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1 Introduction

The Al-Mg alloys are widely used on the cabin of ships, vehicles, aerospace and maritime structures, for its lightness,
low weight, best combination of high strength with corrosion resistance, ductility, good weldability (for level < 3% Mg).
However, it is sensitive to different types of surface damage, for reasons of corrosion or degradation when they are in
physical contact with other metals. This phenomenon alters the material properties and leads to undesirable economic
consequences.

Galvanic corrosion occurs between two metals of different corrosion potentials, immersed in the same electrolyte and
electrically connected. The potential difference called driving force causes a flow of current called galvanic current.
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Consequently, the corrosion rate of the more noble (positive) material, called the cathode, decreases or suppress, while it
increases for the more negative one, called the anode. Small surface area of anodic material compared to cathodic material
close together is a good indicator for galvanic corrosion. This phenomena is desirable in many engineering applications,
particularly in cathodic protection [1, 2].

Galvanic corrosion has been widely studied experimentally and by numerical modeling and few works has been made
to verify the agreement between them [3-6]. However, it is very hard to experimentally evaluate the galvanic corrosion
process of steel structure in atmosphere from experiments in a laboratory where different factors cannot be taken into
account such loading density, relative humidity, area ratio of metals, thickness of electrolyte and so on [7]. That is why
computational modeling is considered as an effective tool to predict atmospheric corrosion.

Theoretical studies have been reported first by Wagner [8] assuming a linear polarization law on the anode-cathode
couple, and indicating a degree of current uniformity on an anode, but does not predicts the current and potential
distributions. Waber [9, 10] introduced equal constant polarization parameters of linear corrosion kinetics which have been
extended by McCaferty [11] with unequal constant polarization parameters. Waber and McCaferty reported that local
current densities of the anode oxidation and the cathode reduction increase with increasing electrolyte thickness. Numerical
models have been proposed by other authors that introduced a diffusion limited process of oxygen cathodic reaction in the
electrode kinetics to investigate the influence of electrolyte thickness, conductivity and defect on the couple interface
beneath a thin layer of electrolyte [5, 6, 12, 13], but to our knowledge only Lee [12] considered a diffusion limited process
for oxygen cathodic reaction, which is the most susceptible to occur in near neutral solution. In the model
proposed in [5], standard equations for the electrochemical kinetic of electrochemical couples have been chosen. This
methodology allows changing the galvanic cell geometry, as electrolyte thickness, in keeping same boundaries conditions
[12, 14]. This provides a great flexibility of the model to different galvanic corrosion situations like corrosion under a thin
electrolyte layer. Jorcin et al [15] have reported a galvanic corrosion study of Al/Cu couple with a fixed value of anodic
current on Al and a cathodic current function of local potential on Cu as boundary conditions. They indicate an increase of
the oxygen reduction current from the initial immersion time. Simulation of galvanic corrosion between magnesium and
aluminium has been performed by Lacroix et al. [16]. Deshpande [4, 16, 17], Jia et al. [19], and Trinh et al. [20] have
studied the corrosion of magnesium alloys in contact to mild steel. The publications of Murer et al. [1, 2, 21] and Shi and
Kelly [22] in this context also gave an extended insight into the topic, especially in the very important choice of boundary
conditions in Comsol. Oltra et al [23] built a model to predict the potential and the current density distribution of aluminum
alloy-steel galvanic couple under thin electrolyte.

New studies of Sun et al. [24] applied the mathematical approach of Yan et al [25] to the modeling of deposit
formation under seawater conditions, clearly introduce a possible way of a useful model built up for the mentioned purpose.
The following studies and results are based on the progress achieved by them. Basic galvanic current density computations
were modified by layer growth aspects leading to time dependent variations in the electrochemical response of the
electrodes [26].

The main objective of this study is to develop a numerical model in order to predict the metal degradation [27]. In the
model time calculation is varied and associated to the anode surface degradation when coupled to the cathode surface
which remains unchanged. The two mediums in contact are represented by a one dimensional (1D) analytical solution. This
solution is introduced as Neumann boundary conditions at the metal/electrolyte interface .The physical problem is
addressed by the finite element method by combining the partial differential equation of electric conduction to the
deformation of the mesh by considering the motion of the boundary of the degraded surface. This model is based on data
obtained from non-linear polarization measurements and allows tracking the interface which degrades. Gauss-Newton
algorithm is used for solving the non linear model and boundary element method are employed for the numerical
calculation [24].

2 Experimental

This part was carried out in order to determine the kinetic parameters that must be inserted as boundary conditions in
the model of the COMSOL software.

Test specimens of Al-2.5 wt. % Mg alloy and steel are employed for polarization curves measurements. Prior to any
test the metallic surface of the specimens is mechanically polished on a range of silicon carbide paper up to 2000 grit under
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water jet, followed by polishing on felt soaked with alumina in suspension in water then cleaned under ultrasonic in ethanol
and finally rinsed with distilled water.

The experimental potentiodynamic polarization curves are plotted on both Al-Mg alloy and steel plates separately in 3
wt.% NaCl solution, having a conductivity of 6 S/m and a pH value of 6.5 and ambient temperature (20 + 2°C) (Fig. 1).
The scans are started from cathodic potential and swept in the positive direction at a scan rate of 1 mV/s. The speed is
slower and gives better and reproducible results. The setup used the reference electrode (RE) of Ag-AgCl with the counter
electrode of platinum plate, directly immersed in the electrolyte. The curves are recording using a potentiostat galvanostat.
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Fig. 1 — Experimental polarization curves after 1 h of immersion in 3wt. % NaCl at 1 mV/s

The polarization curves exhibit linear slopes on semi-logarithmic scale (i.e., Tafel slope) from 50 to 100 mV away
from the corrosion potential.

The following reactions are considered here. Knowing that corrosion potential of AI-Mg is more anodic then steel, it
will form the anode during galvanic coupling to steel, and it will dissolve:

Al AP + 3¢ (1)
Mg > Mg?" + 2¢ 2)

While, the steel surface is the cathode where the dissolved oxygen (in alkaline aerated electrolyte) or the water
reductions will take place for low and high overvoltage, respectively:

0, + 21,0 + 4e” > 40H- 3)
2H,O +2¢ = H,; + 20H- (4)

The corrosion parameters of a material were obtained by extrapolating the linear portions of the polarization curves
found at potentials well away from the corrosion potential (> 100 mV). The corrosion current density was determined from
the intersection of the Tafel slopes at the corrosion potential. The coupling potential (Ecoup) and the galvanic current density
(ig) are determined from the intersection of the anodic curve of the less noble material and the cathodic curve of the more
noble material, according to the mixed potential method. All the kinetic parameters were used in the developed numerical
model. Table 1 summarizes the constant values used in the model.

The Al-Mg sample has the more cathodic potential with a lower anodic Tafel slope which informs about the strong
activation of its surface compared to Steel thus has the anodic corrosion potential, subject to a reduction reaction (3 or 4)
when coupled to the alloy.

3 Numerical model

The model of AlMg-Steel galvanic couple has been previousely described [28]. The calculations were performed by
exploiting the COMSOL Multiphysics software for the resolution. The dynamic model considered here uses the Conductive



270 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 5 (2018) 267-277

Media DC and Moving Mesh (Arbitrary Lagrangian Eulerian: ALE) methods to track the border deformation (interface
metal/solution).

Due to the system symmetry, the model implies a 2D geometry, configured in COMSOL Multiphysics as a 2D
Axisymmetric model. Fig. 2 shows the geometry and the boundary conditions, which consist of axial symmetry, Steel and
Al-Mg coplanar electrodes of the same size (0.25 cm) surrounded by insulating walls corresponding to the resin. The
internal domain corresponds to the electrolyte with a defined value of thickness z = 1 cm giving a square area of 1 cm of
side. The upper boundary is then far from electrode boundaries with a no-flux condition so the air-electrolyte surface can be
modeled as an insulator. The 3 wt. % NaCl electrolyte is considered as homogeneous with a constant ohmic conductance (6
S/m). In this domain the governing equation of electric conduction for the current conservation and for the electric potential
(in volts) distribution in the electrolyte surrounding the two metal surfaces, is the Laplace equation:

V(oY) =0 (1)

where o is the electrical conductivity of the electrolyte and ¢ the electrical potential in the electrolyte.

When the electrical conductivity ¢ is considered constant, this equation is expressed in cylindrical co-ordinates and by
using Galerkin method, the finite elements formulation becomes as follows [29]:

[[-V(cV@)a;d02=0 )

(22 )- 225 oo

(3)
—”O‘ [aq; o, J+[aq) 50‘,} drdz _j a(aﬁnr +a£ﬂzj0‘jd—rzo
" or or 0z Oz r r or 0z r
With:
O(r,z)=ro(r,z) “
N
CD(V,Z)=Z%(’”’Z)(DI‘ (5)
i=1

«; : finite elements function called form function, @; the nodal unknown at node i of the electric potential,
a;: projection function which is considered the same one as finite elements functione;,

n, and n; : are the normal vectors units along r and z coordinates respectively,

N: total number of nodes at the solving domain.

Ohm’s law is used to express the current density J as a function of electrical potential gradient by the following
formula:

op
J=—-0c— 6
o= (6)

Laplace’s equation is solved in the electrolyte domain with the boundary conditions as represented in Fig. 2.

The kinetics at the metal / electrolyte interface, considered by the experimental data obtained from the polarization
curves of the individual materials (Fig. 1), are used as boundary condition for the anode and the cathode surfaces and are
introduced through the Neumann boundary conditions called "Inward current density" in COMSOL Multiphysics software
[4, 23, 30]:

-n.J = J,(¢) ™

With n is the normal vector to the boundary, the function J, (¢) shows the nonlinear polarization curve of the anode or
cathode, expressed by exponential relations between the current density and the electrode potential: Eq. (8) and (9) for
reactions (1-2) and (3-4), respectively:
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~J o (#) ==icorr.a @P(&u (# = Ecora))  Dissolution of AMg

Tu(9)= (8.9)
—J, (¢) =leopy o €XP (—ﬁc (¢ —Eorr e )) Reduction of the Steel

Where i orr,q and izorr o are the corrosion current densities, E¢yyy 4 and E,y - the corrosion potentials, a, = 2.303/b,
and . = 2.303 /b, the coefficient of Tafel slopes of the AI-Mg anode and the Steel cathode, respectively.

7z 4
Electrolyte
thickness
r
a)
| |
I Isolation, Vn¢ =0 1 dx=dy=0
—————————————————— - - D ER ED SR D D EE EE EE EE SR SR Em Em Em Em
= | |
I I I
i | Electrolyte 1
| Electrolyte (Na C1 3%) 1 1
R | P
= Vig=0 I dx=0 j x=0
| |
L) —1,(9)
_ — 1 |
C a
= I vn=0 vn=KJ, (4 I
I I
N R '
1 1
=0 I— ——————— - e—————————————————————— — — — — — — -
, Cathode Anode =0 : Cathode Anode
(Steel) (Al-Mg)
b) ©)
Fig. 2 — a) 2D geometry of the system and boundary conditions
b) Conduction problem, c) Geometry deformation problem
The boundary condition imposed on the other boundaries is electrical insulation:
V,p=0 ou n.J(¢)=0 (10)

The "Arbitrary Lagrangian Eulerian (ALE)" method is used for taking account of the change in geometry
(displacement of the border). The ALE frame comprises a spacial frame with co-ordinates moving with time for the 2D
geometry.

The rate of the mesh normal to the surface of the anode which dissolves becomes [4]:
vn=—KJ, (¢) (11)

where m is normal component of velocity vector v, K is the coefficient of proportionality, equal to 3.45 10" C-'.m’. It is
calculated from the following equation:

My
ZFpy

K =

(12)
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where z is a reaction valence (or the electron number) equal to 3 for Al, F is the Faraday constant (96485 C/mol), My, is the
molar mass (27 g/mol for Al), p,; is density equal to 2.7 g/cm? for Al. In the SI units K = 3.45 107! C-'.m?. It is found to be
3.45 10" C'.m? for silicon [31].

As the surface of the cathode remains unchanged, the mesh rate at the cathode is zero.

4 Resolution

Table 1- Input constant values used in the model

Property with units

Value

ba (V/dec): Anodic Tafel slope of Al-2.5Mg

b, (V/dec): Cathodic Tafel slope of Steel
Corrosion potential Ecorra (V/ECS) of Al-2.5Mg
Corrosion potential Ecorc (V/ECS) of Steel
Corrosion Current density icorr, (A/m?) of Al-2.5Mg
Corrosion Current density icorr.c (A/m?) of Steel
Galvanic Potential E; (V/ECS)

Galvanic Current density iz (A/m?)

S (S/m) conductivity of the electrolyte

e (m) thickness of the electrolyte

Anodic or cathodic radius (m)

K (C'.m%) coefficient of proportionality

0.03
-0.135
-0.890
-0.622

0.04

0.05
-0.855

0.77

6

0.01

0.025
34510

The above Laplace equation is solved over the electrolyte domain of the 2D geometry using adaptive meshing value,
reaching a specified mesh quality as shown in Fig.3.
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Fig. 3 — Model geometry with the corresponding meshing for the galvanic couple
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5 Results

Simulation results show that the coupled numerical-analytical model associated with the mesh deformation has some
capabilities to reproduce the phenomenon of corrosion or deposition of the metallic part.

The chemical reactions occurring on the metal interface exposed to the solution, lead to dissolution or deposit
phenomenon. After solving the Laplace equation for the electric potential at time t = 0 and 3 days, the change in electrical
potential over the electrolyte domain is shown in Fig. 4. This model can track the rate and the thickness of either the
dissolution of anode with a displacement of the anode border downwardly to be occupied by the electrolyte (Fig.4.a) or the
formation of an electro-deposited film (Fig.4.b).

The resolution of Laplace’s equation with COMSOL enables us to calculate the distribution of electric potential and the
normal and radial current density, for an electrolyte conductivity and time of immersion fixed.
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Fig. 4 — Surface plot of steel/Al-Mg electric potential at a) 0s, b) and ¢) at 3. 10°s
and 0.06 S/m in the case of (b) dissolution and (c) deposition

The electric field which is the gradient of potential (in blue), is directed from anode towards cathode because of the
potential difference, with a highest value near the junction and gradually decreases with distance from junction. The
distribution of potential and current density as a function of normal distance z is shown in Figs. 5 and 6, respectively.

The shape of the local current density (Fig. 6) indicates that the i, is higher at the junction between the two materials
implying a large dissolution of Al-Mg and then i, decreases away from the junction forming a pit. It is shown that, the
potential distribution and the normal current density decreases by increasing the distance z between the surface of the
galvanic couple and the point in the electrolyte where the measurement is performed according to the normal axis.
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The distributions of the profiles depth of the dissolution were shown in Fig. 7. The depth of the pit increases with the
exposure time to the solution.
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Fig. 7 — Depth profiles as a function of immersion time



JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 5 (2018) 267-277 275

The effect of the electrolyte conductivity on the depth profiles and the current density distribution is shown in Figs. 8
and 9, respectively. The results indicate that, the i, distributions (Fig. 8) are larger in the diluted solution (low
conductivity). The most active zone is at the junction between the anode and the cathode where a pit is developed. When
increasing the electrolyte conductivity (electrolyte concentration) the total current density increase, in agreement with King
et al. [32] and uniform depth of penetration is obtained (Fig. 9).
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Fig. 8 — Normal current density distribution as a function of electrolyte conductivity after 6000s
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Fig. 9 — Depth profiles as a function of electrolyte conductivity after 6000 s
6 Conclusion

In this work the coupling of a numerical model with an analytical one has been developed in order to avoid
meshing the anode and the cathode. The coupling with moving mesh technique is then easily performed and the border
deformation is simulated accurately. The model could be used to simulate film deposition or metallic dissolution. The
results obtained in both cases seem to be acceptable and qualitative results are satisfactory. In the future work the effect of
the surface ration of the couple galvanic steel/Al-Mg by numerical modeling will determine.
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