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Computer Simulation of Electrochemical
Machining

J. Kozak, Member, IAENG

and heat generated caused by the passage of current and
Abstract— Electrochemical machining (ECM) is an important  electrochemical reactions.
manufacture technology in machining difficult-to-cut materials As electrochemical dissolution proceeds, the tool
and to shape complicated contours and profiles with high g|acrode-cathode can be fed mechanically towards the

material removal rate without tool wear and without inducing . . oo . .
; : : workpiece - anode in order to maintain the machining action.
residual stress. This paper presents the physical and

mathematical models on the basis of which of the Simulation UNder these conditions, the inter-electrode gap width
Process Module in the Computer-Aided Engineering System gradually tends to a steady-state value, and a shape,
(CAE-ECM) for ECM has been developed. The results of complementary to that of the cathode-tool, is reproduced
computer simulation of electrochemical sinking and examples of approximately on the anode-workpiece. Being a non-
CAE-ECM System application are discussed. mechanical metal removal process, ECM is capable of

Index Terms—electrochemical machining, ECM, computer machining any electrically-conductive material with high

simulation, mathematical modeling stock _removal rates regardless_ _of thelr_ mechanical
properties, such as hardness, elasticity and brittleness. It has
I. INTRODUCTION been applied in diverse industries such as aerospace,

Electrochemical machining (ECM) is an importanta”tomOtive and electronics to manufacture airfoils and
manufacture technology in machining difficult-to-cutturbine blades, die and mold, artillery projectiles, surgical

materials and to shape complicated contours and profil§@plants and prostheses, etc. [1]-[5]. _ _
with high material removal rate without tool wear and The main objective of ECM is to achieve the required

without inducing residual stress. shape of workpiece within a given tolerance on the shape

Feed rate Vf and dimensions. The tasks relating to this purpose can be
____________________ J! _. reduced directly (or indirectly) to a problem of searching for

a boundary of the area within which the machining, i.e. to a

value boundary problems (moving boundary problem, free
boundary problem or inverse boundary problem).
Depending on which the electrode surface is to be
—o+  determined all tasks can be divided into two groups [1]-[9]:
1 - tasks in which for a known shape of the tool electrode
and known condition of machining, the evolution of a shape
of workpiece surface has to be determined,
2 - tasks in which the tool electrode shape is searched for,
A which ensures obtaining the required shape of the
Workpiece (WP) Distribution of dissolution workpiece.
Fig. 1. Schematic diagr:ﬂ%?'gcﬁr;?nkmg The first category of the problems is encountered in the
o ' analysis of ECM accuracy. The tasks from the second
As shown in Fig. 1 machining based on controlled anodccategory mainly deal with th_e tool glectrode design and most
electrochemical dissolution process in which the workpie gequently are enc_:oun'gered In practice.
is the anode and the tool is the cathode of an electrolyticmdl‘.'smfaI practices in ECM have revegled some problems
peding its further development and wider acceptance by

: [
cell. In the ECM process, a low voltage (8-30V) is normall . L

: . . ustrial users. Among them, prediction and control of the
applied between electrodes with a small gap size (usually U%al gap width distribution (and hence, the control of

to 0.8 mm) producing a high current density of the order of ional | ih the desi £ tool
(10 to 100 A/cm2), and a metal removing rate ranging fro imensional accuracy), along wi € design of 1oo

an order 0.1 mm/min, to 10 mm/min. Electrolyte (typicallye ectrodes for complex workpiece shapes and optimization

NaCl or NaNO3 aqueous solutions) is supplied to ﬂov(\;;ep;rsocess, are the major problems encountered by ECM

through the gap with a velocity of 10 to 50 m/s to maintail o L .
the electrochemical dissolution with high rate and to flush The optimization and tool - electrode design is carried out
ng ECM process models. Software for the computer-

away the reactions products (usually gases and hydromd%%ed ECM (CAE-ECM) has been developed in Warsaw

University of Technology covers basic manufacturing
. . . _ IQ{roblems ECM [3], [4], [8] and [9].
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developed the ECM sinking. The example of results of mixture of electrolyte and gas (hydrogen), where the void

simulation by CAE-ECM System are discussed. fraction of hydrogen in the bubble region layer is
constant and equg*, 3 - the region of two phase flow
Il. MATHEMATICAL MODELING OFECM SINKING PROCESS witch change of3,

2.The current densityis depends on medium conductivity

The main task of the electrochemical shaping, i, the gap and on the voltageaccording to Ohm’s law,
regardless of variant, is to calculate distribution of the | hich is extrapolated to the whole gap size. The

material removed thickness on the anode-workpiece surface qactrochemical reaction will be accounted for by
after a time step used in numerical calculations, which is introducing the total overpotential
determined by current density distribution in the gap, in g E. - E., whereE, and E. are the overpotential
particular in a medium of varying electrical conductivity, potential of anode and cathode, respectively,

with complex processes occurring on the surfaces of therne syrface tension effect on the gas bubbles is neglected,
electrodes and with shape change of machined surface ;4 50 is the bubble formation time

during course of machining. Since properties of e_IectrontE Since analytical models €, = K.(i) andE = E(i) are not
depend on temperature and gas phase concentration (mainly,, aiiahle,"experimental results are used with theoretical
on concentration of generated during machining hydrogen), . 4q|

which distributions depend on velocity and pressure fields 8Stha effect of bubble layers on pressure and the flow

well as on current density, ECM processes have to be velocity of the electrolyte is accounted by consideration
described by set of mass, heat and electric charge transfer¢ o homogeneous two-phase model flow, where the
equations. electrolyte in the gap is treated as a uniformly-mixed
The problem of determining the changes shape of pseudo-continuous medium of gas and liquid with local
machining surface and physical conditions in the inter- average void fraction:
electrode gap for transit and steady state of the ECM with h
using contoured cylindrical tool-electrode is consider in thig= 5 — 0<h<S Q)
paper (Fig. 2). S
The electrode flow is from left to right in a thin gap ofg  The electrical conductive of the two-phase medium can
local size S and of length L. The down surface is the tool- pe getermined by the Bruggeman equation:
electrode which moves upward with feed rate At a point
opposite the tool, the workpiece surface is moving upward = x [1+ a; 6](1- B)*'> )
with local velocity V.. This distribution of the velocity of
dissolution and the change of physical conditions along théhere:6=T - T, T, = inlet electrolyte temperature; = the
flow path evoke non-uniform distribution of the gap size $&mperature coefficient of the electrolyte conductivityat

and a shape error of the workpiece-anode. and «, = electrolyte conductivity af, andS = 0.
To formulate the mathematical model, a general case
= - - describing change in shape of the surface of the workpiece

| can be examined using coordinate system attached to the
I workpiece, which is immovable during machining (Fig. 3).
: To simplify the calculations let us introduce a curvilinear
i1 coordinate systent (,{ ), connected with the tool-electrode
: in which a coordinaté, lies on the given electrode and is
,  measured from the inlet of the electrolyte and let &xis
| overlap its normah¢ (Fig. 2 and Fig. 3).

_ =1X, | »
ij' K ‘C S S >
P T p ‘W-anode

0 out /

Fig. 2. Schematic diagram for mathematical model of ECM sinking.

The mathematical model of ECM process, referring to the
formulated problems consists of sequence of mutual k
conjugated partial models which describe in the gap:

- distribution of the local gap siz8, Oﬁ\
- distribution of the flow parameters such as the static
pressure p(x) and the velocity,

JE

Fig.3. Scheme of the curvilinear coordinate system

- distribution of the temperaturg, The surface of the workpiece at a given moment in time

- distribution of the void fractiong or the thickness layér can be described by: z=2Z(x, y,). According to

with two phase flow (electrolyte and gas), electrochemical shaping theory, the evolution of the shape of

- distribution of the electrical conductivity, the workpiece F(x, y, t), can be described as follows [3]-[5]:
The physical model with the following assumptions serves

as the basis for mathematical modeling [8]: oz Y az\ (o 2 3

1.The three regions can be identified in the gapthe & =K v(' A)'A 1+[0’X) + E (3)

region with pure electrolyte?- the bubble region near
cathode with thicknes$y < S and which consist of
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where: K, is the coefficient electrochemical machinabilitywhere: r, and 7, are the shear stresses on the surfaces of
which is defined as the volume of material dissolved per urihode and cathode, which are assumed to be egualry).

electrical charge. In general, the shear stress is expressed as follows:
At the beginning of machining: t =0, z 3(¥, y), where: ,

Zy(x, y) describes an initial shape of the workpiece surface. — Aﬂ (10)
To find the current density,ion the surface of the 8

Workpl_ece,_ap_pro_X|mat|0n using linearization of_ electrlgghere A=C/Re™ . Re= 2wWS is Reynolds number (for
potential distribution along the segments of distance v

between a given point of anode and given point on the Ti&minar flow: C=96 andm=1; for turbulent:C=0.316 and
has been applied [3], [4]. The current density can h@=0.25)

obtained by Ohm's law with respect of change of The boundary conditions for Eqn. (9) is described by:

conductivity across the gap: — 2
p(fZO) = Hn _Cl Iago ; p(E: L) = pout+CZIa£/2’ where:
| =K B UQ E (4) ¢u.6 is the hydraulic loss pressure in the inlet and the
where: = outlet, respectively. _
'1 s a4z The system of equations (2)-(9) has been solved
G = [7.[ 3lz]‘l (5) numerically using the Finite Difference Method and iterative
S (A+a,T)Q-5) procedure.

The equation of mass conservation for the hydrogeonln the first iteration one-dimensional approximation has

eneration in the case of cylindrical electrodes anéieen used for distribution of temperature and for
9 Y etermination of change of thickness the bubble la{®r h

;l;'rwllnear coordinates can be obtained from mass balanrggxt this distribution of ¥ is used in the second iteration
' and in the first approximation of two-dimensional (2-D)
N ‘ calculation of temperature distribution. Calculation of a
PaBf, M)A =1y Ky, [5idE (6) given iterative cycle are finished, when the criteria of
p y _ accuracy of calculation is satisfied and the simulation ECM
where: pg “RT specific gas density of hydrogeR=gas process culminates in printout and plots of: the gap
- distribution and distributions of p, w, B,
constant for 1 kg of hydrogerp, = current efficiency of the . . .
! . . After analysis of results of computer simulation of ECM
hydrogen generationky = electrochemical equivalent of . . I o
>~ o _ at different operating parameters, the critical conditions can
hydrogen, W(¢) - average velocity in the given crosspe determined from the point of view of the process

section of the gap. limitations such as: boiling, choking flow and cavitation.
The heat transfer in the gap with respect to Joule’s heat is
described by: [ll. COMPUTERSIMULATION SYSTEMFOR

ELECTROCHEMICALSHAPING
2
w(&,Q) ﬂ = d{(a+a¢) ﬁi}l (7) A. Structure of the CAE-ECM System
0E A x| pIT,& ,
The developed CAE-ECM System is based on the
o conventional concepts of the expert system, in which the
where: a -thermal diffusivity, ar - turbulent thermal ser interface, knowledge base, working data base and
diffusivity by turbulence pulses (for laminar flaw = 0), 0-  inference engine. Generally expert systems are classified as
specific medium density (in the regidno = p., and in the peing of either of two types: the analytical type or the
regionzand 3p=p,(1-fB) where p. - density of synthetic type. A diagnosis expert system is a typical
electrolyte andC, — heat capacity of electrolyte. example of analytical type, while a design system is an
The boundary conditions are as folloW§&=0) = To, example of the synthetic type.
T 0) = Ta, T(E S) = T where: T, and T¢ are First type can be used for:

temperatures of the anode and cathode, respectively. + selection of electrochemical methods of
To complete of the systems of Egs. (2) - (7), the manufacturing leading to obtain required results
formulation the pressure and the flow rate must be included. (for example: deburring, sinking, EC-drilling etc.),
The continuity equation can be expressed by: + simulation of different ECM processes for
analyzing machining conditions and the results of
wS=] a-pwdd ®) machini,

» recognition and diagnosis the causes of the trouble

where: W,,S, - average velocity and gap size in inlet, in EC - manufacturing and suggest some remedies

_ for them.

respectively. _ . Second type can be used for:

Th_G_ momentum balance equation for the moving planning and optimization of conditions of selected
control is: method of EC-manufacturing,
» tool electrode design for ECM,
WD@[Pe[(l—,B)EW[S] :—SBd—p—ra—rc 9) « tooling design.
dé dé
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The presented CAE-ECM System can also serve as The software of CAE-ECM System is based on
training and learning tool. Using the System thenultithread structure, which enables parallel simulation of
inexperienced engineers in EC-manufacturing or operatargany processes for different input data.
may get to know about the applicability of electrochemical

Parameters

1]

technology for certain job, the selection of methods, the resnees|s|
preparation of tooling and planning of operations, the | = ™ s ,;5'57‘“’"
analysis of some defects during machining and trouble- = = °"® o — ———
. - &
shooting etc. — )
. o fom | ks = Bt
The general structure of the CAE-ECM software is shown - . o
in Fig.4. S ]
. . di ,057 [A/fem*2] ence
. The KnoMedge base is comprised of two forms of R " m =
|nfor|_”nat|on.. o _ . P m O C— -
(1) files which hold principal mathematical relations and e F w ™ B t
characteristics of different methods of EC-manufacturing, = e« = 2 & @
(2) other data held as facts or in rule-based forms. o fe v v w
The workingdata base also holds two forms information. = (0 2] v e il | Funcien o
The first type of information relates to data about the o B s = ]
electrolytes, materials of workpiece process, limitations of Fig. 5. Window for physical parameters of the process.
machine tool etc.
I ECM DATABASE M[=1E3
User Materials Elektiolytes  Turbin blades  Numerical modeling  Data from experiences  Electiodes  Kv  Fi
l Funcions | FORMULA ®o bl i
unction 5421 Fexp (-0, |
r PrOblem Eu”mm"; 1.64-2.13*exp (-0.034%)| 8 100 lalololele
l Y . l Function 3
Knowledge Identification Data T ; | y
123 |
Base Base 10 4 (5|6 |+ |mm|m
A 4 113 78] 9| - |~ |t
L [ comwer | I ZREEE
e EERE
' o
| OPExpert |<— 041 _:ivykc:‘awg |
o021 I~
jiAjem”2]
¢ | o 8.00 22‘35 35‘71 EWID7 55‘43 79‘79 94 1‘4 100.0 =
—>| TDEXper[ X=532.34 V=150

!

| Process simulator |

Fig. 6. Window with database of functior.K

i Turbin blades [_[o[x

No N I N N N
e -
Yes
No =
Techmical paramerers———————————————————
Umin 0 ™
Yes Gem @ [\l
Imax 3600 1Al
[ Documentation ] Prin 03 rapa)
Pmax 14 [MPa] DESCRIPTION :  ECX ‘
Fig. 4. Architecture of the CAE-ECM software. o o " Singof omple cufeces ni e =l
- T el T e R Gl
. . . Vmax 125 [mm fmix] warkpiece:
This type data is different for each methods of EC- ame 1 amtas
manufacturing (for example: at ECM - shaping and finishing -

it is relation between the electrochemical machinability and Fig. 7. Data base of machine tool used in Center for Nontraditional
current density; at electropolishing it is volt-ampere curves, Manufacturing and Research at University of Nebraska - Lincoln.

etc.). , _ _ o During simulation of the process, each of windows, that
The second is the information which is inferred and osent graphically the change of the shape, is attended by
computed by the system. For example, computed functiQ@narate process responsible for calculation and displaying
for I,:_’C—mac_h|n|b|I|ty after filling experimental data for yata on the screen. In order to start the simulation, user must
,new” material of workpiece, which must be included tQ,,an \windows with processes (maximum 10). Then program
CAE-ECM  System. The machining condition anqeqires definitions of physical parameters of the process
parameters for the simulation of process and tool designg§q the beginning shape of tool-electrode and workpiece-
provided by theeonditions selection module CSExpert (Fig.  gjectrode or demanded shape of surface in case of designing
4). workpiece-electrode. All parameters must be defined
separately for each window. Program ECM enables
designing of the beginning shape of both electrodes as a
sequence of functions or by giving the points. In case the

The operating parameters are selectedB¥EXxpert
module, uses transferred information frorRrocess
Simulator module and tool design modul®Expert.
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shape of electrodes is given by points — interpolation of -

JJ m|e|3|=

" 2

splain functions is applied. The window for given electrodes ”
contains options of saving designed shape of electrode O:f =l

getting the shape from database.

a0

Beside input data connected with physical parameters oi";
modeling, program gives the possibility of establishing (also :
during simulation process) of the speed and preciseness ¢

presented graphics connected with time step.
omitting such parameters,
Buttons responsible for graphics presentation (start, pause“"

next step, previous step, that enable more precise analysis ¢
shape evolution), are situated on the tool strip in the main:;

window. After completed modeling, user can get the display ..

of output data from hand menu of the process window.
Program simulating electrochemical sinking process is

integrated with database, which gives possibility to save full

In case 0%
program uses default data::

)

3

o o
Illllllllll S

e
i

Fig.9. Screen prmt out containing the evolution of the shape of the
workpiece during machining.

set of physical parameters, shapes of electrodes and settingshe gap size distribution with neglecting changes of

of presentation.

Results of simulation such as the distributions of gaj shown in Fig. 8.

size, current density, static pressure, void fraction, average

temperature and temperature across and along the gap can b e
saved and displayed. Several windows connected with input = ’

and output data are illustrated Fig. 5, 6 and 7.

B.An example of results of simulation of ECM
sinking
To illustrate application of CAE-ECM System simulation

of ECM sinking operation for shaping, of airfoils are
considered (Fig. 8).

Electrolyte
1 Workpiece

Tool-electrode Tool-electrode

5[5 0,348

[
— [q02m0
0273
0285 1w

properties electrolyte i.e. under “ideal” conditions of ECM,

[<]

10 15 21 26 El

0250
o
[%=040 [r =038

st A 1 g Y X &y
Fig. 10. Distribution the gap size in steady state ECM with neglecting
influence of the heat and hydrogen generation (i.e. from the model of ideal

ECM process).

electrochemical

I
|| 7 Moo PEc e |[ECH

shaping.

B AR OaeOE e s

In practice, ECM conditions are far to the ideal process of
In consequence,
removal rate is distributed over the anode-workpiece surface
in a different way in compare with the distribution in “ideal”

the material

|
] +
DC
power
supply

Fig. 8. Electrochemical sinking operation at manufacturing airfoil.

For given anode (workpiece) profile, the tool electrode ;

shape was designed using the CAE-ECM system

Examples of simulation of ECM shaping are shown in
Fig. 9, where subsequent graphs illustrate anode-workpiece T

shape evolution in time.
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process, and the machined part takes on a profile from that
found from mathematical modeling and theoretical design.
Calculation that is more exact needed simulation of all
shaping process with regarding heat and mass transfer, as
well as anodic dissolution characteristics.

= EC) =1k

a_l‘vu A& rlf;;a Ull—m:m— [ELE T

Fig. 11. Plot of distribution of the gap size in steady state of ECM with
regarding changes of properties of the electrolyte due to heating and gas
generation.

Figure 11 illustrates the effect of hydrogen and heat
generation on gap size distribution. In described conditions,
the heat and gas evolution diametrically changed course of
the gap distribution.
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The minimum practical tool gap size, which may be V. CONCLUSION

employed, however is constrained by the onset of unwantef presented CAE-ECM system can be useful for process
electrical discharges. These short electrical circuits reduﬁ?anning for different variants of ECM. It can be used for

the surface quality of the workpiece, and led to electrgygcess analysis, tool design and parameters selection.
erosive wear of the tool-electrode, and usually machining.esented software has significant potential to be used in

cannot progress because of them. Investigations of electri
discharges in an electrolyte reveal that the probability of
electrical breakdown the gap is a function of the evolution of
gaseous-vapor layers and passivation of the work surface.
Intense heating, hydrogen generation sometimes choki%
phenomena and cavitation within the gap can lead (g
evaporation and subsequent gas evolution, and it is this gas
which is believed to cause the onset of electrical discharge.
The issue of heating of electrolyte is primary importanc
for the determination of limit condition of ECM process.
The distribution of mean temperature in the inter-electrode
gap along the flow was determined using one-dimensional
mathematical model of ECM process [1]. FurtheP!
specification of temperature distribution was revealed in [3],
[7]-[9]. Due to the heat exchange through electrodes as well
as distribution of electrolyte velocity, the temperaturés]
changes along the flow path as well across the gap size.

Z [— ¢

21 ko }
=1%0 -
el ey
ooaf3 18
o317 [8]
s [115
0on 545
006 g

"
005
9]

4 n n 4 n n 4 TIC)
14,650 13533 24417 23300 34184 39067 43950 46466
n=2,3,4,5 6,7,8,9,10,11,12,13, 14,15, 16,17, 18,13, 20, 21, 22, 23,

4883 9767

v=1643

0.000
®=2752

Fig.12. The steady distribution temperature in the gap with size
S =0.1 [mm], (U=9 [V], E=3 [V], flow rate 6 [m/s], electrolyte: 12%
NaNQy).

The electrolyte temperature distributions across the gap
width, at the different distances from the inlet electrolyte in
ECM process with inter-electrode gap size S=0.1 [mm] is
shown in Fig. 12.

The two maxims that can be observed in (Fig. 12) in
proximity of electrodes are very important in ECM input
parameters selection. The input parameters should always be
chosen such that the maximum temperature of electrolyte
never reaches its boiling point. One - dimensional model, in
which only average values of (T, afi)l across the gap can
be calculated, may not be accurate enough to properly
estimate the maximum temperature.

For example, in the Fig. 12, the maximum average
increment of temperature I8T,, =32 [°K], in this time, the
maximum temperature, as shown in Fig. 1ATs,,, =46.47
[°K]. Use of input parameters from simulation that
underestimated electrolyte temperature for actual machining
may lead to short-circuit between electrodes and, what
follows, to damage of tool and workpiece.
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ustry applications.
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