(A book chapter in Advances in Structural Adhesive Bonding edited by D. Dillard)

4. Advances in Silicone Adhesives
4.1 Introduction
A structural adhesive is a bonding agent capable of fastening two adherends together by means of surface attachment. It substantially contributes to the structural integrity of a rigid component or structure by transferring the required loads between the adherends during its expected life in a service environment typical for the component or structure involved. Typical characteristics of structural adhesives are that they can carry considerable stresses relative to their strength and that the bonded area is much smaller than the total surface area of the component or structure.
Silicone structural adhesives can be further classified as liquid-applied, curable, elastomeric materials. They behave as a liquid during their application, which is important to achieve good wetting of the adherends’ surfaces, and cure to form a high molecular weight, crosslinked, solid elastomer. By nature, silicones have lower cohesive strength than other structural adhesives, such as epoxies; however, this property translates into a number of benefits for many applications. The lower strength and associated lower modulus means that silicones are excellent for repair and rework applications and are ideally suited for applications that require a certain level of stress management in the adhesive joint. The latter need typically arises when the adhesive joint must be capable of absorbing a certain amount of movement, for instance, resulting from differentials in thermal expansion between the adherends, vibrations of the components, exterior loads, etc. Silicone structural adhesives are remarkably durable, have excellent adhesion to a wide range of substrates, are capable of operating over a wide range of service temperatures, and, therefore, display a long service life even in very demanding environments. Furthermore, they can be formulated for either high or low electric and thermal conductivities. Because of these unique properties, they are used in a wide range of electric, electronic, automotive, domestic appliance, and construction applications. 
4.2 Properties of silicone structural adhesives
Silicone adhesives often are referred to as structural sealants or adhesive sealants, which may lead people to the conclusion that these materials will not perform as a structural adhesive. However, because of their flexibility, silicones can perform as both adhesives and sealants, thereby making them a very versatile and cost-effective                                                                solution in a wide variety of applications that require transfer of loads between the adherends and, at the same time, effective sealing and compensation for movements in the adhesive joint. Silicone sealants and adhesives share some common characteristics:
· They both adhere and seal.

· They are formulated to be resistant to their operating environments.

· Their properties are highly dependent on how they are applied and processed.
· The products in both classes utilize similar chemistries.

· They behave as liquids at some time in the course of bond formation, in order to flow over and wet (i.e., make intimate contact with) the adherends.

· They form surface attachment through adhesion (i.e., the development of intermolecular forces).

· They must harden to carry either continuous or variable loads throughout their service lives. 

· They transfer and distribute loads among the components in an assembly acting as a continuous flexible anchor. 
· They must fill gaps, cavities, irregular surfaces, and spaces. 
Silicones occupy the regime between inorganic silicates and organic polymers, and exhibit some of the properties of each material type due to the combination of the partially ionic siloxane (Si-O-Si) bond and the organic substituent groups. Because of these unique features of their polymeric backbone, silicone adhesives are known for the following properties:

· Easy wet-out and toolability 
· Low toxicity

· Ability to wet difficult (low surface energy) substrates, good adhesion to a wide variety of substrates
· Excellent elastomeric properties (high movement capability, high elastic recovery (85% to 98%), low creep, good fatigue resistance)
· Environmental resistance (including but not limited to ultraviolet- [UV], moisture-, oxygen- and ozone-resistance) 
· High temperature resistance (up to 300° C)

· Flexibility, including cold temperature flexibility (down to –90° C or –115° C for one- and two-part formulations, respectively)
· Electrical properties ranging from highly resistant to highly conductive based on formulation 
· Fire resistant properties 
· High gas permeability

· Chemical resistance 
· Effective sealing, even of larger gaps, against a variety of fluid types

· High optical clarity of polymer (adhesive can be formulated from opaque to optical clear)
Due to their low modulus of elasticity (Young’s modulus typically below 10 MPa), silicone adhesives have gained popularity in structural and semi-structural applications that require flexible bonding, resistance to environmental extremes, and high durability of the adhesive bond.
Most silicone adhesives have a very low level of toxicity; this explains the use of certain silicone adhesive grades in biomedical applications. Some silicone adhesives currently are used in approved Class II or Class III medical devices, as defined by the European Economic Community Medical Device Directive (The European Parliament and the Council of the European Union, 2007). Furthermore, special formulations are available for applications involving food contact.
When applied in their liquid state, silicone adhesives wet most substrates, even under difficult conditions, because of their low surface tension (ca. 21 mN/m to 22 mN/m). When formulated with suitable adhesion promoters, they exhibit very good adhesion to a broad variety of substrates. Silicone adhesives also display excellent self-adhesion. Silicones have a critical surface tension of wetting (24 mN/m), which is higher than their own surface tension. This enables liquid silicones to spread on cured silicones, a process that promotes film formation and surface coverage as a first step to good adhesion.
Cured silicone adhesives display good elastomeric properties, such as high movement capability, high elastic recovery (85% to 98%), and low creep. These properties also are much less dependent on temperature than are organic adhesives. Their good resistance against fatigue allows them to withstand repetitive movements in the adhesive joint caused by flexible flanges, equipment or component vibrations, as well as temperature cycling of joints with high differential thermal expansion of substrates. 
Cured silicone adhesives display extraordinary environmental resistance (Wolf, 1999). The lack of chromophores (light-absorbing groups) along the polymeric backbone and the high Si–O bond energy provide inherent resistance to sunlight. Silicone adhesives display good resistance to oxidation by ozone and oxygen. The oxidation of the hydrocarbon side-groups results in the formation of carbonyl groups (Israeli et al., 1992a, 1992b, 1993, 1995). Because carbonyl groups do not interact strongly with other chemical groups in silicone polymers, the oxidation has little effect on the mechanical properties of the adhesive. Silicone adhesives display extreme low temperature flexibility – standard formulations remain flexible down to
 –60° C, special formulations one-part (condensation cure) formulations down to –90° C, and special two-part formulations down to –115° C. Cured silicone adhesives display excellent high temperature stability. Certain products can be used in applications involving continuous exposure to 260° - 300° C or intermittent exposure up to 340° - 350° C. The excellent environmental resistance of silicones is consistent with the fact that, even after prolonged service periods in extreme climates, silicone adhesives show comparatively minor changes in physical properties (Oldfield and Symes, 1996).
In general, silicone adhesives are good insulators, and are characterized by high dielectric strength, high volume resistivity, low dielectric constant, and low dissipation factor. The low dissipation factor is a desirable property because it minimizes the waste of electrical energy as heat. However, by changing the type and amount of compounding ingredients, the formulator of the adhesive is able to influence its electrical properties over a wide range. 
Cured silicones display very favorable fire performance characteristics, e.g., a very low heat release rate and a unique insensitivity of burn rate to fire severity, and the key combustion products exhibit minimal non-thermal hazard for both humans and property. The combustion of silicones results in the formation of carbon dioxide, water, amorphous silica, and low yields of carbon monoxide, but no other polymer-specific toxic gases are generated. The combustion products demonstrate minimal potential for corrosive damage. A substantial portion of the amorphous silica generated during the combustion process is deposited on the fuel-generating, burning surface, resulting in the formation of a silica char. These surface silica deposits are believed to play an important role in determining the unique burning characteristics of silicones, i.e., the relatively low heat release rate and the minimal dependence of heat release rate on applied external heat flux (fire severity). 
The large free volume and mobility of silicone polymer chains give rise to a high diffusion coefficient and high permeability of gases or vapors. For many applications, high gas permeability is a desirable property. For instance, the higher moisture transmission rate of silicone at ambient and lower temperatures allows the formulation of fast-curing one-part systems that cure at temperatures as low as –40° C. For applications in which high permeability is not desired, special silicones with reduced permeability have been developed or system solutions are available. 
Silicone adhesives are very effective in sealing, even larger gaps, against a variety of fluids such as oil, water, or coolant liquid, or air. Their large gap-filling capability often allows the relaxation of surface flatness requirements and provides for ease of alignment and assembly. Silicones have inherently excellent chemically resistant properties due to the strength of the siloxane polymer backbone. With proper selection of the organo-substituents on the siloxane polymer (e.g., fluoro-organo, phenyl, etc.), silicone adhesives can meet the most demanding chemical resistance requirements, even in high-temperature applications. 
Since the rheology of silicone adhesives can be varied over a wide range and tailored to the specific requirements of the application, their application process easily can be automated.

4.3 Product forms and cure chemistries
The first silicone structural adhesives were introduced in the mid–1960s, and many of these adhesives applied in the early days in construction applications still are performing today. Products are available in a variety of forms, from paste-like, non-slump materials to flowable, self-leveling adhesives. Both single- and multi-component versions are available. 
Silicone adhesives can be formulated based on different cure chemistries; however, the vast majority of commercial products sold are based on condensation cure chemistry. Most of these products are applied and cured at ambient conditions and are, therefore, termed room-temperature-vulcanizing (RTV) products. Specialty adhesives exist that are condensation-curable hot-melts. Other specialty silicone structural adhesives are based on either RTV or high-temperature vulcanizing (HTV) addition-cure or light-induced photo-cure chemistries. Combinations of photo-cure chemistries with other (shadow) cure (RTV/low-temperature vulcanizing [LTV]) chemistries exist as well in order to ensure that the adhesive cures fully in sections not directly reached by light radiation.
4.3.1 Condensation cure chemistry (RTV)
One-part condensation cure silicone adhesives are based on siloxane polymers with hydrolysable groups attached to the polymer chain ends and on a hydrolysable silane crosslinker, which also acts as a water scavenger to maintain the shelf-stability of the unopened container. Once the one-part package is opened, atmospheric moisture reacts with the hydrolysable groups, resulting in the formation of silanol (Si–OH) groups. The terminal silanol groups formed render the materials susceptible to condensation reactions under acidic or mild basic conditions.
Thus, one-part cure systems depend on atmospheric moisture to initiate cure, and cure proceeds from the outside into the interior of the material. One-part silicone adhesives typically cure at a rate of about 3 mm to 4 mm per day. The cure by-products, which diffuse out of the RTV silicone and may cause a characteristic smell during cure, include alcohols (Brown and Hyde, 1964; Weyenberg, 1967; Smith and Hamilton, 1972), ketoximes (Sweet, 1965), carboxylic acids (Ceyzeriat, 1964; Bruner, 1962a, 1962b; Beers, 1968; Kulpa, 1967; Beers, 1981), amides (Goelitz et al., 1968; Sattlegger et al., 1968), hydroxylamines (Pande and Ridenour, 1969; Boissieras et al., 1967; Murphy, 1967; Boissieras and Ceyzeriat, 1969), ketones (Takago et al., 1974; Takago, 1979) and amines (Nitzsche and Wick, 1962; Wick et al., 1969; Hittmair, et al., 1968; Nitzsche et al., 1972). Alkoxy-, oximo- and enoxysilane crosslinkers eliminate by-products displaying a pH-neutral chemical reaction, i.e., are neither acidic nor basic, and, therefore, are the key component of neutral, non-corrosive cure chemistries. Amidosilane-based cure chemistries often also are considered as neutral, although they may cause corrosion on sensitive substrates (for instance, stress corrosion has been observed on brass in contact with benzamide-cure silicone). The acetoxysilane-based cure system releases acetic acid; aminoxy- and aminosilane-based cures form alkaline hydroxylamine or amine by-products. Both acidic and alkaline cure products should not be employed in contact with corrodible substrates. It is important to keep the acid curing materials away from cementitious and alkaline substrates to minimize acid base reactions resulting in poor bonding.  
In many cases, the cure by-products are sufficiently acidic or basic to act as condensation catalysts; these chemistries are referred to as self-catalytic cure systems. While these systems provide good in-depth cure, an additional condensation catalyst generally is required to achieve a tack-free surface. This condensation catalyst may be a tin compound (White et al., 1983) such as stannous octoate and dibutyltin dilaurate, or an organotitanate (Weyenberg, 1972; Smith and Hamilton, 1972). Titanates are employed primarily in neutral cure (alkoxy, amide, or oxime) systems, while tin catalysts are added to acetoxy-, oxime-, and amine-cure formulations. There is also the option of formulating alkoxy-cure systems with tin (IV) catalysts; however, in order to achieve good shelf-stability, this requires a composition free of water and silanol (White et al., 1983; Dziark, 1983; Lucas and Dziark, 1984; Chung, 1985).

In two-part condensation cure systems, the silane crosslinker and catalyst are packaged together as one reactive component, leaving the mixture of polymer and filler as the unreactive component. Two-part condensation cure adhesives must be mixed shortly before application. Once mixed, the crosslinking reaction proceeds without the need for external, atmospheric moisture. In order to achieve successful completion of cure and good heat stability (no reversion) of the cured material, it is important to ensure that the cure by-products completely leave the curing adhesive. The key benefit of two-part condensation cure systems is their ability to achieve deep section cure and high “green strength” within a few hours. For full development of physical properties, several days may be required, because the cure by-products must still leave the bulk of the cured product.
As in one-part systems, the condensation cure involves a functional silicone chain-end, typically silanol, and a polyfunctional silane. Suitable crosslinkers are tri-, tetra-, or multi-functional materials, such as alkyl orthosilicate esters, and esters of ortho- (Brod and Schweitzer, 1958) or meta-silicic acid (polyalkylsilicates) (Polmanteer, 1960). N-propyl orthosilicate and tetraethyl orthosilicate are the most commonly used crosslinkers in two-part systems. Generally, the same condensation cure catalysts that apply to one-part systems are also employed in two-part systems.
Hot melt silicone adhesives are solventless thermoplastic compositions that are applied at elevated temperatures, above the melting or softening point of the composition, to achieve suitable dispensing, good substrate wetting, and reasonable working (open) time. Upon cooling, the adhesive resolidifies to provide immediate green strength. The compositions of hot melt XE "hot melt"  silicone adhesives are quite similar to those of pressure-sensitive adhesives XE "pressure sensitive adhesives" . Silicone hot melts are based on high levels (commonly 60% and above) of a silicate (MQ) resin XE "resin"  and appropriate amounts of reactive and non-reactive silicone polymers to provide very viscous, semi-solid systems at room temperature. Due to their high resin loading, hot melts soften when heated, as fractions of the resin melt once the transition temperature of the resin/polymer mixture is reached. This allows the heated hot melt to be transferred and applied in a flowable viscous liquid state. Upon cooling, the hot melt returns to a semi-solid state. A refinement to this technology is the incorporation of reactive end-groups on the polymer chains that post-cure over time via regular RTV XE "RTV"  chemistries to a temperature-insensitive, crosslinked state having enhanced performance characteristics (Cifuentes et al., 2003; Cifuentes et al., 1996; Vincent et al., 1994; Strong et al., 1995; Cifuentes et al., 1994; Cifuentes et al., 1999; Be et al., 2004). Reactive hot melts combine the advantages of conventional liquid reactive adhesives, such as resistance to high temperature creep and solvents, with typical hot melt XE "hot melt"  attributes such as zero volatile content, easy dispense, and high green strength.

4.3.2 Addition cure chemistry (RTV and LTV)

There are numerous applications wherein condensation-cure silicone adhesives are not suitable. This is because these are relatively slow to cure, they require moisture to cure (one-part), and they evolve by-products that cause shrinkage. Adhesives needed in automotive, electronics, microelectronics, micro-electromechanical systems, avionic, and other “hi-tech” applications usually are confined to very small volumes, which can make access to moisture difficult. Also, their proximity to very sensitive mechanical or electronic components requires a cure system that does not evolve reactive chemicals. Addition cure systems based on thermally induced reactions respond to the technology needs that are unfulfilled by the condensation cure systems. 
Crosslinking is accomplished in the RTV or LTV thermal addition cure system via a hydrosilation reaction whereby a Si–H group in a low molecular weight siloxane is added to a vinyl group in a siloxane polymer (Anon., 1967). The vinyl group also may be located on the siloxane oligomer and the silicon hydride group on the polymer. Generally, however, a Si–H polyfunctional siloxane oligomer plays the role of the crosslinker, and the siloxane polymer is vinyl-endblocked. This reaction occurs readily at room temperature in the presence of a platinum catalyst, and can be accelerated by heat. The platinum catalyst can exist in a variety of forms; more commonly used are chloroplatinic acid, H2PtCl6, and its complexes with vinyl-functional cyclic siloxanes, such as tetramethyltetravinyl-cyclotetrasiloxane (Eckberg, 1982a), or linear siloxanes, such as divinyltetramethyldisiloxane (Eckberg, 1982b). The platinum-siloxane complexes have a better compatibility with the siloxane medium, and achieve similar cure rates at a lower addition level.
The addition cure has a number of advantages when compared with the condensation cure system. First, it does not produce any cure by-products, and therefore does not give rise to any odor or shrinkage upon cure; second, it achieves almost instant homogenous deep-section cure XE "deep-section cure"  at elevated temperature; third, it is not prone to reversion at high service temperature. Main disadvantages are its easy inhibition by a number of electron-donating substances, such as amines and organosulfur compounds, and the fact that it requires special proprietary adhesion promoters XE "adhesion promoters"  in order to achieve good adhesion (see Stein et al., 1994; Stein, 1994; Stein and Davis, 1995a, 1995b; Stein and Rubinsztajn, 1995; Stein, 1996; Stein et al., 2002; Hara, 1999; Ahn and Lutz, 2002; and literature cited therein). Without incorporation of adhesion promoters, after completion of an addition cure, the crosslinked siloxane structure does not contain substantial amounts of any reactive groups. Moreover, the Si–H and Si–CH=CH2 groups are not particularly reactive towards many chemical groups found on surfaces of common substrates. It is therefore expected that no coupling between the polymeric network and the substrate will take place during application and cure, unless special adhesion promoters are added to the formulation.
Because the hydrosilation reaction in presence of a platinum catalyst XE "catalyst"  occurs readily at room temperature, one-part addition-cure RTV XE "RTV"  systems are not feasible. Still, one-part products can be formulated that are shelf-stable at room temperature, but for which the cure is triggered by a slight increase in temperature, say 60° C to 80° C. In this LTV cure system, the platinum is sequestered by chelation with a fugitive inhibitor, usually conjugated polar species. Sequestered cure systems generally have a rather short shelf life XE "shelf life" , typically only a few days. Another interesting approach is based on the microencapsulation of the platinum catalyst (see  Evans et al., 1993, and literature cited therein). Cure is then activated either by heating the composition above the melt temperature of the encapsulating shell or by addition of a suitable solvent. 
For two-component compositions, the platinum catalyst XE "catalyst" , as well as the fillers and a part of the vinyl functional siloxane polymer represent one package (part A), while the silicon hydride XE "silicon hydride"  material and the remaining part of the vinyl functional siloxane polymer represent the other package (part B). The two components are mixed together in the proper ratio when the application is ready to begin. Cure of these “uninhibited” formulations initiates immediately upon mixing. Therefore, in order to extend the pot-life XE "pot-life"  and simplify application, two-part addition cure formulations often contain a “cure inhibitor” or “cure retarder.” These are chemicals containing carbon-carbon triple bonds capable of complexing the platinum catalyst. Ethynylcyclohexanol (Ikeno and Fujiki, 1992), 3-methyl-3-hydroxy-1-butyne (Fujiki, 1996), (HCCCH2O)3SiMe (Nishiwaki and Urabe, 1994), and dialkyl acetylenedicarboxylates (Eckberg, 1982b; Melancon, 1985; Brummer et al., 2003) are some of the cure retarders taught in the patent literature. As in the above-described one-part systems, cure is triggered by a slight increase in temperature.

4.3.3 Electron-beam and photo-cure induced addition chemistry
Other addition cure systems that have emerged in recent years are the UV and electron beam (EB) radiation cure systems. The development of these systems has been prompted by the ever-increasing need for fast cure rates and low cure temperatures. The UV cure system is more common than the EB-based system for general applications in silicone adhesives. There are several advantages gained from using UV radiation instead of heat for curing silicone systems. The main benefit is that a low cure temperature allows deposition and cure of the adhesive on heat-sensitive substrates like polyolefins and other plastic materials. 

The UV cure system contains an epoxy or a vinyl ether functionalized polydimethylsiloxane (PDMS) polymer and a photo-catalyst (Stein and Eckberg, 1990). The latter, a diaryliodonium salt, is photolytically decomposed to form an active acid that polymerizes the epoxy or vinyl ether groups and crosslinks the network. Theoretically, this system offers the advantages of the thermal cure systems that include fast cure and low temperature processing. However, these systems are sensitive to atmospheric humidity, and the possible toxicity of the catalyst may represent an issue.

4.4 Silicone adhesive formulations
Formulations XE "Formulations"  of silicone adhesives are based on the following ingredients:

· Reactive and/or non-reactive siloxane polymer

· Reactive and/or non-reactive silicone resin XE "resin" 
· Plasticizer

· Crosslinker

· Catalyst

· Adhesion XE "Adhesion"  promoter

· Reinforcing, semi-reinforcing, and/or non-reinforcing (extending) fillers

· Special additives XE "fungicides" 
The functionalities of the reactive components (polymer, crosslinker, adhesion promoter) and the nature of the catalyst XE "catalyst"  depend on the cure chemistry of the formulation. For example, the reactive polymer may have functionalities of silanol, oximosiloxy, alkoxysiloxy, alkoxysilylethylene, vinyldimethylsiloxy, or other reactive groups, depending on the cure chemistry utilized. Tables 1 and 2 provide an overview of the different formulation ingredients and their functions in condensation and addition cure systems, respectively (De Buyl, 2001).

4.4.1 Polymers

Silanol-terminated PDMS polymer

RTV XE "RTV"  condensation cure adhesives are formulated from α, ω-silanol endblocked siloxane polymers with a molecular weight XE "molecular weight"  of about 20,000 Daltons to 200,000 Daltons, corresponding to a viscosity XE "viscosity"  of about 1 Pa·s to 300 Pa·s. 

Vinyldimethylsiloxy-terminated PDMS polymer

RTV XE "RTV" /LTV addition cure systems are formulated from vinyl-endblocked PDMS polymers with a molecular weight XE "molecular weight"  of about 63,000 Daltons to 140,000 Daltons, corresponding to a viscosity XE "viscosity"  of about 10  Pa·s to 100  Pa·s.

4.4.2 Plasticizer (Trimethylsiloxy-terminated PDMS polymer)
Due to its excellent compatibility XE "compatibility" , both with the liquid siloxane polymer and the cured network, trimethylsiloxy-terminated PDMS polymer, often referred to as “silicone fluid,” is widely used as plasticizer XE "plasticizer"  in silicone adhesives. The plasticizer XE "plasticizer"  can be selected such as to either lower the viscosity XE "viscosity"  or the modulus XE "modulus"  of the formulation, or both variables simultaneously. Commercially most important for silicone sealants and adhesives are silicone fluids with viscosities of 0.1 Pa·s to 60 Pa·s. These plasticizers also have the same durability characteristics as the PDMS network. 
An interesting group of silicone fluids are the so-called “reactive” plasticizers, in which a substantial fraction of the PDMS molecules are trimethylsiloxy-terminated on one end and silanol-terminated on the other end. These reactive fluids tie into the network during cure, forming loose polymer ends. By doing so, they are internally plasticizing the network. The benefit of these plasticizers is that they cannot migrate (bleed) from the cured formulation.

4.4.3 Crosslinkers

RTV XE "RTV"  Condensation-cure

Silane R4-nSiXn crosslinkers XE "crosslinkers"  (n = 3) are used with one-part silicone cure systems. A variety of these crosslinkers in terms of the organic substituent R and the hydrolysable leaving group X are commercially available. For instance, acetoxy crosslinkers are available with R groups of methyl, ethyl, and vinyl. Oxime crosslinkers can be purchased with R groups of methyl or vinyl and leaving groups, X, of methylethylketoxime (MEKO) or methyl-iso-butylketoxime (MIBKO). Blends of some of these crosslinkers are also commercially available. Standard blends are those of methyltriacetoxysilane (MTA) and ethyltriacetoxysilane (ETA), of methyltrioximosilane (MTO) and vinyltrioximosilane (VTO), of MTO and tetraoximosilane (TOS), and of MTO, VTO, and TOS. These blends have tailored reaction rates, allowing an optimum balance of surface cure versus in-depth cure. The crosslinker is added at about 3.5% to 7.5% by weight, based on the total formulation.

The reactivity of crosslinker is influenced by several factors, such as the number of hydrolysable groups (X) attached per silicon atom, the number and kind of organo-functional groups (R) also attached to silicon, and the substituents (R’) on the hydrolysable group itself. 

RTV XE "RTV" /LTV Addition Cure

Both cyclic and linear silicon hydride XE "silicon hydride"  crosslinkers are available. Linear trimethylsiloxy-endblocked poly[(hydrogenmethyl)(dimethyl)]siloxane crosslinkers are commercially available with viscosities in the range of about 0.005 Pa·s to 0.1 Pa·s and molar hydrogen content in the range of about 0.7% to 1.5% by weight. The amount of crosslinker added to the formulation is adjusted based on its molar hydrogen content.

4.4.4 Catalysts

Condensation-cure catalysts
Commercially most important condensation cure catalysts are dialkyl tin (IV) carboxylates1, e.g., dibutyltin dilaurate, dibutyltin dioctoate, and dibutyltin diacetate; tin (II) compounds, 
[image: image6.wmf]e.g., tin dioctoate; and alkyl titanates2, e.g. tetra-iso-butylorthotitanate, tetra-n-propyl titanate, titanium acetylacetonate, and acetoacetic ester titanate. The amount of catalyst XE "catalyst"  added typically is in the range of 0.05% to 0.2% for tin soaps and 0.5% to 2.0% for titanates, respectively, by weight based on the total formulation.

Addition-cure catalysts

A suitable catalyst XE "catalyst"  for the hydrosilation addition-cure reaction is a metal of the platinum group in the periodic table, or a compound of such a metal. Platinum and palladium compounds generally are preferred based on their high activity. Platinum compounds are commercially the most important based on cost considerations. The platinum catalyst can exist in a variety of forms; more commonly used are chloroplatinic acid, H2PtCl6, and its complexes with vinyl-functional cyclic siloxanes, such as tetra (methylvinyl) cyclotetrasiloxane, or linear siloxanes, such as divinyltetramethyldisiloxane. The platinum-siloxane complexes have a better compatibility XE "compatibility"  with the siloxane medium, and achieve similar cure rates at a lower addition level. The divinylsiloxane complexes in toluene are generally more active catalysts, while cyclic vinylsiloxanes give a more moderate cure. The platinum catalyst generally is used at a concentration of about 5 ppm to 150 ppm based on the total formulation.

4.4.5 Adhesion XE "Adhesion"  promoters
Adhesion XE "Adhesion"  promoters are reactive silanes XE "silanes"  bearing both organo-functional and hydrolysable groups. These silanes are added at about 0.2% to 3% by weight, based on the total formulation in order to achieve self-priming XE "self-priming"  adhesion characteristics. Upon cure, the adhesion promoter participates in the crosslinking reactions (Suzuki and Kasuya, 1989), but also establishes bonds between the silicone network and the substrate. 
All the art and technology of a self-priming XE "self-priming"  polymeric system resides in the choice and chemical design of the adhesion promoter molecules. Silane coupling agents XE "coupling agents"  are denoted by the general structure RSiX3, where R is a reactive organofunctional group and X is a hydrolysable group, such as a methoxy, ethoxy, or acetoxy group. The variety of different organosilanes and their respective merits have been discussed in detail elsewhere (Plueddemann, 1982). Organosilanes are small, surface-active molecules, which easily can diffuse to the interface at the same time that cross-linking occurs in the bulk of the silicone composition. Once at the interface, they can improve adhesion through enhanced wetting and covalent bonding. Hydrolysis of the organosilane provides active silanol sites for hydrogen bonding. The silanol groups on the organosilane allow condensation reactions to occur, which results in the formation of Si–O–Si bonds between the silane molecule and the silicon-containing surface as well as the silicone network. It also is possible for the organofunctional group on the silane to react with chemical reactive groups present in the substrate surface. Silanes are particularly effective in the promotion of adhesion of silicones to metal, glass, and siliceous surfaces in general. A recent study has shown that specific mixtures of silanes XE "silanes"  can provide better adhesive performance than the separate silanes, and that an optimum composition is required (Van Ooij and Jayaseelan, 1999). 
Suitable classes of adhesion promoters XE "adhesion promoters"  for condensation-cure RTV XE "RTV"  systems are functional silanes XE "silanes"  bearing aminoalkyl, mercaptoalkyl, epoxyalkyl, ureidoalkyl, acrylate, and isocyanurate groups. Within these classes, the commercially most important adhesion promoters are aminopropyltriethoxysilane, aminoethylaminopropyltrimethoxysilane, and glycidoxypropyltrimethoxysilane. Novel and more complex adhesion promoter systems continually are being developed to respond to demands of emerging and future sealing and bonding technologies.

4.4.6 Fillers XE "Fillers" 
Fillers XE "Fillers"  are primarily added to adhesive formulations to improve their physical (viscoelastic) properties XE "properties" . Addition of fillers affects the rheological properties of the uncured material, such as extrusion rate XE "extrusion rate" , “body,” handling and tooling, as well as the elastomeric properties of the cured sealant, such as durometer, modulus XE "modulus" , elongation at break, tensile strength XE "tensile strength" , and abrasion resistance. The first type of filler is referred to as “active” filler, the second as “inactive” or “extending” filler. Generally, a sealant formulation contains a combination of two or more active and inactive fillers. Surface area and energy (Wu et al., 1999), structure, density, and availability of reactive surface groups influence the degree of interactions between fillers and the silicone rubber network.
Reinforcing fillers increase the tensile strength XE "tensile strength"  of the cured elastomer and reduce slump XE "slump"  (sag) of the uncured material. Conventional reinforcing fillers XE "reinforcing fillers"  are finely divided particulates having a particle size of less than about 50 nm, and include precipitated and fumed silicas (Brunauer, Emmett and Teller  [BET] surface area of 150 m2/g to 300 m2/g). Semi-reinforcing fillers have a primary particle size of between 50 nm and 500 nm, more typically between 70 nm and 150 nm, a BET surface area of about 20 m2/g to 80 m2/g, and include fatty acid treated precipitated calcium carbonates and calcium silicates (talc). Non-reinforcing fillers have a primary particle size of greater than 500 nm.
Non-reinforcing fillers XE "reinforcing fillers"  interact very weakly with the silicone network. Examples include ground calcium carbonate (chalk), ground quartz, diatomaceous earth, mica, kaolin and bentonite clays, barium sulfate, and aluminum hydroxide. In order to reduce the cost of the formulation on a per volume basis, low-density fillers, such as ceramic microspheres3 and glass microbubbles may be added to the formulation. The addition level of fillers varies widely depending on the type of filler. Typical addition level for fumed silica is in the 8% to 15% range, for ground calcium carbonate in the 15% to 45% range, and for precipitated calcium carbonate in the 25% to 45% range (all ranges given as weight percent of the total formulation).

4.4.7 Special additives
Heat stabilizers

Iron oxides and carbon blacks are widely used as heat stabilizers in silicone sealants and adhesives. Iron carboxylate salts (Bayly, 1999), cerium hydrate, barium zirconate (Carlson and Glasbrenner, 1994), cerium and zirconium octoates (Lin, 1995), as well as porphyrins (Achenbach et al., 1998) are presented in the literature.
Flame retardants

Carbon black (Delatorre and Beers, 1978), hydrated aluminum hydroxide (Mitsuhashi and 
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Tabei, 1997), and wollastonite (Alvarez and Shephard, 2001) have been described in the patent literature as additives improving the fire-resistance or self-extinguishing property of silicone adhesives. Platinum and platinum compounds also are known to improve the fire resistance of silicone compounds.
Electrically conductive fillers

Silicone adhesives have excellent dielectric properties XE "properties" , which make them good insulators. However, for some applications, such as electrically conductive adhesives, a substantial increase in electrical conductivity XE "conductivity"  is highly desirable. This is being achieved by adding electrically conductive fillers to the formulation. Conductivity is attained by the percolation of electricity through the silicone matrix via a network of conductive filler particles, where each conductive particle must be in contact with at least two other such particles for electricity to flow. This requires very high filler loadings; for instance, for metal particles up to 80% by weight of the formulation. Carbon black (see the following patent literature and prior art cited therein: Kobayashi and Mizuishi, 1986; Higuchi and Nakamura, 1990; Kroupa, 1990), silver particles (Lutz and Cole, 1989; see the following patent literature and prior art cited therein: Cole and Lutz, 1991; Cole et al., 1993; Mine et al., 1995; Kleyer and Lutz, 2002a, 2002b, 2003), or silver coated particles (see Getson and Scola, 1988 and prior art cited therein), such as ceramic spheres, are the most frequently used electrically conductive fillers. Other electrically conductive metal fillers, such as copper, aluminum, and nickel, have been described in the patent literature; however, these readily can oxidize to form an insulating metal oxide layer on the filler surface, which has a strong negative impact on the electrical conductivity of the silicone adhesive. Use of metal oxides in conductive silicone adhesives has been described as well (Adachi and Suganuma, 1993), although these oxides generally are not as suitable as metal particles, due to their higher resistivity XE "resistivity" .
Thermally conductive fillers

Silicone adhesives have a very low thermal conductivity XE "conductivity" . However, for some applications, such as thermally conductive adhesives (TCA), a substantial increase in thermal conductivity is strongly desired. This is being achieved by adding thermally conductive fillers to the formulation. Thermal conductivity is attained both by direct heat transfer via a conductive filler network as well as by indirect transfer via filler/polymer interfaces and, therefore, is a function of the filler volume loading (for a more detailed discussion of the mechanisms involved see the comprehensive review of methods used to predict the thermal conductivity of filled system published by Ruetsch et al., 1976). Filler volume loading  can be increased substantially by the use of mixtures of different thermally conductive fillers with different particle sizes or shapes. Hence, formulations often include two or more thermally conductive fillers. The most commonly used thermally conductive filler, aluminum oxide (Al2O3), has a thermal conductivity of 35 W/(m·K), which is about 180 times the thermal conductivity of polydimethylsiloxane polymer. Other metal oxides have thermal conductivities similar to aluminum oxide. The exception to this rule is beryllium oxide, which has a substantially higher conductivity. However, this compound is highly toxic. Ceramic fillers, other than oxides, some of them with higher thermal conductivity than Al2O3, have been disclosed in recent patents (see Getson and Pate, 1986, and prior art cited herein). For electronic applications, often an increase in thermal conductivity is desirable, while low electrical conductivity is maintained. This is best achieved by use of ceramic fillers. Other applications demand a simultaneous increase in thermal and electrical conductivity. Such compositions containing metal particles, e.g. silver flakes, or metal-coated fillers have been described in the patent literature (see Lewis et al., 2003, and prior art cited herein).

4.5 Applications of silicone structural adhesives
Joining of materials with structural silicone adhesives offers substantial benefits over mechanical methods of fixation. The silicone adhesive distributes the load over a larger area of the joint rather than concentrating it at one location, resulting in a more even distribution of stresses. The adhesively bonded joint is thus more resistant to flexural and vibrational stresses than a mechanically fixed joint. A further, important aspect is that the silicone adhesive forms a seal as well as a bond in a single processing step (dual functionality). Mechanically fixed (e.g., bolted or riveted) assemblies often are sealed in an additional process step. The hydrophobic silicone adhesive eliminates corrosion, which often occurs in a mechanically fastened joint. The capability to fill larger gaps with a structural silicone adhesive allows the joining of irregularly shaped surfaces more easily than does a mechanical fastener. Due to the excellent self-adhesion of silicone adhesives, failed or serviced assemblies easily can be reassembled and resealed. Easy repair and serviceability are important aspects in a number of applications.
There is a wide range of silicone structural adhesive products available, including flame resistant, heat resistant, chemical resistant, oil resistant, as well as FDA and aerospace specified products. Therefore, it is impossible to produce a definitive list of applications of silicone structural adhesives, as the versatility of these materials enables their use in almost every industry. Below is a list of a few examples that will be discussed in greater detail in this section.
Automotive – lamp bonding, “under the hood” bonding applications, mirror mount adhesives 
Aerospace – high temperature bonding, vibration protection

Construction – structural glazing, bonded windows, panel stiffeners, impact mitigation protection, mirror adhesives 
Domestic Appliances – attaching glass and door hinges to oven doors

Electronics –fixing components

Solar/Photovoltaic Renewable Energy Industry – bonding PV modules into frame, attaching control boxes, bonding of wind turbine rotor blades
4.5.1 Automotive

Structural silicone adhesives are involved in a number of applications in the assembly of automotive head and fog lamps. One of the most important of these applications is the bonding of the lens, made either from glass or polycarbonate (PC), to the reflector housing or body (Figure 1). This application is done today almost exclusively using silicone adhesives, as opposed to other assembly methods. One reason for this is that flange space is rather constrained, limiting the use of compression gaskets. However, the primary reason is that the lens/reflector bond needs to be hermetically sealed against moisture, dirt, and other engine fluids such that they do not penetrate into the reflector and impair its optical function. 
Silicone adhesives have been used with great success in this application since at least the 1980s. Lamp operating conditions are harsh, with operating temperatures ranging at the high end between 70–110° C for headlamps, and 110–130° C for fog lamps. The inherent stability of silicones at high and low temperature extremes, and their excellent adhesion characteristics make these materials well suited for this demanding application. The use of silicones in this application has an excellent track record of performance (Joseph, 2008).  

The majority of the silicone adhesives used in this application are of the one- and two-component RTV condensation types (commonly alkoxy cures). Condensation cure silicone adhesives are preferred in this application over other silicone adhesives types, for example the addition cure types, because cure and especially adhesion can be tailored to proceed rapidly at room temperature.
Durable adhesion is a key performance characteristic in this structural application4: Adhesive failure to either the glass or the reflector body creates a path for moisture or other engine fluids into the lamp, leading to degradation of the optical performance. The lower shear modulus of a silicone structural adhesive results in lower stresses being induced at the interface by differential thermal expansion of the glass and the reflector housing. A further requirement for the silicone adhesive is low out-gassing at the high operational temperatures of the lamps. Proper functioning of automotive lamps demands that during operation the lens and reflector be kept absolutely free of any surface imperfections or deposits which impair lighting efficiency. Through careful investigation it is possible to formulate adhesives with reduced out-gassing and to optimize joint design so as to reduce the fogging potential even in high temperature lamps or in regular lamps with a high temperature gradient. 
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Furthermore, progress continues to be made in increasing the lighting power or brightness of light-emitting diode (HBLEDs) with resultant higher power ratings. The first all-LED headlamps already are a reality. These LED headlamp units will generate even more heat than conventional halogen and xenon lights; and the resultant temperatures in the lamp are expected to range from 105° C to ca. 160° C depending on design and size. These operating conditions will continue to necessitate the use of silicone adhesives, which are able to function in this environment. 
The most recent development in automotive lamp assembly is the use of silicone reactive hot melt or warm melt adhesives. Hot or warm melt adhesives are applied to the adherends at elevated temperatures, and make use of a rapid increase in viscosity during cooling to achieve a high level of “green strength,” or consistency. This green strength allows the adhesive to withstand moderate loads in the still uncured state, and permits handling and manipulation of bonded parts. Hot or warm melts, in general, allow an increase in manufacturing productivity, due to their instant green strength and absence of adhesive squeeze-out. Silicone hot or warm melts further offer the following performance gains: good adhesion durability, no cold flow (creep), good elastic recovery, high joint movement capability, excellent temperature resistance, and excellent resistance to UV light and humidity. Silicone reactive hot melt adhesives for automotive lamp assembly represent an exciting new development in adhesives. These products combine the processing advantage associated with hot melt adhesives with the performance benefits of silicones.     

Addition curing silicone structural adhesives frequently are used in automotive electronics that are placed “under the hood” and exposed to high operational temperatures. These materials develop a high strength bond after a short heat cure cycle with lap shear strengths of more than 6 MPa on unprimed surfaces, and can be exposed to more than 10,000 temperature cycles in the engine compartment, with a maximum service temperature of 200° C. Typical successful applications include engine management units in which the thermoplastic casing is adhered to the metal heat sink and semiconductor power modules in which stick cases are bonded to metal base plates. Key requirements for the automotive industry in general include fast handing of components, rapid development of bond strength, adhesion to a wide range of materials, including many metals and plastics, such as polyamide (PA), poly(methyl methacrylate) (PMMA), PC, poly(butylene terephthalate) (PBT), poly(ethylene terephthalate) (PET), and acrylonitrile-butadiene-styrene terpolymer (ABS), as well as excellent weathering, salt spray, and heat resistance.
Addition curing optically clear structural adhesives are used to attach rear view mirror mounts to windscreens of automobiles. The heat cure of the adhesive assembly takes place in the autoclave that is used to laminate the windscreens of the automobile. The silicone adhesive attaches a mounting plate to the glass so that a mirror can be fixed mechanically to the assembly. The UV resistance, heat resistance, and vibration resistance of the silicone adhesive make it suitable for this application. This type of adhesive also is used to attach and protect optical sensors used to initiate windshield wipers during the rain. The optically clear nature of these special automotive adhesives gives them excellent performance in such applications.  
4.5.2 Aviation and aerospace
Silicones are fundamental to many of the components used in aviation and aerospace, which, by their nature, place extreme demands on materials. Silicone semi-structural adhesives have been used in jet engines for more than 30 years, where, for instance, they prevent bimetallic corrosion even at high temperatures. They are further used in electrical, electronic, and optical assemblies and in the mounting of optics, resistors, connectors, and other components. Additional benefits stemming from the use of silicone adhesives are a wide operating temperature range; easy repairability; good physical and electrical stability over a range of frequencies, temperatures, and humidities; and the protection of components from temperature extremes, high humidity, radiation, thermal shock, and mechanical vibration. Adhesives for aviation and aerospace applications must have adhesion to a wide range of substrates, including some difficult-to-bond plastics, such as PC, polyetherimide (PEI), PMMA, polyethersulphone (PES). In general, any material used in space must possess the following characteristics:

· Excellent resistance against temperature extremes and micro-cracking during thermal cycling
· Resistance to radiation degradation

· Outstanding atomic oxygen resistance

· Low out-gassing characteristics

The special grades of silicone structural adhesives used in aerospace applications maintain adhesion and a good degree of flexibility over a wide range of operating temperatures, typically from –115° C to 200° C, where other materials would stiffen and crack. These special grades of silicone adhesives also possess excellent resistance against radiation. While silicone adhesives in space applications are not directly exposed to atomic oxygen, as they are encapsulated between two surfaces, the special aerospace grades show excellent resistance against this highly reactive form of oxygen which causes erosion of polymers (Banks et al., 1996; Banks and Demko, 2002). Silicone adhesives are able to dampen the effects of launch vibrations, to compensate for differential thermal expansion, and to protect components from temperature extremes, high humidity, radiation, thermal shock, and atomic oxygen. Silicone structural adhesives in space applications are often near or directly adjacent to electronic optical devices where contamination would be of major concern. Silicone adhesives, made by special formulation and processing techniques, meet or exceed the requirements set by American and European space agencies for low thermal vacuum out-gassing. Silicone structural adhesives are used in aerospace applications for bonding solar cells to substrates, cover glasses to solar cells, and optical solar reflectors to substrates, as well as for the assembly of electronic sub-components and sub-assemblies, optical and other sensors, electronic components, modules, relays, and connectors. Because of their excellent heat resistance, silicone adhesives also are used to bond the ablative shielding (ceramic tiles) to the body of the space shuttle.
4.5.3 Construction

The primary use of silicone structural adhesives in the construction industry is in structural sealant glazing (SSG), in bonded windows, and in protective impact-resistant glazing. SSG is the method of bonding glass, ceramic, metal, stone, or composite panels to the frame of a building by utilizing the bond strength, movement capability, and durability of a silicone structural adhesive. The Total Vision System (TVS) developed during the 1960s was an early version of SSG, as in this design the glass panes were structurally bonded to glass mullions with a silicone adhesive. By the late 1960s, medium modulus silicone adhesives also were used to bond glass panes to aluminum support mullions. The design of the 37-story-high, 23,000 m2 two-sided structural glazing façade of New York City's Park Avenue Tower, completed in 1983, established the SSG technique as an architectural landmark. After the completion of this building, SSG rapidly became the fastest growing form of curtain-wall construction in the U.S. because it allowed for broader architectural flexibility and achieved dramatic design accents in new construction or the renovation of old buildings. Today, SSG is one of the most versatile forms of curtain-wall construction in the commercial façade business. The silicone structural adhesive in all SSG designs carries repetitive, intermittent wind loads. In some super-tall buildings exposed to hurricane-strength winds, the structural bond must resist very high wind loads. In more advanced SSG designs, the silicone structural adhesive also permanently carries the weight (dead load) of the glazing panel. Other advanced SSG designs use the silicone to transfer shear loads to the glazing so that the glass is reinforcing the aluminum framing to resist deflections.  
The SSG designs offer a number of performance benefits:

· Effective air- and weather-sealing of the façade

· Improved thermal and sound insulation

· Protection of the supporting structure from the elements by a durable glass skin

· Increased rigidity and stability of the façade, resulting in the ability to withstand higher wind-loads

· Ability to absorb differential movements between glass and building frame, resulting in superior performance of SSG facades during seismic events

· Ability to have an aesthetically pleasing smooth glass façade free of mechanical interruptions. 

· Reduced deflection of glass under wind loads compared to conventional glazing since the flexible rubber anchor resists loads in both shear and tension.
The SSG technique utilizes both the adhesive and sealing properties of structural silicone adhesives. Medium modulus, good elastomeric properties, and excellent, highly durable adhesion are important to support the weight of glazed panels and to resist wind load, while simultaneously being able to absorb differential movements between dissimilar materials, induced by thermal fluctuations, seismic loading, or other forces. Because the interface between structural adhesive and glass is directly exposed to sunlight, the adhesive must develop UV-stable bonds to the glass substrate in order to achieve an expected service life of 30 years to 50 years. Because of this requirement, only silicone adhesives are acknowledged and allowed for structural glazing applications by international standards and building code bodies. An excellent review of structural glazing history, and the science and technology underpinning the building codes, is available from ASTM  (2008).
Structural silicones have been incorporated into designs in combination with laminated glass to protect occupants of buildings from impact damage due to weather events and bomb blast. The unique characteristics of the continuous flexible rubber anchor resisting loads in both tension and shear, designed into a safety glazing system with proper frame design, have superior performance unequalled by any other design. Building codes in the U.S. for structures in the hurricane prone areas of the Gulf and Atlantic states require special designs. Building requirements for U.S. government projects that may be a potential terrorist target utilize a blast mitigation system for the glazing.   

A remarkable extension of the structural glazing technology is the use of wet-applied RTV silicone structural adhesives in the manufacture of windows. This technology provides several key benefits to both window manufacturers and building owners. With the structural adhesive transferring loads between the frame and the insulating glass, the strength of the insulating glass unit contributes to the overall stability of the window. Obviously, the strength of the window then depends on the structural strength of the glass unit. However, glass has a good load bearing capability (stiffness), and can contribute considerably to the overall strength of the system. Therefore, structural bonding of the glass panes to the frame and the resulting load transfer between frame and glass result in a number of benefits of bonded windows:

· Increased structural strength of window (load transfer between frame and glass, glass panes takes on role as structural element)

· Leaner and more slender frame designs (larger vision area – increased light transmission via window opening)

· Increased window sizes with current, standard frame cross-sections (steel inserts combined with bonding technology)

· Elimination or reduction in size of steel reinforcement inserts in PVC windows

· Improved thermal insulation (U-value) and seismic performance of window

· Improved protective glazing properties (resistance to burglars, bomb blasts, hurricanes, earthquakes, avalanches, etc.)

· Improved aesthetics (appearance of the window)

· Reduced maintenance

The bonding technology results in substantial productivity gains and cost savings to the manufacturer. To the building owner, improved thermal performance, aesthetic benefits, and lower maintenance costs, all associated with this glazing technique, are important considerations. 

Knowledge of SSG systems performance has led naturally to the expanded use of silicone glazing in new high performance façade systems, in particular for protective, safety, and security glazing systems for either hurricane glazing or bomb blast resistant façades. Bomb blasts generally are characterized by extremely high loads acting on the building over a short impact time. Silicone adhesives display a very low glass transition temperature (Tg) due to the flexibility of their siloxane polymer backbone. The time-temperature-equivalence principle developed by Williams, Landel, and Ferry (Ferry, 1970) implies that a low Tg means high flexibility of the polymer chains at high temperatures within very short time scales. The theory, thus, predicts particularly good performance for silicone adhesives when submitted to a sudden load condition, typical for bomb blast, hurricane, or earthquake (Yarosh et al., in print).
Silicone adhesives also may be employed in the structural bonding of other façade components. A well-known example is the European Commission’s Berlaymont building, situated in Brussels, Belgium. The silicone structural adhesive is not only used to bond the glass to the façade sub-structure but also to join the glass louvers to the metal fixations. The computer-controlled “living” façade employs in total 21,000 of these mobile glass louvers to maintain good lightning conditions and a constant temperature in the building throughout the year.
4.5.4 Domestic appliances
Silicone structural adhesives are used in domestic appliances where flexible bonding and resistance to harsh environments are important. For example, the metal base plate of a steam iron is bonded to the plastic water tank with silicone adhesives. In electric or gas ranges, silicone adhesives bond the glass pane to the metal door frame and often also the hinges to the door frame. Numerous other applications of silicone adhesives exist in domestic appliances where they function as durable dielectric insulation, as barriers against environmental contaminants and as stress-relieving shock and vibration absorbers over a wide temperature and humidity range. However, in these applications, silicones are used primarily as assembly adhesives, and their application would not qualify as truly structural in nature.
4.5.5 Electronics
Silicone adhesives find extensive use in electrical and electronic applications where stable dielectric properties and resistance to harsh environments are important. The majority of these applications are not truly structural in nature; however, certain electric or electronic components in aerospace, automotive, or military applications may be exposed to large acceleration or deceleration forces; therefore, the bonding must be capable of transferring considerable loads. 
Silicone adhesives are used frequently in electronics as thermal and mechanical stress absorbers because of their flexibility, low ionic impurity, dielectric insulation properties, moisture resistance, and wide operation temperature range. Specially formulated grades are available as low volatile silicone adhesives as well as adhesives with high electrical and/or thermal conductivity. The trend in electronics product development and design is toward ever-increasing density, complexity, and power dissipation. This results in higher local heat flux and higher temperatures inside the modules or packaging. Interconnection of substrates having a mismatch of coefficients of thermal expansion (CTE) can lead to failure upon thermal cycling due to a build-up of mechanical stresses. In these applications, thermally conductive silicone adhesives are used in the bonding of sensitive electronic components and sub-assemblies. Thermally Conductive Adhesives (TCAs) eliminate the need for mechanical fasteners and clips, while providing an efficient method of thermal transfer between heat generating electronics devices and their heat sinks. In order to improve the thermal conductivity even further, these adhesives must be capable of very thin bond lines. Silicone TCAs can be used to form thermal pathways in applications where the distance between a component and a heat sink is highly variable. A typical application would be a printed circuit board with many different height components that need to be brought into contact with a chassis or heat sink. Silicone TCAs are used, for example, in bonding large ceramic substrates to their heat sink in automobile microprocessor controlled ignition and fuel injections.

Continuing improvements in silicone adhesive technology have enabled these adhesives to replace solder in many electronic assembly applications. Whereas solder and most other electrically conductive adhesives would be too rigid to hold up against vibrations or impact loads, highly flexible and resilient silver-filled conductive silicones easily survive high-impact applications. Electrically conductive silicones help to protect devices from environmental hazards such as moisture, and shield electromagnetic and radio frequency interference (EMI/RFI) emissions. 

4.5.6 Solar/photovoltaic/renewable energy industry
In solar applications, a silicone reactive hot-melt structural adhesive is used for bonding the photovoltaic modules into the frames and for attaching the polypropylene junction and control boxes to the solar modules. The key benefits of using this adhesive are the increased production rate in the assembly operation due to the fast bonding, the use of substrates (plastics, glass, metals) without the need for priming or surface activation, and the ability of the material to accommodate thermally induced movements in the joint. Silicone structural adhesives also are used in the integration of photovoltaic modules into curtain-wall façades and in bonding the giant rotor blades of wind turbines.
4.6 Conclusions

Silicone structural adhesives are remarkably durable, have excellent adhesion to a wide range of substrates, are capable of operating over a wide range of service temperatures, and, therefore, display a long service life even in very demanding environments. Furthermore, they can be formulated for either high or low electric and thermal conductivities. Silicone structural adhesives allow invisible bonding of components, have the ability to join dissimilar substrates and fill gaps and, therefore, eliminate corrosion problems, eliminate vibration failures, and compensate for a mismatch in the coefficients of CTE. They allow reduction in manufacturing and assembly cost by providing dual functionality (bonding and sealing). Because of these unique properties, they are used in a wide range of electric, electronic, automotive, domestic appliance, and construction applications. 

4.7 Future trends 
The trend towards low volatile content, solventless adhesives will continue into the future, favoring silicone adhesives in general, but especially the reactive silicone hot-melts. The need for primerless adhesion also will continue to exist. More recent material trends that are likely to become even more important in future are reversible adhesion (in order to ease the recycling of bonded components) and command cure, i.e., rapid cure initiated by external triggers. Silicone adhesives based on nano-composite or co-polymeric systems will provide novel or modified properties, such as lower gas permeability, higher strength, refractive index matching, and even higher service temperature performance. Life cycle costing of components and systems will favor silicone adhesives because of their higher durability and easy serviceability, both of which contribute to low overall maintenance cost. The need for lower total applied costs will continue to exist, requiring improved productivity and a reduction in components. This in turn will favor silicone adhesives with high green strength, automated application process, and rapid cure processes. Changes in substrate type and surface modification as well as increased utilization of dissimilar substrates in designs will require silicone adhesives with adhesion to an even broader range of substrate types, especially low surface energy substrates. Adhesives with the ability to control thermal, sound, and electrical energy will increase in demand as technology improves in all market sectors. The continued desire and regulatory need for adhesives and sealants with low toxicity will be the way of the future for applications in occupied spaces such as automotive and building construction. Silicone adhesives, with their flexibility, versatility, performance, and low toxicity will displace other technologies in the future. This combination of tailored performance, longevity, durability, and environmental friendliness will be the industry standard.   
4.8 Further information 
Further information on silicone adhesives and their applications may be obtained from some recent publications (Wolf, 1999; De Buyl, 2001; Brockmann et al., 2008; Dunn, 2003).
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Figure 1:  The lamp bonding application
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Table 1. Formulation ingredients and their functions (condensation cure chemistry)

	Component
	Typical chemical
	Function

	Polymer
	Hydroxyl ~SiOH,
	Backbone required to form the elastomeric network. XE "elastomeric network" 

	Plasticizer
	Trimethylsiloxy-endblocked-PDMS
	Adjustment of mechanical properties XE "properties"  such as hardness, viscoelasticity, rheology.

	Reinforcing fillers (active)
	Fumed Silica XE "Silica"  (SiO2);

Precipitated Calcium Carbonate (CaCO3);

Carbon Black
	Thixotropic reinforcing agents (non-slump XE "slump" ), adjustment of mechanical properties XE "properties"  (cohesion); provide toughness to the elastomer as opposed to brittle materials.

	Non-reinforcing fillers XE "reinforcing fillers"  (passive)
	Ground Calcium Carbonate (CaCO3)
	Reduce formulation cost; adjust rheology, and mechanical properties XE "properties" .

	Crosslinkers
	Acetoxy XE "Acetoxy"  ~Si(OOCCH3)3
Alkoxy ~Si(OR)3
Oxime ~Si(ON=CRR’)3
Amine ~Si(NHR)3
	Crosslinking XE "Crosslinking"  of the polymeric component; provide network structure.

	Specific additives
	Catalysts: organo-Sn, -Ti, -Pt, -Zn, -Rh

Adhesion XE "Adhesion"  Promoter:

X-CH2CH2CH2-Si(OR)3
Water scavenger

Pigments

Rheology additive
	Control of the rate of the curing process.

Enhance the adhesive bonding properties XE "properties"  against substrates.

Prolonging shelf life XE "shelf life" .

Offering wide range of colors.

Adjust ease-of-use characteristics and features.


Table 2. Formulation ingredients and their functions (addition cure chemistry)

	Component
	Polymer/additive
	Function

	Polymer
	Alkenyl functionalized PDMS
	Backbone of silicone cured network

	Crosslinker
	Si-H functionalized polymer
	Crosslink alkenyl PDMS

	Catalyst
	Platinum-based complex
	Fast cure at room or high temperature

	Inhibitor
	Various organic or organosilicone types
	Delays cure at room temperature and increases pot life

	Inorganic or organic filler
	Silica XE "Silica" , carbon black
	Reinforces the mechanical strength

	Pigment
	Various metallic oxides
	Color / thermal stability XE "thermal stability" 

	Adhesion XE "Adhesion"  promoter
	Various silanes XE "silanes"  and proprietary complex compounds
	Enhance adhesion of silicone to specific substrates. Prolonged durability.





1Commercially available, for example, as ‘T-series catalysts� XE "catalysts" �’ from Air Products and Chemicals, Inc., Allentown, PA, USA


2Commercially available, for example, as ‘TyzorTM, catalysts� XE "catalysts" � from Dupont, DuPont Building, 1007 Market Street, Wilmington, DE 19898, USA











3Commercially available, for example, as ‘Z Light SpheresTM, ZecosphereTM, and MacroliteTM Ceramic Spheres from 3M Corporation, Saint Paul, MN, USA 








4See General Motors (GM) Engineering Standards, Material Specification: Adhesives (GMN11280), Performance Requirements of an Exterior Lighting Structural Adhesive, General Motors Corporation (March 2006).
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