumption. Polyurethane coatings have a market share of 20 %.


The main components of polyurethane coating resins are polyisocyanates, polyurethane dispersions, and other polyurethane materials, such as prepolymers and polyols based on polyacrylates, polyesters, polyethers as well as specific diamines. The 1.6 million tons of polyurethane coating resins used worldwide are distributed as shown in Table 2.2 (see page 26):
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Figure 2.4: Formulated industrial coatings volume per detailed areas of application in 2017, around 17,000 kt[4]
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Figure 2.5: Formulated industrial coatings volumes per region 2017, around 17,000 kt[4]
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Figure 2.6: Formulated industrial coatings volumes per technology 2017, around 17,000 kt[4]
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Figure 2.7: Formulated industrial coatings volumes per chemistry 2017, ~ 17,000 kt[6]





The key isocyanates used in coatings resins are polyisocyanates, prepolymers and further derivatives. Aliphatic materials are based on hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI) or dicyclohexylmethane diisocyanate (H12MDI). Aromatic isocyanates are based on toluene diisocyanate (TDI) or diphenylmethane diisocyanate (MDI).




Table 2.2: Components of polyurethane coating resins in supply form (volumes in kt)[7]


















	
 




	
Resins in supply form [kt]




	
Relative share [%]









	
Aliphatic polyisocyanates




	
 210




	
 13









	
Aromatic polyisocyanates




	
 130




	
  8









	
Polyurethane dispersions




	
 170




	
 11









	
Polyols and prepolymers




	
1,090




	
  68









	
Polyurethanes total




	
1,600




	
 100















2.2.3 Market forecasts


For the coming years (2017 to 2021), annual market growth of 3.1 % is forecasted for formulated industrial coatings, which represents a higher growth rate than the 2.1 % observed from 2012 to 2017. It is expected that growth in APAC will be above global average at 4.1 %, whereas the European and American markets are expected to grow at around 1.8 % and 2.1 % respectively.


The market growth of formulated industrial coatings for different coating technologies reveals that water-borne coatings and electrocoats grew above regional market average in the past five years (2012 to 2017). This trend is expected to continue for APAC and Americas. For Europe, electrocoats should continue to grow above average, while water-borne coatings will grow at average market rates.


Polyurethanes are expected to experience an increasing annual growth of approximately 2.7 % in the upcoming years (2017 to 2021) compared to the past (2012 to 2017), which grew at 2.2 %. This is driven by APAC and Middle East and Africa with roughly 4 % annual growth. For polyurethanes, the market growth was driven by different technologies, depending on the region. Most of the growth was accounted for by solvent-borne and powder coatings in APAC, while in Europe water-borne and UV coatings posted stronger growth. In the Americas, UV and solvent-borne coatings grew above average.[4]


2.3 Adhesives and sealants


In 2007, the world adhesives and sealants industry had a volume of approximately 11.8 million tons and was worth some 30 billion €.[8] After a decrease of about 4 % during the financial crisis in 2008/2009 and the subsequent economic recovery in the following years the volume and value growth in this industry sector averaged around 3 %. In 2017, world demand of formulated adhesives and sealants reached approximately 15 million tons, which according to the latest estimates represent a value of approximately 40 billion € (see Figure 2.8).[9] This total volume of formulated adhesives and sealants corresponds to a global consumption of approximately 3.8 million tons of resins in supply form in 2017. The total world market of all polyurethane resins in supply form for adhesives and sealants amounts to approximately 800,000 tons.[10]
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Figure 2.8: World consumption for adhesives and sealants in 2017[11]





2.3.1 Fields of application


The main field of application for adhesives and sealants is the packaging segment (approximately 37 %), followed by the construction industry (24 %), assembly (13 %), woodworking (10 %) and transportation (8 %). Consumer/do-it-yourself (DIY) applications and footwear have a share of 5 % and 3 % respectively (see Figure 2.9).
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Figure 2.9: Worldwide volume demand of formulated adhesives and sealants by application, around 15,000 kt in total[9]





Considering the polyurethane-based adhesives and sealants, a slightly different picture is observed. Of the total market of approximately 1.4 million tons, around 30 % is attributed to the packaging segment, 19 % to construction, 16 % to transportation and 11 % to footwear. In these market segments, polyurethane-based adhesives and sealants are typically preferred for applications with more demanding requirements in terms of quality and durability.[12]


2.3.2 Chemistries and regions


The regional distribution of adhesives and sealants consumption is fairly balanced between Europe, Middle East and Africa (EMEA), Americas (North and South), and the Asia-Pacific region (APAC), each accounting for approximately one third of the total market volume (see Figure 2.10). APAC in particular has seen above-average growth in recent years, and this is expected to continue in the upcoming years.


Breaking down the adhesives and sealants market into the underlying material classes shows the broad range of applied chemistries. In addition to the polyurethane-based materials, natural products and a multitude of polymer materials can be used to formulate adhesives and sealants systems (see Figure 2.11).


In recent years, however, the more complex application profiles in adhesives and sealants processes have led to a growing demand for high-quality systems. In particular, polyurethane systems are benefiting due to their outstanding property profile compared with other materials.


Overall the adhesives market is dominated by water-borne systems due to large applications in construction and packaging (see Figure 2.12). Solvent-borne adhesives are still traditionally used in some applications with a volume market share of 14 %. New systems of water-borne materials and formulations have been developed to ensure compliance with VOC (volatile organic compounds) workplace guidelines.


The main components of polyurethane resins for adhesives and sealants are isocyanates, polyisocyanates and prepolymers as well as polyols such as polyesters or polyethers. The most important isocyanates, polyisocyanates and prepolymers for adhesives and sealants resins are based on the aromatic diphenylmethane diisocyanate (MDI) and toluene diisocyanate (TDI), as well as on the aliphatic hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI), dicyclohexylmethane diisocyanate (H12MDI), and the corresponding derivatives of these diisocyanates.


Polyesters may have an aliphatic, aromatic or mixed (araliphatic) structure, vary in chain length, and exhibit amorphous or crystalline properties. Polyethers can be varied to yield the desired property profile through the choice of starter or chain-building monomers.
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Figure 2.10: Worldwide demand for adhesives and sealants by region (volume of formulated product) 2017, around 15,000 kt in total[9]





2.3.3 Market forecasts


In the upcoming years (2017 to 2021) the global market for adhesives and sealants resins in supply form is expected to grow at least 4.0 % per year compared to a global growth rate of 3.5 % in the past five years (2012 to 2017). In the APAC region growth is expected to be above global average at up to 4.9 %, whereas Europe and American markets are forecasted at 3.7 % and 3.9 %, respectively.[9] Polyurethane materials in general are expected to grow at least with the market. Here, besides the construction area, converting and packaging as well as footwear will be the main growth drivers.[12]
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Figure 2.11: Worldwide demand for adhesives and sealants by material type (volume of formulated product) 2017, around 15,000 kt in total[9]
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Figure 2.12: Worldwide demand for adhesives and sealants by technology (volume of formulated products) 2017, around 15,000 kt in total[9]





2.4 References


[1] “Irfab” Global Industrial Coatings Markets (GICM) and Global Architectural Coatings Market (GACM) 2015, 2017, 2018 PRA World Ltd, CHEM Research 2018, Orr & Boss 2017, Covestro assumptions


[2] “Irfab” Global Industrial Coatings Markets (GICM) and Global Architectural Coatings Market (GACM) 2015, 2017, 2018 PRA World Ltd, Orr & Boss 2017, and Covestro assumptions


[3] “Irfab” Global Industrial Coatings Markets (GICM) and Global Architectural Coatings Market (GACM) 2015, 2017, 2018 PRA World Ltd


[4] “Irfab” Global Industrial Coatings Markets (GICM) 2017, 2018 PRA World Ltd.


[5] Covestro estimate 2018


[6] “Irfab” Global Industrial Coatings Markets (GICM) 2017, 2018 PRA World Ltd. and Covestro assumptions


[7] Orr & Boss 2017


[8] CHEM Research, Market Review – FEICA Conference Izmir Sept. 13, 2013 and Covestro assumptions


[9] CHEM Research 2018


[10] Orr & Boss 2017. CHEM Research estimates the market to be up to 5.5 million tons of resin in supply form


[11] CHEM Research 2018, Orr & Boss 2017 and Covestro assumptions


[12] Orr & Boss 2017 and Covestro assumptions









3 Chemical principles


3.1 Diisocyanates


Polyurethanes are obtained by the reaction of polyfunctional polyols (in coatings formulations often referred to as component A) and polyfunctional isocyanates (component B). The latter are synthesized by oligomerization of monomeric diisocyanates. The diisocyanates are usually prepared on an industrial scale by liquid or gas phase phosgenation of their corresponding primary amines, and subsequent removal of the excess of monomeric isocyanates (see Figures 3.1 and 3.2).[1, 2]
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Figure 3.1: Manufacture of isocyanates by phosgenation of primary amines
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Figure 3.2: Principal technical procedure of manufacture of diisocyanates by phosgenation







Table 3.1: Industrial diisocyanates
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Alternatively, for selected aliphatic diisocyanates, phosgene-free manufacturing processes have been developed. One such process involves the reaction of an amine and an alcohol with a urea to give a urethane that is then split at elevated temperatures to yield an isocyanate. This process is also used in the industrial production of some diisocyanates, such as bis-(4-isocyanatocyclohexyl) methane (see Figure 3.3).[3]


The standard commercial polyisocyanates used in coatings and adhesives are all derived from just a few diisocyanates with aliphatically, cycloaliphatically or aromaticallybound isocyanate groups.[4] The most important diisocyanates that are available on an industrial scale are summarized in Table 3.1.


In addition to these, a number of other monomeric diisocyanates for the manufacture of specialty coating and adhesive raw materials have been described. However, these have yet to achieve widespread industrial significance. Pentamethylene diisocyanate (PDI) is the most recent example.[4] This product, in contrast to petrochemical based diisocyanates, is produced from a renewable feedstock with improved carbon footprint versus hexamethylene diisocyanate (HDI). Table 3.2 shows some examples of diisocyanate specialities.


With the exception of MDI which has accorded special status on account of its low vapor pressure, other monomeric diisocyanates have a significant volatility. For occupational health reasons, monomeric diisocyanates are generally not used as coating and adhesives raw materials. To overcome the hazardous potential related to diisocyanate monomers and to achieve low volatility, they must first be converted into higher molecular weight polyisocyanates, using suitable modification reactions like the formation of water-borne polyurethane dispersions, UV curable resins, prepolymers, and polyisocyanate crosslinkers. When necessary, the removal of the monomeric diisocyanates is done as part of the production process of these modified products. These components and different classes of polyurethane resins will be covered in subsequent chapters.


3.2 Isocyanate reactions


The most important type of reactions involving isocyanates is the addition of compounds containing active hydrogen atoms, especially polyols, polyamines, and to some much lesser extent thiols and carboxylic acids. Table 3.3 provides an overview of basic reactions of the isocyanate group.
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Figure 3.3: Manufacture of organic isocyanates via the urea route







Table 3.2: Diisocyanate specialties (selection)
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Table 3.3: Schematic reaction principles of isocyanates
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Table 3.4: Schematic (cyclo)polymerization of isocyanates
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Isocyanate groups may also react with each other. The reaction products shown in Table 3.4 are formed with varying selectivity. The reactions shown here by way of example are used in the manufacture of oligomeric polyisocyanates for coating and (less pronounced) adhesive raw materials. The reactions that form isocyanate functional prepolymers, biurets and cyclooligomers such as trimers and dimers (see Table 3.4), are of particular significance. Isocyanate-functional prepolymers are generally produced via urethanization from diisocyanates with hydroxy-functional co-reactants. The properties of the prepolymers can vary widely as a function of the type of co-reactant, molecular weight, and functionality.


The aforementioned reactions also allow the crosslinking of oligomeric isocyanates with suitable co-reactants. For example, polyisocyanate and polyol react to form polyurethane, or polyisocyanate and polyamine or water react to form polyurea, with the formation of a linear or branched connection.


The kinetic rates of these reactions vary widely and depend on the type of isocyanate used and, on the structure, and type of the co-reactant. Aromatic isocyanates, for example, are far more reactive with alcohols than aliphatic isocyanates. Among the latter, a decline in reactivity from primary through secondary to tertiary NCO groups can also be observed[9] although steric or catalytic influences can alter the typical reactivity profile. Suitable catalysts vary from application to application and must be selected specifically for each use.[10]


The reaction of isocyanates with primary or secondary amines is very fast and urea forms spontaneously even at room temperature. At higher temperature, optionally in the presence of suitable catalysts, urea and urethanes react with excess isocyanate to form biurets or allophanates respectively. Special catalysts are required for the oligomerization of aromatic and aliphatic isocyanates, and a number of tailor-made NCO-functional oligomers are available for industrial use.


3.3 Polyisocyanates


A further argument in favor of converting diisocyanates to polyisocyanates – apart from the occupational health aspect already mentioned – is the increase in isocyanate functionality per molecule that can be achieved. The reactions described above can provide polyisocyanates with average functionality in the commercial mixture greater than two which provides a three-dimensional crosslinked network. This is desirable for a high crosslink density in the cured film, which helps ensure high durability in the final product. Likewise, the characteristic properties of the base isocyanate are retained in the polyisocyanate derivative, e.g. the lightfastness of aliphatics compared with the tendency to yellow of aromatics. Polyisocyanates based on cycloaliphatic diisocyanates yield hard and sometimes brittle coatings, which can be flexibilized if necessary by proper choice of the polyol. In contrast, polyisocyanates based on linear diisocyanates such as HDI or PDI result in flexible films, which can be modified with a wide range of polyols to meet various requirements in terms of flexibility and hardness. As far as the reactivity of the polyisocyanates is concerned, the same principles that applied to diisocyanates also apply to polyisocyanates. Reactivity is influenced by steric and electronic effects and by the nature of the carbon atom the NCO group is attached to (primary, secondary or tertiary), and can be fine-tuned with catalysts.


3.3.1 Derivatization


The reaction principles shown in Figures 3.4 and 3.5 have gained industrial significance in the derivatization of diisocyanates.
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Figure 3.4: Schematic manufacture of polyisocyanates from monomeric diisocyanates





The following product classes are of special interest for coating and to some degree for adhesive and sealant applications:


– Isocyanate functional urethanes and prepolymers obtained by reaction with polyols (e.g. “Desmodur” L, “Polurene” AD, “Desmodur” E, “Ucopol” M 33)


– Biurets obtained, e.g. by reaction of three diisocyanate molecules with one water molecule[7, 11] (e.g. “Desmodur” N 100, “Basonat” HB 100, “Tolonate” HDB, “Wannate” HB 100)


– Isocyanurates based on HDI (e.g. “Desmodur” N 3300, “Basonat” HI 100, “Wannate” HT) and most recently based on PDI (e.g. “Desmodur” eco N 7300, “STABiO” D-370N) as well as iminooxadiazindiones (e.g. “Desmodur” N 3900) obtained by catalytic trimerization of diisocyanates[11, 15]


– Uretdiones (e.g. “Desmodur” N 3400) obtained by catalytic dimerization of diisocyanates[11, 15]


– Allophanates or combinations of isocyanurates and allophanate structures obtained by reaction with alcohols in the presence of suitable catalysts or at very high temperature (e.g. “Desmodur” 3580, Desmodur” XP 2580, “Bayhydur” 305, “Tolonate” X-Flo 100)[16]


– Mixtures of different hardeners including hardeners containing hybrids of aliphatic and aromatic diisocyanates (e.g. “Desmodur” HL) and combinations of different crosslinking technologies are frequently used in dedicated applications explaining the variability of the polyurethane
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Figure 3.5: Principle technical procedure of manufacture of polyisocyanates from monomeric diisocyanates





The manufacturing process does not yield these polyisocyanates as uniform compounds – such as pure isocyanurate triisocyanates – but as oligomer mixtures exhibiting a molecular weight distribution. In the case of isocyanurates, the smallest oligomer in the mixture consists of three monomer units (n=3) of the applied diisocyanate. The next higher oligomer is formed by adding two further monomer units resulting in the pentamer (n=5), followed by the heptamer (n=7) by adding another two monomer units.




Table 3.5: Influence of conversion rate to properties of trimers (exemplified)
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This is explained by the fact that not only the monomeric base diisocyanates, but also the polyisocyanates which are formed continue to react, yielding higher molecular weight structures. In order to prevent the formation of highly branched, highly polymeric products, only some of the isocyanate groups are reacted and the unreacted excess of diisocyanate is subsequently removed from the reaction mixture, typically by distillation.


The average molecular weight and the molecular weight distribution of the oligomeric polyisocyanate mixtures, obtained in this way, are directly related to the degree of conversion of the base monomers. This allows for the customization of product properties, such as equivalent weight, average isocyanate functionality and viscosity within certain ranges.




Table 3.6: Aliphatic coating polyisocyanates (selection)


















	
Type




	
Manufacturer




	
Trade name









	
HDI biuret




	
Covestro




	
“Desmodur” N 100









	
 




	
Vencorex




	
“Tolonate” HDB









	
 




	
BASF




	
“Basonat” HB 100









	
 




	
Wanhua




	
“Wannate” HB-100









	
HDI trimer




	
Covestro




	
“Desmodur” N 3300









	
 




	
Covestro




	
“Desmodur” N 3600









	
 




	
Vencorex




	
“Tolonate” HDT









	
 




	
BASF




	
“Basonat” HI 100









	
 




	
Asahi Kasei




	
“Duranate” TKA-100









	
 




	
Wanhua




	
“Wannate” HT-100









	
HDI dimer




	
Covestro




	
“Desmodur” N 3400









	
IPDI trimer




	
Covestro




	
“Desmodur” Z 4470









	
 




	
Evonik




	
“Vestanat” T 189









	
 




	
Vencorex




	
“Tolonate” IDT 70 B









	
 




	
BASF




	
“Basonat” IT 170 B















A higher degree of conversion leads to a higher average molecular weight, which increases the product viscosity and the isocyanate functionality. A lower degree of conversion leads to a higher amount of lower molecular weight oligomers, and thus yields of particularly low viscosity, somewhat reduced in functionality but high isocyanate content. Table 3.5 gives an exemplified example. The reactions used in the manufacture of polyisocyanates can be customized to produce specific coating properties. For example, using a high degree of conversion, which corresponds to having higher molecular weight oligomers, the speed of physical drying (initial drying) of the coating film can be increased. By contrast, using a lower degree of conversion to produce lower molecular weight polyisocyanates provides a route to low volatile organic compounds (VOC) and solvent-free coatings. This is getting more important as there is more pressure globally on reducing VOCs.




Table 3.7: Aromatic coating polyisocyanates (selection)


















	
Type




	
Manufacturer




	
Trade name









	
TDI adduct




	
Covestro
Sapici
Benasedo
Synthesia




	
“Desmodur” L
“Polurene” AD
“Hartben” 75
“Synthane” P 80









	
TDI trimer




	
Covestro
Sapici
Benasedo
Synthesia




	
“Desmodur” IL
“Polurene” IR
“Hartben” SV 100
“Synthane” R 50









	
TDI/HDI trimer




	
Covestro
Sapici
Benasedo




	
“Desmodur” HL
“Polurene” OK.D
“Hartben” AM 29









	
TDI prepolymer




	
Covestro
Sapici
Benasedo




	
“Desmodur” E 1361
“Ucopol” M
“Hartben” MC 35









	
MDI prepolymer




	
Covestro
Baxenden
Dow Chemical




	
“Desmodur” E 21
“Trixene” SC
“Isonate” 181















3.3.2 Monomer separation


Strict color requirements are set for polyisocyanate crosslinkers used for coatings. To remove the excess diisocyanate, which has not reacted, only extremely mild processes (vacuum) can be used, which have no detrimental effect on the color of the product. This is usually done via different short-path distillation processes that provide for a short residence time of the product at the elevated temperature necessary for efficient monomer removal.


To ensure that handling of the respective polyisocyanates is not hazardous, the content of volatile monomeric diisocyanates in the polyisocyanates used in coating and adhesive applications must be reduced to a residual content of less than 0.1 to 0.5 % by weight depending on the product. Even after prolonged storage, this threshold may not be exceeded. More modern product lines such as “Desmodur” ultra and “Bayhydur” ultra lines or “Polurgreen” line reduce the residual monomer content to less than 0.1 % by weight.[11] The polyisocyanates and any side products formed during their manufacture must therefore be stable to splitting back into the free diisocyanates.


Tables 3.6 and 3.7 list some of the standard commercial polyisocyanates available for the formulation of coatings.


3.4 Prepolymers


Prepolymers based on aliphatic or aromatic diisocyanates play an important role in polyurethane chemistry. They are regarded as intermediates of the isocyanate polyaddition. Depending on the approach, NCO- or OH-functional prepolymers can be synthesized, since the reactivity of the diisocyanate and the alcohol is (almost) independent of their molar ratio. This enables to generate targeted average molecular weights with the desired end groups and a statistical distribution of components in the prepolymer. The described synthetic route renders the preparation advantageous to other polymerization procedures, e.g. of olefins..[1]


NCO-terminated prepolymers are manufactured by reacting excess diisocyanates with long-chain polyols (see Figure 3.6), especially polyether polyols, but also polyester and polycarbonate diols, with the excess monomeric diisocyanate removed if necessary. These products have found widespread applications for polyurethanes since the isocyanate groups shows a high reactivity towards various nucleophiles (e.g. OH, NH, SH). This approach can be used for the synthesis of prepolymers with hard or soft segments. Slower reacting polyols, having secondary hydroxyl groups, can also be utilized using this method. Common applications for NCO-terminated prepolymers would be for one-component moisture-curing coatings and adhesives as well as two-component PU systems.


Hydroxy-terminated prepolymers are synthesized from NCO-functional prepolymers by addition of a molar excess of diol or by chain extension with amino alcohols. The OH-functional prepolymer products are often used for the manufacture of polyurethane dispersions (PUDs). Additionally, prepolymers can be used in thermally activated PU systems, as well as silane-terminated prepolymers (STPs).


3.4.1 Water content of the raw materials
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Figure 3.6: Manufacture of polyether based prepolymers





The molecular weight of water is very low: one mole (18 g) reacts with two moles NCO groups. Therefore, the water content of all raw materials used for manufacturing NCO prepolymers must be very low (< 0.05 %) since a small amount of water consumes a large amount of NCO groups. In the case of filled NCO prepolymers the moisture content of the fillers should therefore also be kept at minimum. Urea groups are formed from the reaction of NCO groups with water, and the overall stability of the prepolymer is often negatively affected by these urea groups. During storage, particularly under warm conditions, urea groups react with free NCO groups to produce higher functionality biurets, which results in an increase in prepolymer viscosity in addition of the increase by the ureas itself. Consequently, the polyols and fillers should be dried before use. Unmodified polyisocyanates are also effected by the presence of moisture, since it results in an increased content of dissolved carbon dioxide. Dissolved gases are easily removed by applying a vacuum in the initial phase of prepolymer manufacture. If this is not done, foaming may occur during subsequent application of the prepolymer.


3.4.2 Stability of NCO prepolymers


Stable prepolymers can be stored at room temperature for an extended period of time and can also be handled for short periods above the recommended storage temperature, without significant change in NCO content and viscosity. In the case of unstable prepolymers, a considerable decrease in the NCO value and a marked increase in viscosity are observed. Aromatic polyisocyanate-based prepolymers should not be subjected to temperatures above 90 °C during production, because higher temperatures trigger side reactions (formation of allophanates and biurets, trimerization reactions), which can negatively affect the storage stability of the prepolymers, the viscosity and the molecular structure of the systems.


3.5 Thermally activated polyurethane crosslinkers


Storage-stable, long shelf-life formulations, which have high-end polyurethane performance properties as a result of chemical crosslinking would be an ideal situation. Considering all the conditions of polyurethane crosslinking described previously, this appears to be an unsolvable issue.


However, thermally activated polyurethane crosslinkers open a door to solve that paradox. Chemically blocking the reactive isocyanate group in a given polyisocyanate results in a crosslinker that can be formulated into a stable system with standard co-reactants and additives. Chemical crosslinking is initiated after application by curing at elevated temperature. Chemically speaking, the blocking agent (Bl) can be cleaved at elevated cure temperature, allowing the NCO-reactive co-reactant to replace the blocking agent resulting in a cured polyurethane system (see Figure 3.7). As the blocking agent is in most cases released special care needs to be taken with appropriate industrial hygiene measures and careful studies of the respective material safety data sheet. Figure 3.8 displays a list of typical blocking agents for isocyanate groups.


Thermally activated polyurethane crosslinkers are being used as the hardeners in one-component polyurethane baking coatings. A selection of standard commercial products is shown in Table 3.8.
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Figure 3.7: Principle of one-component thermally activated polyurethanes, (Bl = Blocking agent)
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Figure 3.8: Exemplary selection of blocking agents for isocyanate groups
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Figure 3.9: Blocking and crosslinking reaction with malonic acid esters





The advantages of thermally activated polyurethane crosslinkers for end users are their ease of handling, since no mixing equipment or expertise is involved to get the correct ratio of ingredients. One-component polyurethane coatings with adequate storage stability can be formulated without difficulty. However, the advantage of easy handling is balanced with the limitation that the systems require elevated cure temperatures to reach full properties. The type of blocking agent used is of significance for a number of reasons. Reactivity, thermal yellowing and other specific coating properties, including cost, are significantly affected by the choice of blocking agent. Most commonly used are butanone oxime, dimethylpyrazole and ε-caprolactam (see Figure 3.8). The corresponding thermally activated polyurethane crosslinkers are obtained by chemical reaction of the blocking agent with a given polyisocyanate. The blocking reaction is done at elevated temperatures; in most cases it runs smoothly without catalyst addition. Curing of the coating includes liberation of the blocking agent and chemical reaction with the co-reactant to form a urethane bond. However, blocking of polyisocyanates with malonic acid ester represents a special case. The use of crosslinkers blocked with malonic acid ester results in transesterification (see Figure 3.9).




Table 3.8: Selection of thermally activated polyurethane crosslinkers




















	
Blocking agent




	
Diisocyanate-based




	
Manufacturer




	
Trade name









	
Butanone oxime




	
HDI




	
Covestro
Covestro
Vencorex
Mitsui Chemicals




	
“Desmodur” BL 3175


“Desmodur” VP LS 2257


“Tolonate” D2


“Takenate” 160 N









	
 




	
IPDI




	
Covestro
Evonik
Mitsui Chemicals




	
“Desmodur” BL 4265


“Vestanat” B 1370


“Takenate” 140 N









	
 




	
“Desmodur” W




	
Covestro




	
“Desmodur” VP LS 2117









	
Dimethylpyrazole (DMP)




	
HDI




	
Covestro
Covestro
Covestro
Baxenden




	
“Desmodur” VP LS 2253
“Desmodur” VP LS 2376
“Desmodur” PL 350
“Trixene” BI 7982









	
 




	
IPDI




	
Covestro




	
“Desmodur” PL 340









	
 




	
 




	
Baxenden




	
“Trixene” BI 7951









	
Malonic ester




	
HDI/IPDI




	
Covestro




	
“Desmodur” BL 3475









	
 




	
MDI




	
Covestro




	
“Desmotherm” 2170









	
Diisopropylamine




	
HDI/IPDI




	
Covestro




	
“Desmodur” VP LS 2352









	
Diisopropylamine/ malonic ester




	
HDI




	
Covestro




	
“Desmodur” BL 3370









	
Dimethylpyrazole/ malonic ester




	
HDI




	
Baxenden




	
“Trixene” BI 7992









	
 




	
IPDI




	
Baxenden




	
“Trixene” BI 7990









	
Diisopropylamine/triazole




	
IPDI




	
Covestro




	
“Desmodur” VP LS 2114









	
ε-Caprolactam




	
HDI




	
Covestro




	
“Desmodur” BL 3272









	
 




	
 




	
Baxenden




	
“Trixene” BI 7981









	
 




	
TDI




	
Covestro




	
“Desmodur” BL 1100









	
 




	
IPDI




	
Covestro




	
“Desmodur” VP LS 2078









	
Isononylphenol




	
TDI




	
Covestro




	
“Desmocap” 11


“Desmocap” 12















Cleavage reactions


One-component polyurethane coatings are formulated to react at various temperatures. The minimum temperature required for a fast crosslinking reaction strongly depends on the blocking agent, as well as the polyisocyanate backbone. The reactivity of thermally activated polyurethane crosslinkers with polyols has been studied by dynamic mechanical analysis (DMA) on model systems formulated with various blocking agents that are readily available on an industrial scale[18] (see Table 3.8). The typical curing temperatures for selected blocking agents and the influence of a catalyst are shown in Table 3.9.


The results obtained confirm the experience that thermally activated PU crosslinkers blocked with ε-caprolactam require high curing temperatures, while in contrast, those blocked with malonic ester can be crosslinked at significantly lower temperatures. While it is most common to use such one-component PU systems for metal coatings, malonic ester based crosslinkers can be used for coating thermally sensitive substrates, like plastics. What is interesting with respect to the blocking agent is the catalytic effect of DBTL (dibutyl tin dilaurate), which substantially reduces the initial crosslinking temperature. DBTL has been shown to be a less suitable catalyst only in the case of malonic ester, which has been attributed to the different crosslinking mechanism (see Figure 3.9). In this special case, the use of a titanium compound has proven beneficial.[19]


Using thermogravimetric analysis (TGA) on model systems, the effect of the polyol on the deblocking temperature has been found to be quite significant (see Table 3.10). Whereas DMA measures the curing (crosslinking) of the one-component polyurethane system, TGA records the release of the blocking agent by weight loss. The deblocking process can be tracked and the deblocking temperature determined. The underlying chemical procedure is identical in both cases, but different parameters are measured.


Comparison of Tables 3.9 and 3.10 shows that the crosslinking temperatures measured by DMA for the non-catalyzed system is of the same magnitude as the deblocking temperature measured by TGA (see Table 3.10) for the analogous one-component polyurethane system. Of particular interest in these systems, the deblocking temperatures of the pure blocked polyisocyanates (i.e. in the absence of polyol co-reactants) are unexpectedly high. They are in the range of the cleavage temperature of aliphatic urethanes, which are approximately 240 °C.


The reactivity sequence for the blocking agents revealed by DMA and TGA measurements has been confirmed in systems other than the model system used. The only difference is smaller fluctuations in the crosslinking temperatures when using other aliphatic polyisocyanates or polyols. Corresponding data for blocked aromatic polyisocyanates are not widely available. However, in the light of past experience, it is expected that their initial crosslinking temperatures will be around 10 °C lower. Model studies in the literature confirm our internal work. Table 3.11 shows the analysis of three one-component clear coat systems in which different blocking agents were used and a two-component polyurethane reference system.




Table 3.9: Typical curing temperature and influence of a catalyst (in this case dibutyl tin dilaurate (DBTL)) for various blocking agents (DMA method)


















	
Blocking agent




	
Initial crosslinking temperatures [°C]









	
 




	
with 1 % DBTL, based on the solid resin




	
without DBTL catalysis









	
ε-Caprolactam




	
163




	
175









	
Diethylamine




	
144




	
173









	
Butanone oxime




	
137




	
156









	
3,5-Dimethylpyrazole




	
112




	
158









	
Diisopropylamine




	
115




	
136









	
BEBA




	
100




	
-









	
Imidazole




	
 98




	
123









	
Malonic acid diethyl ester




	
-




	
104

















Table 3.10: “Polyol effect” on the deblocking initiation temperature for various blocking agents (TGA method)


















	
 




	
Initial deblocking temperature [°C]









	
Blocking agent




	
with polyol




	
without polyol









	
ε-Caprolactam




	
177




	
234









	
Butanone oxime




	
157




	
220









	
3,5-Dimethylpyrazole




	
167




	
220









	
Diisopropylamine




	
140




	
220

















Table 3.11: Curing states of one-component polyurethane coatings as a function of the baking time, characterized by Tg of the coating film and residual blocking agent in the coating film






















	
 




	
 




	
Stoving temperature 140 °C









	
 




	
Stoving time 30 min




	
Stoving time 60 min









	
Blocking agent




	
Tg [°C]




	
Residual amount of blocking agent [%]




	
Tg [°C]




	
Residual amount of blocking agent [%]









	
3,5-Dimethylpyrazole




	
73




	
14




	
80




	
 5









	
Butanone oxime




	
68




	
27




	
77




	
12









	
For comparison: corresponding 2-component polyurethane coating




	
80




	
 




	
80




	
-















In general, thermally activated polyurethane crosslinkers per se are relatively heat-stable compounds suitable for one-component coating. Only in the presence of a co-reactant are feasible crosslinking temperatures achieved, which can be lowered further by catalysis. Effects on the coatings performance such as yellowing, effects of blocking agent which remains in the film are described in the literature.[20–22] An extensive overview about thermally activated polyurethane crosslinkers was published from Wicks and Wicks.[23]


3.6 Hydrophilically-modified polyisocyanates


Aqueous two-component polyurethane systems represent a low-VOC (volatile organic compounds) alternative to conventional solvent-borne coatings in a large number of application areas. In these two-phase systems, the use of a suitable aqueous polyol dispersion and, in particular, the choice of polyisocyanate crosslinker is critically important to the quality of the resulting coating.


Basically, there are two options for crosslinking aqueous polymer dispersions[24]:


– The use of hydrophobic, preferably low-viscosity polyisocyanates, such as those also used in conventional two-component polyurethane coatings.


– The use of hydrophilically modified, self-emulsifying polyisocyanates specially developed for this purpose.


Whereas low-viscosity hydrophobic polyisocyanates can only be incorporated into aqueous dispersions with the concomitant use of suitable organic co-solvents and high shear (e.g. using dispersion apparatus), the use of hydrophilically-modified polyisocyanates enables the production of a homogeneous and co-solvent-free mixture of binder and crosslinker by simple manual stirring.
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Figure 3.10: 3-(Cyclohexylamino)-1-propane sulfonic acid





Various approaches have been used in the manufacture of hydrophilic polyisocyanates. In addition to the use of external emulsifiers[25, 26], which sometimes exhibit surface defects associated with their migration through the coating film, the partial reaction of hydrophobic polyisocyanates with hydrophilic co-reactants has proven especially effective. Highly active emulsifier molecules are incorporated into the polyisocyanate crosslinker. In this way, coatings can be produced that meet the highest quality requirements.




[image: ]


Figure 3.11: Hydrophilically-modified HDI polyisocyanurates – emulsifier structures (idealized)





For example, the simple reaction of aliphatic or cycloaliphatic polyisocyanates, such as HDI or IPDI trimers, with a small amount of a monofunctional polyethylene oxide polyether alcohol[27, 28] leads to polyisocyanate mixtures containing non-ionic emulsifiers of the polyether urethane type (see Figure 3.11, structure [a]). Polyisocyanates hydrophilically-modified in this way can be easily emulsified in water using a manually driven stirrer, without the application of high shear forces. Water-emulsifiable polyisocyanates of this type (e.g. “Bayhydur” 3100, “Bayhydur” 401-70, “Basonat” HW 2100) are today established as the standard NCO crosslinkers for most aqueous coating and adhesive applications.


However, the chemical hydrophilization of polyisocyanates via urethanization with polyether alcohols always leads to a reduction in the average isocyanate functionality and thus yields coating films with lower crosslinking density, which usually becomes apparent through lower chemical resistance.[24]


This effect spurred the development of improved polyether-modified polyisocyanates in which the hydrophilic polyether chains are each linked with two polyisocyanate molecules (see Figure 3.11, emulsifier structure [b]) by means of allophanatization.[29] In the case of these second-generation non-ionic hydrophilically-modified polyisocyanates, the polyether modification increases rather than reduces the isocyanate functionality. As a smaller amount of polyether alcohol also suffices to achieve the desired dispersibility of these products, hydrophilic polyisocyanates containing a polyether allophanate emulsifier (e.g. “Bayhydur” 304, “Bayhydur” 305) yield coating films with much better water and chemical resistance than those produced with the standard crosslinkers described above.


Despite their broad market acceptance for many applications, all polyether-modified polyisocyanates have one fundamental disadvantage. When used as the crosslinker in aqueous two-component polyurethane coatings, the polyether content required to ensure satisfactory dispersibility results in a relatively longer drying time and gives the coatings permanent hydrophilicity. The latter is the reason why polyether-modified polyisocyanates have not been accepted for applications requiring the highest levels of resistance, e.g. in automotive base coats or for anti-graffiti coatings. These disadvantages were overcome with the development of special, ionically modified polyisocyanates.
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Figure 3.12: Example of a polyisocyanate production plant[115]





Aliphatic polyisocyanates react with 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS) (see Figure 3.10), a zwitterionic amino sulfonic acid, in the presence of tertiary neutralizing amines under mild conditions.[30] The sulfonate urea derivatives that are produced are excellent emulsifiers (see Figure 3.11, structure [c]).


Irrespective of the salt groups, CAPS-modified polyisocyanates have good storage stability, are free from turbidity, and yield highly dispersed emulsions in water, even with a relatively low sulfonate group content. A range of ionically modified polyisocyanates is now available and can be used in the formulation of environmentally friendly, aqueous two-component polyurethane coatings of high quality for a broad spectrum of applications. Following the trend to reduce the use of fossil resources, an anionically hydrophilized polyisocyanate for two-component water-borne systems has been developed based on a trimer of pentamethylen diisocyanate (PDI), the diisocyanate produced from renewable feedstock. This polyisocyanate (“Bayhydur” eco 7190), which has a biomass content of 66 %, gives similar performance to the established fossil-based HDI polyisocyanate hardeners.[31]


Coatings formulated with sulfonate modified polyisocyanates are often as good as conventional, solvent-borne systems in terms of drying, curing and chemical resistance.[32–33] Due to new legislation mandating further reductions in VOCs, and the very high quality of the resulting coatings, these crosslinkers will see increased usage in the future.


3.7 Co-reactants for polyisocyanates


The properties of polyurethane coatings and adhesives are primarily determined by the choice of which polyisocyanate and co-reactant to use. Solid content, surface wetting, adhesion to the substrate, drying speed, gloss, elasticity/hardness, resistance to chemicals and hydrolysis, and cost-effectiveness are some of the important parameters. Therefore, in past years, substantial research has been focused on the development of new and improved resin systems as co-reactants for polyisocyanates.


The most important class of co-reactants consists of hydroxyl group containing polymers, such as polyacrylate, polyester, and polyether polyols. More specialized building blocks for polyurethane coatings and adhesives are polycarbonate-, polycaprolactone-and polyurethane-based polyols. Co-reactants containing unmodified amino groups show much higher reactivity towards isocyanates, and thus are used only in applications that require this unique property.


In addition to solvent-borne co-reactants for low and high-solid polyurethane formulations, water based polyurethane dispersions have experienced significant growth in the past decades. More and more suppliers are starting up around the globe, particularly in the Asian market. Polyurethane dispersions can be used as one-component systems, without any additional crosslinker, but also as components for two-component water-borne (WB) systems that require some amount of a crosslinker, such as a polyisocyanate. Also, hydroxyl group containing polyacrylate and polyester dispersions as co-reactants for two-component WB PU systems have gained greater importance over past years.


The following contributions describe the principal routes for the synthesis of key coreactants for polyisocyanates. Their special significance in individual applications is addressed in later chapters.


3.7.1 Solvent-borne polyacrylate polyols


The term polyacrylate polyols covers co-polymers of acrylic and/or methacrylic acid esters – typically ethyl acrylate, butyl acrylate and methyl methacrylate in combination with hydroxyl group bearing monomers such as 2-hydroxyethyl methacrylate, 2-hydroxyethyl acrylate, hydroxypropyl methacrylate, or 4-hydroxybutyl acrylate. Other co-monomers such as styrene, vinyl esters, or maleates, are also frequently used (see Figure 3.13). Another way of generating hydroxyl groups is by appropriate chemical modification of polyacrylates initially containing no hydroxyl groups.[34]


Manufacturing process


Industrial preparation of polyacrylate polyols for solvent-based two-component PU technology is carried out by a free radical polymerization of the aforementioned monomers. This polymerization takes place in either organic solvents or directly in the monomers themselves, which is referred to as bulk- or mass-radical polymerization.[35–37]


Initiators used in the preparation of polyacrylate polyols are azo-compounds or peroxides, e.g. azo-bis-isobutyro nitrile or t-butyl peroxy-2-ethyl hexanoate.


Application of polyacrylic polyols in two-component SB PU formulations is a mature technology and a substantial part of polyol manufacturing takes place for captive use, which allows coating companies to control costs. Aqueous polyacrylic polyols, which are used in two-component WB PU, are discussed in Chapter 3.8.2.


Properties


The properties of polyacrylate polyols, and of the polyurethane coatings based on them, are largely governed by the choice of co-monomers, hydroxyl content, molecular weight and glass transition temperature (Tg).[38] The molecular weight of a polyacrylate can be influenced significantly by the polymerization temperature, the type and amount of initiator used, and the addition of chain transfer agents, such as thiols.[39, 40] Tg can be influenced by the appropriate selection of hardening and softening monomers and their dosage during polymerization, whereas the hydroxyl content is directly related to the amount of hydroxy monomer used.
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Figure 3.13: Basic structure of a typical polyacrylate polyol





(R = Alkylene; R’ = H or Me; R’’ = Ph; R’’’ = H or Alkyl)





Applications


Polyacrylate polyols occupy a significant position in polyurethane coatings and adhesives technology. As a result of the ongoing development of these products, the market now offers a broad range of resins for use in a wide variety of applications, as shown by the following examples:


– Wood/furniture coating with a need for fast drying properties.


– Automotive refinish, with its special requirements in terms of quality and cost-effectiveness.


– Automotive OEM, with its requirement for long-term resistance properties such as gloss retention.


– Plastic coatings that require high flexibility and good chemical resistance.


– Corrosion protection that requires good long-term resistance properties in topcoats.


3.7.2 Polyester polyols


Polyester polyols are produced via a polycondensation reaction comprised of di- and polycarboxylic acids along with a molar excess of polyfunctional alcohols (polyols) (see Figure 3.14). A wide range of primary polycarboxylic acids and their anhydrides are available on an industrial scale for the manufacture of polyester polyols. These compounds include: aromatic acids, e.g. phthalic and isophthalic acid; aliphatic acids, e.g. adipic and maleic acids; as well as cycloaliphatic acids, e.g. tetrahydrophthalic acid and hexahydrophthalic acid.


Monomeric polyfunctional alcohols used as raw materials are: aliphatic diols, e.g. ethane diol, 1,2-propanediol, 1,6-hexanediol, neopentyl glycol; trifunctional polyols, e.g. glycerol and trimethylolpropane; and cycloaliphatic alcohols, e.g. 1,4-cyclohexanedimethanol. In addition, monofunctional alcohols or mono-carboxylic acids, e.g. 2-ethyl hexanol or 2-ethyl hexanoic acid can be used as chain terminators.


As in the case of polyacrylic polyols, many polyesters are produced by coating and adhesive manufacturers for captive use.


Over the past decade, there have been considerable efforts to develop polyesters based on renewable raw materials, with the first thousand-ton scale plants for the production of those raw materials (mainly di-acids and diols) built only in the last few years. Some of these monomers are bio-succinic acid, bio-butane diol, and bio-1,3-propane diol.[41–43]
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Figure 3.14: Example of a structure of a linear polyester polyol based on 1,6-hexane diol/adipic acid





Reaction process


As previously mentioned, polyester polyols are generally produced by a polycondensation reaction between polycarboxylic acids and polyols. This reaction generates water, which is removed during the reaction. There are two primary, commercially-used processes to produce polyesters. The first is the melt condensation process, in which the components are reacted in a melt at approximately 160 to 260 °C. The reaction is performed either in a vacuum or in a stream of inert gas to remove water. The second process is an azeotropic esterification that is performed in the presence of an organic solvent which forms an azeotrope with water and acts as a carrier to remove it from the reaction.


The polycondensation reaction can be accelerated by increasing the reaction temperature, increasing the flow rate of the inert gas used to strip the generated water, reducing the pressure, and/or the use of catalysts, which is particularly advantageous towards the end of the esterification process. Suitable catalysts include metal derivatives, such as tin compounds, bismuth carboxylates, titanium alkoxy derivatives, or lithium hydroxide, to name a few.[44]


Polyester polyols can be used as building blocks to produce polyurethane-based binders; for instance, both hydroxyl-functional polyurethanes for two-component WB systems and high molecular polyurethanes are used in polyurethane dispersions. When used directly as a binder for coatings and adhesives, the polyester polyol is used mainly as a solvent-free viscous resin, but it can also be dissolved in a solvent or used as a dispersion in water.[45]


Properties and applications


The properties of polyester polyols are determined by the choice of raw materials, molecular weight and functionality.[46] Generally speaking, saturated polyester polyols are easily pigmented, and yield coatings with good weather stability and high gloss. This makes them suitable for a broad range of applications, from vehicle finishing (including aircraft) to general industrial coatings (machinery).[47]


Polyester polyols are also broadly used in the adhesive applications.


One of the disadvantages of polyesters as a co-reactant in polyurethane coatings and adhesives is their limited hydrolytic stability.


Unsaturated polyesters that are often used in putties are not in the focus of this overview.


3.7.3 Polyether polyols


Polyether polyols are typically used as co-reactants in specific applications and as building blocks for a wide range of products including adhesives, spray elastomers, and polyurethane dispersions, to name a few. Polyether polyols are formed by the addition of alkylene oxides, e.g. ethylene oxide or propylene oxide, to polyfunctional starter molecules (see Figure 3.15). Usually, polyvalent alcohols or amines are used as starter molecules. The addition of alkene oxide is usually performed in an alkaline medium with potassium hydroxide as the base or by using a metal-complex catalyst such as double-metal cyanide catalyst based on zinc hexa(cyano)cobaltate.[48, 49]


The latter method is characterized by less side reactions, e.g. water elimination, and can be used for the synthesis of polyols of high molecular weight, while keeping the desired hydroxyl group functionality (“Acclaim” polyol technology). In contrast, the level of allyl group formation instead of the desired hydroxy group increases significantly using KOH-catalyzed technology. As a result, this process is limited to the production of lower molecular weight polyols (molecular weight approximately 2000 g/mol).


Molecular weights of polyether diols are ranging from 154 to 18,000 g/mol. Trifunctional polyols span from short-chain ethers with molecular weights from 300 to 725 g/mol to long-chain polyether triols with molecular weights from 3,000 to 6,000 g/mol. High molecular weight polyols lead to polyurethane polymers with exceptional good mechanical and dynamic properties, which are important for sealant applications.
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Figure 3.15: Manufacture of a polyether polyol
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Figure 3.16: Co-polymerization of alkylene oxides with CO2





R = backbone of the starter molecule; R’ = H, CH3 or C2H5, etc.)





Key properties of polyethers, such as Tg, viscosity, hydrophilicity, and compatibility with polyisocyanates, can be controlled by varying the ratio of ethylene oxide to propylene oxide as well as the amount of starter molecules.


Due to their low viscosity, polyether polyols are also used in solvent-free coating systems. However, their use is restricted to applications with limited UV exposure due to their poor weather stability, a consequence of oxidative polyether chain degradation. On the other hand, these systems are characterized by unique hydrolytic resistance and mechanical stability. For these reasons, they are often used in the construction sector for coatings on mineral substrates, such as concrete.


In recent years, co-polymers of alkylene oxides that incorporate CO2 have been developed, with the amount of incorporated CO2 varying between 20 to 40 %.[50] The incorporation of CO2 not only provides increased mechanical properties and reduces sensitivity towards oxidation, but also opens up the possibility of using a green-house gas as a raw material for polyurethanes (see Figure 3.16). Compared to polyalkylene oxide-based polyols, CO2-containing polyethers show an increased viscosity.


3.7.4 Polycarbonate polyols


Polycarbonate polyols are esterification products formally derived from the reaction of carbonic acid with polyols and thus represent a special subgroup of the polyester polyol family. In practice, the carbonate structure is introduced by trans-esterification using dialkyl carbonates as carbonyl donors.[51] Linear aliphatic polycarbonates[52] are used both as binders in high quality polyurethane coatings and in the production of polyurethane binders, especially polyurethane dispersions.[53] The most commonly used hexane diol-based polycarbonate diols (see Figure 3.17) offer a much improved hydrolytic resistance compared to other polyester polyols and very good weather stability and toughness compared to polyether polyols, thus combining the best properties from both polyol classes. However, due to their complex production process they come at a comparatively high cost.
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Figure 3.17: Synthesis of a polycarbonate diol based on 1,6-hexane diol





1,6-Hexane diol-based polycarbonate diols are solids at room temperature and generally give solid or high viscosity products after conversion with isocyanates. Liquid polycarbonate polyols based on branched diols or mixtures of different diols are available, but they provide a slightly lower toughness in the final application. Another liquid product group is comprised of mixed ε-caprolactone-hexane diol carbonate polyesters which sacrifices some of the excellent hydrolytic resistance in the final product. Table 3.12 summarizes major providers of polycarbonate polyols.[54]




Table 3.12: Major providers of polycarbonate polyols


















	
Producer




	
Trade names




	
Product examples (Mn in [g/mol])









	
Asahi KASEI




	
“Duranol”




	
T 6002 (Mn 2000)
G 4672 (Mn 2000)
T 5652 (Mn 2000)









	
Caffarao




	
“Ravecarb”




	
106 (Mn 2000)
292 (Mn 2000)
107 (Mn 1850)









	
Covestro




	
“Desmophen”




	
C 1100 (Mn 1000)
C 1200 (Mn 2000)
C 2100 (Mn 1000)
C 2202 (Mn 2000)
XP2613 (Mn 2000)
XP 2716 (Mn 650)









	
Cromogenia




	
“Ropol”




	
PC 12 (Mn 2000)
PC 22 (Mn 2000)









	
Daicel




	
“Placcel”




	
CD 220 (Mn 2000)
CD 220PL (Mn 2000)









	
Kuraray




	
“Polyol”




	
C-2050 (Mn 2000)









	
Sumitomo Chemical




	
“Durez”-ter




	
S 2000-55 (Mn 2000)









	
 




	
 




	
S 2001-120 (Mn 1000)









	
UBE




	
“Eternacoll”




	
UH-200 (Mn 2000)
BH-200 (Mn 2000)
PH-200 (Mn 2000)















3.7.5 Polycaprolactone polyols
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Figure 3.18: Synthesis of ε-caprolactone-based polyester polyols





Polycaprolactone polyols are produced by the ring-opening polymerization of ε-caprolactone and thus are another subgroup of the polyester polyol family (see Figure 3.18). Suitable starter molecules are polyfunctional alcohols e.g. ethylene glycol, 1,2-propanediol, glycerol and trimethylolpropane.[55–57] The process yields low-viscosity products with defined functionality.


These polyesters are used either as sole binders or as reactive thinners in solvent-free or high-solids, two-components coatings.


Polycaprolactone polyols are also used as polyol building blocks in manufacturing high molecular weight polyurethanes. An additional use of the ring-opening polymerization of ε-caprolactone is for the modification of higher molecular weight polyols, e.g. polyacrylate polyols.[58] The technical advantages of polycaprolactone polyols are their flexibility and weather stability, as well as a very low viscosity compared to other polyester polyols. The main applications for these materials are in two-component polyurethane coatings for plastics substrates within the automotive sector and in solvent-free coatings for construction applications. Disadvantages of this class of co-reactants are a slightly reduced hydrolysis resistance and quite high cost.


3.7.6 Solvent-based polyurethane polyols


Polyurethane polyols are produced using the diisocyanate polyaddition process in which diisocyanates are reacted with an excess of diols and/or polyols.[59–61]


Due to their high viscosity, these products are currently of little importance in the field of solvent-borne coating systems but have found a significant use in adhesive applications (see Chapter 6.4).


3.7.7 Polyamines


Primary and secondary amino groups usually react rapidly with isocyanate groups to form polyureas. Therefore, polyurea coatings can only be applied using two-component application equipment that is specially developed for this purpose. Typically, polyurea coatings use polyether amines in combination with aromatic isocyanate prepolymers. Aliphatic prepolymers have only played a subordinate role up to now. The main applications of polyurea coatings are coatings for concrete systems or systems requiring heavy-duty corrosion protection.[62, 63]


The reactivity of the amino group can be significantly reduced by “blocking”. The most important blocking reactions for amines are those with aldehydes to form aldimines and with ketones to form ketimines (see Figure 3.19).[64–66]


In contact with water, atmospheric humidity for example, the blocking reaction is reversed to produce the starting amines, which are then available to react with the isocyanate groups.[67, 68] In the absence of water crosslinking can also be achieved, especially under the influence of heat. Direct reaction of ketimines and aldimines with isocyanates results in a variety of products, depending on the structure of the reactants and the reaction conditions.[64, 65]


Reacting amino alcohols with aldehydes or ketones (see Figure 3.20), along with the removal of water, yields 1,3-oxazolanes (oxazolidines), another class of blocked amines.[69, 70]


These compounds can then be reacted with diisocyanates via available hydroxyl groups to form difunctional “blocked” amines (bisoxazolidines). As in the case of aldimines and ketimines, upon exposure to atmospheric moisture the oxazolidine group will hydrolyze to the original amino alcohol which then reacts with the respective electrophilic hardener.


Low molecular weight blocked diamines have been particularly important as reactive thinners for high-solid polyurethane coatings, e.g. for automotive refinish. However, in recent years, their importance has diminished due to the release of aldehydes and/or ketones to the environment as a result of the aforementioned hydrolysis reaction.


Polyaspartic acid esters


Polyaspartic acid esters are a special class of polyamines having hindered secondary amino groups. They can be produced either by the addition of primary (cyclo)aliphatic diamines to maleic or fumaric acid di(cyclo)alkyl esters[71–73] (see Figure 3.21), or by the addition of primary (cyclo)aliphatic amines to unsaturated oligoesters or polyesters.[74]
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Figure 3.19: Aldimine and ketimine formation as blocking reactions for amines





(R = (cyclo)alkylene; R’ = (cyclo)alkyl; R” = (cyclo)alkyl, H)
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Figure 3.20: Formation of 1,3-oxazolanes





R = (cyclo)alkyl







Table 3.13: Largest manufacturers of polyaspartic acid esters


















	
Company




	
Trade name




	
Product examples









	
Covestro




	
“Desmophen”




	
NH 1420 (standard product)
NH 1220 (higher reactivity)
NH 1520 (lower reactivity)
NH 2850 XP (flexibility, medium reactivity)









	
Feiyang




	
“Feispartic”




	
F 420 (standard product)
F 220 (higher reactivity)
F 520 (lower reactivity)
F 2850 (medium reactivity) + further grades available









	
Wanhua




	
“Wanelast”




	
984 (standard product)
982 (higher reactivity)
985 (lower reactivity) + further grades available









	
Evonik/Air Products




	
“Amicure”




	
IC 20 (standard product)
IC 322 (satin finish)
IC 40 (lower reactivity)
IC 166 (high reactivity, direct to metal coatings
IC 133 (lower reactivity, direct to metal coatings) + further grades available















Polyaspartic acids ester-based on diethyl maleate and cycloaliphatic diamines are solventfree, low-viscous substances with secondary amino groups, whose reactivity is reduced by electronic and steric effects to such an extent that they can be used to formulate highly reactive, two-component polyurea coatings with an adequate pot life.
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Figure 3.21: Manufacture of diaspartic acid esters





(R = (cyclo)alkylene; R’ = (cyclo)alkyl)





This adjustable reactivity enables the formulation of fast-drying coatings for highly productive, modern coating concepts. These systems are of particular interest for use in automotive refinish, large vehicle and industrial coatings, protective coatings, gelcoats in wind-mill blades, and construction. The polyaspartic acid esters can be used either as the main binder or as a reactive thinner.[75–77]


The most appreciated characteristics of polyaspartic acid ester-based coatings (in the following polyaspartic coatings) include:


– quality (excellent appearance, long lasting performance),


– efficiency (rapid curing, fewer coats needed, ease of application),


– environmental benefits (100 % or high-solids systems, low energy consumption).


Due to the properties mentioned above, polyaspartic coatings have enjoyed an increased interest by the coatings market, and as a result several manufacturers of polyaspartic acid esters have emerged. Some of them are listed in Table 3.13.[54]


3.8 Aqueous dispersions


Against the backdrop of ever-increasing and more stringent environmental and occupational health regulations, aqueous dispersions offer a wide range of properties for coatings and adhesives, while maintaining low to zero VOC (volatile organic compounds) level. For this reason, aqueous dispersions have gained significant importance for use in two-component water-borne as well as one-component water-borne polyurethane technology. Another important reason to use aqueous dispersions of polymers is the potential to tune molecular weight, and therefore, performance of the polymers across a wide range of properties without losing process efficiency. Unlike solvent-borne systems, even at a very high molecular weight of the polymer itself the viscosity of the dispersed system is governed by the colloidal interactions of the polymer particles in water, and the viscosity stays much lower than for solutions of high molecular weight polymers in organic solvents.


Substantial technical development and significant investments into manufacturing assets are taking place in this area. In particular, increased activity in Asia has led to the appearance of several players in the area of WB PU technology.


Table 3.14 summarizes the largest producers of polyurethane dispersions and water-based polyols, which are the most important binders for one-component and two-component WB PU systems.[54]


3.8.1 Polyurethane dispersions


An aqueous polyurethane dispersion (PUD) consists of discrete polyurethane or more commonly, polyurethane/polyurea polymer particles, suspended in a continuous water or water/organic solvent media. Typically, the polymer is characterized as high molecular weight and linear. However, some branching can be introduced during synthesis as well. The polymer can be crosslinked via post-addition of a wide variety of crosslinking agents.




Table 3.14: Major producers of binders for coatings and adhesives in one- and two-component water-borne polyurethane technology


















	
Producer




	
Typical trade names




	
Technology/Application









	
Alberdingk Boley




	
“Alberdingk”:
PU dispersions U-grades,
PUR MATT-grades, AC-grades




	
PU dispersions
PAC polyol dispersions for 2K WB PUR









	
Allnex




	
“Daotan“, “Ebecryl”, “Macrynal”




	
PU dispersions,
UV-cure PU dispersions
UV-cure urethane acrylates
PAC polyol dispersions for 2K WB PUR









	
BASF




	
“Luhydran”, “Luphen”, “Basonat”




	
PAC polyol dispersions for 2K WB PUR
PU dispersions for adhesive applications Water-miscible polyisocyanate cross-linkers









	
Bond Polymers




	
“Bondthane”




	
PU dispersions for leather, textile, adhesive, inks, and industrial applications









	
Covestro




	
“Bayhydrol”,
“Bayhytherm”, “Baybond”, “Impranil”, “Dispercoll” U, “Baycusan”, “Baymedix”, “Bayhydur”




	
1K and 2K WB PU dispersions,
PAC polyol dispersions for 2K WB PUR
Water-based thermo-activated cross-linker dispersions
Water-miscible polyisocyanate cross-linkers Products for coatings, adhesives, medical, cosmetics and textiles









	
DIC




	
“Hydran”, “Vondic”, “Burnock”




	
PU dispersions
Water-miscible cross-linkers









	
DSM




	
“NeoRez”, “NeoPac”, “NeoCryl”




	
PAC polyols, PU dispersions
PAC-PU hybrid dispersions for coatings









	
Hauthaway




	
“Hauthane”




	
PU dispersions for various applications









	
Huafon




	
“JF”




	
PU dispersions for synthetic leather applications









	
Ketien/ SCISKY




	
“KT”




	
PU dispersions predominantly for artificial leather applications









	
Lamberti




	
“Esacote”, “Rolflex”




	
Non-ionic, anionic, and cationic PU dispersions, water miscible polyisocyanates









	
Lubrizol




	
“Sancure”, “Turboset”, “Permax”




	
1K and 2K WB PU technology
PU dispersions









	
Stahl




	
“Permutex”, “Permuthane”




	
PU dispersions for textile and leather applications Polycarbodiimide cross-linker dispersions









	
Wanhua




	
“Adwel”, “Antkote”, “Archsol”,
“Crysol”, “Lacper”, “Leasys”,
“Tekspro”, “Wantipro”,
“Aquolin”




	
1K and 2K WB polyurethane dispersions Hybrid polyurethane-polyacrylate dispersions
Polyacrylic polyol dispersions Water-miscible polyisocyanate cross-linkers















Composition


A broad range of properties of PUDs is achieved through the careful selection of building blocks while designing the polymer. The common building block families are hydroxy-functional compounds, isocyanates, and amines. Hydroxy functional compounds consist of polyols, e.g. polyesters, polyethers, or polycarbonates, and diols, e.g. 1,6-hexane diol, neopentyl glycol, butane diol and ethylene glycol. In the market today, PUDs based on aliphatic isocyanates, e.g. hexamethylene diisocyanate (HDI), isophorone diisocyanate (IPDI), dicyclohexylmethane diisocyanate (H12-MDI), and in some specialties tetramethyl-xylylene diisocyanate (TMXDI)[78] are predominantly used due for their light stability and lower reactivity, which is beneficial during the production process. However, aromatic diisocyanates are used in some special cases, e.g. in adhesive applications and as tie coats in textile coatings. Amine functional compounds are used in PUDs as chain extenders, in order to build high molecular weight and hard block content. In contrast, mono-functional amines or monools can be introduced in order to control molecular weight through chain termination. Tri-functional amines and triols can also be incorporated to introduce branching and thus increasing physical-mechanical properties of the coating or adhesive layer. The building blocks of polyurethane dispersions can also be selected in such a way that the films obtained are biodegradable, e.g. under composting conditions.[79]


Hydroxy-functional PUDs can be synthesized by altering the ratio of NCO/OH-containing reaction components or by introducing chain-terminating, hydroxyl-functional amines. These hydroxyl-functional PUDs are used in two-component, water-borne systems.
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