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Multi-scale analysis of the generated damage when machining pockets of 3D woven composite for repair applications using abrasive water jet process: Contamination analysis
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Repair of damaged aircraft structural parts is a regular maintenance activity carried out to preserve airworthiness while being economically viable. Conventional repair techniques used have negative impact on the repair quality and environment due to dust emission. For eliminating aforementioned problem, this study investigates controlled depth abrasive water jet (AWJ) milling for repair procedure of 3D woven CFRP composite structures used in the new aircraft engine developed by Safran Aircraft Engines. The aim is to identify and quantify the damage and surface contamination induced by AWJ milling. For this, the influence of milling parameters on the damage and surface contamination is investigated through full factorial experimental study. Several characterisation techniques like 3D optical profilometry, Scanning Electron Microscopy and X-ray tomography combined with image processing were used for a multi-scale analysis of the machined surface damage and contamination. In fact, the machining quality was quantified using an innovative criterion called "crater volume" (Cv). The obtained results have shown surface contamination by embedded abrasive particles and presence of bare and broken fibres, cracks, craters. The results show that the rate of contamination is influenced by the jet pressure and the scan step and the Cv is influenced by the jet exposure time.

Introduction

Due to the more and more stringent environmental rules provided by the aviation authorities, the aerospace industry has to drastically reduce the fuel consumption of the aircrafts. In order to achieve this goal, manufacturers decided to introduce advanced materials which have a high strength to weight ratio in the aircraft structure. To do so, they have developed cutting edge composite materials composed of polymer matrix and 3D woven fibres, used either for monolithic or multi-material structures. In service, these structures can be damaged, mainly by erosion or impact concerning outer parts, and are rather repaired than replaced during maintenance due to the high material and manufacturing prices. However, the repair procedure is subjected to strict guidelines provided by the maintenance and repair organizations (MRO), making it expensive for the aviation companies (aircraft grounding, highly skilled staff). In addition, as the composite repair are more and more performed by adhesive bonding, the quality of the machined surface is of primary concern to have a strong and enduring bonded repair. However, the quality of the machined surface is strongly influenced by the process of machining as well as the machining parameters [START_REF] Wang | Orthogonal cutting mechanisms of graphite/epoxy composite. Part I: unidirectional laminate[END_REF][START_REF] Wang | Orthogonal cutting mechanisms of graphite/epoxy composite. Part II: multi-directional laminate[END_REF][START_REF] Arola | Chip formation graphite/epoxy in orthogonal trimming of composite[END_REF]. In the industrial field, conventional machining is used for material removal to remove the damaged area. Nevertheless, Carbon Fibre Reinforced Plastics (FRPs) are difficult to machine properly because of their heterogeneous mechanical and thermal properties. In addition, due to the high abrasiveness of carbon fibres, important and premature tool wear is recorded during conventional machining of CFRPs, leading to high machining temperature and hence thermal degradation of the matrix, which has a low thermal conductivity compared to carbon fibres [START_REF] König | Machining of Fibre Reinforced Plastics[END_REF][START_REF] Nguyen-Dinh | Machining of FRP composites: surface quality, damage, and material integrity: critical review and analysis[END_REF][START_REF] Nguyen-Dinh | Surface integrity while trimming of composite structures: X-ray tomography analysis[END_REF]. Another important drawback when machining CFRP by conventional means is the emission of harmful particles in the air, in form of carbon fibre dust, which is dangerous both for the environment and the operator's health [START_REF] Haddad | Study of the surface defects and dust generated during trimming of CFRP: Influence of tool geometry, machining parameters and cutting speed range[END_REF][START_REF] Ramulu | Machining of fiber reinforced composites: Review of environmental and health effects[END_REF]. Moreover, the main mechanical defects produced by conventional machining of CFRP are in form of delamination, broken fibres, fibre pull-outs and craters [START_REF] König | Machining of Fibre Reinforced Plastics[END_REF][START_REF] Nguyen-Dinh | Machining of FRP composites: surface quality, damage, and material integrity: critical review and analysis[END_REF][START_REF] Koplev | The cutting process, chips, and cutting forces in machining CFRP[END_REF][START_REF] Voss | Influence of fibre orientation, tool geometry and process parameters on surface quality in milling of CFRP[END_REF]. The location and expanse of all these defects mainly depend on the process parameters and the machining direction with respect to fibres orientation [START_REF] Janardhan | Edge Trimming of CFRP with Diamond Interlocking Tools[END_REF][START_REF] Sheikh-Ahmad | Machining damage in edge trimming of CFRP[END_REF]. Both the thermal and mechanical defects can lead to a drop of the mechanical properties (endurance limit) of the structures in service [START_REF] Nguyen-Dinh | Surface integrity while trimming of composite structures: X-ray tomography analysis[END_REF][START_REF] Haddad | Study of the surface defects and dust generated during trimming of CFRP: Influence of tool geometry, machining parameters and cutting speed range[END_REF][START_REF] Haddad | Influence of machining process and machining induced surface roughness on mechanical properties of continuous fiber composites[END_REF].

Based on all these issues, the use of non-conventional machining processes has been considered for CFRPs, such as laser beam, electrodischarge or chemical machining. By removing the rigid tool in the process, cutting forces are considerably reduced, making the workpiece more easily positioned on the machining table. However, laser beam machining generates a high temperature, resulting in the presence of Heat Affected Zones (cracks, burns) and fumes which can be harmful for the operator if inhaled [START_REF] Leone | Investigation of CFRP laser milling using a 30W Q-switched Yb:YAG fiber laser: effect of process parameters on removal mechanisms and HAZ formation[END_REF][START_REF] Hejjaji | Machining damage in FRPs: laser versus conventional drilling[END_REF][START_REF] Herzog | Investigations on the thermal effect caused by laser cutting with respect to static strength of CFRP[END_REF]. This process has also a low material removal rate compared to other techniques, increasing the machining time which is not suitable for economic reasons [START_REF] Hashish | An investigation of milling with Abrasive-Waterjets[END_REF]. Electro-discharge machining produces also a high temperature, leading to large heat affected areas, and other defects as fibre swelling, delamination and recast material [START_REF] Sheikh-Ahmad | Hole quality and damage in drilling carbon/epoxy composites by electrical discharge machining[END_REF][START_REF] Holmberg | Evaluation of surface integrity after high energy machining with EDM, laser beam machining and abrasive water jet machining of alloy 718[END_REF]. Moreover, this machining technique greatly depends on the material's conductivity, making more efficient for metallic materials applications. Chemical machining, currently employed for metal-composite structure machining applications, is a time consuming and dangerous process both for the operator's health and the environment because of the corrosive chemical products used. In order to avoid these issues, abrasive water jet (AWJ) machining has been suggested as a substitute non-conventional process. The water jet lowers the spread of carbon particles, by clearing out the chips and dust, and eradicates the heat affected zones [START_REF] Hashish | An investigation of milling with Abrasive-Waterjets[END_REF][START_REF] Ramulu | Waterjet machining and peening of metals[END_REF]. Moreover, this machining process permits to remove a constant depth even on slightly curved parts [START_REF] Cénac | Abrasive-water-jet blind-machining of polymer matrix composite materials[END_REF][START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF], operation which can be complicated when machining is performed by conventional techniques. Numerous studies [START_REF] Hashish | An investigation of milling with Abrasive-Waterjets[END_REF][START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF][START_REF] Arola | Material removal in abrasive waterjet machining of metals Surface integrity and texture[END_REF][START_REF] Hashish | Waterjet machining of advanced composites[END_REF][START_REF] Hejjaji | Impact of the abrasive water jet milling process on the damage and surface characteristics of CFRP composite[END_REF] have shown the versatility of AWJ which can machine a lot of different materials, such as titanium alloys and FRP laminates composites. To the authors knowledge, no study has been performed concerning AWJ machining on 3D woven composite, all the less the contamination phenomena of composites (unidirectional laminates, 2D and 3D woven fabrics) by abrasive grit. In addition, the mechanisms of material removal are independent on the fibres orientation because they are performed by micro-erosion consecutive to impact of the abrasive particles [START_REF] Hocheng | Feasibility study of abrasive-waterjet milling of fiber-reinforced plastics[END_REF]. AWJ, by overcoming many drawbacks of conventional milling, seems then to be an interesting alternative process, especially in case of composite repair application in the aerospace field. However, as for all machining techniques, AWJ generates several kinds of defects. On one hand, it has been shown by Hejjaji et al. [START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF][START_REF] Hejjaji | Impact of the abrasive water jet milling process on the damage and surface characteristics of CFRP composite[END_REF] that milling with this technique on CFRP laminates made of unidirectional plies induces defects and damage in form of broken fibres, fibre pull-out, fibre-matrix debonding, craters, abrasive embedment and grooves, which location and expanse depend on the choice of the machining parameters. All these defects are due to the material removal occurring mainly by microerosion of the matrix and brittle fracture of the fibres consecutive to solid impact of highly energetic abrasive particles [START_REF] Arola | Chip formation graphite/epoxy in orthogonal trimming of composite[END_REF][START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF][START_REF] Hocheng | Feasibility study of abrasive-waterjet milling of fiber-reinforced plastics[END_REF][START_REF] Ramulu | The influence of abrasive waterjet cutting conditions on the surface quality of graphite/epoxy laminates[END_REF][START_REF] Momber | Geometry, Topography and Integrity of Abrasive Water-Jet Machined Parts[END_REF][START_REF] Sheldon | The mechanism of material removal in the erosive cutting of brittle materials[END_REF][START_REF] Ramulu | Water jet and abrasive water jet cutting of unidirectional graphite/epoxy composite[END_REF]. On the other hand, the energy carried by water can favours delamination phenomenon by wedge effect if the parameters are not well chosen, which makes plain water jet machining unsuitable for composite milling. In case of AWJ, the abrasive flow rate must be carefully selected so the fraction of energy transferred from the water to the abrasive is important enough [START_REF] Cénac | Abrasive-water-jet blind-machining of polymer matrix composite materials[END_REF][START_REF] Hashish | Waterjet machining of advanced composites[END_REF][START_REF] Cénac | Respect de l'intégrité dans l'usinage non-débouchant par jet d'eau abrasif de matériaux composites = Material integrity maintain while milling composite using abrasive water jet[END_REF][START_REF] Shanmugam | A study of delamination on graphite/epoxy composites in abrasive waterjet machining[END_REF]. Besides, the high speed abrasive particles produce another kind of defect when impinging the machined surface. Once embedded in the target material, they introduce stress concentration zones which weaken the structure, by getting inside the cracks and avoiding them to close for example. As for the other types of defects, the degree grit embedment depends on the machining parametersmainly on the energy transferred to the particlesand the milling path as well as the nature of the material [START_REF] Fowler | A technical note on grit embedment following abrasive water-jet milling of a titanium alloy[END_REF][START_REF] Huang | Parametric effects on grit embedment and surface morphology in an innovative hybrid waterjet cleaning process for alpha case removal from titanium alloys[END_REF]. Indeed, the machining strategy has to be properly designed in order to avoid sharp direction changes which can modify the erosion conditions and then worsen the surface quality. It is important to notice that the classical criteria used in industry to quantify the post-machining surface quality are the average surface roughness Ra and the surface waviness Wa. In case of AWJ milling of CFRP laminates, Hejjaji et al. [START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF][START_REF] Hejjaji | Impact of the abrasive water jet milling process on the damage and surface characteristics of CFRP composite[END_REF] have shown that Ra depends on jet pressure and traverse speed in order of significance, with low influence of scan step. Likewise, the surface waviness of the milled specimens depends on scan step, jet pressure and traverse speed. However, surface roughness does not seem to be an efficient criterion to link surface quality and post-machining (conventional or non-conventional techniques) mechanical behaviour of CFRPs, both in static and fatigue, because of contradictory results [START_REF] Hejjaji | Influence of controlled depth abrasive water jet milling on the fatigue behavior of carbon/epoxy composites[END_REF][START_REF] Ghidossi | Edge machining effects on the failure of polymer matrix composite coupons[END_REF][START_REF] Squires | Understanding the factors affecting the compressive testing of unidirectional carbon fibre composites[END_REF]. In order to overcome this issue, another parameter has been considered, called "crater volume per unit area" (Cv). Contrarily to the classical parameter (Ra), Cv permits to take into account and quantify craters, the main defect encountered when machining composite with AWJ. Moreover, it has been proven than as the crater volume increases, the mechanical properties of the machined specimens are altered [START_REF] Hejjaji | Surface and machining induced damage characterization of abrasive water jet milled carbon/epoxy composite specimens and their impact on tensile behavior[END_REF][START_REF] Hejjaji | Influence of controlled depth abrasive water jet milling on the fatigue behavior of carbon/epoxy composites[END_REF]. However, no work, to the authors' knowledge, has been performed concerning defects identification and quantification consecutive to AWJ milling on 3D woven composite specimens.

The goal of this work is then to identify and quantify the damage induced by abrasive water jet milling on 3D woven CFRP. The influence of the machining parameters of the process on the different nature and sizes of damage will be studied. To do so, specimens made of 3D woven CFRP have been milled following a full factorial experimental design of three machining parameters (viz. water jet pressure, traverse speed and scan step). After the milling phase and based on several characterisation techniques like 3D optical profilometry, Scanning Electron Microscopy (SEM) and X-ray tomographya multi-scale analysis of the machineinduced damage with respect to the process parameters is discussed. A focus is made on grit embedment and the effect of the process parameters on the contaminated area. Finally, the "crater volume" parameter (Cv) expressed in terms of volume per unit area is used to quantify the machined surface defects.

Material and methods

Material

The tests of this study have been performed from a plate made of CFRP 3D woven composite. The epoxy resin and fibres constitutive of the material are respectively referenced as PR520 (Cytec Company) andIM7 (Hexcel Composites Company). The plate was manufactured by light Resin Transfer Molding process, having a thickness of 9.75 ± 0.04 mm and a nominal fibre volume fraction of approximately 54%. No further details (e.g. weaving architecture and mechanical behaviour) are presented due to the confidentiality of the material, which is the property of Safran Aircraft Engines. As seen from Fig. 1, the surface of the plate is rather flat (±30 µm from the 3D topography) with minor scratches due to handling and transportation. A full factorial design has been selected, with 36 specimens (140 mm × 20 mm), all originating from the same plate and obtained by abrasive water jet (AWJ) cutting. For each specimen, a given set of parameters (viz. pressure, traverse speed and scan step) was selected to mill by AWJ three identical pockets, of size 20 mm × 20 mm.

Abrasive water jet milling machine and parameters

All the machining operations (trimming and milling) were performed on an AWJ machine Mach 4c from Flow company. The different parameters (fixed and variable) selected for the tests are gathered in Table 1. Some parameters (such as the cutting head geometry) are fixed for economic reasons. The abrasive employed from the machining operations is a 120 mesh (around 125 µm in diameter) Arabian garnet produced by Garnet Arabia Company Ltd from Saudi Arabia. A single size of abrasive grit was kept for all the machining process due to limitation of the AWJ machine (only one abrasive feeding system available). 
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to the bare and broken fibres as well as the macro craters originating from the weaving architecture observed on every milled specimen, whatever the pressure is. In this case, the already milled material is not furtherly removed as only the secondary jet, which has no cutting action, overlaps the previously machined material. The same trend observed with a scan step of 1.5 mm tends to show that the effective nozzle diameter is a bit greater than expected. Indeed, after measurement, it was found that the diameter is around 1.2 mm, due to erosion wear. This consolidates the above explanations.

Conclusion

The experimental study of AWJ milling of 3D woven CFRP was presented in this paper. The defects and damage consecutive to machining have been quantified thanks to the crater volume which has proven to be an effective method. Based on the obtained results, the following conclusions can be drawn:

• At macro level and for any machining conditions, large craters with a diameter around 2 mm, are observed. The dimensions of these craters can be related to the mesh of the weaving architecture of the composite specimens. However, at micro level, several types of damage have been highlighted. Indeed, the major defect, present on all the specimens scanned with the SEM, is in form of bare and broken fibres. When milling with high speed, due the limited exposure time, only the matrix is eroded which initiates fibre-matrix debonding. In addition, smaller craters have been noticed within the macro craters walls. • Grit embedment has also been observed for all the milled specimens, whose rate depends on the machining parameters. Indeed, the increase of the jet pressure leads to a decrease of the contamination rate, due to the higher influence of erosion by water, which jets out the embedded particles and cleans the surface. Similarly, as the traverse speed increases, the jet exposure time on the workpiece decreases, hence also the contaminated area. Based on the SEM images, embedded grits within the composite material are located between fibres or inside cracks. However, though all the machining parameters influence the rate of contamination, the recorded values are way inferior to the ones estimated on metallic materials. This might mean that no heavy additional cleaning process is needed in order to have a surface suitable secondary purposes like bonding applications. • Based on the topographies of the machined surfaces of the 3D composite material, it was clearly observed that the jet pressure combined with the jet exposure time, through the traverse speed and scan step, are greatly influencing the crater volume (Cv). This parameter (Cv) has then proven to be an efficient indicator to quantify the surface defects and damage consecutive to the AWJ milling process. Indeed, multi-scale analysis performed by SEM image processing on specimens with different process parameters consolidate the Cv measurements. However, it can be noticed that Cv does not take into account the problem of abrasive particle embedment, which can fill in the carters generated by the AWJ milling process, hence reducing the value of Cv.
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