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Properties. The characteristics of vulcanizates prepared from commercially available fluoro- carbon elastomer gumstocks are given in Table 2. Thermal Stability. 
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FLUOROCARBON ELASTOMERS Introduction Fluorocarbon elastomers are ﬂuorine-containing, cross-linked amorphous polymers with a carbon–carbon backbone. They are designed for demanding service applications in hostile environments characterized by broad temperature ranges and contact with industrial chemicals, oils, or fuels. Military interest in the development of fuel- and thermal-resistant elastomers for low temperature service created a need for ﬂuorinated elastomers. In the early 1950s, the M.W. Kellogg Co., in a joint project with the U.S. Army Quartermaster Corps, and 3M Co., in a joint project with the U.S. Air Force, developed two commercial ﬂuorocarbon elastomers. The copolymers of vinylidene ﬂuoride (CF2 CH2 ) and chlorotriﬂuoroethylene (CF2 CFCl) became available from Kellogg in 1955 under the trademark of Kel-F (1–3), and a polymer based on poly(1,1dihydroperﬂuorobutyl acrylate) was marketed in 1956 as 3M brand ﬂuororubber 1F4 (4). The poor acid-, steam-, and heat-resistance of the latter limited its commercial use (see also VINYLIDENE FLUORIDE POLYMERS). In the late 1950s, the copolymers of vinylidene ﬂuoride and hexaﬂuoropropylene (CF2 CFCF3 ) were developed on a commercial scale by 3M (Fluorel) and by DuPont (Viton) (5–7). In the 1960s, terpolymers of vinylidene ﬂuoride, hexaﬂuoropropylene, and tetraﬂuoroethylene (CF2 CF2 ) were developed (8) and commercialized by DuPont as Viton B. At about the same time, Montedison developed copolymers of vinylidene ﬂuoride and 1-hydropentaﬂuoropropylene as well as terpolymers of these monomers with tetraﬂuoroethylene marketed as Tecnoﬂon polymers (9,10) (see also PERFLUORINATED POLYMERS).
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In the 1960s and 1970s, DuPont introduced polymers containing perﬂuoro (methyl vinyl ether), CF2 CFOCF3 . With tetraﬂuoroethylene and a cure-site monomer, it gives a perﬂuoroelastomer, and when it is used as a comonomer with vinylidene ﬂuoride and/or tetraﬂuoroethylene, improved low temperature properties are obtained (11,12). Peroxide cure-site monomers, typically iodine- or bromine-containing ﬂuoroleﬁns, have also been polymerized with the above monomers for improved steamand amine-resistance (13–20). Copolymers of propylene and tetraﬂuoroethylene were introduced in the early 1980s by Asahi Glass Co., Japan (21–26). 3M introduced bisphenol/onium cured copolymers of vinylidene ﬂuoride, tetraﬂuoroethylene, and propylene in the late 1980s (27–30). The principal commercial ﬂuorocarbon elastomers are given in Table 1. Of the approximately 10,000 t consumed worldwide per year, ca 40% is used in the United States, 30% in Europe, and 20% in Japan, and 10% APAC (excl. Japan); 2000 prices were $44–$4000/kg.



Properties The characteristics of vulcanizates prepared from commercially available ﬂuorocarbon elastomer gumstocks are given in Table 2. Thermal Stability. The retention of elongation after thermal aging is an indication of the thermal stability of ﬂuorocarbon elastomers. As shown in Figure 1, ﬂuorocarbon elastomers are far superior to hydrocarbon elastomers. A more severe test at 205◦ C shows that a typical molding compound retains 90% of initial elongation after 1 year. Retention of tensile strength is another important characteristic of ﬂuorocarbon elastomers. Figure 2 demonstrates the effect of long-term heat aging on a typical O-ring compound made from vinylidene ﬂuoride– hexaﬂuoropropylene copolymer; 90% of the initial tensile strength is retained after
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Fig. 1. Elongation retention of vulcanized elastomers at 150◦ C: A, nitrile; B, ethylene– propylene–diene monomer (EPDM); C, acrylate; D, ﬂuorocarbon (31).
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Table 1. Commercial Fluorocarbon Elastomers Copolymer Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene)



Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) plus cure-site monomer Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene-cotetraﬂuoroethylene)



Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene-cotetraﬂuoroethylene) plus cure-site monomer



Poly[vinylidene ﬂuoride-co- tetraﬂuoroethylene-coperﬂuoro(methyl vinyl ether)] plus cure-site monomer



Trademark



Supplier



Dai-el Dyneon Tecnoﬂon Viton Dyneon



Daikin LLCa Ausimont DuPont Dowb LLC



Dai-el



Daikin



Dyneon Tecnoﬂon Viton Dai-el



LLC Ausimont DuPont Dow Daikin



Dyneon Tecnoﬂon Viton Dai-el



LLC Ausimont DuPont Dow Daikin



Tecnoﬂon Viton Poly[tetraﬂuoroethylene-co-perﬂuoro(methyl vinyl ether)] Dai-el plus cure-site monomer Dyneon Kalrez Tecnoﬂon Poly(tetraﬂuoroethylene-co-propylene) Aﬂas Dyneon Poly(vinylidene ﬂuoride-co-tetraﬂuoroethyleneAﬂas co-propylene) Aﬂas Dyneon Viton Aﬂas Poly(tetraﬂuoroethylene-co-ethylene-co-perﬂuoro(methyl Viton Extreme vinyl ether) plus cure-site monomer



Ausimont DuPont Dow Daikin LLC DuPont Dow Ausimont Asahi Glass Dyneon Asahi Glass Asahi Glass LLC DuPont Dow Asahi Glass DuPont Dow



a Wholly b Joint



owned subsidiary of 3M. venture between DuPont and Dow Chemical Co.



1 year at 205◦ C. Perﬂuoroelastomers [copolymers of tetraﬂuoroethylene and perﬂuoro (alkyl vinyl ethers)] are more thermally stable yet. Some of these polymers are stable up to 320◦ C. Chemical Resistance. The resistance of ﬂuorocarbon elastomer compounds to chemicals is given below: (1) Excellent resistance, may be used without reservation, eg, automotive fuels and oils, hydrocarbon solvents, aircraft fuels and oils, hydraulic ﬂuids, and certain chlorinated solvents.
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Table 2. Properties of Fluoroelastomers Property Physical properties Tensile strength, MPaa 100% modulus, MPaa Elongation at break, % Hardness, Shore A Compression set, % 70 h at 25◦ C 70 h at 200◦ C 1000 h at 200◦ C Speciﬁc gravity of gumstock Low temperature ﬂexibility,c ◦ C Tg TR10 Brittle point,c ◦ C Thermal degradation temperature, ◦ C General characteristics Gas permeability Flammability Radiation resistance Abrasion resistance Weatherability and ozone resistance



ASTM test method D412



D2240 D395b



Value/description 9–20 2–16 100–500 45–95



D297



9–16 10–30 50–70 1.80–2.04



E1356 D1329 D2137 E1131



0 to −30 0 to −30 −18 to −50 400–550



Very low Self-extinguishing or nonburningd Good to fair Good and satisfactory for most uses Outstandinge



a To



convert MPa to psi, multiply by 145. B for 5-mm O-ring. c Highly dependent on material grade. d When properly formulated. e Unaffected after 200-h exposure to 150-ppm ozone. b Method



(2) Good to excellent resistance, gum and compound must be chosen with care, eg, highly aromatic solvents, polar solvents, water and salt solutions, Aqueous acids, dilute alkaline solutions, oxidative environments, and amines. (3) Not recommended, to be used only with perﬂuoro and TFE/propylene elastomers, eg, ammonia, strong caustic, 50% sodium hydroxide above 70◦ C, and, certain polar solvents, eg, low molecular weight ketones, esters, and ethers. However, Viton Extreme (32) is resistant to ammonia, strong caustic, and certain polar solvents. In the past 10 years ﬂuoroelastomers containing 70–72% ﬂuorine have been introduced. These highly ﬂuorinated elastomers are resistant to the new oxygenated fuels now used in the automobile industry and meet the stringent permeation requirements (33–35) (see Fig. 3). Compression-Set Resistance. Fluorocarbon elastomers are used in the sealing industry because of their resistance to compression set under extreme
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Tensile-Strength Retention
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Fig. 2. Tensile-strength retention in continuous service for ﬂuorocarbon elastomers, compound 1 (see Table 5). Methanol Volume Swell Comparison



Volume swell in methanol, %



120 100 80 60 40 20 0 65



66



67



69 68 Fluorine, wt%



70



71



Fig. 3. The percent volume swell in methanol for 7 days at 21◦ C compared with the weight percent of ﬂuorine in ﬂuorocarbon elastomers: 66%, dipolymer of vinylidene ﬂuoride–hexaﬂuoropropylene; 68% and 70%, terpolymers of vinylidene ﬂuoride– hexaﬂuoropropylene–tetraﬂuoroethylene.



conditions. Plots of compression set vs time are shown in Figure 4 for compounds prepared especially for compression-set resistance (O-ring grades).



Manufacture The elastomers listed in Table 1 are typically prepared by high pressure, freeradical, aqueous emulsion polymerization (5,8,36,37). The initiators are organic or
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Fig. 4. Compression-set values of ﬂuorocarbon elastomers at 200◦ C (ASTM D 395), 3.5-mm O-rings: A, compound 1 (see Table 5); B, compound 2 (see Table 5).



inorganic peroxy compounds, such as ammonium persulfate, and the emulsifying agent is usually a ﬂuorinated acid soap. The temperature ranges from 30 to 125◦ C and the pressure from 0.35 to 10.4 MPa (50–1500 psi). The molecular weight of the polymer is controlled by the ratio of initiator to monomer or choice of chain-transfer agent, or both. Typical chain-transfer agents are ethyl acetate, methanol, acetone, diethyl malonate, and dodecylmercaptan (38–40). A typical polymerization recipe is given in Table 3. The aqueous emulsion polymerization is conducted by batch, semicontinuous, or a continuous process (Fig. 5). In a simple batch process, all the ingredients are charged to the reactor, the temperature raised, and the polymerization run to completion. In a semicontinuous process all the recipe ingredients are added to the reactor and the vessel is pressurized with the monomers. The reaction is started and the consumed monomers are continuously replenished in order to maintain constant reactor pressure. In a continuous process (37), feeding of the ingredients and removal of the polymer latex are continuous. The discharge of latex from the reactor is controlled by a pressure-control or relief valve. The polymer latex is coagulated into a crumb Table 3. Typical Fluorocarbon Elastomer Polymerization Recipe Component



Grams



Vinylidene ﬂuoride Hexaﬂuoropropylene Diethyl malonate Ammonium persulfate Ammonium perﬂuorooctanoate Potassium phosphate, dibasic Water



61 39 0.13 0.35 0.90 0.85 225
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Vinylidene fluoride



Hexafluoropropylene
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Reactor Formulation tank



Coagulation tank
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Dewater Dryer



To packaging Mixer
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Fig. 5. Production of ﬂuorocarbon elastomers.



by adding salt or acid, a combination of both, or by a freeze-thaw process. The crumb is washed, dewatered, and dried. Most ﬂuorocarbon elastomer gums contain a cure system, and, in the ﬁnal step, the cure additives are incorporated in a two-roll mill, in an internal mixer, or in a mixing extruder. The cure system comprises an organic onium cure accelerator, such as triphenylbenzylphosphonium chloride, and a bisphenol cross-linking agent, such as hexaﬂuoroisopropylidenediphenol. These cure systems improve compression-set performance and processing safety and accelerate cure cycles. For complete formulation, reinforcing ﬁllers and metallic oxides are added, the latter as acid acceptors (41–46). Raw gums contain no curative, and cure ingredients such as diamines, bisphenols, or peroxides (47) must be added in addition to formulation (compound) ingredients. Diamines were the ﬁrst commercially important curing agents; they give good thermal resistance but poor scorch resistance. Bisphenol/onium cure systems yield very low compression set and good processing
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safety. Peroxide cure systems improve steam and water resistance and give fair compression-set resistance; no water is produced during cure.



Processing Compounding. Compared with the large number of ingredients required in a conventional rubber recipe, ﬂuorocarbon elastomer compounding seems simple (Table 4) (see RUBBER COMPOUNDING). O-Rings. In O-ring applications, the primary consideration is resistance to compression set. The choice of a ﬂuorocarbon elastomer gum is based on gum viscosity, cross-link density, and cure system. Formulations are given in Table 5 (compounds 1 and 2). Long-term compression-set resistance is described in Figure 4. Values are reduced by using gumstock of higher viscosity at comparable cross-link densities. Compression-set resistance also depends on the cure system. The bisphenol/onium cure system offers the lowest compression-set resistance, as shown in Table 6. Table 4. Typical Fluorocarbon Elastomer Compound Component



phr



Elastomer Magnesium oxide or calcium hydroxide Filler, reinforcing or nonreinforcing Accelerators or curatives Process aids



100 6–20 0–60 0–6 0–2



Table 5. Fluorocarbon Elastomer O-ring Compounds Compound 1 Compound 2 Typical formulation, phr Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) MLa 1 + 10 at 121◦ C = 40b MLa 1 + 10 at 121◦ C = 100b Hexaﬂuoroisopropylidenediphenol Triphenylbenzylphosphonium chloride Magnesium oxide Calcium hydroxide MT Black (N-990) Physical propertiesc Tensile strength, MPad Elongation at break, % Hardness, Shore A Compression set,e % Speciﬁc gravity a Mooney



viscosity, large rotor. 2230 and 2178 (Dyneon). c Press cure, 5 min at 177◦ C; postcure, 24 h at 260◦ C. d To convert MPa to psi, multiply by 145. e ASTM D395, method B (O-ring) for 70 h at 200◦ C. b FKM



100 2.1 0.45 3 6 30 15 200 75 15 1.8



100 2.1 0.45 3 6 30 15 200 75 10 1.8
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Table 6. Effect of Cure System on Processing Safety and Compression-Set Resistance



Formulation, phr Poly(vinylidene ﬂuoride-co-hexaﬂuoropropylene) plus cure-site monomera MLb 1 + 10 at 121◦ C = 60 N, N  -Dicinnamylidene-1,6-hexanediamine Hexaﬂuoroisopropylidenediphenol Triphenylbenzylphosphonium chloride Triallylisocyanurate 2,5-Dimethyl-2,5-bis-t-butylperoxyhexane MT Black (N-990) Magnesium oxide Calcium hydroxide Zinc oxide Mooney scorchc Minimum Time to 18-point rise, min Compression set, %



Amine



Bisphenol



100 2.5



100



Peroxide



100



2.1 0.5



30 15



30 3 6



3.0 1.25 30



3 67 11 45



53 
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