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Evolution of model roughness on quasi-pure aluminum during plasma electrolytic polishing

The present paper studies the material removal evolution, during Plasma Electrolytic Polishing (PeP), on mode! roughnesses prepared on 1050 aluminum alloy (AA), i.e. a quasi-pure aluminum, used as a mode! substrate.

Plasma electrolytic polishing Mode! roughness

The resuils obtained in this srudy confirm the significance of the applied voltage on aluminum removal. In particular, the minimal voltage to be applied to generate the plasma is seen to be above 230 V. Meanwhile, at a higher voltage of 300 V, high quality polishing is obtained. Using this technique, rolling streaks are eliminated rapidly without the workpiece's geometry being adversely affected.

Finally, roughness evolution was accurately srudied on a series of samples with various well-defined levels of mode! roughness generated by microindentation. The srudy shows that only a few minutes of processing are needed to obtain a significant reduction in roughness, even representing up to 70%. Results show also that roughness valleys do not undergo material removal at ail as long as peak to valley height remains high enough. As the process goes on, roughness (i.e. mainly peaks) is reduced and valleys become submitted to material removal as well.

Introduction

Various polishing processes can be applied for metal parts, with chemical, electrochemical and mechanical polishing now being the most conunonly used, especially for parts with large smfaces. Sandblasting provides a rapid and easy solution but is not effective in polishing parts with complex shapes. Meanwhile, such more or Jess complex shapes can be treated by liquid phase polishing (i.e. electropolishing and chemical polishing). However, these two processes have two main drawbacks. Firstly, this method is tin1e consuming, sometimes lasting several hours. Secondly, the electrolytes used are dangerous for operators and repre sent an environmental hazard.

Polishing techniques can also be combined to treat the sanie work piece. However, the present paper focuses on an innovative smface treatment known as Plasma Electrolytic Polishing (PeP). PeP is based on the formation of a thin vapor skin resulting from the vaporization of the aqueous electrolyte at the metal surface. Applied voltages are suffi ciently high to induce the ionization of the elements present in this vapor skin and thus a plasma is fom1ed, inducing material removal and thus polishing of the pait.

PeP can be applied to produce very smooth and shiny surfaces within
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a short treatment time (a few seconds to 10 min). In addition, the electrolytes used for PeP treatment generally comprise at least 80% by mass of water, making it an advantageous alternative to the use of conventional electropolishing electrolytes. Finally, the technique ap pears not to encounter any technical problems in uniformly treating parts with complex shapes.

The technology was already studied on various metals and alloys, e. g. stainless steels [START_REF] Nevyantseva | The influence of vapor-gaseous envelope behavior on plasma electrolytic coating removal[END_REF][START_REF] Gupta | Electrolytic plasma technol ogy: science and engineering-an overview[END_REF][START_REF] Podhor-..Ky | The poosibilities of plasma polishing of he steel dinl.0570 in electrolyte[END_REF][START_REF] Yerokhin | Pulse current plasma =i..--ted electrolytic cleaning of AIS! 4340 steel[END_REF][START_REF] Yerokhin | Charge transfer mechanisms underlying contact glow discharge electrolysis[END_REF][START_REF] Wang | Optimization of processing parameters for electrolysis and plasma po lishing[END_REF][START_REF] Ln | Investigation of the influence of plasma-dectrolytic processing on the surface of austenitic chromiwn-nickel steels[END_REF][START_REF] Vana | Swfuce properties of the stainless steel XI0 CrNi 18/10 after application of plasma polishing in electrolyte[END_REF][START_REF] Liang | Localized surface modification on 1018 low-carbon steel by electrolytic plasma process and its impact on corrosion behavior[END_REF][START_REF] Kalenchukova | About changes in the chemical composition of the electrolyte in the process of electrolytyc-plasma treatment of mate[END_REF][START_REF] Parfenov | Electric field effect on surface layer removal during electrolytic plasma polishing[END_REF][12][13][14][15][16][17][18]CoCr alloys [22,23),copper [24),brass [23),magnesium [25) and . Some papers have investigated this process with respect to aluminum substrates. Previous studies thus used unspecified aluminum substrates for Duradji et al. [24,27), AA 2017 for Kaputkin et al. [16), and other alloys: AMG (i. e. AA 5XXX), D-1 (i.e. AA 2098), D-16 (i.e. AA 2024) and D16P (i.e. AA 2094), AMTs (i.e. AA 3XXX), AD33 (i.e. AA 6061), AD35 (i.e. AA 6082) [28). Therefore, previous studies about Aluminum PeP, were performed on aluminum alloys, i.e. multiphased materials showing different initial roughness.

Moreover, according to Duradji [24,27), the applied voltage is the most significant paran1eter since it controls PeP initiation and de tem1ines the final quality of polishing. Their results show in particular that there is an optinmm voltage range (300-350 V for unspecified https:/ /doi.org/10.1 Ol 6/j.surfcoat.2021.127839
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Steps �z valleys and peaks aluminum) below which the plasma is difficult to initiate and the vapor skin is unstable around the elect: rode. Above this voltage range (> 400 V), polishing quality tends to become degraded, with an increase rather than a reduction in roughness.
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Non-polished area

The present study's intention is to study evolution of mode! rough ness profiles prepared on a quasi-pure aluminum substrate (i.e. AA 1050, with 99.5 wo/o Al minimum), in order to avoid the influence of composition inhomogeneity and multiphases microstructures and to finally study precisely aluminum removal during the PeP process.

First, we study, in our expertmental conditions, the influence of the applied voltage on both plasma stability (via current response) and polishing quality (i.e. smface state and geomett" ic integrity). Secondly, we propose an original method in order to create a mode! roughness on quasi-pure aluminum substrate. To do so, a row of five consecutive pyrantidal indents of contt• olled depth and geometty are created by Vickers indentation, effectively leading to a series of ''valleys" and "peaks" with precisely contt•olled topography. Using 3D inte1ferometty, this mode! roughness allows to follow precisely where and when ma terial is ren1oved during PeP process, depending purely on the initial smface topography.

Experimental

Material and process

The substrate material was 1050 aluminum alloy (AA). Its chemical composition in weight percent is <0.40%Fe, < 0.25%Si, < 0.07%Zn, < 0.05%Cu, < 0.05%Mg, < 0.05%Ti, < 0.05%Mn while Al accounts for the remainder. Three types of substrate were used: wires (500 μm diameter; 0.20 to 0.25 cm 2 of immersed surface), thin strips (3 mm width, 1 mm thick, 4 mm of immersed depth for a treated surface of 0.25 cm 2 ) and large strips (1 cm width, 1 mm thick, 2.5 cm of immersed depth for a treated surface of 5 cm 2 ).

The experimental setup for the PeP treatment was based on those described in the bibliography [START_REF] Podhor-..Ky | The poosibilities of plasma polishing of he steel dinl.0570 in electrolyte[END_REF]23] for the treatment of other metals. This consisted of a five-liter beaker (a single-wall glass beaker) into which three to four liters of electrolyte (oxalic acid 3w%, ammonium chloride 10w%, potassium chloride 4w% [27]) introduced and heated initially to 60 • C. The workpiece (i.e. the anode) was surrounded by two counter-electrodes, made of platinized titanium grids (160*120 mm, i.e. about 115 cm 2 ), located at 4 cm on both sides. Finally, the generator used was a TDK lambda 1500 model, which can deliver a maximum of 5 A and 300 V for a power of 1500 W. Experiments were conducted in the 20-300 V voltage range, while processing times ranged from 15 s to 10 min.

Characterizations

Surface views were taken using either optical microscopy (Keyence 3D VHX-1000) or scanning electron microscopy (JEOL JSM-6510LV).

Surface roughness was studied by means of an interferometric 3D microscope in Vertical Scanning Interferometry (VSI) mode, allowing surfaces with significant height discontinuities to be measured. The equipment used was an S-Neox microscope from Sensofar with a ×10 lens (scanned surface 1754 × 1320 μm) or ×50 (scanned surface 351 × 264 μm) of the Mirau type. The norm ISO25178 determined how measurements of roughness parameters were obtained. The interferometric microscope produced digital data maps of the surface topography that usually required subsequent processing. The roughness value, Sa , was thus measured by applying two filters:

-A "Restore" filter was used to interpolate points that could not be measured. The missing "z" altitude of these points was calculated by averaging the "z" altitude of the 8 points around the vacant point. It is important to note that less than 10% of the data were thus corrected. This was the minimum requirement for the measurements to be validated. -A "Form Removal" filter allowed the tilt of the microscope stage or the curvature of the test sample to be corrected.

Having applied these two filters, the Sa roughness parameter was extracted. The Sa roughness parameter is the arithmetic mean of the absolute value for the height in a sampling area:

S a 1 A ∫ A |z(x, y) |dxdy (1)
The roughness parameters were always measured on three areas spaced by 5 mm at the center of one face of each sample.

Model roughness defects were artificially created, thus offering reproducible shapes to be studied accurately. To do so, series of peaks and valleys of different sizes were generated thanks to a Vickers microindentation machine. To create defects of different sizes, different masses (100, 400, 500 and 600 g) were applied to the Vickers type indent. The untreated part of the specimen was masked by an electrically insulating and chemically resistant polymer protection (SOCO-MASK PRT 2130). After PeP treatment, the peaks and valleys (.6.zp, .6.z,,) were measured according to the following procedure (Fig. 1 (a)): the protective mask was first removed so as to be able to measure steps between the unpo lished area and the various indentations. For each series of indentations, a first step was measured with the top of each peak .6.zp and another step was measured with the bottom of each valley . 6.zv (Fig. l(b)).

Results and discussion

Specific PeP cr eam1enc on AA 1050

A first study on AA 1050 wire was conducted to detemline the voltage range within which the plasma (and therefore the PeP treat ment) is triggered under these operating conditions. A cmve indicating the change in current density as a fonction of the applied voltage is shown in Fig. 2. The behavior is sinülar to that obtained by Kellog [29] on platinum wire and is divided into three specific zones.

In the first zone (A to C), i.e. for low applied voltages from 1 0 to 50 V, there is a peak of current that causes significant electrodissolution of the anode. Then, in the second zone (C to D) for applied voltages between 50 and 220 V, there are current fluctuations, associated with a partial for mation of the vapor skin, with the anode showing zones still in contact with the elect:rolyte. In zone (D to E), between 230 and 300 V, the plasma extends along the length of the wire and the current now stable is about 0.1 A. The voltage suited to instigate PeP thus seen� to be abov; 230 V. In addition, the vapor skin thickness is estimated to be about 250 ± 22 µm looking at a number of iniages taken during the t: reatment.

The influence of the applied voltage was then studied on rolled sheet, with the n•eated surface being 0.25 cni2. The first optical obse1vations (Fig. 3) show that polishing is of poor quality at an applied voltage of 200 V, with the geometty and sm f ace condition of the sample being totally degraded. At 250 V, the rolling stt• eaks are eliminated and enhanced brightness is found. However, the geometty is significantly in1pacted, with considerable Joss of niaterial and a rounding of the an gles. As for 300 V, the surface condition was in1proved with the disap pearance of rolling streaks and few modifications to angular geometly.

The 3D profiles for these san1e surfaces (Fig. 4) also show modifi cation of angles at 200 and 250 V. Moreover, these profiles clearly confim1 the absence of rolling stt• eaks after 3 nlÎil of polishing at 250 V and 300 V. The SEM in1ages of the surface before and after polishing at 300 V are presented in Fig. 5. These pictures also confüm the disap pearance of rolling streaks as from 30 s of polishing (Fig. Sa andb ). Some defects (i.e. micromenic holes) remain after 30 and 60 s (Fig. Sb andc), but an extended polishing time (150 s) allows a smooth surface with few defects to be obtained (Fig. Sd).

Fig. 6 shows the changes in the current density for different imposed voltages (200 V, 250 V and 300 V). The behavior observed appears similar to that observed in Wang's study [30]. In general, the intensity decreases as the applied voltage increases. At 200 V, the current remains unstable throughout the duration of treatment. This is due to the fact that the vapor skin is unstable and the electrolyte periodically comes into contact with the anode (see the C-D portion of the curve (Fig. 2)). At 250 and 300 V however, the current remains stable. It seems that for these two voltages, the vapor skin, and thus the plasma, is stable and covers the entire anode surface.

The study then went on to consider the influence of the PeP processing time at 300 V. For an initial roughness of Sa 2.61 ± 0.25 μm (obtained by prior abrasion with 180 SiC paper), the roughness rapidly decreases monotonously with the processing time (Fig. 7), to reach a final value of about 0.98 ± 0.19 μm, corresponding to a roughness reduction of 62%.

To summarize, experiments on AA 1050 wire and rolled sheet demonstrated the relevance of the applied voltage with respect to PeP quality, and a minimum plasma initiation voltage above 230 V was demonstrated. Below this voltage, no effective polishing was observed on the aluminum alloy, while with applied voltages of 250 and 300 V, the PeP process was successful.

Evolution of model roughness

The indentation profiles before PeP obtained by optical interferometry are shown in Fig. 8, with the x-axis and y-axis scales being identical for all these profiles so that these different defects can be readily compared. For an applied mass of 100 g (the lowest), the peak/valley mean height (Δh) is 9.8 μm, while for the highest applied mass (600 g) Δh is 24.1 μm.

For PeP performed at 300 V, the change over time (15, 30, 45 and 60 s) of the indentations profile for an applied mass of 100 g is shown in Fig. 9. Profiles corresponding to the other masses can be found in Figs. [START_REF] Kalenchukova | About changes in the chemical composition of the electrolyte in the process of electrolytyc-plasma treatment of mate[END_REF][START_REF] Parfenov | Electric field effect on surface layer removal during electrolytic plasma polishing[END_REF]12). On all these profiles, it emerges that the tops of the peaks become rounded after 30 s of PeP. Furthermore, after 60 s of diminishes monotonously over time for all defects. For the largest defects (m applied 400 to 600 g), the decrease is 53, 50 and 44% after 60 s of PeP. For the same treatment time, the reduction reaches up to 70% of the height of small defects (m applied 100 g). PeP thus allows "small" defects to be polished faster than "large" defects.

In addition, measurements of steps between peaks and valleys (Fig. 14) show that the peaks of the various defects undergo a monotonous material removal over time. Removal of material from the peaks (Fig. 14) is comparable for the four defect sizes, since after 60 s of PeP, step values Δz peak were very close. However, material removal behavior is not the same for the valleys (Fig. 14). For large defects (m applied 400 to 600 g), the valley steps change little over time during PeP. However, for smaller defects (m applied 100 g), the step Δz valley increases significantly with the PeP duration. It is readily observable on the profiles for m applied 600 g (Fig. 12) that the geometry of the peaks is more greatly impacted over time, as compared with the geometry of the valleys.

If it is clear that material removal is always faster on peaks than on valleys, inducing indeed a polishing effect over time, those results show that valleys remain entirely unaffected only beyond a certain depth, at least on those model pyramidal shaped defects and on quasi-pure aluminum alloy. This conclusion may arguably not be extended to multiphases alloys such as AA2024 where composition inhomogeneity can have an important impact on material removal [START_REF] Yerokhin | Charge transfer mechanisms underlying contact glow discharge electrolysis[END_REF][START_REF] Ln | Investigation of the influence of plasma-dectrolytic processing on the surface of austenitic chromiwn-nickel steels[END_REF][START_REF] Vana | Swfuce properties of the stainless steel XI0 CrNi 18/10 after application of plasma polishing in electrolyte[END_REF]16]. Furthermore, the pyramidal shape of those defects, even if providing interesting information on material removal during PeP, are quite different from the roughness shape observed on materials being obtained by either conventional or additive manufacturing. Nevertheless, those results show that, depending on experimental conditions, PeP can induce, to a lower extend, material removal in the valleys of roughness, even if the plasma discharge is triggered on peaks where the electric field is higher. 

Conclusion

PeP experiments were performed on a quasi-pure aluminum (i.e. AA 1050), confirming the significance of the treatment time and of the applied voltage. Under these experimental conditions, the voltage to be applied to generate a plasma was seen to be above 230 V.

At a polishing voltage of 300 V, the polishing is of good quality, meaning that rolling streaks generated during rolling are rapidly eliminated without any modification to the workpiece's geometry. Following this, material removal was studied on model roughness of different sizes generated by microindentation. In particular, the results show that roughness peaks undergo material removal while the deepest valleys remain unaffected by the process. As the process go on though, peak to valley height decreases and valleys start to undergo material removal as well. A useful follow-up to the present study will be to investigate polishing of parts from additive manufacturing or those with more complex shapes. 
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 1 Fig. 1. Diagrams of the different measurement parameters made on the indentations: (a) peak to valley heights; (b) step heights between an unpolished area and the top of the peaks or the bottom of the valleys.
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 34 Fig. 3. Optical microscopy images of samples after 3 min of polishing at three different voltages.
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 6 Fig. S. SEM surface views of samples (0.25 cm 2 ) (a) raw, and after (b) 30 s, (c) 60 s and (d) 150 s of polishing at 300 v.

Fig. 7 .Fig. 8 .

 78 Fig. 7. Evolution of surface roughness parameter S a with polishing time at 300 V on samples (5 cm 2 ) with an initial roughness increased to 3 μm.

  treatment, defects of up to 10 μm in height are almost entirely removed by the PeP under such conditions. Fig.13summarizes the peak/valley height (Δh) reduction for all sizes of defects in relation to polishing time. This peak/valley height

Fig. 9 .

 9 Fig. 9. Evolution of indentation shape with polishing duration at 300 V for Vickers indentations obtained with m = 100 g.

Fig. 10 .

 10 Fig. 10. Evolution of indentation shape with polishing duration at 300 V, for Vickers indentations with m = 400 g.
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 11102101010101012 Fig. 11. Evolution of indentation shape with polishing duration at 300 V, for Vickers indentations with m = 500 g.
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 1314 Fig. 13. Evolution of peak to valley height (.6.h) for different indentation sizes as a function of the polishing duration.
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