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To systematically reveal the correspondence between surface properties and corrosion behaviors undermechan-
ical conditions, an improved Butler-Volmer (IBV) electrochemicalmodel is proposed by introducing the strain ef-
fects on electrochemical polarization through the scaled strain energy. Under mechanical straining, the three
critical physical parameters i.e., surface energy, work function and strain energy, may be changed synergistically,
which would consequently modify the exchange current density and equilibrium potential for the anode polar-
ization curves. Taking two representativemetals ofMg and Zn as a demonstration, it reveals that both tensile and
compressive strainwould contribute to the corrosion rate by lowering the activation energy barrier, in agreement
with previous experimental observations. The improvedmodel opens an alternativeway to quantify the relation-
ship between surface properties and corrosion behavior via intrinsic materials properties, which is beyond the
normal design rules empirically based on either surface energy or work function alone.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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1. Introduction

The profound effects of mechanical straining on the corrosion or
degradation behavior of various metals or alloys should be taken into
account [1] because mechanical straining may fundamentally modify
the surface energy (γs), work function (Φ), and electronic polarization
of metal surfaces [2,3]. Taking the biodegradable Zn and Mg alloys as
an illustration, when implanted in human body as stents, they will tol-
erate vessel shrinkage, pulsatile pressure or other stress or strain condi-
tions [4,5]. When under compressive strain, Jeong et al. [6] observed
that for pureMg andMg–0.4Ca alloy under compressive strain, their ca-
thodic reaction rates increased while the anodic reaction rates were
slightly improved, resulting in a minor increase in corrosion current
density (icorr) and corrosion rate. A similar strain enhanced corrosion
rate was also reported for the Zn–Mg–X (X = Sr, Fe) alloys by
Venezuela et al. [7]. In addition, both icorr and weight loss of the Mg–
2.65Zn alloy was found to increase with the increasing external strain
energy [8], while the corrosion rate of AM50 and AZ91D Mg–based al-
loys increased substantially with increasing tension loading, providing
further evidence on the dependence of corrosion current and electrode
potential on the applied strain or stress [9]. Although the corrosion be-
haviors of variousmetals and alloys have beenwidely studied in exper-
iments, the influence of external factors on corrosion kinetic behaviors
is so far not well theoretically explored due to the difficulty in appropri-
ate modelling to characterize the complicated corrosion processes.

In terms of corrosion modelling, Ma et al. [10] proposed a scheme to
calculate the corrosion kinetics by incorporating the intrinsic surface
properties in framework of classical Butler-Volmer (BV) model, how-
ever it can only apply to the corrosion behavior under strain-free condi-
tions, and thus the mechanochemical coupling effect was not
considered. Besides, within the framework of classical mechanochemi-
cal model proposed by Gutman [11], Su et al. [12] explored the effect
of pressure or stress on the corrosion behavior of metals, demonstrating
that mechanical stress may significantly contribute the corrosion be-
havior of metals. However, the proposed model failed to provide a
quantitative solution to bridge the correlation between corrosion be-
havior and surface properties during mechanical straining. Therefore,
motivated by the importance and necessity of modelling to systemati-
cally reveal the correspondence between surface properties and corro-
sion kinetic behavior under strain conditions, an improved Butler-
Volmer (IBV) electrochemical model is then proposed in the present
study by simutanuously introducing the critical parameters of surface
energy, work function and strain energy. Afterwards the suitability
and applicability of the IBV model are thoroughly discussed by
Fig. 1. (a) Schematic diagramof distribution of ions in electrical double layer (EDL). (b) Free ener

energies (namely,ΔGc) and electrical energy (ΔGe=αZFϕe).Whenmechanical straining is appl
adsorbed species, while the strain-dependent work function may modify the potential drop (ϕ
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exploring the effect of mechanical straining on the electrochemical po-
larization and corrosion kinetics of representative metals of Mg and Zn.
In short, the proposed model can provide a theoretical foundation for
the study of the mechanochemical properties of materials, as well as
may benefit the alloy design for certain environmental applications
e.g., in biodegradable cardiovascular stent materials.

1.1. Computational methodology

The Vienna Ab initio Simulation Package (VASP) was used to per-
form all the DFT calculations [13], using the projector augmented
wave (PAW) [14] and the Generalized Gradient Approximation (GGA)
according to the Perdew-Burke-Ernzerhof (PBE) scheme [15]. The cutoff
energywas set to 520 eV, the energy convergence tolerance was chosen
as 10−5 eV/a.u., and the residual force convergence tolerance was set to
0.001 eV/Å. The three basic surface structures forMg and Zn, i.e., (0001),
ð10�10Þ and ð11�20Þ were modeled by nine-layer, thirteen-layer and
fifteen-layer slabs, respectively, which were surrounded by the 15 Å
vacuum to avoid artificial interactions between periodic images. The
k-point meshes were chosen as 9 × 9 × 1, 9 × 11 × 1, and 9 × 5 × 1
for (0001), ð10�10Þ, and ð11�20Þ, respectively.

1.2. Theoretical modelling

According to Ref. [10], the electrochemical polarization curve of the
anode in a corrosive environment can be plotted in the framework of
the BVmodel with data such as surface energy, work function, cohesion
and ionization energy calculated by the first principle. As shown in
Fig. 1, the basic electrochemical anodic reaction is carried out on the sur-
face of ametal electrode, expressed asM↔Mz++ ze−, whereM andMz

+ represent the initial and oxidation states of the atoms on the surface of
an electrode, z is the number of electron transfers, and e− is the electron.
Recent hybrid first-principles/continuum calculations on ions adsorp-
tion to electrode surface have shown that charge transfer to oxidized
species, accompanying by dehydrations of the ion occurring at a dis-
tance of less than 10 Å to electrode surface [16], leading to the genera-
tion of an energy barrier. This energy barrier arises within the Stern
layer on the electrode surface as depicted in Fig. 1(a), i.e., the region be-
tween the inner and outer Helmholtz surfaces in the electrostatic dou-
ble layer (EDL) [17].

In addition, Fig. 1(b) presents the energy variations and potential
changes along the reaction path fromM toMz+ during the electrochem-
ical polarization under mechanical straining [10]. In this process, the
gy change fromelectrode to electrolyte due to anode polarization,which includes chemical

ied to the electrode, a strain energy (ΔGm) is introduced to increase the Gibbs energy of the

e) from electrode to electrolyte.
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reduction state M needs to overcome the chemical activation energy
ΔGc to reach the intermediate activated state before it is finally com-
pleted to the oxidation stateMz+, and the traditional ΔGc is defined as
the Gibbs free energy difference between the activated state (Ga) and
the initial state (G0) when the equilibrium state is reached. Moreover,
the electrostatic potential drops fromelectrode to the deeper electrolyte
due to the screening of the EDL, as schematically shown in Fig. 1(b) for
the simple physical diagram. In summary, the total change in Gibbs free
energy (ΔG) during the movement of the M atom along the reaction
path from the initial state to the activated state under the influence of
the electrode potential consists of two components, i.e., the change in
chemical energy (ΔGc) and electric energy (ΔGe) at ambient conditions,
thus the ΔG can be defined as the electrochemical potential, i.e.,

ΔG ¼ ΔGc þ ΔGe: ð1Þ

Here the ΔGc may be varied under different surface states, like the
occurrence of surface vacancy and/or surface adsorbed terminations
[18], as well asmechanical straining, etc., thus theΔGc for a givenmate-
rial can be defined by an energy invariant (ΔG0), plus additional surface
energy contributions (ΔGs), such as vacancy formation energy (ΔGsv)
and termination adsorption energy (ΔGst),

ΔGc ¼ ΔG0 þ ΔGs ¼ ΔG0 þ ΔGsv þ ΔGst þ⋯: ð2Þ

For a given metal under equilibrium conditions, ΔG0 is defined as
a constant that is part of the atom activation energy, independent of
any specified surfaces. For simplicity, this energy can be estimated by
decomposing the cohesive energy from bulk M to the free atom and
its ionization energy from the free atom to ionic state,
i.e., Mbulk → Matom → M+ + e− [19]. Although the precise value
of ΔG0 cannot be available from first principle calculations so far,
a more realistic estimation can also be obtained by fitting the
experimental polarization curves to get a consistently realistic
comparison [20]. Therefore, ΔG0 can be written as follows: ΔG0 =
(μM+ − μM) × 30%, where μM represents the atomic energy for per
M atom in the bulk structure and μM+ represents the energy of one
M+ ion.

As regards the electric energyΔGe, which can be expressed as the ad-
ditional energy of one surface ion transferred from the electrode surface
to the electrolyte across EDL, which can be written as ΔGe = αZFϕe,
where α, Z, F and ϕe represent the transfer coefficient, the number of
electrons transferred, Faraday constant and the equilibrium potential,
respectively. The difference between the electrostatic potential multi-
plied by the unit charge eϕe can be defined as theΦ of the electrode sur-
face, whose value is taken as a reference here for the standard potential,
commonly used in other works. Specifically, Trasatti et al. [21] and Ma
et al. [10] proposed an approximate expression to correlate the equilib-
rium potential to work function, i.e., ϕe ¼ ΦþΔΦ

e , whereΦ represents the
work function of the ideal electrode surface and ΔΦ is a variation of Φ
due to the variation ofmetal surface and chemical solution. Substituting
the work function into the ΔGe formula, it changes to

ΔGe ¼ αZFϕe ¼ αZFΦ=e: ð3Þ

By including both energy contributions expressed by Eqs. (2)
and (3) into Eq. (1), the exchange current density i0 can be expressed
as [10],

i0 ¼ cMnF
KT
h

exp −
ΔG
RT

� �

¼ cMnF
KT
h

exp −
ΔG0

RT

� �
exp −

ΔGs

RT

� �
exp −

αZFϕe

RT

� � , ð4Þ

in which cM is the concentration, n is the number of electrons, K is
Boltzmann constant, T is temperature, h is Planck constant and R is gas
constant. As known, the current density (I) in the BV model is donated
3

as the difference between the forward current density (If) and the re-
verse current density (Ir) [12],

I ¼ If−Ir ¼ i0 exp
αZFη
RT

� �
− exp −

1−αð ÞZFη
RT

� �� �
, ð5Þ

whereIf ¼ i0 exp
αZFη
RT

� �
, Ir ¼ i0 − exp − 1−αð ÞZFη

RT

� �h i
, where η= U− Ue

is the overpotential, which is the difference between the electrode po-
tential U and the equilibrium electrode potential Ue. Here ϕ, ϕe, U and
Ue are modified with respect to the Standard Hydrogen Potential
(SHE) of about 4.44 V [10].

When the anode electrode is under mechanical straining, the basic
physical parameters used in Eq. (4) and Eq. (5) will change accordingly,
including γs andΦ, which would basically modify the exchange current
density i0 and equilibrium potential ϕe for the metal anode polarization
curves. Such variations can be quantitatively calculated by first principles
methods. Taking the bulk state of electrode as a reference and assuming
that electrode is larger enough with its bond length being the same
with its bulk counterpart, the mechanical straining may also increase
the Gibbs energy ofM atom at electrode surface by an additional strain
dependent energetic item ΔGm, as indicated in Fig. 1(b), and thus the
changeof totalGibbs energyunder any straining state canbeextendedas,

ΔG ¼ ΔG0 þ ΔGs þ ΔGe þ ΔGm, ð6Þ

where the parameters in the strain state are labeled with a bar for indi-
cating that they are different from those in the strain-free state in
Eq. (4). In which, ΔGm accounts for the free energy variation of reduced
speciesMwhen electrode is mechanically strained (as shown in Fig. S1
(a)). Apparently,ΔGm is a function of the total strain energy of bulk elec-
trodeΔGm

b , and for simplicity, it can be adopted as thefirst termof Tayler
series expansion of ΔGm

b , i.e., ΔGm ¼ λΔGb
m, where λ is a scaling coeffi-

cient less than 1. Fig. S1(b) presents the dependence of i ~ η curves on
λ undermechanical straining. As shown, the value of λ can indeed affect
the electrochemical polarization of electrode surface. In addition, it is
worth noting that as indicated in Fig. 1(b), the appearance of mechani-
cal straining is considered to i) not only add/modify the bulk strain en-
ergy, ii) but also contribute the modification of work function and
surface energy [3], and meanwhile iii) no change is assumed for the ac-
tivated state.

Considering the bulk strain energy, work function and surface en-
ergy are affected by the surface strain, the exchange current density i0
under the mechanical strain can be expressed as,

i0 ¼ cMnF
KT
h

exp −
ΔG
RT

� �

¼ cMnF
KT
h

exp −
ΔG0

RT

� �
exp −

ΔGs

RT

� �
exp −

ΔGe

RT

� �
exp −

ΔGm

RT

� � , ð7Þ

Consequently, for the strained electrodes, when the potential be-
tween the electrode surface and electrolyte differs from the strain-
dependent equilibrium electrode potential Ue, their difference can be
defined as strain-dependent potential change ΔUe. To be noted that
the appearance of ΔUe in strain-dependent equilibrium potential Ue ¼
Ue þ ΔUe is ascribed to the strain-dependent variation ofwork function.
Therefore, the current density of anodic polarization under mechanical
strain (I) can be expressed by the mechano-electrochemical equation
proposed by Gutman [11]:

�I ¼ �I f−�Ir

¼ �i0 exp
αZF�η
RT

� �
exp

Δ�Gm

RT

� �
− exp −

1−αð ÞZF�η
RT

� �� �
:

ð8Þ

Notably, the effect of strain on γs andΦ can be affected by substitut-

ing Eq. (8) for i0 and η. On the one hand, when mechanical strain is



B. Wei, D. Legut, S. Sun et al. Materials and Design 202 (2021) 109555
applied, γs and Φ remain constant, thus Eq. (8) becomes the original
mechanical electrochemical equation proposed by Gutman [11]. On
the other hand, if the bulk strain energy ΔGm is not considered, the
equation reduces to the classical equation proposed by Ma et al. [10].
In reality, the electrode deformation cannot affect the ionic activity of
the electrolyte, but can result in the parallel movement of anode polar-
ization curves to the negative potential value since it depends on the
current density of the electrode [12].

Finally, the γs and Φ under strain and under non-strain conditions
can be calculated by,

γs ¼
Es−nEb

2S
, Φ ¼ Ev−Ef , ð9Þ

where Es is the total energy of the surface structure, n is the number of
atoms contained in the surface structure, Eb is the energy of a single
atom in the bulk metal structure, and S is the surface area of the surface
structure; Ev is the vacuum energy and Ef is the Fermi energy.

2. Results

In general, the strained surface may possess different atomic and
electronic distributions compared to the strain-free one, bringing the
motivation to change theγs,Φ andΔGm according to the applied strains.
Fig. S2(a) plots the deformed structural model under uniaxial strain for
the calculation of surface properties for the (0001), ð10�10Þ and ð11�20Þ
surfaces of pure Zn and Mg at various strain states. The variation of
the calculated ΔGm, γs and Φ with the increasing of strain are shown
in Fig. S2(b), Fig. 2(a) and Fig. 2(b), respectively. Some similarities and
differences can be identified between Mg and Zn: 1) as shown in
Fig. S2(b), theΔGm ofMg and Zn show the same increasing trendwithin
the elastic limit as the degree of tensile or compressive strain increases,
providing the electrodeswith enhancedGibbs free energy; 2) the effects
of uniaxial strain, biaxial strain, and hydrostatic pressure on bulk energy
of different metals show a similar trend andmagnitude, thus the uniax-
ial strain can be used to explore the strain effect on surface properties;
3) around the equilibrium state, the relationship between surface en-
ergy and strain shows an asymmetric feature (Fig. 2). Specifically, for
the same surface, the sequence of surface energy variation is
γ+ε% > γ−ε% > γ0%, where ɛ is the strain magnitude and the surface en-
ergy reaches aminimum at strain-free state, consistent with the change
of bulk energy versus strain shown in Fig. 2(b), in accordance with the
previous observations [22]; 4) the work functions of both Zn and Mg
show a monoclinic decreasing trend with the variations of strains
from compression to tension (Fig. 2), resembling the reported results
Fig. 2. The variations of surface energy density and work function vs. uniaxial strain
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by Li et al. [23] in which the Fermi energy level decreases as the bond
length increases, and thus the corresponding work function decreases
accordingly.

To provide a validation on the proposed IBVmodel, we used pureMg
and Zn as an illustration to explore their anodic polarization and corro-
sion kinetic properties in the corrosion-solution environments,with ref-
erence to the relevant experimental conditions being Mg in pH = 11
[24] and Zn in pH = 0 solution [25]. Herein, the cathode polarization
process is 2H++2e− = H2 and the UH are −0.65 V and 0 V vs. SHE for
Mg and Zn anode respectively; i0 are 10−10 A/cm2 and 10–7.5 A/cm2

for Mg and Zn, respectively. To correspond to the kinetic processes
and Tafel lines in experimental measurements, for the different crystal-
lographic planes of Mg and Zn, themonovalent ionM+ can generally be
treated as an intermediate state for the oxidation process of oneM atom
[26]. Therefore, as derived from Eq. (2), we obtained ΔG0 = 3.03 eV,
2.09 eV for Mg and Zn, respectively. Finally, other environmental pa-
rameters used in the IBV model include the room temperature of
300 K and the transient coefficients α=0.36, 0.4 for Mg and Zn anodes,
respectively, which are approximated by the previous experiments
[26,27].

By incorporating the surface energy, work function, cohesion and
ionization energy into the IBVmodel, the anodic and cathodic polariza-
tion curves may be readily calculated. Fig. 3(a) presents the flowchart
for the surface-property calculation and the polarization-curve plotting
in an automatic manner, and Fig. 3(b), (c) show the calculated polariza-
tion curves for different surfaces of pure Mg and Zn. It can be observed
that, for pure Zn surfaces, icorr are about 10–3.821 A/cm2, 10–3.260 A/cm2,
and 10–3.011 A/cm2 for (0001), ð10�10Þ, and ð11�20Þ surfaces, respectively;
while the corrosion potentials (Ucorr) are −0.439 V, −0.501 V,
and −0.535 V for (0001), ð10�10Þ, and ð11�20Þ surfaces, respectively. As
for pure Mg, the calculated icorr are 10–3.681 A/cm2, 10–3.116 A/cm2, and
10–3.112 A/cm2; Ucorr are −1.403 V, −1.471 V, and −1.471 V
for (0001), ð10�10Þ, and ð11�20Þ surfaces, respectively. These results indi-
cate that among the three surfaces for the same metal, the (0001)
surface exhibits the most excellent corrosion resistance due to its
lowest icorr and highest Ucorr. Moreover, the corrosion differed signifi-
cantly between the basal plane ((0001) surface) and prism planes

(mainly ð10�10Þ and ð11�20Þ surfaces), i.e., U 0001ð Þ
corr −U

1010ð Þ
corr = 64 mV

and U 0001ð Þ
corr −U

1120ð Þ
corr = 94 mV, i 0001ð Þ

corr =i
1010ð Þ

corr = 0.264 and

i 0001ð Þ
corr =i

1120ð Þ
corr = 0.15 for pure Zn; U 0001ð Þ

corr −U
1010ð Þ

corr = 64 mV and

U 0001ð Þ
corr −U

1120ð Þ
corr = 64 mV, i 0001ð Þ

corr =i
1010ð Þ

corr = 0.260 and i 0001ð Þ
corr =i

1120ð Þ
corr =

0.258 for pureMg. All these results show a good consistency to the con-
clusion drawn in typical experiments and calculations. For instance, the
s (a) of pure Zn and (b) of pure Mg for the (0001), ð10�10Þ and ð11�20Þ surfaces.



Fig. 3. (a) A flowchart to calculate the corrosion polarization curves as well as the exchange current densities and equilibrium potentials. The simulated corrosion polarization curves for
the (0001), ð10�10Þ and ð11�20Þ surfaces of (b) pure Zn and (c) pure Mg. The potential (U) is defined with respect to the standard hydrogen electrode (SHE).
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calculated anodic polarization curves and corrosion performance of Mg
at equilibrium are in close agreement with previous calculations by Ma
et al. [12], validating the present IBV model. In experiments, Ashton
et al. [28] revealed that the icorr of different crystallographic planes for
pure Zn followed the order of ð11�20Þ > ð10�10Þ > (0001), and Song
et al. [29] reported that for Mg metal, the (0001) plane exhibited
more electrochemically stable and higher corrosion resistant than the ð
11�20Þ and ð10�10Þ planes in 5 wt% NaCl solution, further validating the
conclusion drawn in the present study.

To underline the strain effect on the anodic dissolution and corro-
sion behavior, Fig. 4(a) and Fig. 4(b) illustrate the simulated polariza-
tion curves of Zn (0001) and Mg (0001) surfaces with strain ranging
from −5% to +5%. As can be observed, when pure Zn (0001) surface
under tensile strain (+ɛ%), icorr increases from 10−3.821 A/cm2 (0%) to
Fig. 4. The simulated corrosion polarization curves of the (0001) surfaces for (a

5

10–3.620 A/cm2 (+5%), resembling the case of pure Mg, i.e., icorr changes
from 10−3.681 A/cm2 (0%) to 10–3.577 A/cm2 (+5%). Additionally, under
compressive strain (−ɛ%), icorr increases to 10–3.545 A/cm2 when strain
reaches −5% for Zn (0001) surface while increases to 10–3.543 A/cm2

for Mg (0001) surface, both higher than the increasing magnitude of
icorr by tensile strain. This finding exhibits good consistence to the fol-
lowing experimental facts, e.g., Zheng et al. [8] reported that both icorr
and corrosion rate ofMg–2.65Zn alloymay increase with the increasing
strain, while Bonora [9] observed a similar enhanced corrosion rate for
AM50 and AZ91D Mg–based alloys by tension loading. In brief, both
tensile and compressive strains are shown to increase icorr of Zn
(0001) and Mg (0001) surfaces, yet the enhanced icorr becomes more
profound for compressive strain than tensile onewith the samemagni-
tude of strain.
) pure Zn and (b) pure Mg under a series of tensile or compressive strains.
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3. Discussion

According to the IBV model, both surface energy and work function
were used to quantify the corrosion kinetics of different materials since
theywere closely correlated to the current density and potentials. How-
ever, as shown in IBV model, both parameters may contribute in differ-
ent manners to the corrosion resistance. To verify the effect of surface
energy, work function and strain energy on the variation of corrosion
polarization curves in the IBV model, Fig. 5 presents the effect of one
specific parameter on the corrosion polarization curves for the same
surface while keeping the other two constants. It can be seen that the
same strain energy difference and surface energy density difference
lead to the same variation of the exchange current density i0 and corro-
sion current density icorr. However, when the work function changes,
both i0 and ϕe change significantly while the icorr and Ucorr remain un-
changed. Consequently, the changes in icorr andUcorr aremore correlated
to the changes of surface energy density than thework function, i.e., the
surface energy plays a more dominant role in modifying the corrosion
behavior than the work function.

Moreover, it would be much necessary to provide a justification on
the IBV model by comparing with some relevant BV models, i.e., the
original Butler-Volmer (OBV) model [30] and modified Butler-Volmer
(MBV)model [10–12]. For the three BVmodels, they were theoretically
developed based on the kinetic theory, to show the net current as a
function of an applied overpotential η = U − Ue. When η = 0, the sys-
tem is in the dynamically equilibrium state with the net current is zero,
at which there still exists the forward and backward currents that have
the same value but with the opposite direction, i.e., the exchange cur-
rent density i0 [31]. One may notice the difference and correlation be-
tween the three models: in the present IBV model, the strain effect is
considered to modify the i0 (see Eq. (7)) and Ue via the change of two
intrinsic materials parameters, i.e., γs and Φ, while in the MBV model,
the strain (pressure) dependence is solely included in the overpotential
item [32]; in OBVmodel, no strain effect is considered. In principle, both
MBV and IBV models can be derived from each other with a certain
Fig. 5. The influence of mechanical straining on the surface energy, work function and
strain energy which are used in IBV model: (a) the dependence of polarization curve on
the strain energy, (b) the dependence of polarization curve on the surface energy
density and (c) the dependence of polarization curve on the work function while
keeping the other two unchanged.
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assumption, and a consistent conclusion have been drawn on the effect
of compressive strain on the corrosion behavior, i.e., it will promote the
corrosion polarization process by decreasing the activation energy bar-
rier through the bulk strain energy [12,32].

In the calculation of activation energy, the electrode deformation is
assumed to just affect the surface atomic activity, while the ion activity
in the electrolyte will not be affected, i.e., mechanical action is extended
only to solid reactants due to the increasing solid chemical potential
and, consequently, the increasing reaction affinity [11]. As commented
by Lu et al. [32], in the case that the net current is zero, i.e., at equilib-
rium or in open circuit conditions, no overpotential is present in OBV
model, whereas strain-induced overpotential is clearly shown in both
MBV and IBV models, i.e., Δη ¼ ΔUe ¼ Ue−Ue when strain is applied.
In addition, in the actual solution environment, the metal surface is
coated with kinds of particles in the solution. In the review of Zhang
et al. [33], it was concluded that surface strain and adsorption can jointly
affect the surface polarization. To be noted that the influence of strain on
equilibrium current density i0 was not considered in MBV and OBV
models, while IBV model added this correlation. However, all these
models share some commondeficiencies: 1) Noneof thesemodels elab-
orate the effect of surface defects on the corrosion reaction, such as sur-
face vacancies and adsorbents at the metal surface; 2) For the same
metal surface, the present IBV model considers merely the effect of
strain on anodic dissolution, yet neglecting the variation of cathodic re-
actions in different environments.

4. Conclusions

An ab initio informed IBVmodel is developed to open an alternative
way to bridge the relationship between intrinsic surface properties and
corrosion behaviors under strain conditions. By means of the present
IBV model, the corrosion behaviors of representative metals of Mg and
Zn have been characterized under different strain conditions, demon-
strating its feasibility to account for the strain dependent electrochemi-
cal polarization and corrosion kinetics. The keyfindings are summarized
as below:

(1) The corrosion/degradation rates of the basal planes (0001) for
pure Zn and Mg are much lower than that of the prism planes ð11�20Þ
and ð10�10Þ, i.e., the basal plane has amuch lower corrosion current den-
sity than the prism planes, which can be attributed to the basal plane
possessing the lowest surface energy, making it difficult for the initiali-
zation of corrosion.

(2) Both tensile and compressive strains are demonstrated to in-
crease the corrosion rates of Zn and Mg metals, showing consistence
with the previous experimental observations.

(3) For each metal, the compressive strain exhibits more profound
effect on the corrosion performance than the same amount of tensile
strain.

To be noted additionally, the present work only introduces a frame-
work that allows users to predict the corrosion performance of pure
metals during mechanical straining, while there may be more factors
to be considered for a realistic quantification of metal corrosion, such
as alloying elements, solution environment, particle adsorption, etc.
which may be considered in the future modelling development.
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