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Part B: Reinforcements and matrices



Polymeric Matrix Composites (PMCs), Metal Matrix Composites (MMCs) and Ceramic Matrix Composites (CMCs) will be discussed. For PMCs, synthetic and natural fibres as well as mineral particulate reinforcements will be studied. Polymeric matrices both, thermosetting and thermoplastic ones, will be included. It will be shown, that the underlying strategy in PMCs is to use a fibre of high tensile modulus and strength, well integrating with the matrix, and to arrange the reinforcement in a suitable way in order to achieve enhanced performance of prepared materials and products. Although about 80% of worldwide produced PMCs are prepared with matrices of thermosetting type, more recently thermoplastic matrices are carving out an increasing part of composite market. Thus both matrix types will be studied. Moulding compounds will be briefly overviewed. For MMCs and CMCs, processing methods, types of materials, toughening principles and applications will be discussed.



Reinforcements In Fig. B.1, various types of microreinforcement (or simply reinforcement) is schematically represented (nanoreinforcements will be discussed separately in Part G). First of all, particulate and fibrous reinforcements can be distinguished
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Figure B.1 Particulate (a) and fibrous (b-d) reinforcements. (From Matthews and Rawlings [ref. 9], Fig. 1.4)



The main attention will be given to fibres, being by far the most important reinforcement.



Basic characteristics of fibres and fibrous reinforcement It can be understood from Fig. A.2 that a fibre achieves its restraining ability on the matrix entirely via the fibre-matrix interface. The larger the interface is, the more effective is the reinforcement. In fact, the ratio surface area, A, of reinforcement to volume of reinforcement, V, needs to be as high as possible. For a cylindrical reinforcing element of diameter, d, and length, l, that is having an aspect ratio, a= dl πd 2 A V
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A plot of A/V against log a is shown in Fig. B.1
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l/d



Figure B.2 Surface area to volume ratio, A/V, vs. aspect ratio, a, for a cylindrical reinforcing element.



The surface is most developed (for a given volume) for long fibres and thin platelets. It is least developed for a =1. Thus for fibres and platelets, the reinforcement-matrix interaction is maximized through the interface, and such reinforcements are most attractive. Fibres are particularly attractive as reinforcement because •



spinning imparts strength and stiffness to them



•



their small diameter (usually 7 to about 20 µm) implies a low probability of defects and allows a higher fraction of ideal strength to be attained (strength decreases with increasing diameter); this having a positive influence on mechanical properties of fibres



•



they are flexible and thus can undergo bending with a radius of curvature, rmin = 0.1 to 1 mm, without breaking (proceed from the simple theory of bending and Ed find that rmin = , where E is Young´s modulus, and σ* is fibre strength, and * 2σ note the influence of d on rmin). This is beneficial for fabrication of composites
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Reinforcements & matrices ________________________________________________________________________ where fibres are necessarily handled and should not break, and also for flexible composites like tyres. A single fibre is often referred to as a filament. Several hundreds or thousands of filaments (count) can be put together to form so called strands, rovings, yarns or tows. So called heavy tows containing several tens of thousands (for example 100 k) of filaments have been introduced more recently. Towards their high performance in composites, fibres are coated with sizing* which •



promotes chemical bonding between fibre and matrix, often by means of organosilanes or organo-titanates, which are referred to as coupling agents (CA) or adhesion promoters (AP)



•



protects the fibre from abrasion and hostile environments



•



acts as a binder holding filaments together to form tows and the like



•



soft or hard sizing may be desirable for a given manufacturing technique (‘soft’ or ‘hard’ in the present context refers to the tendency during processing to allow for de-bundling or not, respectively.



* usually proprietary information



Fibre packing In order to get some idea as to the range of fibre volume fractions that may be expected in fibre composites, it is useful to consider idealized UD fibres packing geometries such as shown in Fig. B.3
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Figure B.3 (a) UD fibres in a composite, (b) idealized hexagonal and square patterns of packing; s is fibre separation, 2r fibre diameter, and 2R distance between fibre centres (spacing). (From Hull and Clyne [ref. 1], Fig. 3.1) Assuming that spacing does not change along fibre length and fibres are prismatic, we have •



for hexagonal packing:



f =



π 2



r 2 ( ) , and maximum packing (r =R) = 0.907 R 3



(B.2) •



for square packing:



f =



π 4



r 2 R



( )



, and maximum packing (r =R) = 0.785 . (B.3)



It can easily be found from equations above that even at low amount of fibres, say f =0.3, s < d. Thus typically the matrix is highly constrained between closely positioned fibres. This has severe implications on impregnation of fibres during processing. Good impregnation and wetting off of fibres is needed in order to achieve low amount of voids and thus high quality composites. Particularly, long range flow during processing will often be severely hindered by closely spaced fibres, in the microsize channels. Also, the
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Reinforcements & matrices ________________________________________________________________________ severe constraining may modify the matrix in the solid state, so in service it will have different properties from the bulk material. In most long fibre composites the fibres are packed in a random fashion and fibre volume fractions range from 0.5 to 0.7. In fact, one of the main consequences of non-regular packing is the difficulty of reaching f >0.7. In discontinuous and short fibre composites fibre volume fractions are usually much lower due to random 2D and typically random 3D orientation of fibres, respectively, and processing limitations. Also, when f is low, packing becomes very irregular, with bunching of fibres and resin rich pockets. Also misalignment of fibres is more likely to take place. Apart from the volume fraction, also weight fraction is used. For a binary composite



w/ ρ



f = (w / ρ f )+( wfm / ρ m )



(B.4)



with w + wm = 1



(B.5)



with w denoting weight fraction of fibres, wm weight fraction of matrix, and ρf , ρm are densities of fibre and matrix, respectively. Eq. B.6 is used to covert volume fraction to weight fraction



w=



fρ f fρ f + f m ρ m



.



(B.6)



Long fibres can be arranged in a variety of geometrical forms. As mentioned in PART A, stacks of UD plies forming a laminate is frequently used. Also, technologies originally developed for textile processes, weaving, braiding and knitting are used. As an example, a woven roving is shown in Fig. B.4



6



__________________________________________________________________



Reinforcements & matrices ________________________________________________________________________



Figure B.4



A micrograph of a section through a woven roving laminate parallel to one set of fibres. Waviness of fibres and resin rich pockets can be seen. (From Hull and Clyne [ref. 1], Fig. 3.6)



Non-crimp fabrics (see also Woven fabrics and DOS/non-crimp fabrics, ahead) A woven cloth has high flexibility, and we refer to this as drapability or simply drape (the ability of the cloth to cover and reproduce complex geometries, topologies) which facilitates forming of complex geometries with composites. In woven cloth, the angle between the warp (yarn in the longitudinal direction of production, called machine direction) and weft direction is 90˚. Although woven fabrics gain integrity from interlacing of warp and weft, interlacing induces weaviness of tows (see Fig. B.4) which in turn imparts crimp, which has a negative effect on stiffness and strength. Thus there is an interest in using new non-crimp fabrics (NCF) as reinforcement for composites. In NCFs interlacing is eliminated, instead the integrity of the reinforcing fabric is achieved by binding yarn (perpendicular needling/stitching of stacked layers with polyester yarn) (it should be remarked, that despite the name-non-crimp- a certain amount of fibre crimp is still present in the fabric and in the final composite).



Fibre stress and strength Tenacity is the tensile stress when expressed as force per unit linear density of the unstrained fibre, for example N/tex; where 1 tex is when 1 km of fibre weighs 1 g. Also derniers are used. Denier is the weight in grams of 9000 meters. As an example, a glass tow containing 204 filaments usually has a unit linear density of about 2000 tex. Usual stress units of N/m2 and alike are also used.
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Reinforcements & matrices ________________________________________________________________________ It is important to note that many fibres are essentially brittle, and thus the strength is not a unique value but varies from one fibre to another, depends on the presence of flaws, and thus varies with fibre volume. It was found by extrapolation that for very small diameters the fibre strength approaches very high values corresponding to the cohesive strength of the chemical bonds between atoms, and dramatically drops with the increasing diameter. Thus a statistical treatment of fibre strength is necessary. This applies particularly to carbon, natural and glass fibres in the case of PMCs. Statistically, the dependence of fibre strength on its volume (i.e., usually the length) is analysed in terms of the Weibull weakest link theory. The theory assumes that a material fails when a stress at any defect is large enough to cause structural instability resulting in crack growth. In other words, the strength of a fibre is determined by the presence of the largest defect in it, and the defects are distributed randomly in size and position throughout the sample. The Weibull distribution is different from the normal distribution as presented below



Figure B.4a



Normal and Weibull´s distributions.



The normal distribution is symmetric (that is for every weak fibre there is a corresponding strong one). The Weibull distribution is non-symmetric or skew (that is for a given collection of fibres there will be more weak fibres than strong ones). The form of the Weibull description most frequently applied to reinforcement fibres is



[



Ps = exp − VV0
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σ −σ u m σ0



]



(B.7)
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Reinforcements & matrices ________________________________________________________________________ with Ps(V) denoting the probability that a volume V of material will not break under stress σ (survival probability), in practical terms Ps can be defined and understood as the relative number of fibres in a large sample that survives the stated stress i.e. Ps ≈ (Ns+i)/ (N+i), where Ns is the number of surviving fibres and N is the total number of fibres, i for convenience is usually set to 0.5 or 1; V0 is the volume for which a most probable strength of σ0 is expected (V0 can be chosen arbitrarily as a unit of volume), for prismatic fibres V/V0 can be taken as L/L0, where L is fibre gauge length and L0, similarly as for V0, is the fibre length for which a most probable strength of σ0 is expected; σ is stress; σu is a threshold stress below which the probability of survival is 1, σu is conveniently for most purposes assumed to be zero, it is also called the location parameter; σ0 is a normalising (scale) strength, which may for our purposes be taken as the most probable strength expected from a fibre of length L0, if V0 (see above) is taken as unit of volume, σ0 is then the value of σ-σu at which Ps = 36.78%; m is a constant known as the Weibull modulus (also called shape parameter). Form B.7 is also referred to as the three-parameter Weibull distribution. Thus m represents the degree of fibre flaw sensitivity, and is an indication of the degree of variability in strength (the higher the m, the less variable is strength). m is an inverse measure of the width of the distribution. If the value of m is large, say m>20, then it can be seen from Eq. B.7 that stresses even slightly less than σ0 would lead to large Ps but if σ > σ0 then a low probability of survival is predicted. On the other hand, if m is low, say m 
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Figure B.5



Weibull plots for a series of SiC fibre samples with four different gauge lengths (specified in the inset table). Note that the lnln(1/Ps) scale has been translated to equivalent probability of fracture, Pf =1-Ps. (From Warren [ ref. 3], Fig. 8.3)



The median strength, , of a series of specimens of length L corresponds to Ps =0.5 whence lnln(1/Ps ) = -0.367. Thus,



ln = -(1/m) ln L – 0.367/m + ln σ0 .



(B.8)



For the majority of distributions, the median strength differs little from mean strength (∑σiF/N)(mean strength can be found by integration of the Weibull expression). A simplified statistical expression for strength of a bundle of fibres, σbB, is



σbB = σ0 (mL)



-1/m -1/m



e



.



(B.9)



As the number of fibres increases, the Weibull distribution (see Fig. 4a) implies that the chance of having a weak fibre is higher than the chance of having a strong one. This means that tested fibre strength will decrease as the number of fibres in a tow increases.
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Reinforcements & matrices ________________________________________________________________________ This is in contrast to the normal distribution where the number of fibres does not affect the bundle strength.



Fibre orientation and length distributions In turn, we focus on fibre orientation distribution (FOD). So far, the shown (long) fibre architectures were simple to describe. However, discontinuous and particularly short fibres require techniques to describe their orientation. It should be mentioned that typically it is considered that fibres are straight and analyses are designed for this shape, however curved fibres are also observed in materials as the reinforcement. We will consider two main cases: orientation in plane, and spatial orientation, both for straight fibres. Images for analysis are usually prepared by X-ray micrography, scanning electron microscopy (SEM), or light microscopy (LM) observation of polished sections or naked reinforcement, for example see Fig. A.3. The directions are then divided into a certain number of ‘bins’, shown with thin radial lines in Fig. B.4a, as an example. The radius of each bin in the plot (see Fig. B.4) is proportional to the fraction of fibres with orientations in the range concerned. Image analysis techniques can be efficient in preparing such histograms. It is obvious that a regular circular histogram is obtained for a completely random case (see Fig. B.4a, where a radius of 100/18 in % can be seen), and an irregular one, otherwise (see Fig. B.4b). The histogram in Fig. B.4b is representative of reinforcement anisotropy, for example CSMs exhibit anisotropy resulting from production, where fibres tend to align more in the transmission/longitudinal direction. Cartesian coordinates can be used instead. Proceeding from FOD, satisfactory prediction of properties of a composite can usually be achieved. Short fibres generally show 3D orientation in a composite prepared, for example, by injection moulding or from bulk moulding compounds (BMC). As represented in Fig. B.6, x-ray micrography and observation of polished sections is used, with the intention to determine the spatial fibre orientation (two angles α and β)
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Figure B.6



Fibre orientation determination: (a) from a thin section, (b) from the shape of fibre cross-section. (From Hull and Clyne [ref. 1], Fig. 3.9)



As shown in Fig. B.6a, the angle β is



β = tan −1 (t / l p )



(B.10a)



with t denoting thickness of the section, and lp the projection observed say by x-raying, as is the angle α. As shown in Fig. B.6b, where the elliptical cross-section as well as major and minor semiaxes a and b are seen, angle α is formed between the major axis of the cross-section and reference direction y, and can be measured. Angle β can be readily obtained as 12 __________________________________________________________________
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β = sin −1 (b / a ) .



(B.10b)



Note that the techniques discussed do not allow to determine whether the angle is β or πβ. Thus, more sophisticated techniques are being further introduced. However, a simple way to determine this angle is to remove a further layer to reveal fibre direction. Also, there are other techniques of characterising FOD.



Short fibre length distribution



During processing of short fibre composites (e.g., by injection moulding, extrusion) fibre breakage takes place. A direct method of examining the breakage involves dissolving, acid digestion, or burning-off the matrix, and depositing the obtained residue on a suitable substrate. Sieving the residue through a series of sieves is used. The average fibre length can be represented as



•



number average (more meaningful, better represents length distribution)



LN =



∑NL ∑N



i



(B.11)



∑ WL ∑W



(B.12)



i



i



•



weight average



LW =



i



i



i



with Ni and Wi denoting the number and weight respectively, of fibres of length Li (within some specified range near Li). An example is shown in Fig. B.7
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Figure B.7



Length histogram of fibres extracted from an injection moulded thermosetting matrix composite. (From Hull and Clyne [ref. 1], Fig. 3.11)



There are many fibrous reinforcements available both, synthetic and natural. In the following, carbon, glass, organic and natural fibres extensively used in PMCs, will be presented.



Carbon fibres



Carbon fibres have made a remarkable engineering impact since their first development in the mid 60s. They can be prepared from poly(acrylonitrile), PAN (today a preferred preparation for high stiffness grades), or from pitch (pitch is a by-product of petroleum refining or coal coking). A carbon fibre (also called graphite fibre) consists of graphene layers (see Fig. B.8a) forming folded graphite stacks non-perfectly aligned in fibre direction (see Fig. B.8b)(a schematic representation)
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a)



b)



Figure B.8 Carbon fibre structure: a) graphene layer, b) schematic representation of carbon fibre. (figure b: from Bennett and Johnson [ref. 4], in Hull and Clyne [ref. 1], Fig. 2.1)



These are frequently referred to as basal planes. Carbon atoms in a basal plane are arranged hexagonally. Due to the covalent bonding, great in-plane stiffness and strength is achieved. Only weak van der Waals forces act between the planes. Thus carbon fibre is anisotropic. As seen in Fig. B.8b, there are other imperfections in carbon fibre structure apart from the _____________________________________________________________________ 15



Reinforcements & matrices ________________________________________________________________________ mentioned misalignment, like voids and surface pits. Also, the graphene layer can be damaged. Three types of carbon fibres are commonly distinguished: high strength (HS), high modulus (HM) and intermediate modulus (IM). HM type are the most expensive ones, and HS type are the most commonly used ones.



Properties of carbon fibres • • • • • • •



• • • •



diameter typically of 8 µm Young´s modulus in fibre direction from about 230 to about 850 GPa, and strengths in the range 1.5 to 4.5 GPa density of 1.77 to 2.16 g/cm3 transverse Young´s modulus of about 6-35 GPa strain to break from 0.6 to close to 2% hydrophobic and inert (but oxidation resistance at high temperatures is low) heating in oxygen, nitric acid, sodium hypochlorite is useful to roughen the surface and produce functional groups -CO2H- -C-OH- -C=O; this increasing adhesion to polymers. Silicon carbide etc can be deposited on surface; also to increase adhesion with polymers: anodic oxidation using alkaline electrolytes like sodium hydroxide and ammonium bicarbonate are recommended, amino groups can be useful (they are obtained by reaction with tetraethylenepentamine, plasma treatment, treatment with organo-titanate coupling agent electrically(HM types have higher conductivity) and thermally (particularly exmeso-pitch) conductive negative thermal expansion in axial direction down to -1.6 x 10-6 1/K, and slightly positive in transverse direction service temperatures can be limited by oxidation onsetting in air between 300 and 400˚C, otherwise the fibre can withstand temperatures around 2000˚C large variability in strength (stochastic) (Weibull parameter is low).



Glass fibres



Glass fibres are the dominating reinforcement for marine FRPs (although recently carbon and aramid fibres are increasingly used in some high-performance marine structures). They are manufactured by extruding molten glass through a large number of holes (often 204) in a platinum plate called the “bushing”. Silica (SiO2) is always the main part of glass fibres compositions. Several grades of glass fibres have been used. The main and most commonly used grade is E-glass (named from high electrical resistance and its early electrical applications) whose mechanical characteristics first of all are: high strength and rather low stiffness at low cost. S-glass is a high-performance expensive grade (often in
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Reinforcements & matrices ________________________________________________________________________ military applications), recently becoming suppressed by S-2 glass (intermediate mechanical properties) and carbon fibres. Equivalent to S-glass in the USA are R-glass (Europe) and T-glass (Japan). Also C-glass grades of enhanced chemical resistance and alkali resistant AR-glass are used. The 3D structure of silica glass is shown in Fig. B.9



Figure B.9 Structure of silica glass: a) the silicon tetrahedron, b) schematic representation of non-crystalline(random, amorphous) network of silicon tetrahedra covalently bonded each with another, forming the fibre. Sodium ions Na+ (not shown) are also present and form ionic bonds with oxygen atoms and are not linked directly to the structure but can affect properties like melting point. (From McCrum, Buckley and Bucknall [ref. 2], Fig. 6.6)



Thus glass fibre is isotropic.



Properties of glass fibres • • • • •



• •



diameter typically of 8 to 15 µm Young´s modulus of 69 to 85 GPa, depending on the type strength 3.45 to 4.60 GP, depending on the type density of 2.48-2.69 g/cm3, depending on the type types: E-glass (common), C-glass (resistance to chemical corrosion) and S-glass (higher stiffness and max. service temperature)(types are ranked with increasing silica content; various amounts of Al2O3, Fe2O3, CaO, MgO, Na2O+K2O, Ba2O3, BaO are also present) hydrophilic (moisture, alkali and acids decrease its strength); thus must be protected from environmental influences susceptible to abrasion and static fatigue
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service temperatures: tensile strength begins to decrease between 220 and 260˚C, falling to 50% by 480 to 560˚C coefficient of thermal expansion 5 x 10-6 1/K large variability in strength (Weibull parameter is low).



Common forms of glass fibres are shown in Figs. B.10-B.13



Figure B.10 Strand (a bundle of filaments). (From Mallick [ref. 5], Fig. 2.7)



Figure B.11 Woven roving (WR). (From Mallick [ref. 5], as above)



WRs are used, among others, in higher-grade marine construction. Weights of WR commonly employed in hand or automated laminating of ship and boat hulls are in the range 200 to 900 g/m2, or much higher weights (up to 4000 g/m2) may be used. A light glass tissue (20 to 50 g/m2) is commonly used to reinforce the gel coat in boat hulls.
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Figure B.12 Chopped strands. (From Mallick [ref. 5], as above)



Figure B.13 Chopped strand mat (CSM). Typical weights: 225, 300. 450, and 600 g/m2. (From Mallick [ref. 5], as above)



The grades of CSM commonly used in boat fabrication have weights in the range 300 to 900 g/m2).



Aramid fibres



Aramid fibres became available in the early 70s. They are produced by extruding an acidic solution of a proprietary precursor (possibly a polycondensation product of terephthaloyol chloride and p-phenylenediamine) from a spinneret. Aramid fibre is a _____________________________________________________________________ 19



Reinforcements & matrices ________________________________________________________________________ highly crystalline organic fibre, and aramid is a generic term for aromatic polyamide. In contrast to conventional polyamide, the molecule has a lot of aromaticity (contains a lot of para-benzene rings, e.g. poly(p-phenylene terephtalamide)(PPD-T). The aromatic rings impart stiffness, thermal and chemical stability to the molecule. In solution, aramid molecules exhibit liquid crystalline behaviour. The aramid molecule structure is shown in Fig. B.14



Figure B.14



Aramid (Kevlar 49) molecular structure. (From Mallick [ref. 5], Fig. 2.14)



As shown in Fig. B.14, the molecules become highly oriented in the direction of fibre axis. Weak hydrogen bonds between hydrogen and oxygen atoms in adjacent molecules hold them together in the transverse direction. Thus, the resulting fibre is anisotropic. Such fibres were first developed with the trade name Kevlar TM which actually is a liquid crystalline fibre. Nomex (used for honeycombs) is similar but with meta- instead of parabonds.



Properties of aramid fibres • • • •



•



density of 1.44 to 1.47 g/cm3 depending on the type of fibre, the Young´s modulus varies from 65 to 135 GPa tensile strength is 2.4-3.0 GPa and strain to break is 2.5 to 4.4% compressive strength is low (about 1/8 of tensile strength, the fibre fibrillates) (for this reason among others it could be unsuitable for use in marine FRPs which can carry high compressive or bending loads, unless hybridized with glass or carbon) negative coefficient of thermal expansion of -2 x 10-6 1/K
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longterm service temperatures up to 160 to 180˚C, and up to 300˚C for a limited time fibre is highly damping (epoxy composites with Kevlar have 5x higher damping capacity compared to glass fibre/epoxy) sensitive to UV, even fluoroscent lamps plasma and light treatment improves adhesion to polymers.



Ultra high molecular weight polyethylene (UHMWPE) fibres



UHMWPE fibres are obtained by gel spinning from a dilute solution of PE in e.g. paraffin oil. Gel-spinning is used in order to turn the very tough UHMWPE into gel-like substance which can be spun through a spinneret. UHMWPE (molar mass 2-2.5 x106) is used because of the needed higher elongation, less branching and higher crystallinity (approx. 85%). In order to achieve very high stiffness in a polymeric material (likeUHMWPE) molecules need to be oriented and extended, as shown in Fig. B.15



Figure B.15 Two types of molecular orientation: a) oriented without high molecular extension, and b) oriented with high molecular extension.



Properties of UHMWPE fibres • • • • • • • •



density of 0.97 g/cm3 Young´s modulus of 89-120 GPa tensile strength of 2.7-4.0 GPa, and strain to break 2.9-4.1% compressive strength only 2-3% of tensile strength excellent chemical and abrasion resistance strain rate sensitive and unfortunately prone to creep maximum service temperature is approximately 90˚C; pronounced loss of properties above 130˚C poor adhesion to polymer matrices (cold plasma treatment, corona discharge and chemical etching improves the adhesion).
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Plant fibre and wood composites



There are a number of natural plant (agricultural and wood) fibres, for example flax, hemp, jute, cotton, sisal, coniferous and deciduous wood. The chemical composition always includes cellulose (38-99%), hemi-cellulose (3-39%), lignin (3-34%), and also often ash, and sometimes pectin and silica. Of all listed constituents, particularly highly crystalline cellulose and lignin give rigidity to plants. When the cell wall (see Fig. B.16) is made up mainly of cellulose, hemicellulose and lignin, we talk about lignocellulosic fibres. Cellulose is a linear polymer consisting of glucose units, usually 9000-10000 repeating units long. The chemical structure is shown in Fig. B.16



Figure B.16 Two β-glucose units forming one cellobiose (or disaccharide), the repeating unit for cellulose. (From Bristow et al. [ref. 6], Fig. 3.17)



In the chemical formula above, β indicates the relative position of the CH2OH group. Note also the relatively high content of polar hydroxyl groups (-OH) which provide for many possibilities for hydrogen bonding between adjacent cellulose chains (formation of microfibrils and next fibrils), and cross-linking. A wood fibre structure is shown schematically in Fig. B. 17. A cell wall is made up of several layers, so-called primary and secondary cell walls. In secondary walls, fibrils form a helical line, differently in each of the layers S1, S2 and S3. Thus a cell wall is formed. It surrounds a central void referred to as lumen. This hollow multilayer structure is referred to as fibre (also called a tracheid). The individual fibres (or tracheids) are bonded together by a lignin-rich region known as middle lamella.
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Figure B.17 Model of wood fibre. Walls have been partly cut away to show arrangement of cellulose fibrils in different layers. ML denotes the middle lamella, P primary wall, S1, S2, S3 layers of secondary wall, and W warty layer (latter one appears only in softwoods, not hardwoods. (From Bristow and Kolseth [ref. 7], Fig. 1)



The interest in natural fibres stems from their suitability for recycling/biodegradability, renewable material, potential for improvement, low density, benefits derived from onestep, abrasion-free and lower-pressure processing. PMCs containing natural fibres or wood particles are gaining in attractiveness. For example, advantages of wood composites as compared to solid wood are that they are more homogeneous (e.g. without knots), the anisotropy can be controlled, and products can be designed in almost any shape. It is attractive to combine natural fibres with polymer resins, particularly bioresins, for example poly(lactic acid)(PLA) or poly(trimethylene terephthalate)(PTTA). For example, the global annual production of lignocellulosic fibres today is 4 billion tons, in comparison with 0.7 billion and 0.1 billion tons of steel and plastics, respectively. Thus there exists a huge and renewable supply of material. Plant fibres are hydrophilic. Many of common polymer matrices are largely hydrophobic (phenol-formaldehyde is less hydrophobic). Thus problem in wetting out the fibre is encountered, and rather ineffective interfaces are found. Surface modification is needed. This is attempted by (i) compatibilization and (ii) coupling. Surface modification (i) can include treatment with maleic anhydride grafted PP (MAPP), monofunctional isocyanates and m-phenylene bismaleimide. Surface modification (ii) (used mainly with thermosets) can include treatment with diisocyanates, silanes and other difunctional compounds.
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Reinforcements & matrices ________________________________________________________________________ Other challenges: still high per-weight cost, lower mechanical properties, moisture absorption and low temperature resistance. Recently, there is a growing interest in so called Wood-Plastics Composites (WPC). WPCs contain (roughly) 50% wood filler, and their processability (for example by extrusion) is high. A major application is garden decks (USA), picture frames and the like.



Fibre arrays for reinforcement of composites



Non-woven A commonly used form of reinforcement, particularly for low-cost applications, is chopped strand mat (CSM), shown in Fig. A.3. Bundles of discontinuous fibres are assembled together with random in-plane orientations. Mats are easy to handle as a preform, and the resulting composite has isotropic in-plane properties (some small degree of anisotropy can be imparted due to anisotropy of CSM resulting from some increased alignment of fibres during production of CSM in the machine direction). The fibre volume fraction is limited to relatively low values.



Woven fabrics The use of woven textile fabrics for reinforcement of advanced composites is widespread. Textile technologies of weaving, braiding and knitting are used. They offer ease of handling and can offer excellent drape, depending on fabric construction. As examples, woven, directionally oriented structures (DOS), non-crimp fabrics (NCFs) will be briefly discussed (see also non-crimp fabrics, earlier) (it is helpful to note that in the textile community, NCFs are sometimes referred to as DOS, or stitchbonded fabrics, multiaxial multiply fabrics (MMFs), and other names). Two exemplary woven structures are shown in Figs. B.18 and B.19
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Figure B.18



Plain weave balanced-both warp and weft yarns are crimped. (From Dartman [ref. 8])



Figure B.19



Warp rib structure with straight (non-crimp) warp yarns. (From Dartman [ref. 8].)



Three-dimensionally polar and block weaves are also used. In Fig. B.20, a 3-D block (orthogonal) weave is shown
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Figure B.20



3-D block (orthogonal) block weave.



The fibre arrangements produced by 2D braiding are similar to woven fabrics. Braiding is commonly used for flexible tubes, with the fibre tows interlacing orthogonally. Also more complex shapes can be generated, with fibre tows meeting at different angles. Braiding is used also to produce 3D fibre architectures. Knitting is also used to produce fabric performs. The fabrics are usually in the form of a staple yarn to facilitate knitting. Many knitting configurations are possible. The yarn is arranged in a repeating series of intermeshed loops, thus it can be expected that the stiffness of composites will not be very high, and thus methods of lying additional straight fibres in knitted structures, to increase, for example the stiffness, in specific directions, are developed.



DOS/non-crimp fabrics A DOS fabric is shown in Fig. B.21. Two separate yarn systems are present: the knitted and the inserted yarn system. The knitted structure gives the fabric integrity and the noncrimped insert yarns give stiffness
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DOS fabric. (From Dartman [ref. 8].)



Weaves have been and are still used in many applications. NCFs have the potential for high performance low cost polymer composites. There is an interest in NCF reinforced composites in the aircraft and marine industries.



Particulate reinforcement Fillers have always played an important role in the plastics industry. There is a large variety of fillers. They are usually understood as solid materials like calcium carbonate (mainly to lower cost), clay, silica, talc, carbon black (often to impart electrical conductivity that is to increase functionality of the polymer), aluminium trihydrate (to reduce flammability), and many others, added in reasonably large volume loadings. Most fillers, and those most commonly used, are minerals that are ground rock and ores otherwise processed to obtain the material in particulate form. The idealized shape classes are: sphere, cube, block, flake and fibre. In the composite industries flakes are willingly referred to as platelets. Particularly, mineral platelets, when added to polymers can impart stiffness and strength. As can be understood, such filled polymers fall into the class of composite materials. Particle-reinforced materials are included in the classification scheme shown in Fig. A.1. Talc and mica described below are both crystalline with layered Si02 tetrahydra.



Talc: 3MgO·4SiO2·H2O (hydrous magnesium silicate) is the softest known mineral. Talc platelets are obtained by cleavage. They are used as reinforcement in thermoplastics and rubbers (also used for electrical insulation). Mica: generic name for potassium aluminosilicates, e.g., K2O3·Al2O·6SiO2·2H2O (muscovite type, most common). Has high strength and stiffness, excellent dielectric constant, low coefficient of thermal expansion, high thermal conductivity. Mica sheets can be easily cleaved (wet grinding or water-jet delamination) because of week interlayer van der Waals bonds. Typically, of platelets of dimensions 10-1000 µm across and 1-5 µm in thickness are obtained. Talc and mica increase stiffness. Mica increases also strength. Solid glass beads (often Ballotini beads typically 4-44 µm in diameter) and hollow glass microspheres (called also microballons) are also used. An important advantage of glass



_____________________________________________________________________ 27



Reinforcements & matrices ________________________________________________________________________ beads is that for thermoplastics the viscosity increases less than for short fibres. Also compressive, shrinkage and abrasion resistance properties are increased. More recently, hollow microspheres of increased crushing resistance have been developed, this facilitating the processing of composites. They do not reinforce but reduce weight and dielectric constant.



Matrices Service temperature is often the main consideration when selecting a polymer matrix material. But other considerations like manufacturing aspects, size of the composite component, price, and environmental issues, are also important. Material selection is guided also by the mechanical properties of the matrix. For example, matrix properties are decisive for the tensile strength in the direction transverse to fibres. Brittleness can lead to matrix cracking in turn leading to increased moisture in-take, which in turn can lead to reduced performance, degradation. Another example is the compressive axial strength, see Fig. B.22



Figure B.22



Rotation of the kink band affects the compression. (From Edgren [ref. 11])



In the figure above, compression of a collection of fibres in the direction of fibres is shown. A most common type of failure occurs from the onset of a local buckling instability know as kinking. As compression proceeds, the compression resistance is related to the rotation of the kink band (angles β, or Ф0 + Ф, increase) which is controlled 28 __________________________________________________________________



Reinforcements & matrices ________________________________________________________________________ by the shear stiffness of the matrix. Flexible composites, like tyres, require a rubber matrix of low stiffness while stiff fibres like for example aramid fibres are used as reinforcement, showing that it is the mechanical characteristics of the matrix that matters in this case. Matrix material is not selected in isolation from the reinforcement, although matrix materials can often be combined with various fibres. Good fibre-matrix integration is needed in order to achieve high quality composites. Fibre-matrix interactions like adhesion, is of great importance. Differential thermal expansion due to large difference in the coefficient of thermal expansion of the matrix and that of the fibre can impart internal stresses, dimensional instability, or even result in cracks in the composite before putting it to service. Let´s summarise •



matrices are of importance for composite performance, and in some cases control the performance



•



matrix protects the fibre surface from abrasion



•



matrix type is important for flammability, temperature properties, processing, surface performance, and appearance.



Main polymer matrices



We will focus on structural stiff composites, and thus matrices for flexible composites will not be included. Both, thermosetting and thermoplastic polymers are used as matrix material. It has been estimated that about ¾ of the composite market is traditionally dominated by thermosetting matrices. The main ones are listed in Tab. B.1, along with thermoplastic matrices, which are now becoming increasingly used



Table B.1 Main thermosetting and thermoplastic matrices for structural PMCs.



Thermosets



Thermoplastics



Unsaturated polyester (UP)



polypropylene (PP)



Epoxy



polyamide (PA) acrylonitrile-butdiene-styrene (ABS) and poly(styrene-co-acrylonitrile) (SAN)
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thermoplastic polyesters: poly(ethylene terephthalate) (PET) and poly(butylene terephthalate)(PBT),



phenol-formaldehyde (PF)



poly(vinyl chloride)(PVC)



polyurethane (PUR)



Polyacetals



melamine-formaldehyde (MF)



polycarbonate (PC) see also: high temperature thermoplastic matrices



see also: high temperature thermosetting matrices



Thermosetting polymers



Thermosetting polymers comprise approx. 25% of world plastics consumption. About 75% of world composites are prepared with thermosetting matrix. This is because their low viscosity facilitates fibre impregnation. Their service temperature and stiffness is mainly higher than that of thermoplastics. The manufacturing cost including mould cost for low volume production is low. Thus they are attractive for small companies). A major disadvantage is recycling. A thermoset in its final state is substantially infusible and insoluble. It is often a liquid at some stage in its manufacture or processing (thermoplastic stage), which is next cured to change it to a solid non-thermoplastic state. Cure can be described as the formation of primarily covalent bonds called crosslinks, see figure below
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Crosslinking. (From A. Brent Strong, ref. [12])



As a result, a relatively rigid three dimensional network of molecules is formed, that is the material solidifies. Crosslinking can take place under the influence of heat, pressure, radiation, curing agent, chemical means or a combination of these. For example, schematically



uncured liquid + curing agent = solid thermosetting polymer



Thermosetting polymers have been particularly attractive from the point of view of their relatively high service temperature, stiffness, fatigue resistance, low cost they can present for low volume manufacturing, and relative ease of processing due to lower viscosity/lower processing temperatures, as well as good to excellent prepregging (for prepregs, see moulding compounds ahead). Nevertheless, today some thermoplastic polymers can offer similar to thermosets service temperatures. Additionally, they are increasingly attractive because of dimensional stability, good to excellent dielectric properties, resistance to moisture, excellent shelf-life (basically the storage time allowed before use for manufacturing). A major disadvantage of thermoset composites is their reuse/recycling. Crosslinking is the basic act of thermosets polymerisation, solidification, as a result of which a three dimensional network of molecules is formed. The reaction is not reversible. This mechanism strongly contributes to polymer chain immobilization, resisting the sliding of one chain past another, vibrational and rotational chain motions. The curing agent is sometimes referred to as hardener. Cross-linking mechanism/chemistry leading to solidification is individual for each type of thermoset. A commonly known polymer thermoset is epoxy Araldite adhesive. A variety of additives are found in thermosets. Plasticiser-type compounds are used to promote flow (desirable for manufacturing) in high viscosity compounds such as epoxy resins. Particulate fillers are used to reduce cost or improve properties, and fibrous reinforcements (composites) for increased strength and rigidity. Other additives include antidegradants, accelerators, flame retardants and lubricants. The characteristic feature that allows thermosets to be crosslinked is that they contain more reactive groups (active sites) than are required for just polymerization. This depends on the type of polymerisation as follows •



addition polymerisation: such reactive site is carbon-carbon double bond. If two
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•



or more carbon-carbon double bonds are present in the monomer, crosslinking can occur condensation polymerisation: if the reacting molecules have three or more reactive sites, crosslinking can occur.



Crosslinking can take place •



as the polymer chains are formed (for example melamine-formaldehyde, see families of thermosets ahead)



•



between two formed polymer chains (for example unsaturated polyester resins, see Fig. B.24)



Cross-linking is usually extensive, in that 10-50% of the chain repeat units become crosslinked. This is expressed in terms of cross-link density (spacing between successive cross-link sites). Increase in cross-link density imparts higher strength, stiffness, chemical resistance, resistance to swelling, and higher glass transition temperature, Tg, but lowers the strain to break and toughness. Thus optimal, not maximal curing frequently needs to be used. An important temperature consideration in forming thermosetting polymers is that heat is usually given off by the crosslinking process, called heat of reaction. Thus the reaction is exothermic. The heat generated can be so high, that some control can be needed to avoid decomposition. High volume contraction, even higher than 10%, can take place during curing (for more details see section Shrinkage, further ahead). Post-cure treatment (by short-term heating) in order to arrest curing can be used to prevent ongoing shrinkage during service. Production of undesirable compounds, like acid, can sometimes take place in a thermoset due to ongoing crosslinking during service. Properties of thermosets depend also on the length of cross-linkage. It is possible to control both, cross-link density and the linkage length. Mainly isotropic properties are obtained following the formation of three dimensional network of molecules during curing. Thermosets flow less in the solid state even at elevated temperatures compared to thermoplastic polymers. Thermosets can be slightly softened by heating but they cannot be melted on heating, or dissolved. This can be a disadvantage compared to thermoplastics where reversibly (although practically with some penalty on properties) the polymer can be reused by melt reprocessing (and much less by solvent reprocessing). In engineering practice, often a heat distortion /deflection temperature (HDT) is determined for thermosets in order to characterise the upper temperature limit.
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Reinforcements & matrices ________________________________________________________________________ As mentioned earlier, transformation of uncured or partially cured thermosetting polymers into composite components involves curing of the material. Usually some specific external event is required before crosslinking begins. In some cases, that event is simply is the mixing of reactants. Another event could be mixing with initiator or curing agent (sometimes referred to as catalyst). Once the process of curing starts, a number of factors can be involved, as follows.



Degree of cure This is the extent to which curing has progressed. The heat evolved in an exothermic curing reaction can be related to the degree of cure achieved at any time during the curing process. The rate of cure is decreased as the degree of cure attains asymptotically a maximum level. If the cure temperature is too low, the degree of cure may not reach a 100% level for any reasonable length of time. Higher temperature increases the rate of cure and produces the maximum degree in shorter periods of time. However, very highly cured polymers become embrittled, and thus entirely cured materials are frequently avoided. There are three stages of thermosets formation related to degree of cure • • •



Stage A – a thermoplastic stage, used for casting Stage B – polymerised but not crosslinked; nearly insoluble in organic solvents but still fusible under heat and pressure, used for injection moulding Stage C – final, infusible, cross-linked polymer.



Viscosity Uncured liquid for a thermosetting resin is a low-viscosity fluid. One of the advantages of thermosetting resins is their low viscosity when the process begins. This facilitates impregnation, mixing, flow and the like. The viscosity increases with cure time and temperature and approaches very large values as it transforms into a solid state. The rate of viscosity increase is low at the early stages of curing, and next increases at a very rapid rate. The time at which this occurs is called the gel time (see below). The flow of resin in the mould, impregnation, becomes increasingly difficult at the end of this stage. A number of important observations can be made from the viscosity • •



B-staged resin has a much increased viscosity The addition of filler, such as calcium carbonate, increases the viscosity as well as the rate of viscosity increase. On the other hand, the addition of thermoplastic additives, tends to reduce the rate of viscosity increase during curing
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•



The increase in viscosity with cure time is less if the shear rate is increased (shear thinning) for B-staged or thickened resins than for neat resins. Fillers and thermoplastic additives tend to increase the shear.thinning behaviour At a constant shear rate and for the same degree of cure, the viscosity vs. 1/T (T = temperature in K) plot is linear. This suggests that the viscous flow of a thermoset is an energy-activated process. The activation energy for viscous flow increases with the degree of cure and approaches very high value near the gel point.



Gel time The curing characteristics of a resin-catalyst combination are frequently determined by the gel time test. In this standardized test, a small amount of a thoroughly mixed resincatalyst combination is poured into a test tube, and the temperature rise (exothermic reaction!) is monitored as a function of time by means of a thermocouple, while the test tube is suspended in a 82°C water bath. The gel time is determined from the temperature vs. time plot. It is sometimes roughly evaluated by probing the surface of the reacting mass with a clean wooden applicator stick until the reacting material no longer adheres to the applicator.



Shrinkage Shrinkage is the reduction in volume or linear dimensions caused by curing as well as thermal contraction. Curing shrinkage occurs because of the re-arrangement of polymer molecules into a more compact mass as the curing proceeds. The addition of fibres or fillers reduces the volumetric shrinkage of a resin. In the case of UD fibres, the reduction in shrinkage in the longitudinal direction is higher than in the transverse direction. The shrinkage in UP or VE resins can be reduced significantly by the addition of thermoplastic polymers, such as PE, PMMA, PVAc, and polycaprolactone. Shrinkage can lead to undesirable build-up of stress or surface sink-marks, poor appearance. However shrinkage is desirable for easy mould release.



Voids Voids are formed during processing of the non-solidified matrix, and originate from:



• • • •



incomplete impregnation, wetting-out of fibres by resin cavitation during deformation from air or vapours entrapment too high viscosity
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rate at which the fibres are pulled through the liquid resin.



Presence of voids is considered a critical defect influencing mechanical properties, appearance. Much of the air or volatiles entrapped at the pre-moulding stages can be removed by: • • •



degassing the liquid resin (for example, important for epoxies) applying vacuum during the moulding process allowing the resin mix to flow freely in the mould, which helps in carrying the air and volatiles out through the vents in the mould (drainage).



Volume fraction of voids > 2 % indicates deterioration of quality (> 0.5 % in the aerospace industry).



Families of thermosets Thermosetting resins are grouped into several families. These groupings are mainly based on the nature of the crosslinking reaction that is characteristic of the family (specified for each family, in parenthesis) •



unsaturated polyesters, UP (carbon-carbon double bond plus initiator (usually peroxide))



•



epoxies (epoxy ring plus curing agent like amine)



•



vinyl esters (VE) (closely related to UPs)



•



amino plastics: urea-formaldehyde, UF, and melamine-formaldehyde, MF (amine plus formaldehyde)



•



phenol-formaldehyde or phenolics, PF (phenol plus formaldehyde)



•



polyurethanes, PUR (polyol plus diisocyanate)



•



thermoset polyimides, PI (imide condensation or imide and carbon-carbon double bond)



(elastomeric materials, rubbers, are also crosslinked, but less; they are not studied here because of their unique, different properties). Some properties of thermosetting polymers are presented in Tab. B.2
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Density Young´s Tensile (g/cm3) modulus strength (GPa) (MPa)



UP (orthophthalic) UP (isophthalic) VE (Derakane 411-45) Epoxy (DGEBA) PF



1.23



3.2



1.21



Melamineformaldehyde (MF) filled with cellulose, flock or glass



65



Tensile strain to break (%) 2



Heat distortion temperature (˚C)



Max. use temperature (˚C) (no load)



65



3.6



60



2.5



95



1.12



3.4



83



5



110



1.2



3.0



85



5



110



120-260



1.15



3.0



50



2



120



1.452.0



Up to 18



35-69



filled: 150350 (short term exposure up to 450) 120-200



Unsaturated polyester (UP)



By far, UPs are the most common of the thermosetting polymers. UP has been used since 1950, mainly for marine structural laminates and in automotive industry. Three main types of UPs are available: • orthophthalic polyester, made by combining maleic and phthalic anhydrides with glycol (commonly propylene glycol); is the least expensive and widely used for small boats • isophthalic polyester, where phthalic anhydride is replaced by isophthalic acid; is more expensive, has superior mechanical properties and water resistance, used for highr performance boats and marine gel coats • bisphenol polyester, where anhydride or isophthalic acid is replaced by bisphenol A, much enhanced water and chemical resistance is achieved (at higher price). Uncured UP is a viscous liquid. Volatile styrene is added to the uncured UP. Styrene
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Reinforcements & matrices ________________________________________________________________________ reduces the viscosity and plays a role in cross-linking (see below) (styrene emission needs to be controlled for environmental reasons). Also, an inhibitor is added (e.g. benzoquinine) in order to prevent massive premature cross-linking of the uncured liquid before use. Organic peroxide (e.g. t-butylperbenzoate, TPBP) is used to trigger off crosslinking (initiator, catalyst), and an accelerator (commonly premixed) such as cobalt octoate can be used. Curing chemistry (the reaction is exothermic) is shown in Fig. B.24. UP contains double carbon bonds (=). At elevated temperatures, peroxide initiator decomposes producing free radicals (R). Free radicals ‘open’ the double bonds allowing the styrene diluent to form cross-links at the unsaturation points that is a 3D cross-linked network is formed. As explained in Fig. B.24, the number of styrene groups forming a cross-link can is typically 2 or 3.



Figure B.24



Unsaturated polyester: (a) uncured, (b) cured. (From Matthews and Rawlings [ref. 9], Fig. 5.3)



Epoxy
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Used since 1940s, extensively in composites for the aerospace industry. Because of high cost seldom used for boat construction (however new formulations could be of interest for high-performance hulls) Mechanical properties and water resistance offered by epoxies can be superior to that of UPs. Also, epoxies show less shrinkage (about 3%) during cure compared to UPs (5-8%). They can be several times more expensive than UPs. The basic unit is the epoxide group (a three-membered ring of one oxygen and two carbon atoms) which can be represented alternatively as in Fig. B.25



Figure B.25



Epoxide group.



The cure process for epoxy requires addition of a curing agent (hardner), together possibly with an accelerator, and most cases application of heat (60-150°C). Cold-cure epoxies (20-25°C) are suitable for contact moulding, although mechanical properties are somewhat inferior to that of hot-cure types. Because of high material and construction cost, epoxies are more seldom used for standard boat construction, but are attractive for high-performance hulls. Epoxy resin (uncured liquid) like in diglycidyl ether of bisphenol A (DGEBA) contains two epoxide groups, one at each end of the molecule, as seen in Fig. B.26 (upper)



Figure B.26 Diglycidyl ether of bisphenol A (DGEBA) containing two epoxide groups
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Reinforcements & matrices ________________________________________________________________________ (upper), and diethylene triamine (DETA) is used as a curing agent (lower). Diethylene triamine (DETA) is used as a curing agent, see Fig. B.26 (lower). Hydrogene atoms in the amine (NH2) groups of a DETA molecule react with the epoxide groups DGEBA. As the reaction continues, DGEBA molecules form cross-links with each other and thus a 3D network structure is formed (a solid polymer). DETA is bifunctional. By using tri-, and tera-functionality curing agents the temperature resistance can be increased. Instead of standard DGEBA resins, glycidylamine is used in aerospace structures. Factors that control the cross-link density in epoxies are the chemical structure of the starting liquid resin (e.g., number of epoxide groups per molecule and spacing between epoxide groups), functionality of the curing agent (e.g., number of active hydrogen atoms in DETA), and the reaction conditions like temperature and time. Particularly towards Airbus A380 and Boeing 7E7 materials, epoxy matrix materials for prepregs and honeycombs (see lightweight performance, ahead) of improved good hotwet properties at higher temperatures, and greater damage tolereance, are being referred to sometimes as 3rd generation. (for example, HexPly®M21 and HexWeb®HRH-36)



Vinyl ester (VE)



Increasingly used in composites for windmill blades, automotive and marine applications. VEs mechanical properties and cost mainly lie between those of UPs and epoxies. They have superior toughness and resistance to chemicals compared to UPs. VEs have been used in Sweden for corvettes prepared with carbon fibres, and in the USA for racing canoes and speed boats. Excellent impregnation of glass fibre is achieved due to the large amount of hydroxyl, OH, groups (see Fig. B.27). Also low viscosity makes VE an increasingly attractive matrix material for composites. VE has higher toughness, less microcracking and higher fatigue resistance than UPs due to less carbon-carbon double bonds, C=C, that is less cross-links.



Figure B.27 Vinyl ester.



Also, VE has high chemical resistance. As a disadvantage, VE shows high shrinkage on _____________________________________________________________________ 39
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Melamine-formaldehyde (MF)



Used for coatings and as cross-linker in the laminate, paper and textile industries. MFs have the hardest surface of any commercial plastic material. MF belongs to a wider group of thermosets called amino resins or aminoplastics. MF resinification encompasses two steps: methylolation and condensation of methylolised melamine. When the formaldehyde to melamine molar ratio (F/M) is adjusted to 1.6-1.7, the majority of the chemicals are mono- and dimethylolated. In Fig. B.28, two amino groups become methylolised that is dimethylolation takes place



Figure B.28 Reaction of melamine with formaldehyde; the case of dimethylolation.



In the next step (see reactions below, Fig. B.29), bridge formation (or simply cure) takes place where •



methylolised melamine polymerizes with pristine melamine to form methylene bridges (NHCH2HN) (the upper reaction)



or •



methylolised melamine polymerizes with another methylolised melamine to form a methylene-ether bridge (NHCH2OH2CHN) (the lower reaction)
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Condensation of methylolised melamine.



Both cases are condensation type reactions where water is given away. Both, MF and urea-formaldehyde (UF) (amino plastics) have excellent adhesion. The adhesion is due to the hydrogens attached to the nitrogen atoms (the active reaction sites); many of which remain active sites even after the polymerization and crosslinking.



Phenol-formaldehyde (PF)



PFs were extensively used as matrix material for composites in high-technology areas until the 1950’s, when PF was overtaken by UP and epoxy resins. There is a renewed interest in PF due to its superior high-temperature properties, good fire resistance and low smoke emission (thus interest to use for bulkheads, decks and furnishing in ships), as well as cold-cure varieties. PF resin is supplied as a solution in water. Acid catalyst is added for cure. There is water emission tending to cause voids. Residual acid from catalyst, rises doubts about durability in wet environment and possible stress corrosion of glass reinforcement. Fabrication costs tend to be slightly higher than those for UP-based GRP. PF resins are divided into two main types depending on their intermediates: resoles and novolacs. The raw materials for both types are phenol (see Fig. B.30a) and formaldehyde.



H2C



OH



H2C



a) Figure B.30



b)



C H2



N



N C H2



N CH2 N



C H2



Molecules of: a) phenol, and b) hexamethylene tetramine (HMTA).



Resole Phenol is methylolised by formaldehyde under alkaline conditions in the presence of, for instance, inorganic catalysts, ammonia or HMTA (see Fig. 30b). During methylolisation,
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Reinforcements & matrices ________________________________________________________________________ methyl or methylol groups may be substituted in any of the ortho-, meta- or parapositions available. The preferred positions however are para- and ortho- positions. The resole is in the Astage most often in liquid form (unless prepolymers are formed) and due to the reactivity of the methylol groups it has a shelf life of 2 months to 1 year. Phenolic resoles are most commonly heat-cured under pressure at temperatures between 130 and 250ºC by a condensation reaction. The methylolised phenols are linked by mainly methylene bridges, splitting off reaction water or formaldehyde as shown in Fig. B.31, often resulting in microscopic voids, sometimes up to 20 vol% that may have a negative influence on mechanical properties OH
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Figure B.31 Methylene bridge formation in a phenolic resole between: a) two methylol groups or, b) a methylol group and an unmethylolised ortho- site.



The curing of resoles is fairly slow. A wide range of catalysts can be used to accelerate curing and even allowing for systems to be cured at room temperature. Addition curable resoles are also gaining importance, and these systems are reported to yield superior thermal characteristics. Since resols can be crosslinked by simply heating without needing to add any other materials, they are also called one-stage resins.



Novolac The novolacs are sometimes referred to as two step resins. In the first step, linear chains of are formed under acidic conditions by methylolisation and rapid methylene bridge formation until no unreacted methylol groups are present. As for the resoles, para- and ortho- substitutions on the phenol are favoured. High acidity mainly leads to parasubstitution and in the weak acidic range and the use of special catalysts, ortho substitution is predominant. The latter type is often referred to as high-ortho novolacs. Two novolac species are illustrated below (Fig. B.32)
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Figure B.32 a) a general novolac molecule, and b) a high-ortho novolac.



The extent to which this reaction occurs is controlled by excess of phenol. This intermediate B-stage is a solid thermoplastic material with low reactivity and thus has an ‘infinite’ shelf-life. Curing takes place during heating and under acidic conditions, most often using hexamethylene tetramine (HMTA), or simply hexa, as the curing agent. Because a second material (hexa) must be added to novolacs, they are called two-stage resins.



Polyurethane (PUR)



Although polyurethane resins were developed in the 1930s, they only began to appear significantly in composites industry about year 2001 Polyurethanes are polymers containing the urethane group, see Fig. B.33



Figure B.33



Urethane group.



However, technically important polyurethanes contain this group to a relatively limited extent. Thus performance of PURs is not much influenced by properties of the urethane _____________________________________________________________________ 43



Reinforcements & matrices ________________________________________________________________________ group. Polyurethanes are obtained by a reaction of polyhydroxy materials with polyisocyanates, and in principle, the following reaction takes place. See Fig. B.34



Figure B.34



A schematically represented reaction of polyhydroxy materials with polyisocyanates forming polyurethane.



Polyurethane chemistry is very versatile. The above schematic reaction allows for a variety of polyurethane materials to be obtained, depending on the starting material and the like. Thus not only thermosetting PURs are available but also thermoplastic, rubbers and thermoplastic elastomers. In fact PURs exhibit a very wide range of properties.



Thermoset polyimide (PI)



PIs are used almost exclusively in high-temperature applications where epoxies cannot be used. They can be divided into two groups, depending on the crosslink mechanism. One group crosslinks by the condensation mechanism. The most important member of this group is PMR-15. The second group crosslinks using the addition mechanism, where carbon-carbon double bonds are used. The most important member of this group is bismaleimides (BMI). The addition crosslinking BMIs have the advantage that no byproduct is formed during crosslinking.



Comparison of unsaturated polyesters and epoxies



Epoxies and unsaturated polyesters and are the two most frequently used polymeric matrices. A comparison is given below Epoxies • • • •



very good adhesion to most fibres higher service temperatures lower shrinkage on cure and lower thermal expansion can reside in stage A, this being of importance for preparation of prepregs (see
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Moulding compounds ahead) practically no volatiles are emitted when cured at room temperature have higher viscosity water in-take causing onsets after long service difficult to de-gas longer curing times need accurate metering more expensive can cause nickel allergy



UPs Advantages and disadvantages of UPs can be concluded from above. Also UPs have • • •



undesirable sharp edges on fracture needs attention unattractive surface appearance can be caused by shrinkage around glass fibres hazards: styrene emission; wrongly added peroxide.



Fire resistance



Fire resistance depends on variables as follows •



surface spreading of flame



•



fuel penetration



•



oxygen index (min. amount of O2 that will support combustion).



The degree of flammability of composites is a function of •



matrix type



•



fire-retardant additive (e.g. ATH)



•



reinforcement (high amount of glass fibre suppresses the flammability).



The order of decreasing fire resistance of common matrices is 1. Phenolics 2. Epoxies 3. Vinyl esters 4. Polyesters. Some thermosetting PIs are nonflammable.
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Phenolics have very low smoke emission and give out no toxic by-products.



Thermoplastic matrices



As mentioned earlier there is a growing interest in thermoplastic matrix composites. The interest in thermoplastic matrices stems first of all directly from •



possibility to re-process by melting + reshaping (generally, thermoplastics can be re-processed by melting + reshaping with the exception where the degradation temperature is lower than the processing temperature, like for poly(acrylonitrile), PAN, or when the thermoplastic is very difficult to process by melting, like poly(tetrafluoroethylene), PTFE)



•



short cycle production



•



long shelf-life



•



increasing service temperature being enabled by several thermoplastics



•



dimensional stability



•



resistance to moisture



•



good to excellent dielectric properties



•



very high compressive strength after impact (CSAI, ambient) and open-hole compressive strength (OHCS, 82°C, wet) of some best thermoplastics (~350 MPa and ~280 MPa, respectively)



•



abrasion resistance.



However, •



tools (moulds) are expensive and processing equipment can be very expensive due to high pressures and temperatures involved, and mainly cannot be afforded in small and medium size companies



•



viscosity during processing is higher which can pose manufacturing difficulties; typically in the molten state the viscosity is 500-5000 Pa s, and this is much higher than for thermosets (typically around and less than 100 Pa s (even as low as 30 mPa.s in some cases)
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composites with thermoplastics, generally, are mainly less stiff and the stiffness easily decreases with increasing temperature.



Density of the matrix is important towards lightweight performance. There is a rather frequently published view that thermoplastic polymers have lower density and thus are attractive. However, although common thermoplastics like PP and PE have lower density than thermosets, the density of higher temperature thermoplastics is higher (1.8-1.95 g/cm3). Historically, thermoplastics began to receive serious attention in the 1980s, and this was triggered off first of all by some shortcomings of the 1st generation thermosets then still used in the aerospace industries (low-velocity damages, delamination, durability, low toughness). This in turn, triggered off improved 2nd generation thermosets, which in parallel to experienced challenges from high temperature thermoplastics (need for very high processing temperatures approaching 400°C) and increased cost, slowed somewhat the use of thermoplastic matrices, at that time. Today, 3rd generation thermosets actually achieve the required CSAI and OHCS values at lower cost. Despite this, thermoplastics are gaining applications as their improved characteristics are becoming well known and new processing methods evolve. This particularly applies to commercial aircraft but not yet to military aircraft applications. An important other driving force for thermoplastics is their attractiveness, low cost suitability for high volume production, for example needed in the automotive and piping industries. For such applications polypropylene and polyethylene are the main choice. Some attributes/properties of polypropylene are stated below • • • • • • •



low cost lightweight (0.9 g/cm3) glass transition temperature -18 to -10˚C tough but not as high as polyethylene and this particularly applies to low temperatures; thus rubber toughening is used stiffness gradually decreases up to about 60˚C, and next rapidly drops does not absorb water highly processable.



Attributes/properties and requirements of thermoplastics used in the aerospace industry is discussed in the following.



High temperature polymeric matrices



There is a steadily increasing demand for polymers to operate outside the common range of about -30 to +100˚C. This certainly applies also to PMCs. High temperature _____________________________________________________________________ 47



Reinforcements & matrices ________________________________________________________________________ applications can be defined based on aerospace applications 93˚C - civil aircraft (lower limit) 180˚C - supersonic, fighters 300˚C - area around engine in aircraft >500˚C - missiles (polymers cannot be used). Both, thermosetting and thermoplastic polymers can fall into the category of high temperature polymers, and can be used as matrices for composite components, some of them withstanding temperatures up to 400˚C. Selected important high temperature thermosets and thermoplastics are listed below high temperature thermosets: •



special epoxies



•



polyimides (PI)



•



bismaleimides (BMI)



•



polybenzimidazole (PBI)



•



polyphenyl-quinoxaline (PBQ)



•



cyanate ester (CE)



high temperature thermoplastics: •



polyimide (PI)



•



poly(etheretherketone)(PEEK) and poly(etherketoneketone)(PEKK)



•



polyimide-amide(PI-A)



•



polysulfone (PSF or PSO or PSUL)



•



polyphenylene sulfide (PPS)



•



polyether imide (PEI).
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Epoxies: tetra- and tri-functional epoxies are used. Such epoxies generally contain aromatic or heterocyclic moieties enabling Tg of 180°C. High heat resistance can be obtained also with epoxies based on novolacs and cyclolpiphatics allowing continuous use up to 250˚C. Polyimides: have applications ranging from aerospace to microelectronics. Their diversity of properties leads them to applications as fibres, films, moulding powders, coatings and prepregs. They can be thermosetting or thermoplastic. Such polymers are usually processable in organic solvents. Polymerisation of Monomeric Reactants (PMRs) polyimides are used for applications requiring long-term stability (thermal and oxidative) at high temperatures, for example grades PMR-15 and PMR-II. Bismaleimides (BMIs) are technically a type of polyimide prepared from the reaction of maleic anhydride and a diamine. Cyanate ester (CE): quite commonly toughened grades are used for aerospace applications, where, for example, CE can be used as matrix for carbon fibre honeycombs. Poly(arylene ethers) is a prominent class of thermoplastics used in composites, where a common one is poly(ether ether ketone)(PEEK). For example carbon fibre/PEEK is a competitor with carbon fibre/epoxy and aluminium alloys in the aircraft industry in some cases. PEEK can be used in hot-wet conditions. It is resistant to fuel, hydraulic fluid, lubricants, and solvents. It has a low ratio of hydrogen to carbon and consequently does not produce large amounts of combustible volatiles and is difficult to ignite. However is not resistant to strong sulphuric solutions. Over the years, various lines of attack have been used in the search for heat-resistant polymers. They may be classified into: (i) fluorine-containing, (ii) inorganic, (iii) crosslinked, (iv) containing p-phenylene groups (p = para) and other ring structures, (v) ladder, (vi) spiro, (vii) coordination polymers. Particularly, high temperature polymers containing ring structures are of importance (heading iv). Such structures are represented in Fig. B.35
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Figure B.35



Chemical structures of some high temperature polymers used as matrices for PMCs; p-phenylene groups and other ring structures can be noted.



Some thermal properties for high temperature polymers are summarized in Tab.B.3 Table B.3 Some high temperature thermoplastics thermal properties



Polymer



Glass



Melting



Processing
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Poly(phenylene (PPS) Polyimides (PI) – many 160-280 grades Poly(etherimide) (PEI) 218 Poly(etheretherketone)(PEEK) 143



point (°C) 285



temperature (°C) 329-343 350-400



345



316-360 382-399



As spectacular applications of high temperature thermoplastic polymer matrix composites, the use of PEEK in Airbus 320, PPS in Airbus 340, and PEI in Boeing 767, can be mentioned. In order to further increase the use of thermoplastic high temperature composites, among others an improvement in the hand-lay up technology to make it less labour intensive.



Moulding compounds



It is not convenient to manufacture a composite component starting with separate fibres and matrix. To increase production rates and convenience, moulding compounds are used. A moulding compound is a blend of •



reinforcement



•



resin



•



filler and additives.



Main types in use are briefly described in the following •



Sheet Moulding Compound (SMC): A schematic representation of SMC preparation is shown in Fig. B.36. This moulding compound is prepared with thermosets, mainly with UP but also with VE, epoxy, and phenolics. Typically, fibre content of wt%=30, fibre length=20-25 mm, and glass, carbon and aramid fibres are used. More commonly used fillers are calcium carbonate, alumina trihydrate, and hollow glass microspheres. A great variety of additives is used: inhibitors, initiators, low-profile additives, thickening agents, internal mould release agents, viscosity reducers, and wetting agents. SMCs are produced in form of sheets up to 6 mm in thickness which are next processed by pressing. They are commonly used in automotive and construction industries. In the compounding
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Reinforcements & matrices ________________________________________________________________________ process, the ingredients are first mixed in two different batches, so called A-side and B-side. The B-side includes mainly the thickener and filler, and A-side the remaining ingredients. They are pumped separately at pre-determined rates and are mixed completely just prior to supplying to the compounding machine (see Fig. B.36). Compounded sheets are then stored to age (maturate) in a controlled environment, normally for two to five days. Finally, the SMC is cut into pieces (charges), stacked, compression moulded at 150˚C, for one to three minutes, to form a composite component.



Figure B.36 A schematic representation of SMC preparation. (From Mallick [ref. 5], Fig. 2.34)



•



Parallel to SMC technology, Bulk or Dough Moulding Compound (BMC, or DMC) is used. This moulding compound is used with thermosetting polymers. Typically fibre content of wt%=20, fibre length=3-12 mm (usually smaller than in chopped strand mats) is used. BMC (DMC) is prepared in the form of a compound. Fibres are compounded with the resin in a intensive mixer and then extruded in the form of a continuous log. BMC (DMC) are processed by pressing.



•



Thick Moulding Compound (TMC). The name derives from the increased thickness of the compound-up to 51 mm.



•



Prepreg. This technology is used both for thermosets and thermoplastics. Typically fibre content of wt%=55, where mat, fabric, nonwoven material or roving is used. Thermosetting prepregs are prepared in form of rolls, usually
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Reinforcements & matrices ________________________________________________________________________ cured to the B-stage, while thermoplastic prepregs have been sold in discontinuous sheet form. They can be prepared as standard or net resin prepreg. Standard prepreg contains more resin than is desired in the finished part-excess resin is bled. Net resin prepreg contains the same resin content that is desired in the finished part-no resin bleeding takes place. Prepreg thickness of 0.125 or 0.250 mm is used. Epoxy prepregs with long fibres (carbon, glass, aramid) are commonly used in the aerospace industry. Prepregs are processed in an autoclave to form a composite component. A parallel technology is Z-preg where matrix is not uniformly distributed but forms strips and thus has a ‘zebra’ appearance. Semipreg is the term often used with thermoplastics due to the fact that that the resin may be more nearly a coating rather than an impreganation. •



Glass Mat Thermoplastic (GMT). Thermoplastic matrix with fibre content of wt%=30 is used. They are prepared in form of sheets, and processed by pressing. There are two basic production routes which depend on the type of fibre. Chopped fibres are processed in a wet slurry process. Typically the chopped fibre, polymer powder and processing aids are mixed together with water to create a slurry during which the fibre bundles form filaments. The slurry is then pumped onto a vacuum filter belt where most of the water is removed. The resulting non-woven web of intimately mixed fibres and polymer is then passed through a drier prior to consolidation in a continuous double belt press. Random fibre mats are impregnated with molten polymer by sandwiching the extrudate between two layers of mat which are themselves retained within outer thin sheets of the appropriate polymer prior to entry into a continuous double belt press. Impregnation takes place in a heating zone. Fibre length is 12 mm and higher. Any thermoplastic may be used to produce these moulding compounds, but in practice the choice has been limited to polypropylene, polyvinyl chloride, polyamide, polyesters (PBT/PET), polycarbonate, and polyphenylene sulphide. GMTs are processed by stamping. The process consists of placing a pre-heated blank (usually in a infra-red oven) of near net shape in a lower temperature moulding press. A parallel technology is Long fibre Thermoplastic (LFT) where up to 50 mm long fibres are used.



•



Injection Moulding Compound (IMC). This refers to pellets containing short fibres, typically 1-5 mm long, intimately mixed and commonly dispersed in propylene, polyamide and polycarbonate. IMCs are processed by injection moulding, basically in the same way and using the same machines as for unreinforced polymers.



Until recently, the thermoplastic composites were mainly used for semi-structural components made of discontinuous or short fibres using GMTs and IMCs, respectively. (see above) Recently, long fibres are also used. This is more and more possible by involving short range flow in the ways shown in Fig. B.37: commingled yarns, powder impregnated yarns, and film stacking (the latter one also referred to as resin film infusion, RFI). The short range flow allows to better challenge wetting off of fibres when
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(a) commingled yarn



(b) powder impregnated yarn
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Reinforcements & matrices ________________________________________________________________________ (c) film stacking Figure B.37 Thermoplastic moulding compounds, all towards short range flow. In all cases a-c, the reinforcing fibres are shown in darker colour. (From Wysocki [ref. 10])



In the case (c), stacking of film layer over fabric is involved. The resin film is heated above melt or softening temperature and forced into the fabric with pressure, such as from a press platen or bag. In case (a), it turns out that that the cost to form the thermoplastic fibres can be a very small cost. In case (b), electrostatic attraction methods are used in a fluidized bed process to apply the powder coating.



Metal matrix composites (MMCs) MMCs in general



Metal matrix composites (MMCs) are a type of materials with potential for a wide variety of structural and thermal management applications. MMCs are capable of providing higher temperature operating limits than their base metal counterparts, and they can be tailored to give improved strength, stiffness, thermal conductivity, abrasion resistance, creep resistance, or dimensional stability. The principle of incorporating a high-performance secondary phase into a conventional engineering material to produce a combination with features not obtainable from the individual constituents is well known. In a MMC, the continuous, or matrix, phase is a monolithic alloy, and the reinforcement consists of high-performance carbon, metallic, or ceramic additions. Reinforcements, characterized as either continuous or discontinuous, may constitute from 10 to 60 vol% of the composite. Continuous fibre or filament reinforcements include graphite (Gr), silicon carbide (SiC), boron, aluminium oxide (Al2O3), and refractory metals. Discontinuous reinforcements consist mainly of SiC in whisker (w) form, particulate (p) types of SiC, A2O3, or titanium diboride (TiB2), and short chopped fibres of A2O3 or graphite. Fig. B.38 shows cross sections of typical continuous and discontinuous reinforcement MMCs. Several requirements are proposed to the composites in general, as follows _____________________________________________________________________ 55



Reinforcements & matrices ________________________________________________________________________ • the reinforcement/matrix system must be chemically compatible to prevent severe reaction between the reinforcements and matrix. Products of the reaction at the interface between the reinforcements and metallic matrix could seriously damage mechanical properties of the composites • a sufficient bond must exist between the reinforcements and matrix to allow load transfer from the weaker matrix to the stronger reinforcements. In the case, certain reaction is needed for this purpose • thermal and residual processing stresses from mismatch of the coefficient of thermal expansion (CTE) between the reinforcements and matrix must be accommodated such that no deleterious cracking results • reinforcements should be commercially producible and easily handled • composites can be reasonably manufactured. This chapter will give an overview of the current status of MMCs, including information on properties, processing methods, distinctive features, and various types of continuously and discontinuously reinforced MMCs.



Figure B.38 Cross sections of typical fibre-reinforced MMCs. (a) Continuous-fibre-
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Reinforcements & matrices ________________________________________________________________________ reinforced boron/aluminium composite. Shown here are 142 µm diameter boron filaments coated with B4C in a 6061 aluminium alloy matrix. (b) Discontinuous graphite/aluminium composite. Cross section shows 10 µm diameter chopped graphite fibres (40 vol.%) in a 2014 aluminium alloy matrix. (c) A 6061 aluminium alloy matrix reinforced with 40 vol.% SiC particles. (d) Whisker-reinforced (20 vol.% SiC) aluminium MMC. (e) An Al2O3-reinforced (60 vol.%) aluminium MMC. (f) A highly reinforced (81 vol.%) MMC consisting of SiC particles in an aluminium alloy matrix.



Property prediction



Property predictions of MMCs can be obtained from mathematical models, which require a knowledge of the properties and geometry of the constituents as input. For metals reinforced by straight, parallel continuous fibres as a simplest case, three properties that are frequently of interest are the elastic modulus, the coefficient of thermal expansion, and thermal conductivity in the fibre direction. Reasonable values can be obtained from the rule of mixture expressions for the Young´s modulus Ec = Ef Vf + Em Vm,



(B.13)



the coefficient of thermal expansion



αc =



α f V f E f + α mVm E m E f V f + E mVm



,



(B.14)



and the thermal conductivity Kc = Kf Vf + Km Vm,



(B.15)



where V is volume fraction, and E, α, and K are the elastic modulus, coefficient of thermal expansion, and thermal conductivity in the fibre direction, respectively. The subscripts c, f, and m refer to composite, fibre, and matrix, respectively. For equations B.13 and B.14, see sections Load sharing between reinforcement and matrix – rule of mixtures in Part A, and Thermal behaviour in Part D. There are many references concerned with property prediction of MMCs under much more complex cases.
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Processing methods



Processing methods for MMCs are divided into primary and secondary categories. Primary processing is the operation by which the composite is synthesized from its raw materials. It involves introducing the reinforcement into the matrix in the appropriate amount and location, and achieving proper bonding of the constituents. Secondary processing consists of all the additional steps needed to make the primary composite into a finished hardware component. Solidification processing offers a near-net-shape manufacturing capability, which is economically attractive. Developers have explored various liquid metal techniques that use multifilament yarns, chopped fibres, or particulates as the reinforcement. But, many reinforcement and matrix materials are not inherently compatible, and such materials can not be processed into a composite without tailoring the properties of an interface between them. In some composites the coupling between the reinforcing agent and the metal is poor and must be enhanced. For MMCs made from reactive constituents, the challenge is to avoid excessive chemical activity at the interface, which would degrade the properties of the material. These problems are usually resolved either by applying a surface treatment or coating to the reinforcement or by modifying the composition of the matrix alloy. Fig. B.38a shows an example from a commercial pure aluminium matrix composite reinforced by Al2O3 short fibres, which was prepared by a squeeze-casting process. After deep etching on a polished surface, a very poor binding between Al2O3 fibre and matrix is revealed. To solve this problem, a magnesium contained aluminium alloy was used instead of pure aluminium as matrix. Also the casting temperature was increased. Fig. B.38b shows an improved binding condition in the composite. Further investigation indicated that a Mg2Si-phase at the interface between fibre and matrix due to a reaction of Mg-element from the matrix and SiO2-binder on the surface of Al2O3-fiber helped and improved the bonding, as showing in Fig. B.39. A good example to show the problem due to serious reaction between the reactive constituents of composite is given in Fig. B.40, even it is from a MoSi2-matrix composite. In this composite 8 vol.% TiC particles were added during a solidification process from high temperature. From the Fig. B.40, it can be seen clearly that a reaction between TiC particle and MoSi2 was serious and introduced some production phases at the interface. X-ray diffraction, Fig. B.41, revealed that 6 new phases exist in the composite and damaged mechanical properties of the composite.
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Figure B.39 SEM micrograph of a polished and deeply eaten section from a short Al2O3 fibers reinforced CP-aluminium composite.



Figure B.40



SEM micrograph (backscattered elecron image). A: Interdendritic intermetallic phase. B: Black phase (suspected Mg2Si). C: Suspected third phase.
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Figure B.41



Optical micrograph showing the microstructure feature of rapidly solidified MoSi2-8 vol.% TiC composite powder.



Figure B.42



X-ray diffraction patterns of rapidly solidified MoSi2-TiC composite powder.



Several commercially available components made of ceramic/aluminium MMC are shown in Fig. B.42.
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Reinforcements & matrices ________________________________________________________________________ Solid-state methods use lower fabrication temperatures with potentially better control of the interface thermodynamics and kinetics. The two principal categories of solid-state fabrication are diffusion bonding of materials and powder metallurgy techniques. Matrix deposition processes, in which the matrix is deposited on the fibre, include electrochemical plating, plasma spraying, and physical vapour deposition. After deposition processing, a secondary consolidation step such as diffusion bonding often is needed to produce a component. Which secondary processes are appropriate for a given MMC depends largely on whether the reinforcement is continuous or discontinuous. Discontinuously reinforced MMCs are amenable to many common metal forming operations, including extrusion, forging, and rolling. Because a high percentage of the materials used to reinforce discontinuous MMCs are hard oxides or carbides, machining can be difficult, and methods such as diamond sawing, electrical discharge machining, and abrasive waterjet cutting are sometimes used.



Figure B.43



Discontinuous silicon carbide/aluminium castings. Pictured are a sand cast automotive disk brake rotor and upper control arm, a permanent mould cast piston, a high-pressure die cast bicycle sprocket, an investment cast aircraft hydraulic manifold, and three investment cast engine cylinder inserts.



Types of MMCs
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Most of the commercial work on MMCs has focused on aluminium and its alloys as the matrix metal. The combination of light weight, environmental resistance, and useful mechanical properties has made aluminium alloys very popular; these properties also make aluminium alloys well suited for use as matrix metal. The melting point of aluminium alloys is high enough to satisfy many application requirements, yet low enough to render composite processing reasonably convenient. Also, aluminium alloys can accommodate a variety of reinforcing agents, including continuous boron, Al2O3, SiC, and graphite fibres, and various particles, short fibres, and whiskers. The microstructures of various Al-alloys matrix composites are shown in Fig. B.38.



Table B.4 Room-temperature properties of unidirectional continuous fiber aluminiummatrix composites.



Continuous fibre Al-alloys MMC



Boron/Al-alloy is a technologically mature continuous fibre MMC (Fig. B.38a). Applications for this composite include tubular truss members of the Space Shuttle. Fabrication processes for B/Al-alloy composites are based on hot-press diffusion bonding or plasma spraying methods. Selected properties of B/Al-alloy composite are given in Tab. B.3. Continuous SiC fibres (SICc) are now commercially available; these fibres are candidate replacements for boron fibres because they have similar properties and offer a potential cost advantage. One such SiC fibre is SCS, which can be manufactured with any of several surface chemistries to enhance bonding with a particular matrix, such as aluminium or titanium. The SCS-2 fibre has a 1 µm thick carbon rich coating and tailored for aluminium. SiC/Al-alloy MMCs exhibit increased strength and stiffness as compared with unreinforced Al-alloys, and with no weight penalty. Selected properties of SCS-2/Alalloy are given in Tab. B.3. A comparison on strength levels between the composites and 62 __________________________________________________________________



Reinforcements & matrices ________________________________________________________________________ unreinforced materials are shown in Fig. B.44. Clearly, the composites have much higher strength level under both room- and elevated-temperatures. This material is the focus of development programs for a variety of applications. An example of an advanced aerospace application for a SCS/Al-alloy MMC is shown in Fig. B.45.



Figure B.44 Effect of temperature on tensile strength for two continuous fiber MMCs and two unreinforced metals.



Graphite/Al-alloys (Gr/Al) MMC development was initially promoted by the commercial appearance of strong and stiff carbon fibres in the 1960s. The elastic modulus of carbon fibres can be 966 GPa with a negative coefficient of thermal expansion down to -1.62 × 10-6/°C. However, carbon and Al-alloy in combination are difficult materials to process into a composite. A deleterious reaction between carbon and aluminium, poor wetting of carbon by molten aluminium, and oxidation of the carbon are significant technical barriers to the production of these composites. Three processes are currently used for making commercial Gr/Al MMCs. Liquid metal infiltration of fibre tows, vacuum vapour deposition of the matrix on spread tows, and hot press bonding of spread tows sandwiched between sheets of aluminium. With both precursor wires and metal-coated fibers, secondary processing such as diffusion bonding or pultrusion is needed to make structural elements. Squeeze casting also is feasible for the fabrication of this composite.
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Figure B.45 Advanced aircraft stabilator spar made from an SCS/Al MMC.



Unidirectional P100Gr/6061Al exhibits an elastic modulus in the fibre direction significantly greater than that of steel, and it has a density approximately one-third that of steel (Tab. B.3). Precision aerospace structures with strict tolerances on dimensional stability need stiff, lightweight materials that exhibit low thermal distortion. Graphite/aluminium MMCs have the potential to meet these requirements. The advent of pitch-based graphite fibres with three times the thermal conductivity of copper suggests that a high-conductivity low-CTE version of Gr/Al can be developed for electronic heat sinks and space thermal radiators. The Al2O3 ceramic fibres used as reinforcements are inexpensive and provide the composite with improved properties as compared with those of unreinforced Al-alloys. For instance, the composite has an improved resistance to wear and thermal fatigue deformation and a reduced coefficient of thermal expansion. The room-temperature properties of a unidirectional Al2O3/Al (FP/Al-2Li) are given in Tab. B.3. Al2O3/Al-alloy MMCs can be fabricated by a number of methods, but liquid or semisolidstate processing techniques are commonly used. Continuous fibre Al2O3/Al-alloy MMCs are fabricated by arranging Al2O3 tapes in a desired orientation to make a preform, inserting the preform into a mould, and infiltrating the preform with molten aluminium via a vacuum assist.



Aluminium MMCs by discontinuous reinforcements
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Reinforcements & matrices ________________________________________________________________________ Discontinuous silicon carbide/aluminium (SiCd/Al) is a designation that encompasses materials with SiC particles, whiskers, nodules, flakes, platelets, or short fibres in an aluminium alloy matrix (see Fig. B.38). Selected properties of SiCd/Al MMCs are given in Tab. B.4.



Table B.5



Properties of discontinuous silicon carbide/aluminium composites.



From more recently works, it was concluded that these composites offer a 50 to 100 % increase in elastic modulus as compared with unreinforced aluminium alloys, as shown in Fig. B.46, and that these materials have a stiffness approximately equivalent to that of titanium but with one-third less density. Tensile and yield strengths of SiCd/Al composites are up to 60 % greater than those of the unreinforced matrix alloy. Studies of the elevated-temperature mechanical properties of SiCd/Al with either 20 % whisker or 25 % particulate reinforcement indicate that SiCd/Al can be used effectively for long-time exposures to temperatures of at least 200°C and for short exposures at 260°C. A casting technology exists for this type of MMC, and melt-produced ingots can be procured in whatever form is needed - extrusion billets, ingots, or rolling blanks - for further processing. To determine if a correlation exists between strength and processing type, powder metallurgy and melt-produced discontinuous SiCd/Al composites were compared. It was found that if the size, volume fraction, distribution of the reinforcement, and bonding with the matrix are the same, then the strength of the powder metallurgy and melt-produced MMCs are the same.



_____________________________________________________________________ 65



Reinforcements & matrices ________________________________________________________________________



Figure B.46 Effect of reinforcement content on the Young´s modulus of a particulatereinforced SiC/2124-T6 Al MMC.



Figure B.47 Lightweight aircraft equipment racks made of particulate SiC/Al.
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Figure B.48



Electronic packages made from SiCd/Al(60 vol.%SiC) MMCs.



Discontinuous SiCd/Al MMCs are being developed by the space industry for use as airplane skins and electrical equipment racks. These composites can be tailored to exhibit dimensional stability. In the electronics industry, metals such as iron-nickel alloys that are now used for packaging materials and heat sinks are candidates for replacement by SiCd/Al. The composite has lower density, better thermal conductivity (≧ 160 W/m ⋅ K), and can be made to have low coefficient of thermal expansion. Two examples for using these types of composites are shown in Fig. B.47 and B.48. There are also some potential applications in automotive industry. Discontinuous Al2O3/Al MMCs are made using short fibres, particles, or compacted staple fibre preforms as reinforcements. Al2O3/Al MMCs are candidate materials for moving parts of automotive engines, such as pistons, connecting rods, piston pins, and various components in the cylinder head and valve train. Other possible automotive applications for this class of materials include brake rotors, brake callipers, and drive shafts. Examples of automotive parts fabricated from MMCs are shown in Fig. B.49. It was proved that selective reinforcement of the all-aluminium piston with a ceramic fibre preform provides wear resistance equal to that of a piston with an iron insert, and the thermal transport is only marginally lower than that of unreinforced aluminium. With the elimination of the iron insert, piston weight is reduced, and high-temperature strength and thermal stability are enhanced. These components were fabricated from aluminium-base composites with reinforcements typically of silicon carbide or alumina in volume loadings ranging from 5 to 25 %. A variety of processing techniques can be used to fabricate such parts, including squeeze casting, sand mould casting and powder metallurgy methods.
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Figure B.49 Automotive components fabricated from MMCs. Clockwise from left: experimental piston for a gasline engine, experimental cylinder liner, production piston for a heavy-duty diesel truck engine, and experimental connecting rod.



Mg-alloy matrix composites



Magnesium composites are being developed to exploit essentially the same properties as those provided by aluminium MMCs: high stiffness, light weight, and low CTE. In practice, the choice between aluminium and magnesium as a matrix is usually made on the basis of weight versus corrosion resistance. Magnesium is approximately two-thirds as dense as aluminium, but it is more active in a corrosive environment. Magnesium has a lower thermal conductivity, which is sometimes a factor in its selection. Three types of magnesium MMCs are currently under development • continuous fibre Gr/Mg for space structures • short staple fibre Al2O3/Mg for automotive engine components • discontinuous SiC or B4C/Mg for engine components and low-expansion electronic packaging materials.



Processing methods for all three types parallel those used for their aluminium MMC 68 __________________________________________________________________
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Ti-alloy matrix composites



Titanium was selected for use as a matrix metal because of its good specific strength at both room and moderately elevated temperatures and its reasonably good corrosion resistance. In comparison with aluminium, titanium retains its strength at higher temperatures; it has increasingly been used as a replacement for aluminium in aircraft and missile structures as the operating speeds of these items have increased from subsonic to supersonic. Efforts to develop titanium MMCs were hampered for years by processing problems stemming from the high reactivity of titanium with many reinforcing materials. Silicon carbide is now the accepted reinforcement. Properties for a representative unidirectional SiC/Ti laminate are given in Tab. B.5. The elevated-temperature strength of the SiC/Ti composite is significantly greater than that of unreinforced titanium (Fig. B.44).



Table B.6 Room-temperature properties of a unidirectional SiCc/Ti MMC.



----------------------------------------------------------------------------------------property SCS-6/Ti-6Al-4V ----------------------------------------------------------------------------------------Fibre content, vol. % 37 Longitudinal modulus, GPa 221 Transverse modulus, GPa 165 Longitudinal strength, MPa 1447 Transverse strength, MPa 413 ----------------------------------------------------------------------------------------Potential applications for continuous phase reinforced titanium MMCs lie primarily in the aerospace industry and include major aircraft structural components and fan and compressor blades for advanced turbine engines. Titanium MMCs with discontinuous reinforcements are also in developing. This type of composites has a moderate stiffness and elevated-temperature strength advantage over monolithic titanium alloys. It also offers a near-net-shape manufacturing capability with the use of powder metallurgy techniques; therefore, it may be more economical to fabricate than continuous fibre titanium MMCs.



Superalloy matrix composites
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Reinforcements & matrices ________________________________________________________________________ Superalloys are commonly used for turbine engine hardware and, therefore, superalloymatrix composites were among the first candidate materials considered for upgrading turbine performance by raising component operating temperatures. Superalloy MMCs were developed to their present state over a period of years, starting from the early 1960s. High-temperature strength in superalloy MMCs has been achieved only through the use of refractory metal reinforcements (W, Mo, Ta, and Nb fibres with compositions specially modified for this purpose). The strongest fibre developed, a tungsten alloy, exhibited a strength of more than 2070 MPa at 1095°C, or more than six times the strength of the superalloy now used in the Space shutter main engine. Much of the early work on superalloy MMCs consisted of fibre-matrix compatibility studies, which ultimately led to the use of matrix alloys that exhibit limited reaction with the fibres. Tungsten fibres, for instance, are least reactive in iron-base matrices, and they can endure short exposures at temperatures up to 1195°C with no detectable reaction. Considering the high specific density of the tungsten wire, molybdenum-base reinforcement could be developed as its replacement. Fabrication of superalloy MMCs is accomplished via solid-phase, liquid-phase, or decomposition processing. The methods include investment casting, powder metallurgy techniques and arc-spraying. Iron-, nickel-, and cobalt-base MMCs have been made, and a wide range of properties have been achieved with these MMCs, including elevatedtemperature tensile strength, stress-rupture strength, creep resistance, low- and high-cycle fatigue strength, impact strength, oxidation resistance, and thermal conductivity. As an example, the feasibility of making a component with a complex shape was shown using a first-stage convection-cooled turbine blade as a model from which a W/FeCrAlY hollow composite blade was designed and fabricated.



Cu-alloy matrix composites



Copper appears to have potential as a matrix metal for composites that require thermal conductivity and high-temperature strength properties superior to those of aluminium MMCs. Copper MMCs with continuous and discontinuous reinforcements are being evaluated. Continuous tungsten fibre reinforced copper composites were first fabricated in the late 1950s as research program for studying stress-strain behaviour, stress-rupture and creep phenomena, and impact strength and conductivity in MMCs. The composites were made by liquid-phase infiltration. On the basis of their high strength at temperatures up to 925°C, W/Cu MMCs are now being considered for use as liner materials for the combustion chamber walls of advanced rocket engines. Copper has good thermal conductivity, but it is heavy and has poor elevated-temperature mechanical properties. Pitch-base graphite fibres have been developed that have room70 __________________________________________________________________



Reinforcements & matrices ________________________________________________________________________ temperature axial thermal conductivity properties better than those of copper. The addition of these fibres to copper reduces density, increases stiffness, raises the service temperature, and provides a mechanism for tailoring the coefficient of thermal expansion. Tab. B.6 compares the thermal properties of aluminium and copper MMCs with those of unreinforced aluminium and copper. Graphite/copper MMCs have the potential to be used for thermal management of electronic components, satellite radiator panels, and advanced airplane structures. One approach to the fabrication of Gr/Cu MMCs uses a plating process to envelop each graphite fibre with a pure copper coating, yielding MMC fibers flexible enough to be woven into fabric. The copper-coated fibres must be hot pressed to produce a consolidated component.



Table B.7



Thermal properties of unreinforced and reinforced aluminium and copper.



Discontinuous MMCs formed by the working of mixtures of individual metal phases exhibit strengths as much as 50 % higher than those predicted in theory from the strength of the individual constituents. These materials are called in situ composites because the elongated ribbon morphology of the reinforcing phase is developed in place by heavy mechanical working, which can consist of extrusion, drawing, or rolling. This approach has been applied to the fabrication of discontinuous refractory metal/copper composites, with Nb/Cu serving as the prototype. Nb/Cu maintains high strength at temperatures up to 400°C, and it maintains stronger than high-temperature copper alloys and dispersionhardened copper up to 600°C. These composites are candidates for applications such as electrical contacts that require good strength plus conductivity at moderate temperatures.



Ceramic matrix composites (CMC)
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Ceramics are nonmetallic, inorganic engineering materials processed at a high temperature. The general term "structural ceramics" refers to a large family of ceramic materials used in an extensive range of applications. Included are both monolithic ceramics and ceramic-ceramic composites. Chemically, structural ceramics include oxides, nitrides, borides, and carbides. Many processing routes are possible for structural ceramics and are important because the microstructure, and therefore the properties, are developed during processing. Industrial uses, required properties, and examples of specific applications for structural ceramics are summarized in Tab. B.7. Table B.8



Industry, use, properties and applications for structural ceramics.
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These applications take advantage of • • • • • • •



temperature resistance corrosion resistance hardness wear resistance chemical inertness thermal and electrical insulating properties mechanical properties,



_____________________________________________________________________ 73



Reinforcements & matrices ________________________________________________________________________ of the structural ceramic materials. Combinations of properties for specific applications are listed in Tab. B.7. Ceramics offer advantages for structural applications because their density is about one-half the density of steels, and they provide very high stiffness-toweight ratios over a broad temperature range. The high hardness of structural ceramics can be utilized in applications where mechanical abrasion or erosion in encountered. The ability to maintain mechanical strength and dimensional tolerances at high temperature makes them suitable for high-temperature use. For electrical applications, ceramics have high resistivity, low dielectric constant, and low loss factors that when combined with their mechanical strength and high-temperature stability make them suitable for extreme electrical applications.



Processing of structural ceramics



The processing steps for producing structural ceramics are shown in the flow chart given in Fig. B.50. These steps can be grouped into four general categories • • • •



raw material preparation forming and fabrication thermal processing finishing.



These categories are also indicated in Fig. B.50.



Raw material preparation



The procedure includes material selection, ceramic-body preparation, mixing and milling, and addition of processing additives such as binders. Material selection is important because structural ceramics require high-quality starting materials that can be described as industrial inorganic chemicals. For example, silicon carbide, SiC, is produced by the Acheson process in which silica, SiO2, and coke are placed in an arc furnace and reached at 2200 to 2500°C. It is clear that the assurance of final product quality starts with well-defined and strict material acceptance criteria. Ceramic body preparation consists of combining the collection of materials necessary for the final body composition. For example, as oxide systems, the starting materials are generally mixed in aqueous systems and milled to obtain the specified particle-size distribution for the body. If necessary, organic binders are added after the milling and mixing. This results in a slurry or slip, which is the starting material for forming and fabrication of the component.
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Forming and fabrication



Structural ceramics are formed from either powders, stiff pastes, or slurries. The slurry from the preparation procedures is converted to an agglomerated flowable powder by spray drying or to a stiff paste by filter pressing. Structural components are formed by pressing of powders, extrusion of stiff pastes, or by slip casting of slurries. In some cases, pre-sinter machining (green machining) is required.



Figure B. 50



Flow chart for ceramic processing.
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Thermal processing



The process for structural ceramics is done either at ambient pressure or with added pressure in the case of hot pressing or hot isostatic pressing (HIP). The final microstructure is developed during thermal processing by sintering, vitrification, or reaction bonding. Sintering takes place by volume, surface, or grain-boundary diffusion and is a solid state process. During sintering the pores are removed, the piece is densified, and grain growth occurs if desired for the particular ceramic being processed. Sintering is used for highpurity oxide systems. Vitrification involves the presence of a liquid phase during thermal processing. The liquid phase provides faster diffusion paths and holds the piece together by capillary action during processing. This results in an amorphous or glassy phase being present in the final microstructure. The final microstructure is created by vitrification for systems with less than 99 % pure oxide, porcelains, and Si3N4 with sintering additives. In some cases the thermal processing is aided by adding external pressure during sintering. The pressure can be applied uniaxially in hot pressing or isostatically in hot isostatic pressing. Covalent materials such as silicon carbide and silicon nitride, and composite systems usually undergo hot pressing. Pressure can also be used to suppress the decomposition of materials (such as in the gas-pressure sintering of Si3N4). The microstructure is developed by reaction bonding for some covalent structural ceramics such as silicon carbide and silicon nitride. For instance, silicon carbide components are formed by mixing together very fine SiC coated with fine carbon, which is exposed to silicon above its melting point. The molten silicon and the carbon react to form silicon carbide in place which bonds the SiC grains together.



Finishing



Additional processing is required where tolerances are tighter than can be achieved by sintering or where a surface must be extremely flat or polished. Diamond grinding is used to provide tight dimensional tolerances. Lapping and polishing using abrasive slurries will achieve extremely flat surfaces and fine surface finish.



Properties and applications of monolithic structural ceramics
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Aluminium oxide, Al2O3, is perhaps the material most commonly used in production of technical ceramics. The reasons for its wide acceptance are many; alumina has a high hardness, excellent wear and corrosion resistance, and low electrical conductivity. It is also fairly economical to manufacture. Alumina ceramics actually include a family of materials, typically having alumina contents from 85 to 99 % and even higher Al2O3, the remainder being a grain boundary phase. The different varieties of alumina stem from diverse application requirements. For instance •



85 % alumina ceramics such as milling media are used in applications requiring high hardness, yet they are economical



•



alumina having purities in the range of 90 to 97 % are often found in electronic applications as substrate materials, due to the low electrical conductivity. The grain-boundary phase in these materials also allows for a strong bond between the ceramic and the metal conduction paths for integrated circuits.



•



high-purity alumina (> 99 %) is often used in the production of translucent envelopes for sodium-vapour lamps.



Figure B.51 Scanning electron micrograph of a high purity Al2O3. The sample has been thermally etched to reveal the grain boundaries. Note the equiaxed grain morphology and lack of any intergranular phase.
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Figure B.52



Scanning electron micrograph of a typical 96 % Al2O3 ceramic. The sample has been thermally etched to reveal the grain boundaries. The intergranular phase was also removed during etching. Note the tabular morphology of some of the alumina grains.



The microstructure and resulting properties of alumina ceramics greatly depend on the percentage of alumina present. For instance, high-purity alumina typically have a fairly simple microstructure of equiaxed alumina grains (Fig. B.51), whereas a 96 % alumina ceramic will have a more complicated microstructure consisting of alumina grains surrounded by a grain-boundary phase (Fig. B.52). Depending on processing, this grainboundary phase may be amorphous, crystalline, or both. The properties of this family of materials vary widely, as shown in Tab. B.8.



Table B.9



Properties of various alumina ceramics.
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Aluminium titanate (Al2TiO5)



The aluminium titanate is a ceramic material that has recently received much attention because of its good thermal shock resistance. Al2TiO5 has an orthorhombic crystal structure, which results in a very anisotropic thermal expansion. The coefficient of thermal expansion (CTE) normal to the C-axis of the orthorhombic crystal is –2.6 × 106 /°C, whereas the CTE parallel to the C-axis is about 11 × 10-6/°C. The resulting thermal expansion coefficient for a polycrystalline material is very low, 0.7 × 10-6/°C, as shown in Tab. B.9. . Table B.10 Physical properties of various ceramics.
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The excellent thermal shock resistance of aluminium titanate derives from this considerable thermal expansion anisotropy. During cooling from the densification temperature, the aluminium titanate grains shrink more in one direction than the other, which results in small microcracks developing in the microstructure as the grain actually pull away from each other. Subsequent thermal stresses (either by fast cooling or heating) are thereby dissipated by the opening and closing of the microcracks. Unfortunately, a consequence of the microcracks is that aluminium titanate does not have particularly high strength (25 MPa). However, the microcracks do impart very low thermal conductivity, making it an excellent candidate for thermal insulation devices. The excellent thermal shock resistance of aluminium titanate offers the potential for many applications. For instance, aluminium titanate has found uses as funnels and ladles in the foundry industry (aluminium, magnesium, zinc, and iron do not wet aluminium titanate). The automotive industry is also investigating aluminium titanate for exhaust port liners and exhaust manifolds.



Silicon carbide (SiC)



Silicon carbide is ceramic material that has been in existence for decades but has recently found many applications in advanced ceramics. There are actually two families of silicon carbide, one known as direct-sintered SiC, and the other known as reaction-bonded SiC (also referred to as siliconized SiC). In direct-sintered SiC, submicrometer SiC powder is compacted and sintered at temperatures in excess of 2000°C, resulting in a high-purity product. Reaction-bonded SiC, on the other hand, is processed by forming a porous shape
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Reinforcements & matrices ________________________________________________________________________ comprised of SiC and carbon powder particles. The shape is then infiltrated with molten silicon metal; the silicon metal acts to bond the SiC particles. The properties of the two families of SiC are similar in some ways and quite different in others. Both materials have very high hardness (27 GPa), high thermal conductivity (typically 110 W/m⋅K), and high strengths (500 MPa). However, the fracture toughness of both materials is generally low, of the order of 3 to 4 MPa m1/2. The major differences are found in wear and corrosion resistance. While both are very good in each category, direct-sintered SiC has a greater ability to withstand severely corrosive and erosive environments (the limiting factor for reaction-bonded SiC is the silicon metal). Applications for SiC ceramics are typically in the cases where wear and corrosion are problems. For instance, SiC is often found as pump seal rings and automotive waterpump seals. Silicon carbide´s high thermal conductivity also allows them to be used as radiant heating tubes in metallurgical heat-treatment furnaces.



Silicon nitride (Si3N4)



An intense interest in silicon nitride ceramics has emerged over the past few decades. The motivation for such interest lies in the automotive industry, where use of ceramic components in engines would greatly improve operating efficiency. Silicon nitride offers great potential in these applications because of its excellent high-temperature strength of 900 MPa at 1000°C, reasonable fracture toughness of around 6 MPa m1/2, and good thermal shock resistance. It also has very good oxidation resistance, a particularly important property in automotive applications. The automotive components of interest are turbocharger rotors, pistons, piston liners, and valves. But so far, the greatest application of Si3Si4, however, is as a cutting-tool material in metal-machining applications, where maching rates can be dramatically increased due to the high-temperature strength of Si3Si4.



Boron carbide (B4C)



B4C is another material that is just now finding applications, The major advantages of B4C are its very high hardness (29 GPa) and low density (2.5 g/cm3). However, manufacturing B4C is difficult because of the high temperatures necessary to effect densification, much higher than 2000°C. Thus in most cases B4C is densified with pressure. This limits the complexity of shapes possible without excessive grinding and machining.
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SiAlON (Silicon-Aluminium-Oxynitride)



SiAlON is fabricated in several ways, but is typically made by reacting Si3N4 with Al2O3 and AlN at high temperatures. SiAlON is a generic term for the family of compositions that can be obtained by varying the quantities of the original constituents. The advantages of SiAlONs are their low thermal expansion coefficient (2 to 3 × 10-6/°C) and good oxidation resistance. The array of potential applications is similar to that Si3N4, namely automotive components and machine tool bits. However, the chemistry of SiAlON is complex, and reproducibility is a major hurdle to becoming more commercially successful.



Zirconia (ZrO2) –transformation toughened zirconia



ZrO2 exhibits three well defined polymorphs, the monoclinic (M-), tetragonal (T-) and cubic (C-) phases. The M-phase is stable up to about 1170°C where it transforms to the T-phase. The T-phase is stable up to 2370°C when the C-phase exists up to the melting point of 2680°C 1170°C



2370°C



2680°C



M-phase ⇔ T-phase ⇔ C-phase ⇔ Liquid



The transformation of T-phase ⇒ M-phase has been intensely studied due to the theoretical interest and practical importance of the large volume change associated with this phase change. The main experimental results are •



the high temperature T-phase in the pure ZrO2 compound can not be quenched to room temperature



•



there is an abrupt change in the lattice parameters at the phase transformation. The compound undergoes substantial expansion on cooling (∼3-5 vol.%) at the phase transition



•



the transformation is athermal. Thus, the transformation does not take place at a fixed temperature but over a range, i.e. the amount of transformed phase changes
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Reinforcements & matrices ________________________________________________________________________ by varying the temperature but not as a function of time at a fixed temperature. However, fine-grained (≈ 100 nm) ZrO2 appears to exhibit an isothermal component in the transformation kinetics due to the contribution of the surface energy perhaps (so-called Grain-Size Effect) •



transition takes place with a velocity approaching that of sound in solids



•



transformation exhibits a large thermal hysteresis. The products of the trasistion are lenticular-type or plate-shaped, with a certain orientation relationship to their parent phase, through shear-like atomic movements, a diffusionless procedure. Trasformation twins are also observed.



All of the characters from the T-phase ⇒ M-phase transition, listed above, revealed that the transformation is a well-known martensitic type. The large volume change is sufficient to exceed elastic and fracture limits and can only be accommodated by cracking. In consequence the fabrication of large components of pure ziconia is not possible due to spontaneous failure on cooling. However the volume expansion of the T-phase to M-phase transformation can be used to advantage by adding stabilizer and controlling the transition. This is the effect so-called transformation toughening and used to improve the room temperature mechanical properties of brittle materials, detail see later. The addition of cubic stabilizing oxides MgO, CaO and Y2O3 allows the stability of the cubic crystallographic form of ZrO2 from its melting point to room temperature, called Fully Stabilized Zirconia (FSZ). If insufficient stabilizing oxide is added then a Partially Stabilized Zirconia (PSZ) is produced rather than a fully stabilized form. In the case, both the cubic and tetragonal phases can be present; and it is possible for the tetragonal phase to transform to monoclinic phase on cooling. A binary equilibrium phase diagram of ZrO2-Y2O3, Fig. B.53 (low yttria region), can be used to illustrate the principle described above. Except of the thermodynamic information for equilibrium conditions, single-; doublephase fields and a eutectic reaction et al., Fig. B.53 also shows some kinetic knowledge in this system. With increase in temperature, there is a transformable tetragonal field existed in a composition range 0-5 mol.% Y2O3; i.e. a phase which will transform on cooling to the monoclinic structure. For compositions containing greater amounts of yttria a mixture of non-transformable tetragonal phase and cubic solid solution exist at room temperature due to a normal cooling procedure from high-temperature cubic state. Finally, increasing the yttria content further results in a homogeneous cubic solid solution, stable from the melting point to room temperature. Of course, the lever rule should be considered, if an alloy was heated into the T+C double phase field. Then the transformation happened in these two phases should be considered individually. In other
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Figure B.53



Low yttria region of the ZrO2-Y2O3 phase diagram.



ZrO2-Y2O3, ZrO2-MgO, ZrO2-CaO and ZrO2-CeO2 are the most technologically important systems. As already discussed, in ZrO2-Y2O3 system 0-5 mol.%; 5-13 mol.% and > 13 mol.% Y2O3 are three specified composition ranges based on its phase diagram Fig. B.53. The phase diagrams of ZrO2-MgO and ZrO2-CaO systems could also be analysed using the same principle for the ZrO2-Y2O3 system. In general, Y2O3 has stronger stabilizing effect on ZrO2 than MgO and CaO. There is also another special important feature in ZrO2-Y2O3 system that the temperature of T-phase ⇒ M-phase transformation decreases with increasing in Y2O3 content, which does not occur with MgO or CaO additions. And the tetragonal phase in ZrO2-CeO2 can easily be kept to room temperature, even down to liquid nitrogen temperature.
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Toughening principles for CMC



The ceramic materials of interest are brittle and rarely exhibit plastic deformation below at least 1000°C. Their strength is consequently determined by the catastrophic extension of a crack developed from an internal flaw. This can be expressed by the fracture mechanics equation σf = Y Kc/C1/2



(B.16)



with Y denoting a dimensionless constant dependent on the geometry (not size) of the flaw and the geometry of the stress field and the sample, C the flaw size and Kc so-called fracture toughness. An equivalent but perhaps more revealing expression applicable to extension of a crack under tensile load in plane strain is σf = Y [Γ E/C(1-ν2)]1/2



(B.17)



with Γ denoting the fracture surface energy, E the Young´s modulus and ν the Poisson´s ratio. This reveals that the strength decreases not only with a decreasing resistance to crack formation of the material (i.e. loosely speaking its bond strength) and with increasing flaw size but also with decreasing elastic stiffness. In fact, the practical implications of these two equations are that strength can be improved either by reducing flaw size in the material or by improving the toughness. Another important implication of Eqs. B.16 and B.17 is that, since defects are usually distributed stochastically with respect to size and location, there will be a corresponding scatter in strength from specimen to specimen. Moreover, the mean strength of a series of specimens or components will be volume-dependent, i.e. it will decrease with increasing component size. These effects are illustrated in Fig. B.54 which covers ranges of strengths typical for currently available ceramics. The factor m in the figure is the socalled Weibull modulus, an inverse measure of the width of the distribution (for Weibull statistics, see Fibre stress and strength, earlier in this part)
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Figure B.54



Strength distributions typical for ceramic materials with different degrees of scatter (m is the so-called Weibull modulus, an inverse measure of the width of the distribution).



To a designer, such strength scatter translates as poor reliability and necessitates the use of very conservative strength criteria. Although the effect can be mitigated by reducing defect populations through improved processing, sensitivity to subsequent damage must be considered. In certain circumstances strength scatter is reduced by increasing toughness. Significant progress has been made in improving the processing of ceramics in order to reduce the frequency and size of defects. The benefit of this approach is however limited since in defect-free material intrinsic features of the microstructure act as flaws, e.g. grain boundaries that crack during loading. Moreover, brittle materials are sensitive to surface damage; consequently, a material with a low level of defects may be subsequently weakened by defects accumulated during service. The second approach, i.e. the improvement of toughness, can be achieved most effectively at the microstructural level using a variety of mechanisms such as crack deflection, fibre bridging, pull-out, and crack induced phase transformation and controlled microcracking, schematically shown in Fig. B.55. The bridging toughening effect is observed in ceramics reinforced with high volume fractions of long, parallel fibres; here, cracks pass through the matrix leaving intact fibre bridging them. If the fibres have a higher stiffness than the matrix then the matrix will crack not only at a proportionally higher composite stress than the unreinforced matrix but also at a somewhat higher strain, i.e. it will be toughened. After failure of the matrix, loading of the composite can continue until fibre failure. This normally occurs by 86 __________________________________________________________________



Reinforcements & matrices ________________________________________________________________________ successive fracture and pull-out of individual fibres leading to pseudo-plastic behaviour giving relatively high fracture energies. In the deflection toughening mechanism, the growing crack is led around second phase particles or fibres. This causes a reduction in stress intensity at the crack tip and therefore an apparent toughness increase.



Figure B.55 Some proposed toughening mechanisms in short-fibre reinforced ceramics. Microcrack induced toughnening can be induced by the incorporation of ZrO2 particles in a ceramic matrix. On cooling through the T ⇒ M transformation temperature, tangential stresses are generated around the transformed particle which induce microcracks in the matrix. Fig. B.55. These by their ability to extend in the stress field of a propagating crack or to deflect propagating crack can absorb or dissipate the energy of the crack, thereby increasing the toughness of the materials. The optimum conditions are met when the particles are large enough to transform but only small enough to cause limited micro-crack development. Also, the volume fraction of ZrO2 inclusions must be at an optimum level. A typical illumination on relationship of toughnessparticle size volume fraction is shown in Fig. B.56 with material Al2O3-ZrO2.
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Figure B. 56



The martensitic transformation in ZrO2 develops microcracks around the particles. A crack propagating into the particle is deviated and becomes bifurcated, thus increasing the measured fracture resistance.



Figure B.57



Fracture toughness and flexural strength as functions of volume fraction of zirconia.
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Figure B.58



Stress induced transformation of metastable ZrO2 particles in the elastic stress field of a crack.



Another toughening mechanism is considered to be a stress induced transformation of the metastable tetragonal particles to the monoclinic form. If a crack is made to extend under stress, Fig. B.58, large tensile stresses are generated around the crack, especially ahead of the crack tip. These stresses release the matrix constrain on the T-ZrO2 particles, and if sufficiently large could result in a net tensile stress on the particle, which under the new conditions will transform to monoclinic symmetry. The volume expansion (> 3%) and shear strain (∼1-7%) developed in the particle causes the martensitic reaction, with a resultant compressive strain being generated in the matrix. Since this occurs in the vicinity of the crack; extra work would be required to move the crack through the matrix accounting for the increase in toughness and hence strength. Two semi-quantitative approaches to the theory of toughening have been made. A thermodynamic model and strain energy analysis were used to predict the strengthening and toughening behaviour. Claussen generalised the following equation, based on the energy absorption process K1c = Ko + (2E ηt rt)1/2 + (2E ηm rm)1/2



(B.18)



with K



1c denoting the fracture toughness, Ko fracture toughness of the matrix, E elastic modulus, η energy density absorbed ahead of a crack, r radius of the "process zone",
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In addition to these purely geometrical factors it will be shown that the relative magnitudes of the thermal expansion, elastic and mechanical properties of the constituents as well as the properties of the interface between them are critical in determining the nature of fracture. For instance, the success of mechanisms of fibre toughening such as crack deflection and crack bridging is dependent on the existence of a relatively weak fibre/matrix interface as well as a correct balance of elastic properties. The relative values of the expansion coefficients of the constituent phases, determines the level and sign of residual stresses in the microstructure. Although it can be understood that this affects such processes as crack deflection and microcracking, the overall effect on strength and toughening is not easily predicted.



Table B.11



Summary of microstructural variables to maximise toughening.



Materials variable



Stress induced transformation



Microcrack nucleation



Particle size



Minimise



Minimise



Particle size distribution



Narrow distribution



Narrow distribution



Volume fraction



Maximise



Max. limited by agglomeration and crack interaction



Particle spacing



Uniform



Uniform
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Minimise



Control to yield max. shear strain on transformation



Chemical driving force



Maximise







Matrix-particle thermal expansion



Minimise



Minimise



Examples of microstructural geometries commonly found in ceramic composites are shown in Fig. B.59 while specific examples of composites that have been produced and reported are listed in Tab. B.11. Table B.12 Examples of tried ceramic/ceramic composites.



Reinforcement shape



Composite type and constituents matrix-reinforcement



Particulate



Al2O3-ZrO2 Al2O3-TiC Al2O3-SiC SiC-TiB2 Si3N4-TiC Si3N4-ZrO2



Platelets



Al2O3-SiC Si3N4-SiC



Short random fibres (Whiskers)



Al2O3-SiC (w) Si3N4-SiC (w)



Long, parallel fibres



Glass-C glass-SiC



Cross-plied



Glass-C glass-SiC SiC-SiC



Woven



C-C SiC-SiC
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Figure B.59



Schematic illustration of principle composite microstructure.



Types of CMC materials



Decades ago, ceramics were characterized as hard, high-strength materials with excellent corrosion and electrical resistance in addition to high-temperature capability. However, low fracture toughness limited its use in structural applications. The birth of toughened ceramics coincided with industrial applications requiring high-temperature capability, high strength, and an improvement in fracture resistance over existing ceramic materials. The primary driving force toward developing toughened ceramics was the promise of an all-ceramic engine.



Zirconia-toughened alumina (ZTA)



ZTA is the generic term applied to alumina-zirconia systems where alumina is considered the primary or continuous phase (70 to 95 %). Zirconia particulate additions (either as pure ZrO2 or as stabilized ZrO2) from 5 to 30 % represent the second phase. The solubility of ZrO2 in Al2O3 and Al2O3 in ZrO2 is negligible. The ZrO2 is present either in the tetragonal or monoclinic symmetry. ZTA is a material of interest primarily because it has a significantly higher strength and toughness than alumina, see Fig. B.57.
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Reinforcements & matrices ________________________________________________________________________ The microstructure and subsequent mechanical properties can be tailored to specific applications. Higher ZrO2 contents lead to increased fracture toughness and strength values, with reduction in hardness and elastic modulus, provided most of the ZrO2 can be retained in the tetragonal phase. Strength up to 1050 MPa and fracture toughness value as 7.5 MPa m1/2 have been measured, see Tab. B.12. Wear properties in some applications may also improve due to mechanical property enhancement compared to alumina. These types of ZTA compositions have benn used in some cutting-tool applications.



Table B.13 Typical physical properties of various ceramics.



ZTA has also seen some use in thermal shock applications. Extensive use of monoclinic ZrO2 can result in a severely microcracked ceramic body. This microstructure allows thermal stresses to be distributed throughout a network of microcracks where energy is expended opening and/or extending microcracks, leaving the bulk ceramic body intact. ZTA materials were invested around 20 years ago. However, commercial success has been limited, partly due to the failure of industry to produce a low-cost ZTA with improved properties and its failure to identify markets allowing immediate penetration. One exception has been the use of ZTA in some cutting-tool applications.



Transformation-toughened zirconia



Transformation-toughened zirconia is a generic term applied to stabilized zirconia systems in which the tetragonal symmetry is retained as the primary zirconia phase. The four most popular tetragonal phase stabilizers are Y2O3, CaO, MgO, and CeO2. Some properties of several representative transformation-toughened zirconia are also given in Tab. B.12. Among the toughened or high-technology ceramic materials, Mg-PSZ exhibits the best combination of mechanical properties and cost, for room- and moderate-temperature structural applications. CaO- and MgO-stabilized zirconia are used for making extrusion _____________________________________________________________________ 93



Reinforcements & matrices ________________________________________________________________________ nozzles in steel production, wire-drawing cap stands, foils for the paper-making industry, and compacting dies. The fine-grain microstructure and good mechanical properties lend the Yttria-stabilized ZrO2 (Y-TZP) as a candidate material for knife-edge applications, including scissors, slitter blades, knife blades, scalpels, ferrules for fibre-optic assemblies, and so forth. However, compared to Mg-PSZ, Y-TZP is more expensive, has lower fracture toughness, and is not nearly as flaw tolerant. The early success of ZTA and partially-stabilized zirconia systems provided the impetus to include toughened ceramics as a candidate for structural applications. However, due to the limited maximum-temperature use of these materials, intense research was generated to determine other toughening mechanisms and alternative toughened-ceramic systems.



Silicon carbide whisker (SiCw) reinforced alumina



Silicon carbide whisker (SiCw)-reinforced alumina faced in the 1980´s as a potential ceramic-engine component material. Composed of fine equiaxed alumina grains and needle-like SiC whiskers, this material exhibited promising fracture toughness (6.5 MPa m1/2) and strength (600 MPa) properties. Al2O3-SiCw composites have been used quite successfully in cutting-tool applications. Conventional processing methods can be employed provided the whisker loading is less than approximately 8 vol.%. Composites with higher whisker loadings must be hot pressed, or sufficient liquid-glass-phase sintering must occur to fabricate fully dense bodies. The former limits the fired billet size and requires extensive grinding after sintering. The latter limits its high-temperature use.



Silicon nitride matrix composites



High temperature degradation of mechanical properties of Al2O3-SiCw composites and the excellent high-temperature strength, oxidation resistance, thermal shock resistance, and fracture toughness of Si3N4 caused a n interest in fabricating SiCw -reinforced Si3N4. The major phase, Si3N4, offers many favourable properties, and the SiC whiskers provide significant improvement in the fracture toughness of the composites. Whisker-reinforced Si3N4 is now being touted as the material of choice for hot-section ceramic-engine components, although production is currently limited to laboratory or pilot plant-size fabrication. Processing difficulties, health issues, and raw material costs of all SiCw whisker-reinforced composites have lessened the industrial impact of these materials and may prevent widespread acceptance and use in the near future.
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Further directions and problems



One of the primary disadvantages of ceramic materials is still their brittle nature, characterized by the low fracture toughness. Although significant improvements have been made to increase the fracture toughness, brittleness continues to keep ceramics from more widespread use. Another area of importance is the science and technology of ceramic processing, both from an economic and performance sense. Currently manufacturing ceramics is a labourand capital-intensive industry, where products are often custom-made for customers. Manufacturers are continually striving to increase productivity and reduce costs. Improved processing techniques should also enhance the performance of structural ceramic components, particularly with respect to reliability. Currently ceramics tend to be very flaw sensitive, in that the strength depends on the size of flaw in the microstructure. The flaw size in turn is usually determined by processing conditions. In most ceramics, conventional processing results in a fairly broad flaw size distribution, which yields a broad strength distribution. Since design engineers often need to know the average strength and strength deviation, a large standard deviation will limit the design strength of a component. Therefore, improved processing techniques should reduce the spread in strengths and allow greater opportunities for ceramics in structural applications.
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