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Industry is always looking for ways to increase the lifetime of assemblies, especially the fatigue lifetime, from the production phase of fastening holes onwards. Helical roller burnishing is presented here as an innovative mechanical surface treatment. Applied directly after orbital drilling, this technique induces superficial plastic strains that reduce surface roughness and increase hardening and compressive residual stresses. Several studies on 3D finite element models of burnishing have been carried out but they are very time-consuming. In this review, a comparative numerical study of helical burnishing (in terms of calculation time and results on residual stress) between one 3D and two 2D plane strain finite element simulations is performed on 2024-T351 aluminum alloy drilled parts. The impact of the process operating parameters is also investigated. This comparison shows fairly similar results regarding the residual stress profiles but levels are rather different. This could be explained by the kinematics of complex helical roller burnishing, which is strongly three-dimensional. The numerical results of one of the cases studied reveal compressive residual stresses of around -100 MPa and -490 MPa in the radial and circumferential directions of the hole, respectively. Burnishing depth and spindle rotation speed have a great impact on the final residual stress profiles. These simulations are then confronted with experimental results obtained during tests carried out using an orbital drilling unit (ORBIBOT). This demonstrates the interest of the modeling implemented and also points out ways to improve the models developed.

Introduction

Orbital drilling (or helical milling) is a hole-making process in which a milling tool moves along a helical path while spinning on its axis (Figure 1a). It has become increasingly popular in hole drilling processes, particularly in the aerospace industry. Compared to conventional drilling, orbital drilling has proved to be particularly advantageous to achieve aeronautical-quality drilling through complex assemblies of metallic materials in a single operation [START_REF] Iyer | Helical milling: An enabling technology for hard machining precision holes in AISI D2 tool steel[END_REF] [2] [START_REF] He | Helical milling of CFRP/Ti-6Al-4V stacks with varying machining parameters[END_REF]. However, this process needs to be improved, mainly in terms of the mechanical properties of the drilled parts. In fact, the enhancement of fatigue lifetime is constantly requested for drilled parts. This is generally achieved by the production of compressive residual stresses and hardening in the surface layers of parts. Several authors [START_REF] Yen | Finite Element Modeling of Roller Burnishing Process[END_REF] [5] [START_REF] Wagner | Mechanical surface treatments on titanium, aluminum and magnesium alloys[END_REF] [7] [START_REF] Balland | Mechanics of the burnishing process[END_REF] have shown that burnishing introduces compressive residual stresses, and improves the roughness and the hardening of parts. Delgado et al. also noted that roller burnishing gives a better state of residual stresses and hardening compared to shot peening and laser shock peening [START_REF] Delgado | State of the art of Deep Rolling[END_REF]. Hassan and Al-Bsharat have shown that burnishing increases the fatigue life of aluminum pieces [START_REF] Hassan | Improvements in some properties of non-ferrous metals by the application of the ball-burnishing process[END_REF]. As a novel mechanical surface treatment, helical roller burnishing (or orbital roller burnishing) appears to be an excellent solution to the lifetime problem insofar as it can be applied immediately after orbital drilling. The main specificity of this innovative roller burnishing technique lies in the kinematics of the tool. As an orbital drilling tool, the burnisher (which is shaped like a torus) rotates around its own axis and simultaneously describes a helical path around the hole axis (Figure 1b). But the benefits of helical burnishing need to be investigated in depth. A 3D finite element simulation of conventional roller burnishing has been carried out by Balland et al. and the results (in terms of geometric state of the surface and residual stresses), obtained in a reasonable simulation time, demonstrate the possibility of using this type of modeling as an efficient replacement for 2D plane strain finite element simulation, which is rather limited and approximate [START_REF] Balland | An investigation of the mechanics of roller burnishing through finite element simulation and experiments[END_REF]. Nevertheless, the simulation time is still considered as huge and the results are in only qualitative agreement. Thus, in this review, a comparative numerical study (in terms of calculation time and results on residual stress) between one 3D and two 2D plane strain finite element simulations is performed first of all. The impact of operating parameters (burnishing depth, spindle rotation speed) is then studied. These simulations are finally confronted with experimental results. All these studies were performed on 2024-T351 aluminum alloy drilled parts using the finite element software ABAQUS ® . 2 Finite element modeling of helical roller burnishing process

Geometry, material characterization and modeling

As mentioned earlier, we first simulated a 3D model on the one hand and two 2D models (which are very time cost effective) on the other. It is important to start by precisely defining the different interactions that occur in the planes involved. Figure 2-a represents the directions of the different forces on a half hole during orbital burnishing. Figures 2-b and2-c show the decomposition of orbital burnishing kinematics and forces in the 2 planes where 2D models were run. The purpose here is to compare the results obtained by the 2D and 3D models and to assess whether they are reliable. The 3D model was used to give the radial, orthoradial and axial residual stresses ( R , ,  Z ) while the first 2D model gave radial and orthoradial residual stresses ( R , ) and the second 2D model gave axial residual stresses ( Z ). In order to further reduce computation time, all these simulations were run on a portion of the hole (one eighth). Mathurin has shown that this portion achieves a good compromise between the process studied and the calculation time [START_REF] Mathurin | Etude du processus de vissage par vis autoformeuse et élaboration d'une méthode de dimensionnement adaptée[END_REF]. The length of the specimen considered was 25.4 mm. It was chosen large enough to minimize edge effects. Its thickness was 1 mm. The hole diameter was 6.35 mm and the radius of the helical path was 0.8 mm. In order to study the impact of the burnishing depth, the different tool diameter values were 4.762 mm, 4.79 mm, 4.81 mm and 4.83 mm, which gave burnishing depths "e" of 6 µm, 20 µm, 30 µm and 40 µm respectively. The tool height was 0.6 mm.

(1)

A: Yield stress B: Strain factor C: strain rate factor n: strain exponent

T f : Melting temperature T 0 : Ambient temperature m: temperature exponent
This study was performed on AA2024-T351 aluminum alloy parts. It was fundamental to determine a robust material for the constitutive model so that the strains could be modelled accurately. The constitutive model used for this material is generally a Johnson-Cook model as defined by [START_REF] Iyer | Helical milling: An enabling technology for hard machining precision holes in AISI D2 tool steel[END_REF] [11] [START_REF]Verification of Johnson-cook Material Model Constants of Aa2024-t3 for Use in Finite Element Simulation of Friction Stir Welding and Its Utilization in Severe Plastic Deformation | Welding | Continuum Mechanics[END_REF]. However, the parameters of this constitutive model depend on the type of simulation and the experimental operating conditions used to assess them. As we were using severe plastic deformation and high strain rate process modeling, the following parameters were considered. The tool was made of a tungsten carbide material, which had much greater hardness than our specimen (HV WC =2242 and HV AA2024-T351 =137). It could, therefore, be represented as a rigid body, which brought two main benefits. Firstly, rigid body modelling allowed the tool to be controlled by a single reference point. Then, strains of the tool were not assessed during analysis. All this helped to reduce calculation time drastically.

Like the constitutive model, contact between parts is another very critical criterion in numerical studies. This parameter governs the modeling of the surface interactions of helical burnishing. The contact model usually used is a Coulomb model [START_REF] Balland | An investigation of the mechanics of roller burnishing through finite element simulation and experiments[END_REF] [13] [START_REF] John | An investigation of ball burnishing process on CNC lathe using finite element analysis[END_REF]. Like Balland et al. [START_REF] Balland | An investigation of the mechanics of roller burnishing through finite element simulation and experiments[END_REF], we used a master-slave contact algorithm where the friction was taken into account using a penalty method and a value of 0.2.

Meshing and boundary conditions

In order to obtain a suitable balance between results and calculation time, our models were meshed with different types of elements. In fact, it is important to have a very fine mesh near the domain of contact between parts. Thus, C3D8R elements of 0.02 mm dimensions were used in this area. The domain near the specimen edges was meshed with C3D8R elements of 0.12 x 1.705 x 1.75 mm 3 . The intermediate domain was meshed with C3D4 elements to ensure the link between them (Figure 3-a). The specimens in the two 2D models were meshed with CPE4R elements. As the tool was modelled as rigid, there was no need to mesh it.

The part was embedded on the external edge. This condition allowed material flow along the z-axis. Symmetric conditions along the radial axis were applied on the edge where the tool and the part intersected each other at the beginning; the other edge was free. These boundary conditions were established in accordance with Mathurin's findings [START_REF] Mathurin | Etude du processus de vissage par vis autoformeuse et élaboration d'une méthode de dimensionnement adaptée[END_REF]. He showed that these conditions, although too restrictive, are more realistic than free edge conditions. However, these conditions impose the determination of a region where the results will be observed. Symmetric conditions along the axial axis were also applied on the top and bottom edges of the part. Figure 3-b shows all these boundary conditions.

On the tool, we applied the following boundary conditions: -= 40 mm/min (Axial feed V fa ) -N orb = 1000 rpm (Orbital velocity) -VR3 = 40000 rpm and VR3 = 0 rpm (Spindle velocity N). Two velocity values were selected to study the impact on the results. In order to reduce calculation time still further, we just simulated 3 passages of the tools at the surface middle plane. The experimental study was done with a CNC machine (DMG DMU85eVo) equipped with an ORBIBOT orbital drilling unit (Figure 4). Before helical burnishing was executed on the aluminum alloy specimens, they were previously drilled with a 6.35 mm diameter hole. The burnishing depth was 10 µm and the operating conditions were V fa = 40 mm/min, N = 40000 rpm, Norb = 1000 rpm. The orbital rotation was clockwise and the process was conducted without lubrication. The CNC machine was also equipped with a Kistler 9257B measurement system (which measures helical burnishing forces). The software used for data acquisition and processing was WITIS.

Results and discussion

Simulations were run on a computer having 32 GB RAM and an Intel® Xeon® CPU of 1.70 GHz (2 processors). The mean values of simulation calculation time are shown in the table below: It can be seen that the three-dimensional models need several days while the twodimensional ones only need a few hours. This could be very helpful regarding the study of different operating conditions (burnishing depth, spindle and orbital velocities, axial feed, etc.). Despite the fact that the stress levels obtained with 3D and 2D models are quite different, the stress state profiles around the hole are nevertheless quite comparable. The differences in stress levels could be explained by the complex kinematics of the tool during orbital burnishing. The hypotheses of plane strains (especially the plane stress hypothesis in the first 2D model) cannot be used despite the fact that the dimensions of the parts are large. In fact, the axial component of the kinematics might not be negligible in comparison with the radial and orthoradial components. An axial speed decrease could reduce the axial force, thus bringing the predictions of these hypotheses closer to observations. Further modeling in this direction should provide more information.

Comparison between 2D and 3D models

Impact of operating conditions

-Impact of burnishing depth We observe that the levels of radial residual stresses increase with the burnishing depth. The conclusion seems to be the same for orthoradial and axial residual stresses. Moreover, the position of the compressive peak and the domain in compressive residual state also increase with the burnishing depth. This can be explained by the high strain rates generated with the increase of the burnishing depth: the greater the depth, the greater the pressure and the greater the strains. But the last observation needs to be investigate more thoroughly by refining the meshing of the part. In fact, the curve obtained for e = 40 µm appears to be more accurate (more defined points) because this model mesh was less coarse over a certain distance from the hole.

-Impact of spindle speed Figure 7 shows the highest compressive residual stresses for 2 spindle velocities (N = 0 rpm and N = 40000 rpm).

Fig.7. Impact of spindle velocity on residual stresses

The spindle velocity suppression leads to a smaller residual stress, especially in the orthoradial and axial directions. This could be explained by the greater friction of the tool when the spindle velocity is zero (The tool slips intensively on the borehole). This hypothesis could be confirmed by using a kinetic instead of a static friction law in future models. It would have been preferable to compare all these numerical results with the experimental ones in terms of residual stresses. However, because the residual stress assessment relies on techniques that are rather difficult to set up, we firstly investigated this comparison in terms of global data (burnishing forces). We noted a slight overestimation of numerical forces (70 N vs 25 N). In addition, a considerable amount of material was observed to adhere to the tool during experiments (Built Up Layer). Figure. 9 presents the burnisher outlines before and after helical burnishing (height variation Z with position on the burnisher revolution axis l), obtained with an optical profilometer (Alicona InfiniteFocus SL). The Built-Up Layer indicates a large temperature increase and strong friction. This could explain the difference in the levels of forces between experiments and modeling. It would be interesting to refine thermal effects and define a more suitable friction model in future models. Nevertheless, the experimental residual stress measurements remain the best way to correlate all our numerical results. This operation is planned. 

Burnishing forces

Conclusion

We carried out a numerical study of the helical burnishing process on an AA2024-T351 aluminum alloy specimen. First of all, a comparison was made between two 2D plane strain models and a 3D model. This was done with a view to significantly reducing the calculation time of the simulations. The different geometries and assemblies of our model were implemented in ABAQUS™ software, then a Johnson-Cook constitutive model and a rigid body were used to represent the part and the tool, respectively. The contact model defined between these two parts was a Coulomb model with friction penalty µ = 0.2. The results obtained showed that the 2D models were much more cost-effective than the 3D one (2 hours against 4 days). But the levels of residual stresses acquired with the 2D models were lower than those obtained with 3D despite the fact that outlines were comparable. An axial feed reduction might be helpful in strong deformation strain hypotheses. In all cases, these results show that helical burnishing introduces compressive residual stresses into surface layers. We also noted that the operating conditions had a marked impact on the levels and depth of compressive residual stresses. The greater the burnishing depth was, the higher were the levels of compressive residual stresses and the greater were the depths they reached. However, numerical burnishing forces did not agree well with experiments: burnishing without lubrication exhibited thermal and tribological impacts which should be refined in modeling (material conductivity, specific heat, kinetic friction law). To obtain a more accurate contact model and thermal effects, tribological and temperature measurement experiments are planned. It will also be important to investigate the impact of other operating conditions (axial feed, direct or clockwise spindle rotation, etc.). Nevertheless, it is important to compare these numerical studies with experimental measurements of residual stresses obtained by helical burnishing, with a view to validating the models.
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 1 Fig. 1. Schematic drawing of orbital drilling (a) and helical roller burnishing process (b)
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 2 Fig. 2. Decomposition of orbital burnishing kinematics
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 34 Fig. 3. Helical milling: mesh (a) and boundary conditions (b)
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 5 Figure 5 compares residual stresses obtained with our different models for a burnishing depth e = 40 µm and a spindle velocity N = 40000 rpm.
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 5 Fig. 5. Comparison of radial (a), orthoradial (b) and axial (c) residual stresses between 3D and 2D models for e = 40 µm and N = 40000 rpm
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 6 Figure. 6 shows the residual stresses obtained for different burnishing depths for a spindle velocity N = 40000 rpm.
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 6 Fig. 6. Impact of burnishing depth on radial (a), orthoradial (b) and axial (c) residual stresses
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 8 Figure. 8 shows the helical burnishing forces obtained numerically and experimentally (axial forces Fz and normalized transversal forces Fxy). Numerical forces are represented only on one tool pass because simulations were not done on the total hole height and circumference.
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 8 Fig. 8. Helical burnishing forces: experimental (a) and numerical (b)
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 9 Fig. 9. Burnisher outlines before and after helical burnishing

Table 1 .

 1 Material constants for the Johnson-Cook strain rate dependent yield stress[START_REF] Johnson | A constitutive model and data for metals subjected to large strains, high strain rates and high temperatures[END_REF] 

	A (MPa)	B(MPa)	C	n	(s -1 )	T f (K)
	265	426	0.015	0.34	10 3	775

Table 2 .

 2 Time calculation for the different models

	Model	3D	2D plane strain_1	2D plane strain_2
	Calculation time	4 days 10 hrs 13 min	46 min 17 sec	2 hrs 07 min 18 sec
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