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1. Introduction

Passive and/or anodic oxide films that protect a metal substrate from the attack of a corrosive environment may
experience and respond to a considerable electric field. For example, improved corrosion and wear resistance of Aluminum
can be achieved by thickening the natural oxide through the electric field involved in the anodizing process (Wernick et al.,
1987); however, galvanic couples formed in the presence of electrolytes lead to electric potential differences that can
consume the oxide layers and lead to corrosion (McCafferty, 2010). Studies (Kaesche, 1960; Leckie and Uhlig, 1966; Martin
etal., 2007, 2009) showing that the corrosion protection is destroyed at a critical electric potential have provided key insights
for clarifying the breakdown mechanism of oxide films in practical applications. Corresponding physical and computational
models that can characterize and predict the breakdown phenomena, however, are lagging. Using a thermodynamic
framework, Sato (1971) suggested that mechanical failure of the film can result from brittle cracking or plastic deformation
driven by the high levels of electromechanical stress that can be generated by the electric field. Sato’s model is limited by the
assumption of a homogeneous isotropic film pressure, characteristic of a fluid medium and not a solid, and it does not predict
the morphological evolution of the film and the associated stress field. Furthermore, it failed to consider the primary
electromechanical coupling involved, electrostriction in the passive oxide films (Heuer et al., Private Communication). The
degradation of an oxide film produced by the change of its surface shape when subjected to thermal mismatch-induced
residual stress was investigated (Srolovitz, 1989; Yu and Suo, 2000; Liang and Suo, 2001; Yang, 2006). These models, however,
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do not include electromechanical effects. Du and Srolovitz (2004) and Song and Yang (2006) did consider how an imposed
electric field could compromise the morphological stability of an oxide film, but they also did not include the effects of
electrostriction. This paper investigates and demonstrates the possibility that the intimate coupling between the
environment, the electric field and elasticity, changes the morphology of the oxide film in ways that can lead to dielectric
breakdown of the oxide film or exposure of the substrate to the corrosive environment.

The problem under investigation, shown in Fig. 1a, involves an electrostrictive oxide thin film formed on a metal surface
and in contact with an aggressive liquid or vapor environment. The film and the environment are considered as a composite
system with prescribed mechanical and electric boundary conditions. The chemical reaction is assumed to proceed slowly
enough that each phase of the composite remains in a quasi-static equilibrium. Nonequilibrium prevails at the interface
between the two phases, where the exchange of atoms can cause the film to either grow or dissolve. We suggest that the
functionality of the protective coating can be compromised as a result of its thickness being reduced to a critical level, or by its
surface shape changing to a wave of critical amplitude. Be it by depletion of the film, dielectric breakdown or by cracking as a
result of ever increasing stress concentration, the metal substrate will eventually be exposed to the corrosive environment.
These two scenarios would be consistent with the failures observed in experiments (Martin et al., 2007, 2009).

The evolution of the film’s morphology and the stresses that develop within it can be derived using nonequilibrium
thermodynamics (NET), a theoretical framework capable of characterizing transport phenomena in systems that are not in global
equilibrium such as the propagation of a sharp shock front within a domain. The solution procedure is summarized in a step by
step manner in Section 2. The electromechanical governing equations for small deformations, from which one derives the
instantaneous electric and stress fields in the composite system, are presented first. Next, the thermodynamic driving force (TDF)
at the film-environment interface that drives the variation of the film’s instantaneous profile is introduced with associated electric
and stress field input variables. Since none of the TDFs developed for the moving shock problem (Abeyaratne and Knowles, 1990;
Jiang, 1994; James, 2002) can be applied to the problem studied here, the TDF acting at a moving discontinuous surface in quasi-
electrostatic thermoelastic continua (Fig. 2), together with the corresponding equilibrium equations and boundary conditions, are
derived in Appendix A. The derivation of the large deformation case relies on a series of global balance and energy laws. The TDF
acting along the film-environment interface is obtained for small deformations in Section 2 by generalizing the TDF in Appendix A
to include changes in the chemical and surface energies within the closed system. Finally, the film’s morphology is updated by
applying the kinetic relation between the speed of the moving film-environment interface and the TDF that is imported from the
point of view of material science (Yu and Suo, 2000; Liang and Suo, 2001; Prevost et al., 2001). Note that the NET framework
described in Section 2 represents a more general approach for studying the breakdown of oxide films than those currently
available. Finite element formulations could be established for the equations that comprise the model listed here that also consider
the effects of flexoelectric stresses (due to field gradients, strain gradients, or gradients in dielectric properties through the film) as
well as the initiation and growth of cracks or plastic deformation.

In order to clarify the breakdown mechanism and sort out the essential factors determining the corrosion resistance, the
analytical solution for the evolution of the thickness and shape of a film under the assumption of a uniform and constant
electric field is presented in Section 3. The implications of the analytical results, together with illustrative numerical
examples, are explored in Section 4. In particular, the existence is proved of a critical combination of electric field strength,
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Fig. 1. An oxide film on a metal substrate in contact with a corrosive environment: (a) schematic view of the entire system, and the in-plane stress states in
the flat film; (b) close-up view of the film with wavy surface.
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Fig. 2. Thermoelectroelastic continua with a singular moving surface. The direction of the surface normal N; and n; on the moving surface is from —to +.

initial film thickness and density of surface roughness that could result in breakdown of the oxide film. An experimental
procedure is proposed to measure certain combinations of material properties associated with the critical conditions. The
results of this study could guide the design of protective coatings.

2. Problem formulation and solution procedure

The film and the environment are considered as two thermoelectroelastic materials separated by a moving interface
(Fig. 1). The chemical reaction at the interface proceeds slowly, so that the composite system is under isothermal and quasi-
static conditions. This enables the derivation of the electric and stress fields in each phase by application of equilibrium
conditions. The resulting simplified nonequilibrium TDF at the interface is affected by current electric and stress field inputs
and drives surface motions of the film through a kinematic relation. The instantaneous profile and internal stresses of the film
can be resolved by repeating the detailed three-step procedure listed below.

Step 1. Solution for the field variables: The field variables in the film and in the environment can be obtained by solving a
boundary value problem, which consists of a set of local equations, jump and boundary conditions (for finite deformation,
Eq. (59a), (59b), (59d), (60a), (60b), (60d), (53) in Appendix A), and a free energy function.

The problem considered here involves small deformation, for which the governing equations are significantly simplified (Kuang,
2009; Jiang and Cao, 2010). Note that certain variables used subsequently are labeled differently than their large deformation
counterparts in Appendix A: ¢, D;, E;, q., We, Wi represent the electric potential, the electric displacement, the electric field strength,
the free charge density, the free surface charge density on the external surface and that on the interface; b;, 6, 6 j, u;, &, T; are the body
force density, the stress tensor, the Maxwell stress tensor, the displacement, the strain tensor and the boundary traction on the
external surface; nj; is the surface normal. To distinguish the variables in the environment from those in the film, they are denoted by
superscript “env”. In the domain defined by the oxide film, the local quasi-electrostatic and stress equilibrium are given by

Dj,i = qe, (1a)

0ijj+0ijj+bi =0, (1b)
where

. 1

0 = €oEiE; —iéoEkEk(Sij. 2)
and ¢y denotes the permittivity at the state with zero strain. The gradient relations are

Ei=—d¢.i (3a)

1

&j = 5(Uinj +Ujsi)- (3b)
On the external surface of the film, the boundary conditions are

Djnj = —W,, (4&)

(0 +6ji)nj =T. (4b)

We assume that the internal stresses and the body force in the environment are negligible. Then, the local equations in the
environment become

Di™.i=qg", (3)



Y. Tang, R. Ballarini / J. Mech. Phys. Solids 59 (2011) 178-193 181

E" = —¢™.;, ©6)
and the external boundary condition reduces to
env env __ env
Dj = —we™. (7)

Across the film-environment interface, where n{™ = —n;, the following jump conditions exist,

Djnj +W2nt — D]e_znvnj, (8a)
= ¢em/, (8b)
(@ji+6,0n; = (0" + 65" ) ~ 0. 89

The equations above need to be augmented with the constitutive relations. The film is assumed to be homogeneous isotropic elastic
and electrostrictive, and its isothermal electric Gibbs free energy can be expanded as (Kuang, 2009)

g= % Cijkl‘gjislk_% éklEkEl_%lijklEiEjslk +. 9
where Gy, €, lij are the material coefficients,

Gt = G(0ix6j1 + 6i6j) + 400, (10a)

€1 = €0, (10b)

lija = %01 (Oik0j1 + 03 0ji) + 20301 (100)

a; and a; are two independent electrostrictive coefficients. G and A are the Lamé constants, which can be written as functions of
Young’s modulus E and Poisson ratio v, G = E/[2(1+V)] and 42 = Ev/[(1+v)(1-2v)]. The constitutive relations of the film are then
given by

5 |
O = _g = 2Gey + A8;i0— 5 (@1 ExEj+- a2 EEidy), (11)
OEy, 2
og .
Dy = — == = (o0 +a16+0a2601)E}. (12)
OE;
For the environment with negligible internal stresses, the isothermal Gibbs free energy and constitutive relation are
gem/ — 7%€SHUEZHI}EZHU (13)
and
agerw
Dzm} == aEle;m/ = egninnv. (14)

Step 2. Determination of TDF: The TDF at the interface corresponding to the above governing equations, 7, can be computed
as

F=—y—p-F, (15)

where F denotes the electromechanical energy density change at the interface. In terms of electric and stress field variables,
when the interface stress vanishes, the expression of the isothermal TDF (Eq. (69)) at a moving interface in quasi-electrostatic
thermoelastic continua reduces to

F =g+ nkEijnj)—(ge"" + leEinVD;nynj). (16)

The first two terms in Eq. (15) account for the variations of the surface energy and chemical energy in the system (Suo, 1997;
Yu and Suo, 2000; Liang and Suo, 2001; Prevost et al., 2001), where y is the surface energy per unit area (i.e., surface tension) of
the interface, « is twice the mean curvature of the interface, and p is the chemical potential gained per unit volume increase of
the oxide film.

Step 3. Updating of the instantaneous profile: The moving speed of the interface V, is a function of F. As a first order
approximation, a linear relation is adopted (Suo, 1997; Yu and Suo, 2000; Liang and Suo, 2001; Prevost et al., 2001),

V,=LF, A7)

where L denotes the interface mobility. The entropy inequality (Eq. (60f)) requires the interface to move in the direction that
increases the total entropy in the system, L > 0. The explicit forms of L for various problems can be found in the literature
(Suo, 1997; Yu and Suo, 2000; Liang and Suo, 2001; Prevost et al., 2001). For a small time increment, the instantaneous profile
of the film is updated by using Eq. (17).
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3. Analytical solution

This section presents analytical solutions for a perfectly flat film and for a flat film whose surface is perturbed in the form of
a small amplitude undulation. In order to shed light on the breakdown phenomena, we make two assumptions about the
electric field and the internal stress for the perturbed shape example that enable us to derive analytical solutions of the film’s
morphological evolution and its internal stress distribution. The first assumption is that the electric field is uniform, and the
second is that the stress that is applied in the far-field of the film can be prescribed as the stress that develops in the flat film
thatisrigidly connected to the substrate. These assumptions result in an uncoupling of the electric and mechanical equations,
and are consistent with the linearized problems treated in this paper. The fully coupled problem requires a computational
framework that is beyond the scope of this paper, and will be the subject of future applications of the developed theory.

The film'’s profile is described in a Cartesian coordinate system x;. As shown in Fig. 1a, at time t the oxide thin film occupies
the region, —ho(t) < x3 < Ah(x1,x3;t), where hy(t) is the average film thickness and Ah(x1,x;t) is the surface roughness. The
summation accounts for the instantaneous film thickness h(xy, x5; t),

h(x1,%2; t) = ho(t) + Ah(xq,X3; t). (18)

With Ah(x1,x,;t) =0, Eq. (18) indicates a perfectly flat film. The surface roughness can be decomposed into a series of Fourier
wavevectors. To first order the surface profile is approximated as (Fig. 1b),

Ah(x1; t) = a(t)coswx, (19)

where a(t) is the instantaneous wave amplitude and o is the perturbation wavenumber. This mathematical representation
could account for an oxide film with periodic indents. A linear perturbation analysis is performed that corresponds to indents
with wa < 1. Assuming that no electric field is imposed on the environment (E{"'=0,i=1,2,3), then no contribution to the TDF
at the film-environment interface is made by the environment. A constant electric field strength E3 is assumed as a first
approximation in the film (E;=E,=0). Electromechanical stresses arise in the film as a result of metal-film mismatch. These
affect the TDF and lead to changes in the thickness and shape of the film. The solution procedure elaborated in Section 2 is
followed next to determine the morphological changes of an initially perfectly flat film and of a film with sinusoidal
morphology (Fig. 1b).

3.1. Flat film

The strain, stress, electric displacement, energy functions and TDF of a perfectly flat film (n;=n,=0, n3=1) are denoted with
superscript “0”. Body forces and free charge are absent in the film, and its in-plane dimensions are considered large enough so
that edge effects can be ignored. The metal substrate is considered infinitely thick and is regarded as rigid and perfectly
bonded to the film. Therefore the in-plane strain &2, = &9, = &9, = 0. With these assumptions, application of the equations in
STEP 1 provides

AMay+ax—€y) @
033 =—€oE3/2, 0% =0%,=0%,=0, 6(1)1=082=[ﬁ*72}5§'

0 0 g g0 _ (@+0-cE
€31 =63=0, &33= 2026+4

DY =D3=0, D§=(co+0ai&3s+0a¢3;)Es. (20a-g)

Substitution of the field variables listed above into Eq. (16) in STEP 2, the electromechanical energy density change at the
interface is found

2
0 __ 605% E,()E%
F= = (57 ) (21)
where o is a utility constant comprised of elastic and electrostrictive material parameters. The explicit expression of o is given
in Appendix C, and the normalized curves for o are depicted in Fig. 3. Since the film is perfectly flat (i.e., ¥ = 0), the TDF is
dominated by the chemical energy density and electromechanical energy density, 7° = —,u—FO. According to the kinetic law
in STEP 3, the film will remain flat and its instantaneous thickness is

2 2\ 2
ho(t) = Ho—L /Hr%ﬂx(%) }t, (22)

2

where Hp is the initial average thickness of the film. The implications of this result are discussed in the next section.
3.2. Film with sinusoidal surface

The profile evolution of a film with periodical undulations is considered next. An analytical solution results from the
following ansatz. The film is perfectly restrained by the metal substrate in the x, direction, so that &;; = 0. The rigid constraint
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Fig. 4. Combined material parameter f as functions of Poisson ratio v and dielectric constant .

induced by the substrate in the x; direction is approximated by subjecting the film to a far-field mismatch stress along
direction x;, whose magnitude equals the mismatch stress originating in the flat film, 69, . In addition, the shear strains ¢;, and
&3 are assumed to be zero, rendering the problem of the plane-strain type. The detailed derivation for the stress field ;; and
strain field ¢; is provided in Appendix B. Substitution of the field variables into Eq. (16) and taking the leading order of
amplitude a leads to

F=F"+AF. (23)
where AF is the interfacial electromechanical energy density change associated with introducing the sinusoidal surface,

€E2\’
AF = —awfy, <%> COSWX;. 24

f is another utility constant and y is the (whg)—dependent coefficient. Both explicit forms are defined in Appendix C. The

normalized curves for f§ are plotted in Fig. 4, and y is shown in Fig. 5. It is important to note that § determines whether the

amplitude of the perturbation approaches the initial thickness of the film and leads to passive exposure of the substrate to

the environment. Specifically, as clarified in Section 4, if § < 0 the film remains flat, while if § > 0 the substrate can be exposed.

The normal interfacial migration velocity becomes V;, = h,¢[1+ (h,1)?]~'/? = h,[1 + (awsinwx,)?]" /2. Since wa < 1, itreduces to
oh dhy  da

Vi = 5 dr + acoscwq. 25
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Fig. 6. Illustrative examples of profile evolution. x; and h are on different scales. Solid lines and dotted lines are for case * and case «x in Table 1, respectively.

The curvature of the sinusoidal surface is also simplified as k = —h,11[1+(h,1)?]3/?> &~ —h,11 = aw?coswx;. Thus the TDF in
STEP 2 is determined as F = —u—«ky—F = 7O +a(—w?y + wfy(coE3 /2)*)coswx;. Based on the kinetic law in STEP 3, a set of
equations to predict the surface movements is obtained. The evolution of film average thickness can be depicted by Eq. (22).
The amplitude change can then be calculated from

2N 2
Ah(x1; t) = agexp <L <—w2y+wﬁx <%> ) t> COSWX1, (26)

where qg is the initial amplitude of the wavy film-solution interface. The form of the equations above are similar to the surface
migration profiles solved by Srolovitz (1989) and others (Yu and Suo, 2000; Yang, 2006), except that the results obtained here
include the effects of electrostriction and express the instantaneous profile explicitly in terms of the applied electric field
strength and utility (combined material) constants. The implications of the result is discussed next.

4. Results and discussion

The analytical solutions derived in Section 3 enable us to capture the evolution of the morphologies of the film and
evaluate the level of internal stresses for given conditions in experiments and in practice. When the amplitude is small, the
time evolution of one surface wave mode is independent of that of the other. The film’s surface profile then can be treated as a



Y. Tang, R. Ballarini / J. Mech. Phys. Solids 59 (2011) 178-193 185

linear combination of several primary in-plane orthogonal wave modes, and its roughness can be represented as

2

n n 2
Ah(xq;t) = Z Ah, = Z exp <L <—(kw)2y+(kw)ﬁxk (%) > t> (aicoskwx + bysinkwx), 27)

k=1 k=1

where ai, by indicate the wave amplitudes for mode k. y,, is the morphology factor for wavenumber k. Based on Egs. (22) and
(27), we carry out a normalization procedure, discuss the variables that control the corrosion resistance and propose
experimental measurement method for film’s properties and functional life.

4.1. Normalization

For most oxide films, o > 0 with a unit of 1/stress, based on which we introduce a set of normalized parameters: the
chemical energy density, T = oi; the electrostatic energy density, Ug = o(€oE2/2); the minimum wavenumber, @ = oyw;
the instantaneous thickness, h = wh; the instantaneous averaged thickness, hy = why; the initial thickness, Hy = wHp; the

instantaneous surface roughness, Ah = wAh; the initial amplitudes, @, = wa; and by = wby; the time,  =Lyw?t; the
coordinate, X; = wx;. Egs. (22) and (27) can then be simplified to

R 2
Ro(®)=Ho— — (f+Ug+Up) = Ho+ &8 (28)
and

. no_ n k,[))Uz
Ah®R1;H)= > Ahp= ) exp ( <—k2 + —Exk) t) (@xcoskx;

=1 =1 0w

n
+bysinkxy) = > exp({E)(@xcoskX +bysinkxy), (29)

k=1

where ¢ and {; are defined as the normalized growth rates of film average thickness and film roughness, respectively. The
surface movement of a perfectly flat film can also be described by Eqs. (28) and (29) by setting @, = b, = 0. Therefore, without
loss of generality, we can first determine h using Eq. (28), and then substitute its value into Eq. (29) to calculate Ah, and in
turn calculate the normalized instantaneous film thickness through

h =ho(f)+Ah(xq; ). (30

4.2. Qualitative analysis for the breakdown mechanism

The variation of hq (Eq. (28)) is apparent. For a negative change in chemical potential due to an increased volume of oxide
film, &z < 0, there exists a critical electrostatic energy density,

U‘csr: —1+\2/1—4,u’ 31)

at which the normalized growth rate ¢ is zero. For Ug > U} (Ug<Uyg ), & <0(Z > 0)and hy continues decreasing (growing).

The evolution of Ah; (Eq. (29)), however, is more complex because of its dependence on the instantaneous . Simplified

forms for y; can be derived for infinite-thick and ultra-thin films.
For an infinitely-thick film, kho > 1, and y, ~ 1 (Fig. 5). Hence, the growth rate of surface roughness is reduced to

Ge=kA(=1+T)), (32)

where 7, = ﬂUﬁ /(oak). When T, =1, the amplitude of the surface wave remains constant. For 7, >1 (I, <1), Ahy
monotonically increases (decays). The time evolution of the very thick film could also be considered as the evolution of
a finite-thick film whose surface is the shape of very shallow waves. This corresponds to the early stage of the morphological
evolution. Unless the stress concentration associated with the shallow waves is significant, then this limiting configuration is
not relevant to pitting corrosion.

This study assumes that pitting is a result of surface migration only and focuses on the time evolution of very thin films
with deep indents, which could be regarded as the precursors to dielectric breakdown or substrate exposure. For a finite-thick
film with khg < 1, and a Fourier expansion leads to ¥, ~ 2/(kho) (Fig. 5). Therefore, the growth rate is time-dependent,

- 27 27
<:k2<—1 T"):I2 1=k, 33
g o A R (33)

Various trends are exhibited by Ahy: if 7, < 0 (i.e., < 0), Ah; monotonically decreases; if 0 < 7 < kHo/2 and Uy = Uy, Ahy
monotonically decreases; if 7, =kHo/2 and Up=Uj, Ahy is invariant; if 7, > kHo/2 and Ug=Uj, Ah, monotonically
increases; if 7, > kHo/2 and Ug > Uy , Al monotonically increases; if 0 < 7; < kHo/2 and Ug > Uy, , Ah, first decreases then
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Table 1
The evolution of film average height and roughness. The bottom row and rightmost column are conducive to film breakdown. Numerical examples for » and
*x are shown in Fig. 6.

Case ho Ahy,
7, <0 H, H, H,
k 0<1k<kH—0 Tk:kg—o lk>kH—o
Up<U; 1 l ! | 1 then |
Ug= ﬁf’ Unchange 1 1 Unchange 1
Ug > U? l ! | then 1 1 T

increases; if 7, > kHo/2 and Ug < Uy, , ARy first increases then decreases; if 0 < 7 < kHo/2 and Ug < U , Ah; monotonically
decreases.

The evolutions of hy and Ahy, for an ultra-thin film, summarized in Table 1, suggest that oxide films could break down if
either Ug > U? or T > kHy/2. The results are intuitive; the former is associated with complete depletion of the film, and the
latter with wearing away of the film in periodic locations. In experimental measurements (Martin et al., 2007, 2009), the two
criteria may be associated with the breakdown potentials for transpassive dissolution and pitting corrosion. Failure can be
mitigated if Ug < U? and 7, < T; < Hy/2. For given conditions in real practice, these two critical conditions together could
determine the breakdown electric field strength, which is written explicitly as

(1E§T)2 - L Vl*lw'u’ (34a)
o€g
1/2
or 20*)H
GESY = <ﬁ€%0> , (34b)
and
(ES)? = min{(,E§ ), GES)?). (35)

From the perspective of film design, one can first obtain the critical electric potential field by Eq. (34a) for given properties of
film and corrosive environment, then estimate the allowable minimum film thickness in terms of minimum wavenumber w,
a measure of critical thickness by Eq. (34b) as

2
Her — p <l+\/a14oc,u> . (36)

07 22y

Eq. (36) indicates that a higher density of undulations, associated with increased surface energy promoting smoothing of the
surface, demands a thinner initial average film thickness to avoid localized pitting.

The results prove that reduction of film thickness followed by either dielectric breakdown or exposure of the substrate to
the environment, is possible. Unfortunately, experimentally measured values of the parameters, ), y, «, and /5, are not
available, so that the results presented above can be used only for qualitative insights. However, an experimental procedure
that can in principle be used to measure them is proposed next.

4.3. Experimental measurement method
The instantaneous shape of the film’s surface (Eq. (27)) can also be expanded as complex Fourier series,
h(a,t)= > quko,tyexpikoxy), (37
k=—oc0

where the complex wave amplitude is defined by
qo(0,8) = ho (1),

2\ 2
qr(ka,t) = %(ak—jbk)exp (L (—(kw)z"/—ir(kcu)ﬁxk (%) ) t> )

2 2
4_i(—kot) = 1 (@-+iboexp (L (—(kw)zwkw)ﬂxk (%) ) t) . (38a—0)
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An atomic force microscope (AFM) can be used to scan and quantify the surface topologies at initial time and current time,
h(x; 0) and h(xq; t), respectively. Then, the complex wave amplitude can be recovered by the Fourier transform,

aulkot)= [~ hou: texp(—jkox) d. (39)
According to Eq. (38), the ratio of two complex wave amplitudes is a function of the film’s properties,
2
1. qetkoo,t) 5 _ (€oF3
flnm =L —(kw)*y + (ko) By =) ) (40)

The film’s elastic constants, E and v, are assumed to be known from other measurements. The utility constants, « and 3, can be
expressed in terms of ¢y (Appendix C). The four unknown properties, L, i,  and €y, can then be evaluated by Egs. (22) and (40)
for two different values of E3. Then, the functional life of the coating, or the critical electrical field strength (Eq. (34a)) and the
minimum initial thickness (Eq. (36)) are found.

4.4. Numerical examples

The two illustrative cases defined in Table 1, * and =, are selected to illustrate the shape change of a finite-thick oxide film
with one cosine wave component. The normalized initial thickness, the normalized initial amplitude and the normalized
growth rates of the average thickness are chosen to be equal, Hy = 0.0628,d; = 0.00628, and & = —0.1. Then 7; = 0.02 < Hy/2
for x and have 7; = 0.04 > Hg/2 for ++. In both cases, the film is depleted in places, however, pitting corrosion occurs “later” for
x than . It is also apparent that the pitting corrosion will occur “faster” for larger @,b, and smaller & and H,. The real time
scale can be found by t =t /(Lyw?). We speculate that the normalized parameters or the time mapping vary in an experiment
(Martin et al., 2007, 2009), and therefore significant improvements in corrosion resistance can be achieved.

5. Conclusion

A continuum framework was presented to analyze the shape changes of protective oxide films subjected to electrostrictive
forces and a corrosive environment. Analytical solutions were found for oxide films subjected to a constant and uniform
electric strength. Instantaneous film profiles were obtained as functions of normalized control variables. The results showed
that under a critical combination of electric field strength, initial average thickness and density of surface roughness, the
finite-thick film can be thinned enough to undergo dielectric breakdown, or be partly depleted that leads to substrate pitting
corrosions. The time mapping and the normalized initial average thickness, initial wave amplitudes, growth rates for average
thickness and roughness, Ho, @y, Dy, &, T, are the most significant in terms of corrosion resistance. The properties of the
coating can be measured by the proposed experimental method, by which both the critical combination and the corrosion
resistance can be estimated. The formulation described in the paper can be generalized to include the effects of prestress,
flexoelectric stress, stress concentration, and mechanical failure using the finite element method. In principle the model
presented here can be used to design an immortal passivating film.
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Appendix A. TDF on a singular discontinuity in thermoelectroelastic continua in the presence of quasi-electrostatic field

The TDF acting on a singular discontinuity associated with numerous physical problems has been widely studied.
Abeyaratne and Knowles (1990) derived the driving traction for thermoelastic solids; Jiang (1994) considered the presence of
both electromagnetic and elastic fields, but omitted electromagnetic forces in the linear and angular momentum; James
(2002) established a more comprehensive formulation of the TDF in a shape memory alloy by considering magnetostatic
(magnetization and demagnetization) and elastic fields. In this section, following the same procedure in Abeyaratne and
Knowles (1990) and Jiang (1994), the TDF at a moving singular surface in quasi-electrostatic thermoelastic continuais derived.

A.1. Bodies, deformations and motions

Consider a system & comprised of the two thermoelectroelastic materials shown in Fig. 2. At time t=0, the two materials
that are separated by a singular surface Sp occupying region Do—Sq (i.e., D UDg), which is referred as the reference
configuration. X; denotes the referential (or particle) position of &. At current time t, the interface is denoted by S;, and the
current configuration D,—S; (i.e., D;- UD; ) of & can be described by an invertible mapping x; = »;(Xx,t). Then,

_oni(Xx,t) o (b

x J=det(Fy), Fj'=—1_"2= (41a,b,0)

F:
i 5Xj
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represent the deformation gradient, its Jacobian and its inverse matrix. The particle velocity is defined as

o)
vi= 5 (42)
The material time derivative operator is
. D 0 0
O — F Vo~ 43)

Dt T at T kax

If the singular discontinuity surface moves with a speed vj in the current state (Fig. 2), the corresponding velocities of both its
sides in the reference state are

ViE = v ED * (44)

The smoothness requirement of the deformation fields, V' =V; =V, (or IV;I = 0), demands that (Abeyaratne and Knowles,
1990)

IFgllLy =0, Il = —IIFy IV, = —IIFyIVaN;, (45a,b)

where L; is any vector tangent to the singular surface. N; is the surface normal in reference state, and V, is the normal
component of V; (i.e., V,=V; Nj). ()l represents the jump ()" —()".

A.2. Global balance and energy laws

Define a set of true field variables in the current state: ¢, d;, e;, g., W, represent the electric potential, the electric
displacement, the electric field strength, the free charge density, and the free surface charge density; on the external surface
oD, of € at time t, w.= —d;n;, where n; is the surface normal; p, f;, 6;;, 6;; are the mass density, the body force per unit mass, the
stress tensor and the Maxwell stress tensor; t; = (gji+G;;)n; denotes the boundary traction on oD¢; u?, , q;, I', n, 0 are the
internal energy density per unit mass, the heat supply rate per unit mass, the heat flux, the total rate of entropy production,
the entropy density per unit mass, and the absolute temperature. These variables satisfy the quasi-electrostatic Gauss and
Faraday laws (Eringen and Maugin, 1990; Harper, 1999),

/ dmdA= [ gedv+ [ wedA, (462)
J oDy JD—S¢

Js,

% e; dXi =0, (46b)
Jac,
the mass conservation law,

pdV =0, 47)
D=5

balance laws of linear and angular momentum (Harper, 1999),

/ of dV+ / cda=2 [ puav, (48a)
Jpi-s, Jon, Dt Jp,-s
. . D/
/ Sijkxj(pfk) dV+/ 8ijkxjtk dA = 7/ Sijkxj(pvk) dv, (48b)
De—S; oDy Dt Jp,_s,
the energy conservation law (McMeeking et al., 2007),
2/ (lpv,»vi+pup> dv = / pr dV—/ qin; dA+/ ofivi dV+/ tiv; dA
Dt Jp,_s, \2 Jp—s, Jon, Jpe—s, Je,
- $qedv— | Pw, dA— / llpd;lin; dA, (49)
Di—S; oD, S

and the entropy inequality law (Abeyaratne and Knowles, 1990; Jiang, 1994; Harper, 1999),

D
r=2 v+ /
Dt Dﬁstpn oD,

where C;is any surface in the current configuration and oC; is its line circuit (depicted in Fig. 2). The following equalities apply
to any infinitesimal volume, surface, and line elements in the reference configuration and those in the current configuration,
(Eringen and Maugin, 1990; Harper, 1999),

dV =] dVo, n;dA=]JF;'N;dAy, dx;=FydX;. (51a,b,¢)

4t A Pr qv o, (50)
0 Jois, 0
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By applying Eq. (51) to Egs. (46)-(50), the corresponding physical quantities in the reference state denoted by capital letters
are found,

Dy =JF;'di, E=eFy, Q=4qd,

o=pl. Zi=JFilow. Li=JF' 6 Q=JF;'q (52a-g)
on external surface 6Dy of & at initial time,
We=-D)N;, Ti=(Zji+2)N;. (53a,b)

The physical variables, ¢, f;, uP, ¥, I', n, 6, are the same in the current and reference configurations. Eqgs. (46)-(50) in the
reference state are written as

D]N] dAO = Qg dV0+ We dAo, (548)
dDg Do—So So
oo
D
— 0dVy=0, 54c
Dt /DU—SU‘- 0 ( )
D
/ ofidVo+ [ TidAo=— [  oviadvo, (54d)
JDo—5So Do Dt Jp,—s,
D
/ giXj(efi) dVo+ / &ijX; Ty dAg = b / &ijkXj(QVy) dVo, (54e)
Do—So oDo Do—So
D 1 .
—/ 50vivi+ouP |dVy =/ or dVo—/ QN dA0+/ ofivi dVo+/ Tiv; dAo
Dt Jpy-s, \2 Do—So Do Do—So Dy
- $Qe dvo—/ A dAo—/ Il DyIIN; dAo, (54f)
Do—So Do So
r:B/ QndV0+/ %d/\o_/ " 4ve>o0, (54g)
Dt Jp,-s, on, 0 Do—Sp 0

where Cy and 0C, (depicted in Fig. 2) are the chosen surface and its line circuit in the reference configuration.

A.3. Generalized Green-Gauss, Reynolds transport and Stokes theorems

In the presence of the singular surface (Fig. 2), the generalized Green-Gauss theorem is (Eringen and Maugin, 1990;
Harper, 1999),

(N, dAg = /

Do

() dvo+/ IC)IN dAo, (55)
Dy —So So

where (.) can be a vector component such as D; or a tensor component such as 2;; the generalized Reynolds transport theorem
takes the following form (Eringen and Maugin, 1990; Harper, 1999),

D _ 20)
ﬁ/[)0750(-)f dVo= AHU {5 Jr((-)l/k)-k}f dvof/sou(.)juvn dAo, (56)

where (.) can be a scalar such as p or a vector component such as pv;; the generalized Stokes theorem becomes (Eringen and
Maugin, 1990; Harper, 1999)

EJ dX] :/ gl]KEK-]NI dAo—‘r/ HE]H dX], (57)
aCo Co—To o

where ry is a discontinuous line on surface Co.

A4. Local equations and jump conditions

Based on Eqgs. (43)-(45) and (55), one obtains

- ~ [ (%, % op o
[ et [y aro= [ (5 wnei)om an- | (Gems o n
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_/So

By applying Eqgs. (55)-(58) to Eq. (54), and using the postulate of localization Eringen and Maugin (1990), the local
equations in Do—Sp read

a .
(vi—v,g%DJHN] dAO:/D _(@D)y alvo—/S b Dy IVaN; Nk dAo. (58)
K '0—20 0

Dy =Qe, (59a)
Ej=—¢, (i.e, gEk,;=0), (59b)
0
{6_@) +(,0Vk).k}] =0, (590)
ovi = (Zji+ 2 )y +of;, (59d)
Fic(Zij+ 2 1) = (Zjxc + 2 50)Fii, (59e)
Qu'P = Qf—QJ,J+(Z]i+2}i)vj,]—EJD], (59f)
. or
on+ (%) =g =0 (59¢)
and the jump conditions across Sg read,
IDyIIN; = W, (60a)
lpll =0, (60b)
!V, =0, (600)
IVl Vo + 11254+ 25N, =0, (60d)
H%QU,‘Ul‘ +Qu1’IIVn + ”(Zﬁ +2]i)yi|‘Nj + HEKDJHVHN]N[(quJHN] =0, (60e)
_ Y]
I—eniVa+|5|(N = 0. (60f)

A.5. The TDF acting at the discontinuous surface

The following equality exists for two variables a and b,
labll = llall<b> + <a>llbl, (61)

where {a) denotes the average J(a* +a"). By utilizing this identity together with Eqs. (60d) and (45), one can easily prove
(Abeyaratne and Knowles, 1990),

i+ 2 )il Ny = [= 13 ovivill=1(Zji 4+ 2 i) Fic INi Ny + 20 V2 Fi Fy N Nj V. (62)
Hence, from Eq. (60e), we have
IQyIN; = [IlQuP Il—II(Z i + 2 ji)Fixc INg Nj + 30 V2 I Fy Fy NNy - I Eg Dy Nk Nj V. (63)

We assume that the absolute temperature is continuous across Sy, Il101l = 0. Then, the total entropy production rate (Eq. (54g))
becomes (Abeyaratne and Knowles, 1990; Jiang, 1994)

F=F10c+rcon+rsoy (64)
where I';,. represents the entropy production rate generating from local dissipation, I'¢o, is the entropy production rate due to

heat conduction, and I's, denotes the entropy production rate arising from moving discontinuous surface. They are written
explicitly as

Fioc = / 7Q"9+g”" —0" 4y, (65a)
Do—So
0,
Feon=— sz J dVy, (65b)
Do—So 0

Fs":/s wd’%' (650)
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I's, could be rewritten in terms of the TDF F, the temperature 0 and the normal velocity V,, of the moving singular surface
(Abeyaratne and Knowles, 1990; Jiang, 1994), that is

rs, = / il (‘)/ " dA,. (66)
So

By using Eq. (63) and introducing the electric Gibbs free energy density (i.e., electric enthalpy),
g=ou’—enb, (67)
we obtain the driving force acting at the singular surface,

£ ~lon0Iva+1QIN;

c 1
v = “g(S]K*(Z]i+Z]i)FiK+ jQVgFiKFiJ +E1(DJHN[(N]. (68)
n

This format is similar to the expression derived from a different procedure (Maugin and Trimarco, 1997). For a slow
isothermal process, the interia terms in Eq. (60d) and the kinematic energy in Eq. (60e) vanish. Hence, one can easily find

F = lgdj—(Zji+ 2 ji)Fix + ExDyINkN;. (69)

Appendix B. The stress solution of film with a sinusoidal surface

Since constant electric field strength E3 is applied along direction x5 only (Fig. 1b), the Maxwell stresses ¢ ;; keep constant
values in the film. The stress equilibriums are simplified,

GijJZ—é'UJZO (l,]=1,3) (70)
With &5, =0, one obtains the plane-strain constitutive relations from Eq. (11),
a,E?
011 2268114—)»(8]]-4-833)—%, (71a)

(a1 +a)E3

033 =2Ge33 +A(e11 +€33)— 5 , (71b)
013 = 2Géeq3, (7](:)
aE?
022 = Mén +833)—%‘ (71d)
The metal-film mismatch stress is applied in the far-field, which requires
og11=09, forx — +oo. (72)
From Egs. (4b) and (8c), the traction free boundary and interface conditions reduce to
. . €oE?
011n1+031"3=0—011n1—031fl3=%nl, (73a)
~ N EoE%
0'13n1+033n3=0*0'13n1*0'33n3=*Tn3- (73b)
For the metal-film interface, n;=0 and n3;=—1, we derive
2
031 = 0, 033 = 7% at x3 = 7h0. (743., b)

As wa < 1,1y = —h,1/\/1+(h,1)?> ~ awsinwx; and n3 =1/4/1+(h,;)*> ~ 1 on the wavy film-environment interface (Eq. (19)).
Hence, we found

. E2 .

o11(awsinwxy )+ 631 = 6073(awsmwx1 ), (75a)
. EoE%

o13(awsinwx,)+033 = - at x3 = Ah(xq; t). (75b)

The plane-strain elastic above can be resolved by introducing a revised Ariy stress function, ¢, which is related to the Cauchy
stress tensor by

€0E2
11 =@,33+0%, 0-33:(pv11_T3v 013 = —,13. (76a,b,c)
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The equilibrium conditions (Eq. (70)) thereupon are satisfied automatically, and the strain compatibility requires
Vip=o. (77)
For the given cosine wave surface, the general solution for Eq. (77) is found,
@ = (C1exp(—wx3)+ Coxsexp(—wx3) + Czexp(wxs) + C4X3eXp(wX3))COSWX1, (78)
where Cy, G, G3, and C4 are coefficients. Substituting Eq. (78) into Eq. (76), one obtains the stress fields,

11 = (G *eXp(—wX3) + Ca0°X3eXP(—WX3)—2CoeXP(—WX3)
+ Csw?exp(wxs) + C4?x3exXp(wx3) +2C4mexXp(wX3))coswx| + 694, (79a)

2
033 = —(C1exXp(—wx3) + CaX3eXp(—wx3) + CzeXp(wx3) + C4X3€Xp(wX3))w* COSwX| — % s (79b)

013 = (—Cwexp(—wx3)—Cowxsexp(—wx3) + Cexp(—wx3) + CzweXp(wx3) + C4wx3exp(wxs3) + C4exp(wxs))wsinwxy .
(79¢)
Substituting Eq. (79) into Eqs. (74) and (75), and with wa < 1, one achieves
(—Ciwexp(whg) + Cowhpexp(whg) + Caexp(whg) + Cswexp(—whg)—Cawhoexp(—whg) + C4exp(—whg))wsinwx; =0,

(80a)

—(Crexp(whg)—Cohgexp(whg)+ Czexp(—whg)—Cshpexp(—whg))w?coswx; =0, (80b)
. €0E§ 0 .

(—Ciw+ G +Gw+Cwsinwx; = T—a“ amwsinwx, (80¢)

—(Cy 4+ C3)w?coswxq = 0. (80d)

The coefficients C;-C,4 are determined by solving Eq. (80)), and are given by
2awh2 (69, —<5

Cl=—C3=— — i(oh—) , 81a)

—2—4mw?hj +exp(2whg) +exp(—2why)
a (0?1 —#) (1-2whg—exp(—2why))
G (81b)

T 2402 hi + exp(2whg) +exp(—2whp)’

c a (a?l —%) (14+2whg—exp(2whg)) o1
4= —2—4w?hZ +exp(2whg) +exp(—2whg) (810

Substituting Eq. (81) into Eq. (79), one obtains the stress fields in the film. With Eq. (71), the strain fields can be further derived.

Appendix C. Combined material properties and morphology coefficient

Two combined material parameters are defined,

and

p= 262G+ 7)(G+7) (83)

In order to determine these properties, we need the values for the permittivity ¢y as well as the two electrostrictive parameters a,
and a,. The permittivity is a product of the relative dielectric constant ¢ and the permittivity of free space ey, €g = €cy. The two
electrostrictive parameters are difficult to measure in experiments, however, they can also be expressed in terms of ¢ and ey based
on a theoretical framework (Shkel and Klingenberg, 1998), a; = — % (e-1)%¢y and ay =[— %(c—l)(c+ 2)+ % (€=1)*ley. From
Eq. (82), we derive

(B +4¢-2)(96+2¢—6)  (1+v)(1-2v)(3€e +4c—2)(9¢* +2¢—6)

502G+ )2 50E(1—v)e2 S
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Since € > 1 and 2G+ 4 > 0 for most oxide films, we found o > 0. « is plotted in Fig. 3, which monotonically increases with enlarging
¢ or decreasing v.
The combined material property 8 (Eq. (83)) can also be expressed as
p= 2 +v)e(—1+4v)—(4—-6v)](c—1)
- 25E2(—1+v)
For different Poisson ratio, the value of f§ is depicted in Fig. 4. § is positive when ¢ is small, which turns to negative values for
larger ¢. The critical dielectric constant ¢ at the turning points first increases then decreases with increasing v.
% is the morphology coefficient as a function of the product why (i.e., the normalized average thickness hy),

[2(—=1+4v)+2¢(1 +V)+(4—6V)]. (85)

—4who +exp(2whg)—exp(—2whg)  —4ho+exp(2ho)—exp(—2ho)

= = =, — —. (86)
—2—4w?hZ +exp(2whg) +exp(—2whg) —2—4h(2,+exp(2h0)+exp(—2ho)

X
Fig. 5 depicts the value of y, which is positive for any hy. When hg > 1, y ~ 1. When hg < 1, y & 2/h by using Taylor series.
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