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Abstract An experimental set up was designed to
characterize and quantify the protective properties of
coated steel samples over time. A porous layer of
corrosion products (Fe,O,) was formed on the metal
surface prior to coating application to simulate the
coating disbondment condition. The detailed sample
system configuration is as follows: coal tar epoxy
coating/corrosion product/steel substrate. A continu-
ous damage evolution mechanism was proposed which
contains the following three stages: (I) mass transport
within the coating and the corrosion porous layer, (II)
mass transport and charge transfer mechanism mixture
due to the formation of active sites beneath the coating
layer, and (III) charge transfer dominant mechanism
due to adsorption and electrochemical reaction. This
damage evolution concept was supported by the
experimental results in this work. Based on the
electrochemical impedance spectroscopy (EIS) tech-
nique, we observed that the sample system underwent
stage I when initially immersed in an electrolyte
solution. By evaluating the induced disbondment
conditions, transitions from stage I to stages II and
III were observed during the experimental period.
After 55 days of exposure, stage III was identified in
the EIS spectra. A transmission line model and EIS
analysis was applied to each experimental condition.
The simulated impedance magnitude has a good
agreement with the experimental results.
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Introduction

One classical method of corrosion control that is used
to preserve metals from corrosive environments is to
apply a physical barrier to the metallic substrate.'” The
objective is to protect the metallic substrate from
corrosive environments and retard the transportation
of corrosive species (i.e., water, ions, and oxygen)
through the coating layer.” However, coatings and the
coating/substrate interface can be chemically and
mechanically degraded over time,** the former by
the swelling process and the latter when the interface
between the coating and the substrate deteriorates by
delamination or disbondment.*°

The general protective properties for the ‘“‘coating
on steel” system have been characterized using various
different technologies and quantified using theoretical
models. Different techniques and approaches are used
to characterize the performance and degradation of the
coating/steel system. For example, localized electro-
chemical impedance (LEIS) has been used to stud;r the
surface morphology during coating deterioration’ and
surface evolution during different stages of coating
degradation. Additionally, electrochemical techniques
include electrochemical noise (EN), which has been
used to characterize the initial stage of coating dam-
age,® and electrochemical impedance spectroscopy
(EIS), which has been extensively applied to study
the degradation of coating/metallic substrate materials
by evaluating each element in the electrochemical
cell.”1°

In general, EIS has been used to analyze and
quantify the mechanistic processes occurring at each
formed interface, e.g., coating/substrate and electro-
lyte/coating; and different data analysis approaches
have been applied such as transfer function analysis
and equivalent circuit elements. This latter approach
has led to qualitative analysis of the deterioration of
organic coatings'' and the bonding between coatings
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and metals under several exposure conditions. For
example, Deflorian et al.'? studied the effect of
environmental factors, such as UV exposure, temper-
ature, and humidity, whereas Akbarinezhad et al.l?
investigated the variation in coating resistance and
capacitance during coating chemical degradation. In
addition, Walter'* studied the effects of water uptake
and chloride ion concentration on the degradation of
coating/metal systems and Haruyama et al.'® analyzed
the delamination ratio of coatings by determining the
breaking point frequency.

Due to the extended testing periods that adequately
characterize the damage stage, water uptake, electro-
chemical initiation at the coating/corrosion product/
substrate interface, and coating delamination/substrate
damage have been studied separately. Based on
previous works,'*!® continuous and parallel processes
related to the initial degradation of coatings, such as
electrolyte penetration (water uptake), have been
extensively studied.'*"

This evolution damage for coating detachment can
cover different stages from initial immersion of the
sample to failure of the coating and substrate
activation. The ions transported through the coating
and the damage mechanism can be divided in the
following three general stages: (1) the transportation
of ions (mass transfer) from the aqueous environ-
ment within the coating layer and the preformed
corrosion product layer'”; (2) the mixed mechanisms
of mass transfer and charge transfer due to the
formation of active sites, and (3) the charge trans-
fer'®!" mechanism as the dominant processes during
the metallic dissolution process.

In this article, the initial corrosion product layer was
chemically created via precipitation of a porous oxide
film between the coating and the steel. This condition
simulates bad surface preparation conditions by creat-
ing an initial layer. This artificial coating disbondment
was studied by means of EIS and the results were
characterized through transmission line modeling
(TLM). TLM quantifies a corrosion system by dividing
an electrochemical interface into sub-elements of
defined scale, which is compared to the entire system.
For example, TLM was previously used to obtain the
impedance distribution of pores in an iron oxide layer
(hematite).”® TLM has been used to characterize
porous electrodes'® and iron oxide layers with varying
oxygen-iron ratios.”” TLM was also widely used to
study the evolution of magnesium-rich primer.*'** In
this study, TLM was used to describe and quantify the
influence of each layer: the porous iron oxide inner
layer formed initially at the steel surface and the
coating outer porous layer. Samples with two coating
thicknesses were tested in a 3.5 wt% NaCl electrolyte
solution with pH 4.0 for 55 days and characterized by
TLM.
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Experimental
Substrate

Carbon steel 1018 samples were used as the metallic
substrate. The nominal chemical composition in wt%
was < 0.18% C, 0.6-0.9% Mn, <0.04% P, <0.04, and
balance Fe.

Corrosion product formation on the metal
substrate

The process of iron oxide formation that was used to
prepare the substrates is called bluing or browning™
and is described as follows. The 1018 carbon steel
plates were immersed into a solution containing
1 kg L' NaOH and 0.3 kg L™' KNOj3 for 10 min at
120°C followed by a washing process. This included
immersion in an 80°C DI water bath for 30 min. A
brownish layer was formed on the surface of the
carbon steel and its thickness was measured with a
coating thickness gage (Elcometer 456). The average
thickness of the artificial oxide layer was 6 + 0.1 pm.
After the artificial oxide layer formed on the substrate,
the samples were then coated with Targuard Coal Tar
Epoxy®©. The epoxy coating was directly applied on the
sample substrate surface by conventional spray without
any pretreatment. The samples were classified into two
groups based on the coating thicknesses: 0.13 and
0.50 mm. The iron oxide layer formed on the steel
surface simulated poor steel surface conditions and/or
poor coating adherence referred to as artificial dis-
bondment conditions.

Experimental set up

EIS measurements were performed in a three-elec-
trode electrochemical cell. Metal/oxide/coating sam-
ples with a surface area of 4.52 cm? were used as the
working electrode, a saturated calomel electrode
(SCE) was used as the reference electrode, and a
platinum mesh with a hole in the center served as the
counter electrode.

The electrolyte was prepared with 3.5 wt% NaCl at
pH 4.0. The pH was kept constant using buffer
solutions (sodium acetate/acetic acid).***

Surface analysis

After the oxide formation, infinite focus microscopy
(IFM) and X-ray photoelectron spectroscopy PHI
VersaProbe XPS microprobe techniques were per-
formed at the surface of the carbon steel samples.
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Electrochemical impedance testing

A Gamry Reference 600™ was used to perform the
EIS and open-circuit potential measurements. The EIS
data were collected over a frequency range from
10 mHz to 20 kHz with a voltage amplitude of
+10 mV from the corrosion potential. The data acqui-
sition was controlled by Gamry Framework Version
5.8/EIS 300 software. All the measurements were
performed at room temperature.

Results and discussion

Composition and morphology analysis of the
artificial oxide layer

X-ray photoelectron spectroscopy (XPS) results

The take-off angle in this measurement was zero, the
source of XPS used was monochromatic (Al Ke) X-ray
beam, and the data was processed with Multipak version 9.

A wide-scan XPS spectrum (Fig. 1) indicates that
the main elements in the oxide layer are iron and
oxygen, which can be represented as Fe,O,. According
to the Pourbaix diagram,26 the oxides Fe,O5 and Fe;O,4
are the main products formed at medium and high pH
and these oxides are detected after surface steel
treatment processes such as bluing and browning.*?
The initial iron oxide product detected on the steel
surface was Fe3;O,. However, other ratios of iron and
oxygen occurred (Fe,O, or Fe,,O,). These ratios and
their mechanical-physical properties depend on many
factors, such as oxygen and iron concentration,
pressure, temperature, electrolyte, and pH.”’ In our
study, the stoichiometry of the iron oxide that was
produced on the metallic surface was assumed to be
represented as Fe,O,.

Infinite focus microscopy (IFM) results

The morphology of the oxide products and coating
layers were characterized using optical microscopy. A
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Fig. 1: Wide-scan XPS spectrum of the oxide film

top view of the experimental set up is shown in Fig. 2a;
this contains a dashed square that is expanded in
Fig. 2b. The purpose is to compare the degraded
coating with the intact one of a plate immersed in a
solution at pH 4 for 55 days. In Fig. 2b, the top right
area is the coating that remained intact because it was
not exposed to the electrolyte solution. The bottom left
area in Fig. 2b is the region that was exposed to the pH
4 electrolyte solution. The valleys resulted from areas
of damaged coating that were detached from the metal
surface.

Damage of the interface at acid conditions

The concentration of ionic species in the aqueous
solution influences coating and metal degradation
processes. In this study, pH 4 electrolyte was evaluated
with a buffer solution to control the pH at longer
exposure times (55 days).

Figure 3a shows the Nyquist representation for a
steel sample with a porous iron oxide inner layer
(Fe,O,) and a coal tar epoxy outer layer that was
exposed to a solution of 3.5 wt% NaCl at pH 4. On day
1, one loop was observed at high frequency (HF), and
the initial part of a second loop was observed at low
frequency (LF). The loop at HF is associated with the
coating layer, as previously described by Mansfeld.”
The diameter of the HF semicircle could be related to
an inhomogeneous water/electrolyte distribution in the
coating while the loop at LF is associated with the iron
oxide/substrate interface and indicates the initiation of
electrochemical reactions on the iron oxide surface
and/or the metallic substrate.”” On day 3, the coating/
steel system is assumed to face stage II where two
loops were observed. Compared to the first day, the
semicircle at LF is better defined and larger than the
one at HF. At 10 and 21, a semicircle at HF to medium
frequency (MF) and a semipositive loop at LF, while at
31 and 55 days, a semicircle at HF to MF and a positive
loop at LF were observed. This behavior could be
related to a process mixture for coating resistance (due
to mass transport) and electrochemical reactions
(charge transfer). This latter could be at the sub-
strate/oxide/electrolyte interface at 10 and 21 days,
while the adsorption could be at the oxide pore wall
and base at 31 and 55 days. On days 31 and 55, the
adsorbed intermediate ionic species and the charge
transfer resistance at the corrosion porous layer/
substrate interface were the dominant mechanisms
influencing electrochemical reactions.

Effect of the coating thickness

The effect of the coating thickness at pH 4 is shown in
Figs. 3a and 3b for 0.13 mm and Figs. 4a and 4b for
0.50 mm thickness. The presence of two semicircles in
Fig. 3a and their evolution with time was described in
the previous section. Afterward, the total impedance
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Fig. 2: (a) Top view of the experiment set up and (b) the morphology of the edge of the electrochemical cell after being
immersed in electrolyte solution at pH 4.0 for 55 days
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Fig. 3: (a) Nyquist diagram; (b) Phase angle diagram of a plate coated with 0.13 mm of coal tar in NaCl solution at pH 4
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Fig. 4: (a) Nyquist diagram; (b) Phase angle diagram of a plate coated with 0.5 mm of coal tar in NaCl solution at pH 4
decreased due to the water uptake and/or a coating  metal substrate/corrosion product interface, and the

transformation. In the early period (10 days), the  adsorption mechanism was evident in the later exper-
electrochemical reaction could be registered on the  imental days.
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The presence of one semicircle and one time
constant at all the times is shown in Figs. 4a and 4b,
respectively, when the coating thickness is 0.50 mm.
The impedance increases with time until 21 days. It is
the opposite result from the typical water uptake
impedance behavior in which the coating impedance
decreases with time; this phenomenon was observed in
previous work as well.**?" A general explanation
was that the polymer structure of coating was modified
during the water transport process and reflected on the
EIS spectra. Subsequently, the impedance decreased at
31 and 55 days. The other remarkable feature in the
results is that the impedance on the first day was one
semicircle at HF and nonlinear response at LF. This
latter feature is attributed to the high impedance
magnitudes as a consequence of the thicker layer. This
had less influence as time increased. All these exper-
iments for 0.50 mm thickness are assumed to be in the
stage I of the experimental damage evolution process.

In a general comparison of these results, the coating
impedance increases as the thickness increases at pH 4.
The increment—decrement of the coating impedance
could be due to an inhomogeneous water distribution,
a chemical reaction, and/or other factors. As a result,
the coating had an atypical behavior compared to that
expected by a standard coating, in which the imped-
ance tends to decrease with time when water is
absorbed by the polymeric matrix.

Transmission line modeling theory for each
formed layer

Interface substrate/corrosion product porous layer
modeling development

A general TLM mathematical formulation assuming a
particular solution for a pore that depends on the
boundary conditions of the system was proposed by
Bisquert.”? Previously, Park and Macdonald had devel-
oped a TLM cylindrical porous layer.'® The schematic
interface representation of our system is shown in Fig. Sa
and is divided in each layer, outer layer illustrated in
Fig. 5b, inner layer and substrate interface in Fig. 5c.

Current and voltage equations provide a dependent
differential equation system that is based on Kirch-
hoff’s and Ohm’s laws and is used to quantify the
impedance of a single cylindrical pore. We assume that
the electrolyte resistance inside the pore and the iron
oxide are constant along the pore. This latter makes it
possible to find an analytical solution for the imped-
ance of a pore that is shown in equation (1).

RoR.L  2B"?R,R. + yp"*(R% + R2)b + aR2c
Ro + R B2 (Ro + Re)(BPc+ab)

Z,=

(1)

Here Z, is equal to the impedance of a single pore,
where
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Fig. 5: (a) Layers in the experimental system; (b) the
analogy element representation for coating layer; (c)
detailed description of impedance per cylindrical pore, Z,

R, + R. .

a= %J =cos h(’L), and ¢ = sin h(f*7L),
R, +R

2 _ Rot Re

e

By assuming the porous average shape is a uniform
cylinder, the following expressions for Ry, R., Z’, and Z
are represented in the following expressions:

ol
RO:ZA’ (2)
__ Pen

where p, is oxide resistivity, p. is electrolyte resistivity,
n is the number of pores, 0 is the iron oxide fraction
coverage on the metal surface, A is the area of the
porous oxide film, R, is the resistance of the oxide
layer per pore, R. is the resistance of the electrolyte
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per pore, and L is the thickness of the iron oxide layer.
The specific impedances of the pore wall and base are
represented by Z,, and Z,, respectively. The Z is the
impedance of the wall per pore, and Z’ is the imped-
ance at the pore base per pore as illustrated in Fig. Sc.
The Z and Z’ parameters are described in equations 4
and 5, respectively

0.5
7 = Zun (4)
2705(1 — Q)0<5A0A5
Zbl’l
7=
(1-0)A )

While the parameters R,, R., Z, and Z’ are parameters
that are independent of length, the total impedance of
the porous film by assuming all the pores in parallel is

(6)

The specific impedance at the wall and the pore base
can be represented by the following equivalent circuit
expressions for pH 4 at early exposure conditions:

1
R})w + Qow(jo)"’
B 1
Ay + Qo)™

(7)

w =

Zy (8)

where R, is the charge transfer resistance of the
oxide wall, Q. is the pseudo-capacitance of the
oxide wall, n,, is the coefficient of the pseudo-
capacitance element for the oxide wall, R, is the
charge transfer resistance for the pore base, Q is
the pseudo-capacitance for the pore base, and ny is
the coefficient of the pseudo-capacitance element
for the pore base. The expressions for the pore
wall and base impedance for the described condi-
tions are

n 12 1
7=t —w) T O™ ©)

;L n 1
Z'= (A(l - 6>> T Oua)™ 19)

Then, the total impedance of a porous film composed
of n single dimensional pores considering the expres-
sion for the wall and base pore from expressions 9 and
10 can be calculated as

1 (RORSL 28" RyRe + 7B (R2 + R2)b +aR§c>

Z —
‘ R, + R BY2(Ro + Re)(f2c +ab)

n

(11)

Z, considers the influence of the corrosion products/
substrate interface. The total impedance of the system
considering different layers (interfaces) due to the
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existing mechanisms at pH 4 at longer times and within
the coating layer are calculated as follows.

Adsorption mechanism at the pore base at low pH

At the pore base, we assume the adsorption reaction
controlling the process is preferentially occurring at
low pH. A charge balance at the interface of the oxide
film and electrolyte has previously been reported.*> We
assume in our system that if vy is the transfer rate of
metal cations (taken to be M) onto a monolayer
surface, v, is the transfer rate of metal cations from the
bulk to the film, v; and v, are the corresponding rates
for the oxidizing species; and if an excess of cations is
defined and a Taylor expansion for a perturbation in
potential AE exp(jwt) is performed, then the following
expression is obtained>:

1
7= (a"9)
A(1-0)) 1 1 h 1 (_ja :
( ) m + Ryeror (j(‘)+h) + Rinp (}”j)ih) +]wa
(12)

where R;,s is the resistance for v; and v, at infinite
frequency, R,..o1 is the resistance for v, and v, at zero
frequency, & is the inverse of the relaxation time, Riyp
is the infinite resistance for v3 and v, at infinity freq-
uency, and G, is the capacitance on the base of the
pore. It should be noted that R,.,,> does not appear in
the expression because the oxidizer is assumed to be in
equilibrium with either the oxide film or the pore base
interface. From these parameters, a reaction resistance
can be calculated and it is used to the pore base resi-
stance (Rp).”> The expression of Ry, is shown in equa-
tion (13).

1 N 1 }1
Rinit  Rin2|

Ry = [ (13)

For experiments performed at pH 4 after 3 days,
equations (12) and (13) were used to determine the
resistance at the pore base of samples with a 0.13-mm
coal tar enamel coating for later exposure times
(t > 3 days). Expression 13 standards R;, in expres-
sion 10, the total impedance Z; as expressed in
equation (11) is considered to be estimated by using
expressions 12 and 13 at pH 4 and time exposure
higher than 3 days.

The outer coating layer is assumed to be porous with
heterogeneous distribution; the coating layer is
included with the total impedance as represented in
the following procedure.

Water uptake-modeling based on power law

The electric analogy describing the outer coating layer
is illustrated in Fig. 5b; it is described in detail
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elsewhere.'® The assumptions for the electric analogy
of the coating include: (i) the coating absorbs electro-
lyte to an extent that progressively decreases from the
coating/electrolyte interface to the substrate/corrosion
product interface; (ii) the volume fraction of the
electrolyte varies along the coating thickness according
to a power law, (iii) the resistivity and permeability
profiles of the electrolyte-penetrated coating can be
calculated through an effective medium theory corre-
sponding to a parallel combination of the two media
(electrolyte and coating material); and (iv) some pores
extend from the coating/electrolyte interface to the
substrate/coating interface, proving a low resistance
path (see Fig. 5b).

The coating thickness is represented with ¢ and the
dimensionless position through the coating is shown in
equation (14).

x

where x is the distance from the oxide layer/coating to
the coating/electrolyte interface. The coating pore
distributions are shown in Figs. S5a—5c. The majority
of them have a mouth in the coating/electrolyte, but
just some of them have a length equal to the coating
thickness. Therefore, different planes which are paral-
lel to the coating interfaces cross a dissimilar pore g-
uantity. As a result at a different position, y, the local
electrolyte volume fraction, ¢(y), is dissimilar. The v-
olume fraction is calculated with the power law that is
shown in equation (15) (assumption ii).

N o))
o(1) = m (15)

In this expression ¢(y) is dimensionless, additionally,

¢(0) = 0 at y = 0 (assumption i) and ¢(0) at y = 1. The

exponent y and a constant phase element (CPE) exp-

onent « are linked by the expression 16

w1t (16)
v

The condition ¢(0) # 0 is not considered because
Rcpore takes contribution of the pores which cross from
the electrolyte/coating interface to the coating/corro-
sion products. As a consequence, Rcpore is in parallel
with the electrolyte-modified coating impedance, Z,
The term Z. is represented in equation (17)

Zo=d / IR (17)
J p(x)~ + jowe(x)eo

The last equation is the result of the assumption that
each element layer can be depicted by a parallel
combination of resistance p(y)dy and capacitance
e(y)eody; where p(y) is the resistivity of the coating

and &(y) is the permittivity. They are represented in
equations (18) and (19), respectively

p(0) ™ = pyte(n) + oL - o(x)], (18)
e(x) = ewp (1) + e[l — @(2)]. (19)

The subscripts w and c represent the electrolyte and
the coating property.

The information described above leads to the
combined impedance including coating and electrolyte
layer which is shown as follows as well as in Fig. 5b:

1 1 1!
Zoe = |— + . 20
{Zc chore] ( )

Therefore, the total impedance of the electrochemical
system considering the system coating/corrosion prod-
uct/substrate interface as shown in Fig. 5a, is given by

Zt2 - A(Rout + Zce + Zt)7 (21)

where Z, is the total impedance of the electrolyte/
coating/oxide layer/substrate system, R, is the resis-
tance of the electrolyte, Z; is the corrosion products/
substrate impedance, and Z.. is the combined imped-
ance of coating and electrolyte uptake.

The (Rou + Zce) expression is used when the
oxide response was not detected because of a high
coating thickness. As a consequence, the system
was temporarily assumed to be like a coating/
substrate interface where the water inhomogeneous
distribution could be increasing the coating imped-
ance. Hence, these parameters were applied in the
sample with 0.50-mm coal tar thickness.

Quantitative analysis using TLM for the samples
with 0.13 mm coating thickness

TLM was used to describe the impedance response of
steel substrate samples covered by oxide layer as an
inner layer and a 0.13-mm-thick coal tar enamel outer
layer exposed to an electrolyte solution at pH 4. In
order to fit the required parameters, genetic algorithm
(GA) and evolutionary strategies (ES) are used
following the Levenberg—-Marquardt methods of solu-
tion. The calculation follows five basic steps as
described previously.** The fitting included an optimi-
zation based on an error less than 5% for all frequen-
cies. Figures 6a and 6b and 7a and 7b show the
comparison between the fitting and the experimental
results. Tables 1 and 2 summarize the evolution of the
parameters used for the fitting process with time for
0.13 mm thickness and low pH conditions. Eight
parameters were considered for the fitting-analysis
process during stage I and transition for stage II in
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Fig. 6: (a) Nyquist diagram; (b) 1, 10, and 21 days Bode diagram; and (c) 31 and 55 days Bode diagrams of a plate coated
with 0.13 mm of coal tar in NaCl solution at pH 4. The solid lines in (a) are the simulated results
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Fig. 7: (a) Nyquist diagram; (b) 1, 21, and 55 days Bode of a plate coated with 0.50 mm of coal tar in NaCl electrolyte
solution at pH 4. The solid lines in (a) are the simulated results

Table 1. Ten parameters in which some were different  the characteristics of the interface and not included in
from stage I/II were included in the analysis for the  Table 2 are: the oxide resistivity (p, = 5000 Q cm) and
stage II/III for the damage evolution; eight of them are  the electrolyte resistivity (ps = 50 Q cm). The coverage
shown in Table 2. The constant parameters related to  factor (6) was 0.8 for 10 days, 0.65 for 21 days, 0.5 for
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Table 1: Fitting parameters for the sample with a 0.13 mm coating thickness at pH 4 for early stage

Day Stage Row (Qcm®) Quw (Fem2s™") no, Ro(Qcm?) Qo (Fem2s™ ") ny  Repore (Qcm?)  (B)
1 | NA NA NA NA NA 3.65 x 10° 0.025 0.9
3 I/11 6091 8.84 x 107* 0.99 606 4.80 x 107° 0.6 250 0.9 0.8
Table 2: Fitting parameters for the sample with a 0.13-mm-thick coating at pH 4 with time
Day Stage Row Qow Now Rinf1 Rzero1 Rinf2 Cb h Rb

(Q cm?) (Fem=2s™ 1) (©Q cm?) (©Q cm?) (Q cm?) (Fem™@)  (s7" (Qcm?)
10 ] 2500 2.06 x 1073 0.7 1062 1930 451 1.00 x 107° 4.26 316
21 /i 1910 1.40 x 1072 0.73 1891 1047 1393 1.00 x 107® 1.02 202
31 ] 271 9.97 x 107° 0.71 334 249 438 453 x 107* 0.26 189
55 | 132 1.00 x 1074 0.78 121 83 365 2.81 x 107* 0.26 91
31 days, and 0.1 for 55 days while the thickness (L) was

Stagel Electrolyte

9 um for 10 days, 7 pm for 21 days, 5 um for 31 days,
and 1 pum for 55 days. The coverage factor and the
thickness decreased over time due to the iron oxide
(Fe,O,) dissolution at pH 4. The remaining factors
were held constant during fitting. Their values are
presented: n is the total number of pores, which was
constant at 1250 pores. The area, A was fixed at the
actual experimental area of 4.52 cm?.

Figure 8 represents three stages of evolution
mechanisms with time. The interface system starts
at stage I on first day. As shown in Fig. 8a, the water
uptake process is the dominant process at this time.
The Nyquist plot in Fig. 3a indicated the water
uptake in the coating is the dominant mechanism on
day 1. In addition, according to Table 1, the coating
pore res1stance Repore, is  estimated to be
3.65 x 10°Q cm? and the volume fraction of the
coating (@(0)) is a high value in the surface of the
dry coating. Both values are an indication of a poor
coating performance.”’

At day 3, the pore coating resistance (Rcpore) Was
250 Q cm?, whereas the corrosion product pore wall
resistance (ROW) and pore base resistance (R,) were
6091 and 606 Q cm?, respectively. The coating resis-
tance decreased due to the electrolyte content and/or
the chemical degradation. The volume fraction was
0.9 in the coating surface resulting from the polymer
structure was almost saturated with water. The
appearance of R, and R, indicates stage II activity,
illustrated in Fig. 8b. The presence of ionic species at
the porous corrosion product/substrate interface
influences the dominance of the charge transfer
mechanism; the cathodic reaction occurs at the pore
interface, the hydrogen ion presented in the electro-
Iyte serves as the reactant for the reduction reaction
within the pore.

2H" +2¢” = H,. (22)

Coating layer

Oxide layer
Fe, 0,

Stagell Electrolyte

Coating layer

Electrolyte

Stage lll

ml I"“ i laver
i $

@@Q @
® Q6 te 0w ®

Fig. 8: Scheme of the experimental damage evolution for
sample in pH 4.0 electrolyte for (a) stage I, (b) stage Il, and
(c) stage llI
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At day 3, the R, and R, magnitudes indicate the
number of potential sites available for the charge
transfer reaction. The resistance of the pore wall, R,
was determined to be 6091 Q cm?, while the res1stance
of the pore base, Ry, was estlrnated to be 606 Q cm?,
which is less than the wall resistance, R,,. In other
words, the walls of the preformed iron oxide layer
(Fe,O,) have lower active sites for the reduction
reaction than the oxide layer formed on the pore base
(Fe,O,). Although the coating was water-saturated and
partially damaged by a homogeneous reaction, the
coating still prevented free contact between the elec-
trolyte and the oxide. Meanwhile, corrosion products
(Fe,O,) started to dissolve at the inner layer pore base
due to the electrochemical dissolution of the iron
oxide. The following values for pseudo capac1tances
were obtained by TLM: 8.84 x 10~* F cm™ ! for
the pore wall (Qoy) and 4.86 x 10°°F cm_2 "1 for
the pore base (Qy). The largest magnitude for pseudo-
capacitance, on the order of 0.84 mF cm 2 s" !, was
observed for QOW from the oxide layers of samples in
aqueous media.” The ionic species have a transport
path within the porous layer semiconductor material,
whereas the magmtude of the pore base, on the order
of uF cm™“ 8", was ex gected for double-layer inter-
faces in aqueous ‘media.*® This latter is attributed to the
different oxide composition (Fe,O y)/electrolyte inter-
face prevailing at the base pore. The Rcpore is 250 Q
cm” and the water volume fraction in the interface
electrolyte/coating ¢(d) is 0.90. A low pore resistance
and a high water volume fraction are an indication that
the coating has been damaged by the electrolyte
uptake and/or homogeneous reactions at low pH.

At 10 days, a semiloop at HF and medium frequen-
cies (MF) appear in the Nyquist plot in Fig. 3a. This is
attributed to the oxide layer pores influence, and the
initiation of a positive capacitive loop at LF, which is
associated with the presence of adsorbed species at
corrosion products/substrate interface. In Table 2, the
parameters were included in the analysis for the stages
IT and IIT at pH 4. Following 55 days of exposure, the
electrochemical system faces the transition between
stage II and III of the damage evolution as illustrated
in Figs. 8b and 8c.

At day 10, the number of sites favoring the charge
transfer reaction at the oxide layer increases with time.
The continuous electrolyte and ionic transport within
the coating reaching the pore base and wall influence
the activation (charge transfer) at this location, as
illustrated in Fig. 8b. The resistance of the pore base,
Ry, at 10, 21, 31, and 55 days was estimated by
equation (13), which is based on the resistance at
“infinite” (Rjn;; and Rjnp) and “zero” (R,ero1) fre-
quencies. These frequencies are related to the ion
charge rates derived from the metal substrate (steel)
and a iron oxide monolayer.*> The inductive loop
observed in Fig. 3a at LF starting at 10 days has been
associated with the excess of cations over ions in the
surface corrosion product monolayer following the
substrate oxide pore layer in stage II. The adsorption
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of an intermediate product on the substrate surface is
according to the followmg reactlons on the metal
surface or corrosion product’’

Fe + H,O = FeOH,qs + H" + ¢~ (23)
FeOH,g, = FeOHY, + ¢~ (24)
FeOH{, + H" = FeZ} + H,0. (25)

The Nyquist plot, Fig. 3a, seems to show the imped-
ance signature characteristic of inductive behavior at
the later times (10 days). TLM estimated magnitudes
of Ry and R, ow at 10 days were determined to be 316
and 2500 Q cm?, respectively. The R, having a higher
magnitude than R, suggests that charge transfer was
more dominant at the base than the walls of the pores.
The continuous transport and accumulation of ionic
species within the pore resulted in a higher concentra-
tion of reactants for charge transfer and adsorption
reaction, producing a decrease in the resistance mag-
nitude with time. The cathodic reaction represented in
expression (22) is assumed to be faster than the
adsorption process due to the higher kinetic rate for
the hydrogen reaction compared with the intermediate
reaction occurring at the surface of pore base. As a
consequence, reactions 23-25 are the rate control
mechanism. The pseudo-capacitance of the pore wall
(Qow) was higher than the double-layer capamtance
(Cp) at the pore base; thelr values were 2.06 x 107> F
ecm 25" ' and 1.00 x 10> F cm 2, respectlvely 0, oy
increases from 8.84 x 107 *t02.06 x 10> Fcm 25"
from day 3 to day 10 due to the area available for the
ionic species at the wall interface. Q. is directly
proportional to the area available for the charge
transfer reaction; the dominant mechanism is changing
from charge transfer to adsorption due to the excess of
intermediate and solvated ions at the interface, the
smaller area for the charge transfer mechanism and
more space occupied for the adsorption reaction. The
pore base capacitance (Cp) increases the magnitude
due to the effect of the adsorbed species at the pore
base. The transition from charge transfer control to
adsorption dominance is evident from days 3 to 10, as
illustrated in Fig. 3. The mass transfer mechanism and
the coating response were less important (small Repore
and high volume fraction) at stage II.

After 21 days, the impedance diagram (Fig. 3a)
shows a loop at HF-MF and a semi-small positive
loop at LF, similar to previous semi-adsorption mech-
anism occurring at 10 days. Bode representation in
Fig. 3b shows one time constant at MF that is associ-
ated with the oxide layer dissolution and a second
constant at LF related to the adsorption mechanism.
The transition from charge transfer to adsorption
dominant mechanism occurs at this time. The corrosion
product porous layer hosts the cathodic reaction at the
pore wall and the cations excess, producing the
adsorption mechanisms at the pore base. Table 2
shows the fitting estimate for the resistance at the
pore base R, and pore wall R, being 202 and
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1910 Q cm?, respectively. Different magnitudes existed
due to the dominant mechanisms, physical morphology
and chemical composition of the corrosion products
formed at each location. The resistance magnitude for
both locations decreased from 10 to 21 days; however
the R, decreased slightly from 2500 to 1910 Q cm as
well as QOW which decreased from 2.06 x 1073

140 x 10> Fem 25" from 10 to 21 days. Thrs
latter is attributed to the pore wall dissolution. The
ions presented at the pore wall did not change in
nature, the ions just changed in quantity, and the oxide
pore wall has not been modified in its chemical
composition but its thickness. The decrement in Ry
from 10 to 21 days is associated with the growing area
for charge transfer and adsorption reaction at the pore
base. The Cb magnltude changed from 1.00 x 107>

1.00 x 10°°® F cm 2. This latter modification could be
found in systems where bare steel experiences free
aqueous corrosion®; in our system the process is
mainly dominated for the charge transfer process
influenced by reaction 23-25 and its adsorption mech-
anisms at the pore base.

The Nyquist representations (Figs. 3a and 4a) for 31
and 55 days have a smaller loop at HF-MF and a
semicircle at positive capacitance at LF, which indi-
cates that the dominant process is the adsorption of
intermediate or solvated ionic species at the interface
of the corrosion product/substrate. Likewise, the Bode
plots in Figs. 6b and 7b show good agreement between
theoretical and experimental results. One time con-
stant at MF was obtained, and a positive angle
behavior at LF was observed; this latter is related to
an adsorption—desorption chemical intermediate mech-
anism.

At 31 and 55 days, R, decreased with time, which is
explained by the change associated with the oxide
area. The decrement of this latter parameter suggests
that the iron oxide layer was exposed at the coating/
corrosion product interface and became less dense over
time, as represented in Fig. 8c. Additionally, more
active sites exist at the wall location.

After 31 days, Rb and R, were determined to be
189 and 271 Q cm?, and Qow and C, were determmed
to be 9.97 x 10° Fem °s"' and 4.53 x 10°*F
cm 2, respectively. The following estimations were
collected for the e 2perlment at 55 days Row =132 Q
cm?, Ry, =91 Q cm?, QOW—100X 107*Fem 2" 1,
and Cp, =281 x 107* F cm 2. The results show the
system is facing stage III, Ry, and R are in the same
order of magnitude at 31 and 55 days. This latter could
be attributed to the pore wall condition being similar to
the pore base. The oxide layer has been almost
dissolved. This suggests that the overall surface (base
and wall pore) was dominated by the charge transfer
mechanism and adsorption mechanism. The value of
the relaxation time 4 was constant for 31 and 55 days,
an indication that the excess of cations in the form of
the FeOH, has reached an important critical number
for the adsorption mechanism. However, this resis-

tance is lower compared with the ones obtained when
the oxide layers had more presence on the substrate.

Quantitative analysis for the samples
with 0.50 mm coating thicknesses

The (Rou + Zce) expression, which describes the inho-
mogeneity of the water uptake within the coating
(stage I and Fig. 8a representation), was used to fit the
results of the samples with a 0.50 mm coating thickness
at pH 4. The coating inhomogeneity is described
through the resistivity of the water and the coating,
as well as their permittivity as represented by equa-
tions 18 and 19. The constant parameters used for the
calculations were: water re51st1V1ty, Ow, 50 Q cm; the
coating resistivity, pe, 1 x 10'" Q cm, whereas water
permittivity, &y, was 82; and the coating permittivity, &,
was 8. The vacuum permittivity, €, was taken to be
885 x 107" Fem™' and the coating thicknesses, 9,
were 0.13 and 0.50 mm. The important parameters
that were needed for the fitting process were the
coating pore resistance (Rcpore), the water fraction
volume at the interface coating/electrolyte (¢(0)), and
the variable y (a dimensionless parameter) that is used
in the calculation of the water volume fraction (¢(y)),
which related with the CPE coefficient, o, with the
water volume fraction, ¢(y), equation (16). These
parameters are shown in Table 2 for 0.50 mm. These
three parameters show a change in the profile of
resistivity and permittivity in the coatings, resulting
from a water distribution and/or a coating modification
by chemical reaction.

The Nyquist plot and phase angle plot of the sample
with a 0.5 mm thickness are shown in Figs. 4a and 4b,
respectively. In the Nyquist plot, a semicircle can be
observed, while in the Bode format, only one time
constant is obtained. These results are related to the
water uptake or stage I of the damage evolution
response due to a resistance increment. The experi-
mental results show good agreement with theoretical
simulation as demonstrated in Figs. 7a and 7b.

The results for the sample with 0.50 mm coating
thickness at pH 4 are shown in Table 3. Rgpore
increased from 2 00 x 10° Q cm? for day 1 to
9.00 x 10" Q cm? for 21 days while the volume frac-
tion at the surface of the coatmg (¢(9)) decreased from
1.00 x 107 to 7.00 x 10~? in the same period of time.

These latter results do not follow the traditional
behavior in which the coating resistance is decreasing
as the water uptake follows the process. In contrast,
Rcpore and ¢(0) values could show the coating follows
an inhomogeneous water distribution and/or a chem-
ical transformation. As time increases, both Rcpore and
¢(0) reduce their value during 55 days of testing; this
could be indicative of the coating water saturation and/
or a chemical transformation. Tables 1 and 3 display
the parameter o that is related in equation (16) with
the exponent y which describes the power law of the
water volume fraction (equation 15) in each position
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Table 3: Fitting parameters for the sample with 0.5 mm coating thickness at pH 4

Parameter Stage 1-day 3-day 10-day 21-day 31-day 55-day
Repore (Q cm?) [ 2.00 x 10° 6.10 x 10° 5.60 x 10  9.00 x 10'©  3.00 x 10"  2.00 x 10'°
@(d) [ 1.00 x 1005 250x10® 7.00x10° 7.00x10° 9.00x 10° 9.00x 107
o | 0.84 0.80 0.82 0.82 0.82 0.805

from the electrolyte/coating to the coating/oxide layer.
The o values are around 0.8 for the fittings where the
model assumptions could be applied. This is in agree-
ment with previous work'® where this parameter value
was associated with an inhomogeneous water distribu-
tion for anticorrosion coatings.

The results of both R pqr. and ¢(J) described before
can be explained by the following assumptions:

(i) For the thinnest coating (0.13 mm), the water
penetrates only in the direction from the coating/
electrolyte interface to the coating/substrate
boundary, and a homogeneous water distribution
can be obtained which can be associated with a
decrement in the coating resistance. To the
contrary, for the thicker coating (0.5 mm), we
can assume that the water penetrates not only the
thickness dimension of the coating but also in a
direction perpendicular to the substrate/coating
interface. Hence, an inhomogeneous water distri-
bution could be obtained in thicker coatings; this
process can be supported by the coating resistance
changes. This latter situation is not taken totally in
the model applied to this work, but also the
formulation which was done by using the Amand
et al.'® approach, where they considered as the
main assumption the water flow is uni-dimen-
sional.

(ii) The pH conditions was selected to accelerate the
damage of the coating, although the results
showed the Rcpore and ¢(0) increased in the first
instance. We believe an additional factor that
could contribute in the increment is a chemical
transformation that could change the coating
resistivity in the coating outer layers.

Conclusions

Three stages of the damage evolution concept are
identified and associated as a result of experimental
conditions. The damage evolution for the coating/oxide/
steel sample at pH 4 and thinnest coating layer
(0.13 mm) produced three stages characterized by
interfacial mechanisms: the mass transport as stage I,
charge-mass transport mix as stage II, and finally the
active-adsorption mechanisms associated with stage I11.

The sample with 0.50 mm thickness produced one
stage for the damage evolution process; the mechanism
included water uptake. Meanwhile, a distinct increase
in coating resistance was observed for this thickness
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during the first stage of damage evolution. This
abnormal behavior might occur because of several
reasons, such as an inhomogeneous distribution of
water parallel and perpendicular to the coating, or a
chemical reaction between the coating and the envi-
ronment, among others.

TLM could characterize and described the pores’
influence for each dominant mechanism prevailing at
each defined stage; the pores of the preformed corro-
sion product influenced the mechanisms due to the
pores geometry and distribution. TLM coupled with
EIS modeling could assess quantitatively the coating/
corrosion product/substrate evolution by association of
defined parameters with the mechanisms proposed in
each stage.
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