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Abstract. The article discusses the problem of optimizing the anode shape 
to reduce the non-uniformity of the electroplating coating for a long thin-
walled detail. An increase in the non-uniformity of the coating due to the 
ohmic potential drop in the electrodes body is characteristic of such details. 
The problem of optimizing the anode shape is formulated to minimize the 
non-uniformity of the electroplating coating. The mathematical model of 
the electroplating process has been developed, which takes into account the 
ohmic potential drop in the electrodes body. The problem of optimizing the 
anode shape is solved by the example of zinc electroplating process in an 
alkaline electrolyte, taking into account the ohmic potential drop in the 
electrodes body and without it. 

1 Introduction 
Electroplating coatings are used to modify detail surface properties and protect them from 
corrosion [1]. Uniformity is one of the key factors in determining the quality of an 
electroplating coating [2]. Non-uniformity leads to the detail rejection (if the coating 
thickness is less than the specified value) and an increase in the cost of the electroplating 
process (if the coating thickness is greater than the specified value). The non-uniformity of 
the electroplating coating is caused by different strengths of the electric field on the detail 
surface immersed in an electrolyte solution. Shaped anodes are one of the ways to reduce 
the coating non-uniformity. The article [3] is devoted to the research the effect of the 
number, size and anodes location in an electroplating bath on the non-uniformity of the 
resulting coating. In the article [4] the anode shape is computed over a number of 
predefined time steps by convection of its surface with a velocity proportional and in the 
direction of the local electrode shape change rate. The article [5] is devoted to the research 
of the anode shape dependence on the alignment of the distance between the opposing local 
anode and cathode (detail) sections. However, the inhomogeneity of the electric field is 
enhanced by the ohmic potential drop in the electrodes body when electroplating long thin-
walled details, increasing the non-uniformity of the coating [6]. From the analysis it follows 
that there are no researches of the anode shape dependence for the process of coating long 
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thin-walled details using mathematical models that take into account the ohmic potential 
drop in the electrodes body. 

The search for the optimal anode shape for the electroplating coating on long thin-
walled detail, taking into account the ohmic potential drop in the electrodes body is the 
article purpose. 

2 Materials and methods 
Let us formulate the optimization problem for finding the anode shape. Let in the 
electroplating bath space, determined by the Cartesian coordinates (x, y, z), the anode is 
represented in the form of N nodal points A1(x1, y1), A2(x2, y2), …, AN(xN, yN). Evaluation 
of non-uniformity coating is carried out by the Kadaner's criterion: 
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where SC is the cathode surface (long thin-walled detail); δ is the coating thickness; min is 
the minimum value. 
 It is necessary to find the coordinate values of the nodal points Ai(xi, yi) (i=1,…,N), at 
which the non-uniformity criterion (1) will be minimal under the restriction on the 
minimum value of the coating thickness on the cathode surface: 

specmin δδ = ,      (2) 
and anode surface dimensions: 

xi Lx ≤≤0 ,      (3) 

yi Ly ≤≤0 ,      (4) 

where spec is the specified value; Lx, Ly is the length and width of the electroplating bath. 
 Let's compose a mathematical model for connecting the coordinates of nodal points on 
the anode shape with the non-uniformity criterion (1). 
 The coating thickness is calculated by the Faraday's law: 
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ρ
η
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where k is the electrochemical equivalent; ρ is the metal density; η is the the metal current 
output; t is the time; jC is the cathode current density. 
 The current density at the electrodes is calculated by the Ohm's law: 

( ) ( )
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( ) ( )
ASA zyxzyxj ,,χ,, ϕ∇= ,     (7) 

where SA is the anode surface; χ is the specific conductance; ϕ  is the electric field potential 

in electrolyte solution. 
 The electric field potential in electrolyte solution is calculated by the Laplace's 
equation: 
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( ) ( )( ) ( )xzyxjFzyx CCSCC ϕϕ =− ,,,, ,    (11) 
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where VEL is the electrolyte space; SINS is the insulator surface; n  is the normal to surface; 
FA, FC are the functions of anodic and cathodic polarization; φA, φC are the potential 
distribution functions on the anode and cathode surfaces. 
 Taking into account the ohmic potential drop on a long thin-walled detail is a feature of 
equations (5)-(11), which is reflected in the right-hand side of boundary conditions (10) and 
(11). Consider an algorithm for determining the potential distribution function on the anode 
and cathode surfaces depending on their length. 
 The bath space SINS with electrolyte VEL and electrodes SA and SC is represented in the 
form of an equivalent circuit diagram (fig. 1). Total circuit resistance is calculated using 
serial and parallel conversion and Kirchhoff's laws [7]. 

 

Fig. 1. Equivalent circuit diagram of the electroplating bath space with electrodes and electrolyte 

 The i-th section resistance of the electrolyte is determined as: 

dxdz
lr i

iEL χ
= ,      (12) 

where li is the distance between the i-th section of the anode and cathode; dx, dz are the 
steps on x and z coordinates. 
 The i-th section resistances of the anode and cathode are determined as: 

dzh
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where ρA, ρC are the specific resistances of the anode and cathode; 
iAh , 

iCh  are the wall 

thicknesses of the anode and cathode. 
 In general, the iterative process of calculating the discrete values of the electrode 
potentials included in the boundary conditions (10) and (11) is described as: 
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with initial conditions: 
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where U is the supply voltage; I is the total current. 
 Calculation of equations (5)-(24) can take a considerable time depending on the grid 
spacing in coordinates (x,y,z) and the electroplating bath size. This greatly complicates the 
application of gradient optimization methods. In addition, the error in calculating the 
derivative increases significantly due to the approximation of the nodal points coordinates   
Ai(xi, yi) (i=1,…,N) to the grid nodes. The method of local variations is proposed for 
finding the criterion (1) minimum [8]. The method doesn't include the calculation of 
derivatives and at the same time retains the possibility of a sufficiently fast movement to a 
minimum. 

3 Experimental section 
Let us consider the zinc electroplating process in an alkaline electrolyte of the long thin-
walled detail with front surface SC = 15∙103 cm2 and wall thickness iCh = const = 1 cm. The 

ohmic potential drop on a long thin-walled part was taken into account at dx = dz = 1 cm. 
The values list of constants and mode parameters is presented in Table 1. 

Table 1. The values list of constants and mode parameters. 

Symbol, 
unit of 

measurement 

ρ, 
kg/cm3 

k, 
kg/(А·h) 

η 
χ, 

1/(Ωcm) 
U, 
V 

SINS, 
cm2 

VEL, 
l 

ρA, 
Ωсm2/ 
сm 

ρC, 
Ωсm2/ 
сm 

Value 7.13 1.22∙10-3 0.98 0.435 5 8∙104 2∙103 1.5∙10-5 0.6∙10-5 
 
 The functions of anodic and cathodic polarization obtained as an approximation result 
take the form:  

( )( ) ( )zyxjzyxjF AAA ,,935.0,, = , 

( )( ) ( )( )zyxjzyxjF CCC ,,43.0ln3.0188.0(,, +−= . 

 The optimization problem (1) was solved at N = 9 and N = 17 with anode wall thickness 

iAh = const = 0.5 cm. The values list of restrictions (2)-(4) is presented in Table 2.  

Table 2. The list of restrictions. 

Symbol, unit of measurement δspec, μm Lx, cm 
Ly, 
cm 

Value 20 200 100 
  

The distribution of the coating was compared with the coating obtained using a flat 
anode with a front surface SA = 1440 cm2. 

4 Results and discussion 
The approximation of the discrete values for the potential distribution functions on the 
anode and cathode surfaces take the form: 

( ) x
A exx 00115.0111.0000362.0891.4 +−=ϕ , 

( ) x
C exx 00108.0155.0000454.0155.0 −+=ϕ . 
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 The found surfaces of the shaped anodes and it's location in the electroplating bath 
space have the form shown in fig. 2. 

 

Fig. 2. The found surfaces of the shaped anodes and it's location in the electroplating bath space 

The front surfaces of the shaped anodes were SA = 17600 cm2 and SA = 17190 cm2 at N 
= 9 and N = 17. The coating deposition time was t = 47 min and t = 49 min, which is 
21.27% and 16.13% less than when using a flat anode. This is due to the increase in the 
front surface area of shaped anodes compared to a flat anode. The coating thickness 
distribution by length LC of the cathode front surface SC when using a flat anode and 
shaped anodes is shown in fig. 3. 

 
Fig. 3. The coating thickness distribution by length of the cathode front surface with allowance (solid 
line) and without allowance (dashed line) for ohmic potential drop using a flat anode and shaped 
anodes 

 The non-uniformity criterion has the value R = 0.814682 and R = 0.4173915 as a result of using a 
shaped anode at N = 9 and N = 17, which is 28.83% and 63.54% less than when using a flat anode. 
This is due to the alignment of the interelectrode distance. 
 The coating thickness obtained without taking into account the ohmic potential drop by 
length of the electrodes turned out to be 5.95-8.6% more than the coating thickness 
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obtained taking into account the ohmic potential drop. This is due to the traditional 
assumption of the electrode potentials constancy when simulating electroplating processes 
[9, 10]. 

5 Conclusion 

When coating long thin-walled details using similar anodes, the electrical potential changes 
by length of the electrodes, since they have high resistance. Thus, the calculated coating 
thickness will be greater than the actual thickness, if you don't take into account the ohmic 
potential drop in long thin-walled electrodes. This can lead to the appearance of areas on 
detail with a coating thickness less than a specified one, that is, a detail defect. 
 
The reported study was funded by RFBR, project number 20-37-90019. 
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