

  fibers-12-00098




fibers-12-00098







Fibers 2024, 12(11), 98; doi:10.3390/fib12110098




Review



Non-Circular Cross-Section Fibres for Composite Reinforcement—A Review with a Focus on Flat Glass Fibres



James Thomason *, Andrew Carlin and Liu Yang





Department of Mechanical and Aerospace Engineering, University of Strathclyde, 75 Montrose Street, Glasgow G1 1XJ, UK









*



Correspondence: james.thomason@strath.ac.uk







Citation: Thomason, J.; Carlin, A.; Yang, L. Non-Circular Cross-Section Fibres for Composite Reinforcement—A Review with a Focus on Flat Glass Fibres. Fibers 2024, 12, 98. https://doi.org/10.3390/fib12110098



Academic Editor: Constantin Chalioris



Received: 25 September 2024 / Revised: 4 November 2024 / Accepted: 6 November 2024 / Published: 11 November 2024



Abstract

:

Glass fibre reinforcements form the backbone of the composites industry. Today, glass fibre products account for more than 95% of the fibre reinforcements used in the composites industry. Since the first commercialisation of glass fibres for composite reinforcement in the 1930s, the cross-sectional shape of glass fibres has remained exclusively circular. However, many of the other types of fibre reinforcement have a non-circular cross section (NCCS). This paper reviews the available knowledge on the production of NCCS glass fibres and some of the possibilities that such fibres offer to enhance the performance of glass reinforced polymer composites. The three parts of the review focus on early research work on different shapes of glass fibre, the developments leading to industrial-level production of NCCS glass fibres, and the more recent data available on the influence of the available commercially produced NCCS flat glass fibres on composite performance. It Is concluded that the continued development of NCCS glass fibres may offer interesting potential to generate composites with increased performance and may also enable further tailoring of composite performance to enable new applications to be developed.
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1. Introduction


Glass fibre reinforced composites (GFRPs) are utilised extensively across a range of sectors due to competitive price and performance-to-weight ratio. While glass is an ancient material, the mass production of glass fibre is a relatively new development, widely agreed to have begun in the 1930s with developments at Owens Corning [1]. Glass fibre use is widespread in the composites industry due to its highly attractive performance-to-price ratio. Despite this relatively long history of glass fibre usage and multiple developments in the glass and sizing formulation, the cross-section (CS) geometry of the glass fibres used in nearly all applications has remained exclusively circular.



However, recently, there have been a number of developments from glass fibre manufacturers in the production of non-circular cross-section (NCCS) glass fibres [2,3,4]. Furthermore, it is well known that many of the carbon fibres on the market do not have circular cross-sections [5], and the more recent upsurge in interest in the use of natural fibres as a composite reinforcement also brings many different and variable fibre cross sections into the available reinforcement portfolio [6,7]. Hence, NCCS glass fibres are now commercially available, and in fact, other NCCS fibres have been used in many composite applications for some time.



Consequently, it is of interest to consider whether a change in the CS shape of glass fibre offers an opportunity to improve fibre and composite performance. The continuing global growth of composite material usage comes in part from an attractive performance-to-weight ratio but also from the ability of a composite material to be tailored to its application. Changing the cross-sectional shape further expands the ‘tailorability’ of this glass fibre reinforced polymer (GFRP) composite, thus the useful properties and potential applications. Such a change has resulted in improvements in other reinforcement and functional fibres in a broad range of applications. Within the field of GFRPs, such a change remains relatively unexplored.



This paper reviews the available literature on NCCS GFRPs to explore the potential of NCCS glass fibre to affect single fibre properties, the level of interfacial stress in composite materials, and the performance of composites at a macroscopic level. The review focusses, in particular, on the recently commercially available flat-shaped glass fibres but covers other glass fibre shapes and, where appropriate, the effects of non-circularity of fibre cross section in other fibre reinforcements. The three parts of the review will focus on early experimental work on different CS shapes of glass fibre, the developments leading to industrial-level production of NCCS glass fibres, and the more recent data available on the influence of the available commercially produced NCCS glass fibres on potential composite performance.




2. Early NCCS Fibre Investigations


2.1. Ribbons


Much of the early experimental work published on the use of NCCS glass fibres focussed on ribbon (microtape) reinforcement or shaped single glass fibres produced on drawing towers similar to those being developed for the optical fibre industry. Ribbons can possess certain advantages over circular CS (CCS) fibres insofar as they are theoretically capable of providing substantial biaxial reinforcement in a polymer composite. In addition to reinforcement along its longitudinal axis, a ribbon may provide reinforcement in the plane parallel to its flat surface. Halpin and Thomas published an analysis of the potential of ribbon-shaped reinforcement in composite materials applications [8]. They used a micromechanical analysis approach to show that ribbon reinforcement delivers higher in-plane stiffness performance in a composite lamina. Figure 1, based on the equations in their paper, shows the ratio of transverse stiffness for a unidirectional (UD) glass–epoxy composite based on NCCS rectangular ribbon fibres versus CCS fibres for different ribbon cross-section aspect ratios and different fibre volume fractions. It can be seen that at high ribbon aspect ratios, the composite transverse stiffness is predicted to be enhanced by up to 200% in the in-plane direction, with a loss of approximately 40% in the out-of-plane direction.



Lim presented a more complex analytical model to estimate the transverse modulus of aligned NCCS ribbon-reinforced composites [9]. Values for the model input parameters were based on E-glass and epoxy polymer. The results of the model were not dissimilar to those of Halpin and Thomas in that the transverse in-plane modulus of the composite was predicted to be significantly increased across all fibre volume fractions, from that of a CCS fibre reinforcement, as the aspect ratio of the ribbon increased. This coincided with a much smaller percentage decrease in out-of-plane transverse modulus. The author concluded that NCCS ribbon-reinforced composites are advantageous over conventional unidirectional CCS fibre composites, especially in the application of very thin laminas.



Brydges et al. presented a theoretical, analytical study of the fluid permeability of glass ribbon-reinforced organic matrix composites [10]. Their analysis indicated that such composites, with ribbon aspect ratios in the range of 50 to 200, offer two to three orders of magnitude improvement in permeation resistance over CCS fibreglass composites. Permeation characteristics of glass ribbon epoxy composites, made by hand lay-up, were also determined experimentally using mass spectrograph measurements of helium penetration. The authors claimed that the experimental results qualitatively agreed with the predictions of the analytical model. Gulati reported longitudinal and transverse strength measurements of an NCCS glass ribbon with a rectangular cross section measuring 5.6 mm × 50 µm [11]. It was found that in the as-manufactured condition, the transverse strength of the ribbon is lower than the longitudinal strength, indicating a preferred orientation of flaws introduced during manufacturing. Strength in both directions could be increased by surface etching after which the transverse strength was reported as generally higher than the longitudinal strength.



Li and Weng modelled the creep performance of glass–epoxy composites reinforced with NCCS randomly oriented elliptic fibres [12]. Along all loading directions, the ribbon-reinforced composite was consistently predicted to exhibit the strongest creep resistance, and as the aspect ratio (width/thickness) decreases, the creep resistance also continues to lessen, with the circular fibres (aspect ratio = 1) providing the poorest reinforcement in terms of creep resistance. In a similar paper, the same authors also modelled the strain-rate sensitivity and stress–strain curves of the same composites and again predicted that the higher aspect ratio elliptical cross-section fibres were more effective than traditional circular fibres [13]. They suggested that there should be a move away from traditional circular CS fibres to NCCS elliptical fibre and, if at all possible, to thin ribbons in order to optimise composite strength.



Rexer and Anderson presented a review of composite with planar reinforcements, such as ribbons [14]. They also showed that if these ribbons are arranged parallel to the principal plane in composites, then they provide superior performance to CCS fibre reinforcements under two-dimensional loading conditions. Improvements in the modulus of a factor three and in the tensile strength of a factor two were shown to be possible. Another potential advantage listed by these authors was that planar reinforcements should allow the manufacture of composites with higher reinforcement volume fractions than CCS fibres, and this could lead to higher technical performances. This could include increased resistance to liquid or vapour penetration due to the long path length through the composite imposed by the impermeable planar reinforcements. The authors commented that, despite these potential advantages, composites using planar reinforcements were still relatively unknown. It was proposed this situation could be due to the fact that such planar reinforcements were not readily available and consequently were little researched. It may be commented that this situation is still reasonably valid forty-plus years later.




2.2. NASA Funded Research


During the 1960s, NASA issued a number of contractor reports on the properties of NCGFs and their composites. In one of these, Rosin and Hashin presented experimental data which showed that 4:1 aspect ratio NCCS elliptical fibres properly packed in 50% volume fraction composites have a transverse stiffness in the major axis direction of the ellipses which was 80% higher than that of CCS fibre reinforced composites [15]. In this case, the experimental data were obtained on composites produced using aluminium inclusions in epoxy resin. In another NASA report by Eakins and Humphrey, the feasibility of producing NCCS glass fibres was demonstrated using a method of drawing single fibres [16]. It was first necessary to fabricate an elongated glass preform with a cross section approaching that of the desired fibre. The drawing process used a mechanical device for feeding a shaped preform into a furnace with a tailored vertical temperature gradient, along with a winder whose speed was coordinated with that of the feeder. The report contains a Table describing the production conditions for over 60 different fibre shapes, along with micrographs of their cross sections. Although many of these NCCS fibres were about one order of magnitude greater in size than the commonly used commercial glass fibres, there were some samples of comparable dimensions range (a solid ellipse cross section of 16 × 64 µm and a flat microtape of 12 µm thickness). Humphrey also reported the use of this drawing method to produce NCCS hexagonal E-glass filaments measuring 18 µm across flats [17]. The drawn fibre was then coated with an aminosilane coupling agent, sprayed with a low viscosity epoxy resin, and then filament wound on a mandrel. However, there were issues of devitrifcation of the E-glass, and consequently, the tensile strength of the fibres was low (345 MPa).



In the following report, Humphrey discussed the filament winding (FIWI) manufacture of composite materials using some of the NCCS glass fibres from a previous report [18]. NCCS glass fibres were drawn as previously described [16], and resin (usually epoxy) was applied directly just above the puller/winder. The resin-wetted fibre is then drawn onto a rotating reciprocating mandrel to form a composite tube (after appropriate curing). Precision windings were made to obtain close packing from rectangular microtape with a 12 × 500 µm cross section. The tube dimensions were 58 mm internal diameter, 1 mm wall thickness and length 0.75 m with a glass content of 90%. Such high glass content cannot be achieved by FIWI of CCS fibre composites. It was reported that these high glass content composites displayed no room temperature permeability to water and modulus values at 70 GPa, the same as the glass. The axial strengths of the tubes with only circumferential windings were as high as 175 MPa.



Another NASA report describes further development and characterisation of FIWI composite tubes made with glass microtape reinforced epoxy resin. In this report, a slightly larger NCCS microtape of 38 × 1500 µm was used [19]. It was noted that the use of borosilicate glass was abandoned because of its tendency to devitrify and thereby lose strength at the forming temperatures used in the preform-drawing process. Consequently, soda-lime window glass was used throughout the research program. The average tensile strength measured on drawn CCS 10 µm diameter glass fibres was 2.36 GPa. In contrast, two much lower values were reported for NCCS glass microtapes. An average tensile strength of 0.81 GPa was found for a 12.5 × 380 µm cross-section sample and 1.27 GPa for a 10.5 × 365 µm cross-section sample. Another development in this report was the addition of a silane coupling agent in the resin mix applied to the microtape during the FIWI process. Once again, a striking feature of the test results on the FIWI composites was the unusually high modulus demonstrated by the high glass (90% by weight) content tubes. Additional to the NASA reports, Humphrey also published a short book chapter summarising some of the main results of this extensive research project [20]. It was proposed that the remarkably high modulus values obtained on the precision wound glass microtape composites could be due to their thin, flat resin matrix layers combined with the large overlap of the individual microtape fibres leading to a more monolithic glass structure instead of a composite. It was stated that NCCS glass fibres have the potential for producing composites with advantages in performance, including the following:




	
Low bulk density, permeability, dielectric constant and matrix content;



	
High stiffness- and strength-to-weight rations and high transparency;



	
Anisotropic properties to meet specific design requirements.









2.3. Other Fibre Cross-Section Shapes


Dow presented an analytical solution to determine the effect of NCCS triangular glass fibres on epoxy composite transverse stiffness [21]. The ratio of transverse stiffness of triangular fibres to that of CCS fibres is shown in Figure 2 as a function of fibre volume fraction. It was stated that one characteristic of these equilateral triangular fibres is that the composite transverse stiffness is enhanced in both transverse directions. It was suggested that this isotropy through the composite thickness may be advantageous in applications in which multiaxial stresses are encountered. It was also shown that NCCS elliptical fibres also gave improved composite transverse stiffness.



Bond et al. also reported on the mechanical performance of circular and NCCS triangular glass fibres and their composites (see Figure 3) [22]. Continuous single glass fibre was produced by drawing from alumino-borosilicate glass rod preforms using a modified optical fibre manufacturing apparatus. The fibres were approximately equal in CS area (equivalent to 45 µm diameter), which was significantly greater than the typical commercial glass fibres used in composite reinforcement. Unlike the fibre used in early work by Humphrey [16,17,18], these fibres were also coated with sizing to reduce surface damage, maintain fibre strength, and improve interfacial compatibility with polymer matrices. The fibres were processed with epoxy resin into UD composites using a pre-pregging method followed by film stacking and autoclave curing. Interestingly, micro-composite compression testing revealed that NCCS triangular fibres recorded a 60% higher compressive strength compared to CCS fibres, and this was reflected in triangular fibre composites with a 40% higher compression strength. Single fibre testing indicated that the NCCS triangular fibres had a significantly higher (+26%) average tensile strength despite having a 28% greater surface area (which could, therefore, have more strength, lowering surface flaws). This was also reflected in higher (+16%) tensile strength in triangular fibre reinforced composites. Despite the higher surface area of the triangular fibres, their composites only showed a slightly higher (but not statistically significant) interlaminar shear strength (ILSS). Robati and Attar modelled the response of composite materials, UD reinforced with NCCS triangular and CCS glass fibres in the presence of a pin load hole using both numerical and analytical methods [23]. The results showed that values of compressive stress developed in the fibres behind the pin were about 28% less in NCCS triangular fibre laminates. The maximum tensile stresses were also shown to be about 17% less in these samples.



Liu et al. investigated the performance of filament-wound triangle-shaped carbon fibre reinforced epoxy composites with approximately 50 vol.% fibre content [24]. The flexural strength and modulus were found to be 20% and 13% higher, respectively, compared to that of CCS carbon fibre composites. The authors attributed the higher performance of the NCCS fibres to their higher surface:volume ratio, which effectively lowered interfacial stress levels. The authors stated that the tensile strength and modulus of the two types of composites were equivalent, although no data were presented to support that claim. A later paper, which apparently used the two composites, investigated composite transverse properties both experimentally and using finite element analysis [25]. Both the experimental data and the modelling results appeared to show little or no significant difference in the transverse tensile modulus and strength and the compressive strength between the NCCS and CCS fibre composites.



Gallucci et al. briefly reported on the properties of injection-moulded NCCS glass fibre reinforced PBT [26]. The bi-lobal and tri-lobal glass fibres used were experimental samples prepared by Owens Corning fibreglass [27,28] with a cross-sectional area equivalent to a 10 µm diameter CCS glass fibre. They reported a reduction in the composite warpage of 30% to 40% when using bi-lobal glass fibres in comparison to circular fibres. In contrast, the tri-lobal fibres gave composite performance similar to round fibres and were not significantly effective in reducing composite warp. Further analysis showed only small variations in other mechanical properties, no significant differences in residual fibre length, and no major differences in fibre orientation.



Harris et al. published a discussion paper on the use of NCCS fibres to improve the through-thickness properties of composites [29]. Twelve qualitative guidelines for the geometry of novel-shaped reinforcing fibres were described, and the bounds they place on fibre designs are discussed. The paper concluded with a proposal for a fibre design, a six-lobed geometry (see Figure 4), which conformed to most of the suggested guidelines. In a second paper, the same authors produced such NCCS borosilicate glass fibres using the fibre drawing tower described by Bond et al. [22] and used the same pre-pregging method to produce UD epoxy laminates [30]. The six-lobed fibres had an average outer diameter of 50 µm, whereas circular fibres with the same CS area had a diameter of 42 µm. Composites were prepared, and Mode I double cantilever beam (DCB) testing indicated that the NCCS multi-lobed fibres provided more than 50% improvement in strain energy release rate (GIc) over circular fibres.



Agnese and Scarpa recently published a series of papers describing numerical and experimental comparisons of CCS and NCCS star-shaped (four-lobed) fibres for vibration damping in wind turbine blades [31,32,33]. Their finite element simulations revealed a significant dependence of the strain energy distribution within a composite to the fibre shape. The results showed that changing the geometry of the fibres from CCS to NCCS star-shaped increased the strain energy in the viscoelastic area by 30%. This increase was also recorded experimentally using a novel shear test rig to detect the dynamic properties of aluminium-epoxy composites.



Yang et al. used finite element modelling to study the effect of gear-shape (multi-lobed) fibres on the transverse mechanical properties of unidirectional composites [34]. They compared NCCS fibres with 12, 16 and 20 lobes with CCS fibre reinforced composite. Their simulation results showed that the NCCS fibre composites all had a predicted higher transverse stiffness and strength than the CCS composites. There were two possible hypotheses proposed to explain this effect. Firstly, the gear-shaped fibres possess a much higher surface area and can, therefore, provide a greater interfacial bond. Secondly, propagation of interfacial debonds and matrix cracking is made more resisted by the more complex boundary geometry of the gear-shaped fibres.



Recent efforts by the carbon fibre industry to produce more cost-effective carbon fibres have resulted in the commercialisation of carbon fibres with irregular CS, often denoted as kidney-bean shaped fibres [35,36,37]. Although there is, as yet, no sign of such a CS shape in glass fibres, there has been considerable research activity, both experimental and modelling, expended on this shape of fibre. Xu et al. have shown that kidney-shaped fibres have a larger specific surface area and, consequently, better adsorption characteristics and higher surface free energy compared with circular fibres [38]. Single fibre microbond testing of interfacial strength and short beam shear testing of interlaminar shear strength showed that the NCCS kidney-type fibre/epoxy composites outperformed the CCS composites by a significant margin of 23.5% and 12.7%, respectively. In a further report investigating the same materials, it was reported that the composites containing the NCCS kidney-shaped fibres exhibited a 7.5% higher flexural strength compared to the CCS fibres. No significant differences were found in tensile and compressive strengths [39]. It was of interest to note that the CS of the “circular” fibres in these studies were clearly far from being perfect circles (see Figure 5).



Hanhan and Sangid used finite element simulations to compare longitudinal stress distributions in NCCS kidney-bean shaped and CCS carbon fibre composites [37]. The results showed that at 1.5% strain, the NCCS microstructure reached simulated failure at approximately 2100 MPa, while the CCS microstructure did not fail at this strain level. A single fibre model showed that this was due to the curvature of the NCCS fibres inducing matrix stress that was 7 MPa higher compared to the CCS microstructure. Clarke et al. discussed the results of a computational study of the effect of fibre CS shape on the compressive strength of unidirectional carbon fibre epoxy composites [40]. It was predicted that at low fibre misalignment angles, NCCS kidney-shaped fibres exhibit higher composite compressive strength compared to CCS fibres. However, at larger misalignment angles, the compressive strengths of the different fibre shapes converge.



Reichanadter and Manson used flow simulations to model the transverse permeability of NCCS kidney-bean shaped fibres [36]. The maximum packing fraction for NCCS kidney-bean fibres was predicted to be 0.923, which is significantly larger than 0.907 for CCS fibres. The modelling predicted that the NCCS kidney-bean shaped fibres had up to 74% reduction in permeability. It was further predicted that the lower permeability resulted in the infiltration time of UD-packed NCCS fibres being significantly longer than similarly packed CCS fibres. This increase in infiltration time increased with fibre volume fraction (Vf) from about +50% at Vf = 0.3 up to +280% at Vf = 0.75. The same authors also reported an experimental evaluation of the compaction behaviour of NCCS kidney-bean shaped fibres [35]. The pressure–fibre volume fraction relationship for the kidney-bean fibres was shown to follow a different compaction trend compared to the circular fibres. The data showed that the kidney-shaped fibres required significantly more pressure to compact to an equal volume fraction. Kitagawa et al. presented results from an experimental and FEM modelling study of the effects of kidney-shaped carbon fibre on transverse cracking in epoxy UD laminates [41]. It was experimentally and numerically demonstrated that the NCCS kidney-shaped fibres suppress transverse crack build-up and retard crack initiation in CF-reinforced laminates when compared with CCS fibres.




2.4. Modelling Multiple Cross-Section Shapes


Higuchi et al. used a combination of an extended finite element method, a homogenisation method, and a Monte Carlo method to model the effects of the five fibre CS shapes (circular, elliptical, two-lobed, triangular, and square) on the macroscopic composite properties [42]. The modelling was based on a 40% volume fraction carbon fibre reinforced composite. The results predicted that, for UD composites with a random arrangement of CS shapes, the NCCS square fibres exhibited a 5% higher transverse (both directions) moduli. Interestingly, when the fibre CS shapes were arranged on a regular square array, the elliptical and bi-lobal fibres were predicted to exhibit a 24% and 18% higher in-plane transverse modulus, respectively, compared to CCS fibres. Camarena et al. used a micromechanical model to study the longitudinal compressive strength of composites containing a range of theoretical NCCS carbon fibres [43]. The results predicted that six-lobe fibres may improve strength between 10% and 13%, and the tri-lobe can give 6% to 9% stronger composites than circular fibres. Bi-lobal fibres did not show any significant improvement in compressive strength.



Wang and Hang used FEM modelling to study the effect of fibre CS shape on the transverse moisture diffusivities of their UD composites [44]. The study included a large range of NCCS fibre shapes. The conclusion was that fibre shape greatly influences the transverse diffusivity of UD composite with NCCS fibres randomly spaced and oriented (in the transverse plane). It was predicted that the transverse diffusivity decreased with the increase in the number of lobes around the fibre CS. He et al. investigated the effect of fibre CS shape on the strengths and failure mechanisms of UD composites by computational micromechanics [45]. The modelling input parameters were based on carbon fibre reinforced epoxy. A comparison was made between CCS fibres and NCCS elliptical fibres with a major-to-minor axis ratio of approximately three. The modelling predicted that the elliptical fibres improved the transverse tensile, compressive, shear strengths and longitudinal shear strength all by approximately 10%. From a modelling viewpoint, this result was obtained because a random distribution of elliptical fibres inhibited crack propagation, which allowed the UD representative volume element of the material to tolerate higher loadings.





3. Industrial Development of NCCS Glass Fibre Products


It will become apparent in the following discussion that the NCCS glass fibres which have reached a mass production stage are based on relatively simple CS shapes. There does not yet appear to be any major production of multi-lobal glass fibres. The CS of the glass fibres which are being mass-produced appear to be variations in “flat”, ribbon-type fibres (rectangular, flat, and cocoon) with a major:minor axis ratio (a:b) in the range 2:1 to 5:1. This is illustrated in Figure 6. Rectangular-shaped fibres (with filleted edges) and elliptical (also called oval)-shaped fibres are both commonly referred to as flat. When considering flat fibres, it is also important to address the term flatness, also known as aspect ratio, flatness degree (or ratio), dimension ratio or slenderness (ratio). From this point onwards in the text, the ratio between the major axis (a) and the minor axis (b) will be known as flatness.



From the foregoing review of the early work on NCCS glass fibres, it would appear that such fibres offer some considerable advantages in composite performance over normal CCS fibres. Indeed, Li and Weng, in their 1997 paper, suggested that there should be a move away from traditional circular CS fibres to NCCS elliptical fibre [13]. It might, therefore, be reasonable to question why, 25 years later and more than 50 years since the first papers on NCCS glass fibres were published, there still does not appear to be any major use of such fibres in structural composite applications. Clearly, any significant commitment to the use of NCCS glass fibres first requires that the production process for such fibres is scaled up from the single fibre drawing process used in many of the examples reviewed above. To better understand the challenges involved in that step requires some understanding of the process and economics of industrial glass fibre production.



Nearly all reinforcement glass fibres are made by a direct draw process using glass melt, which is continuously fed from a large furnace. These furnaces are generally divided into three distinct sections, as shown in Figure 7 (temperatures are typical for E-glass processing) [46]. The premixed raw material (batch) is delivered into the furnace section for melting and homogenisation. The melt then flows into the refining section where the temperature is slightly lower, and then flows under gravity along a number of heated channels, the forehearth, to be delivered to the forming area. Here, the melt is distributed to a number of platinum alloy bushing plates which contain a geometric array of from 200 to as many as 8000 individual tipped outlets of 1–3 mm diameter [47]. As shown in Figure 8, the molten glass flows down through the bushing tips under the force of gravity and is then drawn down rapidly to produce continuous filaments, usually in the diameter range of 8–24 µm [48].



Due to the relatively low value of glass fibre products (in comparison to other reinforcements) and the high fixed and variable costs of manufacture (the furnace and associated infrastructure and energy requirements), the profit margins in glass fibre manufacturing are relatively low. Consequently, maintaining a high process conversion efficiency is critical to achieving an acceptable cost of manufacture and profitability. One of the major issues in maintaining conversion efficiency is the occurrence of fibre breaks in the forming process [47,49]. A single fibre break under the bushing will generally lead to the failure of the entire bushing position, which then needs to be manually stabilised and restarted by an operator. The restart of the bushing position, from breakout to producing in-spec product, can take several minutes during which the glass flow cannot be stopped and is therefore wasting glass. A large quantity of costly glass melt, which can amount to up to 15–20% of the total production, is thus lost [47,48,49,50,51].



Besides costs caused by the material loss, there is also a further cost incurred due to the need to dispose of this waste. Chouffart studied the break rate of a commercial glass fibre production operation, recording the average daily break rate over 40 forming positions [50]. The results shown in Figure 9 are expressed in the number of breaks per bushing operating hours (B/BOH). The recorded break rate averaged over the entire year was 0.71 B/BOH, which would result in an active production efficiency of 94% and about 600 kg per hour of glass waste was being produced for that furnace. Clearly then, any alteration to the forming process which might decrease fibre spinnability and increase the average break rate is highly undesirable to the fibre manufacturer. In the review of the early literature on NCCS glass fibres, it was already noted that working with E-glass was more challenging for fibre drawing than some other glass formulations. However, E-glass is the standard formulation for most reinforcement glass fibres, so it can be considered most improbable that a manufacturer would consider changing a furnace glass formulation for a new product development. Hence, it seems quite likely that the not-insignificant challenges of obtaining a stable platform for the mass production of NCCS E-glass fibres have played a role in the slow development of NCCS glass products. This may well have also been compounded by a general lack of demand from the composite industry for such products.



Nevertheless, as mentioned in the Introduction, there are currently at least three major glass fibre suppliers who have undertaken to tackle these challenges and have developed NCCS glass fibre products [2,3,4]. The patent literature gives some insight into how this has been accomplished and also currently serves as a limited source of information on the performance of composites produced with such mass-produced NCCS glass fibres. A short list, which should not be considered exhaustive, of patents from the four companies who appear to have been most active in these developments is available in the Supplementary Material. Given that manufacturers are unlikely to change their glass formulation to improve the spinnability of NCCS fibres, the focus of these developments has been on the fibre-forming part of the process and, in particular, on the bushing.



Yue has recently discussed the parameters governing glass fibre spinnability (the ability to continuously produce fibre without breaks) in the production glass fibre-forming environment [52]. Fibre forming is sensitive to the intrinsic parameters of the glass melt (such as surface tension, viscosity, and crystallisation temperature) and also to the extrinsic parameters of the process (such as draw speed, melt flow rate, cooling conditions, and nozzle geometry). The intrinsic parameters are determined by melt chemistry, which, for this discussion, is fixed as that of E-glass, whereas the extrinsic ones are dependent on the design of the process. One challenge to the mass production of NCCS glass fibres is the high surface tension (250–300 mN/m) of glass melts [53]. As a result of this, even with a bushing tip having a non-round CS, the effect of surface tension tends to force the melt into a round cross section once it has exited the tip. An interesting example of this phenomenon is found in a patent from PPG Industries Inc., which describes bushing plates where the tips have a non-circular CS, and yet the design is for the production of CCS glass fibres [54,55]. Consequently, for the production of NCCS glass fibres, it is necessary to oppose this surface tension-driven tendency by rapidly increasing the viscosity of the forming NCCS-shaped melt as it is drawn down to the desired CS dimensions.



Literature suggests that the spinnability of glass fibres can be empirically estimated by the ratio of the melt viscosity to the melt surface tension [52]. The higher this ratio is then the higher the spinnability. Figure 10 compares the temperature dependence of the melt viscosity and melt surface tension of boron free E-glass based on the data of Chouffart [49,50]. The values have been normalised to the values at 1268 °C. It can be seen that the variation in surface tension over the temperature range shown is two orders of magnitude less than that of the melt viscosity. Hence, the more influential factor controlling spinnability is the melt viscosity. In two 1985 patents from Owens Corning, Huey states that the lower viscosity and higher surface tension of glass make it about 100 times more difficult to prevent shaped glass fibres from changing back into glass fibres having circular cross sections [27,28]. The patent further discusses the use of rapid air quenching under the bushing to ensure the retention of an NCCS glass fibre shape. Examples are shown of a bushing with tri-lobal orifices, but it states that the orifices and the resulting fibres can be of various shapes, such as, for example, cross-shaped, star-shaped, penti-lobal, octa-lobal or rectangular. Examples of NCCS glass fibre production are given using a single-hole bushing and a 20-hole bushing plate with tipless tri-lobal orifices (it seems likely that these were used in papers and patents of the time). Figure 11 shows the effect of increasing cooling air velocity on the retention of the original bushing orifice CS in the resulting NCCS glass fibres. It can be seen that the tri-lobal CS is well maintained at 30 m/s but that the CS shape is reverting to circular as the cooling air velocity is reduced. It is stated that the normal cooling air velocity used with air-quenched bushings at about 2 to 4 m/s is an order of magnitude slower.



Owens Corning has also produced a number of other patents relating to the manufacture of NCCS glass fibres. As early as 1961, a patent describing a method to produce thin ribbons and other flat structures of NCCS directly by drawing from molten glass was filed [56]. One example claimed to draw a single flat glass ribbon 2 µm thick and eight to twelve times the width at 3 km/min. A 1977 patent disclosed a method for producing NCCS twisted filaments [57]. Owens Corning also has a number of patents on manufacturing hollowing glass fibres (which are not the subject of this review as they are circular in CS), and a variation on this method is found in a 1996 patent [58] which discloses a method of producing NCCS glass fibres by deforming hollow fibres under the bushing while they are still soft. Interestingly, although OC did manufacture and market hollow glass fibres for some years, there is no record to be found that they ever did so with NCCS glass fibre products. Nevertheless, a 1992 patent from Philips Petroleum Company claims the use of NCCS bi-lobal and tri-lobal glass fibres in composites [59]. The examples include a bi-lobal glass fibre (497DB-BF-02), a tri-lobal (497DB-TF-01) and a reference CCS fibre (497EE), all from Owens Corning and all with a CS area equivalent to a 9 µm diameter CCS fibre. The data in the examples reported on injection-moulded composites, 40 wt% fibre with a PPS matrix. The bi-lobal fibre composites exhibited improved flexural strengths (+8.5%), tensile strengths (+21%) and unnotched impact resistance (+23%) over the round and tri-lobal composites.



In contrast, the Japanese firm Nitto Boseki (commonly referred to as Nittobo) has an extensive patent portfolio related to NCCS glass fibres and also markets a range of NCCS glass fibre products [2], which was launched in 2006 [60]. One Nittobo patent filed in 1985 on the production of NCCS glass fibres discusses the need to lower the temperature to increase the glass melt’s viscosity [61]. Since this also slightly lowers the surface tension, the theoretical spinnability is increased by both the change in viscosity and surface tension. The higher melt viscosity slows the rate of the solidifying melt cross section in its return to circularity. Consequently, it is stated that it is desirable that the temperature in the furnace is maintained at a comparatively low level. Another aspect of this patent is that it describes the design of bushing tips with multiple outlets which can initially form individual filaments which then coalesce to form an NCCS fibre. It also describes the importance of directed air-cooling jets to rapidly stabilise the fibre CS shape. The examples show an NCCS cocoon-shaped glass fibre. Later patents and literature using Nittobo fibres often refer to this cocoon CS, and their literature calls it an HIS-grade fibre [62,63]. It is stated in the patent (without supporting data) that these fibres produce higher bonding strength as compared with CCS glass fibres. It is suggested that this may be attributable to NCCS fibres having increased specific surface areas.



Another Nittobo patent filed in 1993 discusses a large range of potential bushing tip designs for manufacturing NCCS glass fibres [64]. There are many examples in the patent of different NCCS glass fibre shapes produced with E-glass on a 400-hole bushing at speed up to 3000 m/min (i.e., at conditions allowing mass production of such fibres). The key element of the new tip design is the addition of an extension downward of the tip on two small opposing sections of the tip circumference. This allows preferential cooling at the long axis sides of the fibre CS and helps stabilise the NCCS fibre shape. The inner part of the tip may be a simple single hole or may contain multiple orifices, potentially non-circular, similar to the design from the previously discussed patent [61]. A further 1997 patent from Nittobo claims another nozzle tip design which allows high-speed, stable (i.e., low B/BOH) spinning of highly flat glass fibres having a flatness ratio in the range of 2 to 10 [65]. Examples are given of NCCS glass fibres with flatness up to four produced on bushing with up to 256 fibres at a speed of up to 2000 m/min. Table S3 also contains a list of some of the patents in which Nittobo have described composite applications of flat fibres. Interestingly, these contain examples of composites with discontinuous flat fibre reinforcement but also examples with continuous fibre input, even though Nittobo does not currently appear to market continuous flat glass fibre products.



Chongqing Polycomp International Corporation (CPIC) and Nippon Electric Glass (NEG) also market a range of chopped NCCS glass fibre products. Both companies have also disclosed methods of manufacturing NCCS flat glass fibre in the patent literature (see Supplementary Material). CPIC flat fibre products have been available since around 2018 [4], and NEG launched their flat glass fibre product range in 2017 [3]. The patents of both companies also describe the requirements for flat fibre production along the lines already reviewed. These requirements mainly revolve around melt viscosity control, bushing tip design and increased fibre cooling to maintain a flat fibre CS shape.



The fact that none of these producers market continuous NCCS glass fibre products is not something that is discussed in the open literature. However, it is possible to hypothesise a number of possible explanations. There may, as yet, be little pull-through from the composite market for applications requiring such products, although there are certainly a number of patents on the use of continuous NCCS glass fibres in composite production (see Table S3). Another possible reason for the first available products being based on chopped glass fibres may have to do with the efficiency of the production process, especially with regard to waste. The use of continuous glass fibre reinforcement products in the composite industry makes extensive use of 20–25 kg bobbins of direct wound glass fibres. The production of such bobbins requires an uninterrupted run of fibres from any individual forming position of about 15–20 min. Hence, if a product experiences more frequent bushing breaks due to more challenging fibre-forming conditions, then not only is a higher level of waste produced during bushing downtime but also a high level of off-spec product (i.e., bobbins of <<20 kg weight). This is not the case for chopped glass fibre production, irrespective of whether the fibres are chopped in-line or off-line [47], since almost any weight of the bobbin can be used as input to a chopping process.




4. Performance of Composites Containing Commercial NCCS Flat Glass Fibres


It is notable that there are very few peer-reviewed research papers to be found on industrially produced NCCS glass fibres, and those that are available are focussed on injection-moulded composites, reflecting the previously mentioned fact that these are the only NCCS products which appear to have been commercialised so far. Consequently, much of the data reviewed in this section are taken from the fibre manufacturers’ literature (mainly patents), which has not undergone peer review. Furthermore, it is also noted that in many of the referenced studies which compare the performance of composites containing flat and circular cross-section glass fibres, there is no discussion of whether the same sizing was applied to both types of fibre. It is certainly the case that if different sizings were used (for instance, when NCCS and CCS fibres came from different manufacturers), then differences in fibre–matrix adhesion and composite performance could be expected [47,48].



Deng and Mai reported on an early study of two types of NCCS glass fibres [66,67]. They compared CCS circular fibres (KS161-454) with cocoon (peanut)-shaped (KSH081-870) and flat (oval) fibres (HISS4-454) obtained from Nittobo Glass Fibre Research Laboratory (presumably before the NCCS fibres were available commercially). All three fibre types were continuous; the cocoon-shaped fibres had a flatness ratio of about two and a CS area of 171 µm2, the flat fibre had a flatness of about four and a CS area of 125 µm2, and the CCS fibres had a CS area of about 131 µm2. These fibres were used to produce 68% fibre volume fraction UD epoxy laminates. Both the laminates containing both NCCS fibres were prone to preferred CS orientation during production, which resulted in large regions of fibre–fibre contact. These fibre contact areas acted as weak sites for delamination. Consequently, the Mode I, Mode II and ILSS tests all indicated a reduced delamination resistance for the NCCS composite systems compared with the CCS fibre composites.



A 1987 patent from Nittobo contains results on the mechanical properties of injection-moulded NCCS and CCS glass fibre reinforced thermoplastics [68]. The NCCS cocoon-shaped fibres had the equivalent CS area as the comparative 13 µm diameter CCS fibres. Data on acrylonitrile–styrene (SAN), acrylonitrile–butadiene–styrene (ABS), and polybutylene terephthalate (PBT) reinforced polymers were presented. The results for the tensile strength over a 20–60 wt% fibre range are summarised in Figure 12. Although the NCCS composites also show some evidence of a tapering off of tensile strength increase at higher fibre content, it clearly is less strong than with CCS composites. This results in a significantly greater tensile strength being achievable at high fibre contents. Generally, there was no significant difference in the tensile modulus of these two types of composite reported. However, the improved reinforcement effect at high fibre contents was also quite pronounced in the unnotched impact data presented in this patent.



A 2006 patent from EMS Chemie AG discussed injection-moulded reinforced polyamide 12 (PA12) with flat glass fibres [69]. Data were presented in the examples for injection-moulded PA12 composites. Examples were presented of composites containing 50 wt% and 65 wt% fibres. The chopped fibres compared were a CCS reference sample, Bayer CS 7928, 10 µm diameter, and NCCS fibres Nittobo CSG3PA-820 with a flatness of four (7 × 28 µm). Data were presented showing that the NCCS fibre (50 wt%, 65 wt%) containing composites have higher tensile strength (+9%, +16%), unnotched Charpy impact (+9%, +60%) and notched Charpy impact (+32%, +29%). The effect of fibre flatness on the properties of injection-moulded NCCS glass fibre reinforced polyamide 6T/6I was reported in a 2008 patent from EMS Chemie [70]. Data taken from that patent are plotted in Figure 13, which shows the mechanical performance of 60 wt% NCCS glass fibre polyamide relative to CCS reference samples. The two NCCS products from Nittobo had a flatness of two and four with a CS area of approximately 155 µm2. The 10 µm diameter CCS reference fibres were from Bayer with a CS area of approximately 78 µm2. It is known that the performance of CCS glass fibre reinforced polyamide increases with decreasing CS area [71,72]. Despite the much greater CS area of the flat fibres used in this example, it can be seen that the performance improves significantly with increasing fibre flatness.



Tanaka et al. compared circular and flat glass fibre performance of injection-moulded long fibre polypropylene (LFPP) composites [73]. The NCCS flat fibres, obtained from Nittobo, had a flatness value of four and a CS area equivalent to that of the CCS fibres with an average diameter of 17 μm. LFPP pellets were produced with a fibre content weight range of 20–50%. After injection moulding, it was noted that the flat fibre compounds delivered longer average residual fibre lengths in the moulded composites. Unnotched Charpy impact values obtained for flat fibre composites were consistently greater, especially at higher fibre contents where circular fibres exhibited sharply decreasing performance with increasing fibre content.



Heo et al. studied the performance of injection-moulded short fibre polyphenylene sulphide composites containing from 30 wt% to 70 wt% CCS circular or NCCS cocoon-shaped and flat glass fibres [74]. The glass fibres were provided by Nittobo. Flat fibres (CSG 3PA-830) had a flatness value of four, cocoon-shaped fibres (CSH 3PA-860S) had a flatness of about two, and both had a cross-section area equivalent to that of the 15 μm diameter circular fibres (CS 3J-953S). They found that the tensile strength of the cocoon fibre composites was marginally higher than the CCS fibre composites. However, the flat fibre composites had tensile strengths that were significantly greater across all fibre fractions investigated. The average residual fibre lengths in the moulded composites were consistently higher for both flatness NCCS fibre composites over the fibre content range of the study. Notched Izod impact performance was also consistently higher for both NCCS fibre composites, especially at higher fibre contents, where CCS fibre composites exhibited a decrease in impact performance with increasing fibre content. In another paper from the same institute, Kim et al. reported on the properties of injection-moulded glass fibre polyethylene terephthalate composites containing the same NCCS flat glass fibres [75,76]. They also reported higher composite tensile strength for the flat fibre composites over a range of fibre content. However, there were no significant differences in the impact performance measured for the flat and circular fibre reinforced composites.



A 2018 patent from BASF SE discussed injection-moulded reinforced high-temperature polyamide PA66/6T (and some blends) with flat glass fibres [77]. Examples were presented of composites containing fibre contents in the range of 17–70%. The chopped fibres compared were a CCS reference sample, NEG ECS 03T-289H, 10 µm diameter, and NCCS fibres (7 × 28 µm). The data presented showed that the notched impact and tensile strength of the polyamide composites were increased by the use of the NCCS flat glass fibres instead of CCS normal fibres. This increase in performance of the flat fibre composites was particularly notable after the composites were exposed to moisture conditioning (14 days at 70 °C and 62% RH). Interestingly, this could be correlated with the observation that the flat fibre composites were found to absorb significantly less moisture during conditioning compared to the CCS fibre composites. In another patent from BASF SE, the fatigue performance of injection-moulded glass reinforced polyamide PA66 is discussed [78]. The effects of two types of NCCS glass fibres (CPIC ESC301-HF with a flatness of four and Taishan T4355 with a flatness of three, 9 × 27 µm) were compared with the same CCS fibre reference (NEG ECS 03T-289H). Examples were given of composites containing 50 wt% and 60 wt% fibres. Prior to testing, the composite samples were conditioned at 70 °C and an RH of 62%. It was stated that these conditions are equivalent to achieving an equilibrium moisture content at 23 °C and 50% RH. The tensile strength differences between the various examples comparing flat and circular fibre were small and unlikely to be statistically different. However, the data presented on the fatigue resistance of the various examples showed very large improvements were possible when using flat fibre in place on traditional CCS fibres.



Bürenhaus and Moritzer recently reported on the reduction in fibre length during the compounding and moulding of glass reinforced thermoplastics [79]. The study included a comparison of CCS glass fibre (13 µm diameter) and an equivalent CS area NCCS flat fibre (6 × 22 µm) in polyamide 6. They reported a small (+3.5%) increase in composite tensile strength for the flat fibres, which also correlated with a small increase in average residual fibre length in the moulding. All three suppliers of NCCS fibre products discuss the advantages of flat glass fibres in lowering the level of warpage in injection-moulded composite plates [3,62,80,81]. This difference in warpage is illustrated in Figure 14, showing the difference in warpage of injection-moulded plaques of 30% glass fibre reinforced PA 6,6 [82]. An example of the effect of NCCS flat glass fibre on the warpage of injection-moulded glass reinforced polycarbonate is discussed in a 2021 Nittobo patent [83]. The properties of composites produced with two NCCS glass fibre types with flatness values of four and six were compared across a range of fibre contents. Some differences in the warp of thin (0.4 mm) injection plates were observed between composites with the two different flatness ratio fibres. However, the reference CCS fibre plate had a warp of more than a factor 10 greater than the NCCS fibre composites.



Carlin et al. recently discussed some initial results from an extensive study of a comparison of the performance of flat and circular CS glass fibres and their injection-moulded PA 6,6 composites [84]. Rovings of polyamide-compatible circular and flat E-glass fibres (2400 and 300 tex, respectively) were provided by NEG. Circular glass fibres supplied had a nominal 13-micron diameter, and flat glass fibres were of an equivalent cross-sectional area (7 × 28 µm) with a flatness of four (see examples in Figure 15) [85]. NEG also supplied injection-moulded glass fibre reinforced PA 6,6 with fibre different weight fractions in the range of 30–55 wt%.



All glass fibres in the study were sized with the same polyamide-compatible sizing. In reporting the results of single fibre strength testing, it was noted that the measurement of accurate fibre CS is required and that this is more challenging with NCCS fibres. The results for the tensile strength of the PA 6,6 composites (dry and after 24 h boil conditioning) are reproduced in Figure 16. It can be seen that, compared to standard circular CS fibres, the flat fibres give composites with higher tensile strength at higher glass contents and also lower strengths at low fibre contents. These differences appear to be magnified after moisture conditioning. It was reported that flat fibre compounds also had a greater residual fibre length across the range of weight fractions. It was suggested that this could be due to the reduction in the second moment of area of the flat fibre, which would tend to increase fibre flexibility and reduce instances of fibre breakage during processing.



The available data where the influence of commercial NCCS glass fibres on the tensile performance of various injection-moulded thermoplastic composites is directly compared with an equivalent CCS fibre is summarised in Figure 17 [59,68,69,70,84]. This Figure shows the direct ratio in composite tensile strength obtained when comparing NCCS fibres (flatness range 2–4) to CCS fibres in the same matrix. It can be seen that there exists a clear trend for an increase in this ratio as the glass fibre content is increased. Interestingly, it appears that there is also a consistent trend for the CCS fibres to give slightly better performance at lower fibre contents, below about 30 wt%. Thomason has recently published the results of an analytical modelling study of this phenomenon, its influence on the critical fibre length in a discontinuous composite system, and the resulting effects on tensile strength in different thermoplastic matrix composites [85,86]. It was observed that, for fibres with the same CS area, CCS fibres have the minimum surface area. This means that the interfacial area in a composite is also a minimum. Consequently, at equal applied stress to the composite, the interfacial stress is higher for CCS fibres compared to NCCS fibres. This effect becomes greater as the flatness of the NCCS fibre is increased. Analytical modelling showed that this effect could result in an increasing NCCS:CCS composite tensile strength ratio as the fibre content of the composites is increased. The magnitude of this ratio predicted by the modelling was of the same order of magnitude as that observed in Figure 17. Thomason also extended the use of the model to include the effect of surface roughness and non-circularity observed in nearly all natural fibres, and many carbon fibres [85].




5. Conclusions


Despite mass-produced NCCS glass fibres only recently becoming available, the investigations of glass fibre CS shape date back to the early 1960s. Much of the early work was carried out on fibres produced individually using production technology similar to that used for optical fibre drawing. Most of this early work focussed on the preparation and characterisation of continuous fibre reinforced composites. This work clearly indicated that NCCS glass fibres offer a number of potential advantages over CCS glass fibres. A summary of the findings of this review on the potential advantages that NCCS glass fibres may bring to composite performance is given in Table 1. These include higher maximum fibre packing densities, improved composite transverse and compression performance, higher creep resistance, increased resistance to fluid permeation, and improved vibration damping. Many of these experimental conclusions were supported by the results of modelling investigations. However, many of these early investigations also highlighted the technical challenges in producing NCCS glass fibres, particularly using the E-glass formulation, which is currently used in more than 90% of glass fibre reinforcement mass production.



Consequently, the availability of mass-produced NCCS glass fibres required the glass fibre industry to tackle a number of issues in order to be able to manufacture such fibres in a cost-effective manner. The patent literature reveals that this has been achieved, to a certain extent, by a number of developments in glass fibre production technology. These include limiting the CS shape to relatively simple forms, which appear to be mainly variations in ribbon-type fibres. The fibre process developments to enable NCCS glass fibre production have involved glass melt viscosity control, bushing tip design and increased fibre cooling to maintain the NCCS shape. However, it seems likely that the mass production of NCCS fibres has not yet reached the levels of process efficiency of CCS glass fibres. Consequently, the cost of production of NCCS glass fibres may still significantly exceed that of CCS fibres.



Studies published in the patent and journal literature indicate that when mass-produced NCCS flat glass fibres are used to reinforce injection-moulded thermoplastic composites, significant reductions in the warpage of the composites can be achieved in comparison to normal CCS glass fibres. A limited amount of patent data indicates that fatigue resistance can be improved using NCCS flat glass fibre in place of traditional CCS fibres. However, there is clear evidence in many of the reviewed studies indicating that, as composite fibre content is increased, the NCCS flat fibre composites have increasingly better mechanical performance, particularly strength and impact, compared to CCS fibre composites. There also appears to be a generally accepted explanation that this increase in composite mechanical performance is related to the increased interfacial area in NCCS glass fibre composites. At any particular composite applied load, this increased interfacial area lowers interfacial stress, and hence, higher external loading is required to achieve interface and composite failure.




6. Future Perspectives


It is clear that NCCS glass fibres have the potential to generate composites with increased performance in some areas and may also permit tailoring of composite performance to enable new applications to be developed. However, it has also been observed in this review that many of these composite performance improvements have been documented over 50 years ago, and it has been concluded that an important factor in the slow development of these ideas has been the technical and economic challenges faced by glass fibre producers to make NCCS glass fibres available on a commercial scale. To date, the only main application which has been opened up appears to be in thin-walled injection moulding, where the significantly lower composite warpage performance given by chopped flat fibres is utilised.



On considering the content of this review, largely summarised in Table 1, it is relatively easy to envisage a number of large composite applications which might benefit from the use of NCCS glass fibres. However, many of these possibilities would require the availability of continuous fibre products, probably in combination with some modification of composite production methods to enable control of the rotational orientation of the NCCS fibres along their length. It would, therefore, appear that the future development of NCCS glass fibre technology is firmly in the hands of the glass fibre manufacturing companies and depends on their interest, willingness, and technical ability to support breakthrough research and development in this area of composite science.
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Figure 1. Predicted transverse modulus ratio of UD epoxy composites with ribbon and circle-shaped glass fibres [8]. 
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Figure 2. Predicted transverse modulus ratio of UD epoxy composites with triangle and circle-shaped glass fibres [21]. 
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Figure 3. (Left) SEM micrographs of 50 µm triangular glass fibres, (right) optical micrograph cross section through unidirectional 60 µm triangular glass fibre composite (Vf~50%) [22]. 
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Figure 4. (a) Six-lobed shaped glass fibres with an outermost diameter of 50 µm and (b) a transverse section through an epoxy composite plate of the same fibres [29]. 






Figure 4. (a) Six-lobed shaped glass fibres with an outermost diameter of 50 µm and (b) a transverse section through an epoxy composite plate of the same fibres [29].



[image: Fibers 12 00098 g004]







[image: Fibers 12 00098 g005] 





Figure 5. SEM micrographs of (a) circular carbon fibre and (b) kidney-bean shaped carbon fibre [38]. 
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Figure 6. Typical cross-section shape of mass-produced commercial NCCS glass fibres. 
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Figure 7. Typical furnace for glass melting in glass fibre production [46]. 
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Figure 8. Schematic and picture of a glass fibre-forming position [48]. 
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Figure 9. Daily fibre break rate averaged over ~40 bushings expressed in the number of breaks per bushing operating hours [50]. 
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Figure 10. Temperature dependence of the relative viscosity and surface tension of an E-glass melt [49,50]. 
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Figure 11. Effect of cooling air velocity (Vcool) on tri-lobal glass fibre shape (reproduced from [28]). 
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Figure 12. Tensile strength versus fibre weight fraction for various injection-moulded flat and circular fibre composites [68] (solid lines represent flat fibres, dashed lines represent circular fibres). 
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Figure 13. Comparison of tensile strength of injection-moulded fibre reinforced PA6,6 composites, with varying degrees of flatness [69]. 
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Figure 14. Images showing warpage in two edge-gated square test plaques (170 mm by 170 mm by 2.2 mm), moulded in PA66 30% reinforced with round and flat fibres, respectively [82]. 
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Figure 15. SEM of circular and flat cross-section glass fibres [85]. 






Figure 15. SEM of circular and flat cross-section glass fibres [85].



[image: Fibers 12 00098 g015]







[image: Fibers 12 00098 g016] 





Figure 16. Comparison of tensile strength of injection-moulded flat and circular fibre PA6,6 composites [84]. 
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Figure 17. Ratio of tensile strength of NCCS:CCS glass fibre reinforced thermoplastics [59,68,69,70,84]. 
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Table 1. Summary of the differences in composite properties containing NCCS vs. CCS glass fibres.
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	Using ribbon glass fibres in UD composites



	Increased in-plane transverse stiffness [8,9]



	Improved creep resistance [12]



	Fluid permeability reduction [10,14]



	Increased modulus and strength [14,18,20]



	Very high glass volume fractions are possible [14,18]



	Using experimental fibre cross-section shapes in UD Composites



	Elliptical fibres gave higher transverse stiffness [15]



	Triangular fibres gave higher transverse stiffness [21]



	Triangular fibres gave higher compressive and tensile strength [22]



	Triangular fibres gave higher flexural strength and modulus [24]



	Lobular fibres improved vibration damping [31,32,33]



	Lobular fibres gave higher transverse modulus and strength [34]



	Using commercial flat glass fibres in injection-moulded thermoplastic composites



	Higher mechanical properties, especially at higher fibre content [68,69,70,71,72,74,75,76,77,84]



	LFT-PP Improved impact [73]



	Improved fatigue performance obtained in GF-PA [78]



	Significant warpage reduction [2,27,28,80,81,82,87]



	Lower interface stress leading to higher composite strength [85,86]
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