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Introduction

Fibre-reinforced polymer composites take an important part in the industry, especially in transport and energy fields [START_REF] Witten | The Market for Glass Fibre Reinforced Plastics (GRP) in[END_REF][START_REF] Zhang | Past, present and future prospective of global carbon fibre composite developments and applications[END_REF]. One of the major issues is still to better understand the behaviour of the fibre/matrix interface, which plays a key role in the mechanical performances of the composites. The fibre/matrix interface allows transfer of the load from the matrix to the fibres and is therefore responsible for the effect of "reinforcement". Different approaches can be used to study the adhesion quality at the fibre/matrix interface. Macroscopic mechanical testing such as short beam shear test or transverse tensile test can be applied [START_REF] Huang | Characterization of interfacial properties between fibre and polymer matrix in composite materials -A critical review[END_REF]. The micromechanical methods include push-out and pull-out tests, microbond test, three-fibre test and fragmentation test [START_REF] Zhandarov | Characterization of fiber/matrix interface strength: applicability of different tests, approaches and parameters[END_REF]. The single-fibre fragmentation test was first introduced by Kelly and Tyson [START_REF] Kelly | Tensile Properties of Fibre-Reinforced Metals: Copper/Tungsten and Copper/Molubdenum[END_REF] and is known for its reliability and representativeness of the interface phenomena. The principle of the fragmentation test consists in loading in tension a single fibre embedded along the centreline of a dog-bone shaped specimen of matrix material. When the failure strain is reached in a section of the fibre, the fibre breaks, and stresses are redistributed. As the applied load increases, several fragments occur until reaching a saturation state with the maximum number of fibre breaks. The analysis of interface quality by fragmentation test is widely used, whether for synthetic fibres [START_REF] Liu | Interfacial modification between glass fiber and polypropylene using a novel waterborne amphiphilic sizing agent[END_REF][START_REF] Kim | Evaluation of interfacial and mechanical properties of glass fiber and p-DCPD composites with surface treatment of glass fiber[END_REF][START_REF] Seghini | Engineering the interfacial adhesion in basalt/epoxy composites by plasma polymerization[END_REF][START_REF] Ding | Enhancing interfacial properties of carbon fiber reinforced epoxy composites by grafting MXene sheets (Ti2C)[END_REF] or for plant fibres [START_REF] Zhou | Interface and bonding mechanisms of plant fibre composites: An overview[END_REF][START_REF] Barbière | Characterisation of interfacial adhesion in hemp composites after H 2 O 2 and non-thermal plasma treatments[END_REF][START_REF] Sun | Effects of sol-gel modification on the interfacial and mechanical properties of sisal fiber reinforced polypropylene composites[END_REF]. Indeed, the interfacial behaviour in natural reinforced composite is more challenging because of the hydrophilic behaviour of plant fibres towards the polymer matrix [START_REF] Al-Maharma | Critical Review of the Parameters Affecting the Effectiveness of Moisture Absorption Treatments Used for Natural Composites[END_REF][START_REF] Chaudhary | Effect of moisture absorption on the mechanical performance of natural fiber reinforced woven hybrid bio-composites[END_REF][START_REF] Maslinda | Effect of water absorption on the mechanical properties of hybrid interwoven cellulosic-cellulosic fibre reinforced epoxy composites[END_REF][START_REF] Muñoz | Water Absorption Behaviour and Its Effect on the Mechanical Properties of Flax Fibre Reinforced Bioepoxy Composites[END_REF][START_REF] Lu | Moisture sorption and swelling of flax fibre and flax fibre composites[END_REF]. Manufacturers of composite semi-products are increasingly being encouraged to recycle or reuse waste from synthetic fibre composites [START_REF] Rani | A review on recycling and reuse methods for carbon fiber/glass fiber composites waste from wind turbine blades[END_REF] and to use more environmentally friendly raw materials [START_REF] Zwawi | A Review on Natural Fiber Bio-Composites, Surface Modifications and Applications[END_REF][START_REF] Barnat-Hunek | Properties of Hemp-Flax Composites for Use in the Building Industry[END_REF][START_REF] Cheung | Natural fibre-reinforced composites for bioengineering and environmental engineering applications[END_REF]. Climate change and increasing environmental policies are pushing them to turn to natural reinforcements [START_REF] Koronis | Green composites: A review of adequate materials for automotive applications[END_REF][START_REF] Faruk | Biocomposites reinforced with natural fibers: 2000-2010[END_REF]. One of the increasingly recognised advantages is that natural reinforced composites have specific mechanical properties similar to those of glass reinforced composites [START_REF] Manaia | Industrial Hemp Fibers: An Overview[END_REF][START_REF] Madsen | Hemp yarn reinforced composites -II. Tensile properties[END_REF]. However, the behaviour of the fibre/matrix interface remains a research subject.

Digital image correlation (DIC) is a widespread non-contact method for measuring the relative 2D displacements of subsets between two images: the reference image and the deformed one. By derivation, it is then possible to obtain the 2D strain fields in the studied plane [START_REF] Schreier | Image Correlation for Shape, Motion and Deformation Measurements -Basic Concepts, Theory and Applications[END_REF]. The use of multiple cameras or mirrors [START_REF] Almeida | Analysis by a 3D DIC technique of volumetric deformation gradients: Application to polypropylene/EPR/talc composites[END_REF][START_REF] Chen | Mirror-assisted multi-view digital image correlation: Principles, applications and implementations[END_REF] allows the measurement of out-of-plane displacements and strains in different planes, but not the access to volumetric data. X-ray micro-computed tomography (micro-CT) is a powerful tool for the investigation and characterisation of the internal 3D structure of materials. It can be used for examining architectural changes and damage development in composites [START_REF] Drouhet | Influence of Hygrothermal Aging on Mechanical Properties and Damage Mechanisms of Hemp-Reinforced Biocomposites[END_REF][START_REF] Zhao | Experimental study of carbon/glass fiber-reinforced hybrid laminate composites with torsional loads by using acoustic emission and Micro-CT[END_REF]. Combining micro-CT with digital volume correlation (DVC) makes it possible to fully quantify the spatial strain distribution. DVC relies on tracking subvolumes of voxels to determine the relative displacement vectors in space between the reference and the deformed volumes [START_REF] Xu | Quantitative characterization of deformation and damage process by digital volume correlation: A review[END_REF][START_REF] Pan | Some recent advances in digital volume correlation[END_REF]. This image correlation method is thus more complex than DIC calculation. However, it allows 3D strain measurements while DIC method gives only 2D strain measurements. As for the DIC technique, the presence of an image texture (e.g. marker particle patterns) is required. Therefore, DVC was first proposed by [START_REF] Verhulp | A three-dimensional digital image correlation technique for strain measurements in microstructures[END_REF] for studying strains in a trabecular bone [START_REF] Verhulp | A three-dimensional digital image correlation technique for strain measurements in microstructures[END_REF]. Indeed, the microstructure of bones naturally contains random patterns. Mechanical behaviour of vertebral bones has also been studied using DVC and micro-CT image acquisitions [START_REF] Hussein | Digital Volume Correlation for Study of the Mechanics of Whole Bones[END_REF][START_REF] Palanca | Digital volume correlation can be used to estimate local strains in natural and augmented vertebrae: An organ-level study[END_REF]. Geological materials are also made of granular pattern. Adam et al. [START_REF] Adam | Quantitative 3D strain analysis in analogue experiments simulating tectonic deformation: Integration of X-ray computed tomography and digital volume correlation techniques[END_REF] studied a mixture of quartz sand and ceramic beads by micro-CT images and DVC strain analysis. Concerning fibrereinforced polymers, Mehdikhani et al. analysed synchrotron images to study the fibre orientation in a glass/epoxy composite by DIC method [START_REF] Mehdikhani | Combining digital image correlation with X-ray computed tomography for characterization of fiber orientation in unidirectional composites[END_REF] and the damage propagation in a carbon/epoxy specimen by DVC method [START_REF] Mehdikhani | Digital volume correlation for meso/micro in-situ damage analysis in carbon fiber reinforced composites[END_REF]. In both cases, the fibre cross-sections were used as a natural pattern, making it impossible to measure 3D strain fields. In the same way, Holmes et al. [START_REF] Holmes | Digital image and volume correlation with X-ray micro-computed tomography for deformation and damage characterisation of woven fibre-reinforced composites[END_REF] combined micro-CT imaging and DVC for strain field measurement and damage characterisation of glass-reinforced polymers. But the use of fibre cross-sections as natural markers allowed access only to the 2D strain fields. In order to be able to determine all the components of the three dimensional strain full fields, a 3D speckle is necessary. Schöberl et al. [START_REF] Schöberl | Fibre-direction strain measurement in a composite ply under quasi-static tensile loading using Digital Volume Correlation and in situ Synchrotron Radiation Computed Tomography[END_REF] added submicrometre barium titanate particles in the matrix of a carbon/epoxy laminate to act as displacement trackers.

They applied DVC in conjunction with synchrotron scans, leading to the 3D strain measurements in a small cube of 0.390mm side. Timpano and Melenka [START_REF] Timpano | Artificial seeding for micro-computed tomography image contrast enhancement for digital volume correlation[END_REF] performed a parametric study on the particle size of the speckle and its effect on the DVC calculations in a pure epoxy sample filled with copper powder. They tested several particle diameters (from 10 to 200 µm) and they showed that, for a target resolution of 10.5 µm/voxel, particles with a diameter of 25 µm provided the greatest accuracy. Finally, Chen [START_REF] Chen | In situ X-ray tomography characterisation of 3D deformation of C/C-SiC composites loaded under tension[END_REF] measured the 3D displacement and strain fields by DVC in a ceramic-matrix composite (C/C-SiC). They used the microstructural heterogeneity of the composite for calculations with a spatial resolution of 5.8 µm/voxel.

In the present work, small particles were added in the epoxy matrix of a single hemp yarn composite in order to analyse the 3D strain fields during fragmentation test by combining DVC and micro-CT. Hemp was chosen as reinforcement because of its low carbon footprint and its competitiveness with glass fibres [START_REF] Pil | Why are designers fascinated by flax and hemp fibre composites?[END_REF]. At first, the observation of micro-CT scans registered at different steps during the fragmentation test allowed to determine the damage scenario. Then, full-field measurement of the internal 3D strains was performed applying the DVC method on the reconstructed volume. DIC calculations were also realised on some 2D planes and compared with DVC values. All the results were confronted with the numerical simulation. It allowed the analysis of the fundamental mechanisms driving the fibre/matrix interface behaviour in a biocomposite.

Material and methods

Single hemp yarn composite

In this study, the hemp yarn was extracted from a fabric and has an average diameter equal to 156 ± 20 µm. The matrix is a thermoset polymer named Epolam 2020 supplied by Sicomin. It was filled with an aluminium oxide powder of 5 µm in diameter allowing the creation of a 3D speckle in the material. It made it possible to apply the correlation methods but it has to be noticed that it also can slightly modify the matrix behaviour. The hemp yarn was dried in an oven for 48h at 40°C. It was then placed in a rectangular mould with a low pre-tension before casting the resin. The manufactured plate was cured with the following cycle: 24h at ambient temperature, 3h at 40°C, 2h at 60°C, 2h at 80°C and 4h at 100°C. The single yarn composite sample was then cut to a specific geometry described in Figure 1. This adapted geometry enabled scanning the whole gauge length of the specimen by micro-CT. 

Fragmentation test

The principle of the fragmentation test is to apply a longitudinal stress on a single yarn embedded in a polymer matrix. Yarn breaks will occur until the complete failure of the specimen. In this study, a step-by-step fragmentation test was carried out using an Instron 5982 tensile machine with a crosshead speed of 5.10 -3 mm/s. At each step, the sample was unloaded and scanned by micro-CT. A first micro-CT scan was registered at the initial state, before loading (step 0). Six progressive steps were then performed, before the complete failure of the specimen at the 7 th one.

Finite element modelling

In literature, some papers deal with finite element modelling for fragmentation tests of synthetic fibre composites [START_REF] Cao | Finite element modelling of the single fibre composite fragmentation test with comparison to experiments[END_REF][START_REF] Rivas-Menchi | Effect of linear viscoelasticity on stress transfer in a numerical model of a single fiber fragmentation test[END_REF][START_REF] Wang | Numerical simulation of the fiber fragmentation process in single-fiber composites[END_REF]. In this work, a finite element analysis of the studied single hemp yarn composite was carried out using the software Abaqus. Figure 2 shows the two parts of the numerical model: a homogeneous circular solid cylinder of constant diameter for the hemp yarn (Fig. 2a) and a piece of matrix representing the sample geometry (Fig. 2b). The specimen was meshed with two types of elements to reduce running time and to converge easily: for the tabs, about 13000 linear elements of C3D8 type were used while the gauge length was meshed with about 10000 refined quadratic elements of C3D20R type. For the two materials, the behaviour laws were based on the work of Guillebaud-Bonnafous et al. [START_REF] Cao | Finite element modelling of the single fibre composite fragmentation test with comparison to experiments[END_REF]. An elasto-plastic behaviour was assigned to the matrix and the hemp yarn was considered to be anisotropic with an elastic behaviour. The input mechanical properties are given in Tables 1 and2. Regarding the boundary conditions (Fig. 3), the displacements were set to zero in the three directions at one extremity of the sample and a displacement of 0.1 mm was applied along the tensile X-axis at the other end. It was assumed that yarn/matrix interface was perfect, node-to-node bonded, with tie constraint interaction type. To simulate the fragmentation test, calculations were performed for different configurations. A preliminary analysis was carried out for a single yarn composite without damage along its yarn. Then, from one to three yarn breaks were added in the modelling. For each yarn break, a cross-section slice of one element thickness was suppressed in the yarn (deactivated option in Abaqus). 

Micro-CT

Micro-CT image acquisitions were performed using an UltraTom CT scanner from RX Solution (France). A

Hamamatsu micro focus sealed X-ray tube operates at an amperage range of 0-500 µA and a voltage range of 20-150 kV with a maximum power of 75 W. In this work, a power equal to 4.5 W was used, with a voltage of 50

kV and an amperage of 90 µA. Images were recorded with a voxel resolution of 3 µm and the acquisitions lasted four hours at each step. Figure 4a shows the scanned zone, which covers all the gauge volume of the sample:

3.3 mm x 3.1 mm x 2.9 mm. Examples of micro-CT slices in the three planes XY, YZ and XZ, centred on the hemp yarn and corresponding to the initial state (step 0), are presented in Figure 4b. The hemp yarn, made of several hemp fibres twisted together, is in light grey colour. The epoxy matrix is in dark grey colour. Some spherical bubbles in the matrix corresponding to porosities that occurred during the manufacturing process can be seen in black colour. The sparse population of small white dots constitutes the volumetric speckle required for DVC calculations. Because the sample was unmounted and mounted again in the micro-CT scanner for each step, it was necessary to develop a specific process in order to reconstruct the same volume at each step. To do this, four silver varnish markers were deposited before testing on the four sides of the gauge volume of the sample (Fig. 4). It allowed reconstruction, at each step, of the same volume with a perfect alignment with one another (within a voxel). The volume reconstruction was done using an algorithm based on the filtered back-projection procedure for Feldkamp cone beam geometry. Each reconstructed volume was made of 1.1 billion voxels.

Image segmentation of the micro-CT scans was also carried out at each step to observe the damage development.

It was performed using the free image processing software Fiji with the artificial intelligence-based plugin

Trainable Weka Segmentation 3D [START_REF] Rivas-Menchi | Effect of linear viscoelasticity on stress transfer in a numerical model of a single fiber fragmentation test[END_REF]. This plugin combines machine learning algorithms, data analysis and visualisation tools. It allows one to segment n material phases from a stack of images into n classes. In this study, two phases were distinguished in the sample: yarn and damage. Due to the large size of the tomographic volumes, smaller volumes centred on the yarn were analysed with dimensions of 3.3 mm along the X-axis and 1.2 mm along the Y-and Z-axes. It represented a volume of 177.6 million voxels for each of the seven steps (from 0 to 6). Segmentation calculations were performed by using the supercomputer facilities at the Mésocentre de calcul SPIN hosted by the University of Poitiers.

Digital Image and Volume Correlation

Digital image correlation (standard DIC) and digital volume correlation (DVC) based on micro-CT scans were performed at each step of the fragmentation test. The correlation calculation requires a unique random pattern, recorded twice, once before loading the sample and once when the sample is deformed (Fig. 5). The first picture taken at the initial state is the reference image which is compared to a second one taken at a deformed state. The first picture is divided into small subsets, each one being a measurement point characterised by its grey level distribution. The principle consists in seeking, for each subset of the reference image, the most similar one in the deformed image (in terms of spatial distribution of grey levels), using a correlation function [START_REF] Wang | Numerical simulation of the fiber fragmentation process in single-fiber composites[END_REF]. For the twodimensional technique, the calculation consists in maximizing the correlation coefficient 𝑅𝑅 by minimizing the function 𝑆𝑆 [START_REF] Verhulp | A three-dimensional digital image correlation technique for strain measurements in microstructures[END_REF] (Eq. 1):

𝑆𝑆 = 1 -𝑅𝑅 = 1 - ∑ 𝑎𝑎�𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑗𝑗 �𝑏𝑏�𝑥𝑥 𝑖𝑖 ′ , 𝑦𝑦 𝑗𝑗 ′ � 𝑁𝑁 𝑖𝑖,𝑗𝑗=1 �∑ 𝑎𝑎�𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑗𝑗 � 2 ∑ 𝑏𝑏�𝑥𝑥 𝑖𝑖 ′ , 𝑦𝑦 𝑗𝑗 ′ � 2 𝑁𝑁 𝑖𝑖,𝑗𝑗=1 𝑁𝑁 𝑖𝑖,𝑗𝑗=1 � 1 2 (1)
where 𝑎𝑎 is the reference subset, 𝑏𝑏 the deformed subset, (𝑥𝑥 𝑖𝑖 , 𝑦𝑦 𝑗𝑗 ) the coordinates of each pixel and 𝑁𝑁 the number of pixels in each subset. Minimizing the function 𝑆𝑆 corresponds to searching the best position and deformation of the subset 𝑎𝑎 in the deformed image.

To extend the correlation technique to three dimensions, 𝑆𝑆 becomes a function of twelve independent variables (Eq. 2):

𝑑𝑑 3𝐷𝐷 = �𝑢𝑢 , 𝑣𝑣 , 𝑤𝑤 , 𝜕𝜕𝑢𝑢 𝜕𝜕𝑥𝑥 , 𝜕𝜕𝑢𝑢 𝜕𝜕𝑦𝑦 , 𝜕𝜕𝑢𝑢 𝜕𝜕𝜕𝜕 𝜕𝜕𝑣𝑣 𝜕𝜕𝑥𝑥 , 𝜕𝜕𝑣𝑣 𝜕𝜕𝑦𝑦 , 𝜕𝜕𝑣𝑣 𝜕𝜕𝜕𝜕 , 𝜕𝜕𝑤𝑤 𝜕𝜕𝑥𝑥 , 𝜕𝜕𝑤𝑤 𝜕𝜕𝑦𝑦 , 𝜕𝜕𝑤𝑤 𝜕𝜕𝜕𝜕 �, (2) 
where 𝑑𝑑(𝑢𝑢, 𝑣𝑣, 𝑤𝑤) is the displacement from 𝑃𝑃 (𝑥𝑥, 𝑦𝑦, 𝜕𝜕) in the reference subvolume to 𝑃𝑃 ′ (𝑥𝑥 ′ , 𝑦𝑦 ′ , 𝜕𝜕 ′ ) in the deformed subvolume (Fig. 5). 

Results and discussion

Numerical simulation

The finite element model described in section 2.3 was used to evaluate the influence of the number of yarn breaks on the stress and strain field maps in the single hemp yarn composite. Figure 6 presents the axial stress field ÃXX in the central XY plane for four different cases: without any yarn break (Fig. 6a) and with one (Fig. 6b), two (Fig. 6c) or three (Fig. 6d) yarn breaks. For comparison purpose, an identical colour scale is used for the four cases. Grey and black colours correspond to the out-of-scale values. At the initial state, without any yarn break, Figure 6a shows a homogeneous repartition of stress in the matrix along the yarn. When a yarn break appears (Fig. 6b), the ÃXX value remains constant far from the yarn but the stress field is modified in the matrix along the yarn. There is a high stress concentration in the matrix around the yarn break while there is a release of stresses along the yarn on both sides of the breakage. In the presence of two or three yarn breaks (Fig. 6c andd), the same phenomena can be observed but in different proportions. Consequences of the evolution of the stress fields on strain distribution can be seen in Figure 7. Figure 7 shows axial (µXX), transverse (µYY) and shear (µXY) strain fields in the middle section of the single hemp yarn composite in the case of the presence of one or three yarn breaks. The same colour scale is used for a given strain component. The axial strain field shows a typical butterfly-shaped concentration zone around the yarn break (Fig. 7a). In the presence of three yarn breaks, the concentration zones are smaller around each breakage but the strain level increases far from the yarn (Fig. 7b).

Moreover, at the yarn/matrix interface between two breakages the strain value is close to zero, showing the relaxation state in these zones. As expected, due to the Poisson's effect, transverse strains are negative and of lower intensity than µXX (Fig. 7c andd). Shear strain fields (Fig. 7e andf) highlight the fact that the yarn/matrix interface is subjected to shear loading during the fragmentation test, especially around the yarn breaks. It can also be observed that the strain concentration is located preferentially in the ±45° directions. 

Damage scenario during fragmentation test

After an initial micro-CT image acquisition, an ex-situ fragmentation test was carried out on the single hemp yarn composite, with several interruptions. At each step, the sample was unloaded, placed in the microtomograph and scanned. Table 3 summarises the progress of the experiment. Axial stresses were obtained from the maximum loading reached at each step divided by the initial section of the sample. Residual axial strains were geometrically determined from micro-CT scans after each interruption of the fragmentation test. Some remarkable points (such as small porosities) were selected in order to perform point-by-point measurements to calculate the residual elongation, allowing to deduce the corresponding strain. For the two first steps, the residual strain values are about zero. Indeed, the tensile test was stopped before macroscopic plastic deformation. During the fragmentation test, different types of damage occurred: yarn breaks (YBi), internal matrix cracks (MCi) and edge cracks (ECi). They have been observed in the micro-CT scans and numbered in order of occurrence. The step corresponding to the occurrence of each damage can be seen in Table 3. The different types of damage are shown in Figure 8. Micro-CT zooms, extracted from the central XZ slice, are focused on the three yarn breaks and on an edge crack (EC1). It revealed that each yarn break was a stair-step failure, made of individual hemp fibre breaks at different heights. During loading, the yarn breaks opened progressively, especially the central one, which had occurred first (YB1). Then, they propagated in the matrix, as internal matrix cracks (MCi). The largest matrix crack, initiated from the first yarn break, led to the complete failure of the sample. Two large porosities can also be observed but their presence did not induce a yarn break occurrence. Indeed, for YB3, no porosity was adjacent to the fragment. However, when an internal matrix crack was initiated from a yarn break, the easiest trajectory for the crack was through a pore, as it can be seen for YB1 and YB2.

From the fifth step, small cracks initiated from the edge of the sample can be observed (ECi). These cracks opened gradually as the test progresses. In order to better track the yarn break development, 3D segmentation of a micro-CT sub-volume was performed at each step of the fragmentation test. Figure 9 presents the results obtained for step 0 (before loading), steps 5 and 6. The hemp yarn, made of several fibres, can be seen in grey colour and the voids are represented in red colour. Some porosity can be observed at the initial state (Fig. 9a). In Figure 9b, the three yarn breaks are clearly visible, the one that has propagated the most being the centred one, which appeared first (YB1). After the sixth interruption of the fragmentation test, the matrix crack MC1 which initiated from the yarn break 1 has propagated so extensively that it reaches the limits of the segmented zone, explaining its square shape (Fig. 9c).

It can be noticed that the yarn breaks lead to axisymmetric matrix cracks centred on the yarn, which is consistent with the fragmentation test theory. 

Experimental 2D and 3D full-field strain maps

DIC and DVC calculations were performed at each step of the fragmentation test of the single hemp yarn composite. Correlation calculations were realised between the micro-CT scan registered before loading (initial state) and the scans corresponding to step i. At each step i, the micro-CT scan was performed after having unloaded the sample. Therefore, the measured strains are the residual ones, after unloading. At first, the average strain values representing the macroscopic strains of the sample were determined. A comparison is made between the values obtained by DVC method in the studied volume and by DIC on central planes. Table 4 presents the values obtained for the residual axial (µXX) and transverse (µYY and µZZ) strains. It allows us to check that, for the three components, both methods give similar macroscopic strain values, despite the different calculation methods. As expected, the residual transverse strains in both directions Y and Z remain similar to each other, in the dispersion range. It is also worth noting that the µXX values are very close to those obtained geometrically and listed in Table 3.

Table 4.

Residual axial (µXX) and transverse (µYY and µZZ) strain mean values (%) measured by DIC and DVC from micro-CT scans recorded at each step of the fragmentation test of the single hemp yarn composite. For the first steps of the fragmentation test, all the average residual strain values were close to 0% (Table 4),

showing that the macroscopic sample behaviour was still elastic. At the fourth experimental step, the residual axial strain reached 0.410% and the residual transverse strain increased in absolute value (-0.141%). Just before the failure of the sample, the average residual axial strain rose up to almost 5%. At this step, the large amount of damage in the sample, observed in the previous section, prevented it from recovering its initial dimensions. At step 6, transverse strains reached a global mean absolute value of 1.624%. It is thus possible to calculate a mean

Poisson's ratio equal to 0.326, which is in accordance with the expected value. After the first interruption of the fragmentation test, it can be observed that the residual strain values are homogeneous in the matrix and higher in the yarn. This is in accordance with the expectations of the fragmentation test theory. After the fifth experimental step, the three yarn breaks can be seen with the location of high strain values. Results show a ±45° redistribution of strains in the matrix which is in accordance with the finite element simulation (Fig. 7). In addition, it is possible to detect the presence of some porosities in the matrix, playing the role of strain concentrators. After the sixth interruption of the fragmentation test, matrix cracks are far more developed and the redistribution of residual strains is accentuated. Figure 12 shows the residual axial (µXX), transverse (µYY) and shear (µXY) strain fields calculated by DIC and DVC from micro-CT scans at the fifth experimental step of the fragmentation test. As in Figure 11, two perpendicular slices are selected for DIC calculations and the whole studied volume is shown in two parts for DVC: only the highest absolute strain values are represented in the foreground volume. For a given strain component, the same colour scale is used whatever the technique employed. Results in Figure 12 show that DIC calculations are noisier than DVC ones, especially for the components µYY and µXY which reach smaller absolute strain values. Nevertheless, in all cases, the redistribution of strains along ±45° directions in the matrix can be observed and the three yarn breaks still concentrate high residual strain values. Moreover, it can be seen that shear strains (µXY) are concentrated along the hemp yarn. This is in accordance with the numerical results shown in section 3.1 (Figures 7e and7f). The DIC method allowed to obtain the 2D strain fields in XY and XZ planes, as shown in Figures 11 and12.

However, it failed for strain calculations in YZ planes, probably because the speckle pattern was too much disturbed by the high axial strain values, leading to a loss of information in a given slice. With the DVC algorithm, it was possible to calculate 3D strains values in the whole volume, regardless of the orientation or strain level. Figure 13 presents the residual axial strain fields calculated by DVC in all directions at the fourth, fifth and sixth experimental steps, using the same colour scale. Strain fields are shown in three YZ slices, located at each yarn break and in two XY and XZ planes crossing the yarn. It allows to better understand how the development of damage takes place during the fragmentation test, with an axisymmetric shape of the matrix cracks around each yarn break and a ±45° strain redistribution in the matrix. 

Conclusion

The objective of this work was to analyse the evolution of internal strains during a fragmentation test of a single hemp yarn composite. A step-by-step fragmentation test was carried out on a sample with a three dimensional speckle added in the matrix. At each step, a micro-CT scan was recorded and then DIC and DVC calculations were realised between the unloaded state and the step i. A finite element modelling was also performed, assuming a perfect interface bond and a cylindrical shape of the yarn. The obtained numerical simulations showed how the yarn breaks play the role of stress concentrators and how the stress and strain are redistributed in the matrix and at the yarn/matrix interface. The analysis of micro-CT scans by segmentation method also allowed the identification of the damage scenario during the fragmentation test: yarn breaks occurred first, then matrix cracks initiated from the yarn break zones and finally edge cracks appeared. DIC calculations enabled the measurement of 2D strains on planar surfaces while DVC method gave the 3D strain fields in the whole gauge volume of the sample. Comparison of DIC and DVC methods showed that they gave the same average strain values corresponding to the macroscopic strains of the sample, and the same evolution of strain maps, although DIC was significantly noisier. The analysis of the volumetric strains measured during the fragmentation test showed how the strains were redistributed along ±45° directions in the matrix and around the yarn breaks. This study demonstrates the feasibility of DVC based on micro-CT for 3D strain measurements and the richness of the obtained data. It paves the way to a comprehensive volumetric analysis of strain and damage mechanisms in composite materials. 
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 1 Fig. 1. Geometry of the single hemp yarn composite (values in mm).

Fig. 2 .

 2 Fig. 2. Isometric views of both meshed parts of the numerical model: a) hemp yarn, b) polymer matrix.
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 3 Fig. 3. Single hemp yarn composite model with boundary conditions.
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 4 Fig. 4. a) Scheme of the single hemp yarn composite with the silver markers and the micro-CT scanned volume. b) Initial state: examples of micro-CT slices in the three planes, centred on the hemp yarn.

Fig. 5 .

 5 Fig. 5. Schematic principle of the DVC process.

Fig. 6 .

 6 Fig. 6. Numerical simulation of axial stress fields (ÃXX) in the middle section of the single hemp yarn composite a) without yarn break, with b) one yarn break, c) two yarn breaks and d) three yarn breaks.

Fig. 7 .

 7 Fig. 7. Numerical simulation of axial (µXX), transverse (µYY) and shear (µXY) strain fields in the middle section of the single hemp yarn composite for one and three yarn breaks.

Fig. 8 .

 8 Fig. 8. Micro-CT zooms on damage at different steps during the fragmentation test on the single hemp yarn composite.

Fig. 9 .

 9 Fig. 9. 3D segmentations of micro-CT scans of the single hemp yarn composite after a) step 0 (initial state), b) step 5 and c) step 6 of the fragmentation test.

Fig. 10 .

 10 Fig. 10. Scheme (not to scale) of the damage scenario during the step-by-step fragmentation test of the single hemp yarn composite until the sample failure (tensile direction along the X-axis in red).
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Figure 11 presents

 11 Figure 11 presents the residual axial strain fields measured by DIC and by DVC for three different steps during the fragmentation test. Videos of the results are also available in Supplementary Material. The same colour scale is used for all the images. DIC results are presented on two perpendicular slices in XY and XZ planes, crossing the yarn. For DVC results, the studied volume is presented in two parts: the background half of the volume is filled with all the strain values and the foreground one is shown with only the strains above 3%. It allows to compare DIC and DVC methods on the central plane and to highlight the damaged zones in the foreground volume. Results show that DIC and DVC calculations are in concordance, thus validating the 3D algorithm.

Fig. 11 .

 11 Fig. 11. Residual axial strain (µXX) fields measured by DIC and DVC from micro-CT scans registered at steps 1, 5 and 6 during the fragmentation test on single hemp yarn composite (for DVC results, the foreground volume shows strains above 3.0%).

Fig. 12 .

 12 Fig. 12. Residual axial (µXX), transverse (µYY) and shear (µXY) strain fields calculated by DIC and DVC at the fifth interruption of the fragmentation test (for DVC results, the foreground volume shows high absolute strain values: |µXX|>3.0%, |µYY|>1.5% and |µXY|>1.5%).

Fig. 13 .

 13 Fig. 13. Volumetric residual axial strain µXX calculated by DVC from micro-CT scans at step 4, step 5 and step 6 during the fragmentation test on the single hemp yarn composite.

Fig. 14 .

 14 Fig. 14. Comparison of residual axial strains µXX along the hemp yarn measured by DIC and DVC at the sixth step of fragmentation test on the single hemp yarn composite.

Figure 15b allows toFig. 15 .

 15 Figure 15b allows to highlight how the matrix crack (MC1) opening around the yarn break YB1 modifies the measured strain field. These results show that DVC calculations based on micro-CT scans allow an in-depth analysis of the strain redistribution and damage evolution during the fragmentation test of a single yarn composite.
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Table 1 .

 1 Elastic mechanical properties of both materials used for the numerical model.

Polymer matrix Hemp Yarn Longitudinal Young's modulus (MPa) 3440 23000 Transverse Young's modulus (MPa)

  

		3440	1264
	Poisson's ratio	0.39	0.23
	Shear modulus (MPa)	1237	788

Table 2 .

 2 Experimental values of the matrix plastic strain (𝜖𝜖 𝑝𝑝 ) as a function of the applied stress (𝜎𝜎) used for the numerical model.

	𝝈𝝈 (𝑴𝑴𝑴𝑴𝑴𝑴)	𝝐𝝐 𝒑𝒑 (%)
	15.2	0.00
	20.6	0.01
	25.9	0.04
	30.9	0.06
	35.7	0.10
	40.4	0.14
	44.7	0.19
	48.7	0.25
	52.4	0.32
	55.9	0.40
	59.1	0.49
	62.1	0.61
	64.8	0.74
	67.1	0.91
	69.1	1.11
	70.1	1.37
	71.4	1.69
	71.8	2.11
	71.1	2.65
	70.8	2.78

Table 3 .

 3 Description of the different steps during the fragmentation test on the single hemp yarn composite: axial stress, residual axial strain and associated damage occurrences observed in micro-CT images.

	Experimental step	Axial stress (MPa)	Residual axial strain (%)	Yarn Breaks (YBi) ; internal Matrix Cracks (MCi) ; Edge Cracks (ECi)
	0	-	-	-
	1	35.2 ± 0.7	-0.07 ± 0.07	-
	2	46.2 ± 0.7	0.01 ± 0.11	YB1
	3	46.5 ± 0.7	0.16 ± 0.09	YB2, YB3
	4	45.1 ± 0.7	0.39 ± 0.12	-
	5	42.3 ± 0.7	1.65 ± 0.63	MC1, MC2, MC3, EC1, EC2
	6	40.5 ± 0.7	5.80 ± 0.40	EC3, EC4
	7	24.8 ± 0.7	-	complete failure
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