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Friction between single fibres or between tows is an important element in the mechanical properties of composite reinforcement. Therefore, knowledge of the friction behaviour at the two scales, tow and fibre, is necessary for a deep understanding of the mechanical behaviour of composite reinforcement. In the models, the strategy used is to consider a constant coefficient of friction. This paper presents an efficient method of measuring the coefficient of friction relative to an inter-tow or inter-fibre sliding angle of 0° to 90°. The results show that the coefficient of friction decreases when the angle increases. Moreover, the friction is very high when the fibres are parallel. This result is explained by the increase of the adhesion between fibres at the interface of the tows due to a large total contact area at 0°, as proved by an analysis performed based on Hertz's contact theory.

Introduction

As a preliminary remark, the term "tow" commonly used in the field of material composites will be used in the whole paper to mean either tow or yarn.

Friction between single fibres or between tows is an important element of the mechanical properties of composite reinforcement. In fact, fibrous materials are of interest due to the possibility of replacing the cohesion forces inside the material with friction forces between several small elements, that is, fibres at the tow scale and tows at the fabric scale. Nevertheless, numerical models that take into account friction between fibres, or even between tows, under large displacements are scarce, complex, and present some limits. In fact, for fibrous material, the coefficient of friction (COF), that is, the ratio between the friction force and the normal force, is currently arbitrarily chosen from a possible range and is considered as an intrinsic material property. This COF is taken as a constant, that is, following Coulomb's law. This strategy is applied in modelling of the behaviour of mechanical tows or plies during extension [START_REF] Daelemans | Finite element simulation of the woven geometry and mechanical behaviour of a 3D woven dry fabric under tensile and shear loading using the digital element method[END_REF][START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3D angle-interlock fabrics using finite element simulation[END_REF], shear [START_REF] Daelemans | Finite element simulation of the woven geometry and mechanical behaviour of a 3D woven dry fabric under tensile and shear loading using the digital element method[END_REF][START_REF] Boisse | Meso/macro-mechanical behaviour of textile reinforcements for thin composites[END_REF], compaction [START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3D angle-interlock fabrics using finite element simulation[END_REF][START_REF] Nguyen | Mesoscopic scale analyses of textile composite reinforcement compaction[END_REF][START_REF] Thompson | High fidelity modelling of the compression behaviour of 2D woven fabrics[END_REF][START_REF] Yousaf | Digital element simulation of aligned tows during compaction validated by computed tomography (CT)[END_REF], and forming [START_REF] Durville | Determining the initial configuration and characterizing the mechanical properties of 3D angle-interlock fabrics using finite element simulation[END_REF][START_REF] Bel | Finite element model for NCF composite reinforcement preforming: Importance of inter-ply sliding[END_REF][START_REF] Boisse | A mesoscopic approach for the simulation of woven fibre composite forming[END_REF][START_REF] Gatouillat | Meso modelling for composite preform shaping -Simulation of the loss of cohesion of the woven fibre network[END_REF]. However, in order to go further in the modelling, it is necessary to introduce a real input of the COF between fibres or between tows. In addition to the numerical difficulty of taking the friction into account, the friction between fibres or tows is not currently characterized.

Study of friction between fibres or tows started in the middle of the twentieth century, with several research teams in the field of textiles proposing different methods of measurement [START_REF] Gupta | Friction in Textile Materials[END_REF][START_REF] Howell | Friction in Textiles[END_REF]. This topic has recently experienced renewed interest, essentially because of the expansion of composite materials. These methods can be classified according to the kind of contact, that is, punctual or linear contact, or the basic principles used.

For the linear contact between fibres or tows, two methods are proposed: the capstan method (from Jean Bernoulli, eighteenth century, and mathematically expressed by Euler) and the fibretwist method. In the capstan method, the fibre or tow is wrapped around the surface of a cylinder at a given angle, then the two sides of the tow or fibre are balanced with a final tension that is different from the initial tension. The difference between the two tension values is due to friction and the COF µ is obtained from the capstan equation:

(1)

𝑇 1 = 𝑇 0 • exp (𝜇𝜃)
where T 1 is the initial tension, T 0 is the final tension, θ is the angle of wrapping of the tow or fibre around the cylinder.

This equation is also used to determine the COF between two tows or two fibres obtained by different measurement methods:

 The cylinder can be covered by the tested tow [START_REF] Howell | Friction in Textiles[END_REF][START_REF] Astm | Standard Test Method for Coefficient of Friction, Yarn to Yarn[END_REF][START_REF] Chakladar | Effects of inter-tow angle and tow size on carbon fibre friction[END_REF][START_REF] Cornelissen | Frictional behaviour of high performance fibrous tows: Friction experiments[END_REF], in which case there is friction between the tows, and the difficulty lies in achieving perfect coverage of the cylinder with a contiguous helix.

 The cylinder can be replaced by a fibre which is pre-stretched at its ends [START_REF] El Mogahzy | Friction in Fibrous Materials. Part II: Experimental Study of the Effects of Structural and Morphological Factors[END_REF].  In the third method, the two fibres are twisted together along an axis for a certain number of turns, most commonly two [START_REF] Lindberg | Measurement of Friction Between Single Fibers. Part 2: Frictional Properties of Wool Fibers Measured by The Fiber-Twist Method[END_REF][START_REF] Gralen | Friction between Single Fibres[END_REF]. One of the two fibres is pre-stretched with T 0 and the other slides because it has a tension T 1 that is higher than T 0 . The COF is obtained from:

(2)

𝑇 1 = 𝑇 0 • exp (𝜇 • 2𝜋 • 𝑛 • sin 𝛼)
where n is the numbers of turns, α is the angle between each fibre and the axis formed by the two fibres.

It is interesting to note that this method can be adapted to measure circumferential friction between two monofilaments with a rotational movement around their axis [START_REF] Gassara | Experimental evaluation of transverse friction between fibers[END_REF]. Two other methods using the deformation of one fibre under the movement of another are proposed. The contact is then considered to be punctual. In both methods, one of the fibres is horizontally pre-stretched at its ends:  In Howell's method, the other fibre is vertically suspended by its upper end and stretched at the other end by a dead weight [START_REF] Howell | Inter-Fibre Friction[END_REF]. The horizontal fibre pushes the suspended fibre perpendicularly to its axis and makes an angle β. The horizontal fibre has lateral movement and drives the vertical fibre, which makes an angle α because of friction, and therefore the COF can be obtained by the following equation:

(3) 𝜇 = sin 𝛼 sin 𝛽  The cantilever method can be used when the ratio of fibre length to fibre diameter is sufficiently small that gravity has no influence [START_REF] Pascoe | The friction and deformation of polymers[END_REF][START_REF] Briscoe | A study of the friction and adhesion of polyethyleneterephthalate monofilaments[END_REF]. In that case, the second fibre is clamped horizontally at one end while the other end is left free. The axes of the fibres are perpendicular to one another. The clamped-free fibre is above the other fibre and goes down to make contact with the clamped-clamped fibre; therefore it is bent vertically. The contact force can be obtained from the deflection of this fibre Δf V if its value is small and from its bending rigidity. Then the clamped-clamped fibre has lateral movement and the clamped-free fibre is bent horizontally. From the deflection of this fibre in the horizontal plane Δf H , the friction force can be obtained. Thus, the COF can be obtained from the following equation:

(4) 𝜇 = ∆𝑓 𝐻 ∆𝑓 𝑉
This method has been used by Roselman and Tabor for the measurement of friction between single carbon fibres [START_REF] Roselman | The friction of carbon fibres[END_REF].

The last method consists in directly measuring the friction force during a sliding movement under the action of a normal force of two pre-stretched fibres or tows [START_REF] Gralén | Measurement of Friction Between Single Fibers[END_REF][START_REF] Guthrie | Inter-fibre friction of viscose rayon[END_REF][START_REF] Mercer | The frictional properties of wool and other textile fibres[END_REF][START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF]. Particularly at the fibre scale, it remains difficult to individually fit the two fibres under a given pre-tension and to measure the normal and friction forces. Depending on the angle between the fibres, the contact goes from punctual to linear.

For these different methods, the measurement conditions influencing the tow/tow and fibre/fibre tribological behaviour have been studied for a long time [START_REF] Rubenstein | Review of the factors influencing the friction of fibres yarns and fabrics[END_REF]. Essentially, the initial tension in the capstan method or the normal load applied have an influence on the COF between fibres or tows because the COF does not follow Amontons's law or Coulomb's law [START_REF] Howell | Amontons' Law and Fibre Friction[END_REF][START_REF] Olofsson | Measurement of Friction Between Single Fibers VI. A Theoretical Study of Fiber Friction[END_REF] but has an evolution such as:

(5) 𝜇 = 𝑘 • 𝑊 𝑛 -1 where k and n are constants for a given fibre, and moreover . Therefore the COF

𝑛 ∈ [ 2 3 ,1 ]
decreases when the normal load increases, and this tendency has been largely determined experimentally for different fibres [START_REF] Cornelissen | Frictional behaviour of high performance fibrous tows: Friction experiments[END_REF][START_REF] Lindberg | Measurement of Friction Between Single Fibers. Part 2: Frictional Properties of Wool Fibers Measured by The Fiber-Twist Method[END_REF][START_REF] Howell | Inter-Fibre Friction[END_REF][START_REF] Pascoe | The friction and deformation of polymers[END_REF][START_REF] Gralén | Measurement of Friction Between Single Fibers[END_REF][START_REF] Mercer | The frictional properties of wool and other textile fibres[END_REF][START_REF] Gralen | Measurement of Friction Between Single Fibers Part VII: Physicochemical Views of Interfiber Friction[END_REF], including carbon fibres [START_REF] Roselman | The friction of carbon fibres[END_REF][START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF] and tows [START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF][START_REF] Mulvihill | Friction of carbon fibre tows[END_REF].

The influence of the angle between fibres or tows on the COF has been much less studied.

Regarding tows without twist, the first study is that of Gupta et al. for angles from 0° to 90° [START_REF] Gupta | Structural Studies in Continuous Filament Yarns: Part III: Studies with Fiber Friction as a Variable[END_REF]. The influence of the angle between tows, particularly between 0°, that is, when the fibres are parallel, and 10°, is very significant. In fact, the COF is much higher at 0°. Moreover, the COF decreases from 10° to 45° and is quite constant until 90°, that is, for perpendicular fibres.

This behaviour was confirmed later by Chakladar et al. for carbon tows [START_REF] Chakladar | Effects of inter-tow angle and tow size on carbon fibre friction[END_REF], including the values for carbon tows obtained by Cornelissen et al. [START_REF] Cornelissen | Frictional behaviour of high performance fibrous tows: Friction experiments[END_REF] and Mulvihill et al. [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF] [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF].

With regard to friction between single fibres, the first and only study reported was published in 1952 and considered variation of the angle from 10° to 90°. It was not possible to draw conclusions because of the difficulty of performing the measurement at that time [START_REF] Guthrie | Inter-fibre friction of viscose rayon[END_REF].

The objective of this paper is to present, using the method of measurement first introduced by Mercer and Makinson [START_REF] Mercer | The frictional properties of wool and other textile fibres[END_REF] and developed by Gralen and Olofsson [START_REF] Gralén | Measurement of Friction Between Single Fibers[END_REF], the influence of the angle of friction between two pre-stretched carbon fibres or tows. The change of angle is much easier with this method than with the capstan method and moreover it is applicable to single fibres. The aim of this paper is to study the influence of the contact angle between two fibres and two tows and to understand the evolution obtained by using the adhesion theory of friction from a basic analytical model.

Experiments

Investigation of carbon fibres

The study was carried out on IM7 carbon tows manufactured by Hexcel and defined as having high performance and intermediate modulus. Three sizes of tows are used in this study without any twist. Two sizes are directly produced by the fibre manufacturer, the first is constituted of 12000 fibres (called 12K) and the second of 6000 fibres (called 6K). To study the influence of the number of fibres, samples constituted of 3000 fibres have been tested. These samples have been prepared in the laboratory for this study by dividing the 6K tows into samples of 3000 ± 300 fibres (called 3K). This separation is realized manually using a cutter blade. The number of fibres has been estimated by measuring the mass. Samples which do not conform are rejected (with error higher than 10% by weight). The carbon fibres have the same diameter of 5.2 µm.

The variability in fibre diameter and eventually in the number of fibres per tow is negligible.

Another tow manufactured by Toray, T1100 24K, has been partially used in this study to complete some results. Like the IM7 tow, this tow is not twisted. The Young's modulus and fibre diameter are 328 GPa and 6.5 µm, respectively.

The mechanical properties of all carbon fibres and tows are summarized in Table 1.

Friction measurement

Description of the two tribometers

The objective is to rub two samples together with a chosen contact angle and to measure the friction forces (Fig. 1). The experimental principle is the same at fibre scale and tow scale, but two different devices adapted to the scale of the sample are used. The experimental method is based on the method developed in a previous study [START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF]. However, unlike in the previous study, the movement of both fibre and tow is linear in the present configuration.

At fibre scale, measurements are performed by means of an NTR2 nanotribometer (CSM Instrument Company, Peseux, Switzerland -Fig. 2). This device was originally a reciprocating pin-on-plate device. Specific sample carriers have been designed for this experiment to affix the single carbon fibres (Fig. 3a andb). The lower sample is fixed onto the translation stage (Fig. 3a). It follows a linear motion and allows the fibres to move relative to one another with an alternating movement. The lower sample is fixed with a chosen angle relative to the direction of motion in order to impose the contact angle between the rubbed samples. This upper sample carrier is fixed to a cantilever (Fig. 3b) parallel to the motion direction, which makes it possible to measure the normal and friction forces during the experiment by means of capacitive sensors, whose range of force in each direction is 100 mN, including the weight of the sample carrier.

As mentioned above, specific sample carriers have been designed and a dedicated process has been developed to prepare the sample. A specific bevelled geometry of the upper sample carrier is given to allow the samples to be rubbed with the smallest contact angle (as close as possible to 0°). Without that specific shape (Fig. 3b), the lower sample could slide against the sample carrier and not the fibre. For the same reason, the fibre is stretched like the cord of a bow. Each sample is glued to the sample carrier under an initial longitudinal tension of around 0.15 mN, given by the mass of a small piece of adhesive tape cut to have the corresponding weight. The most delicate operation is gluing the fibre on the sample carrier without breaking it and with the target pre-tension. Because of the small diameter of a carbon fibre, handling one remains a difficult task. During the setting up of the sample, one end of the fibre is glued and the pretension is obtained by suspending the desired mass (the piece of adhesive tape) at the other end.

Then, this end is also glued. The same steps are done for the upper and lower fibre carriers.

Friction tests are realized after the glue is dry, that is, after approximately 2 hours at room temperature, as the glue used is Loctite Super Glue-3®. The upper fibre sample is 10 mm in length and the lower one 30 mm (Fig. 3).

At the tow scale, another tribometer is used. It has been designed in the laboratory. The kinematics are similar to those of the fibre-scale tribometer presented previously (Fig. 1) but the force range is adapted to tow scale. The force sensors limit the normal force to 20 N and the tangential force to 3 N (Fig. 4). A specific sample carrier has also been designed. During the setting up of the sample, one end of the tow is fixed by a screwed clamp. The tension, defined as at least 0.15 mN per fibre, in accordance with single fibre pre-tension, is given by a suspended mass with a clamp at the other end of the tow. Then this end is maintained under that tension by another screwed clamp (Fig. 5). The width of the plane where the sample is supported is chosen such that there is contact only between the upper and lower tows and no contact between the sample carrier and the other tow. The width of the sample carrier is adapted to each tow width. Moreover it has been verified by observation there is contact only between the tows during a friction test and not between the sample carriers. This configuration makes it possible to realize the friction test for a contact angle between the tow samples ranging between 0° and 90°.

The experimental test procedure is similar for both friction experiments. The initial conditions are obviously the same for each friction test. Friction tests begin when the moving sample carrier is located in an extreme position, and the starting direction is the same for each test. To control the normal load, the distance between the upper and lower samples is chosen at the beginning of the test and remains unchanged during the whole test. This normal force, that is, the initial normal load, is then a parameter that is adjusted at the beginning of the experiment and its evolution is recorded during the test.

Each test corresponds to 50 friction cycles. However, 100-cycle friction tests have been previously conducted to study the evolution of the friction behaviour with the number of cycles.

During a friction test, the normal and friction forces are recorded and the COF is computed from these two signals.

Five friction tests are done for each kind of sample, fibre or tow. The results are expressed by the instantaneous evolution of the friction force (F T ), the normal force (F N ), and the COF versus the angular position during a friction cycle. The average COF on a cycle relative to the position is also computed and studied. The averages of F T , F N , and the COF can be computed for each cycle. The evolution of these average values during a cycle can also be followed during a friction test.

Conditions of friction measurement

All measurements are carried out under a standard atmosphere of 20 ± 2 °C and relative humidity of 65 ± 5%.

The dynamic experimental conditions are summarized in Table 2.

An initial normal load of 0.5 mN is chosen for a single fibre. At tow scale, a similar normal force has to be applied per fibre. The number of fibres considered in contact between the tows is approximated from the fibre diameter and the initial tow width. The force is determined by computing the number of fibres per tow width. For instance, a 6K tow has around 385 fibres in its width, with a fibre diameter of 5.2 µm. To have a relative normal force similar to that used in the single-fibre friction test, a normal force of 2 N is then chosen for this tow. This normal load is adjusted at the beginning of the test. The evolution of the normal load is then recorded versus time during the test.

To complete the study, the influence of the normal force has been evaluated by testing the same 6K-tow sample with normal forces of 0.5 N and 1 N. With a contact angle of 0°, as for 90°, no significant influence of the applied normal load can be observed in this normal force range (Fig. 6). Therefore, variation of the normal force in the range between 0.5 and 2 N can be neglected. Then the influence of the regularity of the tows, that is, their width and the number of carbon fibres in the width, can also be neglected.

To study the influence of the friction angle, different contact angles have been chosen. At fibre scale, because of the size (diameter) of the fibres, the smallest contact angle is 10°, as this is closest to 0° (see §2.2.1). The other contact angles are then 90° and an intermediate angle of 45°. At the tow scale, the same angles are chosen but the friction measurement at 0° is possible and has therefore been used.

The friction test velocity chosen is 1 mm/s. This value is quite low because the final use of the COF obtained is for models of woven shaping, which can be considered as a quasi-static process. Furthermore, a preliminary study showed that the measurement from 1 to 5 mm/s gave the same results in terms of evolution of the COF. However, the standard deviation is lower for 1 mm/s; therefore this sliding velocity has been chosen for these experiments. These results are in accordance with results obtained in [START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF].

Two values of sliding distance at tow scale were used: 24 and 12 mm (only for some friction tests at 90°). However, as the velocity follows a trapezoidal evolution and the acceleration is 50 mm/s 2 , the acceleration and deceleration parts represent only 0.04% (for 24-mm cycles) and 0.08% (for 12-mm cycles) in terms of cycle duration. These two parts can then be neglected relative to the duration of the whole cycle. At 90°, it can be noted that a sliding distance of 12 mm is sufficient to avoid part of the sample parallel to the motion always staying in contact with the other sample (because of the sample width) during a friction test. Whatever the sliding distance, the results obtained are identical and therefore there are averaged.

At the fibre scale, the maximum sliding velocity is also 1 mm/s, with a sinusoidal velocity profile, to be close to the tow friction test conditions. The sliding distance is 2 mm and the period lasts 6.28 s.

Results and discussion

General comments on COF evolution

Firstly, friction tests with 100-cycles have been realized to study the influence of the number of cycles and the general friction behaviour of fibres and tows. Figure 7 presents the typical evolution of the COF during a friction test for tow samples. Because the shapes of the curves from 10° to 90° are qualitatively similar, only the curve at 90° is plotted. The friction behaviour differs at 0°.

At 90°, the shapes of the F N and F T curves present a decrease at the beginning of the friction tests followed by stabilization (Fig. 8). That can be explained by the phenomenon of rearrangement of the fibres in each tow at the beginning of the friction test [START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF]. That rearrangement induces a widening of the tows and then a decrease of their thickness, inducing a decrease of the normal load and then a decrease of the tangential load. It can be observed that the tangential load decreases faster than the normal load during the first cycles (Fig. 8); therefore the COF decreases in the beginning and then becomes stable.

The evolution of the COF is not the same for an angle of 0° between tows even though the F N and F T curves present the same kind of evolution; that is, they decrease in the first cycles and then become constant. Nevertheless, in that case, the normal load decreases faster than the tangential load and then the COF starts to increase and then becomes stable. Actually, at 0° the rearrangement process occurs after the interpenetration of the tows. The decrease of F N is then more important than it is at 90° or the other angles. On the other hand, because of the interpenetration, the adhesion between fibres increases and the decrease of F T is not very important. There is a compromise between rearrangement and interpenetration and thus the COF presents an increase at the beginning of the friction test.

The stabilization can be observed after 20 or 30 cycles. It has been previously determined that before the shaping process there is rearrangement of the tows during the weaving process [START_REF] Tourlonias | Experimental simulation of friction and wear of carbon yarns during the weaving process[END_REF].

Therefore, for the study at tow scale, the values of F T , F N , and COF are determined by averaging the last ten cycles of friction.

At fibre scale, the shape of the COF curves is similar to that at tow scale in the range of friction angles considered, that is, from 10° to 90°. Figure 9 shows the shape of the COF curve at a friction angle of 10°. A decrease of the COF can be observed and the COF reaches a stable value after several cycles. As already observed in a previous study, F N stays constant during the friction tests (Fig. 10) and only F T decreases [START_REF] Tourlonias | Friction of carbon tows and fine single fibres[END_REF]. A change of the friction force and therefore of the surface state of the fibre through the wear of the sizing layer is an obvious conclusion of this evolution [START_REF] Tourlonias | Influence of Wear on the Sizing Layer and Desizing of Single Carbon Fibre-to-Fibre Friction[END_REF]. In the present study, the average value of the three first cycles is then chosen in order to not take into account the effect of wear of the sizing layer.

Influence of inter-fibre and inter-tow angle

From friction tests realized at the chosen friction angle, the evolution of the COF can be plotted relative to the contact angle for both fibre-to-fibre (Fig. 11a) and tow-to-tow friction (Fig. 11b).

From the conclusion of the previous section, at fibre scale, in the present study, the average value of the three first cycles is chosen in order to not take into account the effect of wear of the sizing layer. The COF decreases when the inter-fibre or inter-tow angle increases. At 0°, the interpenetration phenomenon is highlighted by the sharp increase of the COF. At tow scale, the error bar is higher for the inter-tow angle of 0° than for the other angles, probably because the COF is very sensitive to the fibre interpenetration and therefore if some fibres inside a tow are not perfectly aligned with the others the interpenetration is lower and therefore the COF is lower too.

At fibre scale, the error bar is higher at 10° because of the difficulty of adjusting the friction angle, and small differences in the contact angle induce higher variations of the COF in comparison to the other friction angles. Actually the two rubbed fibres are nearly parallel and the variation of the contact area is more important.

The results obtained for the different carbon tows are similar except for the angle of 0°. At 0°, the results obtained with the method presented in this paper show much higher values than those obtained with the capstan method [START_REF] Chakladar | Effects of inter-tow angle and tow size on carbon fibre friction[END_REF][START_REF] Cornelissen | Frictional behaviour of high performance fibrous tows: Friction experiments[END_REF] or with two parallel plates covered by tows [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF]. In the capstan method, the tow is spread out and glued on the roll with adhesive paper. When using the two parallel plates, the tows are also glued with adhesive paper. In both cases, it is possible that the fibres constituting the tows are not exactly parallel and therefore the interpenetration of the fibres is reduced. In the capstan method, that may be due to i) the fact that the helix formed by the tow covering the roll inducing the tow is not perpendicular to the roll axis and therefore not parallel to the wrap tow or ii) the difficulty in perfectly controlling the trajectory of the wrap tow, which means that it can move during the measurement, inducing a modification of its angle relative to a plane perpendicular to the roll axis. Another origin of the low COF may be the influence of sizing. In fact, this effect has been reported in some studies [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF][START_REF] Tourlonias | Influence of Wear on the Sizing Layer and Desizing of Single Carbon Fibre-to-Fibre Friction[END_REF].

The influence of tow size is slight: the COF seems to decrease when the tow presents more fibres. That can be explained by the increase of the fibre mobility aptitude when the tow contains more fibres even if the longitudinal load is adapted to the fibre number. The same trend has been obtained by Chakladar et al. especially for an angle of 0° [START_REF] Chakladar | Effects of inter-tow angle and tow size on carbon fibre friction[END_REF]. These authors explain this trend by a decrease of the normal load for the fibre, that is, in the case of tension because of the use of the capstan method, with an increase of the tow size. In the present results, for 3K, the tendency is not so clear, probably because of the broken fibres generated during the preparation of the samples (see §2.1).

Analytical model

Evolution of the real contact area relative to contact angle

The results presented is this section are exclusively computed from Hexcel IM7 fibres.

From the results presented in the above section, the objective is to explain, using a simplified model, the evolution of the COF with the friction angle between fibres or tows. The assumption made is that the main friction mechanism is adhesion [START_REF] Bowden | The Friction and Lubrification of Solids[END_REF]: The fibres are assumed to be cylindrical and smooth as shown on Figure 12a andb and previously considered by Mulvihill et al. [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF]. The real contact area A r between two cylinders with an inclined axis θ has been calculated from Hertz theory [START_REF] Johnson | Contact Mechanics[END_REF]: ( 7)

𝐴 𝑟 = 𝜋 • ( 3𝐹 𝑁 𝑅 4𝐸 * ) 2 3
where

F N is the normal force (N),
R is the equivalent radius (m), E * is the equivalent Young's modulus expressed as:

1

𝐸 * = 1 -𝜈 2 1 𝐸 1 + 1 -𝜈 2 2 𝐸 2
where The values of the transverse Young's modulus and Poisson's ratio are complex to obtain and the literature is relatively scarce on that subject. Therefore, the values used are averaged from some studies using different methods (Raman spectroscopy [START_REF] Miyagawa | Transverse elastic modulus of carbon fibers measured by Raman spectroscopy[END_REF], nanoindentation [START_REF] Miyagawa | Comparison of experimental and theoretical transverse elastic modulus of carbon fibers[END_REF], and ultrasonic vibrations [START_REF] Mounier | Evaluation of transverse elastic properties of fibers used in composite materials by laser resonant ultrasound spectroscopy[END_REF]) and for a carbon fibre with a transverse Young's modulus of 230 GPa, which is same order of magnitude as the modulus of the Hexcel IM7 fibres used in this model, that is, 276 GPa (Table 1). The considered values are then 14 GPa for the Young's modulus and 0.3 for the Poisson's ratio.

E 1 = E 2 is
Because the contact is not circular but elliptic, the equivalent radius R is expressed as follows [START_REF] Johnson | Contact Mechanics[END_REF][START_REF] Williams | Chapter 3: Contact Between Solid Surfaces[END_REF]:

(9) 𝑅 = (𝑅 ' 𝑅 '' ) 1 2
where R' and R'' are major and minor relative radii of curvature of the contact.

R' and R'' are used in the expression of h, the gap between the undeformed cylinders, as follows:

(10) ℎ = 1 2𝑅 ' 𝑥 2 + 1 2𝑅 '' 𝑦 2
It is then possible to obtain R' and R'' by solving the following equations:

(11) 1 𝑅 ' + 1 𝑅 '' = 1 𝑅 1 + 1 𝑅 2 (12) 1 𝑅 '' - 1 𝑅 ' = ( 1 𝑅 1 2 + 1 𝑅 2 2 + 2 𝑅 1 𝑅 2 • cos (2𝜃) ) 1 2
where θ is the angle (rad) between the two axes of the cylinders.

In the special case where the axes of the cylinders are parallel (θ = 0), the contact is rectangular:

(13) 𝐴 𝑟 = 2𝑏 • 𝐿
where L is the length of the contact (m), b is the half width of the contact (m) and can be calculated by the following equation [START_REF] Johnson | Contact Mechanics[END_REF]:

(14) 𝑏 = ( 4𝑃𝑅 𝜋𝐸 * ) 1 2
with P the normal force per unit length (N/m).

For a given normal force, the evolution of the real contact area relative to the angle between two fibres can be calculated. Between two tows, the real contact area A r/tow is the sum of the real contact area for each contact. When the tows are aligned (θ = 0), the assumption made is that a fibre is in contact with only two other fibres (Fig. 13a). For two inclined tows (θ ≠ 0), a single fibre is in contact with all the fibres in the width of the tow (Fig. 13b). As previously assumed by Mulvihill et al. [START_REF] Mulvihill | Friction of carbon fibre tows[END_REF], the fibres in the tow are supposed to be perfectly aligned parallel and contiguous to each other. The standard arrangement of fibres is illustrated on Figure 12c.

Therefore, the real area of contact between two tows is expressed as:

for (15) 𝐴 𝑟/𝑡𝑜𝑤 = 2𝑛 • 𝐴 𝑟 𝜃 = 0 for (16) 𝐴 𝑟/𝑡𝑜𝑤 = 𝑛 2 • 𝐴 𝑟 𝜃 ≠ 0
n is the number of fibres in the width of the tow, expressed as follows: Therefore, the real contact area in a single contact A r can be calculated from Equations 7, 13, 19, and 20 for the different experimental cases presented in the previous section. The real contact A r relative to the contact angle is presented in Figure 14. Moreover, the real contact area per pair of tows can be calculated from Equations 15 and 16 (Figure 15). Figures 14 and15 show qualitatively the same kind of evolution with the angle as was found for the COF, as illustrated in Figure 11b. From these results it can be concluded that the main friction mechanism is due to adhesion in a Hertz's contact following Equation 6.

Evolution of the shear strength with the contact pressure

In order to understand the topic more deeply, it is then possible to calculate the shear strength of the contact from the measured COF, named µ, from Equation 6:

(21) 𝜏 = 𝜇 • 𝐹 𝑁 𝐴 𝑟 = 𝜇 • 𝑝
where p is the contact pressure (Pa).

The objective is to study the evolution of the shear strength with the contact pressure [START_REF] Roselman | The friction of carbon fibres[END_REF].

From Figure 16, the dependence of the shear strength to contact pressure can be expressed as:

(22) 𝜏 = 𝑘 𝜃 • 𝑝 𝑚 𝜃
The values of the coefficients k θ (in Pa (1-mθ) ) and m θ (dimensionless) relative to the angle θ are reported in Table 3.

Clearly the evolution of the shear strength relative to the contact pressure is the same for all the contact angles between 10 and 90°. In that specific case, the relation between shear strength and contact pressure can be approximated as linear, with a coefficient of determination R² of 0.98 the well-known equation [START_REF] Briscoe | Shear Properties of Thin Polymeric Films[END_REF]:

(23) 𝜏 = τ 0 + α • 𝑝
with τ 0 the shear strength limit for no contact pressure and considered as a constant for a given temperature and α a constant.

In the present case, Pa and (dimensioless). These values are consistent τ 0 = 1.10 7 α = 0.111 with thin polymeric films [START_REF] Briscoe | Shear Properties of Thin Polymeric Films[END_REF] and thus correspond to the polymeric sizing of IM7 fibres based on epoxy. These results show that the model presented is consistent for angles higher than 0°.

For 0°, other mechanisms than adhesion govern friction or the model is too far from reality.

Evolution of the COF with the normal load of a single contact

The evolution of the experimental COF relative to the normal load of a single contact F N can be studied. F N is obtained from Equations 19 and 20. Figure 17 illustrates the results and it can be observed that:

(24) 𝜇 = 𝑘' 𝜃 • 𝐹 𝑁 (𝑛 𝜃 -1)
where the coefficient k' θ is in N (1-nθ) and n θ is dimensionless. The values of these two coefficients relative to the angle θ are reported in Table 4.

From Figure 17 it can be observed that the COF decreases with the normal load for θ ≠ 0 but increases with the normal load for θ = 0. For θ ≠ 0, the evolution of the COF with the normal force confirms that the contact follows friction adhesive theory because , as mentioned

𝑛 𝜃 ∈ [ 2 3 ,1 ]
in Equation 5.

For θ ≠ 0 , therefore, the friction is governed by adhesive theory and the model

𝑛 𝜃 ∈ [ 2 3 ,1 ]
presented is consistent. Moreover, because n θ is close to 1 (Table 4), it can be concluded that the contact between two fibres is probably not perfectly smooth. In fact, a carbon fibre presents grooves on its surface.

In contrast, for θ = 0, n 0 is higher than 1 and therefore the friction is not governed by adhesive theory or the model is too far from reality and misestimates the contact between parallel tows.

This may occur because imbrication between aligned fibres occurs when the normal force increases, and therefore a fibre is in contact with more than two other fibres. In that case a model which takes into account the fibre mobility inside the tow and then the imbrication is necessary.

Conclusion

This paper presents the importance of the inter-fibre or inter-tow angle for the friction behaviour. It is shown that the friction is very different when the fibres are parallel, as is the case for an angle of 0°. The experimental results for a contact angle different from 0 follow the adhesive theory of friction and therefore the simple model used in this paper based on Hertz's theory can be considered to be globally sufficient. However, when the fibres are parallel to each other, that is, in the case of a contact angle equal to 0, the model presented is too far from reality or the adhesive theory of friction cannot explain the whole friction mechanism involved. In fact, it can be assumed that rearrangement of the tows occurs. Therefore the tows are flattened after several friction cycles, which, after a sufficient sliding distance, leads to interpenetration of the fibres forming the interface between the two tows. The consequence can be an increase of the adhesion mechanism. Quantification of the effect of this mechanism on the COF requires the development of a numerical model, the development of a measurement method, or the determination of the real contact area.

Moreover, it can be concluded that the method of measurement used in the present study probably allows a better control of the inter-tow angle than the capstan method, as is the case in the scarce previous studies on friction between carbon fibres.

The influence of the size of the tows on the COF can be neglected for angles other than 0°. At 0°, the wider the tow, the lower the COF; nevertheless, this phenomenon has not been explained so far. 

( 6 )

 6 𝐹 𝑇 = 𝐴 𝑟 • 𝜏 where A r : real contact area (m²), τ: shear strength (Pa).

  the transverse Young's modulus of the carbon fibre (Pa), υ 1 and υ 2 are the Poisson's ratio of the carbon fibre.

  tow width (m), d: fibre diameter (m). The normal force F N/fibre applied by a fibre of the upper tow on the fibres of the lower tow in contact with it is: (18) 𝐹 𝑁/𝑓𝑖𝑏𝑟𝑒 = 𝐹 𝑁/𝑡𝑜𝑤 𝑛 where F N/tow is the normal force applied on the upper tow during the experiment.The normal force F N acting on a single contact of a real contact area A r is then:
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 1 Figure 1: Schematic of friction experiment.

Figure 2 :

 2 Figure 2:Picture of the nanotribometer with the two fibre samples sliding at 45°.

Figure 3 :

 3 Figure 3: a) Lower and b) upper fibre sample carriers.

Figure 4 :

 4 Figure 4: Picture of the tribometer dedicated to tow-tow friction tests with two tow

Figure 5 :

 5 Figure 5:Tow sample carrier with a carbon tow.

Figure 6 :

 6 Figure 6:Influence of the normal force on the COF for 6K-tow friction tests at 0° and 90°

Figure 7 :

 7 Figure 7:COF relative to the number of friction cycles for the carbon tows at friction

Figure 8 :

 8 Figure 8: F T and F N relative to the number of friction cycles for the carbon tows. Example with a friction angle of 90°. The evolution is qualitatively similar for the other

Figure 9 :

 9 Figure 9:COF relative to the number of friction cycles for the carbon fibre at a friction

Figure 10 :

 10 Figure 10: Normal force F N relative to the number of friction cycles for the carbon fibre at a friction angle of 10° with the error bars corresponding to the standard deviation.

Figure 11 :

 11 Figure 11: Evolution of the COF relative to the friction angle with the error bars

Figure 12 SEM

 12 Figure 12 SEM IM7 fibres pictures at different scales to show a) the circular section of

Figure 13 :

 13 Figure 13:Hypothesis developed for the contact between two tows at a) θ = 0 and b) θ ≠ 0.

Figure 14 :

 14 Figure 14: Real contact area A r of a single contact relative to the angle between fibres (or tows) for different cases of normal force and tow size: a) from 0° to 90° and b)

Figure 15 :

 15 Figure 15:Real contact area A r_tow of a tow relative to the angle between tows for different cases of normal force and tow size. All the results concern Hexcel IM7 fibres.

Figure 16 :

 16 Figure 16: Shear strength relative to the contact pressure for different angles between the

Figure 17 COF

 17 Figure 17COF relative to the normal force acting on a single contact for different angles
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Table Captions Table 1 :

 Captions1 Mechanical properties of investigated carbon fibres and tows given by the manufacturers.

Table 2 :

 2 Chosen experimental conditions for fibre and tow carbon samples.

Table 3 :

 3 Coefficients k θ and m θ in function of the angle θ (Eq. 22) obtained by fitting the curves reported in Figure15. The coefficient of determination R² between the data and the fitting curve is also indicated.

Table 4 :

 4 Coefficients k' θ and n θ in function of the angle θ (Eq. 23) obtained by fitting the curves reported in Figure16. The coefficient of determination R² between the data and the fitting curve is indicated.

Table 3

 3 

	Angle	0°10°45°90°k			
	θ (in Pa (1-mθ) )	0.0012	10.167	4.5266	6.7103
	m θ	1.44	0.79	0.83	0.81
	(dimensionless)				
	R²	0.99	0.96	0.99	0.98
	Table 4				
	Angle	0°10°45°90°k			
	' θ (in N (1-nθ) )	5.88	0.12	0.10	0.09
	n θ				
		1.26	0.93	0.94	0.94
	(dimensionless)				
	R²	0.93	0.65	0.75	0.62