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Abstract
Brazing of galvanized steel causes decaying of the zinc coating and decreasing of corrosion resistance on  
heat-affected zone (HAZ) and weldment. The corrosion rates among the HAZ, unaffected base metal (UBM), 
and weldment of galvanized steel welded by brazing were numerically modeled by COMSOL Multiphysics. 
The numerically modeled current density values from various zones, such as the couples between the HAZ 
and the UBM, between the weldment and the HAZ, and between the UBM and steel were used to calculate the 
corrosion rates. In this work, two different methods based on Faraday’s Law, the mixed potential theory and 
the Numerical modeling, were compared for calculations of the corrosion rates of each region. Using the mixed 
potential theory, the calculated corrosion rates of regions I, II, III, IV, V and VI were 0.853, 0.284, 2.105,1.754, 
2.028, and 0.554 mm/y, respectively. Where as based on the Numerical modeling, these rates of all regions were 
0.918, 0.275, 2.198, 1.904, 2.151, and 0.566 mm/y, in orderly. These comparisons suggested that the corrosion 
rates obtained from the two methods were similar. However, the results showed that the Numerical modeling 
method could predict the corrosion rate with less error.
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1 Introduction

Brazing is the welding of two materials whereby the 
filler rod acts as a solder. The melting point of the 
filler rod is lower than that of the workpiece. The 
brazing of galvanized steel causes the steel to be 
less corrosion-resistant. The heat generated in the  
brazing process causes the zinc coating to decay. The  
heat-affected zone and weld areas are the most affected 
by the brazing process.
 Corrosion is associated with welded structures, 
since the microstructure, properties, and compositions 
of the weld metal and HAZ are quite different than 
those of the base metals. the corrosion rate associated 
with welds is much higher than the base metals. The 
reason for this is usually a combination of the effect 
of microstructure and residual stress. Highly stressed 
regions surrounding welds may result in accelerated 
corrosion relative to the base metal [1]. In this work, 
we focused on galvanic corrosion. The galvanic  
corrosion [2] is a chemical potential difference  
between dissimilar metals when both types of metals 
have electrical contact. The potential difference results 
in a flow of current between the two metal objects. 
When two metal materials are connected electrically 
in a corrosive environment, corrosion occurs in the 
anodic material [1]. 
 Previously, a research was conducted to monitor on 
zinc decay in the HAZ. The brazing of galvanized steel 
was conducted at currents of 70, 75, 80, 85, 90, and 95 
A. When the brazing current increased, the remaining  
zinc on the HAZ decreased [3]. The HAZ has a corrosion  
rate similar to that of steel, but the zones with a large 
amount of zinc have higher corrosion rates [3]. 
 Considering the importance of corrosion, a 
method for estimating the corrosion rate before  
actual corrosion is investigated in this study. This study 
proposes a numerical model, which is used to solve 
mathematical equations and to predict the corrosion 
current. COMSOL Multiphysics, a computer program 
that can simulate an environment similar to the real 
environment, is used in this study. COMSOL can be 
applied to create corrosion models that show results 
in terms of corrosion current density and corrosion 
potential [4]–[7]. 
 In a previous study, galvanic cells between  
magnesium alloy (AE44) and steel and magnesium 
alloy and aluminum alloy (AA6063) were investigated 

by determining the corrosion current density obtained 
from the mixed potential theory, and the results were 
compared with numerical modeling results. When the 
corrosion rate was calculated, it was found that the 
magnesium alloy (AE44) and steel had corrosion rates 
of 231 and 210 mm/year, respectively, and those rates 
of magnesium alloy and aluminum alloy (AA6063) 
were similar: 26 and 29 mm/year, respectively [8]. 
 The numerical model predicted the corrosion rate 
of galvanic couple by COMSOL Multiphysics. The 
modeling from experimental data can be predicted 
by this method successfully [9], [10]. The numerical 
model is also applied to predict the corrosion rate of 
weld joint. The corrosion rate from the model are  
compared with mixed potential theory and experimental  
techniques. The predicted corrosion rate using the 
numerical model is 10% of the estimated rate obtained 
from the mixed potential theory, and is 10–20% from 
the experiment [11]. 
 In this study, the importance of corrosion rates 
caused by the potential differences in galvanized steel 
occurring during the brazing process was monitored 
and modeled by using the Numerical modeling by 
COMSOL Multiphysics method. Specifically, the 
numerically modeled current density values were 
obtained from the various regions of metal objects 
to calculate the corrosion rates. The corrosion rates 
obtained from the numerical modeling and the mixed 
potential theory were compared. The predicted  
corrosion rate and heat occured on galvanized steel 
during the brazing process could decrease damage 
caused by corrosion before their occurrence on the 
workpieces.

2 Experiment

2.1  Materials

Two plates of galvanized steel with dimensions of 1.2 
× 160 × 120  mm were brazed at 80 A by tungsten with 
the Argon (Ar) gas welding using ER CuSi-A as filler. 
The obtained lap joint was shown in Figure 1 [3]. 
 The welding positions were at a 45-degree angle 
and a 90-degree angle. Argon gas was covered under 
a flow rate of 20 L/min, and the welding speed was  
800 mm/min. The welding distance was 110 mm. The 
welding process was controlled automatically. The arc 
voltage was stable at 2.1 V [3]. 
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2.2  Polarization experiment

Corrosion analysis was conducted using an electrochemical  
test, with Pt as the counter electrode. The reference 
electrode was Ag/AgCl, and the working electrode 
was HAZ1, HAZ2, HAZ3, UBM, steel weldment in 
3.5%wt NaCl. The analysis was conducted under an 
open circuit potential of −0.1 V to 0.1 V. The analysis 
rate was 0.5 mV/s [3]. 

2.3  Corrosion parameter determination by the 
Mixed Potential theory

The galvanic couples in the following six regions were  
investigated: region I HAZ1 and UBM, region II HAZ2 
and UBM, region III HAZ3 and UBM, region IV weldment  
and HAZ1, region V weldment and HAZ2, and region VI  
steel and Zn. Because galvanic corrosion was caused 
by two different materials and potentials, therefore  
6 regions have possibilities in corrosions [4], [5].
 The mixed potential theory [11] was used to analyze  
regions I, II, III, IV, V, and VI. The corrosion current 
density was determined using the mixed potential 
theory, as shown in Figure 2. The result of the mixed 
potential theory was the matching of polarization 
graphs from the electrochemical tests of various zones 
of the galvanic cell. The corrosion potential and the 
corrosion current density of the galvanic couple were 
determined previously and were used in this study [4]. 
The polarization graph of the anode was in the zone 
with a lower corrosion potential than the polarization 
graph of the cathode. In this case, the corrosion of 
the galvanic couple can be predicted by the mixed  
potential theory. Corrosion occurred at the UBM at 
regions I, II, III, VI, and also at the HAZs of regions 
IV and V. The corrosion parameters at the intersection 
point of the polarization graph were shown in Table 1. 

The corrosion current density of galvanic couples I, II, 
III, IV, V, VI were shown in Table 2 [9], [10].

Table 1: Corrosion parameters in the polarization 
experiments

Zones Ecorr 
(V)

Icorr 
(A/m2)

βa (mV/
decade)

βc (mV/
decade)

HAZ1 –0.951 0.422 79 –216
HAZ2 –0.966 0.157 30 –445
HAZ3 –0.888 0.816 57 –359
UBM –1.011 0.037 20 –241

Weldment (WD) –0.476 0.090 160 –378
Steel –0.417 0.098 67 –976

2.4  Calculation of corrosion rate from the mixed 
potential theory from the current density

Prediction tools to forcast corrosion occurrences are 
available, however they are not suitable to predict the 
corrosion rate. In theory, Faraday’s law can be utilized 
to perform this forecasting. Faraday’s law is described 
follows Equation (1) [6]–[9], [11]. 

 (1)

Where CR is the mass of metal lost to corrosion m/s, 
M is 65.409 g/mol, Faraday’s constant F is 96485.34 
C/mol, the atomic mass the electron number z is 2, the 
density ρ is 7140 kg/m3 for the corroding elemental of 
the galvanic steel, and the current density is in A/m2. 

3 Model Development

3.1  Governing equation 

Mass transfer to an electrode is governed by the 
Nernst-Planck Equation (2), [8]–[10] as follows.

Figure 1: Brazed galvanized steel (lap joint) and region of a galvanic cell.
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 (2)

Where Ni is the flux of species i from the surface; 
mol/s.cm2, D is the diffusion coefficient; cm2/s, ci is 
the concentration gradient, ϕ is the electric potential  
gradient, zi is the charge, and ui is the mobility of  
species i, F is the Faraday constant, and v is the  
velocity; cm/s. The three terms on the right-hand side 

represented the contribution of diffusion, migration, 
and convection, respectively, to the flux. 
 Equation (3) presented the conservation yields 
with the absence of homogeneous reactions, [8]–[11]. 

 (3)

Figure 2: Polarization of various galvanic cells on the brazing of galvanized steel for the various regions  
considered in the mixed potential theory: (a) region I, (b) region II, (c) region III, (d) region IV, (e) region V, 
and (f) region VI.

(a)

(c)

(e)

(b)

(d)

(f)
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 The electrical potential in the electrolyte is 
governed by electrostatics described by a Poisson  
equation which reduces to Laplace Equation (4)

 (4)

 It is known that the electrolyte is continuously 
stimulated, so the absorption of the ion distribution is 
uniform though there is an equal and opposite flux of 
oppositely charged ions. The above equation is worked 
over the electrolyte domain subject to boundary  
conditions. The boundary conditions at the anode and 
the cathode surfaces are critical for predicting the  
corrosion rates, when mass tranfer by convection and 
by diffusion are neglected, as shown in Figure 3.
 The polarization data obtained experimentally 
for dual alloys (Table 1) were used as the boundary 
conditions for the anode and the cathode surfaces. Both 
boundary conditions were given equally Equations (5) 
and (6) [8], [9]: 

 (5)

and,

 (6)

Where σ the electrical conductivity of the electrolyte 

solution is,  is the current density of anodic  
species,  is the current density of cathodic species, 
and  is a normal gradient of flux of species.
 The top surface of the electrolyte can be modeled 
as a no-flux condition Equation (7) since air moves as an 
insulator. The left and right sides displayed symmetry  
or no-flux condition, as shown in Figure 3 [8], [9], [13]. 

 (7)

 After solving the Laplace equation subjected 
to the above boundary conditions, we obtained the  
potential and current density values at several nodes on 
the anode and cathode surfaces. The corrosion rate or 
interface speed can then be computed from the current 
density using Faraday’s law Equation (1).

3.2  Arbitrary Langrangian–Eulerian (ALE) method

ALE method is an advanced moving-mesh technique 
with amalgamate of Eulerian and Langrangian type 
of extension and it can capture deformation [8]–[11]. 
 The ALE method consists of two frames (Global 
and Local) for a 2D formulation with X, Y Coordinates. 
A global frame is a fixed frame and a local frame is 
moving with time. This  moving was predicted through 
the ALE method using COMSOL Multiphysics. The 
geometry and boundary conditions were considered as 
shown in Figure 4 [14], [15]. 
 The 2D mesh displacement was gained by solving 
the following Equation (8) [8]–[10]: 

  and   (8)

 The above equations indicated the smooth  
deformations of the mesh, considering the restraints 
placed on the borderline. For the cathode surface, the 
normal velocity was considered to be zero (no corro-
sion). The normal component (n) of the velocity vector 
(v) of the anode surface were computed using Equation 
(1) and represented with Equation (9) [8]–[10]: 

 (9)

 The geometry and boundary conditions with the 
additional potential for this moving-mesh technique 
were shown in Figure 4.

(b)
Figure 3: Governing equation and the boundary 
conditions.

(a)
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4 Results and Discussion

Each zone in this study had different parameters, 
which were important for the numerical modeling 
[8]–[10]. The results of polarization tests of HAZ1, 
HAZ2, HAZ3, UBM, weldment and steel were shown 
in Table 1.
 The mixed potential theory showed that the  
galvanic couple between HAZ1, HAZ2, HAZ3, and 
the UBM corroded at the UBM because it had a lower 
potential than HAZ. The highest corrosion current  
density occurred in region III, followed by I, and then 

II at 1.406, 0.570, 0.190 A/m2 respectively. It was  
observed that zinc decay on the surface of HAZ occurred 
in HAZ3<HAZ1<HAZ2 [3]. The galvanic couple  
between HAZ1, HAZ2, and the weldment corroded at 
HAZ because it had a lower potential than the weldment.  
The highest corrosion current density occurred in region V,  
followed by IV at 1.355 and 1.174 A/m2 respectively. 
It was affected by zinc decay on the surface of the least 
amount of zinc remaining in the HAZ1<HAZ2. The 
galvanic couple between steel (Fe) and the surface (Zn) 
corroded at the surface, because the surface had lower 
potential than steel. The corrosion current density of 
this couple’s reaction was 0.370 A/m2.
 Numerical modeling can define the conditions 
according to the governing equation using the software 
COMSOL Multiphysics [8]–[10]. The results provided  
predictions of the corrosion current density [11].  
Figure 5 (left) shows the corrosion potential in the 
electrolyte that occured at the surface attached to the 
electrolyte at the red zone and it was lower than that in 
the blue zone. This red zone can be predicted to be a 
corroded anodic region. The HAZ was cathode and the 
surface was anodic. In regions IV and V, the weldment 
was cathode and HAZ was anodic. In region VI, steel 
was cathode, and the surface was anodic. 
 The corrosion current densities from the  
numerical modeling of regions I, II, III, IV, V, VI 
showed changes from the anode surface to the cathode 
surface (Figure 5 right) In regions I, II, III, corrosion 
occurred at the UBM. The highest corrosion current 
density occurred in region III, followed by I, and then II 
at 1.468, 0.610, 0.184 A/m2 respectively. In regions IV 
and V, corrosion current density occurred in HAZ. The 
highest corrosion current density occurred in region V,  
followed by IV at 1.437, 1.272 A/m2 respectively.  
In region VI, corrosion current density occurred at the 
surface was 0.378 A/m2. The highest corrosion current 
density between the anodic electrode and the cathode 
electrode was shown in Table 2.

(a)

(b)
Figure 4: Boundary conditions used ALE method in 
COMSOL Multiphysics.

Table 2: Comparison of corrosion current density and corrosion rate

Regions Corrosion Current Density (A/m2) Corrosion Rate (CR) in mm/y
Mixed Potential Theory Numerical Modeling Mixed Potential Theory Numerical Modeling %Error

I 0.570 0.610 0.853 0.913 7.01
II 0.190 0.184 0.284 0.275 3.15
III 1.406 1.468 2.105 2.198 4.40
IV 1.174 1.272 1.754 1.904 8.34
V 1.355 1.437 2.028 2.151 6.05
VI 0.370 0.378 0.554 0.566 2.16
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Figure 5: The corrosion potential (left) and corrosion current density (right) predicted using numerical modeling 
for various galvanic cells in the brazing of galvanized steel, considering various regions (a) region I, (b) region 
II, (c) region III, (d) region IV, (e) region V, (f) and region VI.
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Figure 5: (Continued) The corrosion potential (left) and corrosion current density (right) predicted using  
numerical modeling for various galvanic cells in the brazing of galvanized steel, considering various regions 
(a) region I, (b) region II, (c) region III, (d) region IV, (e) region V, (f) and region VI.
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 For the galvanic couples among 1) HAZ1, 
HAZ2, HAZ3 and the UBM, 2) HAZ1, HAZ2 and the  
weldment and 3) between steel and the surface, 
the corrosion current densities obtained from the  
numerical modeling were similar to that obtained from 
the mixed potential theory as shown in Table 2.
 The corrosion rate was calculated using the mixed 
potential theory based on Faraday’s law in mm/year 
[8]–[10] (Table 2). Corrosion rates of regions I, II, 
III, IV, V, VI were 0.853, 0.284, 2.105, 1.754, 2.058,  
0.554 mm/y, respectively. Also, the corrosion rate was 
calculated using the Numerical modeling based on 
Faraday’s law in mm/year (Table 2). Corrosion rates 
of regions I, II, III, IV, V, VI were 0.913, 0.275, 2.198, 
1.904, 2.151, 0.566   mm/y, respectively. The corrosion 
rates in regions I to VI obtained from the numerical 
modeling were similar trends to that obtained from the 
mixed potential theory. However, the corrosion rates 
obtained from the numerical modeling was higher 
than that obtained from the mixed potentials theory 
with the errors less than 8.34%. The corrosion rates 
from the models were compared with mixed potential 
theory. In another study, the predicted corrosion rate 
using the numerical model was 10% of the estimated 
rate obtained from the mixed potential theory [11]. It 
was observed that the highest corrosion rate was at 
regions III,  because region III was affected by low heat  
(Table 2). Also, zinc contents were remained higher in 
region III than regions I and II [3], [12].
 The comparisons of corrosion rates from mixed 
potentials theory and Numerical modeling were shown 
in Figure 6. In regions, I, II, III, there were galvanic 
couple reactions between HAZ and UBM. The result 
of this couple at HAZ2 had the minimum corrosion 
rate because HAZ2 was located far from weldment 
and it was less  affected by heat input from the brazing 
process. HAZ2 has corrosion potential to be similar 
to UBM and low corrosion rate. In region IV, V, there 
were galvanic couple reactions between HAZ and 
weldment. HAZ1 has corrosion potential to be similar 
to weldment and its corrosion rate was low. Regions 
VI showed a corrosion rate of galvanized steel [12]. 
 In this study. The corrosion rates obtained from 
both models were similar. Couple reactions of HAZ 
and UBM were observed to have the lowest corrosion 
rates because the HAZ2 was located far away from the 
heat input that was transmitted by the brazing.
 There was a lot of zinc contents remaining on 

the HAZ2. The corrosion potential difference was 
therefore close to the surface, causing less corrosion. 
In a couple of reactions of HAZ and weldment, it was 
found that region IV had a low corrosion rate. As a 
result, the corrosion potential difference of HAZ1 was 
close to the corrosion potentials of the weldment. In a 
couple of reactions of steel and surface, the corrosion 
rate of galvanized steel was found to be higher when 
compared to galvanize steel that has been brazed [12]. 

5 Conclusions

Numerical modeling by using COMSOL Multiphysics  
could predict the corrosion current density (Icorr) 
among the HAZ and the UBM at HAZ1, HAZ2, and 
HAZ3. The highest corrosion rate was region III from 
both experiments because region III was affected by 
low heat. There was zinc content remained higher than 
regions I and II. An application of this galvanized steel 
should be awared, especially at region III. The numerical  
modeling could also predict corrosion current density  
among the weldment and the HAZ at HAZ1 and HAZ2.  
The highest corrosion rate was at region V from both 
experiments, because region V was affected by high 
heat. The welding process of galvanized steel should be 
low heat input at region V. Moreover, it also can predict 
corrosion current density occured between the surface 
and steel. The corrosion rate obtained from the mixed 
potential theory was similar to that obtained from the 
numerical modeling. The error among the HAZ and the 

Figure 6: Comparison of corrosion rate from both 
experimental.
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UBM was less than 10% and among the weldment and 
the HAZ was less than 10% and between the surface 
and steel was 10%. The numerical modeling could 
predict corrosion rate and the result of this work could 
be used to design the region III during the welding 
process to had heat input for region V and to maintain 
zinc thickness in galvanized steel.
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