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The Use of Finite Element Methods (FEM)  
in the Modeling of Localized Corrosion

by C. Liu and R. G. Kelly

Localized corrosion is characterized by intense dissolution 
at discrete sites on the surface of a metal or alloy, while the 
remainder of the surface corrodes at a much lower rate. The 

ratio of the two rates is on the order of 109. Typical forms of localized 
corrosion include crevice corrosion, pitting, stress corrosion cracking, 
and intergranular corrosion.1 Localized corrosion represents the 
primary corrosion failure mode for passive/corrosion resistant 
materials.

There has been extensive experimental characterization of the 
dependence of the susceptibility to corrosion on alloy and solution 
composition, temperature, and other variables. Computational 
modeling can play an important role in improving the understanding 
of localized corrosion processes, in particular when it is coupled 
with experimental research that accurately quantifies the important 
characteristics that control corrosion rate and resultant morphology. 
There are many modeling methods that can be applied, with the 
choice of method driven by the goal of the modeling exercise. 

Empirical models2 can be used to predict performance within 
the parameter space for which they are created. Such models can 
provide insight into what kinds of processes might be dominating 
the corrosion process, but further dissection of controlling factors is 
more difficult. 

Numerical modeling, in which the concentration, potential, 
and current distributions are calculated, plays a role in helping to 
understand controlling factors. There are several numerical methods 
that have been implemented by corrosion scientists and engineers. 
Among these, the finite element method (FEM) has been the 
most widely used to investigate transport phenomena in systems 
undergoing.

The finite element method (FEM) is a numerical technique 
used to obtain approximate solutions to the differential equations 
that describe a wide variety of physical phenomena, ranging from 
electrical and mechanical systems to chemical and fluid flow 
problems. Generally, FEM establishes credible stability criteria 
and provides more flexibility (e.g., in handling inhomogeneity and 
complex geometries) compared to other numerical modeling methods 
such as the finite difference method (FDM). The finite element 
approach in corrosion study was introduced in the early 1980s by 
Alkire, Forrest, and Fu.3-5 The FEM approach has demonstrated an 
ability to predict electrochemical parameters such as potential and 
current distributions for localized corrosion.

FEM Modeling in Localized Corrosion

In the general case, the Nernst-Planck Equation, suitable for dilute 
solutions, is applied as the governing equation in FEM modeling 
for localized corrosion. The basic form6 of this equation can be 
formulated as

        
 
        

(1)

   Diffusion               Migration     Convection  Reaction

where ci
 is the concentration of species i, Di is the diffusivity of 

species i, zi is the charge of species i, F is Faraday’s constant,  is the 
electric potential, v is the fluid velocity, and Ri is rate of homogeneous 
production of species i. In general the convection term is neglected 
in localized corrosion modeling, although Harb and Alkire7 have 
shown the conditions under which convection at the mouth of a pit 

can influence the conditions inside the pit. A common assumption in 
mathematical modeling of transport phenomena in electrochemical 
systems is electroneutrality

 
           

(2)

Electroneutrality states that any volume of solution is electrically 
neutral due to the large restoring force resulting from any separation 
of charge.

The solution to the Nernst-Planck equation results in full transient 
descriptions of the distributions of chemical composition, potential, 
and current density. The costs of obtaining this complete data set are 
computational complexity and time. The wide range of time scales 
that must be taken into account in modeling localized corrosion 
include very fast processes (ion reaction and response to potential 
gradients) and slow processes (diffusion of uncharged species under a 
concentration gradient). This range of timescales, combined with the 
mathematical difficulties in dealing with highly nonlinear boundary 
conditions (electrochemical kinetics) make the calculations very 
difficult, requiring very small time steps and highly refined spatial 
meshing.

Recent work8-12 has shown the usefulness of the application of the 
Laplace Equation (Eq. 3) to model steady state current and potential 
distributions under thin-electrolyte conditions.

          
2
  0    (3)

Rather than solving for the full transient, the use of the Laplace 
Equation approach relies instead on a knowledge or estimation of the 
electrolyte characteristics (primarily conductivity) and its dependence 
on position and other experimental variables. This approach ignores 
diffusive transport contributions to the current density. It has been 
shown that reasonable estimations of important characteristics of 
the thin electrolytes forming under atmospheric conditions can be 
made based on a limited number of measurements and equilibrium 
calculations. Accurate measurement of the electrochemical kinetics 
is far more important in determining the success of the model 
predictions.

Below, two explicit examples regarding applications of FEM in 
localized corrosion modeling using the simplification of the Laplace 
equation are presented. The first example presents the use of FEM 
modeling to predict intergranular corrosion (IGC) damage caused 
by galvanic interactions in a thin electrolyte. The second example 
describes a FEM-based model combined with rigorously controlled 
crevice geometry for the study of crevice corrosion scaling factors.

FEM Modeling to Predict IGC Damage  
Caused by Galvanic Interactions10

In experimental work, Mizuno and Kelly13 quantitatively 
investigated the galvanic interaction between sensitized aluminum 
alloy AA5083-H131 and AISI 4340 steel for samples exposed to 
a variety of atmospheric and full immersion conditions. A linear 
correlation was found between the maximum depth of IGC damage 
and the electrochemical potential under full immersion conditions. 
Scanning Kelvin Probe measurements of the potential along a 
galvanic couple of AA5083-H131 and 4340 steel exposed to a thin 
electrolyte layer were made to demonstrate that the same potential 
dependence applied to atmospheric conditions.13 However, it is 
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Fig. 1. Geometry in FEM Model representative of a galvanic couple between 
AA5083-H131 and AISI 4340. Water layer thickness determined by relative 
humidity (RH) and loading density (LD) of salt according to Chen, et al.14

difficult to comprehensively measure potential distributions during 
atmospheric corrosion because many environmental factors affect 
IGC propagation. Computational modeling can be utilized to simulate 
potential distribution in the corrosion system, and IGC propagation 
can be predicted from the simulated potential distributions under 
atmospheric conditions.

The geometry used is shown in Fig. 1, representing a galvanic 
couple that occurs when a 4340 steel fastener is coupled with sensitized 
AA5083-H131. The Nernst-Planck equation was used as the governing 
equation as implemented in a commercial computational code, and 
the boundary conditions used were based on electrochemical kinetics 
parameters fitted to the Bulter-Volmer equations from experimentally 
determined polarization curves.13 The calculations were made for 
t = 0, preventing any solution chemistry change or diffusion from 
occurring. Thus, the governing equation was effectively the Laplace 
equation. Optimization of the boundary conditions was performed to 
reproduce the observed galvanic corrosion behavior as a function of 
degree of sensitization (DoS) and NaCl concentration.

The calculated potential distribution was converted to the IGC 
depth using the correlation determined from the full immersion 
testing.13 Fig. 2 presents an example of the comparison of the IGC 
depth distributions between the model calculations and experimental 
results. Although the experimentally observed IGC depth had 
significant variability even at the same distance from the steel fastener, 
the calculations showed IGC distributions very similar to those of the 
experiments for the entire range of DoS. In addition to reasonably 
predicting the depth of attack, the modeling predicted with reasonable 
accuracy the maximum distance from the steel at which IGC damage 
was observed.

The utility of FEM modeling is shown in Fig. 3, where the calculated 
maximum IGC depth as a function of RH for these DoS levels is 
presented. The modeling allows rapid exploration of the effects of 
the range of important variables. We can gather that the most severe 
attack is expected to occur at approximately RH  = 90% for all DoS 
levels, that the minimally sensitized specimen (DoS=10 mg/cm2) is not 
susceptible to IGC when the RH is higher than 95% or lower than 
80%, and that the influence of DoS on maximum IGC depth saturates 
above a DoS of 40 mg/cm2. Such FEM-based models can be used to 
guide experiments and to provide inputs for predicting lifetime and 
maintenance requirements for structures of interest.

FEM Modeling Combined with Rigorously 
Controlled Crevice Geometry for Study  

of Crevice Corrosion Scaling Law15

Historically, one of the major challenges in crevice corrosion 
research has been the disconnect between the crevice geometries 
that can be modeled and those that can be attained experimentally. 
This situation led to a sharp disagreement about how the crevice gap 
controls the position of maximum attack within the crevice, even for 
simple electrochemical systems in which the experiment is arranged 
to prevent any solution composition change within the crevice.16 
The relation between the position of maximum attack (xcrit) and the 
crevice gap (G) is known as the scaling law. Two distinct scaling laws 
for crevice corrosion had been suggested, x2

crit /G16, 17 and xcrit /G.16 

Fig. 2. Comparison of the IGC damage derived from the calculated potential 
distributions and the experimentally determined IGC damage after 100 h:  
(a) DoS = 10 mg/cm2; (b) DoS = 30 mg/cm2; (c) DoS = 50 mg/cm2. In all 
cases, the LD was 3.5 DoS = 3.5 g/m2.10

(a)

(b)

(c)
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A comparison of xcrit data from the crevice corrosion 
experiments and those predicted by the model is shown 
in Fig. 6a. Figure 6b plots the same data, but with the 
ordinate now in terms of x2

crit. At small gaps (< 100 μm)
the data fit to a linear regression has a correlation 
coefficient of 0.9957 with the y intercept forced through 
zero. From these comparisons, it was concluded 
that a quadratic scaling factor (x2

crit /G = constant) was 
applicable to the Ni/H2SO4 crevice system, with the 
result most apparent at short times and small gaps. The 
model also reproduced the experimentally observed 
failure of the scaling law at large gaps where the 
xcrit was located at much greater depths than would 
be expected from the scaling law. The potential and 
current distributions explain this observation. At the 
153 μm gap crevice, the entire active/passive transition 
was not completed before the end of the crevice was 
reached, thus reducing the total current from the 
crevice and the subsequent potential drop.

State-of-Art Issues  
in Localized Corrosion Modeling

Application of numerical methods, especially FEM, 
has greatly facilitated understanding phenomena and 
mechanisms across a diverse spectrum of localized 
corrosion problems. However, important issues still 
remain in localized corrosion modeling that hinder 

comparisons of modeling results and experimental data. Most of the 
issues are rooted in assumptions and simplifications that are made in 
order to make the calculations more tractable.

One important issue comes from ignoring ion-ion interactions 
in the electrolyte. Generally, modeling of the ion transport process 
is based on the assumption of dilute solution conditions, and the 
Nernst-Planck equation is used as discussed to describe ion transport 
due to diffusion, migration, and convection. For the migration term, 
the flow of each ion due to electric potential field in the system is 
assumed to be independent. However, the electric potential field is 
also affected by distribution of all the ions as described by Poisson’s 
equation which accounts for the relationship between charge 
densities and the electric potential

        (4)

The rigorous approach to model transport phenomena in dilute 
solution environment is to solve the Nernst-Planck equation coupled 
with the Poisson's equation. However, attempts to obtain numerical 
solutions by applying these two equations have encountered 
substantial numerical stiffness19 when performing calculations. Thus, 
the more widely used approach invokes electroneutrality, which 
ignores electrostatic interaction between ions, as a replacement for 
Poisson’s equation to describe ion transport in the electrochemical 
system. However, this coupling of the Nernst-Planck equation with an 
electroneutrality assumption loses sight of the fundamental physics. 
The basic form of the Nernst-Planck equation shown in Eq. 1 ignores 
ion-ion interactions. In practice, to use the Nernst-Planck equation 
in combination with the electroneutrality condition, at each time 
step for each spatial element, a “make-up” ion is selected to enforce 
electroneutrality. There is concern that this lacks a defendable 
physical basis, particularly when it is not obvious which ion should 
be selected. In some cases, negative concentrations can be predicted.

Several approaches have been proposed to take into account ion-
ion interactions during ion transport in dilute solutions. Heppner 
and Evitts21 developed a charge density correction method based 
on Poisson’s equation to calculate the effect of charge density on 
electrolyte mass transport. By using an operator splitting method,22,23 
the value of a charge density correction can be determined to offset 
the charge of the electrolyte solution. Sarkar and Aquino20 developed 

The objective of the work in this example was to unambiguously 
assess which scaling law applies, particularly to small crevices. Lee, 
Reed, and Kelly15 combined FEM modeling and microfabrication 
methods to rigorously link computational results with experimental 
measurements. Microfabrication methods were used to construct 
crevice formers of rigorously controlled dimensions. These formers 
were used in crevice corrosion experiments on Ni200 in 0.5 M 
H2SO4 to measure xcrit for crevice gaps of 14, 35, 93, 153, and 395 
μm. Comparison of the modeling and experimental results provided 
a better understanding of the geometric scaling factors that apply to 
crevice corrosion.

The FEM program used in this work was capable of considering 
two spatial dimensions and time,17,18 as in the earlier example, 
convection was ignored, and the potential and current distributions 
were calculated at t = 0, effectively reducing the governing equation 
to the Laplace equation. The geometry used is shown in Fig. 4. The fit 
to the potentiodynamic scan of Ni200 in sulfuric acid (which contains 
an active/passive transition) served as the electrochemical boundary 
condition for the model.

The potential and current density distributions obtained from the 
FEM model are shown in Fig. 5. The potential fell monotonically with 
increasing distance into the crevice, and the corresponding dissolution 
current density mapped out the passive-to-active transition. The  xcrit 
value for each gap was determined by locating the position at which 
the potential fell into the active region bounded at +0.244 V (vs. SCE). 

(continued on next page)

Fig. 3. Model calculation results for maximum IGC propagation after 100 h exposure as a 
function of RH (DoS = 0 to 50 mg/cm2, LD = 3.5g/m2).10

L
x = L

x = 0
Crevice Mouth

Crevice Tip

x = xcrit

G

Fig. 4. Schematic diagram illustrating the important parameters of crevice 
corrosion scaling laws.15
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a novel finite element approach to describe the mass transport process 
in dilute solutions with the consideration of ion-ion interactions. They 
incorporated Onsager’s approach24,25 in which the total flux of an ion 
is a linear combination of all the thermodynamics driving forces, 
but assumed that the ion distributions in the electrochemical system 
are independent, neglecting the cross-coefficients in Onsager’s 
formulation.20 In their approach, a new thermodynamic parameter 
was defined, which can be interpreted as the rate of accumulation of 
one ion species at a local point in the domain due to ionic interactions. 
This parameter was then included in the Nernst-Planck equation, 
creating a modified mass transport equation. By solving the system 
of modified mass transport equations for all involved ion species, the 
electroneutrality condition, and Poisson’s equation at the same time, 
the concentration and potential distribution profiles were calculated. 
Later, Sarkar and Aquino26 applied this approach20 to simulate the 
movement of a pit surface, as well as the time-dependent profiles of 
concentration, current, and potential distribution inside the pit.

Liu and Kelly
(continued from previous page)

(a)

(a)

(b)

(b)

Fig. 5. (a) Potential distributions estimated by the model for gaps ranging from 14 to 395 μm. (b) Corresponding current density distributions for each gap.15

Fig. 6. (a) Comparison of experimental and computational data for xcrit  for Ni200 in 0.5 M H2SO4 as a function of gap plotted on linear scales for both xcrit 
and gap. (b) Comparison of experimental and computational data of xcrit  for Ni200 in 0.5 M H2SO4 as a function of gap plotted on a quadratic scale for xcrit 
and a linear scale for gap.15

Concluding Comments

FEM analyses have contributed a great deal to our understanding 
of localized corrosion conditions, including identification of key 
parameters. The availability of commercial FEM codes with 
electrochemical modules allow non-experts to input geometries, 
boundary conditions, and initial conditions. This development will no 
doubt increase the use of FEM for these studies. Further fundamental 
work is still needed, though, to address the effects of often implicit 
assumptions.                
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