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Abstract 

In tonnage terms commercial production of engineering composites is dominated by 

glass reinforced systems, this is particularly the case in the automotive industry.  

Natural fibres have long been regarded as a viable lightweight replacement for glass, 

however the various shortcomings of natural/cellulosic fibres have so far, inhibited 

exploitation, where resistance to fast fracture during impact is a major failing.  

Composite Mesostructure describe mid-scale structures in composites, such as fibre 

alignment patterns, bundling effects, and fibre end synchronisation. The Mesostructure 

can dramatically affect final properties in some random short fibre systems where flow 

is involved, such as sheet moulding compounds (SMC), and can be the determining 

factor in, e.g. the success of one fibre system over another. This study seeks to 

manipulate the fibre macrostructure in moulding compounds reinforced with cellulose-

derived fibres, where it is shown that by arranging mechanically inferior fibres in 

bundles, composite toughness can be drastically improved, and the reasons behind the 

toughening mechanism at work, is discussed. It is concluded that by controlling fibre 

morphology and mesostructure, some of the main barriers to wide exploration of natural 

fibres in engineering composites can be removed.  
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1. Introduction 

Glass fibres are the favoured reinforcement option on a cost/mechanical performance 

basis, and dominates worldwide engineering composite manufacture, where in tonnage 

terms, the GRP market is around 10 times the size of the nearest alternative [1]. The 

high density of glass has lead to considerable use of carbon fibre as a lightweight 

replacement, however at around 14 times the cost [2], cheaper alternatives such as 

natural fibres have long been considered as a potentially lightweight replacement fibre. 

The mechanical properties being reported for natural fibres indeed indicate a viable 

performance to match glass (e.g. tensile strength of flax 345–1035 MPa Young’s 

Modulus 27.6 GPa Elongation to Break  2.7–3.2% Density 1.5g/cm3) [3]. The problem 

is that natural fibres have a long list of well documented drawbacks, such as their 

inherent variability, crop–to-crop and type-specific differences, together with variability 

caused by individual processing/harvesting procedures. There are also supply chain 

issues and susceptibility to degradation of properties through moisture absorption, and 

poor adhesion between hydrophilic fibres and a hydrophobic matrix. The poor 

mechanical properties often reported for natural fibre composites are very often 

attributed to the shortcomings listed above [1]   

It should also be pointed out that there are also, more fundamental drawbacks at work 

when one considers the structural arrangements of natural fibres, which are complex 

and hierarchical with degrees of order down to the nanoscale. Much of the past 



assessments of natural fibre engineering composites have employed the so-called 

”technical fibres” as the reinforcing phase. The technical fibre is simply a smaller part 

of a bast fibre bundle [4,5] with dimensions of 50 -100um. The next level down is the 

“Elementary fibre” (sometimes referred to as ultimate or single fibre) which is one cell 

within the technical fibre. The technical fibre can be said to be a composite itself 

containing approximately 15-50 elementary fibres which are overlapped over a 

considerable length and glued together by the middle lamella, this consists mainly of 

pectin and hemicelluloses[5]. The arrangement between elemental and technical fibres 

is shown in figure 1.  

 

 

An elementary fibre has a diameter of approximately 20μm and a length up to 50 mm. 

[5], and are therefore the same order of magnitude as single glass or carbon fibres. 

Elementary fibres are therefore routinely used as the test fibre in single fibre testing, 

where such tests give rise to the impressive mechanical properties often reported (see 

table 1).  

The problem comes in realising these properties in composite structures. The reason for 

this is that the elementary fibres are locked within the hemicelluloses, lignin and pectin 

matrix, and are difficult to extract without damage to the fibres. As importantly, the 

Figure1. Arrangement between the Technical fibres (left) and Elemental (right)  



elemental fibres themselves are not aligned to one another, and therefore the fibres 

cannot readily be cut to a set length, rendering any like-for-like comparisons with other 

synthetic fibre reinforcements misleading. The schematic in figure 2 illustrates the 

difficulties faced. Very many studies of NF as an alternative to glass in discontinuous 

fibre composites, have used technical fibres, which are then cut to some standard length 

and compared with glass of a similar length. Clearly, as seen in figure 2, the cut lengths 

of the elementary natural fibres, would presumably follow a more Gaussian distribution 

of length sizes, and would also remain bound within a hemicelluose matrix. On this 

basis, the aspect ratio and hence reinforcing potential, of natural fibres would be 

substantially reduced. Even if the elemental fibres were freed from the hemicelluloses 

(e.g. by enzymic action or alkali treatment) the reinforcing properties of the fibres with 

a randomised length range, is hardly comparable to say, precisely cut glass. Evidently, 

little in the way of concrete conclusions about mechanical performance can be drawn 

from direct comparisons with industrial fibres, where it is not surprising that natural 

fibres fall short in terms of mechanical properties. 

 

The main difficulty with working with natural fibres is not primarily as a result of their 

intrinsic properties or morphology of the elementary fibre, it is in controlling the 

Elementary Fibre length (say) 

25mm 

 

25mm cut length 

 



reinforcement at the mesostructural level.  This study seeks to avoid this problem by 

employing regenerated cellulose fibres as the reinforcement, and in this way gain some 

insight into the potentials offered by cellulosic fibres. The structure of regenerated 

cellulose (Cellulose II) has a semi-crystalline structure and, therefore, is composed of 

crystallites together with more disordered amorphous regions [6]. This arrangement 

differs substantially from the Cellulose I or native cellulose as found in natural fibres, It 

should be noted also, that the mechanical properties of regenerated Cellulose II (viscose 

or Rayon) are rather inferior to those reported for Cellulose I as found in common 

natural fibres. Table 1 details published property values derived from tests on elemental 

fibres, Table 2 presents our results from elemental fibre tensile tests on a representative 

group of both natural and synthetic fibres as used in this study. Both sets of results 

indicate that regenerated cellulose II is certainly less stiff than many natural fibres, and 

moderately strong in comparison with some types. 

 

 

 

Fiber Tensile strength (MPa) Young's modulus (GPa) Elongation at break (%) Density [g/cm3]

Abaca 400 12 3-10 1.5

Bagasse 290 17 - 1.25

Bamboo 140-230 11-17 - 0.6-1.1

Flax 345-1035 27.6 2.7-3.2 1.5

Hemp 690 70 1.6 1.48

Jute 393-773 26.5 1.5-1.8 1.3

Kenaf 930 53 1.6 -

Sisal 511-635 9.4-22 2.0-2.5 1.5

Ramie 560 24.5 2.5 1.5

Oil palm 248 3.2 25 0.7-1.55

Pineapple 400-627 1.44 14.5 0.8-1.6

Coir 175 4-6 30 1.2

Curaua 500-1150 11.8 3.7-4.3 1.4

Viscose (cord) 593 11 11.4 1.5

E-glass (Alumino-borosilicate) 2000-5000 70 2.5 2.5

 

 

Table 1 

Mechanical properties of natural fibres compared to glass and rayon (Except where shown, 

adapted from Bledzki & Glassan1999 [7] & Mohanty et al (2000) [8].) 

Table 2 

Tensile results from single fibre tests on a range of elemental fibres.  



Fibre Tensile strength (MPa) Young's modulus (GPa)

Flax 953 51.6

Hemp 690 49.7

Rayon (Standard Viscose fibre) 474 4.24

High Tenacity Rayon Grade 776 6.35

SMC Grade E-glass 2190 74  

Regenerated cellulose or rayon fibres can be produced as a high tenacity technical fibre 

via a variation of the viscose process where the base feedstock material is wood pulp. 

Such yarns are essentially of higher strength and stiffness than conventional rayon fibre, 

and have been developed for use in engineering applications such as tyre reinforcement 

[9, 10].  

Despite the lower stiffness and moderate strength, high tenacity rayon is useful, as an 

analogue for elementary natural fibres, where its use will allow manipulation of the 

mesostructure that manifests in the composite. Such fibres can be cut to length, bundled 

and coated, thus enabling direct comparison to glass fibre composites.   

  

The most severe, and widely reported mechanical failing of natural fibre reinforcement 

when compared to glass, is low impact strength. The work of fracture demonstrated by 

NF composites are usually just a fraction of the value observed for corresponding glass 

reinforced composite (Newman [11]).  Low impact properties of many natural fibre 

composites severely reduces their potential for substitution of non -sustainable materials 

such as glass [12]. The literature indicates that this situation is prevalent for very many 

natural fibre composite systems, both in thermoplastics and thermosets, irrespective of 

the matrix material used or the type of natural fibre studied.  

 



Natural fibre replacement of glass has been attempted many times in the past [13, 

14,15,16,17,18,19,20, 21]. However, the most relevant and instructive studies have 

compared the NF composite mechanical properties directly with the properties of 

corresponding glass reinforced versions using the same manufacturing route.  Sebe et al 

[22] examined RTM moulded Hemp/polyester composites, reported impact strengths of  

7+ times lower than glass equivalents, while Rouison et al [23]  also conducting 

hemp/polyester RTM, found a factor 12+ reduction in impact strength when comparing 

with like-for-like glass reinforced samples. Others have reported impact strength 

deficiencies of the same order [24, 25, and 26].  

Sheet Moulding Compound (SMC) and Bulk Moulding Compound (BMC) is by far the 

largest type of thermoset used in the automotive industry today, where there is vast 

potential for a low cost, lightweight, and sustainable alternative to glass. Voorn et al 

[27] sought to develop flax fibre reinforced SMC, in order to produce lightweight 

versions that could match the performance of glass. Whilst stiffness and strength could 

be matched, impact strength was far lower, at 3-7 KJ/m2 compared to 40-70KJ/M2 for 

glass in comparative tests.  Huda et al [28] in a review of Natural fibre composites in 

the automotive sector, repeatedly details the shortcomings in impact performance 

demonstrated by natural fibre SMC composites, whereas in a study by Brouwer [29], a 

factor 5 decrease was observed in flax-reinforced SMC as compared to equivalent glass 

versions.   

 

In summary, natural fibres in theory present viable alternative to E glass fibres, along 

with lightweight advantages. However, fundamental difficulties have so far hindered 

widespread application, the most serious of these, being a) the physical form taken by 



natural fibers which does not allow direct comparison with uniform length industrial 

fibres such as glass, and b) poor impact performance. This study seeks to obviate the 

problems associated with physical form, by using reconstituted cellulose fibre grades as 

an analogue for natural fibres. This will thereby allow direct comparison with E glass 

reinforced standard mouldings. Since rayon is a continuous fibre it can be cut to length, 

coated and bundled, just as E-glass is.  

 

The ability to control the way in which fibres behave during moulding is believed to be 

critical. The vast majority of composite manufacturing processes involve some degree 

of flow, and in the case of SMC moulding compounds, flow is a critical part of the 

process where flow distances and can extend for a metre or more. The way in which 

fibres behave during flow, their degree of alignment with the flow pattern and direction, 

and the degree of local alignment in the composite, (or mesostructure) is thought to 

ultimately dictate the physical properties of the composite. Composite mesostructure 

describe mid-scale structures in composites, such as fibre alignment patterns, bundling 

effects, and fibre end synchronisation. The term is used by Piggott 1995 to describe 

mid-scale structures in composites in the size range 0.03-30mm [30]. This study 

attempts to investigate the extent of this influence, determining how changes in 

mesostructure affect physical properties.  

 

2. Experimental details. 

Alterations in the composite mesostructure can be achieved by bundling fibres together, 

where several different coating types are investigated. Standard SMC and BMC 

composite production routes are used to produce a range of experimental versions, 



where four different types of natural fibres are examined, alongside several grades of 

reconstituted cellulose (or rayon) fibre, both in as received, and in bundled form. The 

resulting panels were then mechanically assessed and compared for their flexural 

properties and toughness, or dynamic (energy absorption) properties using the Charpy 

impact test.  Such tests are standard mechanical evaluation techniques used in industry 

for SMC/BMC materials. Results were compared to equivalent glass-reinforced 

standard grade SMC/BMC.  Samples of bundled rayon were then further assessed using 

micro-tensile tests in order to indicate the optimum bundle size required to maximize 

mechanical properties. 

2.1. Materials 

2.1.1 Fibres. The study examined the following four different natural fibre types: a) 

Long fibre flax in the form of hackled sliver (Albert Brille N.V. Belgium). This fibre 

was chosen because it offered the most refined and aligned form of the flax fibre. b) 

Aligned cut sisal (Ntiyiso Consulting, South Africa), c) Hemp aligned, low twist 

(Hemcore- now Hemp Technology Ltd, UK,  d) Abaca or Manila hemp cordage (Local 

cordage suppliers). Two types of Rayon (viscose) fibre were also investigated:  

Standard viscose rayon regenerated cellulose fibre (Goonvean Fibres Ltd Devon UK),  

Cordenka 700 high tenacity rayon (Cordenka GmbH, Obernburg, Germany), - a 

regenerated cellulose in the form of cellulose II, produced through a variation of the 

standard viscose process. offering 10% higher strength compared to standard. The fibre 

is manufactured for use as reinforcement of high performance tyres. The benchmark 

standard glass reinforced SMC and BMC grades were produced using a standard SMC 

glass grade: MultiStar™ 254 (John Manville) This is an assembled roving with silane 

based sizing formulated for use with unsaturated polyester resins. The elementary 



filament diameter was 15um (nominal). All Natural fibre and regenerated cellulose fibre 

samples were oven dried at 55oC for 48hrs+ prior to specimen fabrication. 

2.1.2 Rayon fibre bundles:  

Samples of bundled rayon were supplied by Cordenka Cordenka GmbH, (Obernburg, 

Germany), The yarn used for samples was 250tex with an elementary fibre count of 

1350, and zero twist. Bundling was achieved by the application of a sizing (or coating), 

to the cut yarns, where 2 coating types were examined:“S1” (PPL coating) and “S2” –a 

PVA coating (rhodopas®). Both samples types were supplied in batches of 25mm (see 

figure 3) and also 6mm lengths, to allow production of BMC (6mm) and SMC (25mm). 

 

Figure 3 – Optical image of 25mm bundled rayon samples  

2.1.3 SMC and BMC pastes 

SMC/BMC are composed of fibre-reinforced paste. The paste is itself, a formulation. 

Table 3 details types of raw materials that make up SMC/BMC paste formulations. All 

ingredients were provided by Menzolit UK and used as received, based on general 

purpose SMC/BMC formulations. The exact formulations used are the intellectual 

property of Menzolit UK and therefore it will not be discussed in detail, However, 



identical paste formulations was used throughout the study, where only the fibre 

reinforcement type were altered between batches.  

 SMC  DMC 

Polyester Resin 

1) Derived from maleic acid and 

standard glycols, dissolved in styrene 2) 

A saturated polyester dissolved in 

styrene.  

Derived from orthophthalic acid 

and standard glycols, dissolved in 

styrene 

Low-Profile Additive 

Liquid solution of polyvinyl acetate 

(PVCa), dissolved in styrene 

Liquid solution of polyvinyl 

acetate (PVCa), dissolved in 

styrene 

Inhibitor p-benzoquinone  p-benzoquinone 

Initiator 
t-BUTYL peroxyester type 

organic peroxide 

t-BUTYL peroxyester type 

organic peroxide 

Mould Release Calcium stearate Zinc stearate 

Filler 
Calcium carbonate, average 

particle size of ≤5 μm 

Calcium carbonate, average 

particle size of ≤5 μm 

Reinforcement 

Various (Benchmark standard: E-glass 

fibre rovings cut to 25mm lengths during 

manufacture) 

Various (Benchmark standard: 

Pre-chopped E-glass fibre rovings 

of length 6 mm) 

Thinkener 
Thickener Magnesium oxide, in liquid 

form 

No thickener required 

Wetting Agent BYK® W-996 Not required 

 

2.2 Specimen manufacture  

All samples used the same BMC or SMC pastes (see above) where the various fibres 

examined were compounded at the same volume fraction as the standard glass 

SMC/BMC used as the benchmark. (SMC 18.5% vol. fibre, BMC 12.3% vol.). 

 

2.2.1  Standard BMC compounding  

All BMC batches were mixed using a 1.5 L ‘Z’-blade mixer.  The control BMC batch 

was prepared using standard processing methods:  

1) All the wet ingredients, (resins and catalyst etc), are mixed together for 5 

minutes. 

Table 3 Types of raw materials used for SMC and DMC composite manufacture in 

this investigation 



2) Then all the remaining dry ingredients except the fibres are added and the paste 

is mixed for a further 20 minutes. 

3) Finally the pre-chopped fibre samples (cut to 6mm) are added and the materials 

mixed for a final 3.5 minutes (unless otherwise stated).  

After compounding the dough was discharged from the mixer and kept refrigerated in a 

sealed container for 24 hours before moulding. 

 

2.2.2 Standard SMC compounding  

Figure 4 shows the typical layout of an SMC production line, a well established 

production method for glass-reinforced thermoset composites. The pre-mixed paste 

containing all the resin and filler components is fed into the doctor boxes before the 

production run begins. A constant layer of the paste then covers the carrier films as they 

are drawn through the doctor box system, and a layer of the particular fibres under test, 

is then sprinkled randomly onto the bottom carrier film, before it and the top paste-

covered carrier film are sandwiched together to form the final SMC mouldable sheets.  

The sheets are then stored at 35oC for 48hrs to allow the thickening process to proceed.  

SMC sheets, and also BMC dough mixes, are then compression moulded.  

 

Figure 4. Schematic diagram of an SMC manufacturing line. 

 



2.2.3. Moulding  

 For each SMC and BMC formulation three flat panels of dimensions 25x25x4 cm were 

moulded, for each of the different formulations, two batches were manufactured 

separately, to minimise the effect of batch to batch variations. Compression moulding 

was performed with a hot press, where all formulations were cured at 145 oC and a 

pressure of 4.1MPa for 3 minutes, replicating the curing conditions of the standard 

SMC/BMC composite.  

 

2.2.4 Fibre bundle tensile samples - manufacture 

Fibre tensile experiments were conducted using glass, rayon and flax fibre bundles. The 

matrix used was a typical BMC/SMC paste (see table 3). Sample fibre bundles were 

constituted where the number of elementary fibres per bundle was varied from 1- 70+ 

fibres. Each bundle sample was prepared by aligning the requisite number of individual 

elementary fibres in a jig. Uncured paste was then applied to the upper and lower 

surfaces of the bundle. Samples were then pressed and cured at 145oC as per usual 

SMC/BMC manufacturing procedure.  

 

 

 

 

 

 

Figure 5. Schematic diagram of micro-tensile test specimen arrangement. 
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This sample preparation procedure allowed the testing of the fibre matrix bond as found 

in typical BMC/SMC composites, and assured excellent wetout of the fibre, giving an 

optimised fibre/matrix bond. The cured paste formed a hard, well-compacted pellet 

around the fibre bundle, and could be used as the end tabs for clamping in the micro-

tensile machine. Figure 5 shows a representation of the pressed sample. One end (the 

test end) of each sample was then cut using a diamond saw to give a prescribed 

embedded length (0.5 - 3mm). The study allowed the effect of bundle size on 

mechanical behaviour to be assessed. Bundle size was plotted against work of fracture 

for each sample calculated from area under the load-displacement curve [31]. 

 

3. Testing 

3.1. Flexural testing  

Three-point flexural testing was conducted in accordance with ISO178 using a Lloyd 

Instrument EZ20 and a 500 N load cell, with test performed at an extension rate of 1.9 

mm/sec.  A total of 16 samples were tested for each reformulation, with eight samples 

cut from two of the four cured panels. The sample size used was 80x10x4 mm.  

 

 

3.2. Impact testing  

Charpy impact tests were carried out using a Ceast Resil Impactor Junior with a non-

instrumented 4 J impact head.  Samples were prepared and tested in accordance with 

ISO179-1 standard. a total of 20+ samples per batch were tested, where samples were 

taken from several test panels. The sample size used was 80x10x4 mm.  

 



3.3 Fibre bundle micro-tensile Tests 

Fibre micro-tensile tests are routinely conducted in order to assess the interfacial bond 

strength between fibre and matrix. This study had an additional objective - to ascertain 

the optimum (or minimum) bundle size required to induce matrix failure in cured 

samples of SMC/BMC paste, where only this aspect of the study will be reported here.  

The micro-tensile testing machine used was a Biax-200 Micromaterials ultra low load 

tensile test machine. The load during tests was recorded by a 10 N load cell (Transducer 

World) and the displacement of the sample recorded by a linear variable displacement 

transducer (LDVT), both of which were interfaced with a computer so that the results 

were recorded and could be analysed further. A microscope was positioned directly 

above the test grips and connected to digital video camera, the real-time image of the 

test setup from the camera was output on a PC monitor. This image allowed accurate 

mounting of every individual test specimen and live monitoring of the test’s progress.   

 

4. Analysis 

Optical microscopy Optical microscopy was used to examine impact fracture surfaces, 

and observe fibre bundles.  

Scanning electron microscopy (SEM). The SEM examinations of the fractured samples 

were performed using a Hitachi S-3200 N scanning electron microscope. All samples 

were given a 4nm gold coating to reduce surface charging.  

 

5. Results and discussion 

Figures 6 & 7 plots the flexural modulus and strength data for each of the BMC test 

panels. The results are compared to standard glass BMC. These are typically of low 



fibre volume fractions in the range of 12.5%. This means that specimen modulus would 

be predominantly a matrix property. This is borne out in the results where changing the 

fibre reinforcement does not dramatically affect stiffness. In contract, it is expected that 

the flexural strength performance should be directly related to fibre strength. This 

relationship is clear in the flexural strength results e.g. unreinforced BMC (matrix only) 

is a fifth of reinforced grades and glass fibres with over double the intrinsic strength; 

demonstrating a corresponding doubling in flexural strength compared to cellulosic 

fibres.  Figure 8 presents associated Charpy impact data for each sample where the 

weakness in impact of natural fibres is clear; the best NF samples absorb a fraction of 

the energy absorbed by the glass standard grades. The magnitude of the disparity points 

to a fundamental difference in failure mechanism between glass and NF reinforced 

samples. SEM and optical examination were used to compare fracture surfaces (see 

figures 9 & 10). In all glass samples, protruding fibres at the fracture surfaces were 

evident, indicating reduced fibre breakage where crack propagation took place 

predominantly within the matrix region. NF fracture surfaces appeared cleanly cleaved, 

indicating fibre breakage. Clearly stronger fibres such as glass are able to constrain 

crack propagation to the matrix, where the deflected cracks must then follow a more 

tortuous and energetically costly path around strong fibres.  It follows that one method 

of toughening NF or cellulosic composites would be to increase the strength of fibres. A 

simple way to do this is to increase the diameter of individual elementary fibres or by 

bundling fibres together. The Cordenka Rayon samples are high strength grades where 

improved impact resistance is evident in the results. A further more substantial 

improvement is demonstrated by Bundling.  The S1 and S2 bundled samples show 

twice the impact resistance of corresponding randomly distributed rayon fibre samples. 



Comparing fracture surfaces from bundled and un-bundled rayon samples (Figure 10), it 

is evident that the stronger bundles have deflected cracks in a similar fashion to glass.  

It should also be noted however, that the BMC process involves high shear mixing, 

where this action is known to cause the bundled fibres to break up and disperse 

somewhat. In Figure 11 the effect of this is plainly demonstrated, where bundled 

samples were subjected to progressive increasing mixing times. Increased shear through 

mixing leads to bundle break up and a corresponding drop in impact resistance. Mei and 

Piggott [30] reported a similar effect when studying SMC material exposed to different 

degrees of flow (during the moulding process). It was observed that as the degree of 

flow during moulding increased, so the toughness was reduced. It was suggested that 

this was due to the breakdown of fibre bundles. In contract to the BMC process, the 

sheet moulding compound (SMC) process involves no mixing stage where bundled 

fibres remain largely intact during manufacture. Consequently, improvements in impact 

energy absorption are more pronounced, where fibre bundling leads to a factor of 5 

improvement over non-bundled (or dispersed) versions. (see Figure 12). A similar 

toughening effect has been reported by several researchers in the past [32 33 34]. In 

addition, glass composite manufacturers select surface coatings (sizes) for glass rovings 

that control the degree of fibre dispersion. It is reported that the use of sizings that are 

insoluble in the matrix, result in tighter bundles that produce tougher composites.[35, 

36]. Fibre bundling seems to be a highly interesting method for toughening composites 

made from mechanically inferior natural/cellulosic fibres, however no work in the area 

has been reported until now. In a review of fibre bundling in short fibre composites by 

Mulligan in 2003 [37], it is evident that almost all of the past work focused on glass 

reinforced composites. The review concludes that although fibre bundling effects are 



known, the relationship between the degree of bundling and mechanical properties, was 

at that time, not well understood or investigated. The review goes on to present a 

method of making samples with a closely defined bundle architecture in order to study 

these effects, however work in the area has since largely ceased.  

 

In this particular study the authors had no control over the bundling procedure, and the 

number of fibres per bundle (or bundle dimension). This is thought to be an important 

factor; Figure 15 compares the dimensions of rayon bundles as used in this study with 

standard glass roving using in SMC. Clearly the rayon bundles are far larger, where 

each bundle is made up of 500+ hundred of elemental fibres. The situation causes in-

homogeneity in the resulting composite and correspondingly, more variation in 

properties, this is characterised by the large error bars in the results presented in Figure 

12. Similar effects have been reported by other researchers [37] where increase in 

inhomogeneity of composite material due to bundling leads to large variations in local 

volume fraction. It follows that composite properties could further improved by a more 

homogeneous structure, where fibre bundle size is optimised to be as small as possible 

whist still demonstrating sufficient strength to resist fracture and confine crack 

propagation to the matrix. Micro-tensile tests on bundled fibres, can provide additional 

information on the optimised bundle size for each fibre type. Figure 16 plots the 

variation in work of fracture with number of fibres in the bundle for glass. When the 

fibre bundles are larger than 10-12 fibres, behaviour changes; fibre fracture tends to 

cease and is replaced by fracture within the matrix.  

Figures 17 and 18 show similar plots for Flax and Rayon , where the number of fibres 

required to deflect cracks is higher. Fibre failure ceases at around 20-30 fibres in flax 



and 40+ fibres in Rayon – reflecting the intrinsically low strength of these fibres 

compared to glass. (see single fibre tensile results indicating that rayon is a quarter to a 

fifth of the strength of E glass).  

 

6. Conclusions 

BMC and SMC composites are characteristically low fibre volume fraction materials 

widely used in the automobile industry, for appliances, in construction, furniture and 

electrical/electronic components. Impact strength or toughness, in these materials is a 

critical property, where failure is predominantly within the matrix, and matrix properties 

are the dominating factor. However, the composite mesostructure does play a part, 

where features such as fibre bundling affects the way cracks propagate. Because cracks 

cannot pass through bundles, as they would individual fibres, but must divert around 

such obstacles, the crack path length is increased, resulting in heightened energy 

absorption. Fibre bundling offers a potential toughening technique that can be applied to 

mechanically inferior reinforcements such as natural fibres, where many past studies 

have shown toughness is a major drawback in considering such fibres as a replacement 

for glass. This study has demonstrated the toughening effect in BMC and SMC, and 

provided information on the likely optimum bundle size required for cellulosic fibres to 

be used in such systems.  
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Figure 6. Flexural modulus results for a range of fibre reinforced BMC composites. 

(Error bars signify 1 standard deviation) 
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Figure 7. Flexural strength results for a range of fibre-reinforced BMC composites. 

(batch Error bars signify 1 standard deviation) 
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Figure 8. Charpy impact results for a range of fibre-reinforced BMC composites. (Error 

bars signify 1 standard deviation) 

 
Figure 9.SEM of impact fracture surfaces for Flax (left) & Glass (right). 

 

 

Figure 10 Optical Images of Impact Fracture surfaces. (Right: Cordenka rayon non- 

bundled, Middle: Cordenka Rayon Bundled, Left: Glass Standard showing protruding 

fibres.  
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Figure 11. Charpy impact results for bundled rayon samples showing the effect of 

mixing times in BMC composites.(Error bars signify 1 standard deviation) 

 
Figure 12. Charpy impact results comparing several bundled and non- bundled SMC 

composites. (Error bars signify 1 standard deviation) 
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Figure 13. Flexural modulus results comparing several bundled and non- bundled SMC 

composites. (Error bars signify 1 standard deviation). 

 

 

Figure 14. Flexural strength results comparing several bundled and non- bundled SMC 

composites. (Error bars signify 1 standard deviation) 
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Figure 15. Optical images comparing rayon fibre bundles (left) with standard glass 

roving (right) showing the dimensional disparity.  
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Figure 16. Micro tensile tests on Glass Fibre bundles- Work of Fracture vs Number of 

fibres/bundle. (*= Fractured fibre samples, ■ = Matrix Failure Samples). 
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Figure 17. Micro tensile tests on Flax Fibre bundles- Work of Fracture vs Number of 

fibres/bundle. ( * = Fractured fibre samples, ■ = Matrix Failure Samples).  
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Figure 18. Micro tensile tests on Rayon Fibre bundles- Work of Fracture vs Number of 

fibres/bundle. ( * = Fractured fibre samples, ■ = Matrix Failure Samples).  
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