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ABSTRACT

In this work, the peridynamic corrosion model is used for 3D simulation of pitting corrosion in
stainless steel. Models for passivation and salt layer formation are employed to predict detailed
characteristics of pit growth kinetic in stainless steels, such as lacy cover formation on top of the
pit, and the diffusion-controlled regime at the pit bottom. The model is validated against an
experimentally grown pit on 316L stainless steel in NaCl solution. Lacy covers in this model are
formed autonomously during the simulation process. They are remarkably similar to the covers
observed on top of the real pits.
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INTRODUCTION

Corrosion in stainless steel (SS) is of significant interest due to the wide application of this alloy,
with high mechanical strength and good corrosion resistance, in various industries. Pitting
corrosion in SS takes the form of localized pits growing under perforated (lacy) covers.'® Covered
pits are difficult to spot, and they can maintain stable growth.® Since stable pits are potential sites
for crack initiation, and can lead to catastrophic failure due to stress-corrosion cracking,’
predictive models for pitting corrosion in stainless steel are of great importance. Such models
could also be used to reveal the mechanisms of localized corrosion, and can help engineers and
material scientists with finding new methods to stop or slow down damage progression under
mechanical loading and environmental conditions.

While many models exist for pitting corrosion, there exist a few that take into account the lacy
cover on top of the pits in stainless steels. Most of these models include the lacy cover as a given,
known boundary condition, and study pit growth under such covers,®!l. However, lacy covers
influence pit growth and also are influenced by it, meaning that they should be obtained as part
of the solving procedures, not enforced as pre-determined boundary conditions. There are only a
couple of studies that model the actual formation of perforated pit covers.*?* Simulations in these
studies are either in 2D, or axisymmetric, which are different from the general 3D conditions.

In this study, a passivation criterion'* is used within the 3D peridynamic corrosion-damage
model*> 15, to predict the autonomous formation of lacy covers during the pitting process in
stainless steel.

©2019 by NACE International.

Requests for permission to publish this manuscript in any form, in part or in whole, must be in writing to

NACE International, Publications Division, 15835 Park Ten Place, Houston, Texas 77084.

The material presented and the views expressed in this paper are solely those of the author(s) and are not necessarily endorsed by the Association.

1



MODEL DESCRIPTION

In this section, the peridynamic theory for corrosion damage is briefly reviewed and the model is
presented. Then, the passivation and salt-layer models with application to modeling pitting
corrosion in stainless steel are discussed.

Peridynamic Theory

The theory of peridynamics (PD) is a nonlocal formulation of continuum mechanics which is
especially useful for modeling of static and dynamic fracture and damage problems.618
Governing equations in this non-local framework are in the form of integro-differential equations.
Contrary to partial differential equations used to describe classical local models, integro-
differential equations do not require the smoothness nor the continuity of the unknown fields. This
a significant advantage in modeling problems with evolving discontinuities such as crack
propagation,’®2% and corrosion progression.® 12 15 2425 Note that a crack is a discontinuity in
displacement field, and a corrosion front is a discontinuity between the metal and electrolyte
phases.

In the PD theory, each material point x, interacts with other material points X in its neighborhood.
The neighborhood is usually a sphere in 3D, centered at x called the Horizon of x (H,). The radius
of this sphere is called horizon-size and is denoted by é.

In classical local models, materials behavior is modeled via using relationships between various
guantities and derivatives of those quantities, at each point. In PD, models are developed by
describing the characteristics of pair-wise interactions of each point x with its neighbor points x.
In this nonlocal framework, the objects that carry each of these pairwise-interactions are called
bonds. For example, in PD diffusion equation for heat/mass-transfer, the transfer from x to x
occurs via the (x, X) “bond” (see Figure 1).

Figure 1. Schematic of a peridynamic body, and the nonlocal interactions of a generic
point x within its neighborhood H,.

Peridynamic Model for Corrosion Damage

Although PD was originally introduced for fracture problems,*® it can also be used to model heat
and mass transfer in bodies with evolving discontinuities.?*?® The nonlocal diffusion for mass
transfer, coupled with damage and phase-change models, is then employed to simulate the
evolution of corrosion damage in solids.*®
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The coupled set of equations 1 to 4, is the PD model for corrosion-damage:
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Equation 1 is the PD diffusion equation, C(x, t) is the concentration of metal atoms at point x and
time t, dV; is the differential volume at x, and k(x,x,t) is the micro-diffusivity of (x, X) bond at
time t. In the PD corrosion damage model, k is a damage-dependent scalar, and is calculated
from Equation 2. In this model, d(x, t) is the damage caused by the corrosion/dissolution process,
and is a real-valued scalar varying between 0 and 1. When d = 1, that denotes the liquid phase,
and if d < 1, that denotes the solid phase. Equation 2 states that for bonds with both ends in the
solid phase, k is zero; for bonds with both ends in the liquid electrolyte, k is k; and is calculated
from the classical diffusivity of the electrolyte (Ky). For interfacial bonds with one end in the liquid
and one end in the solid, k is equal to kgiss, Which is the quantity that controls the interfacial solid-
to-liquid mass flux. Since kq;ss drives the dissolution and determines the corrosion kinetics, it is
called the dissolution parameter. kgyiss can be easily calibrated to the current density measured
from the activation-controlled anodic reaction in the corrosion process.? Progression of corrosion
is modeled via a concentration-dependent definition of damage in Equation 3. In this equation,
Csolia 1S the concentration of metal atoms in the intact solid phase, and C,;, is the saturation
concentration of oxidized metal atoms in the electrolyte. The function u(x, %, t) in Equation 4, is
defined as a history-dependent binary scalar-field (equal to either O or 1). Damage in PD fracture
models is a function of x, which determines whether a bond is intact and is able to carry
mechanical force (u = 1), or that the bond is broken and is unable to carry force (1 = 0). In the
PD coupled corrosion-damage model, the set of equations 1 to 4 need to be solved for C(x,t)
and u(x, %, t). Details of the model derivation are available in the literature.!> 24

Note that the described set of equations is the general PD corrosion model. For different types of
corrosion, like pitting, intergranular, etc., the appropriate function k(x, X, t) should be specified, as
particular “constitutive models” for each of the corrosion types.'? 24

Peridynamic Model for Pitting Corrosion in Stainless Steel

In the case of pitting corrosion in stainless steel, three mechanisms exist that have major
contributions to the overall evolution of corrosion damage in these materials. In particular, to the
formation of localized pits, growing under lacy covers. These mechanisms are: 1) partial
passivation of pit walls and active underneath corrosion; 2) undercutting the passive surface and

pore formation; and 3) salt layer presence and diffusion-controlled corrosion at the pit bottom.3*®
29,30
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Partial passivation of the pit walls are due to the local acidity drop close to the pit mouth, in
response to the low concentration of oxidized metal atoms in that location.3* Corrosion underneath
the passive region continuous and once reached the surface, the thin (nano-meter thick) passive
film breaks and the pores are created.® 3032

Diffusion controlled regime at the pit bottom is the result of salt-layer formation when dissolution
flux exceeds the diffusion flux in the pit, and saturates the electrolyte.?® The salt-layer presence
reduces the local corrosion rate and balances the dissolution flux with the diffusion flux.?®

Three simple models have been proposed to implement these mechanisms within a PD corrosion
damage model.*?> The models were used with a 2D formulation to simulate pitting corrosion on
the edge of a 304 stainless steel foil.}2 Here, the brief descriptions of these models are given. The
details are available in that study.'?

Passivation Model

Using a concentration-based criterion for passivation,* when the concentration of oxidized atoms
at a liquid point near the corrosion front drops below a critical value (C..:), the solid region in the
horizon of that liquid point (if any) is passivated. This is done by assigning a permanent zero value
to kgiss for the interfacial bonds, connected to the passivated region. With this model, the passive
region stops being corroded.

Passive-film Rupture Model

To model the passive film break down at pore locations, the passive region in the PD model is
simply removed when it is fully surrounded by the electrolyte from both sides: outside and inside
of the pit. Details are available in the reference.'?

Salt-layer Model

To model the effect of salt-layer presence, when the concentration at a liquid node near the
corrosion front exceeds C,,;, then corrosion of the solid region inside the horizon of that liquid
node (if any) is stopped temporarily. Dissolution can resume when the concentration of that
oversaturated liquid node drops back to a value below Cg,; due to out-diffusion from the pit.
Consecutive corrosion “stop-and-go” in interfacial bonds connected to oversaturated nodes,
occurs within the small time steps (milliseconds), and makes the dissolution flux follow the
diffusion in the electrolyte in the global corrosion time-scale, as one would expect from the
diffusion-controlled regime. See the reference for details.!? 23

Discretization and Numerical Method

For 3D simulations, the spatial domain is discretized with a uniform grid. To solve corrosion
progression in time, total time is also divided into equal time steps. At each time step, one-point
Gaussian integration is used to perform the spatial quadrature in Equation 1. Then, the Forward
Euler method is used to update the concentration values for the next time increment. Damage
and micro-diffusivity values are then updated according to Equations 2 and 3. A special stochastic
procedure is used to update u values for each bond.*® This novel stochastic procedure, introduces
a randomness in shape of the computed corrosion pits similar to one observed experimentally in
materials in which heterogeneity is relatively small. This micro-scale randomness represents
some of the micro-structural heterogeneity of the material which is not explicitly included in the
model.'? Note that the overall characteristics of the corrosion, like the pit size and the rate of
dissolution remains deterministic.'? Specifics of the discretization schemes, the numerical
procedures, and the stochastic scheme are found elsewhere. 24
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RESULTS AND DISCUSSION

In this section, the 3D model is validated against a published experiment on pitting corrosion in
316L stainless steel.®

Experiment Description

This experimentally observed pit is grown at room temperature, in 0.1 M NaCl solution, under
potentiostatic condition of applied 700 mV potential (vs SCE).3* The activation-controlled current
density is measured as 53 KA.m2 at pit initiation.3*

Computational Model Setup

In this part, the selection of the model parameters is discussed. Then, the discretized model with
specific initial and boundary conditions is provided.

Model Parameter Selection

Given the composition of the 316L alloy,** and knowing the density and molar mass for each
element, C,,;4 for the alloy is calculated to be 163,200 mol.m=. Cg,, value for oxidized metal atoms
in NaCl solution at room temperature is taken 4,600 mol.m= which is measured from dissolution
of FeCl, salt in water.®® Diffusivity in the liquid phase, K, is taken to be the diffusivity of Fe?* ions
in the electrolyte, which is calculated to be 8.6x10° m?.s for room temperature.®® The critical
value (C..) for the passivation criterion is reported to be about 2,500 mol.m3.3¢

The dissolution parameter for interfacial bonds needs to be calibrated for this metal-electrolyte
system. According to the given activation-controlled current density 53 KA.m?, kg is calibrated
to be 4.3x10* m™.s1. The details of the calibration procedure are explained in literature.!? °

Note that once, kg is calibrated for a specific potential and metal-electrolyte system, simulation
of corrosion under other potential values are also possible, according to the Tafel equation.'? 1°

Discretized 3D Model and Initial and Boundary Conditions

The domain of the computational model is a 120x120x100 ym?® cuboid. Similar to the 2D
simulation case in another study,? the horizon size () is selected to be 4 ym.

This domain is discretized using a uniform grid with 1 uym grid-spacing in each of the three
dimensions. Inclusions and imperfections on the passive film are understood to be the reasons
for pit initiation.®”- %8 To model the initiation, a spherical initial pit with radius 5 um, filled with Cg,;
is placed at the center of the top surface of the domain. The metal concentration value in the rest
of the domain is C,i9(representing the intact, bulk solid).

The boundary condition at the top surface is constant zero metal concentration. This condition
mimics the presence of a dilute bulk electrolyte outside of the pit. No-flux boundary conditions are
imposed on the sides and bottom of the corroding domain. Details of imposing boundary
conditions in nonlocal models are found in literature.?’: 3% 40

Time step in this simulation is selected as 0.001 s, in order to maintain the stability of the Forward
Euler scheme for time integration.

Simulation Results

Using the model and the input parameters mentioned above, a 3D PD simulation is performed for
100 seconds (physical time) of pit growth in 316 stainless steel. Figure 2 shows the evolution of
metal concentration through a median cross-section of the domain. The interplay between
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passivation and perforation stages are observed during the pit growth. The noticed dish-shape
geometry of the pit is due to the salt-layer model under diffusion-controlled regime.

CON

5500
5000
4500
4000
3500
3000
2500
2000
1500

100 sec

1000
500

Figure 2. Snapshots for the time-evolution of metal concentration obtained by the 3D
peridynamic simulation for pitting corrosion in 316L stainless steel in 0.1 M NaCl
solution, under application of 700 mV(SCE) for 100 seconds. Autonomous formation of
lacy cover on top of the pitis noticed due to repeated passivation and perforation events.

Note that the lacy cover is formed autonomously during the simulation process, due to the models
for passivation and the passive-film rupture, incorporated into the general PD corrosion model.

Figures 3a and 3b, are respectively the lacy covers of the real and the simulated pits. Figure 3c
shows the 3D visualization of the underneath pit morphology obtained by the peridynamic
computational model. The pit shape and depth-to-width aspect ratio are in the range of the values
reported in 3D experimental observations for covered pits in stainless steels.t 41 42

Similar patterns are noticed between the simulated and the experimental lacy cover, such as the
narrow piecewise perforations along different segments. This type of predictions of the lacy cover
formation are unique, to the best of the authors’ knowledge. The reason for the asymmetric cover
and random distribution of pores in it is the stochastic procedure used in solving equations 3 and
4.1524 Note that the randomness acts at the bond-level and the main characteristics of the pit, like
growth rate, depth-to-width aspect ratio, and porosity of the cover are deterministic.'? 24

15 pm

(a) (b) (©)
Figure 3. a) Lacy cover of the experimental corrosion pit grown on 316L stainless steel
in 0.1 M NaCl at 700 mV (SCE); b) Lacy cover from the 3D peridynamic simulation of
pitting corrosion for the same material and environment; c) the 3D under-cover pit from
the peridynamic simulation.
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CONCLUSIONS

In this study, the peridynamic coupled corrosion-damage model is used to perform a 3D
simulation for pitting corrosion in stainless steel. Models for passivation, passive-film rupture, and
salt-layer formation are incorporated into the general 3D PD corrosion-damage model to predict
the details of the pitting corrosion process in stainless steel. The PD model is able to uniquely
reproduce the lacy cover complex morphology on top of the pit observed experimentally. The
model is validated against an experimental pit in 316L stainless steel in NaCl solution under
potentiostatic condition. The pit shape is also found to be in agreement with experimental
observations for other covered pits in stainless steel.' 3 The relatively complex phenomena of
formation of lacy covers in pitting corrosion are well reproduced by the model described in this
paper, a model that probably uses the smallest possible set of input data: activation-controlled
current density, diffusivity of the electrolyte, and concentration-based criteria for saturation and
passivation. The validated simulation results suggest that the PD corrosion-damage model is a
promising tool for engineers and scientists concerned with the mechanisms and kinetics of
localized corrosion in stainless steels.
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