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Abstract The optimal design of Electro Chemical Machining (ECM) processes is of significant technological
importance. In the present work ECM processes with an oscillating tool electrode are considered. It is motivated by
the fact that the workpiece electrode may suffer damage or may even fail if the applied load due to hydrodynamic
forces is too large. A simple formula is developed for the reaction force acting on the tool electrode. The formula
depends on the geometrical, the material and the process parameters. The predictions of the mechanical model are
compared with experimental results.
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1 INTRODUCTION

A large number of industrial applications, for ex-
ample sensors and actuators, requires specific mi-
crostructures as a main functional feature. Machin-
ing processes were functional structures are produced
with dimensions smaller than 1 mm are usually called
micro machining processes. Most of the currently
used manufacturing processes for producing micro
system components originate from semiconductor in-
dustry and have been used to process silicon based
materials. In other branches of industry other mate-
rials are used implying that the corresponding man-
ufacturing processes need modification. The ECM
process is a very complex process of e.g. dissolu-
tion reactions with thermal gradients, the production
of gas and the transport of removed material particles
inside the gap. In the present paper the only prob-
lem under consideration is to understand the hydro-
dynamical forces arising during the production of mi-
crostructures with ECM supported by a vibrating tool
electrode.

Electro Chemical Machining is an anodic electro
chemical dissolution process of metallic materials in
an electrolytic medium (3, 4). The ECM allows for
processing metallic materials independently of their
specific mechanical properties. The removal rate is
relatively high compared to metal cutting manufac-
turing processing types. In contrast to the Electro
Discharge Machining (EDM) process, during ECM
the tool electrode wear is extremely low and the sub-
surface remains almost undamaged. The ECM pro-
cess is a well established process in many branches of
industry. For example in aviation industry it is used

to place the cooling air holes in turbine blades. These
holes have diameters between0.5 mm and3.0 mm
and have an aspect ratio up to 300:1. Other well
known and established applications for ECM are the
Electro Chemical (EC) deburring processes, the EC
etching processes and a large variety of EC hybrid
processes like EC grinding (1, 5, 8). A disadvan-
tage of the aforementioned production processes is
the large frontal gap between the tool electrode and
the workpiece electrode. The size of the frontal gap
of standard ECM types may be up to0.5 mm. This
causes a limitation of the shape accuracy.

For the manufacturing of micro system compo-
nents the conventional, i.e. continuous feed rate,
ECM-sinking process was further developed to the
ECM sinking process with oscillating tool electrode
(9, 11). The oscillating ECM process enables for
manufacturing complex micro structures with a high
aspect ratio and an improved shape accuracy. Gener-
ally the structures, that can be produced based on this
technology, are smaller compared with the conven-
tional ECM sinking process. Another advantage of
an ECM process with oscillating tool electrode is the
improved flushing conditions. For a wide range of ap-
plications ECM allows for machining steel and other
metallic construction materials (6, 7, 10). Fig. 1 and
2 show two examples for EC machined microstruc-
tures.

The ECM process with oscillating tool electrode
works according to the following principle. The tool
electrode moves in direction of the workpiece super-
imposed by oscillations and surrounded by an elec-
trolytic medium. As soon as the tool electrode ap-
proaches the workpiece, the electrolyte pressure in the
gap increases. Short times before the frontal gap



Figure 1: Left: SEM micrograph of tool electrode
(material: brass). Right: EC machined work piece
(material: hot forming tool steel).

Figure 2: SEM micrograph of a EC machined flow
field for fuel cells (material: stainless steel)

reaches its minimum value the voltages switched on
and the anodic metal dissolution starts.

This work is motivated by the fact that the tool
electrode may suffer damage or may even fail if the
applied load is too large (see Fig. 3). During the ECM
process the damaged microstructures of the tool elec-
trode is also formed into the workpiece. The func-
tional structures of the tool electrode (micro chan-
nels of a flow field) and of the workpiece are smaller
than 1 mm, thats why the machining process is called
micro machining process. Furthermore, the machine
stiffness should correspond to loads occurring during
the process which requires reliable theoretical esti-
mates. A simple formula is developed which allows
to estimate the reaction force acting on tool electrode
and the pressure gradient inside the gap depending on
the geometrical, the material and the process parame-
ters. The estimate is derived based on a solution of the
Navier-Stokes equations which govern the motion of
incompressible and linearly viscous fluids. The out-
line of the paper is as follows. In Section 2 the exper-
imental setup used for this study is shortly described.
In Section 3, a mechanical model for the calculation
of the pressure gradient and hydrodynamic forces is
presented. In Section 4 the predictions of the mechan-
ical model are compared with experimental data.

Figure 3: Damaged tool electrode for a flow field
(brass).

2 EXPERIMENTAL SETUP

The used electro chemical metal working machine
PEM 1360 (Co. PEMtec, Dillingen/Saar, Germany)
is designed as a prototype for basic investigations.
This machine works with a fixed frequency of 50Hz
and an amplitude of0.2 mm. For the investigations
a capacity pressure sensor (Co. GISMA, Bugingen,
Germany) was used. This calibrated capacity sensor
was embedded in front of a brass tool electrode with a
frontal area of15.975 mm × 15.975 mm. A copper
workpiece was spark-eroded with wire EDM giving a
square hole of16.055 mm × 16.055 mm. The work-
piece was fixed and sealed with glue on a standard
clamping system (Co. EROWA, Büron, Switzerland).
This complex system was put into a plastic cylinder.
In opposite to the real ECM process for the measure-
ment of the hyrdodynamical forces the cylinder was
filled with deionised water. Deionised water must
be used because a standard electrolyte, like sodium-
nitrate or sodium chloride, can destroy the sensor tool
electrode. The sensor tool electrode was put into the
square hole of the workpiece and aligned to the hole
with a dial gauge. The resulting lateral gap was about
40 µm. The pressure inside the gap was measured
for three machining depth5 mm, 10 mm and15 mm.
Fig. 4 shows the experimental setup. The experimen-
tally measured pressure peaks are given in Tab. 2.

3 MECHANICAL MODEL

Basic Equations.In order to derive an approxi-
mate solution of the fluid motion in the gap between
the workpiece and the electrode tool, it is assumed



Figure 4: Experimental setup.

that the fluid is linearly viscous and incompressible.
The temperature is taken to be constant, such that
the mechanical problem can be considered indepen-
dently from the balance of internal energy. As a result
the motion of the fluid is governed by the balances
of mass and linear momentum (Navier-Stokes equa-
tions) which are given by

∂vi

∂xi

= 0 (1)

and

∂vi

∂t
+

∂vi

∂xj

vj = fi −
1

̺

∂p

∂xi

+
ηeff

̺

∂2vi

∂x2
j

, (2)

respectively (see, e.g., 2). Note that the summation
convention is applied in the case of repeated indices.
vi andxi denote the components of the velocity vec-
tor and the position vector with respect to a fixed or-
thonormal coordinate system.̺ is the mass density
andp is the hydrostatic pressure.ηeff represents the
effective dynamic shear viscosity of the fluid.ηeff can
be decomposed into the dynamic shear viscosityη of
the fluid and a turbulent shear viscosityηeddy (eddy
viscosity), i.e. ηeff = η + ηeddy (2). ηeddy is not a
material property of the fluid but depends strongly on
the flow type and the position in the flow. A discus-
sion of this rough approximation ofηeff is given in
Section 4.

Velocity Profile. In the following the flow of the
fluid through the gap is considered. The field of grav-
ity forcesfi is neglected. The flow in the four sec-
tions of the channel is approximated separately by a
flow between two parallel plates which extend to in-
finity in both directions. For simplicity such a part
of the channel is considered where the normal vector
of the surface of the electrode coincides with the op-
posite of thex1-direction. The coordinate system is
specified in Fig. 5.

For the aforementioned problem a solution of the
Navier-Stokes equations can be derived, if the veloc-
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Figure 5: Geometry

ity field is assumed to be given by

v1 = 0, v2 = 0, v3 = v3(x1). (3)

This velocity field satisfies the mass balance given in
equation (1). Equation (2) gives fori = 1: p 6= p(x1)
and fori = 2: p 6= p(x2). The third component of the
equation is

0 = −
∂p

∂x3

+ ηeff

∂2v3

∂x2
1

. (4)

Assuming a constant pressure gradientG = dp/ dx3

in the channel one obtains the velocity profilev3(x1)
by integrating equation (4) twice with respect tox1

v3(x1) = −
1

2

G

ηeff

x2
1 −

(

vE

sL

+
1

2

GsL

ηeff

)

x1. (5)

The two unknowns obtained during the integration
have been determined by the boundary conditionsv3

(x1 = 0) = 0 andv3(x1 = sL) = vE . vE is the tool
electrode speed andsL is the lateral gap dimension
between the workpiece and the electrode. The gap
dimension is assumed to be constant. Note that the
specific velocity field considered here excludes cavi-
tation like phenomena.

Pressure Gradient.Until now the profile still de-
pends on the unknown pressure gradient. In order to
derive a simple estimate of this pressure gradient it
is necessary to neglect the complex flow pattern near
the front surface of the electrode and to exploit the
constraints given by the mass balance. The pressure
gradientG can be determined by balancing the flow
rate V̇ of the fluid in the channel with the flow rate
V̇D equal to the fluid volume displaced per unit time
by the electrode. As a result one obtains

G =
6ηeffvE

s2
L

(

AB

A + B + 2sL

− sL

)

. (6)

The details of the derivation are given in Appendix A.
Resulting Force.For the stress and the force acting



on the tool electrode one obtains

P =
F3

AB
, F3 = FP

3 + FS
3 (7)

where

FP
3 =

6ηeffvE

s2
L

(

AB

A + B + 2sL

− sL

)

ABL (8)

and

FS
3 = τM =

(

GsL − 2ηeff

vE

sL

)

L(A + B). (9)

The details of the derivation are given in Appendix B.
Inspection of the formula forFP

3 andFS
3 shows that

the former contributes to the forceF3 much more than
the latter, i.e.F3 ≈ FP

3 . Furthermore, if one exploits
the fact thatsL is much smaller thanA andB, the
following simplified equation is found

P =
6ηeffvEL

s2
L

AB

A + B
. (10)

Electrode speed.The electrode speed is governed
by its harmonic motion

xE(t) = H sin(ωt) =
1

2
H sin(2πft), (11)

whereH is the amplitude andf is the frequency. The
maximum value of the electrode speed is used in the
following to estimate the forces. It is given by

vE = max( dxE(t)/ dt) = 2πfH. (12)

Note that the coordinate system shown in Fig. 5 im-
plies thatvE < 0 if the electrode moving forward, i.e.
penetrating the workpiece, andvE > 0 if the elec-
trode is moving back. Equations (10) shows thatF3

andP obey the same sign convention.

4 RESULTS AND DISCUSSION

The derived formulae (10) depends on the turbu-
lent viscosityηeddy. The approach based on an con-
stantηeddy gives a parabolic velocity profile which
should not be expected if the flow is turbulent. More
physically based turbulence models have been sug-
gested in the literature (see, e.g., 2). But in the present
paper the aim is to estimate the resulting forces and
therefore the details of the fluid motion in the gap are
neglected.

Beside the simplicity of the applied turbulence model
another rigorous simplification has been introduced.
The flow in the four sections of the channel is ap-
proximated separately by a flow between two parallel

Symbol Value

A, B 15.975 mm lateral electrode
dimension

L 5, 10, 15 mm machining depth

sL 0.04 mm lat. gap dimension

f 50 Hz frequency

H 0.2 mm amplitude

η 1 · 10−3 Pa s dynamic viscosity

ηeddy ≈ 24η eff. eddy viscosity

Table 1: Geometrical parameters, machining condi-
tions, and material parameters

plates which extend to infinity in both directions. The
pressure gradientG is estimated by balancing the flow
rate of the fluid in the channel with volume displaced
per unit time by the electrode. Hence, the chosen ap-
proach for the computation of the pressure gradient
neglects the complex flow behavior near the front sur-
face of the electrode, which is generally nonstation-
ary. Nevertheless, the approximation is based on an
exact solution of the Navier-Stokes equations and re-
lates the geometrical parameters and the effective vis-
cosity with the stresses induced by a specific speed of
the tool electrode.

For the estimation of the effective eddy viscosity
ηeddy two different approaches are used. The first is
as follows. Using the geometrical parameters of the
experimental setup, the machining conditions, and the
viscosity of water at room temperature (see Tab. 1)
ηeddy can be estimated based on one experimental
pressure value. For that the value of60 bar for a
machining depth of5 mm is chosen. Based on this
selection one obtains the following estimate of the ef-
fective viscosity

ηeddy ≈ 24η. (13)

Based on this value the pressure in the tool electrode
is computed for the two other machining depths using
equation (7) and the approximation (10). The results
are given in Tab. 2.

The previous approach is rather empirical but shows
that ηeddy is really a characteristic parameter of the
flow type considered here. In order to make the ap-
proach more reasonable, one may look for an esti-
mation based on other experimental data. First it is
noted that for a flow between two parallel plates with
fixed flow rate a turbulent flow requires higher pres-
sure gradients than a laminar flow. Equation (6) re-



flects this since the pressure gradient is proportional
to ηeff . For a pipe flow the (Darcy) friction factor is
given byf = −2D∂p/∂x3/U2 whereD is the pipe
diameter andU is the mean velocity. For a lami-
nar flowf = 64/Re holds. HereRe = ̺DU/η is the
Reynolds number. For a turbulent flowf can be de-
termined based on the Moody diagram. Details con-
cerning the friction factor can be found in the mono-
graph (2). The mean velocity and the characteris-
tic length of the ECM process considered here are
U = (vEAB)/(2sL(A + B)) ≈ 6.3 ms−1, D = 5−
16 mm. This givesRe = 30, 000- 100,000. The cor-
responding Darcy friction factors for a hydraulically
smooth pipe flow aref ≈ 0.02 andf ≈ 0.016. Since
the ratio of the ’turbulent’ and the ’laminar’ Darcy
factor relates the corresponding pressure gradients, it
can also serve as indicator for the ratio ofη andηeddy.
For the aforementioned Reynolds numbers the ratio
of the ’turbulent’ and ’laminar’ Darcy factors is in the
range from 9 to 25. Since the aim is an approxima-
tion of the largest possible load for the ECM process,
the largest value is taken into account. It can be con-
cluded that the second approach for estimatingηeddy

yields approximately the same value forηeff as the
first one. The fact that the second approach is based
on pipe flow data may be justified by the fact that the
details of the flow geometry have been already con-
siderably simplified.

Machining Pressure Pressure Pressure

depth P P P

exp. calc. calc.

eqn. (7) eqn. (10)

[mm] [bar] [bar] [bar]

5 60 59 59

10 128 119 118

15 173 178 177

Table 2: Comparison of experimental and calculated
pressure values

If the effective viscosityηeff has been estimated,
equation (10) gives surprisingly accurate predictions
for the pressureP . This fact indicates that the sug-
gested model still describes the essential mechanical
features of the ECM process with oscillating tool elec-
trode. Note that the equation for the pressure is inde-
pendent of the electrical conductivity of the fluid. It
is only assumed that the fluid is linerly viscous.

5 SUMMARY

In the present paper a simple equation is derived
for the estimation of the reaction force due to hy-
drodynamic forces acting on the tool electrode. The
formula for the load depends on the geometrical, the
material and the process parameters. It is based on a
solution of the Navier-Stokes equations. The result-
ing pressureP is proportional to the tool electrode
speed and to the effective viscosity of the electrolytic
medium. Furthermore, the pressure is inversely pro-
portional to the square of the lateral gap dimension.
The developed formula is useful for the design and
construction of electro chemical metal working ma-
chines which are working with oscillating tool elec-
trode. It is possible to estimate the forces for the
clamping systems. After an adaptation of the material
parameters of the fluid the equation for the maximum
pressure can be used for other electrolytic media in
ECM and also for EDM die sinking processes with
vibrating tool electrode using dielectric media.
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APPENDIX

A - Computation of the Pressure Gradient

Integrating the velocity field over the gap length
gives the flow rateV̇ ∗ per unit length in the circum-
ferential direction of the channel

V̇ ∗ =

∫ sL

0

v3(x1) dx1 = −
1

12

Gs3
L

ηeff

−
1

2
vEsL. (14)

For constantsL the flow rateV̇ can be computed by
multiplying V̇ ∗ by an effective circumferential length
LC of the gap. For the geometry considered hereLC

is given by

LC = 2(B + sL) + 2(A + sL). (15)

As a result, the flow ratėV = V̇ ∗LC is

V̇ = −

(

1

6

Gs3
L

ηeff

+ vEsL

)

(A + B + 2sL) . (16)

V̇D is obtained by multiplying the cross-sectional area
AB with the electrode speedvE

V̇D = ABvE . (17)

From V̇ = V̇D one derives finally the pressure gradi-
ent in the gap between the workpiece and the elec-
trode tool

G =
6ηeffvE

s2
L

(

AB

A + B + 2sL

− sL

)

. (18)

B - Computation of the Resulting Force

In order to compute the resulting force vectorFi

on the electrode, one has to integrate the stresses over
its surface. Due to the symmetry of the considered
problemF1 = 0 andF2 = 0 hold. Furthermore, on
the front surface only the pressure difference

∆p = GL (19)

is relevant, which acts on the cross-sectional area of
sizeAB. As a result, the corresponding force is

FP
3 = ∆pAB (20)

=
6ηeffvE

s2
L

(

AB

A + B + 2sL

− sL

)

ABL

whereL is the machining depth. The outside surface
of the electrode is of size

M = 2L(A + B). (21)

The shear stresses on this surface depend linearly on
the effective viscosity

τ(x1 = sL) = ηeff

∂u3

∂x1

(x1 = sL) (22)

with
∂u3

∂x1

(x1 = sL) =
1

2

GsL

ηeff

−
vE

sL

(23)

As a result, the shear stresses induce the following
force

FS
3 = τM =

(

GsL − 2ηeff

vE

sL

)

L(A + B). (24)


