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The surface quality of the parts is one of the major objectives of the use of the high-speed milling (HSM). Tool path interpolations affect the machining operation of complex parts in HSM. In this paper, the influence of the different types of interpolation of the computer-aided manufacturing (CAM) on the surface roughness in the HSM machining of free forms is studied. To do this, a simulation tool of the surface texture for each type of interpolation is proposed. Then, experimental measurements expressing surfaces condition are carried out. To validate our approach, theoretical results with experimental ones are compared. As results, CAM interpolations of tool paths have demonstrated an important impact on the surface texture. In fact, a simulation prediction tool has confirmed the advantages of using polynomial interpolations in order to ameliorate the quality of the machined surface.

Introduction

The surface condition is an essential criterion for judging the quality of a mechanical part. The roughness of the surface is one of the most important requirements in the high-speed machining process. Indeed, it depends on four families of parameters: the cutting parameters (depth of cut, cutting speed …), the generated phenomena of cutting (vibration, shape and aspect of the chip …), the properties of the tool (materials, shape …), and the properties of the part (hardness, shape…) [START_REF] Slamani | Comparison of surface roughness quality obtained by high speed CNC trimming and high speed robotic trimming for CFRP laminate[END_REF]. High-speed machining (HSM) has very interesting characteristics in the production of mechanical parts with the best quality in automobiles and aeronautics [START_REF] Yih-Fong | Dimensional quality optimisation of high-speed CNC milling process with dynamic quality characteristic[END_REF]. Thus, with the HSM machining, it is possible to remove the maximum of material in a minimum of time [START_REF] Nicolas | Lobes de stabilité en UGV approche expérimentale en usinage de poches[END_REF]. The cost of the part is then reduced [START_REF] Bouaziz | Methodology of machining costs evaluation for die and mould manufacturing[END_REF], since the machining time represents an important factor of the cost price.

Several parameters influence the surface roughness in machining of free forms in HSM. So, we find numerous methods of prediction of the surfaces textures in order to assess and ameliorate the part quality. This work will focus in the impact of the interpolation type on the surface roughness in HSM.

Literature review

Prediction of the surface roughness

Recent studies have investigated several methods of prediction of surface roughness and parameters which affect the surface condition for the machining of complex shapes in HSM. Some authors have used traditional methods to treat this subject. Peigne et al. [START_REF] Peigne | Impact of the cutting dynamics of small radial immersion milling operations on machined surface roughness[END_REF] have focused their study on vibratory cutting phenomena and their impacts on the roughness of the machined surface. They have shown that forced vibrations (stable cutting) have only a very small impact on roughness. Ozcelik et al. [START_REF] Ozcelik | The statistical modeling of surface roughness in high-speed flat end milling[END_REF] have developed a statistical model for estimating Ra for high-speed milling, considering the influence of machining parameters such as spindle speed, feed rate, depth of cut, max. step-over and the tool wear. De Aguiar et al. [START_REF] Mendes | Correlating surface roughness, tool wear and tool vibration in the milling process of hardened steel using long slender tools[END_REF] have analyzed the surface roughness for the milling of flat inclined surfaces. This study has combined the influence of the orientation, the geometry and kinematic parameters in the roughness definition. They have shown that the passage frequency of the teeth used in the milling process has a significant impact on the surface roughness. Karagiannis et al. [START_REF] Stefanos | Prediction of surface roughness magnitude in computer numerical controlled end milling processes using neural networks, by considering a set of influence parameters: an aluminium alloy 5083 case study[END_REF] have focused on the prediction of Aluminum alloy 5083 component surface quality, achieved inside end milling. Process performance is estimated using the statistical surface texture parameters R α , R y and R z measured during three different passes on the side surface of the pockets. The results indicate that process parameters-such as the cutting speed, the peripheral second relief angle and the core diameter-mostly influence surface texture. Bernardos and Vosniakos [START_REF] Benardos | Predicting surface roughness in machining: a review[END_REF] have presented and classified the various methodologies and practices that are being employed for the prediction of surface roughness.

Other authors have used special methods to resolve this issue. Zain et al. [START_REF] Zain | Prediction of surface roughness in the end milling machining using Artificial Neural Network[END_REF] have applied the ANN (Artificial Neural Network) method to predict the measurement of the surface roughness in the machining process. The recommended combination of cutting conditions is used to obtain the best surface roughness value with a low feed rate and a radial draft angle. Arapoglu et al. [START_REF] Arapoğlu | An ANN-based method to predict surface roughness in turning operations[END_REF] have investigated a new alternative parameter selection method based on artificial neural networks ANN in order to predict the surface roughness in turning operations effectively. Zhang et al. [START_REF] Zhang | Prediction of surface roughness in end face milling based on Gaussian process regression and cause analysis considering tool vibration[END_REF] have proposed the Gaussian process regression (GPR) for modeling and predicting the surface roughness in end face milling. Gao et al. [START_REF] Gao | Prediction of Surface Roughness Using Regression and ANN Models in High-Speed Finish Milling Operation[END_REF] have developed multi-linear regression and artificial neural network (ANN) models to predict surface roughness in high-speed milling of 7050-T7451 aluminum alloy. Razfar et al. [START_REF] Razfar | Optimum surface roughness prediction in face milling by using neural network and harmony search algorithm[END_REF] have presented a new approach to determine the optimal cutting parameters leading to minimum surface roughness in face milling of X20Cr13 stainless steel by coupling artificial neural network (ANN) and harmony search algorithm (HS). Antoniadis et al. [START_REF] Antoniadis | Prediction of surface topomorphy and roughness in ball-end milling[END_REF] have presented a novel simulation model, the so-called MSN-Milling Software Needle program, which is able to determine the surface produced and the resulting surface roughness, for ball end milling. Suresh et al. [START_REF] Suresh | A genetic algorithmic approach for optimization of surface roughness prediction model[END_REF] have studied and developed a surface roughness prediction model for machining mild steel, using response surface methodology (RSM) and they have optimized the surface roughness prediction model using genetic algorithms (GA). Fuh and Wu [START_REF] Fuh | A proposed statistical model for surface quality prediction in end-milling of Al alloy[END_REF] have used RSM to study the influence of tool geometries and cutting parameters on surface roughness in end milling of Al alloy. The results have shown that the surface roughness is affected by the tool nose radius and feed rate. According to the previous research works, we conclude that several parameters influence the surface quality. Among these parameters we can quote; vibratory cutting, machining parameters, passage frequency of the teeth, tool geometry and orientation, and kinematic parameters. So, to predict the surface roughness, authors have used several methods such as artificial neural network (ANN), Gaussian process regression (GPR), MSN-Milling Software Needle, response surface methodology (RSM), and genetic algorithms (GA).

Surface roughness and tool paths

The perfection of the surface roughness requires the use of several machining strategies, because the tool paths generated by the CAM systems influence the mechanical and metallurgical properties of the machined surfaces. De Souza et al. [START_REF] De Fagalisouza | Evaluating the roughness according to the tool path strategy when milling free form surfaces for mold application[END_REF] have evaluated the roughness according to the tool path strategy when milling free-form surfaces for mold application. Lestari et al. [START_REF] Lestari | The influence of tool path strategies on surface roughness and machining time in the CNC milling UHMWPE[END_REF] have analyzed the influence of tool path strategies on surface roughness and machining time in the CNC milling UHMWPE. Shajari et al. [START_REF] Shajari | The influence of tool path strategies on cutting force and surface texture during ball end milling of low curvature convex surfaces[END_REF] have studied the influence of tool path strategies on cutting force and surface texture during ball end milling of low curvature convex surfaces (see Fig. 1).

In general, radial cutter path seems to deliver favorite results in terms of more uniform texture and lower cutting forces. In contrary, resultant cutting force is the highest when using spiral tool path because of the tool-chip contact area. As a result, poor surface texture is found.

Etyemez [START_REF] Etyemez | Optimization of effects of pocket tool path strategies and cutting parameters on surface quality[END_REF] has optimized effects of pocket tool path strategies and cutting parameters on surface quality. Mebrahitom et al. [START_REF] Mebrahitom | Effect of High-speed Milling tool path strategies on the surface roughness of Stavax ESR mold insert machining[END_REF] have investigated the effect of high-speed milling tool path strategies on the surface roughness of Stavax ESR mold insert machining. Systems used in evaluation of surface roughness are digital microscope, handheld rugosimeter and 3D profilometry [START_REF] Nanovea | Surface roughness statistical analysis using 3D profilometry[END_REF]. Magalhães and Ferreira [START_REF] Magalhães | Assessment of tool path strategies for milling complex surfaces in hardened H13 steel[END_REF] have evaluated tool path strategies impact for milling complex surfaces in hardened H13 steel on the surface roughness. They have found that the roughness of the complex surface depends significantly on the tool path used and is significantly impaired by the increase in the feed per tooth. Dadgari et al. [START_REF] Dadgari | The effect of machining toolpath on surface roughness and dimensional accuracy for highspeed micro milling[END_REF] have examined the effect of machining tool path on surface roughness and dimensional accuracy for high-speed micro milling. De Souza et al. [START_REF] De Souza | Study of tool paths calculated by different commercial CAM systems and influences on the real machining time and surface roughness for milling free-form geometries[END_REF] have studied tool paths calculated by different commercial CAM systems and influences on the real machining time and surface roughness for milling free-form geometries (see Fig. 2).

Figure 2 shows the roughness profile and the real feed rate for two areas for the extremes of the roughness results, CAM E (best) and CAM A (worst). The relation between the feed oscillation and the surface roughness can be observed. Authors have confirmed that it is probable that such unevenness on the distribution of segments caused feed oscillation, resulting in poor surface roughness. Scandiffio et al. [START_REF] Scandiffio | Evaluating surface roughness, tool life, and machining force when milling free-form shapes on hardened AISI D6 steel[END_REF] have evaluated the surface roughness, tool life, and machining force when milling free-form shapes on hardened AISI D6 steel. Kull Neto et al. [START_REF] Neto | Influence of tooth passing frequency, feed direction, and tool overhang on the surface roughness of curved surfaces of hardened steel[END_REF] have estimated the influence of tooth passing frequency, feed direction, and tool overhang on the surface roughness of curved surfaces of hardened steel. They have concluded that feed direction was the input variable that most affected surface roughness. Hioki et al. [START_REF] Hioki | Influence of HSM cutting parameters on the surface integrity characteristics of hardened AISI H13 steel[END_REF] have shown the influence of HSM cutting parameters (depth of cut a p , working engagement a e and feed per tooth f z ) on the surface integrity characteristics of hardened AISI H13 steel. They have confirmed that the working engagement (a e ) was the cutting parameter that exerted the strongest effect on most of the 3D roughness parameters (see Fig. 3).

Da Costa et al. [START_REF] Da Costacastanhera | Effects of tool path strategies and thermochemical treatments on the surface roughness of hardened punches for hot stamping[END_REF] have presented effects of tool path strategies and thermochemical treatments on the surface roughness of hardened punches for hot stamping. The used milling strategies were circular (upward and downward), radial (upward and downward), parallel contours and spiral (upward). Figure 4 presents an example of the influence Fig. 2 Roughness profiles obtained by several CAM systems tool paths [START_REF] De Souza | Study of tool paths calculated by different commercial CAM systems and influences on the real machining time and surface roughness for milling free-form geometries[END_REF] of strategies on roughness before the thermochemical treatments.

Most authors have not enough studied the influence of the type of interpolation on the surface condition. However, experience has shown that programming methods affect surface texture. Among these methods, the different types of interpolations which affect the parameters and the phenomena of cutting (machining step-over, tool orientation, feed rate, vibration …). So, it is interesting to introduce the surface texture criterion in the choice of the machining strategy and the type of interpolation to be used.

In previous research works, authors have investigated the influence of the interpolation type on the surface roughness only by experimental works [START_REF] El Bechir Msaddek | Influence of interpolation type in high-speed machining (HSM)[END_REF]. After that, they have examined the influence of the compensation method of machining errors in Bspline and Cspline on the surface condition [START_REF] Msaddek | Compensation of machining errors of Bspline and Cspline[END_REF]. The aim of this article is to simulate the influence of the different types of interpolation on the surface condition in addition with experimental works done. To do this, a simulation tool is developed and checked by experimental measurements. (Table 1)

Types of interpolations

The CAM software provides several types of interpolation in the machining. Indeed, in order to improve the roughness of the machining surfaces in HSM, we have chosen different types of programming for our study [START_REF] Siemens | Manual of programming-complementary notions[END_REF][START_REF] Siemens | Polynomial functions and Nurbs[END_REF]. The CAM interpolations used are summarized in the following table:

Methodology and characterization of the workpiece

The designed workpiece (see Fig. 5) contains most of shapes which can be found in an industrial part. In order to accurately evaluate the surface condition after the HSM machining of the workpiece, diversified interpolations will be used.

The workpiece is divided into 8 bands corresponding to 8 types of interpolations: linear, Aspline, Bspline, Cspline, Nurbs, Compon, Compcad, and Compcurv. The Bspline (Bezier Spline) is a polynomial of degree 3 or higher. The programmed positions are not points of the curve, but only "control points" of the spline, so the curve does not go directly through these points, but that it "tends" towards them. A "control polygon" of the spline is created connecting the control points.

Cspline

The Cspline (Cubic Spline) is an interpolation by a third-degree polynomial. The latter passes exactly through the intermediate points (P1 to P7). However, Cspline has a strong tendency to oscillations between these points. The modification of the Cspline is with global effect (is not local) that is to say that the modification of a point influences many blocks (with a decreasing intensity of variation, from the closest point to the less close point).

Nurbs

Nurbs (non-uniform rational Bspline) is a polynomial interpolation of the Bspline type (Bezier model). It is an approximation curve: does not pass through the control points. It is stable.

The modification of the Nurbs is with local effect. The distribution of the Nurbs nodes is not homogeneous (Non Uniform). Thus, these points have a weight (Rational) that contributes in the calculation of the entire curve.

Linear + compaction

Compon

This function groups together a series of blocks (number limited to 10) and realizes their approximation by a third degree polynomial with a tolerance to specify. At the transition between blocks, the speed is continuous and the acceleration is in echelon form (oscillations on the machine).

-- --

Compcad

Modeling and simulation of surface texture with different types of interpolation

The simulation of the surface texture for each interpolation is done in two steps:

-The first step is to simulate the tool path with the interpolation studied on longitudinal direction for many continuous passes (zigzag strategy) (see Fig. 6).

-The second step is to simulate the profile on transversal direction defining the CAM discretization (points of each interpolation) in the sense of the advance (see Fig. 7).

So, the surface texture according to the combination of the two trajectories for each interpolation is determined. To avoid condensing the article, only surface simulations for linear, Bspline, and Cspline interpolations will be presented.

Figure 8 shows the surface texture of the linear interpolation.

Figure 9 shows the surface texture of the polynomial interpolation "Bspline".

Figure 10 shows the surface texture of the polynomial interpolation "Cspline".

Figure 11 shows zooms of surface textures of interpolations: "linear," "Bspline" and "Cspline".

Previous figures show the variation of surface texture according to the type of interpolation. The discretization of 

Experimental validation

The realization of the workpiece consists in machining of 8 bands (10 mm of width for each band) in the HSM machine After the part machining, experimental verifications of the influence of each type of interpolation on the surface condition are followed. In order to see and measure the surface roughness, the following apparatus were used: Huron KX10 (Figs. 12 and13).

Table 2 shows the parameters of the finishing operation of the test part.

• Digital microscope (Dino-Lite) max. zoom = 90.

• Handheld rugosimeter (Mahr), Rz = 9.72 μm.

To assess the roughness, a similar area to measure in 8 bands has been chosen. Then, the roughness has been measured by the rugosimeter using as indicator "Ra." So, in order to avoid measurement errors, operations have been repeated several times until having sure measurements.

Figure 13 shows the workpiece machined in finishing operation by different types of interpolation and the capture Fig. 11 Zooms of Simulated surface textures of interpolations: "linear," "Bspline" and "Cspline" Fig. 12 HSM machine HURON KX10 and tool "Ball end mill" in high-speed steel (HSS) and measurement area selected to distinguish the influence of each interpolation on the surface condition. Almost flat area that can be measured by the handheld rugosimeter is chosen.

Figure 14 shows surface conditions, captured in zoom by the digital microscope, for each type of interpolation.

According to Fig. 14, the interpolation type has an immense impact on the surface quality. The surface protrusions generated in the linear interpolation are larger than those generated in polynomial interpolations: Nurbs, Aspline, Bspline and Cspline. Therefore, polynomial interpolations generate best surface conditions, compared with the linear interpolation. The Nurbs interpolation has the minimum value of roughness Ra. On the contrary, the surface condition of the Bspline interpolation is the bad one, because its trajectory does not pass through knots (control points). So, errors and vibrations increase during machining, which negatively influence the surface condition. Thus, compaction functions generate surfaces with poor quality, since they are derived from the linear interpolation.

Figure 15 shows the roughness histogram for different types of interpolation on the chosen area.

Nurbs and Cspline interpolations have the lowest roughness values (Ra ≈ 0.6 μm). In general, the machining based on the polynomial interpolation generates a better surface condition than the linear interpolation. The use of polynomial interpolations leads to a gain in the machining time as well as the surface quality. However, these types of interpolation generate more machining errors.

Figure 16 shows simulated and measured surface textures of interpolations: "linear," "Bspline" and "Cspline" on the chosen area.

According to previous results, the surface texture of the linear interpolation is the least congested, compared with the Bspline and the Cspline interpolations. The simulation tool proves that the surface condition of polynomial interpolations is better than that of the linear interpolation. The main origin of this difference is the numerical discretization of each interpolation. The precision of the trajectories increases the number of knots, and consequently, it increases the surface protrusions and the machining time.

Figure 17 shows simulated and measured surface texture details of "linear" interpolation:

During machining, the tool does not follow exactly the theoretical path. Tool deflections are generated by the cutting forces and other parameters [START_REF] Smaoui | Simulation of the deflected cutting tool trajectory in complex surface milling[END_REF]. They present the main cause of the difference between simulated and obtained surface texture. Besides, steps along the axis X are the displacements between points of discretization. So, they have not any other impact on results. However, max. step-over along the axis Y have an impact on the surface roughness [START_REF] Hioki | Influence of HSM cutting parameters on the surface integrity characteristics of hardened AISI H13 steel[END_REF] but we will have not any modification in comparison between interpolations and their impacts on the surface roughness, because the most important parameter is the discretization relied to the manner of interpolations writing and implementation.

Conclusion

The surface condition constraint is essential for defining an optimal machining strategy in finishing process. In this article, we have focused on modeling and simulation of the surface texture obtained after machining of a complex shape by different types of CAM interpolations. The objective is to obtain a good prediction of a given trajectory and its generated surface texture. In the beginning, a global program of the simulation process has been specified. Then, simulation results of the surface texture for linear, Bspline and Cspline interpolations have been presented. Finally, experimental measurements have been realized in order to show the influence of the interpolation on the surface condition and in order to validate our prediction model of surface textures.

The results have proven the benefits of using polynomial interpolations on the surface condition. Indeed, polynomial interpolations of different types have given good surface quality, unlike the linear interpolation and its derivatives (compaction functions).

This paper opens diverse perspectives about the relationship between the machining quality and the interpolation type. Several mathematical and geometric approaches could be developed in order to satisfy this criterion.
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Table 1

 1 CAM interpolations

	intermediate points. Moreover, the
	displacement of a point does not modify
	more than 6 neighboring points.
	Bspline

Table 2

 2 Cutting parameters in finishing operation

						Ra=1.647 µm	Ra=0.610 µm
						Ra=0,791 µm	Ra=0,845 µm
	Programmed	Spindle	Workpiece	Tool	CAM	Ra=0,647 µm	Ra=1,254 µm
	feed rate	speed	material		tolerance		
	4.8 m/min	24,000 rpm Aluminum	Ball end	10 µm		
				mill Ø6			
						Ra=1,558 µm	Ra=1,406 µm
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