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WOOD COMPOSITES Introduction Wood composites can be deﬁned as materials made by gluing together small pieces of wood, residue materials from wood processing operations, or other elements into larger materials to produce products with speciﬁc deﬁnable mechanical and physical properties. Wood composite products continue to be among the most widely utilized building materials throughout the world. They are commonly manufactured as lumber, ﬂooring, rooﬁng, paneling, palettes, decking, fencing, cabinets, furniture, millwork, structural beams, etc. The increased number and importance of wood composite products are directly related to the decreased supply of high quality large timber, and as the quality and variety of wood composite products increases, and new applications for them are found, the trend toward increased use and importance of wood composites should continue. Wood composites offer numerous advantages over lumber. They can be produced from waste wood, agricultural residues, little used and low commercial value wood species, as well as smaller and fast growing trees, which can relieve stress on old growth forests that are increasingly unavailable for use. Also, the increased homogeneity of the raw material obtained by combining small wood elements allows a wide variety of composite products to be produced that have consistent, high quality properties. The properties can often surpass those of lumber (eg, have stronger and more uniform properties throughout the product, and be completely free of growth characteristics, weak spots, or defects such as knots), and often, the product can be produced with customized engineered properties, dimensions, and complex shapes (eg, complex roof shapes, cathedral ceilings, cantilevered supports). The exact properties and the appropriate end use for a composite depend on the wood species and wood adhesive, and are very dependent on the size, shape, Encyclopedia of Polymer Science and Technology. Copyright John Wiley & Sons, Inc. All rights reserved.
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and arrangement of the wood in the composite. In fact, the names of the composite products are mostly based on the wood geometry (wood shape and size) and their arrangement in the product, without involving the name of the wood species or adhesive. These elements (species and adhesive) can be changed with far less effect on properties than changing wood geometry or arrangement. The procedure for making a wood composite begins with the raw wood being processed by removal of leaves and bark, then being cut into pieces of the desired size and shape, followed by drying to the desired moisture content, and then going through a sorting process to ensure the wood pieces meet the selection criteria. This process is followed regardless of wood species or wood geometry. Some composite processes allow more than 90% of the tree stem to be utilized with either small or large diameter trees, while lumber can only be produced from large diameter trees and even then typically less than 50% of the tree can be converted to the intended product. A large number of product types having quite different properties can be prepared using the same wood element. Processing conditions to convert the wood element into a composite product will depend on the type of adhesive selected and/or if the product being produced is pressed, impregnated, extruded, etc. Therefore, wood composites can be classiﬁed into two major types: (1) wood bonded with thermoset adhesives and (2) wood combined with other materials such as cement and thermoplastics. This article outlines some of the features and components of wood composites, describes some major wood composite products and properties, and describes some future directions in the wood composites industry. For additional information the reader is referred to some recent reviews (1–7).



Wood Bonded with Thermoset Adhesives Wood composite products are conventionally manufactured from wood materials having various geometries (eg, ﬁbers, particles, strands, ﬂakes, veneers, and lumber) combined with a thermoset resin and bonded in a press (4). The press applies heat (if needed) and pressure to activate (cross-link) the adhesive resin and bond the wood material into a solid panel, lumber, or beam having good mechanical (strength and stiffness) and physical (form, dimensional stability, etc) properties. Types of Wood Elements. A wide range of wood elements are employed to produce an increasing number of wood composite products. These elements can be broadly divided into two categories: “long grain” and “short grain” elements based on their size and shape (Table 1). The largest of the commonly used long grain wood elements, excluding lumber itself, is veneer. Shorter grain elements include strands, ﬂakes, wafers, particles, and ﬁbers. It should also be noted that increasing numbers of wood composite products are employing recycled wood such as sawdust and wood ﬂour, which can be considered to be a separate wood type. Agroﬁbers are increasingly being employed as a raw material to produce commercial products similar to wood composites but with varying degrees of success. Some of the reasons for the rising interest in agroﬁbers include their low density and low abrasion, the potential to improve some properties such as stiffness, and potential cost savings when used as a ﬁller for thermoplastics, and because many
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Table 1. Types of Wood Elements Used In Wood Compositesa Length Elements Lumber Veneer Strands Flakes Wafers Particles Fibers a Adapted



cm



Width in.



cm



Thickness in.



cm



120–600 48–240 10–30 4–12 12.5–50 120–240 48–96 10–120 4–48 0.5–12.5 1.27–7.5 0.5–3 0.63–2.5 0.25–1 0.25–0.625 1.25–7.5 0.5–3 0.125–7.5 0.5–3 dito 3.3 1.3 2.5–7.5 1–3 0.625–1.25 0.125–1.25 0.05–0.5 0.0125–0.125 0.005–0.05 0.125–1.25 0.1–0.63 0.04–0.25 0.0025–0.0075 0.001–0.003 0.025–0.075



in. 0.5–2 0.02–0.5 0.010–0.025 0.010–0.025 0.025–0.05 0.005–0.050 0.001–0.003



from Ref. 7.



of these materials are the by-products of annual crops (8). In the United States and Canada wheat straw is currently the most important agroﬁber furnish but many other agroﬁbers are of interest. Agroﬁber preferences vary with availability and geographical region of the world (9). Soybean and cotton stalks, kenaf, ﬂax, coffee and rice husk, hemp, fescue straw, ramie, and sugarcane bagasse are just some of the agroﬁber raw materials being used or studied. Composites made from various agroﬁbers include low density insulating board, medium density ﬁberboard, hardboard, and particleboard (9,10). The mechanical properties for some agroﬁber composites are reported in the literature, but additional research is needed, particularly on the long-term durability and weathering properties of these composites (10).



Thermoset Wood Adhesives A wide range of adhesive types and chemistries are used to bond wood elements to one another (Table 2), but relatively few adhesive types are utilized to form the composites themselves. The vast majority of pressed-wood products use synthetic thermosetting adhesives. In North America the most important wood adhesives are the amino resins (qv), eg, urea–formaldehyde (UF) and melamine– formaldehyde (MF), which account for 60% by volume of adhesives used in wood composite products, followed by the phenolic resins (qv) eg, phenol–formaldehyde (PF) and resorcinol–formaldehyde (RF), which account for 32% of wood composite adhesives (12,13). The remaining 9% consists of cross-linked vinyl (X-PVAc) compounds, thermoplastic poly(vinyl acetates) (PVA), soy-modiﬁed casein, and polymeric diphenylmethylene diisocyanate (pMDI). Some products may use various combinations of these adhesives to balance cost with performance. The thermosetting amino and phenolic adhesives are by far the predominant adhesives used in making wood composites. These adhesives are described below, but more detailed information is available elsewhere (4,7,16–21) (see ADHESIVE COMPOUNDS). Urea–Formaldehyde (UF) Adhesives. UF resins are produced in a two-stage condensation polymerization process through the reaction of urea with excess formaldehyde. In the ﬁrst stage of the polymerization process, urea and



Table 2. Characteristics of Major Wood Composites Bonded with Thermoset Adhesives Types of composites Particleboard



Raw materialsa Particles



Adhesives used



Structural (S) vs nonstructural (NS)



UF, MF, MDI



Mostly NS
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Medium density Fibers ﬁberboard (MDF)



UF, pMDI



Construction and industrial plywood



Softwood veneer, some hardwood



PF



Decorative plywood



Hardwood veneer, some softwoods Strand, ﬂake, wafer



UF, MF, RF, PVAc PF, pMDI



Softwood veneer



PF, pMDI



S



Wood I-joist



Lumber, LVL, OSB, plywood



Cold setting glue (eg, RF, PRF), pMDI



S



Glulam beams



Lumber, some LVL



RF, PRF, MF



Parallel strand lumber (PSL)



Strands from softwood veneer



PF



S



Laminated strand lumber (LSL)



Strand



pMDI



S



Oriented strandboard (OSB) Laminated veneer lumber (LVL)



a



NS



S



Mostly NS S



Applications Furniture, cabinetry, ﬂoor underlay, stair treads, Furniture, kitchen and bath cabinet, ﬁxtures, molding, millwork, laminate ﬂooring Roof, ﬂoor, wall sheathing, single-layer ﬂoor, siding, ﬂoor underlayment, preserved wood foundations, laminated veneer lumber Decorative wall paneling, furniture, cabinetry, decorative ﬂooring Roof, ﬂoor, wall sheathing, ﬂoor underlayment, siding, I-beams web stock, hybrid products Floor and roof joists, roof ridge beams, roof truss chords, window and doorheaders, wood I-joist ﬂanges, concrete form, scaffold planking, window and door joinery Floor and roof construction



Typical thickness, mm (in.) 6–57 ( 14 –2 14 )



640–800 (40–50)



5–38, max. 76 (3/16–1 12 , max. 3)



640–800 (40–50)



6–31.5 ( 14 –1 14 )



450–500 (28–31)



6–19 ( 14 – 34 )



400–880 (25–55)



6–32 ( 14 –11/8)



580–700 (36–44)



19–75 ( 34 –3 in.), 27–50 in. wide, up to 24.4 m (80 ft) long



Flange sizes (1.5–3 in. in depth, 2.5–3.5 in. in width), Joist depths range from 9 12 to 50 in. and lengths up to 50 ft Up to 50 m long



Headers, girders, purlins, beams, arches, bridges, marinas, power transmission structures 280 by 430 cross section Headers, beams, columns and posts; industrial uses such as bridge (11 by 17), length up to 66 ft structures and power poles; and with CCA pressure treatment, post, beams and columns for decks, balconies, car-ports Industrial and light structural 140 mm (5.5 in.) thick, 2.4 applications m wide, 10–15 m long



Refer to Table 1. The data in this table are adapted from various references 3–6,11–16.



Typical density, kg/m3 (lb/ft3 )
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Fig. 1. Polymerization reaction of UF resin.



formaldehyde are heated under slightly alkaline conditions (pH 7–8) to produce methylolurea resins (Fig. 1). Depending on the synthesis conditions (eg, the relative urea-to-formaldehyde molar ratios, the reaction temperature, and pH), up to four molecules of formaldehyde can bond to urea owing to the four replaceable hydrogen atoms of urea. The methylolureas produced at this stage are low molecular weight prepolymer solutions that have no adhesive properties. During the second stage, these prepolymer solutions are slightly acidiﬁed, which causes the methylolureas produced in the ﬁrst stage to condense with one another. As this occurs the prepolymer molecular weight increases, and as the polymerization of the UF resin advances further the growing chains begin to cross-link through the formation of methylene–ether links. At the desired point in this polymerization process the aqueous suspension of UF adhesive is neutralized, which stops the reaction before the resin precipitates, and cooled. Water is removed under reduced pressure (vacuum) to produce a ﬁnal resin content of about 65% nonvolatile resin solids. The ﬁnal stage of the condensation polymerization, which produces a solid cross-linked thermoset, is completed during production of the wood composite. It is accomplished by the addition of a small amount of acid catalyst to the UF suspension immediately prior to its application to the wood element and occurs during the pressing cycle to produce the wood composite. UF resin is applied to wood furnish as an aqueous suspension. With the addition of a catalyst such as an acid, the curing can occur at room temperature in a few days, but most industrial processes employ high temperatures and ammonium salts to shorten the bonding cycle (7). In the presence of heat and catalyst, UF condenses into a cross-linked three-dimensional network of macromolecules
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Fig. 2. Formation of MF resin.



that provide bonding. UF resin cures rapidly, provides strong adhesion in a permanently dry environment, and is the least expensive of the major wood adhesives. For these reasons, UF resin is by far the dominant commercial adhesive and is widely used throughout the world for bonding wood and wood-based composites. Despite these attributes, UF resins have three major drawbacks: (1) their brittleness once cured, (2) their limited resistance to moisture in the cross-linked state (limiting their use to interior products), and (3) the potential for formaldehyde emission from UF-bonded wood composites. Although the urea (U) to formaldehyde (F) molar ratios can be in the range of 1:1.2 to 1:2, governmental regulations on the permissible level of free formaldehyde have forced resin producers and wood-composite manufacturers to lower the molar ratio, and so today resins with a U:F ratio as low as 1:1.1 are not uncommon. The potential for formaldehyde release from UF resin-bonded wood composites is caused by two factors: (1) release of a portion of the excess formaldehyde that did not react and (2) hydrolysis of susceptible bonds in the UF resin producing the urea and formaldehyde reactants (hydrolytic degradation), which can occur in the presence of moisture and heat during the pressing operation or subsequent installation (18,19). The low moisture resistance of UF resins limits their application to interior products, but if greater moisture resistance is required various urea derivatives or melamine are included in the UF formulation. Melamine–Formaldehyde (MF) Adhesives. MF resins are produced by a condensation process by reacting melamine with excess formaldehyde (Fig. 2). The reaction proceeds in a manner similar to that between formaldehyde and urea but progresses to a greater extent (see MELAMINE–FORMALDEHYDE RESINS). Cured MF resins are considerably more water-resistant than UF resins. This is attributed to the lower solubility of melamine in cold water compared to urea (18,19), and the overall greater hydrophobicity of the MF. These resins also have superior heat resistance and shorter curing times than UF resins because of the higher functionality of melamine compared to urea (up to six molecules of formaldehyde can react with melamine). Therefore, MF-bonded composites can be employed in both interior and in some exterior applications.
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Fig. 3. Formation of resole PF resins.



However, MF resins are costly (about 3.5 times the price of UF based on 100% resin solids), and can only be cured properly at high temperature, which adds to the cost. This is a serious commercial drawback. As previously mentioned, MF and UF resins are often combined. In the case of UF resins it is done to improve their moisture resistance, to accelerate their cure rate, and to reduce formaldehyde emission from UF-bonded wood composites, while in the case of MF resins it is done to reduce the cost. However, because of the differences in reactivity between urea and melamine mixing these components can complicate the curing. The conditions needed to cure the MF can overcure the UF, and conditions designed to properly cure the UF can leave the MF component undercured. However, when a suitable cure cycle is found for the blended resin, a good combination of properties can be achieved. Phenol–Formaldehyde (PF) Adhesives. PF resins are produced by the reaction of a phenol and formaldehyde. Depending upon the phenol-toformaldehyde (P:F) molar ratios and the type of catalyst, two types of PF resins can be produced: resole and novolac PF resins (Figs. 3 and 4).



Fig. 4. Formation of novolac PF resins.
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Resole PF resins are produced by the reaction of phenol with excess formaldehyde (P:F molar ratio 1:1.8 to 1:2.2) in the presence of an alkali catalyst (Fig. 3). Because resole resins contain reactive methylol groups, they are self-curing resins that can condense with active sites on the phenol rings to form a cross-linked network in the presence of heat even without additional hardener. Resole resins have a very branched structure (Fig. 3) and are by far the more important of the two types of PF resins for wood composites. Conversely, novolac PF resins are produced by the reaction of excess phenol with formaldehyde (P:F molar ratio 1:0.8 to 1:1) in the presence of an acid catalyst. Unlike resole resins, novolac PF resins have a more linear structure (Fig. 4) and do not self-cure because they lack the residual reactive methylol groups of resoles. Therefore, an external curing agent such as hexamethylenetetraamine must be added to novolac resins to yield a cross-linked structure. Novalac PF resins cured under acidic conditions are not recommended for wood composites for long-term structural applications. In the presence of heat and on the addition of sodium hydroxide (NaOH) or other catalyst, resole PF resins condense into a three-dimensional cross-linked network having reactive sites suitable for wood bonding. While too much heat accelerates the degradation of UF resins, use of heat is desirable in PF-bonded composites to achieve a high degree of cross-linking. It should also be mentioned that the curing rate of PF resins is strongly inﬂuenced by the amount of NaOH added to the resins, with the higher NaOH content affording a faster cure up to a point. However, use of an excessive amount of NaOH in PF resins has adverse effects, including increasing the afﬁnity of the composite for absorbing moisture from the air, which in turn results in PF-bonded composites having a higher thickness swell. As is the case with UF bonding, the adhesion to the wood surfaces in PF-bonded wood composites is achieved through secondary and/or physical bonding. PF resins have greater moisture resistance and greater strength retention when exposed to a high moisture environment than UF resins, and so are employed extensively in the manufacture of wood composites slated for exterior applications. Long-term aging studies in which plywood specimens prepared using various adhesives bonds were exposed to natural weathering conﬁrmed the superior moisture resistance of PF. The PF-bonded specimens retained up to 90% of their original strength even after 8 years, while the UF-bonded specimens lost 100% of their original strength after only 4 years in service (7). Resorcinol–Formaldehyde (RF) Adhesives. RF resins are a type of phenolic adhesive that are distinguished by a very high reactivity relative to PF resins. This greater reactivity is due to the two phenolic hydroxyl groups on resole. The groups activate one another by making each other more electron-rich. Therefore, the ﬁrst hydroxyl group is much more reactive than the phenol hydroxyl group, and following its reaction the remaining hydroxyl group is still highly reactive. Consequently, although RF adhesives are generally prepared using excess resorcinol to produce a novolac-type resin, in contrast to PF novalacs, these resins set rapidly with the addition of hardener even at low temperatures (eg, anywhere from 5 to 70◦ C). This is termed cold curing. The high reactivity between resorcinol and formaldehyde with additional hardener, eg paraformaldehyde, allows the cure to proceed rapidly to completion. The reaction can be further accelerated by applying heat. Attempts to produce a resole RF resin typically result in an unusable
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Fig. 5. Reaction of wood with MDI resin.



gel (18–20). Despite the ability to cure at room or elevated temperatures and give composite products having good moisture resistance, RF adhesives are not used extensively because they are among the most expensive of the thermoset adhesives, being second only to the isocyanates in cost. Nevertheless, RF adhesives are used as binders for selected wood products. Isocyanates. Polymeric diphenylmethane diisocyanate (pMDI) is the most commonly used isocyanate wood adhesive mainly because of its lower volatility and toxicity when compared to other isocyanates such as toluene diisocyanate and dicylcohexylmethane diisocyanate. Some of the advantages enjoyed by pMDI include the fact that it is a liquid polymer, and so it does not require a solvent carrier for application, it is free of formaldehyde, and also it does not require acidic (the case with UF) or alkaline catalysts (the case with PF). It is an effective wood adhesive because the high reactivity of the isocyanate ( N C O) groups allows the resin to cure rapidly, and it has the potential to covalently bond directly to the wood by reacting with the hydroxyl groups on the wood surface (Fig. 5) (7,18–20). The ability of pMDI to cure rapidly is due to the high reactivity of isocyanate ( N C O) groups that react rapidly with active hydrogen atoms. Wood possesses active hydrogens from hydroxyl groups on wood surfaces and from moisture in the wood. When the isocyanates react several reactions occur simultaneously but at different rates. The N C O groups ﬁrst add water to form unstable carbamic acid groups that then dissociate into an amine and carbon dioxide. The resulting amine is more reactive than water and reacts rapidly with another isocyanate to form a polyurea (22). The N C O groups can also add cellulosic hydroxyl groups on the wood surface to form covalent bonds via urethane linkages (Fig. 5). pMDI can cure at ambient temperature in the presence of moisture and so it can also be used in cold pressing of wood-based composites, but hot pressing is usually preferred to shorten the press cycle. pMDI forms covalent bonds and polar interactions with wood and tolerates both high moisture content in the wood and lower press temperatures during composite manufacture. When wood composites are prepared with equal amounts of adhesive and the bond strength and the dimensional stability of wood composites are compared it is found that pMDI’s bond strength and dimensional stability of composites prepared with it are generally superior to those of amino and phenolic resins in both dry and moist environments. Despite these advantages, pMDI adhesives also have some disadvantages. There are some perceived health hazards associated with the manufacturing process, and it can bond to the metal surfaces of a hot press, which is undesirable, although this can be prevented by applying
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release agents to the surfaces of the press. However, the primary drawback is cost. pMDI is the most expensive of the wood adhesives. Other Wood Adhesives. There is considerable interest in developing adhesives from renewable resources that can be used as a primary adhesive or as an adhesive component (an “extender”) to replace a portion of petroleum-based adhesives. These natural and renewable resources include lignin, tannins, and natural oils such as soy bean and proteins. Lignin. Lignin is a waste product produced in large quantities by the pulp and paper industry that is often burned as fuel. Lignin-modiﬁed PF resins have been formulated to bond ﬁberboards, strandboards, and structural plywood (14,15,23–29). Lignin (qv) is employed in this manner primarily to reduce the consumption of oil-based products and to a lesser extent for cost savings since lignin can be less expensive than phenols. The lignin is usually methylolated in situ during the PF resin formulation, replacing anywhere from 15 to 35% of the phenol (12,13). Some lignins (eg, lignosulfonates) have also been added directly into the adhesive formulation as a PF resin extender (24–26). Although lignin-based adhesives are used in bonding wood composites, these adhesives require longer press times, produce darker coloration of the panel, and potentially have lower strength relative to PF without lignin (19,25). However, composites having good dimensional stability and good performance under conditions of high moisture have been reported for boards produced with lignin-extended resins, so interest in developing these adhesives continues (4). Tannin. Tannin is an inexpensive naturally occurring polyphenol found mostly in the bark of trees but also as a component of the wood of some species. Tannin, like lignin, has also been used as a substitute for phenol in the manufacture of PF resins (4,30,31). Although using tannin-based adhesives in the manufacture of wood composites is thought to have potential, some reports indicate that these resins have lower cohesive strength and lower moisture resistance compared to common exterior wood adhesives (30). The poor performance of tannin-based adhesives is attributed to their limited ability to cross-link into a three-dimensional network, their high initial viscosity, and a short pot life owing to the high reactivity of tannin with formaldehyde. However, extensive research has been conducted in recent years to improve the performance of tannin-based adhesives. For example, the addition of small amounts of amino or phenolic resins (4) or metallic ion catalysts (18) has been shown to effectively increase the degree of cross-linking, thereby improving the strength and moisture resistance of tannin adhesives. Reducing the pH or adding hardeners such as hexamethylenetetramine during resin formulation has been shown to decrease the initial viscosity of some tannin-based adhesives (19) thus extending their pot life. These breakthroughs have allowed tannin-based glues to be used in the manufacture of wood composites in South Africa, New Zealand, India, South America, and to some extent in North America. Other adhesives such as hot melt adhesives (HMA), poly(vinyl acetate) (PVA, catalyzed or uncatalyzed), pressure-sensitive adhesives (PSA), or elastomeric adhesives (based on natural or synthetic rubbers) are also used in wood bonding (7). However, their use is mostly limited to nonstructural applications (eg, secondary manufacturing processes such as kitchen furniture, interior joinery, decorative paper, and packaging) where strength and water resistance are of limited concern.
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Advances in Wood Composite Adhesives Improvements in wood composite properties can be achieved in three areas: (1) improvements in wood properties, (2) improvement in adhesive properties, and (3) improvement in the overall wood composite design. Most advances in wood composites witnessed over the last 10–15 years have been brought about by improved manufacturing equipment and improved composite design (eg, oriented strandboard, I-joist, parallel strand lumber, and laminated strand lumber), while signiﬁcant advances in future wood composites seem likely to involve changes in wood properties (eg, genetic modiﬁcation to produce species with some desired property such as improved resistance to decay). However, given the importance of developing alternatives to petroleum-based materials, development of new adhesives may yield the next generation of signiﬁcant advances in wood composite products. Some of the more recent research efforts that may lead to new adhesive types are categorized as follows: (1) adhesives from natural products, (2) adhesives generated in situ in the wood, (3) adhesive modiﬁcations to facilitate processing, and (4) adhesive modiﬁcation for improved properties. Examples of these approaches are given below. Prior to the 1930s all adhesives were based on natural products (eg, proteins such as animal blood, casein, soy protein). Use of adhesives from natural products steadily decreased thereafter with the development of synthetic polymers that had superior properties. Recently, renewed interest has been shown in using natural products to replace, entirely or in part, petroleum-based adhesive components with natural products, without sacriﬁcing the performance levels achieved with modern petroleum-based adhesives. The purposes are often to reduce cost and dependence on petrochemicals, to reduce formaldehyde emissions, and improve selected properties (eg, biodegradability). For example, there is renewed interest in using soy-based adhesives for ﬁberbased composites. New research is underway to develop soy-based adhesives that have improved properties and durability, and that have low volatile emissions (32). Lignin-modiﬁed PF has been utilized for more than 20 years in a variety of different wood products (ﬁberboards, strandboards, structural plywood, etc.) where the lignin extender has lowered the cost. More recently lignosulfonates have been utilized as extenders to replace up to 35% of phenol in PF formulations (15). It has also been evaluated as an extender for other resins such as epoxy and polyurethane. Considerable research has recently been directed toward incorporating lignin into copolymers or grafting reactive monomers onto lignin allowing it to be copolymerized (33). One recent example of this approach describes using enzymes to copolymerize lignin with alkenes to produce well-deﬁned lignin acrylate copolymers within ﬁbers and pressing those ﬁbers into medium density ﬁberboard (MDF) (34). Work in South Africa and in South America has resulted in development of adhesives based largely or entirely on tannins. Tannins, which like lignins are renewable natural products, have the advantage of affording adhesives with low or no formaldehyde emissions, but tannin-based adhesives tend to be brittle. A useful tannin-based particleboard adhesive was reported using tannin extract
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from radiata pine bark that was formulated with 5% isocyanate and 5% urea (13). Another report described a tannin-based adhesive in which a signiﬁcant number of the phenolic groups of the tannin had been esteriﬁed to produce a less brittle adhesive (35). The partially esteriﬁed tannin was blended with paraformaldehyde and the resulting resin afforded a less brittle adhesive that had better properties than those of the unmodiﬁed tannin adhesive. Because lignin and tannin are phenolic species they have both been evaluated as extenders for PF and UF adhesives. It was subsequently shown that they could be used as primary adhesives. Because these natural phenolics can function as primary adhesives, and because these and other phenolics are components of wood and bark, researchers are investigating reactions of wood’s natural phenolic components in situ to form a composite without added adhesives. Bark contains not only high amounts of tannins, but also carbohydrates and various other reactive phenolic components. Composites have been prepared by subjecting bark particles to high temperature and pressure to react the phenolic components within the bark so that these components cross-link in situ to serve as the sole binder for composites (13). A 1999 publication reported a similar approach for binding wood (36). In that work, birch wood was heated for 1–15 min at 170–230◦ C under 2 MPa pressure from hot steam. These conditions were used to hydrolyze the polysaccharides within the wood. Under the acidic conditions (formic and acetic acid from hemicellulose and sugars) the resulting sugars reacted with phenolic fragments originating from hydrolyzed lignin. These reactions yield a polymeric binder in situ, and have several advantages over adding adhesives to wood. These advantages include eliminating the need for equipment to apply adhesive to wood, no formaldehyde emissions from added synthetic adhesive, and this approach accommodates a high moisture content in wood, which is a major processing advantage. Nevertheless, the long processing time required at high temperature is expensive and additional research is required to evaluate the composite properties, so it is not yet known if this approach will be cost-effective. Research efforts have been directed towards developing new adhesives that address some disadvantages associated with the processing of pressed wood composites. Pressed wood composites using thermosetting adhesives typically employ a high temperature press cycle. This process requires that the wood furnish be dried to a moisture content typically below 5%. Pressing wood with higher moisture content at higher temperatures can produce a poor product because of “blows,” delaminated wood produced when water vapor generated within the mat during the hot-press cycle is rapidly released. Development of effective adhesives that tolerate high moisture content wood has been a goal for many years because drying the wood furnish to a low moisture level is time-consuming and costly, and the potential exists for overdrying some of the wood furnish. Moisture-tolerant isocyanate and PF adhesives are currently available that can tolerate high moisture content furnish (above 15%). Isocyanate adhesives have been used for many years with composites that use higher moisture-content conditions such as “wet wood.” Under these conditions isocyanate adhesives have less tendency to delaminate than other adhesives (37). This is probably because of several characteristics of isocyanate-bonded wood composites, including that they can be pressed at a lower temperature than is usual for UF and PF adhesives, isocyanates can chemically bond to the wood rather than rely only on mechanical adhesion, and the cured
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adhesive retains greater ﬂexibility than UF and PF adhesives. PF adhesives that can be used with wet wood are also available, but their exact composition and method of function is not clear, although these adhesives may make use of higher formaldehyde content, a coupling agent to promote wood bonding, and/or be a PF/isocyanate blend. Approaches have been developed that allow some other adhesives to be used with wet wood. The simplest of these approaches uses foamed adhesives. Foaming allows the adhesive to be applied at a higher solid content, often having only 15–20% water, and so higher moisture content in wood can be tolerated, and the composite cures faster since less moisture needs to be removed during cure. A recent investigation reported use of a soy protein-modiﬁed PF as a foamed adhesive for plywood production (38). The soy replaced animal blood in the formulation, which not only improves durability but can alleviate health concerns. Another major difﬁculty with hot-pressed wood composites is adequate thermal transfer across the thickness of the composite. Heat is transferred through the press platens, sometimes with the aid of steam. However, wood is a low thermal transfer medium and so there is risk of overcuring resin nearer the surfaces of the composite, while undercuring resin in the interior. This is particularly true with thicker composites. Also the pressing step is probably the most expensive of the processing steps so any adhesive modiﬁcation that reduces the press time and facilitates a more uniform cure is a signiﬁcant advantage for cost and properties. Matuana (39) reported using thermally conductive ﬁller material such as synthetic graphite (carbon ﬁller) in the mat or adhesive to facilitate thermal transfer. Use of the carbon ﬁller not only reduced the required cure time but also signiﬁcantly increased the internal bond strength of the wood composites. Wood composites are now being considered for use under increasingly demanding conditions and so adhesive modiﬁcations to improve speciﬁc composite properties, such as improved strength, durability, and dimensional stability, are needed. These types of modiﬁcations which usually increase adhesive cost were previously considered not cost-effective, but now might ﬁnd markets. Early efforts to improve properties included adding thermoplastic polymers to the reactive adhesive prepolymer and applying the thermoplastic-modiﬁed prepolymer to the wood furnish and pressing. Examples of this approach include adding poly(furfural alcohol), a water-soluble polymer, to a UF prepolymer (40) and using chlorinated natural rubber to modify PF (41). The poly(furfural alcohol) did not improve properties, while the chlorinated natural rubber did improve properties but required processing conditions that were not industrially viable. These efforts highlight issues that must be addressed for an industrially useful modiﬁcation. Any modiﬁcations must allow the processing conditions to be similar to those used now. Therefore, solvent should not be required, and prepolymer viscosity, stability, and cure conditions should be similar to those used now, and the resulting properties must be improved sufﬁciently so that an increased resin cost is worthwhile. A series of publications by Ebewele and coworkers (42–45) described modifying UF resins with di- and trifunctional amines and ureas without excessive increases in viscosity or processing difﬁculty. Particleboard made with the modiﬁed UF resins had an internal bond (IB) strength that was signiﬁcantly greater than the IB strength of the control particleboards before and after exposure to moisture. Recently a method was reported that yielded
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thermoplastic-modiﬁed UF adhesives that could be processed in the same way as unmodiﬁed control UF and gave wood ﬂour composites with improved mechanical properties and moisture resistance. A premade thermoplastic polymer suspension (46–48), or aqueous slurry of acrylic and vinylic monomers, and a radical polymerization initiator (49) were combined with the UF prepolymer. The modiﬁed UF was used to prepare hot-pressed wood ﬂour composites with signiﬁcant improvements in notched Izod impact strengths. Further development simpliﬁed the method and modiﬁed UF resins were employed for hot pressing of particleboards (50) that, depending on the choice of thermoplastic monomers employed, also gave a higher IB strength and the neat resin showed lower moisture uptake than unmodiﬁed UF neat resin. Zanetti and co-workers (51) recently reported substantial increases in the IB strength of melamine–urea–formaldehyde (MUF) resins by the addition of small amounts (10%) of acetals to MUF resins. The authors reported that the acetals worked by improving the solubility of melamine and higher molecular weight reactive oligomers in the MUF resin and also appeared to disrupt the clustering of colloidal particles of MUF. This modiﬁcation afforded 25–50% increases in IB strength and yet required no additional modiﬁcation of the MUF formulation or the processing conditions.



Wood Composites Bonded with Thermoset Adhesives The principal wood composite products currently in use in the United States and Canada, based on volume, are plywood (17.5 million cubic meters), oriented strandboard (16.8 million cubic meters), particleboard (10.3 million cubic meters), medium density ﬁberboard (3.4 million cubic meters), hardboard (2.0 million cubic meters), hardwood plywood (1.0 million cubic meters), and laminated veneer lumber (1.2 million cubic meters) (13). These products are described below. While all of these composites occupy an important place in the market now, some of these products are gaining in importance while others appear to be losing market share to other composite products. Wood composites for structural and nonstructural applications that are bonded with thermosetting glues can be produced in many different geometries, including panels (3 ft or more in width by 3/8 to 1 in. thick), lumber (2 in. or more in width by 2–4 in. thick), or beams (3 18 in. wide by 9 in. or more in depth) (Table 2). The exact procedure for making wood composites depends on the type of wood furnish (wood geometry), the desired arrangement of the particles in the ﬁnal product, and the adhesive to be used, as well as the cure cycle if the adhesive needs to be reacted during the process step. These processing variables determine the characteristics of the ﬁnal products, including mechanical properties, water resistance, dimensional stability, surface quality, and workability. Regardless of the increasing number of wood composite products being introduced into the market, the different sizes and shapes of these products, and the different volumes of these products that are produced, the fabrication process is a highly automated one, and once the adhesive mixture is applied to the wood furnish the general manufacturing method for preparing these composites is similar (Fig. 6). The composite fabrication process begins once the trees have been processed into a dried furnish and the furnish is transported to a device such as rotating drum (as is the case for ﬂakes, particles, and ﬁbers). Here, the adhesive and other
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Fig. 6. A typical wood composites manufacturing process.



additives are applied to the furnish by air spray, airless spray, or a high shear atomizer. The rotating drum possesses nozzles that are fed by hose lines connected to resin storage drums. Adhesive resin mixtures are applied to veneer-based wood products (plywood, laminated veneer lumber) by a roll coater, curtain coater, spray coater, or liquid or foam extrusion. The amount of adhesive applied to the furnish varies with the product and adhesive type. Common additives are also applied during this step and include wax (to improve dimensional stability by reducing moisture absorption), wood preservatives (for protection against insect and fungal attack), and ﬁre retardants. After resin application, the coated wood furnish moves to a forming apparatus. The forming apparatus arranges the furnish appropriately into a mat having the speciﬁed dimensions and orientation of wood raw material to give the desired product type with the desired dimensions and density after pressing. This mat is then prepressed to remove much of the air, ie, consolidate a loosely formed mat into a rigid mat which has a certain degree of cohesion to reduce its thickness. The formed mat then goes to a hot press where it is subjected to a selected press cycle. Here it is heated and pressed at the desired temperature and pressure for speciﬁed periods of time to bond the wood into a composite part of the desired thickness. The pressed wood composite ﬁnally goes on to the ﬁnishing steps where the panel is sized, sanded, trimmed to the desired thickness and dimensions, edge sealed, and packaged for shipment. In some cases the hot composite product is stacked to help retain heat and continue the cure out of the hot press, as is the case with phenolic resins. The biggest differences in processing for each type of wood composite reside in the geometry and arrangement of wood furnish, the adhesive type and amount applied, and the cure cycle. The following sections describe the main characteristics of the major wood composite products made with thermoset adhesives. Plywood. Plywood panels have been produced and marketed in the United States for more than ﬁve decades. They are considered a material of choice in the building industry because of outstanding structural performance as deﬁned by
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a high strength-to-weight ratio, excellent dimensional stability, and durability compared to other building material (6). Plywood typically consists of an uneven number of thin layers of wood veneers, called plies, that are glued together into a panel. The individual plies are typically arranged in the panel so that their grains are perpendicular to one another (right angles of 90◦ ). The plies are arranged at 90◦ to one another to improve the dimensional stability and make the properties of the plywood more uniform along both the vertical and horizontal axes. The anisotropic nature of wood results in a tendency to swell less parallel to the grain than perpendicular to the grain and simultaneously gives wood greater strength parallel to the grain than perpendicular to the grain. Therefore, arranging individual plies at 90◦ to one another affords greater dimensional stability, decreases the tendency to split, and generally evens out the strength properties in all directions. If the grain angles were not varied then the plywood would have less dimensional stability and be much stronger along the grain axis but weaker perpendicular to the axis. The appearance of the ﬁnal product can be improved if desired by applying a decorative surface veneer to give the ﬁnal plywood a desired appearance. The ﬁnal overall properties of the plywood depend on many factors, including the wood species, the quality of wood veneers, the order of placement of the veneer plies in the panel, the type and amount of adhesive applied, and the curing or pressing conditions. Both hardwood and softwood species are utilized in the manufacture of plywood. Softwoods (Douglas-ﬁr, western hemlock, larch, white ﬁr, ponderosa pine, redwood, and southern pine are examples) are generally preferred in construction applications where strength and stiffness are required. Hardwood plywood is generally preferred for decorative applications where appearance is most important and strength is a limited criterion, although hardwood plywood can also be designed for structural applications. In decorative applications, hardwood plywood often competes with thin MDF which can be given a high quality overlay giving it an appearance similar to that of hardwood plywood. Oriented Strandboard (OSB). Oriented strandboard (OSB) panels have been developed as an alternative to plywood in building construction. The emergence of OSB was driven in part by a decreased supply of large diameter logs suitable for veneer production, and by innovation and productivity changes in the North American wood products industry over the past few decades as well as the structural performance of OSB products, which are suitable for use in most plywood applications but at a much lower cost. In addition, OSB manufacture allows small, low grade timber resources to be processed into a marketable product. This effectively saves raw materials that are in short supply and promotes efﬁcient utilization of wood (3,5,6). OSB panels are made up of rectangular strands (wafers or ﬂakes) of wood approximately 0.030 in. thick, bonded together with exterior-grade adhesive under extreme heat and pressure to develop adequate strength properties in the panel. During this process, long grain strands are compressed and mechanically oriented more or less parallel to each other and arranged into three to ﬁve distinct layers. These layers are oriented at ca 90◦ to one another, ie, strands are aligned lengthwise in layers perpendicular to each other similar to veneer plywood. The strands near the surface are typically ≥ 3 in. long but shorter strands are
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sometimes used in core layers. The core layers are also sometimes randomly arranged rather than oriented. The strands for the faces are typically oriented parallel with the long direction of the panel, whereas the core layers are oriented perpendicular to the length of the panel. Hardwood species, alone or in combinations with softwood species, can be used in the manufacture of OSB panels, but preferably lower density wood species (eg, aspen poplar in the northern part of North America and southern yellow pine in the south) are employed because strands of these woods can be compressed into medium density boards with sufﬁcient contact between strands during pressing for good bonding (4). The alignment of strands and the use of long strands give OSB panels improved mechanical (strength and stiffness) and physical (dimensional stability) properties in the direction of alignment, which make them acceptable in a wide range of industrial, residential, and commercial applications (Table 2). Even though OSB panels are being used as a substitute for plywood, their potential for use in some structural applications has been limited because of poor dimensional stability and durability compared to that of plywood. OSB panels will swell in thickness, and like all wood products decay when they come into extended contact with water. Since most of the thickness swelling is not reversed when the panels are re-dried, the products are regarded as unacceptable for some applications where high moisture contact is expected (52–54). Particleboard. Particleboard is prepared using small dried-particles combined with a thermally curable adhesive or other suitable binder and bonded together under high heat and pressure into panels of the desired thickness. The raw materials used to produce particleboard consist of wood wastes from sawmills, primarily from milled or ground wood chips, sawdust, and planer shaving. In some cases recycled cellulosic materials and plant residues such as wheat straw and bagasse are utilized as furnish to make particleboard. Most particleboard is formed into ﬂat panels. However, molded and extruded particleboard products such as furniture parts, molded door skins, and molded pallets are also produced. Particleboard usually consists of a three-layered panel with two surface layers (outer layers) and one core layer (inner layer). The face furnish is usually thinner than that in the core. This permits the strength and stiffness of the panel to be tailored and the faces to be produced with smooth surfaces. The American National Standard for Particleboard, ANSI A208.1, classiﬁes particleboard by density, properties, and class, and is the voluntary particleboard standard for the North American industry (Table 3). Medium Density Fiberboard (MDF). MDF is manufactured from reﬁned wood chips or other ﬁne cellulosic materials combined with a synthetic resin. The adhesive coated furnish is joined together under heat and pressure to form a versatile material having varying characteristics depending on the composition and processing conditions (Tables 2 and 3). The surface of MDF can be controlled so that it is smooth, ﬂat, and uniform in appearance and free of wood growth features such as knots and grain patterns. MDF panels are highly valued by woodworkers because they machine well and are suitable for ﬁnishing operations such as direct printing (eg, wood grains), thin laminating (eg, paper, decorative foil laminates), and painting (eg, custom colors). These attributes allow MDF panels to serve as excellent substitutes for solid wood
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Table 3. Selected Properties of Wood-Based Composite Panels Physical properties Density, lb/ft3d Thickness, in. Internal bond (IB), psie Modulus of rupture (MOR), psie Modulus of elasticity (MOE), 103 psie Screw holding capacity—face, lb Screw holding capacity—edge, lbs Hardness, lb Linear expansion (max. avg. percent)



Plywooda



OSBb



28–31 36–44 1/4–1 14 1/4–3/4 Species speciﬁc 50 3000–7000 3394–4206 ( ) 1392–1799 (⊥) 1000–1900 653–798 ( ) 189–218 (⊥) Species speciﬁc 100–300



Particleboardc



MDFa



40–48 1/2–1 14 15–145 435–3408



50 3/4 or higher 44–131 2030–5003



79.8–449.6



203–500



90–450



172–342 147–294



Species speciﬁc



100–300



180–348



Species speciﬁc 0.15



— 0.20–0.40



500–1,500 0.35



— —



a Properties



for various plywood grades or MDF (55). obtained from the Canadian Standards Association, standard CAN3–0437.0-M85, Waferboard and Strandboard/Test Methods for Waferboard and Strandboard (June 1985). means parallel to the indicated direction of face alignment; ⊥ means perpendicular to the indicated direction of face alignment. The Wood Handbook (55) shows OSB having MOR values of 3000–4000 psi and MOE values of (700–1200) × 103 psi. c Properties obtained from ANSI standard (ANSI A208.1–1999) for various grades of particleboard. d To convert lb/ft3 to kg/m3 , multiply by 16. e To convert psi to MPa, divide by 145. b Properties



in many interior applications such as kitchen cabinets, furniture, door parts, and moldings (Table 2). Composite Lumbers and Beams. Composite lumbers and beams comprise a large and diverse family of products known as engineered wood products (EWPs). EWPs include laminated veneer lumber (LVL), laminated strand lumber (LSL), parallel strand lumber (PSL), glulam, and I-joists, among others. LVL [also known as structural composite lumber (SCL)] technology was developed in Finland. Trus Joist became the ﬁrst U.S. producer of LVL in 1970 (3,6). LVL is a structural building material manufactured by layering dried and graded wood veneers with waterproof adhesive into billets of various thicknesses and widths. Generally, high quality laminates are used at the faces and low quality laminates in the center of the lumber. This speciﬁc arrangement gives LVL greater strength (by a factor of 2 or more) than conventional solid lumber having equivalent dimensions. In LVL billets, all veneers are laminated with the grain angle parallel to the longitudinal axis of the wood (one-grain direction) rather than arranging the veneer grains perpendicular to one another as in plywood. PF and pMDI are the resins that are typically employed to produce LVL and so the billets are hot-pressed or radio-frequency-pressed to consolidate the laminates. Common wood species used for LVL include Douglas ﬁr, larch, southern yellow pine, and poplar, but other wood species can be used as the raw material. As an engineered wood product, LVL is an ideal structural building material for applications in housing, commercial, and industrial construction. Typical applications include ﬂoor and roof joists, roof beams, roof truss chords, ﬂanges for prefabricated wood I-joists, concrete form, and scaffolding plank, among others (Table 2).
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Wood I-joists are hybrid beam elements that are made by gluing together lumber and panel composites to produce a dimensionally stable lightweight member having speciﬁed engineering properties. The product utilizes the geometry of the I-shaped cross section composed of two ﬂanges (top and bottom) of various widths linked by a web (or two webs) of various depths (Table 2). The ﬂanges are typically LVL, or ﬁnger-jointed sawn lumber of various machine stress-rated grades, while the webs are either structural grade OSB or structural plywood. The ﬂanges are designed to resist bending strength and provide stiffness, while the web is designed to resist shear forces in the beam. Thus, the I-shaped geometry of these products gives a high strength-to-weight ratio. I-joists are marketed as building products that do not warp, twist, or shrink, and their dimensions are more uniform than those of conventional sawn lumber joists. The wood I-joists performs much better than solid lumber because greater joist spacing can be used and their frames are lighter and more dimensionally stable than lumber, making their installation less costly for the builders. Wood I-joists are used in residential and light commercial construction in applications such as ﬂoor and roof joists, rafters, and purloins, among others (Table 2). Wood I-joists are certiﬁed by the APA-Engineered Wood Association as the APA-Engineered Wood System (APA-EWS), and are manufactured in compliance with Performance Rated I-Joists (PRI-400), Performance Standard for APA-EWS I-Joists. Glued laminated timber, or glulam, is a structural beam element manufactured by gluing laminates of solid wood lumber, ﬁnger-jointed lumber, or LVL. The individual lumber elements are oriented parallel to the longitudinal axis of the beam and laminated ﬂat-wise to bond along the entire length and width of the lumber elements. Based on the stiffness rating of the individual laminations high quality laminates are generally applied at the beam faces, while low quality laminates are placed in the middle of the beam. This combination is preferred since the load is carried by the beam in the top and bottom faces, while the middle only has to resist shear. A cold curing resin adhesive such as resorcinol or phenol–resorcinol is usually used to produce the beam by applying the adhesive and clamping or cold-pressing the laminates. Since little or no heat is required for the cure, curved glulam members and other customized shapes can easily be produced. Glulams are manufactured in accordance with the American National Standards Institute (ANSI) ANSI standard A190.1 for structural glued laminated timber. The strength values (bending and shear) for glulam are higher than for lumber. Glulam members are typically used as headers, beams, arches, etc (Table 2). The production of glulam is not expected to grow signiﬁcantly in North America because of the scarcity and high cost of laminating grade lumber, combined with stiff competition from LVL and other engineered wood products such as LSL and PSL, which are expected to grow because they have excellent structural properties and they employ more readily available raw materials (5,6). PSL is an engineered wood product developed by MacMillan Bloedel, Ltd., of Canada and was ﬁrst commercialized in 1988 (3,6). PSL is made in a similar manner to glulam beams with the difference being that strands of broken-up veneer (about 12 in. wide and up to about 37 in. long) are employed instead of solid lumber laminates. The strands are oriented and laid-up into a mat in a lengthwise direction, ie, aligned parallel to one another. The strands are glued with a water-resistant adhesive (PF) and are consolidated in a continuous microwave press. PSL is stronger, stiffer, and more stable than sawn lumber having the same
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cross section and is free of splits, knots, and warp. PSL is employed in various applications such as head beams, trusses, and other structural frames (Table 2). LSL is another type of engineered wood product in which all the strands are aligned in one direction, ie, LSL is an oriented strand lumber. The strands in LSL are shorter than in PSL and produced from strand wood rather than veneer. The strands are typically longer than strands utilized in oriented strandboard. Pressing includes steam injection rather than radio-frequency heating, and isocyanate resin is typically used rather than PF adhesive. LSL is used in industrial and light structural applications (Table 2).



Wood Thermoplastic Composites Wood-based composites continue to be among the most widely used building materials throughout the world. While thermoset wood composites date back to the early 1900s (a wood ﬂour/PF composite called Bakelite® ), wood combined with thermoplastic composites have become of major commercial importance only since the 1980s in the United States, although they have been in use longer in Europe (2). Wood-plastic composites (WPCs) represent a rapidly growing industry in the United States in both the plastic processors and forest products industries (56–58). To plastic processors wood and other lignocellulosic ﬁbers (eg, agroﬁbers) represent a vast supply of readily available raw materials for all types of WPCs. Statistics show that 2.5 million tons of ﬁllers were used in North America in 2001 with the most important ﬁllers being inorganic materials (2.3 million tons) such as calcium carbonate (1 million tons), glass ﬁber (0.77 million tons), and other mineral ﬁllers such as clay, talc, mica (0.55 million tons). Only 182,000 t was natural ﬁbers (57). The inorganic materials enhance some composite properties (eg, strength and modulus) and are extensively employed as ﬁllers, but have several drawbacks. They are produced from nonrenewable sources and they have high density, so products prepared with inorganic ﬁllers tend to be heavy. Furthermore, these inorganic ﬁllers cause equipment wear during processing (59). Therefore, on a volumetric basis, their use may not be very cost-effective. During the past two decades, wood ﬁbers and other lignocellulosic materials have begun to penetrate the ﬁlled thermoplastic markets because they possess many advantages relative to the common inorganic ﬁllers. These advantages include high speciﬁc stiffness and strength, easy availability, lower density, lower cost on a unit-volume basis, low hardness which minimizes wear of the processing equipment, renewability, recyclability, safety, and biodegradability (60,61). The replacement of inorganic ﬁllers with lignocellulosic ﬁbers also provides an opportunity to increase processing productivity rates (56). The forest products companies, on the other hand, see plastics as a way to expand sustainable forest resource utilization through the use of wood waste, ﬁbers from underutilized species, and reclamation and recycling of wood, other agricultural species and waste, and paper materials from municipal solid waste streams (62), as well as a way to make new construction materials with attributes that wood does not have (56).
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WPCs are typically manufactured by ﬁrst mixing dried cellulosic materials (in powder or ﬁbrous form) with various plastics and other processing ingredients (eg, lubricants, fusion promoters, coupling agents, ﬂame and smoke retardants, ultraviolet stabilizers). Cellulosic materials that are used in the production of WPCs include wood ﬂour or particle, ﬂax, jute, or other agricultural waste. The most commonly employed plastics are polyethylene (PE), polypropylene (PP), polystyrene (PS), and poly(vinyl chloride) (PVC). These thermoplastics are selected mainly because they can be processed at lower temperatures (150–220◦ C) to prevent the degradation of cellulosic materials (2). Generally, wood ﬂour and other coarse particles (10–100 mesh size) are easier to handle during processing than long ﬁbers which tend to agglomerate and cause dispersion problems during mixing. However, because of their higher aspect ratio, long ﬁbers provide greater reinforcing effects in WPCs than particles. The ﬁber can be difﬁcult to disperse but the dispersion problems can be offset by using compatibilizers during processing (60,63,64). Once mixed, the blended material is processed into the desired shape by conventional plastic processing equipment such as an extruder, injection molder, and a hot press (compression molding). Most of the WPCs used in construction applications are extruded to a proﬁle of uniform cross section (solid or hollow) and any practical length, whereas products having more complex shapes such as those used in the automotive industry or other consumer products are injectionor compression-molded. WPCs comprise an emerging class of materials that combine the favorable performance and cost attributes of both wood and plastics (Table 4). Because WPCs are true hybrid materials, they have strength and stiffness properties that are somewhere between both materials. They have outstanding bolt, drill, screw, and nail retention and they machine similarly to wood. Generally, WPCs are stiffer than neat plastics and have attributes that solid wood does not have. If properly manufactured, WPCs are more resistant to moisture (water absorption and thickness swell) than wood and resist attack by insects and fungi better than other wood



Table 4. Some Physicomechanical Properties of WPCs and Comparative Performance of WPCs with (Oak) and Softwood (Pine) Solid Wood Tests



Test methods



HDPE/WFa



Speciﬁc gravity MOR, psic MOE, 103 psic Water absorption, % Thickness swell, % Nail withdrawal, lb Screw withdrawal, lb Hardness, lb Linear coefﬁcient of expansion (per ◦ F)



ASTM D143 ASTM D790 ASTM D790 ASTM D1037 ASTM D1037 ASTM 1761 ASTM 1761 ASTM 143 ASTM 696



0.96–1.1 790–1423 160–510 0.7–4.3 0.2 90–170 430–600 1290 16 × 10 − 6



a HDPE/WF



Northern oakb



Ponderosa pineb



1.36 0.56–0.63b 2100–4500 14300b 700–980 1820b 1.2 — — — — — — — — 1290b 17 × 10 − 6 —



0.38–0.40b 9400b 1290b 17.2 2.6 50 165 460b 25 × 10 − 6



PVC/WFa



and PVC/WF contained 50–70% wood ﬁber. and MOR values measured at 12% moisture content (7). c To convert psi to MPa, divide by 145. b MOE
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products. This outstanding performance is due to the fact that the plastic matrix encapsulates the individual wood ﬁbers, thus interfering with moisture uptake by the wood element. Moisture can only be absorbed into the exposed sections of the wood. WPCs can be sanded, stained, painted, and ﬁnished just like natural solid wood. However, sealants and paints are not required for protection because WPCs resist moisture better than wood, and WPC products can be prepared with colorants and other additives during the processing phase, which eliminates the need for additional ﬁnishing. Because of their performance, easy installation, and cost-effectiveness, WPC products are being selected by homebuilders over other materials such as solid wood, concrete, clay, and aluminum, especially as building materials for applications like decking, siding, and window and door frames. WPCs are also used as molded panel components for automotive interiors. The market for these composites continues to expand in the United States and other parts of the world. In 1999, 460 million pounds of WPCs were produced in North America (56). In 2000, production of these composites increased to 760 million pounds and experts believe that the production of WPCs will continue to grow particularly because of their acceptance as a substitute for chromated copper arsenate pressure-treated lumber (57,58). Although a variety of WPC products have been commercialized, some drawbracks in their properties may limit the market potential of these products. For example, WPCs are more brittle and have lower impact resistance than neat plastic products (61,65). In addition, their high density (62–85 lb/ft3 ), which is almost twice that of solid lumber (22–40 lb/ft3 for various pine species), may hinder their acceptance in the conventional structural lumber market (66). In general, unﬁlled plastics are more ductile than WPCs because the incorporated brittle wood ﬁbers alter the ductile mode of failure of the matrix making the composites more brittle (61,65,67). The higher density of WPCs compared to the unﬁlled plastic and solid wood is mainly due to the compression of wood cell walls during processing. The ﬁnal speciﬁc gravity of WPCs manufactured by injection molding, extrusion, and compression molding, even when made with a 0.9 speciﬁc gravity thermoplastic resin, is over 1 because the wood cell walls are crushed or compressed nearly to the speciﬁc gravity of solid wood without air spaces (approximately 1.5), and voids between and within the wood ﬁber structure are completely ﬁlled with resin (68,69). Several attempts have been made to overcome the drawbacks of dense WPCs (65,70–72). Signiﬁcant improvements in the impact strength of WPCs are achieved by incorporating impact modiﬁers into the formulation (65). However, impact modiﬁcation of WPCs does not enhance their ductility or reduce the density of the products (65). The creation of a microcellular void structure (wood-like structure) in WPCs through foaming has recently been found appropriate to reduce the weight of the composites (70–73). The lightweight WPCs, as a result of the presence of microcells, exhibit enhanced ductility and impact resistance. However, the reduced density can be achieved at the expense of other mechanical properties such as strength and stiffness (72,74) (Table 5). There currently are no manufacturing standards for WPCs and the standard test methods for evaluating the mechanical and physical properties of WPC products are under development by the American Society for Testing and Materials (ASTM), committee D7 on Wood. The lack of manufacturing standards combined
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Table 5. Mechanical Properties of Microcellular Pure Plastic and WPC Foams Mechanical propertiesb



Strength at break, MPac Samplesa Pure plastic (PVC) WPC



Tensile modulus (stiffness), GPad



Elongation at break, %



Notched Izod impact strength, J/me



Unfoamed Foamed Unfoamed Foamed Unfoamed Foamed Unfoamed Foamed 17



14



0.06



0.07



84



126



72



206



14



13



0.37



0.20



28



63



31



87



a The density of pure PVC was 1.35 g/cm3



whereas the densities of the composites with 30% wood ﬁbers were in the range of 1.35–1.45 g/cm3 . The densities of foamed PVC and WPC samples were 0.60 g/cm3 . b Properties are expressed as speciﬁc properties, ie, property divided by the speciﬁc density of the sample (72). c To convert MPa to psi, multiply by 145. d To convert GPa to psi, multiply by 145,000. e To convert J/m to ft·lbf/in., divide by 53.38.



with the increased use of WPCs by the construction industry have also resulted in concern about the durability of these products exposed to outdoor environments. In applications such as decks and docks, landscaping timber, fencing, signposts, playground equipment, window frames, etc, the products can be in ground contact and/or are in an above-ground environment where there often are risks of material deterioration. When WPCs are in ground contact, biological agents such as fungi and subterranean termites may be the main cause of degradation (75,76). On the other hand, exposure to sunlight and moisture can cause degradation in an above-ground environment (77,78). Freeze-thaw durability may also be of signiﬁcant importance in colder regions where freeze-thaw action is prevalent. These climatic environments may cause millions of dollars of material damage and high material cost may be involved to replace damaged products. Therefore, the durability of these composites is of special concern for their use in outdoor applications and is currently being extensively studied.
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