
Numerical Investigation of Micro-Galvanic
Corrosion in Mg Alloys: Role of the Cathodic
Intermetallic Phase Size and Spatial
Distributions

V. K. Beura, P. Garg, V. V. Joshi, and K. N. Solanki

Abstract
Magnesium alloys are of increasing interest in structural
applications due to their low-density, moderate specific
strength and stiffness, recyclability, and high damping
among other properties. However, the wide-scale appli-
cability of magnesium alloys in structural applications has
been limited due to many factors including its poor
corrosion resistance. In this work, a numerical investiga-
tion to simulate the micro-galvanic corrosion behavior
was performed to examine the influence of the size and
distribution of cathodic intermetallic phase (b–Mg17Al12)
in a Mg matrix. The ratio of cathodic to anodic surface
area was kept constant in each simulation condition to
understand the effect of size and spacing distributions. In
general, fragmentation of a larger intermetallic particle
into smaller ones was determined to enhance the localized
current density. However, the uniform distribution rather
than clustered or non-uniform distribution of this small
intermetallic phase throughout the matrix was found to
reduce the overall dissolution current density and hence,
pitting corrosion severity.
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Introduction

A combination of high strength to weight ratio, excellent
biocompatibility, and superior damping capacity makes
magnesium (Mg) based alloys a prime material for

automotive, biomedical and structural applications [1–5].
However, poor corrosion resistance of these alloys limits
their widespread applicability. For instance, with Mg being
the most electrochemically active element in the periodic
table, Mg-based alloys undergo severe galvanic corrosion
while forming joints with other structural materials [6]. In
addition, Mg alloys undergo localized corrosion due to the
presence of cathodic second phase particles and inclusion
within the matrix [7–9]. The severity of localized corrosion
is strongly dependent on the size and spacing distributions of
the second phase within the Mg matrix. Besides cathodic
particles, grain size [10, 11], crystal texture [12, 13] and
prior processing conditions [14, 15] also alters the general
corrosion behavior of Mg alloys. Therefore, suitable opti-
mization of mentioned parameters (e.g., particle size and
spacing distribution, heat treatment, etc.) can be done to
tailor and improve the corrosion resistance of Mg alloys.

In most Mg alloys, Al8Mn5 and b–Mg17Al12 are the main
cathodic intermetallic particles [7, 16] and their size/spacing
distribution dependents on different thermo-mechanical heat
treatment processes. Many studies have focused on under-
standing the influence of change in the cathodic particle
distribution on the corrosion behavior as well as mechanical
properties of Mg alloys [17–21]. Fragmentation and rear-
rangement of b phase along with generation of different
defects like vacancies, dislocation, and twins have been
observed to degrade the corrosion resistance of hot-extruded
AZ91 alloy with respect to its cast counterpart [15]. Simi-
larly, the corrosion susceptibility of equal channel angular
extrusion (ECAE) processed Mg alloys was found higher in
comparison to as-cast pure Mg and AZ31 alloys due to its
high dislocation density and smaller deformed grains [22,
23]. In contrast, Zhang et al. showed that extruded Mg alloys
have enhanced corrosion resistance in comparison to as-cast
Mg alloy due to grain refinement and rearrangement of
second phase particles although there is an increase in dis-
location and defect density with deformation [24]. This
ambiguity arises from the presence and inter-dependance of
a number of factors like grain size, texture, defect density
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due to deformation, second phase particle size and distri-
bution in the matrix. Therefore, it is highly important to
understand the individual effect of each parameter as well as
their interdependence to design future generations of
Mg-based alloys.

It is difficult to deconvolute the effect of above-mentioned
parameters through experimental technique performed by
different thermo-mechanical processes due to their interde-
pendence and complexity of real-time corrosion process.
However, a combined approach of experiments along with
simulations can be a viable approach to tackle this prob-
lem. Many studies have been performed to simulate the
galvanic corrosion [25–28] and localized corrosion behavior
in aluminum [29, 30] and magnesium alloys [31] and vali-
dated with the required experimental work [32]. However, a
limited number of works have been performed to apply the
simulation methodology to study the influence of
above-described parameters on the corrosion behavior of
Mg-based alloys. Taleb et al. [33] studied the effect of grain
size on corrosion behavior through a simulation study using
cellular automata model. Similarly, Deshpande [31] inves-
tigated the effect of b phase morphology and phase fraction
on micro galvanic corrosion behavior of Mg alloys using a
finite element based model. However, generally during
thermo-mechanical processing in combination to phase
morphology its distribution varies keeping average surface
fraction constant and this variation in distribution affects the
corrosion properties as observed experimentally in ECAE,
extrusion, and shear assisted processing and extrusion
(ShAPE) [34–36] of Mg-based alloys. Therefore, in this
study, a finite element based numerical framework was used
to study the effect of size and distribution of cathodic
intermetallic phase (b–Mg17Al12) on localized corrosion
behavior of Mg alloy. A single cathodic intermetallic phase
was disintegrated into several smaller particles keeping the
overall cathodic surface area hence cathode to anode ratio
constant, to observe the effect of fragmentation on current
density of the system. Additionally, spatial distribution of
fragmented particles was varied by changing the radial
separation distance between them to observe the effect of
distribution on the localized corrosion behavior of Mg alloy.

Model Development

The micro-galvanic/localized corrosion behavior between
the matrix phase (a) and the cathodic intermetallic phase (b)
in Mg alloys was simulated using Comsol simulation soft-
ware. The governing Nernst plank equation was solved in
the electrolyte domain over the anode and cathode electrode
surface in the stationary mode. Mass transfer of ionic species
in the aqueous electrolyte can be described by the

contribution from diffusion, migration, and convection
which can be expressed by the Nernst Plank Equation as
[27]:

@ci
@t

¼ �Dir2ci � ziFuir: ciruð Þþr: ciVð Þ ð1Þ

where Di is the diffusion coefficient, ci is the concentration,
zi is the charge number, ui is the mobility of different species
involved in the electrochemical processes. F, and u, are
Faraday constant, and electric potential measured with
respect to standard calomel electrode and electrolyte velocity
(V), respectively. Nernst plank equation (Eq. 1) can be fur-
ther simplified for steady-state conditions with the following
assumptions (i) negligible concentration gradient due to the
well-mixed electrolyte solution; (ii) the solvent is incom-
pressible; and (iii) the electrolyte solution is electroneutral,
i.e.,

P
zici ¼ 0 to Eq. 2.

r2u ¼ 0 ð2Þ
Equation 2 represents the Laplace of electric potential

with the upper bound of corrosion rate after neglecting the
transport term due to diffusion and convection. Equation 2
was solved numerically in the electrolyte domain with
appropriate boundary conditions like in the anodic and
cathodic surface gradient of electrolyte potential field is
directly proportional to current density, and can be written
as:

j ¼ �rrnu ð3Þ
where r is the conductivity of electrolyte (2.5 S/m).

Two computational domains were used in this study to
simulate the localized corrosion behavior of Mg alloy
(Fig. 1). Figure 1a shows a square domain of size 50 um
50 um that represents the electrolyte over cathode (b) and
anode (a) 1D electrode surface and it was used to study the
effect of second phase particle size and separation on lo-
calized corrosion behavior in Sects. 3.1 and 3.2 respectively.
The cylindrical domain, shown in Fig. 1b was used to study
the effect of second phase particle fragmentation and dis-
tribution on localized corrosion behavior in Sect. 3.3. The
cylindrical domain has base diameter of 50 µm and height of
50 µm that represents the electrolyte over cathode (b) and
anode (a) 2D electrode surface. Volume and conductivity of
the electrolytes in both the domains were kept constant
throughout the study. However, the size of electrode surfaces
was varied keeping combined electrode surface length
(50 µm) and electrode surface area (1962.5 µm2) constant in
both 1D and 2D computational domains, respectively.
Insulating boundary conditions were used at all boundaries
of the computational domain except for the electrode sur-
faces where electrolyte potential was solved using Eq. 3.
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Furthermore, current density evolution at cathode and anode
electrode surfaces was solved using anodic and cathodic
Tafel extrapolation parameters as input variables. Experi-
mental polarization curves for alpha (a) and beta (b) were
used [31] to extract the required electrochemical parameters
using EC-lab software. Table 1 shows the list of electro-
chemical parameters used to simulate micro-galvanic cor-
rosion behavior in Mg alloy.

Result and Discussion

Effect of Second Phase Particle Size

The variation in size of second phase particles in Mg alloys
ranging from micrometers to nanometers is significantly
dependent on the prior heat treatment and thermo-
mechanical processing of the alloy [37]. Localized corro-
sion in Mg alloys also depends on the size of the cathodic
phases beside their composition. Therefore, to understand
the size effect of b phase on corrosion behavior particles of
different radius (Rparticles) were used to study the variation of
cathodic and anodic current density in the electrochemical
system. Figure 2 shows the variation of current density as a
function of cathodic particle size from 2 to 10 µm. The
cathodic current density increased on the b phase surface
with increase in surface area of the second phase particle.
Thus, the larger surface area provides more sites for cathodic
reactions like hydrogen evolution and oxygen reduction
(Eqs. 4 and 5) and drives the anodic reactions on the Mg
matrix adjacent to the particle. The cathodic current density
increased from −23.5 to −17.5 A/m2, around 30%, with
increase of Rparticle from 2 to 10 µm. This increase in
cathodic current density enhanced anodic dissolution

reaction on Mg matrix (Eq. 6) which shows an eight-fold
increase in anodic current density as Rparticle increased from
2 to 10 µm (Fig. 2b). Thus, the region with bigger cathodic
particle enhances localized matrix dissolution which makes
the usage of alloy more detrimental for longer term as
compared to the alloy with smaller cathodic particles.

Cathodic reaction:

O2 þ 2H2Oþ 4e� ! 4OH� ð4Þ

2H2Oþ 2e� ! H2 þ 2OH� ð5Þ
Anodic reaction:

Mg ! Mg2þ þ 2e� ð6Þ

Effect of Second Phase Particle Separation

Along with second phase particle size and composition, the
separation between the particles also plays a crucial role to
determine the intensity of localized corrosion. This separa-
tion distance depends on several factors like mechanical
deformation, heat treatment, and other thermo-mechanical
processing. The separation distance controls the interaction
between two cathodic particles as well as the transport of
reacting species within the local electrolyte. To observe the
effect of separation distance (S) two identical particles of
different sizes (Rparticle) were used to study the corrosion
behavior of the common matrix present in between them.
Figure 3a shows the variation in anodic current density of
the common matrix as a function of the separation distance.
The anodic current density of the matrix increased with

Fig. 1 Computational domain of electrochemical system with necessary equations and boundary conditions for reacting and insulating surfaces.
Red and blue lines/circles, respectively represent the cathode and anode electrode a 1D and b 2D surfaces
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decreasing the separation distance between the particles
which directly corresponds to the higher dissolution reaction
at the matrix. As the separation distance increased further, a
parabolic variation of matrix anodic current density was
observed which was highest at the interface of cathodic
particle and the matrix and it gradually decreased as we
move away from interface showing a decrease in the inter-
particle interaction. This variation of current density can be
correlated with anodic and cathodic reactions on both the
surfaces and their transport within the electrolyte. Due to
shorter distance between particles like 0.4 µm, availability
of reducible species like O2 is easier due to smaller transport
distances between the anode and cathode surfaces. This
enhancement in anodic current density due to separation
distance varies with size of the cathodic particle shown in
Fig. 3b. A fivefold increase in current density can be
observed with increase in Rparticle from 2 to 10 µm.

Effect of Second Phase Particle Fragmentation
and Separation

Generally, during processing and real-time applications both
cast and processed Mg alloys undergo extreme conditions of
high strain-rate deformation and/or high-temperature appli-
cations that lead to variation in cathodic particles distribution
keeping the average area fraction constant. This process can
also lead to the disintegration of larger cathodic particles into
clusters of small-sized particles. Therefore, to understand the
effect of such a complex process along with other
microstructural changes can be a difficult task in terms of
experimental characterization. Hence, a simulation study has

been implemented to understand effect of this phenomenon
on corrosion behavior of Mg alloys. A cathodic b phase
particle with 10 µm radius was fragmented into smaller
particles keeping the overall cathodic surface area and the
ratio of anode to cathode surface area constant. Hence, the
radius (R) of fragmented particles decreased gradually with
increasing number of fragmentations (N). Furthermore, the
separation distance (S) between the fragmented particles was
varied from 0.2 to 20 µm to observe the effect of separation
between the particles on corrosion behavior. Figure 4 shows
variation in magnitude of electrolyte current density with
change in the number of fragmentations (N) and separation
distance (S) between the cathodic particles.

The electrolyte current density was observed to vary from
0 to 23.7 A/m2 throughout the surface with a maximum in
the region near to the cathodic particle (Fig. 4a). Further-
more, maximum current density around the cathodic parti-
cles found to increase as the number of fragmentation
increased from N = 1 to 7 (Fig. 4a). The system with
maximum number of fragmentations (N = 7) and the
smallest separation distance (S = 0.2 µm) had the highest
electrolyte current density at the cathodic particles (Fig. 4b).
Whereas, the electrolyte current density was minimum at the
cathodic particles in the same system with highest separation
distance (S = 20 µm). To further understand these effects
average electrolyte current density was calculated for each
particle radius and corresponding all of the separation dis-
tances (Fig. 5).

Average electrolyte current density of single cathodic
particle (R = 10 µm) serves as a reference point for other
measurements (black horizontal line at 2.175 A/m2 in
Fig. 5). The average electrolyte current density was found

Table 1 Electrochemical
parameters used in this study to
simulate the corrosion behavior of
Mg alloy

Electrochemical parameters Alpha (a) Beta (b)

Corrosion potential (V, SCE) −1.424 −1.151

Exchange current density (A/m2) 0.081 0.017

Tafel slope (V/decade) 0.008 −0.0835

Electrolyte conductivity (S/m) 2.5

Fig. 2 Effect of cathodic b phase
size on the corrosion behavior a
Variation in cathodic and anodic
current density with b phase size
(Rparticle). b Variation in anodic
current density of adjacent matrix
with b phase size (Rparticle)
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to decrease with increasing the separation distance between
the particles which suggests towards a decrease in corro-
sion susceptibility of the alloy. These results display a
similar trend observed in Fig. 3, where the anodic current
density of Mg matrix decreased with the increasing sepa-
ration distance between two identical cathodic particles.
However, if the average electrolyte current densities for
different numbers of particles were compared it shows
interesting behavior. The electrochemical system with 7
particles has the highest value of average electrolyte current
density than other systems (1, 3, 4, 5 particles) in the range
of radial separation distance 0.2 and 4 µm. On the other
hand, 7 particle system showed the lowest value of average
electrolyte current density at a radial separation distance of
10 and 20 µm as compared to the other systems. Further-
more, the systems with 1, 3, 4, 5 particles showed similar
behavior as the average electrolyte current density of the

Fig. 3 Effect of cathodic b phase separation on corrosion behavior.
Separation distance of zero represents the center point between two
particles and +ve/−ve distances represent displacement along left/right
directions, respectively. a Variation in anodic current density of matrix

between two 4 µm b phase as a function of their separation. b The
average anodic current density of the matrix between two b phases as a
function of phase size and separation distance

Fig. 4 Effect of cathodic particle distribution on the magnitude of
electrolyte current density. a Fragmentation of single cathodic b phase
into different number of particles (N) with different size (R) keeping

overall anode to cathode ratio constant. b Change in anodic current
density with increasing separation distance (S) between multiple
fragmentations (N = 7) of cathodic particles of same radius

Fig. 5 Variation of average electrolyte current density with cathodic b
phase fragmentations (i.e., number of particles) from a larger particle
and their radial separation from the center particle
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system with larger number of particle systems is lower as
compared to the system with lower number of particles at
the radial separation distance of 10 and 20 µm. This
behavior is due to decrease in the interparticle interaction
and more homogenous distribution of cathodic particles
with a higher number of fragmentation and radial separa-
tion. Therefore, to process a corrosion-resistant Mg alloy
using various thermo-mechanical processing methods like
ECAE, extrusion or ShAPE an effort should be made to
have a possible smallest average particle size and the
highest separation distance between the particles.

Conclusions

A comprehensive finite element based simulation study was
carried out to understand the effect of size and distribution of
second phase cathodic particles on localized corrosion be-
havior of Mg alloys. The key observations of this work are:

1. Larger cathodic particles (Rparticle = 10 µm) enhanced
anodic dissolution of the localized matrix due to
enhanced cathodic reaction on their surface in compar-
ison to the smaller size cathodic particles.

2. Interparticle interaction between two cathodic particles
decreased with an increase in separation distance which
reduced the anodic dissolution rate of common Mg
matrix between them.

3. Corrosion behavior of Mg alloys depends on fragmen-
tation and distribution of large cathodic particles into a
cluster of smaller particles. In particular, increase in
number of fragmentation enhances corrosion suscepti-
bility of the localized system till the radial separation
between the particles was less than a critical value
(10 µm). However, once the separation is more than the
critical value larger number of fragmentation shows the
least susceptibility for corrosion.
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