Introduction

                 The word paint covers a whole variety of decorative and protective coatings that are used to impart a high degree of protection to engineering, building, and other materials. The range of substrates to which paints are applied includes a vast range of materials such as metals, wood, plaster, cement, concrete, paper, leather, and the like.

The most commonly used protective coatings in household and industry are diverse materials such as lacquers, varnish, plastic resin solutions, pigmented liquids, metal powders, shellacs, and stains.

The paints and coating industry is divided into two distinct subsectors architectural and industrial. The architectural coatings subsector depends heavily on the performance of the construction sector, whereas industrial coatings are closely associated to the automotive, major appliance, and industrial equipment sectors.

Architectural coatings include interior and exterior house paints, primers, sealers, varnishes, and stains. Industrial coatings include automotive paints, can coatings, furniture finishing, and road-marking paints.
Historical Development

                 The earliest evidence of well-preserved prehistoric paintings, dating from the 16th millenium B.C. can be found in caves in Southern France (Font-de-Gaume, Niaux, Lascaux), Spain (Altamira), and South Africa The colors used were pure oil paints prepared from animal fat mixed with mineral pigments such as ocher, manganese ore (manganese dioxide), iron oxide, and chalk. The oldest rock paintings from North Africa (Sahara, Tassili n’Ajjer) data from between the 5th and the 7th millennium B.C. Many examples of paintings from Babylon, Egypt, Greece, and Italy dating from the 1st and 2nd millenium B.C. are also known.

The first painted objects come from China. Furniture and utensils were covered with a layer of paint in an artistic design. The oldest tradition work dates from around 200 B.C. The lacquer used was the milky juice from the bark of the lacquer tree (Rhus vrmic(kra). This was colored black or red with minerals, and later also with gold dust or gold leaf. The oldest recipe for a lacquer, from linseed oil and the natural resin sandarac, dates from 1100 A.D. and was due to the monk ROGERUVSO N HELMERSHAUSEN. Natural products such as vegetable oils and wood resins remained the most important raw materials for paint production, into the early 1900s. Only the introduction of faster production equipment such as belt conveyors made the development of new paints necessary. Initially, the rapid-drying binder used was nitrocellulose, which after World War I could be manufactured on a large scale in existing guncotton plants. Phenolic resins were the first synthetic binders ( 1920), followed by the

alkyd resins (1930). The large number of synthetic binders and resins now available are tailored for each application method and area of use. These paint raw materials are based on petrochemical primary products. Vegetable and animal oils and resins are now seldom used in their natural form, but only after chemical modification. The tendency to use such “renewable” raw materials is increasing. Consumer demand has led to a marked renaissance of natural products (“biopaints”).

The use of organic solvents in paint technology was linked to the development of modern rapid-drying binders. Whereas the liquid components previously used in coatings were vegetable oils or water and possibly ethanol, it now became necessary to use solvent mixtures to give accelerated drying and optimized paint-application properties. Production of a wide range of solvents began worldwide in the chemical industry in the 1920s.

Methods of applying paints also underwent major changes in the 1900s. Whereas up to this time coatings were applied manually with a brush, even in industry, this technique is today only used in the handicraft and DIY areas. Modern mechanized and automated application methods are used today for industrial-scale application because of greater efficiency, low material losses, qualitatively better results, and lower labor costs. They include high-pressure spraying using compressed air or electrostatic charging, modern automatic and environmentally friendly dipping and electrophoretic processes, and application by rollers.

Problems of environmental pollution also followed from the introduction of solvents.

These were recognized by the late 1960s and became the subject of development work. Waterborne coatings, low-solvent coatings, solvent-free powder coatings, and new radiation-curing coating systems with reactive solvents that are bound chemically during the hardening process were developed. These environmentally friendly coating systems have gained a considerable market share. However, in some areas solvent-containing coatings are difficult to replace without affecting quality. For this reason, solvent-recycling and solvent-combustion plants have been developed to recover or incinerate the solvents in the waste air.
Composition of Paints

                     Paints are made of numerous components, depending on the method of application, the desired properties, the substrate to be coated, and ecological and economic constraints. Paint components can be classified as volatile or nonvolatile.

Volatile paint components include organic solvents, water, and coalescing agents.

Nonvolatile components include a polymeric or resinous material (binder), resins, plasticizers, paint additives, dyes, pigments, and extenders. 
Paint components can be listed as the following:

1. Binders and Resins.

2. Plasticizers.
3. Pigments.
4. Solvents.
5. Additives.
In some types of binder, chemical hardening can lead to condensation products such as water, alcohols, and aldehydes or their acetals, which are released into the atmosphere, thus being regarded as volatile components.

All components fulfill special functions in the liquid paint and in the solid coating film. Solvents, binders, and pigments account for most of the material, the proportion of additives being small. Low concentrations of additives produce marked effects such as improved flow behavior, better wetting of the substrate of pigment, and catalytic acceleration of hardening.

Solvents and pigments need not always be present in a coating formulation.

Solvent-free paints and pigment-free varnishes are also available.

The most important component of a paint formulation is the binder. Binders

essentially determine the application method, drying and hardening behavior, adhesion to the substrate, mechanical properties, chemical resistance, and resistance to weathering.
1. Binders and Resins:
                 Binders are macromolecular products with a molecular mass between 500 and 30000. The higher molecular mass products include cellulose nitrate and polyacrylate and vinyl chloride copolymers, which are suitable for physical film formation. The low molecular mass products include alkyd resins, phenolic resins, polyisocyanates, and epoxy resins. To produce acceptable films, these binders must be chemically hardened after application to the substrate to produce high molecular mass cross-linked macromolecules.

The basic constituent of paint is a binder, which binds together the pigment particles and holds them on to the surface. Until the early 1950s, the binders used in paints were principally natural polyunsaturated oils (drying oils) such as tung, fish, and linseed oils; or natural resins, and exudations of gums on the bark of certain trees such as rosin from pines, congo, damar, kauri, and manila gums. Synthetic resins were introduced into the industry during the 1950s and have since become the basis of nearly all paints.
Types of Paints and Coatings(Binders):

Oil-Based Coatings:

                Composition. Oil-based paints (oil paints) are among the oldest organic  coating materials; in China, they have been known for more than 2000 years. Oil paints consist of natural drying oils (e.g., linseed oil, China wood or tung oil, and soybean oil) which undergo autoxidative polymerization in the presence of catalytic driers and atmospheric oxygen. Further constituents may include hard resins (e.g., alkylphenolic resins) that generally react with the drying oils at elevated temperature (230-280°C) to form oleoresinous binders. On account of the air sensitivity of the oils, heating mainly takes place under an inert gas atmosphere. 

        Auxiliaries may be added to oil paints to improve their wetting and flow properties. The desired handling consistency is generally adjusted with aliphatic hydrocarbon solvents such as mineral spirits and in certain cases with toluene or xylenes. With clear varnishes 5- 10 wt% of solvent is sufficient, with paints 10-20 wt% is sufficient. There are very few restrictions in the choice of pigment; basic pigments (e.g., zinc oxide) can be used.

        Conventional dispersion equipment (e.g., ball, roller, or sand mills) are suitable for producing oil paints.

         Oil paints are relatively environmentally friendly as long as harzardous solvents and toxic pigments (e.g., red lead or zinc chromate) are not used. The oils used in such paints have a low viscosity. They are therefore particularly suitable for priming coats on manually derusted steel surfaces since they wet and penetrate the residual layers of rust well, resulting in thorough coverage. Oil paints are easily applied by conventional methods (e.g., brushing, roller coating, spraying, and dipping).

       The thickness of an oil-paint coating is restricted on account of the atmospheric oxygen required for curing. With thick layers (25-30 pm on vertical surfaces and 40- 50 pm on horizontal surfaces), the oxygen penetrates too slowly and the lower region of the paint layer remains soft. Since the shrinkage of the coating differs in various layer regions during oxidative drying, wrinkles may form if the layer is too thick. The drying time is highly temperature dependent and may increase substantially in the absence of light. At room temperature, oil paint films dry in 12- 24 h depending on the amount of drier added, whereas several weeks are required in the vicinity of the freezing point of water.
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       Linseed oil is a mixture of triglycerides of long chain carboxylic acids.  Some of the major component carboxylic acids are:
        During film formation (curing), atmospheric oxygen reacts with the oil to form hydroperoxides which decompose into radicals and then initiate polymerization of the binder. Driers (metallic soaps such as cobalt, lead, and manganese naphthenates or octoates) catalyze formation and decomposition of the hydroperoxides and thereby accelerate film formation. A combination of several driers is normally used to control the curing reaction at the surface and in the interior of the coating.

The drying process is a complex one of polymerisation, probably catalysed by peroxides.  The theory is that drying progresses as follows: 
[image: image56.png]OH




[image: image2.png]3.

the radicals then initiate various polymerisation reactions:

RH + RO —> R + ROH
RH + OH —> R + H,0

R +0, —> ROO

Q%—H — H—O'mfl-l\—?—(& —

s
before recombining:
R+ R—>R—R
R + ROO —> R—0—R

R + ROO —> ROOR
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The drying process may be accelerated by the addition of small quantities of metals such as lead, cobalt or manganese compounds.  These are 'driers'.  Lead compounds are rarely used in modern paints due to their high toxicity.  Driers catalyze peroxide decomposition as follows:
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INDUSTRIAL RESINS:
The term "industrial resins" refers to any synthetic polymer resin made for commercial use. As such it includes many substances that, chemically, have very little in common and thus have a wide variety of applications. 
An industrial resin is a synthetic polymer which is has adhesive, film-forming or useful reactive properties. 

1. Cellulose-Based Coatings

1.1.  Nitrocellulose Lacquers
              Nitrocellulose (cellulose nitrate) lacquers are a mixture of  binders  (nitrocellulose and resins), plasticizers, and (optionally) pigments dissolved/dispersed in organic solvents. 
The nonvolatile components are:

1) Nitrocellulose

2) Resin

3) Plasticizer

4) Pigment (extender, dye) 
Nitrocellulose lacquers can be sprayed efficiently with compressed air or by an “airless” technique. Electrostatic spraying is employed to reduce the overspray and for good coverage (e.g., when coating chairs). Flat articles, thin sheets (foils), or paper can be coated inexpensively on casting machines. High-viscosity lacquers are frequently applied by roller coating. Smaller objects are often coated by the dipping method. The pushing-through process is used for coating pencils.

1.2. Organic Cellulose Ester Coatings:

               Cellulose acetate [ 9004-35-71, the simplest organic cellulose ester, offers excellent properties in coating films (e.g., flame resistance, high melting point, toughness, and clarity). These esters have limited solubility and compatibility with other resins; this is, however, necessary for widespread use.

Cellulose butyrate contains the bulkier butyryl group; these esters are more compatible and soluble than acetates, but are too soft for most coating applications. Cellulose esterified with blends of alkyl groups can provide many intermediate properties needed in coatings. Selection of the appropriate cellulose acetate butyrate [ 9004-36-81 (CAB) and cellulose acetate propionate [ 9004-39-11 (CAP) content must be based on specific application requirements.

Production of organic cellulose esters starts by mixing the appropriate organic acids and anhydrides, sulfuric acid catalyst, and purified cellulose. Esterification proceeds rapidly until all three anhydroglucose hydroxyls are esterified with acyl groups. Anhydride mixtures produce mixed esters.
 Fully acylated cellulose is of limited value in the coatings and plastics industries. Some free hydroxyl groups along the cellulose chain are necessary to provide solubility, flexibility, compatibility, and toughness. Since termination of the esterification reaction is not feasible, the fully acylated triester is slowly hydrolyzed to give the desired hydroxyl content.

Following esterification and hydrolysis, the product undergoes additional manufacturing steps that include filtration, precipitation, washing, and drying. The final product is usually a dry, free-flowing powder.
1.3. Cellulose Acetate Butyrate
             Tennessee Eastman is presently the world’s only manufacturer of CAB and CAP. Table 2.2 lists the properties of the commercially available CAB and CAP products.

1.4. Cellulose Acetate Propionate
           Cellulose acetate propionates (CAP) have the same characteristics as CAB, including high solubility and compatibility with other resins. They also have a very low odor; this is important in printing applications and in reprographic processes. Cellulose acetate propionate is used mainly in printing inks where a low odor is required (e.g., in food packaging). It is also used for coating leather clothing and for printing gift wrapping paper.
2. Chlorinated Rubber Coatings:

             To manufacture chlorinated rubber (CR) natural or synthetic rubber such as polyethylene, polypropylene or polyisoprene is degraded to low molecular mass compounds by mastication or addition of radical formers and dissolved in carbon tetrachloride (CTC). Chlorine contents are typically 64-68 wt %. Chlorine gas is introduced into this solution and reacts with the raw material to form CR. The solution is then introduced into boiling water. The CR is precipitated, and the solvent vaporizes. The CR is separated from water, rinsed, dried and ground to form a white powder which is the saleable product. After removal of the water, chlorine, hydrochloric acid and other impurities the solvent is reused.

2.1. Chlorinated Rubber Paints

               Chlorinated rubber and related chlorinated polymers form coating films by physical drying. Plasticizers or resins have to be added since otherwise brittle films are formed.

2.2. Chlorinated Rubber Combination Paints:

             Composition. Chlorinated rubber combination paints contain a second resin as the property-determining binder. The chlorinated rubber is added to an alkyd resin, acrylic resin, or bituminous substances to improve properties such as drying rate, water resistance, or chemical resistance. This application only accounts for a small proportion of the total chlorinated rubber consumption.

The proportion of chlorinated rubber in the binder varies from 10 to 50 wt%

depending on the intended application; plasticizers and/or alkyd resins and/or acrylic resins account for the remainder.

3. Vinyl Coatings:

            This section deals with paints based on vinyl resins (including vinyl copolymers) which are synthesized by polymerization of monomers containing terminal CH, = CH groups. Polyolefins, poly(viny1 halides) and vinyl halide copolymers, poly(viny1 esters), poly(viny1 alcohol), poly(viny1 acetals), poly(viny1 ethers), and polystyrene. Paints and coating materials based on vinyl resins are generally physically drying.

Only in a few cases vinyl resins can be chemically cross-linked with other reactants via incorporated reactive groups. The properties of the paints are therefore primarily determined by the chemical and physical nature of the vinyl resin. Despite the large number of available vinyl resins this class of binders has some common features.
Polyvinyl chloride is produced by polymerization of the monomer vinyl chloride, as shown:
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     All vinyl resins have a linear carbon chain with lateral substituents and exhibit a range of molecular masses. Increasing molecular mass is accompanied by improved mechanical properties, a decrease in solubility, and an increase in the viscosity of their solutions. Vinyl resins of high molecular mass can therefore only be used in the form of dispersions or powders for paint applications. Solvent-containing paints require vinyl resins of considerably lower molecular mass than plastics, since only then a sufficient binder content can be achieved in the viscosity range required for paint application.

4.  Acrylic Coatings:

            General Properties. Paints containing acrylic resins as binders have been known ince the 1930s. They are now one of the largest product classes in the paint and coatings sector.

Polyacrylates as binders consist of copolymers of acrylate and methacrylate esters. Other unsaturated monomers (e.g., styrene and vinyltoluene) may also be incorporated, but usually to a lesser extent. Copolymers formed exclusively from acrylates and/or methacrylates are termed straight acrylics. The comonomers differ as regards the alcohol residues of the ester group, which also allow incorporation of additional functional groups. 
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Skeletal formula of a short length of a polymethyl methacrylate chain 

Choice of suitable monomers allows wide variation of the physical and chemical properties of the resulting polymer. Hydrophilicity, hydrophobicity, acid-base properties as well as T, can be adjusted; resins containing hydroxyl, amine. epoxy, or isocyanate groups can also be produced.    
The resin products may be solids, solutions in organic solvents or water, emulsions, or dispersions.

Acrylate resins have several advantages over other paint binders :

I ) Polyacrylates are only slightly attacked by chemicals, and confer a high                                                                                                 degree of resistance to paints

2) Polyacrylates are colorless, transparent, and do not yellow, even after                                                   prolonged thermal stress

3) Polyacrylates do not absorb above 300 nm and are therefore not degraded                                        by UV radiation (as long as they do not contain styrene or similar aromatic compounds).
4) Polyacrylates do not have unstable double bonds

5) Polyacrylates have outstanding gloss and gloss retention

6) Acrylates, and especially methacrylates are stable to hydrolysis long as they do not contain styrene or similar aromatic compounds)

5.  Alkyd Coatings:

              The binders used in the production of alkyd paints, namely alkyd resins, are oil-modified or fatty-acid-modified condensation polymers of polybasic acids and polyhydric alcohols. Alkyd resins account for 45 % of the total world production of paint raw materials, excluding plastics latexes and polyvinyl dispersions.

Alkyds. Alkyd resins represent the single largest quantity of solvent soluble resin produced for use in the surface coating industry. They are relatively low molecular weight oil-modified polyesters prepared by reacting together polyols, dibasic acids, and oil (linseed or soya fatty acids). Two of the most common polyols used are glycerol and pentaerythritol.

The most common dibasic acids used are phthalic acid and isophthalic acid.
The commonest starting products for the class of polyester resins known as alkyd resins are 1,2,3-trihydroxypropane (glycerol) and phthalic anhydride. 
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                          Isophthalic acid
Other common components of alkyd resins are given in Table 1.  However, alkyd resins made from the acids and alcohols alone are of little practical use in the manufacture of paints. 

       Films formed from them are yielding, dull, soft, tacky films of poor durability.  By incorporating oils in the reaction mixture some of the long chain carboxylic acids in the triglyceride are replaced by difunctional acids.  This gives resins which yield films with good durability, excellent colour retention and superior gloss to films formed from drying oils alone.  These are known as oil modified alkyd resins.  Other agents that have been used to modify alkyds for use in paints are given in Table 2.
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The manufacturing process:

          The manufacture of the alkyds proceeds in two stages. Pentaerythritol and vegetable oil are first heated with the catalyst for about two hours at 270oC. The vegetable oil is an ester of glycerol and long chain unsaturated fatty acids, and the reaction is a trans-esterification, the fatty acids forming an ester with the polyhydroxy-alcohol pentaerythritol. Di- and tri- esters of PE and di- and monoglycerides are also presumably formed. After cooling the mixture to 150oC, a slight excess of phthalic anhydride is added and the mixture is reheated to 240oC where it is held for several hours while the polyester alkyd resin is formed:
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 A portion of the complex glycerylphthalate resin would look as follows:
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         The reaction is monitored by acidity and viscocity measurements. Water is removed by evaporating with the solvent which is recycled. The unsaturated fatty acid residues react with oxygen to give further polymerisation in the drying of the paint or curing of the resin. By changing oil, acid or alcohol, a wide range of alkyd resins can be made.

Uses of alkyd resins

Alkyd resins are used in solvent-based paints. These paints incorporate driers (e.g. cobalt naphthenate) which cause the alkyd to crosslink with itself using atmospheric oxygen as the solvent evaporates, resulting in a polymer that is no longer soluble in the original solvent.

Alkyds are also used in stoving enamels where they are crosslinked with amino resins.
According to the oil or fatty acid content, the alkyds are divided into three broad categories:
• Short oil (to 40 percent)

• Medium oil (40-60 percent)

• Long oil (more than 60 percent) alkyd resins

They are further divided into drying (oxidizing) and nondrying (nonoxidizing) types. 
Nondrying oil alkyds do not readily form films and, as such, they are mainly used as plasticizers for other binders. 
Drying oil alkyds can form films (coatings) through oxidative polymerization in a similar manner to that of the natural oils (linseed or soya) from which they are made.

         Short drying oil alkyds are typically made of linseed, soya, or dehydrated

castor oils. The linseed based alkyds are used in automotive refinishing enamels and in general purpose air drying enamels.

          Nondrying, short oil alkyds are generally based on castor or coconut oils. They are used with nitrocellulose for exterior lacquers. Coconut oil alkyds give the best exterior durability; castor oil lacquers have the best film properties.

       Medium oil linseed and soya alkyds are used in automotive refinishing and implement enamels. In general, all-round durability of medium oil alkyds are better than their longer or shorter relations.

       Long oil length alkyds are almost always prepared from drying and semidrying oils, with pentaerythritol being the preferred polyol. The most common oils used are linseed and the semidrying oils, soya, safflower, sunflower and tall oil. Their main use is in architecture and maintenance as brushing enamels, undercoats, and primers, and also marine paints. Their slowness to dry and lack of response to forced drying has prevented their use in industrial finishes.
        Alkyds are lower in cost relative to other resins. They are good general-purpose coatings for a wide-variety of applications. In architectural coatings, alkyds are used for porch, deck, floor, and trim enamels. In product finishes, they are used for automotive chassis enamels, maintenance primers, and topcoats, and container enamels.

         Alkyd resins can be mixed with nitrocellulose, chlorinated rubber, PVC-copolymers, amino resins, and colophony-modified phenolic and maleic resins. Chlorinated rubber and PVC-copolymers are combined with alkyd resins with the addition of plasticizers for corrosion protection coatings. These combinations have a higher resistance to chemicals than pure alkyd resin coatings. Combinations with amino resins are used in oven-drying industrial coatings and automotive finishes. The gloss, body, adhesion, and the resistance to preserving wax are determined by the alkyd resin. Amino resins allow rapid drying at elevated temperature and improve the mechanical resistance of the coatings.

         Chemical reactions with alkyd resins can take place via their hydroxyl or carboxyl groups as well as via the double bonds of the unsaturated fatty acids. Isocyanates, epoxy resins, or colophony, for example, may be reacted with the hydroxyl groups. The carboxyl groups can be reacted with polyamidoamines (reaction products formed from dimerized linoleic acid and ethylenediamine) to form thixotropic resins, or can react with hydroxy-functional silicone precondensates. The double bonds of the unsaturated fatty acids permit copolymerization with vinyl compounds [e.g., styrene or (meth)acrylic acid derivatives].
Waterborne Alkyd Resins . Alkyd resins can be converted into a waterborne form in two ways:

1) Alkyd resins with high acid numbers (> 50) are neutralized with amines (normal air-drying resins have an acid number < 10, oven-drying resins 20-35); solubility in water is due to salt formation

2) Alkyd resins are emulsified in water after addition of emulsifying agents and stabilizers or after chemical modification with special monomers e.g. polyglycols.

          Neutralization with amines is mainly employed with medium and short oil resins that are modified with drying and semidrying oils/fatty acids and supplied as 70-80% solutions in butyl glycol, or mixed with l-methoxy-2-propanol or N-methylpyrrolidone. Neutralization is generally performed with triethylamine to obtain air-drying alkyd resins; dimethylethanolamine is used for oven-drying alkyd resins . The amines used for neutralization represent an ecotoxicological problem, and attempts are therefore being made to find more environmentally compatible agents. In contrast to alkyd resin emulsions, waterborne alkyd resins permit the production of high-gloss paints. Sensitivity of the resins to hydrolysis during storage of the paints may cause problems and generally results in a decrease in viscosity.

         With air-drying systems the drying ability can also be adversely affected. These disadvantages are largely overcome by incorporating acids such as trimellitic acid which is less susceptible to hydrolysis for steric reasons; paints based on this system are therefore more stable. Coating materials based on amine-neutralized alkyd resins are used for forced-drying and oven-drying industrial paints (e.g., in combination with waterborne amino resins), for wood protection, and for corrosion protection.

Alkydresin emulsions or "self-emulsifying" alkyd resins can be produced relatively easily. However, optimization of their properties requires a great deal of experience and careful selection of additives . In order to obtain satisfactory water resistance and drying behavior, the content of emulsifiers should be kept as low as possible. The size of the emulsified particles is in the range 5 - 15 pm. A small particle size ensures good storage stability of the coating materials and improved gloss of the dried films; it also improves miscibility with polymer dispersions. The more homogeneous the system, the better the weather resistance of the resultant coating films. Alkyd resin emulsions are mainly used in architectural paints, corrosion protection coatings, wood protection agents, and house paints.

They are particularly suitable for combination with polymeric, especially acrylate, dispersions. The use of alkyd resin emulsions in industrial coatings is still insignificant, an exception being furniture coatings and varnishes.

Alkyd Resins for High-Solids Paints. Alkyd resins have been developed for producing high-solids paints to reduce solvent emission. One-pack, oven-drying high-solids paints have solids contents of 65- 70 wt % in the ready-foruse formulation. Air-drying high-solids paints have solids contents of 85-90 wt %.

High solids content can be obtained in three ways:

· Use of solvents with stronger solvent power, so that resin solutions with lower viscosities are obtained with less solvent. This method is used for stoving paints based on conventional alkydmelamine resin combinations; it can also be applied with certain restrictions to air-drying systems.

· Use of reactive diluents that are incorporated into the film by condensation when the stoving paints harden.

· Use of low-viscosity, reactive alkyd resins that have a lower solvent requirement than conventional products.

With high-solids stoving paints, sagging generally has to be prevented when coating vertical surfaces. Rheology-controlling additives can provide a remedy, but generally lead to a reduction in the solids content.
Environmental and Health Protection Measures

       The solvents in the as-supplied alkyd resin solutions and in the paint composition represent a potential hazard due to their toxicological effects and flammability.

       Manufacturers and suppliers of resin solutions and paints must indicate the potential dangers involved in the handling, transportation, and storage of solvents by labeling drums and containers according to national and international regulations.

      Health risks depend on the nature of the solvents and their concentration in the paint. Risks arise from solvent vapors during paint application. Working areas must be adequately ventilated to prevent vapor accumulation and respirators must be worn during spraying to prevent inhalation of paint aerosols.
6. Saturated Polyester Coatings:

            Polyester resins are condensation products of di- or polyfunctional monomers containing hydroxyl groups and carboxyl groups. The development of saturated polyesters began in 1901 with “Glyptal resins”, formed from glycerol and phthalic anhydride (Smith, United States). Soluble resins obtained with fatty acids were first employed in 1925. Alkyd resins formed from unsaturated fatty acids can be cured by atmospheric oxidation.
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7. Unsaturated Polyester Coatings:

         These are formed from the reaction of a diol (a molecule containing several hydroxyl groups) and an unsaturated diprotic acid. The resulting polyester chains are dissolved in a reactive solvent. The chains crosslink to form a hard, strong resin which is used in making the hulls of boats and in the production of "synthetic marble".

           Unsaturated polyester coatings are used on, for example, furniture, vehicles and mineral substrates. They are formulated using unsaturated polyester (UP) resins, stabilisers, accelerators, hardeners and, possibly, pigments, extenders, barrier agents, promoters, deaeration agents, flow promoters, thixotropic agents and photoinitiators.

The coatings primarily contain monomers. In addition to styrene, the most frequently used monomer, it has become increasingly common in recent years to use acrylates as the copolymerisable monomers, especially in coatings for UV curing. However, monomer-free UP resins have also gained some significance ~ either 100 % or dissolved in, for example, butyl acetate or dispersed in water.
         Coatings containing styrene cure in virtually any thickness as the styrene which initially acts as a solvent polymerises with the double bonds of the UP resin and is incorporated into the paint film. As only a small proportion of the styrene evaporates, this virtually “solvent-free” coating yields films with extremely good body.

        In general, polyester resins result from the condensation reaction between a diprotic acid and a polyhydric alcohol, e.g.
[image: image12.emf]
      Any change in type or proportion of reactants results in a change in properties of the polymeric product so an infinite number of polyesters is theoretically possible.

      Possible variations in formulations Unsaturated polyesters are produced from a glycol(Propylene glycol (propane-1,2-diol) is commonly used) and maleic anhydride, which is faster reacting than maleic acid and produces less water. Some specialised resins that need high chemical resistance use fumaric acid3 instead of maleic anhydride because it copolymerizes better. 
An acid anhydride (such as maleic anhydride) is what you would get if you reacted two moles of a particular carboxylic acid together and lost one mole of water, i.e.

[image: image13.emf]
     Maleic acid is a diprotic carboxylic acid (i.e. it has two carboxylic acid groups) so in this case the two carboxylic acid groups of the same acid molecule react together to give the five membered ring of maleic anhydide as follows:

[image: image14.emf]
[image: image15.emf]
         Other acids are used in conjuction with the unsaturated maleic type to prevent the resin from being too reactive. Ortho-phthalic anhydride is the most common and is used in "general purpose" formulations (used in boat building, some cast sanitary-ware etc.). Isophthalic acid is used where better chemical resistance is required (e.g. in oil storage tanks). Adipic acid is used where flexibility is required (e.g. in resins for autopatch compounds). Halogenated acids (e.g. tetrabromophthalic anhydride) can be used to produce reduced flammability in mouldings.

[image: image16.emf]
        Other glycols can be used, e.g. dipropylene glycol and diethylene glycol give some degree of flexibility and neopentyl glycol offers better chemical resistance.

[image: image17.emf]
Methyl methacrylate can be used as a part replacement for styrene in the monomer portion of the resin. This offers better resistance to yellowing on exposure to UV radiation and is most commonly used in resins intended for manufacture of translucent fibreglass sheeting.

[image: image18.emf]
The manufacturing process:
        The resin is manufactured in a batch process using 1500 - 5000 L stainless steel kettles fully equipped for heating, cooling, pressure, vacuum refluxing and distillation. The mixture is cooked at up to 220oC for between 14 and 40 hours. Samples of the reaction mixture are taken from time to time and their acidity and viscosity measured to assess the progress of the reaction. After cooking the polymer is cooled and dissolved into styrene, a polymerisable solvent (i.e. one that can copolymerise with the polyester).

        Heating of highly flammable reactants and solvents poses practical problems. Hot water or super-heated steam are produced in a room detached from the kettles and circulated in jackets around the kettles. Thus, all likelihood of spark or flame ignition in the processing area is eliminated.

Removal of water from the reaction mixture to obtain maximum yields is accomplished in one of two ways:

• Sparging. Nitrogen gas is bubbled through the mixture to increase the surface area. The water evaporates and is carried out of the mixture and condensed.

• By refluxing with a water absorbing solvent such as toluene4 or xylene5.
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Uses of unsaturated polyester resins:
The polymer resin product is used by the fibre-glass industry for building boats and car bodies, for encapsulating electrical components, for coating concrete to give a smooth sterile surface in food-manufacturing plants and for the production of "synthetic marble". In all of these applications the polyester-styrene mixture is poured into a mould and a free radical initiator such as MEKP (methyl ethyl ketone peroxide) or benzoyl peroxide added to initiate
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crosslinking.
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Thus polyester chains are linked together by polystyrene bridges. Polyesters can be easily moulded (by simply pouring the solution into a mould) and the resulting end product is resistant to attack and long-lasting.
​​​​​

8.  Polyurethane Coatings:
           Polyurethanes result from the reaction of a polyalcohol and an organic di-isocyanate. They can be used as surface coatings, to make furniture and footwear and in foam form, for packaging.

      The term polyurethane paints (coatings) originally referred to paint systems that utilized the high reactivity of isocyanates groups with compounds containing acidic hydrogen atoms (e.g., hydroxyl groups) for chemical hardening (curing). However, this term now includes a large variety of binders.                                                The amount of polyurethane raw materials processed into coatings is steadily increasing, and was estimated to be more than 500000 t worldwide.

Polyurethane paint films all have a polymeric structure with urethane, urea, biuret, or allophanate coupling groups. Coupling can occur during paint hardening (curing) as the result of polyaddition of relatively low molecular mass starting products.

       Alternatively the paints may already contain high molecular mass polymers synthesized by the coupling of appropriate monomers. High molecular mass adducts with excess isocyanate groups or adducts in which curing occurs via oxidation of conjugated double bonds are also common.
       Polyurethane coating resins and varnishes offer advantages over alkyd resin systems in speed of drying, hardness of the film and resistance to wear. Types made in New Zealand include urethane oils, urethane alkyds, moisture curing polyurethanes and foams.

A polyurethane is formed by the reaction of a polyalcohol and an organic di-isocyanate:
[image: image19.emf] When isocyanates react with water, amines and carbon dioxide are produced:
[image: image20.emf]
The amine can then react with the isocyanate to form a "disubstituted urea":
[image: image21.emf]
This can then react with further isocyanate to give crosslinks between the polyurethane chains, giving a durable resin:
[image: image22.emf]
The manufacture of condensed polyurethanes

         Urethane oils can be formed by the addition of vegetable oil to the polyurethane. Urethane alkyds can be formed by reacting isocyanates with alkyds. They cure in the same way as alkyds, that is, by oxidative crosslinking of the unsaturated groups in the fatty acid portions of the molecule.

Moisture curing polyurethanes are produced by reaction of isocyanates with polyether or polyester polyols. Unreacted isocyanate groups are present and these react with atmospheric moisture to cure the resins by forming crosslinked polyurea polyurethane structures.

[image: image23.emf]
The manufacture of polyurethane foam

        The basic ingredients of polyurethane (the polyol and the isocyanate) are mixed together in a mould in the presence of a catalyst. A highly exothermic reaction occurs, producing sufficient heat to vapourise a liquid "blowing agent". A blowing agent is used in the production of polyurethane foams to cause the polyurethane to expand out so that it sets as a foam. In its absence a solid resin forms. Depending on the various reagents used the density of the polyurethane formed can vary between 6 and 1200 kg m-3.
Uses of polyurethane resins

         Urethane oils are used instead of conventional drying oils in some applications as they are faster-drying and give a harder finish. Polyurethane alkyds and moisture curing polyurethanes are used in elastomers, paints, adhesives and as thermoplastics in a variety of applications. Polyurethane foams have a variety of different uses depending of the density of foam produced. Low density foams are used in packaging and insulation and high density in moulded furniture. Microcellular foams are used in shoe soles, car bumpers and synthetic

leathers.
10. Epoxy Coatings:
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Epoxy resins are derived from the simple organic compound oxirane - ethylene oxide.
The commonest starting products for epoxy resins are epichlorhydrin and bisphenol A:
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The simplest epoxy resin from these ingredients is the diglycidyl ether formed by reacting 2 moles of epichlohydrin with 1 mol of bisphenol A giving the following compound:
[image: image46.emf] 
       Epoxy resins may be low viscosity fluids or high molecular mass solid resins.  Epoxy resins may be used to form films if they are polymerised by the addition of suitable 'curing' agents.  

[image: image47.emf]      The epoxy group will react with active hydrogen containing nucleophiles such as H2O, Grignard reagents and HX (where X = F, Br, Cl or I) to form a hydroxyl group. The commonest nucleophile which is used in the paint industry is the amino group contained in amines or amides:
The secondary amine formed may react with another epoxy group:
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By use of amines or amides possessing a minimum of three active hydrogens a three dimensional polymeric structure may be built up.
       Epoxy resins may be modified with many other resins such as phenol-formaldehydes, urea formaldehydes, melamines, alkyds or even drying oils to produce resins having a very wide range of properties.  Epoxies are usually only used in industrial and marine areas and restricted to use as primers and intermediate build coats due to their poor performance on exposure to UV.  They are often used in conjunction with a polyurethane topcoat.
Epoxy resins are generally not used alone but require a reaction partner in order to be cured (hardened). A large number of reaction partners may be used for curing at elevated or at room temperature. The cured films have high adhesion, flexibility, hardness, abrasion resistance, resistance to chemicals, and corrosion protection. In 1995  700000 of epoxy resins were used worldwide by the coating industry (including civil engineering applications).
    11 .Silicone Coatings:

             Polysiloxanes or silicones have been used in surface coatings since the earliest days of the silicone industry . They are versatile materials with an enormous range of properties and physical forms . They have a very low surface energy, high thermal stability, are UV transparent, and have a low glass transition temperature (T,). These properties are utilized by the paint industry to provide excellent water repellency, resistance to weathering, UV radiation, and thermal cycling. Silicones used in paints can be conventiently classified into four types: silicone resins, blending resins, silicone organic copolymers, and paint additives.

         12. Urea, Benzoguanamine, and Melamine Resins for   Coatings:

               Alkylated urea -, benzoguanamine - and melamine- formaldehyde resins represent a versatile group of cross-linking agents for hydroxy-, amide-, and carboxyfunctional polymers. They are used in both waterborne and solventborne coatings, including high-solids industrial coating systems. These amino resins are almost always employed in combination with other flexibilizing functional polymers (backbone polymers) to form highly cross-linked networks.
       13. Formaldehyde resins :

Formaldehyde resins are made by reacting formaldehyde with any of a variety of substances such as urea and phenol The reagents are mixed to form a thermosetting crosslinked polymer used in reconstituted wood (e.g. plywood) and timber adhesives.

Formaldehyde resins are formed by the reaction of formaldehyde with urea, phenol, melamine or resorcinol, and are used as adhesives.
[image: image48.emf]
The resin is now produced in a batch process.  The formaldehyde is fed into the reactor and heated to 60oC.  Alkali is added and then urea, during which time the mixture falls to 40oC.  Finally the mixture is adjusted to pH 5 and heated to 90oC and left until sufficient polymerisation has taken place (this will depend on the desired end use of the resin).  The reaction is then quenched with alkali and cooled.
The reactions occuring are complex and imperfectly understood, but it is known that chains are formed in accordance with the following reaction scheme:
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Uses of urea formaldehyde resins:

 The major use of these resins is in adhesives, and as such they are used in the production of reconstituted woods such as particleboard and plywood as well as in laminated wood.  They are also used for a variety of other purposes including textile treatments, paints and enamels, glass fibre insulation binders and in the pulp and paper industry.
Phenolic Resins for Coatings:
               Phenolic resins (i.e., condensation products of phenols and formaldehyde) are among the oldest synthetic binders, and their first use in paint technology dates back to the early 1920s. Their primary uses have constantly changed since then, and new classes of synthetic binders have become increasingly important.
       14. Asphalt, Bitumen, and Pitch Coatings:
14.1. Asphalt and Asphalt Combination Coatings:

            Composition. Only natural asphalts with small amounts of mineral constituents (asphaltites) can be used to produce paints.

14.2. Bitumen Coatings:

               Composition. Bitumen paints contain bituminous substances as binders. Bitumen is defined in DIN 55 946 as "A low-volatile, darkly-colored mixture of organic substances obtained in the processing of mineral oils and petroleum, whose viscoelastic behavior changes with temperature.

14.4. Pitch Coatings:

Because of it’s cancerogenic potential, pitch coatings are to longer used in Middleand Northeurope.
2. Plasticizers:
              Plasticizers are organic liquids of high viscosity and low volatility. The esters of dicarboxylic acids ( e g , dioctyl phthalate) are well-known examples. Plasticizers work by embedding themselves between the chains of polymers, spacing them apart (increasing the "free volume"), and thus significantly lowering the glass transition temperature for the plastic and making it softer. Plasticizers lower the softening and film-forming temperatures of the binders. They also improve flow, flexibility, and adhesion properties. Chemically, plasticizers are largely inert and do not react with the binder components. Most binders used today are inherently flexible and can be regarded as "internally plasticized" resins. For this reason, use of plasticizers has declined.
Structures of some traditional plasticizers: (a) di(2-ethylhexyl) phthalate,         (b) dibutyl adipate, (c) trioctyl trimellitate, and (d) acetyltri-n-hexyl citrate.[image: image50.png]CHs
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Plasticizers may be thought of according to their function in a compound or by their type. Some of those classifications might be Internal, External, Chemical, Physical, Esters, Oils, Primary, Secondary, etc. 
-  Internal plasticizers include flexible monomers (soft segments) incorporated regularly or irregularly between inflexible monomers (hard segments) of a polymer chain were added during the polymerization process.

-External plasticizers were added to the binders or resins during the formation process, solvent and non-solvent are two distinct types of external plasticizers.
- Primary plasticizers enter the polymer systems first. Plasticizers entering the crystalline regions of crystalline or semi- crystalline polymers are referred to as primary. If the amorphous regions of those polymers are penetrated, the plasticizer may be considered a solvent type. Secondaries are plasticizers that would not penetrate the original polymer only system and are used as diluents for primary plasticizers.
3. Pigments:
         Pigments are insoluble, fine particle-size materials that confer on a paint its color and opacity. Both inorganic and organic substances are used, with the inorganic ones being in general cheaper but with less clear colours. Special pigments can be used to give metallic finishes (for example for car bodies), to be hard wearing (for road markings) etc. Pigments are used in paint formulation to carry out one or more of the following tasks:

1. Provide color

2. Hide substrates and obliterate previous colors

3. Improve the strength of the paint film

4. Improve the adhesion of the paint film

5. Reduce gloss

6. Reduce cost

Pigments  not only give the paint its colour and  finish, but also serve to protect the surface underneath from corrosion and weathering as well as helping to hold the paint together.  Both inorganic and organic substances are used, with the inorganic ones being in general cheaper but with less clear colours.  Special pigments can be used to give metallic finishes (for example for car bodies), to be hard wearing (for road markings) etc.
Pigments should be insoluble in the medium, in which they are used, chemically inert, free of soluble salts, and unaffected by normal temperatures.

They should be easily wetted for proper dispersion, nontoxic, noncorrosive, and have low oil-absorption characteristics. They should be durable and fast to light (as much as possible).

In general the following properties of pigments are important in selecting

a pigment for any particular product:

a. Hiding power

b. Tinting strength

c. Refractive index

d. Light-fastness

e. Bleeding characteristics

f. Particle size and shape
Some common classes of organic pigments:
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Azo dyes
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Polycyclic pigments
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Inorganic pigments: Titanium dioxide, Zinc chromates, Chromium oxides etc...,

4. Solvents

Solvents are volatile liquids added to dissolve or disperse the film forming constituents of paints and allied products. They evaporate during the drying, and therefore, do not become a part of the dried film. In brief they

1. Regulate application properties

2. Control consistency and character of finish (minimizes defects)

3. Control evaporation rate

4. Adjust solids level that influence film application thickness

5. Adjust and influence coating viscosity (thickness of paint)

6. Are used in resin manufacturing

A solvent should generally have the following properties:
     1) Clear and colorless

     2) Volatile without leaving a residue

     3) Good long-term resistance to chemicals

     4) Neutral reaction

 5) Should also have an acceptable odor.

     6) Anhydrous

     7) Constant physical properties according to the manufacturers’ specification

     8) Low toxicity

     9) Biologically degradable

   10) As inexpensive as possible
The solvents generally used in the paint industry may be divided into three classes:    a. Hydrocarbon solvents

           b. Oxygenated solvents

            c. Water
Hydrocarbon solvents are the most commonly used solvents in paints to carry the pigment and binder. They are divided into three groups: aliphatic, naphthenic, and aromatic. The preferred type of solvent is an odorless aliphatic hydrocarbon (mineral spirits), which can be used in all areas including home. However, mineral spirits do not dissolve all binder resins. Aromatic solvents provide stronger solvency, but with a greater odor. The most common are toluene, xylene, and naphthas. The principal oxygenated solvents are ketones, esters, glycol esters, and alcohols. They offer much stronger solvency and are widely used as active solvents for synthetic binders. Ketones are characterized by their strong odor, range of water solubility, and evaporation rate. Esters provide solvency nearly equal to ketones but with more pleasing odors.

       Glycol ethers possess both alcoholic and ether functional groups and are milder in odor. They display water miscibility, strong solvency, and slow evaporation. N-Butanol and denatured alcohol are the most commonly used oxygenated solvents.

       Water is the main ingredient of the continuous phase of most emulsionpaints. The advantages of water as a solvent are its availability, cheapness, lack of smell, nontoxicity, and nonflammability. However, it is not an ideal paint solvent because of its limited miscibility with other organic solvents, and because film formers designed to be dissolved or dispersed in water usually remain permanently sensitive to water.
Solvents are necessary to ensure an even mixing of the paint components and to make them easy to apply.  The solvents used differ with the way in which the paint will be applied as the drying rate required differs depending on the manner of application, e.g. the solvents in spray paints need to evaporate much more quickly than those in brush-applied paints.  In general, a blend of solvents is used to produce a paint that will surface and through dry (i.e. dry throughout) at the correct rate without uneven shrinkage.  White spirit and mineral turpentine 
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are probably the most widely used solvent, however many other compounds find use in paint formulation and these include:


ENVIRONMENTAL AND ECONOMIC CONSIDERATIONS: 

There is a pronounced movement worldwide to the development of high quality water-thinnable paints to supersede the current widely used organic solvent thinned paint.  In the field of household paints there are now emulsion paints that provide performance equal to that of orthodox materials, but in the industrial paint field water thinnable paints are as yet only a minor percentage of the paints in use.  Organic solvents are derived from petroleum.  

Many countries are reliant on expensive imported raw materials from which to produce their solvents.  Very few paint manufacturing countries lack water.  In addition, organic solvent vapours are atmospheric pollutants which in some cases can produce smog.
5. Additives:
                      The major components of paints are binders, pigments and extenders, solvents and additives. Additives are substances that are added in small quantities to a paint to improve or to modify certain properties of the finished paint coatings or of the paint during its manufacture, storage, transport, or application. The amount of additives in paint can be as little as 0.001 percent and seldom more than 5 percent. The average proportion of a single additive in a formulation is usually around 1.5 percent of the total quantity of the paint formulation. The additives have a profound influence on the physical and chemical properties of the paint. 

Paint additives are used to prevent defects in the coating (e.g., foam bubbles, poor leveling, flocculation, sedimentation) or to impart specific properties to the paint (e.g.. better slip, flame retardance, UV stability) that are otherwise difficult to achieve. Additives may be classified in the following groups:

1. Defoamers

2. Wetting and dispersing additives

3. Surface additives

4. Rheology additives

5. Driers and catalysts

6. Preservatives

7. Light stabilizers

8. Corrosion inhibitors
9. Biocides.
1. Defoamers:
               Foam may occur as an interfering factor during paint production. Liquid foams are a fine distribution of a gas (normally air) in a liquid. Thin films of liquid (the lamellae) separate the gas bubbles from one another and the gas- liquid interfacial area is quite high. Pure liquids do not foam; surface-active materials must be present in order to obtain stable foam bubbles.

Defoamers (antifoaming additives) are liquids with a low surface tension which have to satisfy three conditions:

      1) They must be virtually insoluble in the medium to be defoamed

      2) They must have a positive penetration coefficient E

      3) They must have a positive spreading coefficient S

                                E = δL - δD + δL/D> 0

                            S = δL - δD – δL/D> 0

δL = surface tension of the liquid phase

δD = surface tension of the defoamer

δL/D = interfacial tension between the liquid and the defoamer.

 If both E and S are positive, the defoamer penetrates into the foam lamella and spreads across the surface. This creates interfacial tension differences that destabilize the lamellae and cause the foam to collapse. In simple terms it can be said that defoamers act because of their controlled incompatibility with the paint system. If a defoamer is too compatible its defoaming effect is not sufficient, if it is too incompatible film defects occur (e.g., gloss reduction, formation of craters). Silicones are also the predominant defoamer components in solventborne coatings.

Products with a correct balance of compatibility and incompatibility can be synthesized by selectively modifying the silicone backbone with polyether and/or alkyl chain.

2. Wetting and Dispersing Additives:

                In the production of pigmented paints, the pigment particles must be distributed as uniformly and as finely as possible in the liquid phase. The pigment agglomerates must first be wetted by the binder solution. This process mainly depends on the chemical nature of the pigments and binders and can be accelerated by using wetting additives.
If this pigment grinding step is not optimized, then a wide variety of defects can occur:

• Flocculation

• Gloss decrease

• Color shift

• Flooding/floating 
• Settling

• Viscosity instabilities 
The Dispersing Process:
Pigment agglomerates are reduced in size during the pigment grinding phase; ideally this leads to the production of primary particles. Agglomerates represent pigment clusters in which the interstitial spaces between the individual pigment particles contain air and moisture. These individual pigment particles are in contact with one another only along their edges and corners. Interactive forces

between the particles are relatively small so that such forces can be overcome by traditional dispersing equipment. In the dispersing phase, energy is added to the system and therefore smaller particles (with a larger interface to the resin solution) are formed.
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The various processes which occur during pigment grinding can be divided into the following three steps:
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During  Step 1 (Wetting), all of the air and moisture at the pigment surface is driven off and then replaced by the resin solution. The solid/gaseous interface (pigment/air) is transformed into a solid/liquid interface (pigment/resin solution). The resin solution must penetrate into the space between the agglomerates.

Step 2 (Grinding) represents the true pigment grinding stage. Through mechanical energy (impact and shear forces), the pigment agglomerates are broken up and accordingly reduced in size.

In the concluding step 3 (Stabilisation), the pigment dispersion must be stabilized in order to prevent the formation of uncontrolled flocculates. As described later, special techniques make it possible to keep the pigment particles at appropriate distances from one another so that they do not resume contact. In most applications the stabilization of the deflocculated condition is desirable.

       Steps 1 (wetting) and 3 (stabilizing) can be influenced by additives. Wetting additives accelerate the wetting of pigment agglomerates by the resin;  dispersing additives improve the stabilization of the pigment dispersion. One and the same product can oftentimes function as both the wetting and the

dispersing additive.
Wetting additives are materials of low molecular mass with a typical polar-nonpolar surfactant structure; they reduce the interfacial tension between the binder solution and the pigment surface. 

Wetting additives can be defined as substances which are designed to reduce interfacial tension and which, as a result, increase the “spreading pressure“ so that the wetting process is accelerated. 
Characteristic for such substances is their surface-active structure: polar, hydrophilic structural elements along with nonpolar, hydrophobic structural elements combined in one molecule. Because of this very structure, such molecular combinations are interfacially active. From a chemical standpoint, wetting additives can be classified as either ionic or non-ionic - according to the chemistry of the polar segment in the molecule. The nonpolar segment is, as a rule, represented by hydrocarbon chains.
Dispersing additives are stabilizing substances that are adsorbed onto the pigment surface via pigment-affinic groups (another groups with a high affinity for the pigment surface) and establish repulsive forces between individual pigment particles. Stabilization is achieved either via electrostatic charge repulsion or via steric hindrance due to molecular structures that project from the pigment surface into the binder solution. The first mechanism is prevalent in waterborne emulsion systems; the latter predominates in solventborne paints. In coatings with water-soluble resins both mechanisms are equally important. 
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Steric stabilization of pigment particles to avoid flocculation

Wetting and dispersing additives can also solve flooding and floating problems. Since most paints contain more than one pigment, the pigments often segregate in the paint film during drying. Nonuniform pigment distribution within the film surface is termedflouting [formation of BCnard cells and streaks]. In flooding the surface is uniformly colored, concentration and thus shade differences occur only perpendicular to the surface; this phenomenon only becomes evident in the rub-out test .
Modern coatings make no longer use of lead pigments but organic pigments are used instead. To stabilize organic pigment particles polymeric wetting and dispersing additives had to be developed as a new generation of wetting and dispersing additives. Today such materials are widely used in the coatings industry and guarantee a very high quality level.  
3. Surface Additives:

            Many surface defects can be explained by differences in interfacial tension. Poor substrate wetting, for example, must be expected if the paint has a higher surface tension than the substrate to be coated. When spray dust or solid dust particles fall onto a freshly coated surface, craters are formed if the deposited droplets or particles have a lower surface tension than the surrounding paint material. Craters are also formed if the surface to be coated is locally contaminated with substances having a very low surface tension (e.g., oils) and the surface tension of the paint is too high to wet these contaminated areas.

Silicone additives (mainly organically modified methylalkyl polysiloxanes) lower the surface tension of coatings and minimize surface tension differences.

4. Driers and Catalysts:

            Driers (siccatives) are used in paint systems that dry at ambient temperature by oxidation processes. They accelerate the drying process by catalyzing the autoxidation of the resin. Driers are in general organometallic compounds (metallic soaps of monocarboxylic acids with 8-11 carbon atoms), the metal being the active part.

Cobalt and manganese (primary or surface driers), lead, calcium, zinc, zirconium, and barium (secondary or through driers) are mainly used. In practice, mixtures of metallic soaps are commonly used to obtain the optimum ratio of through drying to surface drying. Secondary driers cannot be used on their own, they always have to be combined with primary driers.

Driers can cause skin formation during paint storage, particularly if the can or container has been opened. Oximes or alkylphenols are added as antiskinning additives.

They block the action of the driers in the can, but at the correct dosage do not prolong the drying time of the applied paint film due to their volatility.

The curing of coatings that are cross-linked by other chemical reactions can be accelerated with catalysts. Acid catalysts are the most important and are used for a large number of stoving enamels and force-dried, acid-curing wood paints. They are mostly sulfonic acids of widely varying structure, often blocked with amines to allow formulation of storage-stable paints. The use of a catalyst can lower the stoving time and/or stoving temperature to save energy or to permit the coating of temperature sensitive substrates.

Catalysts also include accelerators for two-pack polyurethane paints (e.g., tin and zinc compounds, tertiary amines) and initiators for unsaturated polyester resins that act as radical-forming agents.

5. Preservatives:

               Paints, the liquid paint as well as the dry film, are easily attacked by microorganisms and therefore biocides/fungicides are used as protective means. Microbial growth in the liquid paint may cause gassing, bad odour, discoloration and can finally render the paint totally unusable. This is mainly a problem in aqueous systems; in solventbased coatings the organic solvents effectively protect the paint against microoganisms. When the dry film is attacked by mildew and fungi, this first of all detoriates the optical appearance of the surface but also the mechanical properties of the film are degraded.
6. Rheology Additives:

                 The rheology of a paint material can be described by its viscosity and the dependence of this viscosity on parameters such as shear rate, time, etc. Newtonian liquids display no shear-rate dependence; their viscosity is constant over a wide range of shear rates. Only ideal liquids show this behavior. It is not found in coatings and it is also not desirable for coatings, because very low shear forces already will cause material flow leading to sedimentation and sagging (levelling, however, would be perfect in such a system).

Rheological additives are employed to modify the flow behavior of coatings

materials in order to get a more favorable rheology. In particular they are used to create a pseudoplastic or thixotropic flow behavior in order to improve sag resistance and anti-sedimentation properties.

Thickeners, mainly cellulose derivatives (e.g., methyl cellulose, ethylhydroxypropyl cellulose) or polyacrylates, are generally used in emulsion paints. Recently polyurethane thickeners (associative thickeners) with more favorable leveling properties are also increasingly used.

7. Light Stabilizers:

              High-quality industrial coatings, especially automotive finishes, are subjected to severe weathering in exterior applications. In two-coat metallic coatings, exposure to UV light, oxygen, moisture, and atmospheric pollution causes decomposition of the polymer material in the automotive finishes. This decomposition results in loss of gloss, crack formation, color changes, and delamination phenomena. 

High-energy UV light is particularly detrimental because each polymer material can be damaged particularly easily at one or more wavelengths in the UV range.

Light stabilization is therefore essential.
Methods of Stabilization. Two stabilization methods have been adopted industrially:
1. Competitive UV absorption by UV absorbers in the wavelength range 290-350 nm

2. Trapping of the radicals formed during polymer degradation by radical                                       scavengers (hindered amine light stabilizers, HALS)
8. Corrosion Inhibitors:

               To obtain a coating with good corrosion protection, anticorrosion pignzents have to be used (e.g., red lead, zinc chromate, zinc phosphate) and/or the paint must act as a barrier against the aggressive media.

Corrosive inhibitors do not have pigment properties because they are soluble in the paint system and are not colored. They inhibit corrosion processes on ferrous surfaces (in the can and on the substrate to be coated). Typical examples are flash-rust inhibitors such as sodium nitrite and sodium benzoate for waterborne systems.

Nitrogen-containing organic substances, tannin derivatives, and chelating compounds are still in industrial use. Some metal complexes of nitrogen-containing organics exhibit very good performance in combination with zinc phosphate.

9. Biocides:

Biocides are used to kill bacteria, which attack waterborne paints.

Waterborne paints can be subjected to the growth of micro-organisms (fungi, algae, and other bacteria) while in the can, resulting in objectionable odors and changes in viscosity and color of the coatings. Certain biocides may have a biocidal action in an environment infested by microorganisms. They act as preservatives and maintain the quality of paints in the can or in storage tanks. Currently used biocides include complex phenols, formaldehyde compounds, and substituted oxazolidins.

There are several other additives and some pigments, which are effective in controlling fungal growth. Zinc oxide and barium metaborate are two pigments with mildewcidal properties. Dithiocarbamates and dichlorofluamide have a broad spectrum of effectiveness against many types of fungi.

Use and Testing of Additives:

                         Additives are generally used in very small amounts (1 % of total formulation) and correct dosage is extremely important for optimum effectiveness and also to avoid undesirable side effects. The dosage has to be determined in test series.

Many additives can be incorporated relatively easily into the paint system during or after the last phase of production (let down). In some cases, however (e.g., with many rheological additives), certain incorporation conditions have to be observed.

In most cases additives influence not just one property of the coating. They may also have undesirable or beneficial side effects. Additives are not “magical” products but need to be used rationally and carefully to provide the desired satisfactory results. As detailed and complete a knowledge as possible of the mechanism of action of the products, their possible effects and side effects, their limitations, and the underlying causes of paint defects are certainly helpful, but due to the complexity of paints and coatings empirical knowledge is indispensible.
Paint Formulation
                The formulation of paint is a matter of the skill and experience of a paint technologist. It is largely determined by the ratios of the constituents

in paints and the nature of the substrate to which the paint is to be applied. 

Once the proper constituents of a paint have been selected, these materials

are combined together in the proper amounts. The fundamental parameters used in the formulation of paint are:
a. Pigment to binder ratio. 
b. Solid contents.

c. Pigment volume concentration. 
d. Cost.

The performance capability of paint depends largely on the capability of a binder in the film to provide a completely continuous matrix for the pigment. Thus, the weight ratio of the pigment and extender content to that of binder solid content can be usefully correlated with the performance properties of a paint. It is an easily measurable and a helpful concept in paint formulation. In general, paints with a pigment to binder ratio of greater than 4:1 are low gloss, suitable only for some interior applications.

The total solid content of a paint is another simple property that can be readily determined from a percentage weight formula. This is the amount of material that does not evaporate during the formation of a paint film on a surface representing the pigments and binder solids. 
The concept of pigment volume concentration (PVC) is of far-reaching consequences for the modern paint formulator. It is defined as the percentage of pigment volume in the total volume of solids in the paint.
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The PVC offers a more scientific approach to the formulation of paints and its effects on important properties such as gloss, opacity, durability, rheology, and washability of paints.
However, the requirements of high gloss, high opacity, and high durability are found to be of conflicting nature as maximum gloss and durability are achieved at low PVC, and maximum opacity at either moderate or very high PVC. The following tabulation is used by some paint manufacturers as an approximate range of PVC for a given paint:

This level of pigmentation is known as the critical pigment volume concentration (CPVC). CPVC is usually described as the PVC at which there is precisely the right amount of binder to wet the pigment particles and to fill the voids between them.

The effect of composition, the nature, and the ratios of the constituents on the properties of paints, are factors of utmost importance in paint formulations.
Drying and Film Formation

               As the paint dries on the substrate, a firmly bonded film is formed. The properties of this film are determined both by the substrate and its pretreatment (cleaning, degreasing) and by the composition of the coating and the application method used. Drying of the paint on the substrate takes place physically (1- 3) or chemically (4):

      1) Evaporation of the organic solvents from solvent-containing paints 

      2) Evaporation of water from waterborne paints

      3) Cooling of the polymer melts (powder coatings)

      4) Reaction of low molecular mass products with other low or medium                                                           molecular mass binder components (polymerization or cross-linking) to form macromolecules.
Physical Drying. Physical drying takes place mainly for paints with high molecular mass polymer binders such as cellulose nitrate, cellulose esters, chlorinated rubber, vinyl resins, polyacrylates, styrene copolymers, thermoplastic polyesters and polyamide and polyolefin copolymers. These materials give good flexibility and stability because of their high molecular mass. Their glass transition temperature should be above room temperature to ensure adequate hardness and scratch resistance.

Film formation can be accelerated by drying at elevated temperatures (forced drying). Physically drying solvent-containing paints have a low solids content because the molecular mass of the binder is relatively high. Higher solids contents are obtained by dispersing the binder in water (dispersions, emulsions) or in organic solvents (nonaqueous dispersion or NAD systems). Films formed from physically drying paints, especially those formed from solutions, are sensitive to solvents (dissolution or swelling). The physically drying coatings also include many powder coatings that contain thermoplastic binders. Film formation takes place by heating the powder that has been applied to the substrate above its melting point. This

ensures that a sealed film of polymer is formed.

Chemical Drying. Chemically drying paints contain binder components that react together on drying to form cross-linked macromolecules. These binder components have a relatively low molecular mass, so that their solutions can have a high solids content and a low viscosity. In some cases, solvent-free liquid paints are possible.

Chemical drying can occur by polymerization, polyaddition, or polycondensation. When polymerization is used as the hardening principle, reactive components combine to form the binder, e.g., unsaturated polyesters with styrene or acrylate monomers. Here, one component often behaves as a reactive solvent for the other, and low-emission coating systems are the result. Cross-linking can be carried out at room temperature (cold curing) or by radiation curing.

In drying by polyaddition, low molecular mass reactive polymers such as alkyd resins, saturated polyesters, or polyacrylates react with polyisocyanates or epoxy resins to form cross-linked macromolecules. Because this reaction can take place at room temperature, the binder components must be mixed shortly before application.

Chemically blocking one of the polyaddition binder components (e.g., the polyisocyanate) gives a coating system stable at room temperature. Heat is required to deblock the component and enable cross-linking to occur. Stoving paints of this type are used in industry and in powder coatings.

Polyeondensarion drying requires the addition of catalysts or the use of higher temperatures. Acid-catalyzed coatings are well-known cold-curing paint systems used in the furniture industry, while heat-curing and stoving paints are used as industrial and automotive coatings. In practice drying of coatings and paints does not take place by one method alone. With solvent-containing and waterborne heat-curing coatings, physical drying by solvent evaporation always precedes chemical drying. Depending on the composition of the binder system, physical and chemical drying can take place simultaneously, and the various mechanisms of chemical drying can proceed concurrently or consecutively, depending on the nature of the binder. A knowledge of binder composition is important in order to assess the drying. 
Paint Systems
1. Solventborne Paints:
General Information:
                 Paints and coating materials normally consist of a physical mixture of binders, pigments, extenders, additives, and solvents. Depending on the method of application and area of use, the solids content may reach 80 wt%, the proportion of pigment may reach 60% of the solids content. The technologically most important component is the binder (or binder mixture). Binders may be classified as physically or chemically drying according to their film-forming mechanism.

Physically drying paints are solutions of thermoplastic polymers with molecular

masses exceeding 20000; on account of their low solubility they have a high solvent content (> 60%) and a low solids content. Chemically drying paint? have a fairly low solvent content (30-60%) and a high solids content because the polymer network is formed by cross-linking of the binder (M,  800- 10000) usually at elevated  temperatures or via radiation to form thermosetting coatings. Oxidatively drying paints contain ally1 groups and reactive double bonds, and cross-link by absorbing oxygen and forming ether bridges.

Normally paints are also classified according to the nature of the principal binder and its associated film properties; e.g., alkyd, acrylic, polyester, nitrocellulose, epoxy, and oil-based paints . The method of application, surface properties, and intended use are also utilized for classification . Since the beginning of the 1980s environmental requirements have become increasingly important for two main reasons, especially in the case of paints with low material transfer (application) efficiencies :
a. Avoidance of the use of toxic, carcinogenic, mutagenic, or teratogenic organic solvents.

b. Drastic and in some cases legally imposed reduction of solvent contents

Typical examples of low-solids paints (solvent content usually > 60 wt O h ) are:

1) Metallic (-effect) base paints for mass production of automobiles and touch-up finishes

2) Thermoplastic coatings

3) Coatings for the electronics and optoelectronics industries
2. Waterborne Paints:
              Waterborne (water-thinnable) paints were developed in the 1950s with the aim of replacing the common organic paint solvents by water, which has the obvious advantages of being noncombustible and nontoxic.
Waterborne paints provided the technological basis for electrodeposition paints

, in which negatively charged paint particles (anaphoresis, industrial introduction at the beginning of the 1960s), or positively charged paint particles (cataphoresis, industrial introduction at the end of the 1970s) are deposited from aqueous solution onto metallic substrates by application of an electrical field. With the scarcity of raw material resources (eg , petroleum) and the introduction of more stringent environmental legislation, waterborne paints were developed on a broader basis during the 1970s (e.g., as spraying and dipping paints). Among those coating materials that can be classed as environmentally friendly, waterborne paints have the widest potential as regards application, drying methods, and industrial uses.
3. Solvent-Free and Low-Solvent (High-Solids) paints:
               Solvent-free and low-solvent paints are a development of conventional high-solvent paints and are formulated to comply with increasingly stringent environmental requirements. In this section only those liquid coating materials are discussed that can be applied by conventional methods (coating, spraying, rolling, dipping, and pouring). 

Low-solvent paints are commonly referred to as high-solids paints and are defined as systems with a solids content exceeding 85 wt YO. In practice, however, paints with a solids content of 60-80 wt YO are also termed high-solids paints, particularly if the corresponding conventional (high-solvent) system normally contains < 50 wt % nonvolatile components.
Low-solvent paints have existed for a long time in the form of oil-based paints and varnishes (Section 2.1). The more recent development of high-solvent paints satisfying strict quality requirements has largely displaced this type of coating materials.

Extensive development of high-solids paints occurred only after regulations governing solvent emissions and air pollution came into force (“Rule 66” in California, and TA Luft in the Federal Republic of Germany). There are several reasons for developing solvent-free and low-solvent paints :

    1) Reduction of atmospheric pollution

    2) Savings in materials and transportation costs

    3) Savings in energy costs involved in paint production and use

    4) Time savings due to higher layer thicknesses per application cycle

    5) Improvement in safety due to low-solvent content

The advantage of high-solids paints compared with more recent technologies lies in the fact that they can be produced and applied with conventional equipment and by well-known methods. Consequently potential users are primarily small and mediumsized paint shops, the maintenance and architectural sector, as well as the do-it-yourself sect or.

4. Coating Powders:
                Coating of substrates (particularly metallic substrates) with particulate plastics is a well-established technology. The fluidized-bed process was developed in 1952. The electrostatic powder coating technique introduced in 1965 has, however, made a substantially greater impact. 
Other powder coating processes include blowing thermosetting plastics powders onto hot parts for electrical insulation, flocking polyethylene onto hot pipes to produce an external coating, and coating small, cold items in electrostatic fluidized beds, followed by thermal curing. Lances are also used for the internal coating of preheated vessels and pipes, vibration and rotation sintering, as well as flame spraying for repair work and large articles, and the minicoat and maxicoat processes for coating small items.

Thermosetting coating powders are applied mainly by electrostatic spraying and dominate the market.

5. Waterborne Dispersion Paints (Emulsion Paints) :
              The paints and coatings sector experienced a major revolution after World War II. In Germany the changeover to synthetic polymers [poly(vinyl acetate) and polyacrylates] took place during the war due to the lack of natural raw materials (vegetable oils for alkyd resins). Since the postwar demand for synthetic styrene-butadiene rubber fell in the United States, part of the production capacity was converted to styrene-butadiene latex for paints (latex paints). Dispersion paints, commonly referred to as emulsion paints are now the largest product group worldwide in the paint and coating industry. 
6. Nonaqueous Dispersion Paints:
                The term nonaqueous dispersions can be applied to all particulate dispersions in any liquid medium other than water. It has, however, come to have a more restricted meaning, namely, particulate dispersions of organic polymers in organic liquids.

The upsurge of interest in this type of colloidal system followed the development in the 1950s of the technique known as dispersion polymerization.T his process provides a means of preparing nonaqueous polymer dispersions in a controlled manner. A wide range of such dispersions have been made, mainly by free-radical addition polymerization.

7. Radiation-Curing Systems:
             Radiation curing is a technology which uses electromagnetic (mainly UV) or ionizing (mainly accelerated electrons) radiation to initiate a chain reaction in which mixtures of polyfunctional compounds are transformed into a cross-linked polymer network.

Resin Systems. Radiation-curable resin systems can be classified as follows:

1) Polyester-styrene mixtures

2) Products with methacrylic groups

3) Thiol-thiene mixtures

4) Prepolymers and monomers with acrylic functionalities

5) Epoxy resins
8. Electrodeposition Paints:
                Electrodeposition (electrophoretic) coating was developed in the 1960s as a method of priming electrically conducting bulk articles for industrial use [3.106]. A high application efficiency ( > 95 %) can be achieved by using ultrafiltration techniques and has promoted the use of electrodeposition coatings. In 1989  90% of all automobiles and many industrial goods were primed by electrodeposition.
Properties and Testing

1. Properties of Coating Materials:
                 Many properties of liquid paints can be measured with considerable accuracy. Samples must be homogeneous. They must also be sufficiently large to be representative for a given batch. Impurities and permanent material defects (e.g., skin formation, hard sediment, or gelling of the paint) can be detected. The most common investigations to which a sample is subjected before starting the tests are described in IS0 1513. Only those tests that are important for paint storage, transportation, and application are described here.
Viscosity. Although paint viscosity can be accurately measured with iscometers, paint consistency is normally assessed withJlow cups. The time in seconds required  for a known volume of paint to flow out of the cup through a jet is measured. Paints of higher or lower viscosity can be matched by using cups with different jet diameters.
Viscometers are being increasingly used for accurate measurements on modern industrial paints, especially waterborne paints. Rotating viscometers with a concentric cylindrical geometry are advantageous for paints. Precise

thermostatic control is easily achieved because the outer cylinder does not

rotate. The drive and torque sensor are combined to form a single unit with the rotating inner cylinder.

The Couette system is another concentric cylinder system with the advantage that the drive and sensor are separate. The motor drives the outer cylinder; the inner, stationary cylinder is connected to the sensor.
[image: image29.emf]                      [image: image30.emf]
                                   Rotating                                                Rotating
                         viscometer: Searle Motor               vsyisscteomm eter: Couette System
Pot Life. 
The pot life is the length of time that a paint can be used after necessary preparations for application have been made. The increase of flow time measured with a flow cup to twice the initial time is often used to assess the pot-life time. 
Flash Point. 
The flash point of a liquid is a measure of the flammability of its vapors on application of an external flame. It is used to assess fire hazards. The flash point of paints may have to be measured to comply with legal requirements relating to the storage, transportation, and use of flammable products.
Content of Nonvolatile Matter. 
Nonvolatile matter is defined in IS03251 as the residue left when the product is heated at an elevated temperature for a definite period under prescribed test conditions.
Density. 
Paint density is usually expressed in grams per milliliter at a reference

temperature of 20°C.
Fineness of Grind (IS0 1524). 
The fineness of grind of paints is determined with a gauge graduated in micrometers. The reading obtained on the standard gauge under specific test conditions, indicates the depth of the groove of the gauge at which discrete solid particles in the paint are readily discernible.
2.  Properties of Coatings:
2.1. Films for Testing:
Measurement of Film Thickness. 
              An accurate definition of film thickness can only be given if the coating has even upper and lower surfaces and a defined density. In practice, neither the surface of the coating nor that of the substrate is even. Surface

irregularities and density variations influence the results of each test method in a specific way.

Two instruments are generally used for determining the wet film thickness: the Interchemical Wet Film Thickness Gauge (ASTM D 1212, Wheel Gauge) and the Comb Gauge. With the wheel gauge contact of the wet film and eccentric rim of the wheel is influenced by the surface tension 
of the paint
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Determination of Hiding Power. 
The hiding power is the ability of a paint to hide a surface over which it has been uniformly applied.
Drying Time. 
Evaluation of the drying time is simple in the case of stoving materials, but is a major problem with all paints and varnishes that dry physically or chemically at ambient temperature.
2.2. Optical Properties:
            The appearance of a coating involves not only color but also gloss, luster, and translucency.

Gloss. 
The term gloss is commonly used but is difficult to define. The Commission Internationale de I’Eclairage (CIE) defines the gloss of a surface as “the

mode of appearance by which reflected highlights of objects are perceived as superimposed on the surface due to the directionally selective properties of that surface.”
Color. 
The impression of color is produced by the absorbance of light by colorants

(pigments) in the paint film. To ensure that the color of the coating is not altered by the color of the substrate, the coating must "hide" the latter. Visual color evaluation involves comparison of a sample with a standard (IS0 3668).
2.3. Mechanical Properties:
Adhesion. 
The cross-cut test is the most commonly used procedure for assessing the resistance of a coating to separation from a substrate. A right-angle lattice

pattern is cut into the coating and penetrates through to the substrate. Cutting was previously performed with a single cutting tool or, on site, with a multiple cutting tool (DIN 53 151, IS0 2409). Sharp razor blades were also used. These tools are now being replaced by steel cutting blades which can be broken into sections. The tool may be mounted on a motor-driven apparatus to ensure more uniform cutting. A piece of adhesive tape is placed over the lattice pattern, firmly rubbed with a fingertip, and removed. A six-step classification is used to evaluate the results. This procedure should not, however, be regarded as a means of measuring adhesion.
The pull-off test for measuring adhesion is described in IS04624. Adhesion is assessed by measuring the minimum tensile stress necessary to detach or to rupture the coating in a direction perpendicular to the substrate. The result gives the minimum tensile stress required to break the weakest interface (adhesive failure) or the weakest compound (cohesive failure) of the test assembly. Mixed adhesive-cohesive failure may also occur.
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Hardness. 
The hardness of a coating is examined by three types of test: the scratch test, the damping test, and the indentation test with a penetrating body. The results of one of these tests do not allow conclusions to be drawn as regards the behavior in another test.
Scratch Test. 
Many methods have been developed for testing scratch resistance. The method standardized in IS0 1518 employs a scratching needle with a hardened steel hemispherical tip of 1 mm diameter. The needle is moved along the surface of the coating under a specified load either in a hand-operated or in a motor-driven apparatus.
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Damping Test. 
Pendulums according to KONIC and PERSOZ(I S0 1522) or the Sward Rocker (ASTM 02134) are used in the damping test. The damping time of a pendulum oscillating on the surface is taken as a measure of the hardness of the coating. With air-drying oil paints the hardness increases during drying. The pendulum oscillates for a longer time as the paint hardens and the internal damping decreases. The behavior is not found in modern stoving finishes. Surface hardness may be high but the internal damping may be large. A relationship between surface hardness and internal damping is no longer given in some synthetic resin binders.
Indentation Test.
 Indentation hardness is measured by two methods. A spherical or pyramidal indentor is applied to the paint surface for a specified period. The penetration depth under load is measured (IS0 6441, ASTM D 1474, Pfund hardness number). In the other method an indentor with a specified load is applied for a
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specified period to the paint surface and then removed. The depth of the impression is then measured.
Flexibility. 
Viscoelastic properties are sometimes measured on free paint films. However, the degree to which the coating allows bending of a substrate without cracking or peeling is more important. Flexibility depends on ambient temperature and humidity, as well as on the bending rate of the substrate. Both cylindrical and conical mandrels are quite often used to evaluate the flexibility of coatings in bending tests (IS0 1519, IS06860). Slow deformation tests such as the Erichsen cupping test (IS0 1520) also exist.
Abrasion Resistance. 
Abrasion (wear) resistance is a basic factor in the durability of a coating, and is determined by the interaction of the abrasive medium and the coating. Many types of abrasive media and treatment are used for testing e.g., fast

and slow movement, small or large load, high and low temperature, constant or intermittent contact. The falling sand (abrasive) method, abrasive blast method, rotating disk method, rotating wheel method (Taber abraser, IS0 7784), and Gardner wet abrasion method (used with emulsion paints in DIN 53778 T2) are commonly used.

2.4. Chemical Properties:
               Since coatings are generally used to protect substrates against corrosion, two factors must always be considered:
1) Are the coatings themselves resistant to aggressive media?

2) Can the coatings protect the substrate?

It should always be borne in mind that chemicals may have different effects depending on whether they are in liquid or vapor form.

Water Vapor and Water Resistance. 
The rate of water vapor transmission of free paint films is measured according to IS0 7783. The resistance of coated substrates to water condensation is, however, generally measured ( e g , according to DIN 50017). Water vapor condenses on coated substrates in airtight cabinets (capacity  300L) or in walk-in chambers. The coated substrates are subjected to 100% relative humidity at 40°C for 8 h, followed by a 16-h period at 23 "C and 50% relative humidity.
Corrosion Resistance. 
The determination of the resistance to neutral salt spray fog according to IS07253 has been adopted from ASTM B117. This widely used method is regarded as the classic corrosion test. The specimen panels are artificially

damaged with a scratch that exposes the substrate. The salt mist acts continuously on the specimen panels during the test. In filiform corrosion on steel and aluminum, thread-like infiltrations of the coatings start from edges or damaged sites. This phenomenon can be tested according to IS04623 on steel sheets by damaging a specimen with a scratch and immersing the specimen in. salt solution or exposing it to a neutral salt spray fog for a short period (e.g., 1 h) and then exposing it for several days in a test cabinet maintained at 40 f 2°C and 80 f 5% relative humidity.
Resistance to Liquids. 
Various methods are used to test the resistance of coatings to the action of liquids and pastes (e.g., mustard, soap solutions, ketchup). Standard methods are defined in IS0 281 2. Coated specimen panels are partially immersed in

the test liquid so that the changes in gloss, color, and swelling can also be evaluated at the liquid-air interface. Disks of absorbent material are immersed in the test liquid and placed on the coating. The test liquid or test paste is also dropped directly onto the coating. If the test medium is to be prevented from evaporating, the test surface is covered with a glass dish. Elevated temperature generally increases the aggressiveness of the test medium.
2.5. Weathering Tests:
             Coatings that are exposed to weathering undergo aging. Aging is defined as the sum of all irreversible chemical and physical processes that occur in the coating over the course of time. Aging is mainly caused by radiation, temperature, and moisture (rain and atmospheric humidity).

Solar radiation (A = 290-3000 nm) is the primary cause of aging. Solar radiation causes heating of the coating that depends on the color of the surface. UV radiation initiates photochemical aging. Weathering produces changes in gloss and color, cracking, blistering, loss of adhesion.
Paint Application and Causes for Paint Failure

Techniques of paint application

The most common methods of paint applications are brush and roller, air or airless spray, roll coating, electrostatic spraying, electro deposition, and dip coating. Many factors affect the choice of method to be used or a particular application. These include film thickness, appearance requirements, and operating cost.

Brushes, pads, and hand rollers are the most widely used techniques for the on-site application of architectural paints. Brushes and rollers are available in a number of sizes and designs to suit differing areas.

Viscosity characteristics and drying times are critical in using brushes and rollers. The drying time of brush applied paints normally have to be such that optimum flow can occur along with maintaining the film in a state such that the overlapping of adjacent areas of freshly applied paintwork can be accomplished without film disruption along the interface.

Paints for roller applications are generally applied at a slightly lower viscosity than when applied by brush. This is achieved by the onsite addition of suitable solvents to a brushing quality paint. Rollers can apply paint considerably faster than brushes.

Pad applications are also used. The most common type of pad consists of a sheet of nylon pile fabric attached to a foam pad that is attached to a flat plastic plate with a handle. Pads hold more paint than a similar width brush and can apply paint up to twice as fast as a brush. 

Spray painting is a widely used application technique for most industrial

maintenance and commercial architectural jobs. Spray painting is much faster than using brushes, pads, or rollers. A large variety of spray equipment is available, including air, airless, plural spray, and electrostatic.

In conventional air spraying, compressed air and paint are supplied to the spray gun, which atomize and transport the paint to the article being coated where they are deposited forming a uniform film. The air pressure used in this operation is critical and it should be kept at the minimum required amount, to atomize and deposit the paint onto the substrate.

In airless spray, the paint is forced out of an orifice at very high pressure

(approximately 1000 to 5000 psi) resulting in atomization of the paint into fine droplets. The very high pressures used in the airless spray techniques permit nearly all paints to be sprayed in their original unthinned state. Airless spraying minimizes over-spraying, enabling high film builds on large surface areas in a relatively short time. The other advantages of airless spraying are ease of painting surfaces in enclosed areas (no spray fog), greater paint economy, very fast application, and less pollution.

Direct roll coating method is used for coating thin-gauge sheets or coil stock. The sheet stock is fed between applicator rollers rotating in the same direction as the moving sheet. The applicator rollers are fed by smaller pick-up rollers that are partially immersed in trays containing the paint. The coat sheet is subsequently fed into an oven for baking.  The electrostatic spraying is a technique designed for the automatic or semiautomatic coating of articles on a conveyer system. The atomized paint is attracted to the conductive object to be painted by an electrostatic potential between the two. This process now finds widespread use in the automobile industry. Several car producers have installed fully automated electrostatic multiple gun systems capable of applying high solid and water-based coatings.

Electro deposition consists of depositing paint on a conductive surface from a water bath containing the paint. During operation, current is passed through the cell causing the negatively charged paint particles to diffuse to the anodically polarized object. At the anode, the paint is deposited onto the surface and this effectively insulates those areas of the article from further deposition. The system is limited to one-coat application owing to the shielding and insulting effect of the deposited paint films. This process is used in the application of primers to the chassis and bodywork of vehicles.

In dip coatings the article is completely immersed in a large tank containing a certain quantity of paint to be applied. The article is then pulled out; excess coating drains back into the dip tank. This technique is used for metal primer application such as motorcar bodies.

 Causes for paint failure

There are a number of reasons why a paint system may fail. These failures may be ascribed to any one of a number of causes and may therefore have a corresponding number of remedies.

a. Defects in the liquid paint

b. Defects during application

c. Defects during drying or curing

d. Defects in the dry film

The following alphabetical listing of defects within the above four groups covers most of the causes for paint failure. There are still more reasons that can cause coatings to fail which are not included here.

Aeration (bubbling). "Incorporation of bubbles of air in paint during stirring, shaking or application." This can lead to foaming during application

of the coating, or cissing, or cratering, during drying. Aeration can be controlled by the addition of proprietary defoamers in the case of latex paints, or bubble release agents in the case of solvent paints. Aerated paints will exhibit subnormal density values, which provide an easy test for this defect at the manufacturing stage.

Aging. "Degeneration occurring in a coating during the passage of time and/or heating."

Bleeding. "Discoloration caused by migration of components from the underlying film." Substrates that can cause problems are those coated with tar- or bitumen-based materials, paints made on certain red and yellow organic pigments (which are partially soluble in solvent), some wallpapers, and timber stains that contain soluble dyes. The remedy is to use a specially formulated sealer or an aluminum paint.

Blooming. "The formation of a thin film on the surface of a paint film thereby causing the reduction of the luster or veiling its depth of color."

This defect occurs mostly in stoving enamels (particularly blacks) in gas ovens. Lacquers also exhibit this defect, especially when used with lowquality thinners under certain ambient conditions.

Blistering. "Isolated convex deformation of paint film in the form of blisters arising from the detachment of one or more of the coats." This is often the consequence of faulty surface preparation, leading to poor primer-substrate adhesion. Dark coatings are more prone to this defect than light coatings. The only effective remedy is removal of the surface coating, careful preparation of the substrate, and repainting with the correct materials. Painting under very hot ambient conditions should be avoided.

Blushing. "The formation of milky opalescence in clear finishes caused

by the deposition of moisture from the atmosphere and/or precipitation of one or more of the solid constituents of the finish." This defect is generally

associated with quick-drying lacquers. The rapid evaporation of solvent causes the cooling of the substrate and the consequent condensation of moisture. The remedy is to adjust the evaporation rate of the solvents used, or preheat the article being coated. 
Bridging. "The separation of a paint film from the substrate at internal corners or other depressions due to shrinkage of the film or the formation

of paint film over a depression or crack." Undercoats or primers that do not have adequate filling properties will give rise to this defect.

Poor surface preparation is another cause. The remedy is to provide adequate

surface preparation, and apply an undercoat with good filling properties. A lower application viscosity may also be helpful. 
Brush marks. "Lines of unevenness that remain in the dried paint film after brush application." Brush marks and ropiness are associated with poor flow and sticky application. These defects are more often encountered in highly pigmented products and in certain latex paint formulations. Too rapid recovery of consistency in a thixotropic system will also cause these defects. The remedy may be the addition of a flow promoter, reduction in consistency, or modification of the rheological properties.

Can corrosion. This may be caused by incorrect pH of latex paints, or incorrect choice of ingredients leading to acidic by-products on storage. The

remedy is careful selection of can lining, or perhaps the addition of anticorrosive agents to the paint, or improved formulation and adjustment.

Chalking. "Change involving the release of one or more of the constituents

of the film, in the form of loosely adherent fine powder." This is generally a result of the gradual breakdown of the binder because of the action of the weather. Careful selection of pigment types and levels and the use of more durable binder types retard the process. In flat white paints, chalking will enable the finish to be self-cleaning. A chalked surface requires washing down, or sealing with a penetrating sealer, before painting.

Checking. "Breaks in the surface of a paint film that do not render the underlying surface visible when the film is viewed at a magnification of 1OX." Slight checking is not a serious defect, as it indicates a relieving of shrinkage stresses in a paint film. 
Cheesy film. "The rather soft and mechanically weak condition of a dry-to-touch film but not a fully cured film."

Coagulation. This refers to the premature coalescing of emulsion resin particles in the paint. This is also termed breaking of the emulsion.

Excessive stirring, solvent addition, or addition of coalescing agents may be the cause. Because universal colorants contain solvents (typically glycols), they may have the same effect if added too quickly or without poststirring. There is no truly effective remedy for coagulated paint. Straining (followed by addition of further latex) may partially recover a batch, and permit blending off. 
Cobwebbing. "The formation of the filaments of partly dried paint during the spray application of a fast-drying paint." This can be caused by an incorrect solvent blend in the coating, or by spraying too far from the article. The remedy in each case is obvious.

Coverage. "The spreading rate, expressed in square meters per liter."

Poor coverage is a defect related to either sticky application because the

viscosity of the paint is too high, resulting in too much paint being applied, or to an absorbent substrate. In the latter case, reduction with the appropriate thinner for the first coat only will provide the remedy. 
Cracking. "Formation of breaks in the paint film that expose the underlying

surface." This is the most severe class of defects, which include checking, crocodiling, and embrittlement. These phenomena do not necessarily indicate that anything was or is wrong, if they are the natural consequences of normal aging of the film. This process of breakdown leading to cracking in the paint film is essentially shrinkage of the film.

Much of the cracking noted over a timber substrate is caused by splitting

and grain opening of the substrate and not defective paint. The only effective remedy for cracked paint is total removal and repainting.

Crissing. "The recession of a wet paint film from a surface leaving small areas uncoated." This is a consequence of improper wetting of the substrate by the paint. Frequently it is an aggravated form of pinholing.

Where crissing is because of high surface tension inherent in the coating, specific proprietary additives can be used to remedy the situation.

Examples are cellulose acetate butyrate for polyurethane lacquers, and anionic or nonionic surfactants for latex paints.

Crocodiling (alligatoring). "The formation of wide crisscross cracks in a

paint film." Here the cracks are pronounced and expose the underlying paint films.

Embrittlement. This can occur where the curing process continues hroughout the life of the coating—for instance, alkyd enamel drying by oxidative cross-linking.

Erosion. "Attrition of the film by natural weathering which may expose the substrate." This is normal in any paint system. It becomes a defect only if it occurs within the expected lifetime of the coating. In this case, the cause may be the incorrect choice of binder and pigment types, or poor quality control.

Fading. This can be caused by poor light-fastness of the pigments used, or by chalking. The use of the cheaper, low-fastness red, and yellow organic pigments can represent a serious problem in exterior quality surface coatings.

Fat edge. "Accumulation of paint at the edge of a painted surface." (See

"sagging").

Floating. "Separation of pigment which occurs during drying, curing or storage which results in streaks or patchiness in the surface of the film and produces a variegated effect." Close examination will reveal Benard (hexagonal) cells. This is because of differences in pigment concentration

between the edges and centers of the cells, caused by convection currents

in the drying film. Thixotropic paints will minimize this defect and the use of proprietary materials may also assist.

Flooding. "An extreme form of floating in which pigment floats to produce

a uniform color over the whole surface which is markedly different from that of a newly applied wet film." Again, thixotropic systems or specialist additives will provide a remedy.

Flow. "The ability of a paint to spread to a uniform thickness after application." See "brush marks" as a special case of poor flow. The remedies

suggested there apply here also.

Foaming. "This is the formation of a stable gas-in-liquid dispersion, in which the bubbles do not coalesce with each other or with the continuous

gas phase. It is a defect commonly encountered in application by a roller, particularly with latex paints. The remedy is the addition of an antifoam agent in the manufacture of the paint, and/or a reduction in the speed of the roller."

Gassing. This is aeration as a result of a chemical reaction within the liquid paint during storage. It can result in explosion of cans, with resultant hazards to health and property. The action of water on aluminum or zinc-based paints, or acid on calcium carbonate will give this defect. In the case of aluminum paints, an air vent in the lid (covered with a paper sticker) is a wise precaution. Such paints may also be held in bulk until gassing testing is completed. The formulator should also consider including a small addition of water or acid scavenger in the paint.

Gelling (livering). "Deterioration of a paint or varnish by the partial or complete changing of the medium into a jelly-like condition." The cause of this condition may be a chemical reaction between certain pigments and vehicles (such as zinc oxide and an acidic vehicle) or between atmospheric oxygen and oxidisable or polymerisable oils in the vehicle.

A paint that has gelled to a livery mass that will not disperse on stirring, even with added solvent, is unrecoverable.

Hazing. Loss of gloss after drying. It is usually caused by application of a gloss paint on a ground coat that has not hardened sufficiently; or excess driers in the final coat; or partial solution of organic pigments in the paint.

Lifting. "The softening, and wrinkling, of a dry coat by solvents in a subsequent coat being applied." Usually, it is the action of strong solvents that cause this effect. Coatings that dry by oxidation are particularly prone to lifting. It is important to observe the recommended recoating times nominated by the supplier, as the rectification involves sanding and recoating.

Fly-off. "The throwing-off of particles of paint from a paint roller." This

is a particular instance of poor rheological control. Mold. The growth of mold is associated with dampness, either of the  substrate or of the surrounding atmosphere. It is recognized by black or variablecolored spots or colonies which may be on, in, or beneath the paint film and can occur on almost any type of building material. The growth may penetrate the underlying plaster or brickwork and become difficult to eradicate.

Opacity (hiding power). "The ability of a paint to obliterate the color   difference of a substrate". Insufficient opacity, or failure to cover adequately, may be a consequence of insufficient covering pigment in the formulation. Where poor opacity is claimed on products of known good quality, the following causes may apply:

a. Overreduction or overspreading

b. Pigment settlement not redispersed

c. Poor application technique

Peeling (flaking). "Loss of adhesion resulting in detachment and curling out of the paint film." Peeling is essentially a manifestation of poor adhesion, either between the paint and the substrate or between successive coats of paint.

The effect of poor adhesion may not be apparent until something occurs to disturb the film, such as the action of heat or light or ageing, repeated wetting and drying, the exudation of resins, or the crystallization of salts beneath the film. The only remedy is complete removal of all peeling and flaking paint, and repainting.

Pinholes. "Minute holes in a dry film which form during application and drying of paint."

Sagging. "Excessive flow of paint on vertical surfaces causing imperfections with thick lower edges in the paint film." Poor application technique and the condition of the substrate are major causes of the fault; however, the rheology of the paint can influence results obtained. Many paints, currently sold, have thixotropy deliberately built in, to facilitate the application of heavier coats with lesser tendency to sag. The rate of recovery of viscosity after application is the key to reducing sagging. In production, paints can be checked for poor flow or sagging tendency by various types of sag index blades or combs. These deposit tracks of paint of varying film thickness, and the resultant tracks, if left in a vertical position, give an indication of the flow behavior to be expected in use. 
Tackiness. "The degree of stickiness of a paint film after a given drying time."

Settling. "Separation of paint in a container in which the pigments and other dense insoluble materials accumulate and aggregate at the bottom." The law of gravity applies to paint, as does Stokes' law. An increase in consistency will help, as will a thixotropic rheology. Various additives are available to do this.

Skinning. "The formation of a tough, skin-like covering on liquid paints and varnishes when exposed to air." A skin sometimes forms across the surface of a paint during storage in sealed or unsealed, full or partly filled containers. If the skin is continuous and easily removed, it is not as troublesome as a slight, discontinuous skin, which may easily become mixed with the remaining paint.

The formation of skin is because of oxidation and polymerization of the medium at the air-liquid interface. Antiskinning agents, usually volatile antioxidants, are generally added to paint to prevent skinning. A proportion may be lost, by evaporation, if the batch is left for an excessive time before filling. Because air (oxygen) is generally necessary, the best way of preventing skinning is to keep the air away as much as possible. When skin is encountered in a full container, the seal of the lid may be the cause.

Viscosity increase (thickening). A slight increase in viscosity during storage of a paint is not uncommon, but rapid or excessive thickening is either because of instability of the medium or because of a reaction between the pigment and the medium known as "feeding." This can sometimes be corrected by adjusting the drier content, or by the use of antiskinning agents, stronger solvents, or certain chemical additives. 
Wrinkling. "The development of wrinkles in a paint film during drying." This defect is closely associated with drying problems. Its cause is the surface of the film drying too rapidly before the underlying layer has firmed up. Correct balance of metal driers and solvents will cure this defect. Excessive film thickness may also be a factor.

7.6 Testing and Quality Control

The paint is applied to a substrate to provide a proper appearance, ample protection, adequate functionality, and sufficient durability. It is the influence of the paint on the value of the end product that makes the properties so important that they must be characterized, tested, and controlled at each step from raw material manufacture through paint manufacture, storage, and final application.

There are a range of miscellaneous tests for evaluating the properties of paints. The aim of testing may be to determine one of the following:

1. Package properties: Package tests include viscosity, skinning, settling weight per gallon, flash point, freeze-thaw stability, and fineness of grind.

2. Application properties: Application properties include ease of brushing, spraying, or rolling, leveling, sag, spatter, and drying time.

3. Film appearance: Film appearance tests include gloss, color, opacity, color acceptance, and color development.

4. Film performance: Film resistance tests are for hardness, abrasion, adhesion, flexibility, impact, scrubbability, and chemical and water resistance.

5. Durability: Durability tests include weatherometer, salt, spray, humidity, and exterior exposure.

ASTM (American Society for Testing and Materials) annually publishes books describing tests. There are other standard testing methods published

by ISO (International Standards Organization) and U.S. federal standards

tests. The use of standard methods enables direct comparisons of results and quick recognition of differences in properties among different producers

and consumers. The largest single collection of the tests mentioned in this paragraph has been compiled by the ASTM in volumes 06.01, 06.02, and 06.03: Paint-Tests for Formulated Products and Applied Coatings. 
More details on these tests may be found in ASTM or similar standards.

Environmental Impacts and Risks:
By far the most important environmental impact from paints and coatings is the release of volatile organic compounds (VOC) from drying. The second largest source of man-made VOC emissions comes from the paint and coating industry. Three end effects of VOC emissions into the atmosphere

are important: formation of eye irritants, particulates, and toxic oxidants, especially ozone. Ozone, a high reactive form of oxygen, is a health risk at very low concentrations, and is the ultimate risk factor associated with VOC emissions. With the rapid growth of VOC emissions from man-made sources since 1900, ozone levels on many days of the year in many parts of the world, especially in and around cities, have exceeded the levels that cause respiratory problems, vegetation damage, and material degradation. A program of voluntary monitoring was proposed by the industry to ensure that emissions of VOCs from paints and coatings fall within prescribed limits. To reduce VOC emissions from the manufacture of paints and coatings, control techniques include condensers, or absorbers, or both on solvent handling operations, and scrubbers and afterburners on cooking operations. Afterburners can reduce VOCs by 99 percent.

Current US Environmental Protection Agency (EPA) regulations treat almost all solvents used in paint manufacture (except water, acetone, carbon dioxide, silicone fluids, and fluorinated solvents) as equally undesirable.

However, it was recognized by the regulators that some paints require a higher VOC than others for adequate performance. Based on a study, the EPA established different maximum VOC guidelines for major applications. During most of the 1990s, the EPA guidelines ranged from 0.23 to 0.52 kg/L (1.9 to 4.3 lb/gal) for most major industrial coating operations. Further, much tighter EPA regulations are expected in the new millennium.

There has been a significant shift during the past 20 years in the use of formulations based on petroleum solvents to formulations based on water as a primary solvent. In addition to reducing VOC emissions, water-based formulations offer advantages such as easier cleanup, and less odor. Consequently, their market acceptance is much greater than that of other low-emission paints and coatings. 
The use of supercritical carbon dioxide (CO2) as a component in a solvent

mixture is another ingenious technique to reduce VOC emission by 50 percent or more. This technique takes the advantage of the fact that CO2 is a supercritical fluid below its critical temperature (31.3°C) and critical pressure (7.4 MPa). Solid coating and supercritical CO2 are metered into a proportioning spray gun in such a ratio so as to reduce the viscosity to the level needed for proper atomization. Airless spray guns are used. There are, however, still several applications where the necessary performance can be achieved only by using solvent-based systems. Research is continuing to further reduce solvent content while retaining its beneficial properties.

Other environmental impacts arise from the presence of toxic solid materials in the paint formulations and the handling of postconsumer paints. In contrast to the immediate effects of VOCs, solids persist, and can create problems long after coating is applied. For example, lead was phased out of most paints in the late 1970s. However, many surfaces painted prior to the phase-out, such as walls and window frames, are typically painted over rather than removed, and can persist, carrying their toxic burden for many generations. The problem of children in older houses ingesting paint chips will remain for some time. Similarly, some specialized coatings still contain problem materials, such as use of chromium and cadmium for tough protective coatings of steel. The efforts are being made by both manufacturers and regulators to deal with such problems of international consequences. 

The landfilling of paint containers with leftover contents is another environmental issue. In most jurisdictions these are not accepted in landfill sites because of their potential for contamination of the soil, so waste paint is normally collected at a special depot, along with other household hazardous waste. The paint industry has developed techniques for collecting paint from these waste depots, testing for contamination, and reformulating the paint into a usable product. 
Paint and coatings industries affect water quality in a variety of ways. Most contamination of waterways occur either from solvents contained in process wastewater discharge, or runoff from vehicles, ships, and aircraft bearing protective coatings with toxic metals. There are many federal and local regulations that are applied to control storm water runoff and wastewater discharge from paint and coatings manufacturing units.
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