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Abstract

In order to increase the efficiency of jet engines hard to machine nickel-based and titanium-based alloys are in common use for aero
engine components such as blades and blisks (blade integrated disks). Here Electrochemical Machining (ECM) is a promising
alternative to milling operations. Due to lack of appropriate process modeling capabilities beforehand still knowledge based and a
cost intensive cathode design process is passed through.

Therefore this paper presents a multi-physical approach for modeling the ECM material removal process by coupling all relevant
conservation equations. The resulting simulation model is validated by the example of a compressor blade. Finally a new approach
for an inverted cathode design process is introduced and discussed.
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1. Introduction

To achieve weight reduction and increased thermal
efficiency of jet engines, hard to machine alloys such as
Ti-6Al-4V and Inconel 718 are in common use for the
manufacture of aero engine components. Especially the
milling process of blisks made of Ni-based alloys
reaches its technological and economical limit. Here
Electrochemical Machining (ECM) is a cost-effective
alternative. In ECM high material removal rates can be
realized without developing any white layer or heat
affected zone. Additionally via ECM it is possible to
achieve finished surfaces qualities during rough
machining operations, which eliminates the need for
further treatment like cost-intensive finish milling steps
or polishing operations [1, 2, 3].

But due to cost intensive tool developing processes
and rather high investment costs for the machine tools,
ECM is mostly used in productions with large batch
sizes. Main reason for high tool costs is an only

knowledge-based, iterative cathode designing process.
After a test run the produced workpiece has to be
measured and the difference between target and actual
geometry due to locally changed conditions of
electrolysis is subtracted from the cathode and so forth.

On the other hand the theoretic background of the
electrochemical material removal process with all its
different physical aspects is very well known, but up to
now it has never been succeeded to combine all different
aspects together into one sufficiently precise model to
simulate the process for the manufacture of aero engine
components.

This paper presents a new approach for modeling the
ECM material removal process by coupling the
conservation equations for fluid flow, electric fields,
electrochemical surface reactions, ionic transport and
heat transfer. Based on initially introduced governing
equations, possible coupling strategies are presented and
discussed. Afterwards, the aecrodynamic cross-section of
a compressor blade is calculated in two different ways.
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Besides the simulation of the classical ECM process
with the aim to calculate the blade contour by using
predetermined cathode geometries a new inverted
simulation strategy is presented. This new approach uses
the blade target geometry in order to calculate cathode
shape by inverting the electric field.

2. Theoretical Backround

ECM is a manufacturing technology where many
different physical disciplines and aspects need to be
considered (cp. figure 1). In order to simulate this
material removal technology besides the modeling of the
electromagnetic field the electrolyte flow has to be
calculated, as well as the reactions on electrode’s surface
and the ionic transport.

So in this chapter the governing equations for a
complete description of the electrochemical material
removal process are named and possible physical
couplings are discussed.

Electric Field
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Fluid
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Fig. 1. Physical Couplings in ECM [4]
2.1. Electric Field

The electric field forms the basis for electrochemical
reactions and can generally be described by Maxwell’s
equations [5] and the continuity equation of charge
which states that local electric charge density p changes
by the divergence of the vector of current density T:

Vii=-22, (1)

If magnetic fields are neglected, the electrical field E is
defined by the negative gradient of electric voltage V:

E=-VVv. 2)

With the specific electric conductance o, the electric
displacement field D and the external vector of current
density 7, the vector of current density T results to:

[

i=oE+241, . 3)

In case of electrochemical machining the external

=

t

current density equals zero because only an external
voltage is applying. The electric displacement field is
defined as:

D = ¢gyE .

“4)

Herein ¢, is the electrical field constant and e, the
material dependent relative permittivity. Altogether
current density can be written as:

—

1= (0+sosr%)E . 5)

2.2. Electrolyte

Flow fields of Newtonian fluids can completely be
described by the Navier-Stokes equations [6]. Equivalent
to the continuity equation of charge the conservation of
mass can be written as:
%+V’-(p7)=0. (6)
Here p denotes fluid’s density and V the velocity vector.
If Newton’s axioms are applied to a continuum the
conservation of momentum results to:
2 (pV) + V- (pW) = pg— Vp+V-%. (7
Within equation (7) g is an acceleration vector, p the
pressure and T the tensor of shear stresses.

In ECM caused by the electrolysis of water hydrogen
gas is produced on the cathode’s surface. Therefore the
fluid had to be described as a two phase flow which in
general can be solved by the Navier-Stokes equations as
well.

Caused by high flow velocities and sharp inlet angles
of the cathodes, flow fields in ECM processes for aero
engine components are mostly turbulent. In order to
achieve adequate simulation times the Navier-Stokes
equations are not computed directly. Hence turbulence
has to be modeled separately e. g. by the k-e-model [7].

2.3. Electrode Surface Reaction

To model the ECM process the mathematical
description of surface reactions is of central importance.
Basically current density i can be written as the
difference of anode (index A) and cathode (index C)
reactions:

i =i, —ic = Fka[Red] — Fk¢[Ox] . (8)

Herein F is Faraday’s constant and k represent the
reaction velocities. These reaction velocities can be
described with the help of the transition state theory and
are defined as [8]:

AG

k = BeRT . )
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According to Eyring’s theory the temperature T
dependent frequency factor B is proportional to the ratio
of Boltzmann’s (kg) and Planck’s (h) constant [9]:

_ keT

B = ol (10)
Difference of free enthalpy (Gibbs free energy) AG is
expressed by the sum of the enthalpy difference in the
energetic ground state and the Galvani potential Ad.

AG = AG(0) + FA® . (11)

Equation (11) here denotes the maximum potential
difference which does not occur in reality so that a
passage factor a with 0 < o < 1 is applied.

If the anodic current density equals the cathodic
current density, potential difference AP equals the
equilibrium rest potential E. This interrelationship leads
to the exchange current density ij:

F
: 1-a)==E :
— Oe( OrrE = §

iA =1x 0 (12)
oLk

ic = icoe RT = io . (13)

If an external potential E’ is applied to the

electrochemical cell, the potential within the cell
changes from equilibrium rest potential to E’ and the
over-voltage n results on electrode’s surfaces:

n=E—-E. (14)
Hence the new potential difference A is:
AP =E+ 7. (15)

Summarized and with the substitution f = F/RT the
local current density can be calculated by the so-called
Butler-Volmer equation:

i= io(e(l‘“)fn - e_“ﬁ‘) .

(16)
2.4. Heat Transfer

In order to model an ECM-process the heat transfer is
divided into heat transfer in solids and heat transfer in
fluids under neglected thermal radiation. Based on the
first law of thermodynamics and Fourier’s law heat
transfer in solids can be calculated by [6]:
pcp% =V- (kVT) +Y0oqi - (17)
Herein ¢, is the specific heat capacity, k the isotropic
thermal conductivity and q; a specific heat source.

In combination with the conservation of mass and
momentum the conservation of energy for a fluid can be
written as [6]:

d 12 - o T s S o
pa(e+@)=pg-v—V-(kVT)—V-(pV)+
V@) + 24,

where e denotes the inner energy.

(18)

2.5. lonic Transport Mechanisms

In general it is distinguished between the three types
of ionic transport mechanisms diffusion, migration and
convection [8].

Diffusion
Diffusion is described by Fick’s laws. First Fick’s law

says that molecular particle flux ] is proportional to the
gradient of molar concentration c:

(19)

Second Fick’s law is a direct result of the first one and
the conservation of mass for each element:

dc
]——Da.

E:V)-(DV)C).

N (20)

With the help of the Stokes-Einstein equation in
which 1 is the dynamic viscosity of the fluid and R,
ion’s hydrodynamic radius, diffusion coefficient D can
be calculated by:

_ kgT

=GR

2

Migration

Tonic migration describes the movement of ions in an
electric field. Positive charged ions move through the
electric field in the direction of the negative pole.
Assumed that the ions reach a stationary value of
migration velocity, ionic mobility u can be calculated by
the Nernst-Einstein equation. Therein R denotes the
universal gas constant:

D
u= ﬁ . (22)
Convection

Finally dissolved particles can be moved by
convection. This velocity is several orders of magnitude
higher than diffusion or migration and can be described
by the Navier-Stokes equations (cp. chapter 2.2). But the
wall near boundary layer is an exception caused by the
no-slip condition. In summary, all ionic transport
mechanisms can be expressed for one species (index i)
to equation (23). Therein R; denotes a chemical reaction
term:

% + v ' (—Dﬁci - ZiuiFCﬁV + CiV) = Ri (23)
2.6. Faraday's Law
Besides the complete description based on

conservation equations the electrochemical machining
process can approximately be described by Faraday’s
law [4]. For multiphase materials and due to the fact that
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not each individual reaction is removal effective,
Faraday’s law can formally be written as:
Wi M

100 ¥j=q yjzij -

Verr ==+ = Vopt = LTy (24)
In equation (24) V¢ represents the effective material
removal rate, v, the dissolving velocity, Vg, the specific
material removal rate, 1 the current efficiency, w; the
specific weight of the alloying addition i, M; the molar
mass and z;; the electrochemical valence. Due to the fact
that each element can be ionized differently strong,
electrochemical valences in equation (24) are hard to
forecast so that the adjustment factor y;j indicates the
probability for each individual reaction taking place. But
these probabilities are not known exactly because they
are on their part a function of temperature, pH-value and
so forth. For this reason and due to the fact, that the
effective material removal rate can be determined very
exactly in analogical experiments, values of Vg are
often used as basis for further simulations [10].

2.7. Physical Coupling

First of all the local current densities out of the
Butler-Volmer equation (16) have to be coupled with
Faraday’s approach. Provided that all parameters for
each elementary reaction i are known, the local,
analytical dissolving velocities v jocq1 can be calculated
by:

Mjviij

VA,local = Zi 0iziF . (25)

Here v; denotes the stoichiometric coefficient of the
reduced species i.

Up to now no general analytical expression for the
conductance k of strong electrolytes — as they are used in
ECM - exists [11]. For this reason and due to the fact
that this interrelationship is experimentally well proven,
here a linear approach (slope factor ) is used to model k
as a function of temperature:

K=Ky +B(T—T,) . (26)

Similar to equation (26) the electrical conductivity of
two-phase flows can be calculated by semi-
phenomenological approaches, e. g. of Bruggemann et
al. [12].

Generally in ECM heat is generated by Joule heating
and electrochemical reactions. Provided that nearly all
electrical energy is converted into heat [13], Joule
heating of the electrolyte qjoue can be calculated in

combination with Ohm’s law to:
Qjoule = A(PZKS - (27

Therein A is the difference in potential between anode
and cathode and s the local gap width. Due to their low

specific resistances, Joule heating of used solids is
neglected.

Heat generated by surface reactions can be expressed
by the product of local current density i generated by
Butler-Volmer reaction and over-voltage n:

(28)

Qreaction = 11 -

Finally all equations of this chapter are introduced into
one multi-physical model

3. Modeling and Simulation
3.1. Simulation Software

For modeling and simulation the commercial FE-
software COMSOL Multiphysics has been used. Due to
the modular design of this software tool it is possible to
combine different physical phenomena together into one
simulation model. COMSOL has already proven to be
successful in  several different electrochemical
machining operations like jet-ECM [14] or in the
manufacture of shaver caps [15].

3.2. Coupling Strategies

In order to solve the Butler-Volmer equation for each
elementary reaction the exchange current density i, and
the passage factor a has to be known. While a in most
cases takes the value 0.5, values for i, unfortunately
only exist for a small number of individual reactions
[16]. Thus, currently it is not possible to set up a
complete analytical model because many parameters are
not existing and have to be found in future experimental
studies.

Here Faraday’s approach is used with the help of
experimental data of the effective material removal rate
Vege [10]. In figure 2 simulation steps and possible
coupling strategies are summarized by their names
within COMSOL Multiphysics and particular physical
effects they take into account.

N
STUEY ()M Fluid Flow — Turbulent Flow
step 1
= J
N
* Heat Transfer — Heat Transfer in
Simulation Fluids
step 3 * AC/DC — Electric Currents )
N
Simulati * AC/DC - Electric Currents
L - Mathematics — Moving Mesh
step 3 )

Fig. 2. Simulation steps and possible coupling strategies
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3.3. Initial and Boundary Conditions

Table 1 summarizes typical initial and boundary
conditions of ECM processes for the manufacture of
aero engine components. Final simulation examples are
based on these values. Aero engine components such as
blades and blisks are manufactured in several steps so
that feed rate and voltage are varied in a predefined
range.

Table 1. Typical initial and boundary conditions

Initial and boundary Symbol and physical Value
condition unit

Inflow temperature T,/ K 308.15
Inflow conductivity of

the electrolyte Ko/ (mS/em) 33
Slope of the

conductivity B/ (mS/AK-cm)) 28
Feed rate v¢/ (mm/min) 0.3-1
Effective material Ver/ (mm¥/(Ass)) 151
removal rate

Voltage u/v 7-20
Surrounding To/K 208.15

temperature

4. Results and Discussion

In this chapter the results of simulation using the
model with the initial and boundary conditions described
above are presented for a real compressor blade
application. Based on the blade target geometry itself
and a cathode geometry which has proven to be
successful in practice the simulation model is validated.
In a second step a new inverted approach is presented
where cathode geometry is computed.

4.1. Classic Simulation

Figure 4 shows schematically the ECM process of the
manufacture of a compressor or turbine blade. Tool
cathodes are moved with a constant feed rate towards the
blade (anode) and due to local conditions of electrolysis
the blade is formed.

Cathode Feed direction Leading edge
Inlet
Trailing edge Feed direction Cathode  Anode

Fig. 3. Principle of ECM blade manufacture

Based on a real compressor blade geometry finally a
simulation with the three simulation steps and couplings
described above was made. Besides the target geometry
a cathode geometry which has proven itself in practice
was given in order to validate the simulation model.
Figure 4 shows the results of the simulation. It is
recognizable that the flow surfaces (detail ‘c’) are
mapped excellent by the simulation in comparison to
target geometry.

Geometrical deviations of less than 150 um in trailing
and leading edge can primarily be explained by
inaccuracies of the predetermined inflow conductivity of
the electrolyte. Another reason which is recognizable
especially in detail ‘a’ is the low accuracy of splines
generated by COMSOL. So a sharp trailing edge is built
which does not correspond with the target geometry in
this area.

Target (=~ experimental) geometry
Cathode geometry
—— Simulated geometry b

‘G 2

o)

Maximum deviation < 10 pm

|

(a b )
k ‘% o,

Fig. 4. Classic ECM process simulation

4.2. Alternative Cathode Calculation

Due to the fact that even with the help of a working
simulation model the cathode design process would still
be iterative now a new approach is presented. By
inverting the electric field it is virtually possible to
compute cathode geometry by using the target blade
geometry as anode. ECM process is inverted so that later
tool geometry forms itself due to local conditions of
electrolysis and blade target geometry.

Figure 5 shows the results of this inverted approach
for cathode design by comparing calculated geometry
(black line) with the one already proven itself in practice
(blue line). For the flow surfaces and the trailing edge
good results can be stated and concerning the leading
edge only in the area of profile’s pressure side shows a
slight difference between target and calculated contour.
Electrolyte’s specific resistance k is of essential
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importance for a successful model of the electrochemical
removal process. At the moment K, is only imprecisely
determined at the inflow boundary and has to be
improved in order to reach higher simulation accuracy.

It is impossible that cathodes cut themselves like in
detail ‘a’ but that does not matter here because the aim
of this calculation is to prove how near the simulation
can map reality. Furthermore the inverse problem cannot
be solved unique so that several solutions are possible.
Existing cathode geometry

Workpiece geometry
—— Simulated geometry b

a
C

(c Maximum deviation < 80 pm /
e —— [\
\_ _J
a b
1 mm

Fig. 5. Alternative cathode design simulation

5. Summary and Outlook

All necessary equations to describe the ECM process
analytically and how they are connected to each other
have been presented and discussed. With experimental
results for the effective material removal rate according
to Faraday’s law a simulation model has been built up
taking into account fluid flow, electric field and heat
transfer. In order to validate the simulation model a real
compressor blade has been simulated in one
aerodynamic cross-section in two different ways.
Besides the simulation of the classical ECM process
with the aim to calculate the blade contour by using
predetermined cathode geometries a new inverted
simulation strategy was presented. This new approach
uses the blade target geometry in order to calculate the
cathode shape by inverting the electric field. Both
simulations showed good results compared to reality. To
achieve even better results, the effects of the hydrogen
evolution at the cathode have to be incorporated in the
existing model. It is necessary to model the electrolyte
either as a two-phase flow or to use a semi
phenomenological approach which considers the gas
phase influence to the conductivity of the electrolyte, e.
g. of Bruggemann et al. In a next step a 3D-model is
going to be built and by the here presented inverted
approach a cathode is being calculated and
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manufactured. Afterwards a blade is going to be
machined with this tool and measured as well as
compared to target geometry.
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