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ABSTRACT 
 

The corrosion of HVOF metallic coatings is a complex electrochemical process where numerous 
physical and electrochemical processes occurred at the surface. Researchers have adopted 
different approaches to study these processes. A significant cache of research material is available 
online, where researchers have reported electrochemical corrosion testing techniques 
complemented with passive layer characterization and microstructure analysis. Some others 
published their work supported by complicated mathematical modelling concepts and equations. 
This study focuses on developing a step-by-step understanding of the physical and microstructural 
features of HVOF coatings by electrochemical impedance spectroscopy.  First, the different 
physical characteristics of the coating are envisaged, and their corresponding equivalent circuit 
models are constructed. Second, using simulation software, the impedance of each circuit is 
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simulated by giving seed values to each circuit component. Third, after building up the necessary 
background, a model is constructed for the HVOF Inconel 625 coatings to see the quality of fit with 
the experimental data. Although the quality of fit is not perfect, still, the step-by-step modeling and 
simulation of the corrosion processes at the coatings add value to the knowledge in 
electrochemical corrosion testing. 
 

 

Keywords: HVOF coatings; corrosion testing; electrochemical characterization; HVOF coatings 
feature modeling; impedance spectroscopy; simulation and analysis. 

 

1. INTRODUCTION 
 

The corrosion and wear resistance of the 
inexpensive metallic materials is increased by 
using thermal spray coatings. One of the 
methods for producing such coatings is high-
velocity oxygen fuel coating (HVOF). The HVOF 
coating is a build-up of many semi-molten 
particles that strike on the workpiece at a very 
high velocity. While traveling from spray gun to 
the workpiece, the particles interact with the 
surrounding air and form oxides. These oxides 
appear as dark spherical rings in-plane and as a 
series of dark stringers in cross-section [1]. 
Additionally, pores and cracks are produced in 
the coating due to incomplete melting of the 
particles in layers and interlayers. Moreover, the 
non-thermodynamic cooling of the coatings also 
causes variation in compositions from one part of 
the coating to another. The irregular particle size 
and hard phases of the wear-resistant coatings 
produce a surface profile that is highly 
heterogeneous from place to place. 
 
Different researchers carried out their work on 
microstructure examination and corrosion 
performance of the coating by using 
microstructure evaluation, composition analysis, 
and electrochemical testing methods [2,3]. The 
electrochemical methods reported in various 
research works are open circuit, potentiodynamic 
polarization, galvanic corrosion and 
electrochemical impedance spectroscopy (EIS) 
[4-6]. Most of the reported data only covered the 
applied part, aside from a few published in-depth 
studies of a particular aspect of coatings. As the 
focus of this article is on EIS modelling of the 
HVOF coatings, research work relevant to the 
impedance spectroscopy of the coatings has 
been presented here. 
 

Ahmed et al. reports the existence of a 
compressed semi-circle in WC-Co coatings. 
They attributed these semi-circles to a limited 
diffusion reaction and a non-continuous oxide 
layer. They also correlate two-time constant 
behavior to WC-phase and the matrix phase. 
This correlation seems logical, as 

electrochemical nature of WC-phase is much 
different from that of the Co-binder phase; the 
Co-binder phase is anodic to WC-phase. The 
difference of electrochemical nature also 
supports the formation of a non-continuous oxide 
layer as WC-phase does oxidize with the Co-
phase. The interpretation of the equivalent circuit 
model and the model fitting with experimental 
data also add further value to the EIS study. In 
their research, they also suggested the need for 
further refining in the EIS modelling for a better 
understanding of corrosion processes taking 
place at HVOF coatings [7]. 
 
Additionally, Sadeghimersht et al. used 
impedance spectroscopy as a corrosion 
investigation tool in their work on Fe and Co-
based HVOF coatings. The equivalent circuit 
model for curve fitting consists of a CPE, a 
capacitor, a charge transfer resister, and a 
solution resister. A non-adherent porous 
corrosion product alongside capacitance double 
layers were taken as the primary impedance 
contributing parameters. The rise in charge 
transfer resistance and the rise in capacitance 
are the parameters attributed to higher corrosion 
performance [8]. 
 
Hong et al. reported the effect of spray 
parameters on the corrosion performance of WC-
Co-Cr coatings. They reported the small 
diameter semi-circle of the Nyquist plot as the 
lower corrosion-resistant material and the larger 
diameter of the semi-circle of the Nyquist plot as 
the higher corrosion-resistant material. The main 
components of the equivalent circuit model were 
pore resistance, coating resistance, solution 
resistance and capacitance related to pores and 
the coating layer. Furthermore, they reported 
enhanced impedance as the improved corrosion 
resistance of the material [9]. 
 

Melero, Sakai, et al. carried out their corrosion 
resistance evaluation work on HVOF TiO2-
hydroxyapatite coatings. They reported the 
higher corrosion resistance for the mixture 80% 
hydroxyapatite and 20% TiO2 sample. 
Additionally, they attributed the higher capacitive 
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loop of the Nyquist plot to higher corrosion 
resistance. They found two-time constants in the 
impedance spectra; one they related to the 
dielectric properties of the coatings while the 
second they associated with the interfacial 
process (corrosion process). They have not 
reported the relevant circuit model or impedance 
quantities [10]. 
 

Verdian et al. studied NiTi coatings on mild steel 
deposited by the HVOF method. In their EIS 
results, they merged coating capacitance with 
the dialectic process of the surface and coating 
resistance with the pore resistance [2]. They 
used an equivalent circuit model that is like 
Randal’s model. The EIS work was carried out 
for 14 days, and it reported higher impedance at 
the start and end. The higher impedance at the 
beginning attributes to the overall resistance of 
the coating, while a gradual increase in the 
impedance relates to the pore sealing and oxide 
formation. These processes enhance the 
impedance values. 
 

Suegama et al. reported their corrosion study on 
HVOF Cr3C2-NiCr coatings by changing the gun 
transverse speed. The equivalent circuit model 
contains two-time constants; one corresponds to 
pores and second to the coatings. Due to the 
roughness of the coatings, they have used a 
constant phase element instead of the capacitive 
element. In their results, they reported high 
impedance values for the coatings carried out at 
a high transverse speed. Additionally, they 
attributed the higher impedance values to low 
porosity and less flight oxidation of the powder 
particles during the HVOF process [11]. 
 

Guilemany et al. studied the role of coating 
thickness for corrosion properties of the coatings. 
They revealed that HVOF coatings work as 
barrier coatings. Thin coatings do not stop the 
penetration of the electrolyte to the substrate, 
while thick coatings develop stresses and cracks, 
which cause infiltration of the electrolyte to the 
substrate. The CPE was used due to the rough 
surfaces of the coat. Furthermore, a two-time 
constants circuit was used to represent 
impedance due to pores and second with 
dielectric impedance. The higher impedance and 
capacitance values were attributed to the high 
corrosion performance of the coatings [12]. 
 

Electrochemical impedance spectroscopy 
supported with scanning electron microscopy 
and energy dispersive X-ray spectrometry (EDS) 
analysis was used by Ali et al. to characterize the 
corrosion properties of the thermal barrier 

coating bond coat. The NiCrAlY bond coat was 
deposited on Haynes-230 alloy, and the samples 
were heated from 700 to 1200°C for different 
intervals of time. The structural composition and 
compound formation analysis was carried out 
before and after thermal cycling [13]. The change 
in electrical properties, resistance, and 
capacitance, were related to the microstructure 
and microchemistry of the thermally grown oxide 
(TGO). In the early stage of thermal cycling, the 
impedance increased due to the formation of 
thermally grown Al2O3 and reached to the 
maximum value after 100 hours. With further 
thermal cycling, the TGO changed from Al2O3 to 
a mixture of Cr2O3, (Ni, Co) (Cr, Al)2O4 spinel 
oxide. The spinel oxide is porous, and although 
thermal cycling increased the thickness of oxide, 
the impedance decreased [13]. 
 
Antou et al. tries to quantify the interconnected 
porosity by comparing the polarization resistance 
of the coated and uncoated samples. They 
assume that the surface passivates after some 
time, and resistance only related to the 
interconnected porosity. The simple Randal 
model is used to quantify the impedance 
parameters of the uncoated sample, while a 
commonly used model for porosity is used for the 
coated surface. Two times constant were 
observed for the coated samples, which were 
related to the coating electrolyte and pore 
electrolyte processes. It is also reported that 
coating does not show the capacitive behavior 
hence used a CPE component instead of a 
capacitor [14]. 
 
Amsellem et al. worked on 3-D simulation of 
porosity of plasma spraying coatings. They 
reported in their study impedance increases due 
to an increase in open porosity while decreases 
due to interconnected porosity. Although they 
were not able to completely define the pore 
geometry with the EIS study yet, they were able 
to prove that coating resistance is related to the 
% porosity in the coatings. In their work, they 
also reported that open porosity is responsible 
for increasing resistance to any laser surface 
treatment [15]. 

 
The EIS work carried out by Bolleli for 
microstructure and tribological investigation 
revealed that there is a linear relationship 
between the coating resistivity and porosity. 
Within this study, they also compared 
interconnected porosity of High-velocity 
suspension flam sprayed (HVSFS) coatings with 
atmospheric plasma spray coatings (APS), and 
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high-velocity oxygen fuel coatings (HVOF). The 
quantification of the EIS parameters was carried 
out by equivalent circuit models [16], which 
revealed that coatings produced by the HVSFS 
process provide the least porosity as compared 
to the rest of the methods [17]. 
 

Thermal barrier coatings are extensively used to 
study corrosion processes taking place at 
interfaces. Chen et al. carry out such studies; 
they reported two semi-circles for the Yttria-
stabilized-zirconia; the one at higher frequencies 
is attributed to the top-ceramic coat while the 
second related to the thermally grown oxide. The 
semi-circles of the Nyquist plot were depressed 
ones, which is the peculiar nature of the impure 
capacitor called capacitance phase element. The 
impedance of the TGO increases with the 
temperature due to an increase in the thickness 
[18]. 
 

Cheng et al study effect of crystallization on the 
corrosion resistance in arc sprayed Fe-based 
coatings. The amorphous coatings were heat-
treated to different levels to partial crystallization. 
These coatings were later compared with as-
received coatings to see the change in their 
impedance response. The height of the CPE and 
impedance value of the heat-treated sample 
decreases as a function of an increase in the 
crystallization. The decrease in impedance as a 
function of crystallinity indicates that the transfer 
from amorphous to crystallinity negatively affects 
the corrosion performance of the coatings [19]. 
 
Cojcoaru et al. studied the resistive and dielectric 
properties of the Mg-rich coatings. In their study, 
they reported the porosity as a primary 
contributor for changing the resistive and 
dielectric properties. The pores filled with air 
causes a decrease in coating capacitance, which 
causes the lowering of the dielectric constant 
[20].  
 

Chenchen et al. also studies oxidation and 
corrosion processes of nanostructured thermal 
spray coatings. They reported impedance 
spectroscopy as a tool to reveal microstructural 
changes during different intervals of sintering 
time. The impedance spectra of all coating 
showed three relaxation processes. The 
processes were related to YSZ- grains, YSZ- 
grain boundaries, and electrode response. The 
change in microstructure features was fast for 10 
hours of sintering time as compared to more 
extended time. The higher capacitance at the 
initial stage, they correlated to the no of pores, 
where each pore contributes to the total 

capacitance of the coatings. An increase in 
sintering time causes pore sealing and hence 
decreases in the coating capacitance. The rise in 
the grain resistance is attributed to the increase 
in grain size which increases at the cost of losing 
nano-structure of the YSZ for the 10 hours of 
sintering time [21].  
 
It can be seen from the above literature survey 
that researchers have extensively used EIS as a 
tool for measuring corrosion performance, but 
generally, the results are presented as a 
supportive link between the other techniques. 
Although the impedance spectrum itself is 
beneficial, the presented results with the 
equivalent circuit model enhance their values. In 
some of the above-reported research work, the 
equivalent circuit model (ECM) is entirely 
missing. Some of the papers establish linkage 
between equivalent circuit models and 
impedance spectra, but a logical expression of 
the circuit component configuration is not 
expressed. In this study, a systematic approach 
is adopted to elucidate each circuit component 
and link with coating physical feature. The 
impedance spectra are linked with the physical 
feature, and changes in the impedance spectra 
with a change in physical features are simulated 
by using a free non-commercial software, “EIS 
spectrum Analyzer” [22]. The presence of a 
physical feature and its circuit is configured to 
demonstrate the impedance changes. The 
components of the subsystems were merged to 
see the difference in the simulation graphs. The 
data is extracted from the software in text files 
and re-plotted in excel sheet to re-generated the 
data [22]. After embedding all physical features, 
the most reported model and the proposed 
models are fitted with the impedance spectra of 
the Inconel 625 coatings. It was found that 
although the quantification of the impedance 
parameters is not remarkably improved, but 
curve fitting is improved between experimental 
data and simulated data. Hence, this modeling 
and simulation exercise contributes towards 
better understanding of corrosion processes 
taking place at the HVOF coating surfaces.   
 

2. EXPERIMENTAL METHODS 
 
The coating for impedance spectroscopy tests 
was prepared by using the gas atomized Inconel 
625 powder with the size range from 20 µm to 50 
µm, purchased from William Rowland Limited 
(Sheffield, UK). The coatings were produced by 
using Met-Jet III equipment of Metallization 
Limited (Dudley, UK). Mild steel coupons with 
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dimension of 3 × 40 × 60 mm were used as 
substrate material. These coupons were grit 
blasted before coatings to enhance boding. The 
powder used for coating and process parameters 
for producing coatings are given in the Table 1. 
Multilayer passes of the powder stream produce 
a coating thickness of 300 µm.  
 

The epoxy embedded 10 mm2 coating samples 
were progressively grinded and polished to 
achieve a surface finish of < 1 µm. The average 
surface roughness of the coatings was 0.68 on 5 
mm2 by using Talysurf CLI 1000-3D system from 
Taylor Hobson Limited (UK).  
 

The corrosion tests were carried out in 0.5 M 
H2SO4 solution by using ACM potentiostat (UK). 
The coating samples were submerged in 
electrolyte for one hour for stabilization before 
recording impedance spectra over a frequency 
range from 10-1 Hz to 5×103 Hz. The impedance 
data was fitted with the already existed model 
and proposed model to check the quality of fit.  
 

3. RESULTS AND DISCUSSION 
 

3.1 Modeling and Simulation of Coating 
Physical Features 

 

The microstructure of most of the engineering 
materials, especially of HVOF coatings, is 
heterogeneous, i.e., having pores, cracks, grain 
boundaries, inclusions, phases of different 
electrochemical activity, oxides. Furthermore, 
keeping material in a specific electrolytic 
environment for a long time and changing the 
physical parameters, e.g., temperature or applied 
potential, can all significantly affect the 
electrochemical properties and hence, EIS 
responses of materials. The first physical 
features of the HVOF coating are considered as 
subsystems; subsequently, their presence in the 
coating is configured in the electrical circuit to 
simulate impedance response. The impedance 
response is modelled to understand the changes 
in spectra due to the change in circuit 
components and their quantities. The physical 
features considered are surface roughness, 
porosity, layered oxides, dispersed oxides, and a 
combination of them. Table 2 presents the 
schematic, circuit configuration and physical 
explanation in shorthand.  
 

3.1.1 Surface roughness 
 

Smooth looking surfaces can be significantly 
different at the micro-level, and the case is even 
worse for coated and sintered objects. Due to 
this fact, the electrode-electrolyte interface is not 

at equipotential; even for purely resistive 
interface impedance, it is independent of local 
current density [4,23]. The higher the current 
density at a point, the higher the potential drop 
across the interface, which, in turn, tends to 
lower the local current density. Therefore, the 
tendency is to make a uniform current 
distribution, called the smoothening effect. The 
magnitude of the smoothing depends on the 
interface and bulk impedance, as well as the 
geometry of the system. 
 

3.1.1.1 Equivalent circuit model to represent 
roughness 

 

Fig. 1 presents the modified version of the 
Randal model used to simulate the surface 
roughness. The capacitor element (Cdl) of the 
circuit is replaced with a constant phase element 
(CPE). The CPE represents the impure 
capacitance at the rough surface with parameter 
P and exponent n. For the ideal capacitor, the 
exponent factor for CPE is generally considered 
as 0.9–1, while it is 0.6–0.9 for non-ideal 
capacitors 1[24]. The exponent of the CPE can 
be related to the surface roughness of the 
electrode. The higher the surface roughness is, 
the lower the exponent of CPE will be. Ru and 
Rp are the solution and polarization resistance 
across the substrate electrolyte interface, 
respectively, as shown in Fig. 1. In our 
experimental work, all in the later stage samples 
were polished to ≤ 1µm surface finish; hence, 
this is not expected to be a significant effect in 
the results [4,23]. 
 

 
 

Fig. 1. Modified Randal model for rough 
surface 

 

3.1.1.2 EIS simulations for surface roughness 
 

Fig. 2a, 2b, and 2c show simulated EIS graphs 
from an ideal to a real surface. In the given 
model, Ru is the uncompensated solution 
resistance between working and reference 
electrode; CPE is a constant phase element at 
metal electrolyte interface, while Rp is 
polarisation resistance/charge transfer resistance 
across the double layer. In Fig. 2a of the Nyquist 
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plots, the hallow squares graph represents that 
the electrode surface is perfectly smooth and the 
constant phase element (CPE)= C, i.e., Y0 = 
1/ZCPE (jω)n, where exponent n is 1. In real 
systems, electrode surfaces are rough and 
inhomogeneous, which does not give a pure 
capacitative response. This impure capacitive 
response is presented by taking the CPE 
exponent values 1 to 0.80. The changes can be 
seen from the Nyquist plots in Fig. 2a, the Bode 
impedance plots in Fig. 2b and Bode theta plot in 
Fig. 2c. The Nyquist plots in Fig. 2a show the 
semi-circle being gradually depressed with a 
decrease in the “n” value. There is an imaginary 
impedance change from 50 Ω cm2 to 30 Ω cm2. 
The change in the impedance can be correlated 
to change from a capacitative behavior to 
resistive behavior of the coatings. The fact is 
further clear from the Bode impedance graph  
Fig. 2b, where the slope of the graphs increases 
with a decrease in the “n” value. The 
characteristic property of the capacitor is that its 
impedance varies with change in frequency. The 
faster change is near to the ideal capacitor than 
the one with a slower transition. The bode 
impedance plots in Fig. 2b show approximately 
vertical in the impedance changing region, while 
the slope of the line decreases with decreasing 
“n” value. The pleatue at high frequencies and 
low frequencies belong to solution resistance and 
polarization resistance. All parameters of the 
circuit were kept constant to see only changes 
due to the exponent “n” values. The Bode theta 
plot in Fig. 2c also shows that the magnitude of 
the peak alongside its position shifts from low 
frequencies to high frequencies with a change in 
“n” value from 1 to 0.8. Hence, it can be 
established from these simulations that change 
in the spectra shape, impedance quantities, and 
their peak position significantly affect the surface 
roughness factor. The shift in spectra shape will 
be even more if the P factor of the constant 
factor changes. 
 

3.1.2 Porosity effect 
 

Porosity also significantly contributes to the 
overall impedance of the system, especially in 
coatings. Pore numbers, the situation within the 
pore, and interconnected or segregated pores 
can add considerably to the degradation process 
[3,25]. The overall percentage of porosity 
reported in HVOF coatings is from 3–8%, while 
for the sintered structures, the percent porosity is 
reported to be even higher than HVOF coatings. 
 
3.1.2.1 The equivalent circuit for porous coating 

 
Fig. 3 presents the equivalent circuit model and 
schematic diagram for the porous HVOF 
coatings. In the equivalent circuit, Ru is an 
uncompensated solution resistance between the 
reference and working electrodes. The solution 
resistance of an ionic solution depends on the 
nature of ions, their concentration, the 
temperature of the solution, and electrodes’ 
geometry. Rpore is the resistance offered to 
mass transport toward and away from the pore 
due to the geometry effect and processes taking 
place with the pore. CPEcoat is the coating 
capacitance between the electrolyte and coating 
interface due to charge accumulation. Cdl is the 
capacitance double layer at the substrate metal 
interface when the electrolyte seeps through the 
pores and interacts with the substrate. Rp is 
polarization resistance/charge transfer resistance 
across the substrate electrolyte interface. Ru is in 
series with the combination of coating 
capacitance and pore resistance. Additionally, it 
is in series, as the current flow path does not 
change while Rpore is in parallel with CPEcoat 
due to charge transfer reaction across the 
capacitive layer. Macro pores allow the 
electrolyte to pass through and interact with the 
substrate to form Cdl and polarization, offering 
an alternative current path; hence, this 
combination is in series with the pore resistance. 

Table 1. Inconel 625 powder composition and HVOF coating process parameters 
 

Inconel 625 powder 

Element Ni Cr Mo Nb    

Weight 
% 

65  22 9 4    

Coating process parameters 

Sample O2 flow 
rate 
(L/min) 

Fuel flow 
rate 
(L/min) 

N2 flow 
rate 
(L/min) 

Nozzle 
length 
(mm) 

Spray 
distance 
(mm) 

Powder 
feed rate 
(g/min) 

Number 
of passes 

Inconel 
625 

910 0.48 4.6 100 350 78.7 24 
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Table 2. A summary of subsystems and their ECM circuitry in HVOF metallic coating 

 
Subsystems Schematic Circuits configurations Physical 

explanation 

Surface 
roughness 

 

Ru RCcoat Pure 
capacitive to 
impure 
capacitive 

Porosity 

 

Ru  RCcoat RCpores Resistance 
decreases with 
increase in % 
porosity 

Layered oxides 

 

Ru  RCoxide1

RCoxide2 
Layered oxides 
provide one 
path for charge 
flow 

Dispersed 
oxides 

 

Ru  RCoxide1

RCoxide2 

Dispersed 
oxides provide 
a separate 
path for charge 
flow 

Layered oxides 
+ porosity 

 

Ru  RCoxide1

RCoxide2 RCpores 
Layered oxide 
provides the 
same path 
while pores 
provide a 
separate path 
for charge flow 

Dispersed 
oxide + porosity  

Ru  RCoxide1

RCoxide2 RCpores 

Each oxide 
and pores 
provide a 
separate path 
for charge flow 

Layered oxides 
+ dispersed 
oxides + 
porosity 

 

Ru  RCoxide1,2 

RCoxide, pores 

Layered oxides 
and pores + 
dispersed 
oxide provide a 
separate 
cumulative 
path 

Ru = Solution resistance; RC = Time constant (resistance and capacitance of the component) 

 
3.1.2.2 EIS simulations for porosity 
 

The equivalent circuit model results in Fig. 4a, 
4b, and 4c display the changes in the impedance 
spectra when pore resistance is changed. It was 
assumed that half of the impedance is due to the 
coating (RpCdlcoat), while half is due to pores 
(RporeCPEpore). The circuit components quantities 
were considered constant except those 
contribute considerably. The seed values of Rpore 
were used as 10 Ω, 50 Ω, 100 Ω, 200 Ω and 
1000 Ω to simulate the Rpore as 1%, 5%, 10%, 
20%, and 50%. It can be seen from the Nyquist 

plots in Fig. 4a that the size of the semicircle 
increases with a decrease in porosity. The 
impedance is directly related to the number of 
pores and their resistance in the coatings. 
Furthermore, the Nyquist plots do not show 
separate time constants for coatings and pores, 
and instead, they show the resultant impedance 
of the circuit. 
 
In Fig. 4b, the higher frequencies side plateau is 
the same for all five simulations as solution 
resistance is the same for all. The lower 
frequencies side of the plateau shows a gradual 
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rise with the decrease in porosity. This plateau is 
the resultant impedance of the resistors involved 
in slow corrosion processes, i.e., Rpore and Rp. 
The highest value of impedance can be seen for 
the lowest porosity. The slope of the graphs from 
1–10 Hz shows the same negative impedance 
slope, indicating that the property of the capacitor 
is not changing. 
 
Furthermore, this fact is clear from the perfect 
semicircles of the Nyquist plots. The Bode theta 
plots Fig. 4c shows a shift of the angle peaks 

toward higher frequencies alongside dividing one 
peak to be defined as two peaks for 5% and 10% 
porosities. It can be concluded that that 
extremely low and extremely high porosity does 
not change the shape of the impedance spectra 
but cause a change in resultant impedance 
values. It partially appears as a small-time 
constant in the Nyquist plot and increases in the 
low-frequency plateau. The difference due to 
porosity can also be observed in the Bode theta 
plot, where a slight bend is seen on the high 
frequencies data. 

 

 
 

 
 

 
 

Fig. 2. EIS graphs, a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots. In each set 
of plots the capacitance values of CPE element is varied by changing the exponent values 1 to 
0.8 (i.e. CPE = P × n, P is capacitance and n is exponent). The exponent value decreasing from 
1 indicates deviation from pure capacitor behavior. The solution resistance and polarization 

resistances were kept constant as 10 Ω and 100 Ω respectively 
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Fig. 3. Equivalent circuit model of the porous coating [26] 
 

 

 

 
 

Fig. 4. EIS graphs; a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots simulation 
by using the equivalent circuit model in Fig. 2 with the fixed quantities of Ru = 10 Ω, Rp = 1000 
Ω, P = 20 µF, n = 1 and variable R pore from 1 to 0.8 to simulate different levels of roughness 
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3.1.3 Microstructure features 

 
It is rare to use pure metals in engineering 
applications; even with the pure metals, there are 
grain boundaries (regions of disorder) that have 
different electrochemical activity as compared to 
the core of the grain. Alloys may have multiple 
phases present; the two times constant model 
can be used for two phases of different 
electrochemical activity, various oxides, oxide 
growth, and grain boundary effects [27].  
 
In polycrystalline solids, electrolytic transport 
properties are strongly affected by 
microstructure, and the impedance spectra 
usually contain features that can be related to 
microstructure [4,23,28,29]. The early 
microstructural studies by EIS were carried out 
on ceramics due to different conductivities of the 
phases, e.g., zirconia and β alumina. Different 
impedances at grain core, boundaries, grain 
boundaries accumulations, different phases, and 
less/more protective oxides can be displayed as 
different time constants if their RC values are 
sufficiently different. The hypothetical models 
describe these microstructures, i.e., parallel or 
series layer, bricklayer, the Debye grain 
boundary accumulation model [30]. 
 
3.1.3.1 An equivalent circuit for microstructure 

features 

 
The equivalent circuit models given in Fig. 5 and 
Fig. 6 represent the different microstructural 
features in series (layers) and parallel 
(dispersed), respectively. These models are 
applicable for oxides but can be used for 
materials having phases of different 
electrochemical activity. Theoretically, the EIS 
results can be used as a complementary 
technique with SEM to define the partial fraction 
of each microstructure. 
 

The schematic diagram in Fig. 5 shows two 
dense and defect-free oxide layers (black and 
blue) on the coating. The schematic model is 
configured to elucidate the multi-components 
coating system in a corrosive environment where 
different oxides can form. The coating and its 
bond with the substrate are defect-free; hence, 
both act like one conductor. No reaction at the 
substrate/coating and coating/oxide interface is 
modelled in the circuit, as there is no interaction 
between the electrolyte and the interfaces 
(substrate and coating). The solution resistance 
is in series with the capacitance and resistance 
combination of both oxides. The current passing 

through both oxides is in series, and hence, the 
equivalent circuit is arranged in series. Within 
each oxide layer, there is capacitance, which is 
in parallel with polarization resistance. The 
opposite extreme is considered in the Fig. 6 
schematic, where both oxides are parallel with 
each other, as they provide different paths for 
current flow. In real oxidation, neither extreme 
exists, as oxides do not fully grow in a layer or on 
localized regions of the structure. The 
series/parallel decision is made according to the 
predominant factor in the system, e.g., the oxide 
growth at the metal surface is predominantly a 
layered structure while the oxides embedded in 
the coating is dispersed. 
 

 
 

Fig. 6. Equivalent circuit model for different 
oxides in parallel 

 
3.1.3.2 EIS simulations for microstructure 

features 

 
The EIS graphs in Fig. 7a, 7b, and 7c are 
simulated by using the equivalent model in Fig. 
5. The impedance spectra were projected by 
assuming quantities of each of the circuit 
components. These quantities are related to the 
physical features of the coatings. The change in 
some of these quantities is linked to the change 
in the physical features. 
 
Furthermore, Fig. 7a, 7b, and 7c show a set of 
three Nyquist, Bode impedance, and Bode theta 
plot, where all of the values of the circuit 
components were kept constant except the 
Roxide1, the amount of which is changed from 
10Ω, 100Ω to 1000Ω. The RC1 is the time 
constant for the first oxide, while RC2 is the time 
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constant for the second oxide. The resistance 
increase is related to the thickening of one of the 
oxides of the coating. The height of the semi-
circle in the Nyquist plot in Fig. 7a increases with 
the gradual increases in Roxide1. Having two time 
constants in the equivalent circuit, it was 
expected to see two distinct semi-circles in the 
spectra. The appearance of distinct semi-circles 
is obstructed probably due the chosen seed 
values. The Nyquist plots shows data 
accumulation around the origin of the graph. This 
is probably the second semi-circle, the effect is 
visible in bode theta graphs. The seed values of 
the circuit were chosen to correlate the fact the 
oxide thickening is very slow and there is not 
much variation of the oxide layer (approximate 
similar oxides). It can be established from the 
shape of the impedance spectra that the 
formation of a thin and thick oxide layer only 
changes the overall impedance in the Nyquist 
plot while the oxide of moderated thickness also 
changes the shape of the spectra. 
 

Additionally, the cumulative impedance of oxides 
can also be seen from the Bode impedance 
graph in Fig. 7b. The impedance plateau at 
higher frequencies is related to the solution 
resistance, the negative slope area of the curves 
is associated with the cumulative impedance of 
the capacitances (CPE), and impedance plateau 
at low frequencies is related to cumulative 
polarization resistance or charge transfer 
resistances across oxide layers. The Bode theta 
plot in Fig. 7c shows the highest angle change 
value when RC1 and RC2 are equal, while for the 
other two graphs, small humps appear, which 
were obstructed in the Nyquist and Bode theta 
plots. It is worth noting that the minimal (<10 
times) and extremely high (>100 times) relative 
resistances of the oxides only make a slight 
difference to the impedance spectra. It is only 
possible to see these feature if they have relative 
resistances between the above ranges. 
 

In Fig. 8a, 8b, and 8c, the capacitance of the 
circuit are taken as 20 µF, 40 µF, and 80 µF to 
see the change appear in the impedance 
spectra. The increase in capacitance is to 
simulate the second oxide to be more stable, 
compact, uniform, and homogeneous as 
compared to the first one. The seed values used 
in impedance spectra were constant except for 
the capacitor (CPE) component for the oxide1. 
The value of the oxide1 is changed from 20-µF to 
80-µF.  
 

The change in the EIS graphs is only noticed in 
the bode impedance and bode theta plots. The 

Nyquist plots in Fig. 8a showed the same height 
of the semi-circle with slight shift in position of 
the individual data points. The Bode impedance 
plots in Fig. 8b and the Bode theta plots in Fig. 
8c showed change that is more pronounced 
where capacitive impedance involved.  The 
region of the change is appeared between 
frequencies, ranges from 10 Hz to 1000 Hz. The 
increase in the capacitance value from 20-µF to 
80-µF shift the impedance slope towards lower 
frequencies. It can be stated that the formation of 
the oxide with higher capacitance (compact 
layer-oxide) shift the capacitive impedance to low 
impedance side. This makes sense as lower 
frequency side of the bode impedance plot is for 
slow reactions. The low frequency end in Fig. 8b 
show the same plateau for all three plots. The 
lower frequency side of the Bode impedance plot 
is for polarization resistance, from the graphs 
appearance we can state, the change in the 
oxide growth in parallel circuit (layered oxides) 
does not affect the lower frequency impedance. 
The effect is same at very high frequency end, 
which represent the solution resistance. We can 
conclude from the above results that oxide 
thickness and compactness does not make much 
difference in the impedance spectra, the only 
differences involve at the moderate frequencies.  
 

3.1.4 Porous multiphase microstructure 
 

The above-discussed simplified models do not 
fully cover the coating system. A coating consists 
of pores, and, at the same time, the 
microstructure has regions of different 
electrochemical activity. The possible 
combinations of porosity and oxides have been 
modelled in this section. 
 

3.1.4.1 An equivalent circuit for porous multi-
oxide/phases 

 

The model presented in Fig. 9 and Fig. 10 is 
made by combining the above two features of 
porosity and different oxides. The oxides in the 
model are dispersed in the coating 
microstructure; the dispersed phase provides 
separate paths for current to flow, which are thus 
parallel. Pores in the coatings are shallow and 
distributed throughout the coating and oxides 
(schematic in Fig. 9). They do not allow the 
electrolyte to pass through to establish Cdl at the 
substrate; hence, the capacitance at the coating 
electrolyte (Ccoat) dominates. Additionally, the 
given equivalent circuit can be used for 
dispersed phases of different electrochemical 
activity, but as stated before; their appearance in 
the impedance spectra will only be possible 
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when their time constants are sufficiently 
different from each other. The oxides having a 
porous layered structure can be modelled with 

two-time constants in series with the parallel 
coating capacitance and pore resistance. 

 

 
 

 
 

 
 

Fig. 7. EIS graphs, a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots simulation 
by using equivalent circuit model in Fig. 5 with the fixed quantities of all circuit components 

except the Roxide1, the amount of which is changed from 1000 Ω, 100 Ω to 10 Ω to simulate 
oxide growth 
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Fig. 8. EIS graphs, a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots simulation 
by using equivalent circuit model in Fig. 6 with the fixed quantities of all circuit components 

CPEoxide2, the amount of which is changed from 20 µF, 40 µF to 80 µF to simulate oxide growth 
with capacitance rise 
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Fig. 9. Equivalent circuit model for pores and oxides (dispersed) 

 

 
 

Fig. 10. Equivalent circuit model for pores and different oxides (layered) 
 
The model in Fig. 10 simulates the situation 
when there are two layers of oxides, and the 
pores are spread in both layers. It is assumed 
that oxide growth in the pores only partially 
blocks the pores, which thus stays in parallel with 
the oxides. The layered oxides are modelled in 
series, while the pores are in parallel with both 
oxides. The model in Fig. 9 shows the combined 
oxides and then put together with pores in 
parallel to represent the situation when some 
pores completely penetrate the coating 
thickness. The combined effect of the oxides is 

considered because of their series combination 
to show a resultant effect in the impedance 
spectra. 
 
3.1.4.2 EIS simulation for porous multiphase 

microstructure 
 
In Fig. 11a, 11b, and 11c, more complex systems 
are simulated to see the combined effect. The 
system was considered to have porosity as well 
as two different phases/oxides. The simulated 
graphs show the combine Nyquist, Bode 
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impedance and Bode theta plots for the circuits 
when oxides are placed parallel and in series. It 
can be seen from the Nyquist plots in Fig. 11a—
a bigger semi-circle when oxides are put parallel 
in the circuit while an approximately ten time 
smaller semi-circle when the oxide is placed in 
the series configuration. Furthermore, it is 
observed from the circuit that the small feature of 
the circuit components is obstructed in the 
impedance spectra and that only cumulative 
impedance appears. The low frequencies at the 
end of the impedance values slightly show off the 
presence of the second oxide. 
 
The same trend can be seen in the Bode 
impedance graphs in Fig. 11b, where two 
significant plateaus can be seen. The one at 
higher frequencies is related to solution 
resistance, pore, and crack resistance, and the 
second one is related to charge 
transfer/polarization resistance of the highly 
resistive oxide. The gradual increase in the 
impedance from 100 Hz to 100 Hz is related to 
the CPE component of the circuits. The second 
plateau in the Bode impedance also shows a 
slight slope before reaching a pure resistive 
mode. The highest impedance value is noted 
around 10 Ωcm2 for the oxides in series and 110 
Ωcm2 for the oxides in parallel. 
 
The Bode theta plots in Fig. 11c shows the same 
trends where the maxing phase change is noted 
around 1.4 radians for parallel oxide 
configuration and around 1 radian for the oxides 
in series. No separate features of the oxides of 
phases were noticed in the Bode theta plots. 
Some features may appear in the impedance 
spectra with changes in the values of circuit 
components. Furthermore, many variables in the 
circuit may confuse the situation; to avoid this 
complication, only changes due to circuit 
configurations have been considered. 
 
3.1.4.3 EIS simulation for porous multiphase 

microstructure (dispersed) 
 

The Fig. 12a, 12b and 12c shows the impedance 
response of the dispersed oxides and pores as 
presented in the model given in Fig. 9. The 
coating features are same as of last section, only 
their orientation in the coatings is changed from 
layers to disperse.  As there is no stringent 
control of microstructure features during high 
velocity coating process, it is quite possible to 
have oxides with the coatings pretty much 
anywhere (dispersed). The disperse 
microstructure features can be modeled to a 

predominant series circuitry rather as cumulative 
effect is more apparent in impedance spectra 
than individuals features.  
 

The Nyquist plots show two semi circles, the 
clarity increases with increase in the capacitance 
value. The use of the same values for the parallel 
circuitry does not showed this clarity, thus it can 
be established here alongside nature of the 
microstructure features, their orientations in the 
coatings also maters to give a specific 
appearance. The bode impedance and bode 
theta plot show these characteristics 
appearances with a frequency range of 1 Hz to 
0.1 Hz.   
 

3.2 Linking Hypothetical Models to Real 
Coatings 

 

After considering each physical feature of the 
HVOF coatings as shown in Fig. 13a, their 
equivalent circuit models were made, quantities 
were assigned to each of the circuit components 
to simulate impedance spectra, and the amounts 
of the components were varied to observe 
significant changes. It is worthwhile to make a 
model for real coatings and see its quality of fit to 
the experimental data. A model to include all of 
the coating features is given in Fig. 13b. The 
Inconel 625coating produced by HVOF methods 
with previously optimized parameters [31] is used 
to test the equivalent circuit model. The 
depositing multilayer passes of the HVOF gun 
produce a coating thickness of 300 µm to 350 
µm. The surface of the coating is polished to 
below 1µm surface finish. The impedance 
spectra are recorded in 0.5 M sulfuric acid 
solution at 25ºC in stagnant conditions. 
 
Based on the coating microstructural features 
and the impedance spectra results reported in 
the previous work [32]. Although HVOF coatings 
are extremely compact/defect-free, they still have 
some pores (2–4% porosity) on the surface 
within the lamellae connecting boundaries and 
where the particles meet each other [33]; 
furthermore, surface pores can be seen in 
microstructure represented by Rpore. The CPE 
coat represents the capacitance at the coating. 
Inconel 625 consists of different oxidizing 
elements, i.e., Ni, Cr, Mo, Nb, etc., but Ni and Cr 
are considered as the primary oxide formers due 
to their higher percentage. Oxides and hydro-
oxides of Ni and Cr may be present [34], but for 
simplicity, oxides are only considered as less 
stable and more stable. Oxides formed during 
the coating process around the splat boundaries 
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are more stable, while next to this region, there is 
a material that is depleted in Cr content and 
forms less stable oxides [6,35,36]. The freshly 
formed oxide on the surface is a layered 
structure, while the one formed during the 
coating process is embedded at different 
locations. The above situation suggests that 
oxides present in the coating cannot be modelled 
with stringent series or parallel circuitry, but still, 
the dominating factor can be considered while 
modelling. In the HVOF Inconel 625 coating, it is 
believed that layered oxide is dominant, and 
hence, the oxides are assumed to be in series. 
There are pores in the coating but not enough to 

allow the electrolyte to pass through to the 
substrate; therefore, the coating capacitance is 
the dominating factor. Pores in the coatings allow 
a separate path for current flow; hence, they are 
in parallel with the oxide layer. The Ru is the 
solution resistance and is always in series with 
the rest of the circuit, while L represents the 
inductance involved in the coating. The induction 
effect is due to the current induced from the 
surrounding electrical equipment as well as of 
the instrument/cables itself. Additionally, it is 
proposed that the particles encapsulated into the 
oxide surrounding can also give induction 
behavior. 

 

 
 

 

 
 
Fig. 11. EIS graphs; a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots simulation 
is performed by using the equivalent circuit model in Fig. 10 for combined oxide and pores in 

parallel and series. The same circuit quantities are used for both circuits 
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Fig. 12. EIS graphs; a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots simulation 
is performed by using the equivalent circuit model in Fig. 9 for combined oxide and pores in 

parallel and series 
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Fig. 13. a) Microstructure features of HVOF Inconel 625 coating, b) Proposed equivalent circuit 

model for HVOF coatings 
 

3.3 Fitting the Equivalent Circuit Model to 
Real Coating 

 

The EIS data recorded at Inconel-625 at the 
open circuit is fitted to the reported and the 
proposed equivalent circuit model in Fig. 14 to 
see the quality of fit. These results are not 
comparable with other reported ones, as different 

components of the equivalent circuit are 
considered here. 
 

The graphs in Fig. 14 and the results in Table 3 
show that the quantities of most of the circuit 
components are within the error margin of 5 to 
10% except for few that have higher error values. 
The experiment data is also fitted with the model 
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reported by different researchers to analyze the 
EIS results of HVOF metallic coatings, as shown 
in Fig. 14. The error margin is found to be lower 
with the reported model, but this analysis hides 
much useful information on the impedance 

spectra. It may be advisable sometimes to use a 
simple ECM to express the corrosion process, 
but for a comprehensive approach, major 
corrosion processes must be considered. 
 

 

 

 
 

 
 

Fig. 14. Inconel 625 coatings EIS graphs fitted with the reported and proposed equivalent 
circuit models; a) Nyquist plots, b) Bode impedance plots, c) Bode theta plots 

Table 3. Seed values of the Inconel 625 coatings with reported model 

a 

b 
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Solution 
resistance Ru 

(Ω) 

Warburg 
diffusion Wdiff 
(Ω) 

Constant phase element 
CPE 

Polarization 
resistance Rp 
(Ω) 

Model and 
experiment 
data P (µF) n 

6.5 176 500 0.8 480 

63 6 5 2 3 Error %  

 
Table 4. Seed values of the Inconel 625 coatings with proposed model 

 
Ru       
(Ω) 

Rpore  

(Ω) 
Roxide1 
(Ω) 

R oxide2 
(Ω) 

CPEoxide1 

(µF) 
CPEoxide2 

(µF) 
CPEcoat 

(µF) 
L 
(µΩ) 

Model and 
experiment 
data P1 n1 P2 n2 P3 n3 

3 966 521 85399 497 0.81 420 0.84 500 0.6 53 

-- 3 29 -- 12 5 31 11 7 4 -- Error % 

 
In both model fittings (reported and proposed 
model), the simulated graph (solid line) does not 
overlap the all-experimental data points 
completely, probably due to the heterogeneous 
nature of the coating. This heterogeneity of the 
coatings does not allow stable electrochemical 
processes at the coating surface. The change is 
more pronounced in the Bode theta plot at lower 
frequencies (1–10 Hz). Though both models do 
not entirely fit with the experimental data, the 
visual appearance of the fitting of the proposed 
model is much improved as compared to the 
reported model. 
 

The error values of some parameters of the 
proposed model are much higher than the 
reported model Table 4. It should be noted that 
the capacitance values used are realistic in 
comparison with the amounts reported in the 
literature (i.e., 10-5–10-7 µF/cm2) [37-40]. The 
variation in the capacitance is due to the 
defective nature of the oxides on the HVOF 
coating. Additionally, an inductor is installed 
(proposed model) before the solution resistance 
to incorporate the inductance of the coatings. 
This is done to add the impedance contribution in 
the overall circuit due to the encapsulate oxides 
in the coatings. 
 

4. SUMMARY 

 
Through this exercise, we have tried to build up 
basic understandings of the complex corrosion 
processes taking place in multicomponent 
metallic coatings systems. The surface 
roughness, porosity, and multi-phase oxides are 
considered as major components of the coatings 
that contribute to the corrosion processes. These 
physical features are modelled into 
electrochemical equivalent circuits. The specific 
circuitry for each of the circuit-component is 

configured by keeping in mind their presence in 
the coatings. The variation in the circuit 
components’ quantities displays changes in the 
impedance spectra shape and overall impedance 
of the circuit. The nature of the element and its 
amounts contribute to the total impedance 
results. Furthermore, it is noted that by 
considering different physical processes in the 
corrosion system, we can make the equivalent 
circuit to be representative of the coatings with a 
little compromise on the quantitative results. 
 

5. CONCLUSIONS  
 

The stand-alone use of impedance spectroscopy 
technique to study complex microstructural 
features of HVOF metallic coatings revealed the 
following points. 
 

The depressed shape of the semi-circle of the 
Nyquist plot is a characteristic property of impure 
capacitor. It is a well-established fact that the 
surface profiles of the HVOF coatings are mostly 
variant, where not only peak-to-valley distance 
change but also the geometry of peaks and 
valleys. The presence of phases with different 
levels of electrochemical activity, composition 
variation within the thickness of the coating, and 
local-current variation at the surface of the tested 
coating samples also exist. These all contribute 
to the overall change in the electrical double 
layer capacitance. The simulation results showed 
that the changing exponent of the CPE from 1 to 
0.8 increases the depression of the Nyquist plot. 
 

The surface porosity contributed to an increase 
of the coating capacitance and interconnected 
contributes to a decrease in the coating 
resistance. In this study, we consider that < 5 % 
porosity contributes to higher capacitance due to 
pore sealing, while > 5% porosity becomes 
interconnected and causes a decrease in the 
impedance. The contribution of 1-5% porosity 
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and 20-50% porosity is only overall change in the 
impedance values. The shape change in the 
Bode impedance plot is only visible from 5-20 % 
porosity. 
 

In a multiphase oxide system, the phases of 
different conductivity, grain boundary 
accumulation system and the visible appearance 
in impedance spectra is only possible when the 
RC time constant of the processes are relatively 
diverse (>5% <100%). Furthermore, the 
processes have vastly close and vastly different 
RC, which generally gives cumulative impedance 
in the EIS results. Moreover, the change in the 
impedance spectra is more pronounced due to 
the capacitance increase (pore blocking/compact 
oxide) than the resistance increase (thickening 
oxide). The overall separation of the time 
constant lowers the impedance on the imaginary 
axis, but their cumulative impedance is always 
higher than the time constants summing each 
other (due to close RC). 
 

The best fit with low error margins can be 
achieved with a simple equivalent circuit model, 
or with a trial and error method.  However, 
proposing a logical equivalent circuit and 
acquiring a best fit is somewhat more daunting 
task in the coatings like Inconel-625 where 
microstructural features are not widely different 
from each other as compared to cermet and 
thermal barrier coatings. Therefore, elucidating 
microstructural features, proposing an equivalent 
circuit model is an add-on to the knowledge of 
the coatings, but still achieving a good fit 
between the practical and proposed model is 
needs to be explored in the future.  
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