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The application of computers to numerical calculations has become an important means of studying 

corrosion problems, and in this work, the lattice Boltzmann method (LBM) was used to numerically 

simulate the pitting corrosion of stainless steel. The multi-phase multi-component model, 

electrochemical reaction model and phase change model were applied to construct a new lattice 

Boltzmann corrosion model based on the Lattice Boltzmann method and corrosion kinetics behaviour. 

Moreover, the passivation probability was employed for modifying the chemical reaction rate, and the 

Volume of Pixel method was adopted for treating the migration of the solid boundary. A realistic liquid 

corrosion environment was constructed using the lattice Boltzmann method to simulate the concentration 

profiles of different components. The pitting corrosion characteristics of stainless steel were investigated 

numerically using this proposed model. Moreover, the unsteady topological structures of the corrosion 

pit and the instantaneous concentration distribution of the various components were obtained. In addition, 

specific chemical reactions and electrochemical reactions were introduced into the corrosion model to 

ensure the conservation of mass. The reaction mechanism of stainless steel pitting corrosion was clearly 

explained by using this model.  

 

 

Keywords: Lattice Boltzmann method, Pitting on stainless steel, Electrochemical reactions, Volume of 
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1. INTRODUCTION 

Stainless steel has been widely used in various fields due to its good corrosion resistance and 

mechanical properties. High strength stainless steel has been increasingly used in equipment and 

facilities. However, stainless steel is prone to pitting in the presence of aggressive ions, such as the 

chloride ion. Currently, pitting accounts for 80% of metal equipment corrosion. However, pitting[1] that 

reduces the strength of the metal is difficult to detect, and the area where pitting corrosion occurs give 

rise to stress concentration. If not treated in time, pitting eventually leads to partial fracture of metal 
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equipment, affecting the normal operation of the equipment. Thus, pitting increases the maintenance 

cost of the equipment. Therefore, prediction of pitting and protection of metal from pitting are highly 

important for saving metal resources and prolonging the service life of metal equipment. 

The pitting corrosion of stainless steel can be divided into two stages, namely, the initiation stage 

and the development stage. Currently, three widely accepted pitting models have been used for 

theoretical understanding of pitting corrosion. The first is the penetration theory[1] proposed by 

Zamaletdinov[2] that states that metal ions accelerate the rate of transport from the substrate to the 

boundary of the passive film/solution, resulting in the initiation of pitting on the interface of the passive 

film and metal substrate. When the pitting grows to a certain size, the passive film will break down, and 

the pitting would nucleate. Second, adsorption theory developed by Marcus[3] argues that competitive 

absorption may occur on the surface of the passive film by the chloride ions and hydroxyl groups, thereby 

forming metal chloride with strong solubility that will cause the passive film to grow at a rate lower than 

the dissolution rate. The weak part of the passive film is the first to rupture and exposes the substrate, 

while the chloride ions will also be adsorbed on the metal substrate surface, continuing to replace the 

hydroxyl groups and preventing the formation of the passive film, leading to nucleation of pitting. Third, 

the local failure theory of passive film[4]  proposed by Xu[5] suggests that the passive film could be 

ruptured under mechanical stress. When the film is thinned to a certain extent, the film will also rupture 

under the action of electron contraction pressure, and then the active dissolution occurs at the crack, and 

the local acidification behaviour may be accompanied by the film thinning that facilitates the 

development of pitting nucleation. Likewise, many theories have been proposed to describe the 

development stage of pitting. Currently, the autocatalytic corrosion model of obliterated pitting corrosion 

occurring in the pit[6] has been generally accepted (Zhang[7] proposed that once the steady pitting is 

formed, the metal in the pit is activated and dissolved and acts as the anode, while the passive film 

outside the pit acts as the cathode. Therefore, the "small anode and large cathode" activation-passivation 

battery is formed around the pit.). 

Experimental methods with more perfect mechanisms of pitting corrosion are more likely to be 

used. Ernst[8] proposed the concept of the critical concentration of pitting stable growth that states that 

when the concentration of metal ions produced by metal dissolution is smaller than the critical 

concentration, the metastable corrosion pit cannot be transformed into a steady corrosion pit. At room 

temperature, the critical metal salt concentration is between 60% and 80% of the saturated salt 

concentration, and with the increase in the temperature and potential, the critical metal salt concentration 

will decrease. Wang[9] found growth modes of pitting corrosion of stainless steel. In the first, while the 

pitting at different positions on the surface of stainless steel was growing deeper into the film, a large pit 

was formed because the transverse growth of the small pits will lead to the pits meeting each other slowly. 

In the second mode, some multistage secondary pits were formed at the bottom or a sidewall of the 

primary pit. Smallwood[10] and Jung[11] showed that the corrosion rate of stainless steel in the 

electrolyte increased with increased dissolved oxygen concentration. In fact, the metal surface 

environment is complex. While the corrosion of metal surface is detected by actual measurement and 

experimental estimation, the evaluation standards are not uniform, and corrosion cannot be observed in 

real time. Therefore,  computational techniques are used to carry out numerical simulations, 

compensating for the drawbacks of the traditional experimental methods. 
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Currently, the finite element method, molecular dynamics simulations and cellular automata 

method are widely used to simulate corrosion phenomenon. For example, Vagbharathi[12] constructed 

a steady pitting model using the finite element method. Xu[13] used molecular dynamics model to study 

the adsorption of 2-pyridine formaldehyde thiosemicarbazone and 4-pyridine formaldehyde 

thiosemicarbazone (two chemical reagents) on iron ions in a sulphuric acid solution in order to evaluate 

the corrosion inhibition performance of the two abovementioned chemical reagents. Wang[14] simulated 

the metastable pitting process of stainless steel using cellular automata. However, each of these methods 

has its drawbacks. The finite element corrosion model used to simulate the corrosion process strongly 

depends on method used to treat the thinning of the local material, which is arbitrary and inadequate in 

the simulation and faces difficulties in addressing the complex boundary and the multi-phase (solid-

liquid gas three-phase) problem. Molecular dynamics simulations are  mainly applied to study the 

influence of different particles on the corrosion of materials, but their computational cost is too high due 

to the high accuracy of the simulations. Generally, cellular automaton is used to describe the morphology 

of pitting, mostly focusing on qualitative change analysis. The mass transport of different components 

and corrosion chemical reaction are modelled using oversimplified assumption during the calculations, 

making the simulations insufficiently accurate. 

In recent years, the lattice Boltzmann method (LBM) that has been less frequently used to 

simulate corrosion has been developed rapidly worldwide. The LBM method has been applied 

successfully in the dynamic system with microscopic interactions, for example, for multicomponent 

systems, interfacial kinetics and chemical reactions. LBM method not only guarantees the rationality of 

the model or method but also takes into account the actual computational cost, enabling its use for the 

simulation of the corrosion process. Wells[15] and Janecky[16] used the lattice Gas Automata (LGA) 

model to model the surface reaction. In their model, the phase change problem and the chemical reaction 

between the solution and the solid interface are not considered. In 2000, He[17] first combined a 

chemical reaction with the LB method, providing a clear approach for dealing with the coupling of the 

fluid-wall surface reaction and diffusion for simulating corrosion. In 2002, Kang[18] studied the flow 

and transportation of single-phase fluid in the dissolution-precipitation problem. Kang believed that the 

LB method should be combined with the VOP (Volume of Pixel) method to simulate the transport of the 

components during the corrosion process. Subsequently, Kang[19] extended his model to address the 

mass transport problem in multiphase multicomponent systems. To solve the problem of phase transition 

and solution precipitation in multiphase flow, Chen[20] combined the LB method with the VOP method 

at the pore scale, successfully solving the problems of phase separation, mass transport, chemical 

reaction and solution precipitation in multiphase flow. Nogues[21] and Yoon[22] studied the corrosion 

of carbonate using the pore network model. Liu[23] used the D3Q19 model to simulate the corrosion of 

rock. Huber[24] studied the dissolution process of minerals using LBM combined with the phase field 

method. All of the above studies provide theoretical support for the simulation of corrosion conditions 

with LBM. However, the existing Lattice Boltzmann corrosion models cannot simulate the corrosion of 

specific metal materials, and use more chemical corrosion methods, only considering anode solid 

corrosion and rarely treating the cathodic reactions. 

In this work, the pitting corrosion process of stainless steel was simulated by using the half-

reaction method to simulate the interaction of the cathode and anode in corrosion system in order to 
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remedy the deficiency of the existing LBM corrosion model. The passivation probability was added to 

the LBM corrosion model to modify the chemical reaction rate and the morphology of the corrosion pits. 

The entire process of pitting corrosion on stainless steel surface was simulated using the improved model, 

facilitating the elucidation of the morphologies of the pitting pits and the variation in the concentration 

of each component.  

  

 

  

2. LB MODEL FOR PITTING 

The LB model for pitting consists of the following five sub-models: 

(1) Electrochemical reaction model solving several problems related to the electrochemical 

reaction, dissolution of the anode metal and precipitation of the cathode corrosion products. 

(2) Multicomponent model for dealing with multiphase flow. 

(3) Model for multicomponent mass transport. 

(4) Solid boundary reaction kinetics model for phase transformation. 

(5) Passivation model for modifying the corrosion rate.  

 

 

2.1 Electrochemical reaction model 

The objective of the present work is to simulate the pitting process of stainless steel in an oxygen-

containing NaCl solution. The pitting process is described in Figure 1.  

 

 

 
 

Figure 1. Schematic illustration of pitting model 

 

The passivation film is eroded and dissolved by chloride ions (shown in Figures 1(a) and 1 (b)). 

The passivation film of stainless steel may be mixed with MnS, which will probably give rise to pitting 

initiation. Competitive adsorption occurs between the chloride and hydroxyl ions on the surface of the 

passivation film. Soluble chlorides will be formed due to the reaction of the chloride ion with the metal 

ions on the surface of the passivation film, resulting in the dissolution rate of the passivation film being 

higher than its growth rate. When the metal matrix is exposed, the competitive adsorption of the chloride 

and hydroxyl ions will continue such that the passivation film will not be reformed and the pitting process 
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will be sustained (This process cannot be described by specific chemical reaction equations because the 

passivation film is very thin and has an extraordinarily complex composition). Then, metastable pitting 

will begin (Some researchers believe that metastable pitting has a hemispherical morphology[25]). Most 

metastable pitting will repassivate and stop growing, while only a fraction will develop into stable pitting. 

During steady pitting process, the degree of corrosion will increase (shown in Figure 1(c)) and secondary 

holes may appear at the bottom of the corrosion pit (shown in Figure 1(d)). The chemical reactions in 

the steady pitting process of pitting are given by: 

Anode: 22e FeF e                                                                          (1) 

Cathode: 
2 22 4 4H O O He O                                                              (2) 

Precipitation reaction: 2

2e 2 ( )F OH Fe OH                                      (3) 

Precipitation-oxidation reaction： 
2 2 2 34 ( ) 2 4 e( )Fe OH H O O F OH       (4) 

Ferrous oxidation: 2 3eF e Fe                                                          (5) 

Iron ion hydrolysis:  3

2 3e 3 ( ) 6F H O Fe OH H                        (6) 

Autocatalytic reaction:  2

2e 2F H Fe H                              (7) 

Neutralization reaction:  
2H OH H O                                 (8) 

The metal in the pit undergoing active dissolution acts as the anode, and the region of the 

passivation film outside the pit acts as the cathode. Thus, “the small anode” reacting according to (1) 

and the “large cathode” reacting according to (2) comprise the whole corrosive battery system. The 

concentration of the hydroxyl ions around the opening of pit will increase gradually as a result of reaction 

(2) with the metal ions in the pit diffusing out. Metal ions react with hydroxyl ions according to (3) and 

(4) to give rise to the precipitation of hydroxide around the pitting port. As the metal in the pit continues 

to corrode and dissolve, the amount of the metal ions gradually increases, and then metal ions will 

hydrolyse (Reaction (6)). The increase in the number of the hydrogen ions in the pit creates an acidic 

environment that accelerates corrosion (Reaction (7)), as shown in Figure 1(d), with neutralisation 

reactions also occurring at any time inside or outside the pit (Reaction (8)).  

 

2.2 Multicomponent LB model  

The motion of a fluid is described by a set of particle distribution functions. Based on the simple 

and popular BGK collision operator, the evolution equation of the distribution functions is given by 

        
1

, , , ,x e x x xeq

v

f c t t t f t f t f t    


      

                          

 (8) 

where  ,f t x  is the density distribution function of the corrosion solution at the lattice site x 

and time step t, and 
v  is the dimensionless relative time. The equilibrium distribution function 

eqf  for 

the D2Q9[27-31] lattice has the form. 

   
2 2

2 4 2

3 9 3
1 ·

2 2
·eqf

c c c
    

 
    

 
e u e u u                                   (9) 

The weight factors 
  are given by 

0 =4 / 9 ，
1 4 =1/ 9 

 and 
5 8=1/ 36 

. The solution density 

  and velocity u  are obtained from the first and second moments of the density distribution functions: 

f  
                                                             

 (10) 
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f   u e
                                                            

 (11) 

In Shan and Chen’s pseudopotential model[32-34], to reduce the error and ensure the stability of 

the calculation results, molecular force is used to modify u. The molecular force is written as  

     
2

1

N

G w      



 


  F x e x e e                                       (12) 

where G
 is the interaction strength, and  2

w e  are the weights. If only four nearest 

neighbours 
2

1 4 =1e  and four next-nearest neighbours 
2

5 8 =2e  are considered,  1 1/ 3w   and 

 2 1/12w  . Forces between the solution and solid phase are also present and are given by 

     
2

1

N

w ww w s     






  F x e x e e                                   

 

(13) 

where w[26-30] determines the strength of the interaction between the solution and the solid wall. 

s represents the wall density[31-33], and is 1 for solid nodes and 0 for solution nodes. 

The modified velocity is expressed as  

v 


 

F
u u

                   

                                      (14) 

where F is the sum of the forces and u’ is obtained using Eq. (11). 

 

2.3 LB for mass transport  

Several studies have sought to solve the convection diffusion equation of solute transport using 

the LBM. The following evolution of the LB equation is used to describe species transport: 

         , , , ,

,

1
, , , ,x e x x x

eq

k k k k

k g

g c t t t g t g t g t    


                         (15) 

where ,kg   is the concentration distribution function for component k, and ,k g  is the 

dimensionless relative time for the concentration distribution[34-36]. An equilibrium distribution that is 

linear in u is adopted: 

, ,

1
·

2

eq

k k kg C J   
 
 
 

e u

                                                   

 (16) 

where C is the concentration and Ji is given by 

,0

,

,0

0

(1 ) / 4          1,2,3,4

k

k

k

J
J

J






 

 
                                      (17) 

where the rest fraction J0 can be selected in the range from 0 to 1. The concentration is given by  

,k kC g  
                                                               

 (18) 

The diffusivity D is related to the relaxation time by 

  ,0 ,

1
1 0.5

2
k k k gD J   

                                                     
(19) 

 

2.4 Solid boundary reaction kinetic model 

Due to the passivation film and metal corrosion dissolution reaction, the volume of the solid 

surface node will be reduced. Similarly, when the concentration of the new product reaches its saturation 

concentration, the volume of the new solid node will be increased. Therefore, the VOP method was used 

to track and update the solution-solid interfaces.  
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According to Reaction (1), the volume[23] of iron is reduced by 

 

   21

s

s aq

Fe

Fe O

dV
AV k C

dt
 

                                                  
(20) 

The passivation film is complex and very thin, so that the damage process of the passivation film 

is modelled by simulating metal corrosion. The volume of the passivation film node is reduced by 

 

   

s

s aq

PF

PF PF Cl

dV
AV k C

dt
 

                                               
(21) 

According to the Reaction (2), the volume of the corrosion product is increased according to 

 

   

3

3
3

e( )

e 2( )

s

s aq

F OH

F OH Fe

dV
AV k C

dt
                                             (22) 

where 
eFV ,

3e( )F OHV and 
 sPFV are the dimensionless volumes of iron, iron oxide-hydroxide and 

passivation film, respectively. eFV , 
3e( )F OHV and 

 sPFV  are the molar volumes of iron, iron oxide-

hydroxide and passivation film, respectively. k is the reaction rate constant. The concentration of the 

components is calculated using (26), (27) and (28). The dimensionless volumes of the three solid 

components are updated at each time step explicitly according to the following equations: 

   
2e 1Fe OF FeV t t V t AV k C t    

                                             
(23) 

   PF PF PFPF Cl
V t t V t AV k C t   

                                         
(24) 

    3
33 3( ) (H) )e(O 2Fe OH Fe OH FeFV t t V t AV k C t                                  (25) 

If the values of 
eFV and 

 sPFV  reach zero, corrosion is complete, and the solid node is removed 

and converted to a fluid node. Meanwhile, the fluid flow and mass information in this new fluid node 

must be initialised. By contrast, when the volume of the iron oxide-hydroxide node exceeds a certain 

threshold value, precipitation occurs  and one of the fluid nodes with the concentration that reached 

saturation becomes a solid node.  

The boundary concentrations[37] at the solution-solid interface for the aqueous phase are given 

by Eqs. (26), (27) and (28): 

2

2 2

( )

(a ) 1 ( )

O aq

O q O aq

C
D k C

n





                                                  (26) 

l ( )

l (a ) l ( )

C aq

PFC q C aq

C
D k C

n



 





                                               (27) 

 

 

 

3

33 2e

aq

aq aq

Fe

F Fe

C
D k C

n



 


 


                                               (28) 

where k is the reaction rate constant and CO2(aq), CCl
- and CFe

3+
(aq) are the reaction-boundary 

concentrations of oxygen, chloride ion and iron ion, respectively. The tern n represents the surface 

normal that points into the solution. DO2(aq), DCl
-
(aq) and DFe

3+
(aq) are the diffusivities of oxygen chloride 

ions and iron ions, respectively. 

 

2.5 Passivation model  

Anodic metal passivating is caused by hydroxyl ions generated by the cathode diffusing into the 

pitting port such that the morphology of pitting has a vase-like appearance. During the simulation, there 

is a certain probability that every node on the anode metal corrosion interface will be passivated. This 
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probability, defined as the Passivation Probability, will cause the corrosion rate to slow down and the 

shape of the pitting to be asymmetric. The Passivation function is written as 
0 ( )

=
1 ( )

R P

R P






                                                         

(29) 

where   is the passivation probability coefficient, and R is a random real number between 0 and 

1. P is the passivation probability. Therefore, Eq. (23) must be revised to 

   
21e Fe OF FeV t t V t AV k C t                                           (30) 

the probability-VOP coupling makes the morphology of pitting random and the corrosion rate 

asymmetric.  

 

 

 

3. SIMULATION RESULTS AND DISCUSSION 

Based on the Lattice Boltzmann corrosion model, the pitting process of stainless steel was 

simulated. A 160 × 160 lattice with the thickness of passivation film of 5 layers was used. In the 

calculation of the interface between the passivation film and the corrosion solution, three points were 

selected as the initiation points of the pitting corrosion. The coordinates of the three points were (45,80), 

(55,80), (120,80). The purpose of the selection of various distances between the initiation points is to 

simulate  the corrosion pits merging gradually in the corrosion process when the adjacent pits are close 

to each other. The boundary around the liquid was treated by non-equilibrium extrapolation, while the 

solid interface was treated by a rebound boundary. All of the parameters are dimensionless and are 

obtained from the transformation rules[20,28,34] in Table 1. 

 

Table 1. Parameters used in the simulation 

 

Variable Value of physical  Unit Value of lattice unit 

Diffusion Coefficient D(O2) 4.50×10-8 m2.s-1 0.028 

Viscosity v 1.00×10-6 m2.s-1 0.17 

Initial Concentration C(O2) 1.00  mol.m-3 1134.7 

Molar volume of Fe
 sFeV  7.062×10-3 m3·mol-1 2.93×10-3 

Molar volume of Fe(OH)3
3e( )F OHV  2.042×10-2 m3·mol-1 0.0191 

Chemical Reaction Rate k 2.44×10-3 m.s-1 8.14×10-5 

 

The pitting morphology of stainless steel at different times and the concentration distribution of 

each component in the corrosion environment were obtained by the numerical simulations. 

The pitting morphology of stainless steel at different times is shown in Figures 2(a)-(i). It is 

observed from the figures that the passivation film eroded continuously and then pitted to nucleate, as 

shown in Fig. 2(c). The results in Figure 2 correspond to the local thinning mechanism proposed by 

Maurice[37] and Boxley[38]. Two pits close to each other due to pitting nucleation fuse during corrosion 
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(this is consistent with the first of the pitting growth patterns mentioned in reference[9]) in Fig. 2(f), 

confirming that the larger pits are apparently composed of several smaller pits, and some pits are formed 

below the previously formed pits as proposed by Jing[39]. During the process of the pitting transition 

from the metastable to steady state, iron oxide-hydroxide was formed at the pits’ opening and gradually 

covered the pits opening, as shown in Fig. 2(g). Meanwhile, experiments conducted by Ernst[40] showed 

that the pit opening is covered by corrosion products, and Hu[41] used SEM to observe the corrosion 

products covered around the pitting opening. Except for the primary pit developed by initial pitting 

nucleation, on the entire pitting process, the secondary pit at the bottom of the primary pit (which was 

consistent with the second pitting growth mode mentioned in reference[9]) would also grow to maintain 

the development of the pitting at greater metal depth. Frankel[42] measured the current density and 

found a secondary pit at the bottom or at the edge of the primary pit. 

 
Figure 2. Morphology evolution of the corrosion pit  

 

 
 

Figure 3. Morphology evolution of the passive film  

 

The passivation film was damaged by chloride ions. The damage process of stainless steel 

passivation film over time is shown in Figs. 3(a)-(f). It was observed from Figure 3 that the damaged 

area of the passivation film gradually increased, the thickness of the passivation film decreased[43-47], 

and the passive film near the site of the pitting initiation completely eroded with the anode metal exposed. 
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The calculation results were consistent with theory proposed by Marcus[48] that the passivation film is 

gradually thinned, causing the base metal to contact the corrosion solution. Thereafter, the anode was in 

contact with the corrosion solution as shown in Figure 3(f). When the anodic metal began to dissolve, 

cathodic action occurred simultaneously on the surface of the passivation film, resulting in a large 

amount of hydroxyl ions produced by the cathode and leading to the decrease in the damage rate of the 

passivation film. The simulation results in Figure 3(f) are in agreement with the experimental findings[48] 

that the hydroxide produced by the cathode adsorbs on the metal surface, giving rise to the repassivation 

of the metal and the reduction in the thinning rate of the passivation film. 

The distribution of chloride ion concentration during the damage stage of the passive film is 

shown in Figures 4(a)-(f). At first, chloride ion was uniformly distributed in the solution, and at the site 

of pitting initiation, chloride ion and passivated film reacted with each other, resulting in the decrease in 

the chloride ion concentration near the pitting initiation site. The simulation results in Figure 4(f) were 

consistent with the Pardo’s theory that the passivating film is eroded by chloride ions, resulting in initial 

pitting[49]. Meanwhile, Zhang[50] also obtained conclusions that were consistent with the simulation 

results shown in Figure 4  by using SIMS. Under the action of the concentration difference, chloride ions 

migrated to the vicinity of pitting initiation. As the passivation film became thinner, the consumption of 

chloride ion increased[39,48,51,52,53,54]. 

 

 

 

Figure 4. Time evolution of the chloride ion concentration profile  
 

When the degree of damage of the passivation film increased gradually, it resulted in the contact 

of the anode metal with the corrosion solution containing oxygen and the formation of a "large cathode 

and small anode" oxygen absorbing corrosion battery system. The passivation film outside the pits acted 

as the cathode to consume oxygen in the corrosion solution, while the metal in contact with the solution 

was dissolved as the anode. The variation of oxygen concentration with time in the solution containing 

oxygen is shown in Figures 5(a)-(i). At first, prior to pitting nucleation, the oxygen concentration in the 

corrosion solution did not decrease. As shown in Fig. 5(e), at t=20000, metal contacted the corrosion 

solution, and oxygen in the corrosion solution began to be consumed. A study[55] of stainless steel 
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pitting also found that the cathode reaction is carried out on the surface of the stainless steel passivating 

film, giving rise to oxygen consumption. With the variation of time, the volume of the dissolved anodic 

metal gradually increased, and oxygen permeated into the corrosion pit[56]. For t=40000, the two pits 

close to each other merged, and the oxygen concentrated in the pits close to each other began to flow 

through the corrosion interface after the corrosion pits fused (the oxygen outside the pits diffused into 

the hole, and the difference in oxygen concentration between the inside and outside of the hole 

accelerated the dissolution of the metal[57]). As shown in Fig. 5(g), when the pits opening was 

precipitated by corrosion products, the precipitation hindered the diffusion of the corrosion solution into 

the pits, resulting in the gradual decrease of the oxygen concentration of the corrosion solution in the 

pits, confirming the conclusion[58] that the deposition (corrosion products) outside the pit hindered the 

transport of dissolved oxygen, resulting in a high oxygen concentration outside the pit and a low oxygen 

concentration inside the pit. 

 

 
 

Figure 5. Time evolution of the corrosion solution (oxygen) concentration profile  

 

The anodic metal in the pits was dissolved continuously, with corrosion products, including 

ferrous and iron ions, being produced at the anode corrosion boundary[39]. However, ferrous ions were 

further oxidised to iron ions because of the instability of ferrous ions in aerobic environment[59]. 

Therefore, in the simplified treatment used here, anodic corrosion products were regarded to be the iron 

ions. The change in the concentration distribution of the iron ion corrosion product over time is shown 

in Figs. 6(a)-(i). During pitting nucleation, the metal was not corroded, so that there was no iron ion 

corrosion product in the solution. At t=20000, the anode metal was dissolved and iron ions were 

produced at the corrosion boundary and diffused to the region with low concentration. At t=40000, the 
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two corrosion pits close to each other merged. Iron ions diffused to the opening of the pits and reacted 

with the hydroxyl ions outside the pits to produce iron oxide-hydroxide. Once the concentration of iron 

oxide-hydroxide reached its saturation concentration, a precipitation reaction occurred (A previous 

study[60] of the corrosion products suggested that when the corrosion product concentration reached its 

supersaturated concentration, the corrosion product would precipitate. Chen also introduced the concept 

of saturated concentration in his studies[20,32] on the precipitation of porous media.). The formation of 

pits' opening precipitation hindered the diffusion of iron ions out of the pits and the increase in the iron 

ion concentration in the pores shown in Fig. 6(i) accelerated the hydrolysis of iron ions, corresponding 

to the experimental finding that the metal ions in the pits hydrolyse to produce large amounts of hydrogen 

ions[61]. The simulated morphology of the pit had a tapered appearance that was similar to the 

experimentally obtained pit shape[62]. 

 

 
 

Figure 6. Time evolution of the corrosion products (iron ions) concentration profile  

 

Due to iron ion hydrolysing easily with the produced hydrogen ions, if the generated hydrogen 

ion was not neutralised, the remaining hydrogen ion will corrode the anode metal, accelerating the rate 

of metal dissolution[40]. The evolution of the hydrogen ion concentration profile with time is shown in 

Figures 7(a)-(i). Although the hydrolysis of iron ions occurred continuously during the corrosion process, 

the hydrolysis reaction (6) was in the dynamic equilibrium state due to various complex reactions. In the 

simulation, iron oxide-hydroxide precipitation was precipitated at the opening of pits until t = 64000 and 

obstructed the transport of the material inside and outside the pits. Ryan's experiments[61] showed that 

corrosion products and passivation film residues were deposited in the pit opening, was also shown in 

Figures 7(g)-(i). It was relatively difficult for the atoms outside of the pit to diffuse to the inside of the 

pit, and the hydrogen ion diffusion inside the pit was also hindered, blocking the neutralisation reaction 

in the pit, and forming a strongly acidic environment in the pits as shown in Figure 7(g). In particular, 
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Suter[29] measured the pH in the pits and found that there were many hydrogen ions in the pits, giving 

rise to an acidic environment inside the pits. Under the strong acidic environment inside pits, the metal 

node at the corrosion interface underwent reaction (7), leading to the accumulation of iron ions in the 

pore, and the promotion of the hydrolysis reaction (6) that increased the dissolution rate of the metal and 

generated the autocatalytic effect[63-68]. This finding is in good agreement with the results of Jing[39], 

who insisted that local acidification within the pits will accelerate the rate of metal dissolution. Thus, the 

pitting process entered the steady state[69].  

 

 

 
Figure 7. Time evolution of the hydrogen ion concentration profile  

 

 
Figure 8. Time evolution of hydroxyl ion concentration profile  

 

With the dissolution of anodic metal, the passive film outside the pit acted as the cathode, 

continuously producing hydroxyl ions . The evolution of the concentration distribution of hydroxyl ions 
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with time is shown in Figures 8(a)-(i). Prior to pitting, the hydroxyl ions were distributed uniformly. 

When pitting nucleated, because of the high potential of the passivation film outside the pit, corrosion 

due to oxygen atmosphere reacting at the cathode occurred as described by reaction (2); this produced 

hydroxyl ions that then diffused to the region with the relatively low hydroxyl ion concentration. It was 

observed that the concentration of hydroxyl ions reached the peak at t=50000. Hydroxyl and iron ions 

diffused and were consumed prior to t=60000, and when the two iron came into contact with each other, 

iron oxide-hydroxide was produced[56]. The highest hydroxyl ion and iron ion concentrations were 

obtained near the opening of the pit. Several previous studies[56,60] also found that the passivating film 

outside the pits acted as the cathode that consumed dissolved oxygen and produced OH-. The 

concentration of iron oxide-hydroxide first reached its saturation concentration in the region near the 

opening of the pit, and then the precipitation reaction occurred, hindering the ion transport inside and 

outside the pit. This finding is in good agreement with the experimental result of Tian[55], who 

suggested that iron hydroxide is a corrosion product that covers the pitting. Therefore, the hydroxyl ions 

in the pit were neutralised by the hydrogen ions in the pit, as shown in Figures 8(g)-(i), causing the 

concentration of the hydroxide ions in pits to be significantly lower than that outside of the pits[60].  

Both the anodic metal volume corroded by the electrolyte and the maximum depth[70] of the pits 

were accurately calculated from the simulation results. After the pitting simulation was completed, the 

relationship between the anodic metal volume corroded by the electrolyte and time was obtained as 

shown in Figure 9, with the variation of the maximum depth of the pits with time also shown in Figure 

9. An examination of Figure 9 that the anode metal was not corroded until t=10000. With longer time, 

the passivation film at the site of pitting initiation was completely destroyed, and the anode metal was 

corroded at t=20000.  

 

 
Figure 9. Variation of the degree of corrosion with time  

 

With the increasing time, the volume of the anodic metal corroded by the electrolyte gradually 

increased, and the maximum depth of the pits also gradually increased. For t=60000, the corrosion rate 

of the anode metal corroded by the electrolyte is higher than that of the corrosion rate at earlier times; 
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this finding is observed because the pitting opening appears to be blocked by corrosion products for 

t=60000, and the acid environment in the pits leads to the self-catalytic reaction such that the corrosion 

rate will increase at this time. Both the simulation results presented in Figure 9 and the experimental 

results obtained by Du[59] found a turning point for the corrosion rate during the pitting process, and 

the amount of the corroded metal increased with time.  

While the Cellular Automaton method has been more widely used to simulate pitting corrosion, 

the LBM method used in this work represents a breakthrough innovation for simulation of metal pitting. 

Wang[14] simulated the metastable pitting process of stainless steel using the cellular automata method 

and obtained the corrosion morphology of single-pit pitting and double-pit pitting. However, both the 

pitting corrosion morphology of the pit and the variation of the different components in the liquid 

environment around the pit were also obtained using the LBM corrosion model in this paper. Malki'[71] 

used the CA corrosion model to simulate the growth process of pitting, and "Pseudo electro-migration" 

was assumed to be the mechanism of the electrolyte transport, which does not correspond to the Navier-

Stokes equations. By contrast, the multicomponent LB model used in this works corresponds to the 

Navier-Stokes equation and can be used to describe the flow diffusion of liquid components, enabling 

more realistic simulation of the liquid environment using the LBM method. Additionally, Li[72] also 

used cellular automata to simulate the metastable pitting process. He used the LGA model to simulate 

liquid diffusion in the corrosion model, which was more consistent with true liquid diffusion than the 

pseudo electro-migration. Nevertheless, the LGA method also had some disadvantage such as the 

statistical noise arising from the Boolean variables and the violation of the Galilean invariance. Therefore, 

the use of the LBM method for pitting simulation not only overcame the disadvantages of cellular 

automata but is also innovative. 

 

4. CONCLUSION  

In this paper, a pitting model was constructed by combining the lattice Boltzmann method and 

the volume of pixel method in order to simulate the entire process of stainless steel pitting corrosion. 

The specific chemical reactions and electrochemical reactions were added into the corrosion model that 

clearly described the reaction mechanism of stainless steel pitting corrosion. The following conclusions 

were obtained from the simulations: 

1) In the entire corrosion process, the flow field and concentration fields of different 

components in the solution were described by LBM, enabling simulations of  the realistic liquid 

corrosion environment. Second, the passivation probability was employed for modifying the pit 

topography, giving rise to the asymmetric morphology of the corrosion pit. The VOP method combined 

with LBM not only simulated the control of the corrosion reaction rate but also easily handled the 

transformation between the solid and liquid phases in the corrosion process, rather than relying on 

random conversion rules. Finally, electrochemical corrosion was simulated through the cathode 

interacting with the anode. 

2) The passivation film at the point of pitting initiation is eroded by chloride ions until pitting 

is nucleated and enters the metastable process. Due to the pitting pores covered by the corrosion products, 

the pitting holes appear to be closed, and the period of pitting transitions from the metastable state to the 
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steady-state. In the steady state process, the acidic environment in the pitting hole provides the conditions 

for the autocatalytic effect of the anode metal, thereby accelerating the corrosion reaction, causing the 

pitting to extend deep into the metal and leading to the generation of secondary pores.  
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