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Introduction

Fastening holes in mechanical structures are critical areas for the initiation of fatigue damage, especially for metal parts. The experimental study of fatigue strength and failure modes of bolted joints made of aluminum alloy parts is the subject of a lot of experimental works [START_REF] Krishnakumar | Fatigue behaviour of aluminium alloy 7075 bolted joints treated with oily film corrosion compounds[END_REF][START_REF] Croccolo | Failure analysis of bolted joints: Effect of friction coefficients in torque-preloading relationship[END_REF][START_REF] Hoang | Rupture and damage mechanism analysis of a bolted assembly using coupling techniques between A.E. and D.I[END_REF][START_REF] Chakherlou | An experimental investigation of the bolt clamping force and friction effect on the fatigue behavior of aluminum alloy 2024-T3 double shear lap joint[END_REF]. Different failure modes are observed. Some failure occurs in the bearing mode, with cracks initiating at the edge of the hole and others occurs in the fretting mode, with cracks initiating away from the hole boundary.

Compressive residual stress at the vicinity of a hole resulted in a significant increase in the fatigue lives of holed parts [START_REF] Lai | Fatigue properties of holes with residual stresses[END_REF]. Indeed, cracks find it much more difficult to propagate through a compressive field. Thus, in the aeronautical industry, processes have largely been developed in order to introduce a compressive residual stress field at the vicinity of the holes. Interference fit fastener [START_REF] Chakherlou | An investigation about interference fit effect on improving fatigue life of a holed single plate in joints[END_REF][START_REF] Lanciotti | The effect of interference-fit fasteners on the fatigue life of central hole specimens[END_REF] or cold expansion process [START_REF] Ozdemir | Effect of expansion technique and plate thickness on near-hole residual stresses and fatigue life of cold expanded holes[END_REF][START_REF] Lacarac | Fatigue crack growth from plain and cold expanded holes in aluminium alloys[END_REF][START_REF] Chakherlou | The effect of cold expansion on improving the fatigue life of fastener holes[END_REF], which consist in introducing a conical mandrel with a high level of interference, allow to improve greatly fatigue life of aluminum alloy joints. Compressive residual stress fields introduced by these two processes are well known to be extensive and to reach high values. However, other processes involved in the machining of the fastener hole, such as drilling and reaming, also leave a region of disturbed material along the edges of the hole that can cause a residual stress field. Even if these induced residual stress fields are much lower than those left by a process such as cold expansion (Figure 1), they affect the fatigue behavior of the holed part [START_REF]Assessment of residual stresses and hole quality on the fatigue behavior of aircraft structural joints 1[END_REF]. Therefore, they need to be better apprehended in order to be accounted for the life-prediction methodology. This paper focuses on the modification of the stress state of an aluminum 2024-T351 part during the reaming process which has been weakly studied. This alloy was selected because of its use in the majority of the current fleet of commercial aircraft. Only the numerical part of the study is presented in this paper.

Generation of residual stress during reaming is a complex phenomenon to simulate numerically. It involves both mechanical and thermal phenomena. On the one hand, simulation of metal cutting, which is associated with large strains, requires Eulerian methods. On the other hand, the prediction of residual stress, which needs knowledge of the loading history of each material particle, requires Lagrangian methods. Thus, several authors choose to develop « decoupled » numerical models, composed of a first model simulating the cutting, allowing them to obtain an equivalent thermomechanical loading, which they apply in a second model directly on the finished part. This is for example the case of Girinon [START_REF] Girinon | Développement d'un modèle numérique sur l'étude de l'intégrité des surfaces en perçage[END_REF], who, in his work on numerical simulation of drilling in hard metals, develops a rigid ALE model of material removal, then extracts the thermal loading on the part which is then applied in a second model pure-ly Lagrangian. Other authors, such as Valiorgue [START_REF] Valiorgue | A new approach for the modelling of residual stresses induced by turning of 316L[END_REF] in his work on the simulation of the turning of hard metals, free themselves from the modeling of material cutting by experimentally identifying the thermomechanical equivalent loading to apply in their Lagrangian model. Still others adopt even simpler reaming modeling strategies. Achard [START_REF] Achard | Numerical modelling of the cold expansion process in mechanical stacked assemblies[END_REF], to simulate the reaming process after cold expansion on hard metals, chooses to simply deactivate the elements located in the reaming zone of the part in its finite element model and define a calculation step allowing the part to reach a new static equilibrium.

Most authors studying the numerical simulation of machining processes consider a material devoid of mechanical and thermal stress. However, in the aeronautical industry, parts do not present a zero stress state before reaming since they undergo at least a drilling operation, and sometimes a cold expansion operation. Thus, it is interesting to carry out a study on the impact of the reaming process taking into account the history of the loads applied to the piece. For this, a numerical model considering a prestressed part is developed. The initial stress state of the part is introduced through the simulation of the cold expansion process.

Cold expansion simulation

The Finite Elements Model (FEM) representing the cold expansion process developed with Abaqus by Achard [START_REF] Achard | Numerical modelling of the cold expansion process in mechanical stacked assemblies[END_REF] is taken over and adapted to the expansion in an aluminum alloy part in order to generate a stress state in the part before reaming. The model, presented in Figure 2, represents the workpiece and the different parts of the tooling : the conical mandrel, the sleeve and the jaw. All the parts respect the dimensions imposed by the industrial specifications to obtain a final hole diameter of 6.35 mm and the thickness of the part is 6 mm. The simulated expansion rate is 6% in order to generate important residual stress fields in the part to better observe the influence of the reaming process in the rest of the study. The model is 2D axisymmetric, the part geometries, the loadings and the boundary conditions being compatible with this behavior hypothesis.

The steel mandrel can be considered and modeled as a rigid body in relation to the expanded aluminium part. The elastic behavior of the other three parts is considered as isotropic. The Young's modulus (Table 1) are calculated on the basis of results from quasi-static characterizations and data used by Achard [START_REF] Achard | Numerical modelling of the cold expansion process in mechanical stacked assemblies[END_REF] in his work. The steel jaw which undergoes only weak plastic strain is modelled with a simple elastic constitutive law. The mechanical behavior of the steel sleeve and the aluminum workpiece which undergo severe plastic strain is described by elastoplastic constitutive laws. The plastic behavior of these parts is defined on the basis of results from uniaxial tensile strength tests. The material behavior of the workpiece is modelled by a kinematic hardening and the material behavior of the sleeve is modelled by an isotropic hardening. In order to simulate the kinematics of the expansion, a displacement of -40 mm along the model axis of revolution (z) is imposed on the mandrel and the lower face of the jaw is fixed. Four contact areas are considered with a "surface-to-surface" discretization method (mandrel/sleeve, sleeve/part, mandrel/jaw and jaw/sleeve).

The mesh, presented in Figure 3, is refined and composed of biquadratic elements with eight nodes (CAX8) in the areas of high plasticity (sleeve and hole edge area of the part). These elements which imply stress and strain calculations at 8 integration points per element allow providing accurate results that take the plastic phenomena into consideration well. The rest of the workpiece and the jaw are meshed with bilinear elements with four nodes using a reduced integration (CAX4R). These elements which use a reduced integration imply a stress and strain calculation at only one integration point by element. This allows saving computational time without losing accuracy, the areas being slightly plastically deformed. The calculation step corresponding to the simulation of the cold expansion process with the axial displacement of the mandrel is followed by a step simulating the withdrawal of the sleeve which is called "recovery". During this step, the contacts between the elements are deactivated and no loading is applied. This allows the part to achieve a new stress state.

The whole calculation is resolved according to an implicit time integration method.

Reaming simulation

The residual stress state obtained from the expanded part after the recovery step constitutes the initial stress state for the simulation of the reaming process.

Reaming is simulated by deactivating an elements band along the height of the part at the hole edge with a width of 0.35 mm. Two strategies for simulating the reaming process are compared. The first one is similar to the one implemented in Achard's work [START_REF] Achard | Numerical modelling of the cold expansion process in mechanical stacked assemblies[END_REF]: all the elements of the reaming area are deactivated in the same calculation step. This modeling strategy allows to obtain the final residual stress state after reaming, it will be called "global reaming" in this study. The second strategy consists in deactivating the elements by several steps along the height of the part in order to simulate the progressive feed of the tool during reaming. 19 calculation steps, each corresponding to the deactivation of around ten elements in the thickness are carried out (Figure 4). This allows obtaining the history of the stress state in the part during reaming. This will be called "progressive reaming".

Thus, the two modelling strategies do not take into account the thermal effects occurring during reaming. The aim is to study only the impact of material removal on the stress state of the part which cannot be studied separately experimentally. Both modelling strategies should provide similar results. In the case of progressive reaming, the machining kinetics is exploited to define the calculation steps (height of deactivated elements and step duration). This time effect will fully make sense when another model involving progressive thermal loading will be implemented. 

Results and discussion

During cold expansion simulation, residual stresses are generated in the part along the three directions: axial, radial and circumferential. Axial residual stresses are largely lower than radial and circumferential stresses, so this study focuses on the latter two.

Figure 5 shows the radial and circumferential stress states in the part after cold expansion and global and progressive reaming simulations. These results show a non-homogeneous distribution of the residual stresses in the part after the cold expansion and reaming processes. The method for deactivating the elements in order to simulate the reaming process does not seem to affect the final stress state of the part.

The low influence of the reaming simulation on the residual stress state of the part can be noted. The radial residual stress field undergoes a progressive offset in the radial direction during the reaming simulation. The two compression points on the entry and exit faces are slightly relaxed and the radial residual stress tends to homogenize in the thickness of the part. This relaxation could be related to the reduction of the axial strain at the hole edge on the entry and exit faces which is generated during the cold expansion process and which is sometimes called "volcano effect". Concerning the circumferential residual stress field, this one is simply truncated in the reaming area. Thus, a higher compressive stress state favoring a longer fatigue life is obtained at the hole edge.

The radial and circumferential residual stresses on the entry face and middle section of the part after cold expansion, global and progressive reaming simulations are shown in Figure 6. Radial stresses are compressive and have a characteristic profile. They cancel at the hole edge and at the free outer edge of the part. Circumferential stresses are of mixed nature with a compressive peak at the hole edge and then a tensile zone far from the hole. A relaxation of the radial residual stress is observed during reaming simulation with a 7 % reduction in the compressive peak on the entry face and 15 % on the middle section. The modification of the circumferential residual stress is significant only on the entry face with a 6 % increase and a small offset of the compressive peak. Even though the level of residual stress changes during the reaming simulation, the heterogeneity of the stress state in the part remains. Indeed, the residual stress curves obtained after the cold expansion and reaming simulations present similar shapes. The changes in residual stress states are located in the hole edge area.

The results obtained with the two simulation strategies for reaming are identical. This confirms the equivalence of the two methods to obtain the final residual stress state of the part. The progressive reaming method seems nevertheless more interesting because it allows accessing to the intermediate stress states during the process. These useful results could be considered to gradually apply an equivalent thermo-mechanical load in order to envisage a more realistic simulation of the reaming process.

The evolution of the residual stress fields during progressive reaming is studied in order to better understand the impact of the process on the material characteristics of the part. For this purpose, radial and circumferential stresses are measured on 9 elements distributed according to the height and depth of the part. The location of these elements is described in Figure 7. The residual stress evolution for each element is presented in Figure 8. On these graphs, a dotted line indicates the position of the elements where the stress results are measured in relation to the part depth.

The evolutions of the residual stress during the reaming process present different shapes depending on the elements considered. A stress balancing takes place gradually when the elements bands are deactivated for the elements located at the same level in the part thickness. This balancing is mainly carried out in the radial direction and intensifies by approaching the hole edge. Indeed, the elements located exactly at the hole edge (E1, E4 and E7) show a sudden stress evolution. The elements a little farther away from the hole edge (E2, E5 and E8) present a smoother evolution. Finaly, the elements very far from the hole edge (E3, E6 and E9) show almost linear evolutions. The comparison of the numerical results obtained with experimental results is not yet possible. Indeed, it is impossible to implement experimentally the mechanism of material removal without involving thermal phenomena. Therefore, the results obtained are compared with previous numerical work as a first validation step. Kang [START_REF] Kang | Three-dimensional finite element analysis of the cold expansion of fastener holes in two aluminum alloys[END_REF] in his work develop a 3D FEM simulating the entire cold expansion process including hole expansion, recovery and finish reaming. A quarter of 2024-T351 aluminum part is modeled with a thickness of 6.35 mm and a final diameter hole of 7.26 mm. The reaming is simulated through the deactivation of mesh elements in the same way as in this study. Kang provides results of circumferential residual stress along the entry face and the middle section. The result curves present a general shape similar to the one obtained in this study with a compressive peak at the hole edge and a tensile zone far from the hole. However, the shape of the compressive peak varies. This can be explained by the number of points considered for the plotting of the result graphs which depends on the mesh size. The residual stress levels obtained by Kang are of the same order of magnitude as those presented in this study. The differences may be due to the different dimensions used.

Thus, the model developed in this study seems relevant. Besides, it seems more interesting to gain in computing time compared to the 3D model. 

Conclusion

An enhancement in the reaming simulation is proposed compared to Achard's simulation strategy [START_REF] Achard | Numerical modelling of the cold expansion process in mechanical stacked assemblies[END_REF]. This new simulation which consists of progressively deactivating mesh elements allows to access to the history of the residual stress state of the part.

The results obtained show only a small change in the residual stress state of the part during the reaming simulation. It means the material removal has a weak influence on the residual stress state of the part. Thus, if a significant change in the residual stress state occurs during the reaming process, it should mainly be related to the thermo-mechanical phenomena. Therefore, a new strategy of reaming simulation according to the principle of applying a thermo-mechanical load as in Valiorgue's works [START_REF] Valiorgue | A new approach for the modelling of residual stresses induced by turning of 316L[END_REF] is envisaged in order to take into account the mechanical cutting and thermal heating phenomena.

Nevertheless, the interpretation of the results emphasize a certain change of the residual stress state in the part during the reaming simulation especially at the hole edge area. It means to envisage a more realistic reaming simulation by applying an equivalent thermo-mechanical load on the hole edge, this one should not be dissociated from the material removal. Thereby, in the envisaged reaming simulation, the loading and the material removal will be applied synchronously and gradually in order to achieve an accurate final stress state in the part.

A reaming simulation on a pre-stressed part obtained after drilling simulation is also envisaged in order to study the evolution of the residual stress state in the hole edge zone during the whole machining process of the hole.

Finally, reaming tests with residual stress measurements in the part are envisaged in order to correlate the experimental measurements with numerical results. Residual stress measurements will be performed using the X-ray diffraction method. This technique has the advantage of not being destructive but it is difficult to implement in the case of a textured material. This is the case for the studied specimens which have been rolled and which present elongated grains in the rolling direction. For that, a second technique which is destructive will also be used for residual stress measurements: the incremental hole drilling method.
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 1 Fig. 1. Residual stress induced by machining (a) and cold expansion process (b) in a 2024-T3 aluminum alloy part [11]
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 2 Fig. 2. Finite element model of the cold expansion process.
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 3 Fig. 3. Mesh of the numerical model
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 4 Fig. 4. Representation of the reaming area and the deactivated elements in the first calculation step for the progressive reaming (Dimensions in mm)
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 5 Fig. 5. Radial (a) and circumferential (b) stress states obtained in the part at the end of the cold expansion (1 st column), global (2 nd column) and progressive (3 rd column) reaming simulations
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 6 Fig. 6. Evolution of radial (a) and circumferential (b) residual stresses along the entry face (1 st column) and middle section (2 nd column) of the part after cold expansion and global and progressive reaming simulations
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 7 Fig. 7. Selected elements locating (center) in mm on the part after cold expansion simulation for constraint results reporting
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 8 Fig. 8. Evolution of radial (a,b,c) and circumferential (d,e,f) residual stresses during progressive reaming simulation
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 1 Material characteristics of the numerical model parts

Workpiece (AA 2024 T-351) Steel sleeve (15-5 PH) Steel jaw (AISI 301)

  

	Young's modulus (MPa)	67 800	194 501	205 000
	Poisson's ratio	0.33	0.272	0.29
	Yield stress (MPa)	340	1024	/