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Foreword


Water-based polyacrylates, as emulsion binders, dispersing resins or thickening polymers, are nowadays impossible to do without as raw materials in the paint and coatings industry. Since their introduction in the fifties and sixties of the last century pure acrylic and styrene-acrylic dispersions have established themselves as environmentally friendly high-performance alternatives to solvent-borne, air-drying alkyd resin binders mainly used before. They show a particularly wide performance spectrum, excellent levels of durability and pigment binding ability combined with a superior chemical robustness. In addition, their structural variability allows their still ongoing development as binder class for coating materials.


This book gives an overview of the preparation and properties of water-based acrylic dispersions and the special features pertaining to their use in the architectural coatings sector. This completely revised 2nd edition also includes innovations in these fields of the last 20 years. Following a general introduction to acrylics and polymer dispersions, a separate chapter on the basics of emulsion paint formulation is included. In the following chapters, deeper insight is given into the diverse types of paints, such as primers, masonry paints, including the special topics dispersion-silicate paints, silicone-resin paints and elastomeric crack-bridging paints, interior paints, wood coatings, trim paints and textured finishes or plasters.


The aim of the book is to present an easy to read, up-to-date picture of the preparation of acrylic binders and their formulation to diverse types of architectural paints. Owing to the breadth of the applications of acrylic dispersions and the diversity of present-day knowledge concerning colloid chemistry, it is impossible for this book to deal with every theory and aspect of dispersions and paints manufacture. The reader is therefore referred to the quoted literature, which offer more in-depth views on the various topics.


In addition, the architectural coatings market differs strongly between the regions. This cannot fully be covered by this small book. The focus in the formulation chapters is therefore on the European paint market.


The book is aimed both at students and newcomers in the field of paints and coatings, but it also gives the experienced dispersion user and paint formulator in the industry relevant information and specific hints. The provided information gives assistance with the selection and daily use of modern polymer dispersions.
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1Introduction and basic principles


1.1Architectural coatings and binders


Architectural coatings have a dual function: on the one hand, they make a significant contribution to the aesthetics of the building or the structural components, for instance by colouring or accentuating their structure. On the other one they protect the building material against external influences, such as moisture, sunlight, or mechanical or chemical damage.


The majority of water-based architectural coatings are complex mixtures of a wide variety of chemical components, as shown by the following compilation:


Main components


–Water


–Binders


–Pigments


–Fillers


Additives/auxiliaries


–Dispersants and wetting agents


–Thickeners/rheology modifiers


–Defoamers


–Preservatives/biocides


–Solvents/film-forming auxiliaries


It is not uncommon for aqueous architectural coatings to contain between 10 and 20 different ingredients.


The function of the binder is to give the coating the necessary cohesion, durability, weathering stability, good mechanical properties such as flexibility or hardness, and to give the paint its advantageous processing properties. The binder embeds the colouring pigments and fillers in a stable matrix and joins them to the substrate. This distinguishes the finished coating from, say, classroom chalk, which is based on pressed chalk, acts without a binder and is therefore easily washed off.


Besides the pure inorganic material water-glass, which has already been in use for a long time in silicate systems, today the binders used for water-based architectural coatings are predominantly polymer dispersions.


Water-based Acrylic Dispersions
© Copyright 2022 by Vincentz Network, Hanover, Germany


According to Chem Research GmbH, in 2019 ca. 42 million tonnes of coatings material (coatings and lacquers) were produced worldwide, the largest part of which were architectural coatings (21.4 million tonnes). In Europe alone, that year the demand for architectural coatings was approx. 5.2 million tonnes [1]. IRL reported for 2017 even a market size of 7.6 million tonnes for Europe. According to that study [2], today already more than 80 % of architectural coatings are water-based and formulated with water-based polymer dispersions. This would mean that 800,000 to more than 1 million tonnes of polymer dispersions per year are used for this application in Europe today.


The solvent-borne alkyd resin systems which formerly dominated the sector are increasingly being replaced by more environment-friendly, aqueous coating systems bound with polymer dispersions; they are still available and have a certain place, especially in applications such as wood coatings and trim paints. Moreover, also the alkyd technologies developed towards either water-based or high solid systems to meet the present-day requirements [3]. In Germany, the production statistics of the paint and printing ink industry association (VDL) [4] for 2018 record a total of 683,296 metric tons of aqueous emulsion paints for interior and masonry application alone, whereas of high solids and aqueous alkyd systems only 63,930 metric tons are produced.


1.1.1Polymer dispersions [5–8]


Generally, a dispersion is a multi-phase system in which at least one phase is present in a state of microscopically fine distribution (the disperse phase: liquid or solid, for example) within a continuous phase (e.g. liquid or gas). In polymer dispersions, the disperse phase consists of (spherical) polymer particles with a diameter which is usually less than 1 µm; the continuous phase is water.


[image: image]


Figure 1.1: A polymer dispersion at various magnification levels


Water-based polymer dispersions are usually milky white liquids whose viscosity varies from low, like water, to high, like whipped cream. In analogy to the milky sap of the plants which provide natural rubber, they are also often referred to as latex, and the polymer particles as latex particles (Figure 1.1). A single millilitre of polymer dispersion contains on average approximately 1015 particles. In turn, from 1 to 10,000 macromolecules are present per particle, each of these macromolecules being composed of about 50 to 106 building blocks (monomers).


Polymer dispersions are not thermodynamically stable per se. The polymer system has the tendency to minimize its large internal surface area by agglomeration of the particles, coming together in lumps (coagulation), followed by settling or creaming (dependent on relative density of polymer and medium). By adding charge carriers (charge or Coulomb stabilization) or uncharged spacers of medium to high molecular weight (steric or entropic stabilization) to the surface of the polymer particles, however, the disperse state can be stabilized [9,10]. Nevertheless, external influences, such as shearing (as a result of shaking, pumping or stirring, for example), freezing, pressure or salt exposure, may in adverse circumstances cause the stabilization to fail; the dispersion then coagulates.


Among polymer dispersions a distinction is made between primary dispersions, prepared by polymerizing the basic building blocks (monomers) directly in the liquid phase (via emulsion polymerization in water, for example), and secondary dispersions, for which a preformed polymer, such as a solution polymer or film-forming resin, is distributed or dispersed in the medium in a second step, usually involving input of mechanical energy [11]. The primary dispersions possess the greatest importance; they are industrially readily obtainable by emulsion polymerization and show good cost performance properties. Among the secondary dispersions, the last 15 years alkyd emulsions have gained an important position besides the class of the polyurethane dispersions [3, 4, 12]. These last ones are primarily used in the industrial coatings sector, for wood coatings and for trim paints.


1.1.2Binder classes, polymerization and polyacrylates


The chemistry of the polymers in the field of aqueous architectural coatings is very diverse. The most important classes of binders in the coating sector are:


–Acrylate copolymers (pure or straight acrylics),


–Styrene-acrylate copolymers (styrene-acrylics),


–Alkyd and alkyd-acrylate polymers,


–Vinyl acetate homopolymers and copolymers (vinyl acetate-ethylene, vinyl acetate-ethylene-vinyl chloride terpolymers, vinyl acetate-versatic acid vinyl ester, vinyl acetate-maleate, vinyl acetate-acrylate).


Table 1.1: List of the most frequently used monomers in architectural dispersions






	Acrylates/acrylic esters


	Methacrylates/methacrylic esters


	Other monomers







	n-Butyl acrylate (n-BA)


	Methyl methacrylate (MMA)


	Styrene (S)







	2-Ethylhexyl acrylate (2-EHA)


	n-Butyl methacrylate (n-BMA)


	Vinyl acetate (VAc)







	Ethyl acrylate (EA)


	Methacrylic acid (MAA)


	Acrylonitrile (AN)







	Acrylic acid (AA)


	Methacrylamide (MAM)


	Vinyl chloride (VCl)







	Acrylamide (AM)


	 


	Vinyl versatate







	 


	 


	(“VeoVa” a)







	 


	 


	Ethylene (E)








aregistered trademark of Hexion, Columbus, Ohio, USA


Other dispersions, such as styrene-butadiene copolymers or polyurethane dispersions play only a minor role in the coatings field. The reason for this is the poor weathering stability and/or strong yellowing tendency of the styrene-butadiene dispersions and the high price of the (secondary) polyurethane dispersions (PUD’s), respectively. Consequently, the use of the very hydrophobic styrene-butadiene dispersions is restricted to non-topcoat applications such as primers, especially anti-corrosion primers, and the use of polyurethane dispersions to high-performance wood coatings for especially parquet and furniture because of their excellent mechanical properties and chemical resistances.


1.1.3Free-radical polymerization[13–20] and emulsion polymerization [10, 21–34]


Apart from vinyl acetate homopolymers, the most important binder types are exclusively copolymers, where the fundamental properties are brought about by free-radical polymerization of a specific combination of different α,β-unsaturated organic building blocks (monomers).


Reaction scheme


Free-radical polymerization is a chain reaction initiated by the decomposition of an initiator molecule (I2) to form fragments having a reactive, unpaired electron. These initiator radicals (I∙) then attack the double bond of a monomer molecule (M), forming chain radicals (I-M∙). These radicals can react with a further monomer molecule to produce extended chain radicals (I-M-M∙). The chain reaction continues to propagate until the growth of the chains (I-MnM∙) is terminated by recombination (e.g. dimerization) or disproportionation (hydrogen transfer). The resulting polymer chain length can be controlled by introducing so-called chain transfer agents (R-X). These compounds have a labile carbon-hydrogen, carbon-halogen or sulphur-hydrogen bond (e.g. mercaptans), which stop the growing chain by hydrogen or halogen atom transfer. The residual chain transfer agent radical R∙ starts a new chain. The primary effect of the chain transfer agent is a controlled reduction of the degree of polymerization.


A free-radical polymerization is characterized by its rapid, exothermic course. The high-molecular polymers formed are referred to as addition polymers.


The overall mechanism of the reaction is represented by the following scheme:


[image: image]


The monomer building blocks most frequently used for architectural dispersions are given in Table 1.1; the basic structures of the principal classes of monomer are shown in Figure 1.2.


Mechanism of emulsion polymerization


As already described the industrial preparation of the (primary) water-based dispersions takes place via a specific form of free-radical polymerization known as emulsion polymerization.


In this process, the monomers react in water in the presence of surface-active compounds of low molecular mass (emulsifiers) or oligomers/polymers (protective colloids) by adding a water-soluble free-radical initiator and heating. The emulsified monomers undergo polymerization to form the dispersed macromolecules. The micellar mechanism of the emulsion polymerization of styrene was first described by Harkins [35] and by Smith and Ewart [36] (see Figure 1.3).


According to them, before the addition of initiator the monomers in the polymerization reactor are distributed between emulsifier-stabilized monomer droplets (having a diameter of 1 to 10 µm) and so-called micelles, i.e. aggregates of 20 to 100 emulsifier molecules (with a diameter of 5 to 15 nm). The fraction of monomer present in molecular solution in the water is very small. On heating, the initiator breaks down in the water phase to form radicals which initially grow by attachment to the water-dissolved monomers to form oligomeric radicals. At a certain chain length, depending on type of attached monomers, these radicals are no longer soluble in water and they start to precipitate at available surfaces. Since the number of micelles in the reactor per unit volume (approximately 1018 per cm3) is significantly higher than that of the monomer droplets (approximately 1010 per cm3), and since the total surface area of the micelles is substantially greater than that of the monomer droplets, the oligomeric radicals enter almost exclusively the micelles.
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Figure 1.2: Structures of four important monomer classes


There, the chains continue to grow, as a result of which the micelles should in fact become increasingly depleted of monomer. This does not occur as long as the transport of monomer molecules from the monomer droplets via the water phase to the micelles is sufficient. Consequently, the monomer concentration in the water phase remains a constant as long as there are monomer droplets present in the reactor. Meanwhile, in the micelles, the polymer chains grow to build up latex particles until all monomer droplets have disappeared. In the course of the polymerization, therefore, the growing, polymer-filled micelles turn into emulsifier-stabilized latex particles.


[image: image]


Figure 1.3: Mechanism of emulsion polymerization


A: monomer droplet with monomer (E) and surfactant molecules (F)


B: micelle with monomer molecules


C: polymer particle, stabilized with surfactant molecules, containing several macromolecules, one of these with reactive radical chain end (x), and monomer molecules (A)


D: water soluble initiator radical (x)


E: monomer in the water phase (dissolved)


F: molecularly dissolved surfactant molecule


G: water molecules


To supplement the theory of micellar particle formation as described above, Fitch and Tsai [37] postulated the principle of “homogeneous nucleation”, later further developed by Ugelstad and Hansen [38]. According to this principle, initiation by a water-soluble charged peroxide radical which adds to monomer units in the water phase is the trigger for the formation of oligomeric macroradicals. Above a chain length defined for each monomer (2 to 100 units), the limit of solubility is exceeded and primary particles are formed. These primary particles are usually unstable and undergo agglomeration until they reach a state of colloidal stability: secondary particles. The diameter of the secondary particles is limited by the amount of emulsifier and the polarity of the polymer.


The mechanisms discussed above for the formation of the particles are limiting cases [39]. Depending on the choice of monomers and how the polymerization is performed, both mechanisms come into play to a certain extent. For instance, for monomers with higher solubilities in water (such as vinyl acetate, ethyl acrylate and methyl methacrylate) initiated with peroxides, homogeneous nucleation is important and can even become dominant.


Irrespective of the mechanism discussed, a prerequisite for the emulsion polymerization is that the monomers used are at least slightly soluble in water. Consequently, while monomers such as styrene or 2-ethylhexylacrylate will still readily undergo emulsion polymerization, polymer dispersions of very hydrophobic, long-chain and hence virtually water-insoluble (meth)acrylates, such as lauryl (meth)acrylate or stearyl acrylate, are not obtainable by conventional emulsion polymerization. To polymerize this kind of monomers in an aqueous environment, a so-called mini-emulsion polymerization process can be used, in which the polymerization takes place in the droplets of a preformed mini-emulsion of the monomer(s). These droplets must be sufficiently small, i.e. from 50 to 300 nm, and stable in order to get an appropriate reaction rate and good control over the process. To get the small droplet size, a macro-emulsion of monomer(s) plus emulsifier(s)/stabilizer(s) has to be subjected to high shear (e.g. by using an ultrasonic device or (high-pressure) mechanical homogenizer), and to gain the necessary stability often a very hydrophobic costabilizer is used that is soluble in the monomer, but very insoluble in water (e.g. hexadecane) [40].


For the emulsion polymerization process on the industrial scale, the monomers are usually pre-emulsified in water (i.e. to give a macro-emulsion). The emulsion thus prepared, and the initiator solution are then metered separately into the polymerization reactor over a defined period of time. With this semi-continuous or feed process, the instantaneous conversion of the monomers is very high (usually >90 %), so that a randomly assembled copolymer is formed, largely irrespective of differences in reactivity and copolymerization parameters. Moreover, the semi-continuous process offers the advantage over the formerly used batch process, that the heat of polymerization produced can be regulated by way of the metering time and dissipated in a controlled fashion by external cooling.


Before starting the emulsion polymerization process, often a small amount of a small-sized seed latex is added to the reactor. This results in a better control of the overall polymerization process, and of the final particle size of the dispersion.


In comparison to solution polymerization, emulsion polymerization, in which the resulting polymer particles are finely distributed in water, has the additional advantage that even high molecular weights (up to more than 1 million Dalton) can be obtained with a low system viscosity. The industrial polymer dispersions therefore usually have high polymer contents of from 40 to 60 % by weight.


Table 1.2: Solubilities of the principal monomers for acrylic dispersions in the architectural coatings sector and glass transition temperatures of their homopolymers [41]






	Monomer building blocks


	Water solubility at 25 °C in g/100 cm3


	Glass transition temperature (Tg) of the homopolymer [°C]







	Acrylates


	 


	 







	Methyl acrylate (MA)


	5.2


	+22







	Ethyl acrylate (EA)


	1.6


	-8 (or -17 [16])







	n-Butyl acrylate (n-BA)


	0.15


	-43







	iso-Butyl acrylate (i-BA)


	0.18


	-17







	t-Butyl acrylate (t-BA)


	0.15


	+55







	2-Ethylhexyl acrylate (2-EHA)


	0.04


	-58







	Lauryl acrylate (LA)


	<0.001


	-17







	Methacrylates


	 


	 







	Methyl methacrylate (MMA)


	1.5


	+105







	n-Butyl methacrylate (n-BMA)


	0.08


	+32







	iso-Butyl methacrylate (i-BMA)


	0.13


	+64







	Styrene (S)


	0.02


	+107







	Acrylonitrile (AN)


	8.3


	+105







	Vinyl acetate (VAc)


	2.4 to 2.5


	+42 (or +28 [16])








1.2Polyacrylates, pure acrylics and styrene-acrylic copolymers [5, 41–50]


Within the group of the acrylate copolymer dispersions to which this book is devoted, two classes of copolymers can be differentiated: pure acrylic and styrene-acrylic dispersions. Pure acrylics are polymer dispersions composed exclusively of acrylate and/or methacrylate monomers. Styrene-acrylic copolymers contain styrene as well. For both types of copolymers there are a lot of monomers available (Table 1.2) with a wide variety regarding polarity and glass transition temperature (Tg) of the homopolymers prepared from them.


The glass transition temperature is the temperature at which a polymer undergoes a transition from a brittle, glassy to a rubbery, flexible and more or less pronounced tough state.


Acrylic acid and the acrylates are nowadays industrially prepared starting from propene, whereas methacrylic acid and the methacrylates are prepared starting from 2-hydroxy-2-methyl propionitrile (adduct of acetone and prussic acid) or from isobutene or isobutyraldehyde [44, 51]. The multistage preparation processes make these classes of monomers more expensive than styrene or vinyl acetate, in turn leading to a higher price for the pure acrylic copolymers as compared with styrene-acrylic copolymers and polyvinyl acetate.


The special features of the poly(meth)acrylates, which justify their relatively high price, are the generally very good weathering and UV stability, high transparency (to UV radiation as well), good water and yellowing resistance, and great ease of variation in toughness, flexibility and hardness. The high film gloss level with good gloss retention under weathering, in combination with the chemical resistance to alkali, acid and water (resistance to hydrolysis), likewise contribute to the excellent suitability of this class of polymers for the architectural coating sector.


Structure and properties


The main polymer properties, such as glass transition temperature, film mechanics and polarity, are determined by the composition and structure of main and side chains.


The water solubility of the monomers (see Table 1.2) may be regarded as a measure of the polarity of the homopolymers. As this solubility in water increases, there is an increase in the polarity of the resultant polymers. The water solubility of the free acids, acrylic and methacrylic acid is infinitely, especially in the neutralized state. For the esters, a decrease of water solubility is seen with increasing side-chain length. The C-C linked main chain is chemically largely inert and provides the poly(meth)acrylates with chemical and weathering stability. Owing to the low bond strength of the α-CH group adjacent to the carbonyl centre (C=O), however, the polyacrylates are somewhat less stable than the methyl-substituted polymethacrylates. Thus, polyacrylates exhibit a somewhat lower stability than the corresponding polymethacrylates, both with respect to UV radiation and under strongly oxidative conditions. The hydrolysis tendency of the polyacrylates is higher than that of the polymethacrylates as well, due to the missing steric shielding of the carbonyl centre by the adjacent methyl group of the last group of polymers.


The strong influence of the side chain on the properties is evident, for example, from the falling saponification tendency of the polymers as this length increases and its degree of branching goes up.


Polymethacrylates possess increased chain rigidity relative to the homologous polyacrylates, because of the additional methyl groups and the resulting steric hindrance of the main chain to rotate. This increased rigidity leads to increased glass temperatures, a rise in hardness, and reduced flexibility in comparison with the homologous polyacrylates. As the side chain becomes longer, there is a decrease in hardness and glass transition temperature and an increase in stretchability (up to 8 carbon atoms in the case of acrylates and about 12 carbon atoms in the case of methacrylates; with longer chains, the hardness increases as a result of increasing side chain crystallinity) (see Figure 1.4 and Table 1.3). A rise in chain length is also accompanied by an increase of the tackiness of the polymers, as shown by measurements of the tack on different homo-polyacrylates (Figure 1.5).


Table 1.3: Film mechanics of different homopoly(meth)acrylates [46b]






	 


	Tensile strength at break [N/m2]


	Elongation at break [%]







	PMMA


	68970


	1







	PEMA


	37240


	25







	P-n-BMA


	3450


	300







	PMA


	6930


	750







	PEA


	230


	1800







	P-n-BA


	20


	2000








Examples of soft, highly stretchable and tacky polymers are polybutyl acrylate (Tg = -45 °C) and poly-2-ethylhexyl acrylate (Tg = -61 °C). Polymethyl methacrylate, the base material for “Plexiglas” b (Tg = +105 °C), in contrast, is hard, brittle and tack-free (ambient conditions).


[image: image]


Figure 1.4: Glass transition temperature (Tg) as a function of the side chain length for poly(meth) acrylates


Table 1.4: Influence of increasing side chain length on the properties of poly(meth)acrylates






	Properties of poly(meth)acrylates







	Hardness falls







	Flexibility and stretchability rise







	UV stability rises







	Gloss retention improves







	Tackiness rises







	Alkali resistance rises







	Water sensitivity falls







	Alcohol resistance rises







	Hydrocarbon solubility rises








The trends of the influence of the side chain length are illustrated in Table 1.4. Also the branching of the side chains has a profound influence on properties. Poly(meth)acrylates with unbranched side chains formed from unbranched alcohols, are softer and more stretchable than the species which start from the branched isomers. This is clearly reflected by their different glass transition temperatures (see Table 1.5).


[image: image]


Figure 1.5: Tack and glass transition temperature of polyacrylates


Table 1.5: Comparison of the glass transition temperatures of polybutyl (meth)acrylates with branched and unbranched side chains [41]






	Substituent


	Acrylate


	Methacrylate







	n-Butyl


	-43 °C


	+32 °C







	iso-Butyl


	-17 °C


	+64 °C







	tert.-Butyl


	+55 °C


	+102 °C








Glass transition temperature of copolymers


Copolymerization of different monomers makes it possible to produce polyacrylate dispersions with wide variations in properties. The glass transition temperature of copolymers can approximately be calculated using the (empirical) Fox equation:


Fox equation:


[image: image]


For architectural coating binders it is usual to combine monomers having low glass transition temperature homopolymers (“soft” monomers), such as n-BA and 2-EHA, with monomers having high glass transition temperature ones (“hard” monomers), such as n-BMA and MMA, in order to get a copolymer with a glass transition temperature between 0 and 40 °C. Only in case a high level of low-temperature elasticity is required, by example for crack-bridging exterior coatings, lower glass transition temperatures (down to -45 °C) are established in the copolymers by using appropriately high fractions of soft monomer. On the other hand, owing to the high level of coating hardness required for interior wood coatings (e.g. for parquet) and special industrial coatings, the glass transition temperatures of such binders are often 40 °C or more.


Glass transition temperatures are usually measured by Differential Scanning Calorimetry (DSC), for instance according to DIN 53 765 (testing of plastics and elastomers, thermal analysis, DSC method), ISO 11 357 or ASTM D 3418. Normally, the glass transition extends over a certain temperature range, depending on homogeneity of the (co) polymer. As Tg, often the midpoint of this range is taken. A glass transition is, in contrast to a melt or crystallization transition, not a first but a second order phase transition; its position depends on the used measurement method and a parameter like heating rate. Most (co)polymers produced by emulsion polymerization are amorphous and lack a crystalline state; they only show a glass transition.


Table 1.6: Binder properties using styrene or methyl methacrylate as hard monomers






	Property


	S


	MMA







	Hardness


	++


	++







	Light stability


	+/- to -


	++







	Water resistance


	++


	+/-







	Water vapour permeability


	-


	+







	Chalking/gloss reduction


	+/- to -


	++







	Dirt pick-up resistance


	++


	+







	Saponification resistance


	++


	+/- to +







	Pigment binding power


	++


	+/-







	Film gloss


	++


	+







	Price


	+


	-








++ very good; + good; +/- not so good;- unsatisfactory


Copolymer variants


In the case of the styrene-acrylic copolymers, costs can be reduced, and properties optimized by replacing at least part of the MMA usually used for pure acrylic copolymers (owing to the necessary hardness), by the less expensive monomer styrene. This is possible because of the good copolymerization tendency (comparable with that of MMA) of styrene with acrylates and the approximately equal glass transition temperature of the two homopolymers poly-MMA and -S. In the resultant copolymers, incorporation of the non-polar styrene monomer as a substitute for MMA leads to an improvement in water and alkali resistance, and to an increase in the pigment binding power, expressed e.g. in a better wet scrub resistance of the formulated coatings. Moreover, because of the higher refractive index of PS relative to PMMA, higher coating gloss is achievable when styrene is incorporated in the binder. With high styrene content in the polymer and low levels of pigmentation of the coatings, however, the inherent UV absorption of the phenyl groups may result in increased photo-induced binder degradation, chalking, loss of gloss and yellowing in the course of long-term weathering (for comparison of properties see Table 1.6).


Comparing the binder class of the poly(meth)acrylates with the polyvinyl esters based on vinyl acetate, the coatings which result when using poly(meth)acrylates are more hydrophobic, resistant to water and stable to saponification and hence more stable to weathering. Moreover, due to the higher refractive index and the often smaller-sized nature of the acrylic dispersions, higher degrees of gloss can be achieved in the high gloss coating segment using acrylates.


Accordingly, simple polyvinyl acetate copolymers and high-pressure polymers of vinyl acetate and ethylene are preferably used in coatings for interior application with relatively high levels of pigmentation, where the nature of the polymer is not so dominant a factor in the coating properties and where the lack in water resistance and its negative influence on substrate protection ability is minimal. The properties required for exterior applications are only achieved with this class of coating when vinyl acetate is copolymerized with large amounts of expensive, sterically bulky co-monomers, such as the versatic acid vinyl esters. In that case, however, the cost advantage over the poly(meth)acrylates disappears.


In Europe, pure acrylics are principally used for exterior applications, for clear varnishes, for stains, gloss emulsion coatings, exterior masonry and for house paints, i.e. in clear coats or at low to moderate levels of pigmentation. Because of their favourable price/performance ratio, styrene-acrylic dispersions are almost universal in their applicability. Only with clear varnishes and wood stains, or generally in coatings having a very low UV-screening pigment and filler fraction, there are limits on their use.


1.3Film formation of polymer dispersions [52–62]


1.3.1Mechanism and minimum film forming temperature


The process of film formation by a dispersion is significantly more complex than for a solution polymer, where following the evaporation of the solvent formation of a continuous film readily takes place by interlooping of the polymer chains. In contrast, for polymer dispersions film formation takes place via a multistage process (Figure 1.6).


Drying phases


During the first stage of the drying process, the dispersion particles move closer and closer together (see Figure 1.6a) as the water evaporates, until they contact each other (first phase of film formation, see b). As the evaporation of water continues, the capillary and surface tension forces press the particles against one another. If the temperature during the drying process is above the minimum film formation temperature (MFFT), which is a characteristic temperature for each polymer dispersion, these forces start to deform them. Up to this point, however, the original particle boundaries are still present (second phase of film formation, see c). In a last step, then, interdiffusion of polymer chains across these particle boundaries takes place. As a result, the polymer particles coalesce with each other at the points of contact to form a continuous film (third phase of film formation, see d). The boundaries may disappear during this stage, at least in part.


As a consequence of the fact that the water-soluble components, such as emulsifiers and salts, in the course of the film formation process are enriched at the particle boundaries forming a so-called interstitial phase, the dispersion film never completely “forgets” its particulate past, even at temperatures far above the MFFT. Consequently, in electron micrographs, it is often possible to observe a hexagonal network, resembling a honeycomb, which originates from the starting particles (examples in [60], see Figure 1.7). The hydrophilic components enriched in the interstitial phase are an important reason why dispersion films and emulsion paints are more sensitive to water than films or coatings based on solution polymers.


Another reason is the fact that failures can easily occur during the process of particle packing, resulting in incomplete coalescence and reduced film quality [63].




1.3.2Parameters determining the minimum film forming temperature


In addition to the Tg there are a number of other parameters having some effect on the MFFT, such as particle size, particle size distribution, molecular weight, crosslinking type and density, surfactants in use.
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Figure 1.6: Scheme of film formation of a polymer dispersion
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Figure 1.7: Electron microscopic picture of the film structure of a pure acrylic dispersion (monolayer preparation, magnification 40,000 : 1)


Small-sized dispersions better form films than coarse dispersions of the same composition [64], which is usually also reflected in a somewhat lower MFFT [65], improved film quality and water resistance, and a higher level of film gloss. For this reason, acrylate-based architectural binders are usually fine-sized dispersions, with mean particle diameters smaller than 300 nm, for instance from 100 to 200 nm, and today often smaller than 100 nm, down to 50 nm or even less.


The MFFT is usually situated just below the glass transition temperature of the polymer. The difference between MFFT and Tg is more pronounced with polar dispersions. In this case the phenomenon of hydroplasticization occurs, i.e. the polymer is plasticized by water resulting in swelling and softening of a surface layer of the particles or even of the complete particles. A consequence of this is that polar dispersions can have an MFFT which is up to, or even more than 15 °C lower than that of non-polar dispersions with the same glass transition temperature [66].


The MFFT of a dispersion is usually determined on a so-called Kofler bench (e.g. in accordance with DIN EN ISO 2115). To this purpose, the dispersion is applied to a metal bar having a temperature gradient and dried under controlled atmospheric conditions. The MFFT is then the lowest temperature at which a homogeneous, transparent and crack-free film is formed.


1.3.3Coalescents/solvents and plasticizers


In order to be able to reliably form films at room temperature even with “hard” polymer dispersions having glass transition temperatures higher than 20 °C it is common to use temporary plasticizers – solvents which evaporate after the film formation. In contrast to true or permanent plasticizers (for typical representatives see Table 1.7) which are likewise used to reduce the MFFT, these solvents do not remain long-term in the film. They are emitted to the environment at different rates depending on drying conditions like temperature and humidity, on boiling point, and on the resulting vapour pressure.


The solvents in emulsion coatings are therefore frequently referred to as film-forming aids or coalescents [67]. Besides the classical white spirit, today preference is given to water-miscible glycol ethers (butyl glycol, butyl diglycol, dipropylene glycol monomethyl ether, dipropylene glycol monobutyl ether, etc.) and their acetates. Though, as part of the VOC discussion (volatile organic compound) and eco label provisions (e.g. the EU sunflower, the German Blue Angel) there is an increasing trend to use more hydrophobic coalescents with boiling points >250 up to 400 °C, such as the mono-ester type “Texanol” d, di-esters of dicarboxylic acids, such as “Loxanol” CA 5308c and 2,2,4-trimethyl-1,3-pentanediol diisobutyrate (TXIBd) or tripropylene glycol mono-n-butylether (“Solvenon” TPnB c), for various solvents see Table 1.8.


The reason for this is that according to provisions of the European Union and of the German paint industry association, the term solvent is used only when the boiling point is 250 °C at most (at 1 atm) 68, [69]; in this case it contributes to the VOC content of the paint (according to the EU-directive 2004/42/EG “Decopaint”) [70]. All film-forming auxiliaries having boiling points above 250 °C are by definition plasticizers. They may be used without restriction in emulsion paints labelled as “solvent-free”, despite the fact that they do not remain permanently in the coating: they belong to the so-called SVOCs (semi volatile organic compounds) [68].


Table 1.7: List of solvents/plasticizers of high boiling point






	Solvents/plasticizers


	Example of trademarks







	Dibutyl phthalate


	 







	Dioctyl phthalate


	 







	Diethylenglycol hexyl ether, hexylene glycol


	 







	Polypropylene glycol alkyl phenyl ether


	“Loxanol” PL 5060c







	Tributoxyethyl phosphate


	 







	2,2,4-Trimethyl-1,3-pentanediol di-isobutyrate (TXIBd)


	“Optifilm Enhancer” 300 d







	Triethylene glycol--bis-(2-ethyl hexanoate)


	“Optifilm Enhancer” 400 d







	Tripropylene glycol mono-butylether


	 








In general, modern coalescents should enable excellent film formation of the paints by softening the polymer particles and helping them to coalesce to a continuous film. They should preferably be easy in use and compatible with a broad range of polymer dispersions. In addition, they must be non-toxic, mild in odour, non-VOC, improving the overall coating performance and, today, should be even bio-based or biodegradable.


The film-forming auxiliary particularly affects the position of the MFFT. There are three major aspects influencing the effectiveness of a coalescent: its distribution between polymer particle and water phase, its softening ability of the polymer and the rate it evaporates during drying of the film.


An important part is played by the compatibility and solvation capacity of the coalescent with respect to the latex particles [71]. Its efficiency can be estimated by determining its Tg and using this value in theoretical Tg calculations of binder plus coalescent. This was done by Taylor and Klots [72] – they found values from -67 down to -129 °C for the Tg’s of the coalescents they studied.


Hydrophobic solvents, such as the ester types “Loxanol” CA 5308c and “Texanol” d or the classical paraffin based white spirits, are highly compatible with hydrophobic polymers. Accordingly, depending on their affinity to the latex particles, they swell and plasticize them already in the wet state to a greater extent than hydrophilic solvents such as the glycol ethers like butyl glycol or butyl diglycol. These last ones are then predominantly present in the aqueous phase, however, during the last stages of drying they partition towards hydrophilic regions of the latex particles, also resulting in plasticization and swelling and contributing to an improved film formation [73].


Table 1.8: List of commonly used solvents/film-forming auxiliaries in water-borne architectural paints
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Hydrophilic solvents, such as ethylene glycol or propylene glycol, have virtually no plasticizing effect. However, by hydrogen-bonding with water they slow down its evaporation and so retard the formation of the film. Polymer dispersions and their formulations generally dry fast and the open time is short – often too short to brush out surface defects, to smooth the surface or to apply the paint without brush marks or a stripy appearance. These two solvents are thus particularly suitable as auxiliaries for prolonging the open- and wet edge time and thus also the phase during which a freshly painted surface can be over-coated and corrected with a fresh paint load without optical defects. For this reason, they are used to improve the workability, e.g. by brush; in addition, they may make the coatings more frost resistant by lowering the freezing point of the medium water. The latter is the major reason to use mono ethylene glycol specifically.


The effect of different solvent additions on the course of the MFFT is evident from the example of the styrene-acrylic dispersion “Acronal” S 790c, a standard binder for paints and plasters, having a glass transition temperature of ca. 22 °C and an MFFT of 18 to 20 °C (see Figure 1.8).


Service properties/performance aspects


High boilers, such as “Texanol”d or “Loxanol” CA 5308c, remain in the film long-term, sometimes for weeks or months, and therefore have the disadvantage that the final properties of the coating, such as freedom from tackiness, good hardness and high blocking resistance, are achieved not until fairly long after the application of the paint (see Figure 1.9 on the pendulum hardness of “Acronal” S 790c with different solvents).


In contrast to film-forming auxiliaries, true plasticizers remain permanently in the film and permanently alter its properties. Owing to the relatively strong film tackiness which they generally entail, there is a strong increase in the dirt pick-up tendency of the coatings. Because of this, the use of permanent plasticizers remains restricted to specialities, e.g. elastic, crack-bridging coatings. Often, plasticizers have a certain tendency to migrate to the surface, which not only worsens the soiling tendency of coatings throughout their lifetime, but also enables the transport of these low-molecular weight compounds to the environment, which is of course undesired.


In general, when forming a film of a polymer dispersion or a dispersion-based architectural coating, it should be ensured that the processing temperature is high enough and the drying time is sufficiently long. Only at temperatures above the MFFT the system forms a continuous, clear film, which can mechanically be stressed. If the water evaporates at temperatures below the MFFT, fissured, non-continuous and turbid films are formed; in an extreme case even powdery residues are found.
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Figure 1.8: Influence of solvents on the MFFT of “Acronal” S 790 c


Other than by the choice of film-forming auxiliaries, the drying rate and film quality are considerably affected by temperature, relative atmospheric humidity and rate of air exchange [74]. But as well, the substrate plays an important role. On soaking substrates such as wood or mineral porous surfaces especially hydrophilic coalescents may soak quickly together with the water into the substrate – later on they are missing for the film formation of the coating.


Coalescents also influence the wetting behaviour and the rheology of the coating. Upon addition of coalescent, the polymer particles generally swell, resulting in an increase in viscosity. Especially in case associative thickeners are used in the formulation they may have a quite strong influence on the thickener activity (see Chapter 5).


A negative aspect is that addition of especially water-friendly coalescents to the dispersion (e.g. butyl glycol, PnB, DPnB), but sometimes also more hydrophobic types, may cause a solvent-shock, leading to formation of grit or even to complete coagulation. Such effects can be avoided by slow dosage of the coalescent at stirring or, still better, by predilution of the coalescent with water.
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Figure 1.9: Pendulum hardness of “Acronal” S 790c as a function of solvent and drying time; 100 µm wet film thickness on glass, without pigment, 20 °C and 65 % relative humidity, 3 % solvent on dispersion


Generally, the colloidal stability of the system decreases after addition of the coalescent. This is consequence of the swelling and softening of the polymer particles.


In summary, the paint formulator should be aware of the fact that type and amount of coalescent not only influences the MFFT – for obtaining crack-free film formation at application temperatures – but also stability, viscosity, surface tension, foam tendency and a lot of other parameters, including important final coating film properties such as water resistance, whitening tendency, hardness, toughness, tackiness, stack ability, dirt pick-up resistance and wet scrub resistance.


An overview of coalescents is given in Table 1.8; for selected types it also contains information about boiling points (BP), relative evaporation rates (with respect to n-butyl acetate) and water solubilities as measure for their polarity.


1.3.4Environmental aspects


Increased environmental awareness among end users in Northern Europe in particular, but also in Germany, the Netherlands, Austria and Switzerland, has resulted in paint and coating manufacturers increasingly offering low-solvent or solvent-free products. Accordingly, raw materials manufacturers offer product ranges including “internally plasticized” binders, with an increased proportion of copolymerized soft monomers (old product reviews can be found in [75]; for current ones see the homepages of the suppliers). Good film formation without addition of solvent, even under adverse weather conditions, requires a binder MFFT of not more than 5 °C, better below 3 °C [76]. According to the present day definition of the German paint industry association described in the VDL guideline 01 (January 2017), “eco paints” produced using such binders are allowed to be labelled as “solvent and plasticizer free” if the residual VOC-, SVOC- and plasticizer content is each less than 700 ppm (mg/kg) measured according to test methods DIN EN ISO 17 895 or DIN EN ISO 11 890-2 [68].


1.4Parameters and properties of architectural coatings binders [77]


The key parameters of polymer dispersions for architectural coatings are as follows:


–Total solids content/polymer content,


–pH,


–viscosity/rheology,


–coagulum and micro-coagulum (grit) content,


–particle size (particle diameter)/particle size distribution,


–surface tension,


–colloidal stability (to shearing, electrolyte addition, freeze/thaw cycling),


–residual monomer content/total VOC content/odour,


–minimum film formation temperature/glass transition temperature,


–molecular weight/molecular weight distribution and crosslinking density,


–mechanical properties of polymer and coating films.


The first three characteristics, total solids content, pH and viscosity (at a certain measurement geometry and applied shear rate) are often used to specify the polymer dispersion.


The significance of glass transition Tg and minimum film formation temperature MFFT has already been discussed in Chapter 1.3. The remaining items are addressed in more detail below.


1.4.1Total solids content


The total solids content (TSC) is a measure of the amount of active substance in the dispersion. It is the ratio of the dry mass of the dispersion (following evaporation of all volatile fractions) to the overall mass. The solids content is composed of the polymer, the stabilizers and the inorganic salts (initiator decomposition products or buffer substances, for example). The total solids content is normally determined in a drying oven at elevated temperature, e.g. at 140 °C for 30 min (DIN EN ISO 3251 and DIN EN ISO 4618). Alternatively, IR drying or a microwave oven can be used.


1.4.2pH value


The pH value of architectural coating binders is usually positioned within the neutral to weakly basic range (pH 6 to 9, measured in accordance with DIN ISO 976). This is a consequence of the fact that the stability of the binder, which is usually obtained by copolymerization of AA or MAA and accordingly functionalized with carboxyl groups, increases strongly as the pH goes up (especially above a pH of 5 to 7). The reason for this is the increasing deprotonation of the acid groups and, as a result, improved charge or Coulomb stabilization. Moreover, standard dispersant agents based on polycarboxylic acids exert their dispersing and agglomeration-preventing activity on fillers and pigments likewise only above a pH of 6.5 in the finished paint, which must therefore similarly be neutral to slightly alkaline.


The pH also has an influence on the viscosity of dispersion and paint. As the pH goes up, the viscosity rises as a function of the amount and type of copolymerized carboxylic acid.


Normally, the polymerization is performed under acidic conditions. At too high pH-values, this may result in retardation of the conversion of especially protic and water-soluble monomers. The pH is mostly adjusted at the end of the process, by adding a base, like ammonia, a higher boiling amine (e.g. 2-amino-2-methyl-1-propanol, “AMP-90” g) or a solution of sodium or potassium hydroxide. Through this neutralisation step, the dispersion gains its necessary stability for processing and formulating. Of course, the neutralisation step has to be carried out carefully in order to avoid any electrolyte shock which would result in the formation of grit and coagulum.


Because of legislation, ways are explored to completely omit biocides in the water-based binders. One of the possibilities is to increase the pH to a range of 10 to 11.5. The challenge is then of course to cope with the viscosity control and the tendency of the acrylate moieties to hydrolyse at these harsh alkaline conditions


1.4.3Viscosity and rheology


The flow properties, i.e. the viscosity of the polymer dispersion in the liquid phase, are of considerable significance for its preparation, handling and processing. Besides the particle diameter, the polymer content of the dispersion and its surface functionalization (by using water-soluble comonomers, such as MAA, AA or AM) control the viscosity and flow behaviour. The overall viscosity is a function of the viscosity of the aqueous phase, the volume fraction and the packing of the particles. The viscosity of a dispersion can be described mathematically by the Mooney equation:
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Figure 1.10: Relationship of solid fraction, particle size distribution and viscosity [78]


ln η = ln [image: image]


whereη = viscosity,


ηK = viscosity of the aqueous phase,


KF = form factor (2.5 for spherical particles),


VD = volume fraction of the disperse phase, and


Kp = packing factor (0.637 for monodisperse, close-packed spheres).


Accordingly, with a low volume fraction, the viscosity is essentially determined by the water-soluble polymer fractions and increases slowly as the volume fraction of the polymer particles goes up. However, if the volume fraction is close to the maximum packing factor, the viscosity rises very rapidly (see Figure 1.10 from [78]). As the particle diameter decreases, the increase in viscosity takes place at lower and lower volume fractions of the polymer, due to increasing packing density and particle interaction.


This increase occurs more readily for monomodal dispersions (i.e. dispersions with particles of uniform size) than for dispersions with a broad or even multimodal particle size distribution [78–80] (see also Figure 1.10).


Influence of solids content on viscosity


Very small-sized, monomodal dispersions (particle size 30 to 80 nm) are fluid only up to solids content of 35 to 45 % by weight, whereas standard binders with particle sizes of 100 to 200 nm retain their fluidity for solids content of 48 up to a maximum of 52 % by weight. For dispersions, unlike polymer solutions, the effect of molecular weight on the viscosity is relatively small. Given acceptable viscosity, solids content of more than 60 % by weight can be obtained only for dispersions having a bimodal or multimodal particle size distribution, i.e. for mixtures of particles differing in size [78–80]. In such cases the small particles fill the gaps between the coarse particles. This is evident from the surface micrograph of a film of an essentially bimodal dispersion as obtained by atomic force microscopy (AFM) (see Figure 1.11). Multimodal, highly concentrated dispersions of this kind can be produced in a controlled fashion by means of special emulsion polymerization techniques. This is normally done by generating one or more new particle generations in the course of the polymerization by means of tailored additions of emulsifier or seed latex, for instance by so-called “shot” additions.
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Figure 1.11: Atomic force microscopic picture of the surface of a film obtained from a bimodal dispersion with high solids content (particle size of the big particles is about 300, that of the small ones <100 nm)


Viscosity control


Water-based polymer dispersions and architectural coatings without added thickener generally exhibit more or less pronounced pseudoplastic flow behaviour, i.e. their viscosity falls as the shear rate increases. This contrasts with solution polymers and conventional solvent-borne coating systems (e.g. conventional alkyd coatings), which tend to display Newtonian-like behaviour, i.e. virtually no shear dilution (see also Chapter 2.4.4).


A simple method of determining the flow behaviour is to work with flow cups (Ford-cup, DIN-cup, or in accordance with ISO 3219, for example). These are funnel-shaped cups which are filled with a defined volume of the dispersion. The efflux time as a function of the outflow geometry (length and diameter) is then a measure of the viscosity of the dispersion.


Alternatively, the viscosity can be determined using a rotational viscometer (e.g. in accordance with DIN EN ISO 3219 or Brookfield measurements in accordance with ISO 2555, ISO 1652). In the first case a metal cylinder turns concentrically in a dispersion-filled cup. By measuring the torque on this cylinder, it is possible to measure the shear stress when the shear rate is varied. Using the relationship whereby the viscosity is equal to the ratio of shear stress and shear rate, it is then possible to determine the viscosity at different shear rates (flow curve). Normally, manufacturers specify the viscosity of the dispersion at a certain shear rate after a defined pre-shearing time at controlled temperature (e.g. at 100 or 250 s–1 after 1 min at 23 °C). Architectural coating binders are normally situated within the range from 50 to 1,500 mPa∙s (measured at 100 s-1 in accordance with DIN EN ISO 3219).


1.4.4Coagulum


Coagulum or micro-coagulum is the term used to refer to coarse or fine grit or precipitate of polymer material in the dispersion. It can be quantified by retaining it in a filter of defined mesh size (e.g. 100 or 125 µm) and weighing it (e.g. in accordance with DIN ISO 4576). It comprises fragments of skin, dried-on foam or coarse aggregates of polymer particles, all of which may have a disruptive effect on the quality of the dispersion and coating film. Fine coagulum fractions (so-called specks or grit; in German “Stippen”) become visible, when the dispersion is applied with a doctor blade or alternative film applicator onto a smooth glass plate and viewed in transmitted light. These may lead to defects in the coating film, for instance speckles and dots, or pinholes after spray application of the paint.


For this reason, the polymer dispersions are filtered through fine-mesh filters (usually from 20 to 200 µm in mesh size, e.g. 45 or 100 µm) by the manufacturer. Since it is usually impossible to preclude foaming and skinning completely during transport and handling of the dispersions, it is advisable – especially for high-quality coating systems or lacquers with low or no pigmentation – to filter the dispersion with a coarse filter (e.g. 500 µm mesh size) during deloading and storage tank filling and if necessary once again with a finer mesh size before using them in paint production.


Abacus method


A special technique to quantify and classify the fractions of over-sized particles in a polymer dispersion is the Abacus or single particle counter. During the measurement, the diluted dispersion is passed through a narrow capillary. The passing particles are “counted” by a laser. Particles >2 µm can be measured. These particles are normally due to agglomerates of the primary polymer particles, they are counted as fine coagulum or grit. Correlation of these values with those obtained by filtration techniques is not always given. One of the reasons is, that during filtration sometimes grit bigger in size than the filter mesh is pressed through the filter, another that smaller-sized coagulum can plug the pores of the filter.


1.4.5Particle size/particle size distribution


The particle size of a polymer dispersion is not a distinct value, it is normally expressed as a mean value of a distribution of particle sizes. Depending on measurement method a number-, weight- or z-averaged value of the particle size distribution (PSD) is obtained (a mono-modal PSD can be represented by a log-normal distribution, the various moments of this distribution correspond with the mentioned averages). The particle size has an influence on many important binder properties, such as viscosity, film forming tendency (see Chapter 1.3), film gloss (see Chapter 6), binding power (see Chapter 2 and 7) and penetration capacity into porous substrates (see Chapter 3). Moreover, the particle size strongly determines the internal surface area of the system and thus the amount of stabilizer required as well as the interaction strength with associative thickeners (see Chapter 2.4.4). For spherical particles, following equations can be used (where r is the particle radius):






	Particle volume


	V = (4/3) πr3







	Particle surface


	S = 4 πr2








Typical values are listed in Table 1.9.


The particle size is therefore an important parameter of the binder. A simple determination method is the measurement of the haze or light transmission of a highly diluted sample (e.g. at a solids content of 0.01 weight-%). As the particle size decreases, the light transmission of the dilute dispersion increases. Accordingly, the appearance of the undiluted dispersion changes from opaque white (for particle sizes greater than 100 nm) via a bluish shimmer (for less than 100 nm) down to virtually transparent for very fine-sized dispersions with particle sizes below 50 nm. The haze of a 0.01 % dispersion in relation to water is referred to as the light transmittance (LT or, in German “LD = Lichtdurchlässigkeit”). Certain dispersion manufacturers specify it as a measure of the mean particle size. However, the LT is not only determined by the particle size but also by the difference in refractive index between the polymer and water (see Figure 1.12).


Table 1.9: Particle number and internal surface area for 1 g of dispersion of density of 1 g/cm3 at 50 % solids content as a function of particle size [9]






	Particle size
[nm]


	Particle number
[in 1 cm3]


	Total particle surface area
[m2]







	100


	9.55 ∙ 1014


	30







	200


	1.19 ∙ 1014


	15







	1000


	9.55 ∙ 1011


	3
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Figure 1.12: Relationship of LT value, relative refractive index and particle size (for 0.01 weight- % dispersion in water) Relative refractive index = refractive index polymer/refractive index water


Owing to the higher refractive index of polystyrene in comparison to poly(meth)acrylates, styrene-acrylic dispersions have lower LT values than pure acrylics of comparable average particle diameter.


Determination of a mean particle diameter is generally carried out using laser-assisted light scattering methods on strongly diluted dispersions, like Photon Correlation Spectroscopy (PCS). With this last method, a (z-averaged) hydrodynamic diameter is obtained (see below) and an indication about the PSD. To obtain more precise information about the particle size distribution, more advanced methods are employed, such as the analytical ultracentrifuge (AUC), electron microscopy (EM) with image analysis, capillary hydrodynamic fractionation (CHDF) or hydrodynamic chromatography (HDC) [77]. It is important to note, that latex particles in the wet state exhibit a so-called hydrodynamic diameter – due to surface charges (and other hydrophilic domains at the surface) each particle is surrounded by a layer of more or less tightly bound water molecules (i.e. a hydrate envelope). In addition, depending on structure and hydrophilicity of the particles they can be swollen by water to a certain extent. That means that depending on measurement method different information about the PSD of the dispersion is obtained. It is therefore recommended to combine different test methods to get more comprehensive and reliable information on it.


Since for most particle size measurements the dispersions have to be diluted, care should be taken during this step, because some dispersions tend to agglomerate to some extent upon dilution (solvent-shock, see Chapter 1.3.3), leading to erroneous measurement results.


1.4.6Surface tension


Given a certain particle size and solids content, the surface tension of a dispersion is essentially dependent on the polarity of the base polymer and on the nature and amount of the hydrophilic co-monomers (e.g. AA) and surface-active components (e.g. emulsifiers). This parameter is of considerable importance for the application of paints and coatings. For instance, effective wetting of a substrate and defect-free film formation are guaranteed only if the dispersion, or paint or other coating, has a sufficiently low surface tension. Most polymer dispersions have surface tensions of between 30 and 50 mN/m (for comparison: pure water is 73 mN/m).


In practice, the surface tension of a dispersion is usually measured using the Du Nouiy ring method (see ISO 1409). This involves a platinum ring put into the liquid, oriented parallel to the surface and being slowly removed from the dispersion, with the force required to remove the adhering liquid lamella to the ring being measured until it breaks off. Dispersions of high viscosity require dilution beforehand when this method is used. Often measurements are done on samples diluted to a solids content of say 40 % to make the results better comparable.


1.4.7Stability


The colloidal stability of the dispersion in preparation and use, as already described, is a function of the amount of stabilizer (e.g. emulsifiers) but also of the particle size and of the solids content. Owing to the rapid increase in internal total surface area, the stability of the dispersion falls sharply for a given particle volume and amount of stabilizer as the particle size goes down. Along with a rising solids content, the colloidal stability falls owing to increasing interaction between the particles because of a higher packing density.


In general, the stability is adversely affected by several factors, such as mechanical stress, exposure to temperature variations or an electrolyte, or addition of solvent.


If, for example, the temperature falls below the freezing point of the aqueous phase, in many cases the polymer dispersions coagulate or aggregate irreversibly. As far as possible, therefore, the dispersions should be stored under frost-free conditions. By adding sterically stabilizing non-ionic emulsifiers, the low-temperature stability of modern-day dispersions can be improved to such an extent, that in some cases they are able to withstand a number of freeze/thaw cycles showing complete re-dispersion of their particles.


Too high temperatures likewise impair the stability of polymer dispersions. As the temperature goes up, the number and energy of the particle collisions increases, and thus also the tendency of the system to coagulate. In general, however, the effect of a moderate increase in temperature is small, provided that there is no severe loss of water by evaporation and, when using reactive monomers, that no chemical changes occur. However, by treating a dispersion with hot steam (>100 °C) to get rid of VOCs, it is exposed to strong thermal and shear stresses. Not all dispersions withstand such stresses without formation of grit and coagulum.


1.4.8Residual monomers and volatiles


In the case of emulsion polymerization, the amount of unreacted monomers (residual monomers) in the dispersion can be up to 1 % (10,000 ppm) for styrene-acrylic copolymers and up to 0.1 % (1,000 ppm) for pure acrylics. Apart from (non-reactive) contaminants and by-products, the total resulting residual components is determined by the monomers used, the amount of initiator and the polymerization process conditions. Controlled addition of a redox initiator system, such as hydrogen peroxide/ascorbic acid or tert-butyl hydroperoxide/sodium bisulphite at the end of the main polymerization makes it possible to significantly reduce the amount of residual monomers (a so-called chemical deodorization or stripping). In this way it is usually possible to meet requirements such as that of the German “Blue Angel” for trim paints and stains [81], i.e. a residual monomer content in the binder of less than 500 ppm. By additional steam stripping, i.e. passing steam through the dispersion under reduced pressure, like a water vapour distillation, it is possible to substantially remove the residual monomer fractions (i.e. down to <250 or even <100 ppm), provided the colloidal stability of the dispersion is sufficient. At the same time, other volatile fractions (VOCs) are eliminated or at least reduced, such as by-products or decomposition products, and impurities from the starting materials used for the dispersion (e.g. ethyl benzene from styrene or dibutyl ether and n-butanol from n-butyl acrylate) [82]. A total VOC of less than 500 or even 300 ppm is possible (TVOC). Residual monomer content and VOCs are usually determined by gas chromatography, with direct injection of the dispersion, for example, or using a headspace technique with (complete) evaporation of the volatile components and analysis of the vapour space.


1.4.9Molecular weight/molecular weight distribution


Emulsion polymerization of acrylic monomers generally results in polymers having high molecular weight (most often >>100,000 Dalton). In addition, during this radical polymerization process branching and crosslinking appear as side reactions and, as a consequence a more or less pronounced insoluble gel part is formed. For this reason, it is generally difficult to get reliable information on the molecular weight distribution. By treating the dispersion as such, or its film, with a suitable solvent (e.g. tetrahydrofuran, THF), the soluble fraction can be analysed by gel permeation chromatography (GPC or SEC, size exclusion chromatography) – the so-called “sol part”. Information about the non-soluble fraction, the “gel part” cannot be obtained by this technique.


In a series of acrylic polymer dispersions of same composition but different (average) molecular weight, the so-called Fikentscher K-value, derived from the viscosity of the dissolved polymer (normally at 1 or 5 % solution of the wet dispersion in solvent, e.g. THF) allows to determine these differences in a simple way. At constant conditions (concerning the choice of solvent, the solvent/polymer-concentration and the temperature) the K-value only depends on the mean molecular weight of the polymer. It is calculated according to the following formula (with c = mass concentration of polymer in solvent in g/cm3 and ηr = relative viscosity i.e. dynamic viscosity of solution/dynamic viscosity of solvent).
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This method, which is based on DIN EN ISO 1628-1 (Plastics – Determination of the viscosity of polymers in dilute solution using capillary viscometers – Part 1: General principles) and only needs a simple capillary viscosimeter, can be used for quality control of acrylic dispersions, e.g. to detect potential molecular weight fluctuations or to see deviations from a target molecular weight.


1.4.10Mechanical properties of polymer and coating films [83]


Tensile testing


Since in real life coatings are exposed to (large) mechanical deformations and stresses, it is important to characterize the respective mechanical behaviour of polymer and coating films. One of the very usual test methods is the measurement of the tensile properties. In this method a (rod like or dumbbell shaped) test piece (punched out of a film) with a defined geometry is clamped in a tensile machine and a uni-axial tension force is applied; this force is increased at a defined rate so that the sample is strained with constant speed. The change in length or elongation of the sample is measured by an extensometer or by the crosshead travel up to the point it yields or breaks (= elongation-at-break). Normally the stress (i.e. force related to cross-section oftest piece, σ) the sample experiences is plotted versus the relative elongation (strain, ε) with which it responds (so-called stress-strain curve, see Figure 1.13).


[image: image]


Figure 1.13: Typical stress-strain curves a: rigid, brittle material; no constriction before break b, c: ductile, deformable materials with yield points; typical plastic behaviour; d: elastomeric, strongly deformable material without yield point; pronounced plastic or elastomeric behaviour


The measurement is performed under well-defined conditions of temperature and relative humidity (e.g. according to DIN EN ISO 527-1 or ISO 37). It is also important that the test specimens are defect free, well dried and climatized prior to the measurement. Often the measurement is performed at 23 °C, but especially for coatings for exterior use in colder climates also lower temperatures are of importance. Thus, for e.g. exterior wood coatings, often measurement temperatures of 0 down to -10 °C are used in addition.


Standard conditions for the tensile test are low speed (e.g. 10 mm/min) for rigid systems and if a careful analysis of the stress-strain curves is needed, or high speed (e.g. 200 up to 400 mm/min) for softer polymers/coatings and for big screening series.


Dynamic mechanical analysis


Another important technique to characterize mechanical properties of polymers and polymer containing materials is the so-called dynamic mechanical analysis (DMA). With this technique viscoelastic properties of the materials are measured: dynamic storage and loss modulus and loss angle as a function of temperature and/or frequency at very small dynamic (sinusoidal) deformation of the sample. Not only information about mechanical properties like hardness and stiffness is obtained, also about glass transition(s), crosslinking levels and molecular weights, and in case of multi-phase polymeric materials about their morphology. It is not only possible to characterize films of the pure binder, but also of the formulated one, enabling visualization and quantification of effects of e.g. pigments, fillers and film building auxiliaries (see also Figure 1.17) [73].


The technique is complementary to both DSC and measurement of tensile properties; apart from compositional and mechanical information it gives insight in polymer architecture and morphology: it bridges knowledge of binder and formulation recipes with the final application properties.


1.5Parameters influencing binder properties during their preparation


The recipes for preparing the acrylic binders by emulsion polymerization have a complexity similar to that of the paint formulations themselves. As well as the monomers, further ingredients, such as initiators, emulsifiers, buffer systems and chain transfer agents, and process parameters, such as pressure, temperature and metering time, have a considerable influence on the polymer characteristics and the properties of the binder. When preparing the binder, following ingredients are of importance:


–main or basic monomers,


–auxiliary or functional monomers (stabilizers, crosslinkers, adhesion promoters, etc.),


–emulsifiers/protective colloids,


–initiator system,


–chain transfer agents/regulators,


–buffer substances,


–complexing agents,


–neutralizing agents,


–biocides/preservatives,


–defoamers.


1.5.1Monomer selection [41, 46, 48]


The basic properties, such as polarity, hardness and flexibility of the coating, are in first instance determined by the choice of the main monomers, such as n-BA, 2-EHA, EA, MMA or styrene. Additionally, however, functional monomers, which as auxiliary monomers usually make up only 0.5 to 10 % by weight of the overall polymer, have a considerable influence on the performance profile of the binder.


By copolymerizing acrylic acid, methacrylic acid, acrylamide or methacrylamide, or using sulphonate group containing monomers, such as acrylamidopropanesulphonic acid, it is possible to control the viscosity/rheology. At the same time the colloidal stability of the dispersion is improved.


Crosslinking monomers, examples of which are divinylbenzene, diacrylates such as ethylene glycol dimethacrylate, and acetoacetoxy-, epoxy- or N-methylol-functional monomers, or crosslinking systems like diacetone acrylamide (monomer) plus adipic acid dihydrazide (additive) enhance the resistance of the binder to the effects of solvents and other chemicals. They also lead to greater mechanical strength of the coating films.


Functional monomers with amino, acetoacetoxy, phosphate, siloxane or urea groups, as well as acrylic and methacrylic acid with their carboxylic acid groups are used to improve the adhesion to the substrate by specific interactions or even chemical reactions with functional groups at the substrate.


A selection of functional (meth)acrylate monomers used in water-based binders for architectural and industrial coatings is given in Table 1.10.


1.5.2Emulsifiers and protective colloids


The emulsifiers or surfactants – often used as combinations of anionic and non-ionic types in binders for architectural coatings – are responsible for sufficient colloidal stability and also for the pigment and filler compatibility of the dispersions. This is ensured by charge stabilization and/or steric stabilization. The nature and amount of the emulsifiers, however, are also used to control the particle size and thus the viscosity and film properties of the system. Alternatively, protective colloids can be used, alone or in combination with emulsifiers.


Table 1.10: Functional (meth)acrylate monomers






	Monomer


	Functionality







	Acrylamide; methacrylamide


	–CO-NH2







	Acrylic acid; methacrylic acid


	–COOH







	Hydroxyethyl acrylate; hydroxyethyl methacrylate


	–OH







	Hydroxypropyl acrylate; hydroxypropyl methacrylate


	–OH







	Glycidyl acrylate; glycidyl methacrylate


	–Epoxy







	N-Methylolacrylamide; N-methylolmethacrylamide


	–CO-NH-CH2-OH







	Sulphoethyl acrylate; sulphoethyl methacrylate


	–SO3H







	Acrylamido propanesulphonic acid


	–SO3H







	Diacetone acrylamide


	–CO-CH 3







	Acrolein; methacrolein


	–CHO







	Acetoacetoxyethyl methacrylate


	–CO-CH2-CO-CH3







	Ureidomethacrylate; methacrylamido ethyl ethylene urea
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