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The through-mask electrochemical machining of features of micron dimensions was studied theoretically.
The Laplace equations for the electric field potential and the equation of workpiece surface evolution were
used as the mathematical model of the process. The problem was solved numerically using the methods
of finite and boundary elements, and also the “Level Set” method. By using the numerical experiments, the
effect of parameters, which characterize the mask geometry and the process conditions, on the initial
distribution of current density over the workpiece surface and the variation of current distribution in the
course of etching was studied. In particular, the dependences of dimensionless average current density on
a fraction of unprotected areas were obtained at various values of mask thickness and unprotected areas
(rectangular grooves or circles).

It is shown that the higher is the unprotected area density, the mask thickness, and unprotected area
width, the higher is the initial average current density.

It is shown that the initial nonuniformity of average current density changes in the course of machining
leading to a change in a ratio between the anodic dissolution rates of unprotected areas of different widths.
In the initial period of treatment, the smaller is the width of uncovered area, the higher is the anodic
dissolution rate. Then, in the course of machining, the anodic dissolution rate on the narrow unprotected
areas steeply decreases and can become lower than that on the wider areas. As a result, the depth of
unprotected areas of different sizes will be different. The result of modeling enables one to predict the final
depth of the features on the workpiece surface.

1. Introduction

The through-mask electrochemical machining is one of effective methods of microfabrication (Datta, 1998),
which is used to fabricate precision nozzles (Datta, 1995), regular relifs (Volgin and Davydov, 2004),
complex patterned substrates (Raffelstetter and Mollay, 2010), micro-dimples arrays (Qian et al., 2010),
micro probe arrays (Kim et al., 2011), etc. This method enables one to machine not only bulk metal (Kern
et al., 2007), but also thin metal films (West et al., 1992). Various combinations of template anodic
dissolution and cathodic electrodeposition (Herraiz-Cardona et al., 2013) can be used for production of
highly porous metal layers and complex hierarchical patterns.

The shape and dimensions of a workpiece, which is fabricated by the through-mask electrochemical
machining depend on a large number of parameters: the mask thickness, shape and dimensions of
unprotected areas (West et al., 1992), mask wall angle (Li et. al, 2011), the machining mode and
conditions of mass transfer (Alkire and Deligianni, 1988), etc. Therefore, the process of electrochemical
machining is frequently studied by the theoretical methods (Davydov et al., 2004). The theoretical study of
the process is commonly performed using the mathematical models, which involve the Laplace equation
for the electric field potential (Shenoy et al., 1996) or concentration of dissolving metal ions (Madore et al.,
1999). The regularities of electrochemical shaping of individual elements have been much studied (Li et
al., 2010). The results of these studies enabled one to estimate the effect of hydrodynamics of electrolyte
solution flow; to predict the formation of metal “islands” on the substrate and develop the methods, which
provide the absence of the islands; to take into account the effect of the incline of side mask walls on the
geometry of machined surface, etc. Frequently, a mask has the blanks of different shapes and dimensions.
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In this case, it is important to take into consideration a mutual effect of mask elements (Raffelstetter and
Mollay, 2010). By now, the regularities of electrochemical machining of micro features using the masks
with the elements of different shapes and sizes have not been studied adequately.

The aim of this work is to study theoretically the regularities of mask electrochemical machining on the
basis of recent achievements in the field of modeling of electrochemical machining (Hinduja and Kunieda,
2013).

2. Statement of problem

In the general case, the mask can have the blanks of different shapes (for example, grooves, circles, etc.)
and sizes, and they are nonuniformly arranged over the workpiece surface (Figure 1). A dependence of
the current density and, consequently, the rate of metal anodic dissolution, on the protected surface area
leads to the formation of elements of different depth on the workpiece surface areas with different
geometric parameters. For instance, in zone |, where a fraction of unprotected surface area is smaller than
in zone I, the resulting relief elements will be deeper than that in zone Il (Figure 1). In addition, due to the
screening effect, the depth of the elements will differ also within each zone. For instance, in zone |, the
element of relief with a larger fraction of unprotected area (4) will be deeper than that with smaller
unprotected area (3). At equal characteristic sizes of mask elements of different geometric shapes (b = D,
where b is the width of the groove-shaped unprotected area (5) and D is the diameter of the round
unprotected area (6)), the machining will yield the elements of different depth (Figure 1, zone lll, (5) and
(6)): due to a larger contribution of the edge effect, the axisymmetric element will be deeper than the
straight-line groove.

2

Figure 1: A scheme of electrochemical machining using the mask with the blanks of different shapes and
sizes: (1) a workpiece (substrate); (2) a mask

As a rule, several elements with various shapes and sizes should be formed on the workpiece surface.
Due to the overcutting and edge effects, the sizes of elements and the rates of their formation will be
different. In order to predict the workpiece surface geometry, and also to determine the shape and sizes of
mask elements, which is required to produce the prescribed workpiece surface geometry, it is
advantageous to apply the methods of mathematic modeling.

3. Mathematical model and method of numerical solution

The electrochemical machining with partial insulation of workpiece surface is simulated by the model of
shaping, which ignores the concentration changes in the solution (Davydov et al., 2004). This
approximation is acceptable in the cases of sufficiently intense pumping or stirring of electrolyte solution.
The distribution of electric potential over the interelectrode gap is calculated by using the Laplace
equation.
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For convenience of solution and analysis of the results, the mathematical model is given in the
dimensionless form. The interelectrode gap (S) was taken as a unit length, and the applied voltage (U)
was taken as a unit electric potential.

X S . e, yU
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where X, Y, are the dimensionless coordinates; @ is the dimensionless potential; | is the dimensionless

current density; 7 is the dimensionless time; 7] is the current efficiency; &,, is the volumetric
electrochemical equivalent; ) is the conductivity of electrolyte solution; a is the subscript, which

characterizes the workpiece surface.
Thus obtained system of dimensionless equations is as follows:

div(grad ®)=0 2)
2
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where n is a vector normal to the workpiece surface.

To solve the system of Egs. (2) and (3), the boundary and initial conditions should be prescribed. For the
machining scheme under consideration, when the polarization of electrodes can be ignored, the boundary
conditions for the dimensionless potential will be as follows:

1, on the anode (workpiece)
0, on the cathode ( tool - electrode)

(4)
oD
on

The initial condition is that, at the initial instant of time, the workpiece surface is a plane passing through

the origin of coordinates:

Y,(0)=0 (5)

=0, ontheinsulator

The boundary value problem for Egs. (2) — (5) is a problem with moving boundary. Then, the equations,
which describe the transport processes and the motion of computational region boundary, should be
calculated simultaneously. This presents a considerable difficulty. The numerical solution is frequently
simplified by using the quasi-steady state approximation. Within this approximation, the entire time of
machining was divided into a number of time steps. For each time step:

1) the distribution of electric potential was calculated (at the electrode geometry corresponding to the
beginning of the step);

2) a new shape of the workpiece surface was determined (at the distribution of the current density
corresponding to the beginning of the step).

At each time step, the boundary-value problem for the Laplace Eq. (2) with the boundary conditions (4)
was solved numerically by the method of boundary elements. The boundary-value problem was reduced to
the equivalent boundary integral equation. As a result of numerical solution of Eq. (2), the distribution of
the current density over the workpiece surface was determined. It was used to solve Eq. (3) and determine
the geometry of workpiece surface for the next time step.

4. Results of modeling and discussion

At the first stage, the initial stage of electrochemical machining with partial insulation of workpiece surface
was simulated, i.e. the distribution of dimensionless current density (anodic dissolution rate) over the
workpiece surface was calculated. The calculations were performed at various values of machining
parameters, such as the blank width, mask thickness, a fraction of active workpiece surface area, i.e. a
ratio of unprotected area to the total surface area of the workpiece. Based on these results, the general
regularities for a mask with active areas of identical shapes and sizes can be formulated as follows: An
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average current density monotonically decreases with decreasing distance between the mask elements
(increasing active surface area) and increasing mask thickness. An average current density for the
axisymmetric (circle) unprotected areas is higher than that for the linear (band, strip) unprotected areas.

In the majority of cases of practical importance, the masks have active areas of different sizes. In this
case, the rates of formation of different elements will differ; as a result, the elements of different depth will
form on the workpiece surface. A difference between the element depths can be estimated by using the
above regularities for the uniform mask. However, it is difficult to determine an actual active surface area.

2

Figure 2: A fragment of zone of electrochemical machining and (b) computational region

At the second stage, the electrochemical machining using the masks with active areas of two different
sizes was performed. Figure 2 (a) gives a fragment of zone of electrochemical machining with (1) the
anode, (2) the cathode, and (3) the mask. The interelectrode gap (4) is filled with the electrolyte solution.
The mask contains the blanks (5), (6) of different width. The planes of symmetry that bound the
computational region are denoted by 7. Figure 2b gives the computational region. The computational
nodes (Figure 2b) are shown with circles; the arrows show the direction of numbering the computational
nodes on the outer boundary (8) (corresponds to Figure 2a, lines 1, 2, and 7) and inner (mask/electrolyte)
boundary (9). For convenience of modeling, it was assumed that there is a small gap between the initial
workpiece surface and the mask. The presence of the gap of the order of 0.001 to 0.1 had no considerable
effect on the results of modeling; however, it enabled us to simplify significantly the algorithm of
calculations due to the presence of two different surfaces (the workpiece surface and the mask surface).
To provide the required accuracy of simulation at the minimum amount of computation, a nonuniform mesh
of boundary elements was used. To maintain the accuracy in the course of surface evolution, the adaptive
remeshing was realized. As it was found by the test calculations, a time step of 0.001 and shorter provided
the stability of numerical simulation. In addition, a “Level Set” method was used for discretization of spatial
derivative in equation (3):
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where i is the number of computational node on the workpiece surface; n is the number of time step; and
AT is the time step.

Figure 3 gives the results of modeling for a mask of dimensionless thickness (a) and (c) h= 0.1; (b) and

(d) h =0.01; the dimensionless sizes of blanks are b = 0.1 (on the left) and b =1 (on the right); (a)
and (b) a fraction of active surface area is 27.5 %; (c) and (d) a fraction of active surface area is 55 %.
Dashed lines show the workpiece surface at the time, when the elements on different unprotected areas
reach equal depth.
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Figure 3: Workpiece surface evolution in the electrochemical machining using a mask with active areas of
0.1 (the left parts of the figures) and 1 (the right parts of the figures)

From Figure 3, it is seen that, in the initial period of machining, a higher rate of anodic dissolution is
observed on smaller active areas. As a result of machining, the active workpiece surface area increases.
At a constant current, this leads to a decrease in the current density and, consequently, the anodic
dissolution rate.

To the first approximation, assume that the anodic dissolution is isotropic and the current through a blank
is constant. Then,

ar, __b
dr  b+ay, ¥

)

where | o is dimensionless average current density.
From (7), it follows that the anodic dissolution rate decreases faster on the smaller unprotected areas.
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Thus, in the course of machining, a ratio between the anodic dissolution rates in different blanks
permanently varies. Under certain conditions, the anodic dissolution rate on the larger unprotected areas
becomes higher than that on the smaller unprotected areas.

At a shorter time of machining, the elements with narrower unprotected areas will be deeper, whereas at a
longer time, the elements with wider unprotected areas will be deeper. The time (or depth), when equal
depth of different elements is reached, depends on the mask thickness and a fraction of active surface
area (Figure 3).

5. Conclusions

A scheme of numerical modeling of through-mask electrochemical machining, which enables one to
predict the shape and sizes of workpiece surface, is developed. The developed mathematic model enables
one to determine the time dependence of unprotected area depth and to determine the treatment time,
which is required to obtain equal depth for the areas of different sizes.
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