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ABSTRACT

It is vital to enable and establish both comprehension and simulation of
environment-induced damage processes for predicting the remaining ser-
vice life of engineering structures and components, conducting reliability
analysis, and designing to enhance the material’s overall resistance to such
damage. A fully coupled mechano-chemical peridynamic (PD) model for
environment-induced degradation, including corrosion, was developed
based on both peridynamic corrosion theory and the mechano-chemical
effect theory. When the conditions for phase transition are satisfied, the
movement of boundaries occurs autonomously, without requiring any
supplementary boundary conditions to be specified within the model. This
model effectively simulates degradation arising from the combined and
interactive influences of mechano-chemical phenomena. To validate the
model, in-situ electrochemical tests and stress corrosion cracking tests
were conducted, with the results used to explore the effects of stress and/or
load on the kinetics of environment-induced damage in an aluminum
alloy. The experimental electrochemical parameter values closely match
theoretical predictions, validating the mechano-chemical effects. As stress
levels increase, the corrosion potential of aluminum alloy 7050 shifts neg-
atively, corrosion current density increases, and the severity of corrosion
worsens. The explicit finite difference method was employed to simulate
the damage evolution of a typical stress corrosion crack in the aluminum
alloy. This numerical model easily simulates the morphological evolution
of corrosion pits with arbitrary shapes under different stress conditions
during growth. The numerical predictions closely match the experimen-
tal findings. This innovative study demonstrates that the fully coupled
mechano-chemical peridynamic corrosion model can accurately capture
environment-induced damage and is a valuable tool for investigating the
propagation and growth of such damage in aggressive environments.
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1 Introduction

Corrosion, or environment-induced degradation, often causes mechanical damage near the
surface of a material, whether it be a metal or an alloy, leading to a noticeable reduction in mechanical
strength [1]. When structures experience environment-induced degradation, such as corrosion, they
are frequently subjected to mechanical loading. All environment-assisted cracking phenomena have
one thing in common: corrosion, corrosion-assisted crack formation, and the progressive growth of
these cracks in response to mechanical loading, all of which contribute to the material’s gradual
degradation. These effects are exacerbated by the synergistic effects of material mechanics in aggressive
environments. To forecast the longevity of aircraft structures in corrosion environments, it is essential
to use a physics-based method to describe environment-induced damage and its spread.

In recent years, continuum models analyzed through finite element analysis (FEA) have been
utilized to independently explore the behavior of corrosion pits and the propagation of damage. For
instance, corrosion models employ material balance laws to consider diffusion, all the while forecasting
the growth of pits, morphology, and the influence of chlorine and other reactive species present in
the environment [2—4]. The investigation of damage propagation has been conducted by applying
a fracture mechanics-based simulation method, which serves to model crack growth in response to
tensile loads [5] and cyclic loads [6]. The partial differential equations (PDEs) forming the basis of
classical continuum mechanics do not apply directly to crack surfaces, as they assume continuity
which is disrupted by the presence of cracks. Additionally, FEM approaches require re-meshing of
the domain as damage or cracks propagate through the structure. These limitations have driven the
gradual development of the following methods: extended finite element method models [7-10], and
cohesive zone element method models [11,12].

These approaches need a dynamic relation to insert parts along the possible fracture route [13].
The cellular automata (CA) model offers an intuitive and straightforward way to simulate pitting
and general corrosion [14—16]. The CA model is frequently presented qualitatively, even though it
incorporates certain basic principles of electrochemical processes [17,18]. The phase-field method is
another important technology that can simulate variable interface problems and is effectively used
to model both pitting corrosion [19-22] and stress corrosion [23-26]. However, the surface strain
energy determines the total corrosion rate in the phase-field corrosion model, and the selection of
energy function has an obvious influence on the progression of damage in the PF model [27-29]. The
peridynamic approach, which simulates phase transitions by monitoring concentration at each node,
is distinct from the phase-field approach [30-32].

The advent and use of peridynamic (PD) theory have injected fresh vigor into the modeling of
localized corrosion. First presented by Silling in 2000 [33] and applied to solid mechanics, PD theory
was designed to handle the singularities in classical continuum mechanics (CCM) while dealing with
discontinuities. After more than 20 years of research, the peridynamic technique was effectively used
to model fracture formation in materials [34—37], heat transport [38—41], as well as multi-scale [42]
and multi-physics coupling issues [43]. In 2015, researchers made substantial gains by utilizing PD to
mimic localized corrosion for the first time [44]. This initial study yielded promising results, laying
the groundwork for further applications of PD in corrosion research. In 2017, De Meo et al. applied
the finite element approach to simulate peridynamic pitting corrosion, successfully capturing the true
morphology of pits and considering the influence of intermetallic particles [45]. Jafarzadeh et al. later
proposed a peridynamic crevice corrosion model, where the self-catalytic anodic dissolution kinetics
were considered as a concentration-dependent corrosion rate of metal ions. This simplification helped
to define the local dissolution flux at the boundary between solid and liquid straightforwardly, and
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the results demonstrated that diffusion transport and dissolution processes can accurately predict the
evolution of corrosion cracks [46]. Zhao introduced a peridynamic electrochemical corrosion model
that couples corrosion and fracture phenomena, simulating failure under the combined effects of
electrochemical corrosion and stress. This model determines the corrosion rate by solving electrostatic
problems while accounting for corrosion rate distribution on the anode surface. The simulation results
were validated using corrosion potential, corrosion current density, and corrosion depth, while also
revealing the presence of other forms of localized corrosion in real-world environments [47].

As the service conditions of marine engineering equipment become increasingly complex, tra-
ditional strength theories are no longer sufficient to explain the diverse and intricate failure modes
observed. Whether it involves the failure of large, macroscopic components or microscopic ones,
traditional corrosion research assumes that corrosion occurs only on the metal surface [48] and focuses
solely on the effects of surface hydrostatic pressure [49,50]. This approach neglects the chemical
reactions occurring within the metal and the effect of internal stress on the rate of corrosion. Many
researchers in the field of mechanochemical coupling concentrate on the mechanical effects induced
by chemical reactions [51,52], while relatively little concern was given to the impact of stress on the
kinetics of chemical reactions [53,54].

This led to concurrent research efforts aimed at modeling both the physics of corrosion and
damage propagation [55-58]. However, a computationally feasible approach for investigating the co-
evolution of environment-induced damage and its propagation through the microstructure remains
elusive. The various PD models utilized for investigating corrosion damage events are characterized by:
(1) distinct architectural frameworks, and (ii) being specifically configured to replicate specific aspects
of corrosion or its interaction with material mechanics. The advancement of peridynamic models
aimed at investigating corrosion-related processes is still in its infancy. There is an obvious need for
high-fidelity models that can accurately capture the multiscale processes and synergies intrinsic to the
corrosion mechanics [59].

In this study, we extend a recently published coupled mechano-chemical PD model by
Chen et al. [60] to account not only for mechanical damage caused by corrosion and mechanical
strains but also for material weakening due to corrosion chemistry. We propose, for the first time,
a fully coupled mechano-chemical PD model that simultaneously models both corrosion damage
and crack propagation. This research is arranged as follows: Part 2 includes a quick summary of
the corrosion model based on peridynamics along with the primary method for the linked corrosion
cracking model. The numerical solution approaches are explored in Part 3. Part 4 summarizes the
experimental methodologies, illustrating both the mechano-chemical action and stress corrosion
cracking. Finally, Part 5 presents key observations from the study and includes a brief discussion
of the findings.

2 Peridynamic Theory and Extension for Modeling Corrosion Damage
2.1 Peridynamic Approach to Modeling Corrosion-Induced Damage

In the electrolyte-metal solid biphasic system, the anodic reaction during the corrosion process is
considered as a dynamic process controlled by diffusion. This is often accompanied by a mechanism
of phase change that eventually leads to a spontaneous evolution at an interface. At the same time, the
occurrence of gradual corrosion within the chosen metal will be both at and near the surface. This will
favor in producing a certain thickness of the diffusion corrosion layer. Comparable to the formulation
using peridynamics for transient heat-transfer that was initially put forth by Bobaru et al. [3§], the
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peridynamic equations for a mass transfer system can be expressed by the relationship:

ac (X, Z) = k(x, .X/) C(x’ t) — C(;C’ t)dl/x’a (”x/ - x” =< 8) (1)
3l Hx “x, - x”

¢ (x, 1) refers to the concentration located at point x and time ¢, and k (x, x') represents a function
of mechanical damage:

k. (D), dx,)=1&dx, 1) =1
k(x,x)=10, dx, ) <1&dKx, 1) <1 (2)
ki, [dx,)ord(xX, D] <1&[d(x, Hord(x, ] =1
k. (D) denotes the microscopic diffusion coefficient of the liquid, which can be calculated by the
following formula [38,41]:
2D

—, ID
82
4D

ki (D)=1{—, 2D (3)
7 8?
9D
——, 3D
| 27 83

According to the bi-phase diffusion process in pitting corrosion, the metal ions will tend to
gradually diffuse from the interior of the solid to the liquid, and part of the metal in the subsurface
layer of the solid-liquid boundary will tend to corrode and eventually dissolve, resulting in an
observable amount of damage. We introduce a model that illustrates the progression of the relationship
between damage-induced effects and the reduction in concentration, focusing on concentration-related
damage:

1, c(x, 1) < Cu
Csolia — C (X,
d(-xa t) = ld—()a Coar < C(xa [) < Csolid (4)
Csolid — Csat
07 C(.X, Z) = Csolid

Eq. (4) indicates that reaching saturation in the solution signifies the complete breakdown of the
material, prompting us to break all mechanical linkages at the designated location. This signifies a
damage index of 1 for maximum damage, and a damage index of 0 when the concentration matches
that of undamaged metal.

When the solid material is gradually corroded to a lower concentration, the material point will
undergo a gradual change, transitioning from its solid state to a liquid state, and the microscopic
diffusion coefficient in solids corresponding to the material point of interest will also be converted
from the liquid micro-diffusivity. At the same time, the solid/liquid boundary will tend to move with it.

2.2 Mechano-Chemical Effect in Stress-Assisted Corrosion

A frequent type of corrosion that occurs if metal exposed to a harsh environment, whether it
be gaseous or aqueous, is electrochemical corrosion. The overall dynamics regulating electrochemical
corrosion are influenced by the presence of mechanical forces. Under some circumstances, mechanical
effects—whether in compression or tension—will frequently cause corrosion to accelerate. Stress
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directly affects the metal’s thermodynamic potential (chemical potential), which in turn alters the metal
corrosion equilibrium potential. This is the main mechanism by which stress affects metal corrosion.
Under the combined, interactive, and competitive influences of both an aggressive environment and
applied stress, there is a tendency for the magnitude of stress to alter the corrosion potential of the
selected metal. This will then tend to change the corrosion current density, which is expressed by the
relationship [61]:

Vit AP
i, = i, exp ( RIT ) (5)

In this expression, i, is the corrosion current density under the tensile load; i, is the anode
dissolution current density; V,,, represents the molar volume of the chosen metal; AP refers to the
volume component of stress; R means the gas constant, 7 is the absolute temperature.

Based on the Faraday’s second law, the metal dissolution current density (i,) is directly propor-
tional to the effective diffusion flux. The effective diffusion flu is proportional to the micro-diffusivity

(ks,.,)- Therefore, the micro-diffusivity can now be expressed as follows:
Vmo AP
K = Kaiss €XPp (#) (6)

where kg, refers to the micro-dissolvability for the unstressed material.

2.3 Peridynamic Mechanics Description of the Corroded Solid

The mechanical features of corrosion or deterioration brought on by the environment are as
follow: pitted areas are less able to support loads and are mechanically weaker than uncorroded areas.
In a similar vein, the peridynamic (PD) solid’s pitted areas will be less stretchable than the uncorroded
solid. We developed a peridynamic (PD) material model that may progressively weaken the material
mechanics according to the degree of corrosion or deterioration brought on by the environment in
order to reflect the reaction of the development of pitting. This is shown in Fig. 1.

Bond force, f

¢ corroded bond

Bond stretch, s

So

corroded un-corroded

Figure 1: Schematic of chemically sensitive peridynamic material model

By design, corrosion damage d (x, ¢) indicates the occurrence of corrosion at location x and at
time #: when the particle is un-corroded, d (x, ©) = 0; when fully-corroded, d (x, ) = 1; when the
peridynamic particle is corroded partially, 0 < d (x, #) < 1. We derive a governing equation that takes
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into consideration the mechanical effect of pitting corrosion by using a series of mathematical reasons
for the feature of a corrosion-degraded material [24,25,44]. This equation is presented as follows:

p(xX)ii(x, 1) = / O, x,0f W —u, x —x,)dVy+b(x, 1) (7)
H(x)

In Eq.(7),0 (x, X, t) = 0[d (x, t), d (x, ?)] is the stiffness degradation function, which can be
used to calculated the loss of load capacity of the bond connecting two peridynamic particles located
at x and x', for the damage due to corrosion. Furthermore, the bond between two particles is designed
to break under the following conditions:

s(x, X, 0) > s00(x, X, 1) (8)

Herep (x, X, ) = ¢[d (x, 1), d (x', 1)]is a “stretch degradation function”, which means an actual
reduction in the stretch threshold (s,).

The nature of degradation functions are developed to explain the behavior of the corroding
material via a series of mathematical restrictions. The stiffness degradation function [0 (x, X/, #)], which
is a measurement of how much the bond stiffness and has degraded as a result of the two particles’
corrosion pits showing up, may be found using the following expression:

Old(x,t),d(x, )] =[1 —ad(x, O)][1 —ad (X, 1)] )]

With values in the range 0 < o < 1, « is a specific constant in this equation that regulates the
pace at which stiffness degrades. One model parameter that lacks an easily accessible counterpart in
empirical or partial differential equation (PDE)-based investigations on the mechanics of corrosion is
the stiffness degradation parameter [c] in nonlocal peridynamic models.

Similarly, the equation for the function [¢ (x, X', £)], which indicates a decrease in the ability to
stretch—that is, the capacity to withstand strain without failing—is as follows:

pld(x, 1), d(x, D] =[1—Bd(x, D][1 — pd (x', D] (10)

B is the material system-specific stretch degradation rate parameter in this formula. Prior to
predictive modeling utilizing the peridynamic model of corroded solid, both « and B are material
system-specific peridynamic model parameters that need evaluation and calibration.

2.4 A Fully Coupled Mechano-Chemical Peridynamic Model

By presenting the peridynamic mechanics description of the corroded solid and related mechano-
chemical action, we linked the fracture model and corrosion model. Whereas the nodes in later model
contain concentration and information particular to corrosion-induced damage, the nodes in former
model carry information specific to mechanical strain-induced damage.

In summary, the peridynamic equation for a fully coupled mechano-chemical can be written as
follows:

p(x)ii(x, 1) = fH(X)G X, 0f W —u, x —x, )dV,+b(x, 1)

WD g k) D= D e <)
at > X — x| (11)
k, (D), dx, ) =1&d (¥, 1) =1
k(x, x) = 0, dx, ) <1&dx, 1) <1
ki, [dx, ordX,0)]<1&[d(x,t)ord(x,H]=1
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The relationship between the progression of corrosion-related damage, elastic deformation, and
damage index is summarized in Fig. 2. Beginning with Fig. 1’s right and left, we have the corrosion
dissolution that causes mechanical damage close to the corrosion front (refer to Eq. (4) for the
corrosion-dependent damage relationship). Eq. (11) is used to solve for and update the displacements
(and resulting bond stresses) when the damage-index is updated. Mechanical damage is more likely
to happen when the bond stretch is greater than the critical bond strain. Fig. 2 illustrates this. We
may update the corrosion rate (micro-dissolvability) that the selected metal experiences based on
the stress/corrosion connection provided by Eq. (6). Meanwhile, the material is weakened by the
corrosion field, which affects the peridynamic (PD) corrosion mechanics (Egs. (7) and (8)). This
material deterioration tends to lower the pitted region’s load-bearing capability, which causes thin
microscopic corrosion cracks to form early. It is preferred for the corrosion pits to serve as a focus
of concentration for stress. Furthermore, the load in a corroded solid is representative of an actual
structure that suffers corrosion, thanks to the coupled nature and evolution equations discussed above.
As a result, the peridynamic (PD) corrosion model presented here makes it easier to explain corrosion
damage events using physics when corrosion and an external stress are coupled.

mechano-chemical effect
Mechanics — Corrosion

degradation of corrosion

>
Q
ﬁ(‘ /59 \00
%, &
%, “\0‘3\
4, §
(v
Damage

Figure 2: Schematic of the fully coupled mechano-chemical peridynamic model

3 Implementation of Numerical Solution Methods

This part provides an overview of the framework for numerical solutions created to solve the
fully coupled peridynamic equations covered in Section 2. A peridynamic solid’s defining area can be
divided into discretized components (also known as nodal volumes) [i] with feature dimensions x; and
V: volume. The state-based peridynamic (PD) equation for motion can be discretized as follows by
substituting a finite sum for the volume integrals:

pit =3 {6 (5 %0 1) (Tl A1, — x) ~ Tl 1] (X~ 5)} ¥, + & (12

The term T [x;, 7] is a force state in space that is obtained while that degradation function denotes
a group of elements with which it shares a bond.

The computer code discretizes the corrosion field’s governing equations as follows:

| _ Z Dc (xf’ x;,) (wC (x;/;’ t) — e (x;, [)) dv, v
0 |, “en I€1° P

A numerical solution of the coupled equations is performed by using the single step method or
staggered method. In this paper, the coupling equations are in the form of a bidirectional coupling.
Moreover, to avoid the problem of excessive computation caused by small time increments in the single
step method, a staggered method was applied to solve the coupling equations numerically. Among

(13)
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them, the structural deformation field and the corrosion diffusion field are solved separately naturally.
The equation of motion was then used to solve the deformation field, and the equation of diffusion
equation was used to solve the concentration field. An explicit difference approach is applied to solve
the corrosion equation and the equation of motion numerically.

At
cntl/2 _ ep M e
u; =u; + Tu{.
+1 e n+1/2
U™ =ul + Aty

(14)

At
. e n+1/2 M ..
u’ = U; / + —u" !

1 2 1
' = Cr+ C'At

In which, n represents the number of time step [i] and j represents the number of material points,
At,, 1s the increment of time step in the motion equation and At; is the increment in the corrosion
equation. We employ the technique depicted in Fig. 3 to numerically model stress-corrosion cracking
for any boundary conditions.

e < Initialization ) AN

/
l\ < Input data and discretizations Ll [PID) g7t B |
\

(space,time) Geometry and Diffusion field |
: ({x).{u}, p. ©) /

e — = — —— — — — — — — — —_—— e — —

/ Main solver/Time AN
integration

Mechanics quasi-static

solver

Apply mechanical B.C.s and solve for Calculate damage d and update ¢
equilibrium(Eq.2); and 6;

Break all bonds that meet failure
Next time-step

[

|

I

|

I

| . .
I \ criterion.
I

I

|

|

\

|

Output C and d: Apply dlffusgr; ?4?3 and solve>
Update mirco-diffusivity k(Eq.3) Update C, d. @ and @
\ Transient corrosion-damage
N\ solver 4
~ e

Figure 3: Graphical illustration of the coupled corrosion solver

4 Experimental Procedure

In this study, flat tensile samples of 2-mm-thick aluminum alloy 7050 [having a longitudinal (L)-
transverse (T) orientation] were chosen. The composition of the chosen alloy was exhibited in Table 1
[62]. The yield strength [o,,] of the alloy is 445 MPa. The corrosion behavior of the as-provided
aluminum alloy 7050 in an EXCO solution [a mixture of NaCl (234 g/L) + KNO; (50 g/L) + HNO3
(6.3 mL/L)] under the influence of an applied stress corresponding to: (1) 45% o .,, (i1) 67% o, (iii) 89%
02, and (iv) 112% o, was systematically studied. The extrinsic influence of stress on overall corrosion
behavior, or response to corrosion, of the chosen aluminum alloy was investigated through an electro-
chemical analysis. In addition, the stress corrosion behavior of the pre-cracked 7050 aluminum alloy
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under constant load was also investigated through careful observation of the morphology at the fine
microscopic level. The samples are shown in Fig. 4.

Table 1: Chemical composition of aluminum alloy 7050

Elements Mn Ti Cr Fe Zn Si Zr Mg Cu Al
wt % <0.10 <0.06 <0.04 <0.15 5.7~6.7 <0.12 0.08~0.15 19~2.6 2.0~2.6 Bal

P —
15 IZZ‘-" | 41

Figure 4: Longitudinal-transverse-oriented sample used in tensile tests (without pre-crack) and stress-
corrosion cracking (with pre-crack)

)
N |
'y

All test samples were mechanically polished using 240, 400, 800, 1200 grit, and 1500 grit silicon-
carbide-impregnated sandpaper. To prevent the deionized water from corroding the surface of the
polished samples, absolute ethanol was used as a coolant during the polishing process. Subsequent to
polishing, the samples were ultrasonically cleaned for full 10 min using ethanol, before being rinsed in
deionized water and then dried using a hot air blower. To ensure repeatability of the test, three samples
were tested under identical conditions.

4.1 In-Situ Electrochemical Test under Stress

The device used for the in-situ electrochemical measurements under stress is shown in Fig. 5. In
essence, the sample’s working region lies in the middle of the selected test sample’s gage length section.
Silicon rubber was used to seal a 1 cm? working electrode region. An electrochemical workstation
[Model: P4000] with a three-electrode electrochemical system—a saturated calomel electrode (SCE)
as the reference electrode and a 10 mm x 10 mm platinum sheet as the counter electrode—was
utilized for the electrochemical testing. To enable the samples to attain the steady state, they were
submerged in the EXCO solution for the entire sixty minutes. Throughout this time, the open circuit
potential was closely observed. The potentio-dynamic polarization curve test scans from 500 mV
until the anode current density reaches 0.1 A-cm™. A sinusoidal AC disturbance potential of 10
mV is used in the electrochemical impedance spectroscopy test. The frequency range for scanning
is 10°~107? Hz. The experimental test data was analyzed and processed using the CorrTest software.
To ensure repeatability, the electrochemical tests were repeated for three times.

4.2 Stress-Corrosion Cracking in a Pre-Crack Plate

Fig. 6 depicts the apparatus used to measure stress-corrosion cracking. The uniaxial tensile
specimen utilized in the electrochemical test and the stress corrosion test specimens are nearly identical
in size. To examine the growth of the stress corrosion morphology of the selected aluminum alloy, a
4-mm prefabricated crack was placed in the center of the test sample. The stress-corrosion cracking
tests were performed in a laboratory air condition at ambient temperature [25°C]. Tensile specimens
were submerged in an EXCO solution for varying amounts of time, and test samples were subjected
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to stress levels of 45% and 89% o ,. Subsequent to immersion in an EXCO solution, the test samples
were subjected to the following procedure:

T T

I
1
I
1
T
I
e

hree-electrod
sysjem
1

I
I

computer

Figure 5: Schematic of the in-situ electrochemical test under stress [1 strain foil, 2 stress ring, 3 loading
nut, 4 pin hole, 5 specimens, 6 union joint, 7 Plexiglas container, 8 reference electrode, 9 counter
electrode]

ensile I i

Figure 6: Schematic of the stress corrosion device

(a) Soaked in 30 percent dilute nitric acid for 10-15 s to remove corrosion products on the surface,
(b) Ultrasonically cleaned using distilled water, and
(c) Dried using cold air from a hair dryer.

The intermediate position of the tensile specimen was cut to permit careful observation of the
effects of corrosion on surface morphology. Each test specimen’s surface was inspected by means of a
Field-Emission SEM at the highest permitted magnifications.

5 Results and Discussion

5.1 Validation of the Mechano-Chemical Effects

The temporal variations in the open circuit potential of aluminum alloy 7050 samples in the EXCO
solution under stress levels of 45% ¢, 67% 0,, 89% 0,,, and 112% o, are displayed in Fig. 7a. The
association between open circuit potential and applied stress is displayed in Fig. 7b. From Fig. 7a, the
tensile load clearly tends to increase both the electrochemical potential and activity of the metal. This
causes an observable reduction in the metal electrode potential, which tends to enhance the corrosion
current intensity in the loop and thereby increases the dissolution rate of the anode.
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Figure 7: Open circuit potential curves of aluminum alloy 7050 samples in an EXCO solution: (a) Open
circuit potential vs. time, (b) Open circuit potential vs. applied stress level

The potential polarization curves of aluminum alloy 7050 samples following immersion for full 60
min in an EXCO solution are displayed in Fig. 8a. The test outcomes are summarized in Table 2. The
polarization curves show a limited passivation zone. The corrosion potential [E..,,] falls as the applied
stress level gradually rises, yet the corrosion current density [I..,] rises. This clearly shows that there
is a propensity for environmental deterioration or corrosion to occur, and that the rate of corrosion
as a whole is steadily rising. A change in current density with stress level for the selected aluminum
alloy, i.e., 7050 samples, upon immersion in the EXCO solution is displayed in Fig. 8b. As the stress
level increases, the fitting curve reveals the corrosion current density to increase exponentially. This
discovery is concordant with the theory of mechano-chemical effects.
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Figure 8: (a) Potential polarization curves for different levels of applied stress. (b) Variation of current

density with stress

Table 2: Electrochemical parameters of dynamic potential polarization curves

Stress load E.../mV I.,.ymA-cm™ b,mV,,-dec™
45%0 > -751 2.5470 27.689
67%0, —754 6.3005 28.831
89%0 ., —759 9.7280 34.193
112%0, —765 17.682 48.003

https://www.scipedia.com/public/Lv_et_al_2025a

12



S. Lv, W. He, Y. Miao, W. Zhang and T. S. Srivatsan,
A fully coupled mechano-chemical digital model for

S I p E D I A environment-induced damage and damage propagation,
Rev. int. métodos numér. célc. diseno ing. (2024). Vol.41, (2), 24

5.2 Morphology of the Stress Corrosion

SEM observations of the morphology of the chosen aluminum alloy 7050 following immersion
for different hours and under different levels of stress are displayed in the following two pictures.
Specifically, in Fig. 9, the overall stress corrosion crack propagation process of aluminum alloy
specimens under 45%0 ., stress is shown. After 0.5 h, a gradually peeling corrosion diffusion layer
containing corrosion products can be seen on the surface of the specimen. When the corrosion time
is 1 h, the initial fracture path of the specimen can be observed, as shown in Fig. 9b, where the main
crack begins at the arc top edge of the pre-existing crack. The crack angle tends towards the lower
right corner. When the corrosion time reaches 2 h, the main crack continues to propagate in the initial
direction towards the lower right corner, as shown in Fig. 9c. The crack becomes deeper and forms
the final fracture path of the experiment. Fig. 10 shows the overall stress corrosion crack propagation
process of an aluminum alloy specimen under 89%0, stress. At 0.5 h, it can be observed that both
the primary and secondary cracks of the specimen have initiated, and both cracks begin at the arc top
edge of the pre-existing crack. When corroded for 1 h, the propagation speed of secondary cracks slows
down, and the main crack continues to propagate in the initial direction. At this point, on the path
of the main crack extending to the lower left, microcracks located at the lower left can be seen, about
to connect together. When the corrosion time reached 2 h, the main crack and the micro crack at the
bottom left did indeed connect and form the final fracture path of the specimen. Upon an elevation of
the applied stress, a distribution of tiny microscopic cracks was noticed both within and along the grain
boundaries. Also, the size of environment-induced degradation, i.e., corrosion-induced intergranular
microscopic cracks in the chosen aluminum alloy was noticeably larger. It is seen that there are more
pits distributed both at and along the edges of defects and the fine microscopic pores in the alloy
microstructure. This is essentially because of a gradual accumulation of a sizeable amount of corrosion
products around the fine microscopic pores caused both by the etch and other defects present in the
microstructure. When the level of applied stress rises significantly, the corrosion-induced products
become smaller in size and more compact in distribution. This clearly shows that the effect of applied
stress does bring about a change in the presence and distribution of intermetallic compounds in the
alloy microstructure, thereby favoring the probability for the early initiation of corrosion-induced pits.
Gradual growth of the corrosion-induced pits through the alloy microstructure eventually results in
the formation and presence of microcracks. They grow through the alloy microstructure and eventually
coalesce with other fine microscopic cracks resulting in the formations and presence of one or more
macroscopic cracks. Stress corrosion cracking at the tiny microscopic level is more likely to develop
when an aggressive aqueous environment and applied stress are combined to cause macroscopic cracks.

Figure 9: Scanning electron micrographs of 7050 aluminum alloy under 45% o, after immersion for
different time: (a) 0.5 h, (b) 1 h, (c) 2 h

https://www.scipedia.com/public/Lv_et_al_2025a 13



S. Lv, W. He, Y. Miao, W. Zhang and T. S. Srivatsan,
A fully coupled mechano-chemical digital model for

S I p E D I A environment-induced damage and damage propagation,
Rev. int. métodos numér. célc. diseno ing. (2024). Vol.41, (2), 24

Figure 10: Scanning electron micrographs of 7050 aluminum alloy under 89% o, after Immersion for
different time: (a) 0.5h, (b) 1 h,(c) 2 h

5.3 Validation of the Fully Coupled Mechano-Chemical Peridynamic Model

Subsequently, the morphology evolution a typical stress corrosion crack (shown in Fig. 10c)
after immersion for full 2 h under the influence of an applied stress of 89% of the yield stress
[00.] was numerically simulated using the MATLAB program developed in this study. The explicit
finite difference approach was used to solve the coupled mechano-electrochemical peridynamic (PD)
equation. A contour map of the damage indicator, showing simulation outcomes for the morphological
progress of a typical stress corrosion crack is shown in Fig. 11. A damage index of 0 means that the
metal is not corroded, while a damage index of 1 means that the metal has completely corroded and
dissolved in the solution. The color red indicates that the selected metal is fully corroded, whereas the
color blue indicates that the material is uncorroded. It is possible to visually view the pits’ shapes at
various growth stages and track the development of the corrosion pit’s boundaries at the same time.
The link is totally broken at the corrosion pit’s nucleation stage, which separates the solid from the
surface corrosion ions. The light green region indicates that the material does detach from the solid in
the next layer of the ion, and the likelihood of bond breaking, or rupture, owing to corrosion steadily
rises. Compared with other similar research results, the effectiveness of the numerical calculation
results based on peridynamic model in this paper has been verified [63,64].

,s damage index( real) in 50s

0 0.2 0.4 0.6 0.8 1
x [m)] <10

Figure 11: (Continued)
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Figure 11: Damage evolution of a typical stress corrosion cracking

6 Conclusions

Following an in-depth study of a fully coupled mechano-chemical peridynamic model for
environment-induced damage and resultant damage propagation following are the key findings:

1. A fully coupled mechano-chemical peridynamic (PD) corrosion model was developed using
peridynamics. This model directly captures the interaction between external stress and corro-
sion diffusion, providing insights into subsurface environment-induced damage in the selected
metal under mechanical loading. Under the condition of satisfying the phase transition
mechanism, boundary motion will naturally form without the need for additional boundary
conditions.

2. In-situ electrochemical tests and stress corrosion cracking tests were conducted to investigate
the impacts of stress on the kinetics of environment-induced damage in aluminum alloy 7050.
As stress levels increase, the corrosion potential of aluminum alloy 7050 shifts negatively, in
this case, corrosion current density rises, which further deteriorates the degree of corrosion.
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The experimental electrochemical parameter values closely match theoretical predictions,
validating the mechano-chemical effects.

3. The explicit finite difference method was employed to simulate the damage evolution of a
typical stress corrosion crack in the aluminum alloy. This numerical model easily simulates
the morphological evolution of corrosion pits with arbitrary shapes under different stress
conditions during growth. The peridynamic simulation model for stress corrosion cracking
(SCC) has excellent performance and can intuitively reflect damage caused by the interaction
of mechano-chemical environmental and loading conditions, highlighting its advantage.

4. In the initial conditions of the corrosion model presented in this paper, a starting corrosion
point is directly assumed, with a constant potential at the corrosion front interface. Once the
corrosion process begins, the solid metal at the anode continues to dissolve, with multiple
electrode reactions expected within the corrosion pit. The model only considers the anodic
reaction of a single metal, disregarding depolarization cathodic reactions and the protective
effect of passivation films. Future research can explore multi-scale simulations, which will be
significant for addressing challenges like corrosion damage evolution and life prediction of
equipment in corrosive environments.
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