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The axial compressive strength of continuous fibres reinforced composite laminates is a key design parameter. Adding nano-fillers to polymer matrices should increase this property but compressive failure modes may change with increasing the nano-filler content. In this study, the effect of silica 10 nanoparticles content in an epoxy resin on the compressive strength of a composite with high modulus carbon fibres is studied. Significant improvement of the compressive strength is observed with increasing nano-filler content. It is also shown that a single experimental tensile test on ±45 • coupons makes it possible to estimate the compressive strength regardless of the nano-filler content. Indeed, the results of such a test include, on the one hand, a shear failure strain that indicates the type of 15 failure mode in compression, and, on the other hand, a non-linear shear behaviour that is used in a corresponding fibre micro-buckling model.
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Carbon Fibre Reinforced Polymers (CFRP) are widely used in numerous industrial fields (aeronautics, offshore, renewable energies, marine industry) or specific custom applications (leisure, racing cars, racing yachts). Resins play a significant role in the mechanical performances of composites, especially for compressive strength, which is one of the key material properties for engineering design.

One of the underlying compressive failure mechanisms is the interplay between fibres waviness due 25 to manufacturing and curing, and their neighbourhood that contain their displacement [START_REF] Wisnom | The effect of fibre waviness on the relationship between compressive and flexural strengths of Unidirectional composites[END_REF][START_REF] Budiansky | Compressive failure of fibre composites[END_REF]. At some stage, the containment is no longer stiff enough and fibres buckle leading to kinking bands. In this scenario, the matrix plays a crucial role, via its stiffness, and particularly its shear stiffness. The higher the stiffness of the resin is, the higher the compressive strength is. One solution to increase this property is to introduce stiff nano-fillers into the resin system to delay fiber buckling.

Historically, the use of nano-fillers in resin systems was studied as a way to enhance other physical properties (thermal or electrical conductivity,...) [START_REF] Jayasinghe | Effect of networked hybridized nanoparticle reinforcement on the thermal conductivity and mechanical properties of natural rubber composites[END_REF][START_REF] Kúdelčík | The effect of SiO 2 nano-filler on dielectric properties of epoxy resin[END_REF]. Problems linked to the manufacturing of continuous fibre composites with nano-fillers then appeared, such as the difficulty in spreading the nanofillers in the resin or the quality of the fibre/nano-fillers resin interface. Nano-fillers include nanosilica glass beads, clay nano-platelets or carbon nanotubes (CNT). Over the last decade, several approaches were considered by chemists, developing new chemical formulations offering greater rigidity or adding micro/nano-fillers linked to the thermoset network in order to limit its ability to deform.

The enhancement of the mechanical properties of polymers using nano-fillers has been addressed in various studies [START_REF] Quaresimin | Understanding the effect of nano-modifier addition upon the properties of fibre reinforced laminates[END_REF][START_REF] Uddin | Strength of unidirectional glass/epoxy composite with silica nanoparticle-enhanced matrix[END_REF][START_REF] Tsai | Investigating silica nanoparticle effect on dynamic and quasi-static compressive strengths of glass fiber/epoxy nanocomposites[END_REF][START_REF] Jumahat | Effect of Nanofillers on Thermo-Mechanical Properties of Polymers and Composite Laminates[END_REF][START_REF] Jumahat | Fracture mechanisms and failure analysis of carbon fibre/toughened epoxy composites subjected to compressive loading[END_REF][START_REF] Jumahat | Effect of silica nanoparticles on compressive properties of an epoxy polymer[END_REF][START_REF] Jumahat | Compressive properties of nanoclay/epoxy nanocomposites[END_REF][START_REF] Sprenger | Improving mechanical properties of fiber-reinforced composites based on epoxy resins containing industrial surface-modified silica nanoparticles: review and outlook[END_REF]. Jumahat et al. [START_REF] Jumahat | Effect of silica nanoparticles on compressive properties of an epoxy polymer[END_REF] used different nano-fillers contents and types using Epikote 828 and Cycom 977-20 with various nano-filler types (Silica based, CNT and Clay) to quantitatively measure the effect on the mechanical properties. An increase in stiffness from 10 % to 30 %, was found with a nano-filler content varying from 5 to 25 in weight content (wt %).

On CFRP, Tsai and Cheng [START_REF] Tsai | Investigating silica nanoparticle effect on dynamic and quasi-static compressive strengths of glass fiber/epoxy nanocomposites[END_REF] observed an 11 % increase in compressive strength with 30 % increase in nano-silica content. Quaresimin and Varley [START_REF] Quaresimin | Understanding the effect of nano-modifier addition upon the properties of fibre reinforced laminates[END_REF] reported no real increase in compressive strength with different nano fillers (nano-clay, nano-carbon fibre, co-polymers) but a higher resistance to notch sensitivity for nano-clay and nano-fibre (open-hole compression test). Uddin and Sun [START_REF] Uddin | Strength of unidirectional glass/epoxy composite with silica nanoparticle-enhanced matrix[END_REF] observed an increase of ≈ 10 % on the compressive strength with an increase of 8 % of the nano-silica content. These observations were performed on different off-axis laminates coupons, varying from ±5˚to ±15˚. Jumahat [START_REF] Jumahat | Effect of Nanofillers on Thermo-Mechanical Properties of Polymers and Composite Laminates[END_REF] performed in-plane shear tests to get the non-linear behaviour with various nanofillers content (0, 3, 7 and 13 wt %). The in-plane shear modulus increased from 4.3 GPa to 6.4 GPa (+33 %) [START_REF] Astm | D695 -Standard Test Method for Compressive properties of Rigid Plastics[END_REF]. Compressive failure strains were ranging from 1.06 % to 1.3 % with a nano-filler content varying from 0 to 13 wt % with the maximum failure strain for 7 wt %. These tests were suggesting that an optimum nano-filler content would be required to benefit from the maximum compressive strength properties.

Enhancements in compressive strength was also studied for hydrofoils design (racing yacht applications) [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF]. In that study, the effect of resin properties with or without nano-fillers (Gurit products) was compared on two different fibres -high modulus (HR40, Mitsubishi) and intermediate modulus (IM2C, Hexcel) -demonstrating a significant improvement of the compressive strength using the resin with nano-fillers (30-40 % compared to resin without nano-fillers) on IM2C fibres. On the other side, performances were not significantly improved for nano-fillers resins containing HR40. Only a 10 % improvement was observed. Moreover, the standard deviation on the experiments was sufficiently large to lead to equivalent strength design value on both resins with and without nano-fillers to get a sufficient margin of safety. Failure analyses on tests coupons suggested that the failure mechanism under compression was different for HR40 fibres with nano-fillers probably due to a weaker interface between fibre and resin. Besides, estimations of compressive strength suggested that the latter was reduced due to the nano-filler content in the resin.

The following problem arises: what is the contribution of nano-filler content on compressive strength and related damage mechanisms? Could we possibly identify a specific optimum nano-filler content as suggested by Jumahat [START_REF] Jumahat | Effect of Nanofillers on Thermo-Mechanical Properties of Polymers and Composite Laminates[END_REF], sufficiently high enough to stiffen the resin and sufficiently low enough to not modify the failure mechanism [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF]? Using estimations, can we get more insight on these results and propose a targeted nano-filler content delivering optimal performance?

In this aim, it is proposed to characterize in this study the compressive strength of several composites with a single epoxy resin and silica nano-fillers with different contents and the same manufacturing process. The paper is organised as follows. First, the theory describing the prediction of the compressive strength is recalled. Potential physical mechanisms leading to failure are reviewed. Then, the necessary mechanical tests are performed on CFRP involving an epoxy thermoset resin with four different silica nano-filler contents and high modulus carbon fibres. Finally, the experimental and estimated values of compressive strength are compared and discussed in the light of associated failure analysis.

Theory: estimation of compressive strength

Failure under plastic instability

An analytical model for estimating the compressive strength was proposed by Budiansky and Fleck [START_REF] Budiansky | Compressive failure of fibre composites[END_REF]. It requires to know the non-linear shear behaviour of the unidirectional ply (UD) γ UD (shear strain) vs. τ UD (shear stress) assumed to be described by a Ramberg-Osgood (RO)-like behaviour (Eq. ( 1)).

γ UD γ y UD = τ UD τ y UD + 3 7 × τ UD τ y UD n UD (1) 
It involves material parameters G UD , n UD , γ y UD and τ y UD . G UD is the shear modulus of the composite. τ y UD is a nominal shear yield stress defined as the shear stress for which a straight line, constructed with a secant modulus reduced to 70 % of the initial shear modulus G UD , intersects the experimental curve. γ y UD is defined by

τ y UD = G UD × γ y UD .
Using the in-plane shear behaviour, the compressive strength, referred to as critical stress generating plastic instability (σ stab UD ), is defined as the maximum stress applied on UD before the micro-buckling of the fibre appears, and is given by Eq. ( 2):

σ stab UD = G UD 1 + n UD 3 7 1 n UD φ 0 /γ y UD n UD -1 n UD -1 n UD (2)
where φ 0 is the initial misalignment of the fibre (fibre waviness).

An additional contribution, referred to as a structural effect [START_REF] Wisnom | On the high compressive strains achieved in bending test on unidirectional carbon-fibre/epoxy[END_REF][START_REF] Grandidier | A fibre direction compressive failure criterion for long fibre laminates at ply scale, including stacking sequence and laminate thickness effects[END_REF], takes place at the laminate scale and involves the thickness of UD ply, the stiffness of the off-axis neighbouring plies and the deformation gradient (e.g. in bending). This mechanism adds a contribution σ stru UD .

σ stru UD = 2 r g f π e b E m E f 1 -ν 2 m V f (1 -V f ) (3) 
where r g f is the gyration radius of fibre, E m and ν m are respectively the Young's modulus and the Poisson's ratio of the matrix, E f the longitudinal elastic modulus of the fibre, V f the volume fraction of fibres and e b the characteristic thickness of UD involved in the instability mode (a fraction of the total thickness of UD). For a laminate stacking under bending, e b is 0.4 times the thickness of consecutive UD plies undergoing the higher compressive stress. Details for the calculation of σ stru UD are reported elsewhere [START_REF] Grandidier | A fibre direction compressive failure criterion for long fibre laminates at ply scale, including stacking sequence and laminate thickness effects[END_REF][START_REF] Mechin | An experimental protocol to measure the parameters affecting the compressive strength of CFRP with a fibre micro-buckling failure criterion[END_REF] for sake of clarity. The radius of giration is 1.5 µm for HR40 fibre. The fibre volume fraction is set to 56 % according to the prepreg datasheets. The sum of the two contributions (σ stab UD and σ stru UD ) gives the critical stress that triggers the instability, σ crit UD , as proposed in Ref.

[16] in the form of an engineering criterion, very useful for the fast dimensioning in a design loop.

It is nevertheless grounded on a background of solid numerical simulations describing the possible instabilities [START_REF] Drapier | Structure effect and microbuckling[END_REF][START_REF] Gardin | Homogenized models for the modelling of instability in long fibre media[END_REF]. The initial misalignment angle φ 0 is considered as being constant and set to 2.0˚as previously proposed [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF]. Let us note that this value chosen does not have a significant importance in the context of the comparison of the effect of nano-fillers content on a single fibre type and the same manufacturing process on the compressive strengths of UDs.

Premature shear failure

As related in a previous work [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF], some precautions should be taken on the use of the latter model in the case of premature failure of the fibre/resin interface (or close to). Indeed, Budiansky and Fleck's model assumes that the instability grows up around fibers contained by the plastic behaviour of the resin. The micro-buckling model (see Ref. [START_REF] Budiansky | Compressive failure of fibre composites[END_REF] for details) calculates the maximum allowable shear strain around a candidate fibre for buckling, called critical shear strain at instability γ stab UD , see Eq. ( 4).

γ stab UD γ y UD = 7 3 φ 0 /γ y UD n UD -1 1/n UD + φ 0 /γ y UD n UD -1 (4) 
However, the failure can occur due to some material limit which is described using the failure shear strain (γ fail UD ) used as given in Eq. ( 5), and a new stability stress σ stab-mod UD is estimated, from Argon's equilibrium equation [START_REF] Argon | Treatise on Materials Science and Technology[END_REF]:

σ stab-mod UD = τ(γ fail UD ) γ fail UD + φ 0 (5) 
The stability stress (σ stab-mod

UD

) is then the compressive strength of UDs, as the premature failure of fibre/resin can not be increased, this time, by the structural effect (σ stru UD ). More details about the use of this specific case are reported in Mechin et al. [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF].

Competition between the two mechanisms

A competition between the two mechanisms may occur. Consequently, a comparison between the computed values of the shear strain at instability (γ stab UD ) and the failure shear strain measured (γ fail UD ) is required to use the relevant strength prediction. Three configurations must be considered (See Fig. 1):

• γ stab UD < γ fail UD (Configuration 1): The shear strain at instability (during compression) remains lower than the failure shear strain. In that case, the instability mode (buckling of fibre) fully develops, extended by the contribution of the structural effect (σ stru UD ):

σ crit UD = σ stab UD + σ stru UD ,
• γ stab UD > γ fail UD (Configuration 2): The shear strain at instability is larger than the failure shear strain measured. In that case, the fibre/resin failure occurs and the instability is triggered prematurely and Argon's equation (Eq. ( 5)) can be used to estimate the strength,

• γ stab UD ≈ γ fail UD (Configuration 3): The shear strain at instability and the failure shear strain are of the same order of magnitude (within experimental uncertainty). In that case, both failure mechanisms can be observed. However, if instability appears, the material limit will be reached immediately.

In the latter case, even if the instability finally occurs at the ply scale, material limit is possibly reached locally. Reaching this limit will lead to shear failure prior to the buckling propagation into the ply. In this context, we use Argon's model [START_REF] Argon | Treatise on Materials Science and Technology[END_REF] since we know the shear failure strain.

Materials and methods

Materials

The study is focused on high modulus HR40 carbon fibres [Mitsubishi] (axial modulus of 373 GPa).

The associated polymer matrix is an epoxy resin system Se84 nano Generation 2 [Gurit]. Using this resin system, four nano-filler (silica nano-particles) contents are used (See Table 1). For confidentiality reasons, the real content will not be given, so that only the normalised content is provided.

Figure 2 provides two fractography images of Se84 nano Generation 1 showing the silica nanoparticles and of Nano Generation 2 M100, where the content is the same for both resins, but the particle size is smaller for the latter. Resin systems have a glass transition temperature (T g ) around 120˚C.

Plates are manufactured from prepregs (raw materials developed by Gurit), where compaction under vacuum is operated every three plies at 3 bars. They are then cured in an autoclave, with a specific heat-up ramp (composite supplier's datasheet) and a pressure of 7 bars. The curing cycle is performed once (one-shot).

Experimental methods

Four-point bending tests were carried out according to ASTM standard [START_REF] Astm | D790 -Standard Test Method for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials[END_REF] with a universal testing machine (Instron 5567, 30 kN load cell) using a distance of 90 mm between the upper rollers (10 mm in diameter), where pure bending occurs, and a distance of 460 mm between the lower rollers.

Mono-axial strain gauges (10 mm in length -Kyowa) were glued on both the compression and the tension sides. Ten samples with the stacking sequence [+45, 0 9 , -45, 0 11 , -45, 0 9 , +45] are tested for each composite material at 5 mm/min. Three were broken with the mould side in compression, three with the vacuum bagging side in compression. The details of the analysis of the flexural tests are reported elsewhere [START_REF] Keryvin | Determination of the longitudinal non linear elastic behaviour and compressive strength of a CFRP ply by bending tests on laminates[END_REF]. Let us note the use of polyethelene pads between the roller and the composite beam surface.

Tensile tests on ±45˚samples are carried out at 2 mm/min (to have the same order of magnitude in terms of strain rate with the four-points bending test)to extract the in-plane shear behaviour of the unidirectional ply (UD). At least, five samples with the dimensions 250 x 25 x 2 mm 3 composed of 8 plies (symmetric layup) were tested for sake of reproducibility at 2 mm/min. A non-linear regression to extract the Ramberg-Osgood (RO) parameters (see. Eq. ( 1)) is made for each sample. Failure shear strains are also measured (γ fail UD ). Besides, fracture surface are observed with a camScan MV2300 (Jeol 7000 series -JSM-700F) scanning electron microscope (SEM). Acceleration voltage is set to 7 kV and image resolution is 1280x1024 pixels.

Results

Representative shear behaviours of the different nano-fillers content resins with HR40 fibres are plotted in Fig. 3. Additional results from Mechin et al. [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF] and Jumahat [START_REF] Jumahat | Effect of Nanofillers on Thermo-Mechanical Properties of Polymers and Composite Laminates[END_REF]] (with HTS40 fibre) involving different materials with nano-fillers were also reported for comparison. In Mechin et al. [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF], Se84 nano Generation 1 was considered, involving specific nano-fillers products. Due to industrial innovation, new products have been considered for the new Se84 nano-fillers Generation 2 system. Therefore, comparison between mechanical performances of Se84 nano Generation 1 and Generation 2 is also proposed.

Table 2 shows the experimental results. The in-plane shear behaviour highlights high stiffnesses for resin with nano-fillers (Se84 nano Generation 1 & Epikote with high nano-fillers content) compared to lower stiffnesses fo resin without nano-fillers (Se84 LV & Epikote with null nano-fillers content).

The variation of the nano-fillers content changes both the stiffness and the strength of the UDs under shear (M50 to M100). The higher the nano-fillers content in resin, the higher the shear elastic stiffness of UD (see Fig. 3). Se84 Nano Generation 1 behaviour is equivalent to M65 resin, except for the failure strain which is larger for M65. As the nano-fillers relative content increases from 50 % to 100 %, the shear elastic stiffness increases (+20 %) (See Table 2). It also increases the hardening exponent n UD , decreases the shear yield strain (γ y UD ) and decreases sharply the failure shear strain values (the shear strength values are significantly less affected). From a failure point of view, the failure shear strain values are slightly higher for all Se84 nano generation 2 configurations compared the Se84 nano generation 1. The scatter in failure shear strains is significantly different depending on the nano-filler content. Standard deviations are of the same order of magnitude for both Se84 nano generation 1 and generation 2.

From the parameters extracted from the RO fit, the compressive strength is estimated classically (see § 2) using Eq. ( 2) and the structural effect. The influence of the non-linear shear parameters on the estimation is rather complex since they appear as numerator or denominator in Eq. ( 2). At first glance, the experimental results and the analytical predictions for the compressive strength do not agree (see Table 2) for the four nano-fillers contents, which confirms the different scenarios depicted in Fig. 1.

Yet, the fractography analysis (see Fig. 4) shows two different mechanisms: combination of fibre buckling (top) and fibre/matrix debonding with possible weak interface (bottom). For all materials, kinking bands are observed, validating the scenario of fibre micro-buckling failure mechanism possibly initiated by the weak fibre/resin interface.

Discussion

With the classical estimation of Budiansky and Fleck [START_REF] Budiansky | Compressive failure of fibre composites[END_REF] combined with the structural effect [START_REF] Grandidier | A fibre direction compressive failure criterion for long fibre laminates at ply scale, including stacking sequence and laminate thickness effects[END_REF], three out of the four nano-fillers content resins (namely M82, M65 and M50) lead to differences between estimations and experimental values. Based on the theory developed in Section 2, an explanation of the failure scenarios is proposed.

Analysis of failure shear strains to identify the mechanisms and compression micro-buckling strength

The failure shear strains (γ fail UD ) and the shear strains at instability (γ stab UD ) are reported in Table 2. Three key points are highlighted with these results and illustrated in Fig. 5 which sums-up the evolution of the failure shear strains with their variability to the shear strain at instability (computed for a specific initial misalignment) according to the nano-fillers content in the resin.

Firstly, for resin M100, the values of failure shear strains (γ fail UD ) are much higher than shear strains at instability (γ stab UD ). Consequently, the plastic micro-buckling propagates in the ply at the mesoscopic scale. The compressive strength prediction is the sum of the micro-buckling contribution and the structural effect, and is in agreement with the experiments (as given in Table 2).

Secondly, for resin M50, the range for failure shear strains is lower than the shear strain at instability.

In that case, the compressive strength prediction is limited by the local limit of the material under shear computed with the critical failure shear strain value (eq. Eq. ( 5)).

Thirdly, for the two remaining resins (M82 & M65), the shear strain at instability is in the range of failure shear strains. The comparison of the model predictions with the experiments allows to propose a scenario. For M65 and M80, compressive strength predictions using the instability model at the ply scale (blue squares) strongly overestimate the strength (see Fig. 5). The propagation of the instability mechanism at the ply scale is not feasible, due to the material limit under shear, reached through all the ply except for the variability. This is confirmed by Argon's prediction (orange), delivering the best estimation comparatively to the micro-buckling model at the mesoscopic scale.

This analysis demonstrates that the interplay between the different failure mechanisms can be estimated for the different fibre/resin couples of the study. Required material properties for the model

(G UD , n UD , γ y UD & γ fail UD
) can be all extracted from a single tension test on ±45˚laminates to get the in-plane shear response. This remarquable conclusion offers to engineers the opportunity to quickly compare compressive strengths of various fibre/resin systems with a reduced amount of experiments, mostly independent of the lamination process.

The remaining parameter (initial misalignment) is considered now. If the compressive strength predictions using the micro-buckling model are particularly overestimated for M50 and M65, it is important to notice that the estimations have been proposed using the arbitrary assumption of an initial misalignment angle set to 2˚. From a global point of view, the measured compressive strength is slightly lower than the one predicted (by ≈ 80 MPa). This comment suggests the following question:

would the micro-buckling model at the ply-scale be able to properly predict the compression strength should the initial misalignment was different? In other words, for which value of the initial misalignment the compressive strength would be equivalent for the estimations and the experiments? This latter point is quantified in § 5.2 to allow concluding on those mechanisms.

The engineering failure criterion therefore helps in illustrating the variability of the compressive strength observed experimentally. According to the variability in failure shear strain, leading to large variations in estimated compressive strength, the two nano-fillers content resins (M65 and M82) should not be considered further for HR40 fibres. The compressive strength would be too significantly variable. On the other side, resin M100 gives significantly higher properties with a minimum variability.

Validation of the explanation proposed by a discussion on the initial misalignment per resin

In the analytical model (criterion), all the parameters were experimentally identified: in-plane shear behaviour, fibre and resin properties, thicknesses and fibre volume fraction. The initial misalignment was chosen from literature review. It remains the single parameter not measured but required for the micro-buckling model estimation (see Eq. ( 2)). It would be actually possible to measure this misalignment using e.g. Yurgartis method [START_REF] Yurgartis | Measurement of small angle fiber misalignments in continuous fiber composites[END_REF]. Our assumption was to suppose that this angle is the same for all specimens since the resin is the same, the manufacturing and curing conditions are also the same. A possible dependence on the nanofiller content is not to be excluded but it is assumed that this dependence could not explain by itself the different failure mechanisms. To validate the explanation suggested (see § 5.1), it is simply assumed that the difference between compressive strength experiments and estimations is due to the remaining unknown parameter: the initial misalignment (φ 0 ). The value for each resin is then estimated considering that the compressive strength prediction is the combination of both limit under shear and micro-buckling with structural effect and matches the mean experimental values. These estimations of φ 0 are reported in Table 3.

For M82 to M50, a larger initial misalignment (than the 2˚baseline value) is required to fit the experiments and compressive strength predictions (considering than a full micro-buckling failure occurs).

According to literature [START_REF] Jumahat | Effect of Nanofillers on Thermo-Mechanical Properties of Polymers and Composite Laminates[END_REF][START_REF] Jumahat | Fracture mechanisms and failure analysis of carbon fibre/toughened epoxy composites subjected to compressive loading[END_REF][START_REF] Jumahat | Compressive properties of nanoclay/epoxy nanocomposites[END_REF], a 2.5˚value (or larger) for the initial misalignment has never been observed for continuous carbon fibres reinforced polymers. Such values should therefore not be considered as consistent.

However, predictions using a 2˚value for the initial misalignment deliver results slightly higher than experiments. As a change of the initial misalignment value has no significant effect on the values of shear strain at instability (γ stab UD ), small variations of the initial misalignment can be proposed. The order of shear strain at instability (γ stab UD ) vs. the failure shear strains (γ fail UD ) remains the same. Therefore, the difference observed on the compressive strength regarding the nano-filler content is due to the nano-fillers which modifies the mechanism, not to the initial misalignment. A larger value of the initial misalignment set to 2.2˚offers an excellent agreement between strength predictions and experiments (see Tables 2 and4). The angle of 2.2˚is a compromise that allows to better correlate the experimental measurements with the predictions of the model, knowing that this measurement of the angle has not been realized but that this approximate value is realistic. In addition, each specimen with different nanofiller levels may differ from the others. To refine these estimations, it is essential to better understand these defects to verify that the analytical model is predictive.

Concluding remarks

This work studied the effect of the nano-fillers content in an epoxy resin system combined to a high modulus carbon fibre on the axial compressive strength of CFRP. A thermoset resin system with four different nano-fillers contents was considered. Compressive strengths values were measured by four points bending tests for the UDs. The shear behaviour was characterised using tension tests on ±45˚laminate coupons. Compressive strength values were estimated using two failure criterions dealing with the two competing mechanisms (micro-buckling failure with or without shear failure) and two critical levels of shear strain (estimated shear strain at instability and measured shear failure, respectively).

Two key points are highlighted. Firstly, the nano-fillers content has a significant effect on the compressive strength of UDs as expected. The higher the nano-fillers content, the higher the compressive strength. Secondly, both failure mechanisms are competing and possibly occurring in all the resin/fibre couples considered. When the shear strain at instability is lower than the failure shear strain, the full instability mode develops with the structural effect. At the contrary, in the opposite order for the two shear strains, premature shear failure triggers the instability mode without the structural effect. When both strains have the same values (within experimental uncertainty), the same situation is used giving also scattered estimations in accordance with experiments. The ability to estimate the compressive strength of continuous fibre composites, by selecting the adequate failure criterion based only on a single tension test on ±45˚coupons, has therefore been demonstrated. It

gives the possibility to material scientists to estimate the compressive strength performance for a given nano-fillers content with a straightforward tensile test. It also comforts the use of the microbuckling criterion for mechanical engineers in the fast dimensioning in the design step of composite structures. The approach is based on a very large number of studies on compressive strength, and it appears from our own experience that the simple test (tension on ±45˚coupons) is an interesting indicator that carries the dual information of non-linear behaviour and the strength of the fibre-matrix interface, which are the two mechanisms that compete.

Compressive strength values around 1400 ± 44 MPa were observed for the Nano Gen2 M100 resin, associated to a minimum standard deviation. This result is a significant improvement compared to existing classic low Tg epoxy resins delivering compressive strengths values around 1200 ± 90 MPa [START_REF] Mechin | Limitations on adding nano-fillers to increase the compressive strength of continuous fibre / epoxy matrix composites[END_REF] with HM carbon fibres. In a future work, an objective to continue the search for better compressive strength would be to change the type of high modulus carbon fibre. Indeed, it has been shown that in the case of the highest nano-fillers content, the failure mechanism is plastic micro-buckling (Fig. 5). Consequently, the global failure of the UD is the result of a fibre's failure in bending (in ten- 
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 1 Figure 1. In-plane shear behaviour of the UD with the three configurations of the failure shear strain and its variability regarding the shear strain at instability: γ stab UD < γ fail UD (1), γ stab UD > γ fail UD (2), γ stab UD ≈ γ fail UD (3).
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 23 Figure 2. Fractographic SEM pictures showing the nano-fillers on NanoGen1 (left)and NanoGen2 (M100, right). Both resins have the same nanofillers content but with different sizes.
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 4 Figure 4. SEM fractography images of the different resins.

Table 1 .

 1 nano-silica weight contents used for the four matrices using the Se84 nano Generation 2 epoxy system.

	sion or compression [21, Fig.1]). Changing to another fibre offering better resistance seems appropri-
	ate. HM63 (Hexcel) or M40J (Toray) are possible candidates to replace HR40 (Mitsubishi).

Table 2 .

 2 Results of the experimental results and estimations (using Eq. (2) and the structural effect) for the four composite materials considered (see the main text for details)

	Se84 nano Gen2	M100 M82 M65 M50
	Nano-filler (wt %)	100	82.4	64.9	50
	φ 0 [˚]	2.0˚2.4˚2.8˚2.8σ	
	crit UD [MPa] for φ 0 1417 1245 1149 1108

Table 3 .

 3 Initial misalignment (φ 0 ) required for each resin system to match the experiments and the predictions using the micro-buckling model and structural effect contribution.

	Se84 nano Gen2	M100	M82	M65	M50
	Nano-filler (wt %)	100	82.4	64.9	50
	γ stab UD [ %] (φ 0 = 2.2˚)	1.39	1.93	1.84	2.04
	Failure mechanism	Plastic	Material	Material	Material
		instability	failure	failure	failure
	Strength prediction [MPa] (φ				

0 = 2.2˚) 1340 ± 44 1198 ± 121 1234 ± 93 1186 ± 89

Table 4 .

 4 Compressive strength prediction according to each considered mechanism using an updated value for the initial misalignment (φ 0 ) set from the experiments and literature review.
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plotted for both shear strain at instability (γ stab UD -given at 2˚) and failure shear strain (γ fail UD ) with the standard deviation measured. Bottom -Compressive strength plotted regarding the value of failure shear strain vs. stability shear strain. The orange markers are shifted by 1 % for sake of clarity.