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Despite the large improvements in the field of high speed machining, manual polishing operations are still necessary to achieve high quality surfaces named "mirror" for mould and dies or prosthesis parts. This paper deals with the description of a new polishing method performed on a 5axis machine. This method is based on the use of an abrasive discs mounted on an flexible rotating tool describing trochoidal trajectories. Firstly, the influence of each polishing parameter on the surface roughness is highlighted on a conventional polishing machine currently used in material sciences. Based on this knowledge, a specific application concerning the polishing of a stainless medical prosthesis is detailed in order to get a mirror surface roughness which Ra is less than to 50 nm).

I. INTRODUCTION

In the bio-medical domain, polishing is a big part of the plan for procedures of medical prosthesis. Indeed, this type of process is indispensable in order to decrease surface roughness of the part. While prosthesis will be set up on a human body, all work pieces have to get a quasiperfect surface roughness for human safety. Today, the polishing operation is usually performed manually, but this working method is a long time consuming and monotone. Futhermore, in this domain, the demand increases rapidly, so bio-medical companies have to imagine new methods to polish faster than manual polishing.

Automation of polishing process on a 5-axis milling center will increase the productivity and decrease the labor intensity.

Many automatic polishing machines using bound abrasives have been investigated. Indeed, a special polishing machine tool has been developed by G. Wang et al. [START_REF] Wang | Research on polishing process of a special polishing machine tool[END_REF], named serial-parallel hybrid polishing machine tool. They proposed to combine a three parallel axis machine tool with a series of rotational mechanisms for degrees of freedom. This type of hybrid machine-tool gets advantage of the two mechanisms without its disadvantage enabling to automatize the polishing operations directly on a machine-tool.

However, to use this kind of machine, the operator must change the machine between the milling and the polishing stages. This action leads to failure in repositioning the work piece. So it would be better to keep workpiece on the same machine for limiting the duration of the total manufacturing process.

The remedy to this problem was suggested by X. Wu et al. [START_REF] Wu | New polishing technology of free form surface[END_REF]. They developed a new polishing technology of free form surface by grinding center which was studied also by Ryuh et al. [START_REF] Ryuh | An automatic tool changer and integrated software for a robotic die polishing station[END_REF]. This type of machine tool is capable of performing milling and polishing without removing the workpiece.

On this grinding center, an elastic ball tool was used. This paper shows that it is possible to make the milling and the polishing operations on the same machine tool.

C. Tournier et al. [START_REF] Tournier | Automatic polishing process of plastic injection molds on a 5-axis milling center[END_REF] have developed this idea on a 5axis milling center.

For polishing on a machine-tool, scientific research have been done on elastic polishing tools and flexible abrasive tool by J.H. Ahn et al. [START_REF] Ahn | Development of a sensor information integrated expert system for optimizing die polishing[END_REF] , S.S. Cho et al. [START_REF] Cho | Curved surface finishing with flexible abrasive tool[END_REF] and J.P. Huissoon et al. [START_REF] Huissoon | Automated polishing of die steel surfaces[END_REF] .

However, the phenomena of material removal by abrasion are not well known. Therefore, further studies seem mandatory to understand this process.

The first step that this research will examine is the evolution of the surface roughness parameter defined by ISO Standard [START_REF] Cho | Curved surface finishing with flexible abrasive tool[END_REF] (Ra; arithmetic surface roughness) as a function of the polishing time to understand what occurs during this superfinish operation.

In addition, the influences of various process parameters on the quality of the resulting surface have also been studied. This study will help to understand how abrasive machining could be carried out on a stainless steel provided by a bio-medical company.

II. EXPERIMENTAL SET UP

To understand the phenomena which govern the polishing operation, the following experiments will be carried out firstly on flat surfaces before to be applied on free form surfaces. Actually, samples will be polished on an automatic polishing machine shown in Fig. 1 using abrasive papers of different grain sizes, and different diamond pastes.

The polished material is a stainless steel (X4 Cr Ni Mn M N 21-9-4-21-10-3) especially machined for bio-medical application such as prosthesis.

The different steps of the polishing stage are the next:

Experimental method of automatic polishing on 5-axis machine

Virgile Lacharnay1 , Christophe Tournier The polishing of the samples will be stopped every 10 seconds to measure the surface roughness parameters. When the abrasive paper will be worn, it will be changed to a finer paper. This manipulation will allow plotting the evolution of the surface roughness parameters mentioned above as a function of polishing time.

The measurements are performed on a 3D surface roughness device represented on Fig. 2. 3, it is consistent that the Ra value decreases until a limit value as the time of polishing increases. This time limit represents the damage of the abrasive paper meaning that the grains have no more effect on the material removal. When this plateau is reached, the paper must be changed to a finer abrasive paper.

It could be noticed a damage of the surface roughness when the abrasive paper is changed, meaning that the following abrasive paper is going to damage the surface roughness obtained previously before to improve it in a second time. In view of this degradation, it is not necessary to go to the limit of the paper. Thus, it is possible to reduce the time of each polishing stage On the other hand, during the use of the diamond paste, there is a continuous improving of the surface roughness, showing that these pastes are well adapted to the polishing operations. From an industrial point of view, in this case the time is reduced of 30 % which is significant.

The force acting on the paper will be managed directly on the machine-tool by the deformation of the elastic rotating tool.

Influence of the rotational speed (rpm) The same experimental protocol is also used. Two rotational speeds 200 rpm and 400 rpm, with a 20 N polishing force have been tested. The curves underline that more the rotational speed is large more the limit in term of surface roughness is reached. That means the material removal rate is higher. Also, the same final Ra is obtained in both cases.

On this trial, the saving time is even more important compare to Fig. 4. The difference in time between both tests is around 110 seconds, representing a gain of 48 %.

From the industrial point of view, this parameter is easy to adjust on a CNC machine-tool.

IV. INFLUENCE OF THE PRIMARY SURFACE ROUGHNESS BEFORE POLISHING

To observe this influence, two flat samples were manufactured in parallel plans with two different radial pitch (sample 1: 0,5 mm and sample 2: 0,1 mm). The best finished surface takes 1 minute more as compared to the other.

Fig. 6 shows the tool path of the milling tool.

To observe the influence of this primary surface roughness on the evolution of the final surface roughness obtained by polishing, two samples were polished with an effort of 20 N and a 300 rpm rotation speed. On Fig. 7, the sample 1 indicates a longer polishing time to achieve the best surface roughness Ra (500 nm), highlighting that the surface quality before polishing is a significant parameter to take into account. Thus, in this experiment, the sample 1 possesses an initial arithmetical surface roughness Ra=2200 nm and the sample 2 Ra=1250 nm after milling. It is obvious that the paper will have to remove less material for the sample 2 to reach the Ra plateau (500 nm). Due to this observation the gain in time for the polishing operation is 1 min and 30 s.

Althought the milling time is 1 minute more for sample 2, due to the above comment, there is a gain of 30 s for the complete process for these one compared to sample 1.

Furthermore, the form defect is better controlled in milling than in polishing, leading to a best geometrical surface for sample 2. One of the advantages of this method is to combine the milling and polishing operations on the same 5-axis milling center.

The polishing tool path is a combination of a fractal and trochoidal trajectory as shown in Fig. 9. It describes the average trajectory of the polishing tool axis to get the most uniform polishing. For the polishing on 5-axis machine-tool, the flexible tool used and the various papers are represented in Fig. 10.

Six operations of polishing are then programmed. The first stage of experiments consists to polish with the two abrasive papers (600 and 1 200 grains/cm²) and the second stage consists to slide a felt cardboard with three diamond pastes (8, 3 and 1 µm). The last stage is the sweeping of the surface with the felt cardboard without diamond paste.

It is noted that the initial surface roughness of the milling surface is Ra=1060 nm. In consequence the abrasive paper 240 grains/cm² will not be used by referring to Fig. 3, because it is superfluous.

The different tests have been carried out according to a Taguchi design experiment. The outputs of these trials will enable to find a model of the polishing surface roughness according to the parameters mentioned in the preliminary study. Tab. 1 lists the polishing parameters and their levels considered in this study. The feed rate V f , the tilting angle θ and the displacement e are the considered parameters which have a large influence on the surface roughness and the form error of the workpiece. Each factor gets two levels with the hypothesis that there are no interactions between them.

The form error after polishing is measured with a three-dimensional measuring machine. 120 points on the workpiece have been traced to obtain the defect of the surface. The results are written in Tab. 2. On Fig. 12 it is possible to notice that the displacement (e) has the major influence on the form error, more than twice as compared to the tilting angle. Also, it is underlined that the feed rate effect is larger to this tilting angle. This design experiments allows to classify the factors according to their influence on the considered criterion, i.e the form error.

One important issue of this model is to adjust precisely the polishing parameter in order to reach a given form error in order to avoid to manufacture surface with over quality. Then a test has been performed with the best value of the parameters in order to achieve the best quality surface. This workpiece is showing a mirror surface on Fig. 13.

VI. CONCLUSIONS

This paper has highlighted that milling and polishing are possible on the same machine-tool in order to save time and to avoid the dismounting of the workpiece. Firstly preliminary tests have been carried out on automatic polishing machine to observe the relevant parameters during the polishing operation. The polishing force, the spindle frequency, the density of grains/cm² and the initial surface roughness manufactured by milling during the previous stage have been underlined. Based on this knowledge, industrial trials have been performed on a 5-axis milling machine according to a Taguchi design experiment. The results of this campaign have shown the effects of the major process parameter, highlighting the displacement of the flexible tool as the major parameter. A model to predict the form error has been found. Related to this model, the best achievable surface indicates a form error less than 10,47 µm and a surface roughness less than 15 nm (named mirror surface). 
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 3 Fig. 3 Evolution of Ra according to the time (s) Influence of the polishing force To observe the influence of the polishing pressure, two samples having the same surface roughness have been milled with the same parameters during a semi finish operation. Two different polishing force have been tested; 15 N and 30 N. Then they were polished with a 300 rpm constant rotational speed with the paper 600 grains/cm². The comparison of those results is given on Fig. 4.
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 4 Fig. 4 Effect of the polishing forceOn these two curves which look similar, the time to reach the plateau is quicker for the highest polishing force. In both cases the same final Ra is obtained (250 nm). The gain in time to reach the value is close 60 seconds. In
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 5 Fig. 5 Effect of the polishing force As shown on Fig.5 the rotational speed plays a major role for a polishing operation.The curves underline that more the rotational speed is large more the limit in term of surface roughness is reached. That means the material removal rate is higher. Also, the same final Ra is obtained in both cases.On this trial, the saving time is even more important compare to Fig.4. The difference in time between both tests is around 110 seconds, representing a gain of 48 %.From the industrial point of view, this parameter is easy to adjust on a CNC machine-tool.
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 3 According to those results a model indicating the effect of each parameter is found according to the Taguchi theory. Y i represents the form defect. a 1 (-20), a 2 (20), b 1 (-29), b 2 ,(29) c 1 (-13), c 2 (13), are the effects of the polishing parameters.l is the average value of the form error (72,90 µm).

Fig. 12
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 13 Fig. 13 Surface obtained for trial N°1: Form error = 10,47 µm Surface roughness Ra=15 nm
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