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Hygromechanical properties of 3D printed continuous carbon and glass fibre reinforced polyamide composite for outdoor structural applications
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The additive manufacturing of structural composites is a disruptive technology currently limited by its moderate mechanical properties. Continuous fibre reinforcements have recently been developed to create high performance composites and open up encouraging prospects. However, to increase their use, deeper understanding of the relationship between process and induced properties remains necessary. In addition, to apply these materials to engineering applications, it is of high importance to evaluate the effect of environmental conditions on their mechanical performances, particularly when moisture-sensitive polymer is used (PolyAmide PA for instance) which is currently lacking in the literature. This present article aims to investigate in more detail the relationship between the process, the mechanical behaviour and the induced properties of continuous carbon and glass fibres reinforced with a polyamide matrix manufactured using a commercial 3D printer. In addition, their hygromechanical behaviour linked to moisture effect is investigated through sorption, hygroexpansion and mechanical properties characterization on a wide range of relative humidity (10-98% Relative Humidity RH). The printing process induces an original microstructure with multiscale singularities (intra/inter beads porosity and filament loop). Longitudinal tensile performance shows that the reinforcing mechanism is typical of composite laminates for glass and carbon. However, the rather poor transverse properties are not well fitted by the Rule Of Mixture (ROM), thus underlining the specificity of the printing-induced microstructure and an anisotropic behaviour in the material. Non-negligible (5-6%) moisture uptake is observed at 98% RH, as well as orthotropic hygroscopic expansion of PA/carbon and PA/glass composites. The consequences of various moisture contents on mechanical properties are studied, showing a reduction of PA/carbon stiffness and strength of 25 and 18 % in the longitudinal direction and 45 and 70% in the transverse direction. For PA/glass composites, we obtain a reduction in strength of 25 % in the longitudinal direction, along with a 80% reduction of stiffness and 45% in strength in the transverse direction. A wetting/drying cycle underlines reversible phenomena in the longitudinal direction and mainly non-reversible degradation in the transverse direction.

Introduction

Additive manufacturing is a technology which consists of layer-by-layer deposition using numerical 3D model structures [START_REF] Bogue | 3D printing: the dawn of a new era in manufacturing?[END_REF]. Of the many different 3D printing technologies, the most widespread method is Fused Filament Fabrication (FFF) a material extrusion process. Owing to this technology, a wide range of materials can be processed, especially polymers and composites [START_REF] Crump | Apparatus and method for creating three-dimensional objects Available at[END_REF][START_REF] Parandoush | A review on additive manufacturing of polymer-fiber composites[END_REF][START_REF] Wang | 3D printing of polymer matrix composites: A review and prospective[END_REF][START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF][START_REF] Brenken | Fused fi lament fabrication of fi ber-reinforced polymers : A review[END_REF][START_REF] Berman | 3-D printing: The new industrial revolution[END_REF]. Thus, FFF allows the rapid printing of very intricate parts, without using complex tools and with reduced solid waste emissions, leading to a reduction of production costs [START_REF] Wang | 3D printing of polymer matrix composites: A review and prospective[END_REF][START_REF] Ngo | Additive manufacturing (3D printing): A review of materials, methods, applications and challenges[END_REF]. FFF is also gaining interest because it offers a solution to reduce maintenances especially in applications in extreme conditions like polar or ocean expeditions, ocean races (America's cup for example), civil or military (US Navy for example) ocean transports and drones. Indeed, in these conditions it is difficult to quickly repair materials or to bring spare parts. 3D printing offers an encouraging solution in the case where printed materials offer also high mechanical performance and durability.

However, FFF printed thermoplastic materials often show mediocre mechanical properties partly due to the lack of pressure applied during the process [8,9]. Consequently, many studies have investigated the addition of reinforcing fibres within the polymer filament. Several studies have shown that the addition of short fibres allows the printing of parts with better mechanical properties [START_REF] Tekinalp | Highly oriented carbon fiber-polymer composites via additive manufacturing[END_REF][START_REF] Ning | Additive manufacturing of carbon fiber reinforced thermoplastic composites using fused deposition modeling[END_REF][START_REF] Ferreira | Experimental characterization and micrography of 3D printed PLA and PLA reinforced with short carbon fibers[END_REF][START_REF] Liao | Properties of oriented carbon fiber/polyamide 12 composite parts fabricated by fused deposition modeling[END_REF][START_REF] Zhong | Short fiber reinforced composites for fused deposition modeling[END_REF].

Nevertheless, addition of short fibres within the polymer matrix for FFF filaments is often limited to a maximum fibre volume fraction of about 50% because of the prohibitively high viscosity value of the molten composite filament. The direct consequence is that these short-fibre reinforced filaments have only a limited use for structural applications.

Recently, to overcome these limitations and to fill the gap between printed parts and conventionally manufactured composites, great efforts have been made to develop continuous fibre reinforcement in the printed parts. Different strategies have been used, such as the modification of the printing nozzle to ensure impregnation of the initially dry fibres by the matrix within the printing head (while printing) [START_REF] Matsuzaki | Three-dimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF][START_REF] Tian | Interface and performance of 3D printed continuous carbon fiber reinforced PLA composites[END_REF][START_REF] Yamanaka | Fiber Line Optimization in Single Ply for 3D Printed Composites[END_REF][START_REF] Yang | 3D printing for continuous fiber reinforced thermoplastic composites : mechanism and performance[END_REF]. Nevertheless, materials developed with this process exhibit a poor fibre-matrix interface because of the lack of compaction during the printing, which explains why research teams have developed 'ready-to-print' continuous-reinforced filament [START_REF] Yamawaki | Fabrication and mechanical characterization of continuous carbon fiber-reinforced thermoplastic using a preform by three-dimensional printing and via hot-press molding[END_REF][START_REF] Hou | 3D Printed Continuous Fibre Reinforced Composite Corrugated Structure[END_REF]. Several studies have investigated this new printing technique [START_REF] Goh | Characterization of mechanical properties and fracture mode of additively manufactured carbon fiber and glass fiber reinforced thermoplastics[END_REF][START_REF] Van Der Klift | 3D Printing of Continuous Carbon Fibre Reinforced Thermo-Plastic (CFRTP) Tensile Test Specimens[END_REF][START_REF] Justo | Characterization of 3D printed long fibre reinforced composites[END_REF][START_REF] Dickson | Fabrication of continuous carbon, glass and Kevlar fibre reinforced polymer composites using additive manufacturing[END_REF] and have reported improved mechanical properties compared to short-fibre reinforced printed composites. For example, Yamawaki et al. [START_REF] Yamawaki | Fabrication and mechanical characterization of continuous carbon fiber-reinforced thermoplastic using a preform by three-dimensional printing and via hot-press molding[END_REF] have worked on PolyAmide (PA) reinforced with continuous carbon fibre and have obtained parts reaching an ultimate tensile strength of 624 MPa for a fibre volume fraction of 20%. In this way, these authors obtained parts with 8.6 times higher ultimate tensile strength when using a lower fibre fraction than with shortfibre reinforced printed composites. Despite the better mechanical properties that can be attained through this improved technology, and the potential for structural applications, there are still some drawbacks. Indeed, studies have shown that the printed parts exhibit a porosity level of around 10%, which is very high compared to traditional composite manufacturing processes [START_REF] Arhant | Effect of sea water and humidity on the tensile and compressive properties of carbon-polyamide 6 laminates[END_REF][START_REF] Tual | Characterization of Sea Water Ageing Effects on Mechanical Properties of Carbon/Epoxy Composites for Tidal Turbine Blades[END_REF]. For outdoor applications submitted to temperature and moisture variations like in marine engineering (pulley, chandlery, propeller, submarine drones, marine turbine…) the moisture sensitivity of the polymer matrix could limit their application especially if PolyAmide (PA) is used. In addition, a microstructure effect (i.e. increased porosity) could also affect the moisture sorption, the transport of the material as well as a whole set of hygromechanical properties.

In this study, we use continuous glass fibre as well as continuous carbon fibre reinforced PA filaments to print composite parts via a commercial 3D printer. First of all, the longitudinal and transverse mechanical behaviour and properties of printed parts with varying fibre volume fraction are measured through tensile tests. The reinforcing mechanism is evaluated by comparing the properties of carbon and glass reinforced composites measured by tensile tests with values obtained by back-calculation using the Rule of Mixture (ROM). Then, microscopical analysis is carried out to describe extensively the microstructure and defects induced by the printing process.

Finally, with the aim of using continuous fibre reinforced 3D printed parts, to make use of their better structural performance in outdoor applications, we evaluate and discuss sorption and swelling behaviours along with the mechanical responses under different moisture conditions.

Materials and test methods

Part manufacturing with Fused Filament Fabrication (FFF)

The 3D printer used in this study is a MarkTwo 3D printer provided by Markforged ® , which is driven by a web interface (Eiger.io) developed by Markforged ® . The filaments, made of multiple strands of carbon or glass fibres coated with polyamide matrix are also provided by Markforged ® [9]. Two spools of filaments are available during the printing, i.e. one of neat PA6 filament and one of continuous Carbon Fibre or continuous Glass Fibre reinforced PA filament. In the following, we refer to continuous carbon and glass fibre reinforced PA filaments (or printed composites) as cCF/PA and cGF/PA, respectively. Note that a pure polyamide 6 (PA 6) layer is always deposited on the bottom and on the top of each sample, to avoid dismantling the part during printing [START_REF] Van Der Klift | 3D Printing of Continuous Carbon Fibre Reinforced Thermo-Plastic (CFRTP) Tensile Test Specimens[END_REF], as well as at the perimeter of each printed layer. This gangue-like coating is referred to as "Roof & floor layers" and "wall layers" and represents the number of layers deposited on the top, on the bottom and on the edge, respectively (see Figure 1).

Figure 1

The following printing parameters were used to prepare a rectangular specimen. The fill pattern is selected as rectangular, with a fill density of 100%. To maximize the fibre volume fraction, 'Roof & Floor' as well as 'Wall' layers were set at 1. The printing speed of fibre filaments is estimated around composite, printing speed has to be slow enough so as to avoid bead pull-out from the plate. Furthermore, a slow printing speed induce a slower cooling which promote interdiffusion between printed beads and enhance transverse and interlaminar properties of printed parts. Table 1 The thicknesses of the continuous carbon, glass fibre printed layers and pure PA-6 were set at 0.125, 0.1 and 0.2 mm, respectively. Supports, brim and expanded features were not used. The filaments provided by Markforged® have a fixed preset fibre volume fraction measured by thermogravimetric analysis (35 % vol for carbon filaments and 39 % vol for glass filaments), while the amount of fibre in the material is controlled by the thickness e f and the global thickness e T . This specific feature is a notable drawback because fibre volume fraction, and hence also the material properties, will depend on the material geometry. For this purpose, three different configurations for each material were used as summarized in Table 1.

Tensile tests on single fibres and composites

Tensile properties of single carbon and glass fibre were characterized according to ISO 11566. Beforehand, reinforced filaments had been immersed in a 98% solution of formic acid to dissolve PA matrix and extract single fibres [START_REF] Cheng | Isothermal phase behavior of nylon-6,-66, and -610 polyamides in formic acid water systems[END_REF]. Afterward, single fibres were stuck on paper supports with a gauge length of 10 mm [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF] and cross-sectional diameters were measured with optical microscopy at three points along the fibre. Finally, tensile tests were carried out with a MTS Synergie RT/1000 tensile machine using a 2N capacity load cell at 23°C and 50% RH with a crosshead speed of 1mm/min. For each batch, 50 samples were tested.

For composites, sample tests were carried in accordance with ASTM D3039. The sample dimensions were 100 mm x 15 mm x variable Thickness, to obtain varying fibre volume fractions (Table 1).

Whole sample thickness (including coating PA-6) was taken into account to calculate the tensile stress. Because of the high anisotropy induced by the continuous fibre reinforcement, two different patterns were printed following the x and y axis, i.e. in order to evaluate the longitudinal and transverse mechanical properties. End tabs made of a Polyamide/glass composite laminate were glued to the sample with Loctite 406®.

Mechanical behaviour of longitudinal carbon fibre was measured on an Instron 8803 test machine with a 50kN capacity load cell and Kyowa KFGS-10-120-C1-11 strain gauges. The crosshead speed was set at 1mm/min according to ASTM D3039. Tensile modulus was measured in a deformation range between 0.025% and 0.1%. Tensile tests were performed at room temperature (23°C) and at 50% Relative Humidity (RH). Moreover, no standards are available that deal with the mechanical characterization of printed composites.

Sample storage and gravimetric measurements

The tensile tests specimens were stored in chambers with Relative Humidity (RH) controlled by a saturated solution of potassium hydroxide (KOH), magnesium chloride (MgCl 2 ), sodium chloride (NaCl) and potassium sulphate (K 2 SO 4 ) so as to reach a RH of 10%, 30%, 75% and 97% respectively.

Tensile tests specimens were also stored and in a lab room at 50% RH. All samples were stored at room temperature (23°C). Samples were used after reaching saturation, i.e. when the weight was stabilized. Samples 20 mm (L) x 20 mm (w) x 4 mm (t) were printed to evaluate the moisture uptake and the hygroscopic expansion. Volumetric measurements were performed with a Mitutoyo micrometer IP 65 and gravimetric analyses using a Fischer Scientific PAS214C balance (10 -4 g).

Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC)

The fibre volume fractions were determined by thermogravimetric analysis according to the ASTM D3171-15 and performed with a Mettler-Toledo Thermal Analysis instrument (STARe System). A temperature ramp of 10K/min from 25°C to 400°C was used and analyses were conducted under a nitrogen atmosphere. As, supplier does not explicit the polymer nature, Dynamic Scanning Calorimetry (DSC) is carried out to ascertain the nature of the polyamide in the printable filaments.

A first temperature ramp of 10K/min was carried out from 25°C to 350°c to erase the thermal history.

Samples were then cooled down to -10°C at 20K/min and then a second temperature ramp of 10K/min from -10°C to 350°C was performed to measure the thermal properties of polymers (Glass transition temperature Tg, melting temperature T m , crystallization temperature T c and enthalpy). Thermogram have evidenced that polyamide 6-I (PA6-I) and polyamide 6 (PA6) should be the polymer matrix for carbon and glass reinforced filaments respectively. The polymer coating is a polyamide 6 (PA6).

Porosity and microstructure analysis

Porosity measurement were performed using the standard ASTM D2734-16 2009. The equation related to this standard is:

= 1 - 1 - + (1) 
In this equation, Ф is the porosity, ρ C the composite density, w f the fibre weight fraction, ρ m the matrix density and ρ f the fibre density. Density measurements were performed through volumetric and gravimetric tests.

Microstructures of the reinforced filament and printed parts were observed with optical microscopy (Olympus BX51) with different magnifications (x5, x10, x20). Image analysis was used with ImageJ software to evaluate the porosity. Porosities were manually colour coded, then images were binearized and the amount of black areas was finally calculated using the software. Ten images were used for each system.

Results and discussion

Microstructure description

Firstly, the microstructure of the as-received filaments was investigated through optical observations.

Optical images of the filament cross-sections were acquired to investigate the pre-printing geometrical characteristics as well as the state of fibre dispersion within the polymer matrix. Typical images are presented in Figure 2.

Figure 2

As can be seen in Figure 2 (a, b and d, e), the as-received filaments exhibit irregular sections with an average diameter of 380 µm and 332 µm for continuous Carbon Fibre/PA (cCF/PA) and continuous Glass Fibre/PA (cGF/PA), respectively. These variations may be due to the fibre coating process used to prepare the filament. Moreover, impregnated fibres are not homogeneously dispersed in the polymer matrix. Indeed, the fibres are agglomerated and not spread evenly in the filament, (almost reflecting the size and shape of the initial fibre yarn) leading to areas that are very rich in fibres, and consequently, other areas that are very rich in matrix, thus limiting or reducing the homogeneity of the subsequently printed part. Furthermore, as illustrated in Figure 2 (yellow points in c and f), the asreceived filaments also exhibit matrix-free zones where the reinforcing fibres remain nonimpregnated, implying internal porosity of the as-received filaments. These non-impregnated areas are more common in the carbon filaments and exhibit 40% higher internal porosity than the glass reinforced filaments (Table 2). The fibre profile is also different between carbon and glass, with glass fibres exhibiting a larger average diameter (8.8 ± 0.5 µm) than carbon fibres (6.9 ± 0.7 µm).

Nevertheless, the diameters of glass fibre are less than conventional E-glass fibres (d ≈ 20µm).

After filament characterization, we studied modifications of the microstructure induced by the process step. Two planar areas are observed, a cross-sectional view and an in-plane view following planes (y,z) and (x,y), respectively (see Figure 1). Images of cross-sectional view are presented in Figure 3. Figure 3(a andd) shows some panoramic images of cross-sectioned samples, for cCF/PA and cGF/PA, respectively. For both systems, recurrent large void areas are present in both specimens. These images are magnified in Figure 3(b ande) for carbon reinforced samples and glass reinforced samples, respectively. The void areas result from a non-overlap between two adjacent printed beads, and correspond to inter-bead porosities representing the major part of the voids (around 85% of global void content for cGF/PA and 60% for cCF/PA). Other porosities are located between layers as well as within each filament (intra-bead porosity). Porosities in interlaminar areas are due to the lack of pressure and inhomogeneous temperature field which reduce interdiffusion efficiency. Intra-bead porosities, especially for cCF/PA, surprisingly appear in the printed beads. Several hypotheses can be raised such as the initial heterogeneity of filament diameter, lack of matrix wetting in fibre-rich areas or loss of a third component. Its origin still has to be deeper investigated.

During the printing process, the filaments undergone a flattening. The 379 µm and 332 µm wide filaments become layers with thicknesses of 127 µm and 101 µm for continuous carbon and glass fibre polyamide composites, respectively, thus dividing by 3 the initial filament size. This flattening may reduce substantially the intra-bead porosity.

Hence, these different kinds of porosity lead to a considerable raising of porosity during the printing process, reaching 15.1% for cCF/PA parts and 12.3% for cGF/PA parts. The higher porosity for carbon reinforced parts can be explained by the higher filament porosity. This higher intra-bead porosity can be observed on Figure 3(c andf).

Table 2 In-plane images of cCF/PA and cGF/PA samples are presented in Figure 4a and c, respectively.

On these images, loops are created on the edge of the samples. These loops are due to the printing process; when the nozzle reaches the edge of the part, the printed head turns back, which folds back the printed beads, thus creating the loops. The turning radii for both carbon and glass samples are measured at about 0.6 mm (Table 3). Folding induces stress concentration in the printed bead and causes a local fibre breakage in the carbon beads (Figure 4(b)) due to their low toughness. This phenomenon is not observed for glass fibre composites (Figure 4(d)). Moreover, bead folding leads to very rich fibre areas and also resin-rich regions within the loop. Loop areas are different between carbon and glass reinforced samples (0.42 mm² for carbon and 1.04 mm² for glass) due to the different filament size. Thus, glass printed parts have an inter-bead distance 3 times larger than the carbon printed parts (0.31mm for cGF/PA and 0,13mm for cCF/PA).

Table 3 Hence, the printing process induces many defects that can be fairly compared with those observed in Automatic Fibre Placement (AFP). In the latter case, local misalignment, stirring (in-plane buckling)

or overlapping of tapes are considered as singularities rather than flaws, i.e. inherent to the process, which need to be taken into account into the design/dimensioning process.

Longitudinal and Transverse tensile behaviour and properties

In this section, we evaluate the tensile modulus and strength of the neat PA matrix (as a reference), continuous carbon and glass polyamide printed parts in longitudinal and transverse directions. For cGF/PA and cCF/PA, the mechanical tests are performed with varying fibre volume fractions (from 13 to 35%). To vary the fibre volume fraction, different thicknesses (0.5; 1; 2 mm) were printed and samples were prepared where the polyamide coating was manually removed. Thus, for cCF/PA, 0. and, finally, samples without polyamide coating exhibit a Vf of 39%. The main results are summarized in Figure 5. Figure 5(a) shows a typical stress versus strain curve for 1-mm-thick samples (22.6%).

For both reinforced composites, the stress increases almost linearly with the applied strain up to 1.1% and 2.2%, at which point rupture occurs for carbon and glass, respectively, expressing a brittle behaviour. This behaviour is similar to that observed in single fibres (not shown here) and indicates that the loading is well transferred to the reinforcing fibres.

For both kinds of fibres, the longitudinal specimen breaks perpendicular to the load without necking, highlighting the brittle nature of the behaviour (Figure 6). Moreover, debonding, delamination and matrix shear are present in both samples, but are more marked for cGF/PA. This difference can be due to the microstructure effect with the greater inter-bead distance for cGF/PA samples which causes lower cohesion. GPa and E ROM cGF/PA =18 GPa for Vf=22.6% for cCF/PA and Vf=21.5% for cGF/PA, respectively). It should be noted that low modulus was measured for printed pure PA samples regarding literature data for classic manufacturing process. This observation is well known and has been evidenced in the literature for other polymers such PLA and ABS [START_REF] Ahn | Anisotropic material properties of fused deposition modeling ABS[END_REF][START_REF] Afrose | Effects of Build Orientations on Tensile Properties of PLA Material Processed by FDM[END_REF].

Moreover, the ROM can be modified by taking account of the real porosity content Φ (Equation 2)

[31]:

= (1 -Φ) (2)
where E th is the theoretical modulus without porosity and Φ the porosity content. In this case, the experimental data are drastically underestimated compared with the ROM (E Φ-ROM cCF/PA = 26 GPa and E Φ-ROM cGF/PA = 11 GPa), which means that porosity has only a weak influence on tensile modulus. This low influence of porosity on tensile modulus is confirmed in the literature [START_REF] Olivier | Effects of cure cycle pressure and voids on some mechanical properties of carbon/epoxy laminates[END_REF][START_REF] Liu | Effects of cure cycles on void content and mechanical properties of composite laminates[END_REF][START_REF] Zhu | Influence of Voids on the Tensile Performance of Carbon/epoxy Fabric Laminates[END_REF] on carbon-epoxy laminates manufactured with conventional processing routes.

Mechanical properties of composites are greatly enhanced compared to pure PA6. Indeed, for Vf=22.6%, ultimate tensile stress is 23 times higher and 19 times higher for carbon and glass, respectively, while the tensile modulus is 137 times higher and 63 times higher for carbon and glass respectively. Then, we compare specific mechanical properties with the mechanical properties of short fibre composites developed by Fused Filament Fabrication (FFF) as described in the literature as well as with aluminium and conventionally manufactured composites (Figure 7). This comparison should be taken with caution as different fibre type, fibre orientation and fibre volume fraction may be different despite having a strong effect on the composite property.

Continuous fibre printing allows a great improvement in mechanical properties compared to shortfibre printed composites. For the same fibre volume fraction (22.6%), the specific modulus is 11 times higher and the specific tensile strength is 7 times higher with cCF/PA than with the short-fibre printed composite (Figure 7). Moreover, these samples have better properties than aluminium. However, the mechanical properties of cCF/PA samples are poorer than conventionally manufactured unidirectional composites, the specific tensile strength being around 2.5 times lower. Their specific tensile strength is around 1.5 times lower than composites manufactured by hot compression moulding [START_REF] Arhant | Effect of sea water and humidity on the tensile and compressive properties of carbon-polyamide 6 laminates[END_REF] To evaluate the anisotropy of the material, we tested the mechanical properties of printed parts in the transverse direction. The results are reported in Figure 5(d-f). Typical behaviour of cCF/PA and cGF/PA (1mm thick) for transverse specimens are shown in Figure 5(d) and are compared to pure nylon samples as a reference. Hence, stress increases linearly until 0.6% and 0.8% for carbon and glass reinforced samples, respectively, and then plastic deformation occurs until rupture at 1% and between 2 and 3% for carbon and glass specimens, respectively. This behaviour is characteristic of a ductile behaviour. This behaviour is also illustrated by Figure 8, which gives a detailed view of the rupture mechanism in transverse profiles of carbon and glass samples.

For both materials, specimen breakage is due to the shearing failure of the polymer coating, printed at 45° and at -45° to the longitudinal direction, for the top and for the bottom layer, respectively, as well as adhesive rupture between two adjacent beads (shown by Figure 8(b ande)). Indeed, the overlap is poor between the beads, so, during tensile tests, two non-overlapping filaments move apart from each other and, consequently, the tensile load is not transferred to the reinforcing fibres. Thus, the load is transferred to the polyamide coating (figure 8f), explaining the ductile behaviour.

This non-overlapping can also be seen on Figure 8(c, f), which shows the result of an excessive deformation applied to the material. For these samples, the polyamide coating breaks in shear and filament unwinding is induced. For carbon samples, bead rupture occurs in the folded area because of the initial fibre failure (Figure 4b). Unlike longitudinal samples, the transverse specimen exhibits different trends for modulus and strength, both for carbon and glass fibre composites. For the modulus, continuous Carbon Fibre/PA samples exhibit an improvement with increasing fibre fraction unlike continuous Glass Fibre/PA. As regards strength, cCF/PA and cGF/PA both show poorer properties than PA6 with a drastic reduction of stress at break (≈ -70%) with fibre fraction. This trend can be explained by a weak bead interface as well as the presence of fibres that affect the strain field in the surrounding matrix, particularly when the fibre distribution is heterogeneous. In addition, both the transverse as well as the out-of-plane properties of laminates are very sensitive to defects i.e. porosity content and localization [START_REF] Varna | Effect of voids on failure mechanisms in RTM laminates[END_REF][START_REF] Canal | Failure surface of epoxy-modified fiber-reinforced composites under transverse tension and out-of-plane shear[END_REF] .

The ratio of longitudinal to transverse properties (Anisotropic Ratio = AR) evolves with fibre type. For 23% fibre volume fraction, the AR in carbon samples is 32 for modulus and 70 for strength. For 21% fibre volume fraction and cGF/PA, the AR is 160 for modulus and 56 for strength. Thus, transverse properties are clearly a limiting factor, which can be further amplified by the printing process. These observations highlight the need to carry out a careful optimized stacking sequence before printing the laminate.

Applying an inverse Rule Of Mixture for cCF/PA and cGF/PA (Vf=22.6% and Vf = 21.5%, respectively) and using a transverse modulus of 7 GPa for carbon fibres and 72 GPa for glass fibres [START_REF] Maurin | Transverse Properties of Carbon Fibres by Nano-Indentation and Micromechanics[END_REF] leads to a large discrepancy for calculated transverse modulus with the experimental values, especially for cGF/PA (0.38 GPa for both E ROM cCF/PA and E ROM cGF/PA ). cCF/PA shows a measured transverse modulus of 1.03 GPa, while cGF/PA shows a modulus of 0.19 GPa. This difference can be explained by the structural effect of the printed microstructure whereby the PA6 coating contributes to the transverse behaviour, but also the presence of porosity which disturbs the load transfer. Thus, the mechanical properties in transverse direction cannot be predicted from the fibre volume fraction.

Moreover, very weak properties in the transverse printing orientation is one of the most critical drawbacks in the 3D printing of continuous fibres.

Because of the well-known water sensitivity of PA6 polymer, the mechanical properties are likely to vary in a humid environment. For this study, we use a thickness of 1mm to maintain a set fibre volume fraction.

Evolution of mechanical properties in humid environments

Moisture uptake and hygroscopic expansion

Figure 9 shows the variation of moisture content (MC) as a function of relative humidity for cGF/PA and cCF/PA. The global sorption behaviour is similar between samples and can be well fitted by the Park model [START_REF] Park | Transport Principles-Solution, Diffusion and Permeation in Polymer Membranes[END_REF] expressed by equation ( 5).

= 1 + + + ( 3 
)
where C represents the water content in the material, a the water activity, A the Langmuir capacity constant, b L Langmuir affinity constant, s the Henry solubility coefficient, K C the equilibrium constant for the cluster formation and n the number of water molecules per cluster [START_REF] Broudin | Moisture sorption in polyamide 6.6: Experimental investigation and comparison to four physical-based models[END_REF].

Therefore, the moisture sorption by PA matrix follows a three-step sorption typical of porous materials. At low water activity (a<0.1), the water sorption is driven by Langmuir sorption where water is absorbed by the free amide bonds. In the present study, the effect of Langmuir sorption is ignored because of the lack of data on water activity below 0.1, so the Langmuir parameters are set to 0. At higher water activity (0.1<a<0.6), the sorption follows a linear fit according to Henry's law.

Finally, at high water activity (a>0.6), water clusters appear in the material according to a Flory-Huggins type sorption.

Figure 9 However, a slight difference of amount of moisture content is observed between both systems. Indeed, at 98%RH cGF/PA samples absorbed an amount of water 30% higher than carbon counterparts despite their larger porosity content (Table 1). Higher moisture content for glass samples can be thus explained by difference of matrix nature. Indeed, DSC analysis (not shown here) has established that cGF/PA6 filaments showed a glass transition temperature (Tg) at 50°C and a melting temperature of 200°C. cCF/PA filament is an amorphous polymer, with Tg at 135°C, corresponding to polyamide 6-I which is a semi-aromatic polyamide. In the literature, PA6 absorbs higher amount of water (3% at 50%RH) than PA 6-I (2% at 50%RH), leading to a higher water uptake by cGF/PA [40]. One consequence of water sorption is the hygroscopic swelling. Swelling strains h are calculated by equation 4 where β h the hygroscopic swelling coefficient and MC the moisture content in the material.
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The swelling of cCF/PA and cGF/PA printed parts as a function of moisture uptake by the material are represented in Figures 10 (a) and (b) respectively. The swelling is evaluated in (x, y, z) directions depicting longitudinal, transverse and out-of-plane directions. Hygroscopic swelling monotically increases with moisture content.

In the longitudinal axis (x), swelling is prevented by the stiffness induced by the fibre orientation.

Transverse and out-of-plane directions exhibit a drastic difference in swelling properties, while the laminate properties are assumed to be transversally isotropic.

This phenomenon may be explained by the sample microstructure. Because of the non-overlap between some printed beads in the transverse direction, and thus the higher porosity distributed there, swelling strains might not be transmitted efficiently compared to the out-of-plane direction.

Porosities in the transverse direction may act as connections in series, in which case all porosities will reduce the induced swelling. Otherwise, porosities in the out-of-plane direction will act as parallel connections, implying that porosities undergone hygroscopic swelling separately, leading to a lower mitigation of swelling.

Moreover, parts reinforced with glass fibres show a higher hygroscopic swelling than carbon samples because of the higher water content and lower porosity in these samples.

Based on equation 4, we can assume a linear relationship between hygroscopic strain and moisture content. However, by plotting the slope i.e hygroscopic coefficient β h against moisture content of cCF/PA and cGF/PA as reported in Fig 10 (c) and (d), respectively, we observe a reduction of β h with moisture for cCF/PA i.e when free water transport occurs through cluster formation but also through voids. For cGF/PA, β h rises along with moisture content up to 3%, after which it decreases. Measured values of β h are also compared with the literature. Several research teams have worked on various polymer matrices (epoxy, polyamide, etc.) with different treatments (storage in moisture-controlled chambers, immersion) [START_REF] Thomasson | Swelling of glass-fiber reinforced polyamide 66 during conditioning in water, ethylene glycol and antifreeze mixture[END_REF][START_REF] Stellrecht | Characterization of Hygroscopic Swelling Behavior of Mold Compounds and Plastic Packages[END_REF][START_REF] Pérez-Pacheco | Effect of moisture absorption on the mechanical behavior of carbon fiber/epoxy matrix composites[END_REF]. These studies note a linear increase of hygroscopic swelling with moisture content. This behaviour indicates a constant hygroscopic coefficient despite changing the water content in the composite.

Evolution of mechanical behaviour

Once a steady-state regime is reached under different moisture conditions (9-98% RH), we can measure the longitudinal and transverse properties of continuous carbon and glass printed samples (Figure 11). The fibre volume fraction is set at 22.6% and 29% for cCF/PA and cGF/PA, respectively, for a thickness of 1 mm.

The moisture content as conditioned by various environments leads to modifications of the tensile properties of glass and carbon printed composites. For carbon samples, the longitudinal tensile modulus and tensile strength are fibre dependant but are linearly reduced by about 25% and 18%, respectively, between 9% RH and 98% RH. Failure mode of cCF/PA (not shown here) stored at 95%RH exhibits more debonding than samples stored at 15%RH. This difference in failure mode highlights the consequences moisture-induced degradation such as differential swelling between layers which induce a weakening of part cohesion.

Surprisingly, the cGF/PA tensile modulus is stable over a range of moisture variation despite the sensitivity of the PA matrix to moisture. Tensile strength decreases by 25%. The small decrease of cGF/PA stiffness might be explained by the in-plane microstructure; indeed, the non-overlapping in glass reinforced composites might diminish the consequences of hygroscopic swelling.

Moreover, water sorption by the polyamide matrix induces a weakening of the matrix/fibre interface.

Downes et al. have studied the PA6/carbon interface and have observed a drop of IFSS (Interfacial Shear Strength) between tests processed at 0%RH and at 90%RH [START_REF] Downes | A method to measure the influence of humidity and temperature on the interfacial adhesion in polyamide composites[END_REF]. Reduction of fibre/matrix adhesion is due to the reduction of hydrogen interactions as well as modification of internal stress state in the interface region because of differential swelling between the fibre and matrix [START_REF] Pérez-Pacheco | Effect of moisture absorption on the mechanical behavior of carbon fiber/epoxy matrix composites[END_REF]. The fibre/matrix interface is crucial in controlling the mechanical properties of composite materials, so interface degradation leads to a diminishing of composite mechanical performances.

Reversibility of tensile properties is tested here after one wetting at 98% RH (until stabilization) and subsequent drying at 9% RH. Both cCF/PA and cGF/PA samples shows a complete reversibility of stiffness and a slight reduction (-5%) of strength, highlighting a predominant moisture-induced plasticizing effect of the PA matrix. Slight irreversible degradation could be attributed to the hygroscopic stress state within materials, which is influenced by the heterogeneous fibre distribution among printed layers and differential hygroscopic properties between components.

As shown on Figure 11(b,d), the influence of moisture content on transverse properties is very dramatic. Water sorption greatly reduces the mechanical properties, but with different trends between carbon and glass fibres. Indeed, for carbon samples, the transverse modulus and strength are reduced by around 45% and 70%, respectively, between 9 and 98% RH. However, these trends are not monotonous and show a slight increase at low moisture content (< 1%) and then a decrease. This may be due by the evolution of stress state at the fibre/matrix interface which may be compressive due to higher hygroexpansion of the polymer compared to the fibre. Above 1% of moisture content, reduction of fibre/matrix interactions as well as matrix stiffness may lead to reduction of transverse properties of the laminates. Further works are needed to confirm this hypothesis.

Glass samples also exhibit reduction in transverse properties but in a monotonic way. Transverse stiffness and strength are reduced by 80% and 45%, respectively.

Reversibility of transverse properties, measured after sorption-desorption cycles, shows that cCF/PA have an irreversible reduction in strength of 40%, while stiffness is entirely recovered. cGF/PA exhibits an irreversible reduction of modulus (-65%) and strength (-25%).

Transverse properties are basically controlled by the matrix and the fibre/matrix interface performances but also by the composite microstructure. Although plasticizing of the polyamide matrix once again occurs in this loading direction, the mechanical properties show an irreversible lowering which is mainly due to the microstructure of printed samples as mentioned above (Figure 8). Indeed, inter-bead cohesion and weakening with increased moisture content is of primary importance compared to fibre/matrix interface and transverse properties of reinforcing fibres (Figure 8). In addition, the polyamide coating influences the transverse behaviour of the fibre and its moistureinduced degradation.

Conclusion

3D printed composites are increasingly being studied, but their mechanical performances are still rather poor. This explains why continuous glass and carbon fibre-reinforced composites have been recently considered in the literature as well as in the present study.

The influence of the printing process has been highlighted by the high porosity of the material used, which show 8 times higher porosity than in the filaments, being heterogeneously distributed in the laminate. Interbead areas represent the main location of porosity. The turning back of filaments, which evidently occurs during the printing process, also creates a singular microstructure which needs to be taken into account in part manufacturing. These turn-backs also imply the heterogeneity of fibre content and potential stress concentration. Fibre volume fraction is currently limited and evolves with sample thickness due to the specific printing configuration. Thus, the fibre content of printed parts is geometry-dependant and, consequently, this applies to their mechanical properties. properties are currently a limiting factor for the development of 3D printed parts but also for property prediction. Because of the marked influence of the printing process, studies have concentrated on printed part behaviour rather than material properties. Furthermore, it should be noted that there are so far no standards dealing with the characterization of continuous fibre composites developed by FFF.

To promote the use of these composites for outdoor applications, various moisture environments have been applied (9-98% RH). Moisture sorption can lead to moisture contents of around 5-6 % for carbon and glass fibre composites, considering their hygroscopic sensitivity and the necessity to take this into account when designing parts. In fact, moisture induces orthotropic hygroscopic swelling influenced by the original microstructure (repeatable porosities, heterogeneous fibre distribution) of composites as well as the hygroscopic nature of the material. Finally, a reduction of longitudinal and transverse tensile properties is observed. Almost complete reversibility of longitudinal properties can be attained, thus highlighting a main mechanism of plasticization of the PA matrix. In the transverse direction, degradation is only partially reversible, reflecting the drastic effect of the microstructure and defects.

Future work should be achieved on developing customized materials with various type of continuous fibre reinforce composites while applying on a printing machine where printing parameters are open to be modified. 

Material

Loop surface (mm²) Inter-bead gap (mm) Turning radii (mm) cCF/PA 0.42 ± 0,12 0,13 ± 0,04 0,62 ± 0,07 cGF/PA 1.04 ± 0,26 0,31 ± 0,06 0,66 ± 0,06
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 5 Figure 5(e-f) represents the variation of transverse properties as a function of fibre volume fraction.
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 234 Figure 2 : Cross-sectional optical images of cGF/PA and cCF/PA as received filaments exhibiting (a and d) irregular outer limits, (b and e) regular circumference and (c and f) magnified views

Figure 5 :

 5 Figure 5: Typical tensile stress vs. strain behavior of PA, cGF/PA, and cCF/PA printed parts tested in (a) longitudinal and ((d) transverse direction. Tensile modulus and strength of cGF/PA and cCF/PA as a function of fibre volume content in (b,c) longitudinal and (e, f) transverse directions, respectively.
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 678 Figure 6 : Optical images of fractured (a) cCF/PA and (b) cGF/PA showing fracture mode for each sample which results in fibre breakage and debonding between printed beads
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 910 Figure 9 : Evolution of moisture content for cCF/PA and cGF/PA printed parts as a function of water activity (dashed line represents fit with Park model)

Figure 11 :

 11 Figure 11 : Tensile modulus and ultimate strength of cCF/PA and cGF/PA printed parts, respectively, in (a, c) longitudinal and (b, d) transverse direction after being moisture saturated.

  

  5mm-thick samples correspond to 12.9% volume fraction, 1 mm represents 22.6% Vf, 2 mm represents 30% Vf and samples without polyamide coating exhibit a Vf of 35%. For cGF/PA, 0.5-mm-thick samples correspond to 21.5% Vf, 1-mm-thick samples correspond 28% Vf, 2 mm represents 33.1%

  This study investigates the mechanical properties of carbon and glass specimens. Longitudinal properties are influenced by fibre volume fraction following a typical Rule Of Mixture (ROM) where fibre properties are evaluated by single tensile tests. As fibre volume fraction varies with composite thickness, predicting the properties of complex parts requires more detailed research. Even if longitudinal properties are only slightly influenced by process induced-defects, transverse properties are dramatically altered. Indeed, inverse ROM does not allow a fit with the experimental data. Transverse

Table 1 :

 1 Printing configuration illustrating the stacking sequence, total thickness, fibre volume fraction and number of carbon or glass fibre reinforced layers.

	Printing configurations	Total	Fibre volume fraction	Number of fibre reinforced layer(s)
		thickness	(%)		
		(mm)			
			Carbon	Glass	Carbon	Glass
		0.5	12.9	21.5	2	3
		1	22.6	28	6	8
		2	30	33.1	14	18

1 Tables

Table 2 :

 2 Geometrical characteristics and porosity content for as received samples of cCF/PA and cGF/PA filament and printed parts.

	Sample		Filament diameter (µm)	Layer thickness (µm)	Porosity (%)
	Filament	cCF/PA cGF/PA	379,8 ± 10,5 332,0 ± 23,2	/ /	1,85 ± 0,3 1,34 ± 0,13
	Printed part	cCF/PA cGF/PA	/ /	127,9 ± 22,7 100,8 ± 4,6	15,10 ± 0,35 12,30 ± 0,65

Table 3 :

 3 Geometrical characteristics of in-plane images of single layer cCF/PA and cGF/PA printed parts.
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