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ABSTRACT 

 

The specific stiffness of flax fibres is comparable to that of glass fibres owing to their 

high mechanical properties and their low density. As a result flax fibres could offer a 

green alternative for the glass fibres in composite applications. However the application 

of flax fibres in composites still poses two important problems. The orientation of the 

fibres in the composite is not impeccable and the fibre-matrix adhesion is too weak. 

This research focuses on the former. Natural flax fibres are composed of short 

elementary fibres, combined in technical fibres. To produce a continuous yarn for the 

textile industry, the technical fibres are spun. The twisting of the fibres increases the 

yarn-strength but the orientation of the fibres with regard to the fibre axis decreases. 

Certain models allow a prediction of the yarn-stiffness with regard to the twist angle. 

They show that a lower twist angle, and better fibre orientation, leads to a higher 

stiffness. On the other hand the lower twist angle reduces the strength and the 

processability of the dry yarns. Testing composites, reinforced with fibres that have 

undergone different preparation steps and produced with different processes, 

demonstrates that one can only make use of the advantage of untwisted ribbons in the 

automated prepregger. The slightly twisted yarns and the spun yarns possess the best 

processability and show mechanical properties that are close to the predicted values. 

These are nonetheless lower than the properties of the untwisted ribbons. 
 

 

INTRODUCTION 

 

In recent years the awareness of sustainable materials has lead to an increased interest in 

natural fibre reinforced composites. This is because of their renewability, their low 

energy for production, the fact that they are CO2 neutral and their good mechanical 

properties[1-12]. 

 

Amongst the natural fibres flax has the best mechanical properties[13-16]. With a 

stiffness of about 70GPa and a density of 1.45 g/cm³ the specific stiffness of flax fibres 

is even higher than for glass fibres. 

 

The traditional flax fibre preparation methods that are used are designed for textile 

applications. In the first steps the decortication takes place, the fibres are separated from 

the woody core. This is done during retting and scutching. Afterwards during hackling 

and doubling a continuous ribbon is prepared. This continuous ribbon becomes during 

the doubling process more and more homogeneous and finer. This finally ends in a 

product which can be used for the spinning process. In textile applications a very fine 

and stable yarn is wanted, therefore a highly twisted yarn is used. Increased yarn twist 

improves the dry yarn strength. This is important for textile production like weaving, 
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knitting, etc. For composite applications the requirements for the fibres are completely 

different. The twist is in fact a misorientation of the fibre, which is not suitable for 

composite applications. Therefore the strength of the impregnated yarn decreases when 

more twist is applied[17]. Nevertheless, research on the properties of different weaving 

patterns and UD composites of flax[18], in comparison with glass fiber composites[19] 

has shown that flax fibre composite reach a higher specific stiffness than for glass fibre 

composites.  

 

In this research flax from different steps in the fibre extraction and yarn preparation 

process are investigated to find the optimal step in the process where the fibres/yarns 

should be taken for composite applications. Attention is paid to the composite properties 

as well as the processability, which is investigated by the dry fibre bundle strength, 

which gives an indication of possible use in textile composites. 

 

 

MATERIALS 

 

Materials 

 

Four different fibre bundle types are used (Figure 1): 

1. Hackled flax  

2. Doubled flax 

3. Roving 

4.  Yarn 

1) The hackled flax is delivered by Terre de Lin (France). This form of flax is a 

continuous ribbon, in which the fibres are relatively well aligned. This orientation is 

not perfect. The linear density of this material is 30 000 tex, and the preform has a 

width of about 25 cm. 

2) Doubled flax: after the hackling different bundles of hackled flax are brought 

together and stretched to obtain smaller, lighter and more homogeneous bundles. In 

traditional flax fibre preparation this is done 4 times. It is after this 4
th

 doubling 

action that the doubled flax is taken. This doubled flax is delivered by Safilin 

(Poland) has a linear density of 5000 tex and a width of about 2.5cm. 

3) The roving is the step after the doubling. The flax is more stretched, but there is also 

a low amount of twist on the fibres after this step. The used roving, from Safilin, has 

a linear density of 280 tex. 

4) When a roving is further spun, it becomes even finer and a real yarn is produced. 

The used yarn has a linear density of 83.3 tex and is delivered by Safilin.  

 

The matrixmaterial used in the composites is an epoxy: Resin XB 3515 / Aradur
®

 

5021 from Huntsman. 

 

 

 

RESULTS AND DISCUSSION 

 

Dry fibre bundle characterization 

 

The dry fibre bundle strength is very important for the further processing steps to 

impregnate the bundles. For the composite properties the fibre orientation in the bundle 



is important. Therefore the dry bundle strength is measured, the twist angle is calculated 

and the linear density is verified. 

 

The results for the linear density are gathered in  

 

. There is a clear difference between the supplier data and the measured values for the 

hackled and the doubled flax. Also the scatter of the hackled flax is clearly higher than 

for the other fibre bundle types. This is logical because every step is in fact a kind of 

homogenization step, which decreases the scatter. In  

 

, 2 extra rovings are mentioned: this material will be used to investigate the influence of 

linear density on the fibre bundle strength and is not used in composites. 
 

 

 

To make a dry fibre bundle stronger the technical fibres are twisted. This increases the 

strength of the dry fibre bundle because of the increased friction and entanglement 

between the fibres. However this twist reduces the fibre alignment and thus has a 

negative influence on the composite stiffnes. In textile technology, the amount of twist 

is indicated by the number of turns per meter. To evaluate the effect on the composite 

stiffness it is better to use the twist angle as this parameter can be directly related to 

fibre (mis)orientation. Several models indeed use twist angle to predict the properties. 

These twist angle is defined as the angle that the fibres (in the fibre bundle) make at the 

surface with respect to the axis of the fibre bundle.  

 

Figure 2 schematically shows how the twist angle is calculated if the number of turns 

(1/h) and the fibre bundle diameter (D=2R) are known. In an ideal twisted yarn with a 

circular cross-section the fibres will follow a helicoidal path.  By unfolding these fibres 

the twist angle can be calculated.  

 2 R
tan

h


   

(1) 

This equation can be used for the yarns, but the rovings have a cross-section which is 

more elliptical. The equation can be adapted by using the diameter of an ellipse instead 

of a circle.  

 2 2
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D d

2
h 2 2

 
     

    
     

 

(2) 

with D the big axis and d the small axis. 

 

For the calculations the small axis is taken as 10% of the big axis (based on microscopy 

observations, see later). From (2) it is clear that the same amount of twist results in 

different twist angles if the bundle diameter is different.  

 

In Table 2 the twist angle, together with the number of twist and the bundle diameter is 

presented. For the rovings and the yarns, this diameter is measured using light 

microscopy. The amount of twist is delivered by the suppliers. The twist angle is then 

calculated according to (2). For the hackled and doubled flax the diameter is not a real 

diameter, but more the width of the bundle. 

 



The values of the two extra rovings show that the same amount of twist not always 

leads to the same twist angle. The twist angle of roving** is even slightly higher than 

that of the roving while it has a much lower twist.  

 

The above measured properties are important for the mechanical properties of the 

composites, however it is the strength of the dry fibre bundle that is important for the 

production of preforms and composites. Therefore the strength of the dry fibre bundles 

is measured. The mechanical properties of the dry fibre bundle strength are measured in 

tension with a special set-up adapted for clamping yarns and rovings. A gauge length of 

1m is taken for the test, to assure that also the cohesion between the different technical 

fibres in the bundles is tested and not the strength of the fibres themself. This cohesion 

between the fibres is important for possible textile techniques like weaving. 

 

From Table 2 can be concluded that the strength is indeed increasing when the twist 

angle increases. When only the number of twist is taken into account this trend is not 

the same. So it is clearly the twist angle that dominates the dry fibre bundle strength. 

The strength of the roving is probably high enough for traditional prepregging. 

However, the strength of the hackled and doubled flax is very low, because of a lack of 

interaction between the fibres in the bundle. The only resistance is the friction between 

the different fibres, while in the twisted material other mechanisms occurs: twist creates 

compaction of the yarn, which leads to compressive stresses. The total friction forces 

are proportional to the compressive stresses. As a second effect the contact area between 

the fibres increases. This other mechanisms lead to a clear difference in tensile 

behaviour of the fibre bundles. In Figure 3 the stress-displacement graphs are shown. 

For the twisted bundles, sudden failure is observed, while in the non-twisted bundle an 

almost constant stress level is reached after a short displacement. This level is equal to 

the amount of friction between the fibres as they slide along each other, so these graphs 

are not complete because the test can last longer until all the fibres are pulled out of 

each other. In the twisted bundles the sudden failure is due to the failure of some fibres 

in the bundle. So the strength of hackled and doubled flax is controlled by friction, 

while the strength of twisted bundles is controlled by fibre strength. 

 

 

 

Composite production 

The production of the composites is done in two steps: prepregging and autoclave. The 

prepregs are produced with a drumwinder or a hot melt prepregger. From the results of 

the dry fibre bundle characterization is decided that the doubled flax is not strong 

enough for production of prepregs. Thus this fibre bundle type is eliminated in the 

composite production and characterization. 

 

Prepregging 

A drumwinder is used for the roving as well as the yarn with the epoxy as matrix 

material. In this method a roving/yarn is pulled by a drum through a cylindrical resin 

bath, filled with the epoxy, which is closed with a die. By pulling the fibre bundles 

through the resin, the resin will impregnate the fibre bundles.  The resin bath is kept at a 

temperature of 70°C to give the resin an appropriate viscosity for impregnation. After 

passing through the die, the yarn is rolled on a drum. By translation of the drum all the 



rovings are placed next to each other, resulting in an unidirectional prepreg. The 

opening of the die can be adjusted to control the amount of resin impregnating the 

yarns, so the fiber volume fraction of the prepreg can be controlled.  

The prepregs with the hackled flax are prepared by a hot melt prepregger. The hackled 

flax is brought into the machine on a non-adhesive paper. A paper coated with heated 

and therefore liquid epoxy on it is laid on it and this lay-up is transported through 

impregnation rollers and over a hot plate with a temperature, as with the drumwinder, of 

70°C. It passes some rolls to press the resin into the fibre bundles therefore a hot plate is 

installed to keep the resin liquid, the temperature is as with the drumwinder 70°C. 

Finally the material passes over a cooling plate to stop the curing reaction after which it 

is rolled on a drum. 

 

Autoclave 

The produced prepregs are stacked into a UD laminate and cured in the autoclave. The 

prescribed cure cycle is followed to cure the resin: 1h at 120°C and 2h at 140°C. The 

applied pressure is 3 bar. 

 

Experimental methods 

 

The mechanical properties of the produced composites are tensile tested in the 

longitudinal direction according to ASTM D3039M-93. Samples have a width of 

15mm, a length of 250mm and are loaded at a crosshead displacement rate of  

2mm/min. The deformation is measured with an extensometer and to avoid fibre 

damage in the clamps, end-tabs are used. 

 

The fibre volume fraction (Vf) of the produced composites is calculated from the weight 

fraction. Based on the linear density of the flax fibre bundles and the total length of the 

plate, the weight of flax per m² is known. Taking into account the weight of the 

composite plate and the flax density (1,45g/cm³) the Vf is obtained.  

 

 

Composite Characterization 

 

From the different fibre bundle types, (prepregs and) composites are produced. For the 

hackled flax composites are made with the prepregger and autoclave. The orientation of 

the hackled flax is not perfect, therefore only the best oriented parts of the produced 

prepregs are used in the autoclave process. For the roving and the yarn, the drumwinder 

and autoclave method are used.  

 

The goal of the characterization of the composites is to find a correlation between the 

fibre preparation and he composite stiffness in the fibre direction. The results are 

corrected for differences in fibre volume fraction, by back calculating the fibre stiffness 

from the composite stiffness. In an ideal situation this fibre bundle stiffness is equal to 

the fibre stiffnes, this is however not possible with twisted rovings or yarns. 

 

In Table 3 the fibre volume fractions (Vf) of the different produced composites are 

shown. The fibre volume fraction has a big influence on the mechanical properties, 

which will be discussed hereafter. Both the drumwinder and the prepregger process 



achieve high fibre volume fractions as shown with the hackled flax and with the rovings 

and yarns, partially because the excess amount of resin is squeezed out during the 

impregnation and the subsequent autoclave curing. With these composites, the target 

value of 50%  is reached, composites produced with a higher volume fraction, exhibited 

lower mechanical properties. So it seems that a 50% fibre volume fraction  is a 

maximum value for unidirectional flax fibre composites. 

 

The mechanical properties of the different composites are presented in Table 3. Because 

of the huge variation in the fibre volume fraction and their effect on the composite 

performance the fibre bundle stiffness is calculated for a fair comparison. The 

recalculation is based on the simple rule of mixture. The results of these calculations are 

also gathered in Table 3. The hackled flax produced with prepregger has the highest 

mechanical properties of the different fibre bundle types. The roving has about 20% 

higher stiffness and 25% higher strength than the yarn. The sequence of the different 

materials is logical, because higher twist angles lead to lower mechanical properties. 

 

An important remark on these values has to be made. According to the used standard, 

ASTM 3039-93 the stiffness should be calculated in the region between 0,1 and 0,3% 

strain. When the stiffness is plotted as a function of the deformation, see Figure 4, a 

significant decrease in stiffness of about 30% can be seen in this region. Therefore it is 

chosen to calculate the stiffness in the composites in the region between 0,3 and 0,5%. 

 

The stiffness can also be defined in the first plateau in the stiffness-deformation graph, 

so in the deformation between 0,05 and 0,1% strain. The results are summarized in 

Table 4. This new calculation leads of course to higher stiffness values of the 

composites and the fibre bundles. The strength of the composites remains constant, 

however the strength of the fibre bundles changes slightly due to the changing stiffness 

of the fibre bundle which is taken into account during the calculation, but this does not 

affect the order of the different fibre bundle types. In the 0.05%-0.1% strain interval the 

roving exhibits a higher stiffness than glass fibres. So it is very important to indicate in 

which region the stiffness is measured, when flax fibres are used as reinforcement for 

composites. 

 

 

 

The mechanisms that cause this stiffness reduction are not yet clear. A stiffness increase 

was expected because of reorientations on 2 levels. On a macro level the fibres will 

slightly rotate to be oriented more parallel to the loading direction. On a micro level the 

microfibrils, which have originally an angle of 10° with the fibre axis, in the fibres will 

be more oriented, which should also lead to an increase in stiffness[5].   

 

An explanation for stiffness reduction could be the onset of damage in the fibre bundles, 

in the matrix or at the fibre matrix interface. If this early damage would be present, the 

stiffness decrease would be irreversible. In this case the stiffness must be calculated in 

the 0.05 – 0.1% strain region because the stiffness is defined in the elastic region. 

Therefore a small investigation is done to check if the stiffness drop is reversible. 

 

Some samples are loaded up to 0,4% strain. This is higher than the deformation where 

the stiffness decrease occurs. The samples are subsequently unloaded and reloaded 

again until failure occurs. In Figure 5 the stress-strain graphs of these 2 cycles are 



shown. The first part is identical for both loadings, which means that the stiffness 

decrease also occurs in the 2
nd

 loading. Therefore, it can be concluded that the observed 

stiffness decrease is caused by a reversible mechanism, and that the elastic strain limit is 

higher than 0,4%. This means that the stiffness calculation between 0,3 and 0,5% strain 

is acceptable. 

 

 

 

Optical microscopy 

 

In Figure 6 optical microscopy images are shown of the different composites. The 

sections are all taken perpendicular to the fibre direction and can be used to evaluate the 

homogeneity of the fibre distribution in the composite. 

 

In the cross section of the hackled flax composites (Figure 6 a) the fibres some clusters 

of fibre with a diameter of about 100µm are present. This is the dimension of a technical 

fibre. The different layers of prepregs cannot be distinguished in the composite, 

therefore it can be concluded that the fibres are homogeneously distributed on 

macroscale, but not on mesoscale. 

 

The fibres in the roving composites (Figure 6 b and c) are much more homogeneously 

distributed and the fibres are not clustered. The fibres and fibre bundles have a diameter 

between 10 and 50µm, which corresponds to the dimension of the elementary fibres. 

Although a small amount of twist is present in the roving, to hold the fibres together, the 

individual rovings cannot be distinguished.  

 

The microscope image of the yarn-composites (Figure 6 d) shows a heterogeneous 

distribution of the fibres in the composite. The high yarn twist keeps the fibres together 

in the yarn, therefore the fibre volume fraction of the composite is not homogeneous 

over the sample. Inside the yarn, the fibre volume fraction is much higher, while around 

the yarns, there are resin rich regions pockets. 

 

From the microscopy images the diameter of the yarn after composite production is 

estimated at 0,3 mm, while the dry yarn diameter is 0,4 mm. The yarn has to pass 

through a small die at the end of the resin bath of the drumwinder, and is subjected 

topressure during the autoclave process. Therefore the yarns are further compacted, this 

has an influence on the twist angle. The twist angle of the dry yarn was calculated as 

19,4°, but after correction for the impregnated yarn it is only 14,8°. 

 

The surface of the section of a yarn can be calculated by dividing the linear density by 

the density. The diameter of a 100% dense yarn with a linear density of 78 tex is 

theoretically 0,26mm. From this can be concluded that the intra-yarn fibre volume 

fraction is 75% in the composite. To obtain an overall fibre volume fraction of 50% 1/3 

of the cross section area must consist of resin rich regions which is in correlation with 

the microscopic images. 

 

 

Prediction of fibre bundle stiffness 

 



There are different models to predict the longitudinal stiffness of a composite with 

twisted yarns. In these models, the misorientation of the fibres is taken into account. 

  

The model of Gegauff [20] takes into account the lower strain of the fibres in the 

composites. Because of the twist the fibres are longer than the yarn, which leads to a 

lower strain in the fibres compared to the yarn strain. This lower strain leads to a lower 

stress build-up, resulting in an apparent lower stiffness on the composite level. This 

model is adapted by White by taking into account the transverse forces and the 

interfilament friction. Both models lead to a too low twist angle dependency of the 

stiffness. 

 

Rao[20] and Naik[21] use the rotational transformation on the stiffness matrix of the 

generalized Hooke’s law to incorporate the misorientation of the fibres at different 

places in the yarns. After integration over the whole section of the yarn the stiffness of 

the impregnated fibre bundle is obtained. 

 

The models can be validated with the obtained test results. The stiffness of the hackled 

flax bundle (produced with prepregger) is taken as the stiffness of a untwisted fibre 

bundle. In Figure 7 the evolution of the stiffness as a function of the twist angle 

according to the different models is shown. The test results are shown to compare the 

predictions with the real test values. It seems that the two latter models fit well to the 

obtained results. If an elliptical section is supposed in the model of Naik, the integration 

in the model gives different results, this is also shown in the graph as the “elliptical 

section” model. This model should be used for the roving.  

 
CONCLUSION 

 

The most important conclusions that can be made are: 

 The dry fibre bundle strength increases with the increasing twist angle. This 

twist angle is not only related to the amount of twist, but also to the diameter of 

the bundle. 

 Dry bundles based on hackled flax have almost no strength, the same accounts 

for doubled flax, due to the lack of twist. 

 Production of prepregs is possible with hackled flax, despite the low strength of 

the dry fibre bundles if the pulling force is applied on the transport paper and not 

on the fibre bundle. 

 For composite properties the twist angle should be minimal. This induces that 

the hackled flax gives the best properties. 

 The fibre distribution is much more homogeneous for the roving than for the 

hackled flax. The yarns give a very heterogeneous material. 

 The models of Rao and Naik predict very well the stiffness of the fibre bundles 

in function of the twist angle. 

 

A general conclusion is that the hackled flax give the best composite properties because 

of the good orientation, however production is difficult. The hackled flax can only be 

used in a prepreg production, which should be further optimized. For weaving efforts 

should be made to use low twist rovings instead of yarns, because this will improve the 

bundle stiffness with 20%. 
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Figure 1: The 4 different fibre bundle types: (from left to right) hackled flax, doubled 

flax, roving and yarn. 

 

  



 

 

 
Figure 2: Geometry of an ideal twisted yarn (a) uniform cilindric yarn  

(b) twistangle at radius r (c) twistangleat the surface [22] 

  



 
Figure 3: Typical stress-displacement graphs of the different fibre bundle types. 

  



 
Figure 4: The evolution of the stiffness in function of the deformation for the different 

produced composites. 

  



 

 
Figure 5: Stress-strain graphs of a UD-composite for 2 loading cycles, the 1

st
 until 0,5% 

load, the second untill failure. 

  



 
Figure 6: Cross section of a the composites with different fibre bundle types: a) hackled 

flax, b) and c) roving, d) yarn 

  



 

 
Figure 7: The evolution of the fibre bundle stiffness according to the different models. 

The experimental results are also shown,  

 
  



Table 1: The linear densities of the different fibre bundle types. 
Fibre bundle 
typs 

Linear density [tex] 

Official Measured 

Hackled flax 30 000 24 000 ± 11,5% 

Doubled flax 5 000 4 800 ± 2,5% 

Roving* 105 106 ± 4,0% 

Roving ** 630 605 ± 5,0% 

Roving 280 276 ± 5,5% 

Yarn 83,3 78 ± 4,5% 

 

  



 

Table 2: Properties and the strength of the different dry fibre bundle types 

Fibre bundle 

type 

Linear 

density 

[tex] 

Diameter 

[mm] 

Twist 

[m
-1

] 

Twist 

angle 

[°] 

Breaking 

force [N] 

Specific 

strength 

[cN/tex] 

Strength 

[MPa] 

Hackled flax 24 000 250 0 0 19 0,08 1,20 ± 0,6 

Doubled flax 4 800 20 0 0 3 0,06 0,9 ± 0,7 

Roving * 106 1,3 23 3,8 2 2 28 ± 3 

Roving ** 605 3,0 23 8,7 29 5 70 ± 12 

Roving 276 1,5 41 7,8 11 4 59 ± 12 

Yarn 78 0,4 280 19,4 19 24 350 ± 65 

 

  



 

Table 3: Mechanical properties of the different produced composites and the calculated 

properties of the different fibre bundle types 

Fibre bundle 
type 

Production 
method 

Vf [%] 
Strength 
[MPa] 

Stiffness[GPa] 

Calculated 
fibre 
bundle 
stiffness 
[GPa] 

Calculated 
fibre 
bundle 
strength 
[MPa] 

Hackled flax Prepregger 42 ± 2 378 ± 38 28,2 ± 2,6 62,9 844 

Roving DruMwinder 48 ± 1 377 ± 24 26,2 ± 1,6 51,4 738 

Yarn Drumwinder 50 ± 1 315 ± 46 23,1 ± 1,2 43,1 589 

 

 

  



Table 4: Mechanical properties of the different fibre bundles and their composites, 

calculated in the first deformation area (0.05 - 0.1%). 

 

Fibre 
bundle type 

Production 
method 

Vf [%] 
Stiffness 
[GPa] 

Calculated 
fibre bundle 
stiffness 
[GPa] 

Calculated fibre 
bundle strength 
[MPa] 

Hackled flax Prepregger 42 ± 2 39,9 ± 3,4 90,1 860 

Roving Drumwinder 48 ± 1 36,6 ± 2,1 72,9 751 

yarn Drumwinder 50 ± 1 32,0 ± 1,8 61,0 600 

 

 

 


