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Introduction

Additive manufacturing, also known as 3D printing, is increasingly used for manufacturing threedimensional (3D) objects. It plays a key role in Industry 4.0 [START_REF] Lee | Potential for Natural Fiber Reinforcement in PLA Polymer Filaments for Fused Deposition Modeling (FDM) Additive Manufacturing: A Review[END_REF][START_REF] Khorasani | A review of Industry 4.0 and additive manufacturing synergy[END_REF].

Among the numerous 3D printing techniques, fused deposition modelling (FDM) is the most popular because it does not require health concerning solvents or glues, it is conceptually simple and printing devices are relatively cheap [START_REF] Mazzanti | Reinforcing mechanisms of natural fibers in green composites: Role of fibers morphology in a PLA/hemp model system[END_REF]Chadah et al., 2022). Many studies deal with 3D printing of unreinforced polymer [START_REF] Bartolai | Predicting strength of additively manufactured thermoplastic polymer parts produced using material extrusion[END_REF][START_REF] Amza | Enhancing Mechanical Properties of Polymer 3D Printed Parts[END_REF][START_REF] Ezeh | On the notch fatigue strength of additively manufactured polylactide (PLA)[END_REF][START_REF] Ameri | Fracture loads prediction of the modified 3Dprinted ABS specimens under mixed-mode I/II loading[END_REF]. However, most of 3D printed polymer products are still used as conceptual prototypes rather than functional components, since unreinforced polymer products built by FDM lack strength and functionality (Chacon et al., 2019). In order to improve mechanical performance of 3D printed parts, fibres have been added in polymers [START_REF] Ismail | 3D-Printed Fiber-Reinforced Polymer Composites by Fused Deposition Modelling (FDM): Fiber Length and Fiber Implementation Techniques[END_REF]. Development of short fibre reinforced polymer composites made by additive manufacturing has been on-going for about a decade [START_REF] Goh | Recent progress in additive manufacturing of fiber reinforced polymer composite[END_REF][START_REF] Zindani | An insight into additive manufacturing of fiber reinforced polymer composite[END_REF]. For example, the addition of short glass or carbon fibres allows the enhancement of unreinforced polymer strength [START_REF] Dickson | 3D printing of fibre-reinforced thermoplastic composites using fused filament fabrication-A review[END_REF][START_REF] Wang | Preparation of short CF/GF reinforced PEEK composite filaments and their comprehensive properties evaluation for FDM-3D printing[END_REF][START_REF] Ivey | Characterizing short-fiber-reinforced composites produced using additive manufacturing[END_REF][START_REF] Sodeifian | Preparation of polypropylene/short glass fiber composite as Fused Deposition Modeling (FDM) filament[END_REF]Abeykoon et al., 2020). However, the load-bearing capacity of short fibre reinforced polymer composites is still limited [START_REF] Valino | Advances in 3D printing of thermoplastic polymer composites and nanocomposites[END_REF][START_REF] Zhuo | Material extrusion additive manufacturing of continuous fibre reinforced polymer matrix composites: A review and outlook[END_REF]. Recent research trends are thus in the direction of developing 3D printed composites including continuous fibres. The printing of such composite materials is a recent technology and a rapidly growing field.

Synthetic fibres, such as carbon, glass or Kevlar fibres, are the most commonly used as continuous reinforcements in 3D printed composites [START_REF] Ojha | Impact and tensile performance of continuous 3Dprinted Kevlar fiber-reinforced composites manufactured by fused deposition modelling[END_REF][START_REF] Kabir | A critical review on 3D printed continuous fiberreinforced composites: History, mechanism, materials and properties[END_REF][START_REF] Yeong | 3D printing of carbon fiber composite: the future of composite industry?[END_REF].

Global warming and environmental policies are encouraging the replacement of synthetic fibres with plant fibres. However, there are very few papers dealing with 3D printed continuous plant fibre composites. Indeed, there are no commercial printers or filaments available yet to manufacture these composites (Suteja et al., 2020;[START_REF] Terekhina | In-nozzle impregnation of continuous textile flax fiber/polyamide 6 composite during FFF process[END_REF]. The first paper related to this type of biocomposite is from a Japanese team: they used the in-nozzle impregnation technique to produce continuous jute fibres/PLA composite [START_REF] Matsuzaki | Three-dimensional printing of continuous-fiber composites by in-nozzle impregnation[END_REF]. The same technique was then used by other researchers to make continuous pineapple leaf fibres/PLA (Suteja et al., 2020), flax/PA6 composites [START_REF] Terekhina | In-nozzle impregnation of continuous textile flax fiber/polyamide 6 composite during FFF process[END_REF] or ramie/PLA [START_REF] Cheng | Compressive property and shape memory effect of 3D printed continuous ramie fiber reinforced biocomposite corrugated structures[END_REF]. This nozzle impregnation technique requires the development of a modified print head of the 3D printer, allowing the permeation of the continuous fibres with thermoplastic resin in the nozzle. Another method, using pre-impregnated filaments, was also developed to manufacture continuous flax fibres/PLA composites (Le [START_REF] Duigou | 3D printing of continuous flax fibre reinforced biocomposites for structural applications[END_REF]. The authors showed that this method produces composites with better tensile modulus and strength values than the values obtained with composites made by in-nozzle impregnation technique.

The difficulty of this technique is to obtain a regular filament from continuous plant fibres which are intrinsically variable.

In the present work, continuous cellulose fibre composites were manufactured using a pre-impregnated filament with Pebax ® matrix. Continuous cellulose fibres have the advantages of being biobased and very regular, as they are man-made fibres derived from plant cellulose. Cellulose fibres are characterised by high specific tensile strength and stiffness, making them a lightweight, sustainable alternative reinforcement to glass fibres. They are also less hazardous to handle and cause little abrasion to the processing equipment [START_REF] Huber | Three-dimensional braiding of continuous regenerated cellulose fibres[END_REF]. Hence, the use of continuous cellulose fibres (CCF) as reinforcement is of great interest within the composite industry. For example, CCF composites manufactured by traditional processes were made with thermoset resins, like polyester (Volkman et al., 2012;[START_REF] Qin | Towards "green" viscoelastically prestressed composites: Cellulose fibre reinforcement[END_REF] or epoxy [START_REF] Karakoc | Effect of single-fiber properties and fiber volume fraction on the mechanical properties of Ioncell fiber composites[END_REF][START_REF] Ungerer | Chemical and physical interactions of regenerated cellulose yarns and isocyanate•based matrix systems[END_REF][START_REF] Mader | Surface properties and fibre-matrix adhesion of man-made cellulose epoxy composites e Influence on impact properties[END_REF].

In order to use a recyclable matrix, some researchers also studied CCF composites made with thermoplastic resins. For example, Feldmann and Verheyen worked on CCF/PP and CCF/PA made by film-stacking process [START_REF] Feldmann | Impact Behavior of Continuous Biaxial Reinforced Composites Based on Bio-Polyamides and Man-Made Cellulose Fibres[END_REF]. They performed dart dropped tests and demonstrated that CCF composites have lower density, higher energy absorption rates and similar maximum force values than glass fibre composites. There are few papers dealing with composites made of the thermoplastic elastomer matrix Pebax ® and it concerns only short fillers: wood [START_REF] Sliwa | Mechanical and interfacial properties of wood and bio-based thermoplastic composite[END_REF] or nanocellulose (Farsi et al., 2018). Pebax ® is a polyether block amide thermoplastic elastomer consisting of flexible polyether segments and rigid polyamide segments acting as physical cross links.

It has a melting point below 200°C helping to prevent cellulose fibre degradation and a hydrophilic character which enables it to interact with cellulosic fibres [START_REF] Sliwa | Mechanical and interfacial properties of wood and bio-based thermoplastic composite[END_REF].

In this paper, a 3D printed composite made of continuous cellulose fibres and Pebax ® matrix was developed. The 3D printed composite was manufactured from a filament produced from a tape. M-DSC measurements and microstructural analysis were performed on the three products: tape, filament and 3D printed composites. Tensile tests were done in order to determine their mechanical properties. FE-SEM investigations were also carried out on fracture surfaces of the 3D printed composites after tensile testing. Results were discussed and compared with analytical calculations and with data on traditionally manufactured composites.

Materials and methods

Materials

The matrix of the composites was the semi-crystalline polymer Pebax ® , supplied by Arkema, France.

Pebax ® is a poly(ether-block-amide) thermoplastic elastomer, based on nylon and poly(tetramethylene oxide) [START_REF] Sheth | Solid state structure-property behavior of semicrystalline poly(ether-block-amide) PEBAXw thermoplastic elastomers[END_REF]. The continuous cellulose fibres used in this work were provided by Cordenka, Germany. They were man-made fibres from wood-based carbon with a linear density of 1840dtex and a diameter of 12µm. Yarns containing 12 000 fibres were used. The average tensile characteristics of the raw materials are given in Table 1. The manufactured composite contained 48wt% of cellulose fibres, which corresponds to a fibre volume ratio of 42%.

Table 1. Average tensile characteristics of single cellulose fibre [START_REF] Feldmann | Impact Behavior of Continuous Biaxial Reinforced Composites Based on Bio-Polyamides and Man-Made Cellulose Fibres[END_REF]Volkman et al., 2012) and Pebax ® polymer (Farsi et al., 2018;[START_REF] Sliwa | Mechanical and interfacial properties of wood and bio-based thermoplastic composite[END_REF].

Tensile strength (MPa)

Tensile modulus (GPa)

Elongation at break (%)

Single cellulose fibre 830 20 13

Pebax ® 15 0.2 >50

3D printer

Composite specimens were manufactured by using a standard Ultimaker 2 Extended Plus 3D printer.

Rectangular shape samples were printed with a 0° raster angle which means that the printed filaments were deposited along the longitudinal length of the sample. The G-Code file was manually edited in order to avoid any crossing of the filament during the deposition and then visualised by using the Ultimaker Cura software (Fig. 1a). The open source software OctoPrint was used to control and monitor all aspects of the printer (Fig. 1b). The nozzle temperature was set at 180°C and the bed temperature at 100°C. The print speed was 60mm/min. The melting temperature (Tm) and the crystallisation temperature (Tc) of the materials were determined by modulated differential scanning calorimetry (M-DSC) with a Q20 TA Instruments device. Two aluminium pans were used, the first one was empty and used as reference while the second one was filled with the composite sample (mass of material was between 5mg and 10mg). M-DSC experiments were performed on heating and cooling between 0°C and 190°C at 10°C/min under a nitrogen gas flow.

Differential Scanning Calorimetry

The modulation parameters used were an amplitude of 0.796°C and a period of 30s.

Microscopic observations

A morphological investigation of the composite materials was carried out using a ZEISS Axio Imager optical microscope. Microscopic observations were also performed with a JEOL JSM-7000F fieldemission gun scanning electron microscope (FE-SEM). Prior to FE-SEM observations, specimens were sputter coated with gold.

Tensile testing

Tensile tests were carried out on composite samples using an Instron 5982 tensile testing machine with a crosshead speed of 0.5mm/min. Tests were performed at ambient temperature and humidity (about 21 ± 2°C and 48 ± 5% of relative humidity respectively). Strains were measured during the tests by the technique of marker tracking. Four white markers were created at the specimen surface and a CCD camera allowed recording the marker displacements during testing (Fig. 2a). Strains were calculated in real-time by the in-house software IDpix (Fig. 2b). Only the longitudinal strains were analysed in this study. 

Results and discussion

3D printing of composites

The process of manufacturing was in three steps (Fig. 3). Firstly, the continuous cellulose fibres were impregnated with Pebax ® in the form of an 18mm wide and 350µm thick tape (Fig. 3a). This tape was the same as the one used for another manufacturing process: the Automated Fibre Placement (AFP) method. The tape was then heated and passed through a die to obtain a continuous filament of about 2.5mm diameter (Fig. 3b). Finally, 3D printed composite samples were manufactured using this filament in the Ultimaker 2 Extended Plus 3D printer (Fig. 3c). The only modification made to the printer was to enlarge the nozzle hole to 3.2mm to allow the filament to flow through. The filament was dried at 80°C for 6h before printing. It has to be noted that cellulose fibres are flexible and can withstand sharp deposition angles, which is not the case for carbon or glass fibres. These properties of cellulose fibres make 3D printing easier. Unidirectional composite samples were printed in the form of rectangles 150mm long and 15mm wide, made of one or two layers. The path spacing was 3mm, with an infill density of 100%. The thickness of the one-layer specimens was about 1.5mm and that of the two-layer specimens was about 3mm. printed CCF/Pebax ® composites.

Determination of characteristic temperatures

M-DSC measurements were performed at each step of the production process. The characteristics of the Pebax ® polymer matrix were investigated in the tape, in the filament and in the 3D printed composites.

Figure 4a shows the reversing heat flow curves obtained for the three materials during the heating. The melting peak of the polyamide (PA) phase in the Pebax ® matrix is clearly visible for the three materials. 

Microstructural characterisation

A microstructural investigation was performed at each step of the production process. Figure 5 shows micrographs of the cross-section of the tape.

Figure 5: Micrographs of the cross-section of the CCF/Pebax ® tape.

It can be seen in Figure 5 that the tape thickness is not regular. Cellulose continuous fibres are in white color and Pebax ® matrix in black. Some fibre aggregates can be observed in the tape cross-section.

However, after manufacturing the filament, the fibre distribution seems to be quite homogeneous (Fig. 6). The filament cross-section is not exactly circular but elliptic, with a minor axis of about 2.0mm length and a major axis of 2.5±0.5mm length. Moreover, some porosities due to the manufacturing process are present in the core of the filament. porosities can also be seen in the composite, some of them originating from the porosities observed in the filaments (Fig. 6), and there are few cellulose fibres not embedded in the matrix on the surface of the composite. However, the CCF/Pebax ® composite microstructure is quite homogeneous. For the twolayer composite, the cross-section is presented in Figure 7b. It can be seen that the second layer is not as homogeneous as the first one. This is due to the fact that the first layer of the composite is deposited directly on the build plate, which has a plane surface, and the second layer is deposited on the first layer, which is made of several filaments. Therefore, in the second layer, some filaments are not well bonded to their neighbours and porosities can be observed between filaments. In addition, the thickness of the sample is not as regular as that obtained for the one-layer composite (Fig. 7a). These observations show that this new method of producing CCF composites is capable of producing tensile samples but further improvements are needed to optimise their microstructure. 

Tensile behaviour

Tensile tests were performed at each step of the production process. Samples of tape, filament and 3D printed CCF/Pebax ® composite were analysed. Figure 8 presents examples of the stress-strain curves obtained at each step. The tensile properties determined for each step are detailed in Table 3. The value of the failure strain for the two-layer composite samples is missing because the markers were lost before the end of the test. Results in Figure 8 show that the tensile stress-strain curves for the three types of samples are almost superimposed, except the beginning of the curve for the tape specimen because it is difficult to position the tape correctly between the jaws due to its very low thickness (about 350 µm). It can be seen in Table 3 that there is a significant loss of the tensile strength for the 3D printed composites in comparison with the tape and the filament. The strength value at the two first steps of the production process is about 95MPa, while it is only about 64MPa for the composites. In the same way, the mean value of the failure strain decreases for the 3D printed composites. This is probably due to the inherent defects of 3D

printing, leading to specific microstructure of the composite samples as discussed in section 3.3.

However, the tensile modulus remains constant, within the dispersion. This result shows that the rigidity of the material is well preserved during the three steps of the production process. 

where vf and vm are the volume fractions of the fibres and the matrix respectively, El, Ef and Em are the moduli of the UD composite, the fibres and the matrix respectively, and 𝜎𝜎 𝑐𝑐 𝑢𝑢𝑢𝑢𝑢𝑢 , 𝜎𝜎 𝑓𝑓 𝑢𝑢𝑢𝑢𝑢𝑢 and 𝜎𝜎 𝑚𝑚 𝑢𝑢𝑢𝑢𝑢𝑢 are the strength of the UD composite, the fibres and the matrix respectively. Calculations were performed using the tensile characteristics of single cellulose fibre and Pebax ® polymer given in Table 1 and results are given in Table 4. Table 4 also presents some results from literature obtained for cellulose fibre composites made by traditional processes. Table 4 shows that none of the continuous cellulose fibre composites reaches the theoretical values and they are even far from it concerning the tensile modulus and strength. This is due to the fact that not all the CCF are perfectly aligned in the longitudinal direction of the composite materials, regardless of the manufacturing process used, leading to a very significant loss of mechanical properties. Farsi et al. (Farsi et al., 2018) used lignocellulose nanofibres in their composites and their results cannot therefore be compared with those obtained with the Voigt model.

Logically, the use of nanofibres gives lower properties than the use of continuous fibres. 

Conclusion

The production of continuous fibre composites by additive manufacturing from environmentally friendly materials is still challenging. In this study, a production process was proposed allowing to manufacture 3D printed continuous fibre composites from regenerated cellulose fibres and Pebax ® polymer. This process required a standard printer in which the diameter of the nozzle had simply been enlarged. Firstly, the fibres were impregnated with Pebax ® in the form of a tape which was then converted into a continuous filament. This filament was used in the 3D printer for making one or twolayer composite samples. M-DSC measurements showed that there was no modification of the crystalline phase in the Pebax ® matrix during the three steps of the production process. The melting Pebax ® matrix temperature value was found to be equal to 144°C. It allowed the filament to be fused without creating degradation of the cellulose fibres. The microstructure of the tape, the filament and the 3D printed composites was investigated. The one-layer 3D printed composite appeared to be fairly homogeneous, whereas the two-layer composite had porosities between the deposited filaments. Tensile tests were then performed on the tape, the filament and the 3D printed composites. Results revealed that the mechanical behaviour of the material was maintained at each step of the production process. Results also showed that the 3D printed composites had a stiffness equivalent to that of continuous cellulose fibre composites made by traditional technologies, but an optimisation is still necessary to enhance their strength value.

This study demonstrated the possibility of making composites based on continuous cellulosic fibres by 3D printing, leading to an increase in strength value by a factor of 4 and in tensile modulus by a factor of 20 compared to unreinforced Pebax ® polymer. It paves the way to new biocomposites made by additive manufacturing. The use of continuous cellulose fibres represents a good compromise between the material behaviour predictability and biobased resources, which not only provides bespoke performances but also increases sustainability.
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 1 Figure 1: a) The nozzle trajectory (red lines) for unidirectional composite manufacturing. b) The

Figure 2

 2 Figure 2: a) Tensile tests with CCD camera recording. b) Strain calculation by marker tracking in real-
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 3 Figure 3: The three-step production and the average dimensions of: a) Tape, b) Filament and c) 3D

  The total heat flow curves measured during M-DSC cooling are presented in Figure4b. They allow to see the crystallisation peak of the Pebax ® matrix. The obtained values of the melting temperature (Tm) and the crystallisation temperature (Tc) are listed in Table2. The thermograms are similar and the melting and crystallisation temperatures are very close for the three materials. The similarity of the thermograms of the three materials on heating and the almost identical melting temperature values show that there was no modification of the Pebax ® matrix during the three steps of the production process.
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 4 Figure 4: M-DSC thermograms of tape, filament and 3D printed CCF/Pebax ® composites. a) Reversing
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 6 Figure 6: Micrographs of two cross-sections of the CCF/Pebax ® filament. Micrographs of 3D printed composites made of continuous cellulose fibres and Pebax ® matrix are shown
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 7 Figure 7: Micrographs of cross-sections of 3D printed CCF/Pebax ® composites with: a) one layer and
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 8 Figure 8: Tensile stress-strain curves obtained for the tape, the filament and the 3D printed CCF/Pebax ®
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 9 Figure 9: FE-SEM observations of fracture surfaces of 3D printed CCF/Pebax ® composite samples after

  

  

Table 2 .

 2 Melting temperature (Tm) and crystallisation temperature (Tc) measured by M-DSC on tape, filament and 3D printed CCF/Pebax ® composites.

	Tape	Filament	3D printed
			composite

Table 3 .

 3 Tensile properties determined from tape, filament and 3D printed CCF/Pebax ® composites.

		Tensile	Tensile modulus	Elongation at
		strength (MPa)	(GPa)	break (%)
	Tape	96.2±8.0	3.38±0.67	7.38±0.51
	Filament	94.7±3.0	3.71±0.29	7.37±0.33
	One-layer composite	66.3±12.0	3.72±0.10	7.14±0.84

Table 4 .

 4 Comparison of average values of tensile properties of the 3D printed CCF/Pebax ® composites developed in this paper with analytical calculations and other composites made by traditional processes from literature.

	Manufacturing	Source	Material	Tensile	Tensile	Elongation
	process			strength	modulus	at break
				(MPa)	(GPa)	(%)
	3D printing			64	4	7
		Present work	CCF(48wt%)/Pebax ®			
	Analytical model			357	8.5	13
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 4shows that 3D printing gives modulus values similar to those of traditional processes. It demonstrates that 3D printing is able to produce CCF composites with the same stiffness as that of traditionally manufactured CCF composites. However, values reached at failure -strength and elongation at break -could probably be improved by optimising the printed microstructure. Nevertheless, it is found that the 3D printed composites have an increase in strength value of 4 times and tensile modulus of 20 times compared to Pebax ® polymer (Table 1).

Fracture surfaces

After tensile tests, fracture surfaces of 3D printed composites were analysed through FE-SEM observations. Some images are presented in Figure 9. Fracture surface investigations revealed that some continuous cellulose fibres were still embedded in the Pebax ® matrix and others were debonded. It led to fibre pull-outs (Fig. 9a) and fibre imprints in the matrix (Fig. 9b). The typical brittle failure of the fibres can also be observed in Figure 9c. Figure 9d shows the ductile behaviour of the matrix, partially attached to the fibres. These observations demonstrate that the quality of adhesion at the fibre/matrix interfaces could be improved in order to enhance the mechanical behaviour of these 3D printed composites.

ANR-18-EURE-0010).
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