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Abstract

The electrochemical machining (ECMM) one of the most attractive method for micromachining of conductive
materials. The industrial application of ECMM is limited by unsatisfactory dissolution localisation (what de-
crease machining accuracy). In recent years, thanks to nanosecond voltage pulse application, accuracy of
electrochemical micro machining was significantly improved up to micrometers range, but the machined sur-
face is also limited to micrometers size. However, in case of microstrucutes machining with area about
1 mm? (i.e. tools for micro forming) this method is not effective, and the “classical” microsecond PECM has to
be applied. Therefore, to find out limits of PECM accuracy the research on dissolution process localization
are necessary. In the paper results of investigation carried out in order to investigate q(S)=A/S" characteristic
for microsecond voltage pulses machining has been presented. The research has been carried out for
different interelectrode voltages and electrolytes. Thanks to experimental data there was possible to find out
dissolution localisation factors “n” and estimate limits of microsecond voltage pulse machining accuracy.
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1. INTRODUCTION

Production of micro - details is a dynamically developing
area of production technologies application. In group of
methods worked out for machining of technological
equipment, MEMS parts and tools for micro-casting and
micro-forming special attention is paid for application of
unconventional processes such us the laser beam, elec-
trodischarge and electrochemical machining.

The advantages such as no tool wear, good surface layer
quality after machining and possibility to obtain small
surface roughness makes the electrochemical microm-
achining (ECMM) one of the most attractive method for
manufacturing of micro 3D structures made of conductive
materials [1, 3]. In electrochemical machining allowance is
removed by anodic dissolution process (atom by atom) in
temperature lower than 100 K, which does not introduce
any significant changes in surface layer of machined
product. Also machining allowance does not depend on
material mechanical properties. One of the main problems
in ECMM is to achieve high dissolution process localisa-
tion, what define limits of machined detail dimensions.

For the purpose of high machining localisation small
interelectrode voltage (U = 2 — 10 V) and electrolytes with
small concentration (ie. 0.1 M H2SO4, 0.2 M HClor 1 — 3
% NaNO3) have been applied. However, the biggest
development in ECMM has given application of ultra-
short voltage pulses (i.e. 2 — 60 ns with period 1 — 2 ps)
[2, 3, 5, 8]. Thanks to nanosecond voltage pulse applica-
tions, accuracy of ECMM was significantly improved up to
micrometers range and area of ECMM application dy-
namically increase. Because of problems with electric
supply design with nanosecond voltage pulses and pulse
— current in range of amperes, this method has been
satisfactory applied only for machining of small areas (i.e
3D-ECMM).

In case of machining of microstructures on area 1 mm?
(i.e. tools for micro forming - see Fig. 1) this method is
not effective, and the “classical” microsecond PECM has

to be applied. As was presented in [4, 8, 9] the localiza-
tion of machining with microsecond voltage pulses is
connected with electrolyte temperature increase during
pulse time. The temperature increase determines the
amount of dissolved material what is connected with
electrolyte conductivity increase in gap.

In the paper results of investigation carried out in order to
investigate q(S)=A/S" characteristic (q — charge density,
S — gap, A — constants, n — dissolution localisation fac-
tor) for microsecond voltage pulses machining will be
presented. The research has been carried on for differ-
ent interelectrode voltages. Thanks to experimental data
there was possible to find out dissolution localisation
factor “n” and estimate limits of microsecond voltage
pulse machining accuracy.

2. PROBLEM FORMULATION

In comparison to electrochemical machining with nano-

second pulses (ti < 100 ns) PECMM gives possibility to

machining bigger areas and its advantages may be ap-

plied to micro molds and matrices shaping with size 200

— 1000 um and other (Fig. 1). From technological point of

view, to achieve such PECMM application efficient fol-

lowing issues needs to be solved:

e determine limits of PECM accuracy (dissolution
process localization) with pulses > 500 ns,

o find out the efficient way of solving the problems with
electrolyte flushing.
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Figure 1: Scheme of PECMM application to matrix ma-
chining

Presented in the paper research on PECMM has been
carried out in the Institute of Advanced Manufacturing
Technology (IAMT Krakow), and the goal of the investiga-
tion was to find PECMM localization characteristics what is
connected directly with machining accuracy. The localiza-
tion of the electrochemical dissolution process can be
determined based on the relation between machining
velocity and inter-electrode gap thickness V(S), which can
be described by following function:

\V=aoH./S (1)

where, n — localization factor (n = 1 for ideal process).

In order to determine localization of dissolution during
PECMM the material (mass or volume) removal rate dur-
ing one pulse should be evaluated. Because of the fact
that material removal rate is proportional to electrical
charge (AV = 7Kv- Qimp, 77kv — electrochemical machinability)
in case of PECMM the below presented relationship can
be used to approximate relation between charge and inter-
electrode gap:

g=A/S )

Where, A - constant, n — localization factor.

3. RESEARCH METHODOLOGY

The test stand for electrochemical micromachining has
been built and developed in the Department of Unconven-
tional Production Technologies of the Institute of Ad-
vanced Manufacturing Technology. The test stand con-
sists of six main parts:
e the machine body with fixed micro drivers with
voltage impulse transmission system and the ta-
ble for sample fixing,

e microsecond pulse generator,

e  drive control system,

e electrolyte delivery system,

e PC computer with appropriate software.
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Figure 2: Micro electrochemical machine tool.
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Figure 4: Scheme of the inter-electrode gap during exper-
iment (a) and frame with insulated samples (b).

The q(S) characteristics have been worked out for the
following parameters:
. Inter-electrode voltage: U = 6, 9, 12, 15, 18
and 25V,
. electrolytes: NaNOs (5, 10 and 15 %) and
H,S04 (0.1 M) in temperature: T = 30°C,
. voltage pulse parameters: tj = 1 ps, t,= 10 ps,
. machined material: 304 steel, sample diameter

d=1mm,
. electrode material, copper, tool diameter
d=1.2mm,

For each voltage level the following inter-electrode gap
thickness values have been taken into account: 0.01,
0.02, 0.04, 0.06, 0.08, 0.1, 0.15, and 0.2 mm. To reduce
dissolution only to sample frontal area samples has been
pressed into specially designed steel frame, which has
been filled in by active resin. Than the frontal areas of the
samples have been expose by grinding operation (Fig 4).

During experiment the voltage have been turn on for
50 ms, and the current signal for whole time of machining
with resolution 40 ns has been registered by Tektronix
TDS7154B oscilloscope. Based on the power supplier
characteristics, the mean charge for first 10 pulses has
been calculated based on formula presented in Fig. 5
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Figure 5: Scheme of the charge calculation method.




Analysis of the pulse current change during machining has
shown that after a short time of machining the pulse cur-
rent significantly decrease (about 50% decrease). To
make the comparison for different machining parameters
possible the time tigy has been defined as the time of
machining in which the current decrease is described by

formula: Al = 0.1*Imax (Fig. 6).
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Figure 6: Exemplary current signal registered during 50

ms machining.

4. RESULTS DISCUSSION

As an example of obtained results the set of characteris-
tics for electrolyte NaNO3 10% has been presented on the
Figure 7, but to make the analysis more clear the relations
has been presented in logarithm scale for both axis (Fig 8
10). In the Fig. 11. comparison of the localisation factors
for investigated parameter has been presented. From this
obtained results one can state that:

the localisation depends on pulse voltage. The small-
est n (poor localisation) is for U = 6 and 9 V and the
biggest n values are for U = 12, 15 and 18 V (depend
on electrolyte).

small localisation for U = 6 and 8 V can be explained
by hydrodynamic phenomena in the gap. Voltage
pulse turn on is followed by electrolyte pressure in-
crease in the gap. In the first stage of machining (mil-
lisecond range) it can support dissolution products
evacuation. Electrolyte pressure wave increases with
voltage increase, that improve machining conditions.
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Figure 7: Example of j(S) characteristic for electrolyte
NaNO3 10%.
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Figure 7: Set of q(S) characteristics for 5% NaNO3 elec-
trolyte, pulse time ti = 1 ps, pause time tp = 10 ps.
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Figure 8: Set of q(S) characteristics for 10% NaNOs elec-

trolyte, pulse time ti = 1 us, pause time tp = 10 ps.
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Figure 9: Set of q(S) characteristics for 15% NaNO3; elec-

trolyte, pulse time ti = 1 ys, pause time tp = 10 ps.
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Figure 10: Set of q(S) characteristics for 0.1M H2SO,
electrolyte, pulse time ti = 1 us, pause time tp = 10 pus.
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Figure 11: Localization factor “n” for NaNO3z and 0.1M
H2S0,4

In the Fig. 12 values of tioy time for 10% NaNOs has been
presented. One can state that tig, depends on inter-
electrode gap thickness and inter-electrode voltage and
for majority cases is less than 5 ms. Pulse current de-
crease is connected with contamination and gas bubbles
generation in the gap. The photographs of the frontal area
of the samples after 50 ms machining time shows that gas
bubbles are adjacent to workpiece and theirs size are
between 0.05 to 0.35 mm (Fig. 13).
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Figure 12: Comparison ot tyg times for different inter-
electrode gap and inter-electrode voltage, electrolyte:
10% NaNOs.

5. SUMMARY

Taking into account above presented considerations and
analysis of experiments one can state that presented
methodology is effective way of anodic dissolution process
localization determination. In further research should con-
cern:

e measuring of the nky, as a function of current
density j. Based on j(S) (or g(S)) and nky(j) for differ-
enc voltages and electrolytes it is possible to set up
optimal parameters of machining from accuracy point
of view,

e research in order to link n factors with real accuracy
of machining.

In order to go on with experimental tests the problem of
efficient dissolution products removal from the gap should
be resolved. In this case the obtained during tests values
of tio% can be helpful during setting up the further experi-
ments.

It is also worth to underline, that q(S) (or j(S)) characteris-
tics can be effectively applied to build up electrochemical
machining process simulation software.
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Figure 13: Photograph of the samples frontal area after 50

ms of machining, inter-electrode gap S = 0.02 mm, inter-
electrode voltage U = 6 V, 15V and 25 V, electrolyte 10%
NaNOs.
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