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Machining of difficult-to-cut-materials like heat resistant stainless steels leads to the rapid tool wear and tool failure. The analysis of drilling process of these steels is even more difficult as it is not easy to investigate the cutting process at the drill tip. Therefore for this critical operation, modelling of cutting forces is very important. The study of the mechanical loading is based on the cutting tool geometry variation along the cutting edge. This study aims to investigate the drilling of heat resistant stainless steels with two geometries of twist drills, by analyzing specific cutting energy and forces at a global and a local scale.

Introduction

In automotive application, turbocharger housings made of heat resistant austenitic stainless steel (HRASS) are more and more used. These steels are widely used because of their thermo-mechanical properties at high temperature, mainly low conductivity, and high ductility. Investigations about HRASS machining under different cutting processes had been initiated by industries from whom improvement of productivity is a major economic issue [START_REF] Roland | Threading in heat resistant cast stainless steel din 1.4848 for turbocharger housings[END_REF]. However, improvements have been hindered by many problems, such as rapid tool wear and tool failure. The industrial partner of the present research aims to qualify and control HRASS machining especially in drilling process. To understand the machinability of these peculiar steels, it is important to analyze the cutting forces generated and their strong dependency to the cutting conditions. Even more in drilling where cutting conditions are changing along the cutting edge which makes the analysis more complicated.

In literature, several works focus on the cutting parameters effect in drilling of stainless steel to improve the tool life. Sultan et al [START_REF] Sultan | Effect of machining parameters on tool wear and hole quality of AISI 316L stainless steel in conventional drilling[END_REF] investigate the effect of the cutting speed and the feed rate on the tool life and hole quality. They conclude that the flank wear decreases rapidly when the cutting speed and feed rate are decreasing. However, the surface roughness decreases when the cutting speed increases. Indeed, the cutting speed reduction generates Built-up Edge (BUE) formation which affects the machined surface. In the same manner, Lin [START_REF] Lin | Cutting behaviour using variable feed and variable speed when drilling stainless steel with TiN-coated carbide drills[END_REF] concludes that the tool life increases as the feed rate and the cutting speed decreases. Those analysis are completed by Vas et Fernandes [START_REF] Vas | Analysis of temperature changes during dry drilling of austenitic stainless steels on twist drills having different point angles[END_REF] who relate the tool life to the tool geometry and temperature at tool/chip interface. They conclude that the temperature increases with the feed rate and cutting speed; as direct consequence, the tool wears quickly. Those pre-cited research works are mainly experimental; on the other hand cutting forces modelization is another fruitful way to enhance the drilling process comprehension. Koehler [START_REF] Koehler | Analysis of the high performance drilling process: influence of shape and profile of the cutting edge of twist drills[END_REF] studies the effect of the main cutting edge form on the forces distribution. Hence, it is well known that the main cutting edge shape influences significantly the material flow, the forces, and the temperatures [START_REF] Koehler | Analysis of the high performance drilling process: influence of shape and profile of the cutting edge of twist drills[END_REF]. In the same way, Claudin et al [START_REF] Claudin | Correlation between drill geometry and mechanical forces in MQL conditions[END_REF] analyze the effect of the drill geometry on forces during the drill tip penetration; they determine the influence of each drill zones on the total thrust during machining.

The aim of this study is to enhance the comprehension of HRASS cutting by comparing two cutting geometries of twist drills using a global and a local analysis by material-tool pair and edge material pair approaches respectively [START_REF] Campocasso | A generalised geometrical model of turning operations for cutting force modelling using edge discretisation[END_REF].

Experimental set-up

Acquisition device

Drilling experiments have been performed on a DMC 65V CNC 3-axis machining center with a spindle of 25 kW rotating at 18000 tr/min and Siemens Numerical Controller. During experiments, three NC analog outputs are used to record: the feed rate V f , the spindle speed N, and the tool position z. In addition, cutting forces are monitored by a Rotating Cutting force Dynamometer (RCD) Kistler 9123C3 with a charger amplifier. RCD is used for dynamic and quasistatic measurements of the axial force (F f = F z ) and the torque (M c = M z ).

Work-material

The material machined is a high alloyed austenitic cast steel, which identification number is 1.4837; according to DIN EN 10295 it is referred as GX 40CrNiNbSi 24-12. This austenitic cast steel is typically used for turbo charger housings. It contains 24% of chromium and 12% of nickel with slight traces of silicon and niobium which create hard carbides affecting the material machinability.

Cutting tools

This research work studies the effect of two WC-Co twist drills with a 5.1 mm diameter. The first one has 2 teeth (Z2), the second has 3 teeth (Z3) with different cutting geometry, i.e. chisel, web thinning, and cutting edge are different. The drills were digitalized using Alicona microscope to get a 3D model of the real tool shapes. Then the effective rake angle γ n is determined in the normal plan P n , as mentioned in the section 4.1.

Approaches adopted in drilling analysis

The present study focuses on the characterization of the two drills presented under the same cutting conditions. Drilling forces evolution contains mainly two steps, cf. Fig. 1, corresponding respectively to the drill tip penetration and the complete hole drilling once the drill tip is fully engaged. This subdivision leads to two following main approaches to analyze the drilling behavior:

The global analysis based on specific cutting energies K c,f and K c,c , is conducted during the steady state. Thus, this approach includes the cut effect and the margin friction as well,

The local analysis during tool tip penetration focuses only on the evolution of forces along cutting edges in relation with the local cutting geometry. 

Results and discussion

Global analysis of specific cutting energies

In industrial context, it is important to define the optimal cutting conditions which minimize the specific cutting energies needed to cut the material; this kind of analysis is usually named Tool-Material Pair methodology [START_REF][END_REF]. Furthermore, this approach is used to compare the efficiency of the two twist drills.

In drilling, mechanical actions are decomposed into two main forces: the feed force (F f ) in the axial drill direction and the tangential one acting on the cutting edge (F c ) that induces the cutting torque (M c ). Based on their mean value during the steady state, two specific cutting forces respectively noted K c,f and K c,c are defined and calculated using the Eq. ( 1) according to the corresponding standard [START_REF][END_REF]. , , 2 2 8000
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The Fig. 2 presents the results varying the feed rate for the two considered drills (Z2 and Z3). It shows the evolution of K c,f and K c,c at the cutting speed V c = 30 m/min and the feed rates from 0.025 mm/rev to 0.175 mm/rev. In order to ease the comparison of both drills, the graph is plotted in feed rate per tooth (rather than in feed rate per revolution.) to consider the same cut thickness in each cases.

The results demonstrate a large decrease of specific cutting energies, especially of K c,f , when the feed increases, i.e. for higher cut thickness. That is a usual fundamental observation is metal cutting.

Secondly, it is showed that K c,f of Z3 drill is higher than the Z2 drill one. As the feed increases, the gap between the two curves decreases. Moreover, the difference between the two trends could reach 36%, when the feed rate equals 0.025 mm/rev/th, and 24% when f z = 0.05 mm/rev/th. Despite of the significant difference on K c,f , , it appears that K c,c .is slightly the same between both drills, the torque being much (2) less sensitive to the cutting geometry than to the penetration force.

One can also observe that using a feed rate of 0.175 mm/rev led to the Z3 drill rupture while the Z2 drill resists for rather more severe conditions. From this analysis, it appears that the specific energy brought by the Z3 drill to form the chip is higher than the Z2 drill. The reason of the Z3 tool fracture is resulting from the mechanical load and from a reduced strength of the tool as well.

The mechanical load is higher due to an additional tooth compared to a Z2 drill. Furthermore, the mechanical load is also affected by a different cutting geometry of the Z3 drill.

Indeed, chisel edge is widely different between the two drills; being 3 times larger for the Z3 drill. Actually, the chisel edge is the first to get contact with the material and has a very negative cutting geometry (γ n around -60°) as shown in Fig. 4, which tends to make the drill ploughing in the material rather than forming the chip [START_REF] Bonnet | Understanding of cutting mechanisms in drilling of the Ti6Al4V / carbon fiber composite stack[END_REF], and consequently creates much higher pressure on the cutting edge.

More elements will be provided to support that statement in the following section. 

Local analysis of mechanical forces

This section focuses on cutting forces at a local scale to describe accurately phenomenon occurring at the chisel edge and the cutting edge progressively during the drill tip penetration (cf. transient state Fig. 1). This analysis is carried out for each drill based on the instantaneous axial force and torque. The approach uses the edge discretization methodology to establish the contribution of each elementary cutting edge on the global cutting forces [START_REF] Claudin | Correlation between drill geometry and mechanical forces in MQL conditions[END_REF].

The Fig. 3 presents the principle of the calculation of each elementary cutting edge contribution. During the drill tip penetration, the cutting edge engagement increases progressively, from the drill axis to the drill corner. Therefore, global forces evolve as a function of the radius (R) of the last engaged point of the cutting edge linked to the z tool position. Consequently, the local force F l fi and F l ci on the i th cutting edge element is calculated as define by Eq. ( 2). 
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The Fig. 4 shows the axial force and the cutting forces applied on each elementary cutting edge of each drill with the same cutting conditions (V c = 30 m/min, f z = 0.025 mm/rev/th) to highlight the difference of behavior between Z2 drill and Z3 drill during the transient state. The ratio between the cut thickness h and the cutting edge radius r β should be largely higher than 1 to see the effect of the rake angle. In our case, this ratio is equal to 1.8 for both drills, due to the small feed chosen for this analysis. 

L e R i Fz i Mc i Fz i+1 Mc i+1 X κ ri F f Ffi Mci Ffi+1 Mci+1
Mci Fig. 4 shows that the local forces are correlated with the rake angle γ n measured in the normal plan (P n ). The results display that for the two drills, the F f l and F c l are much higher at the drills center. Indeed, as mentioned before, the chisel edge rake angle is highly negative which leads to high local forces in drill center. Besides, in the chisel edge center, the cutting edge is almost absent. R At the central edge of Z3 drill, it has been observed that elementary cutting edge generate higher axial forces F z l than those of Z2 drill. However, they generate low cutting force due to the negative rake angle in the central edge. Reciprocally, when the rake angle becomes positive, the axial forces are decreasing.

Effect of cutting conditions on local specific cutting forces

Specific cutting forces K l c,f and K l c,c can be computed as define by Eq. ( 3) from the local linear cutting forces F f l and F c l . Thus, this study is focused on the local specific cutting forces along the cutting edge, and don't consider the margin effect.

Fig. 5 shows the effect of the feed rate on local specific cutting forces K l c,f and K l c,c evolution along the cutting edge for Z2 drill. From these results, it appears that both of K l c,f and K l c,c are pretty independent of the feed rate in the part close to the cutting tip. In the chisel edge zone, the gap of K l c,f and K l c,c

(from f z = 0.025 to 0.075 mm/rev/th) could respectively reach 54% and 28%. This high difference can be explained by the negative rake angle (close to -65°) of the chisel edge which ploughs, as mentioned before. , , sin( ) sin( )
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Moreover stainless steel material is known to be sensitive to work-hardening [START_REF] Dolinšek | Work-hardening in the drilling of austenitic stainless steels[END_REF]. Thereby, the plasticization of the workpiece material is increased with low feed rate and consequently rises up the specific forces.

Conclusion

The aim of this research work is to enhance heat resistant austenitic stainless steel (HRASS) machinability especially in drilling process by analyzing the cutting forces with combined global and local approaches. On one hand the global analysis shows that the Z3 drill generates higher cutting pressure compared to the Z2 drill. These global results are completed by the local analysis which correlates the axial force and the cutting force with the rake angle based on cutting edge discretization. It appears that elementary cutting edges of Z3 drill have a strong negative rake angle at the central cutting edge which generates a high axial force and low cutting force compared to Z2 drill. In addition, local specific cutting forces could be calculated in drilling process based on local forces along the cutting edge. Consequently, both approaches (global and local) give the same trend of specific cutting pressure according to cutting conditions (feed rate). Further investigations will deal with the work-hardening of the workpiece material using special Quick Stop Test device during the drilling operation.
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 1 Fig. 1. Axial force (Ff) and torque (Mc) taking place during drilling with the Z3 WC-Co drill, f = 0.025 mm/rev, and Vc = 30 m/min -Definition of transient state and steady state domains

Fig. 2 .

 2 Fig. 2. (a): Specific cutting force in the feed direction, (b): Specific cutting force in the cutting direction.

Fig. 3 .

 3 Fig. 3. Principle of the cutting edge discretization during drill tip penetration.

Fig. 4 .

 4 Fig. 4. Linear feed force and cutting force respectively Ff l , Fc l correlation with the rake angle γn taken in normal plan.(Pn)

  : G X40 CrNiSiNb 24-12 Tool : ϕ = 5.1 mm / material : WC-Co Cutting conditions: Vc = 30 m/min, Drilling depth = 10.

Fig. 5 .

 5 Fig. 5. (a) Specific cutting forces distribution in the feed direction K l c,f , and (b) the cutting direction K l c,c (b).