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Abstract

:

Many of the carbon and natural fibres used in composite reinforcement have a non-circular cross section. Recently non-circular, or flat, cross section glass fibre products have become commercially available. This paper explores the potential effects that such non-circular fibre cross section shapes may have on the micromechanics of stress transfer at the composite fibre–matrix interface and the resulting changes in composite strength performance. Analytical modelling is used to show how the critical fibre length in composites with non-circular fibres is always less when compared to circular fibres with an equal cross-sectional area. This can result in significant changes to the strength performance of discontinuous fibre reinforced composites. Additionally, it is shown that the surface roughness found on natural and carbon fibres, many of which are also non-circular in cross section, can decrease the critical fibre length still further. These effects have important consequences for the use of single fibre micromechanical tests used for the characterisation of interfacial strength.
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1. Introduction


The development of the micromechanics of composite materials has played an important role in studying and understanding the performance of fibre-reinforced composites. Many of the concepts and equations developed to predict composite micromechanical performance have been developed early in the history of the development of fibre-reinforced composites and are unquestioningly embedded in the collective psyche of the composite community. One such concept is that of the role of length-to-diameter ratio (L/D), which is often found in micromechanical discussions of many composite performance parameters such as modulus, strength, and impact resistance [1,2,3]. This also leads on to the concept of critical fibre length (Lc), which is of particular use when considering the strength of composite materials. From a micromechanics viewpoint, the concept of critical fibre length plays an important role in many of the single fibre experimental techniques used for characterising the stress transfer capability of the fibre–matrix interface [4]. In particular, the values of interfacial shear strength (IFSS) obtained from the single fragmentation test are related directly to the value of Lc calculated from the experimental data [4,5,6].



Interestingly, many of the considerations of composite micromechanics make use of the assumption, or approximation, that the fibres under consideration have a circular cross section. This is understandable, since, at the time of the development of these concepts, most reinforcement fibres, such as glass fibres, often did have a predominantly circular cross section. However, recently there have been a number of developments from glass fibre manufacturers in the production of non-circular cross section glass fibres [7,8]. Furthermore, it is well known that many of the currently available carbon fibres do not have circular cross sections. Pioneering work on the manufacturing of noncircular carbon fibres was conducted by Edie et al. [9,10]. They discussed the development of trilobal and octolobal carbon fibres. Such fibres exhibited a higher tensile modulus and strength than those of circular ones; however, the mechanical properties of a composite made of these fibres were not investigated in their studies. Currently, carbon fibre cross section shape effects on composite performance continues to be a subject of active research [11,12,13,14,15]. Nevertheless, the majority of these papers focus on effects of unidirectional reinforced carbon fibre composites with high fibre volume fractions, since this continues to be the main type of polymer composite produced with carbon fibres. More recently, there has also been an upsurge in interest in the use of natural fibres as a composite reinforcement with a better sustainability profile than many man-made fibres such as carbon, glass, or basalt fibres [16,17,18,19,20]. These natural fibres bring many different fibre cross section shapes into the equation for consideration [21,22,23,24,25,26,27,28]. Consequently, non-circular cross section fibres are now widely available and used in many composite applications. This prompts the question as to whether all of the micromechanical analysis that we know and love is fully compatible with the reinforcement potential of these non-circular fibres. In a recent series of papers, we noted how the commonly used assumption of circularity in determining the cross-sectional area of natural fibres could lead to large errors in the values obtained for fibre strength [27,28].



In this paper, we consider the effect of non-circularity on the micromechanical stress transfer capability at the fibre–matrix interface and its potential effects on composite performance and the determination of interface strength. The work starts with flat glass fibres, where models and hypothesis are developed which offer an explanation to the limited data in the literature, which shows that flat glass fibres deliver higher tensile strength in injection moulded thermoplastic composites. The explanation hinges around the stress transfer capability of the fibre–matrix interface in polymer composites. Carbon fibres and natural fibres are another two fibre reinforcement forms, which are extremely important in polymer composite applications. Extended consideration of the non-circular fibre cross section shape of these two fibre types shows that there are also important implications for the interface in natural fibre and carbon fibre composites. These implication have, for the most part, been seriously overlooked in the literature, and, unfortunately, mean that some of the existing literature on interface phenomena in such composites may contain questionable conclusions.




2. Non-Circular Cross Section Glass Fibres


Glass fibre has been particularly successful as the reinforcement of choice in the rapidly expanding fibre reinforced polymer composites market. Today, glass fibre products account for more than 95% of fibre reinforcements used in the composites industry, primarily due to their highly attractive performance-to-price ratio. Since the development of the mass production of glass fibres at Owens Corning in the 1930s, glass fibre cross-sectional geometry has remained almost exclusively circular. Gallucci et al. briefly reported on the effect of experimental bilobal and trilobal fibres from Owens Corning on the properties of fibre-reinforced PBT [29]. They reported a reduction in the composite warpage of 20% to 50% when using non-circular glass fibres with equivalent cross section area as circular fibres. Further analysis showed only small variations in other mechanical properties, no significant differences in residual fibre length, and no major differences in fibre orientation. This short report was probably related to a patent that describes a design of bushing plate for the production of such non-circular fibres [30].



Many other glass fibre manufacturers have also issued patents on bushing plate design for the production of non-circular cross-section glass fibres. More recently these same manufacturers have also made composite reinforcement products based on “flat” fibres available [31,32,33]. Figure 1 shows an SEM comparison of the traditional circular cross section glass fibres with the more recent flat cross section glass fibres. The typical geometry of such flat fibres which can be described as a flattened oval or an edge-rounded rectangular cross section with a “flatness” (K) defined as the ratio of major axis (2a) to minor axis (2b) where the thin edge of the flat fibre has radius b. Commercial flat fibre products have a flatness in the range of 2–4, with K = 4 being the most common [31,32,33]. It is notable that the currently available flat glass fibre products are all chopped fibre products for use in extrusion/injection moulding of short fibre-reinforced composites.



Despite the availability of flat glass fibres for some years, there have been very few published studies of the properties of flat glass fibres and their composites. An extensive search has only turned up five journal papers where the performance of flat glass fibre-reinforced composites has been reported. In an early study, Deng et al. investigated the performance of unidirectional continuous fibre-reinforced epoxy laminates containing circular or flat glass fibres [34,35]. The flat fibres had a flatness value of K = 4 and a cross section area equivalent to that of the 13 µm diameter circular fibres. Their results over a range of mechanical tests showed little significant differences between the performance of the laminates containing the different glass fibres. Tanaka et al. compared circular and flat glass fibre performance of injection moulded long fibre polypropylene composites [36]. The flat fibres had a flatness value of K = 4 and a cross section area equivalent to that of the 17 µm diameter circular fibres. Over the fibre weight range of 20–50%, the flat fibre gave consistently lower melt shear viscosity and longer average residual fibre lengths in the moulded composites. Unnotched Charpy impact performance was also consistently higher for flat fibre composites especially at higher fibre contents where circular fibres showed a decreasing performance with increasing fibre content. In a Korean language paper, Heo et al. reported on the performance of injection moulded short fibre polyphenylene sulphide composites containing circular or flat glass fibres [37]. The flat fibres had a flatness value of K = 4 and a cross section area equivalent to that of the 15 µm diameter circular fibres. They found that the tensile strength of flat fibre composites was greater (up to +20%) at all weight fractions investigated (30–70%) [37]. The average residual fibre lengths in the moulded composites were consistently higher for the flat fibre composites over this fibre content range. Notched Izod impact performance was also consistently higher for flat fibre composites especially at higher fibre contents where circular fibres also showed a decreasing performance with increasing fibre content. In another Korean language paper from the same research group, Kim et al. reported on the properties of injection moulded short fibre polyethylene terephthalate composites containing the same two glass fibre types [38]. Their results were later published in an English language paper [39]. Similar to the previous paper, they found higher composite tensile strength for the flat fibre composites over a 15–45% fibre weight fraction range. However, in this case, there was no significant differences in the impact performance of the flat and circular fibre-reinforced composites.




3. Critical Fibre Length


The micromechanical understanding of the strength performance of injection moulded discontinuous fibre-reinforced composites is inexorably linked to the concept of critical fibre length. Thomason has pointed out that it is possible to define a number of “critical” fibre lengths for discontinuous fibre-reinforced composites depending on whether modulus, strength, or impact performance is under consideration [40]. However, the most common usage of critical fibre length refers to the term in the Kelly–Tyson equation for the calculation of the strength of discontinuous fibre-reinforced composites. Considering a single fibre composite, where the fibre modulus is much greater than the matrix modulus, the external load is transferred across the fibre–matrix interface by shear stress (τ) to the load bearing fibre. The classic approach to defining critical fibre length (Lc) involves balancing the peak tensile stress (σf) transferred to a discontinuous fibre through the shear force (τ) at the interface [4,41,42,43]. For a fibre with cross sectional area (Ao) and perimeter (Po), we obtain:


   L c  =    A o     P o      2  σ f   τ   



(1)




For the simple geometry of a circular cross section fibre with diameter (D)


     A o     P o    =  D 4   



(2)




Substituting into Equation (1) results in the well-known definition of Lc as


   L c  =    σ f  D   2 τ    



(3)







If we now consider the case of a flat fibre with circular edges and an equivalent cross-sectional area to a circular fibre (Ao) with diameter (D), this has a cross sectional area Af = Ao. It can be shown [42] that since a = Kb then the perimeter (Pf) of the flat fibre is given by


   P f  =    P 0   π       4 π    π + 4   K − 1         −  1 2      2 π + 4   K − 1      



(4)







Hence, the area-to-perimeter ratio of a flat fibre in terms of the area-to-perimeter ratio of an equivalent cross section area circular fibre is given by


     A f     P f    =    A o     P o    π      4 π    π + 4   K − 1          1 2        2 π + 4   K − 1       − 1   =  C f     A o     P o     



(5)







Consequently, the critical fibre length for a flat fibre with an equal cross section, fibre strength, and interfacial strength is given by


   L  c f   =  C f   L  c o    



(6)







For an elliptical cross section fibre, with major axis (2a) and minor axis (2b), a similar procedure for calculating the change in Lc from a circular fibre of the same cross sectional area may be followed. Unfortunately, there is no formula to calculate the exact perimeter of an ellipse (Pe), but it can be approximated by


   P e  = π b   K + 1    



(7)







Considering the equations for the area of the circular and elliptical fibre, it can be shown that the circular fibre perimeter can be expressed as


   P o  = 2 π b  K   



(8)




and, hence,


   P e  =     K + 1     2  K     P o   



(9)







Consequently, the area-to-perimeter ratio of an elliptical fibre in terms of the area-to-perimeter ratio of an equivalent cross section area circular fibre is given by


     A e     P e    =    A o     P o        2  K      K + 1       =  C e     A o     P o     



(10)







Finally, the critical fibre length for an elliptical shaped fibre with equal cross section, fibre strength, and interfacial strength to a circular cross section fibre is given by


   L  c e   =  C e   L  c o    



(11)







Figure 2 shows values obtained from Equations (5) and (10) for the Cf and Ce parameters for fibres with various degrees of flatness parameter K. It can be seen that Cf decreases as the flatness of the fibre cross section increases. Moreover, the values of Cf and Ce are less than unity for all values of K. Consequently, it appears that the critical fibre length for flat or elliptical cross section fibres is always smaller than that of a circular cross section fibre of equal area, strength and interfacial strength.




4. Composite Strength Effects


One composite application where the concept of critical fibre length is very commonly applied is that of discontinuous fibre-reinforced composites and, most often, those short fibre thermoplastics (SFT) and long fibre thermoplastics (LFT) processed by injection moulding. Thomason has discussed in detail the role of Lc on the performance of these composites, and Figure 3 shows a summary of how the performance characteristics of composite modulus, strength, and notched impact in relation to the fibre length of a unidirectional discontinuous glass fibre-reinforced polypropylene [1,2,3,40]. Each of these properties has been normalised to the value predicted for continuous reinforcement length and so all values in Figure 3 fall in the range 0–1. It is important to note that, for the Kelly–Tyson form of critical fibre length, the fibre contribution to the composite strength has only reached 50% of the maximum fibre contribution at Lc. To attain greater than 90% of the maximum theoretical strength would require using fibres with length >5 Lc. In a similar vein, to attain 90% of the maximum notched impact in this system, it would require a fibre length >10 Lc. Furthermore, the results shown in Figure 3 were generated for single values of fibre length; however, in real injection moulded SFT and LFT, there is usually a very broad range of fibre lengths present. Figure 4 shows some actual fibre length distributions obtained from injection moulded short glass fibre-reinforced polypropylene composites with different fibre contents [40]. It can be seen that a significant proportion of the fibres in such composites are shorter than Lc and that the proportion of sub-critical fibres increase with increasing composite fibre content.



The effects of these differences in Lc on composite strength can be modelled using micromechanical methods such as the Kelly–Tyson equation for the prediction of the strength (σuc) of a composite reinforced with discrete aligned fibres [4,40,41,42,43]. This model is well known and can be expressed as σuc = ηo (X + Y) + Z, where Z is the matrix contribution, X is the sub-critical fibre contribution, and Y is the super critical contribution, in reference to the critical fibre length defined by Equation (1). Although the model was originally developed for aligned discontinuous fibre composites (ηo = 1), it is often presented with an additional average fibre orientation factor (ηo) when used for the performance of injection moulded composites.


   σ c  =  η o   σ f      ∑  i       L i   V i    2  L c      +   ∑  j     V j    1 −    L c    2  L j          +  σ m   V m   



(12)







By considering the previous discussion on the effect of fibre cross section shape on the critical fibre length, it is relatively simple to show that Equation (12) should be modified to account for the cross-section shape factor (C) to give


   σ c  =  η o   σ f      ∑  i       L i   V i    2 C  L c      +   ∑  j     V j    1 −   C  L c    2  L j          +  σ m   V m   



(13)




where the sub-critical and super-critical fibre lengths are now defined with respect to the modified values of Lc (Equation (6) or (11)). It can easily be seen that if C is always less than unity for non-circular cross section fibres, then Equation (13) will always give a higher predicted value of stress than Equation (12).



Figure 5 compares the prediction of the Kelly–Tyson Equation (12) for circular glass fibres and modified Kelly–Tyson Equation (13) for flat glass fibres for the fibre contribution (X + Y) to the strength of unidirectional reinforced polypropylene as a function of the fibre length for different fibre weight fractions. The input parameters used were fibre flatness K = 4, τ = 16.2 MPa (homopolymer PP with 2% added polymeric coupling agent), σf = 1.8 GPa, and circular fibre diameter D = 13.6 µm [40,43]. It can be seen that the flat fibre composites have a consistently higher fibre contribution to their strength over the entire fibre length range. The higher strength contribution for flat fibres is also greater as the fibre content increases. The ratio of flat fibre strength contribution to circular fibre strength contribution is equal at all fibre contents, and the ratio of the two is shown in Figure 6 as a function of fibre length for different values of flatness (K). The flat fibre advantage, for the fibre contribution to composite strength, is a constant maximum for fibre lengths shorter than the flat critical fibre length (Equation (6)). Note that the flat critical fibre length decreases as K increases. The flat fibre strength advantage also increases in proportion to the value of K. For the typical K = 4 value of commercially available flat glass fibres, this means an apparent 33% greater contribution to composite strength for all fibres shorter that flat critical fibre length. For fibre lengths greater than the flat fibre Lcf, the strength advantage decreases from the maximum value and tends to a value of unity as the fibres become much longer. This is understandable as the fibre strength contribution will tend towards that of continuous fibres, and this is assumed to be equal for all values of K in the analysis.



A somewhat similar approach was used by Greenveld and Wagner when calculating the effect of the more complex cross sectional shapes of nanotube reinforcements on their critical fibre length [44]. They also presented an analysis of the influence of reinforcement fibre perimeter and area on the critical fibre length. They also modelled the effect of different nanoreinforcement shapes on the strength of composites using the X, Y, and Z components of the Kelly–Tyson equation considering the two cases of the fibre length being either above or below Lc. With fibre lengths shorter than Lc, they found that a thin wall ribbon shape filler, such as graphene, improved the reinforcement contribution to composite strength by a factor of two over that of a thin walled hollow filler of arbitrary shape. Similar to the results in Figure 6, they noted that this was due to the doubling of the interfacial area. For filler lengths greater than Lc, they also noted that the maximum strength contribution, in both cases, tended towards the simple rule of mixtures for continuous reinforcement and, hence, the difference in the strength contributions of different shape fillers disappear (assuming they have the same ultimate strength), as also shown in Figure 6.



For a prediction of the flat fibre effect in real composites, Equations (12) and (13) indicate that the matrix contribution, the average fibre orientation parameter, and the fibre length distribution must also be taken into account. Figure 7 shows the flat fibre (K = 4) strength advantage predictions for injection moulded glass reinforced polypropylene composites as a function of fibre length. The data in this Figure now include the effect of the matrix contribution to the composite strength and an average orientation parameter of ηo = 0.69 (typical for these injection moulded short fibre composites [43]) to the K-T model predictions. It can be seen that the flat fibre advantage is now dependent on the fibre content and decreases with decreasing fibre content. This is due to the fact that the matrix contribution to both flat and circular fibre-reinforced composites is equal and proportionally greater as the fibre content of the composites is decreased. Most interestingly, the data in Figure 7 now predicts that the flat fibre advantage is a maximum at the flat fibre Lcf for any fibre content.



Thomason has reported the fibre length distribution in real injection moulded short glass fibre-reinforced polypropylene for a range of fibre weight fractions [43]. These distributions have been used to calculate composite strength values for both flat and circular fibre composites, and the ratio of the predicted stress–strain relationships are shown in Figure 8 for four different fibre weight fractions. It should be noted that the assumption here is that both flat and circular fibres have the same fibre length distribution. Typical non-linear stress–strain curves are predicted for all composites. Nevertheless, it can be seen that the flat fibre composites are always at higher stress levels for any fixed strain value, and this difference increases with increasing strain and increasing fibre content.



This is illustrated clearly in Figure 9, which shows the ratio of the composite stress levels of the two composite types at different strain values. The final flat fibre strength advantage over circular fibres will lie somewhere on the lines shown in Figure 9. The actual value will depend on what the strain to failure is for these composites. For circular fibres, Thomason reported values in the range 2.3–3.3% [43], which would result in a predicted strength advantage for injected moulded short flat glass fibre-reinforced polypropylene of approximately 12–20% for typical moulding compound fibre contents in the 30–40% by weight range.



Figure 10 presents the results of a similar analysis, where the flat glass fibre flatness factor K has been varied for a constant composite glass fibre content of 40% wt. As might be expected from the results shown in Figure 6, the results in Figure 10 predict that the flat fibre advantage for injection moulded glass fibre polypropylene composites increases directly with the flat fibre flatness. For the commercially available flatness range of 3–4, a 12% to 18% flat fibre advantage in composite tensile strength is predicted at a 2.5% strain to failure. Clearly it is worth recapping at this point that this analysis assumes that the flat glass fibre composites have the same fibre strength distribution, fibre orientation distribution, fibre length distribution, and strain to failure as the circular glass fibres.



The very limited experimental data available in the literature comparing the effects of flat fibre versus circular fibre on the tensile strength of injection moulded short fibre thermoplastics at different fibre contents. Data for a K = 4 glass reinforced PPS system has been published by Heo et al. [37] and for K = 4 flat fibre in recycled PET, as reported by Kim et al. [38,39]. Although the data in these papers is for composites with different thermoplastic matrix systems, it does appear that the flat:circular tensile strength ratio does increase systematically with increasing glass fibre content. Moreover, the levels of flat:circular advantage in tensile strength do not disagree with the levels predicted in Figure 9 and Figure 10. Despite the difference in polymer matrices for these systems, it does appear that the theoretical values calculated in this work agree well with the limited experimental data available.




5. Natural Fibres


Although the use of renewable materials in composite applications is not a new idea, in recent years, there has been a growing interest in the research of fibres derived from natural sustainable sources as potential reinforcements for high performance composite materials [16,17,18,19,20,21,22,23,24,25,26,27,28]. This increased interest in natural fibre composites has multiple drivers, growing environmental concern, possible cost competitiveness, the depletion and price of oil, and new regulations for a cleaner and safer environment. Many types of natural fibre have been identified that may be made to appear to have some appropriate mechanical properties for structural purposes, such as low density, high specific strength, and stiffness. However, these fibres suffer from the natural variability, which is inherent in materials sourced directly from nature. In particular, natural fibres rarely have either a circular or a uniform cross section, the cross-section shape varies hugely from fibre-to-fibre and also significantly along the length of individual fibres [21,22,23,24,25,26,27,28]. Some typical natural fibre cross sections are shown in Figure 11.



The non-circularity of these natural fibres was recently highlighted as a significant source of error in estimating the fibre tensile strength, and a number of authors have shown that their cross section can be better estimated by an ellipse shape rather than circular [21,23,28]. It is clear in Figure 11 that an ellipse is a better model for the cross-section shape of these fibres with major-to-minor axis ratios between one and five being commonly observed [21,23,28]. The critical fibre length adjustment factor for an elliptical cross section is shown in Figure 2 as a function of K value. Similar to the flat fibre curve, it can be seen that Lc for an oval fibre can be as much as 25% lower than that of a circular cross section fibre of equivalent area in the K = 1 to 5 range. Nevertheless, it can also be noted in the images in Figure 11 that the irregular nature of the natural fibre surface means that the actual perimeter of these fibres is most likely still greater than that of a smooth ellipse. This would result in even larger potential reductions in Lc for these fibres when compared to a circular cross section of equal area. Consequently, for those taking up the challenge of micromechanical modelling of natural fibres and their composites, it is clear that consideration must be given to the non-circular cross section of individual fibres when the Lc parameter is being discussed. However, given the previously mentioned enormous range of inter-fibre and intra-fibre variation in natural fibre cross sectional shapes and areas, no further analysis is undertaken in this work.




6. Carbon Fibres


The literature on carbon fibres also reveals a wide range of fibre cross section shapes. This is illustrated in Figure 12 taken from a paper by Newcomb et al. [45]. It is clear that all of the different fibres in this figure will have different individual values of area:perimeter ratio, which will result in different values for the appropriate shape factor for the reduction in Lc for that fibre type. Once again, it is beyond the scope of this single paper to discuss all of these fibre shapes, but it is noted that some of the fibres in Figure 12 will require a shape factor which will lead to significant reductions in actual Lc values compared to the use of a circular cross section model. However, there is an additional aspect to the surface morphology of many carbon fibres, which does merit further discussion in terms of area:perimeter ratio and its effect on Lc. Many carbon fibres have grooves distributed along the axial direction of fibres, which are inherited from the surface grooves of precursor fibres [45,46,47]. Researchers often use scanning electron microscopy or atomic force microscopy to visualise these grooved structures, as illustrated in Figure 13 [47]. The surface morphology, and, in particular, the dimensions of these surface grooves depend on the type of carbon fibre, the production process and conditions, and the post-production surface treatment. Sometimes, carbon fibres are designed to contain grooves to mechanically anchor the fibres to the resin, thereby minimizing fibre pull-out and improving composite interfacial performance [48]. However, given the preceding discussion, it is also possible that a contribution to any apparent improvement in interfacial adhesion may also be due to overlooked changes to the critical fibre length in the system due to an unaccounted for decrease in the fibre area:perimeter ratio, due to the surface roughness caused by these grooves.



Figure 14 shows two simple models for the grooved surface of a circular cross-section carbon fibre (of diameter D), where either a regular rectangular shapes groove or a triangular shaped groove surface is considered. It is assumed that the grooves pictured in Figure 14 repeat systematically around the perimeter of the fibre. The perimeter (Prect) of the fibre with a rectangular grooved surface is


   P  r e c t   =   π D   2 a     2 a + 4 b   = π D   1 +   2 b  a    =  P o    1 +   2 b  a     



(14)




For small values of b/D, Arect = Ao, hence,


     A  r e c t      P  r e c t     =     1 +   2 b  a      − 1      A 0     P o    =  C  r e c t      A 0     P o     



(15)




Similarly, the perimeter (Ptri) of the fibre with a triangular grooved surface is


   P  t r i   =   π D   2 a   2    a 2  + 4  b 2    = π D   1 +   2 b  a    =  P o    1 +   4  b 2     a 2       



(16)




For small values of b/D, Atri = Ao, hence,


     A  t r i      P  t r i     =     1 +   4  b 2     a 2        −  1 2       A 0     P o    =  C  t r i      A 0     P o     



(17)







The Ci factors in Equations (15) and (17) are, therefore, the Lc reduction factors, due to the increase perimeter of the fibres due to the surface grooves. Values for these factors are plotted in Figure 15 as a function of the value of b/a. Once again, it can be seen that consideration of the increased fibre perimeter, in this case due to surface grooves, may lead to significant changes in the value of critical fibre length for a carbon fibre depending on the dimensions of the grooves. Yao and Chen have published values of b/a up to 0.36 for T-300 PAN carbon fibres with different levels of surface etching [48]. This range is marked in Figure 15 and indicates a possible reduction of up to 30% in Lc due to surface grooves. This groove related reduction would have to be subtracted in addition to any Lc reduction due to non-circularity of the fibre cross section. This could result in a 50% or more error in characterising the critical fibre length of such fibres if considering them as approximately circular in cross section with a smooth surface.



It seems likely that the effects of the relatively regular shaped surface roughness of carbon fibres on critical fibre length will also be mirrored in natural fibre systems where the fibre surface is also commonly not smooth. However, as remarked above, the enormous variability in the inter-fibre and intra-fibre morphology of natural fibres makes a generalised analysis of such effects impractical. From a micromechanical viewpoint, it is worth noting that the effect of fibre surface morphology on critical fibre length further highlights the importance of fully characterising the wetting of the fibre surface by the polymer matrix on a microscopic level.



Finally, it is also worth pointing out that this analysis implies that accurate characterisation of the fibre perimeter is critical in the application of single fibre techniques, such as the fragmentation test and the fibre pull-out and microbond test, to obtain values of the interfacial stress transfer capability or IFSS. Both these techniques require accurate determination of the fibre perimeter in order to obtain accurate estimates of the IFSS of the fibre–matrix system. Approximating the perimeter of a non-circular fibre to that of a circular fibre will lead to an overestimation of IFSS in all cases. In particular, the commonly used simple analysis of fragmentation test results [4,5,6] depends directly on evaluating the critical fibre length. It is clear from the preceding modelling and analysis that ignoring the non-circular fibre cross section or significant levels of surface roughness in the calculations may well lead to significantly erroneous results.




7. Conclusions


The perimeter of non-circular cross section fibres is always greater than that of a circular fibre with an equal cross-sectional area. Consequentially, analytical modelling of this phenomenon showed that the critical fibre length (Lc) in composites with non-circular fibres is always less when compared to circular fibres with an equal cross-sectional area. Examples based on the shape of commercially available flat glass fibres revealed that Lc depends on the flatness parameter of the fibres and can result in reductions of up to 30%. Further modelling of composite strength using the Kelly–Tyson theory predicted that flat fibres provide a consistently higher fibre contribution to composite strength over the entire fibre length range. This effect is at a maximum for short fibres with lengths below Lc. Further modelling, which accounted for the matrix contribution and fibre orientation and length distribution effects typical in injection moulded composites, predicted a flat fibre advantage in composite tensile strength, which increased with fibre flatness and composite fibre content. This was shown to result in a predicted strength advantage for injected moulded short flat glass fibre-reinforced polypropylene of approximately 12–18% for typical moulding compound fibre contents in the 30–40% by weight range.



The effects of fibre non-circularity were also discussed for natural fibres and carbon fibres. It was noted that almost all natural fibres are non-circular, as are many of the available carbon fibres; hence, these fibres will also exhibit significant reductions in actual Lc values compared to the use of a circular cross section approximation. The effects of surface roughness, in particular the grooved structure found on the surface of many carbon fibres, was also modelled. Results predicted a possible reduction of up to 30% in Lc due to the surface grooves on carbon fibres. This groove-related reduction would have to be subtracted in addition to any Lc reduction due to non-circularity of the fibre cross section, which could then result in 50% or more error in characterising the Lc of such fibres if considering them as approximately circular in cross section with a smooth surface.



Finally, it was noted that the results from these models predict that ignoring non-circularity fibre cross section or significant fibre surface roughness in the application of single fibre techniques such as the fragmentation test, the fibre pull-out test, or the microbond test to obtain values of the interfacial stress transfer capability or IFSS may well lead to significantly erroneous results.
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Figure 1. SEM of circular and flat cross-section glass fibres. 
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Figure 2. Lc reduction factors (C) for flat and elliptical fibres versus flat flatness (K). 
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Figure 3. Prediction of normalised performance of GF-PP composite versus fibre length [4]. 
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Figure 4. Some fibre length distributions in injection moulded GF-PP composites [40]. 
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Figure 5. Kelly–Tyson equation prediction of flat and circular fibre strength contribution in unidirectional discontinuous GF-PP composites. 
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Figure 6. Kelly–Tyson equation prediction of flat/circular strength contribution ratio in unidirectional discontinuous GF-PP composites for fibre with different flatness ratios (K). 
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Figure 7. Kelly–Tyson equation prediction of flat/circle strength ratio for GF-PP including matrix contribution and average fibre orientation for injection moulded samples. 
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Figure 8. Kelly–Tyson equation prediction of stress–strain of injection moulded GF-PP with flat (K = 4) and circular cross-section fibres. 
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Figure 9. Prediction of flat/circle ratio of stress in injection moulded GF-PP composites for K = 4 flat fibres. 
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Figure 10. Prediction of flat/circle ratio of stress in injection moulded 40% GF-PP composites for different flatness fibres. 
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Figure 11. Optical micrographs of various natural fibre cross section shapes. 
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Figure 12. SEM of various carbon fibre cross sections (a) T300, (b) IM7, (c) GT PAN, (d) GT PAN/CNT-A (0.42 wt%), (e) GT PAN/CNT-B1, (f) GT PAN/CNT-A, and (g) GT PAN/CNT-C (see reference [45] for further details). 
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Figure 13. Visualisation of carbon fibre surface grooves by (a) SEM, (b) AFM [47]. 
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Figure 14. Geometrical models of carbon fibre surface grooves. 
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Figure 15. Lc reduction factor due to carbon fibre surface grooves. 
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