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Processing of Carbon Fibers



Introduction Carbon fibers are fabricated from pitch fibers, polymer fibers (e.g., polyacrylonitrile), or carbonaceous gases (e.g., acetylene). Those made from pitch and polymer fibers are commercially available, whereas those made from carbonaceous gases are not yet commercially available. Those made from pitch and polymer fibers are in short and continuous forms, whereas those made from carbonaceous gases are in the short form only. Fibers made from pitch and carbonaceous gases are more graphitizable than those made from polymers, so they can attain higher thermal conductivity and lower electrical resistivity. The raw materials cost is much lower for making fibers from pitch or carbonaceous gases than from polymers. However, the present market is dominated by those made from polymers because of their combination of good mechanical properties (particularly tensile strength) and reasonable cost. In contrast, highly graphitic pitch-based carbon fibers are very expensive, though they have high tensile modulus, high thermal conductivity, and low electrical resistivity. On the other hand, the price of pitch-based carbon fibers is expected to drop when the production volume increases. Eventually, the least expensive carbon fibers are expected to be those made from pitch and carbonaceous gases. The fabrication of carbon fibers from pitch or polymers involves pyrolysis of the pitch or polymer; this is performed by heating. Pyrolysis is akin to charring, thus forming carbon. In contrast, the fabrication of carbon fibers from carbonaceous gases involves catalytic growth of carbon. For the pyrolysis process, pitch has the advantage of having a higher carbon yield than polymers. This chapter describes the methods for fabricating carbon fibers from all three types of precursors. The chemical treatments and coatings needed to enhance the bonding with various matrices in composite materials are addressed in the chapters on composite materials. As carbon fibers are most conveniently used in a woven form, weaving is also covered in this chapter.
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CARBON FIBER COMPOSITES



Carbon Fibers made from Pitch Pitch used as a precursor for carbon fibers can be a petra,;um pitch (such as a distillation residue obtained by the distillation of crude oil under atmospheric or reduced pressure, or a heat-treated product of the by-product tar obtained by the pyrolysis of naphtha), a coal tar pitch, or other pitches. Coal pitches are, in general, more aromatic than petroleum pitches. Table 2.1 [l] shows a chemical analysis of typical commercial pitches derived from petroleum and coal. The coal pitch has a much higher benzene and quinolineinsoluble content. A high quinoline-insoluble content usually means that the material has a high solid content. These solid carbon particles can accelerate coke formation during subsequent thermal processing of the pitch and lead to fiber breakage during extrusion and thermal treatment. Therefore, although petroleum pitches are less aromatic, they are more attractive as precursors for carbon fibers [2]. Pitch is a thermoplast, so it melts upon heating. The melt can be spun to form pitch fibers. The pitch fibers must be pyrolyzed (carbonized) by heating at 2 1000°C to form carbon fibers and they must maintain their shape during carbonization, so they must first undergo infusiblization (stabilization). Infusiblization is a process for rendering the pitch infusible. This process involves air oxidation at 250400°C. After carbonization at 2 1OOO"C in an inert atmosphere, graphitization is optionally carried out at 2 2 500"C,if a high modulus, a high thermal conductivity, or a low electrical resistivity is desired. The higher the graphitization temperature, the more graphitic is the resulting fiber. High-strength HT-type carbon fibers are formed after carbonization whereas high-modulus HM-type carbon fibers are formed after graphitization. If isotropic pitch is used as the precursor, the graphitization heat treatment has to be carried out while the fiber is being stretched. This costly process, called stretch-graphitization, helps to improve the preferred orientation in the fiber. On the other hand, if anisotropic pitch is used as the precursor, stretching is not necessary, because the anisotropic pitch has an inherently preferred orientation of its molecules. Isotropic pitch can be converted to anisotropic pitch by heating at 350450°C for a number of hours [3,4]. The anisotropy refers to optical anisotropy; the optically anisotropic parts shine brightly if the pitch is polished and observed through the crossed nicols of a reflection type polarized light microscope. The anisotropy is due to the presence of a liquid crystalline phase, which is called the mesophase. The mesophase is in the form of small liquid droplets. Within each droplet, large planar molecules line up to form nematic order. The droplets (spherules) grow in size, coalesce into larger spheres and eventually form extended anisotropic regions. The so-called mesophase pitch is a heterogeneous mixture of an isotropic pitch and the mesophase. The relative amounts of the two phases can be determined approximately by extraction with pyridine or quinoline. The isotropic fraction is soluble in pyridine, while the
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Properties of coal and petroleum pitches. From Ref. 1. Coal pitch Petroleum pitch’



Softening point (“C) Glass transition temperature (“C) Mass % C Mass % H Mass % S Mass % N Mass % 0



Percent aromatic H (NMR) Percent benzene insoluble M,,(benzene soluble) Percent quinoline insoluble



116 34 91.9 4.13 0.73 1.17 1.05 82 32



120 48 93.3 5.63 1.00 0.11 0.37
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“Ashland 240 (a petroleum pitch).



mesophase is insoluble due to its high molecular weight. The mesophase has a higher surface tension than the low-molecular-weight isotropic liquid phase from which it grows. As the proportion of mesophase increases, the viscosity of the pitch increases, so a higher temperature is required for subsequent spinning of the pitch into fibers. As the mesophase is heated, its molecular weight increases (it polymerizes), cross-linking occurs and the liquid eventually becomes solid coke. This solidification must be avoided in the spinning of carbon fibers. Moreover, the difference in density between the two phases in mesophase pitch causes sedimentation of the mesophase spherules. Although the sedimentation can be decreased by agitating the pitch, it makes it difficult to obtain homogeneous fibers from the pitch. Hence, there are pros and cons about the presence of the mesophase. Nevertheless, mesophase pitch is important for producing high-performance pitch-based carbon fibers. A method to produce mesophase pitch involves (1) heating the feed pitch (e.g., at 400°C in N2 for 14-32h. [5]), with or without de-ashing and distillation, to transform to mesophase pitch containing 7040% mesophase, (2) allowing to stand at a slightly lower temperature so that the mesophase sinks, and (3) separating the mesophase by centrifuging [4,6]. Mesophase pitch is used in the UCC process [SI, now owned by Amoco. Due to the shortcomings of mesophase pitch, neomesophase pitch (optically anisotropic), dormant anisotropic pitch (optically isotropic) and premesophase pitch (optically isotropic), are used [3]. The neomesophase pitch is produced by first removing the highmolecular-weight component by solvent extraction (using an aromatic solvent such as toluene), as this component tends to form coke upon heating, and then heating at 230400°C [3]. The neomesophase has a lower softening temperature than the mesophase, so it can be spun at a lower temperature, which reduces
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the coke formation [4]. Neomesophase pitch is used in the EXXON process [7], which is now owned by du Pont. The dormant anisotropic pitch is between isotropic and mesophase pitches in nature. It is dormant in the sense that it does not interfere with spinning, but, on heating after spinning, it becomes active and orients itself [4]. The process of forming dormant anisotropic pitch involves (1) heating pitch at 380450°C to form anisotropic pitch containing several percent of mesophase, (2) hydrogenation of the anisotropic pitch to form isotropic pitch with a lower softening temperature, and (3) heating the isotropic pitch at 350--380°C to form dormant anisotropic pitch [l].This pitch results in a carbon fiber between GP and HP grades and with high elongation [6]. The premesophase pitch is formed by (1) hydrogenation at 380-500°C using hydrogen donor solvents (such as tetrahydroquinoline) , H2/catalysis and other techniques, and (2) heating the hydrogenated pitch at > 450°C for a short time. This pitch is optically isotropic at the spinning temperature, but orients readily during heating subsequent to spinning. Coal-derived pitch is preferred to petroleum-derived pitch for this method, which is called the Kyukoshi method [3,6]. Dormant anisotropic pitch and premesophase pitch have a rather naphthenic nature, which is caused by hydrogenation [3]. A process not involving hydrogenation but involving the polymerization of naphthalene has been reported for producing an optically anisotropic pitch [8]. The preparation of mesophase pitch from isotropic pitch involves heat treatment at 350450°C. During the heating, an inert gas such as nitrogen is often bubbled through the pitch to agitate the fluid and to remove the low-molecular-weight components. However, retention of some of these components is vital for the mesophase to have a low quinoline-insoluble (QI) content and a low melting point. For retaining some of these components, a prior heat treatment either in the presence of a reflux or under a moderate pressure is effective [9]. The conversion from isotropic pitch to mesophase pitch is a timeconsuming process which can take as long as 44 h. To promote this transformation, an oxidative component can be added to the inert sparging gas. For example, the modified sparging gas can be nitrogen containing 0.1-2 vol.% oxygen [lo]. Other than having a high degree of aromaticity, pitches for making carbon fibers should have 88-93wt.% C, 7-5wt.% H, and other elements (e.g., S and N) totalling below 4 wt.% [lo]. Therefore, feed pitch needs to undergo de-ashing and distillation prior to the various processes mentioned above. Figure 2.1 summarizes the typical preparation methods of precursor pitch for high-performance carbon fibers. The spinning of mesophase pitch to form pitch fibers is difficult for a number of reasons [4].
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1. The mesophase is viscous. 2. The higher spinning temperature of mesophase pitch compared to isotropic pitch causes additional polycondensation, which leads to gas evolution. Thus, the spinneret needs to be vented to avoid entrapping the gas bubbles in the carbon fibers. 3. The mesophase pitch has a heterogeneous structure, which consists of anisotropic mesophase and isotropic regions. In spite of the difficulties mentioned above, mesophase pitch is used to produce high-modulus, high-strength carbon fibers having a highly oriented structure [ll].The spinning of mesophase pitch is performed by a variety of conventional spinning methods, such as centrifugal spinning, jet spinning and melt spinning. Melt spinning (more accurately termed melt extrusion) is most commonly used. It involves extruding the melted pitch into a gaseous atmosphere (e.g., N,) through nozzles directed downward, so that the extruded fibers are cooled and solidified. The melt spinning process is illustrated in Figure 2.2 [2]. An extruder is typically used to melt the pitch and pump it to the spin pack, which contains a filter for removing solid particles from the melt. After passing through the filter, the melt exits the bottom of the spin pack through a spinneret, which is a plate containing a large number of parallel capillaries. An airflow is often directed at the melt exiting from these capillaries in order to cool the fibers. The solidified fiber is finally wound onto a spinning spool. The capillary or orifice has a typical diameter of 0.1-0.4mm. For spinning 10pm diameter fibers at 2.5 m/s from an orifice of diameter 0.3 mm, a draw ratio of about 1 0OO:l is required. Typical spinning parameters are shown in Table 2.2. The temperature of the nozzles is determined depending on the type of the pitch and the melt viscosity most suitable for spinning. An increase in the spinning temperature decreases the viscosity of the pitch, as shown in Figure 2.3 [6] for premesophase pitch prepared by the Kyukoshi method and spun at Pitch Preparation
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Typical preparation methods of precursor pitch for high-performance carbon fibers. From Ret. 3. Figure 2.1
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Apparatus for the melt spinning of pitch. From Ref. 2. (Reprinted by Figure 2.2 permission of Kluwer Academic Publishers.)



Table 2.2



Spinning parameters used by two companies. From Ref. 4



Spinning temperature ("C) Spinneret diameter (mm) Number of holes Spinneret capillary length-todiameter ratio Filament diameter (pm) Filament speed (dmin.) Draw ratio



Kureha



Union Carbide



240-330



350-436 0.07-0.38



0.1-0.9



30-120 n.a. 8-30 400-1700 400-5000



41-1 OOO



2-5 8-50



29-226 3-1 702



n.a. = not available.



300-400"C. The viscosity in turn controls the microstructure of the resulting fiber, also shown in Figure 2.3. When the spinning temperature is 349°C or below, a radial-type structure forms. When the spinning temperature is raised above 349"C, the structure changes from the radial-type structure to either the random-type structure or the radial-type structure surrounded by the onionskin-type (concentric-circle-type) structure. At very low spinning temperatures, the structure is often accompanied by V-shaped grooves or cracks extending from the circumference toward the center of a fiber (Figure 2.3, rightmost), so it is not desirable for the mechanical properties of the fiber [6]. The design of the spinneret also affects the microstructure of the resulting fiber. Since the radial-type structure results from a laminar flow of mesophase pitch through the spinneret, it can be suppressed by changing the flow from laminar to turbulent. A turbulent flow can be obtained by using a spinneret hole with narrower and wider parts (Figure 2.4b) [6,12] or a hole containing a filter layer of stainless steel particles or mesh (Figure 2 . 4 ~ )[6].
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Viscosity of mesophase pitches prepared by the hydrogenation method (Kyukoshi method), with schematic microstructuresof carbon fibers obtained by spinning at 300400°C. From Ref. 6. Figure 2.3



Figure 2.4 Schematic structures of spinnerets that are (a) conventional, or (b) and (c) designed to avoid the formation of a radial-type carbon fiber microstructure. From Ref. 6 .



The cross-sectional shape of the spinneret hole can be used to control the microstructure and cross-sectional shape of the resulting fiber, as illustrated in Figures 2.5 and 2.6 [6]. Noncircular carbon fibers are attractive in their increased surface area to volume ratio and the presence of crevices in some of the shapes. The crevices result in increased fiber wetting through capillary action. Thus, noncircular carbon fibers may provide improved fiber-matrix bonding in composites [131. Short pitch fibers are made by melt blowing rather than melt spinning. As illustrated in Figure 2.7, melt blowing involves melting the pitch and then extruding the pitch through a spinneret, such that a gas stream is passed
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Possible reaction mechanisms for pitch oxidation. From Ref. 14. (By Figure 2.8 permission of Erdoel und Kohle, Erdgas, Petrochernie.) molecules; the intermolecular interactions result in a higher softening point. The heating during stabilization is performed in air at 250-350°C, as provided by a cylindrical furnace placed below the spinning nozzles prior to windup or by blowing hot air through a spool of as-spun pitch fibers. Possible reaction mechanisms for pitch oxidation are shown in Figure 2.8. The direct oxygen attack of individual pitch molecules results in the formation of ketone, carbonyl, and carboxyl groups [14]. The oxidation reaction is accelerated by methyl- and hydro- groups, which also react with carbonyl groups [15]. The introduction of polar CO groups leads to hydrogen bonding between adjacent molecules. During subsequent carbonization at 1 OOO°C, the oxidized molecules may serve as starting points for three-dimensional cross-linking [14]. A pitch with a higher softening point permits oxidation to take place at a higher temperature, thereby greatly reducing the time required for oxidation. Therefore, in isotropic pitch fiber production, a pitch with a higher softening point is preferred, even though it is less spinnable [2]. Mesophase pitch fibers have higher softening points than isotropic pitch fibers, so they can undergo stabilization at a higher temperature, which makes the process faster. Indeed minutes are required for stabilizing mesophase pitch fibers, whereas hours are required for stabilizing isotropic pitch fibers [4]. A skin-core structure with the skin richer in oxygen than the core can be introduced in mesophase pitch fibers by incomplete oxidative stabilization. The longer the time of stabilization, the thicker the skin; the skin is the stabilized part. However, stabilization slows down as it proceeds to the interior of a fiber. Figure 2.9 shows the oxygen distribution in a mesophase pitch fiber (30pm diameter) after oxidative stabilization at 300°C for 15 min. This oxygen distribution corresponds to a skin thickness of 5 p m . After 30min. of stabilization, the skin thickness has increased to 9 p m ; after 90min. of stabilization, the skin has fully grown, leaving behind no core [16,17]. Incomplete oxidative stabilization may be followed by solvent extraction to help avoid adhesion among the fibers after carbonization. The solvent, such as tetrahydrofuran (THF) or benzene, serves to remove the soluble or fusible fractions in the surface layer. Incomplete oxidative stabilization followed by solvent extraction is called two-step stabilization [18,19]. Due to the low tensile strength of pitch fibers (isotropic or mesophase
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Oxygen distribution along the diameter from the surface to the center of a Figure 2.9 30pm diameter stabilized mesophase pitch fiber. From Ref. 16. (Reprinted by courtesy of Chapman & Hall, London.) pitch), fiber handling should be minimized during stabilization. The tensile strength and modulus of the as-spun mesophase pitch fiber are much lower than those of the carbonized mesophase pitch fiber, as shown in Table 2.3 [2]. In order to reduce fiber sticking and fusion during the stabilization treatment, colloidal graphite, an aqueous suspension of carbon black in ammonium 2-ethylhexyl sulfate, silicone, or other lubricants, can be applied on the surface of the pitch fibers before stabilization [4,20]. The separability of the individual filaments can be improved by using a suspension comprising a silicone oil (e.g., dimethylpolysiloxane) and fine solid particles (e.g., graphite, carbon black, silica, calcium carbonate, etc., of particle size 0.05-3 pm preferably)



POI.



After stabilization, the pitch fibers are carbonized by heating in a series of heating zones at successively higher temperatures ranging from 700-2 OOO"C. An inert atmosphere is used to prevent oxidation of the resulting carbon fibers. During carbonization, the remaining heteroatoms are eliminated. This is accompanied by the evolution of volatiles, so a gradated series of heating zones is needed to avoid excessive disruption of the structure. The greatest quantity of gases, mainly CH4 and H2, are evolved below 1OOO"C. Above lOOO"C, hydrogen is the principal gas evolved [2]. For temperatures < 2 OOO"C, nitrogen Average mechanical properties of mesophase fibers at various stages of processing. From Ref. 2.



Table 2.3



As-spun mesophase fiber Carbonized mesophase fiber



Tensile strength (GPa)



Tensile modulus (GPa)



0.04



4.7 215.8



2.06
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Cross-sectionalmicrostructures of mesophase carbon fibers. From Ref.



2. (Reprinted by permisssion of Kluwer Academic Publishers.)



can be used for the inert atmosphere. For temperatures > 2 OOO"C, nitrogen is not suitable because of the danger of nitrogen reacting with carbon to form a cyanogen; argon can be used instead. The transverse (cross-sectional) fiber microstructure developed during fiber formation is retained after carbonization. This microstructure is influenced by the flow profile during extrusion from the spinneret and by the fiber elongation prior to windup [2]. Figure 2.10 illustrates the various transverse microstructures in mesophase pitch-based carbon fibers. The lines within each panel of Figure 2.10, whether straight or curved, depict the carbon layers, which are parallel to the fiber axis, at least preferentially. After carbonization, graphitization is carried out (optionally) by heating in an inert atmosphere at 2 500-3 O00"C. A variation of the melt spinning method involves spinning the pitch upward, such that the molten pitch goes through the spinneret upward and the extrusion face of the spinneret is in contact with a liquid (17W5O"C) which has a density greater than that of the pitch. The density difference causes the fiber to move upward (due to buoyancy). On top of and in contact with this liquid layer is another layer of the same liquid at a higher temperature (500-650°C), which causes dehydrogenation of the fiber. The higher-temperature liquid is less dense than the lower-temperature liquid below it, so it stays on top. The liquid may be LiCl or KCl. On top of the top liquid layer is inert atmosphere at an even higher temperature (above 900°C) for further dehydrogenation, which results in carbon fibers containing more than 95 wt.% C. The main attraction of this form of melt spinning is the elimination of the oxidation step due to the support of the weak spun fiber by the high-density liquid around it [21]. Carbon Fibers made from Polymers Carbon fibers are most commonly made from polymer precursors in the form of textile fibers that leave a residue of carbon and do not melt on
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CARBON FIBER COMPOSITES Table 2.4 Weight loss on heating precursor fibers at 1OOO"C in helium. From Ref. 22.



Weight loss (%)



Precursor fibers



Pitch PAN preoxidized PAN Saran Rayon Ramie



30 38 60,67 74 88 91



pyrolysis in an inert atmosphere. The polymers include rayon cellulose, polyvinylidene chloride, polyvinyl alcohol, and, most commonly, polyacrylonitrile (PAN). Table 2.4 [22] shows the weight loss on heating pitch and polymer precursor fibers in helium at 1 0oO"C. The weight loss of PAN fibers is higher than that of pitch fibers, but lower than those of other polymer fibers. In particular, the carbon yield of PAN is about double that of rayon, although PAN fibers are more expensive than rayon fibers. Moreover, PAN fibers have a higher degree of molecular orientation than rayon fibers. This section focuses on carbon fibers made from PAN. Acrylonitrile, CH2=CH-CN, is the monomer; it has a highly polar nitrile group. /--h +CH2-CH=C=NCH2=CH-C=Q It is polymerized by addition polymerization to PAN.
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The polymerization can yield a precipitated polymer by using a solvent in which the polymer is soluble. Suitable solvents include dimethyl formamide, dimethyl sulfoxide, and concentrated aqueous solutions of zinc chloride and sodium thiocyanate. All are liquids with highly polar molecular structures, as the polar groups attach to the nitrile groups, thereby breaking the dipoledipole bonds [23]. The initiators used for the addition polymerization can be the usual ones, such as peroxides, persulfates, azo compounds such as azo-bis-isobutyronitrile, and redox systems [23]. The initiators provide free
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radicals for the initiation, which is the addition of a radical to an acrylonitrile molecule to form a larger radical. R'



+ CHZ=CH + R-CHZ-CH' I I CN



CN



where R' represents a radical. PAN is a white solid with a glass transition temperature of about 80°C and a melting temperature of about 350°C. However, PAN degrades on heating prior to melting. Polymer fibers can be fabricated by various spinning methods.



1. Melt spinning: extruding a melt of the polymer. 2. Melt assisted spinning: extruding a homogeneous single-phase melt in the form of a concentrated polymer-solvent blend. 3. Dry spinning (Figure 2.11a [24]): extruding a solution of the polymer in a volatile organic solvent into a circulating hot gas environment in which the solvent evaporates. 4. Wet spinning (Figure 2.11b [24]): extruding a solution of the polymer in an organic or inorganic liquid into a coagulating liquid (a mixture of a solvent and a nonsolvent); this precipitates the polymer, which is then drawn out as a fiber. 5. Dry-jet wet spinning: extruding a solution of the polymer into an air gap (- 10 mm), followed by a coagulating bath, in order to enhance orientation prior to coagulation.



Figure 2.1 1 Schematic of the polymer spinning process: (a) dry spinning (2 500 filaments) and (b) modern wet spinning (320 OOO filaments). From Ref. 24. (By permission of Elsevier Science Publishers B.V.)
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All methods involve pumping the melt or solution of the polymer through a large number of small holes in a stainless steel disc, called a spinneret, such that the hole diameter is about twice the final diameter of the fiber. Spinning in clean-room conditions produces better PAN fibers [22]. Because PAN decomposes below its melting temperature, melt spinning is not possible. Melt assisted spinning of PAN uses a solvent in the form of a hydrating agent to decrease the melting point and the melting energy of PAN by decoupling nitrile-nitrile association through the hydration of pendant nitrile groups. With a low melting point, the polymer can be melted without much degradation [25,26]. Water is most commonly used as the hydrating agent. Water-soluble polyethylene glycol (PEG) can also be used [22]. The PAN/water system (1 part PAN to 3 parts water) forms a single-phase solution above 180°C and the solution phase-separates with solidification of the polymer on cooling to 130°C [27]. Carbon fibers with satisfactory mechanical properties have been obtained by extruding at 140-190°C a homogeneous melt consisting essentially of (1) an acrylic polymer containing at least 85 wt.% of recurring acrylonitrile units, (2) approximately 3-20 wt.% of C1 to C2 nitroalkane based upon the polymer, (3) approximately 0-13 wt.% of C1 to C4 monohydroxy alkanol based upon the polymer, and (4) approximately 12-28 wt.% of water based upon the polymer [25,26]. However, PAN fibers made by melt assisted spinning contain more internal voids and surface defects than those made by wet or dry spinning [22]. On the other hand, PAN fibers made by melt assisted spinning can have a larger variety of cross-sectional shapes:-trilobal, multilobal, for example. Such shapes provide a greater surface area, which enhances fiber-matrix bonding in composites. Because melt assisted spinning of PAN does not require potentially harmful solvents, solvent recovery is not needed and wastewater treatment is not critical, in contrast to the harmful solvents required for dry spinning, wet spinning, and dry-jet wet spinning. Because of this, melt assisted spinning is technologically attractive [28]. However, its use in carbon fiber production is unfortunately not being pursued because of the enormous cost involved in performing the U.S. military qualification tests required for any new carbon fiber product to be used for military purposes. Dry spinning, wet spinning, and dry-jet wet spinning are all referred to as solution spinning, as they all use a polymer solution, which is known as dope. The dope is not 100% liquid; its solid content (7-30 wt.%) is used to adjust the viscosity of the dope. Dopes for dry spinning generally have a higher solid content than those for wet spinning. The dope is stored at 25°C for about 24 h. before the start of spinning in order to remove the air bubbles from the viscous dope. This storage of the dope is known as ripening. A higher solid content tends to reduce the void content in the fibers [22]. Wet spinning is the standard method for spinning PAN fibers. The spinning solution consists typically of 10-25% of the polymer in a solvent, which can be a mixture of dimethyl formamide and water, a mixture of dimethyl sulfoxide and water, or others. The molecular weight of PAN is in the range 70000-200000 and is chosen to yield a solution viscosity that provides
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a compromise between fiber drawability and final fiber properties. A coherent spinline is formed by phase separation in a suitable coagulating medium, which contains a mixture of a solvent (the same as used for the preparation of dope) and a nonsolvent (water most commonly). The higher the concentration of the nonsolvent, the higher the coagulation rate. The higher the temperature of the coagulation bath, the faster the coagulation. A lower coagulation rate is preferred because a higher coagulation rate causes surface irregularities, greater pore density, and the formation of a skin-core structure. The residence time in the bath is around 10sec. By using a low concentration of the nonsolvent and a low temperature, PAN fibers in a gel state (Le., the state prior to coagulation of the extruded dope) can be obtained. The molecular chains in the gel can be quite easily oriented upon stretching because the trapped solvent decreases the cohesive forces among the nitrile groups of the polymer chains. To provide sufficient time to stretch the gel fiber [22], coagulation is slowed down by allowing the gel fiber to pass through several baths containing varying compositions of the coagulation mixture. The coagulated fibers are called protofibers. They are stretched about 2.5 times in the coagulation bath. After washing, a further stretch of about 14 times in steam at 100°C aligns the molecular chains along the fiber axis [4]. The greater the stretching temperature, the greater the draw ratio that can be attained. Similar stretching is applied to PAN fibers fabricated by dry spinning after evaporation of the solvent. Dry-jet wet spinning is replacing wet spinning because it yields fibers of better mechanical properties and controlled noncircular cross section. Moreover, the spinning speed is higher and the dope can be spun at a higher temperature, so that dopes of higher solid contents can be used. PAN fibers made by dry-jet wet spinning have superior mechanical properties to those made by dry spinning [22]. A tow of a large number of filaments (- 50 OOO or more) can be produced by wet spinning but not by dry or dry-jet wet spinning. However, fibers of controlled noncircular cross sections can be obtained by dry and dry-jet wet spinning, whereas the cross-sectional shape of fibers made by wet spinning depends on the collapse during coagulation. A lower polymer concentration or a lower temperature in the spinning solution leads to more collapse of the coagulating fiber and more away-from-round shape (even though the spinneret orifices are round) [29]. The greater surface area, resulting from the noncircular cross section, provides better heat flux during stabilization and carbonization; this reduces chain scission and weight loss to produce superior tensile strength and modulus in the resulting carbon fibers [22]. The drawability of a homopolymer (100%) PAN is limited because of the hydrogen bonds in the structure. Therefore, 5-10 mol% of a comonomer is typically added. Examples of comonomers are shown in Table 2.5 [22]. The comonomer is a more bulky acrylic monomer which diminishes the crystallinity of the PAN structure, thereby acting as an internal plasticizer and improving the drawability. Hence, commercial PAN fibers are copolymers.
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Table 2.5



Various comonomers for acrylic precursors. From Ref. 22.



Comonomer



Chemical structures



Acrylic acid (AA) Methacrylic acid (MAA) Itaconic acid (IA) Methacrylate (MA) Acrylamide (AM) Aminoethyl-2-methylpropenoate (quaternary ammonia salt)



Table 2.6



CH2= CHCOOH CH2=C(CH,)COOH CH2= C(CO0H)CHZCOOH CH2= CHCOOHCH3 CH2=CHCONHZ CH2 =CH(CH3)COOC2H4NH2



Effects of comonomers on PAN-based carbon fibers. From Ref. 30.



Comonomer Allyl sulfonate (0.1-2%) Vinyl bromide (4%) Carboxyl (5 mol%) containing monomer Methyl acrylate (2%), methylene butadiene dioic acid (3%) Comonomers (1.5%)with isopropyl or tert-butyl esters of polymerizable unsaturated acids



Property improvement Tensile strength and modulus improved Stabilization time shortened Improved tensile strength and good adhesion to matrix Decreases solution viscosity Good mechanical properties



A second comonomer is often added to initiate ladder-polymer formation (cyclization reaction) during subsequent stabilization of the PAN fibers. It is an acidic comonomer, such as acrylic acid and itaconic acid at concentration levels of about 1mol% [27]. Among the comonomers in Table 2.5, itaconic acid is particularly effective in helping cyclization because its two carboxylic groups increase the possibility of interaction with the nitrile group, in spite of the dipole-dipole repulsion between the carboxylic and nitrile groups [22]. A third comonomer with basic or acidic pendant groups may be added to make dyeing easier and more controllable. For example, vinyl pyridine is used for acid dyes, and sulfonic vinyl benzene and acrylic acids are used for basic dyes. The amount used is about 0.4-1.0mol% [23]. Table 2.6 [30] lists the functions of some specific comonomers. General requirements of the polymer are the following [22]: 0



0



high molecular weight (- lo5) a molecular weight distribution corresponding to a polydispersity ratio of 2-3 MJM,, minimum molecular defects
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General requirements of the precursor fibers are the following [22]: 0



0



a diameter of 10-12 pm high strength and modulus a broad exothermic peak due to nitrile group oligomerization during heating and it should start at a low temperature a high carbon yield (> 50%)



A small diameter of the precursor fiber is desirable for dissipating heat during conversion of the precursor fiber to a carbon fiber, since the heat evolved during the exothermic oligomerization reaction may lead to a low carbon yield. For controlling the heat flux, the rate and initiation temperature of the exothermic reaction should be lowered [22]. The use of a microporous precursor fiber (as obtained by heating with water at 100°C or higher) also helps the conversion to a carbon fiber [31]. The spun PAN fibers typically have a diameter of 11-19pm, a tensile modulus of 8 GPa, and a tensile strength of 0.5 GPa [27]. (The ratio of the modulus of the carbon fiber to that of the precursor fiber is about 20 [22].) The higher the draw ratio, the greater the modulus and strength, as shown by Figure 2.12. The tensile stress-strain curve shows an initial elastic region, which could be due to the resistance of the CN-H bonds, followed by a regime of plastic flow of increasing resistance to stress until fracture occurs at about 30% elongation [23].



Figure 2.12 Tensile stress-strain curves for PAN fibers obtained at (1) a low draw ratio and (2) a high draw ratio. From Ref. 22.
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Apparatus for the fabrication of carbon fibers from PAN. From Ref. 29. (Reprinted by courtesy of Elsevier Science Publishers B.V.) Figure 2.14



A surface finish oil is applied to the spun PAN fibers to assist in handling. The oils are usually volatile above 130"C, so they are removed during subsequent stabilization of the PAN fibers [29]. Other than silicone oil, fatty acid derivatives and guar gum can be used [22]. The conversion of a PAN fiber to a carbon fiber involves stabilization and Carbonization. To further increase the modulus, graphitization can be carried out after carbonization. After carbonization (and optionally graphitization), the fibers are given a surface treatment. To produce continuous carbon fibers these steps are performed in a continuous sequence along a production line, as illustrated in Figure 2.13 [29] and Figure 2.14 [41. Figure 2.14 shows PAN fibers in the form of tows brought off bobbins into a collimated array to pass through the first stage, which is stabilization. Stabilization involves oxidation in air at 180-300°C (preferably below 270°C) under controlled tension and speed. The tension is applied to prevent shrinkage or even cause elongation of the fiber; PAN fibers, when fully relaxed by heating, shrink by about 25% due to the formation of nitrile conjugation cross-links between the polymer chains [23]. During stabilization, gases (NH3, HCN, etc.) are evolved, so the temperature is controlled by heated air circulation. The stabilization serves to increase the carbon yield during subsequent carbonization at 300-1 500°C. It converts the thermoplastic PAN into a nonplastic cyclic compound that can withstand the high temperatures during carbonization. The cyclized structure is called a ladder polymer. The conversion is:
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Figure 2.15 Tensile load-extension curves for PAN fibers (a) before and (b) after oxidation at 220"C, and (c) after pyrolysis to 400°C. From Ref. 23. (Reprinted by courtesy of Elsevier Publishers B.V.)



The cyclization initiates through a radical mechanism in the case of the PAN homopolymer and an ionic mechanism in the presence of acid comonomers [22]. It occurs during heating under tension in an inert or oxidizing atmosphere. An oxidizing atmosphere is used because it results in a higher rate of cyclization, a higher carbon yield after subsequent carbonization, and improved mechanical properties of the carbon fibers. Hence, the process is called thermooxidative stabilization. In addition to cyclization, stabilization results in dehydrogenation and three-dimensional cross-linking of the parallel molecule chains by oxygen bonds; the cross-links keep the chains straight and parallel to the fiber axis, even after the release of tension post stabilization. However, the post-stabilization cross-linking is not extensive as shown by the low secondary modulus, indicative of easy plastic flow (Figure 2.15). Oxygen acts in two opposite ways during stabilization. On the one hand it initiates the formation of activated centers for cyclization, while on the other hand it retards the reactions by increasing the activation energy. In spite of this, oxygen is desirable because it results in the formation of some oxygen-COOH) in the backbone of a containing groups (such as -OH,)C=O, ladder polymer. These groups subsequently help in fusion of the ladder chains during carbonization [22]. Due to the cyclization, the fiber density increases along with the oxygen content during Stabilization, as shown in Figure 2.16 [32]. An oxygen content of 8-12 wt.% is present in fully stabilized fibers [32].
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Correlation between density and oxygen content of stabilized PAN fibers. Figure 2.16 From Ref. 32. (By permission of the publishers, Butterworth-Heinemann Ltd.) The stabilization reactions of cyclization, dehydrogenation, and oxidation are illustrated in Figure 2.17 [22]. Numerous gaseous by-products evolve during the pyrolysis, as shown in Figure 2.18 [32]. A possible mechanism for the evolution of HCN, NH3, and H2 is illustrated in Figure 2.19 [22]. The process has been modeled to describe the temperature and composition in the fibers during stabilization [33]. The duration of the stabilization must be sufficient for oxidation to take place throughout the entire cross section of the fibers; otherwise the unoxidized cores give rise to central holes in the carbon fibers. The oxidation is diffusion controlled (Figure 2.20). Stabilization in air usually takes several hours. For a PAN copolymer containing about 2% methacrylic acid, it takes only 25 min. [4]. An increase in the comonomer content reduces the time required for stabilization and improves the mechanical properties of the carbon fibers, but it does reduce their yield [22], as shown in Figure 2.21. Prestabilization treatments are also used to reduce the stabilization time by decreasing the energy of activation of stabilization reactions. These treatments involve the impregnation of PAN precursor fibers with solutions of persulfate, cobalt salts, a combination of a salt of iron (11) and hydrogen peroxide, acids, guanidine carbonate, dibutylindimethoxide, and potassium permanganate [22]. An acidic medium (such as sulfur dioxide and hydrogen chloride) during stabilization causes an increase in the reaction rate and a greater degree of stabilization. This is due to a shift of the equilibrium of the stabilization reactions in the forward direction. acrylic precursor + stabilized fiber + NH3 + HCN NH3 + HCl+ NH4Cl NH3



+ SO2 + H20+



NH4HS03
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Figure 2.1 7 Sequence of reactions during thermooxidative stabilization of PAN. From Ref. 22. (By courtesy of Marcel Dekker Inc.)



Volatile by-products during pyrolysis of copolymeric PAN. From Ref. 32. (By permission of the publishers, Butterworth-Heinemann Ltd.)



Figure 2.18
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Figure 2.19 Mechanism of evolution of HCN, NH3, and H2 from the final stabilized structure of PAN. From Ref. 22. (By courtesy of Marcel Dekker Inc.)



Oxidized zone thickness as a function of (time)ln for PAN fibers in air at Figure 2.20 220°C. From Ref. 23. (Reprinted by courtesy of Elsevier Publishers B.V.)



The removal of ammonia as a salt shifts the equilibrium to the forward direction [22]. A fiber is taken as being properly stabilized when the oxygen content is 8-12%. An oxygen content in excess of 12% results in deterioration of the fiber quality, whereas an oxygen content below 8% results in a low carbon yield [4]. Due to the introduction of oxygenated groups and evolution of hydrogen cyanide, ammonia and other gases, the overall weight change during stabilization is small. However, at temperatures just above that of stabilization, significant weight loss can occur, especially if stabilization is not complete. The density of the fiber increases from 1.17 g/cm3 for the original PAN fiber to about 1.40g/cm3 for the stabilized fiber. However, the exact density depends on the precursor and the tension condition [22]. Stabilization is accompanied by a change in the color of the fiber from white, through shades of yellow and reddish brown, ultimately to shiny black.
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Figure 2.21 Influence of comonomer (itaconic acid) content on the carbon yield of PAN. From Ref. 22. (By courtesy of Marcel Dekker Inc.)



An adequately stabilized fiber resists chemical attack by mineral acids and bases, and does not burn when held inside a flame [27]. The shrinkage during stabilization consists of a physical contribution called entropy shrinkage, which is completed below 200"C, and a chemical contribution called reaction shrinkage, which starts at about 200°C. Entropy shrinkage is incipient contraction of PAN molecules that have been highly aligned during stretching prior to stabilization. Reaction shrinkage is due to the shortening of the PAN molecules during cyclization and oxygen-group formation. A higher copolymer content causes a larger chemical shrinkage. An increased heating rate (beyond S"C/min.) enhances chemical shrinkage, while the entropy shrinkage remains unchanged. Thus, the optimum heating rate should be less than S"C/min., Le., l-3"C/min. [4,22]. As the nitrile group gradually vanishes during stabilization, there is a transient ability for the polymer chains to slide past each other; this results in elongation after the initial shrinkage, as shown in Figure 2.22 for the straight-through path (stp), i.e., the case of a fiber under constant tension. Figure 2.22 also shows a constant-length path (clp), Le., the case of a fiber kept at a constant length. After stabilization, the fibers are carbonized or pyrolyzed by heating in an inert atmosphere (nitrogen) at 400-1500"C. Tension is not required during carbonization as the all-carbon backbone of PAN remains largely intact after stabilization. In contrast, the rayon precursor has one oxygen atom in the backbone per monomer unit, so it undergoes considerable structural reorganization as the heteroatoms are lost during carbonization. During carbonization about 50% by weight of the fiber is lost as gases such as water, ammonia, hydrogen cyanide, carbon monoxide, carbon dioxide, nitrogen, hydrogen, and possibly methane. The volume of gas evolved is lo5
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Typical autotension and length change profiles of PAN fiber versus Figure 2.22 temperature during oxidation for constant-length path (clp) and straight-through path (stp). From Ref. 29. (Reprinted by courtesy of Elsevier Science Publishers B.V.)



times the volume of the fibers [29]. Thus, an inert gas is used to dilute the toxic waste gas in the gas extract system, as well as to prevent ingress of atmospheric air. The treatment and disposal cost for the hydrogen cyanide by-product increases the production cost of PAN-based carbon fibers. The rate of heating in the early stages of carbonization is low (less than 5"C/min. up to about 600°C) so that the release of volatiles is slow and does not cause pores or surface irregularities in the fiber. At 600-1500"C, higher heating rates can be used because of the completion of the by-product evolution by 600"C, leaving only carbon (>92wt.%) and nitrogen (-6wt.%). At 1 OOCL 1 500"C, the residual nitrogen is progressively removed [4,29]. The overall residence time for carbonization is of the order of an hour, with residence at temperatures above 1 O00"C of the order of minutes [29]. During carbonization, intermolecular cross-linking occurs through oxygen-containing groups (Figure 2.23) or through dehydrogenation (Figure 2.24), and the cyclized sections coalesce by cross-linking (Figure 2.25) to form a graphite-like structure in the lateral direction. The modulus starts to increase at 300°C [23]. Carbonization increases the fiber density from 1.45 to 1.70g/cm3 and decreases the fiber diameter from 10-15 pm to 6-9 pm [29]. Graphitization (optional) is carried out after carbonization by heating at 1500-3 O00"C in an inert atmosphere, which is nitrogen up to 2 OOOC ' and argon above 2 000°C. Nitrogen cannot be used above 2 O00"C because of the reaction between nitrogen and carbon to form cyanogen, which is toxic. A low cooling rate after the heating is preferred [22]. During graphitization, very little gas is evolved, but the crystallite size is increased and preferred orientation is improved, so the fiber becomes more graphitic. The residence time is just minutes for graphitization. The high temperatures make graphitization an expensive step, hence it is often skipped.
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Figure 2.23 Intermolecular cross-linking of stabilized PAN fibers during carbonization through oxygen-containing groups. From Ref. 22. (By courtesy of Marcel Dekker Inc.)



Figure 234 Intermolecular cross-linking of stabilized PAN fibers during carbonization through dehydrogenation.From Ref. 22. (By courtesy of Marcel Dekker Inc.)



Figure 2.26 shows the effect of the heat treatment temperature during carbonization and graphitization on the tensile strength and modulus of the resulting fiber. Zones A, B, and C in Figure 2.26 correspond approximately to Types 111, 11, and I in Figure 2.13, respectively. Type I carbon fibers have high modulus and low strength, hence low ductility. Type I1 fibers have lower modulus but higher strength, hence higher ductility. The processing cost is
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Figure 2.25 Cross-linking of the cyclized sequences in PAN fibers during carbonization. From Ref. 22. (By courtesy of Marcel Dekker Inc.)



much lower for Type I1 than for Type I fibers. For most structural applications, Type I1 fibers are used. The long stabilization time required for PAN adds much to the cost of PAN-based carbon fibers. A polymer which does not require stabilization is poly@-phenylene benzobisoxazole) (PBO). The use of this thermoplast for the production of carbon fibers is being investigated [34]. The high cost of PAN makes it attractive to use lower-cost polymers for making carbon fibers. An example of a low-cost polymer is polyethylene. Melt spun polyethylene fibers are cross-linked with chlorosulfonic acid for stabilization then carbonized at 900°C [35]. Carbon fibers with a tensile strength of 2.16 GPa, a modulus of 130 GPa, a high strain at break of 3%, and a diameter of 13 pm have been obtained from polyethylene [36].
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Figure 2.26 Tensile strength and modulus versus heat treatment temperature for stabilized PAN fibers. From Ref. 29. (Reprinted by courtesy of Elsevier Science Publishers B .V.)



The choice of the polymer can affect the microstructure of the resulting carbon fiber. By using a linear stiff-chain polymer, namely poly@-phenylene benzobisthiazole) (PBZT), carbon fibers with well-defined fibrils along the fiber direction were obtained [37].



Carbon Fibers made from Carbonaceous Gases Carbon filaments (to be distinguished from carbon fibers) grow catalytically when a carbonaceous gas is in contact with a small metal particle (the catalyst) at an elevated temperature [38]. During growth a carbon filament lengthens such that the filament diameter is equal to the diameter of the catalyst particle that produces it, as illustrated in Figure 2.27 [39]. While the filament lengthens by catalytic growth, noncatalytic chemical vapor deposition of carbon takes place from the carbonaceous gas on the sides of the filament, causing the filament to grow radially (thicken); it thus becomes a vapor grown carbon fiber (VGCF), also illustrated in Figure 2.27.
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Diagram showing how a carbon filament is formed from a catalytic particle Figure 2.27 and how a carbon fiber is formed from a carbon filament. From Ref. 39. (Reprinted with permission from Pergamon Press plc.)



Iron is the most commonly used catalyst [40], though nickel [41], copper, palladium [42], and other metals and alloys can be used instead. The reactivity between the catalyst and its support (e.g., MgO, SO2, etc.) should be small, if any. For example, Pd supported on S O 2 suffers from a reaction that forms Pd2Si and this leads to suppression of the catalytic activity [42]. Iron particles can be obtained from solutions of iron salts or iron organometallics, listed in Table 2.7; the iron particle size is of the order of 10nm. The addition of acetylacetonates of Fe, Co, and Mn to Fe(C5H5), (ferrocene) reduces the size of the particles and consequently increases the filament growth rate and the In particular, the growth rate and yield are 40 p d s e c . and filament yield [a]. 70 wt. %, respectively, when 20 wt. % cobalt acetylacetonate is used along with 80 wt.% ferrocene [40]. Sulfurizing the iron, using thiophene or hydrogen sulfide as the sulfur source, helps penetration of catalyst into the fine pores of the activated carbon particles and allows growth of carbon filaments on to them [43]. This effect of sulfur is due to the molten state of the sulfurized iron [43]. A typical iron concentration is 5 X 10-6g/cm2 [44], as only a small percentage of catalyst particles gives filaments. When a catalyst particle becomes completely encased by the vapor deposited carbon, the catalyst is poisoned and the catalytic growth stops. Table 2.7



Fibers and catalyst particles obtained from various precursors. From



Ref. 44.



Precursor



Mean diameter of the Mean diameter of the catalyst particles after Mean length (mm) germination (nm) fibers ( l - 4



Fe(N03)3.9H20 Fe(C5HS)2 Fe2(so4)3 Fe(N03)3.9H20+ KOH



3 5.1 3.2 3.9



1.11 0.55 0.78 1.38



11.2 35.7 25 9
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Figure 2.28 Effect of CO content in the COz/Hzmixture on the carbon filament yield. From Ref. 45. (Reprinted with kind permission from Pergamon Press Ltd, Headington Hill Hall, Oxford OX3 OBW, UK.)



Figure 2.29 Effect of COz content in the CO/COz/H2mixture on the carbon filament yield. From Ref. 45.(Reprinted with kind permission from Pergamon Press Ltd, Headington Hill Hall, Oxford OX3 OBW, UK.)



The carbonaceous gas can be acetylene, ethylene, methane, natural gas, benzene, etc. It is usually mixed with hydrogen during use. The addition of CO enhances the yield, if the CO/(CO+ H2) volume fraction is 93-95%, as illustrated in Figure 2.28 [45]. This is because CO itself can reduce iron oxides, but the presence of both CO and H2 in substantial quantities causes the reaction [45]. H2



+ CO+



H20



+C



The water produced deactivates the catalyst iron 1451. The further addition of C 0 2 to the CO/H2 mixture enhances the yield. The highest yield, close to 45wt.%, is obtained in a mixture of 77% CO, 19% C 0 2 and 4% H-a composition similar to that of the Lim-Donawitz converter gas-as shown in Figure 2.29 [45] for the case of benzene as the carbon source. The
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The most common mechanism of carbon filament formation. From Ref. 46. (Reprinted by permission of Kluwer Academic Publishers.) Figure 2.30



effect of the C 0 2 addition is tentatively attributed to either formation of fine catalyst particles or prevention of aggregation of the catalyst particles [45]. The mechanism of carbon filament formation is illustrated in Figure 2.30. The carbon-containing gas adsorbs and decomposes on the surface of the catalyst particle. The surface carbon then dissolves in the metal particle and diffuses through the particle from the hotter leading surface, on which hydrocarbon decomposition (an exothermic reaction) occurs, to the cooler rear face, at which carbon is precipitated from solution (an endothermic reaction). The carbon precipitate constitutes the growing filament. Thus, the catalyst particle is lifted up from its support as the filament grows and it remains at the top of the growing filament, leaving behind a hollow tube (20-5008, in diameter) behind it in the center of the filament along the filament axis. Excess carbon, which accumulates at the exposed particle , is transported by surface diffusion around the peripheral surfaces of the particle to form the graphitic skin of the filament. Catalytic filament growth ceases when the leading face is encapsulated by a layer of carbon, which prevents further hydrocarbon decomposition [46]. The diffusion of carbon through a catalytic particle is the rate-limiting step of carbon filament growth. This is indicated by the observation that the rate of filament growth has an inverse square root dependence with the particle size [46]. Thus, too large a particle size will choke off the supply of carbon for the growing precipitate [47]. When the catalyst has been poisoned by the enveloping carbon, the catalytic activity can be restored by replacing the hydrocarbon by either hydrogen or oxygen and heating for a short time at 700°C. During hydrogasification (Figure 2.31), carbon diffuses in the direction opposite to that during filament growth and is subsequently converted to methane by reacting with adsorbed hydrogen at the front face of the particle. Thus, filament growth and hydrogasification are reversible processes [46]. When the catalyst particle interacts strongly with its support, it remains on the support as the carbon filament grows above it, as illustrated in Figure 2.32 for the case of Pt/Fe particles. In Figure 2.32, a Pt/Fe particle is modeled
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Reversible gasificatiodgrowth of carbon filaments from nickel particles. Figure 2.31 From Ref. 46. (Reprinted by permission of Kluwer Academic Publishers.)



as an Fe particle surrounded laterally by Pt, and acetylene (GHZ) is hypothesized to decompose on the Pt apron so that carbon diffuses to the Pt/Fe interface. After this point, the mechanism is the same as that in Figure 2.30. As the filament appears to be extruded from the catalyst particle, still attached to the support, this mode of growth is known as extruded filament growth; it is not as common as the growth depicted in Figure 2.30 [48]. The growth modes of Figures 2.30 and 2.32 both result in a carbon filament with a duplex structure; this consists of an internal and more reactive (less graphitic) core surrounded by a relatively oxidation-resistant (more graphitic) skin. As a result of this duplex structure, fibers in the form of hollow tubes can be obtained by gasifying the core [49]. Another way to obtain filaments in the form of hollow tubes involves using an additive (usually an oxide) on the catalyst particle to suppress the filament growth. Not only are the resulting filaments shorter, they tend to be hollow because less material diffuses through the catalyst particle to form the inner core of the filaments [46]. The growth modes depicted in Figures 2.30 and 2.32 result in whisker like filaments that grow in a single direction. But growth can occur in more than one direction to produce branched, bidirectional, and multidirectional filaments, as illustrated in Figure 2.33, where catalyst particles are indicated by solid figures. Branching does not necessarily require break up of a catalyst particle [46]. Carbon filaments are generally tubular in shape, but braided filaments and flat ribbons have been reported (Figure 2.34) [48]. In particular, coiled fibers with a thickness of 0.1-0.3 pm, a coil diameter of 2-8 pm, and a coil length of 0.1-5 mm have been obtained. They are formed by the intertwining of a pair of coils growing in the same direction simultaneously from a diamond-shaped Ni seed. They can be extended elastically up to about three times the original coil length [49]. On the other hand, for the growth of straight
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Mechanism of carbon filament formation by extruded filament growth. From Figure 2.32 Ref. 48. (Reprinted by permission of Kluwer Academic Publishers.)



Figure 2.33 Schematic representationof different types of growth observed in carbon filaments. From Ref. 46.(Reprinted by permission of Kluwer Academic Publishers.)
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Schematics of ribbon and braided carbon filament morphologies. From Ref. Figure 2.34 48. (Reprinted by permission of Kluwer Academic Publishers.) filaments, it helps to preheat the carrier gas before introducing it into the reactor, so as to suppress thermal convection [50]. When an iron foil is used as the catalyst, carbon filaments grow with a possible mechanism illustrated in Figure 2.35. Carbon is preferentially deposited at surface dislocations and diffuses into the bulk of the iron. On reaching saturation, carbides are formed. The large molar volumes of the carbides cause the iron matrix to break up, producing surface nodules from which filaments grow [48]. Fibers of considerable length and graphitic structure may be obtained by flowing a mixture of hydrocarbons and hydrogen over a substrate seeded with catalytic particles and heated to near 1 0oo"C. A linearly increasing temperature sweep from 950 to 1 120°C at a rate of 7.l0C/min. is suitable [51]. A lower
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Initiation mechanism for development of carbon filaments on an a-ironfoil. Figure 2.35 From Ref. 48. (Reprinted by permission of Kluwer Academic Publishers.)



hydrocarbon concentration is used for filament lengthening, whereas a higher hydrocarbon concentration is used for fiber thickening. For example, when methane is the source of carbon, the methane concentration in the gas stream is initially 5-15 vol.% for filament lengthening, and is later above 25 vol.% for fiber thickening [52]. Figure 2.36 illustrates the apparatus for growing VGCF at atmospheric pressure. Helium is used as an inert gas to minimize convection



[531.



In an alternate configuration, catalyst particles or organometallics (such as ferrocene) are mixed with the hydrocarbon gas near the inlet of a reactor and sprayed into the reactor (Figure 2.37) so that filamentshbers are grown in the gas stream as the stream progresses through the reactor. The filaments are of smaller diameter and length than the fibers grown on substrates, and their mechanical properties are inferior. However, this process has a high reactor productivity and is therefore commercially attractive [39,54]. A maximum initial growth rate of 1 500 pmhec. has been reported [54]. The VGCF can be heat-treated in an inert atmosphere up to 3 0oO"C for graphitization. (Carbonization is not necessary.) As the catalyst particles are
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Apparatus for gowing VGCF at atmospheric pressure. From Ref. 53. Figure 2.36 (Reprinted by permission of Kluwer Academic Publishers.)



Figure 2.37 Apparatus for producing VGCF in large volume. From Ref. 39. (Reprinted with permission from Pergamon Press plc.)



completely encased in carbon at the conclusion of vapor deposition (thickening), they are not capable of catalytic effects during high-temperature heat treatments. Since the vapor deposited carbon has no metallic impurities and has a uniform cylindrical atomic layer microstructure, VGCF is highly graphitizable [53]. During graphitization, the growth of crystallites in the direction of the fiber axis lags behind the growth of crystallites perpendicular to the fiber axis [55]. Instead of a carbonaceous gas, the carbon source may be a plasma generated from an electrical arc produced from a carbon anode. As long as there is a source of carbon, the catalytic growth of carbon filaments is possible [561. Carbon fibers can be formed from carbonaceous gases without using a catalyst. For example, carbon fibers in the form of tubules (their ends covered by carbon layers instead of the catalyst particle at the tip of a catalytically grown filament) can be grown from carbonaceous gases along with the formation of buckminsterfullerenes. The presence of carbon pentagons, in addition to carbon hexagons, at the end of a tubule allows it to be covered by carbon layers. Carbon tubules are typically smaller in diameter than catalytically grown carbon filaments. The number of carbon layers is around eight in a
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Schematic of a typical arrangement for continuous anodic oxidation of Rgure 2.38 carbon fibers.From Ref. 24. (By permission of Elsevier Science Publishers B.V.)



carbon tubule [57]. As another example, carbon fibers are grown from a carbonaceous gas that causes the deposition of carbon at the tips of growing fibers electrostatically separated from one another [%I. Carbon fibers can also grow at the ends of corona wires during negative point-to-plane corona discharges in hydrocarbon atmospheres [59].



Surface Treatment of Carbon Fibers Surface treatment of carbon fibers is performed for improving the adhesion between the fibers and the matrix when the fibers are used in a composite. The preferred type of treatment depends on the matrix material, which can be a polymer (a thermoset or a thermoplast), a metal, a carbon, or a ceramic. The details for each matrix are described in the chapter of that title. In general, there are three main methods of surface treatment, namely wet oxidation (e.g., HN03, llO"C, 10 min. to 150 h.), dry oxidation (e.g., air, 02, 5W8OO0C, 30 sec. to 2 h.) and anodic oxidation (e.g., H2S04, K2S04, NaOH, 1-10min.) [24]. In anodic oxidation, the anodic potential must be below that for the active oxidation reaction, which causes serious damage to the fibers (the anode). Figure 2.38 [24] is a schematic of a typical setup for continuous anodic oxidation of carbon fibers.



Carbon Fiber Fabrics, Preforms, and Staple Yarns The brittleness of carbon fibers makes it necessary to coat them with a sizing before weaving. The choice of the sizing material depends on the matrix in which the fibers will be used, as the sizing also serves to enhance the
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bonding between the fibers and the matrix. The application of a sizing is carried out as the last step in the carbon fiber fabrication, i.e., before the fibers are wound on a spool. Woven fabrics provide the most convenient way to handle continuous fibers. The impregnation of a fabric with a resin is simply performed by immersing the fabric in a resin bath. In contrast, unidirectional fiber prepregs are prepared by immersing a continuous tow of fibers in a resin bath and subsequently winding the tow on to a rotating mandrel. The equipment for preparing unidirectional fiber prepregs is much more complicated than that for preparing fabric prepregs. By using a fabric having a much larger number of yarns (twisted tows) in one direction than in the perpendicular direction, a fabric can be almost unidirectional. Woven fabrics are defined as interlacing structures with at least two sets of orthogonal yam systems, Le., warp and fill. Fabrics are usually twodimensional. If yarns traversing from one fabric plane into at least one other fabric plane exist (by means of structural stitching [60]), the fabric is three-dimensional and is known as a fabric preform [61]. Braided fabrics are defined as interlacing structures that consist of at least two sets of yams, not necessarily orthogonal. For simple two-dimensional biaxial braids, the yarn orientations are generally kc$, where c$ can vary from approximately 15 to 89”. In addition to the angular oriented yarns, yarns oriented along the axial or machine direction of the braid (i.e., c$ = 0) can be added. These braids are referred to as two-dimensional triaxial braids. If more than one layer of fabric is braided at a time and the layers are interconnected so that yarns from one layer traverse to no less than at least one contiguous layer, the braid is referred to as a three-dimensional braid [61]. Braiding is particularly suitable for fabricating composite tubings from braided seamless sleeves. The attraction of three-dimensional weaving is the increase in the interlaminar shear strength of the resulting composite, although this increase is accompanied by a decrease in the in-plane tensile modulus and strength. Fabric preforms provide a way to fabricate composite materials of near net shapes. Furthermore, they can be used to build structures with a reduced amount of external fasteners. Fastenless preform shapes include I’s, T’s, and J’s. A reduced amount of fasteners is attractive because the interface between a fastener and a composite is the “weak link” in a structure [61]. The fabrics and preforms mentioned above are anisotropic. Threedimensionally isotropic preforms can be prepared by the natural intertwining (self-weaving) of carbon filaments as they grow by catalytic decomposition of a carbonaceous gas. By using a shaped mold for the carbon filament growth, preforms of near net shapes can be fabricated [62]. Three-dimensionally or two-dimensionally isotropic preforms can be prepared from short carbon fibers. A binder is used to make the short carbon fiber preform. The binder can be carbon (from a pitch or a resin), silica, phosphate, epoxy, etc. The fabrication of a preform involves (1) filtering or
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