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ABSTRACT

The effect of residual and diffusion-induced stresses on
corrosion at the interface of coating and substrate has been
analyzed within a multidisciplinary approach, i.e., material
science, solid mechanics, and electrochemistry. A self-consistent
equation for corrosion current density, involving the combined
effect of residual stress and diffusion-induced stress is devel-
oped. The influences of temperature, moduli ratio, thickness
ratio, thermal mismatch ratio, and residual stress gradient of
coating and substrate on the corrosion current density are
then discussed. Results indicate that when the thermal ex-
pansion of coating is greater than substrate, the decrease in
temperature from fabrication temperature accounts for the same
direction of both the residual and the diffusion stresses. This
behavior increases the deflection of the coating-substrate
system and results in the evolution of tensile residual stress
in the coating. The tensile stress opens the pre-existing coating
microcrack, allowing the diffusion of corrosive agents and
therefore, accelerating the corrosion damage to the coating/
substrate interface. The model is based on experimental
observations conducted to understand the behavior of corrosion
at the coating/substrate interface in the presence of tensile or
compressive residual stresses. At the end, the model was
validated against the experimental results showing a good
quantitative agreement between the predicted theoretical and
experimental trends.
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INTRODUCTION

Recent studies have shown that the corrosion of steel-
based infrastructures is estimated to cost about 3% of
global gross domestic product (GDP) each year.1 To
combat and control the corrosion of metals, various
methods are deployed to mitigate the high direct and
indirect costs of corrosion.2-4 Themost commonmethod
of prevention against corrosion uses organic coat-
ings.5-6 The organic coatings are used to isolate the
metal from its surrounding environment by using a
physical barrier.

Based on experimentation performed in this
paper, it was concluded that the failure of coating-
substrate system depends on three interdependent
causes. (i) Corrosion current density “i”: a corrosion
sensor adhered to the substrate, beneath the coating,
measures the corrosion current density. (ii) Tensile/
compressive residual stress: the corrosion current
density directly depends upon the development of ten-
sile or compressive residual stresses on the coating.
These stresses develop, as a result of mismatches in
coefficients of thermal expansion (CTE), when sub-
jected to the change in temperature, ΔT, from fabrication
temperature. (iii) Electrolyte diffusion: temperature
change directly controls the electrolyte diffusion toward
the interface, subject to CTE mismatch. All of these
three causes are interdependent but fall under “three”
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different disciplines. Corrosion current density uses
electrochemistry concepts, tensile/compressive resid-
ual stress uses solid mechanics concepts, and elec-
trolyte diffusion uses material science concepts.

Although corrosion is an electrochemical reac-
tion, the process is strongly influenced by the
mechanical and microstructural properties of mate-
rials.7 In addition, the corrosion resistance of a coated
steel sample is also affected by microcracks in the
coating.8 These microcracks may act as pathways for
corrosive agents to diffuse through the coating bar-
rier, which may result in the initiation of localized
corrosion in the less noble metal substrate.9 Stress
corrosion cracking (SCC), resulting from growth of crack
formation in a corrosive environment, results when
the metals are subjected to tensile residual stress in a
corrosive environment.10-12 Contrary to this, com-
pressive residual stress results in the inhibition of the
corrosion of metals.13-14 In addition to residual
stress, the chemical stress (or diffusion-induced stress)
also influences the SCC and, therefore, affects the
stability and reliability of materials.15 The coupling
effect of residual stress and diffusion-induced stress
on the propagation of corrosion at the coating/
substrate interface has not been investigated in de-
tail in the existing literature. It is therefore essential to
analyze the propagation of corrosion at the interface
of coating and substrate in consideration of the cou-
pling effects of residual and diffusion-induced
stresses.

For the residual stress (strain) analysis, the Stoney
formula has been extensively used in the literature to infer
coating stress changes from experimental measure-
ment of system curvature changes.16 Based on Stoney’s
formula, some of the modified models have been de-
veloped by Huang and Zhang,17 Soliman and Waheed,18

Clyne and Gill,19 Widjaja, et al.,20 Zhang, et al.,21

Wisnom, et al.,22 and Bansal, et al.,23 to address advance
and better closed-form solutions of the uniformed re-
sidual strain in the coatings. Later on it was identified,
with the help of finite element analysis, that the
propagation of corrosion at the interface of coating and
substrate is inhibited by compressive residual stress,
which causes the contraction of open corrosion paths in
the coatings.24 However, the results from the model24

showed only the limited effect of compressive residual
stress on the cross-sectional area of corrosion pits. The
model did not address the effects of the compressive
residual stress over pre-existing structuralmicrocracks
in the coatings. These microcracks in the presence of
compressive residual stress contract, and can inhibit
the diffusion of corrosive agents through the coating and
result in lower corrosion rate at the interface of coating
and substrate.

Meanwhile, the diffusion-induced stress has
drawn a considerable interest in the previous dec-
ades.25-26 For the diffusion-induced stress, various
numerical models have been available since the

pioneering work of Podstrigach and Shevchuk.27

Later on, some modified numerical models were devel-
oped by researchers28-32 after a series of studies on
diffusion-induced stress in the coating-substrate
system. In recent research work, various numerical
methods and advanced techniques for the coating-
substrate delamination involving diffusion-induced
stresses have been developed by Nguyen, et al.,33

Prawoto, et al.,34 Zhang, et al.,21 Yang and Li,35 and
Rusanov.36 However, the occurrence of the residual
stress in the coating-substrate system resulting from
mismatch in thermal expansion cannot be neglected;
therefore, both the diffusivity and concentration of
corrosive agents will be enhanced by the hydrostatic
stress. The existing stress may speed up or hinder the
diffusivity depending upon the direction of stress
gradient.

Previous research hasmodeled37-49 to address the
coating-substrate failure in the individual disciplines.
However, there is a missing link in modeling between
the three distinct disciplines, which can combine the
three disciplines to address majority of coating failure
related issues. In order to address the missing link
between these three disciplines, amathematicalmodel
has been developed in the next sections. The newly
developed mathematical model follows a multidisci-
plinary approach which fosters a close collaboration
between three major disciplines, i.e., material science,
solid mechanics, and electrochemistry. The purpose of
this work is to analyze corrosion at the interface of
coating and substrate, induced by diffusion in the
presence of residual stress. The model involves the
coupling effects of electrochemical reactions resulting
from corrosion at the interface, with the residual stress
and diffusion-induced stress in a coating-substrate
system. Then, the solution of corrosion current den-
sity at the interface is derived involving the feedback of
residual stress to the diffusion of corrosive agent
through coating. The evolution of corrosion current
density corresponding to different moduli ratio,
thickness ratio, thermal expansion mismatch ratio, and
residual stress gradients of coating and substrate have
been discussed in terms of Newton-Rhapson method.
Finally, validation of the developedmodel is performed
and a comparison is developed between simulated and
experimental results.

EXPERIMENTAL PROCEDURES

Sample Preparation
A thin carbon steel panel with a thickness of

s = 1/20 in (1 mm) was used to prepare three test
samples with dimensions 6 in × 4 in each. The coef-
ficient of thermal expansion (CTE) and Young’smodulus
for the steel are αs = 11.7 × 10−6 K−1 and Es = 200 GPa,
respectively.50 Prior to coating deposition, surface
conditioning is deployed by using a polishing wheel
with emery paper of 200 grit size. After polishing, the
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conditioned samples were cleaned with a 35 min im-
mersion into a constantly stirred solution of 50 g/L
Turco 4215 NC-LT†. After completing this alkaline
cleaning, the samples were rinsed with deionized water
and air dried. Weight was recorded to the nearest fifth
significant digit and the steel samples were stored in a
desiccator. To ensure the repeatability, the experi-
mental data was collected from three samples each
adhered with corrosion sensor with dimensions of
40 mm × 20 mm × 0.1 mm. These sensors51 consisted of
multiple plates made from the material of interest
which formed the two electrodes. The electrodes were
used in conjunction with a potentiostat for conducting
linear polarization resistance (LPR) measurements. The
use of a relatively large counter electrode minimized
polarization effects at the counter electrode to ensure
that a stable reference potential was maintained
throughout the experiments. Potential step-sweeps were
performed by applying a series of 30 steps over a range
of ±10 mV spanning a period of 2.6 s.52

Corrosion sensors measure the polarization re-
sistance Rp (Ω) between the corrosive agents (electrolytic
solution) and the steel samples. The polarization re-
sistance is then used to calculate the corrosion current
density “i” at the interface by using Stern-Geary
equation as:53

i=B=Rp (1)

where B is the Stern-Geary constant. The corrosion
current density is measured from the polarization
resistance values by using a Stern-Geary constant of
30 mV for carbon steel.52

The corrosion sensors were adhered to the con-
ditioned face of the steel samples with industrial
strength epoxy, as shown in Figure 1. The bonding
agent (industrial strength epoxy) was placed on the
opposite edges of the sensors so as to adhere the
sensors to the conditioned surface of the steel samples
in a manner such that the ambient environment is
allowed to rapidly diffuse between the sensors and the
steel. The sensor array included at least two inter-
laced inert electrodes that were manufactured from a
noble metal. The noble metal options were Au, Pt, and
Pd because of the low contact resistances. The noble
metals were principally inert, such that the sensor
array did not readily corrode in typical ambient
environments.

After installation of corrosion sensors on steel
samples, the samples were applied with the thin
coating (primer red oxide) by using a conventional spray
gun at the temperature of 318 K (45°C); this is shown
in Figure 1. The thickness of the coating was
h = 0.020 mm. The coefficient of thermal expansion
CTE (αc = 21.6 × 10−6 K−1) and Young’s modulus
(Ec = 6.14 GPa) for the thin coating were measured
by using thermomechanical analysis test according

to the procedures of ASTM E831-1454 and ASTM
E2769-13,55 respectively. The coating was allowed to
fully seal over a 24 h period at 318 K before testing.
The temperature of 318 K is referred to as the fabrica-
tion temperature of the coating-substrate system.

Accelerated Corrosion Testing
Accelerated corrosion testing was performed in a

corrosive atmosphere chamber. The electrolyte solution
composing the fog was 5 parts of sodium chloride
in 95 parts of deionized water. The samples were posi-
tioned at a 60° angle inside the chamber with the
coated face downward, as to avoid the direct pathway for
condensate into the coating. Electrical connections
for the corrosion sensors were made to a data acquisi-
tion unit (DAU) positioned outside the chamber by
passing extension cables through a bulkhead, as shown
in Figure 2. Temperature and corrosion data were
acquired at 1 min intervals.

Accelerated corrosion testing was conducted for a
total time of 50 h and consisted of five steps each
(10 h per step), as shown in Figure 3. The purpose of these
steps was to analyze the corrosion current density at
coating/substrate interface corresponding to various
stress levels in coating at different temperatures. The
first step involved exposing the samples to a salt fog
for a period of 10 h at fabrication temperature,

Back side of the sensor

Corrosion sensor

Substrate Thin carbon steel panel

Thin primer coating
Coating

Substrate
Thin carbon steel panel

40 mm 

Thickness = 0.1 mm 

LPR/structure pads

Gold electrodes

(a)

(b)

(c)

20 mm

FIGURE 1. (a) The corrosion sensor.52 (b) Installation of corrosion
sensor on steel sample, (c) applied with the thin coating (referred to
as primer) by using a conventional spraying gun at temperature of
318 K (45°C).

† Trade name.
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i.e., 318 K (45°C). For this period of time, ΔT is equal to
0±1 K, as the final temperature (318±1 K) and fabrica-
tion temperature of coating-substrate system
(318 K) were almost same. ΔT is calculated by using
Equation (1).

ΔT =Final Temperature − Fabrication Temperature (2)

The second step involved reducing the temperature
from 318 K to 303±2 K (29.8±2°C) and maintaining this
temperature for a period of 10 h, while keeping the
same level of fog inside the chamber. The third step
involved increasing the temperature from 303±2 K to

318 K and maintaining this temperature for a period of
10 h. The fourth step involved again reducing the
temperature from 318 K to 311±3 K and maintaining for
10 h, followed by the last step in which the temperature
was again increased andmaintained at 318K for last 10 h
of the experiment.

Experimental Observations
The corrosion sensors adhered to the substrate

beneath the coating determine the corrosion current
density based upon electrolyte conductivity, ionic
strength of electrolyte, and temperature. Corrosion at

Diffusion of ionic agents

Substrate

Coating

Microcracks 
(defects) 

x

ylc = ls 

s 

h 

Substrate 

Coating 

Coating

Substrate

Sensor signal out 

Substrate 

Coating Diffusion of ionic agents

αc > αs

ΔT < 0

Cracks 
opening 

Data acquisition unit (DAU)

Microcrack 

Tensile direction 

Cracks opening 

Diffusion layer 

(a)

(b)

Diffusion layer 

25 μm  

25 μm  

FIGURE 2. (a) Accelerated corrosion testing of primer coated steel sample in a corrosive atmosphere chamber. (b) Because
the CTE of thin primer is greater than the steel substrate, i.e., αc> αs, negative temperature change (ΔT< 0) accounts for the
tensile residual stress in the coating. The tensile residual stress allows the opening of pre-existing coating defects resulting in
the evolvement of corrosion at the interface. The corrosion rate at the coating/substrate interface is monitored by a corrosion
sensor connected to computer through DAU.
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the interface of the coating and substrate is primarily
controlled by the concentration of an electrolyte solution
and the temperature. The concentration is controlled
by the residual stress in the coating, which is caused by
temperature difference, ΔT. The residual stress can
either block the pathway of corrosive agents (as a result
of compressive behavior) by constricting the pre-
existing coating microcracks or open the pathway of
corrosive agents (as a result of tensile behavior) by
exposing the pre-existing coating microcracks.

The elastic response of coating suffered from the
residual stress and diffusion-induced stress is analyzed
in terms of the principle of linear superposition.56

Because the CTE of thin primer is greater than the steel
substrate, i.e., αc > αs, the positive temperature
change (ΔT > 0) leads to the opposite direction of residual
stress compared to the direction of diffusion stress.
This behavior reduces the deflection of coating-
substrate system resulting in the compressive re-
sidual stress in the coating, allowing the contraction of
pre-existing coating microcracks. This shows that
compressive residual stress blocks the diffusion of
corrosive agents toward the interface and, therefore,
avoids corrosion at the interface, measured by corrosion
sensors. On the other hand, negative temperature
change (ΔT < 0) accounts for the same direction of both
the residual and diffusion stresses. This behavior
increases the deflection of coating-substrate system and
results in tensile residual stress in the coating at a
given time. With increasing tensile loading, the coating
microcracks open, the crack tips penetrate into the
diffusion layer, and the Kirkendall voids then intersect
with the crack tip.57 After substantial deformation,
normally 10%, the macrocracks are visibly wide and
their tips, after penetrating through the diffusion
layer, arrive at the diffusion layer/substrate interface
as shown in Figures 2(a) and (b). This type of crack
propagation, normal to the interface, is identified as
Mode I path, leading to Type I opening cracks.
Widening of these types of microcracks give rise to

unfavorable exposure of the carbon steel substrate.
This indicates that tensile residual stress allows the
opening of microcracks resulting in the diffusion of
corrosive agents, which accelerates the corrosion at the
coating/substrate interface as shown in Figure 2.

In the above experimentation, when the coating-
substrate system is cooled (ΔT < 0) to the final temper-
ature from its fabrication temperature (318 K [45°C]),
tensile residual stress resulting from the mismatch
in the coefficients of thermal expansion (Δα = αs − αc)
between thin steel substrate and thin primer is evolved.
The possible maximum residual stress that can
develop in the coating can be determined from
Equation (3) as:58

σrc =Ec

�
1 −

4Ec h
Es s

�
ðαs − αcÞΔT (3)

The tensile residual stress that is developed in the
coating by reducing the temperature (in the second
and fourth steps of experimentation) inside the chamber
is shown in Figure 3.

Figures 4(a) through (c) show the corrosion current
density for all three samples adhered with corrosion
sensors. It can be seen that for all three samples during
the first step (10 h) when ΔT is equal to 0±1 K, the residual
stress was almost zero with no effect on microcracks,
resulting in the minimum diffusion of corrosive agents
toward the interface. Therefore, corresponding corro-
sion current density during the first step is negligible for
all of the samples, as shown in Figures 4(a) through (c).
For the second step (10 h), at point A in Figures 4(a)
through (c), ΔT started decreasing such that ΔT reached
−15±2 K at about 11 h. This decrease in ΔT resulted in the
development of tensile residual stress in the coating
causing the opening of microcracks. There was a 3 h lag
observed in all of the samples. It is believed that this lag
is a result of the diffusion process through the exposed
cracks before the corrosion current density starts in-
creasing, indicated as point B in Figures 4(a) through (c).
By the time the temperature reached its lowest point
during the second step, the corrosion current almost
reached its highest point, indicated as point C in
Figures 4(a) through (c). During the third step (10 h),
when ΔT increased to 0±1 K and maintained for 10 h,
a negligible corrosion current density was observed for
all of the samples, similar to step 1. For the fourth
step, ΔT again started decreasing and reached −7±3 K at
about 31 h. It is worth noting that this time there was
only a lag of almost 45 min (instead of the previous 3 h)
before the corrosion current density started increas-
ing, indicated as point D. The possible reason for this
reduced lag at point D during the fourth cycle could
be that the coating degradation resulting from acceler-
ated testing with time created newmicrocracks. These
newly developed microcracks, along with the other
microcracks, now result in a large diffusion rate of
corrosive agents because of the large number of
microcracks now opened up when the coating is
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FIGURE 3. Graph showing the tensile residual stress, which is
developed in the coating by reducing the temperature (in the second
and fourth step of experimentation) inside the chamber.
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subjected to tensile residual stress at low ΔT. The large

diffusion rate resulted in the early corrosion initiali-

zation, which explains the possible reason for reduced

lag time. Likewise, because of the large number of

microcracks and high diffusion rate, high peaks of
corrosion current density far greater than the second
step were observed, indicated as point E; even at ΔT this
time was reduced to −7±3 K, which is lower than the
second step. For the fifth step, ΔT increased to 0±1 K
and maintained for 10 h with negligible corrosion
current density for all of the samples, the same as in
steps 1 and 3.

Based on the observation from the 5 step experi-
mentation, amathematical model has been developed
in the next section.

MATHEMATICAL MODEL

A multidisciplinary approach has been adopted
during this research to develop a mathematical model.
This multidisciplinary technique is unique in terms of
combining three distinct fields of material science, solid
mechanics, and electrochemistry. A holistic approach
to the modeling technique is shown in Figure 5.

Diffusion Model of Coating—Utilization of Material
Science Concepts

This part of modeling is specifically developed by
considering the diffusion of corrosive species k when the
primer coated steel sample is exposed to a corrosive
environment. The type and concentration of the species
decide the rate of coating delamination. The mini-
mum threshold concentration of the corrosive species is
required at the coating defect in order to start the
process of delamination.59 This part of modeling follows
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FIGURE 4. Graph showing that, for the case of the second and fourth
step (for 10 h) when ΔT is reduced to −7±3 and −15±2 K, this results in
the same direction of residual stress gradient as of the diffusion
direction. This behavior increases the deflection of coating-substrate
system at a given time and results in the evolvement of tensile residual
stress in the coating. The tensile residual stress opens the pre-existing
structural defects in the coating, which allows the corrosive agents to
diffuse toward the interface and resulting in the evolvement of corrosion
current density.
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the assumptions of: (i) bulk concentration of corrosive
species ckB

exists at the defect in coating, and (ii) the
electrolyte solution potential Φ follows the electro-
neutrality condition at all of the boundaries as:

Φ=
Xy
k=1

zk ck =0 (4)

where k = 1, 2 : : : , y represents the number of cor-
rosive species involved, and zk represents the charge
number of the species with concentration ck. The
diffusing corrosive species k maintains a concentration
ck over an entire exposed surface of the coating.

The rate of delamination is decided by the con-
centration of the corrosive species (cation) along the
coating/substrate interface, which is found by using
a well-known solution of the differential equation
for Fick’s second law:60

ck = ckB

�
1 − erf

�
x

2
ffiffiffiffiffiffiffiffiffiffiffiffi
DktD

p
��

; ck = ckB
when

�
x=0
tD > 0

(5)

where x defines the distance to the coating defect, tD is the
diffusion time,59 and Dk is the average of the standard
diffusion coefficient of all of the corrosive species:

Dk = ½Dk,STAion
F1ðTÞF2ðRHÞF3ðtexpÞ�−2 (6)

The diffusion coefficient DS,STAion
of each corrosive

species along the coating/substrate interface depends
upon the temperature (T), pore relative humidity (RH),
and time of exposure (texp). The diffusion coefficient
DS,STAion

of the corrosive species along the interface is
two orders smaller than in aqueous solution.61 The terms
F1(T), F2(RH), and F3(texp) in Equation (6) are the
temperature variation function, RH variation function,
and aging function, respectively:62

F1ðTÞ= exp
��

Ga

R

��
1

TSTA
−
1
T

��
(6a)

F2ðRHÞ= 1

1þ
�

1−RH
1−RHSTA

�
m (6b)

F3ðtexpÞ=
�
tSTA
ta

�
nag

(6c)

In Equation (6a), TSTA is the standard temperature
value, Ga is the activation energy of corrosive
species during the diffusion process, and R is the
universal gas constant. In Equation (6b), RH is the
actual pore relative humidity, RHSTA is the standard
relative humidity at which Dk drops between
maximum and minimum values, and m is the
parameter that characterizes the spread of drop in
RHSTA.

60 In Equation (6c), tSTA is the time of exposure

at which Dk is measured (normally 1month), ta is the
actual time of exposure, and nag is the age reduction
factor.

The threshold concentration of corrosive species
ckTH

along the interface to start the process of delami-
nation can be derived from Equation (5) as:

CkTH
= cko

�
1 − erf

�
η

ffiffiffiffiffi
tp

p
2
ffiffiffiffiffiffiffiffiffiffiffiffi
DktD

p
��

=kckeq
ckB

�
1 − erf

�
η

ffiffiffiffiffi
tp

p
2
ffiffiffiffiffiffiffiffiffiffiffiffi
DktD

p
��

; tp = t − tn (7)

where η represents the mobility constant of cations,
t represents time passed after the coating defect
confronts the electrolyte solution, tn represents the time
required to activate the defect, and cko

represents the
equilibrium concentration of species at the interface in
contact with the bulk electrolyte solution ckB

. The
equilibrium constant kckeq

is used to relate cko
and ckB

,

such that kckeq
=
�
cko
ckB

	
.

For the coating-substrate system exposed to an
isotropic electrolyte solution, the chemical potential
corresponding to the stressed state of the system can
be represented as:42

μQ
k =μo

k þ RT lnðckÞ − VPk

ð
σm

0
dσm; σm =

1
3

ð
i=3

i=1
σi (8)

where μo
k is the chemical potential in the given

standard state, ck is the concentration of corrosive
species derived fromEquation (5), and σm is the stress
tensor and is equal to the mean of the sum of three
principle stresses σi (i = 1, 2, and 3), where σi can be
written as a sum of diffusion-induced stresses σdi

and
residual stresses σri , i.e., σi =σdi

þ σri . VPk
is a scaler

term (without the inclusion of stress tensor effect)
representing the partial molar volume of diffusing
corrosive species k and can be found by using Euler’s
first theorem for homogeneous functions:64

VPk
=
�
∂Vmk

∂nk

�
T,P,nk

=

 
Vmk2

− Vmk1

nk2−nk1

!
T,P,nk≠i

=

0
@mk2

ρk2
−

mk1
ρk2

nk2
− nk1

1
A

T,P,nk≠i

(9)

where VPk
depends on the change in molar volume of

solution Vmk
. The change in molar volume Vmk

depends on temperature T, pressure P, and molar
concentration of diffusing corrosive species nk. Con-
sider the case with constant T and P, Vmk2

− Vmk1
is

the change in molar volume corresponding to the
change in molar concentration of diffusing species
k from nk1

to nk2
.

For the case of an inhomogeneous distribution of
solute particles in a non-ideal electrolyte solution, Fick’s
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second law of diffusion ½∇ × Jk
!

= − ∇ × ðDkck
RT μQ

k Þ�,65 in
conjunction with the law of conservation of mass, can be
incorporated with Equations (8) and (9) as:

∇ × Jk
!

= − Dk∇
2ck þDkVPk

3RT
∇ck∇

�ð
i=3

i=1
ðσdi

þ σriÞ
�

þDkVPk

3RT
ck∇2

�ð
i=3

i=1
ðσdi

þ σriÞ
�

(10)

where ~Jk is the diffusion flux of corrosive species k and
represents the change in concentration of a corrosive
species k with respect to time within the stressed
coating-substrate system as:

∇ × Jk
!

= −
∂ck
∂t

(11)

Substituting Equation (11) into Equation (10) gives:

∂ck
∂t

=Dk∇
2ck −

DkVPk

3RT
∇ck∇

�ð
i=3

i=1
ðσdi

þ σriÞ
�

−
DkVPk

3RT
ck∇2

�ð
i=3

i=1
ðσdi

þ σriÞ
�

(12)

Equation (12) follows the law of conservation of mass.
It is worth noting that first part of Equation (12) on the
right hand side represents the chemical contribution
without the inclusion of stress. The second part of the
equation includes the contribution of stress along
with chemical effects. The third part of equation is the
result of stress-induced diffusion.

Stress Model of Coating—Utilization of Solid
Mechanics Concepts

This part of modeling is based on solid me-
chanics concepts integrating the principles of bilayer
cantilever beam. In the current research, one layer of
the bilayer cantilever beam is considered as coating,
while the other layer is considered as substrate. It
should be noted that both of the layers of bilayer
cantilever exhibit bending as a result of the diffusion-
induced stress σd and residual stress σr. Coating/
substrate interface is located at location x = 0, the
free surface of the coating is located at x = h, and the
free surface of substrate is located at x = −s, as shown
in Figure 2.

The analysis in this part of modeling is based on
the following assumptions: (i) thickness of coating h is
very small compared to thickness of substrates,
(ii) the material properties of coating and substrate
such as Young’s modulus, diffusivity, and chemical
potential are homogeneous, isotropic, and invariable,
(iii) the strain tensor corresponding to principle
strains is very small, and (iv) the diffusion-induced

stress σd corresponding to time t = 0 is zero. The
diffusion-induced stress evolves after the diffusion
of corrosive species k in both layers of cantilever
beam at time t > 0, which results in the bending
of beam.

The strain distribution E in a system is the sum of
uniform component Euj

and a bending component
Eb as:58

E = Euj
þ Eb = Euj

þ x − tb
ζj

ðfor − s ≤ x ≤ hÞ (13)

where x = tb dictates the neutral point of the bending
axis where Eb is zero and ζj represents the radius of
curvature of bilayer cantilever. The term j = r, d where r
is the residual component and d is diffusion com-
ponent. Equation (13) will be utilized to derive the
relations for residual stresses σr and diffusion-
induced stresses σd in a bilayer cantilever beam. This
equation is analogous to the strain continuity equa-
tion in the Timoshenko shear model.66

The relation for the residual stresses in a bilayer
cantilever beam is given as:42

σrc =Ec

�
Eur

þ x−tb
ζr

− αcΔT
	

σrs =Es

�
Eur

þ x−tb
ζr

− αsΔT
	
9>=
>;Residual stresses

(14a)

(14b)

where Ec, Es, αc, and αs are the elastic moduli and
coefficient of thermal expansion (CTE) of coating and
substrate, respectively, and ΔT is the change in
temperature from fabrication temperature or during
application. The terms Eur

, tb, and 1/ζr can be ex-
panded as:67

Eur
=

ðEsαssþ EcαchÞΔT
ðEssþ EchÞ

(15a)

tb =
− Ess2 þ Ech2

2ðEssþ EchÞ
(15b)

1
ζr

=
3½Ess2ðEu − αsΔTÞ − Ech2ðEu − αcΔTÞ�

Ess2ð2sþ 3tbÞ þ Ech2ð2h − 3tbÞ
(15c)

The average diffusion-induced stresses distribution
in a bilayer cantilever beam are related to strains by
using a modified form of stress-strain relation as:

σdc
=Ec

�
Eud

þ x−tb
ζd

− 1
3 ckc

VPkc

	

σds
=Es

�
Eud

þ x−tb
ζd

− 1
3 cks

VPks

	
9>>=
>>;
Diffusion-

(16a)

induced stresses
(16b)

The bi-axial strains are identical along y and z planes for
the case of planar geometry; therefore, Em can be
replaced by Em/(1−vm), where vm is the Poisson’s ratio
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and m= c, s. The equations for the diffusion-induced
stresses (Equations [16a] and [b]) are similar to the
equations for the residual stresses (Equations [14a]
and [b]). However, for diffusion processes, the coating
properties may be assumed to change linearly68 with
the concentration of diffusing corrosive species k, which
results in diffusion-induced stresses. Therefore, it is
possible to calculate diffusion-induced stresses by
analogy to thermal stresses, which has been previ-
ously calculated by Prussin69 and Zhang.70 Prussin and
Zhang treated concentration gradients ckc

analogous
to those generated by temperature gradients ΔT and
partial molar volume VPk

analogous to thermal ex-
pansion α.

The strain and stress distribution in bilayer
cantilever beam (Equations [13], [16a], and [16b])
resulting from diffusion are dependent on the solu-
tion of two parameters, i.e., Eud

and 1/ζd. It is possible to
find Eud

and 1/ζd by using the following two boundary
conditions.

At first, the resultant force corresponding to
uniform strain component is zero, such that:

ð
Zc

Ec

�
Eud

−
1
3
VPkc

ckc

�
dZc

þ
ð
Zs

Es

�
Eud

−
1
3
VPks

cks

�
dZs =0 (17)

The terms Zc = bh, Zs = bs, and b = bs = bh. The solu-
tion of Equation (17) gives:

Eud
=

1
3

�
EchVPkc

ckc
þEssVPks

cks

ðEchþ EssÞ
�

(18)

where ckc
= 1

h ∫
h
0ckc

dx and cks
= 1

s ∫
0
−scks

dx.
Second, the summation of bending moments

of cantilever layers with respect to neutral point,
i.e., x = tb is zero, such that:

ð
Zc

σdc
ðx − tbÞdZc þ

ð
Zs

σds
ðx − tbÞdZs =0 (19)

The bending curvature of cantilever layers 1/ζd
resulting from diffusion-induced stress can be
determined from the solution of Equations (13), (16a),
(16b), (18), and (19):

1
ζd

=
2½EcEshsð2sÞðVPkc

ckc
− VPks

cks
Þ�

E2
ch4 þ E2

ss4 þ 2EcEshsð2h2 þ 3hsþ 2s2Þ (20)

Substituting the residual stresses Equations (14a)
and (b) and diffusion-induced stresses Equations (16a)
and (b) into Equation (12) forms a coupling relationship
between stress model of cantilever layers and diffusion

model as:

∂ckc

∂t
=Dkc

�
1þ EcVPkc

2

9RT
ckc

�
∂2ckc

∂x2 þDkc

EcVPkc

2

9RT

�
∂ckc

∂x

�
2

−
Dkc

EcVPkc

3RT
∂ckc

∂x

�
1
ζd

þ 1
ζr

�
(21a)

∂cks

∂t
=Dks

�
1þ EsVPks

2

9RT
cks

�
∂2cks

∂x2 þDks

EsVPks

2

9RT

�
∂cks

∂x

�
2

−
Dks

EsVPks

3RT
∂cks

∂x

�
1
ζd

þ 1
ζr

�
(21b)

In Equations (21a) and (b), in the third part on right

hand side, the terms can be written as: Ec
ζd

= ∂σdc
∂t ,

Ec
ζr

= ∂σrc
∂x ,

Es
ζd

= ∂σds
∂t , and

Es
ζr

= ∂σrs
∂x , where ∂σdc

∂t and ∂σrc
∂x , and

∂σds
∂t and

∂σrs
∂x represent the rate of change of diffusion-induced
stresses and residual stresses in coating and sub-
strate, respectively.

The total bending curvature of cantilever layers�
1
ζd
þ 1

ζr

	
in Equations (21a) and (b) as a result of

the diffusion-induced stress and residual stress
can be written as the summation of Equations (15c)
and (20):

1
ζd

þ 1
ζr

=
2½EcEshsð2sÞðVPkc

ckc
− VPks

cks
Þ�

E2
ch4 þ E2

ss4 þ 2EcEshsð2h2 þ 3hsþ 2s2Þ

þ 3½Ess2ðEu − αsΔTÞ − Ech2ðEu − αcΔTÞ�
Ess2ð2sþ 3tbÞ þ Ech2ð2h − 3tbÞ

(22)

Equation (22) shows that the total bending curvature of
cantilever layers is the sum of bending curvature of
cantilever layers resulting from diffusion-induced stress
1/ζd and bending curvature of cantilever layers
resulting from residual stress 1/ζr. The bending cur-
vatures as a result of diffusion-induced stress and
residual stress are dependent upon the concentration of
corrosive species ck and CTE mismatch resulting
from temperature change ΔT, respectively.

Electrochemical Model of Coating—Utilization
of Electrochemistry Concepts

This part of modeling gives the design for corro-
sion current density resulting from the electrochemical
reactions along coating/substrate interface. The
corrosion current density depends on the electro-
chemical reactions as a result of substrate dissolution
and oxygen reduction. The conventional equation of
corrosion current density from literature71-72 can
now be incorporated with the derived equation of total
bending curvature (Equation [22]). This indicates that
the electrochemical reactions along the coating/sub-
strate interface also depend on the total bending
curvature resulting from diffusion-induced stress (1/ζd)
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and residual stress (1/ζr). No homogeneous reactions
are taken into account; only electrochemical reactions
are considered. The expressions of the polarization
kinetics for oxygen reduction and substrate dissolution
are developed, which are presented next.

The polarization kinetics for the reaction involv-
ing oxygen reduction is expressed as: O2 + 2H2O +
4e−→ 4OH−.

By incorporating the total bending curvature
1
ζd
þ 1

ζr
derived in Equation (22) with the conventional

equation of corrosion current density,71-72 a new
equation has been developed for the current density
resulting from the oxygen reduction at any position
along the coating/substrate interface:

icoatO2
=−

0
BBBBB@

1

−nFDO2
cO2

0
B@

�
1

ζdd
þ 1

ζrd

	�
1

ζdnd
þ 1

ζrnd

	
�

1
ζdd

þ 1
ζrd

	
hndþ

�
1

ζdnd
þ 1

ζrnd

	
hd

1
CA

−10

V−Eo
O2

βO2

1
CCCCCA

−1

;

V=E−Φ

(23)

where Eo
O2
, E, Φ, and βO2

are the equilibrium potential
of oxygen, substrate potential, solution potential, and
oxygen Tafel slope, respectively. The terms hd and hnd

are the coating thickness for delaminated and
nondelaminated coating, respectively. The terms 1

ζdd

and 1
ζdnd

, and 1
ζrd

and 1
ζrnd

are the bending curvatures
resulting from diffusion-induced stress and residual
stress for delaminated and nondelaminated
coating-substrate system, respectively. The
term cO2

represents the dissolved concentration
of oxygen at coating surface, DO2

is the diffusion
coefficients for oxygen, and n is the number of
electrons transferred.73

The polarization kinetics for the forward reaction
involving substrate dissolution is expressed
as: S → Snþ þ ne−

The current density is at the coating/substrate
interface as a result of substrate dissolution is given as:63

is = io,s10
V−Eos
βs ; V=E − Φ (24)

where Eo
s, βs, and io,s are the equilibrium potential of

substrate, substrate-Tafel slope, and exchange current
density for the substrate dissolution reaction,
respectively.

The equations ([23] and [24]) for both the oxygen
reduction and substrate dissolution can be combined to
generate the net corrosion current density “i” along
the coating/substrate interface as:

i= icoatO2
þ is (25)

It is clear that the above equation agrees with
Allahar,72 when the total bending curvature

�
1
ζd
þ 1

ζr

	
resulting from diffusion-induced stress and residual

stress is replaced by interface porosity (gap at the in-
terface between coating and substrate) p1.5 in a
coating-substrate system.

IMPLEMENTATION OF MATHEMATICAL MODEL

The initial and boundary conditions for the
stressed bilayer cantilever are expressed as follows:

ckc
ðxÞ= cks

ðxÞ=0 at time t=0 (26)

∂cks

∂x






x= s

=0; ckc
ðhÞ= cko

at time t > 0 (27)

For numerical simulation work, all of the parameters
and variables, which are used in the equations, should
be converted in to dimensionless forms as:

D 0
k =Dkc

=Dks
; D 0

O2
=DO2

=DO2O
(28a)

x 0 =
x
b
=

x
hþ s

(28b)

c 0
kc
= ckc

=cko
; c 0

ks
= cks

=cko
; c 0

O2
= cO2

=cO2O
(28c)

VPkc
=VPks

=1 (28d)

t 0 =Dkc
t=h2 (28e)

1
ζ 0
r
=

h
ζr

2EcVPk

3RT
=

4Λ−1

�
1
η

��
1þ 1

η

�
2
ðαc − αsÞΔTEcVPk�

Λ−1

�
1
η

�
2
− 1
�

2
þ 4Λ−1 1

η

�
1
η þ 1

�
2
RT

(28f)

1
ζ0d

=
b

ζdVPk
cko

=
4ð1þ1=ηÞ3½1þðΛ−1=ηÞ�

�
Λ−1
Ð
0
− 1=η
1=ηþ1

c0ks
x 0dx 0þÐ 1

1=ηþ1

0 c0kc
x 0dx 0

�
h
Λ−1
�
1
η

	
2
−1
i
2þ4Λ−1

�
1
η

	�
1
ηþ1

	
2

−

2
h
1−Λ−1

�
1
η

	
2
i�
1þ1

η

	
2
�
Λ−1

Ð
0
− 1=η
1
ηþ1

c0ks
x 0dx 0þÐ 1

1=ηþ1

0 c0kc
x 0dx 0

�
h
Λ−1
�
1
η

	
2
−1
i
2þ4Λ−1

�
1
η

	�
1
ηþ1

	
2

(28g)

i 0 = icoat
0

O2
þ is

0

= −

8>>>>><
>>>>>:

1

− D 0
O2
c 0
O2

2
6664

�
1

ζ 0
dd

þ 1
ζ 0rd

	�
1

ζ 0
dnd

þ 1
ζ 0rnd

	
�

1
ζ 0
dd

þ 1
ζ 0rd

	
hnd
s þ
�

1
ζ 0
dnd

þ 1
ζ 0rnd

	
hd
s

3
7775
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>>>>>;

−1

þ 10
V–Eos
βs

io,s
io,sO

(28h)

CORROSION—Vol. 72, No. 4 509

CORROSION SCIENCE SECTION



where Λ−1 = Ec/Es and 1/η = h/s, and it is assumed
that VPk

=VPkc
=VPks

.

The dimensionless partial differential equation
(PDE) Equation (28h) is then solved by developing a
generalized Equation (23) representing the time it-
erative algorithm shown in Figure 6.

∂i 0

∂t
ðnÞ= i 0t

0 ðnÞ (29)

Temperature ΔT influences the “time discretization”
of “i” during the application of coating-substrate
system. The iterations of parameter ΔT is repre-
sented by “n” and the time states are represented
by superscript “t 0” which is generalized in Equa-
tion 29. Newton-Rhapson method74 is utilized to
solve the time-varying PDE ∂i 0

∂t . The governing PDE ∂i 0
∂t

for normalized corrosion current density i 0 in the
domain is discretized in time and space, and cast
into the matrix form by using Newton-Rhapson
method.

The algorithm follows the following steps.
(i) The algorithm initiates the iterative process

for a parameter and computes Δn as:

Δn=n − ni where ni =0 (30)

(ii) The initially calculated Δn in Equation (24) is
used every time to upgrade n to n + 1 by using:

nþ 1=nþ Δn (31)

(iii) The value of i 0t
0 ðnÞ at time t 0i =0 is assumed as

i′0(n). This is in accordance with the boundary
condition in stressed cantilever, as mentioned
in Equation (26).

(iv) The algorithm then performs the time discreti-
zation of i 0 which is then cast into the matrix
form as:

Ki 0 · i 0
t 0þ1ðniÞ=Li 0 (32)

where Ki 0 represents the coefficient matrix
which is a function of i 0t

0þ1 at time state t′ + 1.
The vector Li 0 is the load vector which is a
function of i 0t

0 ðnÞ at time state t′. Both of the
matrices Ki 0 and Li 0 are used in the computation
of the value of i 0t

0þ1.
(v) The time convergence criterion ξt 0 is calculated

as:

ξt 0 =100
�
f t

0þ1 − f t
0

f t
0

�
(33)

where f is a generic term representing time t′.
The value of f for each time state in the domain,
excluding that on the boundary conditions, was
computed and the maximum value of ξmax

was determined. On the comparison of ξmax with
ξt 0 , if ξmax > ξt 0 , the value of t 0 is updated,
and control returned to step (iv). For the con-
dition ξmax < ξt 0 , the algorithm moves to
next step.

(vi) The convergence criterion ϑn for variable pa-
rameter n is calculated as:

ϑn =100
�
mnþ1 − mn

mn

�
(34)

where m is a generic term representing variable
parameter n. The value of n is updated for the
condition if ϑmax > ϑn by returning the control to
step (ii). For the condition ϑmax < ϑn, the algo-
rithm ends.

RESULTS AND DISCUSSION

Based on the numerical simulation by using
Newton-Rhapson method, the effect of residual stress
gradient 1=ζ 0

r (resulting from the change in temper-
ature ΔT) on corrosion current density is discussed in
this section.

The corrosion current density is significantly
affected by the residual stress and diffusion-induced
stress. Figure 7 illustrates the evolution of nor-
malized corrosion current density incorporating the
effects of diffusion-induced gradient 1=ζ 0

d and re-
sidual stress gradient 1=ζ 0

r of the coating. It is clear
that the normalized corrosion current density
depends upon the diffusion of corrosive agents
through the coating microcracks, which accounts

Start

Initial assumption
n1 = 0 ; t′i = 0 ; i′t ′i  (ni)

Assemble Ki ′ and Li ′

Solve for (n)
using Equation (32)

Calculate ξmax using
 Equation (33)

Update

No

Yes

End

max  > n ?

No

Yes ϑ ϑ

n = n + 1

Update n to n + 1 using
Equation (31)

Iterative mehod 

i′t +1′

ξmax > ξt′ ?

(n + 1) =i′t′

(n + 1)i′t +1′

FIGURE 6. Newly developed algorithm utilizing Newton-
Rhapson method in order to solve and implement the
mathematical model.
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for the diffusion-induced gradient 1=ζ 0
d. However, the

diffusion-induced gradient 1=ζ 0
d is changed by the

residual stress gradient depending upon the mis-
match in CTE of coating and substrate. Because the
CTE of the coating is twice that of the substrate, i.e.,
αc = 2αs, therefore, the positive temperature change
ΔT = 7 K (> 0) leads to the opposite direction of residual
stress (1=ζ 0

r = −4.2) compared to the diffusion stress
direction. Thus, the total gradient can be written as:
1=ζ 0

d − 1=ζ 0
r. This type of stress gradient results in the

evolution of the compressive residual stress at a given
time, as shown in Figure 7. The compressive be-
havior of the coating constricts the pre-existing
coating microcracks, which in turn creates obsta-
cles for the diffusion of corrosive agents and reduces
the corrosion current density at the interface. On
the other hand, the negative temperature change ΔT =
−7 K (< 0) leads to the same direction of both the
stresses, i.e., residual stress (1=ζ 0

r =4.2) and diffusion
stress. Thus, the total gradient can be written as:
1=ζ 0

d þ 1=ζ 0
r. This type of stress gradient results in

the evolution of the tensile residual stress. The
tensile behavior opens the pre-existing coating
microcracks and allows the diffusion of corrosive
agents before reaching the saturation state of corro-
sive agents in the coating. This results in the in-
crease of corrosion current density. The results indi-
cate that a 14° change in temperature can result in a
100% shift in the corrosion current density at a given
diffusing time. For the case when ΔT = 0 K, the effect
of residual stress gradient 1=ζ 0

r is negligible: only the
diffusion-induced gradient 1=ζ 0

d influences the
corrosion current density. This indicates that the re-
sidual stress plays a vital role in the corrosion
current density; however, the effects of residual stress

on the corrosion current density gradually
disappear when the saturation condition of corrosive
agents is reached. From Figure 7 it can be seen
that for the coating under tensile behavior ΔT = −7 K,
the saturation condition is reached well before
Dkc

t=h2 =3.5; however, for coating under
compressive behavior ΔT = 7 K, the saturation
condition is reached at some point in time af-
ter Dkc

t=h2 =3.5.
Effects of various temperature values ΔT on the

corrosion current density are shown in Figure 8,
where VPkc

0 =VPkc
=VPks

=0.5, Λ−1 = Ec/Es = 0.03,
s/h = 10, αc/αs = 2, and Dkc

=Dks
=102. From Figure 8,

it is clear that as the temperature increases from
ΔT = −17 K to ΔT = −7 K (tensile regime), the corrosion
current density decreases. However, this decrease in the
corrosion current density is observed only for a time
period of Dkc

t=h2 < 3.5. After this time period, the sat-
uration condition of corrosive agents is reached and
the corrosion current density becomes independent of
the change in temperature ΔT. For the increase in
temperature from ΔT = 7 K to ΔT = 17 K (compressive
regime), the corrosion current density still decreases
but the saturation condition of corrosive agents is
reached at some point after time Dkc

t=h2 =3.5. This
saturation behavior of corrosive agents in compressive
regime shows that the saturation time is higher when
the coating is subjected to compressive residual stress.
In conclusion, the residual stress plays a vital role
only at the start of exposure; however, the effect of
residual stress disappears when the saturation is
reached.

Figure 9 shows the evolution of corrosion current
density corresponding to various values of moduli
ratio Ec/Es, and the residual stress gradient 1=ζ 0

r at two

1/ζr′ = –4.2 (ΔT = 7 K) → Compressive behavior of coating

1/ζr′ = 0.05 (ΔT = 0 K) → Negligible residual stress

1/ζr′ = 4.2 (ΔT = –7 K) → Tensile behavior of coating
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FIGURE 7. Figure illustrating the evolvement of normalized corrosion
current density “i” incorporating the effects of diffusion-induced
gradient 1=ζ 0

d and residual stress gradient 1=ζ 0
r of the coating. The

residual stress 1=ζ 0
r in the coating could be compressive (when ΔT =

7 K [> 0]) and could be tensile (when ΔT = –7 K [< 0]).
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FIGURE 8. Figure showing the effects of various temperature values
ΔT on the corrosion current density “i.” It is clear that as the
temperature increases from ΔT =−17 K (tensile behavior of coating)
to ΔT = 17 K (compressive behavior of coating), the corrosion current
density decreases.
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different temperatures, i.e., ΔT = −7 K and ΔT = 7 K.
The parameters are set as VPkc

0 =VPkc
=VPks

=0.5,
s/h = 10, αc/αs = 2, and Dkc

=Dks
=102. It is clear in

Figure 9 that the corrosion current density gradually
increases and then stabilizes with the increasing time
for various ratios of moduli. It is worth noting, that the
corrosion current density increases with the increase
in the ratios of modulus, Ec/Es. This indicates that, for
a given value of thickness h/s and concentration
of corrosive species, increasing the flexibility of sub-
strate can increase the corrosion current density. It
is also clear that the corrosion current density
increases or decreases with the magnitude of resid-
ual stress gradient 1=ζ 0

r. The negative temperature
change (ΔT = −7 K) accounts for the increase in total
gradient (1=ζ 0

d þ 1=ζ 0
r) because of the same direction of

residual stress and the diffusion stress. This be-
havior in turn increases in the corrosion current
density. However, the positive temperature change
(ΔT = 7 K) accounts for the decrease in total gradient
(1=ζ 0

d − 1=ζ 0
r), which in turn decreases in the corro-

sion current density.
For the case considering the total thickness to be

constant, the effects of thickness ratio s/h on cor-
rosion current density are shown in Figure 10, where
VPkc

0 =VPkc
=VPks

=0.5, Δ−1 = Ec/Es = 0.03, αc/αs = 2,
and Dkc

=Dks
=102. From Figure 10, it is observed that

when ΔT < 0 K under tensile condition, the corrosion
current density decreases for the thickness ratio
s/h < 4.5, and then becomes stable for s/h > 4.5. This
clearly indicates that the tensile residual stress in
coating assists the opening of coating microcracks
only if the thickness ratio s/h is less than 4.5. However,

when the thickness ratio s/h exceeds 4.5 (i.e., for thin
coatings), microcracks opening is no longer influenced
by tensile residual stress in the coating. On the other
hand, for the case of compressive residual stress when
ΔT > 0 K, the thickness ratio s/h does not significantly
affect the microcracks and therefore results in constant
corrosion current density for all thickness ratios s/h.
It can be concluded that the thickness ratio plays a
significant role in controlling corrosion current den-
sity only if the coating is under tensile residual effect,
while if the coating is under compressive residual
effect, the thickness ratio s/h does not affect
the corrosion current density. It is also clear from
Figure 11 that for the condition ΔT = 7 K, when the
coating is under compression, the corrosion current
density is independent of time Dkc

t=h2 for any ratio of
thickness s/h.

Figure 12 illustrates the evolution of corrosion
current density involving the effects of CTE mis-
match between coating and substrate. For a qualita-
tive discussion two modulus ratios have been con-
sidered (i) when Λ−1 = Ec/Es = 0.2 and (ii) when Λ−1 =
Ec/Es = 0.03. Now considering the first case withΛ−1 =
Ec/Es = 0.2, it is clear from Figure 12(a) that for the
condition, when ΔT = −7 K, the corrosion current
density increases with the decrease in the CTE
mismatch between coating and substrate. For in-
stance, considering ΔT = −7 K, for the case when
αc/αs = 2, the corrosion current density is higher than
the corrosion current density for αc/αs = 10 and
αc/αs = 50. This behavior is a result of the residual
stress gradient 1=ζ 0

r, which decreases with the
increase in αc/αs, and thus, results in the decrease of
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FIGURE 9. Figure showing the evolvement of corrosion current
density “i” corresponding to various values of moduli ratio
Ec/Es and the residual stress gradient 1=ζ 0

r at two different tempera-
tures, i.e., ΔT =−7 K and ΔT = 7 K. The corrosion current density
increases with the increase in the ratios of modulus, Ec/Es. This
indicates that increasing the flexibility of substrate can increase the
corrosion current density.
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the case of compressive residual stress when ΔT> 0 K, the thickness
ratio s/h does not have a significant effect and results in constant
corrosion current density for all thickness ratios s/h.
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total stress gradient 1=ζ 0
d þ 1=ζ 0

r. This decrease in the
total stress gradient results in the decrease of corro-
sion current density. However, for ΔT = 7 K, the corrosion
current density is low for smaller CTE mismatch,
i.e., the corrosion current density for αc/αs = 2 is lower
than the corrosion current density for αc/αs = 10 and
αc/αs = 50. This behavior is a result of the residual stress
gradient 1=ζ 0

r, which increases with the increase
in αc/αs, and thus, results in the increase of total stress
gradient 1=ζ 0

d − 1=ζ 0
r. This increase in the total stress

gradient results in the increase of corrosion current
density.

Now considering the second case with modulus
ratio Λ−1 = Ec/Es = 0.03, it is clear that when ΔT =
−7 K, behavior similar to the previous case (when
Λ−1=Ec/Es = 0.2) was again observed in which the
corrosion current density was high for small CTE
mismatch and was low for large CTE mismatch, as
shown in Figure 12(b). For ΔT = 7 K, the behavior of
corrosion current density was again similar to the
previous case.

However, the notable difference between both of
these cases was that the values of corrosion current
density corresponding to all of the CTE mismatches
(αc/αs equal to 50, 10, and 2) were found to be higher for
largermodulus ratio (e.g., Ec/Es = 0.2) in the first case
compared to the smaller modulus ratio (e.g., Ec/Es =
0.03) in the second case. The reason behind this
behavior is that for a given ΔT, thickness, and con-
centration of diffusion species, higher flexibility of
substrate (smaller Es), as in case 1, can increase the
deflection of coating-substrate system. This behavior
can result in the evolution of higher tensile residual
stress in the coating, allowing the microcracks to
open up wide, resulting in higher corrosion current
density. On the other hand, lower flexibility of

substrate (higher Es), as in case 2, can decrease the
deflection of coating-substrate system. This behavior
can result in the evolution of smaller tensile residual
stress in the coating openingmicrocracks that are not
wide enough, resulting in lower corrosion current
density.

Therefore, it can be concluded that for coating-
substrate system, higher modulus ratio accounts for
larger corrosion current density compared to lower
modulus ratio. However, for a given modulus ratio,
larger corrosion current density can be avoided if
higher αc/αs is used for the applications with negative
temperature change (ΔT < 0) and lower αc/αs is used
for the applications with positive temperature change
(ΔT > 0).
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FIGURE 12. Figure showing the evolution of corrosion current
density “i” involving the effects of CTE mismatch between coating
and substrate for two cases (a) when Δ−1 = Ec/Es = 0.2, and (b) when
Δ−1 = Ec/Es = 0.03. For the case when Ec/Es = 0.2, higher modulus
ratio accounts for larger corrosion current density compared to lower
modulus ratio Ec/Es = 0.03. However, for a given modulus ratio, larger
corrosion current density can be avoided if higher Δc/Δs is used for
the applications with negative temperature change (ΔT< 0) and
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VALIDATION OF MODEL

Another goal of this work is to make a quanti-
tative comparison between the experiments and the
theoretical model of the previous sections. It was
emphasized in the Experimental Procedures and
Results and Discussion sections that the residual
stress change in the coating under the temperature
variation has a profound influence on the corrosion
rate at the coating/substrate interface. Corrosion rate
in mm/y is calculated by using:75

Corrosion rate=3.27 × 10−3

�
i x EW

ρ

�
(35)

where i is the corrosion current density calculated
from Equation (25), ρ is the density of steel in g/cm3,
and EW is the equivalent weight in grams of steel.
Figure 13 shows the experimental result plotted
using the mean of data values from three corrosion
sensors for the initial two 20 h steps. Figure 13 also
shows a typical simulation result at specific condi-
tions for which an experiment has been performed.
A comparative analysis between experimental and
simulation results showed that for the first step
when ΔT is equal to 0±1 K, the corrosion rate is
negligible for both experimental and simulation
results. For the second step during 10 h to 14 h,
indicated as point A when ΔT starts to decrease, the
simulation result showed a slight increase in the
corrosion rate. However, during the experiment for
this short interval of time (10 h to 14 h), no change in
the corrosion rate was observed. This perhaps can
be attributed to the low sensitivity of corrosion sensors
to the incipient electrochemical activity. For the
next 14 h to 17 h, indicated as point B when the
temperature reaches its lowest point for the whole
experiment, the simulation result showed a sudden
rise-fall trend maintaining the maximum corrosion
rate during this time. A similar behavior with high

corrosion rate was also observed for the experi-
mental result, but the rise-fall behavior was not as
sharp as for the simulation result. From 17 h to
19 h, represented as point C, the trends for both the
simulation and experimental results showed similar
behavior in a way that the corrosion rate was high
for low-temperature peaks and low for high-
temperature peaks. And finally after 19 h at point D,
the corrosion rate started to decrease with in-
creasing temperature. The comparison between ex-
perimental data and simulation results in Figure 13
shows a satisfactory agreement. In the simulation, the
model overpredicts the corrosion rate for short-term
experiments (20 h), which makes some of the data
points in the simulation graph deviate from the
experimental data points.

CONCLUSIONS

v The performance of coating-substrate system has
been investigated in the presence of residual stress
under the frame work of material science, solid
mechanics, and electrochemistry. Based on novel self-
consistent equations for corrosion current density,
the effects of temperature, moduli ratio, thickness ra-
tio, thermal mismatch ratio, and residual stress
gradient of coating and substrate are addressed with
the help of the Newton Rhapson method. The results
show that for the case when coefficient of thermal
expansion (CTE) of the coating is greater than sub-
strate, the negative change in temperature (ΔT < 0 K)
accounts for the same direction of residual stress as
of the diffusion stress. This behavior increases the
deflection of coating-substrate system and results in
tensile residual stress in the coating. The tensile be-
havior opens the pre-existing microcracks in the
coating and, therefore, allows the diffusion of corrosive
agents before reaching the saturation state of cor-
rosive agents in coating. The increase in the diffusion
rate also increases the corrosion current density at
the interface of coating and substrate. After reaching
the saturation state at a certain time, the corrosion
current density becomes constant; therefore, residual
stress plays a critical role in the corrosion current
density only before the time period when the saturation
condition is reached. However, the effect of residual
stress on the corrosion current density gradually dis-
appears after the saturation condition of corrosive
agents is reached.
v The results also show that a larger modulus ratio
Ec/Es accounts for higher corrosion current density;
therefore, to achieve the better performance of
coating-substrate system, it is always better to use a
smaller modulus ratio. For the case when ΔT < 0 K,
the corrosion current density decreases first, and
then becomes stable with increasing ratio of thick-
ness s/h. However, for the case when ΔT > 0 K,
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FIGURE 13. Comparative analysis between experimental and simu-
lation results to validate the model.
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the corrosion current density is constant for all
thickness ratios s/h. Therefore, increasing the
thickness of coating is not necessarily better for
achieving higher performance of coating-substrate
system in terms of corrosion. For the condition
where ΔT < 0 K, the corrosion current density increases
with the decrease in the CTE mismatch between
coating and substrate. However, for the condition
where ΔT > 0 K, the corrosion current density
decreases with the decrease in the CTE mismatch.
Therefore, for higher performance in terms of cor-
rosion, it is better to use higher αc/αs for the appli-
cations with negative temperature change (ΔT < 0)
and lower αc/αs for the applications with positive
temperature change (ΔT > 0).
v A model experiment was performed in conjunction
with the analysis. The experiment showed good,
quantitative agreement with the trends predicted by
the theory. Furthermore, the experiment emphasized
the important role that the residual stress resulting
from temperature change plays in the evolution of
corrosion current density at the coating/substrate
interface.
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NOMENCLATURE

Unless otherwise specified, the following nomenclature
is used in this paper.

Notation Description
ΔT Temperature difference/change
αc and αs Coefficient of thermal expansion (CTE)

of coating and substrate, respectively
Ec and Es Young’s modulus of coating and

substrate, respectively
h Thickness of coating
s Thickness of substrate
σrc Residual stress
Rp Polarization resistance

B Stern-Geary constant
i = B/Rp Corrosion current density
ckB

Bulk ionic concentration
Φ Solution potential
zk Charge number of corrosive species
x Distance to the defect
tD Diffusion time
DS,STAion

Diffusion coefficient of the corrosive
species along the interface

RH Pore relative humidity
texp Time of exposure
Dk Average of standard diffusion coefficient

of all of the corrosive species
RHSTA Standard relative humidity
TSTA Standard temperature
tSTA Time of exposure at which Dk is

measured (normally 1 month)
Ga Activation energy of corrosive species
R Universal gas constant
ta Actual time of exposure
nag Age reduction factor
ckTH

Threshold concentration of species
η The mobility constant of cations
t Time passed after the defect confronts

the solution
tn The time required to activate the defect
cko

The equilibrium concentration of ions
at the interface in contact with the bulk
solution ckB

kckeq
= cko

=ckB
Equilibrium constant

μo
k Chemical potential in the given

standard state
σm Stress tensor
σi =σdi

þ σri Principle stresses (sum of residual stress
and diffusion induces stress)

VPk
Partial molar volume of diffusing
species k

Vmk
Molar volume of solution

P Pressure
nk Molar concentration of diffusing species
Jk Diffusion flux of species k
E Strain distribution
Eur

Uniform component of residual strain
Eb Bending component of strain
ζr Radius of curvature resulting from

residual stress
Eud

Uniform component of diffusion-induced
strain

ζd Radius of curvature resulting from
diffusion-induced stress

Eo
O2

Equilibrium potential of oxygen
E Substrate potential
βO2

Oxygen Tafel slope
1
ζdd

and 1
ζdnd

Bending curvatures resulting
from diffusion-induced stress for
delaminated and nondelaminated
coating, respectively
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1
ζrd

and 1
ζrnd

Bending curvatures resulting from
residual stress for delaminated and
nondelaminated coating, respectively

cO2
Dissolved concentration of oxygen at
coating surface

DO2
Diffusion coefficients for oxygen

n The number of electrons transferred

icoatO2
Current density resulting from the
oxygen reduction at any position
along the coating/substrate interface

is Current density resulting from substrate
dissolution

i= icoatO2
þ is Corrosion current density along the

interface of coating and substrate
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