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FLAME RETARDANCY Introduction The retardants discussed herein are those believed to be in actual use or in advanced stage of development. Where no reference is cited, the information is principally from the manufacturers’ literature. The global usage of ﬂame retardants was estimated in 2003 to be almost 1 million metric tons/year valued at $2.2 billion. On the basis of value, brominated materials comprise about 35–37%, chlorine (and chlorine–phosphorus) about 5%, nonhalogenated phosphorus about 25%, antimony oxide about 16%, alumina trihydrate about 11%, and others (melamines, magnesium hydroxide, borates, etc) about 6%. Both the entire industry and the brominated segment are growing at about 4% annually (1,2). In terms of usage, the main applications are construction, electrical equipment, and motor vehicles. Other important areas are textiles, paper, and wood products.



Inorganic Flame Retardants Inorganic phosphorus compounds are described in the section, commercial Phosphorus-Based Flame Retardants.



Oxides. Alumina Trihydrate (Aluminum Hydroxide, Aluminum Trihydroxide, ATH)[21645-51-2]. On a weight basis, ATH is the largest ﬂame retardant in current use http://www.manufacturing.net/pur/article/CA147910 (Nov. 1999). A review of ATH and other metal hydroxides and hydroxycarbonates is available (3). Much proprietary technology, involving either grinding (generally less costly) or precipitation achieves the desired particle size distribution, morphology, surface properties, and consistency (4–6). There are various surface-treated versions where the treatment (such as silanation) improves the miscibility or the mechanical properties of the ﬁnal composition. Major applications are vinyl and polyoleﬁn cable jacket, unsaturated polyester resin (sanitary ware, counter tops), cast artiﬁcial stone, elastomers such as conveyer belts, and carpet backing. ATH tends to suppress smoke as well as ﬂame. The mode of action is believed to be attributable mainly to endothermic dehydration at about 230◦ C with 34.5% weight loss of water by 350◦ C, consuming
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1190 J/g of heat. This water loss acts to withdraw heat, which would otherwise serve to pyrolyze the polymer, and the resultant emission of water vapor also dilutes and cools combustible volatile fragments emitted from breakdown of the polymer. The residual anhydrous alumina also serves as a thermal barrier. Typical levels of addition are at least 50 parts by weight per 100 parts of polymer. Magnesium Hydroxide[1309-42-8]. An estimated 8000 ton (value about $15 million) was used as ﬂame and smoke suppressant in 2003. Its use appears to be growing more rapidly than ATH despite higher cost per pound (3,7,8). In contrast to ATH, magnesium hydroxide can be used in polymers with processing temperatures up to about 340◦ C, for example, in polypropylene or polyamides. It is also less abrasive than ATH. The largest-volume uses are wire and cable, and increasingly in thermoplastic polyoleﬁn rooﬁng membranes (9). Grades in use range from the natural mineral brucite to tailored particle morphologies such as Kyowa’s KISUMA. A typical lessspecialized and inexpensive grade is Martin Marietta’s MAGSHIELD, which can be used at up to about 330–340◦ C (8). The mode of action is endothermic water release as in the case of ATH, but not starting until about 340◦ C completing itself with 30.9% weight loss and consuming 1300 J/g of heat by about 450◦ C. The residual MgO serves as a highly reﬂective thermal barrier. In some polymers, magnesium hydroxide favors charring to a greater degree than ATH (8). The main disadvantage is the high loading required; for example about 60% Mg(OH)2 is needed to reach V-0 in polypropylene. Some synergists have been found to lower this level somewhat (10). The stiffening effect is less detrimental in softer polymers such as polyoleﬁn or ethylene vinyl acetate cable jacket or TPO rooﬁng membranes. Antimony Oxides. Antimony oxide is available both as the commodity antimony trioxide (Sb2 O3 ) [1309-64-4], and various specialty products such as colloidal antimony pentoxide (Sb2 O5 ) [1314-60-9] or sodium antimonate [15432-85-6]. There are also various proprietary combinations such as zinc/antimony oxide. Antimony oxides are not primary ﬂame retardants but are important synergists for the halogen ﬂame-retardant additives and halogen-containing plastics. Antimony trioxide is sold by Albemarle, Great Lakes Chemical, Anzon, Atoﬁna, Campine, Harcros, Laurel, PQ, and others, and is largely supplied from China. Antimony trioxide is a white powder, dusty unless oil-treated or pelletized. It remains solid at all polymer-processing temperatures. The synergism with halogen results from thermal formation of SbCl3 or SbBr3 , which inhibit ﬂame by scavenging hydrogen atoms and other radicals. In contrast to antimony trioxide, which acts as a white pigment, the particle size of antimony pentoxide (colloidal), available as powders, dispersions, or polymer concentrates from Nyacol Nano Technologies, is small enough to cause minimal light scattering and thus able to produce translucent or transparent polymer formulations. It is more costly than antimony trioxide but this may be partially offset by lower loadings. In acid-sensitive thermoplastic polyesters such as PET, PBT, or PC, sodium antimonate is advantageous since it avoids some undesired catalytic action of the oxide itself.



Vol. 10



FLAME RETARDANCY



23



Borates. Boric Acid [10043-35-3]. This powdered solid, sold by U.S. Borax and others, serves to prevent smoldering combustion of cotton batting (11), and is used in mattresses and furniture, where it is mixed in mechanically, its binding to the ﬁbers aided by oil. Boric acid probably works by melting and coating the cellulose, although some vapor action is also likely. Sodium Borates (11). These water-soluble salts, made by U.S. Borax and others, have been known since the eighteenth century as nondurable ﬂame retardants for cotton, rope, canvas, and paper. The hydrated salts can act as endothermic heat sinks and moreover the salt fuses to a nonﬂammable glassy barrier layer. Sodium borates, in particular borax (sodium tetraborate decahydrate [1303-96-4]), are used in disposable paper and nonwoven cellulosic products, and as wood ﬂame retardants where their water solubility can be tolerated. The borate salts are effective on ﬂaming combustion but allow severe afterglow; they are best used in formulations with afterglow preventatives, and often used with boric acid. Zinc Borates. These are usually used as hydrates, one of the most common being U.S. Borax’s FIREBRAKE ZB, which is 2ZnO · 3B2 O3 · 3.5H2 O [138265-88-0]. These hydrated salts have an endothermic action and also, at the elevated temperature of burning, they can ﬂux with or sinter with other minerals such as alumina to form nonﬂammable barriers. For plastics processed at higher temperature, a lower hydrate FIREBRAKE 415, 4ZnO · B2 O3 · H2 O [149749-62-2 or 1332-07-6] is used. A main use of zinc borates is as smoke suppressants and ﬂame-retardant synergists in PVC or in other polymers with halogen additives. They can replace all or part of the usual antimony oxide synergist, often with the result that the smoke evolution during burning is lowered (12). The endothermic loss of water from these hydrates is a substantial part of their mode of action; in the case of PVC, they also induce dehydrochlorination at ﬁre exposure temperatures. Zinc borates, including the very thermally stable anhydrous 2ZnO · 3B2 O3 [12767-90-7 or 1332-07-6], FIREBRAKE 500, have been found to act as synergists with magnesium hydroxide or aluminum trihydroxide in polyoleﬁn and other thermoplastic formulations, by promoting char/ceramic barrier formation (13–15). Several other zinc borates are available from R. J. Marshall Co., Barium metaborate (Chapman Chemical’s FLAMEBLOC 550), calcium borates, and magnesium borates are also used as ﬂame retardants and smoke suppressants. These borates can serve also as anticorrosives and preservatives, especially in coatings.



Other Inorganics. Molybdates. Calcium molybdates and zinc molybdates and various modiﬁcations thereof (15) are commercially available from Sherwin Williams as KEMGARDS, and are principally used in PVC as smoke suppressants (15). Ammonium octamolybdate (AOM), (NH4 )4 Mo8 O26 [12411-64-2], a slightly water-soluble crystalline salt, is a smoke suppressant for PVC (15). It is used in wire and cable, mass transit vehicle interiors, and carpet backing. It is believed to work by forming a barrier and by modifying the decomposition of the PVC. Stannates. Zinc stannate [12036-37-2], Alcan’s FLAMTARD S, and zinc hydroxystannate [12027-96-2], FLAMTARD HS, are both white water-insoluble powders useful as smoke suppressants in PVC. They can partly replace antimony oxide as ﬂame-retardant synergists in halogen-containing ﬂame-retardant formulations, with reduced smoke (16,17).



24



FLAME RETARDANCY



Vol. 10



Zinc Sulﬁde [1314-98-3]. This stable white pigment shows synergistic ﬂame-retardant action in PVC and can be partially substituted for antimony oxide. It can enhance other ﬂame retardants in nylons and nylon blends (18). Potassium Hexaﬂuorozirconate [16923-95-8]. This water-soluble compound is a ﬂame retardant for wool by the “Zirpro” process. Applied in combination with formic acid and citric acid, the ﬂuorozirconate exhausts onto wool and after mild heating, provides a fairly wash-durable ﬂame-retardant ﬁnish. Wool upholstery for aircraft makes use of this treatment (19). Layered Clays (“Nanoclays”) and Other Finely Divided Inorganic Additives. Layered clays such as montmorillonite or hectorite, when treated with substances which can penetrate between the layers, such as quaternary ammonium compounds, can be made to separate (exfoliate) into individual layers with nanometer thicknesses. At loadings of only a few percent in many polymers, physical properties such as modulus and heat deﬂection temperature may be improved. Moreover, the rate of heat release during burning as measured by cone calorimetry can be greatly reduced (20,21). Generally, this effect is not enough to pass typical ﬂame retardancy requirements except in combination with some other ﬂame retardant, and frequently faster ignition is an undesirable side-effect. However, commercially useful ﬂame retardancy improvements with nanoclays in combination with, for example, alumina trihydrate, can be achieved in polyoleﬁn cable (22). Synthetic platy silicates can be used in place of the montmorillonite (23). Besides the layered clays, some other ﬁnely divided minerals such as attapulgite, kaolinite, talc, or silica can have this beneﬁcial effect, which may be related to heat-transferor mass-transfer-barrier formation or barrier strengthening in cooperation with char formation. In polycarbonates or polycarbonate blends, nanodimensioned titania or boehmite can be used in conjunction with other ﬂame retardants (24). At higher loadings, as are often used in elastomer formulations, nonlayered clays such as kaolin clays and attapulgite serve to impart ﬂame retardance by dilution of the combustible material, and heat sink action enhanced by water loss if the clays are not calcined. Expandable Graphite Flake. This product, which has long been known, is made by treating graphite ﬂake with nitric and sulfuric acid, which intercalate between the graphite layers. It is available commercially from Graftech and Nyacol in the United States and from Asian manufacturers. When heated by ﬁre exposure to above about 160◦ C, gases generated by the action of the oxidizing acids on the graphite cause the ﬂakes to swell up greatly to form elongated twisted “wormlike” ﬁbrils. This expanded material is an excellent heat insulator. Elastomeric polymers, such as ﬂexible foams and coatings, putties, and ﬁrestop products can be ﬂame retarded with expandable graphite, used by itself or compounded with other ﬂame retardants.



Halogenated Flame Retardants The products containing both halogen and phosphorus are discussed under Phosphorus. Brominated products have their own section because they are the largest category of ﬂame retardants.
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The mode of action of halogenated ﬂame retardants is often described as proceeding with the production of hydrogen halide (or, in the presence of antimony oxide, antimony trihalide), which enters the ﬂame zone and serves as a ﬂame inhibitor. Part of this ﬂame inhibition is generally believed to result from the scavenging of free hydrogen atoms, which are responsible for the rate-controlling chain branching steps in ﬂame chemistry; however another part of the mode of action appears to be physical dilution, heat capacity, and endothermicity (25,26).



Chlorine-Containing Flame Retardants. Chloroparafﬁns. These range from pourable liquids to waxes to rather high melting solids, depending on the chain length of the parafﬁn and the level of chlorination. The liquid lower chlorinated ones are mainly of interest in metal cutting formulations. Some highly chlorinated liquid chloroparafﬁns are used in PVC and elastomers to function as secondary plasticizers and as ﬂame retardants. A wide range of chloroparafﬁns is available from Dover Chemical Co. At or above 70% chlorine content, the materials are solids with softening temperatures from 103 to 160◦ C. These are useful as ﬂame-retardant additives particularly for polyoleﬁns, rubber, paints and adhesives. A typical formula for meeting UL 94 V-0 with polyethylene uses 20–24% chloroparafﬁn and 8–10% antimony oxide (27). Above the 13-carbon chain length, the toxicological characteristics of the long-chain chloroparafﬁns [63449-39-8] is very favorable.



Polycyclic Chlorohydrocarbon (DECHLORANE PLUS) [13560-89-9]. There is only one commercial additive ﬂame retardant in this group, Oxychem’s DECHLORANE PLUS, which is a polycyclic chlorohydrocarbon of the structure



in which all of the chlorine atoms are so positioned that dehydrochlorination cannot readily occur. Thus, the molecule is thermally very stable. It was originally developed for polyethylene and other polyoleﬁns, and is still used to some extent in those applications, but its use in polyamide 6,6 has become more important. DECHLORANE PLUS can be synergized by antimony oxide, but better results including lower smoke levels are achieved by use of some iron oxide as synergist or as cosynergist with antimony oxide (28). Chlorendic Anhydride (HET Anhydride) [115-27-5]. This compound is the Diels–Alder adduct of hexachlorocyclopentadiene and maleic anhydride, having the following structure:
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It has been used since the 1960s as a component of unsaturated polyester resins, where it imparts, besides ﬂame retardancy, an enhanced degree of corrosion resistance (solvent resistance) and thus resins made from it are useful for industrial vessels and ducts.



Brominated Flame Retardants This is the largest ﬂame retardant category, in terms of economic value. At present, the leading US sources are Great Lakes Chemical Co. and Albemarle, both of whom have access to the warm bromine-rich brine found in Arkansas, and an Israeli producer, Dead Sea Bromine Group (DSBG), using the bromine-rich Dead Sea brine. Recently, these American producers have also begun to use bromine from the Dead Sea. Overviews of the usage of brominated ﬂame retardants and the environmental aspects are available (29,30).



Additive Brominated Flame Retardants. Hexabromocyclododecane [25637-99-4]. This product is a solid mixture



(31,32) of stereoisomers, mp about 175–195◦ C. It is available from Great Lakes, Albemarle, and DSBG. The main application is in expanded polystyrene foam. It is generally used without antimony oxide, and allows for the melt-ﬂow mode of extinguishment in addition to quenching the ﬂame by evolved hydrogen bromide. It may be synergized with a small amount of a peroxide or other free-radical generator which probably work by degrading the polymer under ﬁre-exposure conditions, thus aiding extinguishment by dripping. A heat-stabilized grade (32) can also be used in polypropylene to reach UL 94 V-2 ratings such as for building/construction applications in pipe, lamp sockets, and stadium seats. Hexabromocyclododecane is also useful in textile ﬂame-retardant backcoating, in combination with antimony oxide and a binder. A recent review for the CPSC by a toxicology panel gave a favorable report to this use (33). Pentabromodiphenyl Ether [32534-81-9]. This is a very viscous liquid or low melting solid, mp 
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