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Mode-I interlaminar fracture toughness of flax, glass and hybrid flaxglass fibre woven composites

This study aims at evaluating the mode-I interlaminar fracture toughness of flax, glass and hybrid flax-glass fibre woven composites. The fracture properties were assessed by using a double cantilever beam tests. The acoustic emission technique and the scanning electron microscope were used to analyse the damage mechanisms of these composites. The obtained results highlighted that more energy was needed for the initiation of the cracks for flax fibre laminate compared with hybrid flax-glass fibre and glass fibre laminates (1080, 945 and 923 J/m², respectively). Furthermore, hybridisation of glass fibres with flax fibres in an appropriate combination would offer an interesting solution when the propagation interlaminar fracture toughness of glass fibre composites needs to be increased. This has a double interest with the reduction of the composite structure weight due to the low density of the flax fibre.

Introduction

For the past two decades, natural fibre-reinforced composites have been used in many industrial applications especially in the automotive and construction sectors [START_REF] Ramesh | Plant fibre based bio-composites: Sustainable and renewable green materials[END_REF]. In addition to their eco-friendly aspect and their biodegradability [START_REF] Mohanty | Biofibres, biodegradable polymers and biocomposites: An overview[END_REF], natural fibres present high specific properties [START_REF] Pickering | A review of recent developments in natural fibre composites and their mechanical performance[END_REF], due to their low density [START_REF] Le Duigou | Replacement of Glass / Unsaturated Polyester Composites By Flax / PLLA Biocomposites : Is It Justified ?[END_REF][START_REF] Lefeuvre | A study of the yearly reproducibility of flax fiber tensile properties[END_REF], and an interesting damping behaviour [START_REF] Cheour | Effect of water ageing on the mechanical and damping properties of flax-fibre reinforced composite materials[END_REF]. Indeed, numerous comprehensive researches have been conducted on natural fibre composite in different aspects [START_REF] Sanjay | Characterization and Properties of Natural Fiber Polymer Composites: A Comprehensive Review[END_REF][START_REF] Väisänen | A review on new bio-based constituents for natural fiber-polymer composites[END_REF][START_REF] Fortea-Verdejo | Plant fibre-reinforced polymers: where do we stand in terms of tensile properties?[END_REF][START_REF] Li | An overview of structural-functional-integrated composites based on the hierarchical microstructures of plant fibers[END_REF]. However, the development of these green materials may be limited due to the low interfacial properties between hydrophilic fibre and hydrophobic matrix, which lead to delamination between the composite plies and thus lowering the mechanical properties [START_REF] Bensadoun | Interlaminar fracture toughness of flax-epoxy composites[END_REF]. In addition, delamination may also occur due to the presence of residual stresses during the manufacturing process or in a changing environment. Accordingly, the knowledge of the interlaminar properties of these materials is essential for the design of composite structures, in particular when they constitute of long continuous unidirectional fibres or woven fabrics. It is within this context that some authors were interested on the study of the interlaminar fracture properties of natural fibre composites [START_REF] Bensadoun | Interlaminar fracture toughness of flax-epoxy composites[END_REF][START_REF] Le Duigou | Macroscopic analysis of interfacial properties of flax/PLLA biocomposites[END_REF][START_REF] Ravandi | The effects of through-the-thickness stitching on the Mode I interlaminar fracture toughness of flax/epoxy composite laminates[END_REF][START_REF] Zhang | Tensile and interfacial properties of unidirectional flax / glass fiber reinforced hybrid composites[END_REF][START_REF] Almansour | Effect of water absorption on Mode I interlaminar fracture toughness of flax/basalt reinforced vinyl ester hybrid composites[END_REF][START_REF] Almansour | Investigation into Mode II interlaminar fracture toughness characteristics of flax/basalt reinforced vinyl ester hybrid composites[END_REF][START_REF] Chen | Interlaminar toughening in flax fiber-reinforced composites interleaved with carbon nanotube buckypaper[END_REF]. For example, Le Duigou el al. [START_REF] Le Duigou | Macroscopic analysis of interfacial properties of flax/PLLA biocomposites[END_REF] evaluated the in-plane shear and mode-I interlaminar fracture properties of flax fibres reinforced Poly-L-Lactic Acid (PLLA) composites. They used three cooling cycles during the manufacturing process of composites (1.5, 15.5 and 93°/min). The results showed that the cooling rate of 15.5°/min gave the best combination of in-plane shear performance and delamination resistance. This led to a good matrix fracture toughness and reasonable interface quality. Ravandi et al. [START_REF] Ravandi | The effects of through-the-thickness stitching on the Mode I interlaminar fracture toughness of flax/epoxy composite laminates[END_REF] studied the effects of through-thethickness stitching using natural fibres on the interlaminar fracture toughness and tensile properties of flax fibre/epoxy composites. It was found that the fracture toughness of the laminates was more improved by flax yarn stitches compared to cotton thread stitches. Furthermore, the interlaminar fracture toughness of woven flax composites was significantly higher than that of glass fibre composites. The hybridisation effect on the interlaminar fracture properties of unidirectional flax/glass fibre reinforced hybrid composites was investigated by Zhang et al. [START_REF] Zhang | Tensile and interfacial properties of unidirectional flax / glass fiber reinforced hybrid composites[END_REF]. The authors found that the interlaminar shear strength and the interlaminar fracture toughness of hybrid flax/glass fibre composites were higher than those of glass fibre one. This was explained by the twist flax yarn structure and the rough surface of flax fibres, which led to more fibres bridging between flax fibres, flax yarn and glass fibres. The work reported in this paper aimed at evaluating the mode-I interlaminar fracture toughness of Flax, Glass and Hybrid flax-glass Fibre Reinforced Epoxy (FFRE, GFRE and HFRE) laminates. The choice of flax and glass fibres, which have comparable mechanical performances, aimed at analysing the effect of their hybridization on the interlaminar fracture properties of HFRE composite. This also enabled us to study the delamination between flax and glass fibre layers. For this purpose, three twill weave fabric laminates (FFRE, GFRE and HFRE with a single stacking sequence) were manufactured by a compression moulding process. Then, the Double Cantilever Beam (DCB) tests were performed to evaluate the mode-I interlaminar fracture toughness properties by using three different data reduction methods. Finally, the Acoustic Emission (AE) technique and the Scanning Electron Microscopy (SEM) were used to analyse the different types of damage mechanisms of these composites.

Experimental methods

Materials and manufacturing process

The fabric weave used for the laminated composites was a 2/2 twill weave. The flax fabric, based on untwisted yarns and provided by Depestele Group, had an areal weight of 350 g/m 2 and a fibre density of 1450 kg/m 3 . The linear mass of the warp and the weft yarns of the dry fabric was the same and equal to 300 Tex. The flax fibres were bonded together by a specific binder to form a flat roving and allow weaving. The glass fabric, supplied by Sicomin Company, had an areal weight of 300 g/m 2 and a fibre density of 2450 kg/m 3 . The yarns distribution in the warp and weft directions was the same and equal to 50%. The matrix used for the laminated composites was a SR 1500 epoxy resin associated with SD 2503 hardener marketed by Sicomin Company. The mixing ratio of resin and hardener was 100:33 by weight. Flax, Glass and Hybrid flax-glass Fibre Reinforced Epoxy (FFRE, GFRE and HFRE) composites with a single stacking sequence were manufactured by compression moulding. Laminate plates of 450 mm × 300 mm were prepared with different layers number as summarized in Table 1. Note that the layers number was chosen to approximately obtain the same and minimum thickness of 4 mm for all composites. On the other hand, a single stacking sequence was used for the HFRE laminate in order to study the delamination between flax and glass fibres layers. Firstly, flax and glass fabrics were manually pre-impregnated with the resin system. Next, the impregnated layers were placed one over the other according to the same orientation with resin layers. During the layup process, a Teflon insert of thickness 12 µm was inserted at the midplane of the laminate to form a precrack, i.e. an initiation site for the delamination (Figure 1). The whole assembly was carefully placed between two steel platens covered with Teflon paper. Laminates were then cured in a compression moulding machine (SATIM model) under 5-bar pressure at 35°C for 3 hours, following the supplier's recommendations. Finally, the laminate plates were cut and shaped in rectangular form (20 mm × 170 mm) according to ASTM D5528-13 standard [START_REF] Precision | Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Composites[END_REF] by using a diamond saw blade. The thickness and fibre volume fraction of different composites are also given in Table 1. The fibre volume fractions (Vf) of FFRE, GFRE and HFRE composites were experimentally determined by the same procedure detailed in Saidane et al [START_REF] Saidane | Damage mechanisms assessment of hybrid flax-glass fibre composites using acoustic emission[END_REF]. 

Mode-I interlaminar fracture toughness testing

The mode-I interlaminar fracture toughness (GI) and the resistance curve (R-curve) were evaluated by the DCB tests in accordance with ASTM D5528-13 standard [START_REF] Precision | Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Composites[END_REF]. They were conducted on an Instron 3382 universal machine with a capacity load cell of 5 kN. To produce steady crack growth, a cross-head speed of 5 mm.min -1 was used. For each composite, five specimens were tested. The average value and the standard deviation were then reported. The specimen geometry and its nominal dimensions are depicted in Figure 1. The initial delamination length, a0 of all samples was 50 mm. A pair of piano hinge tabs were bonded to the end of each specimen as shown in Figure 1. Before bonding the hinges, surfaces of both sides were lightly scrubbed with sandpaper and wiped clean with acetone. After surface preparation, the hinges were aligned parallel with the specimen and with each other, and bonded by using a Penloc GTI glue (Adheko MMA-3295). Clamps were used to hold them in position for 48 h until the adhesive was fully cured. To make the visual detection of delamination onset easier, one side edge of each specimen was painted with white lacquer. The Mode-I interlaminar fracture toughness properties were evaluated by using three different data reduction methods. These consisted of a Modified Beam Theory (MBT), a Compliance Calibration method (CC) and a Modified Compliance Calibration method (MCC). The strain energy release rate GI is given by the beam theory expression, as follows:
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where P is the load, δ is the load point displacement, b is the specimen width and a is the delamination length. These values were calculated using the load corresponding to the visually observed delamination onset on the specimen edge. The use of the AE technique enabled us clearly identifying the initiation of the crack propagation (Figure 2a). In practice, the expression above will overestimate GI because the beam is not perfectly fixed (that is, rotation may occur at the crack tip). Thus, correcting this rotation is necessary and the fracture toughness can be evaluated using the MBT, as:
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where the crack length correction factor ∆ was experimentally obtained by plotting the cube root of compliance C 1/3 as a function of the delamination length (Figure 2b). The compliance C is the ratio of the load point displacement to the applied load δ/P. Note that four samples with different initial delamination lengths: 30, 50, 60 and 70 mm were used, and the compliance was determined for each sample. Another method to evaluate the corrected energy release rate was the CC, given by the following expression:
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where n is the linear slope of least square fit of log (C) versus log (a), as shown in Figure 2c.

The MCC requires to generate a least squares plot of the delamination length normalised by specimen thickness, a/h, as a function of the cube root of compliance, C 1/3 (Figure 2d). The slope of this line was defined as A1. The interlaminar fracture toughness for the MCC method was then calculated as follows:
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where h is the specimen thickness. 

Acoustic emission

To obtain information about damage evolution in the tested specimens, AE was continuously monitored during the delamination tests. AE measurements were conducted using two channels data acquisition system, with sampling rate 5 MHz and a 40 dB pre-amplification, provided by Mistras Group Company. This system was equipped with PCI acquisition card connected to the microcomputer. AE signals were achieved by two resonant Micro-80 piezoelectric sensors with a frequency range of 100 kHz-1 MHz and a resonance peak of around 300 kHz. The sensors were placed on the upper surface of the test specimen at both ends of the delamination zone with a spacing of 80 mm (Figure 1). To provide a good acoustic coupling, a silicone grease was employed as a coupling agent between the sensors and the sample surface.

Scanning electron microscopy

In order to better understand the failure mechanisms after the DCB tests, cross-sections of the composite specimens were observed using SEM. The fractured surfaces were cut into 20 mm × 50 mm, and examined using a Jeol JSM-IT100 SEM at room temperature.

Results and discussion

Mode-I interlaminar fracture properties

The load-displacement curves of the mode-I DCB tests of FFRE, HFRE and GFRE composites are shown in Figure 3. For the FFRE and HFRE composites, the curves present an initial linear region followed by a non-linear region, in which the initiation and propagation of the crack occurs. After the initiation crack, the load slowly increased with the increasing of the displacement for the FFRE composite. Indeed, a low amount of load drop occurs when the displacement increases due to the fibres bridging. Accordingly, a steady crack growth was noted. In the case of HFRE composite, a large amount of load drop occurs due to crack initiation followed by crack stop. It is worth noting that the crack initiation for FFRE and HFRE composites were visually observed at load of approximately 39 N and 42 N, respectively. The load-displacement curve of the GFRE composite showed a linear elastic behaviour until the load of approximately 47 N. After the maximum load of 52 N, the load sharply dropped with the increasing of the displacement until failure of the composite. This drop in maximum load corresponds to the delamination onset at the precrack tip, i.e. the initiation and the growth of the crack in the laminate. Figure 4 displays the initiation values of GIc obtained from the three methods for FFRE, HFRE and GFRE composites. These values were determined using the load and deflection measured at the point at which delamination is visually observed on the edge. This point corresponds to first change in the slope of the AE cumulative hits number (Figure 2a). The initiation values of GIc correspond to the initial delamination length (a0 = 50 mm), and describe the resistance of the sample to the crack formation. From Figure 4, one can notice that the three methods led to a similar values of GIc, with a maximum variation of approximatively 6%. Consequently, in what follows, only the results obtained from the MBT will be discussed, following the standard's recommendations. It was also found that the FFRE composite had a higher initiation value than that of GFRE and HFRE composites. As an example, for the MBT, the interlaminar fracture toughness of FFRE composite was 1.2 times more important than that of GFRE composite (approximately 1080 J/m 2 for the FFRE laminate and 923 J/m 2 for the GFRE laminate). A similar tendency was confirmed by Zhang et al. [START_REF] Zhang | Tensile and interfacial properties of unidirectional flax / glass fiber reinforced hybrid composites[END_REF] for unidirectional flax/glass hybrid composites. Note that the FFRE laminate value was 17% greater than the GFRE laminate value, even though the fibre volume content for FFRE (39%) was lower than that of GFRE (50%). This difference in GIc initiation values can be explained by the morphology and the structure of flax and glass fibres, which are fully different. Indeed, in the flax fabric, the individual fibres were shorter and bonded together in bundles. Therefore, some individual flax fibres stretched out from the flax yarns more easily, as shown in Figure 5a. This generated a large amount of fibres bridging leading to higher delamination resistance of FFRE composite. In the case of the glass fabric, the fibres were long, continuous and presented a regular structure and smooth surface. Accordingly, the GFRE composite showed less rough fracture surfaces and no fibres bridging compared to the FFRE one (Figure 5b). It was interesting to note that our GIc value of the FFRE composite was more important than that obtained for flax-epoxy woven composites (Vf = 40%). Indeed, Bensadoun et al. [START_REF] Bensadoun | Interlaminar fracture toughness of flax-epoxy composites[END_REF] found values of GIc equal to 607 J/m 2 and 754 J/m 2 for flax-epoxy twill composites with high and low twist yarns, respectively. This was mainly due to the twist angle of flax yarns because the higher the twist angle, the lower the GIc initiation value. In our case, flax fabric was made up of untwisted yarns. For the HFRE composite, the value of GIc was approximately equal to 945 J/m 2 . It was noted that the GIc value of the GFRE composite was rather close to the GIc value of the HFRE composite despite the difference of Vf between both composites (40% for FFRE vs. 50% for GFRE). Thus, if the fracture toughness of glass fibre composites needed to be increased, hybridisation of glass fibres with flax fibres in an appropriate combination would offer an interesting solution. This could also reduce the composite structure weight because the density of the flax fibre (1450 kg/m 3 ) is significantly lower than that of the glass one (2540 kg/m 3 ). In order to visually observe and record the crack propagation, the edge of each specimen was marked from the insert with thin vertical lines every 5 mm, as suggested by the ASTM standard [START_REF] Precision | Standard Test Method for Mode I Interlaminar Fracture Toughness of Unidirectional Fiber-Reinforced Polymer Matrix Composites[END_REF]. The vertical lines correspond to the crack lengths of 50, 55, 60, 65, 70, 75, 80, 90 and 100 mm. For every crack length, the corresponding load and cross-head displacement were recorded. Then, the values of GIc were calculated from the equation 2 for each crack length. The obtained results were depicted as resistance curves (R-curves) in Figure 6. The figure displays the values of GIc as a function of the delamination length and characterises the initiation and propagation of the delamination in each composite. One can notice that the GIc of the FFRE composite increases in a progressive way with the increase of the crack length. This was directly related to the increase of the amount of the fibres bridging along the crack growth occurred during the test. For the GFRE composite, an increase of GIc can be seen at the beginning of the crack propagation followed by a steady state because no fibres bridging was occurred.

Cross-head displacement (mm)

Concerning the HFRE composite, a combination of both R-curves behaviours of the FFRE and GFRE laminates was observed. Indeed, for the crack length between 50 mm and 65 mm, the HFRE composite followed the same tendency than that was found for the FFRE one. That is to say the GIc increased until the crack length of 65 mm. This increase was due to the increase of the fibres bridging after the crack initiation. In this case, the R-curve of the HFRE composite was governed by the flax fibres. From the crack length of 65 mm, the R-curve of the HFRE composite was governed by the glass fibres. In fact, a stabilisation of the toughness values was observed as was the case for the GFRE laminate. This stabilisation could be caused by the progressive decrease of the fibres bridging during the crack growth [START_REF] Yoshihara | Mode I and mode II initiation fracture toughness and resistance curve of medium density fiberboard measured by double cantilever beam and three-point bend end-notched flexure tests[END_REF]. Note that, for the crack length between 55 mm and 85 mm, the HFRE composite exhibited the largest propagation value of GIc compared to other composites. Indeed, for the HFRE specimen, it was observed that a large amount of fibres bridging were occurred during the crack propagation with a deviation in the path of the crack (Figure 5c). In addition, the fibres volume content of flax fibres (26%) was approximately 2 times more important that of glass fibres (14%) in the HFRE composite. This caused an increase in the fracture toughness of the HFRE composite. For FFRE end GFRE composites, the crack had a clear and easy path along the fibre layer, as clearly shown in Figures 5a and5b, respectively. 

Crack length (mm)

Damage mechanisms analysis

In order to get information about the damage mechanisms, which occurred during DCB tests, the AE technique was combined with SEM observations. The AE signals recorded during DCB test were analysed according to the hits number, the absolute energy and the DCB test time. Figure 7 shows the evolution of the cumulative number of hits and the absolute energy combined with DCB load with respect to time and cross-head displacement for all composites. According to the distribution of the AE energy and the shape of the cumulative number of hits, the curve was divided into three regions for all composites. The first region (label I) was related to the failure free domain, i.e. the delamination onset was not yet occurred. The second and the third regions (labels II and III) were associated with the initiation and propagation of the delamination, respectively. The region II was defined by the initiation crack, corresponding to the slope change of the cumulative hits number, and the maximal load. In this region, the acoustic activity was suddenly increased for all materials. After the delamination onset, the slope of the cumulative hits number and the distribution of the AE energy for the FFRE composite were more important than those of the HFRE one. This could explain why the FFRE composite had higher initiation value of GIc than that of the HFRE composite. In the region III, the acoustic activity increased in a quasi-linear way until the failure for both composites. In contrast to that was found in the region II, the distribution of the AE energy was more important for the HFRE composite compared to the FFRE one in most of the time. At the same time, the slope of the cumulative hits number of the HFRE in the region III was higher than that in the region II whereas it was the opposite for the FFRE composite. This can be explained by the deviation in the path of the crack of the HFRE composite, which led to several flax fibres torn out from the fractured surface of flax layer. This could generate a large amount of fibres bridging at the propagation state leading to important distribution of the AE energy as well as the increase of the interlaminar fracture toughness of the HFRE composite. In the case of the GFRE composite, the region II corresponds to the increase of GIc from the initiation value (at a = 50 mm) to the propagation value (at a = 55°mm). After that, i.e. in the region III, the number of hits increased progressively until the global failure of the specimen. This increase was accompanied by a uniform distribution of the AE energy corresponding to the steady state observed on the R-curve (Figure 6). This demonstrates that the GFRE composite exhibited an easier path for crack propagation due the regular structure and the smooth surface of glass fibres. In order to analyse the fractured surfaces of different composites, SEM was used to observe the delaminated surfaces. Figure 8 shows SEM micrographs recorded after DCB tests for each specimen. As shown in Figure 8a, flax fibres had rougher surfaces than glass fibres. In addition, fibre-matrix debonding and fibre failure mechanisms were also observed for the FFRE composites. For the GFRE composite (Figure 8b), clean delaminated surface was observed with no fibres bridging due to the regular structure and smooth surface of glass fibres. In this case, an easier path of crack propagation was taken. Concerning the HFRE composite, a lot of torn out fibres were observed leading to a large amount of fibres bridging, as clearly shown in Figure 8c. This led to more energy for the propagation of the cracks for the HFRE composite. Furthermore, some flax single fibres were stretched from the flax yarns, which led to several fibre failures (Figure 8d). This also increased the interlaminar fracture toughness of the HFRE composite at the propagation state (Figure 6). 

Conclusion

The study conducted in this work aimed at evaluating the mode-I interlaminar fracture toughness (GIc) of flax, glass and hybrid flax-glass fibre woven composites (FFRE, GFRE and HFRE). The results showed that the initiation value of GIc of FFRE composite was 1.2 times more important than that of GFRE composite, even though the fibre volume content for FFRE (39%) was lower than that of GFRE (50%). This difference can be explained by the large amount of fibres bridging occurred during the crack initiation for the FFRE laminate compared to the GFRE one. This led to higher delamination resistance of FFRE composite. It was also found that the initiation values of GIc of the GFRE and HFRE composites were rather close despite the difference of the fibre volume content between both composites (40% for FFRE vs. 50% for GFRE). At the propagation state and as that was showed by the R-curves, the HFRE composite exhibited the largest value of GIc compared to other composites, for the crack length between 55 mm and 85 mm. Indeed, for the HFRE specimen, it was observed that a large amount of fibres bridging were occurred during the crack propagation with a deviation in the path of the crack. However, the crack showed a clear and easy path along the fibre layer for the FFRE end GFRE composites. Finally, the AE technique combined with SEM observations enabled us to obtain some information about the damage of the studied composites. These observations showed the presence of damage mechanisms such as the fibre failure, fibre-matrix debonding, fibre torn out and the stretched fibre.

In conclusion, hybridisation of glass fibres with flax fibres in an appropriate combination would offer an interesting solution when the fracture toughness of glass fibre composites needed to be increased. This could have a double dividend with the reduction of the composite structure weight because the density of the flax fibre is significantly lower than that of the glass one. In future investigations, it would also be interesting to study the mode-II fracture toughness properties of studied composites and the effect of water ageing on the mode-I and mode-II delamination resistance.
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 1 Figure 1: The geometry and nominal dimensions of the mode-I DCB specimen (all dimensions in mm).
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 2 Figure 2: Mode-I DCB calibration for FFRE: a) Crack propagation onset, b) MBT, c) CC, d) MCC.
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 3 Figure 3: Experimental load-displacement response for the FFRE, HFRE and GFRE specimens.
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 45 Figure 4: Initiation values of GIc using MBT, CC and MCC methods for the FFRE, HFRE and GFRE specimens.
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 6 Figure 6: R-curves from DCB test for the FFRE, HFRE and GFRE specimens.
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 7 Load and number of hits / absolute energy of the AE signals versus time and displacement from DCB tests for: a) FFRE, b) HFRE, c) GFRE specimens.

Figure 8 :

 8 Figure 8: SEM pictures taken from the fracture surfaces: a) FFRE, b) GFRE, c and d) HFRE specimens.

Table 1 :

 1 Layer configuration, nominal thickness and fibre volume content of studied laminates.

	Laminate	Plies number	Layer	Nominal thickness (mm)	Fibre volume content
	designation	(flax/glass)	configuration	(flax/glass)	(flax/glass)
	FFRE	10/0	[F5]s	4.98/0.00	0.39/0.00
	HFRE	6/6	[(G/F)3]s	3.21/1.35	0.26/0.14
	GFRE	0/20	[G10]s	0.00/4.17	0.00/0.50

F: Flax fabric, G: Glass fabric, s: symmetric stacking sequences.
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