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Abstract

In this work, the effect of current efficiency on the electrochemical micromachining by moving electrode is studied theoretically. The Laplace 
equation for the electric potential and the equation of workpiece surface evolution are used as the mathematical model of the process. A new 
scheme of solution of free boundary problem for steady-state electrochemical micromachining is proposed. According to the scheme, the initial
approximation of the workpiece surface is prescribed. In the course of modeling, the workpiece surface moves in the normal direction at a rate 
proportional to the discrepancy of the steady-state condition. The effect of various dependences of current efficiency on the local current 
density is analyzed. As a result of simulation, the dependences of the shape and sizes of machined surface on the current efficiency and the 
machining parameters are obtained.
© 2017 The Authors. Published by Elsevier B.V.
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1. Introduction

Along with the methods of mechanical, chemical, and 
physical treatment, various schemes of electrochemical 
micromachining (ECMM) are used to fabricate complex-
shaped and microstructured surfaces [1]. ECMM offers 
several advantages: the absence of mechanical and heat 
effects on the workpiece (WP), no tool wear, relatively high 
material removal rate, smooth and bright surface, and the 
production of components of complex geometry [2, 3]. 
Therefore, ECMM is used in many industrial applications 
including turbine blades, engine castings, bearing cages, 
gears, dies and molds and surgical implants [3].

The following schemes of electrochemical machining are 
widely used: (1) with the use of a stationary non-profiled tool-
electrode (TE) and a mask placed on the anode [4, 5] or 
cathode [6]; (2) with a profiled TE moving towards the 
workpiece surface [7]; (3) with non-profiled TE, which moves 
along the workpiece surface by the prescribed trajectory with
the aid of numerically controlled system [8]. The term “non-
profiled” means that the shape and sizes of TE do not 

correspond to the targeted shape of workpiece surface. In
recent years, ECMM by moving electrode has attracted 
increasing interest, especially for machining of complex-
shaped microworkpieces [9]. The shape and sizes of the 
machined surface depend on a large number of factors; 
therefore, a precise prediction of the geometry of workpiece 
surface is of great practical importance [10]. In the general 
case, the shape and sized of machined surface can be 
determined by solving the non-steady-state problem [11, 12]. 
However, the solution of non-steady-state problem requires a 
large volume of computation. Frequently, the quasi-steady 
state is reached in a short time, i.e. in the system of 
coordinates related to the TE, the shape and sizes of the 
workpiece do not change with the time. In this case, ECMM 
can be simulated using the models of steady-state shaping [13, 
14]. Within the approximation of “ideal” ECMM process, the 
determination of steady-state shape of workpiece surface is 
reduced to the solution of free boundary problem for the 
Laplace equation. The condition of steady state [13] or the 
condition of constant current density [14] is used as an 
additional condition. In some cases (point, rectangular, corner
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TE, etc.), the exact analytical [14] or approximate numerical 
[15] solution of the problem of steady-state ECMM can be 
obtained. In most cases, even for the cylindrical TE, the 
solution of steady-state problem requires the non-steady-state 
methods. This complicates considerably the prediction of the 
shape and sizes of machined surface.

The current efficiency depends on the local current density 
and has a pronounced effect on the shape and dimensions of 
workpiece surface. In several works [16, 17], it was shown 
that, when the current efficiency has the form of a step 
function of current density, the accuracy of ECMM increases
significantly. However, the effect of variable current 
efficiency on the electrochemical machining by moving 
electrode has not been adequately investigated.

The aim of this work is to develop an effective method for 
modeling steady-state ECMM by moving TE of arbitrary 
shape that takes into account the dependence of current 
efficiency on the current density.

2. Mathematical model

An “ideal” model for ECMM by moving TE is considered 
(Fig. 1a). The following basic assumptions are made: 1) there 
are no concentration or temperature gradients within the 
electrode gap due to the intense electrolyte solution flow; 2) 
the dependence of current on the electrode potential is 
ignored. Under these assumptions, the primary distribution of 
potential and current density takes place, Faraday's law of 
electrolysis can be employed to determine the rate of the 
workpiece dissolution:

0graddiv , (1)
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where is the potential; is the conductivity of electrolyte 
solution; i is the current density; n is a unit vector of outer 
normal to the workpiece surface; V is the volumetric 
electrochemical equivalent of the workpiece material; is the 
current efficiency; nv is the rate of electrochemical 
dissolution.

The following boundary conditions are used:
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where u is the applied voltage; subscripts WP, TE, and I
denote workpiece, tool-electrode and isolator, respectively.

In the two-dimensional case, in the system of coordinates 
related to the TE, the equation of the workpiece surface 
evolution ),(WP txy can be presented in the following form:
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where t is the time; TEv is the feed rate of tool-electrode.

Fig. 1. (a) Scheme of electrochemical micromachining by moving tool-
electrode and (b) the computational region: (1) workpiece, (2) TE that moves 
towards the workpiece at a rate vTE; (3) workpiece surface; (4) interelectrode 
gap filled with the electrolyte solution; (5) computational region; (6) surface 
of moving TE; (7) machined surface; and (8) insulator surface that bounds the 
computational region.

In the steady state, equation (7) takes the following form:
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where 2
WP /1/1cos xyny is the projection of a 

unit vector of the outer normal to the workpiece surface onto 
the y axis and is an angle between the direction of tool-
electrode feed and the outer normal to the workpiece surface.

For convenient solution and analysis of the results, the 
mathematical model is presented in the dimensionless form.
The diameter of the circumcircle for the TE cross-section ( TEd
) is taken as a unit length; the characteristic applied voltage (

Vvd *
TETE / ), as a unit electric potential; and the 

characteristic current density ( Vv *
TE / ), as a unit current 

density:
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Here YX , are the dimensionless coordinates; is the 
dimensionless potential; I is the dimensionless current 
density; U is the dimensionless applied voltage.
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The boundary conditions:
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The mathematical model (10) – (14) involves one 
dimensionless parameter U, one dimensionless function */
that prescribes the dependence of current efficiency on the 
current density, and preliminarily unknown workpiece surface 

)(WP XY . Dimensionless parameter U has a physical meaning: 
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