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Abstract 

Boundary element method (BEM) is a numerical technique that used for modeling infinite domain as is the case for 
galvanic corrosion analysis. This paper presents the application of boundary element method for galvanic corrosion 
analysis between two different metallic materials. Aluminium (Al), and zinc (Zn) alloys were used separately 
coupled with the Carbon Steel (CS) in natural seawater. The measured conductivity of sea water is 30,800µS/cm at 
ambient temperature. Computer software system based on boundary element likes BEASY and ABAQUS can be 
used to accurately model and simulate the galvanic corrosion. However, the BEM based BEASY program will be 
used reasonably for predicting the galvanic current density distribution of coupled Al-CS and Zn-CS in this study. 
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Abstrak 

Kaedah Elemen Sempadan (BEM) adalah suatu teknik berangka yang digunakan untuk domain pemodelan yang tak 
terbatas seperti halnya untuk analisis kakisan galvanik. Kertas kerja ini membentangkan penggunaan kaedah 
element sempadan untuk analisis kakisan galvanik antara dua bahan logam yang berbeza. Aluminium (Al), dan Zink 
(Zn) digunakan secara gandingan berasingan dengan Keluli Karbon (CS) dalam air laut. Kekonduksian air laut yang 
telah diukur ialah 30,800µS/cm pada suhu bilik. Sistem perisian komputer yang berdasarkan kepada kaedah elemen 
sempadan seperti BEASY dan ABAQUS boleh digunakan untuk memodelkan  dan mensimulasikan kakisan  
galvanik dengan tepat. Namun, program BEASY yang berdasarkan BEM akan digunakan untuk meramal 
pengedaran ketumpatan arus galvanik apabila digandingkan Al-CS dan Zn-CS dalam kajian ini 

Kata Kuci : Kaedah Elemen Sempadan, Teknik Berangka, Kekonduksian, kakisan Galvanik, BEASY 

 

INTRODUCTION 

Corrosion is chemical or electrochemical reaction between a material usually metal and its environment that produce 

degradation of material and its properties.  Galvanic corrosion occurs when a metal or alloy is electrically coupled to 

another metal or conducting non metal in same electrolytes. There are five primary methods of corrosion control 

such as material selection, coatings, inhibitors, cathodic protection and design. Cathodic protection was 

commercially used to protect the structure from corroded. It was suppresses the corrosion current that causes 

damage in a corrosion cell and forces the current to flow to the metal structured to be protected. In order to minimize 



to time of experimental, boundary element method like BEASY program was used to evaluate the effectiveness of 

the anode material used. 

Boundary element method is mature method for numerical analysis of a large variety of problems in 

science and engineering. This method is powerful approach to predict the galvanic corrosion between two different 

materials. Advancing computer computer technology made boundary element (BEM) a prevalent method to study 

galvanic corrosion. Miyasaka et al. (1) evaluated the computational accuracy of BEM to estimate the galvanic 

corrosion the galvanic corrosion and cathodic protection in actual field. They analyzed the model by using single 

and multiple region method. It was indicated that both methods were consistent with each other when the element 

size was reduced. Study of Jia et al. (2) in evaluation of BEM showed that their calculated current density values 

were consistent with the theoretical expectations for the case of both linear and non linear polarization curve as 

boundary condition. 

In this paper, the study of the interaction of galvanic corrosion between AL-CS and Zn-CS had been come 

out. With the development of the computer technology, a boundary element based program, BEASY has become 

widely used in galvanic corrosion studies since the early 1980s (3). The previous study showed the BEASY program 

to provide promising correlations with experimental data (4. 5). Aluminium anode with new formulation had been 

comparing with zinc anode commercial that was coupled with stainless steel. In the present study, BEASY program 

was used to calculate the galvanic current distribution on zinc alloy and Aluminium alloy coupled to Carbon Steel.  

 

Boundary Element Method 

The mathematical formulation has been presented by Adey and Niku (6) for uniform, isotropic electrolyte domain Ω 

as illustrated in figure 1. For uniform, isotropic electrolyte system in steady state, the potential obeys the Laplace 

equation: 

▼2Ø = 0      (1) 

The lapalce equation is solved using the following boundary condition 

Ø = Ø0  on Γ1      (2) 

I = I0, on Γ2      (3) 

Ia = fa(Øa) on Γ3a     (4) 

Ic = fc(Øc) on Γ3a     (5) 

Where Γ = Γ1 +  Γ2+ Γ3a+ Γ3c  is the entire surface of the electrolyte domain Ω, I is the current density across the 

boundary, and Ø is the potential. Øo and Io are given constant values of potential and current density, respectively. 

Fa(Øa) and  fc(Øc)are linear and non linear function that describe the anode and cathode electrode kinetics, 

respectively. 



The idea behind the boundary element is to convert the partial differential equation to an integral equation, 

which is then discretized. The boundary integral equation for all element can be assembled into a system of linear 

simultaneous equation, which is expressed in a matrix form as follows: 

HØ = GI      (6) 

Where H and G are problem influence matrices, and Ø and I represent potential and current density vectors, 

respectively. The size of the system of equations is defined by the numbers of nodes. Partitioning the Ø and I into 

those nodes which form the anode and the cathode regions and applying the boundary condition of eqs. (4) and (5) 

gives: 
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 Then eq. (7) is solved by an iteration method, the Newton-Raphson method (20), which provides the 

calculated values of the potential and nth iteration �Ø𝑎𝑎
𝑛𝑛

Ø𝑎𝑎
𝑛𝑛 � throughout the boundary. The current densities can also be 

calculated using Eqs. (4) and (5) 

 

Figure 1: Boundary condition for applying BEM to sacrificial anode CP system 

 

 

 

 

 

 



MATERIAL AND METHOD 

Material 

The model considered in this work is a single pipe made of steel is embedded in the sea water and is protected by a 

single sacrificial anode made of zinc alloy and aluminium alloy respectively. The pipe is 20m long, and 1m 

diameter. The anode center is 0.5m away from the pipe. The anode is 0.1m diameter, 1m long and located at the 

middle of the pipe. The sea water is represented by a 200m cubic box. Both anodes are simulating separately when 

coupled with the steel cylinder. The area ration between anode and cathode are 1: 195. 

Aluminium alloy anode with nominal composition (wt %) of 5%Zn, 2%Mg, 1.5%Sn and Zinc alloy anode 

with nominal composition (wt %) of 1.703%Al, 0.762%Mg were used in this study. The natural sea water 

conductivity is 30,800µS/cm at ambient temperature. The carbon steel cylinder composition was not measured due 

to the properties had been installed in the BEASY program 

Polarization Curve Measurement 

Test specimens of 1cm2 with 5.00 mm thickness with composition mentioned above were cut from the stock sheet. 

Prior to any test the samples were mechanically polished on a range of silicon carbide paper up to 4000 grit finish, 

washed in distilled water and rinsed using acetone. Test specimens with 1cm2 exposure surface area were put in 

specimen holder and exposed to seawater test solution attached to corrosion flask.  Experiments were carried out at 

ambient temperature in stagnant natural seawater condition. The electrochemical measurement were performed in 

corrosion cell system model K47, suspended in corrosion flask, with a twin high density, non permeable, graphite 

counter electrode and reference electrode bridge tube. The measurements were carried out using a gamry’s software.  

The potentiodynamic polarization tests were conducted at scanning rate 0.16mV/s (ASTM standard) 

starting at corrosion potential (Ecorr) of zinc. The electrode potential was scanned forward to anodic direction up to 

oxygen evolution. 

 

 

 

RESULT AND DISCUSSION 

Figure 2 presents a typical E-log I anodic polarization curve for the Aluminium alloy and Zinc alloy in seawater at 

ambient temperature. The polarization curve was indicated by red color with mark ‘A’ for Aluminium alloy and blue 

color with mark ‘B’ for Zinc alloy The corresponding free corrosion potentials (Ecorr) and corrosion current (Icorr) for 

Zinc alloy are -1.071V (SCE) and 2.740E-05 A/cm2 respectively and for Aluminium alloy are -1.2194V (SCE) and 

2.653E-06 A/cm2 



 

 

 

 

 

 

 

 

 

Figure 2 : Polarization curves in natural sea water for aluminium and zinc alloy 

 

Boundary Element Analysis 

The model was designed and meshing as per figure 2. The simulation of the coupled AL-SS and Zn-SS had been 

done using BEASY program based on the figure 3.  

 

 

 

 

 

(a) Designing     (b) Meshing 

Figure 2: Designing and meshing the model for simulation 

 

 

 

 

 



 

 

  

 

 

 

 

(a) Coupled Carbon Steel and Aluminium                            (b) Coupled Carbon Steel and Zinc 

Figure 3: Simulation of galvanic corrosion between two coupled materials 

The performance of the Aluminium alloy and Zinc Alloy was slightly same when coupled with steel based on the 

tube potential as illustrated in figure 3. It means that the performance of our developed anode was same as 

commercial zinc anode. The advantage of our anode is very light compared with the zinc anode. 

Table 1: Overall result of galvanic corrosion simulation between Al-CS 

Group 

Name 

Surface 

Area 

Total 

Current 

Min 

Current 

Density 

Max 

Current 

Density 

Min Over-

potential 

Max Over-

potential 

Min 

Voltage 

Electrolyte 

Max 

Voltage 

Electrolyte 

Anode 3.29867E-01 -3.29867E-01 -9.954685E01 -9.954679E01 -1.113899E03 -1.113899E03 -1.113899E03 -1.113899E03 

Pipe 6.44027E01 3.283725E01 1.055046E-01 2.928475E00 -6.926811E02 -6.897594E02 -6.926811E02 -6.897594E02 

 

Table 2: Overall result of galvanic corrosion simulation between Al-CS 

Group 

Name 

Surface 

Area 

Total 

Current 

Min 

Current 

Density 

Max 

Current 

Density 

Min Over-

potential 

Max Over-

potential 

Min 

Voltage 

Electrolyte 

Max 

Voltage 

Electrolyte 

Anode 3.29867E-01 -2.876977E01 -8.721625E01 -8.721619E01 -1.061348E03 -1.061348E03 -1.061348E03 -1.061348E03 

Pipe 6.44027E01 2.876978E01 9.243602E-02 2.565732E00 -6.923057E02 -6.897458E02 -6.923057E02 -6.897458E02 

 

Table 1 and 2 was shown that the overall result of the galvanic corrosion simulation between coupled Al-CS and Zn-

CS. The protection current flows to the protected structure for Aluminium anode and Zn anode are 32.837mA and 

28.77mA respectively. 

 



 

CONCLUSION 

The use of BEM based BEASY software allows the flexibility and ease performing simulation for any anode and 

cathode material and arrangement. It offer practicing engineers a ready method of evaluating options for cathodic 

protection to minimize its stray current interference. The BEM based BEASY program can reasonably predict the 

galvanic current density distribution for Al-CS and Zn-CS. 
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