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Introduction

Corrosion, the degradation of materials due to their reaction
with the environment, is arguably one of the most long-
standing challenges in materials engineering.! Despite
decades of research, the prediction of corrosion failures
continues to be an elusive goal,? and this comes at a great
cost—only in the UK, the yearly cost of corrosion exceeds
49 billion pounds. Predicting corrosion failures is thus a
highly sought-after endeavor, but also a remarkably chal-
lenging one.’ Interpolating laboratory data is of little use and
delivering reliable, mechanistic predictions would require
the simulation of all the relevant coupled electrical, mechan-
ical, and chemical phenomena governing the evolution of
the corrosion front. Moreover, modeling the morphology of
evolving interfaces, such as the electrolyte—metal one, is a
notorious mathematical and computational undertaking as
it requires defining moving interfacial boundary conditions
and manually adjusting the interface topology with arbitrary
criteria when merging or division occurs. Tackling this latter
obstacle has been made possible by the emergence of phase-
field models. Interfaces are no longer sharp, but instead
smeared over a finite domain and described by means of an
auxiliary field variable, the phase-field order parameter ¢,
which takes distinct values in each of the phases (e.g., 0 and
1) and exhibits a smooth change between these. This implicit
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Phase-field simulations opening new
horizons in corrosion research

This article overviews a new, recent success of phase-field modeling: its application
to predicting the evolution of the corrosion front and the associated structural integrity
challenges. Despite its important implications for society, predicting corrosion damage has
been an elusive goal for scientists and engineers. The application of phase-field modeling
to corrosion not only enables tracking the electrolyte-metal interface, but also provides an
avenue to explicitly simulate the underlying mesoscale physical processes. This lays the
groundwork for developing the first generation of mechanistic corrosion models, which can
capture key phenomena such as film rupture and repassivation, the transition from activation-
to diffusion-controlled corrosion, interactions with mechanical fields, microstructural and
electrochemical effects, intergranular corrosion, material biodegradation, and the interplay
with other environmentally assisted damage phenomena such as hydrogen embrittlement.

description of interfaces brings multiple computational
advantages, including (1) defining the interface equation in
the entire domain, such that no special treatment of the inter-
face is needed; (2) the ability to naturally capture topologi-
cal changes such as merging or divisions of interfaces; and
(3) the possibility of easily combining the interface equa-
tion with equations describing other physical phenomena,
so-called multiphysics modeling. In corrosion, being able
to track the morphology of the corrosion front, including
features such as pits and cracks, is of utmost importance as
the problem is strongly coupled—the shape of the corrosion
front depends on the local chemical and mechanical fields,
but the local chemical and mechanical fields are themselves
dependent on the corrosion front morphology (e.g., stresses
increase with pit sharpness and the pH changes drastically
from the bulk to the inside of occluded areas such as pits and
cracks). As a result, phase-field simulations offer an exciting
pathway to combine the modeling of the electro—chemo-
mechanical phenomena at play with a computationally com-
pelling strategy for describing the evolution of the corro-
sion front. In this way, the complicated physical processes
that govern corrosion, from local electrolyte behavior to
microstructural anisotropies, can be explicitly simulated,
reducing the number of assumptions and providing mecha-
nistic, physically based predictions. This opportunity is also
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Figure 1. The challenge of predicting corrosion failures. lllustration depicting typical phenomena involved in stress-corrosion
cracking, with the variables that correspond to nodal degrees of freedom in a finite element implementation highlighted in blue.
The phenomena displayed include the transport of ions due to fluid flow, diffusion and electromigration, the deformation of the
metal, the absorption of hydrogen by the metal, and its transport within the crystal lattice. Material dissolution and the electro-
lyte-metal interface are described using a diffuse phase-field approach.

facilitated by the continuous increase in computer power; it
is now possible to simulate numerous concurrent physical
processes occurring in both the material and the environment
(chemical reactions, ion transport, material deformation and
fracture, transport of diluted species, fluid flow)—see Fig-
ure 1. The differential equations of these physical processes
are known, and the research challenge lies in establishing
universal coupling relationships. Thus, guided by critical
experiments, the combination of phase-field approaches and
multiphysics modeling can bring the virtues of computer
simulations to the discipline of corrosion.

The first computational phase-field models for corrosion
go back to the mid-to-late 2010s.*"'!" Seminal works include
those of Mai and co-workers,*”!2 showing how phase-field
corrosion models can naturally capture both diffusion- and
activation-controlled corrosion, as well as the transition
from one to another. Later, Cui et al.'* provided a rigor-
ous thermodynamical framework for phase-field corrosion
and introduced the interplay with mechanics, extending the
model to capture how corrosion kinetics are accelerated by
mechanical fields and pioneeringly incorporating the role of
film rupture and repassivation. Their model was built upon
Gutman’s mechanochemical theory14 and exploited the
connection between the current density and the phase-field
mobility coefficient to define a mechanics-enhanced mobil-
ity coefficient. In addition to the coupling with mechanics,
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another key extension was to account for the role that the
electrochemical behavior of the electrolyte plays in mate-
rial dissolution.®!1215717 By obtaining numerical solutions
for the distribution of relevant ionic species (Nernst—Planck
equations) and electrostatic potential (local electroneutral-
ity), the role that variations in concentration and electro-
static potential play on both reaction rates and electrolyte
ionic conductivity can be captured. The field has flourished
in recent years and phase-field corrosion models have been
extended in multiple directions to resolve the complexity
of corrosion phenomena.'® Multiphase-field formulations
have been developed to capture the role that other evolv-
ing phases can play in corrosion, such as hydrides'*** or
insoluble corrosion products.'®?! The microstructural
anisotropy has been accounted for, both at the mechanical
and electrochemical levels.???* Makuch et al. have proposed
a general boundary condition for the solution potential that
enables capturing the formation and charging dynamics of
the electric double layer.”® The interplay with mechani-
cal fracture and other relevant environmental degradation
phenomena such as hydrogen embrittlement has also been
considered, through novel multiphase-field approaches.”**2>
And phase-field corrosion models are opening new grounds
in areas where computational simulations are strongly
needed, such as biomaterials where they can enable fast (vir-
tual) experimentation and provide highly sought “in vivo”
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Figure 2. A diffusion-phase-field description of the evolution of a
corroding metal assuming no mechanical straining and neglecting
the influence of electric and electrochemical fields.

predictions.?®?” Examples of these and other applications
are provided next, together with a brief description of the
theory underlying these models. Emphasis is placed on the
generality of the framework, its potential to mechanistically
unravel the complexity of corrosion and the challenges and
opportunities ahead.

A phase-field model for corrosion

Let us provide a simple description of the governing equa-
tions underlying phase-field modeling efforts. To this end, we
consider a system of free energy F and begin by adopting
the simplest possible phase-field corrosion model, where only
material dissolution and metal—ion transport are considered.
Later, the role of material deformation and electrochemistry
are discussed.

Fundamentals of phase-field corrosion

Consider a metal exposed to a corroding electrolyte, as per
the sketch of Figure 2. We define two primary fields: a phase-
field order parameter ¢, describing the short-range interac-
tions (material dissolution), and a normalized concentration of
metallic ions ¢, describing the long-range interactions (metal
ions diffusing away from the corrosion front into the electro-
lyte). The latter is defined as ¢ = cm/csolid> Where ¢y is the
concentration of metal ions and cig the concentration of ions
in the metal, such that ¢ = 1 in the metal and then decreases
within the electrolyte until reaching ¢ = 0 in electrolyte loca-
tions far away from the corrosion front.

As per the usual phase-field formalism,”® ¢ is a conserved
field variable constrained by mass balance considerations and
¢ is a nonconserved field variable used to indicate which phase
is present at a particular location (metal ¢ = 1 or aqueous

electrolyte ¢ = 0). Noting that the gradient of one of these quan-
tities suffices to characterize the interface contribution, we can
write the free energy of the system as:

F=Fy+Fi= / (fale.d) + /(Y)Y

—

= [ (e + S 02)ar.

where f; and f;, respectively, denote the chemical free energy
density and the interface energy density, with the latter being
a function of the phase-field gradient and the gradient energy
coefficient a.

The balance equations are then obtained by minimizing the
free energy of the system F', such that,

d¢ SF afc 2
= =—L— =—L[ 2L —aVv

SF
%(x,t)=V-MV—=V-M(Va‘—fC>, 3
at Sc dc

where L is the so-called phase-field mobility parameter, and
M is the diffusion mobility coefficient, which can be rewritten
as M = D/(24), where D is the diffusion coefficient and 4
is a temperature-dependent free energy density proportional-
ity constant, also known as the free energy density curvature.
Equations 2 and 3 are often referred to as the Allen—Cahn
(relaxation) and Cahn—Hilliard (diffusion) equations, with the
latter here devoid of a gradient term. The chemical free energy
density f; can then be defined considering that the concen-
tration at any point is evaluated as the weighted sum of the
solid and liquid concentrations. Accordingly, for a double well
potential g(¢) = ¢2(1 - ¢)2 with weight w,

Je(e,9) = h(@)fs(cs) + (1 — h(P)flcr) +wg(9), 4
where /(¢) is an interpolation function that must satisfy
h(0) =0 and A(1) =1 and #'(0) = #'(1) =0; a common
choice is i(¢p) = —2¢> + 3¢2.>%13 As discussed in the Appen-
dix of Reference 15, the height w and gradient energy coef-
ficient o can be related to the interface energy per area y and
its thickness £ as:

y = W and 0= 8—0(. 5
18 w

It remains to define the constitutive choices for the liquid
and solid parts of the chemical free energy density, fi and fs,
respectively. A popular approach in the phase-field corrosion
community is to adopt the so-called Kim—Kim—Suzuki (KKS)
model,”” whereby the material is regarded as a mixture of two
coexisting phases at each point and local equilibrium between

the two phases is always assumed. Accordingly,

dfs(es)  dfiler)
des ’

c=h(¢p)es + (1 — h(¢))cr and
S dcr
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where cg and ¢t respectively denote the normalized concentra-
tions in the solid and the liquid. Assuming a similar A4 for the
solid and liquid phases, the free energy densities read:

fs = A(cs — cse)? = A(cs — 1)* and

2
fi=AleL — cre)? =A(CL - ﬁ) , 7
Csolid

where ¢se = Csolid/Csolid = 1and cre = Csat/ Csolid are constants
denoting the normalized equilibrium equations in the solid
and liquid phases. Here, ¢y is the saturation concentration, at
which the surface concentration of metal ions can no longer
increase due to the precipitation of a chloride salt film and thus
corrosion becomes governed by the diffusion of metal ions
away from the corrosion front (diffusion-controlled corrosion).
Finally, inserting these constitutive choices into Equations 2
and 3 renders the following local balance equations:

d
P _L{2A(cte — Dle — h@)(1 — cLo) — e (@)

+wg' (@) —aV3ie},

ot

%j =V -DV[c = h($)(1 — cLe) — cLel. 9
Solving these differential equations numerically enables
predicting the evolution of the corrosion front, for arbitrary
geometries and dimensions, based on thermodynamic and
kinetic principles. Moreover, the model can naturally capture
(without “ad hoc” criteria) the transition from activation-con-
trolled corrosion to diffusion-controlled corrosion; when the
normalized metal—ion concentration (¢ = cm/csolig) becomes
close to cre = csat/Csolid- The diffusion- versus activation-con-
trolled corrosion competition is governed by the ratio between
the phase-field mobility coefficient L and the diffusion coef-

ficient D, which dictates the rate-limiting process.
Therefore, parameters D and L play a key role in the pre-
dicted corrosion kinetics. The diffusivity of metal ions is
known and on the order of D = 1 x 10~% mm?/s, taking a
value of D = 8.5 x 10~* mm?/s for steel ions.>° The phase-
field mobility parameter L can be quantitatively related to the
corrosion current density 7, as follows. Considering conditions
of activation-controlled corrosion, the velocity of the corro-
sion front vy, is related to i through Faraday’s second law for

electrolysis:
! 10
"7 Fewia’

Here, z is the average charge number (z = 2.1 for steels)
and F is Faraday’s constant. Recall now the phase-field cor-
rosion balance equation, Equation 2. Since v, o d¢/dz, the
combination of Equations 10 and 2 implies that the interface
mobility coefficient is proportional to the corrosion current
density: L o i. Accordingly, for any corrosion current den-
sity (e.g., ia), the associated mobility coefficient (L,) can be
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readily determined if the proportionality constant is known for
another current (e.g., Ly /ip); for example,
L
Ly =ip—. 11
b

Therefore, one can run a uniform corrosion simulation
with an arbitrary choice of L, yet sufficiently small so that
it falls within the activation-controlled corrosion regime,
compute the corrosion velocity v, and use Equation 10 to
estimate the current density associated with that L. Once the
L/i ratio is known, Equation 11 can be used to obtain the
interface mobility coefficient for any given corrosion current
density. The remaining parameters of the model are the free
energy density curvature 4, the concentration of atoms in the
metal cgoliq, the saturation concentration cg,t, the interface
energy per area y, and the phase-field length scale ¢, with
the choice of the last two determining the gradient energy
coefficient o and the energy barrier height associated with
the double well potential w. The concentration quantities
are well established; for the iron-based model system under
consideration: csojig = 143 mol/L*! and cgae = 5.1mol/L.>? The
Gibbs (chemical) free energy density is usually approximated
with parabolic functions for both liquid and solid phases
and a choice of 4 = 5.35 x 107 N/m?, yet this choice could
arguably be improved by using first-principles calculations
or establishing a connection with a thermodynamic database
such as CALPHAD 3> The same applies to the interface
energy per area, typically taken to be y = 10 N/m. It should
be noted that the choices of y and one of the phase-field
model parameters (£, o, w) will determine the other two, as
per Equation 5. Also, the interface energy y and the gradient
energy coefficient o can be related through the barrier of
between bulk properties of coexisting phases (Afmax), a
measurable property, as y = +/a Afmax - However, a common
practice in the phase-field corrosion community has been
so far to set £ based on numerical considerations, and thus
determine « and w from this choice (and that of y, which has
a physical background).

The aforementioned choices of model parameters have
numerical implications, as they make the resulting partial dif-
ferential equation stiff. Consistent with the above discussion,
consider the following standard choices of parameters: y = 10
N/mm, £ =5 x 107°m, D = 8.5 x 1071%m%s, L = 2 m%(N
5), 4 =5.35 x 10" N/m?, cgolig = 143 mol/L, and cee = 5.1
mol/L. These lead tor = 7.5 x 10N and w = 2.4 x 10" N/
m?, as per Equation 5. Then, the governing equations can be
approximated as

%‘f =2 x 10%[c — 0.04 — 0.96A(¢) 1 (¢)

—48x107g'(¢) + 1.5 x 1074V?9,

3
%€ 85 % 107192 — 8.5 x 107 19V2[0.964($) + 0.04].

ot
13
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Figure 3. A coupled mechanics-diffusion-phase-field descrip-
tion of the evolution of a corroding metal undergoing mechanical
straining and partially protected by a passive film.

It can be readily noticed that while the coefficients of the
reaction and diffusion terms in Equation 13 are in the same
magnitude, O(10719), there is significant disparity between
the coefficients of the phase-field equation—up to 12 orders
of magnitude difference, 0(108) versus O(10™%), making the
problem very stiff with respect to ¢. This could require the use
of small time increments in a backward Euler setting, which
has prompted the development of space—time adaptive finite
element approaches.®>*® Numerical convergence can be facili-
tated by using instead a non-dimensional form of the governing
equations. >’

Phase-field corrosion and mechanics

Let us now consider the interplay with mechanics, as sketched in
Figure 3. A mechanical free F,, can then be defined, such that
the free energy of the system reads,

F = Fo+Fi + Fn = / Fo(es ) +Fi(VD) +fin( )V

= [ (ko) + 507 + @) )ar.

14
where fi, is the mechanical energy density and v is the strain
energy density, which is dependent on the strain tensor €. The
interpolation function 4(¢), degrading the strain energy den-
sity, has been chosen to be the same as that used in Equation 4,
for simplicity, but other choices are also possible.*®

The strain energy density can be divided into its elastic and
plastic counterparts. For example, consider a metal that exhibits
power law hardening, as described by the following relationship
between the flow stress or and the equivalent plastic strain eP:

EeP\V
or=oy(14+—] , 15

where oy, is the initial yield stress, £ is Young’s modulus, and
N is the strain hardening exponent (0 < N < 1). Then, the

strain energy density is defined as,
EeP N+1
<1 + 7> —1f.
%y

16

With C° being the fourth-order elastic stiffness tensor. This

establishes a two-way coupling between material dissolution

and mechanical fields. On one side, the strong form of the
mechanical problem becomes,

V- [h(¢)o] =V - [h()CP (e +€P)] =0, 17
where o is the Cauchy stress tensor and CP is the elastic—plas-
tic material Jacobian. Thus, the coupling defined induces a
loss of load-carrying capacity in corroded regions, consistent
with observations. On the other side, the mechanics-enhanced
phase-field evolution equation reads,

a
% _ —L{24(cLe — Dle = h()(1 — cLe) — cLell (¢)

ot
+wg' (@) + I (P)Y (e) —aVip}.

2

1 o.
— P— —g¢.CC: e y
VeV Y= e e e

18
Relative to Equation 8, there is an additional term
I (@) (€), which accelerates corrosion kinetics with increas-
ing mechanical straining. While there is evidence of corro-
sion kinetics being enhanced by mechanical fields, this is only
observed in activation-controlled corrosion conditions'* and
not relevant to diffusion-controlled corrosion, where material
dissolution is only governed by ionic transport. Accordingly,
this has led authors to deviate from this variationally consis-
tent coupling and instead define the interplay with mechan-
ics through the phase-field mobility coefficient L. As previ-
ously discussed, there is a proportional relationship between
L and the corrosion current density. Exploiting this, Cui et al."?
defined the mobility coefficient to be dependent on the equiva-
lent plastic strain and the hydrostatic stress oy, as:

eP onV;
L(oh,sp) =kmlo = (8— + l)exp(%)Lo. 19
y

With Ly being the mobility coefficient in the absence of
mechanical straining and &y, being a mechanochemical term
based on the mechanics-enhanced definition of the corrosion

current density put forward by Gutman'*:

P |2
(0hs€P) = himio = (Sy + l)exp<G;Tm)io, 20

where V;, is the molar volume, R is the gas constant and 7 is
the absolute temperature. This approach has proven to be capa-
ble of quantitatively predicting the experimentally observed
enhancement of corrosion kinetics due to mechanical
straining."3

The second key effect that mechanics typically has in cor-
rosion is the disruption of the passive film that often hinders
corrosion in a number of metal—electrolyte systems. A classic
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example are stainless steels, where the presence of chromium
leads to the development of a thin film of chromium oxide on
the metal surface, which is often termed “passive” due to its
resistance to react with other chemical elements. However,
the structural integrity of this nanometer thick passive film
can be readily compromised by mechanical straining, leading
to localized corrosion. The effectiveness of the passive film
in hindering corrosion is thus dependent on the competition
between repassivation and straining kinetics. This interplay,
typically described by the film rupture—dissolution-repassiva-
tion (FRDR model) can be incorporated into phase-field cor-
rosion by defining the mobility coefficient as:'®

| Ly if0 <t <,
T | Loexp(—k(ti — t9)) ifto <t <to+1tr, 21

where Ly is the mobility coefficient associated with the bare
metal corrosion current density, # is the time that it takes for
the repassivated film to start reducing the corrosion current
density after a film rupture event, ¢ is the total time of each
FRDR cycle and £ is the parameter that governs the rate of
corrosion current decay due to film stabilisation. It remains
only to define the film rupture event, which is assumed to
take place when the plastic strain accumulated over one FRDR
cycle reaches a critical quantity.'?

In addition, phase-field corrosion models have been extended
to simulate as well metallic fracture, through the definition of
multiphase-field formulations that can capture the interplay
between material dissolution and rupture, as often observed in
localized corrosion.”*?® In these models, the evolution of the
crack-intact material interface is described through an additional
auxiliary phase-field order parameter, which evolves based on
the thermodynamics of fracture.3>*’ The reader is referred to the
generalized model by Cui et al.> for additional details on the
coupling between phase-field corrosion and fracture descriptors.
Such a framework enables also capturing the interplay between
anodic dissolution-driven and hydrogen-driven stress-corrosion
cracking mechanisms, as interstitial hydrogen diffusion can be
readily modeled and coupled to the damage equation, as done
in hydrogen embrittlement phase-field models.*'™3

Phase-field and electrochemistry
Finally, we present the structure of phase-field corrosion mod-
els that account for electrical and electrochemical effects. For
simplicity, as shown in Figure 4, the interplay with mechanics
discussed in the previous sub-section is not discussed here
but one could readily merge both formulations to present a
generalized electro—chemo-mechanical theory.

The system free energy now includes a contribution from
the electrochemical free energy Fe| such that,

Aqueous electrolyte

o0, [
J ), ¢ (x) P(x) =0

09, Chemical reactions R; c(x,t =0) =

Figure 4. A coupled electrochemical diffusion-phase-field
description of the evolution of a corroding metal assuming no
mechanical straining.

where F is Faraday’s constant, and zy and z; respectively
denote the charge number of the metal M and of the ith ionic
species. Importantly, Equation 22 includes two primary fields
that come into play when considering the role of electrochem-
istry: the electrolyte potential ¢ and the concentration of as
many ionic species as relevant c;, with i being (e.g.) Na*, CI",
H*, OH™, etc. The former is related to the overpotential 1 as,

n=g@s— ¢ — Eeq, 23
where ¢ is the solid (applied potential) and Eeq is the equi-
librium potential.

The evolution of the primary fields can then be readily derived
(see Reference 15). Considering the relationship between the
chemical potential, free energy, flux and mass balance, a phase-
field-dependent form of the Nernst—Planck equation can be for-
mulated to describe the transport of ionic species as,
dc; { [1 — h($)]Dic;

— — VAl =(P)ID;Ve;} = V- RT

ot FZiV<P1} =R,

24

which incorporates the contributions of diffusion and electro-
migration on ionic transport. The phase-field term ensures that
transport is limited to the electrolyte (see Reference 10 for an
alternative approach based on smoothed boundary methods).
In Equation 24, the role of fluid flow has been neglected but
this contribution can also be readily incorporated.** In Equa-
tion 24, D; and R, respectively denote the diffusion coefficient

F=Fo+FitFa= [ (@) +0) +faeaand? = [ (1eo)+ 5007 + Fo (e + Y zer) v

22
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and the reaction term of the ith ionic species. On the other
side, the evolution of the electrolyte potential is given by the
following Poisson-type equation:

V- (kVg) = ZMFCsolid%), 25
where the right-hand side of Equation 25 accounts for the
variation in charge density due to the corrosion reaction,
with the term d¢ /9t capturing the creation of electrons due
to the dissolution of the metal electrode.!"'>!7 Most often,
the influence of the interfacial double layer is not accounted
for due to complexities associated with its modeling, but
this has been recently conveniently done by Makuch et al., >
through the definition of a general boundary condition.
In Equation 25, x denotes the electric conductivity, which
is interpolated between the liquid and solid phases as
Kk = h(p)ks + [1 — h(¢)]x1, with the liquid conductivity being
given by,

F2 2 2 26
K| = ﬁ (CsolidCDZM + ZiCiDiZi )
and «; typically being assigned a sufficiently large value to
ensure a uniform distribution of ¢ in the solid phase.
Finally, exploiting the analogy between the corrosion
current density i and the phase-field mobility coefficient L, the
latter can be estimated by a Butler—Volmer-type equation as,

F — DzmF
L=1Ly [exp(L;N} 77) —exp<7(aa RJ),ZM n)} 27

with o, being the anodic charge transfer coefficient. Thus, as
evident from Equations 23 and 27, the phase-field evolution
equation is affected by changes in the electrolyte potential
through the relationship between L, n and ¢;. The electrostatic
potential also has an effect on the transport of ionic species
due to the electromigration term in Equation 24. Finally, the
calculation of the electrolyte potential is influenced by both the
phase-field, as per the right-hand side of Equation 25, which
accounts for the creation of electrons, and the concentration
of ionic species, through their influence on the electrolyte
conductivity, Equation 26. These couplings highlight the
complex phenomena underlying corrosion and the need for
coupled electro—chemo-mechanical models to capture them.
From a numerical perspective, the dissimilar reaction rates
and kinetics of each process bring convergence challenges.
However, stabilisation strategies such as lumped integration
schemes have been developed that significantly alleviate the
resulting numerical oscillations.*

Computational implementation

The balance equations described above can be readily imple-
mented using standard numerical methods. The finite ele-
ment method has been particularly popular in the phase-field
corrosion community, with packages such as COMSOL,'>!”
PRISMS,?>*® MATLAB,*> ABAQUS,'®?* and MOOSE*"*

being employed. In this regard, it is worth noting that codes
developed in ABAQUS,'> COMSOL,' and PRISMS*® have
been made freely available to the community.” Despite this
availability of computational tools, it is important to note that
computational cost is one of the obstacles holding back the
potential of phase-field research. The finite element mesh
needs to be sufficiently fine to resolve the phase-field inter-
face (a characteristic element length 45 times smaller than £)
and, as previously discussed, the resulting PDEs can be stiff.
Therefore, computational developments that can result in more
efficient and robust implementations are of utmost importance
for the phase-field community.

Applications

The phase-field corrosion models described in the previous
Section have been implemented into computational codes and
used to gain new, fundamental insight into corrosion behav-
ior. The following are illustrative examples that showcase
the potential of phase-field corrosion models, highlighting
the success of phase-field in delivering new fundamental and
technological insight. Figures 5 and 6 illustrate some of these
possibilities.

Microstructural anisotropy

There is a need to map the regimes (pit size, environment,
material) where the underlying microstructural anisotropy
significantly influences corrosion. Phase-field models that
can capture the sensitivity of the corrosion potential and
mechanical properties to crystallographic orientation have been
developed for both additively manufactured®? and conventional
alloys.?® These not only enable determining the regimes where
corrosion is sensitive to the crystallographic anisotropy, but
can also be directly coupled to EBSD scans to deliver highly
accurate predictions and used to design new corrosion-resistant
microstructures; the possibilities are vast. Among others, these
models have already shown: (1) that variations in the underlying
microstructure lead to more extensive defects, faster corrosion
kinetics, irregular pit and crack shapes, and highly nonuniform
stress and strain states; (2) that the sensitivity of the corrosion
potential to crystallographic orientation plays a much more
significant role in dictating the shape and size of corrosion
defect than variations in grain size and elastic constants; and
(3) microstructures resulting from additive manufacturing lead
to complex and more acute corrosion behavior.

Electrochemistry

Understanding the sensitivity of corrosion kinetics to elec-
trostatic potential and electrolyte characteristics is key to
delivering accurate corrosion life predictions. However,
this is a remarkable challenge, given the complex interplay
between the evolving corrosion defect geometry and local

* See www.empaneda.com/codes and https://github.com/prisms-
center/phaseField.
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Figure 5. Phase-field modeling opening new horizons in corrosion research. Examples of applications: unraveling the role of microstruc-
tural anisotropy,?>?® resolving the electrochemistry—corrosion interplay,'®'® and predicting corrosion-induced cracking.
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Figure 6. Phase-field modeling opening new horizons in corrosion research. Examples of applications: shedding light on the interplay
between corrosion and secondary phases,®’ understanding the preferential path of corrosion along grain boundaries (intergranular corro-
sion [IG]),% and predicting “in vivo” the biodegradation of Mg alloys.?®

Biodegradation

electrochemical conditions (e.g., the pH can drop from a
value of 9 in the bulk to a value of 2 inside of a pit°®). Phase-
field corrosion models provide a path for naturally capturing,
as an output of the simulation, how the corrosion front mor-
phology and the local electrochemical conditions change in
time (see, e.g., References 8, 15, 34, 51 and therein). These
studies have brought new light into our understanding of cor-
rosion—environment interactions. For example, (1) a strong
interplay between corrosion rates and the hydrogen and
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oxygen evolution reactions has been revealed; (2) the con-
ditions under which corrosion pits acidify have been quanti-
fied; and (3) how corrosion can become self-sustained in the
absence of oxygen.>

Structural integrity

Predicting the pit-to-crack transition has long been a “holy
grail” of the stress-corrosion cracking community as it is the
phenomenon that starts the damage process that results in
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catastrophic corrosion failures. The localization of corrosion
defects into sharp pits and cracks can be readily captured by
phase-field corrosion models that incorporate the interplay
with mechanics.'> Moreover, multifield phase-field corrosion
models that can capture the interplay between material dis-
solution and mechanical rupture have been proposed.”>* The
role that fluid flow, electrochemical transport and reaction
kinetics play can be readily modeled,*’ as needed to under-
stand stress-corrosion cracking and corrosion fatigue phenom-
ena. These models are also key to unravel the longstanding
challenge of predicting the durability of reinforced concrete
structures.*>234 Importantly, multiphase-field models for cor-
rosion and fracture have enabled capturing the interplay and
competition between anodic dissolution-driven and hydrogen-
assisted cracking mechanisms, setting the basis for a gener-
alized model for stress-corrosion cracking.>> Among others,
this has revealed that stress-corrosion cracking in Al alloys is
mostly dominated by the uptake of hydrogen and subsequent
embrittlement, with a small range of environmental conditions
resulting instead in cracking due to anodic dissolution.

Corrosion-insoluble phases interaction

A very illustrative example of the complexity of corrosion
is its interplay with insoluble phases such as insoluble
corrosion products, precipitates, and other insoluble
depositions. Phase-field models have shown to be capable
of capturing the formation of these insoluble phases, as well
as the influence that they can have on corrosion kinetics and
the shape of the corrosion front.%” Moreover, the modeling
can also show how the morphology of these insoluble
depositions evolves in time?!' and associated corrosion
phenomena such as galvanic corrosion.!>!® Among others,
phase-field corrosion studies considering not corrodible
phases have shown that particulate reinforcements, often
embedded in stainless steel to improve wear resistance and
strength, can notably change the local stress and strain state,
influencing the susceptibility to stress-corrosion cracking.

Intergranular corrosion

It is often observed that metals exhibit preferential corro-
sion along sensitized grain boundaries in what is known
as intergranular (IG) corrosion. Phase-field models have
been developed capable of capturing IG corrosion?!>> and
cracking,”*° laying the grounds for the design of corrosion-
resistant microstructures. These modeling efforts have also
resulted in new physical insight. For example, phase-field
corrosion models capable of discerning between IG and bulk
corrosion have shown how the former dominates in early
stages, but is slowed down as the transport of metal ions
along the narrow, corroded grain boundaries is hindered.
These studies have also shed new light on the important role
that different heat treatments play and allowed to rational-
ize how rolled aluminum sheets exhibit IG corrosion that is
highly sensitive to the rolling plane direction.

Material biodegradation (biocorrosion)

There is growing interest in the use of magnesium (Mg) alloys
as biomedical implants due to their excellent biocompatibility
and ability to naturally biodegrade inside the human body,
eliminating the need for a second surgical operation to
remove the implant. However, this is being held back by
the fast degradation rate of Mg in biological environments,
relative to the tissue healing time. Significant experimental
research is ongoing aiming at overcoming this by providing
a variety of solutions, including alloying, surface treatments,
and composites design.’’>® Phase-field models for material
biodegradation have recently been developed.’®?” These can
significantly accelerate the assessment of potential solutions
and tailor material and component design to target degradation
rates. More importantly, “in vitro” validated electro—chemo-
mechanical phase-field biocorrosion models can be used to
gain insight of “in vivo” behavior.*®

Concluding remarks

The combination of phase-field and multiphysics modeling
has opened new horizons in the prediction of corrosion, a
phenomenon known for its complexity and technological
importance. Although the simulation of corrosion has long
been considered a daunting endeavor, phase-field corrosion
models have shown to be suitable for the task. The field of
phase-field corrosion is still in its very early days, but it has
already shown its potential to revolutionize the corrosion sci-
ence community, akin to what phase-field approaches have
achieved in other fields. Electro—chemo-mechanical phase-
field models have shown to be capable to provide the basis of
a virtual platform with the capacity to answer key fundamen-
tal questions that have thwarted corrosion scientists for dec-
ades, while at the same time being able to deliver predictions
for the scales and complex conditions of engineering practice.
Exciting times ahead.
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