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 Figure 5.4 Schematic of crimping of a surface tow (or filler) by a z-binder yarn (or warp weaver) Cox et al. (1994).
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 The squashing of warp, weft and z-binder yarns creates regions of high-fibre content in 3D preforms. When the preforms are consolidated, viscous resins can have difficulty infiltrating these regions that can lead to porosity. 3D woven preforms also have localised regions of low fibre content, particularly where the in-plane yarns have been crimped and pushed aside by the z-binders. Upon consolidation these regions become rich in resin (Farley et al., 1992; Leong et al., 2000).
 
 Z-Binder
 
 Lamiilate
 
 Figure 5.5 (a) Idealised and (b) actual profiles of a z-binder yarn in a 3D orthogonal composite. The z-binder is supposed to have a square-wave profile, but in reality can be distorted into a quasi-sinusoidal profile. As another illustrative example, Figure 5.6 also depicts a 3D orthogonal woven composite that comprises of stuffer yarns, filler yarns and z-binders of nominal proportions of 1:1.2:0.2 (Tan et al, 2000a). The overall fiber volume fraction for the 3D orthogonal woven composite panels is 43%. The 3D orthogonal woven composite panels have an average thickness of 2.57 mm. Figure 5.6(b) depicts a micrograph of the cross section A-A as shown in Figure 5.6(a). There are six filler yarn layers and five stuffer yarn layers. It is clear that all filler yarns are not straight. The misalignment of the internal filler yarns appear to be less severe than that of the two surface filler yarns. Figure 5.6(b) also shows that the cross section of the stuffer yarns is only slightly distorted from its ideal rectangular shape. Figure 5.6(c) shows the micrograph of the cross section B-B as indicated in Figure 5.6(a). It is clearly demonstrated that the zbinder exhibits a smooth periodically curved shape rather than an idealised rectangular shape. The cross sectional shape of all four inner filler yarns appears to be close to a skewed rectangle, and that of the two surface filler yarns is severely distorted from a rectangle into a skewed triangle or quadrilateral.
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 \ Filler yarn
 
 Z-Binder
 
 Repeating unit \
 
 'Stuffer yam
 
 (a) A schematic of the top view for the 3D orthogonal woven CFRP composite
 
 (b) Micrograph of cross section A-A showing misalignment of filler yarns
 
 (c) Micrograph of cross section B-B showing true path of the z-binder and distorted filler yarns Figure 5.6 Architectural features of a 3D orthogonal woven CFRP composite (Tan et al, 2000a,b)
 
 I13
 
 3 0 Woven Composites
 
 5.3 IN-PLANE MECHANICAL PROPERTIES OF 3D WOVEN COMPOSITES
 
 5.3.1 Tensile Properties The tensile properties and failure mechanisms of 3D woven composites have been investigated since the mid-l980s, but only recently has an understanding of their tensile performance began to emerge. Tensile studies have been performed on 3D woven composites with orthogonal or interlock fibre structures made of carbon, glass or Kevlar. Numerous studies have compared the tensile properties of 3D woven composites against 2D laminates with a similar (but not always the same) fibre content, and different results are reported. The Young’s modulus of some 3D woven composites is lower than the modulus of their equivalent 2D laminate. This difference is shown by a comparison of tensile stress-strain curves for a 2D and 3D woven composite in Figure 5.7. This data from Lee et al. (2002) shows that the Young’s modulus of the 3D composite is about 35% lower than the 2D laminate. Other tensile studies also report that the Young’s modulus of a 3D woven composite is lower than a 2D laminate, with the reduction ranging from -10% to 35% (Ding et al., 1993; Guess and Reedy, 1985). However, in some cases the tensile modulus of the 3D woven composite can be slightly higher than the 2D laminate (Arendts et al., 1989; Chen et al., 1993).
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 Figure 5.7 Tensile stress-strain curves for a 2D and 3D woven composite. The Young’s modulus values for a variety of 3D woven composites are plotted against their z-binder content in Figure 5.8. In this figure the Young’s modulus of the 3D
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 woven composite is normalised to the modulus of the equivalent 2 0 laminate. It is important to note, however, that the 2D laminate is not always exactly equivalent because the fibre contents of the 3D and 2D composites being compared are rarely the same, and often differ by several percent. With the exception of a few outlying values, it is seen in Figure 5.8 that the Young's modulus of a 3D composite is always within 20% of the modulus of the 2D laminate. Only rarely is the stiffness of a 3D composite higher or lower by more than 20%. Figure 5.8 also shows that the Young's modulus of a 3D woven composite is not influenced significantly by the z-binder content or fibre structures (ie. orthogonal vs. interlock). The reason for the higher Young's modulus of some 3D woven composites is probably due to a slightly higher fibre content than the 'equivalent' 2D laminate. The lower modulus of the other 3D woven composites is due to higher fibre waviness of the load-bearing yarns caused by the z-binder.
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 Figure 5.8 Plot of normalised Young's modulus against z-binder content for various 3D woven composites. The micromechanical models described in Chapter 4 can be used to accurately determine the Young's modulus of 3D woven composites. Even the simplest models, such as the rule-of-mixtures, provide good estimates of modulus. As an example, Figure 5.9 gives a comparison of the measured modulus for different types of 3D woven composite against the theoretical modulus calculated using rule-of-mixtures. It is seen that the agreement between the experimental and theoretical modulus values are within 10%in all cases. Tan et a1 (2000a) measured the in-plane Young's moduli and Poisson's ratio for the 3D orthogonal woven CFRP composites as shown in Figure 5.6. Table 5.1 gives a
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 comparison between the measured in-plane elastic constants and those predicted using the block laminate and the unit cell models presented in Chapter 4. In Table 5.1, El and E2 are the Young’s modulus in the stuffer and filler direction respectively, while vI2 is the Poisson’s ratio. The experimental results and those predicted using the laminate block models are detailed in Tan et al (2000a,b). The modulus in the filler yarn direction is larger than that in the stuffer yarn direction because the fibre content in the filler yarn direction is 20% more than that in the stuffer yam direction. The predicted results for the unit cell model are taken from Kim et a1 (2001), who model the full 3D woven material using an extensive finite element mesh with 108 (27x4~1) unit structures and total degrees of freedom of 2,671,534. It is shown that the measured inplane elastic constants correlate well with those predicted using various model, and the agreement between the experimental and predicted results are within 10% for all three in-plane constants.
 
 Table 5.1 Comparison of predicted and measured in-plane elastic orthogonal woven carbon fibre reinforced composites Model El (GPa) Ez(GPa) Analytical Laminate block modela 38.39 50.88 FEA Laminate Block Modela 39.70 51.09 FEA Unit Cell Modelb 40.63 49.00 Average experimental results‘ 40.97 47.30 a: Tan et a1 (2000b); b: Kim et a1 (2001); c: Tan et a1 (2000a)
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 Figure 5.9 Comparison of experimental and theoretical Young’s modulus values for three types of 3D woven composite.
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 Tan et a1 (2001) also measured and predicted the in-plane elastic constants for 3D orthogonal woven E-glass/epoxy composites. Table 5.2 compares the in-plane Young’s moduli, the shear modulus and the Poison’s ratio that were measured experimentally and predicted using both the analytical and finite element analysis based laminate block models. A good agreement between the experimental and predicted results is noted.
 
 Table 5.2 Comparison of predicted and measured in-plane orthogonal woven E-glass/epoxy composites Model El (GPa) E2(GPa) Analytical Laminate block model 29.59 27.05 29.46 28.03 E A Laminate Block Model Average experimental results 31.37 29.68
 
 elastic constants for 3D vi2
 
 0.1342 0.1329 0.1158
 
 G 2 (GPa) 4.4790 5.3987 4.5289
 
 A unique feature of many 3D woven composites is that they begin to permanently deform or ‘soften’ at relatively low tensile stress levels (Callus et al., 1999; Ding et al., 1993; Guess and Reedy, 1985; Lee et al., 2002). This softening is shown by the kink in the stress-strain curve for the 3D composite in Figure 5.7, which does not usually occur in 2D laminates. The softening can reduce the stiffness by 20 to 50%, depending on the type of composite, and is attributed to the onset of plastic deformation of the most heavily distorted load-bearing tows, as depicted in Figure 5.4 (Cox et al., 1994; Callus et al., 1999). As reported earlier, the load-bearing tows in a 3D woven composite can be severely misaligned from the in-plane direction by the z-binders. These heavily distorted tows begin to plastically straighten when the applied tensile strain reaches a critical value sufficient to induce permanent shear flow of the resin within the fibre bundle. The critical tensile stress (od for plastic tow straightening can be estimated by (Cox et al., 1994):
 
 where f, is the volume fraction of load-bearing tows, 1TI31is the axial shear strength of
 
 151
 
 the tow, and is a fibre waviness parameter which is defined as the average misalignment angle for 90% of all load-bearing tows. Using this equation, the effect of fibre waviness on the plastic tow straightening stress is plotted in Figure 5.10. Shown in this figure are typical fibre waviness values for prepreg tape, 2D woven and 3D woven composites. From this figure it is obvious that tensile softening of 3D woven composites occurs at much lower stress values than 2D composites. Therefore, to overcome this softening it is necessary to minimise in-plane fibre waviness or use a resin having a high yield shear strength. At tensile stresses above the onset of plastic tow straightening, 3D woven composites experience matrix cracking (both tensile and delamination), z-binder debonding, tow rupture and, in some materials, tow pull-out (Callus et al., 1999; Cox et al. 1994; Lee et al., 2000). Tensile failure generally occurs by rupture of the load-
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 bearing tows, which may have been significantly weakened by damage incurred in the 3D weaving process (see Figure 5.3). As a result, the tensile strength of a 3D woven composite is often lower than for an equivalent 2D woven composite with a similar fibre volume content (Brandt et al., 1996; Cox and Flanagan, 1996; Lee et al., 1992). Figure 5.11 presents a compilation of published tensile strength data for 3D woven composites with different z-binder contents. In this figure the tensile strength of a 3D woven composite is normalised to the strength of the equivalent 2D laminate. It is seen that the failure strength of 3D woven composites is the same or, more often, less than the strength of the 2D laminate. It is interesting to note, however, that the tensile strength of a 3D composite is rarely more than 20% lower than the strength of the 2D material, and furthermore the tensile strength is not affected significantly by the zbinder content for the range plotted here. The lower tensile strength of 3D woven composites is due to fibre damage incurred during the weaving process that weakens the low-bearing tows (see Figure 5.3), increased fibre waviness, and pinching of the surface tows (see Figure 5.4).
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 Figure 5.10 Effect of in-plane tow waviness on the tensile stress for plastic tow straightening. Representative tow straightening stresses for 2D and 3D woven composites are indicated. The comparison is made for composites with identical fibre content (f, = 0.3) and shear strength ( 1T131= 45 MPa) values.
 
 Predicting the tensile failure strength of 3D woven composite by micromechanical modelling is more difficult than determining the Young's modulus. This is because the extent of fibre damage, waviness and crimping are often not accurately known, and therefore it is difficult to predict the tensile stress for tow rupture. Tan et a1 (2000a,b; Tan et a1 2001) measured and predicted the in-plane tensile strengths for both the 3D
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 orthogonal woven CFRP (as shown in Figure 5.6) and a 3D orthogonal woven Eglasdepoxy composite. Figure 5.12 shows micrographs of the fiacture surface for specimens loaded in the stuffer yam and filler direction, respectively. The breakage of z-binders shown in Figures 5.12(a) and (b) indicate that stuffer yams break at a cross section between two adjacent six filler yams. The separation of a z-binder shown in Figures 5.12(c) and (d) clearly indicates that filler yarns break at a cross section along a z-binder.
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 Z-Binder Content (%) Figure 5.11 Plot of normalised tensile strength against z-binder content for various 3D woven composites. Table 5.3 presents a comparison between the experimental and predicted in-plane tensile strengths in both the stuffer and filler yam directions. The subscript 1 and 2 refer to the stuffer and filler yarn direction respectively. The predicted results are obtained by using the rule of mixture method and the laminate block models in conjunction with maximum stress criterion. Both analytical method and finite element method are employed in the block laminate model. It is noted that there exists a good correlation between the predicted and measured tensile strength in the stuffer yarn direction. However, there is a large difference between the predicted and measured tensile strength in the filler yam direction. This is due to the misalignment in the filler yam direction as shown in Figure 5.6(b). Although the filler yam is 20% more than the stuffer yarn, the average tensile strength in the filler yarn direction is only slightly larger than that in the stuffer yarn direction. The misalignment of filler yarns is shown in Figure 5.6(b) and is believed to be the major contributing factor to the low tensile strength in the filler yarn direction.
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 Table 5.3 Comparison of predicted and measured in-plane tensile strengths (MPa) for 3D orthogonal woven CFRP composites Failure Rule of Laminate Laminate Exp. strength mixture block model block model (avg.) (FEA) (analytical) 538.1 473 483.7 (Jlt 480.7 711.0 703 486.2 021 667.2
 
 (a) Micrograph of the fracture surface for a CFRP specimen loaded in stuffer yarn direction
 
 (b) Micrograph of the fracture surface opposite to that in (a) Figure 5.12 Micrographs of the fracture cross-section for a typical CFRP specimen loaded in tension in stuffer yarn direction (Tan et al, 2000a,b)
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 (c) Micrograph of the fracture surface for a C F W specimen loaded in tiller direction
 
 (d) Micrograph of the fracture surface opposite to that in (c)
 
 Figure 5.12 (continued) Micrographs of the fracture cross-section for a typical CFRP specimen loaded in tension in filler direction (Tan et al, 2000a,b) The influence of the misalignment can be taken into account by employing the curved beam model described in Chapter 4 (Tong et al, 2002). To employ the model, let us consider the micrograph of a typical cut along centreline of a filler yarn in the filler yarn direction as shown in Figure 5.13(a). The repeating unit of all filler yarns is marked and can be idealised as these filler yarn segments shown in Figure 5.13(b). It is further assumed that each filler yarn segment is supported by an elastic foundation and there is no interaction between filler yarn segments. The path of the centreline of each filler yarn is then measured and is idealised as a sine function with an amplitude of hfand a half wave length of If. Figures 5.13(c) and (d) compare the measured and idealised
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 paths of centreline of two filler yarn segments. Table 5.4 lists the amplitudes and half wavelengths of all filler yarn segments as shown in Figure 5.13(b). The tensile stresses at which failure occurs in all six misaligned filler yarn segments in open mode range from 483.32 to 533.07 MPa, and those in shear mode range from 437.87 to 462.21 MPa. These predicted results correlate well with the measured failure strengths in the filler yarn direction ranging from 445.1 to 509.2 MPa.
 
 Figure 5.13a Micro-photo for a typical cross-section cut along the filler yarn direction for a 3D orthogonal CFRP composite material (Tan, 1999; Tan et al, 2000a,b)
 
 Segment a
 
 Segment b Segment c Segment d
 
 Stuffer yam
 
 Filler yam
 
 . Segment e
 
 Segment f Segment g
 
 Figure 5.13b Schematic of idealised filler yarns for the 3D orthogonal CFRP composite material (Tan, 1999; Tong et al, 2002)
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 Table 5.4 Maximum amplitudes and span lengths of the waved filler yarn segments a-g Lf (mm) Yarn segment hf(mm) a 0.077 1.071 b 0.107 1.285 C 0.12 2.57 d 0.133 2.57 e 0.129 2.57 f 0.129 2.57 0.107 2.57 g
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 5.3.2 Compressive Properties The compressive properties and failure mechanisms of 3D woven composites have been investigated in great detail because of their potential application in aerospace structures. Most attention has been given to 3D carbordepoxy composites because of their use in aircraft, although 3D carbodbismaleimide and 3D Kevlar/epoxy have also been examined. Most studies find that the compressive modulus of 3D woven composites is lower than 2D prepreg tape or woven laminate with a similar fibre volume content (Brandt et al., 1996; Guess and Reedy, 1986; Farley et al., 1992). The reduced modulus is due to crimping and increased waviness of the load-bearing fibres caused by the zbinders. The effect of z-binder reinforcement on the axial compressive strength of 3D woven composites is complex, with both improvements and reductions to strength being observed. Figure 5.14 presents compressive strength data for three types of 3D composites with different z-binder contents. The normalised compressive strength is defined as the compressive strength of the 3D woven composite divided by the strength of an 2D woven laminate with nominally the same fibre content. The data plotted in Figure 5.14 shows no clear effect; with both an increase and reduction to strength occurring. The data does reveal, however, that the compressive strength of a 3D woven composites is usually improved or degraded by less than 20%, which is the same effect observed for the tensile properties shown in Figures 5.8 and 5.1 1.
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 Figure 5.14 Plot of compressive strength against z-binder content for various 3D woven composites. The cause for the improved compressive strength of the 3D woven composites is not clear. Those studies that report an improvement to the strength do not describe the
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 compressive failure mechanisms of the 2D and 3D composites, which may shed light on the cause of the improvement. In comparison, the cause for the reduction to the compressive strength of 3D woven composites is understood due to the work of Cox et al. (1992, 1994) and others. Cox et al. (1992, 1994) and Kuo and KO (2000) observed that 3D composites fail in axial compression by kinking of the load-bearing tows. Kinking is a failure process that initiates at regions with a low resistance to permanent shear deformation, such as at material defects (eg. void, crack) or where fibres are misaligned from the load direction. Kinking commences when the applied compression stress reaches a sufficient level to induce plastic shear flow of the resin matrix within and surrounding an axial tow. Plastic yielding of the resin allows the fibres within an individual tow to rotate in parallel. The fibres continue to rotate under increasing load until the tow becomes unstable and then breaks along a well-defined plane known as a kink band, as shown in Figure 5.15. In 2D unidirectional laminates, clusters of coplanar kink bands grow unstably which lead to sudden compression failure.
 
 Figure 5.15 Schematic of a kink band in a compressed fibre tow
 
 The kinking failure mechanism in 3D woven composites is somewhat different to the failure event for 2D laminates. The kink bands in 3D woven composites first initiate in the most severely distorted tows, which are usually at the surface where they are pinched by the z-binders (see Figure 5.4). Cox et al. (1992) observed that two kink bands often form in the pinched tow immediately adjacent to the surface loop of the z-
 
 3 0 Woven Composites
 
 125
 
 binder, as shown in Figure 5.16. Once the surface tow has failed it loses stiffness, but is constrained from buckling outwards by the surface loop. Upon further loading kink bands form in other distorted tows. Cox et al. (1992, 1994) found that kink bands within 3D woven composites develop as discrete geometric flaws rather than as coplanar bands that occur in unidirectional laminates. As a result, 3D woven composites fail gradually at discrete locations throughout the material, leading to very high strains to ultimate failure.
 
 -kink bands
 
 /-stut(er
 
 Figure 5.16 Schematic showing the locations of two kink bands within a surface axial tow (From Cox et al., 1992). The high failure strains of 3D woven composites under compression loading is shown in Figure 5.17 that compares the compressive stress-strain behaviour of a unidirectional carbodepoxy prepreg tape against a 3D carbodepoxy composite measured by Cox et al. (1992). It is seen that the curve for the tape laminate increases steadily until catastrophic failure occurs at a strain of -1.4%. In contrast, the curve for the 3D composite shows a sudden load drop at a strain of -OS%, although complete failure does not occur. Instead, the load decreases very gradually over a large strain. Cox et al. ( 1992) found that 3D woven composites still have significant strength after compressive strains of more than 15%, indicating extraordinary high ductility. This extreme ductility is a unique property of 3D woven composites, and is due to kink bands forming as discrete geometric flaws that inhibit catastrophic failure which facilitates the gradual failure of the material under increasing strain.
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 Strain (%) Figure 5.17 Compression stress-strain curves for a unidirectional tape laminate and a 3D woven composite (The curves for the laminate and 3D composite are from Daniel and Ishai (1994) and Cox et al. (1992), respectively).
 
 The compressive properties of 3D woven composites under fatigue loading have also been investigated. Dadkhah et al. (1995) examined the compression-compression fatigue performance of various 3D woven carbodepoxy composites, and found that the fatigue failure mechanism is similar to the failure process described above for monotonic compression loading. Under cyclic compression loading, a kink band initiates at a site of high fibre distortion, with the most common location being where the surface tow is crimped by the z-binder (see Figure 5.4). Upon further load cycles the fibres within the crimped tow progressively rotate to greater angles until failure occurs by kinking. It is believed that the fatigue life does not extend greatly beyond the formation of the first few kink bands. The fatigue endurance of 3D woven composites have not yet been compared against 2D laminates with the same fibre content, although it is expected to be lower due to the heavily distorted fibres lowering the cyclic stress needed to induce kinking failure. 5.3.3 Flexural Properties The flexural properties of 3D woven composites has been investigated by Chou et al. (1992), Cox et al. (1994), Ding et al. (1993) and Guess and Reedy (1985). In most
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 cases the flexural properties of a 3D woven composite are lower than for an equivalent 2D laminate. In the worst reported case, Guess and Reedy (1985) found that the flexural modulus and strength of a 3D Kevlar/epoxy composite was respectively 20% and 30% lower than a 2D laminate. The reduced flexural properties are due to the crimping and increased misalignment of the tows by the z-binders.
 
 5.3.4 Interlaminar Shear Properties The interlaminar shear strength of various types of 3D woven composite have been evaluated, and it is generally found that the strength is the same or slightly higher than an equivalent 2D material (Brandt et al., 1996; Chou et al., 1992; Ding et al., 1993; Guess and Reedy, 1985; Tanzawa et al., 1997). Figure 5.18 shows the normalised interlaminar shear strength values for four types of 3D woven composite with different z-binder contents. The normalised shear strength is the interlaminar shear strength of the 3D woven composite divided by the interlaminar strength of a 2D woven laminate with nominally the same fibre content. It is seen in Figure 5.18 that in a few cases there is an improvement to the interlaminar shear strength with the 3D woven composite, although in most cases there is no significant change.
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 Figure 5.18 Plot of normalised interlaminar shear strength against z-binder content for various 3D woven composites.
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 5.4 INTERLAMINAR FRACTURE PROPERTIES OF 3D WOVEN COMPOSITES
 
 An important advantage of 3D woven composites over conventional 2D laminates is a high resistance to delamination cracking. 2D laminates are prone to delamination cracking when subject to impact or out-of-plane loads due to their low interlaminar fracture toughness properties. 2D laminates made of thermoset prepreg material, such as carbodepoxy tape, are particularly susceptible to delamination damage due mainly to the poor fracture toughness of the resin matrix. The low delamination resistance of carbodepoxy is a significant factor impeding the more widespread use of these laminates in aircraft structures prone to impact from stone and bird strikes, such as the leading edges of wings and tail-sections. The superior delamination toughness of 3D woven composites has been a strong incentive for the use of these materials in highly loaded or impact prone aircraft structures such as wing panel joints (Wong, 1992), flanges, and turbine rotors (Mouritz et al., 1999). The delamination resistance of 3D woven composites has been characterised for the mode I and I1 load conditions. The mode I condition is also known as tensile crack opening and mode I1 as shear crack sliding. Most delamination studies on 3D woven composites have been for mode I loading (Byun et a1.,1989; Guenon et al., 1989; Arendts et al., 1993; Tanzawa et al., 1997; Mouritz et al., 1999). Little work has been performed on the mode I1 delamination properties, and this is an area requiring further research because delaminations caused by impact can propagate as shear cracks. The delamination properties of 3D woven composites subject to mode I11 (tearing) loading have not yet been determined, due possibly to the difficultly in performing mode I11 fracture tests on 3D materials. The mode I interlaminar fracture properties of 3D composites with an orthogonal or interlocked woven structure have been thoroughly investigated (Byun et a1.,1989; Guenon et al., 1989; Arendts et al., 1993; Tanzawa et al., 1997; Mouritz et al., 1999). It is found that the mode I delamination resistance of 3D woven composites is superior to 2D laminates. The delamination toughness increases with the volume content, elastic modulus, tensile strength and pull-out resistance of the z-binders. However, even relatively modest amounts of z-binder reinforcement can provide a large improvement to the delamination resistance. For example, GuCnon et al. (1989) found that the delamination toughness for a 3D carbodepoxy composite with a z-binder content of only 1% was about 14 times higher than a 2D carbodepoxy prepreg laminate. Increasing the z-binder content can promote even larger improvements to the mode I interlaminar fracture toughness. The largest reported increase is for a 3D woven composite with an 8% binder content that has a mode I delamination resistance more than 20 times higher than for a 2D laminate (Arendts et al., 1993). Such large improvements to delamination resistance are comparable to that found with other types of 3D composites, such as knitted, stitched and z-pinned materials which will be described later. The high mode I interlaminar fracture toughness of 3D woven composites is due to a number of toughening processes caused by the z-binders, and these are shown schematically in Figure 5.19. When a delamination starts to grow between the plies in a 3D woven composite, the crack tip passes around the z-binders without causing them any damage. In some materials the z-binders may debond from the surrounding composite when the interfacial adhesion strength is poor, although the binders themselves remain undamaged. The energy needed to debond the binders induces some
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 toughening of the composite (Gutnon et al., 1989), although it is likely to be small. Most of the toughening occurs by the formation of a z-binder bridging zone that can extend up to -30 mm behind the crack tip. These binders that bridge the delamination are able to carry a large amount of the applied force, which reduces the stress acting on the crack tip and thereby increases the delamination resistance.
 
 Fracture& Pull-Out
 
 Figure 5.19 Schematic of mode I delamination cracking in a 3D woven composite. Figure 5.20 shows a z-binder bridging a delamination in a 3D woven composite. In 3D woven composites the z-binder yarns may be distorted during manufacture (as shown in Figure 5 3 , and this reduces the effective stiffness and strength of the bridging zbinders. Therefore, the interlaminar toughness provided by the z-binders is often not as high as when they are aligned normal to the crack plane. In addition, the damage incurred by the z-binder yarns during weaving reduces their tensile strength, which will also affect the interlaminar toughness. The high toughness from the z-binders often causes extensive crack branching in 3D woven composites that promotes further toughening. The applied stress acting on the binders within the bridging zone is not equal; but rather a low stress is exerted on the binders close to the crack tip and a larger stress on binders at the rear of the bridging zone where the crack opening displacement is the greatest. The binders at the rear of the bridging zone eventually break along the crack plane (as shown in Figure 5.21) or near the outer surface of the composite where the binder has been weakened during weaving in order to form a tight bend (see Figure 5.4). When the binders break near the outer surface they are gradually pulled-out of the composite, and the work done during the binder pull-out also adds to the toughness. Figure 5.22 shows a binder yarn standing proud of the fracture surface of a 3D woven composite after being pulled-out. In summary, the superior mode I delamination toughness of 3D woven composites is due to the toughening processes of debonding, bridging and pull-out of the z-binders and crack branching.
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 200 lam Figure 5.20 Z-binder bridging a delamination crack in a 3D woven composite (with an offset layer interlock structure) (From Mouritz et al., 1999)
 
 Figure 5.21 A broken z-binder beyond the rear of the bridging zone in a 3D woven composite (with an offset layer interlock structure) (From Mouritz et al., 1999).
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 Figure 5.22 A broken z-binder that has been pull-out out of a 3D woven composite (with an offset layer interlock structure) (From Mouritz et al., 1999).
 
 Despite the complexity of the delamination crack growth process in 3D woven composites, it is possible to model some of the toughening processes in order to predict the mode 1 interlaminar fracture toughness. Byun et al. (1989) developed a finite element model that focussed on the relative contributions of matrix toughness and zbinder reinforcement to the delamination resistance. The toughening processes of binder bridging and pull-out were considered in the model, while crack branching was not included because of the difficulty in accurately modelling this process. A comparison of theoretical failure values for delamination cracking predicted using the model against experimental values for a 3D orthogonal composite is shown in Figure 5.23. The model is found to be inaccurate for short crack lengths, but the accuracy increases with the crack length. Modelling work by Byan et al. (1989) reveals that the mode 1 interlaminar fracture toughness of 3D woven composites can be enhanced by increasing the Young's modulus, tensile strength and volume content of the binders. While the mode I interlaminar fracture toughness properties of 3D woven composites have been examined in detail, the mode 11 properties have not been thoroughly analysed. The only reported study into mode 11 delamination resistance was performed by Liu et al. (1989) on a 3D orthogonal carbon/epoxy composite with a small amount (1%) of z-binders. It was found the critical strain energy release rate for crack propagation (Guc) in the 3D woven composite is 2 to 3 times higher than for a 2D carbon/epoxy prepreg laminate. Liu et al. (1989) suggest that the improved mode 11 delamination resistance is due to debonding, bridging and shear deformation of the zbinders as well as crack branching. It is also likely that the waviness of the in-plane woven fibres also contributed to the improved toughness. It is worth noting that z-
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 binders are more effective in improving the delamination resistance for mode I than mode I1 loading. This is shown in Figure 5.24 that compares improvements to the modes I and I1 interlaminar fracture toughness values for the same 3D woven composite. It is seen that the mode I toughness of the 3D composite is -14 times higher than the 2D laminate whereas the mode I1 toughness is only 2.7 times higher.
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 Figure 5.23 Comparison of theoretical and experimental critical load values to induce mode I delamination cracking in a 3D woven composite (Data from Byan et al., 1989). 5.5 IMPACT DAMAGE TOLERANCE OF 3D WOVEN COMPOSITES
 
 The impact damage tolerance of 3D woven composites has been extensively evaluated because of their potential use in aircraft and rocket structures prone to impact loading. 3D woven composites have been impact tested under low to medium energy levels using light-weight, low-speed projectiles to evaluate their damage resistance for aircraft structures subject to hail and bird strikes during flight and to dropped tools during maintenance (Arendts et al., 1993; Billaut and Roussel, 1995; Brandt et al., 1996; Chou et al., 1992; Herricks and Globus, 1980; KO and Hartmann, 1986; Reedy and Guess, 1986; Susuki and Takatoya, 1997). 3D woven composites have also been tested under ballistic impact conditions using high-velocity bullets to determine their impact damage tolerance for military aircraft and armoured vehicle applications (James and Howlett, 1997; Lundland et al., 1995). It is found that the amount of impact damage caused to 3D woven composites is less than 2D laminates with the same fibre volume content. For example, Figure 5.25 shows the effect of increasing impact energy on the amount of delamination damage
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 experienced by 3D carbodepoxy composites reinforced with an orthogonal or interlocked woven structure (Billaut and Rousell, 1995). The amount of damage suffered by an aerospace-grade carbodepoxy laminate is shown for comparison. It is seen the amount of impact damage experienced by the 3D woven composites is lower than the 2D laminate. The outstanding damage resistance of 3D woven composites is due to their high delamination resistance. The interlaminar toughening mechanisms described in the previous section, namely debonding, fracture, pull-out and, in particular, crack bridging of the z-binders impede the spread of delaminations from the impact site. The superior impact damage resistance of 3D woven composites usually results in higher post-impact mechanical properties than for 2D laminates (Arendts et al., 1993; Brandt et al., 1996; James and Howlett, 1997; Susuki and Takatoya, 1997; Voss et al., 1993). For example, in Figure 5.26 it is shown that the post-impact flexural and compressive strengths of 3D woven composites are significantly higher than for 2D laminates (Arendts et al., 1993; Voss et al., 1993).
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 Figure 5.24 Comparison of the delamination resistance of 2D and 3D composites for mode I and I1 loading (The modes I and I1 data is from GuCnon et al. (1989) and Liu et al. (1989), respectively).
 
 5.6 3D WOVEN DISTANCE FABRIC COMPOSITES Sandwich material made of a 3D woven fabric called ‘Distance Fabric’ is a relatively new class of ultra-light weight composite. 3D woven sandwich composites were originally conceived and manufactured by Verpoest and colleagues at the Katholieke Universiteit Leuven in Belgium. The composites were developed to overcome many of
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 the shortcomings of conventional sandwich composites, which consist of two thin laminate face skins that are adhesively bonded to a light-weight core of honeycomb or rigid foam. The disadvantages of standard sandwich materials is that the manufacturing process can be labour intensive because the skins must be manufactured separately and then bonded to the core in a second processing step. Consequently, sandwich composites can be expensive to manufacture for low-cost applications such as civil and marine structures. Further problems with sandwich composites are that they are susceptible to skin-to-core separation due to bond-line defects and experience skin delamination under excessive bending, buckling or impact loads. Advanced sandwich composites made of distance fabric offer the potential to overcome these problems. The 3D fibre architecture of a distance fabric is shown schematically in Figure 2.1 1, and is characterised by through-thicknessfibres, known as piles, interconnecting two woven face skins. The fabric is produced using the velvet weaving process that is described in Chapter 2, and the process can be controlled to produce fabrics with different amounts and orientations of the pile yams. After weaving, the hollow core of the fabric can be filled with a polymer or syntactic foam by liquid foam injection. The skins can be impregnated with thermoset or thermoplastic resin using the moulding processes outlined in Chapter 3.
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 Figure 5.25 Effect of impact velocity on the amount of delamination damage to 2D and 3D woven composites (Data from Billaut and Rousell, 1995).
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 Figure 5.26 Effect of impact energy on the (a) flexural strength and (b) compressive strength of 2D and 3D woven composites. The flexural and compressive data is from Voss et al. (1993) and Arendts et al. (1993), respectively.
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 3D woven sandwich composite is a new class of material, and much remains unknown about its mechanical performance. Research at the Katholieke Universiteit Leuven has shown that the mechanical properties are strongly influenced by the areal density, length, angle and degree of stretching of the pile yams, although generally properties such as compressive strength, shear strength and fatigue endurance are similar to those of conventional honeycomb materials (Judawisastra et al., 1989, Preller et al., 1990, Van Vuure et al., 1994). The key advantages of 3D woven sandwich composite is an exceptionally high delamination resistance - with a skin peel strength up to four times higher than conventional sandwich materials - and good impact damage resistance due to the integral nature of the 3D fibre structure (Preller et al., 1990, Van Vuure et al., 1994). It is reported by Verpoest and colleagues that 3D sandwich composites are used in a wide range of applications including hard-tops for cars, radar domes, mobile homes, a small aircraft, and furniture and interior wall panels for fast ferries.
 
 Chapter 6 Braided Composite Materials
 
 6.1 INTRODUCTION Much of the current knowledge behind the technologies used to manufacture 3D braided preforms was generated in a period of time between the early 1980’s and the late 1990’s. Mostly funded through the US Government, research programs, of which the NASA Advanced Composite Technology (ACT) Program was a major focus, brought together preform suppliers such as Atlantic Research Corporation and Drexel University, with research laboratories (University of Delaware, NASA Langley, Drexel University, etc) and aerospace end-users (Boeing, Douglas and Lockheed). It was during this period that some of the more significant studies on the mechanical behaviour of 3D braided composites were performed. However, in common with the other forms of 3D textile composites described in this book, the extent of the published literature on the mechanical properties of 3D braided composites would only constitute a small part of the information necessary to fully characterise this class of composite material. In Section 2.3 the main techniques of producing 3D braided preforms were described. Each of these manufacturing processes would result in preforms whose final consolidated properties would be influenced not only by the characteristics of the process itself but also by the variations in braid architecture that can be generated within each manufacturing technique. Figure 6.1 illustrates the highly interlinked nature of a 3D braid and critical factors such as the yarn size, the angle of the braiding yarns, the percentage content of axial yarns, etc, all have a major influence upon the resultant composite properties.
 
 Figure 6.1 Photomicrograph of a 3D braided architecture (courtesy of Atlantic Research Corporation)
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 In spite of the limited data available in the published literature there are some general conclusions that can be drawn on the mechanical properties of 3D braided composites and these are summarised in the following sections. 6.2 IN-PLANE MECHANICAL PROPERTIES Two comprehensive studies of the in-plane mechanical properties of 3D braided composites were carried out in the mid-1980's by Macander, Crane & Camponeschi (1986) and Gause & Alper (1987). In these two publications the effect of changes to a number of braiding variables on the tensile, compressive and other in-plane properties were investigated. Data was generated on preforms constructed by the 4-step, or rowand-column, braiding process.
 
 6.2.1 Influence of Braid Pattern and Edge Condition In the first part of their study, Macander et al. (1986) examined the effect of braid pattern and edge condition upon the performance of braids manufactured from T300 30K carbon yarns, impregnated with epoxy resin. The results of this work are summarised in Table 6.1. The braid notations used refer to the motion of the yarn carriers within the flat, Cartesian plane of the 3D braider. The first number in the braid pattern designates the number of spaces the yam carrier advances in the x-direction whilst the second number represents spaces moved in the y-direction. The use of a third category, e.g. YiF, refers to the number of carriers that remain fixed in the axial direction (%F= 50%).
 
 Table 6.1 Braid pattern and edge condition effect on 3D braided carbon/epoxy composites (from Macander et al., 1986) 1x1 1x1 3x1 3x1 lxlx4iF l x l x uncut cut uncut cut uncut %F cut Fibre volume fraction (%) 68 68 68 68 68 68 Braiding yarn angle (") 520 *20 f 12 -c 12 +15 * 12 TensiIe strength (MPa) 665.5 228.7 970.5 363.7 790.6 405.7 50.5 126.4 76.4 117.4 82.4 Tensile modulus (GPa) 97.8 Compressivestrength (MPa) 179.5 226.4 385.4 Compressivemodulus(GPa) 38.7 56.6 80.8 Flexural strength (MPa) 813.5 465.2 647.2 508.1 816 632.7 Flexural modulus (GPa) 77.5 34.1 85.4 54.9 86.4 60.8 Poisson's ratio 0.875 1.36 0.566 0.806 0.986 0.667 The most striking result comes from the difference in performance between specimens with cut and uncut edges. There is a 66% reduction in the tensile strength and at least a 40% reduction in tensile modulus for specimens with no axial fibres. Specimens with axial fibres suffered less reduction in their tensile properties (approximately 50% in strength and 30% in modulus) although it was still a significant drop in performance.
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 The flexural behaviour of the materials also showed significantly reduced performance when specimen edges were machined to produce cut fibres. This experimental data indicates the high sensitivity that 3D braided composites have to machining damage of the yarns on the surface. As each braiding yarn within the common 3D braiding processes will eventually travel to the specimen surface, any machining of this surface will result in the braiding yarns becoming non-continuous along the specimen length, with the resultant drop in performance. Due to the fixed nature of the axial fibres they will run parallel to the specimen surface and thus will not be affected by any machining. This results in their higher retained properties when compared to composites without axial fibres. The data presented in Table 6.1 also illustrates the strong influence that the braiding pattern has upon the mechanical properties of the composite materials. The presence of axial fibres within the 1x1 architecture has produced a braid with an apparent braiding yarn angle (angle between the braiding yarn orientation and the specimen braid axis) less than that of the 1x1 architecture without axials. The orientation of the braiding yarns closer to the braid axis, which is the direction along which the testing has been performed, and the presence of the axial fibres themselves produces a composite with improved tensile, compressive and flexural properties. This improvement in composite performance due solely to a reduction in braiding yarn angle is also observed when comparing the properties of the 1x1 and 3x1 structures, in both cut and uncut edge state. A decrease of 8 O in the braiding yarn angle resulted in an improvement in tensile and compressive performance of 25 - 50%. Wenning et al. (1993) also observed a similar improvement in the tensile modulus with a decrease in the fibre angle of 4-step braided composites. Other investigations on the influence of braid angle were conducted by Brookstein et al. (1993), who investigated the properties of carbodepoxy 3D composites that were braided by the Multilayer Interlock method. Specimens with two braiding patterns (Le. differing braid angles) were tested, +45"/0"/~45"(Vf = 43%) and ~ 6 0 " / 0 " / ~ 6 0(Vf ° = 45%) and the results of these tests were normalised to a nominal 50% fibre volume fraction for comparative purposes (see Table 6.2). When comparing the properties of the two 3D braided patterns, Brookstein et al. also found that the tensile and compressive properties in the longitudinal direction were improved when the braiding yam angle was reduced, but at the sacrifice of the transverse performance. The design of 3D braided preforms must therefore be a compromise between the required mechanical performance and the number of axial yarns and the braid angle possible within a certain braiding technique. The influence of axial fibres on the composite mechanical performance was also noted by Gause et al. (1987) who observed significant increases in the longitudinal tensile and compressive properties of carbodepoxy, 4-step braided specimens when half of the yarns available for braiding were fixed as axial yarns. Table 6.3 summarises the results of this work although it should be noted that errors in some of the data contained in the original publication were corrected in a later publication by KO (1989) and it is from this publication that the data in Table 6.3 is taken. It is interesting to note that although the presence of axial yarns has improved the longitudinal properties of the braided specimens, it comes at the sacrifice of the transverse properties. This is because there are now fewer yarns available as braiding yarns and thus less reinforcement oriented towards the transverse direction.
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 Table 6.2 Effect of braid angle on the mechanical properties of carbodepoxy, Multilayer Interlock 3D braids (from Brookstein et al., 1993) Materials 3D Braids 2D Triaxial Braids Lay-ups ~ k 4 5 ~ l O ~ l ~ 4 5~60°10Q/k60" " ~45"10"1~k45~ k60"/O01*60" Longitudinal tensile 316 192 367 133 strength (MPa) Transverse tensile 156 338 250 309 strength (MPa) Longitudinal tensile 32.6 26.7 33.7 26.6 modulus (GPa) Transverse tensile 19.8 45.5 16.3 34.4 modulus (GPa) Longitudinal 320 218 280 267 compressive strength (MPa) Transverse 183 207 201 248 compressive strength (MPa) Longitudinal
 
 compressive modulus (GPa) Transverse compressive modulus (GPa) CAI' strength 0 J/mm CAI strength 3 Jlmm CAI strength -
 
 25.6
 
 25.5
 
 31.4
 
 26.7
 
 22.1
 
 24.4
 
 20.9
 
 22.2
 
 320
 
 218
 
 280
 
 267
 
 203
 
 214
 
 202
 
 190
 
 182
 
 177
 
 183
 
 195 7 J/mm *CAI = Compression-after-impact
 
 6.2.2 Influence of Braiding Process The effect of axial fibres upon the mechanical properties of 3D braids is also highly relevant when comparing the properties of 3D braided composites produced by different braiding processes. There are three main processes that have been developed to produce 3D braided preforms (Cstep, 2-step and Multilayer Interlock) and the details of these techniques have been outlined in Chapter 2. It is possible to create axial yarns within the 4-step and Multilayer Interlock processes but generally the 2-step process manufactures preforms with a greater proportion of the available yams in an axial position. A comparison of mechanical performance between specimens manufactured by the different techniques will therefore depend upon the relative amounts of axial and braiding yarns within each specimen and the braiding angle, as both factors influence the mechanical properties. There is little data in the published literature that compares the mechanical performance of 3D braided composites produced by different braiding processes. B yun and Chou (1991a) compared the tensile, compressive and shear performance of Eglass/epoxy braided composites produced by the 2-step and 4-step processes. The details of the braid architectures and results of the mechanical tests are summarised in
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 Table 6.4. These results again illustrate the improvement in longitudinal mechanical performance that can be obtained by the presence of axial fibres in the 2-step braided composite. In spite of the fact that the 4-step braided specimen had a significantly lower braid angle then the 2-step, the effect of lower braid angle was not enough to offset the very high proportion of axial fibres contained in the 2-step specimen. It was concluded that the relatively low value of the compressive strength for the 4-step braided composite was due to the waviness in the braiding yarns that can result from the 4-step process. It is important to note that the shear strength of the 4-step specimen is higher than that of the 2-step. This is thought to be an outcome of the higher amount of angled braiding yarns in the 4-step specimen improving the transverse properties of the composite. A similar improvement in longitudinal mechanical properties of 2-step braided composites over 4-step has been observed by Wenning et al. (1993) and Li et al. (1988).
 
 Table 6.3 Effect of braid pattern on the mechanical properties of carbodepoxy composites (from KO, 1989) Materials Carbon 12W3501 Carbon 12IU3501 24 ply AS113501 1x 1 braid lxlxYiF braid [*45,02,*45,02,*45,0,90), Longitudinal tensile 667.92 750.03 910.8 strength (MPa) Transverse tensile 34.5 22.77 416.76 strength (MPa) Longitudinal compressive 428.49 473.34 420.21 strength (MPa) Longitudinal tensile 90.39 106.26 65.55 modulus (GPa) Transverse tensile 10.35 9.66 3 1.OS modulus (GPa) Longitudinal compressive 75.9 93.15 60.72 modulus (GPa) Longitudinal tensile 0.773 0.733 1.393 straii (%)
 
 Transverse tensile strain
 
 0.64
 
 0.533
 
 0.71 1
 
 0.324
 
 0.249
 
 1.474
 
 661.02
 
 647.22
 
 445.05
 
 313.95
 
 316.71
 
 402.96
 
 (%)
 
 Longitudinal compressive strain (%) OHT (drilled hole, W/d = 4) gross strength (MPa) OHC (drilled hole, W/d = 4) gross strength (MPa) OHT = Open hole tension
 
 OHC = Open hole compression
 
 6.2.3 Influence of Yarn Size Within the work published by Macander et al. (1986) a study was also conducted into the influence of yarn size upon the mechanical properties of carbodepoxy 4-step braided composites (see Table 6.5). A consistent 1x1 architecture was used to manufacture the samples from AS4 3K, 6K and 12K yam sizes and Celion 6K and 12K
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 yams. Note that the strength and stiffness results for the Celion 6K specimens have also been normalised to a fibre volume fraction of 68% to allow for better comparison.
 
 Table 6.4 Comparison of E-glasdepoxy 2-step and 4-step Byun et al., 1991a) 2-step (V,= 40%) Number of axial yarns 38 Number of braider yarns 11 Surface braider yarn angle (“) 55 Tensile modulus (GPa) 35.2 Tensile Strength (MPa) 502 0.3 1 Poisson’s ratio Tensile failure strain(%) 1.33 Compressive modulus (GPa) 23.1 Compressive strength ( m a ) 418 Compressive failure strain (%) 1.87 Short beam shear strength (MPa) 71
 
 braided composite (from 4-step (V,= 40%) 0 34 25 25.5 420 0.58 1.83 15.3 194 1.4
 
 76.8
 
 TabIe 6.5 Effect of yarn size upon the mechanical properties of carbodepoxy 1x1 4step braided composites (from Macander et al., 1986) AS4 AS4 AS4 Celion6K Celion 3K 6K 12K 12K Fibre volume fraction (%) 68 68 68 56 68 (68 normalised) Tensile strength (MPa) 736.8 841.4 1067.2 857.7 1219.8 (1041.5) Tensile modulus (GPa) 83.5 119.3 114.7 87.8 113.1 (106.6) Short beam shear strength 114.8 126 121.4 71.4 71.4 (MPa) (86.7) Poisson’s ratio 0.945 1.051 0.98 0.968 0.874 Flexural strength (MPa) 885.3 739.8 1063.3 Flexural modulus (GPa) 84.5 95.2 136.5 Apparent fibre angle (deg.) k19 k15 *I5 k15 k17.5
 
 The results in Table 6.5 suggest that the tensile strength and modulus of the 4-step braided composites increase with increasing yam size. This could be related more to the dependence of the braid angle on the yarn size, as larger yarn sizes were generally observed to produce lower braiding angles in the specimens. However, Macander et al. (1986) did not propose this as the only influence that yarn size had upon the tensile properties and concluded that other variables not clearly identified play a significant role in this effect. They suggested that the effect of “crowding” of the braider yarns at the specimen edges can orient them more along the axial direction and thus improve the
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 overall composite properties. They postulated that the extent of crowding may be more pronounced as the yam size increases, therefore improving the tensile properties for larger yarn size specimens, however no supporting evidence was presented for this theory. The flexural and shear properties do not show any clear trend of improvement with decreased braid angle, again indicating that the effect of yam size, although significant, is not a clearly understood phenomenon. 6.2.4 Comparison with 2D Laminates Gause et al. (1987) compared the properties of their 1x1 and IxlxY' 3D braided specimens with a 24 ply laminate of AS1/3501 prepreg with a lay-up orientation designed to mimic the proportions of fibres contained in the lxlx%F 3D braided material (Table 6.3). The authors found that there was no clear trend in the comparison of undamaged in-plane properties between 2D and 3D materials. The tensile strengths in both directions as well as transverse tensile modulus was found to be worse for the 3D braid but the longitudinal compressive properties and tensile modulus were found to be better. In the case of open hole properties the 3D braided materials retained a far greater proportion of their tensile strength than the 2D laminate, at least 86% gross strength compared to approximately 50% for the 2D laminate. However the comparison of open hole compressive strength did not follow a similar trend, although this may be due to a lower than expected value of compression strength for the 2D laminate. It should be expected that 3D braided composites will not have undamaged, in-plane properties that match, or are superior to, 2D prepreg tape laminates of similar fibre orientation and volume fractions. This is due to the fact that the yarns within the braid will suffer from a certain level of crimping as a result of the braiding process and this will reduce their performance relative to the uncrimped fibres in the prepreg tape. A better comparison to make is of 2D and 3D braided composites and this was done within the work published by Brookstein et al. (1993). The results that are summarised in Table 6.2 also give a comparison between the properties of 2D triaxial braids and 3D Multilayer Interlock braids manufactured from the same 12K AS4 carbon tow and epoxy resin (results normalised to 50% fibre volume fraction). Except for the case of the compressive strength the results show that for both braid patterns the 2D braids have better performance in the longitudinal direction than the 3D braids but lower in the transverse direction. The authors suggested that it was possible that the 0" fibres in the 3D braids were pushed away from the axis by the geometrical configuration of the interlocking braiding yarns and therefore were improving the transverse performance of the specimens at the detriment of the longitudinal. It is clear from the published literature that more data is needed before a strict comparison can be made between the in-plane properties of 3D braided composites and the standard 2D laminates. 6.3 FRACTURE TOUGHNESS AND DAMAGE PERFORMANCE As with all 3D textile composites, the addition of the third dimension of reinforcement is expected to invest composites made from 3D braided material with improved toughness and damage characteristics. There has been very little published that
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 compares the fracture toughness of 3D braided composites with other forms of composite reinforcement, therefore it is not possible at this time to make any strict comparisons as to any potential improvements. However, the mode I fracture behaviour of a 4-step braided carbodepoxy material was examined by Filatovs et al. (1994) in a compact tension arrangement and the effect of the notch orientation relative to the direction of the braiding axis was investigated. It was found that the f y c e required to initiate and grow a crack through the 3D braid increased by a factor of 4 as the braid axis orientation varied from in line with the notch to transverse to it. The lowest value for crack propagation force was observed when the notch axis was at the same angle to the braid axis as the braiding yarns themselves, thus allowing crack propagation to occur partially along sections of the braiding yarns. Unfortunately, the authors did not translate these results into measurements of fracture toughness and did not compare them with measurements on conventional 2D laminates. There is more published work that examines the general damage tolerance of 3D braided composites. In their work on the general mechanical properties of 4-step braided, carbodepoxy composites Gause et al. (1987) also compared the OHT and OHC strength of 1x1 and lxlx* braids with a 2D laminate (Table 6.3). The 3D braids were observed to retain a very high proportion of their undamaged gross tensile strength (99% and 86% for the 1x1 and lxlx4iF respectively) compared to the 49% retained by the 2D laminate. In compression their retained strengths were of a similar order (4247%). Under drop weight impact tests the 3D braids were found to perform far better at limiting the extent of damage, having less than half of the damage area created at the higher test energies than the 2D laminate. KO et al. (1991) also examined the strength retention of carbon/PEEK 3D braids compared to 2D laminates under OHT conditions. Although the 2D laminate had far superior undamaged tensile properties (1081 MPa versus 586 m a ) , it was found that with similar proportions of fibres in the 0" and k20" directions the 3D braided specimens had a far greater retention of tensile strength than the 2D laminates (79% and 58% respectively). Impact tests were also conducted upon the specimens and it was found that the 3D braided materials had higher compression after impact strength and an order of magnitude lower damage area than the 2D laminates. Brookstein et al. (1993) compared the CAI performance of 2D and 3D braided composites (Table 6.2) and found that at the two impact energy levels tested (3 and 7 J/mm) the 3D braided composites had approximately the same or better compression strength compared to the 2D braided samples. This less significant difference between the impact performance of 3D and 2D braids compared to 3D braids and 2D tape laminates can be understood through the general architecture of braids. Even with an absence of through-thickness braiding yams, the architecture of a 2D braided laminate is very undulated with the layers of braided fabric nesting significantly with each-other. This makes it very difficult for impact damage to propagate extensively within the composite as compared to the relatively straight crack paths available in tape laminates. Overall, the damage resistance and tolerance of 3D braided composites is seen to be significantly greater than that of 2D tape laminates and at least the same as, or greater than, that of 2D braided composites. However, no data exists for 3D braided polymer matrix composites that examines the effect that the braid architecture or the braiding process has upon their fracture or damage performance. Much of this investigation has been conducted in ceramic and metal matrix 3D braided composites.
 
 Braided Composite Materials
 
 145
 
 6.4 FATIGUE PERFORMANCE In their comprehensive investigation of the mechanical properties of two, 4-step braided composites, Gause et al. (1987) measured the fatigue performance of the 3D braided materials in tension-tension (T-T), tension-compression (T-C) and compressioncompression (C-C) loading and compared it to a baseline 24 ply tape laminate. The data was highly scattered but at tests running to a million cycles it was clear that the baseline laminates had significantly better fatigue performance than the 3D braids. The maximum (averaged) fatigue stress, as a percentage of their ultimate static strength, that was carried successfully to one million cycles by the tape laminate specimens was found to be 73% (T-T), 50% (T-C) and 78% (C-C). This is compared to 57% (T-T), 37% (T-C) and 43% (C-C) for the 1x1 braid, and 56% (T-T), 37% (T-C) and 52% (C-C) for the Ixlx%F braid architecture. The improved fatigue performance of the 2D laminates over the 3D braids was attributed to the fibre waviness that is intrinsic to the braided architecture. This waviness allows the fibres to bend in addition to deforming axially under load, thus working the matrix more severely. In T-T and T-C fatigue conditions both braided architectures behaved identically. In C-C conditions the authors stated that the lxlx'/zF braid architecture showed greater life capability then the 1x1 architecture, which they credited to the presence of the fixed 0" yarns providing greater resistance to catastrophic fatigue damage. However, the scatter in results that is evident from the published data makes it unrealistic to draw this conclusion. Similar fatigue results were seen by Gethers et al. (1994) in their tension-tension testing of 4-step braided carbodepoxy materials. Although the behaviour of the .3D braids was not compared to 2D laminates, the average maximum fatigue stress at one million cycles was approximately 55% of the 3D braids static tensile strength, very similar to that recorded by Gause et al. (1987). Those specimens that survived one million cycles of testing were tested to failure statically and found to have a residual tensile strength that was 80% of the original tensile strength.
 
 6.5 MODELLING OF BRAIDED COMPOSITES There have been a number of models developed to predict the mechanical properties of 3D braided composites and, in a similar fashion to the other 3D textile composites described in this book, these models first depend upon an accurate description of the 3D braided yarn to be made. This description is accomplished through a geometric modelling of the yarn topology that is based purely upon the braiding procedure itself. Each particular braiding process has specific, characteristic equations that govern the topology of the yarn structure within the preform. These characteristic equations are explained in greater detail for 4-step braiding by Wang et al. (1994) and for 2-step braiding by Byun et al. (1991b). Once the geometric model of the 3D braid has been established the process of modelling its mechanical properties is carried out in a similar fashion to other 3D textile composites. A Representative Volume Element (RVE) of the braid is identified and the properties of this RVE are established through application of analysis techniques such as classical lamination theory (Byun et al., 1991b) or an elastic strain energy approach (Ma et al., 1986). The classical lamination theory was also used by Yang et al. (1986) in the development of their Fibre Inclination Model. The properties of the overall
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 composite are then obtained by averaging the properties of the RVE for the different yarn orientations present in the global coordinate system. More recently Chen et al. (1999) described the use of a Finite Multiphase Element method to predict the elastic properties of 3D braids. This process uses a two step numerical approach of generating a fine local mesh at the unit cell level to analyse the stresdstrain response of the unit cell, then a coarse global mesh to obtain the overall response of the composite at the macroscopic level. To date these models have only been used for the prediction of elastic constants and there does not appear to be any attempt made to predict the strength of 3D braided, polymer matrix composites. The comparison of predicted and experimental elastic constants is reasonable good, mostly within 10% (Chen et al., 1999) but in general the predicted properties are less than that measured via experiment. 6.6 SUMMARY
 
 3D braided preforms are very versatile forms of textile reinforcement for composite structures. As discussed in Chapter 2, 3D braids can be produced in a wide range of cross-sectional shapes and these shapes can be varied along their length to form structural details such as tapers, bifurcations, holes, etc. However, there has only been relatively limited data published on the mechanical properties of 3D braided polymer matrix composites, much of the development in the area of 3D braids appears to be focussed on ceramic and metal matrix composites. In particular, there has been little comparison made between the performance of 3D braided composites made by different braiding processes and between 3D braids and 2D laminates. From the data that has been published it is evident that the presence (or absence) of axial fibres and the angle of the braiding yams both play an important role in controlling the mechanical properties. Improved longitudinal performance results from increased axial fibre content and decreased braiding angle, but at the expense of transverse properties. The damage resistance and tolerance of 3D braided composites are also significantly better than 2D tape laminates due to the highly interlinked nature of the 3D architecture, however the fatigue performance has been shown to be worse. A result of particular interest is the high sensitivity that 3D braided composites have to cut edges. The act of machining the specimen edge and thus cutting the braiding yams into discontinuous sections was found to significantly decrease the tensile and flexural properties of the composite. This indicates the need to produce 3D braided composite components to net-shape, thus removing any need for machining that will reduce its performance. Before 3D braided preforms can be generally accepted as reinforcements for composite structures, a great deal more information must be gathered on their mechanical properties. In particular, the effect on the mechanical performance of the braiding technique and the various processing parameters within each technique must be understood in order for these reinforcement styles to be used with confidence.
 
 Chapter 7 Knitted Composite Materials
 
 7.1 INTRODUCTION Knitted preforms for composite reinforcement are the least understood of the four major classes of 3D fibre preforms constructed through textile manufacturing processes. Knitted preforms are also regarded by many as not true three-dimensional reinforcements. While it is true that much of the research conducted into knitted composites has been performed upon specimens manufactured by the lay-up of individual knitted fabric layers, current commercial knitting machines are capable of producing fabric containing up to four interconnected knit layers. Most conventional “two-dimensional” knitted fabrics also contain a significant proportion of their yarns in the thickness direction of the fabric, as shown in Figure 7.1. The open nature of the knit architecture also allows a high degree of “nesting” or mechanical interlocking between individual layers of knitted fabric. These two aspects of the knit fabric architecture result in properties such as Mode I fracture toughness (outlined in Section 7.3) being significantly higher than that observed in traditional 2D woven composites. The knitting process, which has been described in greater detail in Section 2.4, is also capable of manufacturing complex, net-shape preforms. Thus, although knitted preforms are not yet capable of being produced with similar thickness dimensions to 3D woven or braided preforms, they can be credibly included as a class of 3D textile reinforcements. As shown in Figure 7.1 the primary difference between knitted fabrics and woven or braided, is the highly curved nature of the yarn architecture. This architecture results in a fabric that will theoretically provide less structural strength to a composite (compared to woven and braided fabrics) but is highly conformable and thus ideally suited to manufacture relatively non-structural components of complex shape. In spite of its potential markets, knowledge of the structural performance of a knitted reinforcement is still of importance if it is to be used in a composite component. However, there are inherent aspects of the knitting process which make the establishment of mechanical properties very complex. The knitting process is capable of producing a wide variety of knit architectures and within each architecture the size and shape of the loops can be adjusted to quite dramatically change the proportion of yarn length that makes up each segment of the loop (see Figure 7.2). Knitted fabric can also “relax” @e. yarns seeking to move to their lowest energy configuration) to a far greater degree than woven and braided fabrics. This can also result in an internal rearrangement of the knit architecture that can significantly vary the knit loop parameters in the fabric from those set on the knitting machine during the manufacturing process. When comparing fabric produced from different machines, particularly the older knitting machines, even those of the same gauge (knitting needle density) can produce the same fabric style with significantly different loop parameters, which will result in varying mechanical
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 properties. In the more advanced, computer controlled machines this is less of an issue as the equipment is capable of controlling the loop parameters to a far greater degree. These variations of the knit architecture can cause a broad spectrum in the mechanical performance of knitted composites and thus make it difficult to adequately compare these properties with those of other reinforcement styles. In spite of this difficulty, work has been undertaken by a number of groups, primarily since the late 1980’s, to investigate and understand the performance of composites reinforced by knitted fabrics. A useful review of the area of knitted composites is given by Leong et al. (2000).
 
 Figure 7.1 Illustration of the 3D nature of typical knitted fabric a) top edge view, b) plane view
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 Sides or legs
 
 Figure 7.2 Illustration of the main segments in a knit loop
 
 7.2 IN-PLANE MECHANICAL PROPERTIES
 
 7.2.1 Tensile Properties The tensile performance of knitted composites has been a primary area of investigation within the published literature. Most of the investigation has focussed upon the tensile properties of weft knitted E-glass fabrics, generally with a plain knit architecture, that have been consolidated with epoxy resins. Often there is little information in the literature on the knitting parameters, such as loop lengths, shapes and densities, that will allow a more detailed analysis, however the available results allow some general behaviour to be established. Experimental data on the tensile performance of plain, weft knitted E-glasdepoxy composites has been collated from Ramakrishna et al. (1997), Huang et al. (2001) and Hohfeld et al. (1994) and the variation of tensile strength and modulus with fibre volume fraction is illustrated in Figures 7.3 and 7.4 respectively. It can be clearly seen that the tensile performance of the plain knit E-glass/epoxy composites increases with an increase in the volume fraction of glass fibres. It can also be seen that the tensile properties are similar to that expected from randomly orientated E-glass mat reinforcements of the same fibre volume fraction. This is to be expected as the architecture of the plain knit has very few straight sections of yarn and certainly none that are of any significant length. This aspect of the plain knit architecture, as well as many other standard knit styles, will generally limited the mechanical performance of knitted composites to values much lower than that expected from conventional 2D woven fabrics (strengths of E-glass fabrics 350 - 400 MPa). Leong et al. (2000) and Anwar et al. (1997), presented tensile results of composites manufactured from other weft knit architectures (fibre volume fractions of 53%). Rib (1x1) specimens had a tensile strength of 96 MPa and a modulus of 14.7 GPa, whilst full milano architectures gave strength and modulus values of 122 MPa and 14.9 GPa respectively. Clearly the style of knit architecture is influencing the tensile performance of the knitted composite. This effect of the knit architecture upon the mechanical properties of the composite is also observed in the results of Wu et al. (1993) and
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 Huysmans et al. (1996), both of whom investigated the properties of various warp knit architectures. Tables 7.1 and 7.2 summarise these results. In both sets of results it can be clearly seen that not only can the knitting process produce reinforcement fabrics with a broad range of properties but that a variation in a knit architecture can change a fabric from one with approximately isotropic properties to one with strongly anisotropic behaviour. In a similar fashion to woven fabrics, both the stiffness and strength of knitted composites can be improved not only by increased fibre volume fraction, but also by preferential fibre orientations within the fabric. This is illustrated in Figure 7.5, which shows the knit architectures of single dembigh, 1x3 single cord and 1x4 single cord that were examined by Wu et al. (1993). As the proportion of fibres orientated in the course direction increases so to does the tensile performance of the composite material in the course direction whilst the wale direction performance remains relatively unchanged. It should be noted that this preferential orientation of the fibres can also lead to the directional properties of knitted composites being far superior to that of random mats although still less than typical 2D woven fabrics.
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 Figure 7.3 Variation in tensile strength of E-glass/epoxy,plain knit composites with fibre volume fraction The anisotropy in the tensile performance of knitted composites has also been examined by Ha et al. (1993) and Verpoest et al. (1992) who examined the behaviour of carbon fibre (AS4)PEEK plain knit and E-glass/epoxy plain knit composites respectively. In a
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 similar fashion to Huysmans et al. (1996), both found that knitted architectures could be produced that had either strongly anisotropic or relatively isotropic tensile properties. This is in direct contrast with normal 2D weaves whose performance will always show a pronounced reduction in the bias direction. Verpoest et al. (1992) also noticed an improvement in tensile strength and failure strain with an increasing number of knitted fabric layers in the composite, even though the fibre volume fraction remained constant. An improvement in tensile strength with knit fabric layers was also observed by Ramakrishna et al. (1994) in 1x1 rib, weft knit carbon fibre (AS4)/epoxy specimens. This improvement in performance is attributed to a mechanical interlocking between neighbouring fabric layers, which results from the ability of knitted fabric layers to nest significantly with each other.
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 Figure 7.4 Variation in tensile modulus of E-glass/epoxy, plain knit composites with fibre volume fraction
 
 Table 7.1 Tensile properties of Aramid/polyester warp knit composites with varying knit architecture. Fibre volume fraction constant but not reported (from Wu et al., 1993) Single dembigh 1 X 3 singlecord 1 x 4 single cord Strength (MPa) wale 50.2 55 43.7 course 80.4 187.2 154.8 3.41 Stiffness (GPa) wale 3.44 3.69 course 3.93 5.16 5.48
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 Table 7.2 Tensile properties of E-gladepoxy warp knit composites with varying knit architecture. Fibre volume fraction = 40% (from Huysmans et al., 1996) Tricot Tissue 1 Tissue 2 Tissue 3 Satin Strength (MPa) wale 100 100 120 100 230 course 195 120 230 250 170 10 16 Stiffness (GPa) wale 10 11 11 course 13 10 15 13 15 -
 
 Figure 7.5 Illustration of warp knit a) denbigh, b) 1x3 single cord, and c) 1x4 single cord architectures The tensile properties of knitted composites can also be affected by controlling parameters, such as loop length or stitch density, within a knit architecture. Loop length and stitch density are inter-related as an increase in the number of stitches (or knit loops) per unit area will require a decrease in the length of the knit loop. Leong et al. (2000) and Anwar et al. (1997) presented data that described the effect of varying loop
 
 Knitted Composite Materials
 
 153
 
 length and stitch density on the tensile performance of E-glasdvinyl ester weft knitted composites. The authors found that the tensile modulus in the wale or course directions is not significantly affected by varying knit parameters, being primarily controlled by the fibre volume fraction when the style of the knit architecture is unchanged. The tensile strength and failure strain in both the wale and course directions were found to decrease with a decrease in loop length (or an increase in stitch density). This behaviour is illustrated in Figure 7.6, which shows the variation in tensile strength for 3 styles of weft knit composites. This effect of stitch density upon tensile strength is contrary to that reported by Wu et al. (1993) who observed a significant increase in the course-direction tensile strength and stiffness of warp knitted aramidpolyester specimens with increasing stitch density, although no significant change was observed in the wale direction properties. Clearly there are a number of factors related to the relative proportions of the knit loop that affect its tensile performance but not enough data yet exists to provide a clear understanding.
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 Figure 7.6 Tensile strength versus loop length for various E-glasshinyl ester, weft knitted composites (from Leong et al., 2000) Deformation of the knit architecture prior to consolidation with resin has also been observed to affect the tensile properties of the resultant composite material. Ha et al. (1993), Verpoest et al. (1992), Leong et al. (1999) and Khondker et al. (2001a) have all reported an improvement in tensile properties in the direction of fabric stretch. This
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 can be clearly understood in that during fabric stretch the fibres, whose orientations were rather randomly distributed in all directions, now begin to align more towards the axis of the fabric stretch. This increase in the proportion of the fibres oriented in the direction of loading will naturally improve the tensile performance of the material. The ability of knitted fabrics to be deformed easily and of the knitting process itself to produce holes integrally formed within the fabric, allows for the possibility of producing composites with continuous fibres surrounding a notch or bolthole rather than the broken fibres produced during the drilling of holes in composites. The effect of formed holes upon the notched tensile strength and bearing performance of knitted composites was examined by de Haan et al (1997) and Leong et a1 (1998) respectively. In both investigations the performance of specimens with holes formed into the knit architecture was significantly improved compared to the specimens with drilled holes (see Table 7.3). This was due not only to the unbroken yarns surrounding the hole but also to the increase in the fibre volume fraction around the hole that occurs when the hole is formed into the knitted fabric.
 
 Table 7.3 Notched (de Haan et al., 1997) and Bearing (Leong et al., 1998) wale direction tensile properties of weft knitted composites (W/D = 4) Structural form Notched Bearing
 
 The failure process of a knitted composite is, like its architecture, a complex situation. A number of researchers (Rudd et al., 1990; Ramakrishna et a]., 1994; Wu et al., 1993; Ramakrishna et al., 1997; Leong et al., 1999; and Huysmans et al., 2001) have examined the various stages of tensile failure in warp and weft knitted composites, ranging from low fibre volume fraction, single layer materials, to high fibre volume fraction, multilayer specimens. It is generally accepted that the first stage of failure occurs at reIatively low strain values and is the result of debonding between the resin and the portions of the knit loops orientated transverse to the loading direction (see Figure 7.7). Upon increasing load these cracks propagate into the resin-rich regions between the yarn loops. As these cracks grow and coalesce they are bridged by the unbroken yarns of the knit loops. The composite behaviour following this is then largely dependent upon the number and geometry of the yarns crossing the crack plane. Architectures with highly orientated yams will pick up the load almost immediately whilst those with significant curvature, or off-axis orientation, may rotate or stretch before becoming fully loaded. Final failure of the knit loops has been seen to occur in either one of the two places (and often a mixture of both), at the “legs” of the knit loop where the local fibre volume fraction is lowest, or at the loop crossover points where the stress concentrations are highest. 7.2.2 Compressive Properties
 
 Unlike the tensile properties, relatively little has been reported on the compressive properties of knitted composites. A number of researchers (Wang et al., 1995a; Leong et
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 al., 1998; Leong et al., 1999; and Khondker et al., 2001a) have reported that for 1x1 rib and milano weft knitted composite materials, the compressive strength is significantly better than the tensile strength whilst the compressive modulus is similar to, or slightly less than, the tensile modulus. Examples of this behaviour are given in Table 7.4. Again distinctly different from the tension properties;the effect of changing loop lengths and stitch densities upon the compressive properties is far less significant. Khondker et al 2001b reported that in E-glasshnyl ester weft knitted composites (plain, rib and milano architectures) at best only marginal improvement was observed in the compression strength with an increase in loop length whilst negligible effect was observed on the compressive modulus.
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 Coalescence and formation of a macrocrack
 
 Figure 7.7 Illustration of the failure process within knitted composites
 
 Table 7.4 Compressive and tensile properties of E-glass weft knitted 1x1 rib (from Wang et al., 1995) and milano (from Khondker et al., 2001) composites Properties Directions 1x1 Rib Milano Epoxy matrix Vinyl ester Vf = 48% Vf = 55% Compression Strength (MPa) Wale 147 152 Course 149 158 Compression Modulus (GPa) Wale 10.8 12.5 Course 11.1 11.8 Tensile Strength ( m a ) Wale 64.3 108 Course 80.5 81 12.4 12.5 Tensile Modulus (GPa) Wale 14.1 11.8 Course It has also been found by many of the authors that the directional properties of the knitted composites in compression are far more isotropic than the tensile properties. Leong et al. (1999) and Khondker et al. (2001a) have observed that, unlike the tensile
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 properties, the compressive performance of the E-glass weft knit milano material is not significantly effected by any stretching of the knitted fabric prior to consolidation. Both the isotropic nature and insensitivity to stretch and knit architectural changes of the compressive properties are believed to be due to the mode of failure that occurs under compressive loading. Khondker et al. (2001a) identified that failure involved the formation of yarn kinks, which were a direct result of the buckling of the most highly curved sections of the loaded yarns (see Figure 7.8). This type of failure is very dependent upon the properties of the matrix thus, although the fibre volume fraction and knit architecture will have some effect on the compression performance, the matrix properties will tend to be the dominating factor.
 
 Figure 7.8 Compressive failure in knitted composites through kink formation (courtesy of the Cooperative Research Centre for Advanced Composite Structures Ltd)
 
 7.2.3 In-Plane Properties of Non-Crimp Fabrics In Chapter 2 the production of a specialised sub-group of knitted fabrics, known as Non-crimp fabrics, was described. Non-crimp fabrics were designed primarily as an alternative reinforcement material to tape and woven prepregs. The use of these fabrics will result in reduced costs in the lay up of composite structures due to their multilayer structure. Although produced using warp knitting techniques this family of fabrics contains substantial proportions of relatively straight, in plane yarns which will dominate the mechanical performance of the composite materials for which it is a reinforcement. Thus the proportion and orientation of these in-plane yarns will be the controlling factor in much of the mechanical performance rather than the structure of the warp knit yarns. The improvement that is observed in the mechanical performance
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 of non-crimps over conventional knitted composites through the inclusion of straight, inlayed yarns is however achieved at the cost of the high formability of the conventional knitted fabric. The use of non-crimp fabrics is now commonplace within the maritime industry and in the manufacture of wind turbine blades and, as pointed out in Chapter 2, it is a prime material candidate for future aircraft programs. There has been a great deal of development of this fabric style, with improvements in the visual quality of the fabric and the range of lay up options available as well as improvements in its mechanical performance. The properties of composites reinforced by non-crimp fabrics have been examined by a number of researchers (Hogg et al., 1993; Wang et al., 1995b; Dexter et al., 1996; Bib0 et al., 1997; Bib0 et al., 1998). In general non-crimp composites have tension, compression and flexure properties that are inferior to laminates of similar lay up manufactured from unidirectional prepreg tape, as shown in Table 7.5. However, interlaminar shear strength is observed to improve. The variation in properties is due to the fact that the in-plane yarns within the non-crimp fabric are not completely straight. During the warp-knitting process, out of plane crimping can occur in these yarns which will degrade the resultant composite performance relative to the non-crimped prepreg laminates. By the same reasoning, in comparison to laminates manufactured from woven prepreg, non-crimp composites can exhibit superior tension, compression and flexure properties if the yarns within the woven prepreg are more undulated.
 
 Table 7.5 Tensile and Compressive properties of Non-crimp and Unidirectional prepreg tape composites (from Bib0 et al., 1997) Properties Non-crimp Unidirectional Prepreg [ [45,-45,0),{09-4594511s [452,-452,06,-452,4521s 0" 90" 0" 90" Tensile Strength ( m a ) 62 1 159 95 1 123 Tensile Modulus (GPa) 60.8 17.2 64.8 21.4 Compressive Strength ( m a ) 574 236 852 215 Compressive Modulus (GPa) 54.7 16.5 59.9 19.6 Flexure Strength ( m a ) 990 310 I140 280 Flexure Modulus (GPa) 48 19 57 23 ILSS ( m a ) 77 43 63 32
 
 Bib0 et al. (1997) also examined the failure mode of non-crimp composites under tensile loading. In general the non-crimp and prepreg tape laminates failed in very similar ways, with multiple cracking in off-axis plies and delaminations between plies being recorded. However they observed that the warp knit yarn structure that joins the layers of in-plane yarns together, appeared effective in constraining the extent of delamination and longitudinal splitting in comparison to that observed in the unidirectional prepreg laminates. This improved resistance to interply failure and separation due to the through-thickness knitting yarns is also thought to be the cause for the improved interlaminar shear strength noted earlier.
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 7.3 INTERLAMINARFRACTURE TOUGHNESS
 
 It has been previously mentioned that the open nature of the knit architecture gives these fabrics the ability to nest very closely between individual fabric layers. Some knit architectures also consist of 2 or more fabric layers that are integrally connected by knitting yarns. Both these attributes of knitted fabrics will promote the formation of fibre bridging mechanisms that should enhance the fracture toughness of knitted composites. Mode I fracture tests have been performed upon a range of E-glasdepoxy warp knitted composite materials (Huysmans et a]., 1996), E-glasdepoxy weft knitted composites (Kim et al., 2000) and E-glasdvinyl ester weft knitted composites (Mouritz et al., 1999). In all cases the fracture toughness measurements of knitted composites were significantly higher than those of typical 2D woven, unidirectional or random mat composites. Huysmans et a1 (1996) measured Mode I fracture toughness levels of 5.5 to 6.5 kJ/m2 for specimens of warp knitted E-glasdepoxy containing a tissue architecture. This is in direct comparison to typical values of 1.2 and 0.6 kJ/m2 for woven and unidirectional E-gladepoxy materials respectively. Mouritz et al. (1999) conducted an extensive comparison of the fracture toughness of milano weft knitted composites against a range of unidirectional, 2D woven, 2D braided, 3D woven and stitched E-glass/vinyl ester materials. The authors found that their toughness measurements for the knitted composites of up to 3.3 H/m2 were not only approximately four times that of 2D woven materials but were also significantly higher than those measured for the 2D braided, stitched and 3D woven materials. Both Huysmans et al. (1996) and Mouritz et al. (1999) examined the fracture path of the knitted composite and found that the highly looped nature of the yarn architecture had forced the crack to follow a very tortuous path with extensive crack branching. They concluded that this combination of crack path deflection and crack branching is the likely cause of the high interlaminar fracture toughness. Mouritz et al. (1999) also noted that the fracture toughness of the knit decreased when the stitch density of the knitted fabric increased. This was also observed by Kim et al. (2000) who measured the Mode I fracture toughness of milano weft knitted Eglasslepoxy composites at a range of tightness factors, this factor being directly proportional to the stitch density (see Table 7.6). They found that as the tightness factor increased the measured fracture toughness decreased in an approximately linear fashion. This effect is due to the fact that as the tightness factor (or stitch density) increases the knit architecture becomes progressively less open. When the fabric layers are placed together the fabric with a higher stitch density will nest, or intermingle, less than a fabric with an open structure. This lower degree of intermingling will result in a less tortuous crack path and thus a lower value of fracture toughness. Table 7.6 Mode I fracture toughness of E-glass/epoxy weft knitted milano composites (from Kim et al., 2000) Material Fibre volume fraction (%) Tightness factor GI, (kJ/mZ) 20.1 1.30 4.05 Milano 1 Milano 2 22.3 1.44 3.22 Milano 3 24.8 1.61 2.58 Milano 4 27.4 1.73 2.29
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 7.4 IMPACT PERFORMANCE
 
 7.4.1 Knitted Composites
 
 The superior properties of knitted composites in Mode I fracture toughness is also reflected in their overall impact performance. Leong et a1 (1998) examined the low- to medium-energy impact performance of an E-glass/epoxy, weft knitted milano material under drop-weight conditions. For the range of impact energies tested (up to 7.3 J/mm) they found that the damage area created within the knitted composite was essentially a circular region of very dense and complex microcracks. The diameter of this damage zone increased as you moved from the front face to the back face creating a trapezoidal shape. The authors found that the compression strength of the impacted composite was reduced by only 21% for high impact energies, implying that the knitted composite was very damage tolerant. Also, in comparison with composite specimens manufactured with uniweave reinforcements, the knitted composite was capable of absorbing a much higher proportion of the incident impact energy, 64% more than the uniweave composite at high impact energies. This energy absorption capability has also been observed by Chou et al. (1992) who conducted notched Charpy impact tests upon E-glass/epoxy specimens of both weft knitted 1x1 rib and plain weave composite materials. They found that the absorbed impact energy of the plain weave composite was 68.3 W/m2 whilst the knitted composite was at least 2.4 times better at 161.3 kJ/m2. This ability of knitted composites to absorb substantially greater amounts of impact energy than woven materials would suggest them as ideal candidates for damage-prone structures or ones requiring a high energy absorption capability, such as crush members. This concept was investigated by Ramakrishna et al. (1993) when they examined the energy absorption capabilities of epoxy composite tubes reinforced with knitted carbon fabrics. The knit architectures used were weft knitted 1x1 rib structures with and without straight fibres laid in the course direction. The orientation of the inlay yarns along the tube axis allowed the specific energy absorption capability of the tube to reach 85 W/kg with only a total fibre volume fraction of 22.5%. This performance is encouraging when compared to the highest specific energy of 120 W/kg recorded for carbotdepoxy tubes with a fibre volume fraction of 45% (reported by Ramakrishna et al 1993). The impact performance under drop weight conditions of knitted composites with regard to knit architecture has also been investigated by Khondker et al. (2000). They examined the impact resistance and tolerance of three different architectural styles of Eglasdvinyl ester weft knitted composites; milano, 1x1 rib and plain knit. For the three architectural styles, at similar stitch densities, the authors found that the damage area created at the same impact energy of 6 J/mm (an indication of the impact resistance) increased significantly from the lain knit (230 mm’) through the milano (290 mm2) to the 1x1 rib structure (350 mm ). In a similar fashion the reduction in compression strength after impact, which gives an indication of the material’s impact tolerance, also varied with knit architecture. Again the plain knit demonstrated the best damage tolerance, losing only 22% of its initial undamaged strength at an impact energy of 6 J/mm whilst the milano and 1x1 rib structures lost 27% and 32% respectively. It is not clear what aspect of the knit architecture gives the plain knit a superior impact performance over the milano and 1x1 rib structures.
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 Within each of the knit architectures the authors also examined the effect of varying the stitch density upon the composite impact performance. No significant effect on the impact resistance was seen within any of the three architectures even though the stitch density changes by a factor of two for each material. This lack of any conclusive change with stitch density was also observed for the impact tolerance of the knitted composites. This result is possibly expected as the undamaged compressive properties of knitted composites showed very little effect from variations in the loop parameters within any of the knit architectures examined. This was attributed to the dominant influence the matrix plays in the compressive properties, therefore given a similar extent of damage created within the composite, the remaining compressive strength should also be similar. The behaviour of knitted composites under impact conditions is clearly a complex situation but what is worth emphasising is the ability of knitted composites to absorb large amounts of impact energy relative to other reinforcement forms and to suffer less relative degradation to their compressive performance. This is illustrated by Figure 7.9 (from Khondker et al., 2000) which compares the relative degradation in compression strength of typical composites manufactured with knitted, 2D braided, uniweave fabric and unidirectional tape reinforcements.
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 Figure 7.9 Compression-after-Impact (CAI) strength (normalised by the undamaged compression strength) of composite materials reinforced with various textile forms (from Khondker et al., 2000)
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 7.4.2 Non-Crimp Composites The impact performance of carbon non-crimp composites was investigated by Bib0 et a1 1998 and compared with a unidirectional prepreg tape composite with the same resin system and lay up. No significant difference in the impact resistance was observed between the two material forms with similar damage areas being measured at the same impact energies, however examination of the damage patterns did reveal a slight variation. The damage sustained by the non-crimp composite appeared to be affected by the local presence of the knitting yarns and any undulations in the layered fabric, giving the damage a more complex appearance than the traditional delaminations and shearhansverse cracks observed in unidirectional prepreg tape composites. It is possible that these variations in the local fabric topography are acting as barriers to easy crack growth, forcing the crack to follow a more convoluted path, although this effect is not seen globally in the total measured damage area. The residual compression strength after impact did not show any conclusive difference between the absolute values measured for the non-crimp and prepreg specimens. However, given that the undamaged compression strength of non-crimp composites was generally observed to be significantly lower than that of unidirectional prepreg tape materials, the authors claimed that the non-crimp composites exhibited a greater damage tolerance than the prepreg materials.
 
 7.5 MODELLING OF KNITTED COMPOSITES Given the complex nature of the knit architecture, accurately modelling the strength and stiffness performance of these materials is a very challenging task. Not withstanding this, a number of researchers have been developing modelling approaches to varying degrees of success and comparative studies of these approaches are contained in worthwhile reviews by Leong et al. (2000) and Huang et a1 (2000). Historically there have been two general approaches to modelling the performance of knitted composites; Numerical (using FEM techniques) and Micromechanical. Although FEM is a very powerful tool for structural analysis the 3D complexity of the knit architecture and the sensitivity of FEM to boundary conditions make this approach both time-consuming and the applicability of the results potentially suspect. Micromechanical approaches have therefore become the more practical means of modelling the knitted composite. The mechanical properties of a knitted composite will depend upon three things; the properties of the constituent materials, the overall fibre volume fraction, and the knit loop architecture. Of these three areas the most critical in the model development is the determination of the knit geometry. All of the models that have been developed for knitted composites start first by describing the Representative Volume Element (RVE) or unit cell of the knit architecture, ideally by some analytical function as discussed in Chapter 4. However, currently only the plain knit architecture can be specified by such a function (Leaf and Glaskin), other knit architectures must have their RVE’s described through often time-consuming and difficult experimental measurements. Once the RVE has been described the most simplistic approach reported has been to use the Krenchel model, which uses a combination of the rule of mixtures and a reinforcement efficiency factor to describe the elastic modulus. Predictions using this
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 technique were generally lower than experimental values and its one-dimensional approach limits its capability to predict the full set of elastic constants. More complex methods generally involve partitioning the RVE into a number of infinitesimal elements (sub-elements),the properties of which are analysed by means of a unidirectional micromechanics model in the local coordinate systems. A tensor transformation is then used to transform the sub-elements from local coordinates to a global one and an averaging scheme, normally either iso-strain (Voight method), isostress (Reuss method) or a variation of these, is used to obtain the overall stiffness matrix of the RVE. There are many micromechanical models in the literature that can be used to define the unidirectional properties of the subelements. Two of these that have been used in the modelling of knitted composites are the Chamis model, which can only be used to model the elastic properties, and the Bridging Matrix model, which has the capability to model the stress-strain behaviour of the composite up to failure. A comparison of a number of these modelling approaches was made by Huang et a1 (2000) for the prediction of the tensile properties of an E-glass/epoxy composite reinforced by a single layer of plain weft knitted fabric. The results of that comparison showed that there is no one combination of micromechanical model and averaging scheme that currently gives reasonable predictions for the elastic properties and failure strengths. In general the errors in the predictions ranged between 15%to 29% from the measured values, and often a modelling scheme whose prediction was close for one particular property produced a very inaccurate prediction for another property. More recent modelling work (Huang et al., 2001; Huysmans et al., 2001) is showing promise for the accurate prediction of the mechanical performance of knitted composites but a substantial amount of progress is needed before a robust, accurate modelling approach is available.
 
 7.6 SUMMARY Knitted fabrics hold a great deal of potential for the manufacture of specific types of composite components. No other textile reinforcement is as capable as knitted fabric is, of being formed or directly manufactured into complex shapes. Their excellent impact performance would appear to make them ideal for service conditions where energy absorption or damage tolerance was critical. A special sub-group of knitted fabrics, known as Non-crimp Fabrics, is also capable of manufacturing parts with very high inplane mechanical performance at a reduced manufacturing cost and is a prime material candidate to replace conventional prepreg materials in future aircraft. As with many of the 3D textile reinforcements described here, the mechanical performance of knitted fabrics is a very complex and not well understood issue. Excepting non-crimp materials, knitted composites have in-plane mechanical properties that lie between that of random mats and traditional 2D weaves, but these properties can be dramatically changed by the knit architecture and the degree of stretch within the knit. The generation of a database of knitted composite properties and the development of models to understand and predict these properties are still in their infancy relative to the other forms of 3D reinforcement. Further progress in these two areas is required before knitted fabrics will become a more commonly used reinforcement in composite structures.
 
 Chapter 8 Stitched Composites
 
 8.1 INTRODUCTION TO STITCHED COMPOSITES Stitching has been used with notable success in the manufacture of advanced 3D composite materials since the early 1980s. The stitching of composites was first investigated by the aircraft industry to determine whether it could provide throughthickness reinforcement to FRP joints. The aircraft industry investigated the feasibility of stitching wing-to-spar and single-lap composite joints to increase the failure strength and reduce the likelihood of sudden catastrophic failure (Cacho-Negrete, 1982; Holt, 1992; Lee and Liu, 1990; Sawyer, 1985; Tada and Ishikawa, 1989; Tong et al., 1998; Tong and Jain, 1995; Whiteside et al., 1985). The investigations revealed that the strength of stitched joints was superior to composite joints made using conventional joining techniques such as adhesive bonding and co-curing. The failure strength of stitched joints was found to match or in some cases, exceed the strength of composite joints reinforced with metal rivets. Despite the great potential benefits offered by stitching, the aircraft manufacturing industry has been slow to adopt stitching as a method for reinforcing composite joints. However, stitched joints may become common in next-generation aircraft. An important outcome of the early stitching work on composite joints is that it sparked great interest in the stitching of a wide variety of FRP materials. While the implementation of stitched joints into aircraft is proving to be a slow process, stitching is rapidly becoming a popular technique for reinforcing composite panels for use in aircraft. This growing popularity is due mainly to two attributes of the stitching process. Firstly, stitching is a cost-effective method for joining stacked fabric plies along their edges to make the preform easier to handle prior to liquid moulding. Without stitching or some other type of binding, stacked plies often slip during handling that can cause fibre distortions and resin-rich regions in the composite. The second benefit of stitching is that it can improve the delamination resistance and impact damage tolerance of composites. The benefits gained by stitching are spurring the development of a wide variety of stitched composite components. As described in Chapter 1, aircraft manufacturers are evaluating stitching for possible use in wing skin panels and fuselage sections (Bannister, 2001; Bauer, 2000; Beckworth and Hyland, 1998; Brown, 1997; Deaton et al., 1992; Dexter, 1992; Hinrichen, 2000; Jackson et al., 1992; Jegley and Waters, 1994; Kullerd and Dow, 1992; Markus, 1992; Mouritz et al., 1999; Palmer et al., 1991; Smith et al., 1994; Suarez and Daston, 1992). It is expected that the damage tolerance of composite structures will be improved dramatically with stitching, thereby increasing the structural reliability of aircraft. For example, stitching is being considered for stiffening the centre fuselage skin of the Eurofighter (Bauer, 2000) and the rear pressure
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 bulkhead of the Airbus A380 aircraft (Hinrichsen, 2000). Stitching is also being assessed for use in automobile components prone to impact, such as bumper bars, floor panels and door members (Hamilton and Schinske, 1990). The feasibility of using stitching for other applications, such as in boats, civil structures and medical prostheses, has not yet been explored in detail (Mouritz et ai., 1999). As the technology is developed further stitched composites are likely to be used in a wide range of applications. The fabrication, mechanical properties, delamination, impact damage performance and joining performance of stitched composites are described in this chapter. The stitching textile technologies that are used to fabricate stitched composites are outlined in the next section. Included in the section is a description of the different 3D fibre architectures that can be produced with stitching. Following this, the effect of stitching on the in-plane mechanical properties and failure mechanisms of composites are described in Section 8.3. This includes a description of the tension, compression, bending, creep and fatigue properties of stitched composites. The interlaminar properties and delamination resistance of stitched properties are then described in Section 8.4. This includes an examination of the modes I and I1 interlaminar fracture properties and delamination toughening mechanisms of stitched composites, and a description of analytical models that have been developed to predict the delamination resistance of stitched materials. The effect of stitching on the impact damage tolerance of stitched composites is examined. Finally, the use of stitching for the reinforcement and stiffening of compositejoints is outlined in Section 8.6.
 
 8.2 THE STITCHING PROCESS The stitching process basicaIly involves sewing high tensile thread through stacked ply layers to produce a preform with a 3D fibre structure. A schematic of the 3D fibre structure of a stitched composite is illustrated in Figure 2.31. It is possible to stitch a thin stack of plies using conventional (household) sewing machines. Although it is more common to stitch using an industrial-grade sewing machine that has long needles capable of piercing thick preforms. The largest sewing machines for stitching composites have been custom built for producing large panels up to 15 m long, nearly 3 m wide and 40 mm thick. Figure 8.1 shows the largest sewing machine yet built, and this is used for stitching the preforms to aircraft wings panels (Beckwith and Hyland, 1998; Brown, 1997; Smith et al., 1994). Many of the latest machines have multi-needle sewing heads that are robotically controlled so that the stitching process is semiautomated to increase sewing speeds and productivity. Stitched composites are similar to 3D woven, braided and knitted composites in that the fibre structure consists of yams orientated in the in-plane (x,y) and throughthickness (2) directions. A feature common to 3D woven, braided and knitted materials is that the in-plane and through-thickness yarns are interlaced at the same time during manufacture into an integrated 3D fibre preform. The stitching process, on the other hand, is unique in that the stitched preform is not an integral fibre structure. The through-thickness stitches are inserted into a traditional 2D preform as a secondary process following lay-up of the plies. Stitching can be preformed on both dry fabric and uncured prepreg tape. Stitching most types of fabric is relatively easy because the needle tip can push aside the dry
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 fibres as it pierces the preform. Sewing prepreg tape can be more difficult because the inherent tackiness of the uncured resin matrix impedes the needle action. The materials most often used as the reinforcing threads for stitching are carbon, glass and Kevlar yarns, although it is possible to sew with other types of fibrous materials including Spectra@and high strength thermoplastics. The yarns can be sewn into the preform in a variety of patterns, with the most common types being the lock stitch, modified lock stitch and chain stitch. These three stitch types are shown in Figure 8.2 (Morales, 1990). The standard lock and chain stitches are used occasionally, but the most popular stitch style is the modified lock stitch in which the loops crossing the needle and bobbin threads are formed at one surface of the composite to minimise in-plane fibre distortions inside the material.
 
 Figure 8.1 Large stitching machine used to stitch composite wing panels (From Beckwoth & Hyland, 1998).
 
 When composites are stitched the through-thickness threads can be inserted in any number of patterns. Examples of stitch patterns used to reinforce composites are shown in Figure 8.3, and of these the most popular pattern is horizontal stitching (Dransfield et al., 1994). During the stitching process the threads are usually placed close together to ensure high damage tolerance, and most composites are reinforced with 1 to 25 stitches per cm2. This is equivalent to a fibre volume content of stitched threads of about 1% to 5%. This is a similar volume content for the through-thickness reinforcement in many 3D woven, braided and knitted composites. It is often difficult to stitch composites at higher densities because of the excessive amount of damage caused to the preform.
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 (c) Figure 8.2 Illustrations showing the configuration of the (a) modified lock stitch, (b) lock stitch and (c) chain stitch (From Morales, 1990).
 
 Figure 8.3 Illustrations showing (a) straight, (b) diagonal, (c) zig-zag and (d) cross stitching ( Reproduced from Dransfield et al. , 1994).
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 The damage to preforms caused by stitching is one of the major drawbacks of this technique. Stitching can cause many different types of damage, and these are shown in Figure 8.4. The different damage types are:
 
 Fibre breakage: Breakage occurs from abrasion generated by the needle and stitch yarn sliding against the fibres during the stitching process. Breakage in prepreg tape can also occur by the needle tip crushing the fibres, which cannot be easily pushed aside by the needle because of the resin matrix. Fibre breakage in a dry fabric preform in shown in Figure 8.4a. Fibre misalignment: Significant misalignment of the in-plane fibres occurs because they are distorted around the needle and stitch thread. The amount of distortion to fibres depends on the fibre density, stitch yarn thickness and, in some cases, stitching density, and maximum misalignment angles of between 5" and 20' have been measured (Mouritz and Cox, 2000; Mouritz et al., 1996; Reeder, 1995). A schematic diagram and photograph of fibre misalignment is shown in Figures 8.4b and 8 . 4 ~ . Fibre crimping: Crimping occurs by the stitches drawing the fibres at the surface into the preform. The effect of fibre crimping is illustrated in Figure 8.4d, and the severity of crimping increases with the line-tension on the stitching yarn. Resin-rich regions: The crimping and misalignment of fibres in preforms leads to the formation of small regions with a low fibre content around the stitches(Figure 8.4e). This leads to the formation of resin-rich regions when the preform is consolidated into a composite using liquid moulding processes. Stitch distortions: The stitches can be distorted by heavy compaction of the preform using liquid moulding, hot pressing or autoclaving techniques (Rossi, 1989). This type of damage is shown in Figure 8.4f. Microcracking: Cracking of the resin near the stitches can occur due to thermallyinduced strains arising from the mismatch in the coefficients of thermal expansion of the stitches and surrounding composite material (Farrow et al., 1996; Hyer et al., 1994). In some stitched materials, this can cause debonding between the stitches and composite. Compaction: Applying a high tensile load to the thread to ensure it is taut during stitching can compact the preform plies. As a result, consolidated stitched composites can have fibre volume fractions that are several percent higher than expected. Not all stitched composites contain all the different types of damage listed above. The most common types of damage to stitched composites are fibre breakage, misalignment and crimping. In addition to damage to the composite, the stitch thread itself can be damaged. Damage to fibres in the threads occurs by twisting, bending, sliding and looping actions as the thread passes through the sewing machine and formed into a stitch. The damage can be significant and cause a large loss in strength (Dransfield, 1995; Jain and Mai, 1997; Morales, 1990). For example, Morales (1990) found that the tensile strength of Kevlar thread fell from 4790 MPa to 3706 MPa after stitching. The situation can be even worse when stitching with carbon thread, when a reduction in strength from 3500 MPa to only about 1550 MPa can occur (Morales, 1990).
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 Figure 8.4 Photographs and illustrations of stitching damage. (a) Dry woven fabric showing broken fibres caused by stitching. (b) Schematic and (c) photograph showing the local misalignment of fibres around a stitch. From Mouritz and Cox (2000) and Wu and Liau (1994), respectively. (d) Schematic of fibre crimping caused by stitching. (From Mouritz and Cox, 2000).
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 (f)
 
 Figure 8.4 (Continued) Photographs and illustrations of stitching damage. (e) A region of low fibre content due to stitching is shown within the circle, and this develops into a resin-rich region when the composite is consolidated. (f) Schematic of the distortion to stitches caused by heavy compaction of the preform (From Mouritz and Cox, 2000).
 
 8.3 MECHANICAL PROPERTIES OF STITCHED COMPOSITES
 
 8.3.1 Introduction The application of stitched composites to load-bearing structures on aircraft, such as wing skin panels and fuselage sections, requires an in-depth understanding of their mechanical properties and failure mechanisms. The mechanical property data is needed to validate design codes for stitched composites to be used in high performance structures. In this section the effect of stitching on the tensile, compressive, flexure, interlaminar shear, creep and fatigue properties of composite materials will be described. It will be shown that there is not a complete understanding of the effect of stitching on the mechanical properties of composites. In addition, models for predicting changes to the properties of composites due to stitching are not fully developed. Until a strong modeling capability combined with a comprehensive database of mechanical properties for stitched composites is achieved, then the certification and application of these materials to primary aircraft structures will be difficult. Despite some shortcomings in our knowledge, there is much about the mechanical properties of stitched composites that is understood.
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 8.3.2 Tension, Compression and Flexure Properties of Stitched Composites The tension, compression and bending modulus and strength are material properties of great engineering importance in load-bearing structures, and therefore these properties have been measured for many types of stitched composites, including carbon-, glassand Kevlar fibre laminates. Large databases for the tension, compression and flexural properties are now available for most of the main engineering composites, including carbodepoxy laminates used in aircraft. However, reliable models for predicting the inplane mechanical properties of stitched composites are not available. A review of the published mechanical property data for stitched composites shows apparent contradictions between materials (Mouritz and Cox, 2000; Mouritz et al., 1999). The data indicates that most stitched composites have slightly lower tension, compression and flexural properties than their equivalent unstitched laminate, although some stitched materials exhibit no change or a modest improvement to their mechanical properties. For a few materials the properties are dramatically improved or severely degraded by stitching. The apparent contradictions are shown in Figure 8.5, which compares the tensile modulus and strength for two composites stitched under identical conditions (Kan and Lee, 1994). The Young’s modulus for the glasdpolyester decreases with increasing stitch density whereas the modulus for the KevlarPVBphenol increases erratically with stitch density. The tensile strength for the glass/polyester also drops rapidly with increasing stitch density while the strength for the KevlarPVB-phenol increases slightly with stitch density before decreasing. Similar contradictions occur for the compression and flexure properties of stitched composites. Mouritz and Cox (2000) analysed tension, compression and flexural property data from the literature for a variety of carbon-, glass-, Kevlar- and Spectra-fibre reinforced polymer composites stitched over a range of area densities (from 0.2 to 25 stitches/cm2). The composites were stitched with different thread materials using lock, modified lock and chain stitches. The mechanical property data collected by Mouritz and Cox (2000) is plotted in Figures 8.6 to 8.8. The data is plotted as normalised Young’s modulus (E&) and normalised strength (do,) against stitch density for tension, compression and flexure. The subscripts t, c and f to (EE,) and (doo) represent tension, compression and flexure, respectively. The normalised Young’s modulus is the modulus of the stitched composite (E) normalised to the modulus of the equivalent unstitched material (E,) subject to the same load condition. Similarly, the normalised strength is the strength of the stitched composite (a)divided by the strength of the unstitched laminate (ao)for the same load condition. In the figures, CFRP represents carbon fibre reinforced polymer, GFRP is glass reinforced polymer, KFRP is Kevlar reinforced polymer, and SFRP is Spectra reinforced polymer laminate. With the exception of a few outlying data points, it is shown in Figures 8.6 to 8.8 that stitching improves or degrades the modulus and strength by no more than -20%. Within this variance, there is no clear correlation between the change to the mechanical properties and stitch density. This implies that tension, compression and flexural failure is not determined by the collective action of many stitches but rather that a single stitch or a small number of stitches and the damage arising from them (eg. distortion and breakage of fibres) can determine strength. This data trend is of practical significance because it shows that the tension, compression and flexure properties for most composites will be changed by less than 20% regardless of the amount of stitching. However, the impact damage resistance and
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 post-impact mechanical properties can be improved with large amounts of stitching (see Section 8.5). Therefore, it appears that composites can be heavily stitched to provide maximum impact damage tolerance without reducing the in-plane mechanical properties any more than would occur with low density stitching.
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 Figure 8.5 The effect of stitch density on the (a) Young's modulus and (b) tensile strength of a glass/polyester and KevlarPVB-phenol composite that were stitched under identical conditions. Data from Kang and Lee (1994).
 
 3 0 Fibre Reinforced Polymer Composites
 
 172
 
 I CFRP I720 d Kevlar muis 8 B m , 1996) 0 CFRP I 180 d Kevlar (Jain 8 Mai. 1997) 0 I 0 CFRP/195dKevlar(Daxter8Funk. 1989)a ) (Pang et al.. 1997) A A CFRP I9 ~d caaon GFRP I100 d Kevlar (Wu 8 Wang, 1995) V V GFRP I2840 d Kevlar (Kang 8 Lee, 1994) SFRPI 1200 d Spectra (Kang 8 Lee, 1994)
 
 p
 
 CFRP I195 d Kevlar (l-larh et al.. 1991) CFRP I270 d W a r (Jain 8 Mai. 1997) CFRPI1350dmtton(Pangetal., 1997) CFRP I 1500 d Kevlar ( L a w n , 1997) GFRPI30W d Kevlar (Wu 8 Wang. 1995) KFRP / 2840 d Kevlar (Kang 8 Lee, 1994)
 
 1.2
 
 B
 
 0
 
 0.6 0.4
 
 0.2 0.00
 
 0.02
 
 0.04
 
 0.06
 
 0.08
 
 0.12
 
 0.10
 
 Stitch Density (mm?
 
 CFRPI720dKevhr(ThUsandBm.1996) 0 CFRPI195d Kevlar(Hartisdal., 1991) 0 CFRPIunspecifieddenier Kevlar(Duetal., 1986) 0 CFRPI180d Kedar(JainandMai, 199;
 
 A
 
 v
 
 4
 
 1
 
 x
 
 A V
 
 CFRPInOdKevlar(JainandMai.1997) C F R P I 1 3 5 0 d ~ n ( P a n g e t a l . ,1997) CFRPI900dcatbon(Pangetal., 1997) CFRPI180dKsv(ar(Herszbergetal.. 1E 0 GFRP I2840 d Kevlar (Kang and Lee, 19 CFRP I1500 d Kevlar (Larsson, 1997) KFRP 12840 d Kevlar (Kang and Lee, 1994) SFRP / 12M) d Kwlar (Kang and Lee, 19 GFRPI 180 d Kevlar (Shah Khan and Mourih. 1996)
 
 1.5 r
 
 O
 
 X
 
 R
 
 .
 
 " 8A
 
 0.00
 
 0.02
 
 0.04
 
 B
 
 0
 
 8
 
 0.06
 
 0.08
 
 0.10
 
 0.12
 
 Stitch Density (mm")
 
 (b) Figure 8.6 Plots of (a) normalised Young's modulus and (b) normalised tensile strength (O/O,)~ against stitch density (Mouritz and Cox, 2000).
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