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ABSTRACT

Impedance spectroscopy has been widely used to understand electric- and
electrochemistry-related research. The use of impedance spectroscopy allows fast and
reliable determination of material degradation and corrosion protection performance.
Despite such advantages, there have been difficulties in the impedance analysis by
various superimposed physical processes. The objective of this research was to specify
the physical meaning by interpreting non-ideal and non-conventional impedance spectra.

A deterministic-probabilistic 2D impedance model was proposed to represent the
physical degradation of a multi-layered coating system. The model allowed to overcome
the limitations existed in the 1D model, such as limited parameter domain, by
interpreting the effect of pore distribution in the 2D coating space. As a result, the effect
of electrolyte penetration and self-healing process on impedance spectra was revealed
along with the experimental results.

Non-ideal impedance spectra influenced by the distribution of electrical
properties, such as electrical conductivity and permittivity, of the coating were studied.
The distribution of the inter-correlated parameters on the impedance model described the
physical meaning of the non-ideal impedance, represented by the combination of local
segments, which resulted in distorted spectra of a bulk system.

Since the locally distributed parameters could represent the local electrical or
electrochemical behavior, it was possible to evaluate localized impedance spectra. Thus,

the modified two-dimensional impedance model based on charge conservation was



suggested to understand the localized electrochemical impedance spectra (LEIS)
responding the local defects. The modified model revealed the influence of electrical
conductivity of electrolyte on the resolution of LEIS for local defects.

Lastly, non-conventional impedance responses of a zinc-rich coating system
were observed in electrical and electrochemical impedance measurements previously
considered to have no effect on the system. Non-electrolytic and electrochemical cells on
zinc-rich coatings were analyzed to understand the intrinsic response of the coatings
with electrical active and passive analogs under electrical and electrochemical cyclic
tests. The aforementioned studies will not only be used as a method to interpret the
various physical meanings of systems, such as black boxes, through impedance spectra,

but also as an important guideline for optimal design of coating materials.
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1. INTRODUCTION

1.1. Impedance Spectroscopy

Impedance spectroscopy has been used as a powerful tool to solve various
electric- and electrochemistry- related problems, which invests transport and dielectric
properties of materials [1], measures passive surfaces [2, 3], investigates the properties
of organic coatings [4-6], intercalation electrodes [7-9], and characterizes the corrosion
process [10-12]. The results obtained from the powerful method, used as a linear
technique, are interpreted by Linear Systems Theory (LST) [13]. For use as a linear
technique, the amplitude of an alternating excitation signal smaller than 10mV rms is
normally proposed for the analysis of electrochemical system [14], as shown in Fig. 1.1.
The important constraints of LST on impedance are that the response of the system is
represented by linear (differential) equations, the system must be stable and does not
generate a response before the perturbation is applied, and the impedance must be finite
[15]. The constraint on linear response makes the superposition principle which can be
defined by additive property and homogeneous property applicable [16]. Since it is
necessary to separate and analyze various overlapping physical processes from this
superposition principle, an appropriate transfer function characterizing a constant-
parameter linear system must be defined. The transfer function of a linear system, which
is independent of excitation amplitude, is the ratio of the Laplace transform of the output
functions to the Laplace transform of the input functions. Heaviside, the father of

impedance spectroscopy, defined the term of “impedance” as



Z(s) = V—SS (L.1)

where V(s) is the Laplace transform of the voltage and I(s) is the Laplace transform of

the current [17].
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Figure 1.1 Linear and nonlinear response of the system.

If a monochromatic sinusoidal voltage V(t) = V,sin (wt) is applied to an
electrochemical system, then the responding current is I(t) = Isin (wt — ¢). V, and I,
denote the amplitude of alternating voltage and the electrical current, respectively, and ¢
is the phase shift between the current and voltage. Then the impedance can be also
defined as [18]

Z=V(®)/It)=|Z(w)|e/? =2 +jZ7" (1.2)
where the real and imaginary part of impedance are Z' and Z"’, respectively. The
magnitude of impedance (|Z(w)|), which depends on the angular frequency, can be
expressed as follows.

Z(@)| = (@)% + (2")? (13)

The phase shift (¢) as a quality factor can be calculated:
2



¢(w) = arctan (Z'"/Z") (1.4)
The impedance as a transfer function enables complex numbers in the frequency domain
to be represented in Nyquist domain by plotting Z"'as a function of Z’. Nyquist plot can
represent the vector response of electrical and electrochemical feedback systems. If a
system is considered as a first order transfer function with one time constant (7), the

system can be written as

Z(w) =

1+ jwrt 1+ wir? (1 —jor) (1.5)

The Nyquist image for the system provides a semi-circle going from the origin when
angular frequency is in infinity and finishing the (a,0) point when zero angular

frequency as described in Fig. 1.2.

Figure 1.2 Nyquist diagram of the system with first order transfer function and one
time constant.



1.2. Operation Calculus in Electrical and Electrochemical System

The electrical system is represented by a series/parallel combination of electrical
elements, such as electrical resistors, capacitor, and inductors. For example, the
electrical resistance measuring the reverse of the electric current flow is expressed by
Laplace transform (by taking s = jw) [19]:

LV@®)=£L(RID)) © Z(w) = % =R (1.6)

In a capacitor, the change in charge of the capacitor is proportional to the potential
difference between each terminal, and the change in charge over time is defined as the
electric current. The impedance for the capacitor is represented by conducting Laplace

transform:

_[cav(®) B M _ 1
L(I®) = L( T ><:> Z(w) = Tw) = jaC (1.7)

Using the representation of these basic electrical elements, the impedance of the
electrical system can be calculated in a circuit consisting of a series-parallel combination
of the electrical elements. By applying Kirchhoff’s laws, the integro-differential
equation in each loop is solved as shown in Fig. 1.3. As shown in Fig. 1.3(a), a straight
line parallel to y-imaginary axis in the Nyquist plot can be seen in RC series circuit, and
the imaginary value of the impedance increases from zero to infinity by decreasing the
angular frequency. For RC parallel circuit in Fig. 1.3(b), the impedance signal shows a
perfect semicircle in the Nyquist image. As the angular frequency value decreases from
infinity to zero, the impedance converges from the origin to the resistance R value of the

real axis. In the case of RC series-parallel combination circuit as shown in Fig. 1.3(c),
4



the similar perfect semi-circle of impedance spectra in the Nyquist plot as shown in Fig.
1.3(b) is observed, but the shift of the overall signal is occurred in the direction of the

real axis due to the external resistance in Rs.
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Figure 1.3 Simple electrical systems and Nyquist images: (a) RC series circuit. (b)
RC parallel circuit. (c) RC series-parallel circuit.
Electrochemical system always involves an electrochemical reaction at an
electrified interface [20].
O+ne” ->R (1.8)
In this equation, O is the oxidant, n is the number of electrons transferred, and R is its
reductant. Electrons are transferred across the interface as shown in Fig. 1.4, and the

charge transfer results in both non-faradaic and faradaic components.
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Figure 1.4 Electrochemical System: (a) An electrified interface. (b) An idealized
Randles electrical equivalent circuit.

The non-faradaic component occurs at the formation of double-layer capacitor
(Cq) induced by charged metal surface. The charging of double-layer capacitor leads
non-faradaic current. The faradaic component is due to the electron transfer from the
electrified interface through the reaction by exceeding the appropriate activation barrier.
If the potential to overcome the activation barrier is in the open circuit condition, the

faradaic component is called charge transfer resistance (Rct), and if the potential is
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applied in any polarized condition, the component is called polarization resistance (Rp).
The mass transports of reactant and product, which determine the electron transfer rate at
the interface by consuming oxidant and producing reductant, provide diffusion
impedance (Zw), another representation of impedance. Rs is solution resistance. The
electrical equivalent circuit of this simple electrochemical system was proposed by
Randles as shown in Fig. 1.4(b) [21]. The Randles circuit is commonly known and used
to interpret various electrochemistry systems. The complex expression of the Randles

circuit is calculated as

1
Rp+0w 2

Z(w) =R, + > N
(Cdaaﬁ + 1) + w?C} (Rp + o*w_?>

5 (1.9
1 1 1
la)Cd (Rp + aa)_?) +ow 2 (Cdaw? + 1)]

] 1 2 1\ 2
(Cdaaﬁ + 1) + w?C; (Rp + aa)_f)

1.3. Models and Analogs

Electrochemical impedance spectroscopy (EIS) has been considered as a reliable
technique to analyze the characteristics of the electrochemical system [8, 22]. The EIS
with a small excitation under steady-state conditions can provide not only electrical
information of a bulk system but also detailed electrochemical properties of the
interfacial reactions [23]. It is easy to obtain impedance results from experimental

measurements, but, the interpretation of the measured results has been considered not to



be easy. If the characteristic impedance diagram shows an unusual appearance, the

interpretation becomes more difficult [24].
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Figure 1.5 Impedance responses of ideal system (RC electrical circuit) and real
coating material (ZRP film).

Equivalent electrical circuits have been considered as a viable option to analyze
the EIS data by associating bulk system and interfacial processes with electrical analogs
[25, 26]. However, one of the critical weaknesses of this equivalent electrical circuit
approach arises from the method of selecting the corresponding analytical approach,
which provides a physical interpretation of electrochemical system with quantitative
parameters. In addition, interpreting the response of an EIS using ideal electrical circuit
elements including resistors and capacitors to extract equivalent physicochemical
properties of an electrochemical system revealed its limitations [27]. As can be seen in
Fig. 1.5, the impedance response in most real material systems has skewed phenomena
in impedance spectra, unlike in ideal case. Although the use of ideal electrical circuit
elements allowed meaningful interpretation of the experimental results by fitting, most

of the cases of fitting contained a large error. Thus, constant phase element (CPE) has
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been proposed as a method to approximate the experimental results of the characteristic
impedance diagram showing a non-ideal shape like a distorted semicircle in Nyquist

plot, which is expressed as [28, 29]:

1

Qcpr (iw)%cPE

1)

Zepg =

where Qcpr (F cm™2s%PE~1) and apf are the CPE parameter and exponent,
respectively. w is the angular frequency represented by the expression 2ntf where f is
the frequency in hertz. If a.pg is one, CPE is pure capacitor, and if zero, CPE represents
pure resistor. Although the fitting quality has been greatly improved through the CPEs
over a wide range of experimental results, the physical meaning of impedance spectra
has still not fully understood [27]. For a better understanding of the non-ideal response
of the impedance spectra, represented by distorted semicircle in a Nyquist domain, the
models equipped with physical description and better fitting of the distortion have been
suggested. Several potential properties, such as surface roughness [30, 31], porous
electrodes [32], and adsorbed intermediates [33] have been reported for such CPE
behavior. Models based on the distributions of physical properties in one-dimension also
have been proposed to understand the non-ideal impedance spectra of various systems
including polymer coating by the distributions of dielectric constant [34], electrical
resistivity [35-37], and surface reactivity [38] which attributed to the distributions of
time constants.

One-dimensional transmission line modeling has been also widely used to

explore the degradation of metal-rich primers or coatings, passive surface, and porous



electrodes by partitioning electrochemical interface into the sub-elements with defined
scale [39-43]. A one-dimensional transmission line modeling approach is able to explain
the relationship between the driving potential, resistance, and corrosion rate of an
electrochemical system based on the electrical balance of the electrical circuit network
[15]. However, there is still limitation for this approach to consider the effect of
localized pore distribution of coating layers on the impedance spectra of the

electrochemical system.

1.4. Motivation and Objectives

Impedance spectra have been analyzed to extract various information from
coating systems, such as black boxes, but they are still not completely understood. The
simple EEC model, the one-dimensional transmission line model, and the one-
dimensional electrical elemental distributions including the Voigt measurement model,
mentioned above, have limitations in interpreting the physical meaning of superimposed
impedance signals. In this study, the author focuses on describing the methodology for
analyzing the impedance spectra that simultaneously implies a variety of physical
meanings. In particular, theoretical and experimental approaches to interpret impedance
spectra that are not ideal or is not conventional will be presented.

In order to understand the response of impedance spectra on physical
distribution, it is necessary to analyze in higher dimensions rather than in one-
dimension. In this study, author first constructs a two-dimensional impedance model to

understand the property distribution effects in space. The various non-ideal impedance
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spectra are then analyzed using the constructed two-dimensional impedance model. The
non-ideal impedance spectra are characterized through local defect by a scratch and
distribution of various physicochemical properties.

In addition, it has been taken for granted that the non-destructive techniques do
not change the coating materials where the assessment is taken and the future trend of
calendrical aging. This belief prevents researchers from considering the direct response
of the impedance to the inherent physical properties of the system. However, non-
conventional impedance responses are observed in electrical/electrochemical impedance
measurements previously considered not to affect the coating system. Thus, the objective
of this study is to understand the non-conventional electrical and electrochemical
impedance spectra of coated materials which were susceptible to the transfer function
signal due to the distribution of certain substances. The outcome of this research is to
understand the inside of coating design through impedance spectra and will be an

important first step in presenting the direction to the new design.
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2. DETERMINISTIC-PROBABILISTIC TWO-DIMENSIONAL GLOBAL

IMPEDANCE MODEL"

In this chapter, 2D impedance model will be discussed by probing the
degradation mechanism of a Cr(VI) coating/aluminum alloy 2024-T3 system.
Electrochemical impedance spectroscopy (EIS) has been experimentally used to
characterize the degradation mechanisms of a multilayered Cr(VI) coating/aluminum
alloy 2024-T3 substrate system in 3.5% NaCl solution at low pH. A 2D damage
evolution model is proposed to understand the influence of defined elements into the
multilayered coating/substrate degradation process. The model was developed assuming
steady state conditions, while discretization of the model included multilayered stacks,
such as a topcoat, a primer, and a chromate conversion layer as a pretreatment on an
aluminum substrate. The modeling technique was deterministic-stochastic in nature. The
deterministic approach was based on a transmission line model that was developed to
represent the local impedance for small segments of the system to characterize
physicochemical properties inherent to the organic coatings and the transport
mechanisms. The randomly generated structures including coating pore distributions are
illustrated by stochastic modeling with probability density functions. The quantitative

understanding of the degradation mechanism from this 2D model is achieved, and the

“Reprinted with permission from “Probing the degradation mechanism of a Cr(V1)

coating/aluminum alloy 2024-T3 system based on dynamic mechanisms and a 2D

deterministic-probabilistic approach” by Seongkoo Cho, Yenny Cubides, Homero

Castaneda, 2017. Electrochimica Acta, 236, 82-96, Copyright © 2017 by Elsevier Ltd.
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2D analysis shows consistent results with experimental conditions over various
immersion times. The degradation mechanism for the multilayered coating system at low
pH can be described as follows: intact condition, electrolyte uptake, lixiviation of Cr(VI)
ions/diffusion, and self-healing process that provide repassivation of the Cr(l11) oxide

layer.

2.1. Introduction

Aluminum alloy 2024-T3 (AA2024-T3) is commonly used in aeronautical
applications [1, 2]. It contains intermetallic compound phases (IMC) containing Cu, Mg,
or Fe that provide excellent strength and fatigue resistance [3]. Nevertheless, the
presence of IMC phases in aluminum substrates reduce the corrosion resistance of the
material due to creation of galvanic couples between the different IMC phases and the
AA2024-T3 matrix, which leads to localized corrosion and stress corrosion cracking,
especially in the presence of chloride ions [4-6].

Organic and composite coatings have been proposed in order to control or
mitigate the corrosion processes in aluminum alloys. Cr(VI) coating is a conventional
aircraft coating composed of a chromate conversion layer, primer, and topcoat. The
chromium conversion coating (CCC) acts as a corrosion protection layer as well as an
adhesion promoter between the aluminum substrate and the primer. It has been reported
that CCC provides the following benefits: 1) self-healing protection, 2) barrier protection
due to the presence of a hydrophobic Cr(l11) oxide layer, and 3) inhibition of the oxygen

reduction reaction at the aluminum substrate [7, 8]. The primer usually corresponds to an
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epoxy polyamide coating containing chromate pigments (such as strontium chromate
(SrCrO4)) in order to provide active corrosion inhibition to the metallic substrate, in
combination with other compounds such as fillers that can enhance the barrier properties
of the epoxy coating and additives such as coloring agents [9, 10]. The strontium
chromate has low solubility in water; thus, when there is a damage in the coating, the
dissolved Cr(V1) ions migrate to the affected area and inhibit additional deterioration of
the metal surface. [10, 11]. Kendig et al. [7] reported that the corrosion inhibition
afforded by SrCrO4 was related to the following: 1) passivation of active intermetallic
phases by the Cr(VI) ions, 2) electrochemical reactions between Cr(V1) ions and the
aluminum substrate that inhibit cathodic reactions, such as oxygen reduction reaction
and hydrogen evolution reaction, and 3) decrease in the zeta potential of the aluminum
substrate by the presence of Cr(VI) ions leading to repulsion of aggressive ionic species,
such as chloride ions. In addition, due to the low solubility of Cr(\VI) ions, the epoxy
coating can provide long-term protection since there is a good balance between ionic
transportation for active inhibition and loss of Cr(VI) ions in the binder that increases
the porosity of the primer and therefore the permeability of electrolyte. Finally, the
topcoat is a polyurethane coating that confers excellent flexibility, UV protection, and
chemical resistance to the multilayer system.

Despite of the excellent corrosion resistance of this multilayer system, there is
great concern about the toxicity of Cr(VI) ions [7, 12]. Therefore, numerous studies have
proposed alternatives to Cr(VI) chromium coatings [13-16]. The corrosion protection

mechanisms of chromated coatings can lead to understanding the performance with time
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and serve as the benchmark for new, chromate-free coating developments. Damage
evolution modeling of this coating can be approached by deterministic-probabilistic
fundamentals, which represents a new direction in the assessment of corrosion control
since several chromate-free coating systems attempt to mimic the inhibition properties of
the Cr(VI) ions [9, 17-19].

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique
used to characterize the electrochemical performance of corrosion protection coatings
[12, 20]. It is a reliable technique because it can provide detailed electrochemical
information of the interfacial reactions with a small excitation permitting the system to
remain in steady state conditions [20-22]. Equivalent electrical circuits (EECs)
underscore the advantage of using linear theory and consider the circuits as a viable
option to interpret EIS data [23, 24] by associating interfacial processes with electrical
analogs. However, one of the major weaknesses of this analytical approach arises in how
to select the corresponding EECs that not only fit the values but also provide a physical
interpretation of the studied interface with quantitative parameters, especially when
several layers are present in the system. One-dimensional transmission line modeling
(TLM) has been used to investigate porous electrodes, iron oxide layers, evolution of
magnesium-rich primers, and zinc-rich powder coatings by partitioning and
characterizing an electrochemical interface into sub-elements of defined scale as
corrosion cells [25-29]. A one-dimensional TLM approach can define the relationship
between the resistance, driving potential, and corrosion rate of a degradation system

based on the electrical balance of each element of the electrical circuit network [30].
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However, it is difficult for this approach to take into account geometrical effects of the
corroding systems, such as shape and localized pore distribution of coating layers, which
have an impact on the corrosion rate [31].

In this study, the electrochemical behavior of a Cr(VI) coating/ AA2024-T3
substrate system immersed for 260 days in a 3.5% NaCl solution at a pH of 4 has been
investigated using an EIS technique as well as morphology analysis. In addition, changes
in the electrochemical impedance response over a long-term immersion have been
estimated by using a deterministic and probabilistic 2D damage propagation model. This
model is based on TLM and is proposed to understand the influence of heterogeneity in
material properties and pore distributions of the corroding system by unifying the
probability density function of the required property within the coating. Probability
density function can describe physical distribution in percolation networks [32, 33]. The
distribution of the electrolyte percolation length in the coating system is described by
using the probability density function. The degradation mechanism from the 2D
modeling is explained by using sensitivity analysis, and the validation of the modeling is

considered by using experimental results.

2.2. Experimental Procedure
2.2.1. Materials and Sample Preparation

The epoxy primer Deft 02-Y-40 (Strontium chromate-based primer) was
prepared by mixing its respective resin [Bisphenol-A-(epichlorhydrin) epoxy resin
based] and cross-linker for one minute in a Flacktek Speedmixer at 1700 rpm. The
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Cr(VI) -free polyurethane topcoat (Deft 99GY010) was prepared similarly. An induction
time of 20-30 minutes was given to each coating. AA2024-T3 panels (76.2 mm x 152.4
mm X 0.762 mm) with a chemical composition (based on ASM material data sheet) of
0.1 wt% Cr; 0.15 wt% Ti; 0.25 wt% Zn; 0.5 wt% Fe; 0.5 wt% Si; 0.3-0.9 wt.% Mn; 1.2—
1.8 wt% Mg; 3.8-4.9 wt% Cu; others 0.15 wt%; Al balance were cleaned with acetone
and then mounted vertically on cardboard. Prior to the coating application, the prepared
panels were pretreated with Alodine 1600 (Sodium Bichromate-based material). The
epoxy primer was applied onto the aluminum panels with the help of a high volume low
pressure (HVLP) spray gun to obtain a dry film thickness of approximately 30 um. A
similar procedure was followed for the application of the topcoat. The topcoat dry film

thickness was about 40 um. Finally, the panels were air cured for a week.

2.2.2. Electrochemical Techniques

A glass electrochemical cell (25 mm Inner Diameter, 30 mm Quter Diameter,
76.2 mm length) was sealed onto the coated panel by using an O-ring and a metallic
clamp. Approximately 25 ml of 3.5 wt% NacCl solution adjusted to a pH of 4 with a
sodium acetate/acetic acid buffer was poured into the cell glass container.

A three-electrode system was used to perform open circuit potential (OCP) and
electrochemical impedance spectroscopy (EIS) measurements. The coated panel was
used as the working electrode; a saturated calomel electrode was used as the reference
electrode; and a Pt/Nb mesh electrode of 2 cm diameter was used as the counter

electrode. The electrochemical measurements were performed using Gamry
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potentiostat/galvanostat /ZRA Reference 600™ and a Faraday cage to avoid
electromagnetic interferences. The EIS data were collected over a frequency range from
10 mHz to 20 kHz at open circuit potential with a sinusoidal AC perturbation of 10 mV
rms. The data acquisition was controlled by Gamry Framework Version 5.8/EIS 300
software. All the measurements were performed in duplicates at room temperature for

260 days.

2.3. Two-dimensional Damage Propagation Model
2.3.1. Proposal of 2D Substrate/Coating Model

A multilayered system of coatings was designed for studying the electrochemical
activities on porous surfaces including the transport mechanisms based on 2D
deterministic and probabilistic approach to account for spatial distribution within solid
state of a known commercial coating system. One layer system is certainly a simple and
initial point to understand the transport and mechanistic analysis of different species.
However, we want to present the model that can be utilized in a general integrated
system formed by a multi-layer with a defined well known commercial system in this
research. The validation is still a challenge because a real time quantitative tool should
be used to either monolayer or multilayer. The mechanistic analysis with this developed
tool as a further work will be considered in the future.

Based on the system comprising a top coat, a chromate-containing epoxy primer,
CCC, and aluminum substrate, we considered a numerical element design by using a

layer-by-layer composite coating strategy. Each segment in the designed domain has its
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own electrical properties including electrical resistivity and a dielectric constant, which

can have different values based on the direction. The resistance R; ;) and the capacitance

Cg;,i of (,i) element at each direction are defined as

Ry(ii) = PxidXi/dz; (2.1a)
RaGi) = Pz(,ndz/dx; (2.1b)
CxGi) = ExGio(, A2/ dx; (2.1¢)
C2.) = E2.)80GndXi/dz (2.1d)

where p denotes resistivity, € is the dielectric constant, € is the permittivity of free

space, and subscripts x and z explain x-direction and z-direction, respectively. In this
model, the electrical properties of each segment are assumed to be isotropic. Each
localized impedance is calculated with the help of an equivalent circuit analog at the
elemental interface, which includes the electrical resistance and constant phase element
(CPE) of the segments. The CPEs are used in this analysis instead of ideal capacitors due
to the surface conditions or heterogeneous bulk properties of the composite coating
systems [23, 34]. Fig. 2.1(a) describes the interfacial impedance between each segment
as the physical degradation process of the coating system that is determined by the
electrical materials’ properties or the water-uptake process. The localized impedance at
the interface of the segments is defined by the arithmetic averaged impedance at the cell
interface, which is given by the following equation:

Ry /2 + Ry(i+1)/2
1+ (jo)™00CygpRyqiy 1+ (o)™0H#DCyi11)Ryivn)

(2.2a)

Lgiojir)) =
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Rz /2 N RaG+1,1)/2
1+ (o) 200C,5nRyg0 14 ()*20+0Cyq511 yRyg41,p)

Lgjioj1i) = (2.2b)

where Z ioji+1) aNd Zgo.j41,i) are localized impedances at the interface between the (j,i)

and the (j,i+1) elements and at the interface between the (j,i) and (j+1,i) elements,

respectively. w denotes a perturbation frequency, and « is an empirical exponent of the

CPE.
@
Ryiin/2  Ryjirn)/2
dZ]'
2ZcpExi) 2ZcPEx(i+1)
dz;
j+1
Ryin/2  Repine Zaiffint  Ry(jivn)/2

2ZcPEx(i) ZcpEine 2ZcPEqx(jit1)

Figure 2.1 The schematic of 2D finite volume grid: (a) Impedance of interfacial
elements as physical degradation process. (b) Impedance as electrochemical process
at interface between the aluminum substrate and the CCC.

The interfacial impedance between segments that describes electrochemical
reactions occurring at the interface is affected by non-faradaic impedance such as
electrochemical double layer as well as faradaic impedance, which is composed of the
charge transfer impedance induced from the kinetics of the charge transfer reaction and

diffusion impedance. If electrochemical control processes such as charge transfer and

diffusion phenomenon take place on the localized cell interface between the aluminum
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substrate and the CCC, impedance at the interface can be represented as shown in Fig.

2.1(b) and is defined by the following expressions.

Ry, /2

GEAHHD T 4 () ™60 Cry R
1
+ 1
i Ox,int C +
(](1)) xdl Rct,x,int + Zdiff,x,int
x(] 1+1)/2
1 + (]w)ax(] i+1) Cx(] 1+1)Rx(] i+1)
Ry /2
Z(j,i<—>j+1,i) =

1+ (jo)*20DCq 1y Ry iy

1
+

1
ct,z,int + Zdiff,z,int

(o)*2intCpq + ¢

z(]+11)/2
1 + (]w)az(]+1l)cz(]+11)Rz(]+11)

(2.33)

(2.3b)

where Cgq, is the capacitance of the double layer, R ¢ is the charge transfer impedance,

and Zgj¢rint 1S the diffusion impedance. In this work, we assume that the diffusion
phenomenon is controlled in a thin layer, which has finite diffusion length of

electroactive species from the electrolyte solution to the metal surface. Thus, the

impedance response of diffusion can be defined as a modified Warburg impedance,

which is given by [35]

h h w82
0(1 0 sin / cos / D) — jsin / D) cos / 5D

Zgitfint =
62
sinh? / n2 /
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where o is the Warburg coefficient, D is the diffusion coefficient, and 6 is the thickness
of the diffusion layer. §%/D is the characteristic diffusion time, which is assumed as 1 in
order to reduce the number of calculation. The characteristic diffusion time value was

enough for proposing qualitative variation of Warburg coefficient in this paper.

Figure 2.2 The schematic of 2D networks of electrochemical impedance elements
for layer-by-layer composite coating system based on charge and energy
conservation.

Based on the aforementioned local impedance at the interface of segments, the
proposed composite coating system can be described as 2D networks of local
electrochemical impedance elements, as shown in Fig. 2.2. The designed layer-by-layer
composite coating system is divided into n x m segments. According to the local

interfacial impedance of elements and Kirchhoff’s law which is based on charge

conservation (Y i;, = ). ioy¢) at a junction and energy conservation (3; AV = 0) for any
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closed path, the total impedance of the designed system can be specified as the

following:

n-1 m
Ztotal((‘)) = lx 2 Zk,2 + lx Z Zn,l
k=1 1=2

+1,Zy 1+ kZp (2.5)

n-1 m
— Iy (Z Zyo " ig1/lp + Z Zny- in—1,1—1/ib>
k=1 1=2

where i is the electrical current of a closed path, and 1 is the length of the system in the

x-direction.

2.3.2. Pore Distribution of Coated System

Previous works have used a probabilistic approach to describe water uptake
within a barrier layer [21, 36, 37]. Orazem et al. developed the power-law CPE model,
which can describe the insight into the distribution of electrolyte uptake and associated
resistivity, and they considered the various volume fractions of electrolyte with respect
to the coating thickness by using a power-law approach [37].

Water-uptake fields can also be considered as percolation clusters that are
occupied by an electrolyte with a certain probability. If neighboring segments are
occupied with an electrolyte, clusters are formed. The water-uptake in porous materials
can be described as a random process of merging adjacent segments. Therefore, the
number of electrolyte percolation lengths can be assumed to be inversely proportional to

the water-uptake length because electrolyte has more possible regions to prevent
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penetration as the electrolyte propagates. This suggests that the log-normal probability
density function (P) can be employed in order to define the distribution of the electrolyte

percolation length, which is given by the following [32]:

P(z 1,0) = 1/(zovV2m)exp[—(In(z) — W)?/( 262)] (2.6)
M = exp(u + 02/2) (2.7)
V = exp(2p + 0% exp(o?) — 1] 28)

where M is the mean of maximum percolation lengths of the electrolyte, and V is the
variance of maximum electrolyte percolation lengths. The mean value M and the
variance V can be calculated as functions of o and p which are the standard deviation

and mean of the variable’s natural logarithm, respectively, as shown in Equations (2.7)

and (2.8).
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Figure 2.3 Pore distribution of coated system: (a) The pore position distribution
based on randomly structured model. (b) Log-normal probability density function
for the distribution of maximum electrolyte percolation length.
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Fig. 2.3(a) demonstrates that the position distribution of various percolation
lengths in the porous system can be generated by using the technique of a randomly
structured model. This digitally stochastic model is coupled with specified statistical
information such as the mean and variance of the maximum percolation length for
electrolyte uptake, as described in Fig. 2.3(b). The mean M and the variance V values are

0.377 and 1.208 in this model, respectively.

2.3.3. The Computation Process of Multilayer System

The first estimation of the material properties for the data analysis with 2d model
and the experimental result at dry condition was done by sensitivity analysis. The
sensitivity analysis was considered to understand each theoretical parameter from
variations in the parameter, which reveals the influence on the impedance of the system
[38]. The detail process of calculation for the 2D model of distributed circuit elements is
described in Fig. 2.4. The parameters obtained from the process describe the overall

goodness of the fitting.
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Figure 2.4 Flow diagram for obtaining parameters and characterization of the
multilayer system.
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2.4. Results and Discussion

Electrochemical impedance spectroscopy was used in order to characterize the
interfacial mechanisms of a Cr(V1) coating/ AA2024-T3 substrate system immersed in
3.5 wt.% NaCl solution at a pH of 4.0 over 260 days. The experimental results were
described quantitatively by the development of a 2D degradation model, which provides
detailed interpretations of the existing mechanisms following exposure time. Different
deterioration processes occurring at the multilayered coating composite system are
quantified by integrating the localized transfer functions (impedance responses). The
cross-section image of the layer-by-layer composite coating system is shown in Fig.
2.5(a). There is a total of three different layers covering the aluminum substrate: two
coating layers, including a polyurethane top coat with 40 pm and a chromate-containing
epoxy primer with 30 um; also, a third layer (chromium conversion coating (CCC)) is
formed on the aluminum substrate with a thickness between 10 nm to 50 nm, as
illustrated in Fig. 2.5(b). Based on the surface morphology of the Cr(\V1) coating/
AA2024-T3 substrate system, a layer-by-layer composite coating system was designed
for the 2D computational model, as shown in Figures 2.5 (c) and (d). The parameters for
the 2D simulation are shown in Tables 2.1 and 2.2. The overall responses of the
multilayered system are governed by material properties that are dependent on the
localized structures and electrochemical properties influenced by electrochemical
reactions of local interfaces between each segment. The electrical resistivities and CPEs
of each segment in the designed domain represent the material properties that are

affected by the electrolyte transport throughout the coating system.
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Figure 2.5 Surface morphology of Cr(VI) full military coating/ AA2024-T3
substrate system before immersing in 3.5 wt.% NacCl solution under pH =4.0: (a)
Cross-section image of the coating system. (b) Magnified view of image (a) close to
the CCC layer between primer layer and metal substrate. (c) Numerical design of
layer-by-layer composite coating. (d) Magnified view of image (c) close to the CCC
layer between primer layer and metal substrate.

The properties for the dry condition and the water-uptake process of topcoat,

primer, and CCC were obtained using experimental results from the 2D model. The

electrical resistivity and permittivity for the dry condition of each coating material are in

the range of 10'~10"® O - cm and 101~10"%° F - cm™?, respectively. Following the

water-uptake process of each coating segment, the magnitudes were modified to

approximately 107 Q - cm and 102°~10° F - cm™~*. From these results, the influence of
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the electrolyte diffusion on the dielectric properties of the material is clearly shown;
resistivity decreased due to the presence of ionic species that created ionic conductive

pathways along the material, and permittivity increased as a result of water penetration,

which has a large permittivity value (e~80) compared to the corresponding values for

polymeric materials (¢ = 3 — 4) [39-41].

Table 2.1 Material properties for 2D multilayered microstructure.

Designed Electrical €G,)€0(,0)

Thickness Resistivity Permittivity n-value
Materials (um) (Q - cm) (F-cm™1) for CPE
Electrolyte N/A 20 0 1
Topcoat 40 1.3E13 1.4E-11 0.91
Primer 30.11 2.4E11 2.0E-11 0.75
CCC 0.034 1.0E11 5.0E-11 0.78
Aluminum N/A 2.75E-6 0 1
Water-uptake Topcoat N/A 3.0E7 5.0E-10 0.78
Water-uptake Primer N/A 2.0E7 1.0E-9 0.78
Water-uptake CCC/ N/A 2.0E7 1.0E-9 0.78

Water-uptake Cr(l11)

oxide layer
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Table 2.2 Electrochemical properties for 2D multilayered microstructure.

Diffusion Charge
Coefficient Transfer  Double layer n-value

Factor Resistance  Capacitator for
Materials (Q-cm?-s712)  (Q-cm?) (F-cm™2) CPE
45 days of immersion 30000 18E6 3E-8 0.7
60 days of immersion 35000 8.5E6 6E-8 0.7
100 days of immersion 12000 3.5E5 1.2E-6 0.7
125 days of immersion 12000 6.5E5 1.1E-6 0.7
160 days of immersion 12000 8.5E5 1.0E-6 0.7

The degradation stages with time for this Cr(VI) coating/ AA2024-T3 system at
low pH are illustrated in Fig. 2.6. The mechanisms represented the following conditions:
intact at stage |, electrolyte-uptake at stage I, lixiviation of Cr(VI) ions at stage Ill, and
the repassivation of the Cr (111) oxide layer at stage IV. The initial degradation
mechanism described in stages | and Il is developed due to the electrolyte transport
through pores and defects of the multilayered coating. The degradation process
occurring during stage 11 is related to the lixiviation of Cr(VI) from the chromate-
containing epoxy primer into the electrolyte solution [7, 10, 42-44]. Stage 1V involves
the dynamic repairing of defects or newly created breaks in the CCC as the protective
film. During the fourth stage, the breakdown of the CCC passivate film can occur in the

presence of chloride ions. Chromium oxide layer can be de-passivated from complex
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reactions, which are attributed to the penetration of chloride ions through the chromium
oxide layer [8, 45].
Cr,05 + 4NaCl(l) + 5/20, — 2Na,Cr0, + 2Cl, (2.9)
Cr,05 + 2NaCl(l) + 20, — Na,Cr,0,(1) + Cl, (2.10)
However, these depassivated regions can be self-healed by the Cr(VI) ions that were
dissolved in the electrolyte as a result of the lixiviation process. Cr(V1) ions diffused to

the defect sites and reacted with the aluminum substrate in order to form Cr(OH)s(s) and

Cr203(s) [44].

Electrolyte Stage I Electrolyte - Stage I1
Pﬂﬂf e ® o °® anzf e® o0 o
® e o o @ ( J o o [ J ®
Pre-treatment Pre-treatment
Al substrate Al substrate
Electrolyte - Stage I1I Electrolyte Stage IV

. C
° 0 ./" . ® f L)
Pre- treatment Pre-treatment
Al substrate Al substrate

Cr,05/Cr(OH);

Figure 2.6 Schematic illustration diagrams of degradation mechanism of Cr(VI)
coating/AA2024-T3 system — Stage I: intact, Stage 11: electrolyte uptake, Stage 111:
lixiviation of Cr(VI), Stage 1V: self-healing/stable Cr(I11) oxide layer.
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Figure 2.7 Impedance spectra of experiment and 2D modeling for Cr(VI) coating/
AA2024-T3 system immersed in 3.5 wt.% NaCl solution under pH =4.0 in the first
day of immersion: (a) Nyquist diagram. (b) Bode diagram. (c) Resistivity plot. (d)
Permittivity plot.
2.4.1. Stage | and Il Intact and Water Uptake Conditions

The impedance response for the Cr(V1) coating/ AA2024-T3 substrate system at
its initial stage when immersed in an acid electrolyte is shown in Fig. 2.7. The
impedance response of the coating/aluminum system exhibits the characteristic of a
capacitive behavior at a large impedance modulus of 0.01 Hz and a phase angle close to

-90° along the frequency range. Since the coated layer is considered dry, water uptake

and any other subsisting free ions within the polyurethane topcoat is minimum or
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negligible. Thus, the topcoat, which has the distribution of high resistance segments of
around 10 ohm cm?, as indicated in Fig. 2.7, can electronically act as a good insulated
layer. This high capacitive behavior considers the intact polymer layer influencing the
space-charge-polarization region in the composite coating system [46].

With time, water uptake in the form of electrolyte transportation occurs through
the topcoat and reaches the chromate-containing epoxy primer following the chromate
conversion coating on the metal surface. This composite coating layer is not
homogeneous due to pore distribution and different properties conferred to the material
during synthesis, which produces heterogeneous or random-uptake processes. Nyquist
and Bode representations during the degradation mechanism between the 2" and 35"
immersion day are described in Fig. 2.8. The presence or formation of pores in each
layer gives rise to significant differences in the impedance response due to the electrical
properties of the electrolyte solution that fills pores. Following the first day of exposure,
Fig. 2.8(a) shows that the magnitude of impedance decreases rapidly because the
electrolyte uptake through the outermost layer of the coating system, which is the
polyurethane topcoat, is very rapid. Water-uptake is considered as a dominant process
for damage evolution of coating at the very beginning of immersion. During this process,
as illustrated in Figs. 2.8(b) and (c), the insulating structure of the polymer composed of
organic compounds is locally changed and modifies the characteristics of the overall
impedance, which is considered as ionic transport and subsequent substrate activation
[46]. The basic purpose of the polyurethane topcoat is functionally used for UV

protection, but there can be the polyurethane topcoat not to provide an effective barrier
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Figure 2.8 Effect of electrolyte penetration on the impedance response of Cr(VI)
coating/ AA2024-T3 system immersed in 3.5 wt.% NaCl solution under pH =4.0
between the 2" and 35" immersion day: (a) Nyquist diagram and (b) Bode diagram
with experimental and 2D modeling results. The distributions of (c) electrical
resistivities and (d) permittivities of each segment dependent on electrolyte
penetration process for damage evolution mechanism of the multilayered coating
system with various time periods.
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against solution [47]. Thus, the electrolyte penetrates quickly through the topcoat at the
2" day of immersion, as shown in Figs. 2.8(b) and (c). At this time, the epoxy primer
layer functions as an electrical insulating barrier of the composite coating system
because electrolyte penetrates inside the topcoat. The highest resistivity segments for
electrical insulating (about 10 Q - cm indicated in Fig. 2.8(b)) are distributed in the
epoxy primer layer, and the capacitive loop displayed in the complex format represents
the combining effect of the resistance and CPE behavior. At longer exposure times, the
radius of the capacitive loop in the complex representation is continuously decreasing
due to higher penetration of water and ionic species along the composite coatings, and

the total impedance decreases.
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Figure 2.9 The electrolyte penetration ratio of the maximum penetration length of
electrolyte to the length of coating layers dependent on immersion time.
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Figure 2.10 EDS mapping of Cr(V1) coating/ AA2024-T3 system immersed in 3.5
wt.% NacCl solution under pH =4.0 over 260 days.
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The impedance response of the porous composite coating system and the effect
of electrolyte penetration ratio can be useful to understand the barrier protection
behavior of the system. The length ratio of electrolyte penetration, which is defined as
the ratio of the maximum uptake length in a direction perpendicular to the sample
surface to the length of the multilayers of the coating, is estimated by immersion time, as
illustrated in Fig. 2.9. The trend of electrolyte penetration ratio versus immersion time is
assumed to demonstrate approximately square-root behavior, which means the primer
layer is a better protection barrier for electrolyte uptake than the topcoat. As shown in
Fig. 2.10, the epoxy primer is a heterogeneous material comprising a number of
inorganic phases such as titanium dioxide (TiOz2), strontium chromate (SrCrOa), and
barite (BaSOa) incorporated into the organic matrix [10]. These pigments in the primer
would reduce the existence of pores and improve the barrier protection for electrolyte

penetration as well as provide active corrosion protection to the metallic substrate.

2.4.2. Stage I11 Lixiviation Stage

Following 45 days of immersion, the electrolyte reaches the surface of the
aluminum substrate through the pores of the primer and inert CCC, as illustrated in Fig.
2.11(c-d). From this stage 11, the electrochemical behavior of the whole system is
affected by not only local physical degradation such as electrolyte-uptake but also
localized electrochemical processes such as charge transfer and diffusion. At the
substrate/electrolyte interface, mass and charge transfer influence appears in parameters

illustrated in Table 2.2.
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Figure 2.11 Effect of electrolyte penetration on the impedance response of Cr(V1)
coating/ AA2024-T3 system immersed in 3.5 wt.% NaCl solution under pH =4.0 at
the 45" and 60" day of immersion: (a) Nyquist diagram with experimental and 2D
modeling results. (b) Bode diagram. (c) Electrical resistivities and (d) permittivities
of each segment due to lixiviation process for damage evolution mechanism of the
multilayered coating system with various time periods.
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As shown in Fig. 2.11(a), diffusion characteristic behavior at low frequency
regime is detected in complex impedance plane, but this behavior does not obey linear
Warburg behavior, which considers an ideal infinite-length diffusion from the electrolyte
to the metal surface [46]. This is because local aluminum elements for the dissolution
and diffusion as the anodic reaction from the local pores of CCC occupied with
electrolyte are finite in dimensions, so modified Warburg behaviors, which describe the
proper finite-length diffusion processes, are observed.

The equivalent area of the electrolyte-uptake primer (about 107 Q- cm
resistivity) at day 60 is extended more than the area at day 45, as described in Fig.
2.11(c). There can be a possibility to attribute to this increased area due to the
delamination of the paint film, but the visual inspection of the samples did not indicate
any delamination processes during experiment. Thus, to explain and describe the higher
equivalent area of the electrolyte uptake primer, the only major phenomenon for
designing a simple model was only considered by using chromate pigments. The
chromium species added in the epoxy primer are electrolyte-soluble, so the SrCrO4
compound could be lixiviated into the bulk solution when it is exposed to the electrolyte
solution [48]. The dissolution of SrCrO4 modifies pores in the epoxy primer, and these
modified pores are filled with the electrolyte. The more areas of the electrolyte-uptake
epoxy primer create more conducting paths, as shown in Fig. 2.11(c). This latter can be
followed by the smaller radius evolution of the semi-circle of impedance response in the
complex plane of Fig. 2.11(a). At day 60, the behavior of the charge transfer

phenomenon is more predominant than the charge transfer phenomenon at day 45
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because the area of the electrolyte-uptake epoxy primer increases at day 60, the primer
has higher possibilities to create connected paths of pores within the primer and the
pores in CCC, and the electroactive surface area between aluminum substrate and

electrolyte is increased.

(a) 28 (b) g | Aluminum 2024 @ piT 4
107 F | &y perimental Resuli: = Day 60 Day 100
Kl | Day 125 » Day 160 Day 260
AL2024 @ pH 4 E 10 2D-Model: Day 100 - - - Day 125 --—--Day 160)
Experimental Result G
o = Day 60 =
E Day 100 ﬁ
a Day 125
E > Day 160
= Day 260
N

2D-Modeling

Day 100
-~ ~ ~ Day 125
—-=-Day 160

1.5 2.0 2.5

4 ()

(W. Primer

Primer L.

(W. CCC.

z-direction (zm) =~

40 60 ] 20 40 60 80 : 40 60 80
x-direction (zm) x-direction (;m) x-direction (;zm)

Figure 2.12 Effect of electrolyte penetration on the impedance response of Cr(VI)
coating/AA2024-T3 system immersed in 3.5 wt.% NaCl solution under pH =4.0 at
the 100%™, 125", and 160" day of immersion: (a) Nyquist diagram with experimental

and 2D modeling results. (b) Bode diagram. (c) Self-healing process of the
multilayered coating system with various time periods.

2.4.3. Stage 1V Self-healing/Stable Cr(l11) Oxide Layer
Following 100 days of immersion, the impedance plot showed a significant

change in the electrochemical mechanism, as described in Fig. 2.12. This time period

demonstrates the influence of stage 1V is in the damage evolution. From the Nyquist
46



diagram, the presence of two impedance loops from high to intermediate frequencies and
a quasi-vertical straight line at the low frequency range are shown. The capacitive loop
at the high frequency regime represents the electrical resistance of the composite
coatings, which are mainly affected by the electrolyte-uptake in the topcoat and primer
regions with a magnitude about 107 (Q - cm). As shown in Fig. 2.12 (b), the time
constant at intermediate frequencies describes electrical resistance of Cr(l11) oxide layer
and the charge transfer process between the aluminum substrate/oxide layer and the
electrolyte (i.e., anodic dissolution of the aluminum substrate and reduction reaction of
the Cr(V1) ions to form insoluble hydrated chromium oxide) [44]. The quasi-vertical
straight line at low frequency region can be attributed to the presence of a diffusion
phenomenon due to the reactions occurring at the metal surface [49]. Furthermore, the
magnitude at high frequencies remained nearly constant; this indicates that the organic
layer was completely saturated with the electrolyte after 100 days of immersion. In
contrast, the capacitive loop formed at medium frequencies, and the charge transfer
mechanism was favored due to the self-healing process provided by the Cr(VI) ions,
assuming that these ions were previously dissolved in the electrolyte solution during the
lixiviation process taking place in stage 1. The self-healing process is observed due to
the leaching of Cr(VI1) ions from the epoxy primer into the electrolyte solution that is
subsequently transported to the aluminum substrate leading to repassivation of the
chromium oxide layer on the active sites [10, 50]. According with the chromium oxide
layer, which is formed at the aluminum surface, several steps are involved in the

corrosion protection mechanism of this thin oxide layer; this explains its excellent
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performance in the protection of the metal substrate during Stage IV [7, 51-53]. The first
step is where the aluminum surface is oxidized:

Al - AB* + 3e~ (2.12)

Meanwhile the chromium conversion coating is formed due to electrochemical reactions
at the AA2024-T3 substrate where the Cr(V1) is reduced to Cr(ll1) [7]:

Cr,02 + 8H* + 6e~ — 2Cr(OH); + H,0 (2.12)

This Cr(111) oxide layer provides good barrier protection due to its hydrophobic nature,
good adhesion, and inhibition of the oxygen reduction reaction and metal dissolution [7].
In addition, the residual Cr(V1) ions can also provide self-healing to the damage areas
and repassivation of the oxide layer similar to the chromate pigments in the epoxy
primer by leaching from the CCC and transport to the corrosion sites by diffusion and/or
migration processes [51].

During the self-healing process, the rate of electrochemical interfacial reaction
controls the growth of the Cr(l11) oxide layer. As shown in Fig. 2.12 (c), the Cr(l1l)
oxide layer grows over longer immersion times. Also, Fig. 2.13 experimentally shows
the thickness change of the Cr(l11) oxide layer. The thickness of the CCC before
exposure is in the range of 10 nm to 50 nm. However, after 260 days of immersion, the
average thickness (over 50 nm) of CCC increases (shown in Fig. 2.13(d)). This growth
of the Cr(111) oxide layer results in the increase of the capacitive loop formed at medium
frequencies, as described in Figs. 2.12 (a) and (b). This is due to the fact that the
formation of the Cr(l11) oxide layer can play a role in the insulator and decrease charge

transfer areas.
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Figure 2.13 SEM morphology of CCC in the interface of primer/substrate before
(a-b) and after (c-d) exposure for 260 days.

The Warburg coefficient, which expresses a mass transfer process including ionic
diffusion [54], can also be used to explain the degradation mechanism based on the
activation process occurring at the interface. As shown in Fig. 2.14, the Warburg
coefficient based on the activation process was shown to increase up to 35000 Q - cm? -
s~1/2 at stage 111 as an activation period, but a constant value (11000 Q - cm? - s=%/2)
was obtained at stage IV due to forming the stable oxide layer through the self-healing
process. This explains that the Cr(l11) oxide layer can play a role as a barrier to delay

corrosion phenomenon in the multilayered composite system.
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Figure 2.14 Degradation mechanism of Cr(V1) coating/ AA2024-T3 system based

on Warburg constant for diffusion phenomenon.

2.5. Summary

e In this work, the degradation mechanism of a composite Cr(VI) coating/aluminum
alloy 2024-T3 system was studied by EIS in 3.5% NaCl solution at low pH.
Following exposure for 260 days in 3.5 NaCl, the composite coating shows four
different stages marked as 1) intact coating, 2) water-uptake, 3) lixiviation of Cr ©*,
and 4) the self-healing.

e A 2D damage propagation model is proposed to characterize and quantify each stage
in the degradation mechanism of a multilayered coating/aluminum substrate system.
The 2D damage evolution technique is assumed to be based on a deterministic
approach and stochastic modeling for coating pore distributions. The physical
(electrolyte-uptake) and electrochemical degradation processes are explained by

using the spatial distribution of electrical material properties such as electrical
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resistivity and permittivity as well as the interfacial distribution for electrochemical
properties including diffusion and charge transfer parameters.

e To quantitatively understand the mechanism of physical degradation through
electrolyte-uptake, the 2D model was developed by distributing and integrating
electrical resistivity (105~10%° Q - cm) and permittivity (10°~107 F - cm™?) of each
segment based on composite coating materials and water-uptake processes over
various immersion times at stages | and Il. The computational results showed that the
overall magnitude of impedance response at 0.01 Hz decreases from around 10° Q) -
cm? to 107 O - cm?, which represents compatible results with experimental
condition.

e By using the integration of local electrochemical impedances at each segment
interface, the electrochemical behaviors of a self-healing process provided by the
chromium (V1) dissolved in the electrolyte solution are validated with experimental
results. A stable Warburg coefficient at stage IV can be obtained through the self-

healing process.
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3. NON-IDEAL IMPEDANCE RESPONSE INFLUENCED BY THE
VARIABILITY OF THE RANDOM DISTRIBUTION OF PHYSICAL

PROPERTIES FOR COATED MATERIALS IN TWO-DIMENSIONAL SPACE

The impedance response in the real electrochemical system typically shows a
depressed semicircle in the Nyquist plot compared to the response in an ideal electrical
circuit. The behaviors of the distorted semicircle may be attributed to the surface
roughness, heterogeneous bulk properties of composite coating systems, or various
reaction rates on an electrolyte/metal interface. In this research, the two-dimensional
impedance model incorporating with the distribution of physical properties was
proposed to understand the non-ideal responses of dry coatings. Steady-state conditions
were assumed in this model and the coefficient of variation (CV) of physical variables
including electrical conductivity and permittivity were considered in the system
consisting of a thin film on a metal surface. The probabilistic approach technique known
as Copula has been employed to simulate a wide range of electrical properties of the
coated material. The results indicated how the varied distributions of local impedance
segments, formed by inter-correlated physical properties, result in the non-ideal
impedance response. The quantitative understanding of the impedance signal changes
triggered by normally or log-normally correlated variables was achieved by aspect ratio
and characteristic frequency of impedance spectra. According to the 2D Impedance
model, log-normally distributed electrical properties well-represented the distorted

semicircle of impedance response compared to the normally distributed one. The aspect
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ratio and characteristic frequency of impedance spectra based on various CV values
responded more sensitively to log-normal permittivity than to log-normal electrical
conductivity. Additionally, more positive linear correlation between log-normal
electrical conductivity and log-normal permittivity was observed in a greater value range
of aspect ratio, resulted in more ideal impedance spectra. Lastly, the heterogeneity in
electrical properties was represented not only by CV values of each electrical property,
but also from correlation coefficients between electrical conductivity and z-direction
position, and the highest aspect ratio of impedance spectra was obtained at O correlation
coefficient which meant that the electrical conductivity was randomly distributed over
the z-direction space. This research will not only be used as a novel method to interpret
the various physical meanings of coating systems such as black boxes through
impedance spectra, but also as an important guideline for optimal design of coating

materials through the analysis.

3.1. Introduction

In order to further extract and interpret the superimposed meaning of impedance
spectra through the physical distributions such as electrical properties and pore fraction
in space, more than one-dimensional analysis was required. In chapter 2, the author
proposed a deterministic and probabilistic 2D impedance model to understand the
overall electrochemical activities and the influence of pore distribution to the corroding
system by incorporating the probability density function on a multilayered composite

coating system [1]. The various degradation mechanisms such as electrolyte-uptake
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process and self-healing process providing repassivation of an oxide layer that can be
obtained from impedance spectra were analyzed through the developed 2D impedance
model. For simplicity, the firstly developed 2D impedance model was assumed to have
the homogeneous electrical properties for local elements, such as material segments and
CPEs, and such assumption did not allow an interpretation of impedance spectra
response by varied local distribution of electrical properties in 2D domain.

Since the material’s local physical properties influence the impedance responses
at various frequencies, this implies that the complex impedance values over a wide
frequency range could be considered as the statistically correlated random variables
between physical properties. Thus, a system that can control multivariable is needed to
describe the dependence between random variables, such as electrical conductivity and
permittivity, and to show various distribution effects of the parameters, which could be
represented as a multi-dimensional joint cumulative distribution function, Copula. The
use of copula to estimate non-normally distributed random multivariable has been
considered as a feasible method for many real world problems such as risk assessment in
finance studies [2, 3], hydrology [4-6], climate [7], reliability [8, 9], and fuel cell [10].
The application of copula concept on 2D domain of a material has a practical merit
which can be observed in a probabilistic manner on a particular impedance characteristic
as the copula function itself is a cumulative distribution function. This approach is a
pioneering attempt to apply jointly multivariate physical properties to the field of

research for analytical impedance response.
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This paper is organized to generate the correlated random variables for the
distribution of local segment properties on a 2D coating material and to discuss the
response of complex impedance values by using statistical probability distributions of
electrical properties. We will understand the response of non-ideal impedance through

the probabilistically distributed electrical properties on the 2D dry coating.

3.2. Control Process of Two-dimension Impedance Model with Multivariate

Random Variables

Coated System

Copula
Construction

2D Impedance

formation
Aggregation (Define
parameters: G£p, ...)

fine values of Nonparametric
I
parameters) Mapping

Figure 3.1 Schematic representation of the complete 2D impedance model and
multivariate control process.

Three important points can be considered in carrying out this research. The first
is to design the heterogeneously distributed physical properties to researcher’s intention,
then put the information of the properties into the two-dimensional plane, and finally
interpret the impedance spectra through the plane with the given information. A
methodological summary of the study is shown in Fig. 3.1. The information of the
variables including electrical and spatial properties need to be defined in order to provide

the localized information of the designed coating system. To assemble the given
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information of the variables, the information of each local segment of the coated
material has to be given through correlating between each property pair. The aggregated
information is then transformed into the desired real value domain and the error of the
transformation is measured. After transformation, the parametric properties including
electrical conductivity and permittivity are mapped to non-parametric properties with
spatial information. The two-dimensional impedance response is calculated and
interpreted with the coated material domain where each information is stored and

designed.

3.2.1. Distribution of Physical Properties
3.2.1.1. Information Aggregation

It is important to define localized electrical properties and corresponding spatial
information to interpret non-ideal impedance spectra. In this study, the electrical
properties are considered as electrical conductivity and permittivity that are directly
related to the impedance response. Pore fraction can also be defined as another variable,
with an assumption that the distribution of electrical conductivity has a direct impact on
the distribution of pores at each local segment in the organic coating. A variety of pores
can be introduced in polymeric matrix due to application speed of coating, curing time
and temperature, and additive concentration [11]. Considering this situation of pore
generation in two-dimensional coating design, various pores that correlated to the
distributed electrical properties can also be placed in space accordingly. For example, in

a non-conductive polymeric matrix, the greater the amount of pore in a particular
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localized region, the lower the effective conductivity is expected to be. However,
because this study observes changes in the impedance signal that reacts in a dry coating
condition, the pore fraction as a variable of 2D impedance model, which may directly
related to the electrolyte uptake process, is not addressed.

Finally, the location parameters of x and z as the spatial information are defined
for forming the 2D domain. Each electrical property data symbolized a localized
segment of the coated material and formed a set together with specific spatial
information. Meanwhile, a representative control technique is required for the set. In this
study, we use the standard normal distribution, which is easy to control and define
variables. The variables of each other can be correlated or randomly matched. A
mathematical approach is attempted to analyze the response of the impedance using
correlated physical parameters, resulting in a better understanding of its physical
meaning.

+ Comelated standard normal variables « Copula variables + Comeated design varisbles

Contour line of probability density Contour line of copula density Contour line of probability density
[ Marginal distribution in counts [] Marginal distribution in counts [] Marginal distribution in counts

Transformation to [
marginal CDT

Figure 3.2 Gaussian copula approach using inverse Nataf transformation.
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3.2.1.2. Inverse Nataf Transformation

Designing multivariate random variables in 2D domain is carried out using the
inverse Nataf transformation which applies 1) linear transformation to transform
independent standard normal variables into correlated standard normal variables and 2)
the Gaussian copula to transform the correlated standard normal variables into correlated
design variables as described in Fig. 3.2. To begin with, we assume a m-dimensional
uncorrelated standard normal random vector U with domain R and a positive definite
correlation matrix pq of the correlated standard normal variables Y. Linear

transformation from U to Y using p, can be performed by following linear equation [8].
Y=L,U+L; (3.1)
Since both Y with the correlation matrix Zy/6% = p, and U with covariance matrix
Xy = I follow N(0, I), the L, can be obtained from the mean of Y, E[Y].
E[Y] =LyE[U]+L; =L; =0 (3.2)
Correlation matrix of Y can be also calculated as
po = Zy/o} = cov[Y, Y] = E[(LyU)(LoU)"] = LoZyLj = LoLj (3.3)
Lo can be determined as a the lower triangular matrix from Cholesky factorization which

decomposes into the upper and lower triangular matrix since the pg is positive definite as

below [12].
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Second, a link is needed to change the correlated standard normal values to
correlated design variables, which is the copula. The copula is defined as a multivariate
cumulative distribution function (CDF) with standard marginal distributions. According
to Sklar’s theorem [13, 14], there exists a copula function C if we assume that random
variables have marginal cumulative distributions. The joint distribution Fy of a m-
dimensional random vector X can be expressed as a function of its nondecreasing

cumulative marginal distribution functions Fy_ (x,), ..., Fx,_ (xp,), which can be defined

as

Fy (g, oo Xm) = € (Fy, (1), -, Fy,, (i) (3.5)
Where if Fy, (x;) is continuous, C is unique. By using Sklar’s theorem, the Gaussian
copula, which is one of the most universal elliptical copulas and is also called as Nataf
transformation, can be written as
Fx (%1, .., Xp) = @(P 7 [Fy, (x1)], ..., @ H[Fx, (x)]) (3.6)
Marginal transformation as the next step of inverse Nataf transformation is considered to

transfer the margin of Y into the correlated design variables X by using

x; = Fe' [o(y)]i=1,..,m (3.7)
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Therefore, using Equations (3.1) and (3.7), the relationship between the correlated
design variables X and the uncorrelated standard normal random vector U can be

calculated as
X1 = Fx_ll[q)(lnuﬂ]

xy = Fe [@(Luy + [pu,)]
(3.8)
Xm = Fx_nll [q)(llmul + Lmuy + -+ lmmum)]

3.2.1.3. Design Guideline of the Gaussian Copula for Applicability

€1.0

N &N(X,)

Analytical
B c,=l,¢,=0.1

c=1,cn-1

! cii=l,.cs=2
Analytical v v

| , = Computational

-1.0 -05 00 05 1.0
P12

v c,=l,c,4
1 1 1 |
00 05 1.0

P2

Figure 3.3 Relative error of inverse Nataf transformation between input correlation
coefficient and reduced correlation coefficient according to the distribution types:
(a) Normal and normal distributions. (b) Normal and log-normal distributions. (c)
Log-normal and log-normal distributions.

A benefit of the Nataf transformation is that it can produce a joint CDF for
various kinds of correlated desirable variables by accompanying a Gaussian copula. As a

result, it is possible to solve the problem of 2D impedance with various types of

correlated electrical properties as the variables. However, since the Gaussian copula can
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approximate more accurately the joint normal or lognormal CDFs compared to the other
joint non-normal CDFs, the normal and log-normal distributions are used in this study to
design the correlated desirable variables of electrical properties.

As the first case, consider two normal variables as X; ~N (i, o%) and

X,~N(uy, 02). The exact joint normal PDF is given as

1 2_2 ! + 2
% exp {_yl P12Y1Y2 yl} (3.9)

fx,x, (X1, %2) = ;
ke L2 27t0102\/1—7p{22 2(1_P122

x1a—u tand y, = xza—_llz . Differentiating the Gaussian copula described in Eq.
1 2

where y; =

(3.6) allows to obtain the approximate bivariate PDF:

OZCCD . aZCq) .ayllayz

fx (e x2) = 0x,0x, 0y,0y, 0x; 0x,
(3.10)
_ le (x1)fX2 (x2)
= POy 5560
9%Ce o - ayi _ Ix, ()
where 3yys ¢ (V1, Y2, P12) Which is the joint normal PDF of ¥; and Y, o = PO

¢ (y;) is the normal PDF of Y;, and f, (x;) is the marginal PDF of X; for i = 1,2. The

fx,(x1) and fy, (x;) are given as

fo o) = 1 % exp {_1(961 - #1)2}

O'lm 2 01
(3.11)
1 1 (x; — pia\?
e = x| =5 (21|

The reduced correlation coefficient p;, between X; and X, can be calculated from the
input correlation coefficient p,, between the correlated standard normal variables Y; and

Y,
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P12 = P12 (3.12)
There is no relative error of inverse Nataf transformation between p;, and p3, as shown
in Fig. 3.3(a). It is shown that the computational results generated in random manner are
almost identical to the analytical result between tow normal variables in Eqg. (3.12).
As a second case, when normal X; ~N (u;, o) and log-normal X,~LN (A,, £%)
desirable random variables are given, the exact joint PDF of the mixed variables is

expressed as

1 Vi = 2p12Y1Y2 + Vi
fx, x, (X1, x2) = XeXp{— : 3.13
e T2 2m01&54/ 1 — p1ox, 2(1 - pi3 (3.13)
where y, = 22ty =107k o — TN + (0,/12)2) = /In(1 + C3), and A, =

» 2 — 52 ]
Inp, — %522 As explained in Eq. (3.10), the approximate normal-lognormal bivariate

PDF can be calculated:

5 B . le (xl)fXZ (xZ)
fx (1, %2) = V1, Y2, p12) d()o(v2)

(3.14)

_ 1 X exp {_ Yt = 2p12y1ys + yf}
210,854/ 1 — pZyx, 2(1 - p7y)

The fx, (x1) and fx, (x;) are given as

1 1 /x; — pp)?
le(x1)—O_1mxeXp{_z( o1 )}

2 (3.15)
B 1 _1 Inx, — 4,
sz(xz) - szzm X exp{ 2 ( EZ ) }

The reduced correlation coefficient between the normal and log-normal variables is

obtained as below [8].
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(3.16)

Thus, the Gaussian copula can allow for a comparison between the exact joint PDF of
normal-lognormal variables and the approximate normal-lognormal bivariate PDF in the
2D case. Depending on the c,,, value, the value of the correlation coefficient changes
during the inverse Nataf transformation. As the c,,, value gets smaller, the values of
reduced correlation coefficient and the input correlation coefficient become similar as
shown in Fig. 3.3(b).

In the last case, when the two log-normal variables, X, ~LN (44, &;) and

X,~LN(1,,&,), are considered, the exact joint lognormal PDF is given as

1 Vi = 2p1201Y2 + V3
le,XZ (xll xZ) = 27'[{—'1{—'2\/1——p122x1x2 X exp {_ 2(1 _ p]2-2) (317)
where y; = %,Ei = fln(l +c2)and A; = Inpy; — %flz fori = 1,2. The
approximate joint PDF of the two log-normal variables can be determined by
differentiating the Gaussian copula
= fx, (1) * fx, (x2)
(g, %2) == 2 (1, Y2, P12)
fX 1,742 ¢(y1) . d)(yz) d) Y1, Y2, P12
(3.18)
_ 1 X exp {_ yi—2p12y1y2 + }’22}
21&185\/ 1 — pi5xix; 2(1 - pi5

The relationship between the reduced correlation coefficient and input correlation

coefficient for the log-normal variables is expressed as follows.
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—1+exp {plz\/ln(l +cZ)-In(1+ cgz)}

Cy1Cy2

(3.19)

P12 =
As described in Fig. 3.3(c), it shows that there is a limitation in design during the inverse
Nataf transformation between the two log-normal distributions. It is recommended that
the correlation value is converted to bijective response between desirable correlation
value ranges. However, for negative input correlation coefficient between -1 and 0, as
the c,,, value increases, the design limit of the reduced correlation coefficient increases.
For example, if the c,; value is 1 and the c,, value is 1, the reduced correlation
coefficient, which is actually designed by transformation, is about -0.5 when input
correlation coefficient is -1. This states that the reduced correlation coefficient value less
than -0.5 cannot be designed under the aforementioned conditions, and it also implies
that the negative correlation relationship by inverse Nataf transformation may indicate
that there is a limit for designing the electrical properties. From the perspective of
designing the properties of coating material, when a high electrical conductivity
electrolyte solution penetrates into the coating, the electrical resistance of wet coating
generally decreases, and the capacitance tends to rise [15]. Two electrical properties
such as electrical resistivity and permittivity is apt to have a negative correlation. In
order to design the desired correlation value through the inverse Nataf transformation, it
is necessary to define variables with positive correlation relationship. Therefore, in this
study, the electrical conductivity that inversely related to electrical resistivity is defined

as the electrical property of the local segment on behalf of the electrical resistivity.
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As shown in Fig. 3.4, the transformation relationship is explored in more detail
according to the various c,,; and c,, values following the log-normal distribution in the
positive correlation. The range of c¢,; and c,, values for designing a desirable correlation
value from 0 to 0.99 or higher with latter highlighted as yellow area, where the zone
represents the more successful bijective responses. Correlation of 0 can be designed by
the inverse Nataf transformation, regardless of c,,; and c,, values, but the values close to
correlation of 1 can be obtained only at certain c,; and c,,, values. As described in Fig.
3.4, the closer the ratio of c,; to ¢, is to 1, the less loss of information is found through
the inverse Nataf transformation. In addition, when the c,, value is less than 1, there is

less information loss due to the transformation than when the c, value is greater than 1.
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Figure 3.4 Orthographic projection plot on cv1 cv2-plane for bijective conversion
designing variable values by lognormal distributions.
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3.2.2. Non-parametric Mapping
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Figure 3.5 Two-dimensional non-parametric mapping by correlation: (a) The
random distributions of ¢ and ¢ in all directions. (b) The random distribution of ¢
and ¢ in the x-direction and the distribution according to size of ¢ and ¢ in the z-
direction.

The variables with physicoelectrical properties are transformed into a distribution

with real values through the inverse Nataf transformation. Non-parametric mapping,
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which maps spatial information to a 2D plane, should be performed to distribute the
physicoelectrical values into the coated domain. The spatial information does not have a
specific distribution like the distribution of parametric properties in the real values but it
has a one-to-one correspondence with the coordinate information in the coated domain.
The one-to-one matching is performed using cumulative distribution data arranged in the
copula densities of x and z. Fig. 3.5 shows the distributions of electrical conductivity and
permittivity correlated with x and z positions through non-parametric mapping. A
correlation value between spatial information and physical property of 0 means a
random distribution of properties in Fig. 3.5(a). The closer the correlation value is to 1 or
-1, the more linear change of the physical properties according to the position change is
found. As described 0.9 correlation between electrical properties and z position in Fig.

3.5(b), the electrical properties tend to decrease with the increase in the z direction.

3.2.3. Two-dimensional Impedance Calculation

A single-layered system comprising electrolyte, coating, and metal substrate is
designed for studying the impedance response by distribution of electrical properties in a
probabilistically 2D space. A numerical element design is considered by using a single
coating strategy. Each local segment of the designed domain with its own electrical
conductivity and dielectric constant, is assumed to have isotropic electrical properties
and steady state condition in this model. The capacitances and the resistances of local

(j, i) element at z and x direction are defined as
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Ca(iy = €G0a2/dx; (3.20a)

Cagiiy = € dxi/dz; (3.20b)
Reijiy = 1/0(j - dxi/dz; (3.20¢)
Rz = 1/0¢ndz;/dx; (3.20d)

where ¢ is permittivity, which is the product of dielectric constant and the free space
permittivity, o is electrical conductivity, and subscripts x and z describe x- and z-
directions, respectively. An equivalent circuit analog at the elemental interface including
the capacitance and electrical resistance of the segments is used to define for each local
impedance. Fig. 3.6 illustrates the local impedance at the interface of the segments as
physical property distribution of the coating system. The interfacial impedance between
each segment is defined by the arithmetic-averaged impedance at the interface, which is

expressed by the following equation:

P ReGo/2 Ry(jity/2 (3.212)
Gleritl) =y + jwCxinRxiiy 1+ joCxiisnRaiivn '
Ryin/2 Ryivin/2
U0 +1,i)
Zgiopn = 7o S (3.21b)

1+jwC iRy 1+ jwCqr1nReg+10)
where Z; ;.. ji+1) denotes localized impedance at the cell interface between the (j, i)
element and the (j, i + 1) element, and Z; ;. j+1,;) is localized impedance at the cell

interface between the (j, i) element and the (j + 1, i) element.
The 2D networks of local impedance at the interface of segments can be designed
for the proposed coating system as shown in Fig. 3.6. The designed single layer coating

system is divided into 60 x 25 segments. Each segment has 0.5 um x 0.5 um, and it is
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designed with 5, 20, and 5 um thickness of the electrolyte, coating, and substrate,
respectively. If it is assumed that there is no energy loss around a closed loop and no
charge loss at a junction in a circuit, the Kirchhoft’s laws which are based on energy
conservation for any closed path (3., AV = 0) and charge conservation at any junction
Qi = XY i) can be applied on the 2D networks of local interfacial impedance.
According to the boundary condition of the coating system, using local interfacial
impedance and current density can then describe the sum of the potential difference in

each closed path, which is achieved by Eq. (3.22)

0 - ~Zign - ~Zgn Zup ~Zsgo v ~Zagp - 0

0o --- 0 0 0 0 _Zl(n—l,m—l)
i11
o1,
ij:i—l (3.22)

: : lj,i :
_ZZ(n—l,m—l) Z(n—l,m—l) i1'4:1,i Z4(n-1,m-1)

in—z,m—l
in—l,m—z
in—l,m—l

Zip = Ziiojitn) T Zgir1oj+1iv1) T ZG+rioj+rivn) T Z(jioj+10) (3.22a)

ZiGp = Z(jiojit1)
Zypy = Z(jioj+1)
Z3,) = Z(jit10j+1,i+1)

Z4(j,i) = Z(j+1,i<—>j+1,i+1)
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where i;; denotes the electrical current density of the (j,i) loop. After the current density

for each closed path is obtained from Eq. (3.22), a total impedance on 2D domain from

the boundary loop (U i,) could be given by

n-1 m-—1

Zeotar(w) = Ly Z Z(j1oj+1,) T+ Z Znjioni+) t Zp1 + Zpz
= i=1
(3.23)
n-1 m—1
- Z Zj1oj+1,1) "L/ ip Z Z(nioni+1) " tn-1,i/lp
j:]_ i=1
Ry1,1)/2
Zpy = ; : 3.23a
P17 1+ jwCranRea ( )
R 2
Ziy ztomy/ (3.23b)

B 1+ ] wCz(n,m) Rz(n,m)

where [, is the system length in the x-direction.

Ryiy/2 Ryjis1)/2

2Z¢xii) 2Zcx(jien)

Figure 3.6 Schematic image of impedance element networks for two-dimensional
impedance model.
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3.3. Results and Discussion
Before the consideration of the effect by the various electrical property
distributions in the 2D impedance model, a feasibility test is conducted to scrutinize
whether the 2D calculation is reasonable. It is expected that the response of the 2D
impedance model would correspond to that of the equivalent circuit model, if the
electrical properties inside the coating between metal substrate and electrolyte are
uniformly distributed. As shown in Fig. 3.7(a), electrical conductivity and permittivity
are uniformly distributed within the coating. The values of electrical conductivity and
permittivity are used 1071 Q~tcm~! and 10712 F cm™1, respectively. When the
thickness (I:nickness) OF the designed coating is 20 um, the equivalent values of electrical
resistance (R.q) and capacitance (Ceq) are calculated as follows
ReqA = ltnickness/0 = 2 X 10% Q. cm? (3.24)

Ceq/A = €/lthickness = 5 % 1071 F /em? (3.25)
where A is a measurement area for normalization. As described in Bode and Nyquist
plots of Fig. 3.7(b), it can be verified that impedance response of the electrical
equivalent circuit consisting of a parallel combination of the electrical resistance
component and the capacitor component is the same as the response of impedance
through the 2D model. The impedance responses in both calculations show a perfect
semicircle describing one time constant with a diameter of 200 MQ cm? in the Nyquist
domain. The result infers that an approach using the distribution of electrical properties
along the local segments in x and z directions of the 2D impedance model is suitable for

expressing the representative shape and value of the impedance response of the well-
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known bulk system. In other words, it shows an example of how the global phenomenon

of the bulk system can be explained through the combination of the distributed local

properties.
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Figure 3.7 Impedance responses of electrical equivalent circuit model and two-
dimensional impedance model at constant conductivity (=10 Q! cm) and
permittivity (=102 F cm™) values: (a) Distribution of conductivity and
permittivity in two-dimensional domain. (b) Bode and Nyquist plots.
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The changes in impedance response according to the degree of heterogeneity in
electrical properties are examined. Coefficient of variation (CV) value as relative
standard deviation is used to represent heterogeneous characteristics of the electrical
properties. CV is known as the ratio of the standard deviation to the mean. The large CV
value indicates that the electrical properties are highly spread out from the mean value,
and the larger the value, the more heterogeneous the electrical properties are dispersed.
Fig. 3.8 shows the impedance response according to CV values when the electrical
conductivity values are randomly distributed in the 2D domain that follows the normal
distribution. To define the parametric properties such as electrical conductivity and
permittivity inside the coating, the transformation through the relationship with the non-
parametric properties such as x and z segment position are described in Fig. 3.8(a). The
bivariate correlation coefficients between each properties are defined as zero, and the
conversion to normal distribution by the inverse Nataf transformation indicates the
correlation coefficient as -0.034, which is little difference between electrical
conductivity and permittivity. In each CV case, it is statistically shown through 30
repeated calculations. To mathematically express the degree of distortion in the
semicircle of the Nyquist plot, the aspect ratio of the semicircle is defined as the ratio of
maximum length, b, in the y-imaginary axis direction to the maximum length, a, in the x-
real axis direction as described in Fig. 3.8(b). The aspect ratio of 1 indicates a perfect
semicircle, which is an ideal impedance response. The aspect ratio smaller than 1 means
that the semicircle of impedance spectra is squeezed in Nyquist domain. A difficulty in

designing CV values greater than 0.2 by physical boundary condition is illustrated in
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Fig. 3.8(c). The histogram shown in the figure, describing the generation of electrical
conductivity at the CV of 1, disobeys the physical boundary as it also generates negative
values. Within the designed CV values, the impedance responses are almost unchanged
and show almost perfect semicircles comparable to the ideal impedance behavior in a
Nyquist domain. The smallest aspect ratio of 0.985 from 0.2 CV value near the design
limit is observed. Thus, this implies that the electrical conductivity with normal
distribution could not represent a non-ideal impedance behavior which describes a

distorted semicircle in a Nyquist domain.
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Figure 3.8 Impedance response on coefficient of variation of electrical conductivity
following normal distribution at constant permittivity (n:=1012 F cm™, CV,=107):
(a) Random data generation through inverse Nataf transformation at 0.1 CV of
electrical conductivity. (b) Nyquist plot. (c) Aspect ratio and average electrical
conductivity vs CV.
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Figure 3.9 Impedance response according to the change of CV values of electrical
conductivity following log-normal distribution at constant =101 F cm™: (a)
Electrical conductivity histogram according to CV value. (b) Nyquist plot. (c)
Average electrical conductivity and characteristic frequency vs CV. (d) Aspect ratio
and diameter of semicircle in the Nyquist plot vs CV.

Fig. 3.9 analyzes the impedance spectra that respond to the changes in CV
values when electrical conductivity properties of local segments follow log-normal
distribution. The bivariate correlation of each variable is randomly distributed to zero as
shown in Fig. 3.8, and the permittivity of each segment is also designed to be almost
constant as a mean of 10712 F cm™~! with a very small standard deviation of
1071 F cm™1. 10 points per logarithmic decade between 100 and 0.01 are considered as
CV values for electrical conductivity. The mean and standard deviation of the electrical

conductivity from 30 repeated CV calculations are adjusted to equalize the average

diameter of the semicircle in the Nyquist plot, so the effective electrical resistance of the
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bulk coating can be designed to be the same as indicated in Fig. 3.9(b) and 2a of Fig.
3.9(d). The histogram of electrical conductivity and the calculated average electrical
conductivity values of the local segments inside the coating according to the CV values
are illustrated in Fig. 3.9(a) and diamond-shaped black dots in Fig. 3.9(c), respectively.
Aspect ratio values can be found to go down from 1 to approximately 0.72 as the CV
value increases. This shows that the more heterogeneous the electrical conductivity of
each segment, the greater the non-ideal impedance response is observed. However, as a
CV value of electrical conductivity increases, it is noticeable that the aspect ratio does
not become smaller than 0.7. The interfacial impedance between each local segment
defined by a parallel configuration of RC elements in Eq. (3.21) is dominated by the
capacitance value when the resistance value becomes relatively large. When the CV
value of the electrical conductivity increases, a greater number of segments with smaller
conductivity are observable as shown in Fig. 3.9(a). Since the impedance between local
segments with relatively smaller conductivity is mainly dominated by a constant
permittivity rather than conductivity or resistivity, it is possible to observe a lower
plateau of the aspect ratio with high CV value, especially at CV greater than 10.

In addition, as shown in Fig. 3.9(d), the greater the CV value that indicates a more
heterogeneous coating material, is expected to result in a greater deviation of the
effective resistance value of the bulk system, represented as 2a, by the random
distribution of the electrical conductivity values in the 2D domain. This is because the
local segments with higher CV of electrical conductivity have more chance to form a

variety of 2D random percolating networks in a coating system which possibly result in
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various effective resistance values. As shown in Fig. 3.9(c), characteristic frequency
decreases as the CV value of the electrical conductivity increases. The characteristic
frequency is the peak frequency which exhibits a maximum in negative imaginary
impedance for a feature. The characteristic frequency of the impedance of local segment
followed by a parallel configuration of RC elements is calculated as 1/2mRC. As the CV
value of the electrical conductivity increases, it can be expected that there are more
segments with relatively small electrical conductivity that increase an average electrical

conductivity, resulting in a decrease of the characteristic frequency of the coating

system.
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Figure 3.10 Impedance response according to the change of CV values of
permittivity following log-normal distribution at constant 6=10""' S cm™: (a)
Permittivity histogram according to CV value. (b) Nyquist plot. (c) Average
permittivity and characteristic frequency vs CV. (d) Aspect ratio and diameter of
semicircle in the Nyquist plot vs CV.
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Fig. 3.10 describes the effect of the CV value changes of log-normal permittivity
in the impedance response. The mean value of permittivity along the log-normal
distribution is designed to be 1072 F cm™1 in Fig. 3.10(c), and the electrical
conductivity of each segment is maintained as 107** S cm™?. All properties had a zero
correlation coefficient. First of all, the aspect ratio decreases more sensitively with an
increase of the permittivity CV value as shown in Fig. 3.10 (b), compared to the
influence of the distribution of electrical conductivity. Fig. 3.10(d) indicates that the
aspect ratio drops around 0.45 at the CV value of 100. The impedance of the local
segment is inversely proportional to the permittivity value at constant conductivity.
When the CV value of permittivity is increased, the impedance values of the local
segments become more varied, resulting in a decrease of the aspect ratio. Secondly,
unlike the changes by electrical conductivity distribution, the varied distribution of
permittivity by different CV values does not affect the effective resistance value of
coating, indicative of the semicircle diameter, as represented in 2a of Fig. 3.10(d).
Finally, as discussed in Fig. 3.9, the frequency of local segment at peak is inversely
proportional to the values of electrical resistivity and permittivity. As the CV value of
permittivity increases, there are more segments with smaller permittivity values in Fig.
3.10(a), thereby the characteristic frequency of bulk system increases as shown in Fig.
3.10(c). Based on the results of the changes in characteristic frequency with respect to
the CV values of electrical conductivity and permittivity, Fig. 3.9(c) and 3.10(c), the
characteristic frequency of the coating system is more sensitive to changes in

permittivity than to changes in electrical conductivity.
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Figure 3.11 Random data generation through inverse Nataf transformation on
different correlation coefficients between log-normal permittivity (n:=102 F cm?,
CV.=1) and log-normal electrical conductivity (ns=10' S cm?, CVs=1): (a) ps:=0.5.
(b) ps=0.9.

To comprehend the influence of the statistical relationship between two variables
on impedance spectra of the bulk system, random data are generated by the inverse Nataf
transformation in Fig. 3.11. Difference correlation coefficients between log-normal
permittivity and log-normal electrical conductivity are considered to design various
relationships between the relative movements of the two variables. Figs. 3.11(a) and (b)
describe scattered plots at 0.5 and 0.9 correlation coefficients between log-normal

permittivity and log-normal electrical conductivity, respectively, and other bivariate

correlation coefficients are considered as 0. As the scatter plots are shown in Fig. 3.11,
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the closer correlation coefficient gets to 1, the linear relationship positively becomes
stronger. As can be seen from the result through the inverse Nataf transformation, when
the CV values of two variables are 1, a transformation error of about 5-10% occurs
between the input correlation coefficients and the reduced correlation coefficients.
Based on these transformations, the effect on impedance spectra for various
reduced correlation coefficients between log-normal permittivity and log-normal
electrical conductivity is studied in Fig. 3.12. The Fig. 3.12(a) shows the impedance
spectra on the Nyquist domain according to the varied correlation coefficient when the
CV values of both log-normal electrical conductivity and log-normal permittivity are 1.
As the correlation coefficient between the two electrical variables approaches to 1, the
impedance spectra close to the perfect semicircle can be seen through the Nyquist
domain. In order to examine the correlation effect between the two electrical variables in
detail, the aspect ratio is calculated through 30 iterations by changing the CV value of
permittivity in Fig. 3.12(b). As can be seen from the calculation results, the aspect ratio
increases as the reduced correlation coefficient increases. The impedance response of
each local segment to frequency is represented by the ratio of permittivity and electrical
conductivity. When the reduced correlation between two electrical variables becomes
positively more linear, the differences of the ratio among local segments become small.
Thus, it allows to represent homogeneous in terms of bulk systems and consequently

results in the increased aspect ratio.
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Figure 3.12 The effect of various correlation coefficients between log-normal
permittivity (u.=10"2 Fcm) and log-normal electrical conductivity (us=10"* Scm,
CV,=1) on impedance spectra: (a) Nyquist plot at CV =1. (b) Aspect ratio vs
reduced correlation coefficient. (c) Characteristic frequency vs reduced correlation
coefficient.
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In addition, as the CV value of permittivity increases, the slope between the
change in aspect ratio and the change in reduced correlation coefficient also increases.
This is indicative that the more heterogeneous the permittivity distribution is, the more
various systems can be designed, depending on the electrical conductivity. The change
in characteristic frequency according to the reduced correlation coefficient also shows a
similar tendency to the change in the aspect ratio in Fig. 3.12(c). As the reduced
correlation coefficient between log-normal electrical conductivity and log-normal
permittivity increased, the characteristic frequency of the coating system tends to
increase. As a result, a more positive linear relationship between the two variables
results in a phase shift towards the higher frequencies with more ideal impedance spectra
shape.

Finally, the impedance responses induced by the spatial distribution of the
electrical properties for the local segments are studied. It is important to understand the
impedance response to the bias distribution of the electrical properties because the
distribution of pores may be biased during the curing process of the coating material
[11]. Various correlation coefficients between log-normal electrical conductivity and z-
direction position are considered to understand the impedance response of the coating
system shown in Fig. 3.13. The electrical properties for each local segment are randomly
generated through the inverse Nataf transformation at almost constant permittivity of
U = 10712 Fcm™! and CV, = 1076 as illustrated in Fig. 3.13(a). As the absolute value
of correlation coefficient between log-normal electrical conductivity and z-direction

position approaches to 1, the electrical conductivity values are aligned in the z-direction
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according to the magnitude of the electrical conductivity. Alignment of the electrical
conductivity in the z-direction by size indicates that it is heterogeneous in terms of bulk
system, and the highest aspect ratio can be seen at the 0 correlation coefficient in Figs.
3.13(b) and (c). The 0 correlation coefficient between log-normal electrical conductivity
and z-direction position describes that the properties of electrical conductivity are more
randomly distributed thus showing more ideal impedance spectra of the coating system.
Aligning the electrical conductivity by magnitude in the z-direction forms an
electrical network that relies on the percolation paths through low electrical conduction.
Therefore, increasing the absolute value of the correlation coefficient increases the
effective ohmic resistance of the bulk system. This phenomenon can be seen from the
diameter of semicircle in Nyquist image of Fig. 3.13(b) and the result of 2a in Fig.
3.13(d). Additionally, the characteristic frequency results show that the spatial
distribution of electrical conductivity exhibit a physical phenomenon similar to that
occur from the change of the CV value of electrical conductivity in terms of the bulk
system as the Fig. 3.13 (d) describes. The bulk coating system has the highest
characteristic frequency at zero correlation coefficient between log-normal electrical
conductivity and z-direction position which describes the more ideal impedance spectra
and highest aspect ratio. This is because the linear distribution of electrical conductivity
along the z-direction is more heterogeneous in the bulk coating system, and the lower
characteristic frequency of the system is expressed as can be seen in high CV value of
electrical conductivity. In terms of how heterogenous the distribution of local electrical

conductivity is in the bulk coating system, the CV value of electrical conductivity and
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the correlation coefficient between electrical conductivity and z-direction position can
have the same physical interpretation. Therefore, as the changes in aspect ratio and
characteristic frequency according to the CV value of electrical conductivity are similar
in Fig. 3.9, the distribution of electrical conductivity in space according to the
correlation coefficient also describes the similar tendency between aspect ratio and

characteristic frequency in Figs. 3.13(c) and (d).
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Figure 3.13 The effect of various correlation coefficients between log-normal
electrical conductivity (us=10*! S cm, CV,=1) and z-direction position on
impedance spectra: (a) Random data generation through inverse Nataf

transformation at ps;=0.9 and p=10"*? F cm™ and CV,.=10°. (b) Nyquist plot. (c)

Aspect ratio vs input correlation coefficient. (d) Characteristic frequency and
diameter of semicircle in the Nyquist plot vs input correlation coefficient.
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3.4. Summary

Through changing the distribution of local physical properties such as electrical
conductivity and permittivity, the 2D impedance spectra that responses on the bulk
coating system were studied. The multivariate random variables were controlled through
the Copula, a statistical probabilistic approach, in order to provide inter-correlated
information of the electrical properties to local segments inside the coating. To
understand the non-ideal impedance spectra through various distributions of electrical
properties in 2D space, the distortion of perfect semicircle of impedance spectra in the
Nyquist domain was expressed through aspect ratio, and the changes in the
characteristics of the coating system were described using characteristic frequency.

From the distribution type with a perspective of electrical conductivity, a normal
distribution only allowed to show almost ideal impedance spectra due to design
limitation, but the electrical conductivity along with log-normal distribution was possible
to express the distorted response of impedance spectra with an aspect ratio of 0.7 or
higher through various CV values of the electrical conductivity. The CV value described
the degree of heterogeneity in the distribution of electrical properties. In addition, unlike
the effect of log-normal electrical conductivity on the impedance spectra, the 2D
impedance domain with log-normal permittivity showed continuous and more sensitive
decrease of the aspect ratio as the CV value of permittivity increased because the
interfacial impedance between each local segment was defined by the parallel

configuration of the RC element. The results of characteristic frequency and aspect ratio
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illustrated that the variation in impedance spectra was more sensitive to log-normal
permittivity compared to log-normal electrical conductivity.

Considering not only the CV value of electrical properties but also the correlation
coefficient between electrical conductivity and z-direction position, it was confirmed
that the degree of heterogeneity inside the coating also had an influence on the aspect
ratio of the impedance spectra. As the electrical conductivity was aligned in z-direction
according to its size, the smaller aspect ratio was calculated which represents more
heterogeneous system under the perspective of bulk coating. Additionally, the
correlation coefficient between the log-normal electrical conductivity and the log-normal
permittivity on impedance spectra showed a greater influence on the characteristic
frequency and the aspect ratio of impedance spectra when it got closer to the positive

linear relationship between the two electrical properties.

3.5. References

[1] S. Cho, Y. Cubides, H. Castaneda, Probing the degradation mechanism of a Cr (V1)
coating/aluminum alloy 2024-T3 system based on dynamic mechanisms and a 2D
deterministic-probabilistic approach, Electrochimica Acta, 236 (2017) 82-96.

[2] W. Breymann, A. Dias, P. Embrechts, Dependence structures for multivariate high-
frequency data in finance, Quantitative Finance, 3 (2003) 1-14.

[3] C.N. Haas, On modeling correlated random variables in risk assessment, Risk

Analysis, 19 (1999) 1205-1214.

93



[4] B. Renard, M. Lang, Use of a Gaussian copula for multivariate extreme value
analysis: some case studies in hydrology, Advances in Water Resources, 30 (2007) 897-
912.

[5] C. Genest, A.-C. Favre, Everything you always wanted to know about copula
modeling but were afraid to ask, Journal of Hydrologic Engineering, 12 (2007) 347-368.
[6] A. Bardossy, S. Horning, Gaussian and non-Gaussian inverse modeling of
groundwater flow using copulas and random mixing, Water Resources Research, 52
(2016) 4504-4526.

[7] C. Scholzel, P. Friederichs, Nonlinear processes in geophysics multivariate non-
normally distributed random variables in climate research—introduction to the copula
approach, Nonlinear Processes in Geophysics, 15 (2008) 761-772.

[8] Y. Noh, K. Choi, L. Du, Reliability-based design optimization of problems with
correlated input variables using a Gaussian copula, Structural and Multidisciplinary
Optimization, 38 (2009) 1-16.

[9] X.-S. Tang, D.-Q. Li, C.-B. Zhou, L.-M. Zhang, Bivariate distribution models using
copulas for reliability analysis, Proceedings of the Institution of Mechanical Engineers,
Part O: Journal of Risk and Reliability, 227 (2013) 499-512.

[10] B.M. Boshkoska, P. Boskoski, A. Debenjak, D. Juri¢i¢, Dependence among
complex random variables as a fuel cell condition indicator, Journal of Power Sources,

284 (2015) 566-573.

94



[11] V. Lavaert, M. De Cock, M. Moors, E. Wettinck, Influence of pores on the quality
of a silicon polyester coated galvanised steel system, Progress in Organic Coatings, 38
(2000) 213-221.

[12] N.J. Higham, Cholesky factorization, Wiley Interdisciplinary Reviews:
Computational Statistics, 1 (2009) 251-254.

[13] R.B. Nelsen, An introduction to copulas, Springer Science & Business Media, 2007.
[14] C. Schoelzel, P. Friederichs, Multivariate non-normally distributed random
variables in climate research—introduction to the copula approach, Nonlinear Processes
in Geophysics, 15 (2008) 761-772.

[15] V. Miskovi¢-Stankovi¢, D. Drazi¢, M. Teodorovié, Electrolyte penetration through

epoxy coatings electrodeposited on steel, Corrosion Science, 37 (1995) 241-252.

95



4. LOCALIZED ELECTROCHEMICAL TWO-DIMENSIONAL IMPEDANCE

MODEL

In this study, the localized impedance spectra, which describe electrical and
electrochemical phenomena in the local area of a coated material, are analyzed by
modifying the boundary conditions of the 2D impedance model developed in previous
studies. The correlation between the local location of the measuring electrode probe and
the actual measurement area is verified through the normalized current distribution
flowing into the coating material when measuring the local area. In local measurement,
the physical meaning of local impedance spectra by taking into account important
parameters such as electrical conductivity of electrolyte solutions, the angular frequency

of the applied measurement potential, and electrode probe location is understood.

4.1. Introduction

The global impedance spectra of the bulk system reflect the averaged
combination of local electrical/electrochemical systems [1], but sometimes it failed to
describe the macroscopic behavior of the bulk system due to dominant response through
the internal defects or pinholes inside of the coating [2]. Hence, it is difficult to
quantitatively understand the phenomenon of corrosion or coating degradation in the
early stage from the global impedance perspective. In the case of the bulk system that is
non-homogeneous depending on their spatial position from an electrical and

electrochemical perspective, localized impedance data generated by bi-electrode probe
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methods [3-5], vibrating probe method [6], and micro-capillary-based methods [7] have
often been used to understand the changes in the electrical and electrochemical
properties on the local position of the system [8].

Changes in local systems under the electrolyte solution of low electrical
conductivity were interpreted by localized impedance signal dependent on applied
frequency [9]. Corrosion of steel under the defected organic coating and the degradation
of the coating have been studied by localized electrochemical impedance spectroscopy
(LEIS) [10, 11]. Local electrochemical impedance mapping was also utilized to
scrutinize delamination phenomena at the steel/organic coating interface [12]. In most
studies, the localized impedance spectra for in-situ monitoring were analyzed on the
assumption that the spectra obtained through the experiment described the localized
physicochemical phenomenon of the material surface close to the electrode probe [13-
15].

However, the localized impedance spectrum, which is determined by the
electrical current flow between the local measurements, varies in its meaning and
interpretation depending on various measurement environmental conditions, such as
electrical conductivities of electrolyte and coating materials and applied perturbation
frequency. Balusamy and Nishimura have investigated local corrosion behavior of
scratched epoxy coated steel according to various electrical conductivities of electrolyte
solution by LEIS [16]. As the electrode probe moved away from the scratch, the
obtained impedance spectra indicated different responses depending on the concentration

of chloride in the electrolyte. Eckhard et al. have illustrated perturbation frequency-
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dependent impedance response for local corrosion sites [17]. From this result, it was
evident that not only do appropriate frequencies exist for the localized impedance
spectra to observe a particular phenomenon, but also the physical meaning of each
frequency is different for local measurements. Therefore, it is necessary to know the
confined area or local location of the macro-physicochemical system, which is measured
according to the various environmental conditions mentioned above, in order to
accurately interpret the local system through the localized impedance spectra.

In a previous study (Chapter 3), the global impedance response of the bulk
system through the inter-correlated local physical properties inside coatings, that have
electric and dielectric characteristics, was scrutinized by 2D impedance model with
probabilistic approach. From the 2D impedance model which was represented by a
combination of impedance values for each local segment, it can be expected that the
local behavior of a electrochemical system is likely to be obtained if boundary
conditions similar to that of a local experimental measurement is given. Using the 2D
impedance model modified in this study, the physical meanings of impedance spectra
responding to the local location of electrode probe, electrical conductivity of electrolyte,

and applied frequency are examined in depth.

4.2. Localized 2D Impedance Model
Localized 2D impedance model is proposed by modifying the 2D impedance
model developed in previous studies [18] for understanding global impedance behavior

of bulk electrical and electrochemical systems. Since local electrical properties, such as
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electrical resistivity and permittivity, of each segment in the 2D domain are embedded,

the information of each electrical property can be extracted by adjusting the input

boundary condition of the 2D impedance model.
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Figure 4.1 Schematic image of cross-sectional coating material on localized 2D
impedance model: (a) Coating without defect. (b) Scratched coating.

In this study, the responses of localized impedance spectra are analyzed to two
types of coating system, as shown in Fig. 4.1. The Fig. 4.1(a) is designed to observe the
changes in impedance signal taking place in the homogeneous coating system without a
defect. The electrochemical reaction is considered to be nonexistent because it forms a
perfect barrier from the coating. The electrical resistivity of the electrolyte and the

distance between the electrode probe and coating surface are used as manipulated
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variables. A single-layered system consisting of coating, electrolyte, and metal substrate
was configured. The designed single layer coating system is divided into 40 x 101
segments. Each segment has 10 um x 10 um, and it is designed with 300, 50, and 50 um
thickness of the electrolyte, coating, and substrate, respectively. Fig. 4.1(b) is presented
to analyze the response of localized impedance in coating materials that are locally
damaged by mechanical scratch according to various electrical resistivity of electrolyte
and x-position of electrode probe. The single-layered system with 50 um of scratch
width in the coating is constructed. The designed coating system is divided into 40 x 201
segments. The size of each segment and the thickness of each layer are designed exactly
as mentioned in Fig. 4.1(a). Steady state condition and isotropic electrical properties,
such as permittivity and electrical resistivity, are assumed for each local segment in this

model. The resistances and capacitances at z and x directions of local (j, i) element are

defined as
Cx(ipy = €Gnd2/dx; (4.1a)
Czi) = €, dxi/dz; (4.1b)
Riipy = Py - dxi/dz; (4.1¢)
Rz = piodz/dx; (4.1d)

where € is permittivity, which is the product of dielectric constant and the free space
permittivity, p is electrical resistivity, and subscripts x and z describe x- and z-
directions, respectively. An equivalent circuit analog at the elemental interface including

the capacitance and electrical resistance of the segments is used to define for each local
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impedance. The interfacial impedance between each segment is defined by the

arithmetic-averaged impedance at the interface, which is expressed by the following

equation:
2o = Ry(ipn/2 N Ry (jiv1)/2 (4.23)
iejitl) = ; - .
UEIHD 1 4 jwCrg i Regiy 1+ j0Ce( 41 Ragiivn)
Rz(ny/2 Ry+1,0/2
2110 = Tt e (4.20)

1+ jwC;nRegn 1+ jolsgr1nReg+10
where Z; ;.. ji+1) denotes localized impedance at the cell interface between the (j, i)
element and the (j, i + 1) element, and Z; ;. j+1,;) is localized impedance at the cell

interface between the (j, i) element and the (j + 1, i) element. w denotes an angular
frequency.

The interfacial impedance between segments that describes electrochemical
reactions occurring at the interface can be affected by non-faradaic impedance such as
electrochemical double layer as well as faradaic impedance, which is composed of the
charge transfer impedance induced from the kinetics of the charge transfer reaction and
diffusion. If electrochemical control processes such as charge transfer phenomenon take
place on the localized cell interface between the metal substrate and the electrolyte in red
line of Fig. 4.1(b), impedance at the interface can be defined by the following

expressions.

Rz(j,i)/2 Rct,z
1 +](A)CZ(],1)R 1 +ijZ,leCt,Z

Liojr1i) = on
4.3)
Ry G+1,1)/2

1+ jwCr1,nRa+1,0
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where Cg; is the capacitance of the double layer and R, is the charge transfer

impedance. In this work, we assume that there is no diffusion phenomenon.
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Figure 4.2 The schematic diagram for the 2D networks of local impedance at the
interface of segments: (a) Without current source. (b) With current source at
electrode probe.

The current is assumed to flow intensively through a probe tip near the surface of
the coating material to account for localized phenomena. To concentrate the current flow
without dissipation from the electrode probe in the electrolyte, point charge at input
probe electrode segment is considered. The circuit of the designed system with input
point charge source becomes a non-planar circuit which is drawn on a flat surface with at
least one wire crossing. Thus, the modified two-dimensional impedance model for LEIS
is calculated using junction rule which conserves total charges at each node instead of

the loop rule which should identify a closed loop based on the conservation of energy.

The 2D networks of local impedance at the interface of segments can be designed for the
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proposed coating system as shown in Fig. 4.2. If it is assumed that there is no charge loss
at a junction in a circuit, the Kirchhoff’s laws which is based on charge conservation at
any junction (3 i;;, = X i,y:) €an be applied on the 2D networks of local interfacial
impedance. Using local interfacial impedance and relative potential at each node can
then describe that the sum of the current densities at each junction is zero.

i4+i3_i2_i1=O

Zjioj-10) v Zjioji-n) " !

+< ! + 1 + 1
Zjioj-1)  Ziieji-1)  Z(jie)i+1) (4.4)

Zjioj+in) 7 \Z(jioji+1) st

( 1 )v ~0
Zijioj+1,0) Lt

The square boundary of the 2D domain is given an insulating condition which is no
current flow through the local interfacial impedance at the boundary. The conditions of
inlet current in the electrode probe segment (in Fig. 4.2 (b)) and outlet current in the
working electrode segment based on the conservation of charge can be express in Eq.

(4.5) and Eq. (4.6), respectively.
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i4+i3_i2_i1:i0

- —|— . — | = e
ZGioj-10) v ZGioji-n) !

+< 1 + 1 + 1
Zjioj-1i)  Zioji-1)  Z(ieji+1) (4.5)

Zioj+in) 7 \Z(iojit) st

1
V.. =i
(Z(j,iw'ﬂ,i)) ekt

i3 — 1, —i; = —iy ~ i, = 0 (boundary condition)

Zjioj-10) v Zjioji-n) " !

+ ( + + ) Vi

Zjioj-1)  Zieji-1)  Z(jie)i+1)

( 1 > V .
e .. = —i
Z(jio)i+1) st 0

After the potential for each node is obtained from the equations defined by the
conservation of energy in the junctions of all segments, a total impedance on 2D domain
from input current density (i) and potential difference between CE/RE probe and WE

probe could be given by

VCE/RE probe — VWE probe) (4 7)

Ziotal (w) = l (

lo

where [, is coating length exposed by electrolyte in the x-direction.
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4.3. Results and Discussion
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Figure 4.3 Localized response of homogenous coating without defect at 10> Q cm

electrical resistivity of electrolyte: (a) Nyquist plots with respect to the distance
between electrode probe and coating surface. (b) Magnitude and phase angle of

impedance spectra. (c) Real and imaginary part of normalized electric current

flowing out of local segments at the 5 pm distance and 20000 Hz or 100 Hz. (d) Real
and imaginary part of normalized electric current flowing out of local segments at

the 295 pm distance and 20000 Hz or 100 Hz.
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Figure 4.4 Localized response of homogenous coating without defect at 10° © c¢cm

electrical resistivity of electrolyte: (a) Nyquist plots with respect to the distance
between electrode probe and coating surface. (b) Magnitude and phase angle of

impedance spectra. (¢c) Real and imaginary part of normalized electric current
flowing out of local segments at the 5 pm distance and 20000 Hz or 100 Hz. (d) Real

and imaginary part of normalized electric current flowing out of local segments at

the 295 pm distance and 20000 Hz or 100 Hz.
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To know the local response of the impedance spectra depending on the location
of the electrode probe in a z-direction, we considered a homogeneous coating without a
defect, as illustrated in Figs. 4.3 and 4.4. The electrolyte resistivity to be conductive
solution is considered as 100 Q-cm. As shown in the Nyquist and Bode images of Fig.
4.3(a) and (b), there is little difference between each impedance signal resulted from the
distance between electrode probe and coating surface in high electrical conductivity
solution. This result can be seen in more detail through the local electrical current
distribution that occurs during measurement. The electric current distribution flowing
out of local segments is normalized based on input electrical current and then divided the
current into real and imaginary parts as shown in Fig. 4.3(c) and (d). Since normalized,
the input electrical current at electrode probe is always 1, the real value is 1, and the
imaginary value is 0. The real part of normalized electric current distribution flowing out
of each local segment could be considered as the relative amount of electric current flow
through the each segment between the measurement electrodes, and the imaginary part
of the current distribution could indirectly describe the influence of the phase shift
induced by local dielectric properties. First, the electric current distribution inside the
coating is shown evenly and similarly regardless of the applied frequency through the
real part of electric current flow. As frequency increases, the electrolyte is sufficiently
conductive regardless of the decrease in the impedance value of the dielectric coating, so
that the electric currents are distributed evenly over the coating surface through the
electrolyte first and are measured evenly within the designed coating domain. That is

why the same homogeneous bulk coating system is measured even if frequency changes,
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and the impedance spectra show a perfect semi-circle as an ideal response. In addition, it
appears that the impedance of the coating is not sensitive for the electrode probe location
in high conductive solution. When the electrode probe is away from the coating surface
in Fig. 4.3(d), the electrical current is distributed uniformly towards the coating surface
to obtain more electrical passes. Even if the electrode probe is close to the coating
surface as shown in Fig. 4.3(c), more electrical path can be obtained through the back
flow of electrical current, which is the opposite flow from electrode probe to working
electrode, within the high electrical conductive electrolyte and the current signal spreads
evenly towards the coating surface. Therefore, almost the same impedance spectra can
be observed in low electrical resistive solution.

However, under high electrical resistivity condition (10° Q-cm), unusual
phenomena are seen depending on the local position of the electrode probe and the
measurement frequency as described in Fig. 4.4. First of all, the effect of the electrode
probe position is clearly shown by the increase in the resistivity of electrolyte solution in
the magnitude plot of Fig 4.4(b). The increase in solution resistance can be seen in high
frequency region as the electrode probe moves away from the coating surface. In
addition, as it can be seen in Nyquist (Fig. 4.4(a)) and phase angle (Fig. 4.4(b)) plots, it
shows more time constants than one time constant in single-layered homogenous coating
when the electrode probe is closer to the coating surface. If researchers are not aware of
the system, the researchers will generally explain the system through equivalent values
and most likely conclude as a complex system with more than two-time constants. This

is the result of the homogeneous system that shows that non-homogeneous result
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dependent on the local measurement condition. For a more detailed understanding, it is
considered through the distribution of normalized electric current flowing out of each
segment as illustrated in Fig. 4.4(c) and (d). These calculation results explain how
important the distribution of electric current for local measurement is within the
electrolyte. When the position of electrode probe is far away from the coating surface,
the current distribution appears to yield sufficient electrical paths for measuring the
coating system in a similar area within the electrolyte, regardless of the applied
frequency in Fig. 4.4 (d). However, as described in Fig. 4.4(c), when the probe electrode
is moved close to the coating surface exposed to low electrical conductivity solution,
real part of normalized electric current can confirm that the measured current is localized
without much back flow in the electrolyte because of the relatively small impedance
value of dielectric coating under high perturbation frequency. Because the relative
conductivity between two mediums including electrolyte and coating, in which the
electric current determines the pattern of flow, varies according to the applied frequency,
it appears to measure the coating system in different areas from the bulk system
perspective. Therefore, it shows non-homogeneous results in the impedance spectra as
shown in the result of sweeping frequencies in red signal of Fig. 4.4(a) and (b). In other
words, this means that local area characteristic can be measured in relatively high
perturbation frequency and high electrical resistive solution.

Fig. 4.5 shows the effect of the electrical resistivity of the electrolyte solution and
applied frequency on the impedance magnitude of the scratched coating sample designed

in Fig. 4.1(b). First, it is confirmed that the magnitude of the impedance increases with
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an increase of the electrical resistivity of the electrolyte solution. This is because the
higher the electrical resistivity of electrolyte solution under similar electrical path
conditions, the higher the electrical resistance of the electrolyte solution becomes. In
addition, as the measurement perturbation frequency decreases, the magnitude of the
impedance tends to increase in Fig. 4.5. This is because as the frequency decreases, the
impedance magnitude values of the dielectric coating material and the metal/electrolyte

interface increase.
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Figure 4.5 The effect of electrolyte electrical resistivity and applied frequency on
the impedance magnitude of scratched coating sample: (a) ps=102 Q em. (b) ps=10*
Q cm. (¢) ps=10° Q cm.

When the scratched coating system is immersed in low electrical resistivity
electrolyte solution, it is evident that the impedance magnitude increases linearly as the
electrode probe moves away from the scratch area in Fig. 4.5(a) and (b). Even if the

system is exposed to the high electrical resistivity electrolyte of 10° Q cm, the measuring

at the perturbation frequency lower than 10 Hz still gives a similar response to changes
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in the impedance magnitude depending on electrode probe position in the low electrical
resistivity electrolyte. However, as described in black squares of Fig. 4.5(c), the
measurement conditions of 10° Hz high frequency and 10° Q cm high electrical
resistivity electrolyte yield the impedance response that differs from the linear changes.
The impedance magnitude increases linearly as the electrode probe moves away from
the zero position on the x-axis, the center of the scratch part, and then shows constant
values from when the electrode probe reaches on the unscratched coating area. Then, as
the electrode probe reaches the 2D domain’s boundary, it shows an increasing signal
again.

The physical meaning of the impedance spectra according to the electrode probe
location under the various measurement conditions, including perturbation frequency
and electrical electrolyte resistivity, could be understood in detail through the
distribution of flowing electric current between measurement electrodes. Figs. 4.6-4.14
display normalized electric current distribution according to the electrode probe position,
applied frequency, the electrical resistivity of electrolyte solution. It can be confirmed
from this calculation that LEIS in the low resistivity electrolyte solution does not
measure the local part of the coating except the scratch from Figs. 4.6-4.8. Since the
electrical current flows easily into the scratched coating part through the highly
conductive electrolyte solution, the linear change of LEIS can be seen as it moves away
from the center of the probe position. The imaginary part of normalized electric current
distribution also shows that LEIS at low electrical resistivity solution measures the

scratch area regardless of the location in the x-direction of the electrode probe as
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described in Figs. 4.6(b)-4.8(b). The imaginary electric current distribution indirectly
expresses the phase shift that is induced by the influence of the dielectric properties in
local segments. The results indicate the imaginary electric current distribution in a
similar area without being influenced by the position of the x-direction of the electrode
probe, which explains that the dielectric effects of measuring under low electrical
resistivity electrolyte condition is mostly due to double layer capacitors at the
metal/electrolyte interface.

Similarly, the phenomenon, which measures the scratch part, not the local area of
the electrode probe location, can be observed in the high resistivity electrolyte solution
when the perturbation frequency is low (10 Hz), as shown in Fig. 4.14. This is because at
low perturbation frequency, the relative impedance value of the dielectric coating
material is higher than the electrical resistance of the electrolyte, so that the electric
current moves to scratch part via the electrolyte. Thus, even in this case, electrode probe
tends to increase linearly as it moves away from the scratch position in Fig. 4.5(c).

Therefore, in order to observe local changes in all measurement areas in the case
of scratched coatings, it is necessary to use high electrolyte resistivity as described in
Figs. 4.12 and Fig. 4.5(c). Real and imaginary parts of normalized electric current enable
us to observe large amounts of electric current flow through the local coating area near
the electrode probe due to the impedance value of the dielectric coating which is
relatively small at high frequency (10° Hz). This allows the electrode probe to measure
the electrical properties of local coating area and obtains a nearly constant impedance

magnitude value on homogeneous properties of coating in Fig. 4.5(c). In addition, the
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phenomenon of an increase in impedance magnitude as the electrode probe approaches
the boundary of 2D domain indicates limitations in calculating the local phenomenon of
the proposed 2D impedance model because the area of the electric current that can flow
through coating decreases due to the insulating boundary condition. Despite the
limitation, however, this study is expected to be able to propose the suitable guidelines
of the electrical electrolyte conductivity and AC perturbation frequency according to the

designed coating to observe and understand local characteristics of the coating.
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Figure 4.6 Normalized electric current distribution according to electrode probe positions at ps=102 Q cm and f=10° Hz:
(a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.7 Normalized electric current distribution according to electrode probe positions at ps=10? Q cm and =102 Hz:
(a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.8 Normalized electric current distribution according to electrode probe positions at ps=102 Q& cm and f=10! Hz:
(a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.9 Normalized electric current distribution according to electrode probe positions at ps=10* Q cm and f=10° Hz:
(a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.10 Normalized electric current distribution according to electrode probe positions at ps=10* Q cm and f=10?

Hz: (a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
118



(a) 0 pSZIOJ'(Q cm), f=10'(Hz) Working electrode Probe 5 B 3 (b) p‘\=]04(Q cm), /=1 0'(Hz) © Working electrode Probe 5 B
10 £ 3 10° £ 8 =
Z 100 10'E § 5 2100 10°& § &
3200 1028 ¢ = 3200 1022 ¢ E
= 300 10°% & 5 7300 10°% 8 5
400 ~ 10%E 2% 400 A 104€ &3
-1000 -750 -500 -250 0 250 500 750 1000 g -1000 -750 -500 -250 0 250 500 750 1000 E &

X (um) - Real(Elec. current) z X (Lm) - Imag(Elec. current) @

9 POZIBULIOU JUDLIND DLID[O PIZI[e

g

pfl()"(Q cm), f=10'(Hz)| + Working electrode Probe = p_\=]04(Q cm), £=10'(Hz) © Working electrode Probe = 5
T ZRRRRRE 10" 2 0 10° 2 g =
Z 100 SRR 10 § 5 5100 10'® § &
3200 Ry 10°2 £ 2 3200 1022 o 2
v 300 | % 2 w300 107 i” (:—D. 2
109 &% 400 - 10%g & 3
250 500 750 1000 g g -1000 -750 -500 -250 0 250 500 750 1000 g g™

- Real(Elec. current) Z % X (P«m) Imag(Elec. current) Z g

Probe = § p52104(Q Cm),le()](HZ) v Working electrode Probe 5 B 5
"""""" 10" £ 2 10 z E =
—_  ABPTeaeaaes. . SP-N —_ 2 FE
= 100 e aedy. 10_2: S 5100 ]O_G"; EE
3200 e 102 £ 3200 10*535
= 300 S 35, w300 10°% & 3
104 & 400 10%g & 3
1] 250 500 750 1000 g g -1000 -750 -500 -250 0 250 500 750 1000 5 g &

¢ (l-lm) Real(Elec. current) 7 % X (l»lm) Imag(Elec. current) a g

Working electrode Probe . B 2 p=10%(Q em), f=10'(Hz) Working electrode Probe 10 = é
s A 10 é 5 £8 B
o100 B 10 §p 2100 107 §
3200 1072 & = 3200 1022 o
v 300 10°% €5 300 10°% 835
10°% 2 400 104 & 5
-1000 -750 -500 -250 0 250 500 750 1000  : & -1000 -750 -500 -250 _ 0 250 500 750 1000 g S =

X (um) Real(Elec. current) 7 % X (P'm) Imag(Elec. current) @ g

p=10%Q cm), f=10'(Hz)| + Working electrode Probe = 2 p5=104(Q cm), f=10"(Hz)| + Working electrode Probe = 8
0 ‘ e g 3 0 10° 2 2 -
~100 ,,%'%»EAIQO 107& § &
5200 ,,,,,,,, g ol 5200 1028 5§
= 300 I —— 285 %300 10-3§~§§
€% 400 ” 10%€ & 3
-1000 -750 -500 -250 1] 250 500 750 1000 § £ -1000 -750 -500 -250 0 250 500 750 1000 g g™

X (lJm) Real(Elec. current) Z g X (Hm) Imag(Elec. current) @ g

Figure 4.11 Normalized electric current distribution according to electrode probe positions at ps=10* Q cm and f=10!
Hz: (a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.12 Normalized electric current distribution according to electrode probe positions at ps=10° Q cm and f=10°
Hz: (a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.13 Normalized electric current distribution according to electrode probe positions at ps=10% Q cm and f=10?

Hz: (a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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Figure 4.14 Normalized electric current distribution according to electrode probe positions at ps=10° Q cm and f=10*
Hz: (a) Real part of normalized electric current. (b) Imaginary part of normalized electric current.
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4.4. Summary

The localized 2D impedance model was proposed to understand the response of
the localized impedance spectra. The various environmental conditions, including the
electrode probe location used in local measurements, examined the physical meaning
represented by the impedance signal from the perspective of the perturbation frequency
and the electrical/electrochemical properties of the systems. Normalized electric current
distribution induced by local measurement was presented to understand the meaning of
the impedance value. The electric current distribution overcomes the limits of the fact
that the position of the electrode probe is assumed to be a locally measured position and
allows the actual area of local measurement to be identified under real test conditions.

In this study, two single-layered systems with and without defect were
considered. For the homogeneous single-layer coating without defect, the closer the
electrode probe is to the coating surface, it was confirmed that the area measured
according to perturbation frequency is different at low electrical conductivity of
electrolyte. Then, non-homogenous impedance spectra were obtained from the
homogenous system. When the coating system with defect is considered in the high
electrical conductivity of electrolyte, the electric current distribution and impedance
spectra results showed that the local technique measured the defect rather than the local
area near the location of probe at most perturbation frequencies, so the local impedance
and the distance between the electrode probe and the defect area was described a linear
relationship. If the scratched coating system is immersed in low electrical conductivity

solution, the impedance of the dielectric coating material is relatively small in the high
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frequency, thus it was confirmed that local characteristics can be displayed by ensuring
that normalized the electric current is propagated into the coating rather than spreading

through electrolyte.
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5. NON-CONVENTIONAL ELECTRICAL IMPEDANCE BEHAVIOR”®

Non-conventional responses in the impedance spectra of a zinc-rich coating
system were observed in electrical impedance measurements that have previously been
considered to have no effect on the system. Non-electrolytic cells on zinc-rich (55 vol%)
coatings with multi-wall carbon nanotube systems were analyzed to determine the
intrinsic response of the coating with electrical passive and active analogs under
electrical conditioning cycles. In the dry condition, the impedance spectra of the carbon
nanotube-added zinc-rich coating showed increased electrical resistance of the film
under consecutive cyclic testing. The non-conventional response of the increase in
impedance was studied by determining the impedance responses under various
temperatures and bias potentials and performing a current-voltage method. The non-
conventional phenomenon was found to be caused by an increased barrier height
between the semiconducting zinc oxide material and metal, which is susceptible to an

external electrical field.

5.1. Introduction
Zinc has been widely used in organic or inorganic coatings to protect steel

substrates against corrosion [1-4]. The protective mechanism is based on zinc, which is

“Part of this section is reprinted with permission from “Electrical and electrochemical
behavior of a zinc-rich epoxy coating system with carbon nanotubes as a diode-like
material” by Seongkoo Cho, Tse-Ming Chiu, Homero Castaneda, 2019. Electrochimica
Acta, 316, 189-201, Copyright © 2019 by Elsevier Ltd.
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in electrical contact with the underlying steel surface and provides cathodic protection:
the anodic dissolution of the zinc occurs before the steel corrodes, and the zinc thus acts
as a sacrificial material that slows the degradation of steel substrate [5]. The anodic
reaction corresponding to zinc dissolution (1) and an oxygen reduction reaction (2) at the

surface of the metal substrate in near neutral electrolyte solution occur as follows:
n - In*t + 2e” (5.1)

0, + 2H,0 + 4e~ — 40H~ (5.2)
The second protective mechanism is the barrier protection provided by the solid matrix
of the zinc-rich primer (ZRP), which results from delaying water uptake and mass
transport [6] or alternatively from the zinc corrosion product’s filling the pore spaces in
the ZRP coating [7, 8]. To prolong the cathodic protection period and promote the
barrier performance of ZRP films, additional electrical paths for galvanic action have
been built by including conductive additives such as polyaniline nanofibers [9, 10],
graphene [11, 12], and carbon nanotubes(CNTSs) [13, 14], as well as controlling the sizes
of the zinc particles[15].

These protective mechanisms have been characterized and studied with time and
frequency domain electrochemical methods; the former includes open circuit potential
(OCP), linear polarization, and cyclic potentiodynamic polarization [3], and the latter
includes electrochemical impedance spectroscopy (EIS) [16, 17]. In OCP measurements,
no external electrical potential or current is introduced into the electrochemical system
by design. The frequency domain technique EIS reveals the dielectric characteristics of

the formed interfaces. Both methods are generally considered non-destructive techniques
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that provide mechanistic and qualitative interfacial information on the system over time
[18, 19], and they have been used to assess the performance of the ZRP system [20, 21].
For example, the physical characteristics of ZRP film, including the electrical resistance
of the coating containing zinc particles, corrosion products, and epoxy matrix with
electrolyte penetration, as well as the impedance characteristics due to charge-transfer or
mass-transfer-controlled processes have been evaluated with EIS [21-23]. The non-
destructive conditions rely on a lack of influence on material characteristics when the
assessment is performed. This assumption has been accepted, and thus further studies are
lacking regarding the potential effects of these presumably non-destructive conditions on
ZRP systems.

Many metal oxides controlling the corrosion process are either monolithic
semiconductors or diodes [24]. In a ZRP coating system, the stochastic distribution of
the corrosion products might potentially lead to the formation of diode junctions through
the construction of semiconductor-metal or semiconductor- semiconductor interfaces.
Zinc oxide, a semiconductive material with an inherent n-type doped tendency, is widely
used in electronic devices because of its high electron mobility and wide direct band gap
[25, 26]. The oxygen vacancies are responsible for most of the imperfections in the
crystal lattice of the oxides and confer the semiconducting property [26]. In recent years,
CNTs have been extensively studied and are considered to form Schottky contacts [27]
or heterojunctions (as ambipolar materials) with metal [28]; some findings, including
Schottky diode characteristics at the interface between multi-wall CNTs and zinc oxide,

have been reported through measuring the current-voltage characteristics [29]. The ZRP
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film might also play a role as a diode in materials, owing to the existence of the
corrosion product zinc oxide and the CNTs as conductive additives.

In this work, the effects of EIS measurement on CNT-added ZRP film were
studied under dry condition through electrical cyclic sequences. We observed non-
conventional electrical film responses and characterized two critical points: (i) the
effects of the electroanalytical technique on the ZRP impedance response; (ii) the

electrical interpretation of the dry coating.

5.2. Experimental Methods
5.2.1. Materials and Sample Preparation

ZRPs with multi-wall CNTs obtained from Tesla NanoCoatings were produced
by mixing a solvent-based epoxy-polyamide primer with spherical fine zinc particles.
Epoxy resin (6.7 wt%, Tesla® P1150ASAS) was mechanically blended with CNTs (<1
wit%) and tert-butyl acetate solvent. After mixing the CNTs and resin, 90 wt% zinc
particles (55 vol%) were added under agitation at room temperature. Finally, 3.3 wt%
Tesla® P1150BSAS hardener was added to the agitated mixture with a 1:2 weight ratio
of hardener to epoxy resin, and sonicated for 5 min. The final mixture was air-sprayed
onto AISI 1008 carbon steel (UNS G10080, 0.035 wt% S, 0.030 wt% P, 0.15 wt% C,
0.60 wt% Mn, and balanced Fe). The coating was cured for 6 hours at 60 °C. The dry
film coating thickness was measured as 418.10 + 31.43 um with a coating thickness

gauge, and the cross-section SEM image of the designed coating is shown in Fig. 5.1(a).
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Figure 5.1 The images of a test sample and experimental setup: (a) Cross-section
SEM image of intact ZRP/CNT coating. (b) A two-electrode sandwich-like cell at
the dry condition.
5.2.2. Electrochemical Measurements in the Dry Condition

A two-electrode sandwich-like cell with an area of 3.19 cm? was used for the dry
test presented in Fig. 5.1(b). ZRP-coated carbon steel was used as a working electrode,
and a stainless-steel panel was used as a counter/reference electrode (CE/RE) at room
temperature, 30 °C, 40 °C, and 50 °C. To control and set the dry coating temperature, we
used a Faraday cage with a temperature controller. The surface temperature was
measured with an infrared thermometer and controlled by the volumetric air flow rate at

the required temperature. An air heater was used to control the conditions of the inlet air

by applying a voltage to a resistive coil and transferring the heat generated from the coil
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into the cage. The electrical tests were conducted while the temperature of the coating
surface was under steady state conditions. The electrical test sequence procedure was
based on five loops, including a potential difference measurement between two
electrodes, indicated as OCP, and EIS as a second technique. EIS was conducted by
following the potential difference for 5 min (OCP), at frequencies between 100 kHz and
1 Hz at 10 points per decade interval and an amplitude of 10 mV (rms) around the OCP.
To understand the non-ohmic current-voltage relationship of the ZRP film, we
used large polarization techniques of AC and DC at room temperature in the dry
condition. Bias voltages (+1V to -1V) for EIS were applied on the ZRP at frequencies
between 100 kHz and 1 Hz at 10 points per decade interval and an amplitude of 10 mV
(rms). The DC current-voltage characteristics of the ZRP film were assessed by
potentiodynamic testing by applying a wide voltage window between +1.5V to -1.5Vat a
10 mV/s scan rate. The applied voltage was set between the carbon steel substrate and

CE/RE on the coating.

5.3. Results and Discussion
5.3.1. Non-conventional and Conventional Impedance Response in the Dry
Condition

The basic electrical characteristics that occurred in the ZRP film were studied by
conducting five continuous EIS cycles in a dry-film condition, as presented in Fig. 5.2.
The electrochemical reaction can be eliminated in a dry test, because no electrolytes are

added, and the dry test reveals the equivalent electrical properties of ZRP coatings, such
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as the dielectric constant and electrical resistivity, with no corrosion/degradation.
Therefore, the system in the dry condition is analogous to an electrical circuit composed
of a resistor (Rf) and constant phase element (CPE, Qr) of the ZRP film and ohmic
resistance (Rq) of cables, which corresponds to the electrically conductive pathways and
dielectric properties. The CPE attributed to non-ideal capacitive behavior is used for an
equivalent description of a porous coated system, electric double layers, or
heterogeneous coating materials [21, 30, 31]. Fig. 5.1(a) shows the heterogeneous
distribution of zinc particles in the ZRP film. Various ‘depressed’ semicircles in Nyquist
format were expected to be produced after EIS testing. Fig. 5.2(a) shows the accuracy of
the fitting process according to the EIS tests, with fitting errors of less than 0.03. This
result demonstrates the good agreement between the experimental and theoretical fitting
process for the film in the dry condition. During continuous EIS testing, an increase in
ohmic resistance was observed over the testing cycles (from 3 to 6 MQ cm?), as
represented by the diameter of the semicircle in Fig. 5.2(a). In the case of OCP, there
was a slight change (10 pV - 50 pV) in the cyclic test conditions, but there was no
particular trend and no relation to the tendency of the increase in impedance magnitude.
Fig. 5.2(b) illustrates that the ohmic resistance of all ZRP coating samples increased by
approximately 60% over the initial resistance after five cyclic tests. This result
demonstrates how the EIS test influences the electrical response of the ZRP coating

system.
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Figure 5.2 ZRP films under a two-electrode system at room temperature in the dry
condition: (a) Impedance spectra and potential difference of ZRP films with cyclic
tests. (b) Impedance variation of ten ZRP samples and growth rate of impedance at
1 Hz under cyclic tests.
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Figure 5.3 Potential difference at open circuit and complex-plane representation of
the impedance response of electrical components with a two-electrode system under
cyclic tests: (a) Epoxy coating on carbon steel substrate. (b) Resistor of 831 Q. (¢)
Capacitor of 3.5 pF. (d) 831 Q resistor and 3.5 pF capacitor connected in parallel.
Figure 5.3 shows the consecutive impedance spectra for several different
systems: epoxy on carbon steel and passive electrical components including a resistor, a

capacitor, and resistor-capacitor in an RC configuration. The impedance responses of the

systems were unaffected by the electrical cyclic testing. These results illustrate the
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conventional response of the systems to impedance spectroscopy, as is generally known.
The recorded OCP value remained nearly constant at -10 puV for the resistor circuit (Fig.
5.3(b)) and the RC circuit (Fig. 5.3(d)), because the stored energy of the capacitor in the
RC circuit was quickly discharged through the resistor. The potential across the
capacitor exponentially decayed through the resistor, as explained by the low relaxation
time in Kirchhoff’s current law. For the capacitor electrical element, a tendency toward
decreasing to a potential of -350 mV was observed (Fig. 5.3(c)). The potential in the
capacitor circuit was negatively biased with an increase in the test time of the OCP, and
the potential was further negatively biased after each EIS test. A possible explanation for
this OCP bias may be that the rate of energy storage in the electric field from the
deviated signal of an electroanalytical tool was faster than the spontaneous discharge of

the capacitor.

5.3.2. Electrical-aspect Interpretation of the Non-conventional Response

To understand the non-conventional phenomenon in detail, we conducted an
experiment to observe the EIS response change under various temperatures, as shown in
Fig. 5.4. Because the ohmic resistance depends on the temperature, the operating
temperature might possibly result in the growth of impedance spectra under electrical
cyclic tests. The results, presented in magnitude and phase angle representation in Fig.
5.4, showed that the magnitude of impedance at 1 Hz decreased with increasing
temperature. This finding indicates that the operating temperature, which can be

assumed to increase under a flowing current through the resistance of the coating during
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continuous conditioning tests, is not the reason for the growth of impedance spectra in
the ZRP coating. The impedance spectra of ZRP films under various temperatures
indicate a trend similar to that of a semiconductor. Because thermal energy induces
electrons to jJump into the conduction band and then freely move, the electrical
conductivity of a typical semiconductor increases with increasing temperature, in the

range of 20-50 °C [32].
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Figure 5.4 Effect of temperature on the magnitude and phase angle images of ZRP
films under a two-electrode system in the dry condition. The fitting values of Rt at
50°C, 40°C, and 30°C are 2.022x10° ©Q em?, 2.812x10% Q cm?, 3.257x10° Q cm?,
respectively.

The pristine ZRP coatings were examined by X-ray diffraction, as shown in Fig.
5.5, in the presence of both zinc and zinc oxide. Native zinc oxide is common in ZRP

films and forms on the surfaces of zinc particles during the coating synthesis and

application processes [4]. Zinc oxide is a wide-bandgap semiconducting material, and
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multi-wall CNTs are a quasi-metallic material with a band gap of several dozens of
millielectronvolts; thus, the interfaces between both materials could form a Schottky
barrier junction, producing a diode effect [29]. The current density through an oxide

system/metal interface with single diode-like behavior can be explained as follows [33]:

] 47'[qm*k2 5 q®p [ a(Va—4V)
j= T T4e ksT |e¢ nkpT — 1 (5.3)

where V, is the applied voltage powered by the electrochemical analysis machine, AV is
the voltage drop because of an ohmic semiconductor-metal contact and the bulk
resistance of the semiconductor, q is the elementary charge, kg is the Boltzmann
constant, T is the absolute temperature, n is the ideality factor, m*is the charge carrier
effective mass, h is Planck’s constant, and @ is the Schottky barrier height at the
metal/semiconductor interface in volts. On the basis of the previous expression, two
driving potentials can be used to explain the change in resistance in the ZRP film. One is
7., with exponentially proportional current density that can explain the exponential
change in conductivity of the ZRP film. Similar behavior of the ZRP films was observed
in applied bias potential and in immersion conditions (discussed later in Fig. 5.6 and Fig.
6.7(b)). The other potential is @5, which is exponentially inversely proportional to the
current density in Eq. (5.3). Changes in the formed Schottky barrier have been reported
during continuous electrical cycles following voltage scans [34, 35]. The changes in the
barrier have been described to be due to the slow repositioning of trap charges at

perpendicular and parallel interfaces to the changing electrical field.
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Figure 5.5 XRD of the ZRP film at room temperature in the dry condition.

To characterize the diode-like response of ZRP films and to understand the
influence of the applied bias potential (V,) in the films, we conducted impedance
measurements on the ZRP films by using positive and negative bias. The results showed
that the resistance of ZRP film, as shown in Fig. 5.6(a), decreased with applied positive
bias potential, which had a response analogous to that of a single diode, as indicated in
Eg. (5.3). In addition, the ZRP film indicates that the radius of the semicircle decreased
with decreasing potential under negative bias (a reverse-bias regime), as shown in Fig.
5.6(b). The DC polarization results illustrated the idea of non-ohmic current-voltage
characteristics of the dry film, as presented in Fig. 5.6(c). The upward and downward
current responses from the origin at 0 V indicated a decrease in the electrical resistance,
which can be seen from the slope of the current-potential curve and showed the same

behavior regarding bias potential explained in Figs. 5.6(a) and (b).
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Figure 5.6 ZRP films at room temperature in the dry condition: (a) Impedance
spectra of the ZRP film with a two-electrode system in the condition of positive bias
potential. (b) Impedance spectra of the ZRP film with a two-electrode system in the
condition of negative bias potential. (c) Current-voltage characteristics of the ZRP
film in the dry condition (10mV/s scan rate). The voltage at the bottom carbon steel
substrate with top CE/RE on the coating was consistent with the applied voltage.
The result is described on a linear scale.
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Figure 5.7 (a) The diagram of electron energy level of a metal-zinc oxide interface

with a bulk trapping level. (b) Schematic image of the distribution of diode-like

materials including back-to-back (Metal-Semiconductor-Metal) Schottky and two

diodes in anti-parallel. (c) The similar behavior of the electrical circuit with a diode

(IN5820-f-AE45), capacitance (3.5 puF), and resistor (226 Q) under the cyclic tests.
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However, the tendency of the change in electrical resistance of the dry ZRP film
under the consecutive electrical tests was different from the decrease in the electrical
resistance of the film in response to the applied bias potential. The current density
decreased in Fig. 5.6(c) during DC scanning cycles, thus indicating that the electrical
resistance of the ZRP film increased. As presented in the first EIS response in Fig. 5.6(a)
and the tenth EIS response in Fig. 5.6(b), continuous impedance measurements of the
ZRP film using positive and negative-bias also increased the electrical resistance by
approximately 5 MQ cm?. Thus, the growth of impedance spectra in the dry condition
with cyclic electrical conditioning tests appears to be caused not by the applied bias
potential but by the increase in the barrier potential. If the barrier height in the ZRP film
increases with cyclic conditioning tests, the magnitude of ohmic resistance of the film
would increase according to Eq. (5.3), as discussed above.

The barrier height for n-type semiconductors in a no-bias environment is defined
as the difference between the Fermi level and interfacial conduction band edge in the
electron energy level diagram in Fig. 5.7(a) [37]. The Fermi level within the Schottky
barrier denotes the division between positively charged traps and neutral traps. If the
positively charged trap in the center of the interface catches a negative electric charge as
a neutral process, the barrier becomes lower, but if the neutral trap positioned below the
Fermi level catches a carrier, the barrier height is increased. During electrical cyclic
conditioning, the trap charges are removed from the field perpendicular interface to other
places in response to an external electric field; this effect is due to spatial reoccupation

and diminishes the barrier [36]. The spatial repositioning is influenced by the
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distribution of zinc particles with zinc oxides and their volume fraction, and the trap
charge relaxation time of the spatial repositioning can be short at high volume fractions
of zinc particles in the ZRP film (55 vol%), owing to good electrical connection.
However, the unusual trend in electrical conditioning can be attributed to induced dipole
traps. When a neutral trap acquires a positive charge or undergoes polarization
reoccupation in response to an external electrical field changing direction according to
frequency, an additional dipole trap enhancing the Schottky barrier can be obtained.

In the previous discussion, the physical meaning of the non-conventional
response of the dry ZRP film under consecutive electrical testing was examined, and the
change in barrier height as a main factor was considered. In addition, electrical responses
that positively and negatively bias potential enable a deeper interpretation of the
electrical element distributions in the ZRP film. A single diode cannot exhibit quasi-
symmetric electrical behaviors, as shown in Fig. 5.6, because the resistance of the single
diode as an active element increases after the application of a negative bias potential.
The electrical behaviors of ZRP film can be explained by using the spatial distribution of
the active elements, which is the anti-parallel superposition of two diodes. Similar quasi-
symmetric electrical behavior has also been observed in a back-to-back Schottky diode
[38]. The quasi-symmetric behavior about the origin in the current-voltage response can
be explained by the physical connections of native zinc oxides between zinc particles or
between zinc particles and CNTs as a back-to-back Schottky diode, as well as by the
random orientation of native zinc oxides toward or away from the substrate in the epoxy

film in Fig. 5.7(b). If we consider two anti-parallel diodes, the equivalent electrical
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circuit of the film can be considered as two diodes with capacitors and resistors in an
anti-parallel connection, as shown in Fig. 5.7(c). A similar trend of increased ohmic
resistance was observed in EIS cycling tests by an actual electrical circuit construction

using commercial diodes, resistors, and capacitors in Fig. 5.7(c).

5.4. Summary

We used electroanalytical techniques to document the electrochemical responses
of a ZRP coating in the presence of a ZnO film with diode-like behavior. From an
electrical standpoint, the resistance of the system with ZnO as a native product in the
ZRP film is susceptible to exposure to a transfer function signal. Barrier potential and
applied bias potential may be important potentials driving the impedance variations in
ZRP films observed under electroanalytical cyclic tests. The barrier height, which can be
changed as a result of the slow relaxation of polarization reoccupation of traps under an
external electrical field through electrical cyclic conditioning, plays a major role in the
electrical resistance of ZRP film in the dry condition. The electrical conductivity of the

dry ZRP (55 vol%) film decreased during conditioning.
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6. NON-CONVENTIONAL ELECTROCHEMICAL IMPEDANCE BEHAVIOR®

6.1. Overview

Non-conventional responses in the impedance spectra of a zinc-rich coating
system were also observed in electrochemical impedance measurements that have
previously been considered to have no effect on the system. Despite the impressive
progress in zinc-rich coating systems to control corrosion in metal structures through
galvanic effects, some physical properties influencing the responses of electrochemical
systems remain unexplored. Electrochemical cells on zinc-rich (55 vol%) coatings with
multi-wall carbon nanotube systems were analyzed to determine the intrinsic response of
the coating with electrical passive and active analogs under electrical conditioning
cycles. During immersion, the change in impedance of the zinc-rich primer (ZRP) film
under consecutive electrochemical sequences differed from that under natural
degradation. This non-conventional response of the ZRP coating was influenced by the
applied bias potential. The capacitive behavior influenced by the zinc corrosion products
in the coating had a longer relaxation time, thus decreasing the open circuit potential. To
understand this phenomenon, we propose a charging-relaxation potential model. In
addition, the potential exhibited a change in the electrical resistance of the ZRP film

during consecutive electrochemical testing.

“Part of this section is reprinted with permission from “Electrical and electrochemical
behavior of a zinc-rich epoxy coating system with carbon nanotubes as a diode-like
material” by Seongkoo Cho, Tse-Ming Chiu, Homero Castaneda, 2019. Electrochimica
Acta, 316, 189-201, Copyright © 2019 by Elsevier Ltd.
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In this work, the effects of EIS measurement on CNT-added ZRP film were
studied under immersed conditions through electrochemical cyclic sequences. We
observed non-conventional electrochemical film responses and characterized two critical
points: (i) the electrochemical response analysis of the immersed coating in
electrochemical sequencing tests; and (ii) the charging/relaxation behavior during EIS

testing.

6.2. Experimental Methods
6.2.1. Materials and Sample Preparation

Test samples were prepared using the method used in Chapter 5.2.1.

Power Supply

(—
Reference
Electrode

Counter
Electrode

PRI I PRRRRRIRRRRRIRRHA

Coating Working Electrode

Figure 6.1 The standard flat cell of the three-electrode system at the immersed
condition.
6.2.2. Electrochemical Measurements in Immersed Condition

Full immersion testing was performed with a standard flat cell with an exposed

area of 7.07 cm?. Steel-coated panels were used as the working electrode, platinum mesh
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was used as a CE, and a saturated calomel electrode (SCE) was used as a RE (illustrated
in Fig. 6.1). All immersion measurements were performed in 3.5 wt% NaCl solution at
room temperature for 25 days. To understand the charging and relaxation effects of
electrochemical measurement on the ZRP film, we performed two electrochemical
sequence testing procedures during full immersion conditions. For each day, procedure
A (four specimens) included a 1-hour loop test followed by 23 hours of relaxation,
procedure B (four specimens) included the 12 loop tests (1 hour per loop) followed by
12 hours of relaxation, and procedure C (four specimens) included single loop test at the
end of immersion. Each loop included 20 min of OCP followed by EIS at a range of
frequencies between 100 kHz and 10 mHz (10 points per decade interval) and an
amplitude of 10 mV (rms) vs OCP. All electrical and electrochemical measurements
were mainly conducted with a Gamry Interface 1000, and to avoid any influence due to
instrumentation, different potentiostats, such as Biologic SP-200 and Ametek VersaStat
3F, were used. The results of the EIS experiment were fitted in Ec-Lab® software, and

chi-square tests were used to analyze the fitting error.

6.3. Results and Discussion
6.3.1. Conventional and Non-conventional Impedance Response in the Immersed
Condition

The degradation mechanism of the ZRP coating/carbon steel system immersed in

the 3.5 wt% NaCl solution can be illustrated by the EIS data according to procedure A.
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Figure 6.2 Degradation process on the impedance response of ZRP coating/carbon
steel system immersed in 3.5 wt% NaCl solution: (a) Nyquist diagram and Bode
diagram between the 15t and 6" immersion day in the condition of procedure A. (b)
Nyquist diagram and Bode diagram between the 6™ and 215t immersion day in
procedure A. (c) Cross-section SEM image of a ZRP/CNT coating with
transmission line at 24" immersion day. (d) Equivalent circuit element Rt of coating
resistance and impedance at 0.01Hz with immersion time.

The EIS plots for 21 days of immersion are illustrated in Figs. 6.2(a) and (b). Fig. 6.2(a)
shows that the initial degradation stage was influenced by the electrolyte transport within
the coating. The water transport with existing free ions in the pores influenced the bulk
film electrical resistance. The charge transfer and diffusion processes occurred at the

interface between the electrolyte and zinc particles, as illustrated in Fig. 6.2(c) [1]. These
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mechanisms are represented in the first and second semicircles of the responses of the
impedance, respectively. As a results of mass transfer to charge transfer mechanism, the
zinc reaction products fill the ZRP film pores, and the active zinc-to-steel area ratio is
decreased after the ZRP film fully saturates with electrolyte [2]. This phenomenon
subsequently increases the impedance magnitudes of both loops formed during the
exposure time, as illustrated in Fig. 6.2(b). The EIS results were fitted with an equivalent
circuit analog, as shown in Fig. 6.2(d) [1]. The time constant, which can be attributed to
the time-invariant first-order linear system, at higher frequencies reflects the physical
properties of the coating, including the formation of corrosion product, whereas the
electrochemical processes dominate the responses at lower frequencies [1, 3-5]. The
equivanlent circuit is composed of Ry, Qr, charge transfer resistance (R.;), CPE (Qq;) for
a double layer capacitor, electrolyte resistance (R.), and the bounded Warburg
impedance (Z,,5), owing to the finite length diffusion process within the zinc corrosion

products [6]. CPEs (Q;,i = fordl) and Z,,s are given by the following expressions;

1

" Quili@)"

7 R tanh,/7,iw 6.2)
wo \Tglw '

where Qy; (F s™1 cm™2) is the constant of CPE. 7, (s) is the characteristic diffusion

Q; ,(0=n<1) (6.1)

time in finite layer thickness, and R, /,/74 (Q cm?) is the Warburg coefficient. The

fitting errors of the experimental data were smaller than 0.008. As represented in Fig.

6.2(d), the Rs fitting magnitude (high frequency region) and the lowest frequency
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impedance magnitude at 0.01 Hz tended to increase with increasing immersion time
during the second stage of degradation. This result is in agreement with the classical
coating degradation mechanism described in previous studies [2, 6].

The response of the immersed sample in EIS measurements is generally expected
to describe the current state of the sample in steady state conditions. As previously
described, changes in the EIS responses over time have been used as an important tool to

explain the natural degradation mechanism of CNT-added ZRP samples.
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Figure 6.3 The impedance response of ZRP coating/carbon steel system immersed
in 3.5 wt% NaCl solution in continuous electrochemical conditioning tests
(Procedure B): (b) Magnified view of Nyquist image (a) close to high frequency
region at 215t and 22" immersion day.

However, the impedance change of the ZRP sample responds differently during
the second stage compared with the one expressed by the conventional natural

degradation mechanism when the sample follows the procedure B, as shown in Fig. 6.3.

Whereas conventional electrochemical testing showed increased high-frequency
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impedance magnitude during the second stage, a decrease in high-frequency impedance
magnitude was observed with increasing immersion time under consecutive
electrochemical testing, as shown in Fig. 6.3(b). Additionally, the first and second
capacitive loops at the high and low frequency regions, respectively, moved away from
the initial response, and were accompanied by the loop size changes, as the
electrochemical experiment continued (red arrow in Fig. 6.3). However, the impedance
spectra of the sample after the 12 hours of relaxation, as shown in the first impedance
spectra of the 22" immersion day (blue arrow in Fig. 6.3), tended to return to the initial
state of the response, as shown in the first impedance spectra on the 21" immersion day.
These trends were not expected, and some physical properties of the ZRP film in the
electrochemical system might reasonably be concluded to have been influenced by the

non-destructive electrochemical technique.

6.3.2. Charging-relaxation Effects of a ZRP Film under Consecutive
Electrochemical Conditioning

In an aqueous environment, the presence of the ZnO film was clear, as shown in
Fig. 6.4. The intensity ratio of Zn/ZnO varied slightly among samples, but the higher XRD
intensities of the ZnO product were similar to the intensities of samples in the dry
condition. The E-pH diagram of Zn in an aqueous medium [7] indicates that ZnO
formation is thermodynamically feasible in an electrolyte solution with a pH between 8
and 10 (experimentally observed) and potentials between -1 and -0.85 V vs SCE. Most of

the zinc oxides as corrosion products were formed on the top of the ZRP film, as depicted
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in Fig. 6.4(b) and (c) at location S1. The layer structure, in a darker color, was also found
partially covering Zn particle/epoxy interface (location S2), which was higher in chloride
content; this compound may be the zinc hydroxychloride compound seen through XRD in
Fig. 6.4(a). The zinc hydroxychloride compound has a band gap energy of 2.4 eV after N
doping [8], which is slightly smaller than the energy of ZnO (3.3 eV), but it is also

considered a semiconductor.
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Figure 6.4 The ZRP/CNT films after 24 days of immersion: (a) XRD. (b) Cross-
section SEM image of a ZRP coating; S1(corrosion product on the top surface of
the ZRP film), S2(corrosion product on the zinc particle), S3(epoxy primer), and
S4(zinc particle). (c) EDS on S1, S2, S3, and S4 of the SEM image of (b).
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Figure 6.5 Global and local variations of ZRP films in electrolyte solution on

electrochemical tests: (a) The global change in OCP of ZRP films with one
sequence test per day during cathodic protection period (Procedure A). (b) The

local change in OCP and impedance responses at high-frequency capacitive loop

dependent on electrochemical conditioning sequential tests (Procedure B).
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The ZnO-electrolyte interface plays an important role in the distribution of

charges and potentials [9]. As shown in Fig. 6.5(a), the general trend of the OCP from

the macroscopic natural degradation process during cathodic protection period of ZRP

1] 2000, (K €m?)

film gradually shifts positively, owing to the decrease in the area ratio of the active zinc

particles after the uptake of water by the electrolyte, thus producing a protective layer on
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carbon steel [2]. However, contrasting behavior of OCP during the electrochemical
cycling conditioning tests was observed in Fig. 6.5(b). The results showed that the
coated system was cathodically biased during the continuous EIS conditioning test loop.
These OCP local variations in the ZRP film in 3.5 wt% NaCl solution may be explained
by a charging-relaxation potential model. Through mixed potential theory, the kinetics of
every simultaneous electrochemical reaction can normally be used to explain the OCP of
the reactive electrode. The charging-relaxation potential model assumes that the effect of
the free degradation on the OCP value during the sacrificial period of zinc particles for
corrosion protection mainly depends on the surface area ratio of the anode (active zinc
particles) to the cathode (carbon steel). Thus, the potential at the double-layer region
between the metal and electrolyte is altered by the surface change, owing to the
formation of corrosion products, a phenomenon that can be explained by classical mixed
potential theory incorporating the Frumkin effect [10]. The OCP, which can be obtained
by setting the sum of anodic and cathodic current densities with the Frumkin effect to

zero and solving for the potential of the electrode, is given by [11]

(1—ar)ES + a E? 1 kgT  n k. [0x]
= + ln< )

1—a,+a; l—az,+a;. q ngkq
E;(t)
Aq — Z¢
+ _—
1—a,+a. ¢
= A+ Bo,(t) (6.3)

where t (h) is immersion time, a, and «, are the anodic and cathodic electron transfer
coefficients, respectively, EQ and E? are the formal potentials, n, and n. are the number

of electrons transferred, k, and k. are the reaction rate constants, [Ox] is the bulk
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concentration of the oxidation state of the oxidizer in the electrolyte, and z, is the charge
of the oxidation. ¢, (t) is the potential at the outer Helmholtz plane, which continuously
experiences a change in the superimposed charging process of the double layer. To
express ¢, (t) simply and mathematically, we assume that it can be considered a
cumulative function because the geometric distribution of zinc/zinc corrosion products
and CNTs for cathodic protection process evolves stochastically over time, and the
change in the surface area ratio of zinc to corrosion products is a continuous and
irreversible process. Because an exponential distribution is a tractable cumulative
distribution function, the OCP change from cathodic protection can be written in Eq.
(6.4).

E;(t) =A;+ B (1— e ttad/m) (6.4)

= qag + Be~(to7t)/T1 — B e=(t-t)/n1 (6.5)

where t. (h) is the initial time for the cathodic protection curve, 7;(h) is the
characteristic time of the degradation on the cathodic protection of the ZRP film, A1(V
vs SCE) is an OCP at t., and B1(V) is an increasing potential coefficient for cathodic
protection. If the initial OCP at the first sequence time (to) of electrochemical
conditioning tests is ao, E1 can be redefined as written in Eq. (6.5). During the
electrochemical continuous conditioning tests, the ZRP film charges until reaching the
capacitive limit, which is an electric field strength limit that determines the maximum
amount of energy stored by the ZRP film. This charging is because zinc corrosion
product interface formed on top of the ZRP film acts as a diode with capacitive behavior

that controls the direction of current flow and has a longer relaxation time than
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resistance with a capacitor from the small sinusoidal potential excitation signal of an
electroanalytical technique. The voltage of a capacitor discharging through a resistor
decays rapidly as an exponential function of time, but the voltage decay is a logarithmic
function of time in a diode-capacitor circuit [12]. Thus, this ZRP coating system shows a
lack of relaxation of charge distribution under continuous cycling conditioning, and the
negative bias through charge recombination can be considered in local OCP trends. The
charging effect of capacitive behavior on potential can be defined according to Eq. (6.6).

Ex(t) =ag—By(1—e h)/m), (£ >ty) (6.6)
where 7,(h) is the characteristic time of the capacitive charging effect of the ZRP film,
and B2(V) 1s a decreasing potential coefficient for charging. The local OCP change of the
ZRP film on the cyclic conditioning tests can be expressed by a charging-relaxation
potential relationship.

Eocp(t) = 1/2(E1(t) + E»(1)) (6.7)

By

=a, + %e—(to—tc)/rl — 73—(t—tc>/rl _ 5B

20T (6.8)
e~("td/T2) (> ty)

The overall charging-relaxation potential model is depicted in Fig. 6.6. The blue
line (Eq. (6.5)) describes the effect of degradation of the ZRP film during the relaxation
time, and the red line (Eq. (6.6)) represents the effect of the charging behavior of the
ZRP system during continuous electrochemical conditioning. The black line in Fig. 6.6

is represented by the combination of two mechanisms, which is described by Eq. (6.8).

The combination gives rise to the OCP patterns between the “V”” and “L” trend of the
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ZRP film in the continuous conditioning tests in Fig. 6.5(b). Because the relaxation time
of energy stored in the capacitive behavior of the ZRP/CNT-coated system with
corrosion byproducts is longer than the time interval between experiments, the system
accumulates energy from the electrical signal of the electroanalysis machine and shifts

the electrode potential in the negative direction during continuous electrochemical

conditioning.
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Figure 6.6 Schematic diagram of the charging-relaxation potential model of a ZRP
film in the condition of immersion for representing norms.
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Table 6.1 Parameters values used for the fitting procedure in Fig. 6.5.
Test Imm. ao B, to te T1 B, T,

#)  (days) (V) (072 2 () B () I () V) (h)

A(a-1l) 6~23 -0.8559 0.1816 481 145 384 N/A N/A
A(-2) 6~23 -0.8625 0.1794 481 145 432 N/A N/A
A@-3) 6~23 -0.8711 0.2012 481 145 4248 N/A N/A
A(a-4) 6~23 -0.8721 0.2002 481 145 432 N/A N/A
17 -0.9079 6.4837 409 145 70 0.0403 1.2119
18  -0.9038 1.0378 433 145 135 0.0232 0.55
19 -0.9077 0.6849 457 145 185 0.0085 1.0865
20 -0.8967 0.3119 481 145 340 0.0192 1.0842
2 21  -0.8952 1.0175 505 145 165 0.0229 1.2308
22 -0.8927 22274 529 145 130 0.0257 0.8598

23  -0.8884 4.7177 553 145 110 0.0257 0.6385

The parameters of the fitting drawn in Fig. 6.5 are summarized in Table 6.1. To
observe the natural degradation phenomenon mainly through electrochemical testing of
the ZRP film, it is necessary to avoid the accumulating energy, denoted by B, and t,,
during consecutive electrochemical conditioning. A longer sampling time rather than
consecutive electrochemical experiments is required to understand the natural
degradation mechanism of ZRP film in the immersed condition, because the longer

sampling time provides an appropriate relaxation time to remove the charging effect
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caused by the electroanalytical technique. During the relaxation time of 12 hours, the
OCP value shifted toward a more positive potential, owing to the combined effect of
degradation and discharging from accumulated energies in Fig. 6.5(b). The film
resistance and impedance responses at high frequency follow the trends of the OCP
changes of the film in the sequences of electrochemical conditioning and relaxation. The
negatively biased OCP due to the charging effect plays a role in an applied bias potential
in the impedance tests, which were conducted at an amplitude of 10 mV (rms) around
the OCP. Thus, the negatively biased OCP affects the impedance response of active
electrical components, as shown in Fig. 6.5(b).

To further explore the influence of polarization on the film in electrolyte
solution, we conducted EIS tests, with the function of a bias potential between -100mV
(vs OCP) and +100mV (vs OCP), at a single frequency (20kHz), which is the peak point
of the high-frequency loop in Fig. 6.7(a). The results in Fig. 6.7(b) indicate the same
phenomenon as the impedance response of continuous cycling conditioning in Fig.
6.5(b). A more negative bias potential resulted in a decrease in the magnitude of the
impedance response at the peak point of the high-frequency loop. Notably, the
impedance magnitude of ZRP films in the high-frequency region exponentially
decreased with decreasing potential, as shown in Fig. 6.7(b), similarly to the impedance
response of a single diode with respect to an applied bias potential. Penetration of the
electrolyte inside the pores of the ZRP films can form an electrical network with zinc

and cause the formation of zinc corrosion products toward the substrate.
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Figure 6.7 The effect of the bias potential on the ZRP film with ZnO at 25 days of
immersion: (a) EIS image. (b) Magnitude plots at the peak point of the high-
frequency loop with bias potential at the end of immersion. (¢) Schematic image of
the distribution of diode-like materials in the electrolyte solution.
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Thus, one diode oriented with a capacitor can be proposed as the equivalent electrical
circuit model of the ZRP film in the electrolyte solution, as illustrated in Fig. 6.7(c).
Thus, as discussed above in Eqg. (5.3), the charging phenomena during electrochemical
conditioning tests can be identified as a negative bias environment, which leads to a

decrease in impedance in the high-frequency capacitive loop in Fig. 6.5(b).
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Figure 6.8 The long-term effect of electrochemical tests on the ZRP film immersed
in the electrolyte: (a) OCP. (b) Growth rate of the peak point in the high-frequency
capacitive loop.

Fig. 6.8 shows the long-term effects of bias on the charge distribution at the
ZnO-electrolyte interface from continuous EIS sampling. For test procedures A and C,
the OCP values were about -0.86 V (SCE) at the end of the testing period. However, the
average OCP of the ZRP film for procedure B is -0.90 V (SCE). The results show that
the coated system is cathodically polarized during the continuous EIS test loop because
of the capacitive behavior of the system with ZnO. The relaxation of charge distribution
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occurs slowly in the negative bias through charge recombination. As we discussed
before, the voltage of a capacitor discharging through a resistor decays fast as an
exponential function of time. However, the voltage decay is a logarithmic function of
time in a diode-capacitor circuit. This ZRP coating system shows a lack of relaxation
under continuous cycling tests. This results in an OCP difference of 40 mV at the end of
immersion. These accumulated energies in the coated system result in the delay of the
corrosion process of the zinc particles (Fig 6.8(b)). The growth rate can be defined by
the proposed expression:

Zls— 1z
G.R. (%) = % x 100 (6.9)
SS

where |Z|; and |Z|, are the impedance magnitudes of the peak point of the high-
frequency capacitive loop at a specific immersion day after full saturation with the
electrolyte and on the day of full saturation, respectively. The growth rate represents the
percentage of impedance growth in the high-frequency region, which is related to the
production rate of corrosion products of zinc to fill the voided space in the coated
system. The ZRP-coated systems in the cycling tests (procedure B) shows a lower
growth rate than the ZRP films in the condition of procedure A. Since the relaxation
time of energy stored in capacitive behavior of the ZRP-coated system with zinc oxides
is long, the system accumulates the energy from the electrical signal of the
electroanalysis machine and shifts the electrode potential in the negative direction during
continuous tests, mentioned above. Thus, there is a possibility that the combination of
effects of this accumulated bias environment and short-term bias in potential occur at a

lower growth rate of impedance response in the high-frequency capacitive loop.
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6.4. Summary

We used electroanalytical techniques to document the electrochemical responses
of a ZRP coating in the presence of a ZnO film with diode-like behavior. From an
electrochemical standpoint, the resistance of the system with ZnO as a corrosion product
in the ZRP film is susceptible to exposure to a transfer function signal. The applied bias
potential was the main factor underlying the inconsistent electrochemical response of the
ZRP film under the cyclic conditioning, owing to the formation of zinc corrosion
products with electrolyte penetration. To understand the changes in OCP under
consecutive testing, we propose a charging-relaxation potential model. The putatively
non-destructive electrochemical measurements affected the overall results of the film
resistance of the ZRP-coated system: charging effect of capacitive behavior on the
potential was observed when a continuous testing procedure was applied, and the applied
bias potential followed the change in OCP. Thus, longer sampling times for

electroanalytical tests are necessary to observe the pure degradation process.
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7. CONCLUSIONS AND FUTURE RECOMMENDATIONS

7.1. Conclusions

To understand and analyze the non-ideal and non-conventional impedance
spectra that appear through electrical and electrochemical coating materials, this research
investigated through theoretical and experimental approaches. Physicochemical
properties related to impedance were designed and examined through various physical
correlations within the coating in order to extract the physical processes that can be
understood through various non-ideal and non-conventional impedance spectra of coated

materials. The findings of this study can be summarized as follows.

e The first approach is to construct a two-dimensional impedance model that
allows interpretation of the limited information that is difficult to analyze in one
dimensional domain. Such deterministic and probabilistic 2D impedance model
can be a tool to understand the effect of pore distribution in the coating space on
impedance spectra. The pore distribution in the impedance model is used to
reveal the electrolyte penetration ratio along with experimental results. The
spatial and interfacial distributions of electrical material properties and
electrochemical properties, respectively, of the 2D impedance model explain the
physical and electrochemical degradation processes.

e The influence of the distribution of inter-correlated electrical properties inside

the bulk coating system on non-ideal impedance response is studied. The
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distributions of electrical properties such as electrical conductivity and
permittivity on the impedance model are controlled by designing multivariate
random variables through Copula. To understand the non-ideal spectra of the dry
coating system, the distortion of impedance spectra in the Nyquist plot is
mathematically expressed through aspect ratio, and the characteristics of the
system are defined by using characteristic frequency. The degree of
heterogeneity within the coating is found to affect the aspect ratio of the
impedance spectra through the correlation coefficient of electrical conductivity
and z-direction position as well as CV values of electrical properties. In addition,
the correlation coefficient between log-normal electrical conductivity and log-
normal permittivity for impedance spectra explains approaching the
characteristic frequency and aspect ratio of the impedance spectra to the ideal
response when it is close to the positive linear relationship between the two
electrical properties.

To understand the localized impedance spectra responding through the local
defect generated by a scratch, a modified two-dimensional impedance model
based on nodal analysis with charge conservation is proposed. The modified
model explains the relationship with the localized impedance response to the
electrolyte conductivity in the distribution of the local defect by considering the
measurement current distribution inside of the system. This study not only
suggests appropriate electrical solution conductivity for interpretable local

measurement resolution, but also provides important information which is local
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measurement area and location according to actual applied frequency and the
electrical properties of the measurement environment.

¢ As the final approach, non-conventional responses in the impedance spectra of a
zinc-rich coating system are studied in electrical/electrochemical impedance
measurements. The study reminds us of the concepts of non-destructive and
steady state conditions about the existing impedance and finds new properties
through experiment. Electroanalytical techniques are used to document the
electrochemical responses of a ZRP coating in the presence of a ZnO with diode-
like behavior. In order to understand the non-conventional impedance response
that is expressed by the influence of external transfer function signal, approaches
from an electrical and an electrochemical point of view have been studied. The
research is undertaken under various temperature and bias potential conditions to
analyze phenomena from an electrical standpoint. For the electrochemical
approach, all experiments were performed by EIS and OCP in immersed
conditions of coating systems. To understand the non-conventional impedance
spectra, the charging-relaxation potential model is developed. The bulk ohmic
resistance of the system with ZnO as a native product or a corrosion product in

the ZRP film is susceptible to exposure to a transfer function signal.

The proposed study will be used as an important guide for optimal design of coating
materials through the analysis, as well as a method to interpret the various physical

meanings of the system though the impedance spectra.
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7.2. Future Recommendations

It is expected that the research will be developed by overcoming the assumptions

established in this study and demonstrating the hypotheses. Based on the outcomes of

this research and the current status, the following future takes are recommended.

1)

2)

3)

Development of optimization algorithms for finding physicochemical properties:
The response and its meaning of impedance spectra can be interpreted through
the 2D impedance model developed by designing a reasonable coated material
environment. However, in order to extract local physicochemical properties from
the experimental impedance spectra, a reasonable and logical optimization code
Is required for the 2D impedance model. The development will enable corrosion
researchers to interpret and understand the distribution of local interfacial and
bulk properties quickly.

Combination with the multi-physics model: The 2D impedance model expresses
a system in a steady state condition, such as taking a snapshot of a momentary
time. To predict an electrochemical system that changes over time and to express
the impedance response that changes accordingly, it is necessary to combine time
dependent multi-physics model with the 2D model.

It is necessary to focus more on the barrier changes that occur at the interface of
the zinc oxide by the external electrical field. In particular, it is needed to observe
the electrical characteristics that occur on a low scale through single particles or

simple systems for a deeper understanding. In addition, research on the relaxation
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time required by various zinc oxide or CNT distributions will also help the

development of the electrochemistry field.
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