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Abstract: An investigation was carried out into the 

galvanic corrosion of magnesium alloy AZ91D in 

contact with zinc, aluminium alloy A380 and 4150 

steel. Specially designed test panels were used to 

measure galvanic currents under salt spray conditions. 

It was found that the distributions of the galvanic 

current densities on AZ91D and on the cathodes were 

different. An insulating spacer between the AZ91D 

anode and the cathodes could not eliminate galvanic 

corrosion. Steel was the worst cathode and aluminium 

the least aggressive to AZ91D. Corrosion products 

from the anode and cathodes appeared to be able to 

affect the galvanic corrosion process through an 

‘alkalisation’, ‘passivation’, ‘poisoning’ effect or 

‘shortcut’ effect. 
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1. INTRODUCTION 

Corrosion can also be termed metallic cancer 

because it is an irreversible process that leads to the 

loss of billions of capital. It involves the 

deterioration and consequently loss of solid metallic 

structure due to the chemical or electrochemical 

reactions resulting from the potential difference in 

the structure and presence of a suitable electrolyte 

(Wichberg and Ericsson, 1995). Galvanic corrosion 

will occur if two or more different metals are 

coupled together in a common corrosive medium. 

Under these circumstances an increase in corrosion 

can be found on the active metal N, while the noble 

metal M will experience a decrease or complete stop 

in corrosion (Nisancioglu, 1994) and hence be 

‘protected’. With no ohmic resistance in the 

electrolyte or in the metallic circuit, the system will 

reach a common potential expressed as EC or 

coupling potential. This potential will be sustained 

by a flow of electrons from the active metal (N) to 

the noble metal (M). The mixed potential theory 

states that a corrosive attack can be divided into 

oxidation and reduction reactions (Nisancioglu, 

1994). The theory suggests that the rate of oxidation 

and reduction is the same during corrosion. 

Magnesium alloys are being increasingly used in the 

automotive, aerospace and electronics industries. 

Considerable effort is being expended to further 

reduce fuel consumption and hence environmental 

pollution through replacing existing aluminium 

components with even lighter magnesium parts in 

automobile applications. Galvanic corrosion is one 

of the major obstacles to the use of magnesium parts 

in the automobile industry, and has been identified 

as a key issue if magnesium is used in exterior 

components in a vehicle (Isacsson et al., 1997). This 

is because magnesium is the most active metal in the 

galvanic series (ASTM, 1998), and a magnesium 

alloy component is always the active anode if it is in 

contact with other metals. Accurate measurement of 

galvanic corrosion is difficult under a thin aqueous 

film. Automotive components are mainly exposed to 

various atmospheric conditions, including high 

humidity rain, snow and salt water. Galvanic 

corrosion occurs in these cases under a very thin 

aqueous electrolyte. Conventional electrochemical 

techniques employing a large amount of electrolyte 

will introduce significant errors under the think 

electrolyte film condition (Tahara and Kodama, 

2000). Recently, a Kelvin probe technique has been 

used to measure the surface potential distribution 

(Zhang, 1996). However, this technique requires 

sophisticated equipment, and the measured results 

are the surface potentials, not the galvanic current 

densities. Some theoretical errors could be 

introduced in the conversion of the potentials into 

galvanic current densities or galvanic corrosion 

rates. In this paper, the distributions of galvanic 

current densities are measured with specially 

designed test panels, and several issues are 

addressed based on the measurements, such as the 

development of galvanic corrosion with time, the 

distribution of galvanic current density, the extent of 

the galvanically affected zone, the influence of the 
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ratio of anode area to cathode area, the compatibility 

between cathode and anode materials and the effects 

of corrosion products from anode and cathode. It is 

believed that present study will lead to an improved 

understanding of the galvanic corrosion of 

magnesium and its alloys and the results will assist 

in the understanding of the general corrosion 

performance of magnesium alloys, which is closely 

related to the micro-galvanic effect caused by the 

different phases and impurities in the alloys. 

2. MATERIALS AND METHODOLOGY 

2.1. Materials: - Four types of materials were 

used in these experiments: AZ91D magnesium 

ingot, 380 aluminium alloy, 4150 high strength steel 

and pure zinc of 99.95% purity. AZ91D was chosen 

because it is the most widely used magnesium alloy. 

Al380 has a composition and microstructure typical 

of aluminium alloys used in car engine blocks. Steel 

4150 is a bolt and washer material, and zinc is often 

present on the surface of galvanised steels. All these 

non-magnesium based materials are commonly used 

and in practice magnesium alloys will unavoidably 

be in contact with them in practice. 

2.2. Test panels: - Specially designed test 

panels were used to measure the distribution of 

galvanic corrosion current density under the 

standard salt spraying condition. Each test panel 

consists of 10 or 20 metal plates. The plates were 

AZ91D, aluminium alloy, zinc and steel. Each plate 

had a cross-section of 3 mm x 15 mm. An interval 

of 2 mm between the plates was carefully 

maintained to avoid direct electrical contact between 

the plates. All the plates were moulded in epoxy 

with wire connections submerged in the epoxy resin. 

The cross sections of the plates were exposed for 

salt spray testing. In this paper, ‘Mg’ is AZ91D, 

‘Al’ refers to Al380 alloy, ‘steel’ stands for steel 

4150 and ‘Zn’ means pure zinc. The number in front 

of ‘Mg’, ‘steel’, ‘Al’ or ‘Zn’ denotes the number of 

metal plates used in constructing the test panels. 

Test panels with different numbers of plates of ‘Mc’ 

and ‘Mg’ were used to represent galvanic couples 

with different ratios of cathode area to anode area. A 

test panel with 10 plates of AZ91D (no other metal 

plates) was used to identify the background current. 

The current fluctuated across this test panel in the 

salt spraying chamber randomly within the range of 

0 to ± 22 μA/cm2. Therefore, only currents with 

absolute values greater than 22 μA/cm2 were taken 

as galvanic currents. After connection of electrical 

lead wires to the coupons, they were embedded in 

epoxy resin. One unsealed surface was used as the 

testing surface in the electrochemical measurements. 

2.3. Testing solutions: - 5% NaCl solution was 

used for the galvanic corrosion testing in a salt spray 

chamber. In addition, some other chemicals 

(Mg(OH)2, ZnO, Al(OH)3, and FeCl3) were 

sometimes added to the salt solution when 

measuring polarisation curves. All the solutions 

were prepared with demineralised water and AR 

grade chemicals. 

2.4. Measurement of galvanic currents: -To 

measure the galvanic current of each plate without 

electrically disconnecting the plate from the circuit, 

a ‘switchboard’ was made. During the 

measurements, all the switches were ‘on’, so all the 

plates were electrically connected. Before the 

measurement of the current from a plate started, an 

ammeter was connected to the switchboard between 

the ‘plug-in for common pole’ and the ‘plug-in for 

current measurement’ and then the corresponding 

switch was set to ‘off’. After the current from that 

plate was measured, the switch was set to ‘on’. The 

ammeter was then disconnected from that ‘plug-in’ 

and connected to the next ‘plug-in’ for the next 

plate. In this way, no plate was disconnected from 

the circuit during the measurement, i.e., all the 

plates in a test panel during galvanic current 

measurements were kept electrically connected. 

2.5. Salt spraying: - Salt spray testing was 

conducted according to the standard ASTM B117. 

The exposed surface of each test panel was tilted 

15to the vertical in the chamber. During the test the 

galvanic current was measured on the switchboard 

outside the chamber. To investigate the influence of 

the relative positions of anode and cathode, some 

test panels were mounted in three different 

configurations, ‘Mc/Mg’, ‘Mc/Mg’ and ‘Mg/Mc’. 

The normal placement of a test panel in the chamber 

for most tests was the ‘Mc/Mg’ exposure 

configuration. In this case, AZ91D and its coupling 

cathode were placed side by side at the same 

horizontal level. The corrosion products of AZ91D 

and its coupling cathode were flushed down to the 

bottom of the test panel by the sprayed salt solution, 

ensuring that corrosion products from either anode 

or cathode would not contaminate each other. In the 

‘Mc/Mg’ exposure configuration, the cathode plates 

were below AZ91D, while in the ‘Mg/Mc’ exposure 

configuration the cathode plates were on the top of 

AZ91D. In these exposure configurations (‘Mg/Mc’ 

and ‘Mc/Mg’), the corrosion products of the 
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electrode on the top could flow down to the surface 

of the bottom electrode. 

 

3. RESULTS AND DISCUSSION 

3.1. Development of galvanic corrosion: -The 

development of galvanic corrosion can be shown by 

the change in average galvanic current or current 

density over the whole AZ91D anode surface with 

time. A typical result is presented in Figure-1. The 

most important feature shown by Figure-1 is that the 

galvanic current increases steadily with time in the 

first few hours. After that, the current fluctuates 

around a value within a certain range. Changing the 

cathode metal or ratio of cathode area to anode area 

did not change this feature. These changes only led 

to different absolute values of the galvanic currents. 

The initial increase in galvanic current could be 

related to the roughening of test panel surface 

caused by corrosion. The fluctuation of the galvanic 

currents can be interpreted as competition between 

the initiation and ceasing of corrosion in various 

areas. It is possible that corrosion stopped in a 

corroded area, but was initiated in a new area. The 

fluctuations and incubations involved in the 

galvanic corrosion of AZ91D suggest that prediction 

of long-term galvanic corrosion behaviour will be 

difficult, if the prediction is based only on short-

term tests. In real service environments, due to the 

complicated changes in factors such as temperature, 

humidity and the constituents of the exposing 

media, precise prediction of galvanic corrosion rates 

is even more difficult and may be in effect 

impossible.  

 
Figure 1:- Typical change in average galvanic current density with time for ‘5Mc–5Mg’ test panels in the 

‘Mc/Mg’ exposure configuration. 

3.2 Distribution of galvanic current density: - 

Due to the increasing solution resistance between 

these two coupled materials (Hack, 1995), the 

galvanic current density should be much higher in 

the area adjacent to the coupling metal than in an 

area farther away. Fig. 2 shows typical distributions 

of the galvanic current density on the test panels 

‘5Al–5Mg’, ‘5Zn–5Mg’ and ‘5steel–5Mg’. The 

galvanic current densities on both the magnesium 

side and the coupling cathode metal side decrease 

with increasing distance from the ‘anode/cathode’ 

junction. This indicates that galvanic corrosion was 

more severe on magnesium in the area adjacent to 

the cathode, while the cathode metal was better 

protected from corrosion attack in the area adjacent 

to the anode. The decrease of the galvanic current 

density with increasing distance (x) from the 

‘anode/cathode’ junction is non-linear (Fig. 2). It 

seems to be an exponential function of the distance 

x. An exponential distribution of galvanic current 

density (Ig) with distance x has been reported 

(Tahara and Kodama, 2000) for a ‘Fe-Zn’ couple 

under a thin aqueous film: 

𝐼𝑔 = 𝐼0𝑒𝑥𝑝 (−
𝑥

𝐿
)     

 (1) 

Where L is L = (Rp/ρs)1/2   

 (2) 
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Figure 2:- The distribution of galvanic current densities on the ‘5M-5Mg’ test panels in the ‘Mc/Mg’ exposure 

configuration after 2 h and 40 min of salt spray testing.  

I0 = V0 / (Rp/ρs)1/2    

 (3) 

V0 is the potential at the junction point, Ea < V0 < Ec. 

Rp is the polarisation resistance per unit length of 

the anode or cathode, and ρs is the solution 

resistance per unit length or resistivity of the 

aqueous thin film on the test panel surface. L can be 

regarded as a measure of the effective distance that 

significant galvanic current can occur on the test 

panel surface. A higher Rp or lower qs would lead to 

a smaller L, and thus a wider distribution of galvanic 

current. A narrow distribution of galvanic current 

means a small Rp or a low conductivity of the 

solution. All these are consistent with what the 

Wagner parameter (Hack, 1989) signifies.  

Ln (Ig) = Ln (I0) – x/L   

   (4) 

A higher slope is equivalent to a narrower galvanic 

current distribution. To examine the exponential 

distribution, Fig. 2 is re-plotted to show the 

dependence of Ln (Ig) on x, and the results are 

presented in Fig. 3. The current densities data can 

approximately be correlated with straight lines. Fig. 

3 thus indicates that the galvanic current densities 

approximately follow the exponential distributions. 

It should be borne in mind that the theoretical 

exponential equation (Eq. (1)) was deduced based 

on the transmission line model under the half 

indefinite condition with an assumption that 

polarisation resistance Rp is a constant that is 

independent of the distance, current density or 

potential. In fact, this assumption is not reasonable, 

because polarisation resistance strongly depends on 

polarisation current density or potential and thus 

distance x. Therefore, the deduced theoretical 

distribution of the galvanic current density over the 

test panel surface may not be accurate. Another 

feature of Fig. 2 is that the galvanic current density 

decreases more dramatically with distance (x) from 

the junction on the ‘Mg’ side than on the ‘Mc’ side. 

In other words, AZ91D has a narrower distribution 

of higher galvanic current density than its coupling 

cathode. Such differences are reflected in Fig. 3, 

where the straight lines on the ‘Mg’ side are all 

correspondingly steeper than those on the ‘Mc’ side. 

The different distributions of galvanic current 

densities on the cathode and anode can be attributed 

to the different polarisation behaviours of the anode 

and the cathode. The polarisation curves of AZ91D, 

steel 4150, Al380 and zinc in 5% NaCl are shown in 

Fig. 4. The anodic polarisation curve of AZ91D is 

almost a vertical straight line, which means that Rp 

of AZ91D is very small. The cathodic polarisation 

curves for steel, Al, and Zn are relatively 

complicated. The limiting diffusion current due to 

oxygen diffusion is apparent close to the corrosion 

potentials of the cathodes. Hydrogen evolution is 

responsible for the increase in current as the 

polarisation potential becomes more negative. Zn, 

Al and Fe have different hydrogen over voltages. So 

significant increases of the cathodic currents start 

from different potentials for these metals. Most 

importantly, all the cathodic polarisation curves of 
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the cathodes are overall much flatter than the anodic 

polarisation curve of AZ91D. In other words, the 

average cathodic polarisation resistances of these 

cathodes are much higher than the anodic 

polarisation resistance of AZ91D. Since the solution 

resistivity is almost the same in the tests, according 

to Eq. (2), the slopes of the straight lines on the 

‘Mc’ side should be smaller than that on the ‘Mg’ 

side in Fig. 3. This explains the differences in the 

distributions of the anodic and cathodic current 

densities (Fig. 2). 

 
Figure 3:- The dependence of Ln (Ig) on the distance from ‘anode/cathode’ junction, calculated from Fig. 2. 

 
Figure 4:-. Polarisation curves of AZ91D, Al380, steel 4150, and zinc in 5% NaCl. 
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Fig. 5:- Dependence of galvanic current on the cathode/anode ratio. The galvanic currents were obtained from 

test panels in the ‘Mc/Mg’ exposure configuration after 2 days of salt spray testing. 

3.3 Influence of coupling cathode metal:-The 

dependence of the galvanic current density Iga of the 

AZ91D anode on the ratio (r) of cathode area to 

anode area is shown in Fig. 5. Very clearly Iga 

increases as r increases. The increase is most 

significant when AZ91D is in contact with steel, but 

it is not very remarkable for an Al/Mg couple. The 

experimental results indicate that the worst 

combination for a galvanic couple is to have a high 

area ratio of steel to AZ91D. The area ratio, 

however, appears to affect the galvanic corrosion 

insignificantly when AZ91D is in contact with 

aluminium. These behaviours are consistent with the 

earlier experimental results (Figs. 1 and 2) in this 

study and the claimed comparability of Al, Zn and 

steel washers or fasteners with magnesium alloys in 

other publications (Gao et al., 2000). The ratio of 

cathode area to anode area for the specimens in his 

study was 0.5. It was found that at such a ratio steel 

was the worst coupling metal and Al and Zn 

coupling led to much lower galvanic corrosion rates. 

The results shown in Fig. 5 suggests that in a 

considerably wide range of the ratio of cathode area 

to anode area, steel is always the worst coupling 

cathode whilst aluminium the most mild in terms of 

their galvanic effect on magnesium anode. A larger 

difference between Ec and Ea, and a smaller Rc or 

Ra or Rs can lead to a higher galvanic current. In 

this study, Ea, Ra and Rs did not change when 

AZ91D was coupled with different cathodes. This 

means that the different galvanic currents and the 

distributions of current densities were caused by 

different values of Ec and Rc in this case. The 

galvanic current density of ‘steel/Mg’ being higher 

than those of ‘Zn/Mg’ and ‘Al/Mg’ can be 

understood by comparing the polarisation curves of 

the cathode metals (Fig. 4). The cathodic 

polarisation current densities of steel 4150 are much 

larger than those of the other two cathodes Al380 

and Zn, i.e., steel 4150 has a lower Rc. Meanwhile, 

the corrosion potential (Ec) of steel 4150 is more 

positive than those for Al380 and Zn. A lower Ig 

will result when AZ91 is in contact with steel 4150 

than when in contact with Al380 or Zn. It should be 

noted that even though the cathodic polarisation 

current densities of Al380 are larger than those of 

Zn (Fig. 4) when the polarisation potential is more 

negative than -1.2 V, Zn does have a slightly larger 

cathodic current than Al380 at less negative 

potentials. Therefore, if the solution resistance 

between anode and cathode is large enough, an ‘Al-

Mg’ couple could have a smaller galvanic current 

density than a ‘Zn-Mg’ couple. Under the salt 

spraying condition, due to the small thickness of the 

liquid film on the test panel surface, solution 

resistance cannot be too small. So, it is quite 

possible that AZ91D in contact with Zn has a 

relatively larger galvanic corrosion rate than in 

contact with Al380.  
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3.4 Thickness of the insulating spacer between 

the anode and cathode: - The effect of thickness (X) 

of the insulating spacer between AZ91D and the 

cathode metal on galvanic corrosion is shown in Fig. 

6. The galvanic current decreases with the increase 

in the thickness of the insulating spacer. The 

decrease is more rapid over a smaller distance 

(around 1 cm) and then the decrease becomes 

slower as the thickness increases. Fig. 6 also shows 

that the measured currents are still higher than 22 

μA/cm2 with a thickness of the insulating spacer up 

to 9 cm, which means that galvanic corrosion can 

still occur under the salt spraying condition even 

though the thickness of the insulating spacer 

between AZ91D and steel is as wide as 9 cm. It is 

noticed that the dependence of the galvanic current 

density on the thickness of the insulating spacer is 

non-linear. This is different from Hawke’s results 

(1987) that the galvanic corrosion indicated by the 

weight loss of diecast AZ91D plate was almost 

linearly dependent on the insulating spacer 

thickness, and based on the linear dependence, the 

galvanic corrosion could be eliminated if the spacer 

was thicker than 4.8 mm. A simplified schematic 

diagram (Fig. 7) is drawn to elucidate the 

dependence of the galvanic current density on the 

thickness of the insulating spacer between the anode 

and cathode. In Fig. 7(A), Ea-A and Ec-C are typical 

anodic and cathodic polarisation curves of anode 

and cathode respectively. The difference in potential 

between the cathode and anode is presented as a 

curve B-E in Fig. 7(C). The potential drop across the 

solution between the anode and cathode is 

determined by the geometry of the solution. In this 

study, a uniform solution film was assumed to form 

on the surface of the test under the salt spraying 

condition. So the solution resistance should be a 

linear function of the thickness of the insulating 

spacer between the anode and cathode, which is 

plotted as a straight line R0-R in Fig. 7(D). For a 

selected thickness Xn, the corresponding Rs is Rn. 

When a unit current passes through Rn, the potential 

drop across Rn will be Dn (Fig. 7(C)). The straight 

line O-Dn represents the dependence of the potential 

drop (Dn) across Rn on the galvanic current. The 

slope of O-Dn is Rn. Since the potential drop across 

the solution between anode and cathode is always 

equal to the potential difference between the cathode 

and anode, the interception point in between curve 

B-E and line O-Dn signifies the galvanic current 

when the thickness of the insulating spacer is Xn. 

The schematic relationship between galvanic current 

in and Xn can be obtained by transferring in and Xn 

from Fig. 7(C) and (D) into Fig. 7(B). The slope of 

line M-L in Fig. 7(A) is 1. The role of this line is to 

transfer the readings from the horizontal axis in Fig. 

7(C) to the vertical axis of Fig. 7(B) whose 

horizontal axis is the thickness of the insulating 

spacer. Following these procedures, a thickness of 

the insulating spacer dependent galvanic current 

curve H-G can be plotted in Fig. 7(B). i1, i2 and i3 on 

H-G are some example points. From Fig. 7, it can 

been seen that curve G-H is eventually determined 

by Ec-C, Ea-A and R0-R. Only if the second order 

differentials of the cathode and anode polarisation 

curves Ec-C and Ea-A are always equal at any 

current or potential, then G–H can be a straight line. 

In practice, this is almost impossible, as the anodic 

and cathodic reactions follow different mechanisms. 

Experimental polarisation curves (Fig. 4) have 

shown that the anodic current of the AZ91D anode 

increases more dramatically as potential becomes 

more positive than the cathodic currents of the 

coupling cathodes as potential becomes more 

positive. Based on these kinds of curves, galvanic 

current should decrease quickly with the thickness 

of the insulating spacer when the spacer is small, 

and the rate of decrease becomes slow as the 

thickness of the insulating spacer increases. The 

dependence of galvanic current on the thickness of 

the insulating spacer should be non-linear as shown 

in Fig. 6. The linear result in Hawke’s work (1987) 

could result from relatively low accuracy of their 

measurements. The galvanic corrosion rates in 

Hawke’s work (1987) were obtained through weight 

loss measurements, which could be influenced by 

general corrosion and could not be a sensitive 

method compared with the direct measurement of 

galvanic current as done here. According to Fig. 7, 

G-H will not approach zero before X becomes 

infinite. This suggests that insertion of an insulating 

spacer may reduce galvanic corrosion significantly, 

but cannot eliminate it, because the insertion of an 

insulating spacer only increases the resistance of the 

aqueous film on the surface of the test panel, which 

retards the galvanic current. It does not block the 

electrical path in the solution.  
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Figure 6:- Effect of thickness of the insulating spacer between the anode and cathode on the galvanic current. 

The galvanic currents were obtained from ‘1steel (N) 1Mg’ test panels in ‘Mc/Mg’ exposure configuration after 

2 days of salt spray testing. 

 

Figure 7:- Schematic diagram for the influence (X) 

of the spacer on the galvanic current (ig). (A) Anodic 

and cathodic polarisation curves of the coupling 

anode and cathode, (B) dependence of galvanic 

current on thickness of the spacer, (C) the influence 

of galvanic current on the potential difference 

between the cathode and anode and the potential 

drop across the solution between the anode and 

cathode, (D) the relationship between solution 

resistance and the thickness of the spacer. 

3.5 Effect of galvanic corrosion products:-In 

galvanic corrosion, several corrosion products will 

be generated which could in turn influence the 

galvanic corrosion process. One of the most obvious 

corrosion products is Mg+2 ion dissolved from the 

anode. The corrosion of magnesium alloys will lead 

to an increase in pH value of the solution, the 

‘alkalisation effect’. Because of the alkalisation of 

the solution on the corroding magnesium surface 

(pH ˜ 11), it is even suspected that the adsorption of 

atmospheric CO2 may occur during magnesium 
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corrosion in the atmosphere (Baliga and 

Tsakiospolous, 1992). The dissolution of 

magnesium leads to a reaction between Mg+2 and 

water (hydrolysis) and produces hydrogen from the 

magnesium surface and Mg(OH)2 in the solution. 

The evolution of hydrogen leads to an increasing pH 

value of the solution before saturation with 

Mg(OH)2 is reached. As the solubility of Mg(OH)2 

is very small, about 9 mg/L (Handbook of 

Chemistry and Physics, 1997), the thin aqueous film 

on a corroding magnesium surface under 

atmospheric or salt spraying conditions can easily 

become saturated with Mg(OH)2 by the rapid 

dissolution of magnesium. The alkalised solution on 

the magnesium surface could influence the 

electrochemical behaviour of cathodes and hence 

galvanic corrosion. Figs. 8-10 show the distributions 

of the galvanic current densities of the ‘5Mc-5Mg’ 

test panel in the ‘Mc/Mg’, ‘Mc/Mg’ and ‘Mg/Mc’ 

exposure configurations (‘Mc/Mg’, ‘Mc/Mg’ and 

‘Mg/Mc’ are different exposure configurations. The 

galvanic current densities of the test panels in the 

‘Mg/Mc’ exposure configuration are all significantly 

lower than in the ‘Mc/Mg’ exposure configuration, 

particularly in the regions adjacent to the 

‘anode/cathode’ junction. The differences in 

corrosion caused by the different exposure 

configurations can be ascribed to the fact that the 

alkalised solution from the AZ91D anode surface 

can easily flow down to the cathode surfaces in the 

‘Mg/Mc’ exposure configuration which could not 

happen in the ‘Mc/Mg’ exposure configuration. 

Therefore, the smaller galvanic current densities of 

the test panels in the ‘Mg/Mc’ exposure 

configuration can be attributed to the alkalisation of 

the solution on the cathode surfaces caused by the 

corrosion products coming from the anode surface. 

 
Figure 8:- The distribution of galvanic current densities on the ‘5Al–5Mg’ test panel in the ‘Mc/Mg’, ‘Mc/Mg’ 

and ‘Mg/Mc’ exposure configurations after exposure to salt spraying for 2 h. 

 
Figure 9:- The distributions of galvanic current densities on the ‘5Zn-5Mg’ test panel in the ‘Mc/Mg’,‘Mc/Mg’ 

and ‘Mg/Mc’ exposure configurations after exposure to salt spraying for 2 h. 
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Figure10:- The distributions of galvanic current densities on the ‘5steel-5Mg’ test panel in the 

‘Mc/Mg’,‘Mc/Mg’ and ‘Mg/Mc’ exposure configurations after exposure to salt spraying for 2 h. 

To confirm whether the change in galvanic 

corrosion is caused by alkalisation of the solution, 

the polarisation curves of the cathodes (Fig. 11) 

were measured in Mg(OH)2 saturated 5% NaCl. A 

normal 5% NaCl solution has a pH value around 7, 

while the Mg(OH)2 saturated one was measured to 

be pH = 10.8. From Fig. 11, it can be seen that 

except for Zn, the decrease in cathodic currents of 

both Al380 and steel 4150 is significant by 

saturating NaCl with Mg(OH)2. This means that the 

corrosion product Mg(OH)2 can increase the 

cathodic polarisation resistance of these cathodes. 

Hence, if the cathode surfaces are alkalised by the 

AZ91D corrosion product, galvanic corrosion could 

become slightly less severe. This explains the 

differences in the galvanic current densities of the 

test panels between the ‘Mc/Mg’ and ‘Mg/Mc’ 

exposure configurations (Figs. 8-10). It is unclear 

why the decrease in the polarisation current density 

of Zn by Mg(OH)2 is insignificant. Figs. 8-10 also 

show another interesting phenomenon. Galvanic 

currents of the test panels in the ‘Mc/Mg’ exposure 

configuration are evidentially different from those in 

the ‘Mc/Mg’ exposure configuration. In the 

‘Mc/Mg’ exposure configuration galvanic corrosion 

became milder for ‘5Al-5Mg’ and ‘5Zn-5Mg’ test 

panels, but more severe for the ‘5steel-5Mg’ panel. 

The reason for the difference could be that different 

corrosion products from the cathodes were flushed 

down to the anode surface, which affected the 

electrochemical behaviour of the anode, hence 

altering the galvanic corrosion performance of the 

test panels. To illustrate the effect of corrosion 

products from the cathodes on the galvanic 

corrosion behaviour, several salt solutions, including 

5% NaCl saturated with ZnO, 5% NaCl saturated 

with Al(OH)3 and 5% NaCl + 0.1% FeCl3, were 

used to simulate the solutions on corroding Zn, 

Al380 and steel 4150. The simulated solutions could 

be different from the real solutions in terms of their 

concentrations, but the main compositions should be 

the same. The electrochemical results of the AZ91D 

anode in these simulated solutions should be 

representative and be able to indicate the influence 

of the cathode products on electrochemical 

behaviour of the anode. Fig. 12 displays the 

polarisation curves of AZ91D in these solutions. 

The changes in the polarisation curves by additions 

of ZnO, Al(OH)3 and FeCl3 are evident. The 

presence of ZnO or Al(OH)3 in the salt solution 

results in a lower anodic polarisation curve. This 

implies that the galvanic current from AZ91D 

becomes smaller if the salt solution on the AZ91D 

surface is contaminated by ZnO or Al(OH)3, 

consistent with the results shown in Figs. 8 and 9. 
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Figure 11:-. Polarisation curves of Al380, steel 4150, and zinc in 5% NaCl and Mg(OH)2 saturated 5% NaCl. 

 
Figure 12:- Polarisation curves of AZ91D in 5% NaCl solutions saturated with Al(OH)3 and ZnO, and in 

5%NaCl solution + 0.1% FeCl. 

The mechanism of the decrease in the galvanic 

current for ‘5Zn-5Mg’ or ‘5Al-5Mg’ in the ‘Mc/Mg’ 

exposure configuration compared with that in the 

‘Mc/Mg’ exposure configuration is postulated as 

follows. Even though the galvanic effect offers 

some degree of cathodic protection for aluminium 

and zinc cathodes, the dissolution of these metals in 

the salt solution is still unavoidable, particularly in 

the region far away from the ‘anode/cathode’ 

junction. This has been experimentally verified by 

the white corrosion products seen on most of the 

cathode plate surfaces after salt spraying. The 

dissolved Zn+2 or Al+3 ions flushed to the surface of 

the AZ91D anode could react to form zinc or 

aluminium oxides or hydroxides and finally deposit 

on the AZ91D surface. These products can provide a 

certain degree of protection for the AZ91D surface. 

Therefore, the galvanic current of the AZ91D 

becomes smaller, as if the surface of AZ91D is 

‘passivated’ by the corrosion products from the 

cathodes. However, the postulated ‘passivation 

effect’ is not applicable to the ‘5steel-5Mg’ test 

panel in the ‘Mc/Mg’ exposure configuration, In this 

configuration, the galvanic current is even larger. 

There is no doubt that the cathode steel can be 

corroded and the dissolved ferrous or ferric ions 
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would be flushed to the anode AZ91D surface in the 

‘Mc/Mg’ exposure configuration, and ferrous ions 

would soon be oxidised into ferric ions because of 

the presence of oxygen in the salt solution. Fig. 12 

demonstrates that the influence of ferric ions on the 

polarisation of AZ91D is much more significant 

than for either ZnO and Al(OH)3. The polarisation 

curve for the AZ91D anode in the FeCl3 containing 

salt solution is characterised by a straight line over a 

large potential or current region compared to that 

seen in the ferric ion free solution. There are two 

possible explanations for the linear polarisation 

behaviour. First, the high resistivity of the solution 

and hence the high ohmic drop across the solution is 

dominating the polarisation process. Second, 

AZ91D becomes extremely active and the 

polarisation resistance of AZ91D becomes 

extremely low. The first possibility is unlikely, 

because the addition of a small amount of FeCl3 can 

only increase the conductivity rather than the 

resistivity of the solution. The second possibility 

could be more practical. It is well known that iron is 

a detrimental impurity in magnesium alloys and it 

can significantly accelerate the corrosion of 

magnesium alloys. In a Fe+3 containing solution, 

there could be a possibility that magnesium is 

oxidised by the ferric ions with the iron ions being 

reduced into iron which deposits on the magnesium 

surface. As a result, the impurity level on the 

magnesium surface could increase, resulting in a 

highly active surface and extremely low polarisation 

resistance. Decreased polarisation resistance of 

AZ91D should be responsible for the higher 

galvanic current of the ‘5steel-5Mg’ test panel in the 

‘Mc/Mg’ exposure configuration. This could be the 

case of the ‘5steel-5Mg’ panel in the ‘Mc/Mg’ 

exposure configuration. The worsening of galvanic 

corrosion by the corrosion products from the steel 

cathode behaves as if the AZ91D surface is 

‘poisoned’ by the steel corrosion products. The 

influence of the exposure configuration on galvanic 

corrosion signifies that, in practice even if direct 

contacts are unavoidable, galvanic corrosion may 

still be slightly moderated by adjusting the relative 

positions of the anode and cathode.   

3.6 ‘Shortcut’ effect: - In a few tests, an 

AZ91D plate far away from its coupling cathode 

had a considerable current, even higher than the 

plates close to the cathode, particularly after several 

days of salt spray testing. In these cases, the current 

density did not decrease steadily with the distance 

from the ‘anode/cathode’ junction, but was 

abnormally distributed across the test panel surface. 

Careful examination of the test panel revealed that 

this was caused by the corrosion products built up 

between this AZ91D plate and the coupling cathode. 

The corrosion products provide a highly conductive 

path (compared with the thin wet film on the test 

panel surface) for the galvanic current from this 

AZ91D plate to the coupling cathode, so the 

galvanic current is high at the AZ91D plate. 

Observation of the surface of test panel after salt 

spray testing confirmed that corrosion products had 

accumulated at the bottom of the test panel. The 

corrosion products created a ‘shortcut’ from the 

fourth AZ91D plate (counted from the 

anode/cathode junction) to the aluminium plates. A 

thicker and more continuous solution path can be 

easily formed along such a ‘shortcut’ significantly 

reducing the solution resistance between the AZ91D 

plate and the aluminium plates. The ‘shortcut’ effect 

observed in the laboratory implies that in practice 

galvanic corrosion could eventually occur even 

though the possibility of this type of corrosion 

appears unlikely at the beginning. In real service 

environments, not only the corrosion products, but 

many other substances, such as mud, can also build 

up a ‘shortcut’ to initiate or accelerate the galvanic 

corrosion process. 

 

4 CONCLUSIONS 

4.1 The galvanic corrosion rate of AZ91D in 

contact with zinc, Al380 or steel 4150 in general 

increases with time, i.e., galvanic corrosion will 

become more severe over time once it is initiated. 

4.2 The area of serious galvanic corrosion on 

AZ91D adjacent to the cathode is relatively narrow 

compared to the galvanically protected area on the 

coupling cathode. However, the galvanically 

affected zone can be relatively large and galvanic 

corrosion may be caused by a remote cathode metal. 

4.3 Within a certain range, increasing the ratio 

of cathode area to anode area leads to an increase in 

the galvanic corrosion rate. A large steel, zinc or 

aluminium component coupled with a small AZ91D 

component should be avoided in practice. Otherwise 

severe galvanic corrosion will result. 

4.4 Increasing the thickness of the insulating 

spacer between AZ91D and its coupling can 

significantly reduce the rate of galvanic corrosion. 

However, galvanic corrosion cannot be eliminated 

by simply increasing the thickness of an insulating 

spacer if AZ91D is still electrically connected to the 

cathode metal. 
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4.5 Steel is the worst of the three cathode 

metals studied in terms of the galvanic corrosion 

rate, the distribution of galvanic current density and 

the influence of the cathode/anode area ratio, while 

aluminium causes the least corrosive attack to the 

AZ91D alloy. 

4.6 The relative positions of magnesium and its 

coupling cathode also affect the galvanic corrosion 

process. If the corrosion products from the AZ91D 

anode can be transferred to the cathode, e.g., when 

AZ91D is placed on the top of the cathode, then the 

galvanic corrosion could be slightly reduced through 

an ‘alkalisation effect’. 

4.7 If the corrosion products from the cathodes 

are transferred to the surface of AZ91D, then there 

could be a ‘passivation’ effect or ‘poisoning effect’, 

which could either slightly deteriorate the galvanic 

corrosion. Al380 and Zn cathodes may have a 

‘passivation effect’ and steel 4150 may have a 

‘poisoning effect’. 

4.8 A ‘shortcut’ effect can be caused by the 

accumulation of corrosion products, which can 

accelerate galvanic corrosion unexpectedly at a 

remote area. 
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