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Abstract

The influence of geometric factors on the galvanic current density distribution for AZ91D cou-
pled to steel was investigated using experimental measurements and a BEM model. The geometric
factors were area ratio of anode/cathode, insulation distance between anode and cathode, depth
of solution film covering the galvanic couple and the manner of interaction caused by two indepen-
dent interacting galvanic couples. The galvanic current density distribution calculated from the BEM
model was in good agreement with the experimental measurements. The galvanic current density dis-
tribution caused by the interaction of two independent galvanic couples can be reasonably predicted
as the linear addition of the galvanic current density caused by each individual galvanic couple.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium is the most active structural metal and thus could suffer serious galvanic
corrosion when in contact with any other metal. Galvanic corrosion is a major concern
for magnesium in industrial design and material selection [1–3]. Therefore, the study of
galvanic corrosion has become increasingly important with the rapid increase of magne-
sium usage in applications in the auto and aerospace industries [4,5].
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The galvanic cell geometry determines the galvanic current and thus significantly influ-
ences the galvanic corrosion behaviour. Geometrical factors include the anode/cathode
area ratio, the insulation distance (s) between the anode and cathode, electrolyte film
depth (d) and the shapes of the anode and cathode [3,6]. In practice, the geometrical shape
of mechanical components can take various forms. Insulation spacers can also be used be-
tween two components made from different metals. The thickness of these spacers can be
varied to vary the insulation distance between the anode and cathode. Additionally, the
solution film depth can be different. Furthermore, there can be more than one galvanic
couple such as many steel fasters for one magnesium part, and there can be an interaction
or superimposition of the current caused by each galvanic couple. Waber [7] studied the
effect of the galvanic cell size in galvanic corrosion theoretically in 1956 and indicated that
the galvanic current distribution can be influenced by the area ratio of the anode/cathode
and the Wagner parameter. But his mathematical model was subjected to the condition
that the polarization parameter was equal to the cathodic value. In practice, this is not true
for a variety of material arrangements. There was also another problem that ‘‘the question
of distribution of current is too difficult to present adequately since there was an interplay
between the cell dimension and the Wagner parameter’’. Furthermore, there was no experi-
mental comparison with the theoretical model.

Recently, Song et al. [3] carried out a study of the galvanic corrosion of magnesium
using a galvanic corrosion assembly (GCA) and systematically investigated the influence
of cathode materials, the distance between anode and cathode and the anode/cathode area
ratio. This study identified important effects such as the ‘‘alkalization’’, ‘‘passivation’’,
‘‘poisoning’’ and ‘‘short-cut’’ effects as well as the effectiveness of an insulating spacer
in reducing galvanic corrosion. This laid a solid foundation for further studies on the gal-
vanic corrosion of magnesium alloys. However, the results and theoretical conclusions of
Song et al. were mainly qualitative. It is important to quantify these findings.

Studies by Astley [8,9], Fu [10], Adey and Niku [11] and Kasper and Valeriote [12] have
indicated that numerical methods are promising for studying galvanic corrosion, and in
particular for predicting the galvanic current density distribution. With the development
of computer technology, a boundary element method (BEM) program BEASY has be-
come widely used to study galvanic corrosion [13]. Our previous study showed that the
BEASY program calculated current density values consistent with the theoretical expecta-
tions for the case of both linear and non-linear polarization curves as boundary conditions
[14]. Our subsequent study [15] of galvanic corrosion of magnesium coupled to steel in 5%
NaCl solution, corrosive water and auto coolant showed good agreement between the
BEASY calculations and experimental measurement provided that an adequate boundary
condition was used. Subsequently, we have examined the galvanic corrosion of magnesium
coupled to a steel fastener [16]. The total corrosion rate was measured as a function of dis-
tance from the interface of the magnesium in the form of a sheet containing a mild steel
circular insert (5–30 mm in diameter). The measured total corrosion rate was interpreted
as due to galvanic corrosion plus self-corrosion. For a typical case, the self-corrosion was
estimated [15] to be �230 mm/y for an area surrounding the interface and to a distance of
about 1 cm from the interface.

The present study investigated the influence of geometry on the galvanic current density
distribution of magnesium in contact to steel in NaCl solution using experimental mea-
surements and the boundary element method (BEM). The approach was as follows.
The research aim was to investigate an idealized one-dimension galvanic couple as
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illustrated in Fig. 1(a). The first task was to design an experimental approach to enable
experimental measurement of the current density distribution in such an idealized galvanic
couple. The approach was to use a galvanic corrosion assembly (GCA) as used in our
prior study [15] and as shown schematically in section in Fig. 1(b). Details are given in Sec-
tion 2. A BEM model was set up using the BEASY program. The BEM model calculations
were compared with the experimental measurements. The aim was to further evaluate the
BEASY program for various geometric galvanic cells and to investigate the potential
challenges of using BEASY to simulate galvanic corrosion of magnesium for various area
ratios of anode/cathode, solution film depth and insulation distance.

Furthermore, there are situations where there are a number of fasteners, such as when
there are a number of steel bolts for a magnesium component. This paper includes an
investigation into the interaction of two galvanic couples. The approach was to build
Fig. 1. (a) Schematic of idealised one-dimension galvanic couple. (b) Section through multi-electrode Mg–steel
galvanic corrosion assembly (GCA).



Fig. 2. Section through galvanic interaction assembly (GIA).

2136 J.X. Jia et al. / Corrosion Science 48 (2006) 2133–2153
on our experience with the GCA [15] to design an experiment approach that would allow
measurement of the current density distribution for the case of the interaction of two ide-
alized 1D galvanic couples. The galvanic interaction assembly (GIA) is shown schemati-
cally in section in Fig. 2, and details are provided in Section 2. Again the experimental
measurements were compared with a BEM model established using the BEASY program.

This research could provide helpful information for magnesium structure design and
optimization in the auto and the aerospace industry.

2. Experimental procedure

2.1. Galvanic corrosion (1D) assembly

The galvanic corrosion assembly (GCA) was the same as in our previous study [15] and
is shown schematically in section in Fig. 1(b). The top surface of the GCA models a gal-
vanic couple of AZ91D–steel exposed to the solution. The AZ91D is on the left hand side
whilst the steel is on the right hand side. Electrical connections through the bottom of the
GCA allow measurement of the galvanic current density distribution for the AZ91D–steel
galvanic couple. AZ91D ingot and mild steel were the materials. The magnesium alloy
AZ91D was chosen because it is the most widely used magnesium alloy. AZ91D contains
about 9% aluminium and less than 1% zinc. Mild steel is the most widely used metal in
industry.

Metal plates (of AZ91D and steel) were molded in epoxy as shown in Fig. 1, with the
cross-sectional area of the top of each plate exposed to the solution. The molding of the
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plates into the GCA was such that there was no electrical contact between each plate
through the epoxy (which is a good insulator). Electrical contact could be made to each
plate via a lead through the bottom of the GCA through the epoxy. The GCA was equiv-
alent to a galvanic couple of AZ91D coupled to steel when the top surface of the GCA was
exposed to a solution and electrical contact was made between all the plates as shown in
Fig. 1(b). Moreover, the current in each plate could be individually measured by the use of
a zero resistance ammeter (ZRA) in the electrical circuit as shown in Fig. 1(b) (and the
current density for each plate could be calculated by dividing the measured current by
the area of the plate exposed to the solution). This allowed measurement of the current
density distribution across the AZ91D–steel galvanic couple.

A zero insulating distance between adjacent plates would be preferable, but an insula-
tion space of 0.5 mm was the smallest distance found to be practical. The dimension of the
assembly into the plane of the figure was large compared with the thickness of each plate,
so that the assembly can be considered to be close to an ideal one-dimension galvanic cou-
ple of AZ91D in contact with steel.

A 12 channel ZRA was available. This allowed 12 simultaneous measurements, and the
standard configuration adopted was that shown in Fig. 1(b). Twelve plates of identical size
were used for the galvanic current measurements: six plates of magnesium and six plates of
steel. Each of the metal plates had the following dimensions: 1.2 mm thickness · 35 mm
width, with 42 mm2 surface area exposed to the electrolyte. In Fig. 1(b) these plates are
numbered 1–6 for both the AZ91D plates and the steel plates, with the numbers increasing
as the plates are further from the AZ91D–steel interface. To ensure that plates 5 and 6
were able to provide current measurements at a sufficient distance from the AZ91D–steel
interface, an extra plate of considerable thickness was added between plates 4 and 5, and
also between plates 5 and 6. Moreover, to ensure there were no end effects for the AZ91D
plate 6, there was an additional AZ91D plate molded after AZ91D plate 6.

This GCA allowed investigation of various anode/cathode ratios and different insulation
spacing between the AZ91D and steel by appropriate electrical connections of the plates.

The GCA was designed with the connections as shown in Fig. 1(b) to allow measure-
ment of the galvanic current density distribution for an ‘‘infinite’’ plate of AZ91D coupled
to a finite plate of steel as an idealization of a large plate of AZ91D adjacent to a small
plate of steel. The configuration was chosen to maximize the extent of the current density
distribution that could be measured for the AZ91D side of the couple, that is, the current
density in the AZ91D plate 6 should be small compared with the current density in AZ91D
plate 1. The plates 1–6 for AZ91D and steel were arranged in a symmetrical pattern with
respect to the AZ91D–steel interface. The current density distribution was plotted (see
Fig. 7) in terms of the actual distance (in cm) from AZ91D plate 6, so that the
AZ91D–steel interface was at a distance D = 2 cm.

For these connections, the area ratio of anode/cathode was designated as 1:1 as the cur-
rent density measurement extended for 2 cm over AZ91D from AZ91D plate 1 to AZ91D
plate 6, and likewise the current density measurement extended for 2 cm over the steel
from steel plate 1 to steel plate 6. A larger area ratio of anode/cathode, designated as
2:1, was effected by removing the electrical connections to steel electrode 5, steel electrode
6 and the steel electrode between these two. The current density measurement extended for
2 cm over AZ91D from AZ91D plate 1 to AZ91D plate 6, and only for about 1 cm over
the steel from steel plate 1 to steel plate 4. The current density distribution was again plot-
ted (see Fig. 6) in terms of the actual distance (in cm) from AZ91D plate 6, so that the
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AZ91D–steel interface was at a distance D = 2 cm. A smaller area ratio of anode/cathode,
designated as 1:2, was effected by keeping the electrical connections to all the steel elec-
trodes as in Fig. 1(b) and removing the electrical connections to AZ91D electrode 5,
AZ91 electrode 6 and the AZ91D electrodes between these two and after AZ91D electrode
6. The current density measurement extended for about 1 cm over AZ91D from AZ91D
plate 1 to AZ91D plate 4, and for 2 cm over the steel from steel plate 1 to steel plate 6.
The current density distribution was plotted (see Fig. 8) with the AZ91D–steel interface
at a distance D = 1 cm, with the measurements from AZ91D electrode 1 to AZ91D 4
on the left hand side of the figure, and steel electrode 1 to steel electrode 6 on the right
hand side and extending over 2 cm.

The influence of solution depth was studied using the arrangement as shown in Fig. 1(b)
(this has a solution depth d = 10 mm), and with a solution depth of d = 1 mm (Fig. 9) and
d = 3 mm (Fig. 10).

With the connections shown in Fig. 1(b), the AZ91D–steel galvanic couple has an insu-
lating distance s = 0.5 mm. An insulating distance s = 2.2 mm can be effected by removing
the electrical connection to either AZ91D plate 1 or steel plate 1 and to cover the plate
with epoxy resin. s = 3.9 mm can be effected by removing the electrical connection to both
AZ91D plate 1 and steel plate 1 and to cover these plates with epoxy resin. Similarly,
s = 7.3 mm, 10.7 mm, . . . can be effected by removing extra electrical connections and to
cover these plates with epoxy resin. This approach allows study of the influence of insu-
lating distance between the anode and cathode. Inherent in this approach is that the area
of anode and cathode decreases as the insulating distance is increased.

2.2. Galvanic interaction assembly

The galvanic interaction assembly (GIA) was designed to allow investigation of the
manner of interaction of two (independent) galvanic couples. A section through the
GIA is shown schematically in Fig. 2. The GIA consisted of a steel–AZ91D–steel arrange-
ment (designated as St_Mg_St), with current measurement as for the GCA. The arrange-
ment was symmetrical, so the extent of the steel was identical on both sides of the central
AZ91D. Furthermore, there was similar flexibility in making electrical connections. The
concept was that the AZ91D would experience current from two identical galvanic cou-
ples, namely there was (1) the left hand side galvanic couple: St_Mg, and (2) the right hand
side galvanic couple: Mg_St. Furthermore, the left hand galvanic couple, St_Mg was iden-
tical to the right hand galvanic couple Mg_St. The GIA allowed measurement of the cur-
rent density distribution for the full interaction situation, namely steel–AZ91D–steel, and
moreover, allowed independent measurement of the two independent galvanic couples: (1)
St_Mg and (2) Mg_St. This allowed investigation of the kind of interaction law that would
describe how the current density for the case of the two interacting identical galvanic cou-
ples was combined from the individual galvanic couples.

The GIA consisted of 12 mild steel plates and 6 AZ91D plates as shown in Fig. 2. The
surface area of each plate exposed to the electrolyte was 56 mm2 for each steel plate with
1.6 mm (thickness) · 35 mm (width) and 42 mm2 for each AZ91D plate with 1.2 mm
(thickness) · 35 mm (width). The connections for the measurement of the galvanic current
for the GIA could be made connecting all the plates as shown Fig. 2. This arrangement is
designated St_Mg_St, and allows the measurement of the interaction of the galvanic cor-
rosion from the galvanic couple on the left (i.e. St_Mg) and from the galvanic couple on
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the right side (i.e. Mg_St). The current density was plotted against distance from the left
hand steel electrode 1, as shown in Fig. 11. This same convention was used throughout
when presenting the current density for the GIA regardless of the details of the electrical
connections. This convention was adopted to facilitate comparison between the plots.

There are 18 connections for the arrangement with all electrodes connected as illus-
trated in Fig. 2, however the ZRA had only 12 channels, so that only 12 currents could
be measured simultaneously. The measuring procedure adopted was to measure the cur-
rents from the 12 electrodes from the left, or the 12 electrodes from the right. A total of
five tests were carried out as shown in Fig. 11.

In addition to the arrangement with all electrodes connected as illustrated in Fig. 2, the
electrical connections could also be made to separately measure the galvanic currents from
the left hand side couple (St_Mg) or alternatively separately measure the galvanic currents
associated with the right hand side couple (Mg_St). For these measurements, there were
no electrical connections to the six right hand side electrodes (RHS steel electrodes 1–6)
for the St_Mg couple; or alternatively there were no electrical connections for the left steel
electrodes 1–6 for the Mg_St couple. In each case, all currents could be measured simul-
taneously as there were 12 electrodes and also 12 channels for the ZRA. The data was plot-
ted as shown in Fig. 12, using the same convention as for Fig. 11.

2.3. Electrolyte

5% NaCl solution was used because it represents a severe corrosive environment and
there was good agreement between the BEM calculation and the experimental measure-
ment in our previous study [15]. The galvanic current was quite stable with little corrosion
product interference and thus it is much easier to distinguish the effect of geometry from
other factors such as a corrosion product film. The 5% NaCl solution was made with ana-
lytical reagents and deionized water. The conductivity was measured using a platinic con-
ductivity cell to be 79,500 lS cm. The solution depth was arbitrarily set at d = 10 mm
expect for the experiments which specifically studied the influence of the solution depth, d.

2.4. Galvanic current density measurement procedure

The surface of the electrodes of the GCA or GIA was polished using 1200# silicon car-
bide abrasive paper, washed with water and ethanol, and dried. The assembly was imme-
diately immersed in the solution. A multi-channel zero resistance ammeter (ZRA) was
used to measure the galvanic current passing through each electrode as a function of time
as illustrated in Figs. 1(b) and 2. The current density was calculated by dividing the mea-
sured current by the area of the electrode.

2.5. Polarization curve measurement

Fig. 3 presents the experimental arrangement for measurement of the polarization
curves. Separate specimens were made for AZ91D and steel. Potentiodynamic and galva-
nostatic polarization curves were measured. The potentiodynamic curves gave a guide for
the applied current density values for the measurement of the galvanostatic polarization
curves. For each applied constant current density, the potential was measured with time;
(details are given in our prior work [15]). The galvanosatic polarization curves were



Fig. 3. Schematic arrangement for measuring the polarization curves. Separate specimens were made for AZ91D
and for steel.
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obtained by plotting the measured potential versus applied current density at 5–10 min as
illustrated in Fig. 4 [15]. For each curve, multiple measurements were made. Three typical
potentiostatic polarization curves are defined by the values given in Table 1. These curves
were used as the boundary conditions for the BEM model. Three typical measured polar-
ization curves were used in order to evaluate the influence of typical errors in the measure-
ment of the polarization curves. The 1287 electrochemical interface was used to measure
the polarization curves. An Ag/AgCl reference electrode was used. The solution resistance
was measured using the 1255B Frequency Response Analyzer before the start of each test.
-2.0

-1.5

-1.0

-0.5

P
o

te
n

ti
al

 (
V

)

St-1

St-2

St-3

St-4

Mg1

Mg2

Mg3

St-5

Mg-4

Current density log(I) (A/cm2)

10010-210-410-610-8
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Table 1
Boundary conditions in 5% NaCl solution

Current density (mA/cm2) Potential (V)

BEM 1 BEM 2 BEM 3

Steel

0.000 �0.771 �0.695 �0.741
0.100 �0.906 �0.863 �0.896
0.290 �1.003 �1.021 �1.018
1.100 �1.165 �1.202 �1.194
3.860 �1.298 �1.296 �1.305
17.700 �1.307 �1.413 �1.386
25.400 �1.418 �1.403 �1.417

AZ91D

0.000 �1.480 �1.600 �1.506
�3.058 �1.430 �1.550 �1.492
�84.880 �1.431 �1.431 �1.431
�172.500 �1.310 �1.290 �1.325
�230.100 �1.420 �1.170 �1.183
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The polarization curves were corrected for the potential drop caused by the solution
resistance.

3. BEM model

The mathematical formulation has been presented by Adey and Niku [17] for a uni-
form, isotropic electrolyte domain X as illustrated in Fig. 5. For a uniform, isotropic elec-
trolyte system in steady state, the potential obeys the Laplace equation:

r2/ ¼ 0; ð1Þ
The Laplace equation is solved using the following boundary conditions:

/ ¼ /0; on C1; ð2Þ
I ¼ I0; on C2; ð3Þ
Ia ¼ �fað/Þ; on C3a; ð4Þ
Ic ¼ �fcð/Þ; on C3c; ð5Þ
Fig. 5. Basic equations and boundary conditions for the BEM.
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where C (� C1 + C2 + C3a + C3c) is the entire surface of the electrolyte domain X, I is the
current density across the boundary, and / is the potential. /0 and I0 are given constant
values of potential and current density respectively. For the current research, there was no
region C1 of applied potential, and I = 0 applied for all regions other than the AZ91D and
steel electrodes in Figs. 1(b) and 2. fa(/) and fc(/) are linear or non-linear functions that
describe the anode and cathode electrode kinetics respectively.

The boundary integral equations for all elements can be assembled into a system of lin-
ear simultaneous equations, which is expressed in a matrix form as follows:

H/ ¼ GI [17]; ð6Þ

where H and G are problem influence matrices, and / and I represent potential and cur-
rent density vectors respectively. The size of the equation system is defined by the number
of nodes. Partitioning the / and I into those nodes which form the anode and the cathode
regions and applying the boundary condition of Eqs. (4) and (5), gives

haa hac

hca hcc

" #
/a

/c

" #
¼

gaa gac

gca gcc

" #
fað/aÞ

fcð/cÞ

" #
[17]; ð7Þ

where
haa hac

hca hcc

� �
and

gaa gac

gca gcc

� �
are elements of the problem influence matrices,

/a

/c

� �

and
fað/aÞ
fcð/cÞ

� �
are the polarization curves. Eq. (7) was then solved by the iterative method,

the Newton–Raphson method.

In this study, the non-linear relationships between potential and current density Eqs. (4)
and (5) were determined as the experimentally measured polarization curves for the
AZ91D and steel elements. The geometry of the galvanic couple of AZ91D–steel was cre-
ated in BEASY environment corresponding to the real galvanic couples as illustrated in
Figs. 1(b) and 2. A gradient of increasingly fine mesh size towards the AZ91D and steel
interface was used where a sharp potential gradient was expected. Otherwise, the mesh size
of electrolyte elements were evenly divided to reduce the element number.

The input parameters for the BEASY BEM model included the physical geometry of

the galvanic couple, the electrolyte conductivity and the boundary conditions of
/a0

/c0

� �
and

f 0að/Þ
f 0cð/Þ

� �
, where /a0 was the open circuit potential of the anode; /c0 was the open cir-

cuit potential of the cathode; f 0að/Þ was the function used in BEASY to represent the an-
ode metal polarization curve given by Eq. (4); similarly f 0cð/Þ is the function representing
the cathode metal polarization curve. The functions f 0að/Þ and f 0cð/Þ were defined using the
piecewise linear approach using the values given in Table 1. The polarization curve was
divided into small segments, such that for each segment, there was a linear relationship
between the potential and current given by

I ¼ f ð/Þ ¼ kð/� /aÞ þ Ia; ð8Þ

where k, /a and Ia were constants for each line segment.
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4. Results

4.1. Effect of area ratio of anode/cathode

Figs. 6–8 illustrate the galvanic current density distribution for the AZ91D–steel
galvanic couple in 5% NaCl solution for various area ratios of anode/cathode. (The gal-
vanic current density was measured over a time span of 55 min [15], sufficient to
ensure steady state, and steady state current density values are used throughout this
paper.) The current density distributions from the BEM model are compared with the
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experimental measurement for an area ratio of anode/cathode of 2:1 in Fig. 6, of 1:1 in
Fig. 7 and of 1:2 in Fig. 8. The BEM model used the three boundary conditions as given
in Table 1. These are the three curves designated BEM 1, BEM 2 and BEM 3. The results
of three independent experimental measurements are plotted as the data points and labeled
Test 1, Test 2 and Test 3. There was good agreement between the BEM model and the
experimental measurements.

The galvanic current density of the AZ91D electrode increased (as the area ratio was
decreased from 2:1 to 1:2) from 33 mA/cm2 to 44 mA/cm2 for electrode Mg 1 (closest
to the AZ91D–steel interface), from 14 mA/cm2 to 22 mA/cm2 for electrode Mg 2, from
11 mA/cm2 to 17 mA/cm2 for electrode Mg 3 and from 10 mA/cm2 to 14 mA/cm2 for elec-
trode Mg 4. The galvanic current density of the AZ91D electrodes increased with the de-
crease of area ratio of anode/cathode as expected both experimentally and theoretically
from prior study [3]. The influence of area ratio of anode/cathode on the galvanic current
density distribution for AZ91D–steel in 5% could be reasonably predicted using the BEM
approach.

4.2. Influence of solution film depth, d

Figs. 7, 9 and 10 present the galvanic current density distributions from the BEM model
compared with the experimental measurements for solution film depth values of 10 mm,
1 mm and 3 mm respectively. The BEM models were calculated using the three different
boundary conditions as presented in Table 1. The galvanic current density of each elec-
trode increased with the increase of solution film depth as expected because the increase
of the solution film depth resulted in a larger area for the current to pass and thus reduced
the resistance against the current flow. There was reasonable agreement both in trend and
in current density value between the BEM model and the experimental measurement.
Again the scatter in the experimental measurement of the galvanic current density was
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comparable or greater to the scatter in the BEM curves. The scatter in Figs. 9 and 10 was
less than in Figs. 6–8; the lower scatter was attributed to the lower current density values
in Figs. 9 and 10.

4.3. Galvanic corrosion interaction

Fig. 11 presents the galvanic current density distribution for both the BEM model and
the experimental measurements for the whole galvanic corrosion interaction assembly,
Fig. 2, i.e. for the St_Mg_St configuration. Only one curve has been shown, that corre-
sponding to the typical boundary condition BEM 2, since the previous calculations (Figs.
6–10) had indicated only a small amount of scatter arising from the errors in measurement
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of the polarization curves. There was a good agreement between the BEM model and the
experimentally measured values.

Fig. 12 presents both (a) the galvanic current density distribution for the steel–AZ91D
galvanic couple (curve St_Mg) without any galvanic interaction, and also (b) the AZ91D–
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Fig. 12. Comparison between the BEM model (curves) and the experimental measurements (data points) of the
galvanic current density distribution without galvanic interaction. Separate calculations and experimental
measurements were first made for the Steel–Mg couple (i.e. connecting only the six steel and the six AZ91D plates
on the left of the galvanic corrosion interaction assembly illustrated in Fig. 2 to give the curve St_Mg and the data
(Test 1SM and Test 2SM). Subsequently calculations and experimental measurements were made for Mg_St by
connecting the six AZ91D plates to the six steel plates on the right. d = 10 mm.
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steel galvanic couple (curve Mg_St) without any galvanic interaction. There was a good
agreement between the BEM model and the experimental measurements for both cases
(a) and (b).

Fig. 13 presents the curve ‘‘Addition’’ as the linear addition of the galvanic current den-
sity for the AZ91D electrodes calculated for steel–AZ91D couple and AZ91D–steel cou-
ple, without galvanic interaction. The superimposed galvanic current density for the
AZ91D electrodes was in good agreement with the BEM model for the steel–AZ91D–steel
galvanic interaction assembly.

Fig. 14 presents the addition of the measured galvanic current density for the AZ91D
electrode measured for the steel–AZ91D couple and for the AZ91D–steel couple, without
galvanic interaction. Fig. 14 also has the curve ‘‘Addition’’ from Fig. 13 and the curve
St_Mg_St from Fig. 11. There was good agreement between the linear addition of the
experimental measurements and BEM calculations. This indicated that the current density
distribution for the AZ91D electrodes for galvanic interaction could be expressed approxi-
mately as a linear superposition of the current density caused by each individual galvanic
couple.
4.4. Effect of insulation distance, s

The prior sections have shown that the BEASY BEM program gave calculated values in
good agreement with the experimental measurements. As a consequence, the BEASY
BEM program was used to model the GCA to calculate the galvanic current density dis-
tribution for the AZ91D–steel galvanic couple in 5% NaCl solution for the insulation dis-
tance s = 0.5 mm, 2.2 mm, 3.9 mm, 7.3 mm, 10.7 mm and 25 mm. Fig. 15 presents the
calculated galvanic current density distribution for each case. It is useful to use the symbol
n to designate the general curve; n has the values 1, 2, 3, 4, 5 and 6. This approach allowed
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Fig. 15. The galvanic current density distribution calculated using the BEASY BEM model for the following
values of the insulation distance, s = 0.5 mm (curve 1), s = 2.2 mm (curve 2), s = 3.9 mm (curve 3), s = 7.3 mm
(curve 4), s = 10.7 mm (curve 5) and s = 25 mm (curve 6).
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study of the influence of insulating distance between the anode and cathode. It was pos-
sible to obtain the following: (1) the current density distributions, presented in Fig. 15,
(2) the maximum galvanic current density for the AZ91D electrode immediately adjacent
to the steel, presented in Fig. 16, (3) the total galvanic current IT(n) and (4) the average
galvanic current density Ia. The total galvanic current was equal to the integration of
the current density values over the area A(n) of each current density distribution. The aver-
age galvanic current was equal to IT(n)/A(n).

The galvanic current density of the AZ91D electrodes decreased as the insulating dis-
tance increased, Fig. 15. Furthermore, the maximum galvanic current density for the
AZ91D electrode adjacent to the steel decreased significantly with the increase of the
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insulating distance (Fig. 16). Moreover, the total galvanic current for AZ91D electrodes
also decreased as the insulating distance increased. Interpretation of the significance of
the total current is difficult because two variables had been changed simultaneously: the
area was decreased at the same time as the insulating distance was increased. Fig. 17 shows
that the average current density decreased with increasing insulating distance.

In another words, the increase of insulating distance leads to less galvanic corrosion at-
tack both locally and on average. The influence of the insulating distance on the galvanic
current distribution of steel electrodes were the same as that on the AZ91D electrodes.
However, the magnitude of the influence on the steel electrodes was much smaller than
that on the AZ91D electrodes. This BEM simulation was within expectations. It is also
consistent with the results and the theoretical predictions of Song et al. [3]. The increase
of the insulating distance increases the length of the circuit and thus increases the resis-
tance of the circuit. Therefore the galvanic current density of the adjacent anode and cath-
ode decreases according to Ohm�s law.

5. Discussion

5.1. Steady state

The measurements of the polarization curves were carried out in a potentiostatic man-
ner. For each data point for each curve, a constant current was applied, and the potential
was measured. Care was taken to ensure that steady state had been reached, so that the
measured potentiostatic curves represented steady state conditions [15]. Similarly, for
the measurement of galvanic current density using the GCA and the GIA, care was taken
to ensure that the galvanic current density measurements represented steady state condi-
tions [15]. This meant that it was valid to compare the experimental measured galvanic
current density with the predictions of the BEM model because both were for steady state
conditions, and were thus directly comparable. The fact that there was good agreement
between the experimental measurements and the BEM calculations provides assurance
that the approach is sound to use the GCA and the GIA to measure galvanic current den-
sity distributions.

5.2. Influence of experimental error

Figs. 6–10 illustrate the galvanic current density distribution for the AZ91D–steel gal-
vanic couple in 5% NaCl solution for various area ratios of anode/cathode and solution
depth. The current density distributions from the BEM model are compared with the
experimental measurement. The BEM model used the three boundary conditions as given
in Table 1. These are the three curves designated BEM 1, BEM 2 and BEM 3. The results
of the three independent experimental measurements are plotted as the data points and
labeled Test 1, Test 2 and Test 3. There was good agreement between the BEM model
and the experimental measurements.

The influence of the experimental error in the measurement of each polarization curve
as input to the BEM model meant that the BEM model gave three different curves, which
had slightly different values. Similarly, there was experimental scatter in the experimental
measurement of the current density for each metal plate of the GCA. Figs. 6–10 indicated
that the directly measured galvanic current density had an experimental scatter larger than
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the differences in the BEM curves caused by the scatter in the measurements of the polar-
ization curves.

5.3. Experimental approach

Figs. 6–12 indicated in each case that there was good agreement between the BEM
model and the experimental measurement of the current density. The experimental mea-
surements corresponded to measurements at discrete positions from individual metal
plates that were separated from each other by an insulation material 0.5 mm in thickness.
In comparison, the BEM model was for a continuous electrode with no interruptions due
to insulating spacers. The agreement between the BEM model and the experimental mea-
surements indicated that the GCA and GIA provide sound methodologies for the mea-
surements of galvanic current density distributions, and that the BEM model provided
good predictions of the galvanic current density distribution.

5.4. Influence of area of anode/cathode

The galvanic current density of the AZ91D electrodes increased with the decrease of
area ratio of anode/cathode. This result is consistent with expectations from basic corro-
sion theory. As the area ratio of anode/cathode increases, there is available a higher rel-
ative cathodic current density. Since the anode current equals the cathode current, the
anode current density increases.

5.5. Galvanic corrosion interaction

The experimental measurements and the BEM modeling involving the GIA indicated
that the current density distribution for the AZ91D electrodes for galvanic interaction
could be expressed approximately as a linear superposition of the current density caused
by each individual galvanic couple. At first blush, this is a somewhat surprising outcome
because the boundary conditions are very non-linear as is clear from Fig. 4.

5.6. Effect of insulation distance, s

Because the BEASY BEM program gave calculated values in good agreement with the
experimental measurements, the BEASY BEM program was used to model the GCA to
study the influence of insulating distance. Inherent in this approach was that the area of
the anode and cathode decreased as the insulating distance was increased. Future work
proposes to study the increase of insulating distance whilst keeping constant the areas
of anode and cathode.

5.7. Implication and applicability to service and future research

The galvanic current density of the AZ91D electrodes decreased as the insulating dis-
tance increased. The increase of the insulating distance increases the length of the circuit
and thus increases the resistance of the circuit. Therefore the galvanic current density of
the adjacent anode and cathode decreases according to Ohm�s law. It has been suggested
that these results could be used to produce simple empirical formulations that can be used
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to provide rough estimates for service conditions. However, it is thought that a much bet-
ter way forward is the development of a user-friendly BEM package that could be used as
a design tool to give quantitative evaluations of the galvanic current density distribution
associated with a particular design. The research presented herein and our prior research
on galvanic corrosion [14–16] give confidence that such a BEM package is indeed possible.
However, additional research is needed to address the following points:

• Influence of thin solution films. It is conceivable that, for very thin surface solution
films, the corrosion process for Mg can be different to that in a bulk solution [1,2].
In particular, oxygen reduction may become an important cathodic reaction. Local
alkalization in the thin solution film would be expected to facilitate formation of a par-
tially protective film. These considerations are of particular importance when consider-
ing a realistic exposure of auto components to salt spray. Thin solution films and high
solution surface area can imply high availability of oxygen for the cathodic reaction.

• Influence of the composition of the surface solution film. Use of a 5% NaCl solution has
been found to give BEM predictions in good agreement with experimental measure-
ments. This solution represents an aggressive environment, and is realistic for service
conditions in North America or Europe where there is significant de-icing salt usage
and there is consequently an issue from the resulting salt spray. A sodium chloride solu-
tion could also be considered as providing a simple analogue to marine exposure. More-
over, the NaCl solution will provide a ‘‘worst case’’ situation. If a design can
formulated to provide adequate performance in a NaCl solution, then it would be
expected to perform better in a less aggressive environment. Nevertheless, it is impor-
tant to have an adequate approach to less aggressive environments as Mg is widely used
in environments much less aggressive than salt spray.

• Understanding of self-corrosion [16], influence of the form of corrosion [18] (including
in particular pitting corrosion), influence of the Mg Alloy (composition and microstruc-
ture) [18,19], and the negative difference effect [1,2,20,21].

• Influences of surface topography. So far our research has largely addressed 1D galvanic
corrosion. Ahead is the challenge of 2D influences.

• What are the effects due inclination of the magnesium surface?

6. Conclusions

The galvanic corrosion assembly (GCA) and galvanic interaction assembly (GIA) pro-
vide sound methodologies for the measurements of galvanic current density distributions.

The BEM based BEASY program can reasonably predict the galvanic current density
distribution for AZ91D–steel in 5% NaCl solution.

The directly measured galvanic current density had an experimental scatter larger than
the differences in the BEM curves caused by the scatter in the measurements of the polar-
ization curves.

The galvanic current density of the AZ91D electrodes increased with the decrease of
area ratio of anode/cathode.

The galvanic current density of each electrode increased with the increase of solution
film depth as expected because the increase of the solution film depth resulted in a larger
area for the current to pass and thus reduced the resistance against the current flow.
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The galvanic current density of the AZ91D electrodes decreased as the insulating dis-
tance increased. The maximum galvanic current density for the AZ91D electrode adjacent
to the steel decreased significantly with the increase of the insulating distance. Further-
more, the average galvanic current for AZ91D electrodes decreased as the insulating dis-
tance increased. In another words, the increase of insulating distance leads to less galvanic
corrosion attack both locally and on average over the distribution.

The galvanic current density distribution on AZ91D electrodes caused by galvanic
interaction can be reasonably predicted as the linear superimposition of current of caused
by each individual galvanic couple.
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