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The Mathematical Modeling and Computer
Simulation of Pulse Electrochemical
Micromachining

J. Kozak, D. Gulbinowicz, and Z. Gulbinowicz

Abstract—The need for complex and accurate three
dimensional (3-D) microcomponents is increasing ragly
for many industrial and consumer products.
Electrochemical machining process (ECM) has the
potential of generating desired crack-free and stres-free
surfaces of microcomponents. This paper reports awdy
of pulse electrochemical micromachining (PECMM)
using ultrashort (nanoseconds) pulses for generatin
complex 3-D microstructures of high accuracy. A
mathematical model of the microshaping process with
taking into consideration unsteady phenomena in
electrical double layer has been developed. The sofre
for computer simulation of PECMM has been developed
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Fig .1: Scheme of Pulse Electrochemical MicroMattgn
PECMM
Microshape of element is achieved by controlled

and the effects of machining parameters on anodic movement of tool electrode along specified pathy.(Hi).

localization and final shape of machined surfacera
presented.

I ndex Terms—double layer, electrochemical
micromachining, ultrashort pulses, mathematical moel.

l. INTRODUCTION

However during ECM material is removed also frormezo
which is far away from tool electrode due to sttayrent. It is
particularly important in micromachining, becaugmaehsion
of this zone may be larger than the dimension ofipced
microstructure. Increase of the localization otelechemical
dissolution (stop dissolution on surface not undeol
electrode) is an important problem in EC micromaitiy
with tool electrode, especially an universal tdecé&ode.

The need for complex and accurate three dimensionalThis problem was solved successfully by researdnens
(3-D) microcomponents is increasing rapidly for manMax-Planck Institute in Berlin by using ultrashprtises with

industrial and consumer products.
machining techniques such as micro turning andingill
attention is being focused on non-traditional maicty

techniques such as micro electrical discharge mawhi
(EDM) and micro electro chemical machining (ECMMida
laser machining because of their unique charatt=is
Electrochemical machining (ECM) is based on cofedbl
anodic dissolution process of the workpiece (anedt#) the
tool as the cathode in an electrolyte cell. Théitglof ECM

in rapidly generating a stress-free and crack-Beeoth
surface on any electrically conductive materiale@pective
of hardness) makes it an excellent choice as
microproduction process.
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Besides traditionpulse on-time below 200 ns [1]-[3]. It was founditttmain

factor determining the localization of electrocheahi

dissolution is phenomenon connected with charging t
electrical double layer. They showed possibility of
geometrical nanostructure fabrication with picoseto
pulses [3]. These articles became an essentiahtineefor
PECMM development in many research institutes
Germany, Korea, Russia, Singapore, US and Poldr@]4

in

1. MATHEMATICAL MODELING AND COMPUTER

a SIMULATION

The purpose of PECMM process modeling and computer
simulation is to determine the final shape of waekp for a
given set of following conditions: initial shape wbrkpiece
described byz = Zy(x, y) shape and dimensions of the tool
electrode, starting position of tool electrode tiedy to the

workpiece X, y?,z); the trajectory and kinematics of

the tool electrodexy(t), Ye(t) z(t); electrical parameters such
as working voltag®J; electrolyte properties, such as electrical
conductivity «; electrochemical properties of the material of
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workpiece described by electrochemical machingbilit The following assumptions have been made in deugdop

Ky = Ky(i) (wherei is current density); a mathematical model of the PECMM process withd to
To formulate the mathematical model, a general casdectrode system shown in Fig. 2 and using nanoskco

describing change in shape of the surface of thkkpiece pulses:

can be examined using coordinate system attacheteto electrolyte conductivity is constant during pulse,

workpiece, which is immovable during machining (Figand adsorption and forming of oxides on electrode s@fa

2). are neglected,

» pulse generator’s characteristic is ,rigid”; it meathat
voltage variations as a result of load are omitted,

» influence of geometric nanostructure on electriazld
distribution is neglected,

» workpiece material structure heterogeneity is negld

» transport of charge through boundary metal — edder
is conditioned by electrode process kinetics that i

A“a‘\/r < e x tp_l_
Electrolyte 1
% ! ionization process Me — Me™+ne on anode and
A . .
¢ discharge cations on cathode.
Because of free charge localized in the doublerlayea,
Fig. 2: Scheme for modeling PECMM process electrical field in the interelectrode gap is désed by
According to electrochemical shaping theory, theletion  Poisson equation. Taking into account fact, thatdo layer
of the shape of the workpie@e(x, y, t),can be describeds thickness is significantly smaller than the gapesi

-

[3, 9l (Jp. 004-4nm << S(S>1000nm)) electrode potentials
9z o 9z (oz 2 @,and g, can be introduced into boundary conditions and the
e Ky(ia)iaqy|1+ o)t oy (1) double layer thickness is neglected. Then eledtriiedd

distribution in the interelectrode gap is describby
where: Laplace’s equation:

Kv = K\(iz) - coefficient of electrochemical machinability 02u=0 2)
which is defined as the volume of material dissdlper unit with boundary conditions:

electric charge and for PECMM, the valuekafis averaged on anodeu =U ¢ ' 3)
in pulse periodi,— average current density on the surface of a

anode during pulse period. on cathodeu = ¢ (4)

At the beginning of machining:= 0, z = Z(x, y), where ) ou
Zo(x, y) describes the initiahape of the workpiece surface. ~ ©N isolated surfacez =G, anlg, =0 ()
1z

The governing partial differential equations haweetd
solved by the finite difference method for simuigtithe
shape generation by PECMM.

The crucial problem in PECMM is determination ofremt
and electrical charge density during pulse period.

As it is known from electrochemistry, after applyin Kﬂ
voltage pulse to electrodes, transformation oftedeécmetal dn
conduction into ion electrolyte solution conductian Gd—u
electrical double layer is realized by two waysigress of the K dn
electrochemical reactioin (flow of the Faraday current) and
flow of currenti, (the capacity charging current) through a
capacitor which is equivalent the electrical doulalger on
boundary metal — electrolyte solution.

This is a reason that in analysis of electrode gssc
physical model of the interelectrode space is usédrm of ifq = iOa[eXp[(l—a’)nF;ﬁa] —exp[_anF%]j (8)
electrical circuit shown in Fig. 2. R R

CapacitanceC characterizes the electrical double layer, . (-a)nFg, —anFg,
resistance — passage of charge through boundary metal — 'tk = 'Ok(eXpl RO 1-expt RO ]] ©)
electrolyte and resistanceis called Faraday resistance. In

) L . where: a - transfer coefficientn - number of electrons in
pulse process value of resistamcehanges with time and is . i .
& electrochemical reactiof, - Faraday constant - electrical

d . . i .
calculated as :H where ¢ is potential. Faraday current potential, R - gas constantg - temperaturej, - exchange
current density.

In the mathematical model it is assumed that valfie
transfer coefficientr = 0.5. It is appropriate for the most of
workpiece materials. For solving this system ofauns, the
method of linearization of potential distributiotolag gap

Potentialsg, and ¢ on boundary anode — electrolyte and
cathode — electrolyte are dependant on currenitgens

From current balance on the outer Helmholtz platetfie
outer plate of double layers on anode and cathibdke)

=c, i, 6)
A dt

=Ck9(%+ifk (7)

c
where:
it I - Faraday currents on anode and cathode

Faraday currents in accordance with Butler — Volmer
equation, appropriately for anode and cathode, are:

intensity is proportional to rate of electrode teat For
anode this current defines rate of mass exchargreftire
rate of workpiece dissolution. This current is degent on
potential difference which is forming close to thlectrode
surface and is described by Butler — Volmer equatio
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S=2 [um]
S=4 [um]
S=6 [um]

size S was applied. After transformation the system of  °7
equations which describes electrical field paransedee:

RIC, e s 2 T g rp=u (10)
C, ]d—¢a + 20y, smf( n¢aj
RE
=C, LA [, sinf( Fng, j
dt 2RE

where R, =5 0.1
K

o
~

11)

o
w

potential, fi [V]

o
N

with initial conditions for the single pulse withlf discharge 0
of double layer after previous pulse
fort=0 ¢,=0,¢=0 30
In case of pulse series without full gap relaxatimitial
condition for pulse j +1 is: 25

P 0) =41, (T) (12)
Change of workpiece shape is determinate by digtab
of removed material thickness during tool electrpdsses.
During the period T the thickness of the
electrochemically-removed layer at point A on thede is

An, =K,q (13)

whereq is density of electrical charge transported during
pulse periodr.

In order to evaluate a quantity of removed matémiaingle o - - -
pulse and finally changes in anode shape it is ssrg to ' b)
calculate charge), which flows through a unit surface of
anode during single pulse. Therefore, the main gdah 08F -~
mathematical modeling is a calculation of electratergeq, 07 !

and current densnya, so after finding a solutiog, = @4(t),

current density, i [A/mm2]
= N
(4] o

=
o

5L

S=2 [um]
S=4 [um]

ira, the values off andla are calculated from equations:

charge, g [uC/mm2]

. . nF@
=ip, $inh(—& 14
fa Oa (2R9 ) ( )

]
q= [i (15)
0

=4

(16) time, t [us]

On basis of the mathematical model, the computiévace -
was developed for simulation of electrode processmode S0 -7
and cathode in order to calculagg(t), @i(t), i(t), q(t) and 250
ia(t,S) MATLAB’s computational procedure and graphic
package were applying in this software.

The examples of curveg,(t), itn(t), q(t) and i, =ig(t,S)
determined from computer simulation are shown @ Bi

-
|
|
™
|
|
T
|
|

current density, i [A/mm2]
=
(&

o

o 001
- 0.015

ize, S
time, t [us] gap size, S [mm]

d)
Fig. 3. Example of results of computer simulatidtvm
pulses sequence: changes of anodic potentialyakrt
density (b, d) and charge (c) in time at gap §z2&002 mm,
0.004 mm, 0.006 mmJ =4 V,t,= 80 nsf=5 MHz,

k= 0.002 V/Athm, C= 0.2uF/mnt, io= 2.510° A/mn¥).
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Curvesiy(t) for different gap size are shown in Fig. 4. 6 um. For voltage 6 V and the same pulse on-time, thiéifig
gap is 9um. Influence voltage on the localization of
dissolution is shown in Fig. 5. When voltadencreases, the

T

10 T T T T

to x ory axis and 3-D or 2-D graphs.

Figure 5 shows examples of a 3-D graph of the wiede
surface after PECMM machining with two differenthmaof
tool electrode: streamline, curvilinear.

iS=2 um :

or S localization is lower (the limiting gaf is bigger for the same

8t : 1 pulse on-timey).
L poens ] The calculated characteristics of PECMM electrode
£ IR S N p=ons | processes have been used in developed software for
< ; simulation of microshaping. Results of simulatioancbe
"E ° T viewed in two ways: tablesf coordinates of points of the
B 4 = ’ : ] workpiece surface for a chosen cross - sectiongmetipular
E 3 a= fifadt.
3 5

0 0.01 0.;)2 0.03 004 005 006 0.07 0.108 O.EJQ 0.1
time [us]

Fig. 4: Anodic current density and electrical clearg

(U =5V, «=0.005 V/Athm, C= 0.2uF/mnf,

io= 2.510°A/mn?).

As shown in Fig. 4, at the certain gap size, theeru
density is decreasing to no significant value aisdalution is
practically stopped. Electrical chargés equal to area below
curve i(t). For specified pulse on-timg, for example
t, = 40 ns is marked in Fig. 4, surface area is wffe for
particular gap size. Surface area decreases if Jja@
increases. After exceeding certain gap size, famgple
t, = 40 ns for the simulation shown in Fig. 4, thesdiution of
workpiece does not proceed for gap size bigger fizgm
because pulse on-time is too short in order togshatectrical
double layer fully. This gap size is callé limiting gap S
because dissolution process stops for the gapsibilggn the
limiting gap. With increase pulse on-tiggo 60 ns (Fig. 4),
the limiting gap size increases to @®. As mentioned
earlier, the dissolution limiting effect of is imgant for the
localization of material removing, which is necegséor
micromachining.

In next part of analysis, the limiting g&were evaluated
for different pulse on-time. The limiting gafsfor voltage
4V and 6 V are shown in Fig. 5.

Qozs -

Sl 2 Fig.6: Examples of simulation of electrochemicaiging
= using streamline and curvilinear path of tool elede
=. 0015 -
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Fig. 5: The limiting gaf§ vs. pulse on-timé,
(C = 0.2pF/mnt, k= 0.005 V/Amhm, i, = 2.510° A/mnY)

Fig. 7: Shape of machined surface by sequence atfoqf
tool electrode
The final shape of machined surface by using sempieh

For example for pulse on-timg =20 ns and voltage
U =4V, anodic dissolution stops for the gap siggér than
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the above paths is shown in Fig. 7.
The developed software has been used to determée t

influence of machining parameters on final machislegpe. €
I oy
1. EXPERIMENTS AND RESULTS £ St tesi e
= CHREHLAIAE
The PECMM experiment setup is shown in the Fig. 8, ?g e S A
respectively. The tool electrode of a diameter @ im has &EJ 40 :
been used for machining the slots of 1.5 mm lengplities ol A
and micro holes on stainless steel (SS-440). Taetrelyte T e e
used is 10% solution of NaNOThese microstructures have Pulse cntime [us] 70 ¢ Woltage [V] i
been generated W't_h_ f[he- application of 4-8V pulsés Fig. 9: Removed thickness (depth of hole) vs. palséme
1-5 MHz frequency, initial interelectrode gap of 2@, and and voltage.
tool electrode feed rate of 0.008 -0.013 mm/s. For example, the results of the effect of voltage,
removed thickness (depth of hole) after machininge tof
PulsePower 30 s are shown in Fig. 9. The plot shows that thi¢hincrease
Supply in voltage the removed thickness increases. Theostopic
_ b examination shows that the edges of the machineitycere
_____ 1 ____ 14' sharper at the lower voltage values.
! ! The strategy used for the verification is the corigoa of
! TE : the relative changes in the removed thicknéésobtained
i [wp % o experimentally with the relative changes in eleetrchargey
TT ; determined from computer simulation. This method is
L"oxd  cControl adopted because the coefficient of electrochemical
[+ by
1 . machinabilityKy is unknown for nanosecond pulses. Then the
Electrohte 3D Drive graph is plotted for non dimensional values &éN, and
e | System ! q/q, WhereW, and g, are the reference base level. The

reference valued/, andg, have been determined for the same
base setting parameters of experiments and cdtmsat
(Up=6V,S=15um,t, =100 ns).

The results of comparisons are shown in Fig. 10.

2p
= L
= 1p
S
£05 re = //T
ap ;
OF 07 08 0% 1 11 12 13 14 15
U
2,0
. -‘
215 R
Fig. 8: Schematic diagram and photo of developddePu = 1.0 — -
Electrochemical Micromachining system. E 05 v
The extensive experimental study and subsequen”™
statistical analysis indicate that the feed ratdse voltage 0,0 ' ' ‘ ‘ ‘ ' '
and pulse on time have significant effect on eathhe 04 080 L2 14 le 18
performance measures. Remaining parameters dohoet s tp/th
significant effect on the performance meaguresaﬁl‘alyze Fig. 10: The comparisons of theoretical (solid Jiaad
the effect of these t_hree factors and to verify ttieoretical experimental results (dashed line).
model further experiments were conducted. A close agreement between the theoretical estinatds

experimental values has been observed.

IV. CONCLUSIONS

Transient phenomena connected with charging and
discharging electrical double layers, which exisig
boundaries: workpiece — electrolyte and tool etmldr —

(Advance online publication: 20 November 2008)



Engineering Letter, 16:4, EL._16 4 14

electrolyte have important role in electrochemical
micromachining with ultrashort pulses.

The developed mathematical models and software for
simulation of electrochemical micromachining wittrashort
voltage are useful for analysis of electrode paagnt
dissolution current and electrical charge duringCRE/
machining with set conditions and allows determaoraof the
influence process conditions on the localizationaabdic
dissolution and performance characteristic of PECMe
developed software for simulation of microshapisgiseful
for PECMM process analysis, surface shape predictitd
optimization.
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