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Abstract

Usually, the reproducibility is used in metrology tasks to describe unsystematic variations. While this characteristic is
usually determined in metrology issues, it is often discussed but not determined in case of manufacturing processes.
The reproducibility of a manufacturing process describes the deviations of the machining results applying the same
set-up and constant processing parameters. Provided that the reproducibility is well-known, a detailed prediction
about the machining result would be possible.

In this study, the reproducibility of electrochemically machined micro-structures is examined. For that purpose point
erosions without axis movement were generated by Jet Electrochemical Machining (Jet-ECM). The calotte-shaped
removals were machined in stainless steel 1.4301 and the resulting removal geometries were measured by confocal
microscopy in order to determine their lateral and vertical dimensions. Afterwards, the measurement results were
evaluated statistically by calculating the frequency distribution and the density function of the corresponding normal
distribution. The size of the standard deviation was used to rate the reproducibility and the position of the average to
rate the accuracy of the machining process. The probing strategy for the detection of the initial working gap was found
out to be a decisive cause for systematic deviations.
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1. Introduction

The principle of electrochemical machining is
based on the anodic dissolution of work piece material
through exchanging electric charge between two
electrodes. The special characteristic of Jet-ECM is the
high localization of electric current by an electrolytic
free jet as shown in figure 1.

Electrolyte supply
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Figure 1: Principle of Jet-ECM [1]

The electrolyte is ejected from a micro nozzle
towards the work piece surface at a mean velocity of
approximately 20 m/s [1,2]. Due to the high velocity a
closed free jet is formed, which is surrounded by
atmospheric air. This offers a high localization of the
current density and the machining area.

Extremely high current densities can be applied
[3], thus, high surface qualities are achieved. The high
jet velocity leads to a very good supply of fresh
electrolyte, hence, there is no need for interrupting the
process for flushing phases, which leads to high local
removal rates.
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Jet Electrochemical Machining of calotte-shaped
removals through applying point erosions without
nozzle movement as well as the generation of linear
grooves through single- and multi-axis movements of
the nozzle has been investigated in several studies
before [1,2,3,4,5]. The single removal geometries have
been analyzed by detecting their vertical and lateral
dimensions. In most cases, the removals were
arranged on plane sample surfaces, which simplifies
the strategies for controlling the working gap. But in
special applications uneven work piece surfaces
demand for a more complex gap control. Therefore,
strategies for adjusting and controlling the working gap
were analyzed and implemented into the control
software of the Jet-ECM test rig [5].

In this study the working gap was adjusted by
electrostatic probing on sample surfaces with defined
shape deviations to investigate their influence on the
reproducibility of the Jet-ECM process. For this
purpose the electrolyte nozzle was moved towards the
work piece surface at a probing voltage of 1 V. The
voltage drop between the nozzle and the work piece
was measured and the Z-position was stored as initial
height as soon as electrical shortcut was detected at
each machining position. Point erosions were carried
out on the initial surface as well as on and the pre-
machined shape deviations.

The removal geometries were measured by an
UHL confocal microscope in order to detect their lateral
and vertical dimensions. With the applied objective
magnification of 20 the resolution in Z-direction was
0.2 ym and in the direction of X and Y approximately
1uym. The measurement results were analyzed
statistically to investigate their reproducibility.
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2. Experimental setup

A modular Jet-ECM test rig is applied as shown in

the schematic in figure 2 [1,2,4].
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Figure 2: Schematic of the Jet-ECM test rig [1,2,4]

A 3-axis positioning system is applied to realize the
relative movement between the tool and the work
piece. The machine frame in gantry design and the
working table are made of granite, which guarantees
the required mechanical and thermal stiffness. A
pulsation-free pump delivers the electrolytic liquid to
the nozzle, where it is ejected perpendicularly towards
the work piece surface. Used up electrolyte is collected
in a disposal tank. A voltage source delivers direct
electric potential to the nozzle and the work piece. All
electrical and kinematic operations are controlled by a
personal computer. For that purpose, a custom
software based on National Instruments LabVIEW was
developed.

3. Design of Experiments

A sample specimen of stainless steel with a
diameter of 14 mm and a height of 1 mm was used as
work piece. Figure 3 shows the arrangement of point
removals.

Figure 3: Arrangement of the Jet-ECM point removals (red
dots) and measuring direction (orange dart) of the shape
deviations (blue areas)

The top view sketch illustrates the relevant part of
the sample specimen. A total number of 100 point
removals was machined at constant processing
parameters for the reproducibility analyses. The point
removals were arranged with a lateral distance of
0.5mm from each another as highlighted by the red
dots.

The initial, planar surface is highlighted in grey.
The sample specimen was pre-machined by Jet-ECM
in order to generate defined shape deviations, which
are highlighted in blue. The cross-sectional profile of
the pre-machined shape deviations was measured
along the orange-colored dart. The measurement result
is shown in figure 4.
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Figure 4: Cross-sectional profile of the initial sample surface
with defined shape deviations

In the left part a tapered groove with a length of
3.3 mm and a depth of 81 ym was machined. In the
right part a sinusoidal surface with a length of 6.3 mm
and a depth of 85 um was machined.

The Jet-ECM parameters applied to machine the
point removals are charted in Table 1.

Table 1: Jet-ECM parameters

Symbol Parameter Value
Work piece Stainless steel
material 1.4301
Electrolyte, mass NaNO3 aqueous
fraction solution, 30 %

dv/dt Pump delivery rate 10 mi/min

d Nozzle diameter 100 pm

a Initial working gap 100 ym

t Machining time of 500 ms
point removals

u Voltage 60V

The machining parameters were chosen according
to earlier investigations in Jet-ECM [2,4]. The
electrolytic solution has a conductivity of 173 mS/cm at
room temperature. The electric conductivity was
measured with a Mettler-Toledo SG78 portable multi-
channel device, which offers an accuracy of 0.5% of
the measured value.

4. Principle of the statistical analyses

According to the central limit theorems of
probability theory a large number of independent
random variables approximately converges to a normal
distribution [6]. Concerning the statistical evaluation,
the reproducibility was analyzed by comparing the
frequency distribution of the measured values with the
density function of the corresponding normal
distribution. The size of the standard deviation was
used to rate the reproducibility and the position of
average value was used to rate the accuracy of the
machining process.

The frequency distribution is calculated by dividing
the range of measurement values into equal sections.
For the total number of 100 measurement values 11
sections are defined and the quantity of measurement
values within each section is counted.

The density function of the corresponding normal
distribution is calculated from the average and the
standard deviation of the respective values [7]. The
analyses are carried out considering both the
machining depth and the machining width.



5. Results of the reproducibility analyses

The top view SEM image in figure 5 shows an
overview of the machined calottes.

Figure 5: Top view SEM image of the Jet-ECM removals

The pre-machined shape deviations can be
recognized from the differing brightness. According to
the shape of the applied nozzle the machined calottes
are characterized by circular shapes. The high
localization of the Jet-ECM process can be derived
since no stray removal is detected outside of the
machined structures.

All calottes were measured by capturing the cross-
sectional profiles across their center. An exemplary
measurement result of the removal highlighted by the
rectangle in figure 5 is shown in figure 6.
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Figure 6: Cross-sectional profile of a calotte

All cross-sectional profiles were characterized by
their machining depth d and machining width w. In
order to reduce deviations from the surface roughness,
the 95th percentile of the Z-values was calculated and
defined as initial surface. Likewise, the third percentile
of the Z-values was calculated and defined as the total
depth. The machining depth was determined by
calculating the distance between these two values.
Since the electrochemically machined structures have
no sharp-edged shapes indicating the boundary of the
machined zone the machining width was measured in a
depth of 2 yum below the initial surface.

The scatter diagram in figure 7 illustrates the
measured machining depths of all calottes. Each point
indicates the value of a single measurement of the
respective calotte. The overall average is highlighted
by the dotted line and the standard deviation by the two
dashed lines. The abscissa indicates the measurement
index i. The order of the index starts from the initial
surface on the left part of the specimen across the two
shape deviations to the initial surface on the right part.

The analysis of the machining depth showed that
more than 50% of the measured values are situated
between the limits of the standard deviation. But certain
deviations against lower values can be observed at the
measurement indices 5 to 10, 40 to 55 and 80 to 90.
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Figure 7: Measured machining depths (squares), average
depth (dotted line) and standard deviation (dashed lines)

The graph in figure 8 shows the calculated
frequency distribution as bar chart in comparison to the
corresponding density function, which is illustrated by
the black line.
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Figure 8: Density function and frequency distribution of the
corresponding normal distribution of the machining depth

The frequency distribution represents the total
number n of measured values within each of the
calculated 11 sections. The density function represents
the probability P of values of the corresponding normal
distribution.

The measured maximum was 47.9 um and the
minimum 36.7 ym. The average machining depth of all
calottes is 43.9 ym. A comparatively large standard
deviation of 3.4 pum was calculated, which is
approximately 7.7% of the total average. Thus, the
reproducibility appears low.

In comparison to the frequency distribution with a
large amount of values at approximately 46 um the
maximum of the corresponding normal distribution is
shifted towards a value below 40 pm. Hence, the
accuracy appears low as well.

Figure 9 shows a graph of the measured
machining widths.
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Figure 9: Measured machining widths (circles), average
width (dotted line) and standard deviation (dashed lines)



The maximum was detected at 206.1 um. The one
outlier is expected to be caused by a process instability
— probably due to variations in the electrolyte supply.
The ascertained minimum was 186.5um. The
calculated total average is 192.3 pm.

A comparatively small standard deviation of 2.9 ym
was calculated, which is approximately 1.5% of the
total average. More than 60% of the measured values
are in the range of the standard deviation. Hence a
high reproducibility of the machining width was
realized. Again, deviations against lower values mainly
occur at measurement indices 5 to 10, 40 to 55 and 80
to 90.

The graph in figure 10 indicates that the frequency
distribution strongly converges to the calculated density
function of the normal distribution.
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Figure 10: Density function and frequency distribution of the
corresponding normal distribution of the machining width

Compared to the machining depth the
reproducibility appears significantly higher. And also
the accuracy is much higher, which can be derived
from the position of the average of the density function,
which is situated almost in the center of the frequency
distribution.

6. Conclusions

The statistical analyses show that the
reproducibility of the width of the Jet-ECM removals is
significantly higher than the reproducibility of the
machining depth. Systematic deviations were derived
from the comparison of the frequency distributions with
the density functions of the corresponding normal
distributions. The systematic deviations illustrate that
deviations mainly occur at the measurement indices 5
to 10, 40 to 55 and 80 to 90. These calottes are
situated at positions characterized by large inclinations
of the pre-machined surface deviations.

For that reason the strategy of electrostatic probing
was analyzed and identified as a decisive cause for
systematic deviations. Figure 11 shows the principle of
electrostatic probing on a concave shape deviation with
large inclination.

The surface detection is realized by applying a
probing voltage of 1 V between the nozzle and the work
piece. Incremental nozzle movements with a step size
of 1 ym are carried out while measuring the voltage
drop between the nozzle and the work piece. When
detecting electrical shortcut the Z-value is stored as
position of the initial surface for in-feed movements.

The detected height is strongly influenced by the
shape deviation of the work piece surface as illustrated
in the principle. The nozzle has already hit the surface
in a distance denoted probing error. The probing error
causes an increase in working gap and thus an
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increasing Ohmic resistance, which leads to a
significant decrease in machining depth.
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Figure 11: Principle of electrostatic probing and probing error
on a concave shape deviation

In contrast to the machining depth, the width of the
calottes is mainly influenced by the applied nozzle
diameter. While the depth of the removals was reduced
significantly, the machining width was influenced only
slightly. With the applied strategy the probing error
cannot be avoided. Hence, the working gap adjustment
needs to be improved to guarantee a high
reproducibility when machining across shape
deviations. For that reason, alternative measurement
systems would be helpful to detect the initial sample
surface instead of using the electrolyte nozzle for
electrostatic probing.
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