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Abstract 

In this study, a phase-field scheme that rigorously obeys conservation laws and irreversible thermodynamics is developed for modeling 
stress-corrosion coupled damage (SCCD). The coupling constitutive relationships of the deformation, phase-field damage, mass transfer, 
and electrostatic field are derived from the entropy inequality. The SCCD localization induced by secondary phases in Mg is numerically 
simulated using the implicit iterative algorithm of the self-defined finite elements. The quantitative evaluation of the SCCD of a C-ring is 
in good agreement with the experimental results. To capture the damage localization, a micro-galvanic corrosion domain is defined, and the 
buffering effect on charge migration is explored. Three cases are investigated to reveal the effect of localization on corrosion acceleration 
and provide guidance for the design for resistance to SCCD at the crystal scale. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

With the increasing demand for high quality in health and 

edicine, intelligent health-promotion technologies have at- 
racted extensive attention. In recent years, Mg alloys have 
een highly acclaimed as a new generation of biological 
ransplantation materials, because of their significant advan- 
ages, such as their mechanical properties which are similar 
o those of human bone tissue [1 , 2] , good biocompatibility 

3] , and degradability [4] . However, its major drawbacks in- 
lude a weak corrosion resistance [5] and a tradeoff [6] among 

ts corrosion rate, strength, fatigue durability, plasticity, and 

hysiological toxicity. Currently, the prevalently used coating 

echnology cannot effectively protect materials during defor- 
ations, especially large deformations or cyclic deformations. 
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icrocracks tend to appear at sharp corners and interfaces, 
hus becoming the starting point for local damage [6] . In ad- 
ition, the trial-and-error method of alloying is inefficient. If 
oxic elements are introduced into products, it is extremely 

ifficult to have them approved by the drug administration 

epartment for clinical applications [7] . 
Crystal-structure based modulation of resistance to stress- 

orrosion coupled damage (SCCD) is a promising method 

f overcoming the barrier to the biomedical applications of 
g alloys [8 , 9] . At present, the related studies are still at

he preliminary stage of conception and experimental explo- 
ations; the high cost of in vivo tests and the difficulty of con- 
ucting experiments at small scales result in a lack of data, 
nd the existing empirical correlation models of the corro- 
ion rate and microstructural parameters [10–12] are roughly 

ased on the data fitting of a large number of experiments and 

 simple multiple-effect linear superposition or weighted aver- 
ge, which cannot objectively and accurately reflect the multi- 
hysical field coupling and multi-scale effects. The absence 
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
c-nd/4.0/ ) Peer review under responsibility of Chongqing University 
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f low-cost and reliable physical simulation methods limits 
he accuracy of the quantitative design of biodegradable Mg 

lloys. Therefore, it is imperative to clarify the mechanisms 
f SCCD and establish a multi-physical field and multi-scale 
odeling framework. 
The development of SCCD models is hindered by the com- 

lexity of materials background and the difficult numerical 
rocessing of the multi-physical fields. Recently, some nu- 
erical methods, such as the extended finite element method 

13] , arbitrary Lagrangian Euler method technology [14] , and 

eridynamics [15] , have been developed to simulate the mov- 
ng boundary problems of corrosion. Owing to the inability 

f the abovementioned methods to handle arbitrary three- 
imensional geometries, cumbersome implementations, and 

igh computational costs, the related applications are limited. 
n the phase-field paradigm, the moving boundary equation 

t the interface is replaced by a differential equation that 
escribes the evolution of the phase-field order parameter 
. Therefore, the sharp boundary is replaced by a diffusive 
oundary, which allows for avoiding the explicit processing 

f the interface conditions. At present, the phase-field method 

s widely employed for fractures [16–18] , fatigue damage 
19 , 20] , hydrogen-assisted crack propagation [21–23] , corro- 
ion [24–26] , and stress corrosion cracking [9 , 27 , 28] . How-
ver, some models are thermodynamically inconsistent, and in 

ome studies, plastic deformations are only linked to the pas- 
ivation film damage [9] , while the mechanical energy driving 

amage is ignored. The coexistence and interaction of the me- 
hanical damage and degradation during the stress corrosion 

nd corrosion fatigue of biodegradable Mg alloys servicing in 

he physiological environment are nonnegligible [29] . In addi- 
ion, owing to the mechanical mismatch and electric potential 
ifference, the secondary phases usually result in the dam- 
ge localization based on the interfacial debonding and gal- 
anic corrosion [13 , 30] under stress-corrosion coupled load- 
ng. The damage localization can significantly influence the 
amage rate and path, which is clearly different from uniform 

amage. The insights into the localization formation and de- 
elopment are of great importance to predicting the damage 
volution of multiscale structures. However, at present, the 
ajority of galvanic models are based on the electric current 

ensity boundary condition characterized by the polarization 

urves or the test values of the scanning vibrating electrode 
echnique [30–32] . This Neumann type boundary condition is 
alid for the macro-galvanic corrosion, while it is unreason- 
ble for the localized micro-galvanic corrosion in the metals 
ontaining secondary phases. The simulation results [30] can- 
ot capture the experimental phenomenon [11] that multiple 
mall pits originated from secondary phases, grew with cor- 
osion proceeding, coalesced with each other, and showed 

hrough-thickness progress. Because the rapid evolution and 

on-uniform distribution of electric current densities in the 
icinity of secondary phases are clear, the Neumann bound- 
ry condition based on the macroscale surface tests cannot 
ell describe the local charge migration activities in the ad- 

acent area of the secondary phases no matter it is applied 

n the outer boundaries of the matrix or the secondary-phase 
2 
nterfaces. Therefore, the coupling model of the electric field 

nd stress corrosion in the vicinity of secondary phases is 
equired to be improved to accurately describe the local elec- 
rochemical activities. The effects of size, fraction, shape, dis- 
ribution, electric potential difference, area ratio of the anode 
o cathode, hardness, elasticity constant, and interfacial en- 
rgy of the secondary phases based on nontoxic elements on 

he polarization behavior, damage rate, and path need to be 
larified. These mechanisms are important for modulating the 
orrosion resistance of Mg alloys [5 , 33 , 34] . 

The quantitative crystal design based on the secondary 

hases of non-toxic elements is a promising method for mod- 
lating the corrosion resistance of multi-scale structures under 
ulti-physical fields, and is expected to overcome the existing 

arrier that is difficult to be overcome using the existing coat- 
ng technologies and the trial-and-error methods of alloying. 
n the current study, a phase-field modeling scheme that rig- 
rously complies with the conservation laws and irreversible 
hermodynamics is established to describe the electrochemo- 
echanical damage, and a local corrosion domain is defined 

o simulate the local galvanic effect on charge migration and 

amage localization. 

. Methodology 

In this study, the virtual work equation for the deformation- 
amage (phase field) -mass transfer-electric field coupled 

ramework is first constructed. Mechanical, chemical, and 

lectrical potential energies are then introduced into the 
elmholtz free energy. Subsequently, the constitutive equa- 

ions are derived from the entropy inequality and the weak 

orms of the governing equations are obtained by substitut- 
ng constitutive relationships into the virtual work equation. 
inally, the multi-physics field dynamic evolution process is 
umerically solved using finite element discretization and the 
ewton-Rapson iterative implicit algorithm. 

.1. Theoretical framework of SCCD 

.1.1. Virtual work equation 

The current study is aimed at investigating the coupling 

ehaviors of the mechanical and electrochemical fields of 
iodegradable Mg alloys servicing in the physiological en- 
ironment based on a phase-field approach. 

Considering the conservation of momentum and moment of 
omentum, phase-field equation for a nonconservative dam- 

ge field, conservation of mass, and the Gauss theorem for an 

lectrostatic field, generalized equilibrium equations and gen- 
ralized force boundary conditions can be obtained as follows: 

 · σ = 0 ( a ) 

 ∇ · ζ − ω ) − 1 

L 

dϕ 

dt 
= 0 ( b ) 

dc 

dt 
c solid + ∇ · J = 0 ( c ) 

 · D = p ( d ) 

(1) 
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 = σ · n (a) 

f = ζ · n (b) 

 = J · n (c) 

k = D · n (d) 

(2) 

here σ is the stress tensor, T is the surface force, and n is the
urface normal unit vector; L is the interfacial kinetic coeffi- 
ient, the negative damage driving force ω and the negative 
amage flux ζ conjugate to the phase field ϕ and phase-field 

radient ∇ϕ, respectively, and f is the phase-field microtrac- 
ion; c is the dimensionless concentration of Mg ions, c solid is 
he concentration of atoms in Mg metal, J is the flux defined 

y a Neumann-type boundary condition, and q is the incom- 
ng concentration flux; D is the electric displacement vector, 
 is the free charge quantity, and k is the ratio of current 
ensity to electrical conductivity. 

Following the work [35] for defining the scalar field η, 
he component changes in the kinematics are determined as 
ollows: 

˙ = μ and η( x, t ) = 

∫ t 

0 
μ( x, t ) dt (3) 

Therefore, from the kinematic point of view, the region 

can be described by the displacement u , phase-field order 
arameter ϕ, chemical displacement η, and electric potential 
. The set of virtual fields is denoted as (δu , δϕ, δη, δφ) ,
nd the virtual work equation for the coupled system at small 
eformations is obtained by considering the arbitrariness of 
he virtual fields: 
 

Ω

{
( ∇ · σ) · δu + 

(
∇ · ζ − ω − 1 

L 

dϕ 

dt 

)
δϕ 

+ 

(
∇ · J + 

dc 

dt 
c solid 

)
δη + ( −∇ · D + p ) δφ

}
dV 

= 

∫ 

∂Ω

{ ( σ · n − T ) · δu + ( ζ · n − f ) δϕ + ( J · n − q ) δη

+ ( −D · n − k ) δφ} dS (4) 

Operating the upper equation and utilizing Gauss’ diver- 
ence theorem yield: 
 

Ω

{
σ : δε + 

1 

L 

dϕ 

dt 
δϕ + ωδϕ + ζ · ∇δϕ 

−dc 

dt 
c solid δη + J · ∇δη + D · δE − pδφ

}
dV 

= 

∫ 

∂Ω

{ f δϕ + qδη + T · δu + kδφ} dS (5) 

here ε = 

1 
2 (∇u + u ∇) is the strain tensor for small defor-

ations that can be decomposed into the elastic part ε e and 

lastic part ε p , and E = − ∇φ is the electric field vector. 
The details of the coupling systems are presented in 

 Fig. 1 ): (1) mechanical energy and chemical potential coop- 
ratively drive the corrosion/damage evolution process ( L ( σ), 
(σ, c) , and ζ( c )); (2) the corrosion/damage of metals results 

n degradation of the mechanical stiffness ( σ = ( h( ϕ) + κ) ̃  σ); 
3 
3) the ion transport is dominated by the concentration and 

lectric potential ( J( ϕ, φ) ); (4) degradation ions, as free 
harges, affect the electric field distribution ( p ( c )). Consti- 
utive relationships can be built based on the coupling behav- 
ors. 

.1.2. Dissipated energy rate 
Based on the energy conservation law and principal of en- 

ropy increment, the dissipated energy rate associated with the 
rreversible SCCD can be obtained by assuming an isothermal 
rocess in the following inequality: 

θ = 

˙ W 

ext − ˙ Φ ≥ 0 (6) 

here r is the entropy production rate per unit volume, θ is 
he temperature in Kelvin, ˙ W 

ext is the power of external work, 
(ε e , ϕ, ∇ϕ, c, φ, ∇φ, ξ ) is the Helmholtz free energy 

er unit volume, wherein ξ represents the internal variable of 
lastic deformations, and 

˙ � is its rate. 
According to the virtual work equation and replacing the 

irtual fields (δu , δϕ, δη, δφ) by the realizable velocity 

elds ( 
·
u , ˙ ϕ , μ, ˙ φ) , the inequality can be rewritten as: 

: 
·
ε + 

1 

L 

˙ ϕ ̇  ϕ + ω ̇  ϕ + ζ · ∇ ̇  ϕ − μ ˙ c c solid 

+ J · ∇μ + D · ˙ E − p ̇

 φ − ˙ Φ ≥ 0 (7) 

.1.3. Constitutive theory 
The total Helmholtz free energy density can be decom- 

osed into mechanical, electrochemical, and interfacial com- 
onents. The functional form of free energy of each system 

s defined to derive the thermodynamically consistent consti- 
utive relationships. 

The mechanical free energy density ΦM for the intact con- 
guration is decomposed into elastic Φe and plastic Φp com- 
onents, both of which are degraded by the phase field, 

M = h 1 ( ϕ ) ( Φe + Φp ) (8) 

Here, the degradation function h 1 ( ϕ) characterizing the 
ransition from the intact solid ( ϕ = 1) to the damaged phase 
 ϕ = 0) is defined as follows: 

 1 ( ϕ ) = ϕ 

2 (9) 

It satisfies the conditions that h 1 ( ϕ = 0) = 0 and 

 1 ( ϕ = 1) = 1. 
The elastic strain energy density for the intact configuration 

s defined as a function of the elastic strain ε e and the linear 
lastic stiffness tensor C in the usual manner, 

e = 

1 

2 

ε e : C : ε e (10) 

While the plastic strain energy density for the intact solid 

s incrementally computed from the plastic strain tensor ε p 

nd the stress tensor for the intact configuration 

˜ σ as, 

p = 

∫ t 

0 

∼
σ: 

·
ε 

p 
dt (11) 
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Fig. 1. Schematic of multi-physical field coupling. 
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here Φp = ˜ w 

p is the plastic work for the intact configura- 
ion, which is defined as the internal variable ξ . 

Finally, the isotropic yield and the associated flow rule are 
pplied. Material work hardening is defined by assuming a 
ower-law hardening behavior 

 = σy 

(
1 + 

E ε p 

σy 

)N 

(12) 

here E is the Young’s modulus, ˜ σ is the equivalent stress 
or intact configuration, ε p is the accumulative plastic strain, 
y is the yield stress, and N is the strain hardening exponent 

0 ≤ N ≤ 1). 
In the corrosion system, the electrochemical free energy 

ensity ΦEC can be decomposed into its chemical and electric 
ounterparts: 

EC = Φch + Φele (13) 

For anodic dissolution, the chemical free energy density 

ch can be further decomposed into the energy associated 

ith the material composition and double-well potential en- 
rgy [24] , such that 

ch = A [ c − h 2 ( ϕ ) ( c Se − c Le ) − c Le ] 
2 + wg ( ϕ ) (14) 

here w is the height of the double-well poten- 
ial g ( ϕ) = ϕ2 (1 − ϕ) 2 . To satisfy the electrochemical require- 

ents, h 2 ( ϕ) = −2 ϕ3 + 3 ϕ2 . Following the model [36] , a free
nergy density curvature A is defined, and is assumed to be 
imilar for the solid and liquid phases, c Se = c solid / c solid = 1
s the normalized equilibrium concentration for the solid, and 

 Le = c sat / c solid is the normalized equilibrium concentration 
4 
or the liquid phase, wherein c sat is the saturation concentra- 
ion in the liquid phase. 

The electric free energy density Φele can be decomposed 

nto the component associated with the free charges and that 
ssociated with the electric field distribution: 

ele = −zF c solid ( 1 − c ) φ + 

1 

2 

E ε | ∇φ| 2 (15) 

here the parameters z, F , and E ε are the charge number, 
araday constant, and dielectric constant, respectively. 

In addition, the interfacial free energy density ΦI is de- 
ned as a function of the phase-field order parameter and its 
radient as follows: 

I = k s 
G c 

l c 
( 1 − ϕ ) + 

G c l c 
2 

| ∇ϕ 

| 2 (16) 

here G c is the surface energy density, l c is the interfacial 
haracteristic thickness, and k s is related to the energy thresh- 
ld of damage. 

Finally, the constitutive relationships can be readily ob- 
ained by satisfying the inequality in Eq. (7) , which implies 
hat 

σ − ∂Φ

∂ε e 

)
: 

·
ε 

e + σ : 
·
ε 

p − ∂Φ

∂ ˜ w 

p 

. 

˜ w 

p + 

1 

L 

˙ ϕ ̇  ϕ 

+ 

(
ω − ∂Φ

∂ϕ 

)
˙ ϕ + 

(
ζ − ∂Φ

∂∇ϕ 

)
· ∇ ̇  ϕ 

+ 

(
−∂Φ

∂c 
− μc solid 

)
˙ c + J · ∇μ + 

[
−p − ∂Φ

∂φ

]
˙ φ

+ 

(
D · ·

E 

− ∂Φ

∂∇φ
· ∇ ̇

 φ

)
≥ 0 (17) 
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The dissipated energy rate 1 
L ˙ ϕ ̇  ϕ + J · ∇μ > 0 during the 

rreversible thermodynamic process. 
Thus, the relationship between the stress and strain can be 

iven as follows: 

= h 1 ( ϕ ) C : ε e (18) 

Accounting for the influence of the phase field and using 

∼
, the mechanical force balance Eq. (1a) can be reformulated 

s, 

 ·
[ 
( h 1 ( ϕ ) + κ) 

∼
σ
] 

= 0 (19) 

here κ is a small positive parameter introduced to cir- 
umvent the complete degradation of the energy and ensure 
hat the algebraic conditioning number remains well-posed. 

= 1 × 10 

−7 is adopted throughout this work to ensure 
onvergence. 

The negative damage driving force ω is given by 

 = −k s 
G c 

l c 
+ h 

’ 
1 ( ϕ ) ( Φe + Φp ) 

− 2A [ c − h 2 ( ϕ ) ( c Se − c Le ) − c Le ] ( c Se − c Le ) h 

’ 
2 ( ϕ ) 

+ wg 

’ ( ϕ ) (20) 

hile the negative damage flux ζ is 

= G c l c ∇ϕ (21) 

Substituting the constitutive relationships (20) and (21) into 

he phase-field balance Eq. (1b) yields the so-called Allen- 
ahn equation: 

dϕ 

dt 
+ L 

(
ω − G c l c ∇ 

2 ϕ 

) = 0 (22) 

Eq. (22) shows that the material dissolution is governed 

y the interface kinetics coefficient. The magnitude of L can 

ither be considered to be a constant positive number [24] or 
o be influenced by mechanical straining. In the current study, 
he film rupture-dissolution-repassivation mechanism interpre- 
ation and definition of a mechanochemically enhanced cor- 
osion current density [9] are adopted. The phenomenological 
escription can model the periodic process consisting of the 
escent of the current density resulting from corrosion prod- 
ct generation and the ascent of the current density result- 
ng from corrosion product dissolution. The phenomenologi- 
al model is capable of capturing any passivation activities by 

djusting the model parameters and is comparatively simple 
nd applicable for engineering prediction. In this model, the 
nterface kinetics coefficient over a time interval t i is defined 

s follows: 

 = 

{ 

k m 

( ε p , σh ) L 0 , if 0 < t i ≤ t 0 

k m 

( ε p , σh ) L 0 exp ( −k ( t i − t 0 ) ) , if t 0 < t i ≤ t 0 + t f 
(23) 

here σ h is the hydrostatic stress, k m 

is a function of the local 
agnitudes of ε p and σ h , k is the film stability parameter, t f 

s the repassivation time, and t 0 is the time interval before the 
ext film rupture. 
5 
According to Eq. (17) and the Fick law-type relation, the 
ux J without considering dielectric property degradation can 

e determined as follows: 

 = 

M 

2A 

c solid 
2 ∇μ = −c solid M∇ [ c − h 2 ( ϕ ) ( c Se − c Le ) − c Le ] 

− MzF c solid 
2 ∇φ

2A 

(24) 

Substituting Eq. (24) into the mass-transport balance 
q. (1c) , the following field equation is obtained 

dc 

dt 
− ∇ · M 

(
∇ [ c − h 2 ( ϕ ) ( c Se − c Le ) − c Le ] + 

zF c solid ∇φ

2A 

)
= 0 (25) 

In this governing equation, ion transport is controlled by 

oth the diffusion and migration effects. The constitutive re- 
ationship for the electric field is obtained as follows. 

 = −E ε ∇φ (26) 

p = zF c solid ( 1 − c ) (27) 

Substituting Eqs. (26) and (27) into the Gauss theorem of 
he electrostatic field Eq. (1d) yields the following Poisson’s 
quation for the electric potential: 

 

2 φ = 

−zF c solid ( 1 − c ) 

E ε 

(28) 

.2. Numerical implementation 

Fig. 2 presents a schematic diagram of the phase-field ap- 
roximation of the SCCD process. A micro-galvanic corrosion 

omain is defined by imposing the Dirichlet boundary condi- 
ions of free corrosion potentials on Mg matrix boundaries (in 

urple) and secondary phases (in red). The left, bottom, and 

ight boundaries of the domain possess zero electric current 
ensity and the electric potential on these boundaries keeps 
o be the free corrosion potential of Mg, because corrosion 

s assumed to vanish outside these boundaries. Outside the 
op boundary, only the slow uniform corrosion exists, thus 
he electric current density is weak and the electric poten- 
ial approximates the free corrosion potential of Mg. Within 

he domain, a relatively high free corrosion potential is ap- 
lied on the secondary phases, the distributed electric poten- 
ial within the domain is higher than the free corrosion po- 
ential of Mg, the highest electric current density presents in 

he adjacent area of precipitates, and the non-uniform elec- 
ric current density in the vicinity of the secondary phases is 
ifferent from the macroscale surface test value. In addition, 
ithin the domain, the electric conductivity is controlled by 

he free charges [32 , 37] : 

 σ = 

F 

2 z 2 Mc solid ( 1 − c ) 

Rθ
(29) 

here E σ is the electric conductivity, and R is the gas con- 
tant. 
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Fig. 2. Schematic of the phase-field approximation of the SCCD process: (a) stress-corrosion induced damage under multi-physical fields; (b) diffusive interface 
versus sharp interface. 
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According to the following Ohm’ law, the evolution of the 
ocal electric current density with corrosion proceeding within 

he corrosion domain can be obtained. 

 = E σ E (30) 

here I is the electric current density vector. 
Combining the equation of continuity ˙ p + ∇ · I = 0 and 

he Gauss’ law (Eq. 1d) and ignoring the slight change in the 
lectric field within the domain, the relationship for dielectric 
roperty and electric conductivity for the domain is simplified 

s follows: 

 ε = −
∫ t 

0 
E σ dt + E ε 0 (31) 

here E ε0 is the initial dielectric constant of Mg. 
This relationship interprets the dielectric property decaying 

ith corrosion proceeding, and the mass flux ( Eq. 24 ) can be 
hanged into: 

 = 

M 

2A 

c solid 
2 ∇μ = −c solid M∇ [ c − h 2 ( ϕ ) ( c Se − c Le ) − c Le ] 

−MzF c solid 
2 ∇φ

2A 

+ 

M 

2 z 2 F 

2 c solid 
2 ∇ 

[ 
| ∇φ| 2 ∂ 

∫ t 
0 ( 1 −c ) dt 

∂c 

] 
4 AR θ

(32) 

here the introduced high-order term includes the second gra- 
ient of electric potentials, which extends the Nernst-Planck 

quation within the local corrosion domain. 
The micro-galvanic corrosion domain can be discretized by 

nite elements, and the SCCD localization can be numerically 

odelled. 
The details of the user element of the SCCD are given in 

he Appendix A . 

. Results and discussion 

In the current study, phase-field modeling of the SCCD is 
erformed at the crystal scale. In Section 3.1 , the effects of 
6 
he refinement and distribution of the precipitates on the dif- 
usion and migration-controlled corrosion rate and path are 
iscussed. In addition, the effects of the long-period stack- 
ng order (LPSO) phases on the corrosion rate are analyzed; 
n Section 3.2 , the stress-diffusion corrosion coupled dam- 
ge process in a C-ring is quantitatively compared with that 
bserved in experiments, and the evolution processes of the 
tress-diffusion-galvanic corrosion coupled damage localiza- 
ion caused by the soft and hard phases in the prestressed 

rystal are simulated. 

.1. Secondary phase induced galvanic corrosion 

.1.1. Precipitates 
Alloying is an important scheme for the corrosion 

esistance modulation, strengthening, and toughening of 
iodegradable Mg alloys. Owing to the low free corrosion 

otential of Mg, local corrosion is frequently caused by the 
alvanic effect between the secondary phases containing high- 
otential elements and the Mg matrix, which dramatically ac- 
elerates the degradation of Mg alloys and the loss of me- 
hanical integrity. A large number of reports indicated that 
he majority of the pitting phenomena are closely related to 

alvanic corrosion [7] . It remains to be determined if it is 
ossible to achieve corrosion resistance optimization through 

he regulation of secondary phases. In the current study, sim- 
lations of a rectangular Mg single crystal with precipitates 
re conducted to investigate the effect of precipitation on the 
orrosion rate. First, the corrosion of the Mg single crystal 
ith a single precipitate is simulated. In Fig. 3 , the initial 

onditions ϕ = 1 and c = 1 are applied to the single crystal 
f size 20 × 15 μm, the Dirichlet boundary conditions ϕ = 0 

nd c = 0 are imposed on the upper surface (basal plane) of 
he Mg single crystal in contact with the solution, φ = −
.233 V is imposed on the 4 × 0.5 μm plate-shaped precipi- 
ate parallel to the basal plane (Mg 17 Al 12 , [38] ) ( Fig. 3 a) and
ertical to the basal plane (the potential of the vertical precip- 
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Fig. 3. Schematics of initial and boundary conditions of Mg with a single precipitate: (a) single precipitate parallel to basal plane; (b) finite element mesh 
for (a); (c) single precipitate vertical to basal plane; (d) finite element mesh for (c). 
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tate is assumed to be similar to that of Mg 17 Al 12 ) ( Fig. 3 c),
he upper surfaces of the precipitates are 0.5 μm from the 
pper surface of the single crystal, and φ = − 2.37 V is im- 
osed on the outer boundaries (indicated in purple) of the Mg 

atrix (pure Mg). The material parameters are presented in 

able A1 . Approximately 9,300 quadrilateral quadratic plane 
train elements with reduced integration are used to discretize 
he models, and the element size is approximately 1/10 the 
nterfacial characteristic thickness ( Figs. 3 b and 3 d). 

The results show that the addition of a single precipi- 
ate significantly accelerates the corrosion rate and induces 
 strong corrosion localization around the precipitate, thus 
orming a corrosion pit ( Fig. 4 a and b). Pitting occurs be- 
ause the large electric potential gradient between the precip- 
tate and Mg matrix can induce strong charge migration when 

he electrolyte slowly erodes to the vicinity of the precipitate, 
nd the corrosion rate is instantaneously accelerated. For the 
late parallel to the basal plane, the corrosion zone around the 
recipitate rapidly expands into an inverted M-shaped pit at 
 T s ( Fig. 4 a). For the plate vertical to the basal plane, the cor-
osion zone around the precipitate rapidly expands into a deep 

-shaped pit at 5 T s ( Fig. 4 b). The transformation from uni-
orm corrosion to localized corrosion is thus realized. It can 
7 
e observed that the galvanic corrosion has a significant accel- 
ration effect on the corrosion rate in Mg alloys. As shown in 

ig. 5 , the electric current density in the adjacent area of pre- 
ipitates, which quickly increases with corrosion proceeding 

nd tends to be constant after 0.4 T s, is non-uniform. The area 
pproaching the upper end of the precipitates is locally cor- 
oded at a larger rate compared to that approaching the lower 
nd. Within the corrosion domain, the relationship between 

lectric potential and electric current density is analogous to 

hat in the Tafel polarization curve, and the non-uniformity of 
he electric current density results in the corrosion localiza- 
ion. Compared to applying the tested electric current density 

n the outer boundaries of the matrix or the secondary-phase 
nterfaces [30] , the proposed model is more accurate and ca- 
able of reflecting the corrosion localization. In addition, the 
tatistical results ( Fig. 6 ) show that the high-order term in the 
ass flux, resulting from the enhancement of electric con- 

uctivity and the degradation of dielectric property within the 
orrosion domain, clearly buffers the charge migration and 

alvanic corrosion. 
Furthermore, to investigate the effect of precipitate refine- 

ent and distribution on the corrosion rate, while maintaining 

he volume fraction as constant, the single precipitate is re- 
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Fig. 4. Diffusion and migration-controlled corrosion of Mg with high electrostatic potential precipitates: (a) plate parallel to basal plane; (b) plate vertical to 
basal plane; (c) different numbers of horizontally refined precipitates at 5 T s; (d) different numbers of vertically refined precipitates at 5 T s. 
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ned horizontally into two, four, and eight precipitates and 

ertically into two, four, and eight precipitates. The corrosion 

volution of refined precipitates is simulated. 
As shown in Fig. 4 c, diffusion from the upper surface of 

he matrix can trigger charge migration around the two hori- 
ontally refined precipitates when diffusion-controlled corro- 
ion occurs near the precipitates, and the strong corrosion lo- 
alization results in two pits that can coalesce with each other. 
or the four precipitates ( Fig. 4 c), the smaller and closer 
recipitates buffer the electric potential gradient between the 
recipitates, thus decreasing the corrosion rate and forming 
8 
 wider and shallower pit. For eight precipitates ( Fig. 4 c), 
he electric potential gradient between precipitates is lowest, 
he corrosion rate further decreases, and the pit possesses the 
idth of the entire upper surface of the matrix and the lowest 
epth. The statistical results in Fig. 10 a indicate that, owing 

o the precipitate refinement along the horizontal direction, 
he dimensionless corrosion rate decreases significantly, and 

he corrosion depth is simultaneously reduced. In addition, 
he corrosion rate gradually drops down with time because 
he localized corrosion switches into uniform corrosion after 
he vicinity of the precipitates is completely corroded. 
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Fig. 5. Electric current density (mA/mm 

2 ) in Mg with high electrostatic potential precipitates: (a) plate parallel to basal plane; (b) plate vertical to basal plane. 

9 
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Fig. 6. Statistical results of corrosion interface nodes of Mg crystal with a single precipitate parallel to basal plane at 5.2 T s: (a) dimensionless concentration 
c ; (b) phase-field order parameter ϕ. 
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As shown in Fig. 4 d, the diffusion from the upper sur- 
ace of the matrix can first trigger charge migration in the 
djacent area of the upper surface of the upper precipitate 
hen diffusion-controlled corrosion occurs near the precipi- 

ate, and the strong corrosion localization results in a deep 

it. Then, owing to the electric potential gradient around the 
ower precipitate, charge migration is activated around the 
ower precipitate when diffusion occurs near it. The upper pit 
an rapidly link to the lower corrosion zone, and the corro- 
ion rate and depth are much greater than those of a single 
recipitate. For four precipitates ( Fig. 4 d) and eight precip- 
tates ( Fig. 4 d), the corrosion zones around the precipitates 
oalesce with each other at a great speed, and the systems 
apidly lose their mechanical integrity. The statistical results 
resented in Fig. 10 b indicate that, owing to the precipitate 
efinement along the vertical direction, the dimensionless cor- 
osion rate significantly increases, and the corrosion depth is 
imultaneously enhanced. In addition, the corrosion rate grad- 
ally drops down with time. A corrosion path can form along 

he vertically distributed precipitates, which is quite differ- 
nt from the case of uniform corrosion. Galvanic corrosion 

ignificantly accelerates the corrosion rate and depth, usu- 
lly resulting in the sudden failure of structures. In addi- 
ion, based on defect-controlled elemental segregation, it is 
ossible to optimize the corrosion resistance and balance the 
echanical-electrochemical properties in biodegradable poly- 

rystalline Mg alloys, which requires further quantitative eval- 
ation based on the application of the proposed model to 

olycrystalline structures. 
In most cases, secondary phases are cathodic. However, 

here are fewer anodic secondary phases such as Mg 2 Ca and 

g 41 Nd 5 in Mg alloys [39 , 40] . Different potentials are im- 
osed on the same precipitate in order to clarify the potential 
ifference effect on the galvanic corrosion localization. For 
he precipitate with the same potential as Mg, no galvanic 
orrosion happens. For the precipitate with the higher poten- 
10 
ial ( − 1.233 V) than Mg, the obvious galvanic corrosion 

ocalization resulting from the migration effect happens near 
he precipitate ( Fig. 7 a). For the precipitate with the lower 
otential ( − 3.507 V) than Mg, the precipitate can protect 
he cathodic matrix near it from corrosion ( Fig. 7 b). Some 
ethods [7 , 39] based on the sacrificing anodes have been 

roposed to enhance the corrosion resistance. 
The precipitate refinements along the horizontal and verti- 

al directions have a conflicting effect on the corrosion rate 
nd depth, and the potential difference leads to the signifi- 
ant difference of corrosion rate. To optimize the corrosion 

esistance and mechanical integrity of biodegradable Mg al- 
oys serving in the physiological environment, the precipitates 
ith higher potentials should be reasonably refined and dis- 

ributed, and the precipitates with lower potentials can be the 
acrificing anodes to protect Mg from corrosion. The pro- 
osed model can be used to numerically predict and de- 
ign the corrosion rate and depth. Whatever the potentials 
nd elements of secondary phases are, the proposed theo- 
etical and numerical framework is capable of capturing the 
orrosion induced by different secondary phases. Undoubt- 
dly, the proposed framework can also handle the corro- 
ion problem in the Mg matrix with several intermetallic 
ompounds [41] . 

Furthermore, to model the realistic pitting phenomenon, 
he single precipitate is refined into 16 fine precipitates, which 

re randomly distributed in the Mg single crystal. As shown 

n Fig. 8 a, the Dirichlet boundary conditions ϕ = 0 and c = 0 

re imposed on the upper surface in contact with the solution, 
= − 1.233 V is imposed on all the precipitates, φ = −

.37 V is imposed on the outer boundaries of the crystal, and 

he initial conditions of ϕ = 1 and c = 1 are applied to the 
0 × 15 μm Mg single crystal. The material parameters used 

n this study are listed in Table A1 . Approximately 8,757 

uadrilateral quadratic plane strain elements with reduced in- 
egration are used to discretize the model, and the element 
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Fig. 7. Comparison of corrosion induced by anodic and cathodic precipitates: (a) cathodic precipitate; (b) anodic precipitate. 

Fig. 8. Schematic of initial and boundary conditions of Mg with refined random precipitates: (a) random distribution of refined precipitates; (b) finite element 
mesh. 
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ize is approximately 1/10 the interfacial characteristic thick- 
ess ( Fig. 8 b). 

Fig. 9 a shows that, at the early stage of corrosion (0.01 T s),
wing to the charge migration under galvanic effect, some 
its are rapidly formed around the precipitates near the upper 
urface. Subsequently (0.1-0.5 T s), the corrosion zones around 

he lower precipitates form one after another owing to the 
iffusion and migration cooperated effect. During 1-5 T s, the 
roposed model clearly simulates the formation of micro- 
alvanic corrosion localization in the adjacent area of the pre- 
ipitates, pit growth and coalescence, and through-thickness 
orrosion progress. These details and progresses (3D simula- 
ion results are given in the Appendix B ) are in good accor- 
ance with the previous observations [11] ( Fig. 9 b). As shown 

n Fig. 10 c, the corrosion rate of the crystal with randomly 

istributed precipitates is lower than that with eight vertical 
efined precipitates and higher than that with eight horizontal 
efined precipitates. 

.1.2. LPSO phases 
It has been reported that LPSO phases in rare-earth Mg al- 

oys cannot only significantly enhance mechanical properties, 
ut also modulate corrosion resistance [42 , 43] . To investigate 
he effect of LPSO phases on corrosion rates, the corrosion 

f a 20 × 15 μm rectangular Mg single crystal with two 

ypes of LPSO phases is simulated. As shown in Fig. 11 , the 
irichlet boundary conditions ϕ = 0 and c = 0 are imposed 
11 
n the upper surface in contact with the solution, φ = − 1.98 

 is applied to the LPSO phase, φ = − 2.37 V is applied to 

he outer boundary of the single crystal, and the initial con- 
itions ϕ = 1 and c = 1 are applied to the single crystal. 
he two types of LPSO phases are 18R formed at the grain 

oundaries ( Fig. 11 a) and 14H as the laminae transmitting 

ithin grains ( Fig. 11 c), respectively. The material parame- 
ers used in this study are listed in Table A1 . Quadrilateral 
uadratic plane strain elements with reduced integration are 
sed to discretize the models, and the element size is approx- 
mately 1/10 the interfacial characteristic thickness ( Figs. 11 b 

nd d). 
As shown in Fig. 12 a, the 18R-LPSO phase acts as a bar- 

ier to corrosion, even if it possesses a higher electric poten- 
ial than the Mg matrix. Corrosion gradually encompasses the 
ntire LPSO phase and slowly diffuses downward, eventually 

xhibiting an effect similar to uniform corrosion. At 5 T s, the 
orrosion depth is relatively low. As shown in Fig. 12 b, the 
lectric potential difference between the laminar 14H-LPSO 

hase and the matrix can result in a galvanic effect, thus sig- 
ificantly accelerating the corrosion. The diffusion and migra- 
ion cooperated effect rapidly corrodes the entire LPSO phase 
nd its surroundings. At 5 T s, the corrosion almost penetrates 
he entire Mg crystal, thus causing a significant loss of me- 
hanical integrity and load-bearing capacity. In addition, at 
 T s, the dimensionless corrosion rates of 14H and 18R are 
pproximately 9.6 and 2.2 times of the uniform corrosion, re- 
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Fig. 9. Simulations and experiments of corrosion localization in Mg with randomly distributed precipitates: (a) simulations of diffusion and migration-controlled 
corrosion; (b) the energy-dispersive X-ray spectroscopy (EDX) analysis indicates that pitting corrosion preferentially took place in the vicinity of secondary 
phases with a higher free corrosion potential; with corrosion proceeding, multiple small pits formed at 3 h; pits grew and coalesced with each other to form 

a much larger pit at 12 h; the large pit showed significant through-thickness progress at 40 h. 
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pectively, and the corrosion rate and depth of Mg with 14H 

re much greater than those of the Mg with 18R ( Fig. 13 ).
he simulation results indicate that the corrosion resistance 
f Mg containing 18R-LPSO phase is much better, which 

s consistent with the experimental results [42] . Certain heat 
reatments can transform various types of LPSO phases into 

nother [43] , thus the manipulation and the proposed simu- 
ation scheme are capable of optimizing and predicting the 
orrosion rate and depth of polycrystalline biodegradable Mg 

aterials and structures with LPSO phases. 

.2. SCCD 

.2.1. Validation of SCCD model 
The physiological environment contains a relatively high 

oncentration of chloride ions [44] and may present a low pH 

wing to post-traumatic inflammation [2] . In addition to the 
ttack of corrosive ions, the implants or devices, such as su- 
ures, anastomotic nails, stents, and bone joints, have to bear 
arge plastic deformations and/or multi-axial fatigue/impact 
oading [45–47] . Therefore, biodegradable Mg alloys servic- 
ng in the physiological environment are exposed to a strong 

oupling environment of harsh corrosion and severe mechan- 
cal loading, which usually results in their sudden failure. It 
12 
s necessary to develop a numerical model that rigorously 

beys the conservation laws and irreversible thermodynamics 
f the complicated physical and chemical processes to objec- 
ively and accurately simulate the SCCD at the crystal scales 
f biodegradable Mg alloys. Because the propose theoretical 
nd numerical framework is independent of material proper- 
ies and features, and both Mg and steel undergo elastoplastic 
eformations and anodic dissolution during the SCCD, it is 
onvincing to validate the correctness of the driven force con- 
titution and constitutive relationships with a classic case of 
345R steel C-ring specimens damaged in a hydrofluoric- 

cid corrosive environment. Because the corrosion products 
re mainly fluorides (rather than oxides) and the density of 
he film is insufficient to prevent the attack of aggressive ions 
48] , the effect of film passivation is negligible. 

As shown in Fig. 14 a, the C-ring is subjected to a constant 
train by tightening the bolt centered on the ring diameter, and 

he circumferential stress σ s at the top of the sample is used 

o measure the load. In the experiment, the C-ring specimen 

s exposed to 40 wt.% hydrofluoric acid at room temperature, 
ith a pit (location A) as the crack initiation location. 
The specimen has an inner diameter of 20 mm and an 

uter diameter of 25 mm ( Fig. 14 b). Vertical and horizontal 
isplacement constraints are imposed on the left side, and a 



C. Xie, S. Bai, X. Liu et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; June 14, 2022;3:8 ] 

Fig. 10. Dimensionless corrosion rate versus dimensionless time: (a) different numbers of horizontal precipitates; (b) different numbers of vertical precipitates; 
(c) comparison among random distribution, horizontal refinement, and vertical refinement. 
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irichlet displacement boundary condition is applied on the 
ight side to impose the horizontal displacement component of 
he bolt when it is tightened. To maintain consistency with the 
xperiments, the mechanical and corrosion parameters ( Ta- 
le A2 ) for the experimental Q345R steel are used. For the 
hole sample, approximately 11,093 quadrilateral quadratic 
lane strain elements are used, and the largest element size 
s 0.05 mm. The SCCD area in front of the pit is discretized 

y denser elements of sizes less than or equal to 0.005 mm. 
t should be noted that full integration is applied to avoid 

he severe distortion of elements during deformations and to 

aintain sufficient accuracy. To capture the damage process, 
he Dirichlet boundary conditions ϕ = 0 and c = 0 are im- 
osed on the surface of a semi-elliptical pit at the top, and 

he initial conditions of ϕ = 1 and c = 1 are applied to the
-ring. 

A quantitative comparison between the proposed model 
nd the experiments for different stress levels is presented in 
13 
ig. 15 . Numerical results are shown in terms of the length 

f the damage region (the vertical distance from the top to 

he crack tip), including crack initiation from the pits and 

rack propagation, as a function of time. To accelerate the 
imulation, the simulation time cannot be the true experimen- 
al time by setting L 0 . A time calibration must be performed. 
n each simulation, the segment between two initial experi- 
ental points is first selected, then the entire simulation time 

s stretched according to the time proportion of the selected 

egment, and a total of 16 simulation points are obtained 

rom the FEM results. The simulation results are in good 

greement with the experimental results [48] at σ s = 1.05 σ y , 
s = 0.80 σ y , and σ s = 0.55 σ y . In addition, the simulated 

orphology of the crack originating from a surface pit at 
tress level σ s = 0.80 σ y and experimental time t = 210 min 

asically coincides with the experimental results. Therefore, 
he proposed SCCD model can be used to further evaluate 
he damage localization induced by secondary phases. 
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Fig. 11. Schematics of initial and boundary conditions of Mg with two types of LPSO phases [42] : (a) 18R-LPSO phase; (b) finite element mesh for 18R 

with 4,560 elements; (c)14H-LPSO phase; (d) finite element mesh for 14H with 4,159 elements. 

Fig. 12. Diffusion and migration-controlled corrosion of Mg with LPSO phase: (a) 18R-LPSO phase; (b) 14H-LPSO phase. 

14 
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Fig. 13. Dimensionless corrosion rate versus dimensionless time for different type of LPSO phases. 

Fig. 14. Schematic of the tightened C-ring: (a) geometry; (b) finite element mesh, initial and boundary conditions, and dimensions. 
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Furthermore, to determine the effect of stress on the dam- 
ge, the stress concentration and gradient of C-ring during 

he SCCD process are given in Fig. 16 . The stress gradient is 
haracterized by the density of the contour lines. As shown 

n Fig. 16 , with the growth of the crack, the stress concentra- 
ion at the crack tip becomes more significant, and the denser 
ontour lines indicate the greater stress gradient. Therefore, 
s the SCCD proceeds, the stress gradually takes the leading 

ole, dominating the damage path and rate. 

.2.2. Damage localization induced by secondary phases 
In general, stress corrosion cracking, as a typical mode 

f SCCD, is the sudden brittle damage of materials under 
ensile stresses in corrosive environments. In addition, dam- 
ge localization caused by the cooperative effect of stress, 
iffusion, and galvanic corrosion also frequently occurs and 
15 
esults in severe failure during both large plastic deformations 
nd cyclic deformations of the materials servicing in corro- 
ive environments. Medical sutures of Mg alloys are designed 

o slowly degrade under high tensile pre-stress in human tis- 
ues. Sutures would not effectively suture wounds if they got 
elaxed by premature damage localization. In this section, the 
CCD localization of a single crystal of Mg with a circu- 

ar secondary phase under pre-stress stretching is simulated. 
he rectangular region of size 6 × 3.5 μm is presented in 

ig. 17 . The normal displacements of 0.3 μm are first ap- 
lied on the left and right sides of the region to simulate the 
restressed process. To simulate the subsequent SCCD, the 
irichlet boundary conditions ϕ = 0 and c = 0 are imposed 

n the upper surface ({10-10} plane) in contact with the so- 
ution, φ = − 1.82 V is imposed on the secondary phase 
rod-shaped MgZn 2 parallel to {10-10} plane and veritcal to 
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Fig. 15. Experimental [48] and simulated lengths of the SCCD region versus time t for three different mechanical stress levels of σ s = 1.05 σ y , σ s = 0.80 σ y , 
and σ s = 0.55 σ y (the embedded figures are the experimental and simulated morphologies at stress level σ s = 0.80 σ y and experimental time t = 210 min ). 

Fig. 16. The contour lines of equivalent stress for C-ring at σ s = 0.80 σ y . 

b  

o
o
r

i
n
i
t
s
1
e
a
i
I
w

r
o
p
p
o
s

c
0
c

A
c
c
v
t
s
g
s
s
c
o
M
a
g
a
a
e
f
m

asal plane, [49 , 50] ), and φ = − 2.37 V is imposed on the
uter boundaries of the single crystal. The initial conditions 
f ϕ = 1 and c = 1 are applied to the entire rectangular 
egion. 

The mechanical and corrosion parameters used are listed 

n Table A3 . It should be noted that a larger interfacial ki- 
etic coefficient L 0 = 100 mm 

2 /(N · s) compared to that used 

n the pure galvanic corrosion of Mg ( Section 3.2 ) is used 

o accelerate the simulation. The Young’s modulus and yield 

tresses of the soft and hard phases in this model are set as 
/10 and 10 times that of the Mg matrix, respectively. The 
lement size near the interface between the secondary phase 
nd the matrix is controlled as 1/20 the interfacial character- 
stic thickness and the size of the rest is approximately 1/10. 
n total, 16,296 quadrilateral quadratic plane strain elements 
ith reduced integration are used for the discretization. 
It can be clearly observed from Fig. 18 that, before the cor- 

osion starts, the damage around the circular phases occurred 

wing to the elastic and plastic mismatch under the tensile 
restress. The upper surface of the single crystal with a hard 

hase deforms to an upward convex shape, and the damage 
rder parameter decreases by 0.989 ( Fig. 18 a). The upper 
urface of that with a soft phase deforms to an downward 
16 
oncave shape, and the damage order parameter decreases by 

.915 ( Fig. 18 b). The soft phase results in greater damage as 
ompared to the hard phase. 

The process of SCCD localization is presented in Fig. 19 . 
fter the corrosion starts, the upper surface is first slowly 

orroded by the diffusion effect. Because the existing me- 
hanical damage inevitably results in rapid corrosion in the 
icinity of the secondary phases, charge migration is then 

riggered owing to the electric potential gradient between the 
econdary phases and the matrix, and the coupled damage 
radually encircles the entire secondary phases, thus causing 

trong damage localization and forming vase-shaped corro- 
ion pit morphologies ( Figs. 19 a and b). Compared to the 
orrosion pit of the unstressed Mg single crystal with a sec- 
ndary phase ( Fig. 19 c), the corrosion pit of the prestressed 

g single crystal with a hard phase is similar to a vase with 

 wider belly. The corrosion pit of the prestressed Mg sin- 
le crystal with a soft phase not only has a wider belly but 
lso a large bottom, thus presenting the greatest damage. In 

ddition, the damage rate results ( Fig. 20 ) show that at the 
arly stage of corrosion, the order of the damage rate is as 
ollows: prestressed matrix with a soft phase > prestressed 

atrix with a hard phase > unstressed matrix with a sec- 
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Fig. 17. Schematic of initial and boundary conditions of Mg with a circular secondary phase subjected to a tensile prestress. 

Fig. 18. Stress-induced damage localization of Mg with a secondary phase: (a) hard phase; (b) soft phase. 
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ndary phase. It should be noted that the difference in the 
amage rates gradually decreases with time. 

To determine the effect of stress on the damage, the stress 
oncentration and gradient around precipitates are given in 

ig. 21 . As shown in Fig. 21 a and b, at 0.01 T s, owing to the
ffects of stress and charge migration, the local damage occurs 
t the interface between the precipitate and matrix, leading to 

 filamentous gap. The strong stress concentration and great 
tress gradient are generated at the gap tips under the pre- 
ensile stress. As the SCCD proceeds (0.05 T s), the migration 

ffect leads to the rapid dissolution of the matrix in the ad- 
17 
acent area of the precipitate, the rapid expansion of the gap, 
nd the formation of a crescent-shaped gap above the pre- 
ipitate. At 0.1 T s, the further expansion of the gap geometry 

esults in the significant reduction of stress concentration and 

tress gradient. Therefore, in the diffusion-migration-stress- 
ontrolled SCCD process, the migration effect gradually takes 
he leading role and significantly weakens the stress concen- 
ration and gradient. 

The prestress induced mechanical damage along with the 
iffusion and migration-controlled corrosion can result in 

trong damage localization, which is more harmful to the 



C. Xie, S. Bai, X. Liu et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; June 14, 2022;3:8 ] 

Fig. 19. Stress-corrosion induced damage localization of Mg with a secondary phase: (a) hard phase; (b) soft phase; (c) unstressed crystal. 

Fig. 20. Dimensionless damage rate versus dimensionless time for different corrosion conditions of Mg alloy with secondary phases. 
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iodegradable Mg structures than any single effect, especially 

t the early stage of service. Therefore, for some medical Mg 

lloys designed for short-term service (such as sutures, sta- 
les, and other medical devices for which corrosion resistance 
s particularly important at the early implantation period), the 
ppearance of soft phases with high electric potential or cav- 
ties should be prevented as far as possible, to ensure that 
18 
he implants cannot be relaxed by premature damage local- 
zation and that they possess sufficient designed service life 
n the physiological environment [47] . In addition, the cyclic 
oading is also common for Mg structures servicing in bio- 
ogical environment. The simulation for the SCCD during the 
orrosion fatigue under cyclic loading is given appendix C . 
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Fig. 21. The contour lines of equivalent stress for Mg crystal with: (a) a soft precipitate; (b) a hard precipitate. 
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. Conclusions 

A thermodynamically consistent phase-field model is de- 
eloped for the SCCD localization induced by secondary 

hases. By imposing the Dirichlet boundary conditions of free 
orrosion potentials, the micro-galvanic corrosion domain is 
et. Considering the evolution of electric conductivity and di- 
lectric property with the corrosion proceeding and building 

he multi-physical field finite element framework of the pro- 
osed model, the localization in the diffusion and migration- 
ontrolled corrosion and the SCCD of the biodegradable Mg 

lloys servicing in the physiological environment are numer- 
cally simulated. Within the corrosion domain, the Nernst- 
lanck equation of mass transfer is extended by considering 

he buffering effect of the second gradient of electric poten- 
ials on charge migration. The quantitative evaluation of the 
oupled damage depth varying with corrosion time and the 
rack morphology of the C-ring are in good agreement with 

he classical experiments. Three crystal-scale cases are con- 
ucted to further validate the proposed model and offer some 
nsights into the damage localization process and valuable in- 
piration for resistance design. The following conclusions can 

e drawn: 

(1) For diffusion and migration-controlled corrosion, cor- 
rosion localization, followed by pit growth, pit coales- 
cence, and through-thickness progress, significantly ac- 
celerates the corrosion rate. The refinements of the pre- 
cipitate with the higher potential along the horizontal 
and vertical directions present a conflicting effect on 

the corrosion rate. Reasonable refinement is of great 
importance to the corrosion rate, and the segregation 

mechanism can be used to control the corrosion path. 
Conversely, the precipitate with the lower potential can 

act as the sacrificing anode to protect the Mg matrix 

from corrosion. In addition, 18R-LPSO phase and 14H- 
LPSO phase exhibit the opposite effects on the corro- 
sion resistance. 18R-LPSO phase acts as a protective 
barrier role to significantly improve the corrosion re- 
19 
sistance of Mg, while 14H-LPSO phase can accelerate 
the corrosion of the Mg matrix. The buffering effect, 
which results from the dielectric property degradation 

in the vicinity of secondary phases and accompanies 
with the migration, is capable of slowing down the cor- 
rosion rate and is promising for the restriction of the 
corrosion localization. 

(2) For the SCCD localization around the secondary phases 
in Mg alloys, the soft phases, with a higher electric po- 
tential than that of the matrix and worse mechanical 
damage compared to hard phases, possess weaker dam- 
age resistance and are prone to becoming the starting 

points of structural failure at the early stage of service in 

the physiological environment. At the early stage of the 
SCCD, the mechanical damage driven by the mechan- 
ical work accumulation resulting from the elastoplastic 
mismatch around the secondary phases can dramatically 

accelerate corrosion and result in severe damage local- 
ization. However, with the SCCD proceeds, the stress 
concentration and gradient can be weakened by the ex- 
pansion of the gap geometry between the precipitate and 

matrix. The damage resulting from the coupled effect is 
much greater than that due to any single effect. 

The current study provides a theoretical framework and 

ts numerical scheme for the quantitative evaluation of SCCD 

ocalization. The proposed model, which can be further cou- 
led with cathodic reactions, hydrogen-induced damage, mi- 
rostructural evolution, and cyclic fatigue loading, is expected 

o be applied to the design of multiscale structures of Mg al- 
oys or other materials servicing in corrosive environments. 
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Table A3 
Mechanical and corrosion parameters for the Mg alloy 

Parameters Value Unit 

Young’s modulus E 45,000 MPa 
Poisson’s ratio μ 0.35 - 
Yield stress σ y 72 MPa 
Strain hardening exponent N 0.152 - 
Interfacial characteristic thickness l c 0.005 mm 

∗Mobility for ion transport M 2 × 10 −6 mm 

2 /s 
Charge number z 2 - 
Dielectric constant of Mg E ε 0 100 mF/mm 

Faraday constant F 9.65 × 10 7 mC/mol 
∗Interface kinetic coefficient L 0 100 mm 

2 /(N · s) 
Free energy density curvature A 53.5 N/mm 

2 

Height of the double well potential w 33.3 N/mm 

2 

Average concentration of metal c solid 7.25 × 10 −5 mol/mm 

3 

Time interval before new passive film 

formed t 0 

10 s 

Strain required for film rupture εf 3 × 10 −3 - 
Exponential term in the FRDR formulation 
k 

0.0005 - 

Gas constant R 8314 mJ/(K · mol) 
Absolute temperature θ 300 K 
f Graduate School of Ningbo University, and Ningbo Sci- 
nce and Technology Major Project (No. 2022Z002 ). 

ppendix A 

First, the weak forms of the governing Eqs. (19) , (22) , 
25) , and (28) are formulated. 
 

Ω

( h 1 ( ϕ ) + κ) 
∼
σ: δε d V −

∫ 

∂Ω

T · δu d S = 0 (A1) 

 

Ω

∂ϕ 

∂t 
δϕ dV + L 

∫ 

Ω

ωδϕ dV + L 

∫ 

Ω

G c l c ∇ ϕ · ∇ δϕdV = 0 (A2) 

 

Ω

∂c 

∂t 
δcdV + M 

∫ 

Ω

∇ 

( 

[ c − h 2 ( ϕ ) ( c Se −c Le ) −c Le ] + 

zF c solid φ

2A −
Mz 2 F 2 c solid | ∇φ| 2 ∂ 

∫ t 
0 ( 1 −c ) dt 

∂c 
4 AR θ

) 

·∇δcdV = 0 (A3) 
able A1 
aterial parameters for corrosion. 

arameters Value Unit 

nterfacial characteristic thickness l c 0.005 mm 

Mobility for ion transport M 2 × 10 −10 mm 

2 /s 
harge number z 2 - 
ielectric constant of Mg E ε 0 100 mF/mm 

araday constant F 9.65 × 10 7 mC/mol 
Interface kinetic coefficient L 0 1 × 10 −2 mm 

2 /(N · s) 
ree energy density curvature A 53.5 N/mm 

2 

eight of the double well potential w 33.3 N/mm 

2 

verage concentration of metal c solid 7.25 × 10 −5 mol/mm 

3 

as constant R 8314 mJ/(K · mol) 
bsolute temperature θ 300 K 

ime interval before new passive film formed t 0 10 s 
train required for film rupture εf 3 × 10 −3 - 
xponential term in the FRDR formulation k 0.0005 - 
verage saturation concentration c sat 2.6 × 10 −6 mol/mm 

3 

nergy threshold coefficient k s 0 - 
urface energy density G c of {0001} plane 2.896 × 10 −4 mJ/mm 

2 

∗ the values used are for simulation acceleration. 

able A2 
echanical and corrosion parameters of C-ring experiments. 

arameters Value Unit 

oung’s modulus E 200,000 MPa 
oisson’s ratio μ 0.25 - 
ield stress σ y 535 MPa 
train hardening exponent N 0.073 - 
nterfacial characteristic thickness l c 0.05 mm 

Mobility for ion transport M 8.5 × 10 −2 mm 

2 /s 
Interface kinetic coefficient L 0 4.7 × 10 −3 mm 

2 /(N · s) 
ree energy density curvature A 53.5 N/mm 

2 

urface energy density G c 9.6 × 10 −4 mJ/mm 

2 

xponential term in the FRDR formulation k 0 - 
verage concentration of metal c solid 1.43 × 10 −4 mol/mm 

3 

verage saturation concentration c sat 5.1 × 10 −6 mol/mm 

3 

eight of the double well potential w 33.3 N/mm 

2 

nergy threshold coefficient k s 1 - 

Surface energy density G c of {10-10} 
plane 

2.992 × 10 −4 mJ/mm 

2 

Energy threshold coefficient k s 0.01 - 

∫

a
ϕ

t
a

u

w
N
(

c

∇
a

ε

w
e
a

i
o
t
r

r

20 
 

Ω

E ε ∇ φ · ∇ δφdV −
∫ 

Ω

zF c solid ( 1 − c ) δφdV = 0 (A4) 

The nodal degrees of freedom 

ˆ u (2i×1) , ˆ ϕ (i×1) , ˆ c (i×1) , 

nd 

ˆ φ(i×1) for the displacement field u (2 × 1) , phase field 

(1 × 1) , normalized concentration c (1 × 1) , and electric poten- 
ial φ(1 × 1) within an element with i nodes are interpolated 

s follows: 

 = N 

u ˆ u , ϕ = N ̂  ϕ , c = N ̂

 c , φ = N ̂

 φ (A5) 

here N 

u 
(2×2i) is a 2D displacement shape function, and 

 (1 × i ) denotes the shape function, wherein the subscript 
 row × column ) is used to define the number of rows and 

olumns of the matrix. 
Similarly, the associated gradient quantities ε (4 × 1) , 

 ϕ(2 × 1) , ∇ c (2 × 1) , ∇ φ(2 × 1) , and ∇ ∇ φ(4 × 1) are discretized 

s follows: 

 = B 

u ˆ u , ∇ϕ = B ̂  ϕ , ∇c = B ̂

 c , ∇φ = B ̂

 φ, ∇∇φ = B 

s ˆ φ
(A6) 

here the standard strain–displacement matrix B 

u 
(4×2i) , gradi- 

nt matrix B (2 × i ) , and second gradient matrix B 

s 
(4 × i ) are 

pplied. 
The weak form balances Eqs. (A1) - (A4) are discretized 

n time and space such that the resulting discrete equations 
f the balances for the displacement, phase field, concentra- 
ion, and electric potential can be expressed as the following 

esiduals: 

 

( n+1 ) 
u ( 2i×1 ) = 

∫ 

Ωe 

(
h 1 

(
ϕ 

( n+1 ) 
) + κ

)
( B 

u ) 
T ∼

σ d V −
∫ 

∂ Ωe 

( N 

u ) 
T T d S 

(A7) 
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( n+1 ) 
ϕ ( i×1 ) = 

∫ 

Ωe 

ϕ 

( n+1 ) − ϕ 

( n ) 

dt 
N 

T dV + L 

∫ 

Ωe 

ω 

( n+1 ) N 

T dV 

+ L 

∫ 

Ωe 

G c l c B 

T ∇ϕ 

( n+1 ) dV (A8) 

 

( n+1 ) 
c ( i×1 ) = 

∫ 

Ωe 

c ( n+1 ) − c ( n ) 

dt 
N 

T dV + M 

∫ 

Ωe 

B 

T 

( [∇ c ( n+1 ) − h 

’ 
2 
(
ϕ 

( n+1 ) 
)∇ ϕ 

( n+1 ) ( c Se − c Le ) 
]+ 

zF c solid ∇φ( n+1 ) 

2A + 

Mz 2 F 2 c solid ∇ ∇ φ( n+1 ) ·∇ φ( n+1 ) dt 
2 AR θ

) 

dV 

(A9) 

 

( n+1 ) 
φ( i×1 ) = 

∫ 

Ωe 

E ε B 

T ∇φ( n+1 ) d V −
∫ 

Ωe 

zF c solid ( 1 − c ) ( n+1 ) N 

T d V 

(A10) 

here the superscript () (n + 1) denotes the (n + 1)-th time step, 
 t is the time increment, Ωe is the element domain, ∂ Ωe is 
he element boundary, and ∇ ∇ φ(4 × 1) should be rearranged 

nto a second-order matrix. 
Subsequently, the tangent stiffness matrices are calculated 

s follows: 

 

( n+1 ) 
u, u ( 2i×2i ) = 

∫ 

Ωe 

(
h 1 

(
ϕ 

( n+1 ) 
) + κ

)
( B 

u ) 
T C ep B 

u dV (A11) 

 

( n+1 ) 
ϕ , ϕ ( i×i ) = 

∫ 

Ωe 

N 

T N 

dt 
d V + L 

∫ 

Ωe 

∂ω 

∂ϕ 

( n+1 ) 
N 

T Nd V 

+ L 

∫ 

Ωe 

G c l c B 

T B dV (A12) 

 

( n+1 ) 
c, c ( i×i ) = 

∫ 

Ωe 

N 

T N 

dt 
d V + M 

∫ 

Ωe 

B 

T B d V (A13) 

 

( n+1 ) 
φ, φ( i×i ) = 

∫ 

Ωe 

E ε B 

T B dV (A14) 

here C ep(4 × 4) is the elastic-plastic equivalent stiffness ma- 
rix. 

Finally, the linearized finite element system can be ex- 
ressed as follows: 
 

 

 

 

K u , u 0 0 0 

0 K ϕ , ϕ 0 0 

0 0 K c , c 0 

0 0 0 K φ, φ

⎤ ⎥ ⎥ ⎦ 

⎡ ⎢ ⎢ ⎣ 

u 

ϕ 

c 
φ

⎤ ⎥ ⎥ ⎦ 

= 

⎡ ⎢ ⎢ ⎣ 

r u 
r ϕ 
r c 
r φ

⎤ ⎥ ⎥ ⎦ 

(A15) 
21 
The finite element system is solved by employing a time 
arametrization and an incremental-iterative scheme in con- 
unction with the Newton–Raphson method. According to the 
lemental orders and the numbers of nodes and integration 

oints, the residual and stiffness matrices are built for the cur- 
ent step. The numerical model is implemented in the finite 
lement package ABAQUS through a user element subrou- 
ine. 

To ensure that the ion migration is inactive in the pure 
olid phase, the electric charge migration effect is shut down 

y setting z = 0 when ϕ ≥ 0.9. To keep the free charge 
uantity nonnegative and no more than the highest value, the 
alues of c on integration points are limited in the range 
f [ 0, 1 ] . In addition, to avoid the increase in the phase- 
eld order parameter ϕ at the beginning of the simulation, 

he Heaviside function that ensures that the driving force of 
amage is less than or equal to zero is applied. 

In addition, based on the weight loss method CR = 

KW 

Atρ [48] , in the current study, W 

ρ
= m l c 

2 can be defined 

s the corroded/damaged area, the dimensionless coeffi- 
ient K is set as 8.76 × 10 

4 , A = nl c can be defined as
he equivalent length of the upper surface of the cor- 
oded area, and t = pT s can be defined as the corro- 
ion time, wherein T s = 

l c 
L 0 G c 

is introduced as the reference 
ime. Thus, the corrosion/damage rate can be formulated as 
R = CR 0 L 0 G {0001} , wherein C R 0 = 

Km 

np G c / G { 0001 } is a dimen- 
ionless corrosion/damage rate. The relationship between the 
imensionless corrosion/damage rate CR 0 and dimensionless 
ime p is employed to characterize the evolution of the corro- 
ion/damage rate with time in the simulation results. It should 

e noted that the real corrosion/damage rate and time can be 
btained by the calibrating the reference time T s and kinetic 
oefficient L 0 based on the corrosion depth and corresponding 

ime in a standard experiment. 
The parameters for simulations are listed below: 

ppendix B 

The simulated surface morphologies of the corroded Mg 

ith randomly distributed precipitates are shown in Fig. B1 . 
t the early stage of corrosion (0.01 T s), owing to the charge 
igration under galvanic effect, some pits are rapidly formed 

round the precipitates. As corrosion proceeds (0.2-3 T s), the 
roposed model clearly simulates the formation of micro- 
alvanic corrosion localization in the adjacent area of the 
recipitates (0.2 T s), pit growth (1 T s), and coalescence (3 T s).
he simulation results of the surface morphologies are also in 

ood agreement with the experimental observations. However, 
he through-thickness progress and local corrosion activities 
nder the surface are not conveniently shown and observed in 

he 3D simulation, and the more important point is that, the 
omputational efficiency of the 3D model with more nodes 
nd integration points is much lower than that of 2D. 
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Fig. B1. Simulated surface morphologies of the corroded Mg with randomly distributed precipitates: at the early stage of corrosion (0.01 T s), some pits are 
rapidly formed around the precipitates; as corrosion proceeds (0.2-3 T s), the proposed model clearly simulates the formation of the micro-galvanic corrosion 
localization in the adjacent area of the precipitates that are represented by the absent elements (0.2 T s), pit growth (1 T s), and coalescence (3 T s). 

Fig. C1. Comparison of SCCD under prestress and cyclic loading: (a) damage evolution with increasing number of cyclic loading; (b) SCCD under prestress; 
(c) SCCD under cyclic loading. 
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ppendix C 

As shown in Fig. C1 a, with increasing number of the cyclic 
oading, the accumulation of plastic work gradually inten- 
ifies damage. Because the plastic work contributes to the 
riven force of SCCD, the damage under the cyclic load- 
ng ( Fig. C1 c) is much severer than that under prestress 
 Fig. C1 b). 
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