
Corrosion Behavior of HVAF-Sprayed Bi-Layer 
Coatings
Corrosion of engineering alloys occurs in most of the industrial environments, which 
costs billions of dollars. Therefore, devoting more resources on corrosion protection is a 
straightforward approach. Implementing protective coatings aims to get proper surface 
properties at low cost. This can be performed by depositing a thin layer of a high quality 
coating material on cheap substrates instead of using only expensive bulk alloys. The su-
perior corrosion/wear resistant properties while keeping the cost low can be achieved by 
HVAF thermally sprayed coating process. Despite the improved properties of the HVAF 
coatings, the corrosion resistance of the coating is generally lower than its equal bulk 
material, which is mainly due to the presence of defects within the coating. Researchers 
have tried to increase corrosion resistance of the coating by modifying the spraying pro-
cess parameters to reduce the defects. The corrosion performance of the coatings was 
improved but further added to processing cost. Adding an intermediate layer of a metal-
lic coating between the coating and substrate offers an excellent corrosion protection of 
the component. In this research work, an extensive study has been performed to find the 
proper combination of chemical compositions, spray processes, and optimized process 
parameters to get an intermediate layer with the highest compliance to the bi-layer coat-
ings. Further, the complementary use of basic corrosion test methods (e.g. salt spray and 
immersion tests) with more advanced electrochemical techniques (e.g. potentiodynamic 
polarization, OCP, and EIS) is performed to provide deeper insight of corrosion processes 
taking place at HVAF-sprayed bi-layer coatings.
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Populärvetenskaplig Sammanfattning  

Nyckelord: Termisk sprutning; HVAF; Korrosionsskydd; Galvanisk 
korrosion; Materialsammansättning; Mikrostruktur; EIS; 
Polarisationstest; OCP 

Titel: Korrosionsegenskaper hos HVAF-sprutade flerskiktbeläggningar 

Komponenter utsätts för en korrosiv miljö i en mängd olika tekniska 
tillämpningar. Beläggningar kan väsentligt förbättra korrosionsegenskaperna och 
därmed förlänga livslängden hos dessa komponenter. Termisk sprutning är en 
kostnadseffektiv beläggningsteknik med hög flexibilitet avseende kemi, morfologi 
och material. Termisk sprutning ger dock porer i beläggningarna som begränsar 
användningen av metoden som korrosionsskydd i krävande applikationer. 
Höghastighetsflamsprutning med luft som drivgas, så kallad HVAF sprutning, är 
en ny sprutteknik med betydande fördelar när det gäller kostnader och 
beläggningsegenskaper. Porositeten kan minskas med denna teknik men inte helt 
elimineras, varför nya typer av beläggningar behöver utvecklas. Speciellt 
flerskiktsbeläggningar har här visat sig ge goda korrosionsegenskaper. 

Fokus i denna studie har varit att utvärdera elektrokemiska egenskaper hos 
termisk sprutade flerskiktsbeläggningar, bestående av två skikt. Det 
elektrokemiska beteendet hos varje skikt är viktigt för att säkerställa ett bra 
korrosionsskydd. Korrosionsbeteendet beror även på beläggningarnas 
materialsammansättning och mikrostruktur, som påverkas av 
sprutningsprocessen. Det övergripande syftet med arbetet var att studera 
samband mellan råmaterial, sprutningsprocess, mikrostruktur och 
korrosionsbeteende hos två-lagerbeläggningar för att därmed kunna förbättra 
beläggningarnas korrosionsegenskaper. 

Olika sprutprocesser jämfördes som en del i studien och HVAF tekniken visade 
sig ge bäst prestanda. Mikrostrukturanalys, såväl som olika korrosionstester, t ex 
elektrokemisk, saltstänk och dopptester utfördes. Resultaten visade ett tydligt 
samband mellan korrosionspotentialen i mellanskiktet (skiktet mellan substrat och 
ytbeläggning) och korrosionsegenskaperna. Högre korrosionsbeständighet erhölls 
hos nickelbaserade beläggningar jämfört med järn och koboltbaserade vilket 
förklarades av en högre korrosionspotential i det galvaniska paret med 
ytbeläggningen. Inter-lamellära gränser och sammanbundna porer visade sig 
reducera korrosionsbeständigheten men denna kunde förbättras med hjälp av en 
tillräcklig reservoar av skyddande element, såsom krom eller aluminium. 
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Abstract 

Title: Corrosion Behavior of HVAF-Sprayed Bi-Layer Coatings 

Keywords: Thermal spray coating; HVAF; Corrosion protection; Galvanic 
corrosion; Composition; Microstructure; EIS; Polarization; OCP 

ISBN: Printed: 978-91-87531-33-0 Electronic: 978-91-87531-32-3 

In a variety of engineering applications, components are subjected to corrosive 
environment. Protective coatings are essential to improve the functional 
performances and/or extend the lifetime of the components. Thermal spraying 
as a cost-effective coating deposition technique offers high flexibility in coatings’ 
chemistry/morphology/microstructure design. However, the inherent pores 
formed during spraying limit the use of coatings for corrosion protection. The 
recently developed supersonic spray method, High-Velocity-Air-Fuel (HVAF), 
brings significant advantages in terms of cost and coating properties. Although 
severely reduced, the pores are not completely eliminated even with the HVAF 
process. In view of the above gap to have a high quality coating, bi-layer coatings 
have been developed to improve the corrosion resistance of the coatings.  

In a bi-layer coating, an intermediate layer is deposited on the substrate before 
spraying the coating. The electrochemical behavior of each layer is important to 
ensure a good corrosion protection. The corrosion behavior of the layers strongly 
depends on coating composition and microstructure, which are affected by 
feedstock material and spraying process. Therefore, the objective of the research 
is to explore the relationships between feedstock material, spraying process, 
microstructure and corrosion behavior of bi-layer coatings. A specific motivation 
is to understand the corrosion mechanisms of the intermediate layer which forms 
the basis for developing superior protective coatings. 

Cr3C2-NiCr top layer and intermediate layers (Fe-, Co- and Ni-based) were 
sprayed by different thermal spraying processes. Microstructure analysis, as well 
as various corrosion tests, e.g., electrochemical, salt spray and immersion tests 
were performed. The results showed a direct link between the corrosion potential 
(Ecorr) of the intermediate layer and the corrosion mechanisms. It was found that 
the higher corrosion resistance of Ni-based coatings than Fe- and Co-based 
coatings was due to higher Ecorr of the coating in the galvanic couple with top 
layers. Inter-lamellar boundaries and interconnected pores reduced the corrosion 
resistance of intermediate layers, however a sufficient reservoir of protective 
scale-forming elements (such as Cr or Al) improved the corrosion behavior.
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Carbide: Reinforcing filler in carbide-type coatings to enhance the wear 
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Z: Impedance 

XV 
 



 

  

 
 



 

1. Introduction 

The costs caused by corrosion in the Swedish industry reach 90 billion SEK per 
year, hence the need for new solutions to diminish this problem is acute. Thermal 
spraying is an attractive coating deposition method as it brings many advantages 
over other coating methods e.g. low heat transfer to substrate, high flexibility in 
coatings microstructure design, low cost, etc. The inherent pores, in particular 
interconnected pores, which form during coating have not been a special problem 
for most of abrasive wear applications but they are major limitations for corrosion 
applications. As in many industrial applications the working environments require 
both wear and corrosion resistance, thermal spray coatings (TSCs) need to be 
improved in this respect [1], [2].  

To meet the challenge of reaching an increased corrosion performance and 
preserve the abrasive wear resistance, bi-layer coating systems have been 
introduced, where an intermediate layer of a metallic coating (hereafter referred 
to as “intermediate layer”) is added between the wear-resistant coating (hereafter 
referred to as “top layer”) and the substrate [3]. The main focus of this thesis 
relates to bi-layer coatings and their corrosion behavior. In Figure 1-1, a typical 
bi-layer coating is shown with some characteristics of the coating which affect the 
corrosion resistance. 

 

Figure 1-1: A typical bi-layer coating with significant terms used in this work. 
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Most research found in literature has focused on single-layer coatings to address 
the corrosion problems without considering the relevant corrosion mechanisms 
taking place in the coatings[4]–[6]. High-tech thermal spray equipment and 
advanced materials that are nowadays available give the premises for coatings with 
improved corrosion resistance. However without in-depth knowledge of the 
corrosion mechanism and the electrochemical conditions of the coatings, their 
further improvements might be limited.  

The approach in this research was carried out stepwise. In the first step, the 
corrosion behavior of single layer-coatings were studied. The gained knowledge 
was then used in the next step for spraying similar coatings as intermediate layers 
in a bi-layer coating system. The main focus in the first step was to identify the 
coating characteristics of the single-layer coating that give the best corrosion 
resistance, determined by the coating chemistry and the coating microstructure.  

Figure 1-2 shows a schematic of the approach used in this research work. The 
effect of coating’s chemistry and spraying process on corrosion behavior of 
single-layer coatings was evaluated in step 1. The suitable combination in terms 
of a less porous microstructure and high corrosion resistance was selected in this 
step which was used in the next step to produce bi-layer coatings. Special attention 
was paid in the second step on the influence of the intermediate layer 
microstructure and chemistry on corrosion behavior. 

 

Figure 1-2: Schematic of the methodological approach to evaluate corrosion behavior of 
the bi-layer coatings. 
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INTRODUCTION 
 
1.1. Thesis outline 

The thesis consists of eight chapters comprising this introduction that briefly 
describes the frame of this research work and the outline of the thesis. The scope 
and limitations as well as the research questions are discussed in this chapter. 
Chapter 2 provides a background to confer a better understanding of the main 
motivation behind this study and why this research work is relevant for the 
scientific society, specifically for the thermal spray community. A literature review 
on previous work performed in the field and various thermal spray processes are 
presented in this chapter. Chapter 3 explains the main characteristics of the bi-
layer coatings with the focus on the microstructure, composition, and corrosion 
behavior. Chapter 4 describes the characterization techniques utilized to 
investigate the bi-layer coatings. Details of three electrochemical methods i.e., 
open-circuit potential (OCP), potentiodynamic polarization testing, and 
electrochemical impedance spectroscopy (EIS) are given as well. In Chapter 5, the 
effect of intermediate layer composition and microstructure on the corrosion 
behavior of bi-layer coating is discussed. Chapter 6 and 7 give conclusions and 
recommendations for future work respectively. Finally, Chapter 8 summarizes the 
published articles appended in the thesis.  

1.2. Objective / research questions 

The objective of the research work was to explore the relationship between 
feedstock composition, spraying process, coating microstructure, and corrosion 
behavior of bi-layer coatings. The motivation is to enhance the corrosion 
resistance of a wear-resistant coating by adding an intermediate layer between the 
substrate and the coating. The gained knowledge aims to inspire for more research 
on bi-layer coatings and develop new and effective coating methods against 
corrosion degradation. The objective was achieved by addressing the research 
questions (RQs), as presented in Figure 1-3. 
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Figure 1-3: Objective and research questions of the thesis work. 

RQ1 aimed to address the correlation between the chemical 
composition/microstructure of a thermally sprayed single-layer coating to its 
corrosion behavior. To answer the question, the work started with finding a 
suitable combination of feedstock chemistry and spray process. Three candidate 
materials i.e., Fe-/Co-/Ni-based alloys, were selected to study the coating 
chemistry. Atmospheric plasma spraying (APS), high-velocity oxy fuel (HVOF) 
and high-velocity air fuel (HVAF) processes were chosen to evaluate the process 
effect of coating microstructure on corrosion behavior.  

Once a suitable combination of coating chemistry and spraying process was 
selected, bi-layer coatings were sprayed to answer RQ2 that aimed to find critical 
features of the intermediate layer in a bi-layer coating system in term of corrosion 
behavior. 

RQ3 aimed to answer how the microstructure and chemical composition of the 
intermediate layer can enhance the corrosion behavior of the bi-layer coating. 

1.3. Scope and limitation 

The work was mainly focused on studying the microstructure and composition of 
various intermediate layers and their influence on corrosion resistance of bi-layer 
coatings. Certain limitations should be taken into close consideration if the results 
should be applied to other coatings, spraying techniques or coating applications. 
The scope and limitations of the current study can be summarized in Figure 1-4. 
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Figure 1-4: Scope and limitation of the thesis work. 
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2. Background 

Thermal spray coatings (TSCs) have historically been developed to provide 
protection against wear that is to protect the material from physical interaction 
with its environment [1], [2], [7], [8]. However, some environments in which wear 
resistant coatings are implemented are intrinsically corrosive [3], [4]. A class of 
materials, which have been shown feasible in wear/corrosive environment, are 
carbide coatings with Cr3C2 as the reinforcing element [9]. One of the most 
frequently used materials is Cr3C2-NiCr because of its excellent wear and 
corrosion resistance at both room and high temperature [10], [11]. The most 
common coating process used for depositing Cr3C2-NiCr coatings is thermal 
spraying. Despite many advantages of thermal spraying, e.g. low cost, high 
deposition rate, versatility in coating materials, its main drawback is that the 
coatings are not fully dense. New thermal spray processes (e.g. High Velocity Air 
Fuel) as well as extensive process optimization have significantly reduced the 
coatings porosity, but in the case of composite materials such as Cr3C2-NiCr, 
coatings are still not fully dense. The pores, especially when they are 
interconnected, can provide channels for the corrosive ions to penetrate the 
coatings and subsequently corrode the substrate material [12]–[14]. Further, in 
the Cr3C2-NiCr coating, the connection of the carbide (Cr3C2 acts as cathode) to 
the metal matrix (NiCr acts as anode) can form a micro-galvanic cells which will 
increase the corrosion rate of the coatings [15]. In order to preserve a good 
abrasive wear and corrosion resistance of the Cr3C2-NiCr coating, bi-layer coating 
systems have been introduced, where an intermediate layer of a metallic coating 
is added between the Cr3C2-NiCr top coat and the substrate [3]. 

2.1. Cr3C2-NiCr coatings 

Carbide coatings such as Cr3C2-NiCr coatings, as seen in Figure 2-1, combine 
wear and corrosion resistance properties that address a wide range of industrial 
problems. Therefore, the use of such coatings is recommended for the 
replacement of traditional electrolytic hard chromium (EHC) coatings used in 
different applications such as pump shafts, guide rollers, cams, roller bearing 
seats, and piston shafts [16], [17]. The use of such coatings in aqueous corrosive 
media constitutes very important technological issues. Therefore, the 
understanding of their degradation mechanisms due to corrosion in aqueous 
environments is of high importance to prolong their lifetime.  
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As seen in Figure 2-1, the Cr3C2 particles are homogenously embedded in the 
coating so they provide wear resistance, whereas the NiCr metal matrix provides 
corrosion resistance. The good cohesion of the Cr3C2 with the NiCr metal binder 
results in tough, strong and wear resistant coatings [18]. The Cr3C2–NiCr coating 
is expected to exhibit complicated corrosion behavior due to its complex 
microstructure that involves various micro- and macro-galvanic cells, such as 
pores, non-uniform carbide distribution into the metal matrix and phase 
boundaries [19]. 

 

Figure 2-1: Schematic view of a typical Cr3C2-NiCr coating used in wear-corrosion 
applications. 

Several works on the corrosion behavior of Cr3C2–NiCr coatings in saline and 
acidic environments have been reported [4], [11], [20]–[22]. It was found that the 
corrosion resistance of the Cr3C2–NiCr coating is reduced by a) the presence of 
porosity, especially when the pores are interconnected [23] and b) the presence of 
carbides [24], as seen in Figure 2-2. Guilemany et al. [25] studied the corrosion 
resistance of a HVOF-sprayed Cr3C2–NiCr coating. It was found that the defects 
such as pores and cracks played a fundamental role in the integrity of the coating-
substrate system and negatively affected the corrosion resistance, as such defects 
were the main path followed by the electrolyte to reach the substrate. Thus, if the 
electrolyte passes through the coating and meets the substrate (which is mostly 
more active than the coating), a galvanic pair is formed between the coating and 
substrate which leads to substrate corrosion, coating depletion and severe damage 
of the component.  

The carbides in the metallic matrix can individually act as cathodes in the micro-
galvanic cells [24]. It has been shown that the connection of the carbide (Cr3C2 as 
cathode) to the metal matrix (NiCr as anode) can form a micro-galvanic cell which 
increases the corrosion rate of the NiCr binder, and inherently destroys the 
coatings [15], [26]. The galvanic cell leads to a severe attack of the NiCr binder 
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once the coating is perforated and an electric circuit between NiCr and Cr3C2 is 
formed close to the electrolyte [27].  

a) through interconnected porosity a) by corrosion of metallic binder  
Figure 2-2: Initiation and growth of corrosion in a typical Cr3C2-NiCr coating. 

2.2. Bi-layer coatings  

Although severely reduced, the pores are not completely eliminated even with a 
supersonic particle velocity process such as the HVAF process that has recently 
been employed to produce very dense coatings. As discussed, the presence of 
carbides in the wear-resistant coatings can be detrimental for corrosion 
protection. Therefore, in many applications the corrosion resistance can be 
increased by adding an intermediate layer between the substrate and coating. The 
role of the intermediate layer in a coating system is mainly to: (a) inhibit the access 
of the corrosive environment to the metallic substrate, and (b) increase the 
coating/substrate adhesion strength [28]. However, the present work only 
focused on the corrosion protection role of the intermediate layer in the bi-layer 
coatings. 

The use of different types of bi-layer coatings have been surveyed in several 
works. It was shown that the bi-layer WC-12Co/NiCrAl coating (top layer: WC-
12Co and intermediate layer: NiCrAl) is the most appropriate coating 
configuration to protect a steel substrate against corrosion in 1.0M HCl and WC-
12Co/50NiCr served as the most protective coating system in de-aerated 0.5M 
H2SO4 [29]. Picas et al. [30] showed that the bi-layer Cr3C2-
CoNiCrAlY/CoNiCrAlY coatings was the best solution to increase the lifetime 
of steel substrates and increase their performance. Lekatou et al. [15] studied the 
corrosion behavior of thermally sprayed WC-17Co/Ni-5Al coating in 0.5M 
H2SO4. After surface film failure, the intermediate layer efficiently controlled 
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corrosion propagation through three-stage pseudopassivity, which successfully 
impeded localized corrosion. Xu et al. [28] showed that the corrosion resistance 
of the Ni-graphite coatings is significantly improved when the intermediate layer 
of NiAl is added. The detrimental corrosive ions penetrated through the 
interconnected porosity of the top layer and met the top/intermediate layer 
interface, which led to crevice corrosion, with loose corrosion products 
accumulated on the coating surface. The corrosion studies on bi-layer WC-
Co/NiAl and single-layer WC-Co coatings in 3.5 wt% NaCl showed that pits were 
initiated and developed in the top layer owing to severity of service conditions, 
but the intermediate layer could provide good protection and saved the substrate 
degradation [27]. Reddy et al. [31] also depicted a good corrosion protection by 
the bi-layer WC-Co/NiCrAlY coating system.  

The corrosion behavior of the bi-layer coating has been found to be dependent on 
the composition and microstructure of the intermediate layers, as a galvanic couple 
could be established, not only among different sites of a coating layer, but also 
between the top and intermediate layers, as well as the intermediate layer and 
substrate [15]. As seen in Figure 2-3, with a proper composition and 
microstructure, the intermediate layer can serve as a protective barrier by 
providing a coating with higher positive corrosion potential (E2>E1), which 
makes the intermediate layer a cathode in the top layer/intermediate layer 
galvanic couple [3]. Therefore, a good control over the microstructure and 
chemical composition of the intermediate layer is important for increasing the 
corrosion potential (Ecorr) and effective corrosion protection. The effect of 
various intermediate layers with different elemental compositions and 
microstructures on the galvanic potentials (among the top layer, intermediate 
layer, and substrate) is important to evaluate which is one part that was evaluated 
in this work. Propagation mechanisms of corrosion and the suppressing effect of 
a dense intermediate layer on the corrosion propagation towards the steel 
substrate are still under debate, and need to be further investigated.  
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Figure 2-3: Schematic view of the bi-layer coating [3]. 

2.3. Thermal spray methods for corrosion 
applications 

In this section, thermal spray processes as the key contributing factor to the 
coating microstructure and accordingly corrosion resistance, are described. Three 
different thermal spraying processes; HVAF, HVOF and APS were used, which 
are briefly explained and compared in terms of microstructure and corrosion 
resistance. 

In a thermal spray process, a metallic or non-metallic material of the desired 
properties is deposited on the substrate [32]. The feedstock material typically in 
form of powder, wire or solution/suspension is heated up to a molten or a semi-
molten state in a flame and accelerated in a jet stream to be propelled to the 
substrate [32]. Fully or partially melted particles deform when they hit the 
substrate and form so-called splats. The coating material bonds to the substrate 
by mechanical interlocking upon impact. The same mechanism occurs for the 
next particles overlapping the previous ones. Not only a wide variety of materials 
can be deposited, but also worn parts can be re-coated easily by thermal spray 
techniques [32].  

As seen in Figure 2-4, the in-flight particle temperature and velocity may vary in 
different thermal spray processes as each process has its own characteristics. The 
difference in velocity and temperature of in-flight particles in various methods is 
a major contributing factor to explain the diversity of coating microstructures.  
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Figure 2-4: Thermal spray processes categorized in terms of the particle temperature and 
velocity. 

 High-Velocity Air Fuel (HVAF) coatings 

The HVAF process is a relatively new technology in the family of thermal spray 
processes. In the HVAF process compressed air and a fuel gas (propane, 
propylene, or natural gas) are pre-mixed before entering the combustion chamber 
where ignition occurs with the help of an electric spark plug (Figure 2-5). When 
the catalytic ceramic wall of the chamber is heated above the auto-ignition 
temperature of the mixture (shortly after the process starts), it provides further 
ignition and combustion taking thus over the spark plug’s role [33]. The 
powder is injected into the process axially through an opening in the hot back 
wall with N2 as a carrier gas. The operating cost becomes low, as the propelling 
gas is air. The energy produced by combustion is the primary source of the particle 
spray energy. Fuel is also added between the first and second nozzle of the 
chamber to further increase the in-flight particle velocity and control the 
temperature of particles [34]. Type of fuels, feature of nozzles (length, diameter), 
amount, and concentration of gas injected in to both the primary (input chamber) 
and secondary (in-die) process are of high importance to control the combustion 
process. The temperature and velocity of in-flight particles will be affected also 
by the feedstock material characteristics (chemical composition, particle 
size/distribution, and morphology) which in-turn will influence the coating 
properties and performance. The HVAF process is able to create a jet stream with 
a velocity of about 1,400 m/s which accelerates the particles to a speed over 1100-
1200 m/s [35]. This high speed establishes a good adhesion strength between the 
coating and the substrate as well as a dense coating. The temperature of the 
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HVAF flame is reported less than 1,950°C, which heats up the in-flight particles 
to a temperature of around 1,500°C [35]. The comparatively low process 
temperature enables spraying of materials that are inherently sensitive to high 
temperature and oxidation such as materials comprising Cr or/and Al [32]. The 
low heat input in the process contributes to a good control of the oxide content 
in the coating. At standard spraying conditions, the total oxygen content in the 
HVAF coatings can be kept below 1 wt% for most materials particularly for Ni-
based coatings [36]. The coatings have been shown to receive high bond strengths 
sometimes well higher than what can be determined by the most common 
adhesion test method ASTM C633. The bond strengths values measured by 
ASTM C633 is about 80MPa, while the value for the HVAF coatings is up to 
200MPa [37]. The deposition efficiency (DE) of the HVAF process, compared to 
other thermal spray processes, is fairly high, and it has been reported to be in the 
range of 58-65% for metal powders and 50-75% for carbide powders [32]. The 
feedstock material characteristics (such as optimal particle size with narrow 
distribution) combined with optimized process parameters increase the DE. 
Another benefit of the HVAF system is the ability to grit-blast the samples to 
clean and roughen the substrate without any need for a separate grit-blasting 
equipment. Due to the superior characteristics of the HVAF coatings for 
corrosion applications [38]–[42], the HVAF process was mainly used in this study.  

 

Figure 2-5: Schematic view of the HVAF spray process. 

The coating produced by the HVAF process consists of a typical thermal spray 
structure comprising a lamellar structure embedded with a few solid particles, 
porosity, with almost no oxides or inclusions [3]. The high speed of particles 
within the flame produces compact/dense coatings with a minimal formation of 
voids/pores at the surface and inter-lamellar particle boundaries [42].  

 High-Velocity Oxy Fuel (HVOF) coatings 

Figure 2-6 shows a schematic view of the HVOF process. In HVOF process, the 
fuel (kerosene, acetylene, propylene, or hydrogen) is mixed with oxygen and 
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burned in the combustion chamber. The energy produced by combustion is 
channeled through a nozzle to produce a jet stream with a temperature of around 
3,000°C and velocity of about 550 m/s [43]. The feedstock powders are radially 
or axially injected into the jet, heated up, and accelerated towards the substrate. 
The high particle velocity of the fully or partially melted particles produces 
compact/dense coatings [44]. The coatings produced by this process show a 
slightly higher amount of porosity (<3 vol.%) compared to HVAF produced 
coatings and usually higher amount of oxides [45] due to slower and hotter in-
flight particles propelling the substrate [46]. The high-temperature and presence 
of oxygen in the environment causes formation of the oxides. The typical coating 
microstructure produced by this process includes inter-lamellar boundaries, some 
unmelted particles, pores, oxides and inclusions [47].  

 

Figure 2-6: Schematic view of the HVOF spray process. 

 Atmospheric Plasma Spray (APS) coatings 

Figure 2-7 shows a schematic view of the APS process. In APS process, a plasma 
jet is used at atmospheric condition to spray the feedstock material. Due to the 
high flame temperature in the plasma (15,000°C) and thus the high thermal energy 
of the plasma jet, APS enables spraying of almost all types of feedstock materials 
including ceramics [48]. The plasma spraying process uses a direct current (DC) 
electric arc to generate a stream of high-temperature-ionized plasma from one or 
a mixture of inert gases (Ar, He, H2 or N2), which acts as the spraying heat source 
[32]. The feedstock material is conveyed by a carrier gas (typically Ar) into the 
plasma jet, where it is heated and propelled with a typical particle velocity of 200-
300 m/s at impact to the substrate [49]. Further, a splat may also have gases 
trapped in it, which can also lead to the formation of a pore within the splat, when 
the splats are solidified upon cooling [50]. Thereby, a typical microstructure of an 
APS coating comprises of inter-lamellar boundaries, a higher porosity and oxide 
content than HVAF and HVOF produced coatings a larger number of unmelted 
particles (due to the larger particle size distribution and radial injection) which 
makes this process more unfavorable for corrosion protection applications [51].  
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Figure 2-7: Schematic view of the APS spray process. 

2.4. Corrosion of thermally sprayed coatings 

Corrosion is primarily defined as a natural process, in which a material is 
unwantedly degraded by chemical and/or electrochemical reactions with the 
surrounding environment. Corrosion can be categorized in several ways, but 
regardless of the temperature, it can be divided into two main classes called 
uniform and localized corrosion. In the former, the failure occurs on entire 
surface uniformly, whereas in the latter, damage takes place on localized sites 
where heterogeneities in either material microstructure or the environment 
accelerate the corrosion reactions [52].  

Corrosion of metals/metallic alloys in aqueous environments is an 
electrochemical process comprising ions and electrons in reactions. There are at 
least two reactions occurring in corrosion processes, one at anodic sites and the 
other at cathodic ones. The anodic reaction is dissolution of the metal to form 
ions and releasing electrons, while the cathodic reactions depend on the feature 
of the surrounding environment whether acidic or alkaline, with or without 
oxygen in the environment [52]. Indeed, formation of a loop among anodes, 
cathodes, electrons, and ions is critical for corrosion reactions. The corrosion 
reactions are interrupted, if any of these four factors is removed from the circle. 
For instance, applying a coating over a metallic substrate (anode) interrupts the 
corrosion reactions by shifting the corrosion attack from the electrolyte/metal 
interface to coating/electrolyte interface; thus limiting the corrosion of the 
substrate.  

If a coating is applied, corrosion greatly depends on chemical and physical 
processes taking place at the coating/electrolyte interface. The chemical 
composition of the coating is also of high importance in the corrosion process. 
Alloying elements with their own chemical and electrochemical properties can 
alter the corrosion mechanisms. Microstructural features of the coating such as 
defects, dislocations, inclusions, phases, and grain boundaries can also 
significantly affect the electrochemical interactions [53]. 
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Thermal spray metallic coating is a cost-effective method commonly used to 
enhance the corrosion resistance and thus increase the lifetime of a component 
[46]. Corrosion behavior and the lifetime of the component are of high interest 
for today’s industry. However, the difference between the features of a coating 
and equivalent bulk material, which are mainly coating porosity and splat 
boundaries, leads to a corrosion performance gap between them. 

The coating pores allow the electrolyte to penetrate, which leads to crevice or 
pitting corrosion due to oxygen concentration differential inside and outside of 
the pore [38], [54]. Eventually, the electrolyte can penetrate through the coating, 
if the pores are interconnected. Once the electrolyte reaches the substrate, 
corrosion could happen owing to different oxygen concentration and formation 
of galvanic couples (as substrate material is generally less corrosion resistant). 
Inside the pores which would be micro-anodic sites, could provide micro-galvanic 
cells with coating surface as large cathodic sites and further increase the galvanic 
corrosion [55]. Different locations of the coating microstructure may also show 
different susceptibility for corrosion. For instance, the area adjacent to oxides in 
splats has higher tendency to corrode compared to the core of splat, as the former 
is highly depleted in chromium [55]. This difference in the composition leads to 
a dissimilarity in electrochemical behavior of the two sites in the coating, which 
eventually cause the galvanic corrosion. In a study by Neville et al. [56], it was 
shown that the coating chemistry played more important role than the coating 
microstructure. It was verified that by increasing the porosity to 12 vol.%, the 
passivation current density (ipass) increased by a factor of two. However, the 
microstructure modification of the coatings by laser surface treatment, which 
replaced the lamellar microstructure of the coating, presented no effect on the 
corrosion current density (icorr) compared to the Ni-based bulk alloy. Furthermore, 
even performing the coating process in vacuum, in which in situ oxidation during 
spraying is completely eliminated, did not improve the corrosion behavior of the 
coatings [56].  

In other work, it was shown that the corrosion resistance could be improved by 
modifying the microstructure [57]. However, the interconnected porosity, regions 
of different compositions in a coating and different phases are largely responsible 
for poor corrosion behavior of the coating. The lack of homogeneity, for instance 
presence of different phases, decreases the corrosion resistance as galvanic cells 
could form between different phases. 
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3.  Characteristics of bi-layer coatings 

Among the most important characteristics of a bi-layer coating are the 
electrochemical properties of both top and intermediate layers. The 
microstructure of the top and intermediate layers, which affects the 
electrochemical properties of the bi-layer coatings is explained in this chapter. 
However, the main focus is on the intermediate layer as the electrochemical 
properties of the top layer has been well studied previously. The microstructural 
features of the coatings such as inter-lamellar boundaries and porosity are also 
discussed. 

3.1. Electrochemical properties 

The electrochemical potential difference (ΔE) between the top and intermediate 
layer leads to galvanic corrosion of the layer, which is more active. If the 
intermediate layer is nobler, then this will be the protected layer whereas the top 
layer will corrode. Galvanic coupling is a galvanic cell in which the anode is less 
corrosion resistant than the cathode. The galvanic corrosion in bi-layer coatings 
can be predicted by knowing the Ecorr (or OCP) of each layer in a specific solution. 
When selecting two coatings for a bi-layer coating, the top and intermediate layers 
should have similar Ecorr (or OCP) or at least be as close as possible to suppress 
the galvanic corrosion. The larger the difference between the Ecorr of the two 
layers, the larger the driving force for galvanic corrosion [52].  

Galvanic coupling can eventually be used for protection purposes. When coupling 
two different layers, if the top layer has lower OCP, it acts as anode. In this case, 
the top layer becomes a sacrificial anode, which is the principle of cathodic 
protection. Furthermore, if any failure occurs in the top layer, the intermediate 
layer is then exposed to the electrolyte and becomes the cathode, and therefore, 
it controls the corrosive ion attack by forming a protective barrier. However, if 
the intermediate layer breaks down, the substrate is corroded as the OCP of the 
substrate is normally lower than the intermediate layer. The intermediate layer 
plays an important role in inhibition of corrosive attack, as this layer interrupts 
the direct attack of substrate. The intermediate layer contributes to a modification 
of pit propagation mechanism, i.e. the presence of an extra interface between the 
top layer and substrate results in a drastic inhibition in pitting propagation [58]. 
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3.2. Microstructure  

Once the electrolyte passes through the top layer (discussed in section 2.1), the 
intermediate layer’s microstructure could determine the corrosion resistance of 
the bi-layer coating. A slight change in the intermediate layer’s microstructure 
results in a significant change in the OCP’s of the intermediate layer, thereby the 
electrochemical properties of the bi-layer coating. Thus, it is important to 
understand the effect of various microstructural features, especially inter-lamellar 
boundaries and porosity, as seen in Figure 3-1, on the electrochemical properties 
of the coating. In the next sections, the microstructural features of a coating and 
their effect on the electrochemical properties are discussed.  

 

Figure 3-1: Schematic drawing of a typical microstructure of a bi-layer coating (E1: 
corrosion potential of the top layer, E2: corrosion positional of the intermediate layer, 

and E3: corrosion potential of the substrate). 

 Inter-lamellar boundaries  

In thermal spraying, heated particles flatten upon impact and form splat and splat 
boundaries (lamellae boundary), as seen in Figure 3-1. The observation of 
numerous corrosion damages in the TSCs indicates that the attack at intersplat 
boundaries (or along unmelted particles) is the major corrosion mechanism, 
possibly due to a microcrevice corrosion mechanism. Indeed, the most severe 
corrosion failure takes place along the boundaries of rounded, unmelted particles 
and, more generally, along lamellae boundaries [59]. Figure 3-2 shows two 
corrosion behavior scenarios when the inter-lamellar cohesion of a coating is poor 
and good respectively. These areas are important in corrosion protection due to 
several reasons. Firstly, poor inter-lamellar cohesion causes the splat boundaries 
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to act as corrosion sites, as the diffusion rate of big oxygen or water molecules 
into the defects is much lower than that of tiny chlorides: thus, passivation is 
prevented and autocatalytic processes can be triggered [60], [61]. Secondly, oxides 
(formed during the spray process on the droplets surface) along lamellae 
boundaries can be preferential sites for corrosion processes [61]. Thirdly, the in-
situ oxidation of the splat boundaries (occurring either in the gas jet or just after 
particle impact) depletes the protective scale-forming elements like Cr or Al from 
the chemical composition of the coating, which may favor the onset of selective 
corrosion, similar to pitting/crevice corrosion [62], [63]. These elements should 
provide passivation and corrosion protection [27], [28], [64]. However due to their 
oxidation, the protection is limited. In most HVAF coatings, inter-lamellar 
cohesion is excellent which makes it very difficult for the electrolyte to penetrate 
easily along lamellae boundaries and find direct paths to the substrate [41].  

To summarize, the electrochemical properties of the bi-layer coating could be 
adversely affected by a poor inter-lamellar cohesion. The lamellae boundary in the 
intermediate layer increase the potential difference ( E) between the top layer 
and intermediate layer. Indeed, it decreases the Ecorr (OCP) and increases the icorr 
of the intermediate layer.  

 

 

a) poor corrosion behavior (high icorr, low Ecorr)  

 

b) excellent corrosion behavior (low icorr, high Ecorr)  
Figure 3-2: Effect of inter-lamellar cohesion on corrosion behavior of the coatings, a) 

poor inter-lamellar cohesion leads to low OCP, b) good inter-lamellar cohesion leads to 
high OCP. 
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 Porosity 

It is well known that the corrosion resistance of the coatings strongly depends on 
the pore content [23], [47], [57], [65]–[69]. If coatings are porous, the electrolyte 
can easily penetrate the coating through the pores and reach the substrate, so that 
the coating will delaminate in short time and its protection is lost. The porosity in 
the intermediate layer increases the potential difference ( E) between the top and 
intermediate layers. Indeed, it decreases the Ecorr and increase the icorr of the 
intermediate layer. Porosity can be categorized as through-porosity 
(interconnected) and non-through (closed) porosity according to their roles in 
corrosion behavior of the coatings, as seen in Figure 3-3.  

If the pores are interconnected, it leads to a rapid localized galvanic attack and 
pitting of the substrate when the coating is cathodic to the substrate. When the 
cathodic surface (Ac) is considerably larger than anodic surface(Aa), the galvanic 
corrosion can be significantly enhanced [69]. Compared to closed porosity, 
interconnected porosity is much more sensitive to corrosion as it forms direct 
channels between the electrolyte and the substrate [70].  

 

 

a) close porosity  

 

b) interconnected porosity  
Figure 3-3: Effect of different types of porosity on corrosion behavior of the coatings. 

Long corrosion exposure leads the close pores to be interconnected. 

If closed pores exists in the coating, their role on the corrosion resistance of a 
TSC can be considered as: i) porosity itself, ii) chemistry around porosity and iii) 
occluded local zone in the pores [69]. The first role is that pores themselves act 
as channels for the electrolyte accelerating the interconnection of the isolated 
pores. During a long-term corrosion reaction, the dissolution of the surrounding 

20 
 



CHARACTERISTICS OF BI-LAYER COATINGS 
 

region of pores makes that the isolated pores to become bigger and hence after a 
while to interconnect with nearby pores. In this way can even channels formed 
that will facilitate the corrosive medium to reach the coating/substrate interface 
[71]. This effect can be estimated by the average porosity ratio of the coatings: the 
more the porosity ratio, the easier the interconnection of isolated pores.  

The second role is that porosity alters the local chemistry of the coating and 
promote corrosion [69]. It is known that the passive films formed on the metal 
(or alloy) surface efficiently separate the metal from the corrosive environment. 
Corrosion pit initiation is closely related to the homogeneity and stability of the 
passive film. Cr is the most important passivation element at low temperatures 
and is the key of the excellent corrosion resistance of alloys such as stainless steel 
[72]. It was shown in the local coating surface that the surface film on the zones 
of higher porosity has higher Cr concentration, mainly rich in hexavalent 
chromium (Cr6+) and relatively lacking in trivalent chromium (Cr3+). These high-
valence species constitutes the outer layer of the bi-layer structures of the passive 
films. The outer layer of the passive film is generally more defective and easily to 
be dissolved. This may be part of the reason why the coatings with high porosity 
have high anodic current density. More importantly, the highly inhomogeneous 
distribution of Cr on the coating surface is responsible for the poor corrosion 
resistance of the coating with high porosity.  

The third role is that the porosity might serve like the occluded regions of a pit 
or crevice [69]. This facilitates the corrosion of the coating in regions adjacent to 
pores and accelerates the interconnection of the isolated pores. It is known that 
pitting propagates as an extreme solution condition (low pH) is developed and 
kept within a localized zone [73]. Thus, it is pertinent to mention that the 
corrosive medium can penetrate the closed pores by a winding path during long-
term corrosion process.  
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4. Coating characterization techniques 

Many characterization techniques are available to investigate the TSCs [74]–[77], 
however, only those which are within the scope of this work are presented in this 
chapter. Figure 4-1 briefly describes different types of the characterization 
techniques used in this work.  

 

Figure 4-1: Characterization techniques used to study the coatings. 

4.1. Microstructural and topographical analysis of 
the bi-layer coatings 
The microstructures of the top coat and the different intermediate layers 
developed in this study were examined using a scanning electron microscope 
(SEM) and an optical microscope (OM). As most of the focus in this study was 
on the intermediate layers development, the top coat’s microstructure analysis was 
not extensively studied. 
Cross-sections of the coatings were metallographically prepared for microstructure 
characterization. The morphology of the specimens was evaluated with a Hitachi 
SEM (TM3000, Tokyo, Japan) equipped with EDS. The phases of the top and 
intermediate layers before and after corrosion tests were characterized by XRD 
using an X'Pert PRO diffractometer (Kristalloflex D500, Siemens, Germany) with 
Cu K  nm) radiation and a range of diffraction angles  between 
25° and 80°. The surface roughness of the coatings was measured using a stylus-
based profilometer (Surftest 301, Mitutoyo, Japan).  
Hardness measurements were performed on the polished cross-sections of the 
coatings according to the ASTM E384 standard with a Vickers indenter 
(Shimadzu, HMV-2, Tokyo, Japan) using a load of 0.3 kg and dwell time of 15 s.  
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Prior to the microstructure study in a microscope, it is very critical to prepare the 
samples by proper metallographic techniques. Typically, sample preparation of 
as-sprayed coatings comprises cutting, mounting in a low viscosity epoxy resin, 
grinding and polishing the samples manually or using semi-automated machine. 
The standard procedure is presented in detail elsewhere [78].  

Image analysis method is widely used for the assessment of the coating porosity 
due to its accessibility, simplicity, and the ability to measure the porosity given by 
closed pores which most of the other techniques cannot perform [79], [80]. This 
method quantifies porosity by image analysis on the cross-section of the coated 
sample obtained by an optical microscope (OM) or a scanning electron 
microscope (SEM). In practice, after metallographic preparation, the as-sprayed 
samples are subjected to porosity measurements using an image analyzer with the 
open access ImageJ software based on ASTM standard B276. In the present work, 
the porosity is measured by converting the micrographs (taken from Olympus 
BX60M optical microscope) into binary images and quantifying the percentage of 
dark areas in these images, as seen in Figure 4-2. 

a) a typical SEM micrograph of 
the cross-section of the coating 

 
b) binary image 

Figure 4-2: Image analysis technique used to measure the porosity level of the coatings. 

4.2. Corrosion testing 

 Immersion and salt spray testing 

Immersion corrosion test and weight loss measurement were performed 
according to the ASTM standard G31. Freestanding coatings were immersed in 
200 ml of 0.1 M HCl test solution. To produce freestanding coatings, the 
substrates were mechanically removed from their coatings using a metallographic 
cutting machine. Any remaining steel on the coating was chemically dissolved by 
precise dissolution in boiling nitric acid at 85°C. The weight of the samples was 
precisely measured before and after the immersion. The immersion test 
proceeded for 240 h at the solution temperature of 24±0.1 °C in a thermostated 
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bath. The specimens were cleaned with distilled water/acetone and then dried at 
room temperature. An analytical balance (precision of ±0.1 mg) was utilized to 
measure the weight loss. The schematic drawing of the immersion test is shown 
in Figure 4-3. 

For salt spraying test, both as-sprayed and freestanding samples were placed in 
the salt spray test chamber at the temperature of 25±0.1°C under an aqueous 
spray (5 wt% NaCl solution with the pH between 6.5 and 7.2) at the rate of 1–2 
ml/h.80 cm2 based on ASTM standard B 117. The schematic drawing of the salt 
spray chamber can be seen in Figure 4-4. The samples were taken after 240 h and 
the corrosion of the coatings was measured according to the corresponding 
standard. 

 

Figure 4-3: Schematic view of the immersion test in 0.1M HCl at 25 °C. 

 

Figure 4-4: Schematic view of the salt spray test. 
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 Electrochemical testing methods  

A potentiostat/galvanostat attached to a three-electrode-electrochemical cell was 
used for electrochemical corrosion testing. The cell consists of working electrode, 
counter electrode and reference electrode in the electrolyte.  

The main components of an electrochemical cell are shown in Figure 4-5. While 
the potentiostat controls the potential difference between the working and the 
reference electrodes, the current is measured between the working and the 
counter electrodes [52]. A saturated calomel electrode (SCE) is used as a reference 
electrode. The working electrode is the coated sample whose corrosion behavior 
is of interest. A platinum strip (1×5×5 mm3) is used as counter electrode. 

  
Figure 4-5: Three-electrode electrochemical cell used for electrochemical study. 

i) Open-circuit potential (OCP) 

The OCP is defined as the potential difference between the working electrode 
(coating) and the reference electrodes (standard electrode) in an electrolyte. There 
is no potential or current being applied to the cell. The OCP is measured once 
the electrolyte reaches its steady state and there is no current flow between the 
cathode and anode, see Figure 4-6. The term OCP is interchangeable with Ecorr, 
rest potential and freely corroding potential. The OCP measurement is the easiest 
test in electrochemical testing which provides some thermodynamic information 
about the corrosion mechanisms. The equipment required to perform OCP test 
includes a stable reference electrode with a potentiostat or reference electrode 
with a high impedance potentiometer. The OCP measurements can be performed 
over a period of time to determine how long is taken for the sample to reach a 
stable state. The basic use of the OCP vs. time experiment is to achieve a stage 
where OCP become approximately constant with time [52]. The OCP shifts 
towards positive value for passive materials (less corrosion) and transfers towards 
negative values when corrosion begins [52]. Based on the information obtained 
from only OCP, it is impossible to draw conclusions about the corrosion 
mechanism, hence the OCP test is combined as a complementary test with 
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polarization resistance or other electrochemical techniques. In the present study, 
the OCP was monitored for 3 hours in 3.5 wt% NaCl solution at 25±0.1°C. 
 

 
Figure 4-6: Schematic view of the OCP technique. 

ii) Potentiodynamic polarization 

Potentiodynamic polarization is a commonly used corrosion test to study the 
mechanism and the rate of corrosion reaction. Kinetic and thermodynamic 
information such as corrosion rate, pitting susceptibility, and passivity can be 
determined [52]. Potentiodynamic polarization is sweeping the half-cell potential 
away from the OCP to more positive and more negative potentials. In cathodic 
polarization, electrons are supplied using an external DC source, whereas in 
anodic polarization electrons are drained by a potentiostat. The reactions taking 
place at counter (platinum) and working (coating) electrodes depend on the 
applied potential between the working and reference electrodes, see Figure 4-7. 
An applied potential, which is more positive than the OCP will stimulate the 
dominant anodic reactions at working electrode and the dominant cathodic 
reactions at counter electrode [67].  

 

Figure 4-7: Schematic view of the potentiodynamic polarization technique. 
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In the present study, an exposed surface area of 0.2 cm2 was used for carrying out 
electrochemical testing. Prior to each measurement, the samples were soaked in 
the electrolyte at the OCP for 1 h to be adequate to gain a steady state. The 
polarization curves were generated at the scanning rate of 0.2 mV.s-1 by scanning 
the potential range that varied from -250 to +2000 mV (vs. OCP). Three 
polarization tests were performed to ensure the reproducibility and reliability of 
the data. Reasonable accuracy was ensured by considering three criteria as 
presented below [81]: 

(i) The Tafel region was extended over a current density range of at least one 
order of magnitude, to exclude conflict from concentration polarization and other 
extraneous effects. 

(ii) If a linear region extending over a current density range of one order of 
magnitude could not be found in the anodic curve (a common fact in anodic 
polarization, due to the solution impurity or corrosion product precipitation on 
the surface), then Tafel extrapolation was only applied to the cathodic polarization 
curve. 

(iii) At such a medium pH (∼6), only one reduction process was considered, 
namely the reduction of water molecules. The hydrogen reduction is only likely 
to occur at low pH (below 4) [52].  

The Zview software was used for calculations of anodic (βa) and cathodic (βc) Tafel 
constants required for polarization resistance calculations. The polarization 
resistance (Rp) of the coating was calculated with the Stern-Geary eq. (1) [82]: 

𝑅𝑅𝑝𝑝 = dE
di

= 1
𝑖𝑖𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝛽𝛽𝑎𝑎𝛽𝛽𝑐𝑐
2.303(𝛽𝛽𝑎𝑎+𝛽𝛽𝑐𝑐)

     (1) 

where icorr (A.cm-2)=corrosion current density, βa and βc (V. dec-1)=anodic and 
cathodic Tafel slopes respectively. 

iii) Electrochemical impedance spectroscopy (EIS) 

The EIS testing offers an advanced method to evaluate the performance and 
barrier properties of metallic coatings [83]. While polarization test is destructive 
as it applies potential to accelerate the corrosion reactions on the sample, the EIS 
technique is a non-destructive testing method. The technique is very sensitive to 
resistive-capacitive nature of the coating and electrochemical interface. The EIS 
can distinguish between resistive properties of the coatings or passive film 
because of its ionic/electronic capacitive nature and thickness [99]. Different 
process taking place over a period of time for metallic coating can also be tested 

28 
 



COATING CHARACTERISTICS TECHNIQUES 
 

by EIS [84]. Any process, which alters the electrical characteristics of the system, 
can be studied by EIS.  

The electrode study by potentiodynamic polarization test involves applying a large 
perturbation using an external DC source and measuring the transient currents, 
whereas in EIS a small AC-signal is applied to study the system response at the 
steady state [52]. In a DC circuit, the resistance (R) is the ability of the circuit 
element to offer hindrance to electron flow. The ideal resistor can be defined by 
Ohm’s law and is independent of frequency (f). However, in real circuits, elements 
behave in a much complex way. Changing the DC to AC current, resistance (R) 
is replaced by a more general parameter, impedance (Z), as given in eq. (2). As the 
applied potential in AC current is sinusoidal, the current response will also be 
sinusoidal, see Figure 4-8.  

𝑍𝑍(𝜔𝜔) = 𝐸𝐸𝑡𝑡
𝐼𝐼𝑡𝑡

= 𝑍𝑍0 exp(𝑖𝑖𝑖𝑖) = 𝑍𝑍0(𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 + 𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖)  (2) 

where ω (radian/s)=radial frequency and equal to 2πf (f=frequency expressed in 
Hertz), and θ=phase shift (radian). The expression of Z is composed of a real (Z״) 
and an imaginary (Z׳) terms. 

 

Figure 4-8: Schematic view of the EIS technique. 

The TSCs may contain regions of different composition, oxide, pores, and cracks. 
Depending on the amount of the defects in the coatings, defects display a 
characteristic appearance in the Z spectra. The corrosion begins at coating 
electrolyte interface, which leads to galvanic corrosion due to different phases or 
penetration of solution/ions towards the substrate [52]. The rate of corrosion at 
coating substrate depends on the transport of corrosion species through the 
coating. This makes the corrosion process more complex, hence EIS is sometimes 
preferred over other DC electrochemical technique to study and distinguish 
different corrosion processes taking place in a system [85]. The EIS has previously 
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been used to study oxide growth as a function of temperature, evaluation of paint 
coating, and corrosion processes taking place due to interconnected porosity. In 
the present work, the EIS was used to correlate the microstructure characteristics 
of the coatings to their electrical response. 

The given EIS raw data is presented either in the Bode plot or the Nyquist plot 
[52]. In Bode plot, Z and theta ( ) can be plotted on the common f axis or Z vs. 
 on separate plots. The Nyquist plot is presented between the real (Z ) and the 

imaginary (Z ) components of Z. Each part of the impedance spectra is 
representing a specific feature of the system response. A horizontal line in the 
Bode impedance plot indicates that the system impedance is dominated by a 
resistor (R). Increase and decrease in Z with decrease in f represent capacitor (C) 
and inductor (L) behaviors respectively. These properties can also be defined 
from the Bode theta plot i.e. output current stays in phase for resistor while a 90° 
lead and lag occurs in C and L respectively. A semi-circle appearing in the Nyquist 
plot means that there is only one process involved in the investigated f range. 
More than one semi-circle appears when more process with sufficiently different 
time constants are involved. The semi-circle is generally depressed, indicating that 
C behavior is non-ideal. The non-ideal C is attributed to surface roughness (Ra), 
heterogeneous corrosion or presence of more than one polarization mechanisms 
[86]. 

In the present study, EIS measurements were performed using an IVIUMSTAT 
Impedance Analyzer (IVIUMSTAT, IVIUM, the Netherlands) with an AC 
amplitude of the sinusoidal deviation of 10 mV and with a frequency of 10 to 100 
kHz at OCP to study the corrosion mechanisms and quantitatively evaluate the 
corrosion behavior of the coating systems. The Nyquist curves were plotted to 
quantify and compare the electrochemical parameters such as the ohmic 
resistance (R ), double-layer capacitance (Cdl), etc. The computer was equipped 
with an IVIUMSTAT software analyzer to collect data and the Zview program to 
obtain the values of the parameters suggested by the electric circuit model. Fresh 
solution and fresh samples were used for each measurement. Three EIS tests were 
performed on each type of samples to ensure the reproducibility and reliability of 
the data. 

 Complementary use of the electrochemical techniques  

The results of various electrochemical techniques confirm each other and help to 
develop a fundamental understanding of corrosion mechanisms particularly in 
TSCs. The OCP results supported by potentiodynamic polarization curves give a 
better certainty for corrosion ranking of various coatings in terms of the 
thermodynamics. The potentiodynamic polarization curves provide the average 
corrosion performance of the coating with some limitations of charging current 
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and ohmic drop. However, if the electrochemical response of the different 
microstructures is of high interest, it is impossible to get the desired results from 
potentiodynamic polarization curves. The EIS will be a better candidate method 
to acquire the desired corrosion parameters. It is worth noting that the non-steady 
state in corrosion process adds errors into final EIS results, which makes the EIS 
results useless. It is possible to study complex corrosion study by EIS and 
correlate individual microstructural features to their electrochemical response. 
Hence, complementary use of electrochemical techniques are contributing to 
better understanding of the corrosion processes [87].  
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5.  Electrochemical characteristics of the 
bi-layer coatings – the influence of the 
intermediate layer’s microstructure and 
chemical composition  

As discussed in the previous chapters, the corrosion behavior of Cr3C2-NiCr top 
layer is affected by (a) porosity, (b) galvanic effect between the Cr3C2 and the NiCr 
metallic binder, and (c) galvanic effect between the matrix regions of higher Cr3C2 
concentration (subsequently lower NiCr concentration) and the matrix regions of 
higher NiCr concentration (subsequently lower Cr3C2 concentration), as can be 
seen in Figure 5-1. The NiCr was more anodic than Cr3C2 in the HVAF bilayer 
coatings investigated in this study [63]. Therefore, the dissolution of the NiCr in 
the galvanic couple was expected to be more intensive in relation to the dissolution 
of single NiCr. Conversely, the dissolution of the Cr3C2 was expected to be 
hindered owing to cathodic protection by the NiCr. It means that if there are only 
closed pores in the HVAF-sprayed Cr3C2-NiCr coating, corrosive ions could find 
their paths by corroding the NiCr metallic binder and making the pores 
interconnected. In this context, the bi-layer coatings were developed by adding an 
intermediate layer beneath the Cr3C2-NiCr coating to address the above-
mentioned corrosion challenges. 

 

Figure 5-1: Corrosive ion penetration paths, cathodic and anodic sites within the single-
layer Cr3C2-NiCr coating after immersion testing at 24°C for 240 h. 
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Once the electrolyte penetrates through the top layer, the corrosion resistance is 
variably associated with the electrochemical properties of the intermediate layer 
mainly defined by its chemical composition and microstructure. In this chapter, 
the effect of these two critical characteristics of the intermediate layer is discussed.  

5.1. Effect of coating composition on corrosion 
The effect of coating’s composition on corrosion resistance was studied in Paper 
A. In this study, HVAF-sprayed Fe- and Co-based coatings were studied in 3.5 
wt% NaCl at room temperature. The paper aimed to answer the RQ1 in which 
how a single-layer coating with different chemistries enhances the corrosion 
resistance.  
A great motivation behind the study was to evaluate Fe-based coatings as a cheap 
and environmentally friendly alternative to costly and environmentally hazardous 
Co-based coatings for corrosion protection applications. High-alloyed Fe-based 
coatings containing a moderate level of alloying elements such as Cr or Ni are of 
high interest for demanding corrosion applications [57].  
The typical microstructures of the Fe- and Co-based coatings sprayed by HVAF 
process are shown in Figure 5-2. The coatings presented different microstructural 
features such as porosity, inter-lamellar boundaries, etc. which adversely affect the 
corrosion behavior. The high icorr and low Ecorr values of both coatings from the 
polarization test confirmed that these chemistries are unable to provide good 
corrosion protection in the corrosive environment, as seen in Figure 5-3. 

 
Figure 5-2: Back-scattered SEM micrographs of cross sections of as-sprayed (a) Fe-

based (b) Co-based coatings. 

 

 

a b 
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Figure 5-3: Potentiodynamic polarization plots of the Fe- and Co-based coatings 
immersed in 3.5 wt% NaCl, at 25 °C. 

The corrosion results showed that the Fe-based coating could be a proper 
alternative to the Co-based coating. However considering both the microstructure 
and polarization results which indicate the need for extensive optimization of 
both microstructure and feedstock composition, it was decided to search and 
investigate other coating chemistries, such as Ni-based alloys, which may allow 
denser coatings with better corrosion behavior.  

Paper B also aimed at answering the RQ1 new feedstock materials were 
investigated i.e. Ni-based alloys, and also how the microstructure of a single-layer 
coating is affected when different thermal spray methods are employed and hence 
how the microstructure can affect the corrosion resistance. 

In this study, formerly optimized HVOF and APS Ni, NiCr and NiAl coatings 
were compared with those sprayed by HVAF in terms of microstructure and 
corrosion resistance. As on the HVAF coatings no prior optimization was carried 
out different microstructures were developed by altering the HVAF spraying 
process parameters to produce dense and well-adherent coatings. The structure 
and properties of the coating were analyzed to form a link among process 
parameters, coating structure, and corrosion behavior. The microstructure of 
APS-, HVOF-, and HVAF-, sprayed Ni, NiCr, and NiAl coatings produced are 
shown in Figure 5-6, Figure 5-5, and Figure 5-6 respectively. As it can be seen, the 
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least and most porous microstructures were deposited using the HVAF and APS 
processes respectively. The highest density of the HVAF coatings is attributed to 
the low temperature and high velocity of in-flight particles impacting the 
substrate.  

 

Figure 5-4: Back-scattered cross-sectional SEM micrographs of APS coatings, a) Ni, b) 
NiCr, and c) NiAl. 

 

Figure 5-5: Back-scattered cross-sectional SEM micrographs of HVOF-sprayed 
coatings, a) Ni, b) NiCr, and c) NiAl. 

 

Figure 5-6: Back-scattered cross-sectional SEM micrographs of HVAF-sprayed coatings, 
a) Ni, b) NiCr, and c) NiAl. 

The XRD patterns of Ni, NiCr and NiAl powders and the corresponding as-
sprayed coatings produced by APS, HVOF and HVAF are shown in Figure 5-7. 
Less amount of in-situ oxides during spraying was observed in the HVAF process.  
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Figure 5-7: XRD patterns of Ni, NiCr and NiAl powders and the corresponding as-
sprayed plasma, HVOF and HVAF coatings. 

The polarization results of the different Ni-based coatings sprayed by the three 
processes are presented in Figure 5-8. The HVAF-sprayed Ni-based coatings 
presented the best corrosion behavior, revealing that they are superior to the other 
tested coatings from both feedstock composition and microstructure points of 
view. It was concluded that these coatings will be used as the intermediate layer 
in the further investigation on the bi-layer coatings. 
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Figure 5-8: Potentiodynamic polarization plots of the a) Ni, b) NiCr, and c) NiAl 
coatings immersed in 3.5 wt% NaCl, at 25 °C. (O represents HVOF, P represents APS, 

and Numbers represents different process parameters in HVAF). 
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5.2. Corrosion behavior of bi-layer coatings 
Paper C aimed at answering RQ2 thus it focused on figuring out the critical 
characteristics of the intermediate layer in a bi-layer coating system for improving 
its corrosion resistance. The bilayer coatings systems consisted of a HVAF-
sprayed Ni coating as intermediate layer and a HVAF Cr3C2-NiCr top layer. The 
suppressing effect of a dense intermediate layer on the corrosion propagation 
towards the steel substrate was evaluated. The low icorr and high Ecorr values of the 
bi-layer coating in polarization curves, as shown in Figure 5-9, revealed that the 
Ni intermediate layer can successfully hinder corrosion into the substrate. It seems 
that compositional changes from the substrate to the top layer reduced the 
possibility of galvanic corrosion. 

 
Figure 5-9: Potentiodynamic polarization plots of the bare steel, single- and bi-layer 

coatings immersed in 3.5 wt% NaCl, at 25 °C. 

 Compositional effect of intermediate layer on 
corrosion behavior

Paper 4 aimed at answering the first part of RQ3 so the main focus was on 
studying the influence of the intermediate layer’s composition on the corrosion 
behavior of the bi-layer coating.  
The effect of various intermediate layers- i.e. Ni, NiCr, NiCoCrAlY, and 
CoNiCrAlY - - on the corrosion behavior of bi-layer coatings was studied in 3.5 
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wt% NaCl solution at room temperature. All intermediate layers as well as the top 
coat were sprayed by HVAF. 
As already discussed, the corrosion of the bi-layer coating could be controlled if 
the OCP of the intermediate layer would be higher than the OCP of the top layer. 
As seen in Figure 5-10, the higher OCP value of the NiCoCrAlY layer than that 
of the top layer’s, impedes the electrolyte to pass through the top layer and reach 
the top layer/intermediate layer interface, whereas in the Ni and NiCr 
intermediate layers, the OCP was lower than that of the top layer’s. In the former 
situation, the intermediate layer would be sacrificially protected by the top layer, 
thus in case of failure in the top layer, the intermediate layer still serves as a 
corrosion barrier. In the latter, once the electrolyte meets the intermediate 
layer/top layer interface, the intermediate layer corrodes which eventually permits 
the electrolyte to further penetrate and reach the substrate. Figure 5-10 also shows 
that the pure Ni coating cannot properly fulfil the requirements required for 
intermediate layers to protect the bi-layer coating against corrosion.  

Regarding the polarization curves in Figure 5-11, the lowest icorr was reported for 
Cr3C2-NiCr/NiCoCrAlY. Considering the values of Ecorr and icorr, the Cr3C2-
NiCr/NiCoCrAlY/304L (substrate) system showed superior corrosion resistance 
than the other coatings. The SEM results in Figure 5-12 show that the electrolyte 
penetrated through the interconnected pores of the Cr3C2-NiCr top layer and 
reached the top/intermediate layer interface. The corrosive ions penetrated 
through the Ni, NiCr and CoNiCrAlY intermediate layers, as these 
intermediate layers provided lower OCP than that of the Cr3C2-NiCr top layer’s.  

 
Figure 5-10: OCP of different coatings over 3 hours in the 3.5 wt% NaCl solution. 304L 

stainless steel was used as the substrate. 
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Figure 5-11: Potentiodynamic polarization plots of the samples, a) single-layer coatings, 

b) bi-layer coatings. All specimens were immersed in 3.5 wt% NaCl, at 25°C. 304L 
stainless steel was used as the substrate. 

Figure 5-12: Microstructure of samples corroded after 240-h immersion test at 24°C, a) 
Cr3C2-NiCr/Ni, b) Cr3C2-NiCr/NiCr, c) Cr3C2-NiCr/NiCoCrAlY and d) Cr3C2-

NiCr/CoNiCrAlY (back-scattered electron images). 
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It was found that although the Ni intermediate layer presented a better inter-
lamellar cohesion, and lower porosity compared to the other intermediate layers, 
the Ni itself was not inherently able to last in 3.5 wt% NaCl. The NiCr and 
NiCoCrAlY intermediate layers did not show a perfect coating in term of density 
compared to the Ni coating. However, the systems containing these intermediate 
layers presented better corrosion resistance than the Cr3C2-NiCr/Ni system. As 
the top layer/intermediate layer interface acted as an additional barrier to avoid 
the corrosion of the substrate, the electrolyte failed to penetrate easily through 
the splat boundaries of the intermediate layer. Formation of galvanic cells 
between the substrate and intermediate layers was also facilitated, as the Cr3C2-
NiCr was more anodic than, for instance, the NiCoCrAlY intermediate layer 
(based on OCP measurements shown in Figure 5-10). Therefore, if the electrolyte 
meets the intermediate layer through the defects of the top layer, the intermediate 
layer will be sacrificially protected by the top layer. 

Other works also suggested that Cr2+ and Al3+ could form a thin passive layer to 
control the corrosion [88]. A less porous coating as obtained in this study using 
the HVAF process, allows the Cr2+ and Al3+ to easily diffuse further to the 
corroded sites where the passive film is supposed to form. Consistent with the 
OCP results, the simultaneous addition of Cr2+ and Al3+ to Ni-based coatings 
provided a cathodic intermediate layer, which was highly beneficial for the bi-layer 
coating with the Cr3C2-NiCr top layer. The composition of NiCoCrAlY coating 
encouraged the formation of the γ-NiCoCr and β-NiAl phases and also defects 
within the coating (which are not good in term of pitting). However, a full support 
of the passive layer by Cr and Al together compromised the effect of coating’s 
defects and undesired galvanic couples. 
 
Figure 5-13 shows a schematic view of bi-layer coatings with different settings in 
terms of galvanic coupling between the top and intermediate layers. It shows that 
the OCP (or Ecorr) of the intermediate layer affects the corrosion behavior of the 
bi-layer coatings. The severity of corrosion depends on the magnitude of the 
potential differential (ΔE=E𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑐𝑐 − E𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖𝑐𝑐𝑝𝑝 𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑐𝑐 between the top layer 

and intermediate layer. Higher E𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑐𝑐  than E𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑖𝑖𝑐𝑐𝑝𝑝 𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖𝑐𝑐 ensures that the 
intermediate layer is sacrificially protected by the top layer, therefore the lifetime 
of the coating system will be longer. 
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Figure 5-13: Schematic view of bi-layer coatings with different configurations, a) Ecorr of 
the intermediate layer is higher than OCP of the top layer, b) OCP of the top layer is 

higher than that of the intermediate layer. 

 Microstructure effect of intermediate layer on 
corrosion behavior 

Paper E aimed at answering the second part of RQ3 which focused on 
investigating if altering the intermediate layer’s microstructure the corrosion 
resistance of the bi-layer coating could be enhanced.  
Therefore, single-layer NiCr, NiAl, and NiCoCrAlY and double-layer Cr3C2-
NiCr/NiCr, Cr3C2-NiCr/NiAl and Cr3C2-NiCr/NiCoCrAlY coatings were 
deposited by HVAF process. The chromia forming coating of Ni20Cr showed 
more positive value of OCP compared to alumina forming coating of Ni5Al, thus 
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the former revealed a better protection of the substrate, thermodynamically. The 
high corrosion protection of the NiCoCrAlY coating was due to the 
homogeneous alloy composition without significant forming of macro-galvanic 
cells. 
 
Corrosion growth mechanisms in different single-layer coatings can be seen in 
Figure 5-14. The figure shows that while corrosive ions can only penetrate 
through the inter-lamellar boundaries surrounding one NiCoCrAlY particle, 
corrosion can grow through both the lamellae boundary and inside of the particles 
in NiCr and NiAl coatings. The Ni phase in NiCr and NiAl was unable to tolerate 
the corrosive environment not only because of the low corrosion resistance of 
Ni, but also due to a great number of microgalvanic cells that formed between Ni 
and alloying elements like Cr or Al in the corresponding coatings. In the 

- -NiAl) which 
most probably have Ecorr close to each other resulted in corrosion propagation 
through the splat boundaries around a single NiCoCrAlY particle. Therefore, the 
high corrosion protection by the NiCoCrAlY coating was due to the 
homogeneous alloy composition without forming of macro-galvanic cells [89].  
 

 

Figure 5-14: Backscattered cross-sectional SEM micrographs of corroded samples in 3.5 
wt% NaCl at 25°C, a) single-layer NiCr, b) single-layer NiAl and c) single-layer 

NiCoCrAlY coatings.
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6. Summary of appended publications 

Paper A- A Comparative Study of Corrosion Resistance for HVAF-Sprayed 
Fe- and Co-Based Coatings 

Author contribution: As the main author, Esmaeil Sadeghimeresht has 
performed all the experimental characterization, analyzed all the results, designed 
the structure of the article, and had the main responsibility in writing it. The co-
authors contributed in formulating concepts and ideas, planning the project, 
spraying and article editing. 
Connection to the research questions: The paper aimed to find some answers 
on how a single-layer coating with different chemical compositions enhance the 
corrosion resistance of the coating which relate to RQ1.  
Summary: Corrosion is considered as one of the most serious problems in many 
industrial components, resulting in catastrophic failure, economic loss, and 
personal injury. To address these problems, many efforts have been made to 
produce high-performance Co-based coatings providing improved corrosion 
resistance to a component. However, the drawbacks of Co in terms of cost and 
environmental restriction have increased the interest to find other materials. 
High-alloyed Fe-based coatings containing a sufficient level of alloying elements 
such as Cr or Ni would be a cheaper and more environmentally friendly 
alternative to the Co-based coatings of specific interest in high demanding 
applications.  
The promising results with the HVAF process make it of interest to study 
corrosion behavior of high- and low-alloyed Fe-based coatings produced by 
HVAF as a potential alternative to Co-based coatings. In this study, both Fe- and 
Co-based coatings were deposited by the HVAF process and their microstructure 
and corrosion behavior investigated and compared. 

Paper B- Comparative study on Ni-based coatings prepared by HVAF, 
HVOF, and APS Spraying for corrosion protection applications  

Author contribution: As the main author, Esmaeil Sadeghimeresht has 
performed all the experimental characterization, analyzed all the results, designed 
the structure of the article, and had the main responsibility in writing it. The co-
authors contributed in formulating concepts and ideas, planning the project, 
spraying and article editing. 
Connection to the research questions: The paper aimed to find some answers 
on how well a single-layer Ni-based coating could be deposited by different 
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thermal spray methods and what is the relationship between the microstructure 
and corrosion behavior which relate to RQ1.  
Summary: The second paper was a continuation of the study presented in paper 
A. In this study, formerly optimized HVOF and plasma spraying Ni, NiCr and 
NiAl coatings were compared with HVAF sprayed coatings in terms of 
microstructure and corrosion resistance. The microstructure of the coatings was 
optimized by altering the HVAF spraying process parameters to produce dense 
and well-adherent coatings for corrosion protection. The structure and properties 
of the coating were analyzed to understand the link between process parameters, 
coating structure, and corrosion behavior. 

 
Paper C- Corrosion performance of bi-layer Ni/Cr3C2–NiCr HVAF thermal 
spray coating 

Author contribution: As the main author, Esmaeil Sadeghimeresht has 
performed all the experimental characterization, analyzed all the results, designed 
the structure of the article, and had the main responsibility in writing it. The co-
authors contributed in formulating concepts and ideas, planning the project, 
spraying and article editing. 
Connection to the research questions: The paper aimed to find some answers 
on how a dense coating could enhance the corrosion resistance of a bi-layer 
coating which relate to RQ2.  
Summary: In the present work, the HVAF-sprayed Ni coating was added as an 
intermediate layer to the HVAF Cr3C2-NiCr top layer to evaluate the suppressing 
effect of the dense intermediate layer on the corrosion propagation towards the 
steel substrate. This was part of a broader study, which aimed to investigate 
whether HVAF bi-layer coatings could be used as the improved protection 
solution of steel components in corrosive working environments. The 
intermediate layer successfully prevented corrosion into the steel substrate in the 
case of surface passive film disruption. Compositional step changes from the 
substrate to the top layer reduced the possibility of galvanic corrosion. 
 
Paper D- Microstructural and electrochemical characterization of Ni-
based bi-layer coatings produced by HVAF process 

Author contribution: As the main author, Esmaeil Sadeghimeresht has 
performed all the experimental characterization, analyzed all the results, designed 
the structure of the article, and had the main responsibility in writing it. The co-
authors contributed in formulating concepts and ideas, planning the project, 
spraying and article editing. 
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Connection to the research questions: The paper aimed to find answers on the 
intermediate layer composition’s relevance on the corrosion behavior of a bi-layer 
coating which relate to RQ3.  
Summary: In the present study, the effect of various intermediate layers with 
different elemental compositions and microstructures, on the galvanic potentials 
between the top layer, intermediate layer and substrate. Hence, Ni, NiCr, 
NiCoCrAlY, and CoNiCrAlY coatings were individually deposited by HVAF 
spraying as an intermediate layer to the Cr3C2-NiCr top layer. Propagation 
mechanisms of corrosion towards the substrate were studied through OCP, 
potentiodynamic polarization and electrochemical impedance spectroscopy in 3.5 
wt% NaCl solution, as well as an immersion test in 1.0M HCl solution. The results 
showed that the electrolyte penetrated through the interconnected pores of the 
Cr3C2-NiCr top layer and reached the top/intermediate layer interface. The 
corrosive ions penetrated through the Ni, NiCr and CoNiCrAlY intermediate 
layers, as these intermediate layers provided lower Ecorr than that of the Cr3C2-
NiCr top layer.  
 
Paper E- Bond coat microstructure effect on corrosion behavior of HVAF-
sprayed bi-layer coatings 

Author contribution: As the main author, Esmaeil Sadeghimeresht has 
performed all the experimental characterization, analyzed all the results, designed 
the structure of the article, and had the main responsibility in writing it. The co-
authors contributed in formulating concepts and ideas, planning the project, 
spraying and article editing. 
Connection to the research questions: The paper aimed to find answers on 
importance of the intermediate layer’s microstructure on the corrosion behavior 
of the bi-layer coating which relate to RQ3.  
Summary: In this study, single-layer NiCr, NiAl and NiCoCrAlY and double-
layer Cr3C2-NiCr/NiCr, Cr3C2-NiCr/NiAl and Cr3C2-NiCr/NiCoCrAlY coatings 
were deposited by HVAF process. The effect of microstructure, defects and 
phases on corrosion mechanisms were comparatively studied through OCP and 
polarization techniques in 3.5 wt% NaCl solution and SEM analysis. The chromia 
forming coating of Ni20Cr showed more positive value of OCP compared to 
alumina forming coating of Ni5Al, thus it revealed a better protection of the 
substrate by the NiCr coating, thermodynamically. The high corrosion protection 
of the NiCoCrAlY coating was due to the homogeneous alloy composition 
without forming significant macro-galvanic cells.
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7. Conclusions 

-While high-alloyed Fe-based coatings showed better corrosion behavior than Co-
based ones, the corrosion results of both coatings showed low corrosion 
protection. As further microstructure optimization failed in reaching a very high 
density of these coatings (that is the requirement for better corrosion protection), 
the study was directed towards Ni-based coatings, as this type of coatings could 
provide less porous microstructure. 
-Three thermal spray techniques and feedstocks with different chemistries were 
employed to spray Ni-based coatings with different microstructures. APS coatings 
showed large defects in the coating microstructure, in particular high porosity. 
The pores facilitated channels forming for electrolyte that reached the substrate 
quite quickly. The test results showed low OCP of the coating so that bad 
corrosion resistance. HVOF-sprayed coatings exhibited a wider range of 
corrosion behavior. Some coatings showed corrosion behavior close to that of 
the substrate’s, while others exhibited a better corrosion performance. The 
corrosion behavior was directly related to the evolution of microstructure and 
porosity level. This in turn was dependent on the processing parameters selected 
for spraying. Presence of defects undermined the corrosion behavior of the 
coating by decreasing the OCP and increasing the icorr values. HVAF-sprayed 
coatings showed the densest coatings and highest OCP values compared to the 
other spraying techniques. Although in a low amount, the presence of the pores 
still diminished the corrosion resistance of the coating. HVAF process 
optimization was carried out by studying the effect of different spray parameters 
on porosity. Less porous microstructures and high OCP values were achieved 
with the optimized HVAF coatings. 

-The OCP of the intermediate layer determines the corrosion behavior of the bi-
layer coating. Higher OCP of the intermediate layer than that of the top layer 
leads to a galvanic couple which favors the intermediate layer to be sacrificially 
protected. In this situation, corrosion diffusion is stopped at the intermediate 
layer/top layer interface.  

-Both microstructure and chemical composition of the intermediate layer affect 
the corrosion behavior of the bi-layer coatings. The chemical composition had 
higher proportion to the corrosion protection; however, the effect of defects in 
TSCs cannot be neglected.  

-The defects reduced the diffusion rate of beneficial elements like Cr to form the 
passive layer, helped the corrosive agents to diffuse rapidly, provided galvanic 
couples, and caused Cr-depletion, etc.  
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-A desired the intermediate layer microstructure (less defects and higher density) 
enabled to focus on the next important step of the study, which was chemical 
composition of the intermediate layers.  

-Addition of alloying elements such as Cr or Al improved the corrosion behavior 
of the coating. The NiCr or NiCoCrAlY coatings presented higher content of 
defects but better corrosion behavior than the denser Ni coating. The passivation 
by Cr was shown to be better than Al in room temperature.  

-The most promising coating system to be used for industrial applications is 
Cr3C2-NiCr top layer with an intermediate layer of NiCoCrAlY coating. 
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8. Future work  

The present study mainly aimed to understand the effect of the intermediate 
layer’s microstructure and composition on corrosion behavior of bi-layer 
coatings. To extend the present study and gain better knowledge on the 
applicability of the bi-layer coatings under different conditions the following 
studies can be pursued: 

1) Variations in ambient conditions 

The present corrosion studies were mainly performed in NaCl solution at room 
temperature. In future, the studies will be carried out under varying temperature, 
oxygen content, and pH, which may have influences on corrosion rate of the 
coatings.  

2) Advanced characterization techniques could be used such as X-ray 
photoelectron spectroscopy (XPS) or grazing incidence X-ray diffraction.  

These characterization techniques will help to better understand the formation of 
different complex corrosion products during corrosion processes. In TSCs, the 
influence of passivation elements such as Cr can be studied by XPS as this 
technique is a highly surface sensitive research tool in corrosion science. It 
provides unambiguous chemistry and detailed mechanism of the corrosion 
process that takes place on the surface.  

3) Post treatment effect on corrosion behavior of the intermediate layer 

Complete removal of pores in the intermediate layer is very difficult. The presence 
of pores reduces the corrosion resistance of the coatings. In a future study, 
different techniques to close the pores such as laser sealing, polishing, and heat 
treatment can be investigated. 

4) Corrosion studies of amorphous thermal spray intermediate layers 

In the present study, all the produced coatings are in crystalline state. Amorphous 
material will show no grain boundaries. Accordingly, the concept of 
interconnected pores is weak and corrosion studies of such coatings may reveal 
the capability of the amorphous coatings in corrosion resistance applications. 

5) Corrosion studies at high temperature 
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The present work focused on increasing the corrosion resistance of coatings at 
low-temperature applications. However, the screening study of the coating 
microstructures showed that the coatings might be protective in high-temperature 
applications as well.  
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Corrosion Behavior of HVAF-Sprayed Bi-Layer 
Coatings
Corrosion of engineering alloys occurs in most of the industrial environments, which 
costs billions of dollars. Therefore, devoting more resources on corrosion protection is a 
straightforward approach. Implementing protective coatings aims to get proper surface 
properties at low cost. This can be performed by depositing a thin layer of a high quality 
coating material on cheap substrates instead of using only expensive bulk alloys. The su-
perior corrosion/wear resistant properties while keeping the cost low can be achieved by 
HVAF thermally sprayed coating process. Despite the improved properties of the HVAF 
coatings, the corrosion resistance of the coating is generally lower than its equal bulk 
material, which is mainly due to the presence of defects within the coating. Researchers 
have tried to increase corrosion resistance of the coating by modifying the spraying pro-
cess parameters to reduce the defects. The corrosion performance of the coatings was 
improved but further added to processing cost. Adding an intermediate layer of a metal-
lic coating between the coating and substrate offers an excellent corrosion protection of 
the component. In this research work, an extensive study has been performed to find the 
proper combination of chemical compositions, spray processes, and optimized process 
parameters to get an intermediate layer with the highest compliance to the bi-layer coat-
ings. Further, the complementary use of basic corrosion test methods (e.g. salt spray and 
immersion tests) with more advanced electrochemical techniques (e.g. potentiodynamic 
polarization, OCP, and EIS) is performed to provide deeper insight of corrosion processes 
taking place at HVAF-sprayed bi-layer coatings.
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