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12 Abstract: In this work a research on pulsed electrochemical micromachining of Stainless Steel is
13 presented. A suitable equipment to study the process is described as well as a fitting procedure to
14 machine and measure the variables involved. A tool of Tungsten with a tip of about 5 um diameter
15 sunk in an electrolyte of NaNO:s is used for the process. The pulse on-time must be maintained in
16 the order of ns to achieve a good current confinement, since the tool is active. Some experiments
17 were made to assess the most important variables of the process, as current confinement, surface
18 roughness, material removal rate and efficiency. It is observed that the current confinement get
19 worse when the pulse on-time increases, as well as surface roughness. The material removal rate
20 and the efficiency increase with the voltage amplitude and the pulse on-time. The voltage amplitude
21 must be higher than 12 V so that the phenomenon of passivation disappears. There is a compromise
22 in the choice of the variables, so a suitable combination of parameters is determined so that a good
23 material removal rate with an acceptable result is achieved.
24 Keywords: Pulsed electrochemical micromachining; current confinement; material removal rate;
25 efficiency
26

27 1. Introduction

28 Microfabrication consists in obtaining products or parts with features at micro or submicroscale,
29  which therefore requires very narrowly controlled material removal. Microfabrication has been
30  widely used for the manufacturing of holes in injectors, fluidic microchemical reactors requiring
31  microscale pumps, micromoulds, and many more applications, as (1) describes. Microfabrication
32 plays an increasingly important role in miniaturization of components which expand from
33 biomedical applications to manufacturing of sensors. Surfaces to be obtained are slots, complex
34 surfaces, microholes, etc. Frequently combinations of those features must be obtained in the industry
35  of microelectronics. These parts are manufactured very often by conventional processes, with all the
36  limitations and problems that these processes bring about, such as wear in the tool, inaccuracy due
37  to low rigidity of the tool, heat generated by the process, etc. Even more problems may arise when
38 manufacturing 3D microstructures, as some authors state (2). In this context, non-conventional
39  processes, and especially electrochemical micromachining, acquire more importance due to their
40  specific characteristics to avoid the problems of conventional processes.

41 From the early years of development of Electrochemistry, electrochemical methods have played
42 an important role in precision technologies to machine structures and parts. In the 1950's
43 Electrochemical Machining arose as a usual technique to manufacture complex geometries as blades
44 of turbines, generally in dense materials. The ease of application of this technology along with the
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45  inherent advantages of the process, such as good surface roughness, promoted its application to more
46  advanced processes in the field of micromechanics, microelectronics and microsystems (3).
47  Electrochemical deposition techniques were used as a standard technology to deposit copper to
48  obtain connections in high performance circuits and lithographic techniques LIGA are used to
49  manufacture micromoulds (4,5).

50 Electrochemical micromachining has been a process with high specialization to be used in
51  aerospace industry. Today it is starting to be used in other industries, where difficult to manufacture
52 parts, complex surfaces and components in the microscopic scale is necessary to obtain.
53 Electrochemical micromachining is today widely used for manufacturing semiconductor elements
54  and thin metallic films (6).

55 In an analogous way to conventional Electrochemical Machining (ECM), Pulsed Electrochemical
56  Micromachining (PECMM) is a controlled process of anodic dissolution to remove material which
57  takes place at high current densities, typically in the order of 105 A/m? between the tool (cathode)
58  and the workpiece (anode) through the electrolyte (7). By causing the tool to move towards the
59  workpiece, the material is removed under its tip, since the current density is higher at lower distance
60  between tool and workpiece, and thus, the geometry of the tool is copied as a cavity in the workpiece.
61  As compared with other processes, PECMM is a high precision technique to obtain holes of small
62  diameter or to obtain crack-free microcomponents and without residual stress. The use of ultrashort
63  voltage pulses, usually shorter than 100 ns, allows achieving accuracy by confining the faradaic
64  current density under the tool, since this current is the responsible for the anodic dissolution of the
65  material. Confinement is due to the incomplete charge of the double layer in areas far from the part,
66  through which a very low current will flow.

67 An important phenomenon which affects the process is the formation of a passive oxide layer
68  that hinders the anodic dissolution (8). When this phenomenon takes place, the voltage applied has
69  tobe over a threshold value to cause effective machining (9). It can also be avoided by adding acid to
70 the electrolyte, as HCl or H2SO4, which are substances that dissolve the passive layer. This layer can
71 Dbe considered as an additional electrical resistance in the equivalent circuit which prevents the
72 current to be confined under the tool tip (10). According to this explanation, the current which flows
73 from the sides of the tool finds a similar resistance to that which flows from the tool tip and therefore
74 the current is spread over a broad surface.

75 A very important advance has been made in the research of this process on many materials such
76  as Aluminum, Titanium, Steel and Copper (11,12). Stainless Steel is a very important material to be
77  used in any type of microcomponents, but its dissolution is difficult since its chemical properties are
78  not very suitable for this process. Some of the existent studies were performed specifically on
79  Stainless Steel (13-15). Nevertheless, the pulse on-time used in those works is too high to obtain a
80  good confinement of the current. Furthermore, there are no studies in which the size of the tool is as
81  small as a few microns. Therefore, there is a huge amount of work to do to characterize correctly this
82  process regarding the values of the parameters in order to obtain a good result in terms of current
83  confinement, surface roughness, material removal rate and experimental setup. In this work, a broad
84  study of the results of PECMM in Stainless Steel with pulse on-time values in the order of ns as a
85 function of the main variables, has been made.

86 2. Materials and Methods

87 The experiments performed for the study were made by means of an equipment that allows
88  achieving accuracy and ease of handling tools and parts. Figure 1 shows a sketch of this equipment.
89 The equipment for the experiments rests on an anti-vibrations table TMC, which provides a

90  floating bench that keeps the tool and the part from oscillations. The position of the recipient is
91  controlled by a three-dimensional nanometric positioning system PI-Micos based on a piezoelectric
92 technology and with a resolution of 1 nm. There is a system of recirculation for the electrolyte, which
93  flows constantly through the cell to a tank from which it is pumped to the cell after passing through
94 afilter. Thus, the particles that appear in the cell are constantly being removed from the electrolyte.
95  Experiments were performed in a solution of NaNOs at 2% in weight as electrolyte.
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The material of the workpiece is AISI 304 Stainless Steel and the tool is made of pure Tungsten
at 99.7%. The tools are pins with a very small tip, of about5 m in diameter. Figure 2 shows a picture
of the cell with the tool and the workpiece. The tool tip is sharpened by means of anodic dissolution
in which the tungsten pin is used as the anode and the sheet of Stainless Steel as the cathode. The
electrolyte used for this process is a solution of KOH at 5% in weight.
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Figure 1. Sketch of the equipment used for experiments

1

Figure 2. Electrochemical cell used for experiments
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105 In order to apply the voltage pulses to the system, a Function Generator Agilent 33250 A is used,
106  which generates voltage signals of several types and a broad range of frequency, up to 100 MHz,
107  which corresponds to a width of 10 ns in the voltage pulses. The signal applied by the Generator
108  passes through a Pulse Amplifier that provides the necessary current for the process corresponding
109 to the voltage amplitude. The Amplifier is fed by a DC Power Source Keytheley 2220G-30-1 which
110 provides a current limiting system, so that the Amplifier is not overloaded. In Figure 3 the graphs of
111  voltage and current between electrodes for a machining process are shown.
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113 Figure 3. Signals of voltage and current between electrodes in the process of machining. Signal 1:

114 Voltage (V), signal 2: current (mA)

115 The electrochemical process is observed by means of a Supereyes USB Portable Digital

116  Miroscope B008 connected to a computer in which the amplified image of the tool and the area of the
117  part being machined can be seen. This microscope is also helpful to set the approach the tool to the
118  workpiece in order to set the reference of distance.

119 The voltage applied to the cell as well as the current that passes through it is measured by means
120 of a digital oscilloscope Tektronic DPO 4104, which allows to visualize several signals with up to 3
121  GHz by using a maximum sample rate of 5 Gs/s. It also permits measuring mean values of signals,
122 applying filters and making mathematical operations with signals, such us obtaining Fourier
123 Transforms.

124 In order to observe and measure the dimensions of the features machined, as well as the tip of
125 the tools, a Scanning Electron Microscope and an Optic Microscope were used.
126 The reference of the position of the tool is taken in the point of value 0 for the IEG. That position

127 was found by electrical contact between the tool and the workpiece. It is observed that, when using
128 an active tool, the current does not change significantly as the IEG decreases. However, when there
129 is electrical contact, the current increases suddenly to a very high value. This phenomenon allows to
130  find the reference with a very slow movement of the tool and therefore a brusque impact is avoided,
131  which could damage the tool tip.
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3. Results and Discussion

PECMM works on the principle of Faraday’s laws of electrolysis. The process consists in
applying a potential difference between the tool and the workpiece so that an electrochemical
reaction arises that removes material from the workpiece. The metal is detached atom by atom from
the anode surface and appears in the electrolyte as ions (Fe?*). These ions give place to the precipitate
of ferrous hydroxide Fe(OH).. Simultaneously, the hydrolysis causes the molecules of water gain
electrons from the cathode and they separate into free hydrogen gas and hydroxyl ion (16). The
reactions can be summarized in the following equations:

Fe - Fe?* + 2e™, (1)
H,0 +2e~ - H, T +20H" )
Fe?* + 20H™ - Fe(OH), (3)

3.1. Current confinement and surface roughness

In order to achieve precision in the machining the process must take place only under the tool
tip, so that the cavity obtained in the workpiece is exactly the one determined by the profile of the
tool. Therefore current through the sides of the tool must be avoided, since it would remove material
from other areas far from the tool tip. There are two methods of attaining this goal. The first one is
isolating the side surface of the tool and using DC voltage as process signal. The other one is using
ultrashort voltage pulses and a very low interelectrode gap (IEG). The second method is used by
several researchers (8,11,12), since it is easier to use in case that a function generator is available.

The confinement of the current can be assessed by observing the edge of the hole machined. If
there is confinement the contour of the hole will be sharp and otherwise the edge will be rounded.
This phenomenon was studied by machining slots with several values of pulse on-time and
maintaining constant the voltage and the period. By observing the size of the machined area, an
assessment of the confinement of current can be achieved. In Table 1 the conditions for the
experiments are shown.

Table 1. Conditions of the experiments for assessing current confinement

Experiment IEG (um) Voltage (V) Puls(en‘s/\;idth Period (ns) Cuﬁ‘:(:ta(b;i A)
R-01 1 16 120 370 26
R-02 1 16 110 370 22
R-03 1 16 100 370 16.1
R-04 1 16 90 370 10.3
R-05 1 16 80 370 5.6

It can be observed that the average current decreases as the pulse on-time is lower, since the
current only flows in the voltage pulse periods. In Figure 4 a photograph of the holes machined in
experiments R-01 to R-04 is presented. All the slots were machined with the same tool, which had a
tip diameter of 10 um. However, the width of the slot decreases with the pulse on-time from 150 um
to 70 um approximately, as it can be seen in the image. This is a consequence of the spreading of the
current, which will be higher when the pulse on-time increases. In addition, it can be seen clearly that
the roundness of the edges is higher when the pulse on-time grows.

Figure 5 shows the slot machined in experiment R-05, in which the pulse on-time was lowest. It
can be observed in the figure that there is an area around the edge which seems worn. This fact
suggests that the current was spread also outside the hole and hence some material was removed

d0i:10.20944/preprints201810.0258.v1
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166  from that area. Therefore, it can be deduced that there is always a spreading of current outside the
167  areaunder the tool tip, even if the edges are sharp.

168 Regarding surface roughness, the relationship between conditions and results are similar to
169  those in mechanic machining, since a high MRR produces high surface roughness and vice versa.
170 Therefore, a compromise must be achieved between surface roughness and process speed.

171

172 Figure 4. Slots machined in the experiments R-01 to R-04

173

174 Figure 5. Slot machined in experiment R-05

175 Regarding surface roughness, the relationship between conditions and results are similar to

176  those in mechanic machining, since a high MRR produces high surface roughness and vice versa.
177  Therefore, a compromise must be achieved between surface roughness and process speed.

178 It is observed that the electrochemical machining causes tiny craters in the workpiece surface, as
179 a result of the localized current that flows through the electrolyte at the points of least electrical
180  resistance. Therefore, if the current intensity is lower, the craters will be less deep and the resultant
181  surface will be smoother. This fact is clearly observed in Figure 5, which shows that the bottom
182 surface of the slot is smoothest in that corresponding to R-04 and the roughness is increasingly higher
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183  inR-03, R-02 and R-01, i.e. when the pulse on-time grows. Therefore it can be concluded that a good
184  resultis achieved applying a voltage of 16 V and a pulse on-time of 80 ns and both confinement and
185  surface roughness get worse when more aggressive values are used.

186
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187  3.2. Material removal rate (MRR)

188 Material removal rate is a crucial variable in machining, since it determines the productivity of

189  the process. This variable depends on the overpotential ¢, according to the Butler-Volmer equation:
i = io[e(l—ﬁ)nF/RT — e—ﬂﬂF/RT], (4)

190 where i is the current density, io the equilibrium exchange current density, Sthe symmetry factor

191  of the reaction, F Faraday’s constant (96500 C), ¢ the overpotential, R the ideal gas constant and T the
192  temperature in K. So, the amplitude of the voltage signal determines the current intensity.
193 Nevertheless, as the voltage signal applied to the cell consists in pulses, what determines MRR is the
194 mean value of the current, according to Faraday’s law of electrolysis:

MRR = m = 2L )
ZF
195 where A is the gram atomic weight, Z is the valence of dissolution, F is Faraday’s constant and I
196 s the average current. In turn, the average the current depends on the ratio between the period and
197  the pulse on-time of the signal. Therefore, the main parameters which determine MRR are the pulse
198  amplitude and the ratio between pulse on-time and period.
199 In order to determine the value of the parameters to attain a maximum of MRR several
200  experiments were performed, setting the combination of parameters by means of an Experiment
201  Design in which the voltage vary between 7 and 16 V and the pulse on-time from 50 to 80 ns, keeping
202 the period constant at 370 ns. The output variable considered was the current density, which provides
203 more information regarding the performance of the process than the current intensity, as it takes the
204 tool tip size into account. The results can be observed in Figure 6, which shows the variation of the
205  average current density as a function of the voltage for every value of the pulse on-time.

206
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208 Figure 6. Average current density as a function of voltage amplitude and pulse on-time
209 As it can be seen in the graph, from 7 to 11 V there is a decrease in the current density as the

210  voltage increases. This is due to the passivation phenomenon that occurs on the stainless steel surface.
211 At the value of 12V, the current density increases dramatically and then it remains approximately
212 constant. This means that the range beyond 12 V is the transpassive area, in which the voltage of the
213 tool is enough to dissolve the passive layer under the tool tip and to remove material locally. As the
214 current density was calculated by dividing the total current by the area of the tool tip, the sudden
215 increase of the current density in that area does not involve a significant increase in the current as
216 whole. Therefore the average current grows in a constant way as the voltage increases, as it can be
217  seenin Figure 7.
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219 Figure 7. Average current as a function of voltage amplitude and pulse on-time
220 This effect determines that, in order to carry out a good machining without dispersion of the

221  current, the voltage value must be high, beyond the passive area of the Stainless Steel, so that the
222 MRR is maximum.

223 Another way of assessing the MRR is to observe the volume of material removed, which is
224  determined by the geometry of the hole made in every experiment. Due to the tapering side walls of
225  the hole and the rounded tip of the tool, the geometry of the hole can be assumed to be a cone with a
226  rounded tip. By knowing the depth, the edge radius of the tool tip and the diameter of the hole in the
227  surface, the real volume of material removed can be calculated.

228 The volume removed can be represented as a function of the voltage applied and the pulse on-
229  time. These graphs are shown in Figure 8.
230
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232 Figure 8. Volume removed as a function of voltage amplitude and pulse on-time
233 It can be observed in the graph that the volume removed increase with the voltage applied for

234 every value of the pulse on-time. According to this tendency, the best value of the voltage to achieve
235  agood MRR is the highest possible. On the other hand, it can be seen that the increase is faster when
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236  the pulse on-time grows, so the value of this parameter should be as high as possible, keeping the
237  conditions of confinement.

238  3.3. Formatting of Mathematical Components

239 The efficiency of the electrochemical machining can be obtained by comparing the theoretical
240  value of material removed with the real one. The theoretical value is given by Faraday’s law (1) and
241  can be obtained from the current in the process. The real value can be calculated from the geometry
242 of the machined feature, as it was explained in section 3.2.

243 This characteristic of the process has a great importance for the economy of the process, most of
244 all, at industrial level, and it should be optimized by choosing the fitting parameters.
245 In order to assess the efficiency of the process the results of the experiments made for observing

246 the MRR were used. The ratio between the volume removed and the theoretical volume
247 corresponding to the current was obtained and represented in Figure 9.

248
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250 Figure 9. Efficiency of the process as a function of voltage amplitude and pulse on-time
251 In these graphs very low values of efficiency can be seen, because the maximum efficiency is

252 lower than 12%. This fact is a consequence of the dispersion of the current, as the results presented
253 in section 3.1 show. According to the graphs, the more the voltage and pulse on-time the more the
254 confinement of the current in the area under the tool tip and hence a higher efficiency is attained.
255 These results can be analyzed along with those presented in section 3.2. Observing those graphs
256  and Figure 5 it can be deduced that the reason why the volume removed increases so drastically for
257  values of voltage higher than 14 V is not the increase of the current, but the clear increase in the
258  efficiency of the process for those values of voltage. So, in order to achieve the best efficiency along
259  witha good value of material removed, the highest possible value of voltage amplitude must be used
260  along with the widest pulse that maintains the confinement and surface roughness within acceptable
261  values.

262 5. Conclusions

263 A study of the optimum conditions for Pulsed Electrochemical Micromachining of Stainless Steel
264  has been presented. The equipment and the conditions for the process have been described. In order
265  to find the optimum parameters for the process the most important variables for the performance of
266 the process have been taken into account. This variables were confinement, surface roughness,
267  material removal rate and efficiency. Observing the results of the experiments it can be stated that
268  surface roughness increase with the pulse on-time of the voltage signal, whereas the confinement is
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269  better when the pulse on-time is lower. The passivation phenomenon takes place at voltage
270  amplitude values lower than 12 V and it disappear at higher voltages. The material removal rate is
271  higher when both voltage amplitude and pulse on-time grow. The efficiency of the process is an
272  important variable which increases with voltage amplitude and pulse on-time. Nevertheless, these
273 variables must not be chosen beyond the limits at which the surface roughness and the confinement
274  are not acceptable. In this study, this limits have been set at 16 V and 80 ns respectively.

275 Author Contributions: The research was carried out by the three authors mentioned in the heading. The
276 equipment set up, simulations and programming was done by D.H. The data analysis and the writing of the
277 article was done by P.R. The supervision of the research was carried out by J.E.L.

278 Funding: This research was partially funded by the Ministry of Economy and Competitiveness of Spain.

279  References

280 1. Brousseau EB, Dimov SS, Pham DT. Some recent advances in multi-material micro- and nano-
281 manufacturing. Int ] Adv Manuf Technol. 2010;47(1-4):161-80.

282 2. Masuzawa T. State of the Art of Micromachining. CIRP Ann - Manuf Technol. 2000;49(2):473-88.

283 3. Schultze JW, Bressel A. Principles of electrochemical micro- and nano-system technologies. Electrochim
284 Acta. 2001;47(1):3-21.

285 4. Dunkel, K.a, Bauer, H.-D.a, Ehrfeld, W.a, Hofifeld, J.a, Weber, L.a, Horcher, G.b, Miiller G. Injection-

286 moulded fibre ribbon connectors for parallel optical links fabricated by the LIGA technique. ]
287 Micromechanics Microengineering. 1998;8(4).

288 5. Datta M, Landolt D. Fundamental aspects and applications of electrochemical microfabrication.
289 Electrochim Acta. 2000;45:2535-58.

290 6. Datta M, Shenoy R V, Romankiw LT. Recent advances in the study of electrochemical micromachining. J
291 Eng Ind - Trans ASME. IBM Corporation, T. J. Watson Research Center, Yorktown Heights, NY 10598,
292 United States; 1996;118(1):29-36.

293 7.  Hotoiu EL, Van Damme S, Albu C, Deconinck D, Demeter a., Deconinck J. Simulation of nano-second
294 pulsed phenomena in electrochemical micromachining processes-Effects of the signal and double layer
295 properties. Electrochim Acta. Elsevier Ltd; 2013;93:8-16.

296 8. Kock M, Kirchner V, Schuster R. Electrochemical micromachining with ultrashort voltage pulses-a versatile
297 method with lithographical precision. Electrochim Acta. 2003;48(20-22):3213-9.

298 9.  Anasane SS, Bhattacharyya B. Experimental investigation into fabrication of microfeatures on titanium by
299 electrochemical micromachining. Adv Manuf. Shanghai University; 2016;4(2):167-77.

300 10. Sueptitz R, Dunne P, Tschulik K, Uhlemann M, Eckert ], Gebert A. Electrochemical micromachining of
301 passive electrodes. Electrochim Acta. Elsevier Ltd; 2013;109:562-9.

302 11. Schuster R, Kirchner V, Allongue P, Ertl G. Electrochemical Micromachining. Science (80- ). 2000 Jul
303 7;289(5476):98-101.

304 12. Bijoy Bhattacharyya. Electrochemical Micromachining for Nanofabrication, MEMS and Nanotechnology -
305 Bijoy Bhattacharyya - Google Libros. Elsevier; 2015.

306 13. Yong L, Yunfei Z, Guang Y, Liangqiang P. Localized electrochemical micromachining with gap control.
307 Sensors Actuators, A Phys. 2003;108(1-3):144-8.

308 14.  Ahn SH, Ryu SH, Choi DK, Chu CN. Electro-chemical micro drilling using ultra short pulses. Precis Eng.
309 2004;28(2):129-34.

310 15. Kim BH, Na CW, Lee YS, Choi DK, Chu CN. Micro Electrochemical Machining of 3D Micro Structure Using
311 Dilute Sulfuric Acid. CIRP Ann - Manuf Technol. 2005;54(1):191—4.

312 16. Davim JP. Machining. Fundamentals and Recent Advances. London: Springer; 2008. 360 p.


http://dx.doi.org/10.20944/preprints201810.0258.v1

