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Flame retardants were first introduced to consumer products in the early 1930’s (Steven and Mann, 1999) and have seen increasing use ever since.  Most industrial countries require the inclusion of flame retardants in consumer products, ensuring steady growth in the industry.  In 1998, world production of brominated flame retardants topped 300,000 tons (Hedemalm, et al, 2000).  Although they are included from products ranging from building materials to textiles to household appliances, flame retardants are of particular concern in the burgeoning electronics industry.  In Europe alone, nearly 6,000 tons (Stevens and Mann, 1999) of brominated flame retardants went into televisions, personal computers (PCs), and other electronics manufactured during 1998.

A wide variety of flame retardants are available for different purposes, but the vast majority of them contain halogens or phosphorus.  Organic alternatives exist, but are often more expensive or less effective than their halogenated counterparts.  Retardants work in the solid phase, like phosphorus, to prevent char or in the gas phase, like the halogens, by binding with free radicals and interfering with oxidation (Hardy, 2000).  Bromine or a combination of bromine and phosphorus compounds are the preferred components, as bromine is the most effective halogen and can be included in a many structurally diverse polymeric backbones.

Why flame retardants?

Worldwide, fire causes significant direct damage in terms of economics and human impact.  In 1996, direct fire costs in the United States topped $12.9 billion, approximately 1% of the national GDP, over 425,500 reported fire incidents (Stevens and Mann, 1999).  Fires and their impacts are felt at a similar proportion in other industrialized countries (Beard, 2000).  These fires claimed nearly 4,000 lives and severely injured 20,000 more people in the United States (Stevens and Mann, 1999).

Hazard intervention of retardants in real fires is focused on reduced seriousness of fires by delaying or completely suppressing ignition.  After ignition, flame retardants delay the spread of fire over a burning product.  By inhibiting the development of fire, retardants reduce the heat release rate and consumption of the substrate.  While this reduces damage to the product and the chance of spreading the fire to surrounding areas, it also contributes to slow the evolution of toxic gases, a cause or contributing factor of 80% of deaths by fire (Stevens and Mann, 1999).  In the event of a fire, flame retardants save lives and money.  A 1997 study (Stevens and Mann, 1999) concluded that in United States fires, at least 290 lives are saved every year.  Their impact on the environment during fire events and at end of life is less clear, but has led to strong reactions by consumers, corporations, and legislators.

As a consequence of the perceived or real environmental impact of flame retardants, the opinion that no flame retardants should be used has also been expressed.  Simonson and Stripple (2000) ask whether it is “better to let things burn more often than to use flame retardants.”  Their thorough life-cycle analysis (LCA) finds that flame retarded (FR) televisions require a somewhat higher amount of energy over the life cycle than non-flame retarded (NFR) televisions, mostly due to differing manufacturing processes.  This increase is, however, within the statistical error of the LCA (Simonson and Stripple, 2000).  Emissions of FR and NFR televisions are similar in compounds like CO2 and NOx, but differ significantly in emissions of polycyclic aromatic hydrocarbons (PAH) and tetracholorodibenzodioxin (TCDD) equivalents, which lead to the formation of dioxins and furans.  About 700 kg of PAH is emitted per one million NFR televisions, compared to 10 kg per one million FR televisions (Simonson and Stripple, 2000).  The emissions caused by manufacturing and use are similar, but the most hazardous chemicals are released when the television case is burned, either in an unintentional fire or during incineration at end of life.  In member countries of the OECD (Organisation for Economic Co-operation and Development), 97% of disposed materials are incinerated, so 970,000 of each million televisions is burned, releasing large quantities of PAH and TCDD equivalents to the air and the environment.

Driving forces of halogen-free conversion

The pressure to move away from brominated flame retardants comes from several directions, and is creating an increasing burden on the manufacturers who continue to use them.  Even though the data regarding the environmental effects of flame retardants is incomplete and largely inconclusive, the perceived harm to human health and the environment has brought change on many levels, including new legislation and pressure from customers, including large companies and the public. 

Several recent mandates require manufacturers to make changes to their use of flame retardants over the next few years in places such as the European Union, the United Kingdom, and California.  The European Union Waste Electrical and Electronic Equipment (WEEE) Directive, for example, calls for the elimination of polybrominated biphenyls (PBBs) and polybrominated diphenyl ethers (PBDEs) by the year 2004, and an elimination of all halogenated flame retardants by 2008 (Segerberg, et al, 2000).  Eliminating this retardant alone will mean the substitution of 12,000 tons of additive each year, two thirds of which is used in the high-impact polystyrene of computer and television cases (National Research Council, 1999).  In Japan, the discovery of elevated dioxin levels from incineration facilities in Tokorozawa City spurred manufacturers to convert to halogen-free flame retardants even before legislation was considered (Segerberg, et al, 2000).

Fellow corporations are also part of the push for halogen-free retardants.  Environmental and organizational standards like the TCO ’99, created by the Swedish Confederation of Professional Employees, have developed standards for the manufacture, energy efficiency, and environmental effects of many consumer products including personal computers and other electronics.  Large companies and institutional buyers often use these guidelines in selecting suppliers (Bergendahl, 2000), which further increases the pressure on manufacturers to follow them.

Public perception, in turn, has been affected by findings like those of dioxins in city air and the discovery of halogenated flame retardants and their decomposition products in human blood and breast milk (Segerberg, et al, 2000).  In recent years, consumers have found increased value in products perceived as more environmentally friendly (Bergendahl, 2000), and often make purchases with attention to the environmental reputation of a corporation.

Electronics manufacturers have responded to these concerns by moving away from halogenated flame retardants, substituting them with alternatives, large, nitrogen-containing compounds.  For example, Panasonic is already making halogen-free PCs and monitors, and IBM produces a computer of 100% recycled plastic with no halogenated retardants.  Canon and Toshiba have been actively selecting plastics and suppliers that use halogen-free materials, based on the TCO 1999 standards (Silicon Valley Toxics Coalition, 2002).  These are among the many corporations that have switched to halogen-free flame retardants as a result of voluntary or legislative action.  Because of the impending bans on halogenated flame retardants in the European Union and similar legislation in Japan, multinational electronics corporations have been among the first to embrace the halogen-free alternatives.

Types of flame retardants
Flame retardants are often categorized as being halogenated or halogen-free, but also have profound differences which are based on the manufacturing process.  Reactive retardants are most commonly used in thermoset plastics and resins, and are chemically reacted with the polymer during manufacture.  Because they are bonded to large molecules, it is very difficult for them to escape the polymer by evaporation or further chemical reaction (Hedemalm, et al, 2000).  They are unreactive once in the polymer matrix, but are often irritating, allergenic or toxic in free form (National Research Council, 1999).  Reactive flame retardants also alter the chemical properties of the material and cost more to research and manufacture.  Tetrabromobisphenol A, also known as TBBA is by far the most popular of the sixty-some flame retardants commercially available in 1994 and is a member of this family (Hedemalm, et al, 2000).  It is commonly used in epoxies and PC cases, and is found in almost all commercially available electronic products.

Additive flame retardants are mixed in with the polymer without chemical reaction.  These small molecules are present in common materials like PVC, polystyrene, and polyesters.  Because the molecules are much smaller and not bound to the polymer, they can migrate easier throughout the plastic (Hedemalm, et al, 2000), and are therefore more effective as flame retardants.  Unfortunately, they also migrate to the surface of the plastic and evaporate, and because of their size, can penetrate animal tissue easier, resulting in higher toxicity (National Research Council, 1999).  Unlike reactive flame retardants, they do not affect the physical properties of the plastic, and are therefore cheaper and easier to use (Hedemalm, et al, 2000).

Newer developments in flame retardants have brought about oligomeric flame retardants, which combine the advantages of additive and reactive compounds.  They are not chemically bound with the plastic, but as larger materials with polymeric backbones, they don’t leach out of the material and are unable to penetrate body tissues (Hedemalm, et al, 2000).  The decomposition products of these retardants are the main concern.

Toxicity of halogenated flame retardants
A major factor in the drive to eliminate halogenated flame retardants is the perceived danger of the compounds and their decomposition products to human health.  In general, their toxicity is low or very low.  Because many brominated flame retardants decompose to poly-brominated dibenso-dioxins (PBDD) or dibenso-furans (PBDF), concern has been focused on the decomposition products of halogenated flame retardants, rather than the initial compound.  

The most common halogenated flame retardant, TBBA, is preferred not only because of cost and ease of use, but because it has remarkably low acute toxicity, and breaks down into dioxins and furans only under extraordinary circumstances.  For example, a study (Hardy, 2000) found that increasing the plastic municipal solid waste (MSW) in an incinerator from 8% to 27% did not increase emissions of PBDD or PBDF to the environment.  If the incinerator temperature is too low, as was the case in Tokorozawa City, brominated dioxins can be formed at yields up to 10% (Hardy, 2000).  There is no evidence to support that TBBA is carcinogenic or mutagenic, and it has low bioavailability (Stevens and Mann, 1999).

A European Union move to eliminate polybromodiphenyl ethers holds promise for reduced concerns by switching to TBBA or halogen-free alternatives.  PBDEs are of low acute toxicity, but have resulted in neurological problems and thyroid disorders from inhalation (National Research Council, 1999).  They are also persistent, bioaccumulative, and toxic to many forms of aquatic life (Hedemalm, et al, 2000).  Although they show a significantly increased cancer risk in rats, they are a negligible cancer and non-cancer risk to humans at environmental levels.

Performance of halogen-free substitutes

Multiple halogen-free alternatives are available for all key electronics applications, including cables, enclosures, printed wiring boards (PWBs), connectors, and component encapsulation.  The technical challenge has been to develop flame retardants as effective as the halogenated compounds.

Several of the halogen-free laminates, which are used in the manufacture of PWBs, pass peel strength and pressure cooker tests.  Only a few are comparable to the commonly used FR-4 halogenated laminate in surface insulation resistance (Bergendahl, 2000).

For perspective, consider that the retardancy of bromine is four times more efficient than that of chlorine on a per mole basis (National Research Council, 1999).  The average loading of a polymer with a brominated flame retardant is around 6 to 10% (Squires, 2000).  In order to meet the V0 classification, the most stringent fire safety requirements for high impact plastics, inorganic and organic reactive halogen-free additive loading can reach 30% (Squires, 2000 and Hardy, 2000).  At such high levels, they alter polymer curing kinetics, reduce peel strength, increase moisture absorption, reduce electrical properties, and increase processing costs.

The substitution of halogenated flame retardants occurs, regardless of these disadvantages.  Even where brominated retardants are not being phased out by legislation, companies like Isola of Germany, manufacturer of PWBs, are voluntarily eliminating use of brominated flame retardants, acknowledging that the change will require costly evaluation of their manufacturing processes and will threaten their established product reliability.  Corporations attempting to meet the guidelines of environmental concerns like Germany’s Ecolabels, which have voluntarily removed halogenated flame retardants and plastics from their product lines, are finding themselves unable to meet V0 flammability standards, reducing fire safety in consumer electronics (Stevens and Mann, 1999)
Conclusions: The future of halogen-free flame retardants

The pressure to eliminate all halogenated flame retardants, in particular TBBA, is lacking support, given the available data.  The health and environmental effects of this retardant in particular are minimal, while still achieving V0 flammability standards and maintaining acceptable fire safety levels.  Most importantly, non-halogenated flame retardants have yet to be proven to be better for the environment than the halogenated standards.  The elimination of PBDE from products in the European Union and Japan, however, seems well founded.  It is likely to reduce the emissions of PBD and PBDF to the environment and improve aquatic life however these compounds make it into the water.  

Research into halogen-free flame retardants will continue, as will legislative and consumer pressure to move away from brominated compounds.  By replacing the PBDEs with TBBA and other milder retardants, environmental damage can be minimized until such time that organic flame retardants can meet the same safety, efficacy, and cost standards as halogenated flame retardants.
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