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Executive Summary 

A multiscale modeling Internal State Variable (ISV) constitutive model was developed that 
captures the fundamental structure-property relationships.  The macroscale ISV model used 
lower length scale simulations (Butler-Volmer and Electronics Structures results) in order 
to inform the ISVs at the macroscale. The chemomechanical ISV model was calibrated and 
validated from experiments with magnesium (Mg) alloys that were investigated under 
corrosive environments coupled with experimental electrochemical studies. Because the ISV 
chemomechanical model is physically based, it can be used for other material systems to 
predict corrosion behavior.  As such, others can use the chemomechanical model for 
analyzing corrosion effects on their designs. 

1. Accomplishments 

 Performed geometry optimization computations within the framework of density 
functionals (DFT) on pure and doped Mg(0001) surfaces. Calculated the energy of 
segregation for the dopant metals (X=Al, Fe, Zn, Ca and Mn) from the bulk of Mg to the 
topmost layers of Mg(0001), along with the surface energy changes during 
segregation. 
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 Identified the preferred adsorption configuration and energetics of molecules 
relevant to hydrogen evolution, i.e. H2O, OH and H, on pure and doped Mg(0001) 
surfaces through DFT. 

 Initiated and partially completed the computations on the potential dependent 
energetics of competitive reaction paths of electrochemical H2O decomposition, e.g. 
hydrogen evolution reaction, on pure and doped Mg(0001) surfaces. 

 Procured pure Mg (99.95% purity), Mg-Al magnesium alloys (made from commercial 
pure Mg (99.95%) and commercial pure Al (99.99%) with 2 wt.%, 4 wt.%, and 6 wt.% 
Al), as well as Mg-Zn magnesium alloys (made from commercial pure Mg (99.95%) 
and commercial pure Zn (99.99%) with 2 wt.%, 4 wt.%, and 6 wt.% Zn). 

 Conducted the corrosion surface characterization to investigate the corrosion 
properties of the procured magnesium alloys by performing preliminary 
electrochemical studies (quantify the hydrogen oxidation reaction, potential-
dynamic polarization curve) and immersion corrosion experiments (quantify general 
corrosion, localized pitting corrosion, and profilometry analysis). 

 Completed the formulation of the kinematics, kinetic, thermodynamics, and mass 
balance for the corrosion damage model. 

 Lower length scale simulations were used to inform the macroscale Internal State 
Variable (ISV) corrosion model 

 The macroscale ISV corrosion model was finalized and calibrated to magnesium with 
different amount of aluminum (0%, 2%, 4%, and 6%). 

2. Technology Assessment 

 The technology of the ISV corrosion model is now ready for engineering practice.  The 
model has been developed, implemented, and calibrated. 

3. Introduction 

Aging of materials in corrosive environment has become a principal cause for the reduction 
in the reliability and durability of engineered systems [1-4]. Magnesium alloys as a kind of 
lightweight materials are getting increasing attention from automotive and aerospace 
industries, due to their specific high strength to weight ratio [5]. However, magnesium alloys’ 
service life can be significantly reduced when exposed to the external environment, because 
of their high corrosion rate [6]. Development of an accurate constitutive model that accounts 
for damage progression effects from mechanical loading and corrosion is necessary. 

Internal state variable (ISV) theory is a constitutive material model that can capture the 
history effect of materials and is widely used in continuum damage mechanics filed [7]. 
Coleman and Curtin [8] were the first lay out the framework of ISV theory, they used 
Clausius-Duhem inequality to place restriction on the response functions. Later, Gurson [9] 
developed a yield criteria for ductile materials including damage evolution and plasticity. 
Bammann [10] employed the Cocks and Ashby [11] creep void growth rule into the ISV 
formulism to account for the large deformation kinematics. Voyiadjis [12-14] extended the 
ISV damage model by coupling the kinematics, kinetics, and thermodynamics into the 
damage rate equations. By including damage as an ISV variable, different forms of damage 
rules can be easily incorporated into the constitutive framework. Horstemeyer [15, 16] 



enriched the ISV damage model by accounting for the microstructure features and dividing 
the damage progression into void nucleation, growth, and coalescence. For the past decades, 
ISV theory has made a big achievement in capturing the damage evolution for materials 
subjected to mechanical loadings. Corrosion process can also induce damage, reduce 
material strength, enhance the inelastic flow, and soften the elastic moduli, but, the ISV 
theory was not widely applied to capture the damages caused by corrosion. Walton [17] 
developed a corrosion model based upon ISV theory by using an extended multiplicative 
decomposition of the deformation gradient that accounts for corrosion effects. Walton’s ISV 
corrosion model has the capability to capture the macroscale damages, such as, general 
corrosion, pit nucleation, pit growth, pit coalescence, and intergranular corrosion.  

As known corrosion is highly dependent on the alloying elements and microstructural 
features. During the manufacturing process, many of the grain boundaries and grain 
orientations may be modified. Some impurity elements/second phase may segregate from 
matrix, whereby they modify the corrosion stability of material. However, there is no clear 
knowledge on how doping and material engineering can be used favorably for altering 
corrosion rates in promising Mg alloys. Multiscale modeling technique provides a powerful 
approach to accurately model the corrosion effects by considering the dopping effects and 
the material microstructure-property relationships. 

 
In the following two sections, the developed multiscale ISV inelasticity model for 

corrosion is explained. However, first the lower length scale simulations (due to 
downscaleing requirements) are presented. The larger length scale model adds the 
corrosion ISVs to the Bammann [10, 18, 19] and Horstemeyer [15, 20] thermomechanical 
plasticity model, but also relates different corrosion mechanisms (general corrosion, pitting 
corrosion, intergranular/filiform corrosion) to materials’ microstructural features based on 
the corrosion framework of Walton [17]. For the ISV constitutive corrosion model part, a 
macroscale corrosion damage model is explained first. As the nature behind the corrosion 
damage was actually the anodic and cathodic reactions occurring on the material surfaces. 
The Butler-Volmer equation was applied to bridge the macroscale corrosion damage to the 
mesoscale electrochemical kinetics. The mesoscale electrochemical kinetics behaviors can 
be predicted by bridging Butler-Volmer equation to materials’ microstructural features and 
nanoscale electrochemical activation energy. Second, the lower length scale first principles 
simulations of corrosion are presented. 

4. Approach 

4.1. DFT Simulations  

The goal of the proposed multiscale modeling research was to establish fundamental 
structure-property relationships in cast magnesium (Mg) alloys by investigating critical 
grain boundary phenomena (intergranular failure) during corrosion coupled with 
experimental electrochemical studies. In FY2014, DFT computations were performed to 
determine the energetics and configurational aspects of hydrogen evolution and the 
potential dependence of reaction rates, on pure and alloyed Mg(0001) surfaces in a 
comparative way. Periodic slab computations within the framework of DFT were performed 
using VASP-PW91 on high performance computing clusters. A new consistent formulation 
coupling kinematics, thermodynamics, chemical mass balance, and kinetics was developed 



to account for the corrosion damage by using an extended multiplicative decomposition of 
deformation gradient. The corrosion model, based upon internal state variable (ISV) theory, 
captures the effects of general corrosion, pit nucleation, pit growth, pit coalescence, and 
intergranular corrosion. 

With respect to the mulitscale experiments, high purity level magnesium alloys (Mg-
2wt.%,4wt.%, 6wt.% Al, Mg- Mg-2wt.%,4 wt.%, 6wt.% Zn) was procured, and these 
materials are prepared by vacuum induction melting the alloying elements in a hard-fired 
Coors Tek alumina crucible under an atmosphere of high purity argon. Then, the materials 
were casted into a water-cooled copper chill-mold forming a four inch diameter ingot with 
thirteen inch long. The detail chemical composition of the pure Mg and Mg-2 wt.% Al was 
identified by SpectroMax, and the microstructure of these two alloys was characterized 
under the optical microscope and scanning electron microscope (SEM). Scanning electro-
chemical microscope (SECM) was applied to quantify the hydrogen evolution rate on the 
specimen surfaces. In addition, corrosion potential of the procured material was investigated 
by conducting the potential dynamic polarization tests. In addition, corrosion damages 
caused by general corrosion, integranular corrosion, and localized pitting corrosion were 
quantified by performing immersion corrosion tests and profilometry analysis. 

 

4.1.1 First Principle design, simulation, and optimization 

DFT computations aimed to find answers to the following subjects:  
 Energetics of surface segregation of impurity atoms from bulk to the surface of 

Mg(0001) 
 Effect of impurity atoms on surface energy and stability of Mg(0001) 
 Effect of impurity atoms on energetics of H2O, H and OH adsorption, and H2O 

decomposition. 
The energy of segregation of impurity atoms, X, from the bulk of Mg to Mg(0001) surface 

were found through substitution of an Mg atom from inner and topmost layers, in order, with 
X, and a following geometry optimization to calculate the change in energy. For X tried here, 
i.e. X=Al, Fe, Zn, Ca or Mn, the segregation energy was found to be positive except for X=Ca. 
It is assumed that the driving force that governs the segregation thermodynamics is the 
electronegativity difference between X and Mg: Ca, the only element with a lower 
electronegativity than Mg energetically prefers to locate at the surface, whereas the others 
energetically prefer to reside in the bulk. Computations also revealed that Fe and Mn doping 
causes magnetization in the alloy.  

To understand the effect of impurity segregation on the surface stability of Mg(0001), the 
surface energy, 𝐸𝑠𝑢𝑟𝑓  , before and after doping, i.e. of Mg(0001) and MgX(0001), was 

calculated according to the formulas 
 

𝐸𝑠𝑢𝑟𝑓 =
𝐸𝑀𝑔(0001)−54𝐸𝑀𝑔

2
    and    𝐸𝑠𝑢𝑟𝑓 =

𝐸𝑀𝑔𝑋(0001)−53𝐸𝑀𝑔−𝐸𝑋

2
. 

 
The surface energy of pure Mg(0001) was found as 0.56 J/m2, approximately 30% lower 

than the experimental value, as a result of general tendencies of GGA functionals  to 
underestimate the metal surface energies. However, it is expected that the shortcoming of 
our functional does not cause a problem in evaluation of the surface energy change with 



doping, considering that the doping concentration of X in Mg is low. It is found that doping 
of X=Al, Mn and Fe increases the surface energy of the Mg(0001), whereas X=Zn and Ca, in 
opposite, decrease it (Table 1). 

 
Table 1. Surface energies of MgX(0001) 

X Mg Fe Mn Al Zn Ca 

E (J/m2) 0.56 0.69 0.66 0.56 0.56 0.53 

 
For adsorption of the H2O, OH and H, on pure and doped Mg(0001), all possible 

adsorption sites, composed of either pure Mg atoms, the single surface X atom, or a 
combination of Mg and X atoms are tried. Computations revealed that the presence of surface 
impurities can cause changes in the adsorption energies and configurations either directly, 
i.e. when the surface impurity atom binds the adsorbate, or through an indirect interaction 
in which the impurity changes the electronic and chemical properties of surface Mg atoms 
and consequently influences the H2O-Mg bonds, or a combination of thereof. The 
energetically most favored adsorption configurations for H2O, OH and H are given in Figures 
2-4. 

 

 
 

In the case of H2O, computations revealed that presence of the impurity decreases the 
adsorption energy, i.e. increases the strength of H2O adsorption on the surface. Thus, the 
presence of H2O molecules on the surface is a driving force for the diffusion of the impurities 
from the bulk to the topmost layers. 

In the case of H and OH, computations revealed that presence of the impurity decreases 
the adsorption energies, i.e. increases the strength of both OH and H adsorption on the 
surface. Computations overall indicate that impurity atoms on the surface, as well as the 
neighboring Mg atoms around them are active sites in conversion of H2O into OH and H.  

Figure 2. Most favorable adsorption site of H
2
O 

on Mg-X(0001) with (a) X=Mg, (b) X=Mn, (c) 
X=Zn, (d) X=Fe, (e) X=Al and, (f) X=Ca.  

Figure 3. Most favorable adsorption site of H
2
O 

on Mg-X(0001) with (a) X=Mg, (b) X=Mn, (c) 
X=Zn, (d) X=Fe, (e) X=Al and, (f) X=Ca.  



In an electrochemical environment where water is present, the two reactions can 
proceed 
Rxn 1. H2Oads → OHads + H+(aq) + e− 
Rxn 2. H2Oads + e− → Hads + OH−(aq) or in acidic solutions, H3O+(aq) + e− → H2Oads + 
Hads 

 
The rate of the two reactions depend on the potential effective on the metal surface. The 

equilibrium potential (at which the reactions turn into exothermic) with respect to standard 
hydrogen electrode can be calculated with these two equations. 

 
URxn1 = EH2O/MgX(0001) - EOH/MgX(0001) - 1/2E(H2,gas) - ΔZPERxn1 - ΔTSRxn1 
URxn2 = EH/MgX(0001) - 1/2E(H2,gas) – EMgX(0001) + ΔZPERxn2 + ΔTSRxn2 

 
For potentials below URxn2, Rxn 2 becomes exothermic and thus Hads species is produced 
on the surface, which then react to form H2,gas through 2Hads →  H2,gas.  

At potentials from URxn2 to URxn1, H2O is stable, whereas at potentials higher than 
URxn1, the metal surface is covered by OHads species, through Rxn 1.  

Our computations on vibrational frequencies of adsorbate-metal systems to calculate the 
ΔZPE and ΔTS are in progress. Electronic energy computations that are completed up to now 
indicate: (i) As compared to the pure Mg(0001) equilibrium potential, the presence of 
impurities, as modeled by X=Al, Zn and Ca, show negligible influence on URxn1, i.e. the 
potential dependent rate of surface OHads formation. (ii). URxn2, i.e. the potential dependent 
rate of surface Hads formation. On the other hand is affected by impurities. We computed a 
shift to cathodic potentials by ~0.1 V in the case of X=Al and Zn and by ~0.3 V in the case of 
X=Ca . 

 
 
 
 

Figure 4. Most favorable adsorption site of 

OH on Mg-X(0001) with (a) X=Mg, (b) 

X=Zn, (c) X=Al and, (d) X=Ca. 



 
 

4.2. Macroscale Corrosion Damage 

For the development of the ISV corrosion modeling, the corrosion model was built upon the 
framework proposed by Walton [17], which was built upon Bammann [10, 18, 19] and 
Horstemeyer [15, 20].  The kinematics and thermodynamic formulations can be found in 
Walton [17], so no effort will be put forward in this report to rehash those aspects. Instead, 
an abbreviated version of the new macroscale damage formation is presented below. The 
full version of the formation can be found in Song [2015]. 

Damage parameter, 𝜙 , is used throughout the kinematic development as well as the 
plastic flow rule. In this section, a physically and phenomenological based model will be 
developed to capture the corrosion damage evolution. The total corrosion damage can be 
defined as 

 
𝜙𝑡𝑜𝑡𝑎𝑙 = 𝜙𝑔𝑐 + 𝜙𝑝𝑐 + 𝜙𝑖𝑐  (4.2.1) 

where 𝜙𝑔𝑐  is the general corrosion damage, 𝜙𝑝𝑐  is the localized pitting corrosion damage, 

𝜙𝑖𝑐 is the intergranular corrosion damage.  For different magnesium alloys, types of second 
phase particles, base materials’ chemical composition, and microstructure features, will 
affect each type of corrosion damage differently. In addition, filiform corrosion may 
substitute intergranular corrosion occurring on the surfaces, at this situation, the 𝜙𝑖𝑐 can be 
changed to 𝜙𝑓𝑐  in Eq. (4.2.1). The associated damage rate equation is obtained as the 

following form 
 

𝜙̇𝑡𝑜𝑡𝑎𝑙 = 𝜙̇𝑔𝑐 + 𝜙̇𝑝𝑐 + 𝜙̇𝑖𝑐  (4.2.2) 

Horstemeyer [15] developed an equation to account for the relative pitting corrosion 
damage 

 
𝜙𝑝𝑐 = 𝜂𝑝𝜈𝑝𝑐𝑝 (4.2.3) 

Where 𝜂𝑝  represents pit nucleation related to the pit number density, 𝜈𝑝  represents pit 

growth related to the pit in-plane area, pit depth, and pit volume, and 𝑐𝑝 is the pit coalescence 

term related to the nearest neighbor distance between pits. 

4.1.1. Macroscale General Corrosion rate 

General corrosion can be referred to corrosion which attacks an exposed surface uniformly 
without inducing appreciable localization. General corrosion can be obtained by measuring 
the mass change or thickness change of the specimen. Faraday’s law [27] proposed that the 
mass loss of an electrode during electrolysis is directly proportional to the quantity of 
electricity transferred at that electrode. 

 
𝑚 =

𝑄𝑀

𝐹𝑧
 (4.2.1.1) 

where 𝑚 is the mass change of an electrode in grams, 𝑄 is the total electric charge passed 
through the substance, 𝐹 is the Faraday constant, 𝑀 is the molar mass of the substance, 𝑧 is 
the valency number of ions of the substance, 𝑧 = 2 for magnesium.  For the general corrosion 
rate, 𝜙̇𝑔𝑐, a modified Faraday’s law was proposed 



 
𝜙̇𝑔𝑐 = 𝐶1(𝐶2 + 𝜙𝑔𝑐)

𝑀

𝐹𝑧
 (4.2.1.2) 

Where 𝐶1 and 𝐶2 are material parameters that are determined by the material properties. 

4.1.2. Macroscale Pitting Corrosion  

The pitting corrosion is a form of extremely localized corrosion that results in the creation 
of small holes in the metal. Pitting corrosion usually is defined as an autocatalytic process 
[28]. The spatial separation of the cathodic and anodic half-reactions generates a potential 
gradient and promotes the electromigration of aggressive anions into the pits, causing the 
pit nucleation, growth, and coalescence.  

Pits are susceptible to nucleate at impurities, inclusions, grain boundaries, or surface 
defect/flaw regions, because these inhomogeneous sites can facilitate breakdown of the 
passive films [29]. The pit nucleation rate can be written as 

 
𝜂̇𝑝 = {

𝐶3(𝐶4 − 𝜂)   if  𝑡 < 𝑡𝑐
𝐶5(𝐶6 − 𝜂)   if  𝑡 ≥ 𝑡𝑐

 (4.2.2.1) 

where 𝐶3 − 𝐶6  are material parameters, that are as a function of second phase/particle 
volume fraction, particle size, temperature, pH level. 𝑡𝑐  is the transition time from pit 
nucleation dominated to pit coalescence or general corrosion dominated. 

The pit growth rate and stability of the active corrosion are dependent on material 
composition, aggressive electrolyte concentration, formation and dissolution of corrosion 
film, and the potential inside the pit [29, 30]. 

The pit growth equation is expressed as the following form 
 

𝜈̇𝑝 = {
𝐶7(𝐶8 − 𝜈)   if  𝑡 < 𝑡𝑐
𝐶9(𝐶10 − 𝜈)   if  𝑡 ≥ 𝑡𝑐

 (4.2.2.2) 

where 𝐶7 and 𝐶8 are material parameters that change as a function of  temperature, pH level, 
and materials microstructural characteristics. 𝜈 is the average pit volume on the specimen 
surfaces, please note that 𝜈 can also be the average in-plane pit area if you measured pit area 
instead of pit volume. 

In real situations, pits will interact with neighboring pits and coalesce into larger pits. 
The coalescence rate, 𝐶̇ , is assumed to relate to the electrochemical interaction forces 
between pits. Walton [17] proposed a pit coalescence model based on the Coloumb’s Law 
and Maxwell’s stress. The original form of Coloumb’s Law is 

 
𝐹𝑐 =

𝑘𝑒𝑞1𝑞2
𝑟2

 (4.2.2.3) 

where 𝐹𝑐  is the electrostatic interaction force between pits, 𝑘𝑒  is the Coulomb constant 
(𝑘𝑒 = 8.987 × 109 Nm2/C2) , 𝑞1  and 𝑞2  are point charges. 𝑟  is the separation distance 
between two pits, will be defined as the nearest neighbor distance (NND) for corrosion pits. 
In combination both the Coulomb’s Law and Maxwell stress together, we arrived at the 
following pitting coalescence rate. 

 
𝑐̇𝑝 =

𝑘𝑒𝑞1𝑞2

𝜀0𝜋[𝑁𝑁𝐷̅̅ ̅̅ ̅̅ ̅̇ (𝑡)]
4 (4.2.2.4) 



 
𝑁𝑁𝐷̅̅ ̅̅ ̅̅ ̅̇ = {

𝐶11(𝐶12 − 𝑁𝑁𝐷)   if  𝑡 < 𝑡𝑐
𝐶13(𝐶14 − 𝑁𝑁𝐷)   if  𝑡 ≥ 𝑡𝑐

 (4.2.2.5) 

where 𝜀0  is the electric constant equal to 8.854×10-12 F/m and 𝐶11 − 𝐶14  are material 
parameters. 

4.1.3. Macroscale Intergranular Corrosion 

Intergranular corrosion is localized attack along grain boundaries, or regions adjacent to the 
grain boundaries [31]. This form of corrosion mainly induced by the uneven distribution of 
the chemical composition, because impurities or second phases tend to form on the grain 
boundaries. The segregation of the chemical composition results in the formation of the 
galvanic cells along grain boundaries. The intergranular corrosion rate, 𝜙𝑖𝑐, is formulated as 
the following form 

 

𝜙̇𝑖𝑐 =

{
 
 

 
 𝐶15(𝐶16 − 𝜙𝑖𝑐) (

𝑀𝑂

𝑀𝑂0
)
𝑧𝑖𝑐

   if  𝑡 < 𝑡𝑐

𝐶17(𝐶18 − 𝜙𝑖𝑐) (
𝑀𝑂

𝑀𝑂0
)
𝑧𝑖𝑐

   if  𝑡 ≥ 𝑡𝑐

 (4.1.3.1) 

where 𝐶15 − 𝐶18  are material parameters, (𝑀𝑂 𝑀𝑂0⁄ )𝑧𝑖𝑐  is a is grain misorientation factor 
that represents galvanic cells formed. The misorientation factor, which describes the 
distribution of crystallographic orientation that can be obtained from the EBSD/pole figure 
results. 

5.2. Mesoscale Electrochemical Kinetics 

The Butler-Volmer equation describes the kinetics for electrochemical reactions is 
controlled by the transfer of charge across the interface [32, 33]. Butler-Volmer equation 
links four very important parameters together: Faradaic current, electrode potential, 
concentration of reactant, and concentration of product. 

 
𝑖 = 𝑖𝑐𝑜𝑟𝑟 {exp (

𝛼𝑎𝑛𝐹𝑅
𝑅𝑇

Δ𝐸) − exp (−
𝛼𝑐𝑛𝐹𝑅
𝑅𝑇

Δ𝐸)} (4.1.3.1) 

 
Δ𝐸 = (𝐸 − 𝐸𝑒𝑞) (4.1.3.2) 

The first term represents the anodic partial current density, and the second term is the 
cathodic partial current density [34]. Where 𝑖 is the electrode current density, 𝑖𝑐𝑜𝑟𝑟  is the 
exchange current density, Δ𝐸 is the overpotential, 𝐸 is the electrode potential, and 𝐸𝑒𝑞 is the 

equilibrium/reversible potential. From the above relationships, the net current (𝑖)  is 
positive when the electrode is polarized anodically and negative when the electrode is 
polarized catholically. 𝑛 is the number of electrons involved in the electron reaction, 𝐹𝑅 is 
the Faraday constant, 𝑅 is the universal gas constant. 𝛼𝑎 and 𝛼𝑐 are the so-called anodic and 
cathodic charge transfer coefficient, respectively. Please note that the values of 𝛼𝑎 and 𝛼𝑐 do 
not necessarily sum to unity, but they are related by 

 
𝛼𝑎 + 𝛼𝑐 = 𝜐

−1 (4.1.3.3) 

where 𝜐 is the stoichiometric number, or the number of times that the rate-determining step 
(RDS) must occur for the overall reaction to occur once. 



When the anodic polarization potential is large enough from the equilibrium potential 
(𝜂𝑎 > 50 mV), the first term of the Eq. (4.1.3.1) dominates the second term. Thus, the Butler-
Volmer equation can be simplified to 

 

𝑖 = 𝑖0 exp (
𝛼𝑎𝑛𝐹𝑅
𝑅𝑇

Δ𝐸) (4.1.3.4) 

Equation (4.1.3.4) can be rearranged to get the Tafel equation as 
 

𝜂𝑎 = 𝛽𝑎 log (
𝑖

𝑖0
) (4.1.3.5) 

where 𝛽𝑎 is the anodic Tafel slope. 𝛽𝑎 can be associated with 𝛼𝑎 in the following way. 
 

𝛽𝑎 =
2.3𝑅𝑇

𝛼𝑎𝑛𝐹𝑅
 (4.1.3.6) 

A similar equation is obtained for the cathodic activation polarization 
 

𝜂𝑐 = −𝛽𝑐 log
|𝑖|

𝑖0
 (4.1.3.7) 

where 𝛽𝑐 is the cathodic Tafel slope, and it relates to 𝛼𝑐 by 
 

𝛽𝑐 =
2.3𝑅𝑇

𝛼𝑐𝑛𝐹𝑅
 (4.1.3.8) 

According to the Stern-Geary equation [35], the exchange corrosion current can be 
determined by a small polarization from the corrosion potential. 

 
𝑖𝑐𝑜𝑟𝑟 =

𝛽𝑎𝛽𝑐
(𝛽𝑎 + 𝛽𝑐) + 2.3𝑅𝑝

 (4.1.3.9) 

where 𝑅𝑝 is the polarization resistance, can be defined as the slope of the linear polarization 

curve at the corrosion potential. For our model, we regard 𝑅𝑝 as material property, and it 

does not change over exposure time, note that the unit of 𝑅𝑝 is Ω cm−2. When substituting 

Eqs. (4.1.3.6, 4.1.3.8) into Eq. (4.1.3.9), one gets 
 

𝑖𝑐𝑜𝑟𝑟 =
𝑅𝑇

𝑛𝐹(𝛼𝑎 + 𝛼𝑐)𝑅𝑝
 (4.1.3.10) 

Substituting the exchange current Eq.(5.2.10) into the Butler-Volmer equation Eq.(5.2.4), the 
corrosion current can be changed to the following form. 

 
𝑖 =

𝑅𝑇

𝑛𝐹(𝛼𝑎 + 𝛼𝑐)𝑅𝑝
 exp (

𝛼𝑎𝑛𝐹𝑅
𝑅𝑇

Δ𝐸) (4.1.3.11) 

The corrosion current density, 𝑖, that determined from the electrochemical kinetic part, can 
be used to quantify the corrosion rate occurred on the surface. The rate of material loss, 
𝑟 (g h−1), is associated with the corrosion current density, 𝑖 (A cm−2), by: 

 
𝑟 = 𝑖

𝑀

𝑛𝐹
 (4.1.3.12) 



The corrosion current, 𝑖, is the sum of general corrosion current, 𝑖𝑔𝑐, and pitting corrosion 

current, 𝑖𝑝𝑐. 

4.3 Microstructural Analysis 

For multi-phase Mg alloys, the macroscale corrosion damages are affected by three 
important factors: (i) the chemical composition of each phase (ii) the fraction of each phase 
in the material (iii) the microstructural distribution of second phases in the material. For the 
casted Mg-Al alloys, eutectic α phase usually formed along dendritic arms or grain 
boundaries, it contained higher level of aluminum in the solid solution. β phase usually 
precipitates within the eutectic α phase, with the increase of aluminum content in material, 
β phase will precipitate more continuously along the grain boundaries and form finer 
lamellar arrangement. Figure 5.3.1 shows the distribution of the α, eutectic α, and β phases 
in the Mg-6Al magnesium alloy. As the eutectic α phase and β phase have lower corrosion 
rates than the α phase, they can improve the overall corrosion resistance of the material. On 
the other hand, because the eutectic α phase and β phase have more positive electrochemical 
potential, they can act as effective cathodic sites to matrix α phase and accelerate the 
dissolution rate of the α phase [36]. Therefore, in order to capture the corrosion behavior of 
Mg alloys accurately, we need to consider both the corrosion resistance improvement and 
anodic dissolution acceleration affected by the second phases. 

 

 
Figure 4.3.1. The distribution of the 𝛼, eutectic 𝛼, and 𝛽 phases in the Mg-6Al alloy. 

 
Liu [37] quantified the eutectic α phase and β phase (Mg17Al12) for Mg-Al alloys (Mg-

0.5wt.% Al, Mg-1 wt.% Al, Mg-2 wt.% Al, Mg-4 wt.% Al, Mg-6 wt.% Al, Mg-9 wt.% Al, Mg-12 
wt.% Al), it was found that the volume fraction and the size of both phases increased with 
the addition of aluminum content and almost followed a linear relationships. Actually, due 
to the different manufacturing process, such as, cooling rate and heat treatment, the 
microstructure for the same Mg alloys can be different. The casted Mg-Al alloys for this study 
were prepared with the same casting procedure, their microstructure features can be 
associated with the Al weight percentage, 𝜉, by the following form. 

 



𝐺𝑆(𝜉) = 370599𝜉2 − 37012𝜉 + 1025.8,
𝐷𝐸𝑢 𝛼(𝜉) = 358.21𝜉 + 1.0318,      𝛿𝐸𝑢 𝛼(𝜉) = 6903𝜉 + 7.6459 

(4.3.1) 

𝑁𝑁𝐷𝐸𝑢 𝛼(𝜉) = 114.25𝜉 + 38.285,     𝑓𝐸𝑢 𝛼(𝜉) = −3.407𝜉 + 0.4044 (4.3.2) 

𝑃𝐸𝑢 𝛼(𝜉) = 25.012𝜉2 + 0.0993𝜉 + 0.002,   𝑃𝑚𝑎𝑡𝑟𝑖𝑥(𝜉) = 0.5007,
𝐷𝛽(𝜉) = 1944𝜉2 − 20.223𝜉 − 0.0921,   

  𝛿𝛽 (𝜉) = 41518𝜉
2 − 446.9𝜉 − 443.926 

(4.3.3) 

𝑁𝑁𝐷𝛽(𝜉) = −436.13𝜉 + 39.707,   𝑓𝛽  (𝜉) = 7.3 × 10
−6 exp 145.3𝜉,     

  𝐸(𝜉) = 1.667𝜉 + 1.663 
(4.3.4) 

where 𝐺𝑆(𝜉)  is the grain size (μm), 𝐷𝐸𝑢 𝛼(𝜉) is the particle size/phase size (μm) of the 
eutectic 𝛼 phase, 𝛿𝐸𝑢 𝛼(𝜉) is the number density (mm-2) of eutectic 𝛼 phase, 𝑁𝑁𝐷𝐸𝑢 𝛼(𝜉) is 
the nearest neighbor distance (μm) of the eutectic α phase, and 𝑓𝐸𝑢 𝛼(𝜉) is the area fraction 
of the eutectic α phase in the material. 𝑃𝐸𝑢 𝛼(𝜉)  is the aluminum content (wt.%) in the 
eutectic α phase, 𝑃𝑚𝑎𝑡𝑟𝑖𝑥(𝜉) is the aluminum content (wt.%) in the matrix material. 𝐷𝛽(𝜉),  

 𝛿𝛽 (𝜉), 𝑁𝑁𝐷𝛽(𝜉), and 𝑓𝛽 (𝜉) are the particle size (μm) of 𝛽 phase, particle number density 

(mm-2) of 𝛽  phase, nearest neighbor distance (μm) between 𝛽  phase particles, and area 
fraction of 𝛽  phase, respectively. 𝐸(𝜉) is the electrochemical potential value of Mg-Al 
solution phase. Song [2015] explains the link between the microstructure specific equations 
in Eqs. (4.3.1-4.3.4) and the corrosion equations. 

5. Results and Discussion 

The microstructural features such as, particle size, particle number density, nearest neighbor 
distance, aluminum content in each phase, grain size, and second phase area fraction were 
quantified for the casted pure Mg, Mg-2% Al, and Mg-6% Al alloys. Then, the microstructural 
characteristics and electrochemical potential of each phase were inputted into the multiscale 
ISV corrosion model, and the predicted corrosion process (general, pitting, and intergranular 
corrosion) are compared with the experimental data as shown in Figures 5.1–5.3. Good 
agreement was found between the model validation results and the experimental data. 
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Figure 5.1. Comparison between the proposed theoretical damage framework and the corrosion 

experimental data of Pure Mg (3.5% wt.% NaCl immersion environment). Experimental data versus the 
model for (a) change in mass, (b) pit number density, (c) pit area fraction, (d) pit nearest neighbor 
distance, (e) intergranular corrosion area fraction. The error bars were one standard deviation in each 
direction 
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Figure 5.2. Comparison between the proposed theoretical damage framework and the corrosion 
experimental data of Mg-2% Al alloy (3.5% wt.% NaCl immersion environment). Experimental data versus 
the model for (a) change in mass, (b) pit number density, (c) pit area fraction, (d) pit nearest neighbor 
distance, (e) intergranular corrosion area fraction. The error bars were one standard deviation in each 
direction. 
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Figure 5.3. Comparison between the proposed theoretical damage framework and the corrosion 
experimental data of Mg-6% Al (3.5% wt.% NaCl immersion environment). Experimental data versus the 
model for (a) change in mass, (b) pit number density, (c) pit area fraction, (d) pit nearest neighbor 
distance, (e) intergranular corrosion area fraction. The error bars were one standard deviation in each 
direction. 

 

6. Conclusion 

DFT computations proved a strong influence of the second metal, e.g. Al, Ca, Mn, Fe, Zn, on 
the adsorption energetics of reactants, intermediates and products of hydrogen evolution on 
Mg. The findings point out changes in the potential dependent reaction rates due to the 
dopant presence on the surface. A multiscale corrosion constitutive model that joins the 
damage and mechanical effects for magnesium alloys has been developed. The kinematics, 
thermodynamics, and kinetics were considered in formulation of the internal state variables 
to account for different corrosion damage mechanisms, such as, general corrosion, pitting 
corrosion, and intergranular corrosion. The macroscale corrosion damage is bridged to the 
mesoscale electrochemical kinetics based on the Butler-Volmer equation, which is further 



bridged to materials’ microstructural properties. The theoretical framework of this model 
can be implemented to a finite element code in engineering analysis, as well as extended to 
include other kinds of damages occurred in the engineering field. 
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