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Abstract
A numerical analysis model for corrosion phenomena has been developed that can cal-

culate current densities, ion concentration and corrosion products. In this model, cathodic 
current density is dependent on oxygen flux and anodic current density is assumed by the 
Tafel equation. Current densities and ion concentration are calculated by the finite volume 
method. Numerical analysis results of this model verified that corrosion product distribution 
of Fe/Zn galvanic corrosion in NaCl solution and MgCl2 solution obtained agreed well with 
that measured by the FTIR method qualitatively. Corrosion near the cut edge of the galva-
nized sheet was simulated and discussed. The numerical analysis result indicates that cor-
rosion products were precipitated on the Fe surface in MgCl2 solution and they have high 
corrosion resistance.

1. Introduction
The corrosion phenomena are complex wherein a variety of 

components and multiple reactions are intermingled, and it is diffi-
cult to elucidate the corrosion mechanism. Because in situ observa-
tion of the pH distribution and/or the ion concentration distribution 
during the progress of corrosion is difficult, the mechanism cannot 
be easily elucidated in most cases. In responding to the call for in-
novative improvement in measurement techniques, numerical mod-
eling of the corrosion phenomena is gaining attention as a new 
method. The numerical analysis technique of structural analysis and 
fluid flow analysis has made great progress in recent years along 
with the development of computers, and several studies have also 
been conducted in the field of corrosion. 1–7) However, these numeri-
cal analysis models are simple in nature as they only calculate for 
the potential and the current density distributions in solutions by de-
fining the cathode and anode without considering the transition of 
pH and the precipitation reaction of corrosion products. Therefore, 
although the corrosion rate in an early stage can be found, they were 
insufficient for elucidating the corrosion mechanism as further in-
formation cannot be obtained.

We have developed a numerical analysis model that is applicable 
to the elucidation of the corrosion mechanism by taking into consid-
eration the potential and current density distributions, ion and mo-

lecular migration and the equilibrium reaction and precipitation re-
action of corrosion products in a solution. 8, 9) Hereunder, we present 
the outline of the numerical analysis model, and report the results of 
the application thereof to the corrosion phenomena of galvanized 
steel sheets, and the study on the early stage corrosion mechanism 9).

2. Mathematical Model
The flow chart of the calculation of the numerical model is 

shown in Fig. 1. The geometry data, components and the polariza-
tion characteristics of the electrolyte solution are input as the com-
putation condition. The specific conductance σ of the solution is cal-
culated by Expression (1) using the electrolytic component concen-
trations, where F: Faraday constant, N: total number of ion species i, 
zi, ui, ci : valence, mobility and concentration of ion species i.

 σ = F 2 ∑ zi
2uici    (1)

Next, the potential and current density distributions are calculat-
ed. The subject parameters are the potential φ and the current densi-
ty vector J, and calculated by Laplace’s equation of Equation (2).

 0 = 

∆

 . J = 

∆

 . (− σ

∆

φ)    (2)
As the boundary conditions of Equation (2), the polarization charac-
teristics of the anodic current density Ja and the cathodic current 
density Jc on metal surfaces are required. Figure 2 shows the sche-

N

i=1
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matic representation of polarization curves. The anodic current den-
sity is approximated by the Tafel equation of Equation (3), where 
corrosion potential: φ0, equilibrium current density Ja0 and Tafel 
constant: α. Tafel constant α is determined as: αzinc = 1.2, αsteel = 0.38, 
Ja0, zinc = 0.25 (A/m2) and Ja0, steel = 0.18 (A/m2). These are the values 
obtained by fitting the calculation result of the polarization model to 
the measurement result of the polarization in the NaCl 5%wt solu-
tion. Tafel constant α denotes the gradient of the anodic current den-
sity with respect to the potential, and R, T and n denote respectively 
gas constant, temperature, and valence without symbol.

 Ja = Ja0 exp {(φ − φ0)  }     (3)

The cathodic current density is not dependent on the potential above 
−1.2V/Ag-AgCl where the hydrogen reduction reaction is negligible 
and the oxygen reduction reaction shown by Expression (4) is domi-
nant. Accordingly, the cathodic current density is determined by the 
flux of oxygen that reaches a unit surface area of the metal in a unit 
time, and expressed by Expression (5), where NO2 is the flux of oxy-
gen that reaches a unit surface area of the metal in a unit time (mol/
m2s).

 O2 + 2H2O + 4e− → 4OH−   (4)
 Jc = 4FNO2     (5)

The oxygen concentration in the solution cO2 is calculated by the 
diffusion equation of Equation (6), where D is the diffusion coeffi-
cient. In a stationary state, the oxygen concentration is assumed to 
be saturated at the solution surface contacting the atmosphere. 
However, when the concentration is dependent on the solution rate, 
the solution rate is taken into consideration in the calculation. 10)

  = 

∆

 . ( D ∆

cO2 )        t : time  (6)

From the obtained current density distribution, the amount of 
timewise ion concentration change is calculated by Expression (5). 
The first term of the right side of Equation (7) denotes the migration 
of ions by current and the second term denotes the migration by dif-
fusion, where ti is the transport number of the ion species i and is 
calculated from Expression (8). Ri of the third term is the rate of 
generation or the rate of consumption due to reactions.

  = − 

∆

 . (  J ) + 

∆

 . ( Di

∆

ci ) + Ri   (7)

 ti =      (8)

The ion concentration distribution after a minute obtained from 
Expression (7) is not ensured to satisfy the electrical neutrality con-
dition. Therefore, the ion concentration distribution needs to be cor-
rected to satisfy the ectroneutrality. When the ectroneutrality is not 
satisfied, the potential is produced by the local charge density differ-
ence. The potential denoted as Φ is expressed by Poisson’s Equation 
of (9), where ε is the conductivity.

 

∆ 2 Φ = −  ∑ zici     (9)

The coefficient of the right side term of Equation (9) is a very 
large value, which means that when a potential difference takes 
place in an actual solution, ions migrate immediately to counteract 
the potential difference. In implementing numerical analysis, this 
coefficient of large value destabilizes the computation, therefore, the 
standardized potential P as shown by Expression (10) which is 
equivalent to the potential Φ is used for computation.

 

∆2P = − ∑ zici     (10)

To satisfy the ectroneutrality, ions migrate along the gradient of 
potential P so that the charge density difference between the anion 
and cation becomes zero. The migration amount of the ions is 
termed as corrected ion flux η, and defined as Expression (11), as-
suming that the migration amount of respective ion species is pro-
portional to its transport number.

 ηi = −  

∆

P     (11)

From Expression (11), the corrected ion concentration ci' becomes 
ci' = ci − 

∆

 . ηi. In order for the corrected ion concentration to satisfy 

αnF
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Fig. 1   Flowchart of calculation 9)

Fig. 2   Schematic representation of polarization curves 9)
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the ectroneutrality, the charge density should become zero, and Ex-
pression (12) is formed.

 ∑ zi ( ci − 

∆

 . ηi ) = 0    (12)

By inserting Expression (10) into Expression (12), Expression 
(13) is formed.

        ∑ zi ( ci − 

∆

 ( −  

∆

P ) ) = ∑ zi ci + ∑ ( ∆

 ( ti

∆

P ) ) = 0 (13)

As the total sum of the transport number in Expression (8) is 1 (one), 
Expression (13) becomes Expression (10). Expression (10) is a gen-
eral Poisson’s equation, and by solving the equation, the ion concen-
tration is corrected, and the ectroneutrality is possibly satisfied.

The computation was implemented based on the equilibrium 
theory, assuming that the reaction rate in the solution is sufficiently 
high and the rate is fusion-rate-determined. Specifically, although 
each cell is in a state of nonequilibrium immediately after the com-
pletion of the computation of ion migration, the computation is con-
tinued so that each reaction satisfies the solubility product or the 
equilibrium constant instantaneously. Many of the reaction rates of 
chemical reactions in corrosion are unknown, and it is difficult for 
analysis other than the computation method to find them; however, 
if there is a big difference among reaction rates, modelling of a cer-
tain type is required.

The simultaneous calculation method of the three reactions 
shown in expressions (14) to (16) is explained as an example of the 
reaction calculations.

 H2O ↔ H+ + OH−  K1 = 10−14  (14)
 H2CO3 ↔ 2H+ + CO3

2− K2 = 10−16.6 (15)
 Zn2+ + CO3

2− ↔ ZnCO3 ↓ K3 = 10−10.15 (16)
Where K is the equilibrium constant and the solubility product of 
each reaction.

The concentrations of molecules and ions in the nonequilibrium 
state immediately after the migration of ions are assumed as [H2O], 
[H+], and the concentrations after reaching the state of equilibrium 
are assumed as [H2O]e, [H

+]e. Further, assuming the amounts of the 
changes of concentrations of H2O, H2CO3 and ZnCO3 in each reac-
tion as x1, x2 and x3, the concentrations after reaching the state of 
equilibrium are expressed by Expression (17).

 [H2O]e = [H2O] − x1

 [H2CO3]e = [H2CO3] − x2   (17)
 [ZnCO3]e = [ZnCO3] − x3

Similarly, the concentrations of other components after reaching the 
state of equilibrium are expressed as Expression (18) by using x1, x2 
and x3.

 [H+]e = [H+] + x1 + 2x2

 [OH−]e = [OH−] + x1    
(18) [CO3

2−]e = [CO3
2−] + x2 + x3

 [Zn2+]e = [Zn2+] + x3

From Expressions (17) and (18), the function f that expresses the 
difference between the concentration product and the equilibrium 
constant is defined as Expression (19). If the respective reaction is 
in the state of equilibrium, f1 – f3 become 0 (zero). Therefore, by 
solving Expression (19), amounts of change are obtained and the 
concentrations after reaching the state of equilibrium are deter-
mined.

f1 = [H
+] [OH−] − K1 = ([H

+] + x1 + 2x2) ([OH−] + x1) − K1

f2 = [H
+]2

 [CO3
2−] − K2 [H2CO3]   

(19)
   = ([H

+] + x1 + 2x2)
2
 ([CO3

2−] + x2 + x3) − K2 ([H2CO3] − x2)

f3 = [Zn2+] [CO3
2−] − K3 = ([Zn2+] + x3) ([CO3

2−] + x2 + x3) − K3

Where, because Expression (19) includes terms of second order, the 
calculation is implemented using the Newton method 11). In the New-
ton method, the initial values of parameters x1, x2 and x3 are set suit-
ably, and by adding the correction of Δxi at each repetition computa-
tion stage, the ultimate solution of f = 0 is obtained.

Specifically, the value of the next step of n + 1 is approximated 
by the first order of Taylor’s series, using the value of the current 
step of n. Assuming that f = 0 is obtained in the next step, Expression 
(20) is formed. Expression (20) is solved with respect to the 
parameters of Δx1–Δx3 and the amount of change is corrected based 
on Expression (21). This computation is repeated until f = 0 is 
considered to be reached.

    f1
n+1 = f1

n +  Δx1 +  Δx2 = 0

    f2
n+1 = f2

n +  Δx1 +  Δx2 +  Δx3 = 0    (20)

    f3
n+1 = f3

n +  Δx2 +  Δx3 = 0

 x1
n+1 = x1

n + Δx1

 x2
n+1 = x2

n + Δx2    (21)
 x3

n+1 = x3
n + Δx3

Because these reaction calculations have to be repeated at every 
time step in all cells, the more reactions there are to be considered, 
the longer the computation time becomes.

Presently, the molecular ion species considered in the corrosion 
analysis model are shown in Table 1 12, 13) and their reactions are 
shown in Table 2. 14–17) The ion mobility μ is calculated from the ul-
timate mol specific conductance λ, using Expression (14). 12)

 λi =  zi  F
 2μi    (22)

Additionally, the oxygen solubility of the solution considers the 
salting-out effect. The oxygen solubility is expressed by the approx-
imation (23), where T: absolute temperature of the solution, c: con-
centration of the solute and ks: salting-out coefficient. In the case 
that pluralities of the ion species exist, ks 

.
 c of Expression (23) is 

calculated from Expression (24), 18) where Hi is the salting-out pa-
rameter H of ion species i shown in Table 1.

N

i=1

N

i=1

ti

zi

N

i=1

N

i=1

∂f1
n

∂x1

∂f1
n

∂x2

∂f2
n

∂x1

∂f2
n

∂x2

∂f2
n

∂x3

∂f3
n

∂x2

∂f3
n

∂x3

Table 1 Values of equivalent conductance, diffusion coefficients and 
salting-out parameters 9)

Species
λ×104

(Sm2mol−1)
D×109

(m2s−1)
H Species

λ×104

(Sm2mol−1)
D×109

(m2s−1)
H

OH− 197.6 5.26 0.340 Ca2+ 59.50 0.7920 −0.015
Cl− 76.34 2.032 0.257 Fe2+ 54.0 0.72 –

CO3
2− 41.05 1.105 – Zn2+ 53.0 0.71 −0.024

SO4
2− 80.0 1.065 0.163 Mg2+ 53.06 0.706 −0.025

H+ 349.8 9.312 −0.200 Al3+ 61.0 0.5414 −0.018
K+ 73.52 1.957 −0.013 H2CO3 – 1.9 –
Na+ 50.11 1.334 0.0 O2 – 1.9 –
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       CO2
 (T, c) = 8.18 × 10−2 exp (−1.92 × 10−2 T) . 10−ks . c (23)

       ks . c =  ∑ Hi zi
2ci     (24)

By implementing the above computation expansively timewise, 
the nonstationary corrosion phenomena can be calculated.

3. Result of Numerical Analysis
3.1 Comparison with experiment

Pertaining to the geometries shown in Fig. 3 that represent a 
simple flat sheet and a simulated cut edge of a galvanized steel 
sheet, the results of the numerical model analysis and experiment 
regarding Fe and Zn were compared. 8)

The results of the numerical analysis and the experiment are 
shown in Fig. 4 and Fig. 5. Figure 4 shows the case of NaCl 
500 ppm solution, and Fig. 5 shows the case of MgCl2 500 ppm so-
lution. (a) shows the photomicrograph of the specimens dried after 
immersion in solutions for 1 600 seconds, (b) shows the distribu-
tions of Fe and Zn obtained by elemental analysis, and (c) shows the 
analysis results obtained by the Fourier transformation IR (FTIR) 
method and the numerical analysis for comparison.

As for the case of NaCl solution shown in Fig. 4, the photomi-
crograph of the test specimen after corrosion shown in (a) shows 
that the corrosion products are generated abundantly in the neigh-
borhood of the Fe/Zn interface and on the Zn surface apart from Fe. 
In the elemental analysis result shown in (b), as the amount of the 
corrosion products is small, only the substrates of Fe and Zn of the 
test specimens were detected. In (c) that shows the distributions of 
the intensities of OH radicals obtained by the FTIR method and the 
calculation result of Zn(OH)2 obtained by the numerical analysis, 
the highest peak appears on the Fe side of the Fe/Zn interface, and 
the intensity drops once and rises afterwards on the Zn side apart 
from Fe. These distribution trends are identical.

As for the MgCl2 solution shown in Fig. 5, the photomicrograph 
of the test specimen in (a) shows that the corrosion products are 
generated on the entire surface of the Fe side apart from the inter-
face by about 3 mm, and in the neighborhood within 5 mm from the 
interface on the Zn side. From the elemental analysis result shown 
in (b), it was confirmed that the corrosion products on the Fe surface 
contain Mg. From the numerical analysis result, the corrosion prod-
ucts were presumed to be Mg(OH)2, the distribution of which agreed 
well with that of the result obtained by the FTIR method.

Thus, although quantitative evaluation is difficult, it was con-

1
2

n

i=1

Fig. 3   Schematic diagram of numerical analysis geometry 9)

Fig. 4 (a) Photograph of a specimen, (b) Distribution of FE-SEM/EDS 
intensity and (c) Corrosion products obtained by numerical 
analysis and by FTIR after immersion in 500 ppm NaCl solution 
for 1 600 s 9)

Fig. 5 (a) Photograph of a specimen, (b) Distribution of FE-SEM/EDS 
intensity and (c) Corrosion products obtained by numerical 
analysis and by FTIR after immersion in 500 ppm MgCl2 solu-
tion for 1 600 s 9)

Table 2   List of reactions 9)

No. Reactions Log K
1 H2O ↔ H+ + OH− −14.0
2 H2CO3 ↔ 2H+ + CO3

2− −16.6
3 Zn2+ + CO3

2− ↔ ZnCO3 ↓ −10.15
4 Zn2+ + 6⁄5OH− + 2⁄5 CO3

2− ↔ 1⁄5 {3Zn (OH)2 ⁄2ZnCO3} ↓ −14.2
5 Zn2+ + 2⁄5Cl− + 8⁄5 OH− ↔ 1⁄5 {ZnCl2 ⁄4Zn (OH)2} ↓ −14.95
6 Zn2+ + 2⁄7Cl− + 12⁄7 OH− ↔ 1⁄7 {ZnCl2 ⁄6Zn (OH)2} ↓ −15.75
7 Zn2+ + 2OH− ↔ Zn (OH)2 ↓ −16.72
8 Fe2+ + 2OH− ↔ Fe (OH)2 ↓ −15.0
9 Mg2+ + 2OH− ↔ Mg (OH)2 ↓ −10.92
10 Mg2+ + CO3

2− ↔ MgCO3 ↓ −4.59
11 Ca2+ + CO3

2− ↔ CaCO3 ↓ −8.05
12 Al3+ + 3OH− ↔ Al (OH)3 ↓ −31.7
13 Ca2+ + 2OH− ↔ Ca (OH)2 ↓ −5.10
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firmed that the trend of the distribution of the corrosion products ob-
tained by the numerical analysis agrees well with that of the experi-
ment result.
3.2 Study on cut edge surface corrosion

The cathodic protection on the cut edge surface of a galvanized 
steel sheet is insufficient; therefore, corrosion on this part often be-
comes problematic. For the study thereon, a numerical analysis was 
implemented using the computation model geometry shown in Fig. 
3 (b). The following salt solutions were used for the study, and re-
sults were compared; three low concentration salt solutions of NaCl 
500 ppm, MgCl2 500 ppm and artificial sea water diluted to 1/100 
(hereinafter referred to as ASW 1/100), and three high concentration 
salt solutions of NaCl 50 000 ppm, MgCl2 50 000 ppm and artificial 
sea water (hereinafter referred to as ASW 1.0). The Cl− of ASW 1.0 
is about 30 000 ppm in terms of NaCl concentration. The solution 
film thickness was set at 100 μm, and the subsurface concentrations 
of oxygen and carbon dioxide of the solution were assumed as satu-
rated.

As major components of the artificial sea water, Na+, Mg2+, Ca2+, 

K+, Cl− and SO4
2− were considered. Although the concentration of 

each component conforms to ISO 11130, a small adjustment was 
made for the ASW to satisfy the electrical neutrality condition. As a 
result, the following values of concentrations were used: [Na+] = 
0.475, [Cl−] = 0.560, [Mg2+] = 0.055, [Ca2+] = 0.010, [SO4

2−] = 0.027 
and [K+] = 0.009.

Figure 6 shows the result of the numerical analysis for the low 
salt concentration solutions, and shows the distributions of pH, ions 
and the corrosion products after the immersion for 200 s. Figure 6 
shows that Zn2+ elutes from the galvanized coating part and Cl− is 
enriched in the neighborhood thereof under any types of solution. 
As the Fe surface is protected by galvanic corrosion, Fe2+ does not 
elute out. As the cathodic reaction by oxygen reduction progresses 
on the Fe surface, OH− increases and the pH increases to almost 12. 
The OH− so increased is consumed by the precipitation reaction 
with Zn2+ in the neighborhood of the galvanized coating part, and 
pH in the area decreases.

In the case of NaCl solution, Zn2+ moves toward the Fe side by 
the sacrificial corrosion current, and OH− moves toward the galva-

Fig. 6   Results of numerical analysis at shear cut edge of galvanized steel sheet under low salt concentration solution 9)
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nized coating part. The Zn2+ and OH− encounter at the position about 
100 μm apart from the galvanized coating part, where they exceed 
the solubility product and are precipitated.

In the case of MgCl2 solution, the corrosion products of the Zn 
system exist on the Fe surface near the galvanized coating part, and 
Mg(OH)2 is generated apart from it. By examining the chronologi-
cal change of the corrosion products, the following phenomenon 
was confirmed. Mg(OH)2 is generated on the entire Fe surface right 
after immersion, and as pH in the neighborhood of the galvanized 
coating part decreases, Mg(OH)2 near the galvanized coating part 
re-resolves, and corrosion products of the Zn system are generated 
instead. Namely, this finding suggests that, in the case of MgCl2 so-
lution, corrosion products remain on the Fe surface permanently. 
From a past experiment result, as compared with NaCl solution, 
higher corrosion resistance is known in MgCl2 solution, 19) and the 
corrosion resistance is considered to be improved by the barrier ef-
fect of the corrosion products on the Fe surface. In the case of artifi-
cial sea water, the corrosion products distribution stays somewhere 

between those in NaCl solution and MgCl2 solution, and the corro-
sion products of the Zn system are generated on the Fe surface for 
about 150 μm from the galvanized coating part, and are not generat-
ed farther. However, as the solution contains Mg2+, Mg(OH)2 is gen-
erated on the Fe surface.

Figure 7 shows the results of the numerical analysis for the case 
of high salt concentration solutions. In the case that the Cl− concen-
tration is high, as basic zinc chloride constitutes the corrosion prod-
ucts mainly, Zn(OH)2 that precipitated in the low salt concentration 
solutions is not generated, however, the trend in the corrosion prod-
ucts distribution does not differ significantly from the one in the 
case of low salt concentration solutions. Presumably, the difference 
is that the basic zinc chloride grows more thickly in the thickness 
direction. This is because the basic zinc chloride exceeds its solubil-
ity product with ease even at a position away from the metal surface 
due to high Cl− concentration in the solution.

In the case of NaCl 50 000 ppm solution in Fig. 7, similarly to 
the case of the low salt concentration solution, corrosion products 

Fig. 7   Results of numerical analysis at shear cut edge of galvanized steel sheet under high salt concentration solution 9)
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are generated on the Fe surface to about only 100 μm from the gal-
vanized coating part. In the case of the film thickness of 100 μm, 
even under the low salt concentration of 500 ppm, the entire edge 
was protected by the cathodic protection. Therefore, the effect of the 
salt concentration is considered to be negligibly influential. In either 
case of MgCl2 solution or artificial sea water, similarly to the case of 
the low salt concentration solution, Mg(OH)2 is generated, and there 
is no significant change in the corrosion product distribution.

When Mg2+ is contained in a solution regardless of the salt con-
centration difference, Mg(OH)2 is generated on the Fe surface and 
the corrosion resistance is considered to be improved thanks to the 
barrier effect. Additionally, as the solubility product of Mg(OH)2 is 
higher than that of Fe(OH)2 as shown in Table 2, in the case that 
Fe2+ exists, Fe(OH)2 is generated ahead, and Mg(OH)2 is not gener-
ated. Mg(OH)2 is generated only when the Fe surface is protected 
by the galvanic corrosion.
3.3 Study on corrosion beneath coating film near cut edge 

surface
As corrosion on the cut edge surface progresses, the solution in-

trudes into the gap of the galvanized coating that has disappeared, 
and corrosion beneath the coating film progresses. This model con-
siders the change in the geometry corresponding to the corrosion 

rate. 20) However, as the corrosion progress rate and the ion migra-
tion rate, and the time to be considered therefor are far apart from 
each other, an extremely long computation time is required to calcu-
late these two progresses simultaneously. Accordingly, simulating 
the galvanized coating retrograding due to corrosion, a numerical 
analysis was implemented using the geometry of the calculation 
model of Fig. 3 (b), with modification that the galvanized coating 
had retrograded by 500 μm.

Figure 8 and Fig. 9 show the results of the numerical analyses 
for NaCl 500 ppm solution and MgCl2 500 ppm solution after the 
immersion for 200 s.

In the case of NaCl 500 ppm solution shown in Fig. 8 (a), the pH 
of the solution film increases up to around 12 in the entire area; near 
the front end tip of the galvanized coating beneath the coating film, 
pH is lowest at about 5. This is because that, similarly to the case in 
Fig. 6, OH− continues to increase on the Fe surface thanks to the ca-
thodic protection; however, as the galvanized coating had retrograd-
ed by 500 μm, Zn2+ is consumed beneath the coating film, and does 
not reach the solution film on the cut edge surface.

In the case of MgCl2 500 ppm solution shown in Fig. 9 (a), Mg2+ 

which used to be contained in the solution becomes Mg(OH)2 and 
consumes OH−, and therefore, the increase of pH is suppressed. Ac-

Fig. 8   Results of numerical analysis under paint film near shear cut edge of galvanized steel sheet in NaCl 500 ppm solution 9)
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cordingly, Zn2+ that eluted from the galvanized coating front end tip 
beneath the coating film is not fully consumed, reaches the solution 
film on the cut edge surface, and generates corrosion products after-
ward. Once Zn2+ reaches the cut edge surface, as pH in the vicinity 
of the exit beneath the coating film decreases, Mg(OH)2 that precipi-
tated in this vicinity re-resolves, and corrosion products of the Zn 
system are generated instead. Furthermore, as Mg2+ migrates to the 
Fe side with the sacrificial corrosion current, Mg2+ of high concen-
tration is generated apart from the galvanized coating part.

In either solution, as shown in Figs. 8 (b), (d) and Figs. 9 (b), (d), 
high concentrations of Cl− and Zn2+ are confirmed near the front end 
tip of the galvanized coating beneath the coating film. As compared 
with the concentration on the cut edge surface under the same con-
dition shown in Fig. 6, Zn2+ concentration becomes higher by about 
10 times and the concentration of Cl− becomes higher by about 20 
times.

Figure 8 (b) and Fig. 9 (b) show that as the anode is aggregated 
to the front end tip of the galvanized coating and Cl− is enriched at 
the position, while the cathode is dispersed all over the Fe surface, 
Na+ is not enriched locally anyway. In the case of NaCl solution, as 
shown in Fig. 8 (e)–(g), corrosion products are generated beneath 
the coating film in a great quantity. In MgCl2 solution, as shown in 
Fig. 9 (e)–(h), corrosion products are generated on the Fe surface of 

the cut edge surface in addition to beneath the coating film.
In the NaCl solution, corrosion products aggregate to beneath 

the coating film, and the type of corrosion products changes in the 
direction from the front end tip to the cut edge surface. The transi-
tions of pCl and pH on the path from point A to point B at the cut 
edge end shown in Fig. 8 (a) are graphically shown in the equilibri-
um diagram of pCl and pH 21) in Fig. 10. Figure 10 shows that, in the 
case that the galvanized coating does not retrograde, as the Zn2+ con-
centration is about 1–10 mol/m3 as shown in Fig. 6 in NaCl 500 ppm 
solution, ZnCl2/4Zn(OH)2 is not generated and ZnCl2/6Zn(OH)2 is 
generated instead. However, when the galvanized coating retro-
grades, Zn2+ concentration becomes high and Cl− is enriched at the 
front end tip of the galvanized coating, and ZnCl2/4Zn(OH)2 is gen-
erated. Thus, even in a solution of low salt concentration of 500 
ppm, the concentrations of Zn2+ and Cl− beneath the coating film be-
come 10 times or more higher than those on the cut edge surface, 
and corrosion products different from those on the cut edge surface 
are generated.

When the corrosion product distributions in Fig. 8 and in Fig. 9 
are compared, in the case of NaCl solution, corrosion products are 
not generated at all on the Fe surface of the cut edge surface. In the 
case of MgCl2 solution, even in the geometry where the galvanized 
coating retrogrades by 500 μm, corrosion products of the Zn system 

Fig. 9   Results of numerical analysis under paint film near shear cut edge of galvanized steel sheet in MgCl2 500 ppm solution 9)
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and Mg(OH)2 are generated on the Fe surface of the cut edge sur-
face. Therefore, when the galvanized coating retrogrades by 500 μm 
in NaCl solution, although the barrier effect of the corrosion product 
on the cut edge surface is not obtained, in the solution containing 
Mg2+, even when the galvanized coating retrogrades to a certain ex-
tent, corrosion products are generated on the cut edge surface, and 
the corrosion resistance thanks to the barrier effect is considered to 
be obtained.

4. Conclusion
We developed a numerical analysis model for the corrosion phe-

nomena, and verified that the early stage corrosion product distribu-
tion in the galvanic corrosion of the Fe/Zn system agrees well with 
the experimental results. As the result of a study on the corrosion 
process on the cut edge surface of a galvanized steel sheet by using 
the model, the following findings were obtained.

1) In the case of MgCl2 solution, as the increase of pH on the Fe 
surface is suppressed by the generation of Mg(OH)2, corrosion 
products tend to be generated in the neighborhood of the metal 
surface. In the case of NaCl solution, as pH on the Fe surface 

increases as a whole, corrosion products are also generated in 
the solution apart from the metal surface.

2) Mg(OH)2 re-resolves as pH lowers, and corrosion products of 
the Zn system are generated instead. Accordingly, in the case of 
MgCl2 solution, as a reason for the higher corrosion resistance 
than that in NaCl solution, the barrier effect of the corrosion 
products generated on the Fe surface is considered.

3) As the galvanized coating retrogrades from the cut edge sur-
face, and the corrosion beneath the coating film progresses, 
Zn2+ and Cl− beneath the coating film are enriched and the con-
centrations become enriched more than 10 times that of those 
at the cut edge surface. For this, ZnCl2/4Zn(OH)2 is generated 
beneath the coating film.
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