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Summary

Electrochemical machining (ECM) is a method for removing metal by anodic disso-
lution. At the interface between the workpiece surface and an electrically conductive
fluid (electrolyte), the material is dissolved locally without direct physical contact to
the cathodic tool. Due to the force-free nature of the process, ECM is used for machin-
ing high-strength or hard materials, such as titanium aluminides, Inconel, Waspaloy,
and high nickel, cobalt, and rhenium alloys.1 However, determining suitable process
parameters remains challenging due to their interacting effects on working distances
during the machining process. Therefore a simulation-based approach to process
design substantially reduces resource and time investment to achieve the desired
geometry of the finished part. This methodology requires data about the materials
electrochemical properties, such as removal velocity and current efficiency, which
have to be obtained experimentally. In this study, a methodology for acquiring and
processing this data as well as the development of multiphysics simulation models is
presented for two use cases: (i) manufacturing a centrifugal impeller with a diameter
of 14mm consisting of the nickel alloy Inconel 713C for use in turbomachinery and
(ii) the generation of a defined surface micro structure into the novel Mg-Y-Zn alloy
WZ73.
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1 INTRODUCTION

Within the collaborative research project AMARETO of Technische Universität Bergakademie Freiberg, Dresden University of
Technology, Chemnitz University of Technology and the Fraunhofer Institute for Machine Tools and Forming Technology, the
higher-level objective pursued is the development of methods and transfer of solutions for parts of the value chain, focusing on
time- and resource-efficiency in product development. One suitable approach is the implementation of the concept of a digital
twin, a virtual representation of a physical product. This digital twin contains all available data regarding material, treatment
conditions, geometry, and surface characteristics along the process chain. As this digital twin is subject to simulated process
steps, this data must contain relevant input data to be integrated in simulation models via suitable interfaces.
In electrochemical machining (ECM), electrodynamic, fluid dynamic, and thermodynamic mechanisms as well as reaction
kinetics are interacting with each other, influencing local electrolyte conductivity, material transport, and resulting workpiece
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geometry. Consequently, achieving the desired workpiece geometry and surface properties requires multiple iterations for opti-
mizing process configuration and tool design. Multiphysics simulation is an essential tool in order to design ECM processes
efficiently.2 These process simulation models rely on accurate input of the electrochemical properties of the materials to be
machined, such as their normal removal velocity, current efficiency and overpotentials as functions of the normal current density.
These functions are calculated from process data recorded during material characterization experiments and are subsequently
integrated into process simulation models in a streamlined data processing chain. In this study, two distinct variations of ECM
processes are discussed exemplarily.
The first example involves the manufacturing of a centrifugal impeller consisting of Inconel 713C for application in turboma-
chinery. Inconel 713C is a nickel-based superalloy featuring tensile and yield strengths above 700MPa at temperatures up to
800 °C.3 Due to its mechanical properties conventional machining of this alloy is challenging, resulting in high tool wear, long
manufacturing times, and need for additional surface finish. Alternatively, a pulsed electrochemical machining (PECM) pro-
cess can be applied. In PECM, the cathode is moved into the workpiece utilizing pulsed electric current and dedicated flushing
periods during pulse-off times instead of continuous current and flushing. To further improve the flushing conditions, the linear
movement of the tool cathode is superimposed by an oscillation movement. Figure 1 shows the principle of pulsed electrochem-
ical machining with oscillating cathode schematically.

FIGURE 1 Principle of pulsed electrochemical machining (PECM) with oscillating cathode.4

During PECM with an oscillating cathode, working distances during pulse-on times (phase I and phase III) are minimal while
the electrolyte is reliably renewed during pulse-off times (phase II), hence increasing accuracy and stability of the process.5

Current and oscillation frequencies typically range from 50Hz to 200Hz with pulse-on times of 1ms to 4ms.
The second example in this paper is the generation of a functional surface structure into the Mg-Y-Zn alloy WZ73. This light
metal alloy provides high yield strength for temperatures up to 200 °C, thus meeting requirements prevalent in automotive and
aviation engineering.6 Lubrication pockets in the form of micro calottes are manufactured via ECM with continuous electrolytic
free jet (Jet-ECM). The principle is illustrated schematically in figure 2. In Jet-ECM, the electrolyte is focused through a cathod-
ically connected nozzle (yellow) onto the anodically connected workpiece (grey). In this setup, the electric current is constrained
to the electrolyte jet, thus resulting in high local current densities at the workpiece surface beneath. This allows for continuous
highly localized material removal in an area slightly bigger than the cross section of the nozzle and assures a sufficient supply of
clean electrolyte. Typically, nozzles have diameters ranging from 50 µm to 500 µm and are positioned 100 µm to 500 µm above
the workpiece surface. Rate and location of material removal are adjusted by working voltage and nozzle position. Therefore,
the Jet-ECM process is more flexible than sinking methods relying on a specific cathode shape.
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FIGURE 2 Principle of electrochemical machining with continuous electrolyte free jet (Jet-ECM).7

2 SIMULATION-BASED PROCESS DESIGN

Figure 3 illustrates the developed methodology of simulation-based design of ECM processes utilizing the concept of the digi-
tal twin. At the beginning, relevant data regarding material, geometry or treatment condition of the initial or semi-finished part
are extracted from the the data chain of the digital twin. In combination with the requirements of the part, such as geomet-
ric tolerances or surface quality, a removal concept can be outlined. This includes the choice of a suitable machining process
and its approximate input parameter intervals. If the electrochemical properties of the material are yet unknown, a removal
characterization can provide all necessary information. After integrating these properties in developed models for process simu-
lation, machining parameters can be derived. Finally, geometry and surface properties of the manufactured part can be analyzed
and the information returned to the data chain of the digital twin for subsequent manufacturing steps. In this work, removal
characterization and process simulation will be discussed more in-depth.

FIGURE 3 Methodology for the simulation-based design of ECM processes.

2.1 Removal characterization
An essential material property for the development of a process simulation model is either normal removal velocity 𝑣a, effective
material removal rate 𝑉eff , or current efficiency 𝜂 as a function of the normal current density 𝐽 , respectively. The following
equation describes the relation of these quantities:8

𝑣a
𝐽

= 𝑉eff = 𝜂𝑉sp. (1)
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𝑉sp, the specific material removal rate, can be calculated according to Faraday’s law of electrolysis for an alloy of mass density
𝜌 consisting of components indexed i with specific weights 𝑤i, molar masses 𝑀i and valences 𝑧i:9

𝑉sp = (𝜌𝐹 )−1
∑
i

𝑤i𝑀i

𝑧i
. (2)

The compositions of the characterized alloys Inconel 713C and WZ73 are shown in table 1 and table 2, respectively.

TABLE 1 Composition of Inconel 713C.

𝐢 Ni Cr Mo Nb Ti Fe C Others

𝒘𝐢 (%) Bal. 13.1 6.3 4.4 2.1 0.9 0.15 < 0.28

TABLE 2 Composition of WZ73.

𝐢 Mg Y Zn Zr Others

𝒘𝐢 (%) Bal. 6.8 2.5 0.4 < 0.01

In this study, the removal characterization was conducted according to DIN SPEC 9139910, which yields the normal removal
velocity 𝑣a as a function of normal current density 𝐽 at the workpiece surface as well as the sum of all overpotentials 𝑈Σ. The
latter describes the voltage drop in the boundary layers between electrodes and bulk electrolyte. 𝑈Σ can constitute a significant
percentage of the total working voltage 𝑈q, reducing the amount of material removed electrochemically, hence it is another
necessary input quantity for ECM process simulation models.
The removal characterization consists of several PECM experiments under variation of working voltage 𝑈q and feed velocity
𝑣f . All experiments were conducted on the manufacturing machine PEMCenter 8000 using a solution of NaNO3 with a salt
content of 8% as electrolyte. Figure 4 displays a basic scheme of the setup. Both the cathodic tool electrode (yellow) and the
anodic sample workpiece (grey) were of cylindrical shape with a diameter of 12mm, aligned coaxially. Relevant parameters of
the characterization experiments are summarized in table 3.

vf
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FIGURE 4 Scheme of material characterization
setup. Feed velocity 𝑣f and average removal veloc-
ity 𝑣a are of same magnitude and direction.

TABLE 3 Parameters of the characterization experiments.

Characterized material

Parameter Inconel 713C WZ73

Electrolyte conductivity 𝜎el 69mS cm−1

Electrolyte inlet pressure 𝑝in 310 kPa
Maximum feed velocity 𝑣f 0.51mmmin−1 1.04mmmin−1
Oscillation frequency 𝑓z 50Hz
Working voltage 𝑈q (5.0…14.5)V
Pulse frequency 𝑓p 50Hz
Pulse duration 𝑡p 4ms

Within the removal characterization of both materials, a total of 81 experiments were conducted while recording available
process data, such as cathode position and current characteristic. Calculated removal velocities 𝑣a and sums of overpotentials
𝑈Σ as functions of current density 𝐽 are shown in figure 5. For both alloys 𝑣a and 𝐽 are in linear relation. As these functions
cross the origin of coordinates, according to equation (1) constant effective material removal rates 𝑉eff of 43 × 10−3 mm3 C−1

and 95 × 10−3 mm3 C−1 at current efficiencies 𝜂 of 1.36 and 1.21 can be determined for Inconel 713C and WZ73, respectively.
Sums of overpotentials 𝑈Σ ranging from 3V to 14V were observed.
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FIGURE 5 Electrochemical properties of Inconel 713C and WZ73 obtained from material characterization experiments. Normal
removal velocities 𝑣a (left) and sums of overpotentials 𝑈Σ (right) as functions of normal current density 𝐽 at the workpiece
surface.

2.2 Data processing and database integration
To perform the calculation of electrochemical properties for each material efficiently from the accumulated process data, an
automated data evaluation flow as an interface between characterization experiments, a material database and the simulation
environment was developed in the data science tool KNIME Analytics Platform11. As outlined in the dataflow in figure 6, the
result of the processed data can be displayed tabularly an graphically. After inspection, all data regarding both machined material
and electrolyte properties during the material characterization experiments is reformatted and integrated into a PostgreSQL
database structure set up for this purpose. This dataflow also allows accessing all data in a format suitable for integration in
multiphysics simulation. As this data is available online, it can also be accessed via web interface.

FIGURE 6 Dataflow developed in KNIME Analytics Platform for calculation of electrochemical properties from characteriza-
tion experiments, interfacing to an online material database.
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3 MULTIPHYSICS SIMULATION

In this section, developed process simulation models for both the manufacturing of a centrifugal impeller consisting Inconel 713C
via PECM12 and the generation of a micro calottes in a WZ73 surface via Jet-ECM13 will be presented and results will be
discussed briefly. Removal velocities 𝑣a and sums of overpotentials 𝑈Σ determined during the material characterization can be
integrated into the models directly from the recorded process data or from the material database.

3.1 Manufacturing of a centrifugal impeller via PECM
3.1.1 Concept and methods
A 3D model of the PECM process was developed using the commercial software COMSOL Multiphysics, which utilizes the
finite element method (FEM). The impeller is manufactured by moving a cathode sheet with cutouts into a cylindrical rod with
a diameter of 14mm. Utilizing the periodic shape of the impeller, the removal process was modelled only for a single segment.
The basic concept is illustrated in figure 7. Based on the results of the removal characterization, promising process parameters
were selected and are summarized in table 4. In order to improve the reproduction accuracy of the designed blade profile, the
cathode features an isolation on top and a 45° chamfer.

FIGURE 7 Simulation model of the PECM process for manu-
facturing centrifugal impellers from a cylindrical workpiece.

TABLE 4 Definition of process parameters used in the
model of the PECM process.

Parameter Value

Electrolyte conductivity 𝜎el 69mS cm−1

Feed velocity 𝑣f 0.5mmmin−1
Oscillation frequency 𝑓z 50Hz
Working voltage 𝑈q 14.5V
Pulse frequency 𝑓p 50Hz
Pulse duration 𝑡p 4ms
Initial working distance 𝑠0 200 µm
Process time 𝑡proc 180 s

After defining the working voltage as a boundary condition at the cathode boundary, charge transport and resulting current
densities in the electrolyte domain are determined by a potential model. This model is based on Ohm’s law and the conservation
of electric charge. By fully coupling electrodynamics and boundaries displacement of the workpiece domain according to the
functions shown in figure 5, the material removal is calculated.

3.1.2 Results
Figure 8 displays the simulated distribution of normal current density on the workpiece surface after a machining time of 180 s.
At this point in time, the cathode has fully passed the top of the workpiece resulting in close to zero current density at this part of
the workpiece, and hence no material removal. For process parameters defined in table 4, the frontal working distance converges
to 46 µm at current densities of 96A cm−2. At the 45° chamfer of the cathode, the increased working distance of 81 µm decreases
the current density to 68A cm−2. The lateral profile of the simulated impeller blade superimposed with the blade-shaped recess
in the cathode is shown in figure 9. Areas of the impeller blade with concave curvature show a smaller lateral working distance
with a minimum of 𝑑min = 74 µm, whereas areas of convex curvature, experiencing high current densities show distances up
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to 𝑑max = 108 µm. These variation have to be accounted for in cathode design in order to obtain the desired impeller blade
geometry.

FIGURE 8 Removal geometry and normal current density
distribution on the workpiece after a machining time of 180 s.

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
3.0

3.5

4.0

4.5

5.0

5.5

dmax

y 
(m

m
)

x (mm)

  Cathode profile
  Impeller blade profile

dmin

FIGURE 9 Superimposed lateral profiles of machined
impeller blade (grey) and cathode (orange).

3.2 Generation of micro calottes in WZ73 surfaces
3.2.1 Concept and methods
In Jet-ECM process simulations not only the local electric conductivity but also the shape of the electrolyte domain heavily
depend on accurate modelling of fluid dynamic conditions. In computational fluid dynamics, the finite volume method (FVM)
is often preferred due to its property of exactly conserving fluxes in each finite volume. Thus the FVM simulation software
Star-CCM+ was used to develop a 3D model of a Jet-ECM process for the generation of micro calottes in a WZ73 surface using
a nozzle with a diameter of 100 µm. The removal concept is shown in figure 10 and relevant process and material parameters
are summarized in table 5.

FIGURE 10 Simulation model of the Jet-ECM process for
generating micro calottes in the workpiece surface.

TABLE 5 Process and material parameters used in the
model of the Jet-ECM process.

Parameter Value

Working voltage 𝑈q 56V
Electrolyte inflow velocity 𝑣el 20m s−1
Working distance 𝑠0 100 µm
Process time 𝑡proc 2.0 s

Electrolyte conductivity 𝜎el 160mS cm−1

Electrolyte mass density 𝜌el 1222 kgm−3

Electrolyte dynamic viscosity 𝜂el 1.61 × 10−3 Pa s
Air conductivity 𝜎air 8 × 10−6 mScm−1

Air mass density 𝜌air 1.19 kgm−3

Air dynamic viscosity 𝜂air 1.82 × 10−5 Pa s
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The process model utilizes the volume of fluid method for modelling the multiphase flow. For each finite volume element,
mass density, electrical conductivity and dynamic viscosity are calculated according to the ratio of its immiscible components
electrolyte and air. Based on the composition of each volume element, Maxwell’s equations are solved for calculating the electric
field for the given working voltage. The resulting current density distribution is determined according to the generalized Ohm’s
law. After the normal component of the current density on the workpiece surface has been derived, the removal is modelled
according to the experimentally determined material characteristics (figure 5) by deforming its boundary.

3.2.2 Results
Selected results of the Jet-ECM process simulation are shown in figure 11. Starting from left, the deformation of the workpiece
surface and resulting changes in electrolyte flow are shown. While the electrolyte flow stays adhered to the surface at the start of
the process, it changes drastically at a removal depth 𝑧 = 63 µm (𝑡 = 0.34 s), ultimately causing a secondary electrical contact
between nozzle and workpiece. The images in the middle depict the current density distributions on the workpiece surface,
which results in higher removal velocities towards the center of the machined area, generating the characteristic calotte shape.
Its profile can be seen on the right-hand side along the current density distribution in the electrolyte jet. In order to verify the
accuracy of the developed model, several micro calottes were manufactured in a WZ73 sample for increasing machining times
up to 2.0 s using a laboratory scale setup. Removal depths obtained in simulations and experiments are compared in figure 12,
showing an average deviation of 4%.

FIGURE 11 Manufacturing micro calottes in a WZ73 surface. Removal
geometry and flow of electrolyte (left), current density distribution
on the workpiece surface (middle) and in the electrolyte jet (right) at
process times 𝑡 = 0.0 s and 𝑡 = 1.0 s.
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FIGURE 12 Comparison of removal depth 𝑧
during the Jet-ECM process in simulation and
experiment.
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4 SUMMARY AND CONCLUSION

In this work a methodology for designing ECM processes based on multiphysics simulation was presented. The data-driven
approach utilizes a seamless flow of information on electrochemical material properties. It encompasses recording and pro-
cessing process data as well as the development of interfaces between experiment, material database and process simulation
model. The methodology was applied for two use cases in electrochemical micromachining: (i) the manufacturing of a centrifu-
gal impeller with a diameter of 14mm of the nickel-based superalloy Inconel 713C via pulsed electrochemical machining with
oscillating cathode and (ii) the generation of micro calottes in the Mg-Y-Zn light metal alloy WZ73 via Jet-ECM. Characteristic
material removal velocities and sums of overpotentials as functions of the normal current density were calculated and effective
material removal rates derived. Based on requirements for the process simulation, suitable models using both FEM and FVM
methods were developed. After integrating the material data into the models, transient process simulations were conducted. Hav-
ing set suitable input parameters, current density distributions on the workpiece surface and resulting removal geometries were
characterized. In addition, the reproduction accuracy of the cathode shape used in the PECM process was examined by evaluat-
ing lateral distances to the impeller blade. Micro calottes manufactured on a lab scale Jet-ECM setup were in good agreement
with the simulation results regarding their relation between machining time and resulting depth, showing an average deviation
of 4%.
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