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ABSTRACT 

Society is becoming more aware of the climate change issue and legislation has been 
put in place to reduce CO2 emissions. The energy industry is making big efforts to 
phase out coal by replacing it with opportunity fuels such as biomass and waste. The 
combustion of biomass and waste in boilers often causes the release of corrosive 
chlorides inside the boiler. As they are deposited on the surfaces of heat exchangers, 
they can cause severe corrosion damage, by an accelerated mechanism known as 
“chlorine-induced active corrosion”. Moreover, material degradation is often 
exacerbated by erosive solid particles present inside the boiler. The application of 
protective coatings is a common procedure to reduce material wastage and increase 
a component’s lifetime. Nickel-based Alloy 625 thermally sprayed coatings are a 
common solution for corrosion protection when hardmetal coatings are used in 
erosive environments in boilers. Although the mechanism of high-temperature 
corrosion has been widely studied, the way it takes place in the complex 
microstructure of thermally sprayed coatings is still unclear. To investigate these 
aspects, the present research aims to correlate the microstructural properties of 
thermally sprayed coatings with their high-temperature corrosion behaviour. The 
coatings were studied in laboratory using an oven test and thermal analyses under 
KCl deposit and on a full-scale boiler using an air-cooled probe. 

Multiple microstructures types for Alloy 625 were obtained by depositing the 
coatings with different thermal spray methods such as HVOF, HVAF, TWAS and 
CS. All of the Alloy 625 coatings showed excellent corrosion resistance. 
Microstructures with intersplat interfaces without open porosity were shown to have 
a great beneficial effect on protection. Such features were achieved by high levels of 
particle melting, which was obtained by the TWAS and HVOF processes.  

In some situations, both erosion and corrosion resistance is necessary. Carbide-
based materials are regarded as highly resistant to erosion wear. However, their 
corrosion rate is known to be accelerated by chlorides. Specifically, because of the 
melting of feedstock particles during the spray process, carbides will dissolve into 
the metal matrix in a metastable form. Exposure to high temperature will cause their 
precipitation into a network of fine secondary carbides, which will quickly corrode 
under KCl deposit. Spray methods with parameters enabling low melting of particles 



were beneficial in reducing secondary carbide precipitation, thus corrosion damage. 
A corrosion mechanism was suggested to describe this phenomenon under 
concentrated KCl deposits. In fact, in a boiler, the corrosivity of the ash deposit is 
lower than that of concentrated KCl due to the presence of compounds such as, for 
example, carbonates and sulphates, which at the test temperatures are not highly 
corrosive. In such a case, the secondary carbides have time to ripe and become less 
vulnerable to accelerated corrosion. Nevertheless, carbides remain highly reactive to 
KCl and their safe applicability, as measured in this work by TGA, oven tests and a 
field test, should be limited to temperatures below 450 °C or 500 °C, depending on 
the specific coating composition and spraying method. 

The instability of carbides creates the need for a more resistant hard phase 
replacement in thermally sprayed hardmetal coatings. For this, oxides are a possibility 
due to their hardness and alleged inertness. However, the mechanism of chlorine- 
induced active corrosion demonstrates that oxides could be attacked by KCl at high 
temperatures, too, to form oxometallates such as chromates. Therefore, multiple 
commercially available oxide feedstocks, which already have some high temperature 
applications, were sprayed by APS and HVOF to study their reactivity in chlorides. 
The possibility to use them as standalone coatings or as reinforcement in hardmetal 
coatings was discussed as well. Among them, chromia was highly corroded by KCl 
due to the formation of a low melting eutectic compound with KCl.  A small amount 
of TiO2 significantly increased its stability. Al2O3-ZrO2 was inert in all of the studied 
temperatures up to 720 °C.   
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1 INTRODUCTION 

The combustion of fossil fuels for power generation has been recognized as a 
major contributor to climate change due to its large carbon dioxide (CO2) emissions. 
The use of alternative fuels, also known as opportunity fuels, such as biomass and 
waste is growing, due to their low carbon emissions and increased societal awareness 
of the circular economy [1]. In fact, biomass is considered a carbon-neutral fuel as 
the CO2 released during its combustion was previously sequestrated from the 
atmosphere by the plant during its growth [2; 3]. In the case of municipal solid waste 
(MSW), its combustion emissions are offset by the energy recovered and by 
preventing their landfill, which would produce methane as a result of unaerated 
decomposition processes [4]. However, despite the benefits, during combustion, 
biomass and waste release large amounts of corrosive substances such as heavy metal 
and alkali chlorides like PbCl2, ZnCl2, NaCl and KCl. When these salts deposit on 
heat exchanger surfaces, they cause severe corrosion. Corrosion is a significant cause 
of tube failure and leakage which can lead to unplanned shutdowns and expensive 
maintenance work. Corrosion is the main limiting factor in raising the boiler steam 
temperature and thus the efficiency of power plants because efficiency is directly 
correlated with steam temperature and pressure. Specifically, high steam 
temperatures result in higher efficiency. In order to reduce corrosion, different 
approaches have been adopted and can be classified as primary and secondary 
measures. Primary measures aim to mitigate corrosion by affecting the boiler 
environment and process. Some examples include enhanced control of the process, 
use of sulphur-based additives and design of the boiler system. Secondary methods 
of protection have the scope of extending the lifespan of the materials and include 
higher grade steels and coatings. Since the list of allowed tube materials is limited by 
pressure vessel standards and regulations [5], coating systems such as thermally 
sprayed (TS) and weld overlays (OW) coatings have been developed and applied to 
boilers [6-9]. However, the thermal spray process can be highly disruptive for the 
feedstock material and gives rise to extremely complex and inhomogeneous coating 
microstructures compared to wrought materials. For example, in the deposition of 
carbide-containing coatings, chemical segregation, carbide dilution in the metal 
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binder, formation of oxides and metastable phases can affect the corrosion 
mechanism in ways that are not yet fully understood. Therefore, although the various 
mechanisms of high-temperature corrosion are known to some extent, the way they 
take place in the complex microstructures of thermally sprayed coatings is still 
unclear. In this respect, the work focused on nickel-based alloys, carbide-based 
hardmetals and ceramic materials, which are relevant for high-temperature wear 
protection. This research aims at filling the knowledge gap on this topic. 
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1.1 Aim of the research 

The aim of this work is to increase understanding of the corrosion resistance of 
thermally sprayed coatings intended for applications in the combustion of biomass 
and waste rich in alkali chlorides. 

The generalities of the chlorine-induced high-temperature corrosion mechanism 
are known. However, there is a knowledge gap about how this corrosion mechanism 
applies to the complex microstructure of thermally sprayed coatings. This research 
focuses on finding the correlation between key microstructural features and their 
impact on the Cl-induced high-temperature corrosion properties of coatings. This 
knowledge is necessary for the design of appropriate coating materials and their 
manufacturing process. The most commonly used coating materials in boilers are 
based on Ni-based Alloy 625 (NiCrMoNb) and thus, could be considered as the 
current industrial benchmark. This alloy can be deposited by multiple coating 
deposition technologies, all of which affect the final microstructures and therefore 
the high-temperature corrosion properties.  

 
One of the objectives of this work was to identify the beneficial and detrimental microstructural 

features of different thermally sprayed NiCrMoNb coatings (Publication I).  
 
Hardmetal coatings are composed of a hard phase, such as carbide particles, 

which are bonded together by a metal binder, such as a NiCr-based alloy. The 
interaction of the different phases, including various phase changes that occur due 
to exposure to high temperature, is complex, owing to the presence of new 
secondary phases and interfaces that have an unclear effect on the corrosion 
properties of the coatings. Therefore, it is important to understand how the high-
temperature corrosion properties of the alloy change when used as a binder in 
hardmetal coatings, as well as the role of the carbides and secondary phases. 

 
The second objective of the study was to understand the nature of the interaction between these 

two phases (metal and carbide) and its effect on the corrosion resistance of the coatings (Publications 
II and III).  

 
The previous publications highlighted the susceptibility of carbides and carbide-

based hardmetals to high temperature corrosion in chlorine bearing environments. 
Therefore, the next step was to assess if ceramic materials such as oxides could have 
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an application as potential substitute materials for corrosion protection in high-
temperature KCl-rich environments. 

 
Therefore, the third objective was to understand the high-temperature chemical stability and 

corrosion resistance of oxide coating materials under KCl.  
 
Finally, a selection of laboratory-tested coatings was installed in an air-cooled 

probe to be exposed in an actual KCl-rich eucalyptus-bark-fired boiler to assess and 
validate their performance in actual environment.  

 
The fourth objective of the work was to validate the laboratory test results and observe whether 

the corrosion behaviour of coatings would differ in an actual boiler environment. 
 
This dissertation is structured as follows: firstly, there is an introductory section, 

followed by a compilation of the author’s published peer-reviewed research 
publications on this topic. The introductory section is divided into chapters with the 
following themes: Chapters 3-7 offer a brief theoretical background on this field. 
Chapter 8 describes the materials and methods used in the research. Chapter 9 
presents the most relevant findings, which are discussed in chapter 10. Chapter 11 
draws the conclusions of the research. In addition, the results are presented and 
discussed in great detail in the appended publications. Some of the results included 
in this dissertation have not been published and are referred here as unpublished 
results. 
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1.2 Research questions 

1) Chlorine-induced high-temperature corrosion of thermally sprayed Alloy 
625 coatings: 
a) How do the different microstructural features, resulting from different 

thermal spray coating methods, affect the corrosion resistance? 
b) How differently are alloying elements such as Mo and Cr subjected to 

high-temperature corrosion in Alloy 625 coatings?  
2) Chlorine-induced high-temperature corrosion of thermally sprayed 

chromium carbide-based hardmetal coatings: 
a) What is the onset temperature for chlorine-induced high-temperature 

corrosion of chromium carbide-based coatings? 
b) What is the interaction of the carbide particles with the metal matrix and 

how does it affect the corrosion mechanism? 
c) How do the different microstructural features, resulting from different 

thermal spray coating methods, affect the corrosion resistance? 
3) High-temperature corrosion properties of ceramic oxide coatings under KCl 

deposit: 
a) Are some oxide coatings more stable than others? 
b) Are the oxide coatings stable in KCl-rich high-temperature 

environments?  
c) Are thermally sprayed oxide coatings viable coating materials for high-

temperature corrosion protection? 
4) Field test in an actual boiler: 

a) How do the laboratory and long-term field test results compare?  
b) How does the corrosion mechanism differ compared to that observed 

in laboratory tests? 

The research questions are addressed in Publications I-IV and throughout this 
dissertation, as shown in Table 1.1.  
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Table 1.1: Summary of research questions and the publication and thesis chapters in which they 
are addressed. 
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2 COMBUSTION TECHNOLOGIES 

Thermal power generation consists of the conversion of heat energy into electric 
power, usually via a steam cycle. Several heat sources are possible such as solar, 
nuclear, geothermal and combustion. This section focuses on combustion boiler 
technologies. In boilers, fuels such as coal, biomass and waste are combusted to 
generate heat, which produces superheated steam, which is converted into electricity 
by a turbine. Combined heat and power (CHP) plants further recover the heat from 
the condensed steam for district heating. The most widespread combustion 
technologies are grate firing and fluidized bed combustion. The next chapters briefly 
introduce these technologies. 

2.1 Fluidized bed combustion 

In fluidized beds, an inert sand material such as silica is fluidized from an upward 
stream of primary combustion air and mixed with solid fuel. This design is appealing 
for reasons of high combustion and boiler efficiency (up to 98% and 87%, 
respectively), the simplicity of design and easy maintenance [10]. Bubbling fluidized 
bed (BFB) boilers and circulating fluidized bed (CFB) boilers are the two types of 
fluidized bed technologies currently in use. In BFBs, the bed is fluidized by primary 
air blown from below and remains at the bottom of the furnace. In CFBs, the higher 
fluidization velocities carry the bed particles until they are separated in a cyclone and 
fed back to the bed. Figure 2.1 and Figure 2.2 show schematic examples of BFB and 
CFB boilers, respectively. The bed material enables high heat transfer and a uniform 
temperature distribution throughout the boiler volume. Moreover, FB boilers can 
burn a great variety of challenging, environmentally friendly fuels including biomass, 
waste and sludge with little fuel pre-treatment necessary.[11] 
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Figure 2.1.  Schematic of a biomass 113 megawatt thermal output (MWth) BFB boiler. Courtesy 
of Valmet Technologies. 

 

Figure 2.2.  Schematic of a biomass 181 MWth CFB boiler. Courtesy of Valmet Technologies. 
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2.2 Grate combustion 

In a grate-fired plant, a moving or vibrating grate transports the fuel into and across 
the furnace, where it is combusted before it reaches the end. Primary air is injected 
from the bottom of the furnace (below the grate) to create the proper combustion  
conditions around the fuel. The leftover ash falls into the ash pit at the end of the 
grate for disposal. Grate combustion is advantageous because of its flexibility in 
regard to fuel quality. For this reason, grate boilers are often utilized to incinerate 
municipal waste due to its inhomogeneity and challenging composition. [12] 

 

Figure 2.3. Modern European four-pass waste-to-energy (WtE) boiler schematic. Adapted from [13]. 

2.3 Steam generation 

In modern boilers, steam is extracted from superheaters, which are the hottest heat 
exchangers. Beforehand, the steam is produced and heated in heat exchangers placed 
in series, such as economizers and water walls. However, the actual design is 
generally unique to each boiler [14]. The heat transfer takes place in the different 
components that are listed below, ordered as they appear in the water circulation 
flow [13; 14]: 
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Economizer tube bundles: at this stage the feedwater is pre-heated to a 
temperature slightly below the boiling point, which for the typical applied water 
pressure is around 200 °C. At the same time, the flue gas reaches the designed output 
temperature. 

Water-cooled evaporator walls: they envelop the combustion chamber where the 
flue gas from combustion is first generated. The walls are composed of welded tubes 
connected by narrow plates and are the last step of the circulation of water, after 
which it is transformed into saturated steam. The drum separates the residual water 
from the steam, prior to entering the superheaters. 

Superheater tube bundles: the heat is transferred mainly by convection to form 
superheated steam, which is subsequently directed from the combustion area to the 
turbines for energy recovery. The water bundles are arranged so as to provide as 
large a surface as possible exposed to the flue gas. Reheaters may be placed close to 
the superheaters and have the purpose to reheat the steam exiting the first steam 
tubine. They are exposed to similar corrosive environment as the superheaters. 

The design of the steam parameters requires compromise. On the one hand, high 
temperature and pressure maximize the energy contained in the fuel; on the other 
hand, they significantly increase corrosion degradation, especially in superheaters 
and water-wall evaporators [14]. 
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3 CAUSES OF HIGH-TEMPERATURE CORROSION 
IN BOILERS 

Fireside metal wastage in boilers occurs mainly due to combustion by-products in 
the form of solid ash deposits, but also by gas-phase oxidation or in the liquid phase 
by molten deposits. The boiler components mostly subjected to fireside corrosion 
are superheaters, reheaters and water walls. Another corrosion issue concerning 
these components is waterside corrosion. The steam flowing inside the tubes causes 
steam oxidation and wastage of the metal from the inside. [7] The present work 
focuses on fireside corrosion and steam side corrosion will not be dealt with. Fireside 
corrosion in boiler components varies considerably according to the flue gas 
composition which, in turn, depends on the quality and composition of the 
combusted fuel. Flue gas and ash deposits are the main corrodents in boilers and 
their composition is closely related to the nature of the fuel. Various studies have 
proved that high-temperature corrosion processes, such as in boilers, can be studied 
with the aid of thermodynamic calculation as experimental tests generally confirm 
the thermodynamic prediction. [15-18] In fact, useful thermodynamic data includes 
the stability of metals, oxides and corrosion products at different oxygen and 
chlorine partial pressures, as well as information about the volatility of such species. 
It can also provide indications on the combustion gas composition and ash deposit’s 
behaviour. For thermodynamic calculation, FactSage Software (GTT, Germany),  
HSC Chemistry (Outotec, Finland) [19] and ThermoCalc (ThermoCalc software, 
Sweden) are software products commonly used in the literature. 

3.1 Corrosion environment in biomass boilers 

Biomass can be a heterogeneous fuel and may inherently contain a large amount of 
chlorine and alkali metals, which make it more corrosive than a fossil fuel. [20; 21] 
The nature of the biomass used in boilers may vary considerably. The most common 
types of biomass include wood, forest residues, recycled wood, and crops. Such 
kinds of fuel are more demanding than coal in terms of corrosion. Fouling, slagging, 
and high-temperature corrosion of the metal parts of the heat exchanger are 
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common. Compared to coal, biomass differs in many important ways including the 
organic and inorganic energy content, and physical properties. Other notable 
properties of biomass in comparison to coal are higher amounts of moisture, volatile 
matter and ash. [22] 

Multiple types of corrosive attack of metallic components are known to take place 
in boilers operating on chlorine-containing fuels, such as in biomass and waste-to-
energy power plants. One of the most serious is considered to be caused by the 
chlorine cycle, where the diffusion of molecular and ionic chlorine through a 
defect/crack in the oxide scale can cause accelerated corrosion rates. [23; 24]. 
Chlorine may also diffuse as chloride ions instead of in the gas phase [25]. It has 
been suggested [26] that the hydrated form (i.e. gaseous HCl) may act as the 
corrodent; being a smaller molecule than chlorine, diffusion through the oxide scale 
via pores and cracks is easier. The mechanisms of chlorine-induced corrosion will be 
described in the following dedicated sections. 

3.2 Corrosion in waste boilers 

Global waste treatment strategies are nowadays oriented to high-level recycling of 
MSW and promoting the reduction of CO2 and dioxin emissions. To the best of the 
author’s knowledge, high-efficiency WTE boilers have been developed recently with 
steam temperatures of 300 °C to 500 °C [27]. Figure 3.1 shows historical steam 
temperature trends for waste boilers operating in different countries to prevent and 
reduce corrosion damage [8]. 
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Figure 3.1.  Trend of steam temperature in WTE boilers [8]. 

Different substances are mixed in the waste, both inert and combustible. 
Combustible materials include plastics, paper and wood. Their composition and 
proportions vary and this leads to fluctuation in gas temperature and composition. 
The combustion of waste produces flue gas with an elevated content of low-melting-
point deposits with an elevated concentration of chlorides. [8] Chlorides, sulphates, 
alkali metals (such as sodium and potassium) and heavy metals (such as lead and 
zinc) are present in MSW flue gas and they can deposit on metal components 
surfaces in the form of ash and dust. Polyvinyl chloride (PVC) and table salt (NaCl) 
are dominant sources of chlorine, whereas batteries and old paints contribute lead 
and cadmium. [28] The components with the highest risk of heavy-metal corrosion 
are water walls and superheater tubes [29-31]. 

3.3 Corrosion in co-firing boilers 

Co-firing is a process in which biomass is combusted together with coal for power 
production. The benefits derived from this include reduced NOx and CO2 emissions 
through the substitution of fossil fuels, cutting of fuel costs, minimizing of waste, 
and reduction of soil and water pollution. Moreover, co-combustion increases the 
energy efficiency of the plant compared to those operating on biomass alone. It was 
reported that using only 5% biomass (by energy) in a 500 MWe (megawatt electrical 
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output) coal power plant would generate 25 MWe, whereas the power generated 
from the same amount of biomass in a pure biomass fired power plant would be 21 
MWe. The reason for this increased efficiency is the milder corrosion environment 
generated while co-firing, which allows operation at higher temperatures. The milder 
environment results from the reaction of the sulphur contained in coal with the alkali 
metals present in the biomass to form alkali sulphates, which are less corrosive than 
alkali chlorides. [32; 33]. 
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4 CHLORINE-INDUCED HIGH-TEMPERATURE 
CORROSION 

Biomass and waste fuels often contain a large amount of chlorine, and a small 
amount of sulphur. Their combustion results in the formation of Cl-bearing gaseous 
species such as HCl, Cl2, alkali chlorides and even heavy metal chlorides [34]. HCl 
and Cl2 tend to remain in gaseous form until they are collected in the flue gas cleaning 
system. Alkali and heavy metal chlorides form solid condensates on metal surfaces 
together with ash deposits [35]. This work focuses on the effect of alkali chlorides 
in boiler corrosion and the most relevant corrosion mechanisms are introduced 
below. 

Alkali chlorides cause a corrosion mechanism known as “chlorine-induced active 
corrosion,” which was described McNallan [36] and subsequently by Grabke [24] 
and Zahs [37]. However, the presented corrosion mechanism could not fully explain 
the fast diffusion of molcular chlorine through the superficial oxide scale of the metal 
in the initial stage of active corrosion. Shinata [38] suspected that Cl- ions would play 
an important role in the initial stage of corrosion. Years later, Pettersson et al. [39; 
40] and then Jonsson et al. [41] elaborated this hypothesis further and proposed a 
two-stage corrosion mechanism where the initial stage would be electrochemical, 
and an active corrosion mechanism would govern the second stage. The following 
sections describe the two-stage corrosion mechanism: the initial electrochemical 
mechanism and the following active corrosion mechanism. Molten phases can be 
present in the ash deposit and also as a result of the corrosion reaction. Therefore, a 
brief description of molten salt corrosion is also presented in the following sections. 

4.1 Initial electrochemical corrosion stage 

The electrochemical mechanism involves a cathodic and anodic process where alkali 
chlorides in the deposit will initially react with the protective oxide layer on the metal 
surface. For relevance to the present work, the mechanism reported here is adapted 
from [24; 38] for the reactions of KCl with metallic chromium.  
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At the oxide/metal interface, Cr is oxidized to Cr2+ in the anodic reaction and an 
electronic current is generated towards the surface. 

Cr0 � Cr2+ + 2e-    1) 

The electronic current is balanced by an ionic current of Cl- generated by the 
cathodic reaction with the potassium chloride on the surface. At the same time , 
potassium is incorporated in the surface oxide layer as stable potassium chromate. 

2KCl + 5/4 O2 + 1/2 Cr2O3 + 2e- � K2CrO4 + 2Cl-   2) 

Potassium chromate plays a critical role in these mechanisms as it is the cause of the 
destruction of the protective chromium oxide layer. Once the layer is damaged, the 
Cl- cation can rapidly diffuse towards the metal surface where it can form metal 
chlorides. 

Cr2+ + 2Cl- � CrCl2     3) 

Cr3+ + 3Cl- � CrCl3    4) 

The progress of the corrosion reactions and the fate of the metal chlorides formed 
in the initial electrochemical stage are described by the active corrosion mechanism 
in the following section. 

4.2 Active corrosion stage 

At temperatures above 550 °C the metal chlorides formed in reactions 3) and 4) have 
a partial pressure of 2∙10-7 bar and 1.3∙10-5 bar for CrCl2 and CrCl3, respectively 
(calculated with HSC Chemistry 6 [19]).  McNallan [42] has stated that if the vapour 
pressure of the species is above 10-6 bar, volatilization takes part in the corrosion 
process and if the vapour pressure is above 10-4 bar, volatilization is the dominant 
mechanism. Therefore, the formed metal chlorides are volatile and can be 
transported as vapours to the scale surface via cracks and pores in the scale.  

CrCl2 (s) � CrCl2 (g)    5) 
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CrCl3 (s) � CrCl3 (g)    6) 

On the surface, the oxygen partial pressure is enough for them to oxidize and turn 
into oxides (reactions 7 and 8). The oxidation releases gaseous molecular Cl2 as a 
product. In this way, Cl2 is regenerated, closing the so-called “chlorine cycle”. 

CrCl2 (g) + O2 (g) � Cr2O3 (s)  + Cl2 (g)   7) 

CrCl3 (g) +  O2 (g) � Cr2O3 (s)  + Cl2 (g)   8) 

The protective superficial oxide layer has been already damaged by Cl- during the 
initial electrochemical stage of corrosion. Because of this, molecular Cl2 can now 
react directly with the metal and continue the active stage of corrosion according 
to the following reactions: 

Cr0 + Cl2 (g) � CrCl2 (s)    9) 

Cr0 + 3/2 Cl2 (g)  � CrCl3 (s)    10) 

4.3 Liquid phase corrosion 

Liquid phase corrosion is particularly harmful and occurs in the boiler when the ash 
deposits become molten or partially molten [42]. Ash deposits, being a mixture of 
salts, do not have an exact melting point but a temperature range described by the 
phase diagram of the specific salt mixture composition [43]. Therefore, there will be 
a first melting temperature (T0), at which the first liquid phase appears and a 
complete melting temperature (T100), at which all of the deposit is molten.  An 
exception is made for eutectic compound compositions, which will melt at a specific 
temperature, as pure phases do. Molten phase corrosion has a fast rate which is 
attributed to the fluxing of protective metal oxides by the molten salt and even 
dissolution of the metal into the melt. Moreover, the liquid phase acts as an 
electrolyte which enables fast electrochemical reactions. For these reasons, the 
melting of the deposit, even partially, has been demonstrated to increase the 
corrosion rate drastically and should be avoided. [44] 
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5 COATING MANUFACTURING TECHNOLOGIES 

The following chapters provide a general overview of the coating manufacturing 
technologies studied in this work, specifically: cold gas spray (CS), high-velocity-
oxygen-fuel (HVOF), high-velocity-air-fuel (HVAF), Twin wire arc spray (TWAS), 
atmospheric plasma spray (APS) and cold metal transfer (CMT). The technologies 
under discussion are not exclusive to boiler applications nor comprehensive of all 
the coating technologies available for boilers. 

5.1 Thermal spray processes 

Thermal spray is a wide category of coating technologies that vary in terms of design, 
feedstock material, temperatures, stream velocities and in consequence, final coating 
properties [6]. Nevertheless, they all share the same basic working principle. The 
feedstock material, which can be a wire or powder, is heated and accelerated into a 
stream of molten or partially molten particles. The stream hits the substrate at high 
velocity where the particles flatten upon impact, solidify and form a layered coating 
structure [45]. Different processes rely on different energy sources such as 
combustion, plasma and electric arc, which also result in different particle and jet 
velocities. A general classification of the thermal spray process based on jet 
temperature and particle velocity is presented in Figure 5.1. 
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Figure 5.1.   Thermal spray processes classified based on jet stream temperature and particle 
velocity [46]. 

The combination of particle temperature and velocity is a major affecting factor of 
the resulting coating microstructure. The following sections provide a general 
overview of thermal spray processes relevant for this work. 

5.2 Cold gas spray 

In cold spraying (CS), the jet stream and particle temperatures are relatively low (well 
below 1000 °C) compared to other thermal spray processes (see Figure 5.1) and the 
particle kinetic energy has a major role in coating formation. The kinetic energy is 
imparted to the powder feedstock material by a compressed and heated process gas 
such as air, N2, He or a mixture of them [47]. The powder and the gas are injected 
into a nozzle which propels them at high velocity against the substrate. The impact 
causes sizeable plastic deformation of the powder particle and the coating is formed 
in solid state [48]. The advantages of CS include high deposition efficiency, and a 
dense coating structure, near absence of oxidation in metallic coatings, feedstock 
material alteration and grain growth [46]. CS has found applications in electronics, 
biomedical engineering, and component reparation and refurbishment, due to the 
possibility of depositing high purity metallic coatings [45]. However, the cost and 
size of the equipment hinder its application in boilers.  
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5.3 High-velocity oxy-fuel and high-velocity air-fuel 

High-velocity flame spraying includes the high-velocity oxygen-fuel (HVOF) and 
high-velocity air-fuel (HVAF) spraying processes. HVOF coatings have been 
successfully used in a great variety of surface modification applications, including 
imparting high-temperature corrosion and erosion wear resistance in boilers. Figure 
5.2 shows a schematic diagram of a general HVOF gun. In HVOF, the heat source 
is a combustion of a fuel such as kerosene, acetylene, propylene or hydrogen with 
oxygen inside the combustion chamber of the gun. The heat and expanding gas are 
channelled through the nozzle where it is mixed with the feedstock powder. Thanks 
to the high-velocity impacts of the partially and fully melted particles, HVOF 
spraying usually produces less porous and less oxidized coatings, compared to 
competing technologies such as plasma, arc spray and flame spraying processes. [6] 

 

Figure 5.2.  Schematic of a general HVOF torch [6]. 

HVAF is a more recent technology than HVOF and they share multiple features. In 
this process, compressed air is the oxidizer premixed with the fuel before entering 
the combustion chamber. Combustion is activated and sustained by a catalytic 
ceramic insert in the combustion chamber [49]. The combustion gas is highly 
accelerated via a convergent-divergent De Laval nozzle. In the newest 3rd generation 
gun designs, a secondary combustion process imparts further jet acceleration and 
heat when a secondary fuel is injected in the throat of the nozzle [50]. The powder 
is usually fed co-axially. A schematic of a 3rd generation HVAF gun (Uniquecoat, 
M3) is presented in Figure 5.3. 
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Figure 5.3.  Schematic of a 3rd generation HVAF gun (UniqueCoat, M3) [51]. 

The HVAF spray process produces coatings with good cohesion and adhesion both 
within the coating and with the substrate [52]. Moreover, the low temperature and 
short residence time of the particles considerably limit oxidation, thus preserving 
scale-forming elements such as Cr and Al [53]. 

5.4 Twin wire arc spray 

The heat source is a controlled electric arc sparked between two consumable 
electrode wires, which are also the feedstock material for the coating. The arc melts 
the wires into droplets, which are accelerated by a gas jet against the substrate. The 
gas jet can be compressed air or an inert gas. [45] 

 

Figure 5.4. TWAS process schematic [54]. 
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5.5 Atmospheric plasma spraying 

A powerful DC current generates an electric arc, which ionizes a gas or a mixture of 
gases such as Ar, He, H2 and N2. The ionized gas forms a plasma, whose high 
temperature (~15000 °C, depending on the gas) allows the deposition of even high 
melting materials such as refractory materials and ceramics [45]. The feedstock 
material is fed into the plasma jet where it is heated and propelled against the 
substrate. 

5.6 Overlay welding 

A coating is created by overlapping weld beads to cover the desired surface. Overlay 
welded (OW) coatings often take the name of weld clads when their thickness is 
particularly high and serve the purpose of providing corrosion resistance to the 
substrate [55]. OW coatings are largely used for erosion and corrosion protection in 
water walls and superheater tube bundles [56]. Currently, the prevailing welding 
process for boiler coatings is gas metal arc welding (GMAW), which can be 
performed on-site or in-shop [7; 57]. CMT is a low-heat input variant of GMAW 
and specifically of the metal inert gas (MIG) processes [58]. The CMT process is 
presented schematically in Figure 5.5. The reduced heat input is due to the retraction 
of the filler metal wire when an arc is formed and a short circuit between electrode 
and substrate is detected. The retraction causes the detachment of the metal droplet 
and reopening of the circuit and thus, the wire is again fed back towards the 
substrate. One advantage of this process is that, during the metal transfer, the 
electrode current quickly drops to zero, which prevents spatter. [59] 

 

Figure 5.5.  CMT process. a) arc formation b) short circuit c) wire retraction and detachment of 
the metal droplet d) new arc as the circuit is reopened [59]. 
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6 HIGH-TEMPERATURE COATING MATERIALS 

Nowadays, boilers demand superior material performance in order to increase the 
steam temperature and in turn energy efficiency [60]. As previously mentioned, the 
use of challenging chlorine-containing fuels is ever-increasing, and materials have to 
withstand the resulting harsh corrosive environment. In the following sections, an 
overview of coating materials commonly use in high temperature application is 
provided. 

6.1 Metallic coatings 

The formation of a stable, dense, gas-tight oxide scale on the material surface, which 
acts as a diffusion barrier for corrosive elements, plays a key role in metal protection. 
The “classic” protective oxide scales are Al2O3, Cr2O3 and SiO2 as well as some of 
the spinels [61]. Ni and Cr have been proven to impart a beneficial effect in corrosion 
resistance [8; 61; 62]. Chromium induces the formation of protective oxides on iron- 
and nickel-based alloys. The minimum amount of Cr in the alloy required for the 
formation of a protective scale is considered to be about 20%. However, it is 
common use to employ a higher amount.  30% Cr is considered a practical value to 
assure good ductility and weldability also. The beneficial role of Mo is widely verified 
in the literature [61; 62]. However, a high Mo content (more than about 15%) can 
have a harmful effect in oxidizing-chloridizing environments, especially at elevated 
temperatures [63; 64]. The problem is the formation of volatile molybdenum 
chlorides or oxychlorides that can in turn form corrosive molten products [65]. The 
formation of oxychlorides is highly detrimental to Mo and a high amount in the alloy 
can result in severe corrosion in oxidizing-chloridizing atmospheres and high 
temperature. This effect has been even observed for chromia scales. Alumina, silica, 
and titania were proven to be stable under those conditions. The optimum content 
of Mo was found to be around 1% [8; 61]. Alloy 625 is an application of this 
metallurgical and corrosion knowledge. In the form of overlay weld coating, it is 
widely used in harsh high-temperature corrosive environments and its superior 
protection is proven in areas where low-alloy or stainless steels have suffered 
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unacceptable wastage rates [66-68]. An amount of over 9500 kg of Alloy 625 can be 
weld overlaid in a boiler [68]. In many plants, Alloy 625 is applied as an outer tube 
cladding for the corrosion protection of superheaters. However, thermally sprayed 
Alloy 625 is commonly applied in boilers and has also been extensively studied [69; 
70]. From a thermodynamic standpoint, nickel-based alloys are expected to be more 
resistant to chloride attack with respect to Fe, Cr, and Al because of the lower vapour 
pressure of NiCl2 [65]. In summary, several alloys have been developed to withstand 
the harsh conditions typical of boiler environments. The most credited mechanism 
of protection against corrosion is the formation of a thin, dense and stable oxide 
scale. Ni, Cr and Al are generally considered to be beneficial elements in alloys even 
though the performance of each individual alloy varies with the environment. 

6.2 Hardmetal coatings 

In order to improve the lifetime of metal components where wastage is increased by 
erosion, such as in coal gasification plants, electric power generation boilers and 
waste incineration systems, hardmetal coatings have been considered to be a 
successful solution in reducing or preventing attack. 

6.2.1 Carbide reinforcement 

The most common hardmetal coatings applied in such conditions are chromium 
carbide-based coatings. The choice of chromium-based hard phases can be explained 
by their excellent oxidation resistance combined with the high abrasion resistance of 
such structures. Ni-based alloys are often used as the metal matrix. The forms of 
corrosion on the Ni-based matrix and the carbides strongly depend on the 
temperature conditions and the anions. Uusitalo et al. [69-72] performed high-
temperature corrosion tests on HVOF-sprayed Cr3C2-NiCr coatings in both high- 
and low-oxygen environments in the presence of chlorine. Corrosion attack was 
exceptionally severe in oxidizing conditions because chlorine accelerated the 
oxidation rates of carbides. The Cr3C2–reinforced coatings exhibited good stability 
against oxidation while chlorine, sulphate and carbonate ions led to high corrosion 
and in some cases degradation of the material. Chlorine is highly aggressive to both 
matrix and cermet reinforcements [73]. NiCr coatings were found to be more 
protective than a Cr2C3-NiCr coating. This result confirms that the hard phase plays 
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a fundamental role in the degradation of cermet coatings in aggressive corrosive 
environments [74]. A comprehensive study by Uusitalo et al. [71] on the behaviour 
of different carbides in oxidizing and chloridizing-oxidizing environments 
demonstrated that carbides are somewhat unstable in these conditions. So much so 
that metallic HVOF coatings were able to outperform even the harder cermet 
coatings when tested by Wang et al.  [75-77] at 450°C in a simulated biomass 
combustion environment. As an alternative to carbides, oxide ceramics can be used 
as a hard phase in hardmetals. The wettability and adhesion of the reinforcing 
particles to the metal binder have to be taken into account in this case. Not all hard 
phases are compatible with a metal matrix, and low adhesion and wettability will 
result in poor mechanical properties. [78] 

6.2.2 Oxide reinforcements 

Kawahara et al. [79] compared the erosion-corrosion resistance in an actual WTE 
boiler of D-gun- and HVOF-sprayed TiO2-Alloy 625 with HVOF-sprayed Cr3C2-
NiCr hardmetal coating and plasma-sprayed ZrO2/Ni-base alloy dual layer coating. 
They observed that blending Alloy 625 with 30% to 50% of TiO2 ceramic powder 
significantly enhanced the erosion-corrosion resistance of the coatings. A two-year 
exposure in the actual WtE boiler environment demonstrated a higher erosion-
corrosion resistance than typical corrosion-resistant materials.  

6.3 Ceramic oxide coatings 

Advanced ceramics, not necessarily as thermally sprayed coatings, can be selected 
instead of metals and alloys in harsh environments where resistance to corrosion and 
high temperature is needed. Moreover, due to their intrinsically high hardness and 
elastic modulus, they can also be applied as wear-resistant coatings. On the other 
hand, their application is often limited by their brittleness [80]. The use of ceramics 
in boilers is limited to the lower part of the furnace, which is often lined with 
refractory tiles such as SiC against abrasion and impact from the sliding of large items 
on the moving grate and from other combustion products [8]. 

The use of thermally sprayed oxide ceramic coatings is common in the industry, 
mainly as thermal barriers [53; 81-83] or wear-resistant coatings [53; 84-86].  



28 
  

In boilers, thermally sprayed ceramics applications are limited to hardmetals 
(non-oxide ceramics) for high-temperature erosion-oxidation protection, while 
oxides are not used [7]. The main problem with the application of ceramic coatings 
is the usually high mismatch of coefficient of thermal expansion (CTE) with the 
metal substrate. This leads to frequent cracking and thermal shock sensitivity, which 
limits their use in high-temperature applications, especially if thermal cycling occurs 
[8]. A typical solution is the application of a metallic or cermet intermediate coating 
between the top ceramic coating and the substrate [87]. Such a coating is commonly 
referred to as a bond coat. The bond coat should have an intermediate CTE between 
the topcoat and substrate to mitigate the thermal expansion between them. As a 
result, the bond coat increases coating adhesion and thermal cycling resistance. 
Moreover, it acts as an additional environmental barrier to the substrate. [88]  

Nevertheless, there are plenty of industrial applications for thermally sprayed 
oxide coatings with no lack of materials to select. The most common ceramic 
materials include chromium oxide (Cr2O3), aluminum oxide (Al2O3), zirconium 
oxide (ZrO2), titanium oxide (TiO2) and their alloys. [45] In general, oxide ceramics 
are sprayed by APS, although high-velocity techniques such as HVOF are nowadays 
available and can produce harder and denser coatings [6]. I brief introduction of the 
most common oxide coatings is presented below. 

6.3.1 Chromium oxide coatings 

Chromium oxide coatings are largely used in the paper industry for wear and 
corrosion protection [6]. Cr2O3 can be used as a single compound, or it can be 
alloyed with small amounts of other oxides such as TiO2 or Al2O3. The alloying 
allows a reduction of the melting point, oxygen loss during spraying and a general 
improvement of the sprayability. However, alloying may result in lower coating 
hardness and wear resistance. [89-91] 

6.3.2 Aluminum oxide coatings 

Al2O3 coatings are mostly composed of the metastable γ -phase, rather than the more 
stable α-phase, resulting in susceptibility to corrosion in acidic and basic solutions. 
[92-94] The main applications of Al2O3 coatings are sink rolls in the steel industry, 
electrical insulators, decorative coatings, furnace linings and pump seals. [6; 45] A 
special mixture of Al2O3-13TiO2 has been developed to increase the deposition rate, 
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toughness, corrosion- and wear resistance of alumina coatings, while keeping the 
beneficial properties of hardness and sprayability.  [78] 

6.3.3 Titanium oxide coatings 

TiO2 is one of the easiest oxides to spray due to its low melting point and can be 
sprayed by multiple techniques and feedstocks such as flame spray, APS or HVOF 
from rod, powder or liquid [95]. Thermally sprayed coatings containing typically a 
mixture of unevenly distributed substoichiometric titania phases leading to different 
properties depending on specific case composition.[95] Typically, TiO2 coatings 
present good tribological properties, especially in the rutile phase of TiO2 [96]. This 
is attributable to the higher toughness compared to other oxides, which results in 
high wear resistance. 

6.3.4 Aluminum oxide - zirconium oxide coatings 

The eutectic mixture of Al2O3-42,5ZrO2 has a lower melting point than its pure 
constituents [97] facilitating the sprayability of the material. the abrasion wear 
resistance was reported to be enhanced significantly by the mixture compared to 
pure alumina. [98; 99] The concept behind development of such composition comes 
from traditional ceramics where the addition of zirconia would toughen the alumina. 
[99]. However, a similar effect in coatings is unproven and debated, due to the 
incohesiveness and high number of defects in thermally sprayed coatings. [100]  

6.3.5 Bond coatings 

In order to obtain a good adhesion of the ceramic coating, the substrates are 
roughened and coated with a bond coat, which is usually NiCr, or a type of MCrAlY. 
The ceramic coating is then deposited on top of the bond coat. [101] The system 
bond coat-ceramic top layer has been the subject of extensive study since the early 
1960s for their application in thermal barrier coatings (TBCs). In general, the bond 
coat must act as a barrier against corrosive agents and contaminants that might 
penetrate the ceramic coating, while its coefficient of thermal expansion is generally 
tailored to match that of the host metal and prevent thermal stress damage. [53] A 
wide variety of compositions have been tried in the MCrAlY series where M stands 
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for a metal such as iron, nickel, cobalt and their combinations [102]. MCrAlY 
coatings are self-bonding to most of steel grades. This means that they form a 
chemical bond with the substrate by creating microscopic alloy layers that do not 
depend on mechanical interlocking normally achieved from surface roughening. [53]  
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7 MATERIALS FOR ENERGY BOILERS 

The coatings that are typically applied in energy boilers have the purpose of acting 
as an environmental barrier against the corrosive and erosive flue gases and ash 
deposits. The most commonly used coating technologies for such an application are 
overlay welding, thermal spraying and composite tubes. This research focuses on 
thermally sprayed coatings with a brief introduction to composition and deposition 
technologies in chapters 5 and 6. This chapter serves as a concise summary of the 
coating materials and technologies commonly used in boilers and the specific 
locations of their application.  

Figure 7.1 summarizes the trends in materials selection for different materials, 
coatings and boiler locations.  

Figure 7.1.   Overview of coating materials in energy boilers over the years [8]. 

The components that are subjected to corrosion and erosion the most, depending 
on the boiler technology and fuel, are the furnace walls and superheater tube bundles. 
In the harshest conditions, coatings such as those presented in Figure 7.1 will be 
necessary. Overlay weld and thermally sprayed alloy Ni-based alloys are very 
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common for protection from highly corrosive and mildly erosive chlorine-containing 
environments. In oxidative, highly erosive high-temperature conditions, carbide-
based thermally sprayed hardmetal coatings are a suitable solution. In milder 
environments, uncoated tubes such as low alloy and stainless steels are used. [57] 

Some of the available coatings and tube materials, and their application 
components with operating temperatures are listed in Table 7.1. 

Table 7.1  Summary of common tube and coating materials for specific boiler parts and their 
operating temperatures [103]. 

 

For further reading on this subject, the author suggests the comprehensive review 
on corrosion and materials for energy boilers by Sadeghi et al. [46; 104].  
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8 MATERIALS AND METHODS 

The following chapter provides information on the materials used during the 
research work, the sample preparation procedures, test equipment, and the 
characterization methods employed to study the as-sprayed and corrosion-tested 
coatings. 

8.1 Coating fabrication 

This work studied different coatings, which were either deposited at Tampere 
University or provided by industrial partners. The following tables (Table 8.1 to 
Table 8.6) provide information about all the coatings studied in any phase of the 
research. Because this research focused on corrosion phenomena, the details of 
coating manufacturing optimization were excluded from this work. The coatings 
were deposited using already optimized spray parameters developed in the long 
experience of TAU and participating partners. It is worth noting that the ceramic 
coatings installed on the corrosion probe in boiler are bi-layer coatings comprising 
of a NiCoCrAlY bond coat and a ceramic top layer (see table 8.6). 

Table 8.1. Chemical composition of Alloy 625 (UNS N06625). Values in wt.%. 
Ni Cr Mo Nb Fe C, Mn, Si, P, S, Al, Ti, Co 
58 min. 20-23 8-10 3.15-4.15 5 max. 3.1 max. 

Table 8.2. Feedstock and manufacturing information for Alloy 625 coatings [Publication I] 
Material ID Coating Feedstock Coating system Source 
Alloy 625 HVOF HVOF Amperit 380.074 Uniquecoat M3 TAU 
Alloy 625 HVAF HVAF Amperit 380.074 DJH2700 TAU 
Alloy 625 CS1 CS (N2) PG-AMP-1060 PCS-1000 Plasma Giken 
Alloy 625 CS2 CS (He) PG-AMP-1060 PCS-1000 Plasma Giken 
Alloy 625 CS3 CS (N2) Sandvik Osprey 5/11 Impact Innovation 
Alloy 625 TWAS TWAS Oerlikon Metco 8625 OSU-Hessler TAU 
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Table 8.3. Feedstock and manufacturing information for the Cr3C2-50% NiCrMoNb coatings 
[Publication II]. Particles velocity and temperature measured with Spray Watch 4S thermal spray 
sensor.  

Material ID Coating Measured 
average 
particle 

size [μm] 

Particle 
velocity 
[m/s] 

Particle 
temperature 

[°C] 

Source 

Cr3C2-50% 
NiCrMoNb 

HVAF Grade 1 HVAF 34 967 ± 82 1310 ± 3 TAU 

Cr3C2-50% 
NiCrMoNb 

HVAF Grade 2 HVAF 20 949 ± 109 1460 ± 9 TAU 

Cr3C2-50% 
NiCrMoNb 

HVOF Grade 3 HVOF 34 767 ± 40 1770 ± 9 TAU 

Cr3C2-50% 
NiCrMoNb 

HVOF Grade 4 HVOF 20 903 ± 41 1890 ± 5 TAU 

Table 8.4. Feedstock and manufacturing information for the ceramic oxide coatings [Publication 
IV]. 

Material Coating  feedstock material Coating system Source 
Cr2O3 APS H.C. Starck Amperit 704.001 Oerlikon-Metco 

F4MB 
TAU 

Cr2O3 HVOF Saint-Gobain #2022 GTV TopGun TAU 
Cr2O3-3TiO2 HVOF Millidyne Neoxid C103 GTV TopGun TAU 
TiO2 APS H.C. Starck Amperit 782.1 Oerlikon-Metco 

F4MB 
TAU 

TiO2 HVOF H.C. Starck Amperit 782.090 GTV TopGun TAU 
Al2O3-40ZrO2 HVOF Ceram Al2O3-40ZrO2 GTV TopGun TAU 
Al2O3-20ZrO2 HVOF Ceram Al2O3-20ZrO2 GTV TopGun TAU 
Al2O3-13 TiO2 HVOF Millidyne Neoxid A103 GTV TopGun TAU 

Table 8.5. Feedstock and manufacturing information for the carbide-based hardmetal coatings  
[Publication III]. The sample IDs are also used in the text from here on. 

Material Sample ID Coating  Feedstock material Coating 
system 

Source 

Cr3C2-NiCr CC1.1 HVOF 
H.C. Starck Amperit 
584.072 

DJH 2700 TAU 

Cr3C2-NiCr CC1.2 HVAF 
H.C. Starck Amperit 
588.059 

Uniquecoat 
M3 

TAU 

Cr3C2-50% NiCrMoNb CC625.1 HVOF 
H.C. Starck Amperit 
595.074 

DJH 2700 TAU 

Cr3C2-50% NiCrMoNb CC625.2 HVAF 
H.C. Starck Amperit 
595.059 

Uniquecoat 
M3 

TAU 
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Cr3C2-37WC-18NiCoCr CW1 HVOF 
Oerlikon Metco 
WOKA 7502 

DJH 2700 TAU 

Cr3C2-37WC-18NiCoCr CW2 HVAF 
Oerlikon Metco 
WOKA 7504 

Uniquecoat 
M3 

TAU 

Table 8.6. Feedstock and manufacturing information for the coating materials used in the 
corrosion probe measurements in boilers.  

Material Coating Feedstock material Coating system Source 

AISI 3091 CMT 
Rodacciai RW 309LSi 
MIG 

Fronius CMT 
Advanced 4000R 

TAU 

Alloy 625  CMT DAIKO SF 625 
Fronius CMT 
Advanced 4000R 

TAU 

Alloy 625 CS (N2) PG-AMP-1060 PCS-1000 
Plasma 
Giken 

CorEr HVOF CorEr Proprietary spray gun MHE 
Al2O3-40ZrO2 + 
CoNiCrAlY 

HVOF + 
APS 

Ceram Al2O3-40ZrO2 + 
Amdry 995C 

GTV TopGun + Saint-
Gobain ProPlasma 

TAU 

Cr3C2-50% Alloy625 HVAF 
H.C. Starck Amperit 
595.059 

Uniquecoat M3 TAU 

Alloy 625 HVOF 
H.C. Starck Amperit 
380.074 

DJH 2700 TAU 

Al2O3-28MgO + 
CoNiCrAlY 

HVOF + 
APS 

Ceram Al2O3-28MgO + 
Amdry 995C 

GTV TopGun + Saint-
Gobain ProPlasma 

TAU 

Alloy 625 Valmet’s internal reference 

8.2 Coatings characterization 

The coating cross-sections were prepared by cutting, mounting in epoxy resin and 
polishing for metallographic cross-sectional examination. The coating cross-sections 
were analysed in their as-sprayed condition and after the corrosion tests with a 
scanning electron microscope. The scanning electron microscope (SEM) used in 
Publications I-IV was a Philips XL30 (the Netherlands), equipped with energy 
dispersive X-ray spectroscopy (EDS). The coatings used in the boiler tests were 
analysed with a field-emission scanning electron microscope (FESEM) (Zeiss 
ULTRAplus, Carl Zeiss Microscopy GmbH, Jena, Germany) equipped with EDS 
(Oxford Instruments X-MaxN 80). Some coatings were also observed with SEM on 

 
1 Heat resistant austenitic Cr-Ni stainless steel  
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the corroded surface or a purposely cracked surface. In these cases, the samples were 
directly analysed without resin embedding. The qualitative crystal phase composition 
was determined for some of the coatings by X-ray diffractometry (XRD, Cu-Kα 
radiation, Empyrean, PANanalytical, the Netherlands) on ground coating surfaces. 

8.3 Heat treatment to induce secondary carbide precipitation 

The carbide-based hardmetal coatings of Publication II were heat-treated (HT) to 
induce secondary carbide precipitation. The purpose was to study how secondary 
carbide precipitates influence the corrosion resistance of the coatings. The heat 
treatment was carried out in an in-house-built vertical alumina tube oven under an 
inert atmosphere (Ar-5 vol.% H2) at 700 °C for a duration of five hours at a heating 
rate of 5 °C/min. The samples were cooled down to room temperature in an inert 
atmosphere at a cooling rate of 11 °C/min. Similar heat treatment was previously 
carried out by Ding at al. [105] on Cr3C2-NiCr coatings, effectively resulting in the 
precipitation of secondary carbides after as little as one hour of exposure. 

8.4 Corrosion research methods 

Multiple methods were used to study the corrosion properties of the coatings, both 
in the laboratory and in the actual boiler. The equipment and methods are described 
in this chapter. 

8.4.1 Laboratory isothermal test in oven 

The high-temperature corrosion tests were carried out based on standard ISO 
17224:2015 [106] in a horizontal alumina tube oven. The test layout is presented in 
Figure 8.1. A humidifier brought the 1.5 l/min flow of dry air to the designed 
humidity of 10%-12% before entering the oven. The test duration was 168 h for 
coupon samples and 72 h for self-standing coatings. Different temperatures were 
tested. The test was considered to have started when the gas pipe carrying humid air 
was connected once the set point temperature had been reached. At the end of the 
test, the humidifier was disconnected and the samples were cooled in the oven with 
a purge of dry air.  
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Figure 8.1.   Isothermal high-temperature corrosion test layout [Publication I]. 

8.4.2 Sample preparation for corrosion studies 

The following sections describe the procedures of sample preparation for corrosion 
tests and the setups of the different test methods used. 

8.4.2.1 Sample coupons for corrosion tests in oven 

Test coupons were prepared for laboratory tests in the oven, as presented in Figure 
8.1. All of the coupons were cut from a plate to a size of 20 × 20 mm and tested in 
the as-sprayed condition. The corrosive deposit was pure potassium chloride (KCl) 
powder to limit the study to chlorine-active oxidation. The salt powder was 
deposited in the form of a paste made with ethanol to facilitate application. The salt-
coated area was 254 mm2. Prior to testing, the samples were desiccated in an oven 
for two hours at 80 °C and then placed in the cold oven on an alumina sample holder, 
as presented in Figure 8.2. 
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Figure 8.2.  Sample coupons covered with the KCl deposit prior to testing in the oven. 

8.4.2.2 Preparation of self-standing coating samples for corrosion tests in  oven and 
simultaneous thermal analysis 

Self-standing coatings were used both for isothermal test in the furnace and 
thermogravimetric analyses. The self-standing coatings were mechanically removed 
from a larger plate on which the coating was originally deposited. The self-standing 
coatings were cut to obtain scales of approximately 5 mm × 7 mm in size. 

For the furnace test, the coating scales were placed in separate single alumina 
crucibles containing solid KCl powder. The scales were only partially immersed in 
the KCl salt, leaving part of the coating not in contact with the salt , as represented 
schematically in Figure 8.3. This setup allowed the direct visualization of the 
degradation of the coating exposed to the salt and its comparison with the 
unexposed part. 
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Figure 8.3.  Schematic representation of the arrangement of the self-standing coating inside the 
crucible for the isothermal high-temperature corrosion test in the furnace [Publication II]. 

For the thermogravimetric analyses, the self-standing coatings were crushed into 
smaller fragments to increase the reactive surface while maintaining the possibility 
to measure it. The total surface of each sample was approximately 1 mm2 each. The 
total surface area of the samples was measured to enable quantitative analyses and 
was carried out only in Publication 2. The surface was measured from optical and 
stereomicroscope images with the image analysis software ‘‘ImageJ’’. 

8.4.2.3 Corrosion evaluation 

The extent of corrosion damage on the samples was evaluated by means of image 
analyses. This was done by processing cross-sectional images of the corroded 
samples. The process is called image thresholding and was carried out using the 
imaging software “ImageJ,” resulting in a segmented black and white picture where 
the white pixels could be measured. The thickness of each column of white pixels 
was measured in “MatLab” and the median value of the thickness was calculated. 
This process was used to measure both the thickness of the external oxide layer on 
the coupon samples and also on the self-standing coatings to evaluate the thickness 
loss. However, due to the larger size of the coupon sample, 10 different subsequent 
images were processed to achieve higher statistical relevance. An example of the 
process is presented in Figure 8.4. 
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Figure 8.4.  Schematic of image processing method used to measure the thickness of the 
corrosion layers. a) SEM image of the cross-section, b) profiling of the corrosion layer, c) 
measuring the median of the differences [Publication I]. Scalebar: 200 μm. 

8.4.3 Thermogravimetric analysis as corrosion test 

Thermogravimetric analysis (TGA) measures the weight change of a material, either 
as a function of a temperature program or isothermally as a function of time in a 
controlled atmosphere. The differential thermal analysis (DTA) mode measures the 
temperature difference between the sample and a reference to identify reactions 
involving heat exchange (endothermic and exothermic). When the DTA signal is 
measured together with the TGA signal, the analysis is called simultaneous thermal 
analysis (STA). This allows the measurement of mass and phase changes in the 
sample. The equipment used to measure the mass and phase changes of the self-
standing coatings and thus to evaluate their corrosion behaviour was a simultaneous 
thermal analyser NETZCH STA 409CD (Selb, Germany) equipped with a TASC 
414/4 temperature controller and PU 1.851.01 power unit. The test setup is 
presented in Figure 8.5.  

 

Figure 8.5.  Simultaneous thermal analyses set up for corrosion evaluation. Schematic adapted 
from www.netzsch-thermal-academy.com. 
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The TGA measurements were carried out in alumina crucibles holding the 
freestanding coating fragments. Initially, the salt was added by covering the coating 
with a saturated KCl aqueous solution, which was then impregnated in a soft vacuum 
for 10 min and dried in an oven at 85 °C for 15 min. This method was used for 
Publication IV. Similar results were obtained simply by immersing the coatings in 
excess fine KCl powder, which was the procedure used in Publication II and 
Publication III. The weight of the specimens ranged between 10 mg and 20 mg, 
while the amount of KCl was about 30 mg. 

8.4.4 Corrosion probe test in actual boiler 

The test in the actual boiler was carried out using an air-cooled probe. The probe 
was composed of three sectors that were independently cooled. Each sector held 
three ring-shaped samples. Each ring had one thermocouple element installed 
underneath the surface, both on the windward side and one on the leeward side. The 
coatings were deposited directly on the probe rings which were then assembled on 
the probe, as presented in Figure 8.6. The probe was exposed for 3000 hours at 525 
°C in the superheater area of a eucalyptus bark fired BFB boiler. The eucalyptus bark 
fuel was rich in alkali chlorides, especially KCl. In the probe area, the flue gas T was 
approximately 600 °C. 

 

Figure 8.6.  Corrosion probe schematic with material set point temperatures and measured 
average flue gas and material temperatures. 
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9 RESULTS  

Chapter 9 will present the experimental observations and characterizations made on 
the coatings during the research work. The results include microstructural 
characterization of the materials as-sprayed and after exposure to high-temperature 
corrosion conditions. 

9.1 As-Sprayed coating microstructures 

The microstructure of a coating and its chemical composition have a fundamental 
role in determining its corrosion resistance. In order to understand the correlation 
between these factors it is necessary to understand the corrosion behaviour of the 
coating and improve its properties. The following section will analyse the 
microstructural features of the studied coatings in the “as-sprayed” condition and 
how they differ from those of their feedstock material, in order to better understand 
the corrosion performance of the coatings. 

9.1.1 Metallic coatings 

The microstructure of the different Alloy 625 coatings is presented in Figure 9.1. 
The coating microstructure is profoundly affected by the spray process and 
parameters used. Figure 9.1 shows this aspect clearly. From the contrast differences 
in the back-scattered electron (BSE) SEM images, it is possible to see an increasing 
oxide content in the intersplat regions of the coatings. Specifically, the CS coating 
has very low oxide content, followed by the HVAF, HVOF, and eventually, the 
TWAS coating, which has the highest oxide content. This observation was also 
confirmed by EDS analyses, as measured and presented in Publication I. 

Another important microstructural aspect is the coating porosity. Porosity can be 
broadly defined as closed or open porosity. Neither of these options is ideal, but the 
latter should be avoided as it provides the corrosive agents with pathways far 
underneath the surface. In thermal spray coatings, porosity is often formed at the 
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splat boundaries. The HVAF coating sample was the most porous as calculated in 
Publication I by image analysis, whereas the CS coating was the least porous. The 
HVOF and TWAS coatings appeared very inhomogeneous. However, they 
contained a negligible amount of porosity as it seems that chromium oxides and 
melted material sealed the splat interfaces well. This could be attributed to the higher 
heat input imparted to the feedstock material by HVOF and TWAS [88]. 
Nevertheless, Cl can penetrate through oxides by diffusion, albeit at a slower rate 
than through porosity [37]. 

On the other hand, in CS, efficient particle stacking is the main mechanism, 
producing a dense microstructure (i.e. with low porosity). This is achieved in the cold 
spray process by optimized particle size distribution and by high deformation of 
particles, which is imparted by their high velocity [48]. Moreover, the relatively low 
temperature of the process allows the production of coatings with no oxides in the 
intersplat regions.  

 

Figure 9.1.  Cross-section of as-sprayed Alloy 625 thermally sprayed coatings and EDS 
analyses (wt.%). A) cold spray (Ar, B) HVOF, C) magnification of B and EDS line analyses, D) 
HVAF, E) twin wire arc sprayed, F) Magnification of E and EDS line analyses. [Publication I] 
Scale bars: A), B), D), E): 200 μm, F): 10 μm, C): 5 μm 
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The dendritic microstructure of the single splat particles visible in the HVAF and 
HVOF coatings in Figure 9.1 b) and d) is worth noting. Dendrites are formed by the 
solidification of undercooled liquids and are commonly found in thermal spray 
powders and welding beads. Similar features were observed to a more subtle extent 
in the cold spray coatings, too. The dendritic microstructure of the powder was 
preserved in some partially melted coating particles. Luer et al. [107] observed 
chemical segregation in the dendritic microstructure of welded Alloy 625, where the 
dendrite cores were Mo- and Nb-depleted, and Cr-enriched. The opposite 
phenomenon occurs in the interdendritic regions, which become Mo- and Nb-
enriched, and Cr-depleted. 

9.1.2 Carbide-based hardmetal coatings 

The microstructure of carbide-based hardmetal coatings is inherently complex due 
to their composition, where hard particles and a metal binder are mixed. To add to 
this complexity, highly alloyed corrosion-resistant metal binders contain multiple 
elements such as Mo and Nb which can form new phases with the carbide particles 
during feedstock preparation and spraying [108]. In fact, the thermal spray process 
causes melting, mixing, oxidation, plastic deformation and rapid solidification of the 
feedstock powders. These phenomena result in metallurgical transformations and 
the formation of new phases and defects such as supersaturated metal phases [109], 
new carbide stoichiometries and compositions [108; 110; 111], oxidation and 
porosity [112].  

Detailed microstructural analyses of the coatings studied in this work were carried 
out and are reported in separate articles by Matikainen et al. [108; 112] and are 
therefore omitted from the present work. Nonetheless, the results from Matikainen’s 
microstructural analyses are used to support the findings of this research. A summary 
of the most relevant findings is presented in the following paragraph. 

The powder of HVOF- and HVAF-sprayed Cr3C2-50NiCrMoNb coatings 
contained a significantly higher amount of Cr7C3 compared to the feedstock powders 
of the other coatings. It was theorized that substitution of Cr with Mo and Ni in the 
rim of the carbide particles would occur in these coatings, resulting in the formation 
of (Cr, Mo, Ni)7C3. 

In general, in comparison with the HVAF coatings, the HVOF spraying of 
hardmetals caused higher carbide dissolution in the metal matrix, resulting in larger 
amounts of carbon-saturated metal phases.  HVAF spraying generated lower 
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porosity coatings with an overall lower carbon content and less carbon-saturated 
metal phases. The possible reasons for carbon loss were attributed to carbide 
rebounding, i.e. a lower deposition rate of carbide-rich feedstock particles and 
perhaps in-flight oxidation of carbides. [108; 112] 

The XRD patterns for all coatings showed peak broadening and a hump in the 
patterns (compared the feedstock powders), denoting the presence of amorphous 
and/or nanocrystalline phases, which were more abundant in the HVOF coatings 
[Publications II and III]. Surface residual stresses might have contributed, as well. 

9.1.2.1 Cr3C2-25NiCr coatings 

The SEM/EDS cross-section analyses of the as-sprayed Cr3C2-25NiCr coatings are 
presented in Figure 9.2.  

It is evident that the HVOF process induced an increased melting degree in the 
spray powder. The melting caused the partial dissolution of the carbide particle into 
the metal matrix, which became C-enriched. This phenomenon is made visible by 
BSE contrast, where stripes of the metal matrix acquired a darker colour, such as in 
Figure 9.2a, where the binder indicated by spot 2 is darker than that of spot 1. This 
means that parts of the metal binder of the as-sprayed HVOF coatings had been 
enriched with chromium and carbon to the extent that they could be considered as 
supersaturated or metastable phases. On the other hand, HVAF due to the lower 
process temperatures, presents hardly any such striations. In fact, it contains areas 
of low or no melting such as that indicated in spot 1 of Figure 9.2b.  

One more distinguishable difference is the presence of different types of carbides 
in the HVOF coating. The XRD analyses showed that the HVOF coating contained 
both Cr3C2 and Cr7C3 type carbides. Moreover, mixed carbides were observed where 
Ni replaced Cr in the Cr7C3 structure. Substituted carbide phases such as (Cr, Ni)7C3 
have been observed in the past in HVOF coating by Matthews and Ding [105; 113; 
114] and then confirmed by Matikainen [108]. Their occurrence is due to the 
significantly higher solubility of nickel in Cr7C3 (more abundant in HVOF coatings) 
than in Cr3C2. Moreover, Cr3C2 does not reach the melting point at the spray 
temperature (measured at an average of 1470 °C); therefore, Ni substitution is 
unlikely. Conversely, HVAF coatings only contain one type of carbide, i.e. Cr3C2, as 
verified by Matikainen et al. [108].  
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Figure 9.2.  Cross-section SEM/EDS analyses (wt.%) of as-sprayed Cr3C2-25NiCr coating. a) 
HVOF coating, b) HVAF coating. [Publication III]. Scale bars: 10 μm 

9.1.2.2 Cr3C2-50NiCrMoNb coatings 

The SEM/EDS cross-section analyses of the as-sprayed Cr3C2-50NiCrMoNb 
coatings are presented in Figure 9.3. Because of its higher metal content 
(approximately 50 vol.% in the feedstock), and being the metal also highly alloyed, 
this coating is intended for more corrosive environments than Cr3C2-25NiCr. Both 
HVOF and HVAF show a darker striation of molten matrix where carbides have 
dissolved. However, they are more noticeable in the HVOF coating due to the higher 
process temperature and thus higher melting degree during spraying. In this case, 
both the HVOF and HVAF coatings presented mixed carbide phases in which Ni 
and Mo replaced Cr. Moreover, fine, sparse NbC hard phases can be observed in 
both coatings (white arrows in Figure 9.3) 
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Figure 9.3.  Cross-section SEM/EDS analyses (wt.%) of as-sprayed Cr3C2-50NiCrMoNb 
coating. a) HVOF coating, b) HVAF coating. [Publication III]. Scale bars: 10 μm 

9.1.2.3 Cr3C2-37WC-18NiCoCrFe coatings 

The SEM/EDS cross-section analyses of the as-sprayed Cr3C2-37WC-18NiCoCrFe 
coatings are presented in Figure 9.4. The microstructure of Cr3C2-37WC-
18NiCoCrFe coatings is highly complex due to the multiple carbide phases and 
highly alloyed metal matrix. The phases identified by XRD were present in both 
coatings: tungsten monocarbide (WC) and two different chromium carbides, Cr3C2 
and Cr7C3, which were also detected in the feedstock powders [108]. The tungsten 
carbide particles are finely sized and homogeneously dispersed in the metal matrix 
(white particles, e.g. spot 2 in Figures 9.4a and b). The chromium carbide particles 
are visibly coarser. The HVAF coating had approximately 9 vol.% more metal 
content than the HVOF coating. This was mostly attributed to the rebounding of 
hard carbide-rich particles during spraying [108].  
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Figure 9.4.  Cross-section SEM/EDS analyses (wt.%) of as-sprayed Cr3C2-37WC-18NiCoCrFe 
coating. a) HVOF coating, b) HVAF coating. [Publication III]. Scale bars: 10 μm 

9.1.3 Ceramic oxide coatings 

The cross-sections of the ceramic coating materials are presented in Figure 9.5. APS 
TiO2 and Cr2O3 coatings (Figures 9.5a and e) all showed several vertical 
microcracks often found in plasma-sprayed ceramic coatings [6]. Striations of 
different grey shades in the BSE image also denoted the presence of multiple oxide 
stoichiometries, which were formed due to melting and rapid solidification. 

The alumina-zirconia HVOF sprayed coatings are, as expected, inhomogeneous 
because they contain several phases and oxide compositions. Nevertheless, very 
dense microstructures without cracks were obtained for these coatings.  

The HVOF sprayed TiO2, Cr2O3 and Al2O3-13TiO2 coatings share similarities, 
as all have homogeneous microstructures without cracks, but with distinctive 
porosity. This is likely due to the results of particle pull-outs, indicating poor 
interparticle cohesion. The HVOF sprayed Cr2O3-TiO2 coating has the same 
features of the latter coatings but also shows the formation of metallic chromium 
strings (Figure 9.6). Their absence in the feedstock powder means that they were 
formed during spraying, probably from the in-flight reduction of chromium oxides.  
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Figure 9.5.  SEM/EDS cross-section analyses (wt.%) of as-sprayed a) APS TiO2, b) HVOF TiO2, 
c) HVOF Al2O3-20ZrO2, d) Al2O3-40ZrO2, e) APS Cr2O3, f) HVOF Cr2O3, g) HVOF Cr2O3, h) 
HVOF Al2O3-13TiO2. [Publication IV]. Scale bars: 20 μm 
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Figure 9.6.  SEM/BSE magnified detail from Figure 9.5g showing metallic Cr strings. [Publication 
IV] 

Later in the study, after observing spallation in the oven tests, a NiCoCrAlY bond 
layer was applied in the steel substrates to ensure coating adhesion for the corrosion 
probe study and to create a further barrier between the substrate and the 
environment. An example of this coating system is presented in Figure 9.7. 

Figure 9.7.  Al2O3-ZrO2 ceramic top coating and NiCoCrAlY bond layer prepared on probe ring 
for field tests in boiler. 

Cr2O3 coating 
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9.2 Effect of high-temperature exposure on the microstructure of 
hardmetal coatings 

Thermal spray coating processes impart a large amount of heat and plastic 
deformation to the feedstock material. This often results in the formation of 
metastable phases, which can transform when exposed to high temperature. The 
following sections present the microstructural changes that were observed in the 
coating due solely to high-temperature exposure, and therefore independent of 
corrosion and oxidation processes. The hardmetal coatings were those mostly 
affected by microstructural changes, which also had a more significant impact on 
their corrosion resistance. Therefore, a more in-depth analysis was carried out on 
those coatings. 

During thermal spray deposition, the feedstock powder particles undergo a 
certain degree of melting. In the liquid state and under the turbulent conditions of 
the spray process, the carbides and the metal matrix mix and interact. The result is 
the dissolution both of carbides into the metal matrix, and of alloy elements into the 
carbide structure. The consequence of this process is the formation of a metastable 
C- and Cr-rich metal binder [109; 114] and mixed Cr- Ni- Mo-carbides. During 
exposure to high temperatures, such metastable phases can transform to reach a 
stable form. These transformations include the precipitation of fine secondary 
carbide phases, a change in primary carbide composition, and the diffusion of 
alloying elements [110; 115].  

The cross-section of as-sprayed Cr3C2-50NiCrMoNb coatings heat-treated in an 
inert atmosphere is presented in Figure 9.8. Multiple coatings with the same 
composition were deposited with different methods to induce the formation of 
different metastable phases. Specifically, the aim was to obtain different grades of 
molten phases by using HVOF (high flame temperature) and HVAF (low flame 
temperature) and two different particle size distributions, where the finer particles 
would melt more than the coarser ones. The combination of these factors resulted 
in the four levels of coating presented in Figure 9.8. The cross-sections show that 
the coating sprayed with the parameters giving the lowest flame temperature 
contained a large amount of unmelted matrix and less dissolution of carbides into 
the metallic binder. The higher the spray temperature, the higher the melting of the 
metal and dilution of carbides into it. The striations of different greyscale are a clear 
sign of carbide dissolution. As expected, the heat treatment resulted in 
microstructural changes. The most evident was the precipitation of fine secondary 



53 
  

carbides particles in the matrix, which did not take place in areas of unmelted metal 
(arrow in Figure 9.8b).  

It has been reported that Cr7C3 transforms into Cr3C2 during short-term 
isothermal heat treatment [115]. On this issue, conflicting results were obtained. A 
reduction was observed in the number of the darker type of primary carbide particles 
(presumed to be Cr3C2) after heat treatment, whereas the XRD analyses (Figure 9.9), 
showed an increased intensity of Cr7C3 peaks. NbC formation was observed again 
in these coatings (arrows in Figures 9.8a, c, e, g). 
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Figure 9.8.  Cross-section of HVOF and HVAF Cr3C2-50NiCrMoNb coatings as-sprayed and 
heat-treated at 700 °C for 2h in Ar inert gas atmosphere. Grades 1 to 4 refer to the attempt to 
manufacture increasing degrees of carbide dissolution. [Publication III]. Scale bars: 10 μm 

 



55 
  

 

Figure 9.9.  XRD patterns of Cr3C2-50NiCrMoNb a) feedstock powders, b) as-sprayed coatings 
and c) heat-treated coatings. [Publication III] 

Secondary carbide precipitation was also observed during the corrosion tests in the 
oven, where the Cr3C2-NiCr coatings were subjected to this same phenomenon 
(Figure 9.10). No secondary carbide precipitation was observed for the Cr3C2-37WC-
18NiCoCr coatings.  
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Figure 9.10. HVOF Cr3C2-25NiCr SEM/BSE cross-section image after furnace test at 550 °C for 
168 h.  

However, the long-term test in the actual boiler showed that the observed fine 
secondary carbide precipitates were not yet in a stable form. Figure 9.11 shows a 
cross-section of HVAF Cr3C2-50NiCrMoNb after exposure at high temperature for 
72, 168 and 3000 hours. The fine secondary carbide precipitates were present in large 
amounts after 168 h but disappeared after 3000 h of field exposure, when they seem 
to have coalesced to form large particles of a similar size to those of primary carbides. 

Substrate 

Coating 
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Figure 9.11. Microstructural transformation of HVAF Cr3C2-50NiCrMoNb coating after 72, 168 
(lab tests) and 3000 hours (field tests) at temperatures between 525 °C and 550 °C. 
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9.3 Corrosion resistance of NiCrMoNb coatings 

Alloy 625 and Ni-based alloys in general are known to be highly corrosion-resistant 
in the conditions studied in this work. However, their performance as coatings is 
dependent on the final coating microstructure, porosity and chemical composition, 
which in turn depend significantly on the coating process. The different corrosion 
degradation on the tested coatings confirms this occurrence. The results after the 
168-hour test in the furnace at 550°C under KCl deposit are presented in Figure 
9.12. 

 

Figure 9.12. Measured thickness of the superficial oxide layer on Alloy 625 coatings after test in 
furnace/oven at 550 °C, for 168 h, under KCl deposit. For sample IDs, refer to Table 8.2. 
[Publication I] 

HVOF and twin wire arc spray coating (TWAS) were the most resistant, with nearly 
no evidence of corrosion. The coatings sprayed at the lowest process temperatures 
(CS1, CS2, CS3, and HVAF) were all subject to similar corrosion rates. Moreover, 
the cold spray coating deposited with He as process gas slightly outperformed those 
deposited with N2.  
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Figure 9.13. SEM/BSE cross-sections and EDS analyses (wt.%) of the corroded cold spray 
coatings after 168 h test in furnace at 550 °C under KCl deposit. For sample IDs, refer to Table 
8.2. [Publication I]. Scale bars: 20 μm 

 

The white arrows in Figure 9.13A point to areas of preferential corrosion of Mo-rich 
interdendritic areas on a superficial coating particle. In contrast, Mo-enriched Cr-
depleted strings at the boundaries of some particles underneath the surface were 
observed in CS3, as indicated by EDS spot 12 in Figure 9.13. Penetration of chlorine 
species through the intersplat boundaries was also observed in the HVAF coating. 
Figure 9.14 clearly shows the presence of metal chlorides (mostly Cr-chlorides) at 
the particle boundaries, denoting the penetration of corrosive Cl species. 



60 
  

 

Figure 9.14. SEM/BSE image of an intentionally fractured cross-section of the HVAF coating. On 
the cavity left by the pull-out of an unmelted particle, the EDS analysis (wt.%) detected metal 
chlorides. [Publication I] 

9.4 Chlorine corrosion onset temperature of carbide-based 
hardmetal coatings 

One of the main objectives of this work was to find the onset temperature for 
chlorine corrosion in carbide-based coatings. Fast and accurate temperature 
screening was achieved by TGA according to the setup described in section 8.4.3. 
The results are presented in Figure 9.15. The curves show mass gain as a function of 
time and the incremental step temperature program. The temperature program 
consisted of four isothermal steps from 400 °C to 550 °C, with each step at a 
temperature 50 °C higher than the previous one. Mass gain is interpreted as the 
occurrence of corrosive processes. The plot of Figure 9.16 shows that the lowest 
temperature where corrosion was observed was 500 °C. However, the onset 
temperature could be anywhere between that temperature and the previous step 
temperature of 450 °C. Moreover, the measurements showed that most of the 
HVAF coatings started corroding at a higher temperature step. The Alloy 625 
reference coatings showed no mass gain at any of the temperature steps. 
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Figure 9.15. Superimposition of TGA curves (mass change %) of self-standing coatings under 
KCl salt deposit (left axis). The red line represents the incremental step temperature program 
(right axis). Metallic HVOF- and HVAF-sprayed Alloy 625 coatings were included for reference. 
[Publication III] 

9.5 Role of carbide dissolution on initial corrosion rate of carbide-
based hardmetal coatings 

With the information obtained from the TGA temperature screening, furnace tests 
were carried out at 450 °C where no coatings corroded and at 550 °C where all 
coatings corroded. As expected, the Cr3C2-based coatings underwent significant 
corrosion damage in the furnace test at 550 °C. The thickness of the oxide layer after 
168 h at 550 °C and 450 °C under KCl deposit is presented in Figure 9.16. The 
results show that the corrosion damage was 10 to 30 times higher than on the 
previously tested metallic coatings. At 450 °C, corrosion was drastically reduced to 
levels comparable to those of the metallic coatings. The cross-sections of the tested 
coatings are presented in Figure 9.17. 
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Figure 9.16. Measured thickness of the superficial oxide layer on carbide-based coatings after 
test in furnace at 550 °C (grey columns) and 450 °C (dashed columns) for 168 h under KCl 
deposit. For samples IDs, refer to Table 8.5. [Publication III] 

At 550 °C, the carbide coatings underwent significant damage and catastrophic 
failure. The HVAF process produced a clearly more resistant coating than its HVOF 
counterpart only in the case of Cr3C2-50NiCrMoNb coatings, which is the 
composition with the highest metal content. When the metal content was reduced, 
HVAF and HVOF coatings performed similarly, with the HVOF coatings 
outperforming the HVAF ones at lower temperatures. Figure 9.17 shows the 
SEM/BSE cross-sections of the coatings tested at 450 °C and 550 °C. As expected 
after the TGA tests, the test at 450 °C caused only minor corrosion damage to the 
coatings. In contrast, at 550 °C, there was severe corrosion, producing thick, layered, 
porous oxide layers. Deposit compositions that could indicate the formation of 
K2CrO4 were found only on some of the coatings tested at 450 °C, denoting that it 
is perhaps formed only at the initial stage of the corrosion process. 
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Figure 9.17. BSE/SEM cross-section images of Cr3C2-NiCr and Cr3C2-NiCrMoNb coatings after 
test at 450 °C and 550 °C for 168 h under KCl deposit. [Publication III]. Scale bars: 200 μm 
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In the coatings with the NiCr-based matrix, corrosion seems to advance through the 
carbide-matrix interfaces (Figure 9.18) and an interconnected network of fine 
secondary carbide precipitates, as presented in Figure 9.19. 

 

Figure 9.18. Details of the corrosion front of coating CC1.2 after isothermal test at 450 °C for 168 
h. SEM/BSE cross-section view. Corrosion takes place in areas around the carbide particles. 
[Publication III] 

 

Figure 9.19. Details of the corrosion front of coating CC1.1 after isothermal test at 550 °C for 168 
h. SEM/BSE cross-section view. Corrosion through secondary carbide precipitates. [Publication 
III] 
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The effect of secondary carbide precipitates on the corrosion resistance of the 
coatings was investigated in [Publication II]. The cross-section images of the 
microstructures of the as-sprayed coatings and heat-treated coatings prior to the tests 
were previously presented in Figure 9.8. The results from the TGA testing and oven 
tests are consistent and show a correlation between secondary carbide precipitation, 
which is the effect of carbide dissolution in the matrix, and initial corrosion rate. An 
example of a corroded self-standing coating is presented in Figure 9.20. 

 

Figure 9.20. Cross-section of the heat-treated sample HVAF-grade I HT after corrosion test in 
TGA device. The corrosion degradation by KCl is clearly visible on the right-hand side compared 
to the part on the left-hand side of the image, which was above the salt layer. The white boxes 
show the areas where the corresponding thickness was measured. [Publication II]. Scale bar: 
200 μm 

The thickness loss measurements were taken by image analysis, within the two white 
boxes of Figure 9.20 representing areas above the salt level (left) and below it (right 
box). The corrosion test results from TGA are presented in Figure 9.21.  The three 
coatings sprayed with the highest particle temperatures were subjected to 
incremental corrosion rates, both in the 4 h and 72 h tests at 550 °C. The coating 
sprayed with the lowest process temperatures underwent a fairly high corrosion rate. 
This denotes the existence of an optimal range of particle temperatures, which 
produce the most resistant coating microstructure. It is possible that the low 
temperature could not produce a microstructure with adequate intersplat sealing, 
thus reducing the corrosion resistance of the coating. This is supported by Figure 
9.8a, which shows crevices between the carbide particles and metal binder. 
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Figure 9.21. Mass gain of the as-sprayed and heat-treated self-standing coatings during TGA 
isothermal step at 550 °C. [Publication II] 

The pre-heat-treated coatings underwent less corrosion damage than the untreated 
ones, although they followed the same trend.  

9.6 Corrosion resistance of ceramic oxide coating materials 

The corrosion resistance of the ceramic materials was tested on self-standing 
coatings and as coating systems on steel coupons. Significantly different results were 
obtained for the different coating compositions. An example is presented in Figure 
9.22.  

 

Figure 9.22. Figure 3: The cross-section of the corroded samples a) HVOF sprayed Cr2O3 
coating tested at 550 °C, b) HVOF sprayed Cr2O3-TiO2 coating tested at 550 °C and c) HVOF 
sprayed Al2O3-ZrO2 coating tested at 720 °C. [Publication IV]. Scale bar: 500 μm 
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The chromia coating suffered catastrophic corrosion degradation (a), which resulted 
in extreme thinning of the self-standing sample. A small addition of titania increased 
the chemical stability of the coating (b). Alumina-zirconia coatings were inert up to 
720 °C. The reason for chromia’s extreme degradation was investigated further by 
STA methods. The results are presented in Figure 9.23. The self-standing coating 
was immersed in KCl powder and tested under three thermal cycles between 740 
and 240 °C. At 368 °C, a reversible endothermic differential scanning calorimetry 
(DSC) signal peak was observed. The peak was not accompanied by mass change 
and was identified as the melting point of the eutectic between KCl and K2Cr2O7. 

The initial salt was pure KCl and therefore the K2Cr2O7 derived from the corrosion 
reaction of the Cr2O3 coating and KCl. 

 

Figure 9.23. TG/DSC plot of sample HVOF Cr2O3. The reversible endothermic peaks (shown by 
arrows) in the DSC signal (red solid line) indicates the occurrence of some melting at 368 °C.  
[Publication IV] 
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A descriptive comparison of the performance of the tested oxide coatings is shown 
in Table 9.1. Due to the high degradation of chromia-based coatings already at 550 
°C, they were not tested at higher temperatures. 

Table 9.1: Qualitative performance of the oxide coatings. 

Coating 
Test temperature 

550 °C 650 °C 720 °C 
Cr2O3 Severe thinning Not tested Not tested 
Cr2O3-3TiO2 Superficial material loss Not tested Not tested 

TiO2 No degradation 
Corrosion products 
detected but no evident 
material loss 

Superficial material loss 

Al2O3 – 20ZrO2 No degradation No degradation No degradation 
Al2O3 – 40ZrO2 No degradation No degradation No degradation 
Al2O3 – 28MgO No degradation No degradation Substrate oxidation 

Al2O3 – 13TiO2 Not tested No degradation 
Corrosion products 
detected but no evident 
material loss 

The coating spalled off from the substrate because of their CTE mismatch with 
metals. A common technique to prevent this problem is the application of a 
NiCoCrAlY bond layer. Figure 9.24 shows the coating delamination after the oven/ 
furnace test (left-hand side) and their improved adhesion to the substrate due to the 
application of the bond layer (right-hand side). 

 

Figure 9.24. Effect of NiCoCrAlY bond layer on the substrate adhesion of the oxide coatings. 
Left-hand image of the coatings on bare steel; right-hand image of the coatings with the bond 
layer. 
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9.7 Corrosion resistance in actual boiler environment 

The results from boiler exposure were positive, because all coatings tested exhibited 
only minor and moderate signs of corrosion. The ceramic oxide coatings remained 
inert during the exposure. The metallic thermally sprayed coatings were highly 
resistant and acted as an effective barrier to the substrate. A Ni-rich oxide layer 
formed on the surface of the commercial CorEr coating (Figure 9.25b) and chlorides 
was able to penetrate through the most superficial splat boundaries. Very superficial 
penetration of chloride species took place in cold sprayed coating (Figure 9.25a). A 
similar occurrence had earlier been observed and discussed in [publication I] and was 
attributed to the tamping effect characteristic of this coating type. The HVOF-
sprayed NiCrMoNb coating (Figure 9.25c) also underwent negligible corrosion 
damage. 

 

Figure 9.25. BSE/SEM cross-sections of metal spray coatings A) cold spray Alloy625 45° vs. 
windward side, B) HVOF CorEr 45° vs. windward side, C) HVOF Alloy 625 windward side. 
Please note the different magnifications. Scale bars: A) 2 μm, B) 10 μm, C) 20 μm 

The CMT welded coatings (Figure 9.26) underwent more accentuated corrosion, 
causing Cr depletion, as deep as 100 μm on the CMT 625 coating. The dendritic 
cores of overlay weld coatings were selectively corroded. Such areas were Mo- and 
Nb-depleted as these elements segregated into the interdendritic areas during the 
coating process [8]. This phenomenon was likely exacerbated in the CMT coatings 
due to the coating being applied directly on the probe ring, which did not allow 
proper heat dissipation, thus causing a coarse dendritic microstructure. The CMT 
welded stainless steel coating suffered the highest material wastage. 
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Figure 9.26. At the top, BSE/SEM cross-sections of overlay weld coatings a) CMT309 windward 
side, b) CMT625 45° vs. windward side, c) OW625 45° vs. windward side. At the bottom, the 
elemental distribution of Ni and Cr of sample CMT625. Scale bars: SEM images 500 μm, EDS 
maps 100 μm. 

HVOF Al2O3-40ZrO2 was inert, despite formation of a visible molten phase in the 
deposit right on the coating surface (Figure 9.27A). The HVAF Cr3C2-50alloy625 
coatings underwent higher corrosion damage (<0.1mm/y). Corrosion appears to 
take place in localized spots, with size and distribution relatable to those of carbides. 
However, it was not possible to determine whether the carbides were selectively 
corroded with certainty in this instance. The HVOF Al2O3-28MgO coating, despite 
being unreactive with the ash deposit, had a few vertical cracks which allowed the 
penetration of molten deposit onto the bond coat. Nevertheless, the bond coat 
stopped the crack propagation and the molten salt penetration, proving to be an 
effective bonding material and environmental barrier. Interestingly, the deposit 
inside the crack did not contain Cl, despite it being largely available on the surface 
as a molten KCl deposit. A possible explanation is the formation and subsequent 
evaporation of volatile Cl compounds. This occurrence needs further investigation 
to achieve more in-depth understanding.  
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Figure 9.27. At the top, BSE/SEM cross-sections of thermally sprayed coatings a) HVOF Al2O3-
40ZrO2 windward side, b) HVAF Cr3C2-50alloy625 45° vs. windward side, c) HVOF Al2O3-28MgO 
windward side. At the bottom, is the EDS elemental map of HVOF Al2O3-28MgO. Scale bars: A) 
100 μm, B) 10 μm, C) 20 μm, EDS maps 100 μm. 
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10 DISCUSSION 

In the following chapter, the experimental results of chapter 9 will be discussed with 
the aim of correlating the chemical and microstructural features of the coatings with 
their corrosion properties and coating manufacturing process. A corrosion 
mechanism for the chromium carbide-based coatings is presented and the 
implication of the results, such as the onset temperature of corrosion degradation, 
will be evaluated.  

10.1 Effect of coating method on high-temperature corrosion 
properties of NiCrMoNb coatings 

The effect of the deposition technology on the corrosion properties of coatings is 
imparted by the different microstructural properties of the coatings. Some 
fundamental coating properties for corrosion protection have been identified as 
porosity, alloy composition and in-flight oxide formation [6; 45; 116]. Such 
properties are, to some extent, influenced by process parameters affecting the 
particle in-flight and the impact temperature and velocity. Specifically, TWAS and 
HVOF coatings (Figures 9.1b and e) show signs of significant particle melting, which 
results in compact non-porous microstructures and generally in improved intersplat 
contact, thus creating an effective environmental barrier for the substrate. The high 
amount of intersplat oxides in these coatings, which are an indirect consequence of 
higher process temperatures, appear not to hinder their corrosion resistance. The 
microstructure of the HVAF-sprayed coating contained partially unmelted and not 
sufficiently deformed particles. These allow the formation of porosities at the 
particle boundaries, offering pathways for corrosive substances to penetrate. Most 
likely this is caused by the large particle size distribution of the feedstock powder. 
The cold-sprayed coatings experienced no melting, but they generally undergo 
significant deformation due to the high kinetic energy imparted to the particles 
during the process. In this instance, it is known that deformation is also increased by 
the self-peening of the incoming particles hitting the previous coating layer [48]. The 
tamping effect is lower or absent on the most superficial coating layers, which are 
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therefore deformed less and leave interparticle porosity. Moreover, lower spraying 
temperatures allow the preservation of the powder dendritic microstructure, whose 
effect on corrosion is discussed in the following section. 

10.2 Role of Mo in the high-temperature corrosion properties of 
Alloy 625 coatings 

As mentioned in section 9.1.1, unmolten particles will retain the dendritic 
microstructure from the feedstock powder, in which Mo and Cr are unevenly 
distributed. This will lead to preferential corrosion of Mo on the surface and Cr 
underneath it, as presented in section 9.2.2 (Figure 9.13).  This can be explained by 
oxychlorination of the alloyed Mo. The Mo-Cr-O-Cl stability diagram of Figure 10.1 
shows that, in the simultaneous presence of chlorine and oxygen, as expected on the 
surface, Mo oxychlorides are stable. Such oxychlorides are highly volatile, and once 
formed they will leave the metal surface, thus causing accelerated material loss in the 
Mo-rich areas. Beneath the surface, it would be expected to observe lower O2 and 
higher Cl partial pressure, making the formation of Mo oxychlorides unlikely. In 
such conditions, Cr requires a smaller amount of Cl than Mo does to form volatile 
metal chlorides and starts the corrosion process as described by the mechanism of 
Cl active oxidation [26; 36]. 
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Figure 10.1. Mo-Cr-Cl-O superimposed stability diagram calculated at 550°C. The area of 
stability of Mo is highlighted in red [Publication I]. Calculated with HSC Chemistry 6 [19]. 

This observation implies that alloying Mo is beneficial, especially for exposure to 
low-oxygen atmospheres in which it is less sensitive than Cr to chlorination. 

Nevertheless, the sprayed coatings performed very well, and the overall corrosion 
damage attributable to Mo oxychlorides was minimal. However, more damage was 
reported for overlay weld coatings, especially those with a coarse dendritic 
microstructure such as those reported in section 9.3 and shown in Figure 9.26. In 
that instance, the wide dendrites resulted in large areas where Mo was nearly absent, 
and Cr was highly enriched. Under the oxides and ash deposit, low oxygen partial 
pressure and chloridizing conditions caused severe corrosion of Cr-rich areas. In 
welded coatings, a fine dendritic microstructure is advisable. Hypothetically, if the 
dendritic growth was longitudinal, and not radial, selective dendritic corrosion could 
be kept superficial and deep penetration could be limited. However, commercial 
weld overlay coatings already have a more than acceptable corrosion resistance in 
boiler environments. Therefore, the benefit of this procedure might not be worth 
the effort required to achieve it. 
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10.3 Formation and structure of corrosion products 

The stability diagram of (Ni,Cr)-Cl-O [19] presented in Figure 10.2 explains the 
layered structure of the corrosion products. At the corrosion front, under either the 
oxide scale or the corrosion layer, metal chlorides are stable due to low oxygen and 
high chlorine partial pressure. Their formation was even observed empirically in 
[Publication I], in the form of hydrated chromium chlorides. Such metal chlorides 
are volatile at the studied temperatures, and therefore will evaporate towards the 
surface. There, the oxygen partial pressure is higher, which leads to their oxides 
becoming stable. This phenomenon translates into a downward-right transition, 
shown in the stability diagram of Figure 10.2. Chlorides of elements like Ni require 
a relatively high oxygen partial pressure to become oxides; therefore, they will oxidize 
on top of the oxide scale. Diversely, chromium chlorides have more affinity to 
oxygen and can find enough oxygen and oxidize closer to the surface. As NiO was 
found on the top of the oxide scale, it can be assumed that it originated from NiCl2 
formed at the corrosion front. Consequently, at the corrosion front, the oxygen and 
chlorine content are sure to lie within the red box of Figure 10.2 where CrCl2 cannot 
be stable; hence, CrCl3 is the chromium chloride that forms. Moreover, having NiO 
as the top layer, above a layer of Cr2O3, means that NiCl2 was still stable when Cr2O3 
was formed, denoting that the environmental transition crosses the blue box, as 
indicated by the arrow in Figure 10.2. 

 

Figure 10.2. Superimposed stability diagram (Ni,Cr)-Cl-O at 550 °C. Calculated with HSC 
Chemistry 6. [Publication III] 
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10.4 Onset temperature of chlorine-induced high-temperature 
corrosion of the hardmetal coatings 

TGA proved to be a fast and accurate method for assessing the onset temperature 
of chloride-induced corrosion. Corrosion is detected in the form of a mass gain 
signal. The temperature program used was isothermal step, meaning that the 
temperature was increased in steps where it was held constant for a designated time. 
This gives the measurement an accuracy within the temperature step size, which in 
this work was 50 °C. For example, in the case of Cr3C2-25NiCr coatings, corrosion 
was detected at 500 °C but not in the previous step at 450 °C. This means that 
corrosion might have started already at 451 °C, but it was detected only on the 
following step at 500 °C. No mass gain was measured for Cr3C2-50NiCrMoNb 
coatings up to 550 °C. This observation is also supported by the thermodynamic 
considerations made in chapter 10.3, where accelerated corrosion by evaporation of 
metal chlorides was estimated to start at ≈470 °C. Based on the TGA and oven tests, 
450 °C and 500 °C could be considered as the highest temperatures for safe use, 
under a concentrated KCl deposit, of Cr3C2-25NiCr and Cr3C2-50NiCrMoNb, 
respectively. The field test in the eucalyptus bark fired boiler demonstrated that the 
HVAF-sprayed Cr3C2-50NiCrMoNb coating could sustain extended exposure at ≈ 
530 °C, which is in agreement with the laboratory results. However, it is worth noting 
that the actual deposit in a boiler is only composed of KCl to a small extent, as it 
contains several other compounds of different, perhaps lower, corrosivity, as well as 
some inert ones. Therefore, it is assumed to be less corrosive than the pure KCl 
deposit, which was tested on laboratory scale. Despite the agreement between 
laboratory and field test results, one must bear in mind that the corrosion mechanism 
can vary over time due to changes in the environment and materials. TGA is a short-
term test, which gives an insight into the early stages of the corrosion mechanism. 

The different corrosion mechanisms observed at the two tested temperatures can 
be explained by some thermodynamic considerations. The ΔG of formation of CrCl3 
and CrCl2 are thermodynamically favoured as both are negative at the test 
temperatures. However, at 550 °C, unlike CrCl2, CrCl3 also has a vapour pressure 
which is above 10−4 atm, which is generally considered the minimum vapour 
pressure for steady chloride evaporation resulting in a high corrosion rate [117]. In 
section 10.3, CrCl3 was also identified as the main chromium chloride to form. 
Therefore, at 550 °C, corrosion is greatly accelerated by the formation and rapid 
evaporation of CrCl3 and its subsequent oxidation, as described by Eqs. (4)– (10). 
NiCl2 also shows the same corrosion mechanism as it has similar vapour pressure, 
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although it requires more chloridizing conditions to form in the first place (Figure 
10.2). Conversely, at 450 °C, no metal chlorides have a partial pressure exceeding 10-

4 atm, preventing their steady evaporation. Therefore, the corrosion rate is controlled 
by the slower formation of solid oxometallates such as K2CrO4, according to Eq. 
(1). Based on these assumptions, both the partial pressure of CrCl3 and NiCl2 exceed 
the value of 10-4 atm at approximately 470 °C [19], which can be estimated to be the 
threshold temperature between the two corrosion modes. 

10.5 Effect of carbides as reinforcement on the high-temperature 
corrosion properties of hardmetal coatings 

Theoretically, the Cr3C2-50NiCrMoNb coating differs from the metallic NiCrMoNb 
coatings only by the presence of carbide particles in the coating composition. In 
reality, their microstructures are very different as a result of the interaction of these 
two components.  However, for the sake of this discussion, one can consider that 
the performance difference between these types of coatings derives from the 
addition of carbide particles to the NiCrMoNb metal matrix. In fact, the difference 
is evident in all the tests on any timescale. During the short-term TGA tests, the 
metallic coatings did not show any mass gain at all, denoting how inert such an alloy 
is without carbide addition. 

Similarly, in the oven and the field test, the carbide-based hardmetal coatings 
corroded much more than the metallic ones. The reason is attributable not only to 
the inherent reactivity of carbides with chlorides (see section 4) but also to the 
“contamination” that the carbides bring to the metal matrix to the extent of spoiling 
it. This was evident from the behaviour of the heat-treated coatings, as presented in 
Figure 8.8. The heat treatment caused the dissolved carbon in the supersaturated 
binder alloy to precipitate from the metal matrix in the form of fine secondary 
carbides. This was theorized to have “purged” the matrix of the carbon 
contamination caused by carbide dissolution, thus increasing the overall corrosion 
resistance. In fact, such improvement is visible only in the first few hours of 
exposure, and the gap in corrosion resistance between heat-treated and non-heat-
treated coatings is already closed after only 72 h. These observations established that 
carbon dissolution should be considered as a contamination of the metal matrix with 
a detrimental effect on the corrosion resistance. The higher the carbide dissolution, 
the more detrimental it was. Therefore, attention should be paid to limiting this 
phenomenon. Based on the observations of this work, this could be achieved by 
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controlling the melting of particles in the thermal spray coating process. Some 
process variables that are known to increase particle melting include high flame 
temperature, long particle dwell-time in the flame and small particle size. 

10.6 Accelerated corrosion mechanism of hardmetal coatings under 
concentrated Cl deposit 

The results described in sections 9.2.1 and 9.2.4 enabled the formulation of a 
mechanistic explanation for the corrosion phenomena taking place in Cr3C2-NiCr-
based coatings. This mechanism was developed based on the observations made on 
HVOF- and HVAF-sprayed Cr3C2-25NiCr and Cr3C2-50NiCrMoNb coatings. The 
chlorine active oxidation mechanism developed by Grabke et al. and the two-stage 
electrochemical mechanism developed by Israelsson et al. [118-120] and Folkeson et 
al. [25] were adapted to describe the behaviour of the coatings. The mechanism is 
graphically described in Figure 10.3 and in the following. 

1) The heat input of the thermal spray process partially melts both the primary 
carbides and metal matrix of the feedstock powder. The metal and carbide 
mix and the rapid solidification of the coating particles result in the 
formation of metastable C- and Cr-rich regions in the alloy [109; 115]. 

2) When exposed to high temperatures, the secondary carbide particles are 
precipitated from the supersaturated metastable metal binder [110]. At this 
point, the electrochemical reaction of KCl with surface Cr-oxides forms 
K2CrO4 and Cl- according to Eq. 2 [25; 118; 119]. Cl- is highly mobile and 
can easily penetrate the oxide layers and reach the coating surface. 

3) The Cl- is highly reactive with the carbide phases. Especially the secondary 
carbide precipitates, being fine and close to each other, allow the formation 
of an interconnected corrosive pathway for Cl diffusion. As the corrosion 
reactions proceed, the carbide particles are turned into volatile Cr-chlorides 
(Eqs. (4)-(6)). The interfaces between primary carbides and metal binder also 
take part in the process. Such interfaces can host defects like cracks, pores 
and crevices, which facilitate the mobility of corrosive species and corrosion 
products [6]. 

4) As the Cr-chlorides evaporate towards the surface, they leave a network of 
voids that increase the active surface of the corrosion front. This accelerates 
the corrosion rate of the surrounding metal matrix, as well. The corrosion 
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of the metal matrix forms volatile Ni-chlorides, which also evaporate 
towards the surface. The metal chlorides oxidize on the surface in a layered 
structure, according to the stability diagram of Figure 10.2, and release 
molecular Cl. The corrosion mechanism is self-sustaining and continues 
linearly for as long as reactants are available. 
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Figure 10.3. Graphical representation of the corrosion mechanism taking place in Cr3C2-NiCr-
based coatings at 550 °C. 
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10.7 Stability of oxide coatings in KCl-bearing environments at high 
temperature 

The potential of oxide coating materials against high temperature chlorine corrosion 
was investigated in this work. Both their chemical stability and their properties as 
protective coating systems were evaluated. The alleged chemical stability of oxides 
and their hardness are appealing properties in corrosion and wear applications. 
However, there are challenges in finding actual high temperature applications due to 
their brittle nature and their mismatch of coefficient of thermal expansion with 
steels. The discussion of the present results will explain these aspects.  

The tests on self-standing coatings removed the mechanical coating properties 
from the variables and made it possible to focus only on their chemical stability in 
the presence of concentrated KCl at high temperature. The extreme degradation of 
the chromia coating materials is attributable to the formation of a low melting phase 
between KCl and K2Cr2O7, a product of the reaction between the Cr2O3 coating and 
the KCl itself. 

The suggested reaction is the following: 

2KCl (s, g) + Cr2O3 (s) + 2O2 (g) � K2Cr2O7 (s) + Cl2 (g)   11) 

Once K2Cr2O7 is introduced to the environment, it will form a eutectic with KCl, 
which melts at 367 °C-368 °C [20], as observed empirically in the present STA 
measurements. The formation of K2Cr2O7 was also confirmed visually as the sample 
deposit became bright orange/red after the test. 

It was hypothesized in the literature [121] that K2Cr2O7 would form by the 
reaction of KCl with pure Cr0. The present observations imply that its formation is 
also possible by direct reaction with Cr2O3. However, it must be noted that K2CrO4 
formation is observed much more often in the literature[46; 104; 122-125] than 
K2Cr2O7. In fact, the coupon samples tested in the oven resulted in the formation 
of K2CrO4, which was visually identified by its bright yellow colour (Figure 9.24). 
Therefore, it is unclear whether K2Cr2O7 is a final corrosion product or if it takes 
part in the reaction of the formation of K2CrO4 as an intermediate step. 

Nevertheless, the implications of these results may be expanded to the breakaway 
mechanism of the passivation layers of chromia-forming alloys under KCl deposit 
(such as in publication I), which might take place in two steps, forming K2Cr2O7 
first, and later K2CrO4. Moreover, the results suggest that alloy design should aim at 
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Al2O3-forming compositions as the passivation layer, although this is very 
challenging to achieve. As for the applicability of such materials as protective 
coatings, the results of section 9.2.5 suggest that Al2O3-based materials would be 
inert up to elevated temperatures. However, a bond coat would be, at minimum, 
required to enhance the coating adhesion and to act as an environmental barrier. 
One possibility would be the development of hardmetals in which the hard phase is 
composed of Al2O3 particles.  

10.8 Correlation between laboratory and field tests 

No significant difference was observed for metallic and oxide coatings between 
laboratory and field exposure. However, a significant difference was observed for 
the hardmetal coatings because the field test caused less corrosion degradation. A 
possible explanation may be provided by the following two facts: 

a) The actual ash deposit in the boiler is composed of a mixture of 
salts, not all as corrosive as KCl. In other words, the ash deposits 
are less corrosive than pure KCl. 

b) The metal temperature was lower in the field tests (525 °C vs. 550 
°C). 

The milder corrosive environment in the boiler gave enough time for the reactive 
secondary carbide precipitates to ripe (as in Ostwald ripening i.e. disappearance of 
small precipitates and growth of large ones), as described in section 9.2.1. The result 
was a more resistant microstructure in a less corrosive environment. All these factors 
together prevented the fast corrosion mechanism involving the secondary carbide 
precipitates, as described in section 10.6. 
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11 CONCLUSIONS 

This work evaluated the high-temperature corrosion resistance of nickel alloys and 
different hardmetal coatings under KCl salt deposit in the laboratory and in an actual 
boiler environment. The study aimed to evaluate the effect of high-temperature 
chlorine-induced corrosion on the complex microstructure of thermally sprayed 
coatings.  

The novelties introduced by this work can be summarised as follows: 
a) Better understanding of the effect of the microstructural and 

compositional features of NiCrMoNb and chromium carbide-based 
coatings in terms of their high-temperature corrosion behaviour.  

b) The combination of thermal analyses and oven corrosion tests 
allowed the evaluation of onset temperatures and the corrosion 
mechanism for high-temperature chlorine-induced corrosion in 
chromium carbide-based thermally sprayed coatings.  

c) New insights on the high-temperature corrosion properties of 
different ceramic coating compositions under KCl deposit. 

Below, the above-mentioned novelties are presented in more detail by answering the 
research questions posed in section 1.2. 

1) Chlorine-induced high-temperature corrosion of thermally sprayed 

Alloy 625 coatings 

a) How do the different microstructural features, resulting from different thermal 
spray coating methods, affect the corrosion resistance? 

The coatings showed excellent corrosion resistance both in the laboratory and in the 
actual environment. The HVOF and TWAS NiCrMoNb coatings outperformed the 
HVAF and CS coatings. In the HVAF coatings, unmelted particles hindered proper 
intersplat contact and, therefore chlorine was able to penetrate the coating surface 
via intersplat crevices and porosity, which were identified as microstructural weak 



86 
  

points. Better intersplat contact was observed in the TWAS and HVOF coatings 
thanks to the more efficient melting of the coating particles, while the consequently 
increased amount of oxides at the particle interfaces appeared to be unharmful.  

b) How differently are alloying elements such as Mo and Cr subjected to high-
temperature corrosion in Alloy 625 coatings?  

Different elements were observed to provide different levels of protection based on 
local environmental conditions. Specifically, Ni and Cr ensured excellent protection 
in the oxidizing-chloridizing atmosphere present on the coating surface, while Mo 
proved to be beneficial at the particle interface underneath the surface, where oxygen 
is scarce but chlorine could be abundant. 

2) Chlorine-induced high-temperature corrosion of thermally sprayed 

chromium carbide-based hardmetal coatings 

 

a) What is the onset temperature for chlorine-induced high-temperature corrosion 
of chromium carbide-based coatings? 

Different types of hardmetal coatings were studied. Namely, HVOF- and HVAF- 
sprayed Cr3C2-25NiCr, Cr3C2-50NiCrMoNb, and Cr3C2-37WC-18NiCoCr coatings. 
The coatings were studied with thermal analysis as a screening method to identify 
the onset temperature of chlorine-induced high-temperature corrosion. The results 
were validated by oven tests. This method allowed the effective estimation of the 
onset temperature for hardmetal corrosion. The results indicated that 450 °C could 
be considered as the highest temperature for safe use under concentrated KCl 
deposit for Cr3C2-25NiCr and Cr3C2-37WC-18NiCoCr coatings, whereas under the 
same conditions, Cr3C2-50NiCrMoNb coatings could be used safely up to 500 °C. 

b) What is the interaction of the carbide particles with the metal matrix and how 
does it affect the corrosion mechanism? 

The corrosion properties of Cr3C2-25NiCr and Cr3C2-50NiCrMoNb coatings, 
especially in the short term, greatly depend on the interaction between the carbide 
particle and the metal binder. Specifically, carbide dissolution in the metal matrix 
that occurs during spraying, which leads to the formation of carbon-saturated 
regions in the metal binder. Exposure to high temperatures triggers the precipitation 
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of fine secondary carbides from these regions, which form an interconnected 
network. The secondary carbide precipitates are very reactive with chlorine, which 
will rapidly decompose them and leave a network of fine voids in a sponge-like metal 
matrix structure. The voids increase the active surface of the metal binder, thus 
accelerating the corrosion rate of the metal itself.  

c) How do the different microstructural features, resulting from different thermal 
spray coating methods, affect the corrosion resistance? 

 

The chemical composition and microstructure of the coatings had the most 
significant impact on their corrosion resistance, where high alloying and low carbide 
dilution were beneficial. As for the carbide type, WC was more stable than Cr3C2 
below 550 °C. Although the reason is still unclear, the TGA results seem to indicate 
that HVAF spraying could produce more corrosion-resistant hardmetal coatings 
with higher onset temperature, possibly due to lower carbide dissolution. 

3) High-temperature corrosion properties of ceramic oxide coatings 

under KCl deposit 

 

a) Are some oxide coatings more stable than others? 

HVOF and APS Cr2O3-, TiO2- and Al2O3-based coatings were studied at different 
temperatures under KCl deposit. The chemical stability of the oxide composition in 
KCl can be ranked as follows:  

Al2O3-based oxides > TiO2 >> Cr2O3-based oxides 

where Al2O3-based oxides are the most unreactive under KCl deposit. 

b) Are the oxide coatings stable in KCl-rich high-temperature environments?  

Al2O3-based oxides were inert up to 720 °C, TiO2 coatings showed only a mild 
superficial material loss while Cr2O3-based coatings suffered severe degradation at 
temperatures as low as 550 °C. Cr2O3 suffered high corrosion degradation due to 
the formation of a low-melting eutectic compound between the corrosion product 
K2Cr2O7 and the KCl deposit.  
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Interestingly, the severe degradation of the Cr2O3 coating could be greatly mitigated 
by a small addition of TiO2, as little as 3 wt.%, to the coating composition. This 
aspect might have implications in the design of metal alloys which rely on oxide scale 
formation to ensure high-temperature corrosion protection. For example, chromia-
forming alloys, such as stainless steels and NiCr alloys, might be improved if 
engineered in a way to induce the formation of a small amount of titania in the 
chromia scale. 

c) Are thermally sprayed oxide coatings viable coating materials for high-
temperature corrosion protection? 

Al2O3, ZrO2 and TiO2 ceramic coatings are chemically stable high temperature under 
KCl induced corrosion. It was evident that they ware significantly more stable than 
carbides. This makes them promising reinforcement candidates for replacing 
carbides where the susceptibility of carbides to chlorine limits their application. 

4) Field test in an actual boiler 

 
a) How do the laboratory and long-term field test results compare?  

In general, the corrosion rates observed in boiler were remarkably lower than in 
laboratory scale, presumably due to the lower corrosivity of the real ash deposit 
compared to the KCl deposit used in laboratory. Therefore, the most inert coatings 
such as Alloy 625 and the oxide ceramics were subjected to negligible corrosion 
damage while the carbide-based coatings reported only minor damage. 

b) How do the corrosion mechanisms differ compared to that observed in 
laboratory tests? 

The most significant difference between laboratory and field test was observed for 
the Cr2C3-NiCr coatings as the attack to fine carbide precipitates did not occur and 
the sponge-like morphology did not form. The reason for this was attributed to the 
lower corrosivity of the actual ash deposit compared to pure KCl. The lower 
corrosivity gave time for the fine secondary carbides precipitates to ripe into bigger 
particles, which reduced the active surface and disrupted the precipitate network. 
Therefore, the actual boiler corrosion resulted in being relatively mild. The use of 
thermodynamic calculations supported the analysis of the results. 
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12 SUGGESTIONS FOR FUTURE WORK 

Improvements of the high-temperature corrosion properties of carbide-based 
hardmetal coatings under KCl deposit could be achieved if further research focused 
on limiting the carbide dissolution in the metal binder, by studying alternative metal 
and reinforcement compositions, manufacturing techniques and process parameters. 
For example, it appears that finer powders could facilitate the formation of a better 
intersplat contact, especially in cold spray and HVAF coatings. Therefore, the 
coating performance could be improved significantly by powder feedstock 
optimization.  

The new insights on the stability of thermally sprayed oxide materials could 
inspire further research on TiO2 and Al2O3 as a hard phase replacement for carbide-
based hardmetal coatings for corrosive KCl-bearing high-temperature 
environments.  

The protective properties of thermally sprayed oxides are promising, and further 
research could even enable their actual application as reliable high-temperature 
corrosion protective coatings. 

Moreover, given the improved properties of Cr2O3 with small additions of TiO2, 
further research could be carried out to study the protective properties of chromia-
titania scale on metal alloys. 
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Ni-based coatings of the type Inconel 625 sprayed with high-kinetic spray processes are applied as protective
coatings in many industrial fields where high corrosion resistance is required. High-velocity oxygen-fuel
(HVOF) and arc spray are common thermal spraymethods used in the industry of power generation. Conversely,
high-velocity air-fuel (HVAF) and cold spray are nowadays technologies of rising interest because of their possi-
bilities to create highly dense and low oxidised metallic coatings. This study aims to assess the effect of the dif-
ferent high-kinetic spray systems on chlorine-induced high temperature corrosion protection of Inconel 625
coatings. The coatings were exposed for 168 h to the test condition of 550 °C under KCl salt deposits in 12% hu-
midity air atmosphere. All the coatings provided effective protection to the substrate with the HVOF and arc
sprayed coatings being the most resistant. The coatings were subjected to chlorine induced active oxidation
and showed the typical layered structure of the external oxide deposit with chlorine detected at the coating/
oxide interfaces. Signs of internal degradation were observed and were attributed to the penetration of chlorine
through particle and splat boundaries. Chlorine was detected in some cases up to a depth of 200 μm from the
surface.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In the last years, the power generation industry has been gradually
reducing the use of fossil fuels and thus increasing the use of ecological
biomass and waste, moving towards the climate and energy targets set
by year 2020 and recently upgraded to 2030 by the EU [1]. Biomass is
considered a carbon neutral fuel while the use of waste is considered
to be beneficial in terms of landfill managing and lifecycle impact of
products. A study by Nuss et al. [2] estimated that in the case of the
U.S., considering the average landfill management and waste composi-
tion, the removal of 1 kg of wet biodegradable municipal solid waste
from landfills would result in the saving of 0.167 kg CO2-eq emission.

However, operating boilerswithwaste and biomass generates harsh
environments leading to severe corrosion of the fireside metal compo-
nents. Such fuels are rich in chlorides of Na, K and include minor
amounts of heavy metals chlorides such as Pb and Zn [3,4]. These com-
pounds may react directly with Cr and Fe, thus triggering accelerated

corrosion by themechanism of chlorine-active oxidation [5]. Themech-
anism of active oxidationwas described in detail by Grabke et al. [6] and
involves several reactions. In the following, the Eqs. (1)–(6) are present-
ed for illustrative purpose for Cr, but they can also involve other metals.

Reaction of the chlorides with the metal oxides to form gaseous
chlorine and metal oxides salts on the metal surface [7]:

Cr2O3 sð Þ þ 4KCl sð Þ þ 5=2O2 gð Þ→2K2CrO4 sð Þ þ 2Cl2 gð Þ ð1Þ

In case of water vapour in the atmosphere, the reaction slightly
varies because of the formation of hydrochloric acid

2Cr2O3 sð Þ þ 8KCl sð Þ þ 4H2O gð Þ þ 3O2 gð Þ→4K2CrO4 sð Þ þ 8HCl gð Þ ð2Þ

Penetration of the gaseous chlorine and chlorides through the oxide
film and reactionwith themetal or carbides at the oxide/metal interface
with formation of volatile metal chlorides [8]:

Cr sð Þ þ Cl2 gð Þ→CrCl2 sð Þ ð3Þ

Cr3C2 sð Þ þ Cl2 gð Þ→3CrCl2 sð Þ þ 2C sð Þ ð4Þ
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Diffusion of the metal chlorides towards the surface and reaction
with the oxygen in the atmosphere to form metal oxides [9].

CrCl2 sð Þ↔CrCl2 gð Þ ð5Þ

2CrCl2 gð Þ þ 3=2O2 gð Þ→Cr2O3 sð Þ þ 2Cl2 gð Þ ð6Þ

The released chlorine is dispersed in the atmosphere but a portion of
it diffuses back to the metal/oxide interface and re-activates the corro-
sion process.

Chlorine induced high temperature corrosion causes severe damage
in boilers on heat exchangers. These components have been traditional-
ly manufactured from low alloyed steels [10] but currently, due to in-
creased corrosive conditions, CrMo steels, stainless steels and Ni-based
alloys can be selected for some components [11]. Nowadays, metal deg-
radation is often tackled by the deposition of a high resistant protective
coating on traditional boiler tube materials. This way, the mechanical
stress is withstood by inexpensive tubematerial while the environmen-
tal load is carried by the coating. For this purpose, thermal spray [12–14]
and weld overlay [11,15] coatings are currently used as valuable
methods to extend the lifespan of boiler tubes. Although weld coatings
are generally the choice for the most corrosive environments, thermal
spraying is sometimes preferred as it can be used to produce cost effec-
tive, dense and thick coatings [12,13]. Moreover, unlike weld coatings,
thermal spray leaves the microstructure of the base tubematerial unal-
tered enabling several repair operations without the risk of
embrittlement.

Several commercially available thermal spray processes can be used
to produce metallic coatings, such as high velocity oxygen-fuel (HVOF),
high velocity air-fuel (HVAF), arc and cold spray processes. The process-
es differ from each other in terms of working principles, feedstock ma-
terials and process characteristics such as particle temperatures and
velocities [16]. The particle temperature is highest in the twin wire arc
spray process, in which the two consumable electrode wires are melted
by electric arc and accelerated by compressed air, nitrogen or argon
flow. Lower particle temperatures and higher particle velocities are pro-
duced by the combustion based spray processes of HVOF and HVAF
which completely or partially melt the powder particles and accelerate
them by the heated gas stream. Cold spray produces the lowest particle
temperatures and differs from the previous processes by using inert ni-
trogen or helium as the process gas to heat up and accelerate the pow-
der particles. The particles do not experience melting during the
acceleration. The particle velocities are lowest for the arc spraying
whereas the combustion and cold spray processes provide significantly
higher velocities. These factors greatly affect the oxide and melted
phase content, splat morphology, porosity and other microstructural
features that alter the level of protection of the coatings.

Together with the microstructure, the alloy composition plays a key
role in high temperature corrosion resistance. Numerous alloys and
coatings have been studied in literature aiming to provide acceptable
high temperature corrosion protection in different environments [17,
18]. NiCr based alloys have demonstrated good high temperature corro-
sion resistance and are intensively studied both in actual boilers and in
laboratory. Uusitalo et al. [12,13,19,20] have extensively studied Ni- and
Fe-based HVOF coatings in Cl containing atmosphere. The coatings per-
formed well and their results confirmed the beneficial effect of Cr in Ni-
based alloys as well as the role of minor alloying elements such as Mo.
However, corrosive agents were able to penetrate through some of the
coatings denoting the detrimental effect of porosity and oxides at the
splat boundaries. Other studies showed good resistance of HVOF Ni-
based alloys such as Diamalloy 1005 (Ni22Cr10Mo2Fe), Carpenter
6119 (Ni22Cr13Mo4Fe3W), Inconel 625 (Ni23Cr10Mo4Nb) and
Diamalloy 4006 (Ni20Cr10W9Mo4Cu) in waste-to-energy and biomass
boiler simulated environment [21–23] with performance also depend-
ing on theHVOF gun typeused for thedeposition. HVOF sprayed Inconel
718 (Ni21Cr5Nb3MoFe) coating showed insufficient resistance above

temperature 525 °C [24]. Varis et al. [25] have not found Cl penetration
in HVOF coatings at 550 °C and seen only slight Cr depletion when hu-
midity was added to the environment. Fe-based alloys have been stud-
ied as well and although some high alloyed Fe-based coatings, such as
HVOF SHS9172 (Fe25Cr15W12Nb6Mo) [23] and high-velocity-arc-
spray FeCrAlBY [26], demonstrated good resistance in some high tem-
perature conditions, they are intended for lower temperature boiler
components such as in economisers [27].

Unfortunately, limited literature offers a direct comparison of the re-
sistance of different coatings subjected to the same test conditions. In
addition, the way chlorine active oxidation takes place in the complex
microstructure of thermally sprayed coatings remains nowadays un-
clear. Because of the presence of the several microstructure irregulari-
ties of thermally sprayed coatings, chlorine corrosion may show
significant variation in respect with the models developed for bulk ma-
terials. The comprehension of the corrosion mechanism in such hetero-
geneous microstructures and the determination of their weaknesses
will contribute in developing more protective coatings.

This study aims to describe the way chlorine interacts at high tem-
perature with the significantly different microstructures of Inconel
625 alloy obtained by various thermal spray processes.

2. Material and methods

2.1. Coatings and samples preparation

A total of six Inconel 625 coatings were studied in this work includ-
ing three cold spray, one HVAF, one HVOF and one arc spray coating. All
the feedstock materials were commercially available and all powders
were gas-atomised. HVOF and HVAF coatings were deposited from the
same powder feedstock material on carbon steel substrates. The arc
spray coating was prepared from Inconel 625 wires on stainless steel
substrate. The cold spray coatings (CS1-CS3) were all sprayed on stain-
less steel substrates with two different processes and two gas-atomised
powders. The nominal alloy composition for Inconel 625 and more de-
tails are given in Table 1 and Table 2. The spray parameters for the arc
spray coating (TWAS) were selected according to the instructions of
the feedstock material provider. Sample CS1 was sprayed with the
cold spray system of Impact Innovations using N2 with pressure and
temperature of 5 MPa and 900 °C, respectively. The cold spray coatings
CS2 and CS3 were deposited with the cold spray system of “Plasma
Giken” using gas temperature of 950 °C and N2 (2 MPa) and He
(5 MPa) as process gas, respectively. The HVOF coating was deposited
with a flow rate of 190 l/min for oxygen and 388 l/min for air and
70 l/min for propane. The HVAF coating was manufactured using 3L2G
nozzle with air flow rate of 0.74 MPa and pressures of fuel 1 and fuel 2
of 0.71 MPa and 0.73 MPa, respectively. HVOF and HVAF spray parame-
ters were chosen based on internal preliminary tests.

A metallographic sample to study the as-sprayed structure of each
coating was prepared. The specimens were cut, mounted in cold resin
and grindedwith FEPA P320, P600, P800, P1200 SiC abrasive papers be-
fore the final polishing carried out with 3 μm, 1 μm diamond and
0.04 μm silica suspensions. Two samples of each coating were cut for
the high temperature corrosion test: one for themetallographic inspec-
tion of the coating structure after the test and one to analyse the formed
corrosion products on the coating surface. In the latter case, a notchwas
cut on the substrate on the cross section plane paying attention not to
cut the coating too. Its purpose was to facilitate the coating rupture for

Table 1
Nominal alloy composition of the feedstock material Inconel 625 (UNS N06625) [40].

Feedstock material composition: Inconel 625 [wt%]

Ni Fe Cr Mo Nb Si Mn Al Ti Co C

Bal. 5
max

20–23 8–10 3.15–4.15 0.015
max

0.5
max

0.4
max

0.4
max

1
max

0.1
max
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the subsequent study of the corrosion on the fractured surfaces. All the
samples were cut from a plate to the size of 20 × 20mm2 and thickness
varying in the range of 5–10 mm and tested in “as sprayed” condition.

2.2. Characterisations of the as-sprayed coatings

Themicrostructures of the as-sprayed coatingswere analysedwith a
Zeiss ULTRAplusfield-emission scanning electronmicroscope (FE-SEM)
whereas the surfaces of the coatings were analysed with a Scanning
ElectronMicroscope (SEM, Philips XL30) equipped with Energy Disper-
sive X-ray (EDS) microanalysis. The phase compositionwas assessed by
X-Ray diffractometry (XRD, Empyrean, PANanalytical, Cu-Kα radia-
tion). The coating surface roughness values (Ra) were measured with
Mitutoyo SJ-301 Surface roughness tester. Coating porosity was mea-
sured by mage thresholding on SEM/BSE cross sections.

2.3. High-temperature corrosion test

The high-temperature corrosion tests were carried out based on
standard ISO 17224:2015 in a horizontal alumina tube furnace. The
test layout is presented in Fig. 1. A stream of dry air was fed through
heated water to absorb the designed amount of humidity and then di-
rected inside the furnace. The test was carried out for a duration of
168 h at constant temperature of 550 ± 3 °C. The controlled gas envi-
ronment consisted of a stream of 1.5 l/min of air with 12% of specific hu-
midity. The present test parameters were chosen based on industrial
benchmark tests for biomass and waste-to-energy (WTE) boiler mate-
rials. The corrosive deposit was pure potassium chloride (KCl) powder
in order to enable the only study of chlorine-active oxidation. The salt
powder was mixed with ethanol to form a paste and facilitate its depo-
sition on the samples. The area coated by the salt was 254 mm2. The
samples were then desiccated in oven for 2 h at 80 °C prior test and
placed in the cold furnace.When the furnace reached the set point tem-
perature, the gas pipe carrying humid air was connected and the time

counting started. After the test, the samples were cooled in furnace
with the vapour inlet disconnected in order to have a dry gas flow.

2.4. Characterisations of the coatings after the corrosion test

When the sample reached room temperature, theywere immediate-
lymounted in cold resin in order to stop the corrosion process and to fix
the corrosion products and the salt deposit on the coating surface. The
samples were cut in cross section, mounted again in cold resin. The cor-
rosion products were analysed with SEM/EDS from the grinded and
polished cross sections and from the surfaces of the samples. The
whole sample preparation was carried out without the use of water to
minimize the dissolution of water-soluble corrosion products.

Since only one side of the sample was coated, part of the substrate
was exposed to the environment and its corrosion/oxidation would
have affected the mass change measure. For this reason, the measure-
ment of the thickness of the external oxide layer was considered more
relevant to quantify the corrosion rate. Image thresholding was carried
out on the SEM/BSE imageswith “ImageJ” software to obtain segmented
black and white pictures where the corrosion layer is composed of
white pixels. The thickness of each white pixel column, representing
the thickness of the oxide layer, was measured from SEM images by
using MatLab and the median value of the thickness was calculated.
To achieve higher statistical relevance, the average of themedian values
of 10 different subsequent images was calculated. The total length of
analysed oxide layer was approximately 10 mm in the middle of the
coating area covered by the salt deposit. A schematic of the procedure
is presented in Fig. 2. Image thresholding on SEM/BSE images was
used also for measuring of coating porosity.

The corroded surface of the notched samples was analysed with
SEM/EDS and XRD after the removal of the salt deposit. Then, the sam-
pleswere cracked and the fractured surfaceswere analysed by SEM/EDS
in order to identify corrosion products and corrosion paths along the
coating microstructure.

Table 2
Deposited thermal spray coatings with respective spray systems and feedstock materials.

Coating Code Spray system Process gases Feedstock material Measured coating thickness [μm]

HVAF HVAF Uniquecoat M3 (TUT) Propane air Amperit 380.074
−45 + 15 μm

288 ± 8

HVOF HVOF Diamond Jet Hybrid 2700 (TUT) Propane oxygen Amperit 380.074
−45 + 15 μm

407 ± 5

Twin wire arc spray TWAS OSU Hessler Air Oerlikon Metko 8625
Ø1.6 mm

902 ± 8

Cold spray 1 CS1 Impact Innovations, 5/11 N2 Sandvik Osprey
−45 + 20 μm

466 ± 8

Cold spray 2 CS2 Plasma Giken, PCS-1000 N2 PG-AMP-1060
−25 + 5 μm

533 ± 9

Cold spray 3 CS3 Plasma Giken, PCS-1000 He PG-AMP-1060
−25 + 5 μm

422 ± 9

Fig. 1. High temperature corrosion test layout.

235D. Fantozzi et al. / Surface & Coatings Technology 318 (2017) 233–243



3. Results and discussion

3.1. Microstructure of the coatings

SEM and FE-SEM images of the coating microstructures are com-
pared in Fig. 3. EDS line analyses of some details in HVOF and TWAS
samples are shown on their magnifications in Fig. 3C and F respectively.
On the bottom, EDS values of the full cross sections and some details are
reported. The pictures showhow the different spray processes affect the
resulting coatingmicrostructurewith different grades of oxides content,
particle melting degree and splat morphology. Differences were ob-
served also in terms of porosity as presented in Table 3. HVAF sample re-
sulted the most porous with 0.55% of porosity while CS3 resulted the
densest with porosity of only 0.06%. The EDS analyses showed increas-
ing oxygen content in CS3, HVAF, HVOF and TWAS. The microstructure
of CS3 (Fig. 3A)was very homogeneouswith slightly deformed particles
and few typical cold spray defects such as open particle boundaries,
pores and some residual oxides (spot 1) from the feedstock powder
[28]. The microstructure of HVAF sample (Fig. 3D) presented some de-
fects at the particle boundaries such asfineporositywith somepresence
of oxides. The particles in HVAF sample appeared rounded, only slightly

deformed with insufficient degree of melting and slightly higher poros-
ity. This might be due to the coarse particle size distribution of the feed-
stock material (−45 + 15 μm) which did not allow sufficient melting
of some of the largest particles during the deposition. This prevented op-
timal particles flattening and particle/particle sealing leaving intercon-
nected porosity that formed possible pathways for corrosive agents to
penetrate in the microstructure. As emerges from the EDS spot analysis
(spot 3) and line analysis in Fig. 3C, the splat boundaries of HVOF sample
were rich in Cr oxides containing traces of Mo oxides and poor in Ni. The
areas nearby the oxides at the intersplatswere depleted in Cr andMo and
enriched in Ni. TWAS sample showed the most heterogeneous micro-
structure with high melting degree of the particles and the highest con-
tent of oxides containing Cr and Nb. Unlike the other coatings, the splats
weremoreflattened and fragmented, and significantly highermelting de-
gree was observed. The phase compositions of the as-received coatings
are presented in the XRD patterns in Fig. 4. The main phase is face-cen-
tered cubicNiCr alloy. HVOF andTWAS samples also presenteddetectable
Cr2O3 content. The NiCr peaks of HVOF and TWAS samples are shifted to-
wards shorter lattice parameters (higher 2θ angles) which might denote
depletion of high radius elements in the alloy such as Cr and Nb that
turned into oxides during the spraying.

Fig. 2. Schematic of the method used to measure the thickness of the corrosion layer using image analyses. A) SEM image of the cross section, B) defining the corrosion layer profile, C)
measuring the median of the differences.

Fig. 3. SEM/BSE cross section images of samples A) CS3, B)HVOFD)HVAF, E) TWAS andEDS line analyses onmagnification of FE-SEMC)HVOF and F) TWAS. Note that C and F are reported
here with different scales.
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Despite the several differences, all the microstructures showed high
quality of the deposition processes and resulted in dense, low porosity
and adherent coatings.

3.2. High temperature corrosion resistance

All the coatings showed excellent corrosion resistance in the test en-
vironment and protected the substrates from corrosive media. The ex-
tent of corrosion degradation is presented in Fig. 5.

Coatings with low porosity and oxide content, which form a dense
slowly growing oxide scale, are considered the most protective [19]
while a certain amount of melting phase may act as sealant and there-
fore be beneficial in producing dense and cohesive coatings [23,27,29].
The TWAS coating experienced the lowest oxide scale growth followed
by the HVOF sample. These coatings presented higher melting phase
and oxide content than HVAF and cold spray coatings which may par-
tially explain such results. The cold spray and HVAF samples performed
very similarly considering their standard deviations despite the higher
porosity of the HVAF sample. This result was expected given their low
oxide and particle melting degree which on the other hand showed
rounded splats and some porosity at the particle boundaries. CS3 slight-
ly outperformed the other cold spray and HVAF coatings, perhaps be-
cause of its lower porosity and more flattened particles. This might be
attributed to the use of helium as process gas. Helium generates consid-
erably highermean particle velocity resulting in a higher tamping effect
than nitrogen [30,31] thus, producing denser coatings [30,31].

Regarding the collected data, as reported by Enestam et al. [32] high
standard deviation means high irregularity of the corrosion products
thickness whichmay denote localised corrosion or even internal degra-
dation (e.g. in Section 3.2.2, Fig. 10, spot 3 and 7). In these cases, the

intensity of the local corrosion attack can often be different than the av-
erage of the sample resulting in the formation of oxide layer of variable
thickness. CS1 presented the highest standard deviation. Besides possi-
ble internal degradation events, the coarser powder used for its deposi-
tion may have played a role in the high standard deviation as the
thickness measurements were not carried out perpendicularly to the
coating surface but vertically. This way, rounded particles and steep
slopes on the surface profile could lead to scattered values resulting in
high standard deviation. Moreover, coarser particles, perhaps,
underwent insufficient softening during the spray process and thus
led to lower particles deformation and inefficient stacking, resulting in
higher superficial porosity and thus experiencing slightly higher
corrosion.

3.2.1. Surface characteristics of the oxide layer
From visual inspection of the coating after the test, differently

coloured corrosion products were detected. Around the area that was
covered with the salt deposit, a yellow corrosion product formed. That
is potassium chromate which formed in such position probably because
of the higher oxygen availability at the salt deposit boundaries which
was enough to carry out its formation reaction (see Eq. 1 and 2).

Table 3
Porosity vol% values measured by image thresholding before and after HTC test.

Porosity vol%

Coating As-received After HTC test

CS1 0.11 ± 0.05 0.13 ± 0.05
CS2 0.12 ± 0.01 0.11 ± 0.02
CS3 0.06 ± 0.05 0.07 ± 0.01
HVAF 0.55 ± 0.17 0.51 ± 0.06
HVOF 0.12 ± 0.05 0.14 ± 0.03
TWAS 0.19 ± 0.04 0.26 ± 0.07

Fig. 4. XRD patterns of the as-received samples CS3, HVAF, HVOF and TWAS.

Fig. 5.Median thickness of the oxide layers formedon the surface of samples CS1, CS2, CS3,
HVAF, HVOF and TWAS after high temperature corrosion test.
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Under the salt deposit a compact green corrosion product formed. The
homogeneity and quality of this product is variable from sample to sam-
ple. The composition of these corrosion products is mainly chromium
oxide and othermixed oxides as confirmed bySEM/EDS andXRD results
reported later in this paper.

SEM/EDS examinations of the top view of the as-sprayed surface of
the coatings are compared to those after high temperature corrosion
test in Fig. 6 and 7. In the images, Ra roughness values are also reported
for as sprayed coatings. The larger particle size used in the deposition of
CS1 (see Table 2) is visible in the surface morphology of the as-sprayed
coating and resulted in the highest roughness (20.8 μm). CS3 was de-
posited by using helium as the process gas and the relative higher
tamping effect resulted in flattened particles and relatively smooth sur-
face (Ra 3.25 μm) as can be observed in Fig. 6C.

Nonetheless, the chemistry of the corrosion products is similar in all
the cold spray coatings. A tensioned and cracked layer of K2CrO4 is
mixed with Ni and Mo oxides. The mixture is rather homogeneous on
the surface of CS1 while on CS2 some islands of Ni and Mo oxides ap-
peared. Ni and Mo oxides are separated from K2CrO4 also in CS3 but in
this case they are in the form of strings (spot 6 in Fig. 6F).

Fig. 7 presents the surface images before and after the corrosion test
of the samples deposited with HVAF, HVOF and arc spray and the EDS
element analyses of some points of interest.

HVAF and HVOF sprayed coatings have very similar as-sprayed sur-
facemorphologies. More unmelted particles are visible on HVAF surface
while HVOF presentsmore oxides. On TWAS surface, oxides andmolten
phase are abundant. After the corrosion test, the surfaces of these three
samples had different features. An irregular and porous layer of corro-
sion products formed on top of theHVAF andHVOF samples. The oxides
composition on these samples is similar to that on the colds spray ones.
Some localised areas had composition rich in Cl and Cr (spot 2 and 4 in
Fig. 7D and E) and looked like eruptions on the previously formed cor-
rosion layer. These probably derive from Cr chlorides that formed on
the metal/oxide interface (or underneath it) and emerged on surface
where they turned into oxides and contributed to the formation of the
oxide layer. Such mechanism has been described already by Grabke et

al. [6]. These eruptions happened on HVOF sample as well, but more
rarely and sparsely. TWAS sample experienced very little corrosion
and insignificant traces of corrosion products were detected on its sur-
face. The only detectable corrosion was limited to few small areas of
K2CrO4 formed on the surface (spot 6 in Fig. 7F) and some needle-like
shaped Ni oxides (spot 7).

Fig. 8 shows the superimposition of theXRD patterns after the corro-
sion test. Since all the cold spray patterns were very similar only one of
them is reported in the comparison. From the patterns, it can be seen
that most of the corrosion products are the same for all the coatings
such as K2CrO4 (JCPDS 00-015-0365), NiO (JCPDS 04-004-8992) and
Cr2O3 (JCPDS 01-078-5443). Some unidentified peaks, especially in
samples HVAF and HVOF are probably related to mixed oxides contain-
ing Fe, Mo and Nb which were detected with EDS.

3.2.2. Structure of the oxide layers
After the test, all the cross sections showed stratification of the cor-

rosion products on the surface of the coatings. All the corrosion layers
appeared loose, porous and non-protective. The topmost layer was al-
ways composed of K2CrO4, NiO and mixed oxides of Ni, Mo and Cr.
K2CrO4 is the result of the reaction between KCl and Cr oxides (Eqs.
(1) and (2)). Usually multiple layers of different oxides are present un-
derneath the chromates layer. Such layeredmorphology has been previ-
ously reported in the case of chlorine corrosion of complex alloys [6,19,
27,33]. The stratification happens because of the increasing gradient of
oxygen partial pressure from the corrosion front, at the interface
oxide/coating, to the atmosphere. The reason is that the different
metal chlorides formed by the reaction of chlorine and the metal alloy
(Eqs. (3) and (4)) require different values of oxygen partial pressure
to oxidise. Because of the oxygen gradient through the oxide scale,
they will oxidise at different distances from the corrosion front, when
they reach an environment with enough oxygen to allow the oxidation,
as described in [34–36]. The required partial pressure of oxygen is pre-
dictable using a stability diagram such as that presented in Fig. 9 for the
metals Ni, Cr and Nb (diagram (Ni-Cr-Nb)-O-Cl). The diagram shows
that for a given value of Cl2 partial pressure, Nb requires the least

Fig. 6. Samples surfaces as sprayed (with roughness values) and after high temperature corrosion test of cold spray coatings: A, D) CS1, B, E) CS2 and C, F) CS3. On the bottom of the figure,
the tables include the EDS element analyses of the spots indicated in pictures D–F.

238 D. Fantozzi et al. / Surface & Coatings Technology 318 (2017) 233–243



amount of oxygen to form the oxides. Cr and Ni follow respectively. This
means that Ni oxides will form further from the metal/corrosion prod-
ucts interface than Cr, while the Nb oxides will form closest to the inter-
face of corroded and non-corroded coatingmaterial. On the other hand,
chlorine penetration may advance deep. Traces of chlorine were found
from the EDS analyses on the cross sections at depth up to 200 μm for
HVAF and CS1 samples and at lower depths in HVOF (170 μm), CS2
(100 μm), CS3 (20 μm) samples. TWAS sample resulted the one with

the lowest and almost absent penetration. Despite the detection of chlo-
rine in the coatings cross sections, no changes in the alloy composition
were observed far from the surface of the coating, where corrosion
was the most severe.

Regarding the cold sprayed coatings, chlorinewas detected in all the
corrosion products and also at the oxides/coating interface. Moreover,
traces of chlorine and perhaps of metal chlorides were observed at the
boundaries of the uppermost particles on the cross section of the

Fig. 7. Samples surfaces as sprayed (with roughness values) and after high temperature corrosion test of coatings: A, D) sampleHVAF, B, E) sample HVOF and C, F) arc spray. On the bottom
of the figure, the tables include the EDS element analyses of the spots indicated in pictures D–F.

Fig. 8. XRD patterns of the corrosion products on the surface of samples CS3, HVAF, HVOF and TWAS.
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coatings. This is further evidence that chlorine active oxidation took
place as the corrosion mechanism and that the particle boundaries
were the preferential corrosion pathway. In detail, CS1 showed a film
ofmixed Cr, Ni andNbmixed oxides on top of the non-corroded coating
with thickness of approximately 2–3 μm (Fig. 10A spot 2). Surprisingly,
the corrosion products did not present a layered morphology of differ-
ent oxides as expected. A possible explanation might be that the corro-
sion deposit was loose and thin enough on the metal surface to allow
high availability of oxygen already on the metal/oxide interface so that
the different metal chlorides could oxidise together. In CS1, corrosion
advanced throughout the boundary of some superficial particles leaving
a Cr depleted alloy region (Fig. 10A, spot 3).Moreover, different contrast
in BSE images denotes some compositional differences inside the parti-
cles due to their dendritic microstructures as highlighted by image frag-
mentation in Fig. 11. Such microstructure originated because of the
rapid solidification during the powder manufacturing process and was
partially maintained in the coating particles as described in [37] and
showed in Fig. 11. Similar microstructural features can be found in
weld coatings due to rapid solidification of theweld bead. In this regard,
Luer et al. [38] found for Inconel 625weld coatings that the dark areas in
BSE images are the dendrite cores which are depleted inMo andNb and

enriched in Cr. As a consequence, interdendritic regions are enriched
with such elements. The interdendritic regionswere seemingly subject-
ed to localised corrosion on the surface of the most superficial particles
of CS1 as indicated by thewhite arrows in Fig. 10A. Mo has been report-
ed already to be subjected to accelerated corrosion due to the formation
of very volatile oxychlorides in oxidising-chloridizing environments
[34,35] as supposedly occurs on the surface of the coating. Moreover,
some localised corrosion took place also at the boundary of few superfi-
cial particles as visible in spot 3 of Fig. 10A.

Unlike on the surface, at the particle/particle interfaces Cr seems to
be preferentially depleted from the alloy where Mo and Nb content
are unaltered. This might be explained by the different environment at
the particle boundaries which is rich in chlorine but poor in oxygen
[6]. This condition is apparently more aggressive for Cr than for Mo
and Nb.

Regarding the CS2 coating, a thin homogenous layer rich in Cr andNi
oxides formed on the surface of the coating (Fig. 10B, spot 6). A limited
area above this layer seems to be exclusively composed of chromium
oxide (Fig. 10B, spot 5). Several voids separate the innermost corrosion
layer from the one above which allowed enough oxygen availability to
form a Ni oxide rich at the innermost layer (Fig. 10B spot 6). Spot 7

Fig. 9. Combined stability diagram of (Ni-Cr-Nb)-O-Cl at 550 °C calculated with HSC chemistry 6.0 [41].

Fig. 10. BSE images of the cross sections of the corroded cold spray samples. a) CS1, b) CS2 and c) CS3.
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shows a void in the coating microstructure filled with Cr oxides and
chlorides. Spot 8 shows Cr depleted areas at the particle boundaries
demonstrating that chlorine can penetrate through interconnected po-
rosity. The other alloying elements in these areas are unaltered. Never-
theless, it is worth to mention that the limited tamping effect probably
led to poor particle adhesion on the topmost layer of the cold spray coat-
ings and in turns to the penetration of gaseous media at particle
interfaces.

The coating CS3 showed also a multi-layered structure of the corro-
sion products on the surface. The topmost layer was again a cracked
dense scale composed of K2CrO4, but this time mixed with Mo oxides
(Fig. 10C, spot 9). Unlike the other cold spray coatings, CS3 presented
a Ni oxide rich layer right below the chromates with a thickness of ap-
proximately 15–20 μm (Fig. 10C, spot 10). This layer in turn is attached
onto a thinner Cr rich layer (Fig. 10C, spot 11). Such stratification is con-
sistent with the theoretical thermodynamic stability diagram of Fig. 9.
No depletion of nickel was found in the cross section so it is assumed
that the nickel composing such corrosion layer derives from general
corrosion of the surface of the coating. Interestingly, light coloured
strings are detected around the coating particles of this sample (Fig.
10C, spot 12). Elemental analyses detected significantly higher amount
of Mo in these areas which are also depleted in Cr. This phenomenon
might be explained by localised reducing chloridizing environment at
the particle boundaries which led to preferential corrosion of Cr in fa-
vour of Mo. As previously discussed, this would provide further evi-
dence of the resistance of Mo in low oxygen environments.

Similar consideration as for the cold spray coatings can be applied to
the HVAF coating presented in Fig. 12A. The signs of the high

temperature chlorine corrosion mechanism are clear. Traces of chlorine
were detected along the cross section of the coating at the particle
boundaries, denoting imperfect interparticles sealing. The corrosion
product deposits were composed of three layers: i) an uppermost
layer of K2CrO4 (Fig. 12A, spot 1), ii) amixed layer of Cr, Ni and Fe oxides
(Fig. 12A, spot 2) and iii) a Cr and Ni rich oxide layer (Fig. 12A, spot 3).
Given the low content of iron in the alloy composition, a surprisingly
high amount of Fe oxide was observed in spot 2 which was probably
an external contamination.

The oxides in spot 2 in Fig. 12A might be formed that far from the
surface because of diffusion of Cr and Fe chlorides outward through
the already formed K2CrO4, which probably limited the oxygen accessi-
bility on the surface of the coating. In fact, both Cr and Ni oxides could
form on the metal surface if the chromate layer is thin enough (Fig.
12A, spot 3). The porosity and oxides at the particle boundaries of the
HVAF sprayed coating (Fig. 3D), even though in little amount, provided
a diffusion path for corrosivemedia resulting in high concentration of Cl
in such areas (Fig. 12A, spot 4).

The morphology of the corrosion products of the HVOF coating (Fig.
12B) was similar to the other coatings. Chlorides were detected at the
splat boundaries which were also depleted in Cr (Fig. 12B spot 8).
Spot 8 shows Cl penetrated through intersplat Cr and Ni oxides. TWAS
coating presented sparse signs of degradation and Fig. 12C shows a
rare display of corrosion along the cross section which is composed of
K2CrO4 mixed with Cr oxides. Nevertheless, chlorides were observed
in the intersplat regions (spot 11) and chloride and relative metal ox-
ides were detected near the surface (spot 9) denoting minor penetra-
tion of chlorine through the coating.

3.2.3. Fracture behaviour and inter-particle corrosion
Interesting observations were made by fracturing the tested coat-

ings to analyse the corrosion through the fractured section. From this
examination, themost relevant remarks can bemade by observing sam-
ples CS1 and HVAF presented in Figs. 13 and 14 respectively. Some of
the samples formed glossy dark purple coloured beads when exposed
to air after the high temperature corrosion test. Based on the appear-
ance and EDS (Fig. 13, spot 2), those formations may consist of mixed
chromium chlorides probably also including hygroscopic forms [39].
Perhaps they formed within the coating as liquid products and expand-
ed as they turned into their hydrated forms by reaction with humidity
after the test when they eventually emerged on surface in the form of
the detected beads.

In Fig. 13, the fractured surface of HVAF sample shows several par-
tially melted particles that were entirely pulled out with the breakage.
This denotes that particle boundaries areweak points in the coatingmi-
crostructure. Interestingly, a rounded, smooth protrusion of Cr chloride

Fig. 11. BSE image of the cross section of “as-sprayed” CS1 showing the retained dendritic
microstructure of some of the powder particles after spraying.

Fig. 12. BSE images of the cross section of corroded a) HVAF, b) HVOF, c) TWAS.
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was observed, located in the cavity left by the pull-outs of three particles
during fracture (Fig. 13, white arrow). Several of these beads were
found up to 200 μm far from the surface in this coating while no similar
features were observed in the other samples. This denotes the presence
of interconnected porosity at the particle boundaries that allowed chlo-
rine to penetrate and form large amounts of metal chlorides (mainly Cr
chlorides) inside the coating. Fig. 14 presents the top edge of the frac-
tured surface of sample CS1. Spot 2 shows a Cr chloride protrusion on
the coating surface, which was also observed with stereo microscope
(top right hand side of the image for convenience). The Cr chloride
bead is surrounded by K2CrO4 (spot 1) and lies above a porous Ni, Mo
rich oxide layer (spot 3). Interestingly, the alloy beneath the corrosion
layer is depleted in Mo (spot 4). This might be due to the tendency of
Mo to form volatile oxychlorides in oxidising-chloridizing environ-
ments such as on the coating surface [34,35].

In the future, the authors will continue the development of HVAF
process for metallic coatings by optimising gun set-up, process parame-
ters and feedstock materials. Harsher test conditions including longer
test duration, higher temperature as well as different salt deposits and
additional characterisations are planned to further understand the cor-
rosion behaviour of metallic thermally sprayed coatings.

4. Conclusions

This work evaluated the high temperature corrosion resistance of
different thermally sprayed Inconel 625 coatings under KCl salt deposit
at 550 °C for 168 h. The study aimed to evaluate the effect of chlorine
corrosion on the complexmicrostructure of thermally sprayed coatings.

All the coatings performed well preventing the corrosion of the sub-
strate and acting as a barrier against the corrosive chlorine containing
environment.

HVOF and TWAS coatings experienced the lowest corrosion degra-
dation and the HVAF sprayed coating the highest. However, HVAF is a
technology in phase of development which has been showing promis-
ing results and therefore, further works on the process optimisation is
believed to lead to high quality coatings. A possible way to improve
this coating could be using a finer powder which may result in higher
melting and thus denser coatings. For the cold spray coatings, the finest
particle size distributions and the use of He as process gas seemed
beneficial.

All the coatings were subjected to the corrosion mechanism of high
temperature chlorine active oxidation with formation of porous and
non-protective oxides and chromate layers on the surface. The corro-
sion products were mainly composed of K2CrO4 and mixed Cr, Ni and
Mo oxides. Chlorine could penetrate through the particle boundaries
of the coatings forming metal chlorides and accelerating corrosion for
all the samples indicating that such regions are microstructural weak
points. The higher melting degree of the particles during HVOF and
TWAS spraying was perhaps beneficial in reducing the interconnected
porosity and acting as a barrier for chlorine penetration. Although the
formation of dense non-porous oxides at the splat boundaries might
act as a barrier, their effect on corrosion resistance of the coatings re-
mains unclear. Ni and Cr seemed to be the most resistant alloying ele-
ments in the oxidising-chloridizing atmosphere present on the coating
surface while Mo seemedmore resistant in environments with reduced
pO2 such as at the particle/particle interface.
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Abstract 
Highly corrosion and wear resistant thermally sprayed chromium carbide (Cr3C2) based cermet coatings 

are nowadays a potential highly durable solution to allow traditional fluidised bed combustors (FBC) 

to be operated with ecological waste and biomass fuels. However, the heat input of thermal spray causes 

carbide dissolution in the metal binder. This results in the formation of carbon saturated metastable 

phases, which can affect the behaviour of the materials during exposure. This study analyses the effect 

of carbide dissolution in the metal matrix of Cr3C2-50NiCrMoNb coatings and its effect on chlorine 

induced high temperature corrosion. Four coatings were thermally sprayed with HVAF and HVOF 

techniques in order to obtain microstructures with increasing amount of carbide dissolution in the metal 

matrix. The coatings were heat-treated in an inert argon atmosphere to induce secondary carbide 

precipitation. As-sprayed and heat-treated self-standing coatings were covered with KCl and their 

corrosion resistance was investigated with thermogravimetric analysis (TGA) and ordinary high 

temperature corrosion test at 550˚C for 4 hours and 72 hours, respectively.  High carbon dissolution in 

the metal matrix appeared to be detrimental against chlorine induced high temperature corrosion. The 

microstructural changes induced by the heat treatment hindered the corrosion onset in the coatings. 

Keywords: HVOF, HVAF, chlorine induced high temperature corrosion, carbide dissolution 

 
1 Introduction 
Fossil combustion-based energy production needs to be replaced by renewable sources in order to 

reduce greenhouse gas emissions. Biomass and municipal solid waste (MSW) are ecological 

alternatives to fossil fuels able to lead the industry of power generation to a greener new era. It has been 

estimated that replacing only 10% of the coal combusted worldwide with biomass would reduce the 

annual emissions by 450 M tonnes of CO2 (Ref 1). However, such fuels have high content of corrosive 
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agents that cause a severe accelerated corrosion mechanism known as chlorine active oxidation (Ref 2-

5). Erosion phenomena are also often present, especially in fluidised bed combustors (FBC), and they 

further increase materials losses. These problems are enhanced by temperature and therefore, to 

minimise materials degradation, boilers burning waste and biomass must be operated at lower steam 

temperatures than traditional coal fired boilers. Unfortunately, this results in a drastic loss of energy 

efficiency and overall performance (Ref 6-8). Currently, there are no materials able to offer adequate 

erosion-corrosion protection in the most severe environments. The gap between the industrial need and 

the available materials causes significant efficiency performance losses in power plants. Therefore, 

novel highly erosion-corrosion resistant protective materials or coatings are required. Thermal spraying 

is one of the most versatile surface engineering techniques to produce thick (20-1000 μm) coatings. 

Metallic alloys such as NiCrMoNb, often designated as alloy 625, are widely applied to protect waste-

to-energy (WtE) (Ref 9-11) and biomass (Ref 12, 13) boiler tubes in extreme purely corrosive 

environments. However, high flue gas and ash particle velocities, soot blowing and fluidised bed media 

generates harsh erosive conditions which pure metallic materials are not able to withstand (Ref 14). The 

state-of-the-art materials in erosion-corrosion applications are metal matrix composite (MMC) coatings 

with Cr3C2-NiCr being the most common composition for high temperature wear applications (Ref 15). 

In such compositions, the hard carbides bear the erosive load while the alloy binder bears the corrosive 

load. However, in the presence of chlorine, the corrosive load is very high and novel material 

compositions are required.  In this study, a modern Cr3C2-NiCrMoNb coating composition was studied. 

The superalloy matrix (alloy 625) is designed to provide higher corrosion protection than the traditional 

NiCr alloy (Ref 16). ). NiCrMoNb alloys are thought to offer augmented corrosion resistance compared 

to the traditional NiCr and NiCrBSi alloys in oxidizing-chloridizing environment. The improvements 

are attributed to the beneficial role of Mo and Nb, which are widely confirmed in literature (Ref 17-20). 

Indeed, the formation of a protective oxide film of MoO2 and Nb2O5 the vicinity of the scale–alloy 

interface was proved to suppress the corrosion rate (Ref 21). However, extremely limited information 

is available in literature about the thermally sprayed coatings deposited with such composition (Ref 16, 

22, 23) and further knowledge is therefore needed. 
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Unfortunately, MMC materials experience severe degradation in boilers because of the high reactivity 

of carbides in presence of chlorine (Ref 14, 24). During thermal spraying, a combustion process heats 

and softens the powder particles of the feedstock material, which are then accelerated towards the 

substrate where upon impact, flatten and by rapid solidification build the coating  (Ref 25). Due to the 

heat input of the process, a portion of the carbides in the feedstock material are melted and diluted into 

the metal matrix. Rapid solidification of the particles results in the formation of a metastable C- and Cr-

rich alloy (Ref 26, 27). Under exposure to high temperature, enough energy is available to enable the 

metastable matrix to undergo various microstructural refinements including the precipitation of fine 

secondary carbide phases and thus, achieving a more stable state (Ref 28).  

 

Secondary carbide precipitates and metastable metal matrix composition, being microstructural 

features, must have an impact on the performance of the coatings. Based on this hypothesis, this work 

aims to verify whether the secondary carbide precipitates and the metastable composition of the matrix 

have detrimental effect on the high temperature corrosion resistance of thermally sprayed Cr3C2-based 

coatings in chlorine containing environment. In this study, four Cr3C2-NiCrMoNb coatings were 

sprayed with different melting degrees by varying the spray process and spray parameters. The coatings 

were prepared with high-velocity air-fuel (HVAF) and high-velocity oxygen-fuel (HVOF) spray 

processes. HVAF process was used to reach the coldest spray parameters whereas HVOF was used to 

obtain the hottest ones. The hypothesis is that hotter spray parameters will result in higher carbon 

dissolution from the carbide hard phase to the matrix. Based on this hypothesis, a heat treatment was 

carried out on the as-sprayed coatings to induce the precipitation of the dissolved carbon in the metal 

binder, thus resulting in four coatings with increasing amount of secondary carbide precipitates. The 

corrosion properties of the as-sprayed and heat-treated coatings were studied with thermogravimetric 

analyses (TGA) and traditional isothermal corrosion tests. 
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2 Experimental 
 
2.1 Coating manufacturing 
Four coatings of the same composition were deposited with HVOF and HVAF processes from 

agglomerated and sintered powders (H.C. Starck GmbH, Germany). The Coulter size measurement 

plots of the particles size distribution is presented in Fig. 1 for the two spray powders. The depositions 

of the coatings were carried out with M3 HVAF gun (Uniquecoat Technologies LLC, USA) and with 

Diamond Jet 2700 HVOF gun (Oerlikon Metco, Switzerland). The coating composition was Cr3C2-

50NiCrMoNb in which the hard phase Cr3C2 is dispersed in a NiCrMoNb metal matrix. The coatings 

were sprayed with two powders with same composition but different particle size distribution. The in-

flight particle parameters measured with Spraywatch 4S thermal spray sensor (Oseir Ltd., Finland) and 

details of the feedstock powders are listed in Table 1. The coarser particle size was exploited to achieve 

coatings with lower melting degree compared to the fine particle size. The process parameters for the 

deposition of the coatings are reported in Table 2. The nominal alloy composition of Inconel 625 is 20-

23 % Cr, 8-10 % Mo, 3.15-4.15 % Nb, max 5 % Fe and with Ni bal. The process parameters and 

feedstock powders were chosen in order to obtain four different microstructures with increasing degree 

of carbon dissolution in the matrix. The coatings were marked as HVAF-grade 1, HVAF-grade 2, 

HVOF-grade 3 and HVOF-grade 4 with carbon dissolution increasing from grade 1 to grade 4, 

respectively. However, HVAF-grade 2 and HVOF-grade 3 were sprayed with the most optimised 

process parameters while the parameters used for the deposition of HVAF-grade 1 and HVOF-grade 4 

samples were designed with the main purpose of controlling the amount of melting degree and carbon 

dissolution in the metal matrix. 
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Fig. 1: Coulter particles size distribution plot of the spray powders. 
 
 
Table 1: Feedstock powder information and in-flight particle properties measured with the SprayWatch 4S thermal spray 
sensor. 

Code 
Powder  

(H.C. Starck) 

Measured mean 

size [um] 

Nominal 

particle size 
Process 

Particle Temp. 

[˚C] 

Particle 

velocity [m/s] 

HVAF Grade 

1 
Amperit 595.074 34.28 -45+15 

HVAF 

M3 
1310±3 967±82 

HVAF Grade 

2 
Amperit 595.059 20.23 -30+5 

HVAF 

M3 
1460±9 949±109 

HVOF Grade 

3 
Amperit 595.074 34.28 -45+15 

HVOF 

DJ2700 
1770±9 767±40 

HVOF Grade 

4 
Amperit 595.059 20.23 -30+5 

HVOF 

DJ2700 
1890±5 903±41 

 
 
Table 2: Thermal spray process parameters used for HVAF and HVOF coatings 

Parameter HVAF grade 1 HVAF grade 2 HVOF grade 3 and 4 

Nozzle 4L4 4L2 - 

Oxygen - - 240 slpm 

Air 7.4 bar 7.4 bar 383 slpm 

Fuel1 (propane) 7.3 bar 7.0 bar 70 slpm 

Fuel2 (propane) 6.9 bar 7.3 bar - 

Spray distance 300 mm 300 mm 230 mm 

 

 

2.2 Sample preparation 
The as-sprayed coatings were mechanically removed from the substrate. Prior to the corrosion 

thermogravimetric tests, the side of the freestanding coating which was originally at the coating-

substrate interface was grinded with P1200 SiC abrasive paper in order to remove possible 

contaminations from the substrate and grit blasting residues. The heat-treated freestanding coatings 

were grinded on both sides. For the isothermal high temperature corrosion test, all the self-standing 

coatings were grinded on both sides. 
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2.3 Heat treatment 
The heat treatment was carried out in an in-house built vertical alumina tube furnace under an inert 

atmosphere (Ar-5 vol.% H2) at 700˚C for a duration of 5 hours with heating rate of 5 ˚C/min. The 

samples were cooled down to room temperature in inert atmosphere at a cooling rate of 11 ˚C/min. 

Similar heat treatment was previously carried out by Ding at al. (Ref 29) on NiCr-Cr3C2 coatings, 

effectively resulting in the precipitation of secondary carbides already after 1 hour of exposure. 

 
2.4 Microstructural characterisation 
The microstructures of the coatings were analysed before and after the heat treatment with scanning 

electron microscope (SEM, Philips XL30, Netherlands) equipped with Energy Dispersive X-ray (EDS) 

microanalysis. The phase compositions of the as-sprayed and heat-treated coatings were assessed by X-

Ray diffractometry (XRD, Empyrean, PANalytical, Netherlands) using Cu-Kα radiation source with 

40 mA current and 45 kV voltage. 

 
2.5 Thermogravimetric analyses 
The mass changes of the freestanding coatings were measured with thermogravimetric analyser STA 

409CD (NETZCH, Germany) equipped with TASC 414/4 temperature controller and PU 1.851.01 

power unit to evaluate their corrosion behaviour. In preparation to the measurements, the self-standing 

coatings were cut to small fragments with an approximate surface of 1 mm2 each. The total surface area 

of the samples was measured with image analysis with the software “ImageJ” from optical and 

stereomicroscope images. The TGA measurements were carried out in alumina crucibles in which the 

coating fragments were mixed with an excess of potassium chloride powder. The weight of the 

specimens ranged between 10 and 20 mg while the amount of KCl was about 30 mg. The test 

atmosphere was dry synthetic air with a gas flow rate of 100 ml/min. The temperature program consisted 

of a heating ramp of 12 ˚C /min followed by an isothermal step at 550 ˚C for 4 hours. The output data 

consisted of mass change resulting from the oxidation phenomena that took place during the test plotted 

in function of time. The absolute mass change was normalised by unit of area [mg/cm2] in order to 

compare the samples with each other. The measurements were carried out on three replicas of each 

coating to assess the repeatability of the test. 
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2.6 High temperature isothermal test 
 
The isothermal high temperature corrosion test was carried out based on Standard ISO 17224:2015 (E) 

(Ref 30) in a custom-built horizontal alumina furnace under controlled atmosphere. 

 

The test lasted 72 hours at the temperature of 550˚C. The controlled atmosphere consisted of a constant 

flow of 1.5l/min of dry air with the addition of water vapour to reach a specific humidity of 10-12%. 

The self-standing coatings were cut to obtain scales of size of approximately 5x7 mm2. The coating 

scales were placed in separate single alumina crucibles containing solid KCl powders. The scales were 

only partially immersed in the KCl salt, leaving part of the coating not in contact with the salt as 

schematically represented in Fig. 2. 

 

 
Fig. 2: Schematic representation of the arrangement of the self-standing coating inside the crucible for the isothermal long-

term high temperature corrosion test. 

 

This set-up allowed the direct visualisation of the degradation of the coating exposed to the salt and its 

comparison with the unexposed part. Following the test, the coatings were cold mounted in epoxy resin 

for metallographic inspection. Attention was paid to mount the self-standing coatings in order to expose 

the interface at the salt level (see cross section plane in Fig. 2). The buttons were then grinded with 

P500, P1200 and P2000 SiC abrasive papers and polished with subsequent diamond spray clothes down 

to 0.25 μm. The procedure of sample preparation after the corrosion test was carried out using only 

ethanol as lubricant and therefore was completely water free in order to prevent the loss of water-soluble 
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corrosion products. The extent of the corrosion degradation was quantified by measuring the thickness 

loss of the coatings by image analysis from the SEM images of the cross section. The images were 

processed with the software “ImageJ“ to obtain black and white thresholding of pictures where the 

coating layer is composed of white pixels. The thickness of each column of white pixel represents the 

local thickness of the self-standing coating. A “MatLab” script measured the height of each pixel 

column of unaltered coating and those of the corroded one, then, it calculated the median of their 

difference. A similar procedure was adopted in our previous work, as well (Ref 31). 

 
3 Results and discussion 
The high temperature corrosion behaviour of the heat-treated and as-sprayed coatings is discussed in 

the following chapters in relation to their microstructural properties. 

 
3.1 Microstructure of coatings  
The microstructures of the coating cross-sections were analysed with SEM and reported in Fig. 3. All 

the sprayed coatings presented highly dense microstructures. The nominal melting point of the metal 

binder ranges between 1290 and 1350˚C (Ref 32) while the melting point of pure Cr3C2 is 1829 ˚C. 

Therefore, complete melting of the matrix is very likely for the HVOF grade 3 and grade 4 coatings 

whose measured average particle temperatures at spray distance were 1770 and 1900 ˚C, respectively. 

In addition, direct melting of the carbide particles is possible in the deposition of HVOF grade 4 coating. 

For the HVAF coatings, lower particle temperatures were measured (see Table 1) and most probably, 

only partial melting of the particles took place. Consistent with the design of process parameters, the 

four coatings showed an increasing amount of melting degree with negligible content in HVAF-grade 

1 to significant matrix melting in HVOF-grade 4. Significant melting degree of HVOF carbide based 

coatings was observed in other studies with typical thin and wide splats (Ref 27, 33, 34), which resemble 

what observed in the present study. HVAF carbide based coatings resulted in a more homogeneous 

microstructure with defined carbide particles, similar to those described by other authors in literature 

(Ref 16, 33, 35). 
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Fig. 3: SEM (BSE) images of the cross sections of the as-sprayed (HVAF grade 1 (a), HVAF grade 2 (c), HVOF grade 3 (e), 
HVOF grade 4 and EDS analysis of a NbC particle (g)) and heat-treated coatings HVAF grade 1 (b), HVAF grade 2 (d), 

HVOF grade 3 (f), HVOF grade 4 (h)). The thick arrows point at areas where no precipitation took place. Thin arrows point 
at NbC particles. 
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All the coatings showed mainly two types of carbides in the SEM images taken with BSE detector. The 

light coloured ones have higher content of Ni and lower content of Cr than the dark coloured ones. Their 

composition is perhaps similar to the mixed carbides (Cr,Ni)7C3 as described by other authors in the 

past (Ref 36, 37). The amount of Ni enriched carbides seems to be higher in the HVAF-grade 2 and 

HVOF-grade 4 coatings. The difference is shown also by the XRD patterns in Fig. 4b where the Cr7C3 

peak intensities (at 38.93°) of grades 2 and 4 are increased in relation to the partially overlapping Cr3C2 

peak (at 38.77°) compared to the XRD patterns of grades 1 and 3. This indicates that more light grey 

coloured (Cr,Ni)7C3 carbides are indeed present in the coatings sprayed from the finer particle size 

distribution. The fine white coloured dots observed in all the coatings are Nb-rich carbides. In HVOF-

grade 3 and 4 coatings, the portion of matrix that was melted during the spraying is clearly visible and 

presents different grey shades in BSE contrast images deriving from the different levels of carbon 

dilution. 

 

After heat treatment, fine-grained secondary carbide particles precipitated in the metal binder. Their 

amount in the coating was incremental from grade 1 to grade 4 as expected. The precipitation seemed 

to occur especially in the matrix areas that were melted during the spraying and therefore diluted a high 

amount of carbon from the primary carbide particles. All coatings, especially HVAF-grade 1, contained 

some areas with little or no precipitate formation as pointed by the white thick arrows in Fig. 3. 

 

The phase compositions of the coatings were studied with XRD. The superimposition of the XRD 

pattern of the as-sprayed coatings is presented in Fig. 4.  
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Fig. 4: Superimposed XRD patterns of: the spray powders (A), as-sprayed coatings (B) and heat-treated coatings (C). 

 

All as-sprayed coatings presented the same crystallographic phases. The hard phase is composed of two 

different chromium carbide compounds, namely Cr3C2 and Cr7C3. NbC was also detected in all the 

coatings even though in little amount, as it was also observed by SEM/EDS in Fig. 3.  

 

The relatively low intensity of the peaks of the metallic binder denotes higher amount of amorphous 

and nanocrystalline phase in the metal binder of the as-sprayed coatings (Ref 26, 29), especially in 

coating HVOF-grade 4. High content of amorphous phase in coating HVOF-grade 4 was expected 

because of the higher temperature parameters used in its deposition that induced high carbon dissolution 

in the metal matrix. The following rapid cooling ultimately resulted in a C saturated partly amorphous 
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metastable alloy. After heat treatment, all coatings showed marked changes in the microstructure. The 

main observation was related to the significantly higher intensity and definition of the peaks of the metal 

matrix. This denotes the transformation of metastable amorphous phases in the alloy into a mostly 

crystalline phase. The Cr7C3 has been reported to transform into Cr3C2 during short-term isothermal 

heat treatments (Ref 36), but it was difficult to confirm to take place in the present study. However, 

slight decrease in the peak intensity of the Cr7C3 phase seemed to take place during heat treatment. 

 

3.2 Corrosion behaviour 
 
3.2.1 Early stage corrosion 
The early stage corrosion behaviour of the self-standing coatings was measured with thermogravimetric 

analyses under KCl salt deposit for as-sprayed and heat-treated coatings. The results are presented as 

mass gain per surface unit during the four hours isothermal step at 550 ˚C in Fig. 5. It is worth noticing 

that the measurement on the replica samples resulted in very narrow standard deviation denoting the 

high reliability of the test method. 

 

 

Fig. 5: Total mass gain of the as-sprayed and heat-treated self-standing coatings during TGA isothermal step at 550 ˚C. 

 

The results showed some clear trends. Namely, both heat-treated and as-sprayed coatings showed 

increased corrosion degradation from grade 2 to grade 4, denoting correlation between declined 

corrosion resistance and warmer spray parameters. The heat-treated samples, despite their higher 

content of secondary carbide precipitates, always incurred lower mass gain than that of their as-sprayed 



The final authenticated version is available online at: https://doi.org/10.1007/s11666-017-0645-3. 
 

counterparts. HVAF-grade 1 represents an exception as it corroded more than HVAF-grade 2 and 

equally to HVOF-grade 3 which were both deposited with warmer spray parameters. This behaviour, 

which does not follow the trend of the other coatings, denotes the influence of other variables. HVAF-

grade 1 coating present the lowest amount of melting degree and assumingly, the lowest oxide content 

of all the coatings. These microstructural features are considered helpful in corrosion protection of 

thermally sprayed coatings. Indeed, they increase sealing among splats and facilitate the formation of 

appropriate splat morphologies (Ref 31, 35, 38). It is possible that there exists an optimal proportion of 

oxides content, melting degree and carbon dissolution in the matrix that allow reduced corrosion 

degradation such as in the case of coating HVAF-grade 2. 

 

The trend observed in the mass gain results of sample HVAF grade 2, HVOF grade 3 and HVOF grade 

4 might be explained by the content of carbon dilution in the metal matrix, which increases from grade 

2 to grade 4 samples. Therefore, rather than the secondary carbide precipitates, the amount of metastable 

carbon rich matrix seems to play a role in controlling the corrosion rate at this stage. Indeed, during 

heat treatment, the excess carbon in the metal matrix is expelled in the form of secondary carbide 

precipitates (Ref 26). The reduction of C content in the metal binder probably increased its corrosion 

resistance.  

 

The mass gain in function of time of all the coatings is presented in Fig. 6. The curves can be interpreted 

as the kinetic of the corrosion mechanism that took place during the TGA.  
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Fig. 6: TGA mass change curves after four-hour isothermal step at 550˚C of a) the as-sprayed and b) the heat treated 

samples. 

 

During the four hours at 550 ˚C, all the samples were subjected to linear corrosion kinetics typical of 

fast corrosion mechanisms that form porous and non-protective oxide layers (Ref 15, 39). Heat-treated 

sample HVAF-grade 2, which outperformed all the other coatings, presented the lowest linear constant 

and a substantial initial delay before starting to gain mass. The chemical reactions that are thought to 

take place during the test involve the first stages of the chlorine active oxidation mechanism. These 

include first the reactions between KCl and the oxides embedded in the microstructure and on surface 

of the coatings as presented in Eq. 1 (Ref 2). 

 

Cr2O3 (s) + 4KCl (s) + 
�

�
O2 (g) → 2K2CrO4 (s) + 2Cl2 (g)     Eq.1 

 

This reaction might also explain the higher corrosion rate of the as-sprayed coatings as the oxides on 

their surface (deriving from the spray process) might have contributed in the observed mass gain.  

Secondly, further reactions might have taken place between gaseous Cl2 evolved from Eq.1 and the 

metal binder (Eq. 2) or carbides (Eq. 3) based on the following reactions (Ref 40): 
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Cr0 
(s) + Cl2 (g) → CrCl2 (s)                                                Eq. 2 

 

Cr3C2 (s) + Cl2 (g) → 3CrCl2 (s) + 2C(s)                               Eq. 3 

 

And the subsequent oxidation of the metal chlorides  

 

2CrCl2 (g) + 
�

�
O2 (g) → Cr2O3 (s) + 2Cl2 (g)                          Eq. 4 

 

The high airflow rate (100 ml/min) employed in the present tests is thought to provide enough O2 to 

complete Eq. 4 and therefore no loss of volatile metal chlorides is supposed. However, in the long term, 

this assumption might change and therefore, longer thermogravimetric tests will be carried out in the 

future to further investigate this aspect.  

 

3.2.2 Prolonged isothermal corrosion resistance 
After the traditional isothermal corrosion test in furnace, the samples were mounted in resin for 

metallographic inspection with SEM/EDS to evaluate the extent of corrosion degradation. Fig. 7 is a 

merging of SEM cross sections of the sample HVAF grade 1 HT and serve as illustration of the images 

used to evaluate the extent of corrosion degradation. This image distinctively show the severe corrosion 

degradation that KCl induced on the coating. The part of the cross section covered with corrosion 

products was immersed in the KCl powder as marked in Fig. 7. Although the coating on the left hand 

side of the cross section was exposed to high temperature and an oxidising environment, it was barely 

altered due to absence of KCl on its surface.  

 

 

Fig. 7: Cross section of the corroded sample HVAF-grade 1 HT. The corrosive effect of KCl is clearly visible on the right 
hand side compared to the not exposed part on the left hand side of the image. The white boxes show the areas where the 

corresponding thickness was measured. 
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The results obtained after traditional high temperature corrosion test in furnace are presented in terms 

of coating thickness loss in Fig. 8. This data was obtained from the SEM cross section images such as 

the example reported in Fig. 7, by measuring the difference of coating thickness in the unaltered area 

and in the corroded one. The unaltered thickness was measured next to the corroded/unaltered interface 

while the reduced thickness was measured from the centre of the corroded area. 

 

 
Fig. 8: Coating thickness loss measured by image analyses of the cross sectional SEM images of the coatings after high 

temperature corrosion test. 
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The observed behaviour is consistent with the results obtained from the thermogravimetric analyses in 

the short-term exposure test (4h). Indeed, despite the missing data of the as-sprayed HVAF-grade 2 

sample, it is clear that the corrosion degradation is more pronounced from grade-2 to grade-4 samples. 

This finding confirms the hypothesis that carbon dilution and secondary carbide precipitation negatively 

affects the corrosion resistance of these coatings. However, sample HVAF grade-1 seems to be an 

exception. The reasons lay probably in other microstructural defects, which may include higher porosity 

and lower particle deformation at spraying due to the large particle size and low particle temperature  

(Ref 12, 35, 41). Interestingly, the gap between the as-sprayed coatings and their heat-treated 

counterparts seems reduced compared to those observed from TGA. In fact, after the 72h test the heat-

treated and as-sprayed coatings showed almost equal amount of thickness loss. This would implicate 

that after a slower corrosion rate in the initial stage, the heat treated coatings underwent higher corrosion 

rate compared to the not heat treated ones, which resulted in a final reduction of thickness loss gap 

measured between as-sprayed and the treated samples. This would confirm the hypothesis that initially 

the composition of the metal matrix is the rate-controlling factor. This results in slower corrosion of the 

heat-treated samples, which had reduced carbon content due to carbide precipitation. On a later stage, 

the already present carbides of the heat-treated samples are already enough developed to form an 

interconnected network. The fine size of the secondary carbide precipitates and their high reactivity 

with chlorine result in the formation of a wide network of voids as corrosion proceeds. This facilitates 

further penetration of corrosive agents resulting in an accelerated corrosion with rate controlled by the 

secondary carbide precipitates. On the other hand, in the as-sprayed coatings, the matrix-controlled 

stage is faster but then, the network of secondary carbides it not fully developed yet and the second 

stage is delayed. The fast degradation of the secondary carbide precipitates negatively affects also the 

resistance of the surrounding metal matrix since the voids creating a larger active area to which the 

matrix is exposed. Fig. 9 presents the SEM cross section images of the coatings after the high 

temperature corrosion test and show how the fast degradation of the secondary carbides is detrimental 

also the resistance of the matrix itself. For instance, in Fig. 9e, the corrosion front of the as-sprayed 

coating is more irregular and porous indicating that the corrosion advanced through the carbides and it 

only marginally attacked the metal matrix. On the other hand, in Error! Reference source not found. 
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Fig. 9f, the front is more homogeneous and less porous, indicating that the corrosion was as fast through 

the matrix as through the carbides network. 

 

 
Fig. 9: Comparison of the corrosion front of the coatings after 72 hours high temperature corrosion test at 550˚C under KCl 
and 12%humidty air. On the left column, the coatings HVAF grade 1, HVOF grade 3 and HVOF grade 4 were tested  in  as-

sprayed condition(a, c, d respectively) while on the right column after heat treatment (b, d, f, respectively). 

 
4 Conclusions 
In this study, the spray parameters of HVOF and HVAF processes were successfully designed in order 

to obtain four Cr3C2-NiCrMoNb coatings with tailored melting degree and carbon dissolution in the 

metal matrix. The initial stage of chlorine induced high temperature corrosion of HVAF and HVOF 

self-standing coatings was studied with thermogravimetric analyses. 

 

The results showed that in the initial stage of the corrosion, the actual metal binder composition is 

probably the corrosion rate-controlling factor. On a second stage, the formation of a network of fine 

secondary carbides precipitates and their fast degradation is the rate-controlling factor.  Based on these 

observations, the amount of carbon dissolution seems detrimental on the corrosion resistance of carbide-

based coatings. Therefore, deposition by HVAF is recommended over HVOF for this composition due 

to its lower spray temperature and thus, reduced melting degree of the coating. Indeed, the sample 

HVAF-grade 2 largely outperformed the other tested coatings.  However, a certain amount of melting 

degree and oxides content appear to be beneficial in order to reduce porosity and increase corrosion 

resistance.  
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A B S T R A C T

A novel method that combines thermal analysis and traditional furnace corrosion tests was used to study the

corrosion behaviour of thermally sprayed Cr3C2-based hardmetal coatings at 450 °C and 550 °C under a KCl

deposit. This method enabled the identification of the onset temperature of chlorine-induced oxidation to be

within 450–500 °C. Two corrosion mechanisms were suggested for these temperatures. At 450 °C, the corrosion

rate was slow and mainly controlled by the formation of K2CrO4. Exposure at 550 °C caused the formation of fine

interconnected secondary-carbide precipitates in the metal matrix. Their fast corrosion was identified as the

major cause of degradation.

1. Introduction

Biofuel and municipal solid waste (MSW) are the most important

renewable energy sources in the EU because they contribute to all en-

ergy use sectors (electricity generation, transport and heating and

cooling) providing 64.1% of the total gross inland consumption of re-

newable energy [1]. In thermal power generation, the energy potential

obtainable from these fuels could increase significantly if it was possible

to increase the steam temperature output from the boilers. To withstand

the increased temperatures and the high content of corrosive alkali and

metal chlorides in these fuels, high-temperature corrosion- and erosion-

resistant materials and coatings are required. Alkalis, in particular, are

known to cause a severe and accelerated corrosion mechanism known

as chlorine-induced active oxidation [2,3]. Solid particle erosion is also

often present, and this exacerbates the materials’ degradation [4,5].

Protective metallic and hardmetal coatings can be produced by using

surface engineering methods to prevent corrosion and increase erosion

resistance. For instance, hardmetal coatings have been demonstrated to

be a viable approach to protecting materials in severe erosion-corrosion

boiler environments [6–10]. Thermal spraying offers a practical and

inexpensive method for depositing coatings without altering the bulk

properties of the coated component [11]. In thermal spraying, the

coating formation involves heating the particles of the feedstock

powder material particles to a molten or partially-molten state and

projecting them at high velocity towards the surface to be coated,

where they flatten upon impact, solidify and form a layered coating

structure [12]. Among thermal spray coatings, high-velocity oxygen-

fuel (HVOF) sprayed Cr3C2-NiCr and Ni-based alloys with high Cr

content are commonly used materials for boiler components due to

their protective capabilities, high surface hardness, low porosity and

low oxide content [12,13]. More recently, high-velocity air-fuel (HVAF)

thermal spray methods have become increasingly common in thermal

spraying industry and research [14] due to their lower heat input and

high kinetic energy, which enable better preservation of the feedstock

powders’ properties. Carbides are the base of the so-called hardmetal

coatings, and these have been used extensively in demanding erosion-

corrosion conditions typical of the high temperatures present in boilers

[6,9,10,15]. In hardmetals, fine hard-phase particles such as Cr3C2 or

WC are uniformly dispersed in a metallic binder, to combine the ad-

vantages from both phases. The embedded hard carbides provide wear

resistance and the metallic binder phase provides adequate ductility.

Corrosion resistance is typically ensured by alloying of the metallic

binder with chromium. The high-temperature oxidation resistance of

the carbide phase basically depends on the selection of the carbide type;

chromium carbides are known to be superior to tungsten carbides in

terms of their oxidation resistance [16]. The high processing tempera-

ture of HVOF spraying causes the primary carbides (i.e.: the carbides

present in the feedstock powder) to partially dissolve into the metal
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matrix, resulting in metastable C- and Cr-rich phases within the metal

binder [17,18]. The HVAF process supplies lower heat input to the

particles and therefore induces milder oxidation and carbide dissolution

[19]. In fact, carbide dissolution was linked to embrittlement of the

metal matrix in low-temperature [20] applications, in which such

coatings have nevertheless demonstrated excellent wear and corrosion

resistance [21–24]. At high temperatures, these metastable phases un-

dergo microstructural transformations such as the precipitation of

secondary carbides [17,25,26] whose effect on the coatings’ perfor-

mance has been rarely studied [27]. However, it is known that the high

temperature stability of carbides is compromised in the presence of

chlorine [16] and therefore, it is critical to identify the maximum

temperature at which these materials can be used in chlorine-bearing

environments.

This work introduces a novel, synergistic use of thermal analyses

and isothermal corrosion tests in furnace which enables easy and ac-

curate identification of the temperature range at which carbides lose

stability under a KCl deposit. These findings were used to carry out the

traditional isothermal corrosion tests at the most relevant temperatures

to understand the effect the interaction between the metal matrix and

the carbide grains has on their corrosion resistance in high temperature

chlorine-containing environments. Moreover, the corrosion mechan-

isms taking place in these special microstructures were proposed.

2. Material and methods

2.1. Coating manufacturing and metallographic characterisation

Three different feedstock powder compositions were selected for

this study. Each composition was sprayed with both HVOF (DJH2700

Oerlikon Metco, Switzerland) and HVAF (M3 Uniquecoat Technologies

LLC, United States) thermal spray processes. All the coatings were

sprayed from commercially available agglomerated and sintered (A&S)

feedstock powders as listed in Table 1. The coatings were deposited on

air-cooled 5mm thick low carbon steel plates (steel grade P92), which

were grit-blasted before the deposition with Mesh 36 alumina (Al2O3)

grits. More details about the feedstock materials and coatings are given

in Table 1 and the spray parameters are in Table 2.

The coatings were cut, mounted and polished for metallographic

cross-sectional examination. The coating cross-sections were analysed

in their as-sprayed condition and after the corrosion tests with a

Scanning Electron Microscope (SEM, Philips XL30, the Netherlands)

equipped with Energy Dispersive X-ray Spectroscopy (EDS). The phase

composition was determined by X-Ray diffractometry (XRD, Cu-Kα

radiation, Empyrean, PANanalytical, The Netherlands) on grinded

coating surfaces.

2.2. Corrosion testing and characterisations

Thermogravimetric analysis (TGA, Netzsch STA 409, Germany) was

used for preliminary temperature screening to provide a basis for the

subsequent isothermal corrosion tests in furnace. For this character-

isation, free-standing fragments of the coatings were mechanically de-

tached from the substrate by bending. In preparation for the thermal

analyses, the material was covered with a saturated KCl aqueous so-

lution, impregnated in a soft vacuum for 10min and dried in an oven at

85 °C for 15min. The TGA atmosphere was dry synthetic air (79% N2,

21% O2). The temperature-time program type was gradually isothermal

with constant temperature stages at 400, 450, 500 and 550 °C.

The in-furnace isothermal high temperature corrosion tests were

carried out based on the standard, ISO 17224:2015 [28]. The coupon

size for the high temperature corrosion tests was 20× 20 x 5mm, cut

from larger plates. The corrosion tests were carried out with an in-house

built horizontal alumina tube furnace. The coatings were tested at two

different temperatures: 450 °C and 550 °C under a KCl deposit. The test

duration was 168 h and the furnace tube was purged with 1.5 l/min of

dry air with the addition of 12% of specific humidity. The test layout

has been described in our previous study [29]. The temperature of the

samples was measured with an additional thermocouple attached to the

sample holder. After the high temperature corrosion test, each test

coupon was cut in two halves; one for XRD and one for metallographic

SEM/EDS inspection. XRD was used to study the microstructures of the

tested coatings so the corrosion products were removed prior to the

measurements.

The sample preparation for metallographic SEM/EDS analysis of the

cross-section was performed with commercial water-free lubricants and

suspensions to preserve possible water-soluble corrosion products. The

quantification of the corrosion degradation was carried out by image

analyses and the process of measuring the thickness of the external

oxide layer and coating loss is described in our previous work [29].

3. Results

3.1. Microstructure of the as-sprayed coatings

Detailed microstructural analyses of the coatings included in this

study is presented in our previous work by Matikainen et al. [30,31].

Therefore, only the relevant structural analysis of the as-sprayed coat-

ings is reported here. From our previous study it had emerged that the

CC625 powders contained significant amounts of Cr7C3 in addition to

Cr3C2, while the CC1 and CW powders contained only traces of the

Cr7C3 carbide. It was theorised that substitution of Cr with Mo and Ni in

the rim of the carbide particles would result in the CC625 coatings

forming a (Cr,Mo)7C3 phase. The HVOF coatings were subjected to

higher carbide dissolution in the metal matrix than the HVAF coatings,

which had also shown lower porosity and a generally higher amount of

carbon loss during spraying. It was hypothesized that carbon loss was

due to carbide rebounding, lower deposition of carbide-rich particles

and inflight oxidation of carbides.

Table 1

Details of powders and coatings.

Code Gun Composition Trade name Size

[-d90 +d10 μm]

CC1.1 HVOF

DJ2700

Cr3C2-25NiCr H.C. Starck

Amperit

584.072

−38+10

CC1.2 HVAF

M3

Cr3C2-25NiCr H.C. Starck

Amperit

588.059

−30+5

CC625.1 HVOF

DJ2700

Cr3C2-50NiCrMoNb H.C. Starck

Amperit

595.074

−45+15

CC625.2 HVAF

M3

Cr3C2-50NiCrMoNb H.C. Starck

Amperit

595.059

−30+5

CW1 HVOF

DJ2700

Cr3C2-37WC-

18NiCoCr

Oerlikon Metco

WOKA 7502

−45+15

CW2 HVAF

M3

Cr3C2-37WC-

18NiCoCr

Oerlikon Metco

WOKA 7504

−30+10

Table 2

Thermal spray process parameters for HVAF and HVOF coatings.

Parameter HVAF HVOF

Oxygen – 240 slpm

Air 7.4 bar 383 slpm

Fuel 1 (propane) 7.0 bar 70 slpm

Fuel 2 (propane) 7.3 bar –

Spray distance 300 mm 230 mm

Surface speed 1.9m/s 0.9m/s

Pass spacing 4 mm 5.4 mm

Powder feed rate 130-200 g/min 60 g/min

Target thickness 300 μm 300 μm

D. Fantozzi, et al.



3.1.1. Microstructure of the HVOF and HVAF Cr3C2-25NiCr coatings

The phase composition of the coating CC1.1 (HVOF Cr3C2-25NiCr)

comprises the metal binder γ-NiCr and the hard phase Cr3C2 with a

minor amount of Cr7C3. In the coating CC1.2 (HVAF Cr3C2-25NiCr) no

Cr7C3 could be detected by XRD. Substituted carbides phases such as

(Cr, Ni)7C3 had been observed in the past by Matthews and Ding

[25,32] and then confirmed in our previous study [31] of the HVAF

coating. Their occurrence is due to Ni’s significantly higher solubility in

Cr7C3 (abundant in HVAF coatings) than in Cr3C2, which at the spray

temperature (measured at 1470 °C) does not reach melting point. Car-

bide dissolution in the metal binder is theoretically possible in a molten

state in an HVOF coating due to the higher measured in-flight tem-

perature of the particles (1850 °C), which is above the melting point of

Cr3C2 (1829 °C). This is supported by the microstructures of the HVOF

and HVAF sprayed coatings in Fig. 1. Due to the higher process tem-

perature of HVOF [11], an increased number of metal binder stripes

with different Cr and carbon contents are present in the coating

structure (Fig. 1a, spot 1 and 2). The overall result is a higher Cr content

in the metal matrix of the HVOF coating compared to that of the HVAF

coating (Fig. 1b, spot 1). This was also observed in our previous study

by Matikainen et al. [31] and indicates that increased interaction be-

tween the hard phase and the metal binder occurred. Such areas are not

present in coating CC1.2 (Fig. 1b) which even presents areas of un-

melted matrix (Fig. 1b spot 1) and a phase composition closer to that of

the feedstock powder material. Moreover, the XRD patterns [30,31]

denoted the presence of amorphous and/or nanocrystalline phases,

especially in the HVOF coating CC1.1, perhaps attributable to carbide

dissolution.

3.1.2. HVOF and HVAF Cr3C2-50NiCrMoNb coatings

The CC625 coating (HVOF Cr3C2-50NiCrMoNb) is meant for harsher

corrosive environments. It contains more of the metal matrix than the

CC1 (HVOF Cr3C2-25NiCr), which is also more alloyed. The SEM images

and the EDS analysis of the HVOF CC625.1 and HVAF CC625.2 coatings

are presented in Fig. 2. As with coating CC1.1, coating CC625.1 pre-

sented the effects of the higher process temperatures in the form of

stripes of melted metal matrix and variations in its composition (Fig. 2a

spot 2 and 3). Indeed, the metal matrix of the HVOF coating appears to

be enriched in Cr (Fig. 2a spot 1) denoting higher dissolution of the

carbides into the metal matrix than occurred in the HVAF coating.

Unlike the previous case, the HVAF Cr3C2-50NiCrMoNb coating also

presented a few carbides particles with mixed composition (Fig. 2b spot

2), in which in which Cr was substituted by Ni and Mo. These particles

can be distinguished by their lighter grey shade and were already

present in the feedstock powder [30,31]. Moreover, in both coatings,

fine Nb-rich precipitates were observed embedded in the metal matrix

(as indicated by the arrows in Fig. 2a and b) [29].

3.1.3. HVOF and HVAF Cr3C2-37WC-18NiCoCrFe coatings

The highly complex microstructures of coatings CW1 and CW2 are

presented in Fig. 3. Both coatings show fine tungsten carbides (e.g.

spots 2 in Fig. 3a and b) and coarser Cr carbide particles homogenously

distributed in the metallic binder, although the HVAF coating seeming

to have an overall finer microstructure. Moreover, the CW2 (HVAF)

coating had higher metal content, higher W content and lower Cr

content than the CW1 (HVOF). These differences are partly due to

higher metal content in the original feedstock powder of CW2, but also

due to carbon loss during spraying (such as carbide rebounding) [31].

The main phases in both coatings are tungsten mono carbide (WC) and

two different chromium carbides, Cr3C2 and Cr7C3, these also being

present in the feedstock powders [31]. Peak broadening was observed

in both coatings but appears to be more marked for the HVOF sample,

denoting higher content of the nanocrystalline or amorphous phases

[30,31]. In our previous study by Matikainen et al. [31], replacement of

Cr with W was observed, resulting in the formation of (Cr, W)3C2 car-

bides.

3.2. TGA as a method to study corrosion under a KCl deposit

To our knowledge, the use of thermal analyses to study the corro-

sion behaviour of materials under salt deposits has been used in only

few occasions before, for example by Lehmusto et al. [33–35] but not

on freestanding coatings. For this reason, preliminary tests were carried

out to verify the applicability of the method to the present study.

Corrosion studies by TGA usually involve gaseous corrosive agents, i.e.

external mass contribution. The use of a solid salt raises the question of

whether it would be possible to measure any change in mass, since no

external mass can be added except for the O2 carried by the flowing air.

Fig. 1. Microstructures and EDS analysis of a) CC 1.1 and b) CC 1.2 coatings.

SEM/BSE cross section views.

Fig. 2. Microstructures and EDS analysis of a) CC625.1 and b) CC625.2 coat-

ings. The white arrows point at Nb rich precipitates. SEM/BSE cross section

views.

Fig. 3. Microstructures and EDS analysis of a) CW1 and b) CW2 coatings. SEM/

BSE and SEM/BSE cross-section views.
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Moreover, it was not certain whether the environmental conditions

created in TGA would cause the same corrosion reactions as occur

during ordinary in-furnace corrosion tests. To verify that the detected

TGA signal results from an actual change in the mass caused by the

presence of KCl, and not by mere oxidation due to plain air, a pre-

liminary TGA test was carried out on the feedstock powder Cr3C2-

50NiCrMoNb (Amperit 595.059) of coating CC625.2, both with and

without KCl, at 550 °C. The results are presented in Fig. 4.

The TG curves showed that there is extremely low oxidation in a

plain synthetic air atmosphere, but a significant mass gain (increase)

takes place if KCl is mixed with the powder. This denotes that the TG

signal mainly arises from the oxidation induced by the KCl and its re-

actions. Moreover, the curve shows two mass-growth kinetics. The first

step, about 60min long, is linear with a high mass-growth rate. The

second stage is paralinear, which describes the consumption of most of

the reagents (KCl and carbides) and a slower gain in mass due to the

oxidation of the samples and the concurrent loss of Cl2.

To further verify the nature of the corrosion taking place during the

TGA tests, this test was repeated for freestanding CC625.1 and CC625.2

coatings, and their surfaces were examined with SEM/EDS (Fig. 5). The

results showed surface corrosion products whose morphology and

composition were similar to those found on the surface of the respective

thermally-sprayed Inconel 625 metallic coatings tested in isothermal

corrosion tests in furnace in our previous work [29]. Specifically, the

cauliflower-like morphology of the corrosion products in Fig. 5 have

compositions relatable to potassium chloride (spots 1 in Fig. 5a and b)

mixed to Cr,Ni oxides (spots 2 in Fig. 5a and b). Based on these

observations, the test was considered reliable as a comparative and

qualitative method for evaluating the onset temperatures of this type of

corrosion in the studied samples, while the long-term behaviour of the

coatings is studied with traditional isothermal corrosion tests.

3.3. Chlorine active oxidation onset temperature screening by TGA

The onset temperature of chlorine active oxidation was estimated

with thermal analyses. These analyses were used to evaluate the tem-

perature range at which corrosion begins and to identify suitable test

temperatures for the traditional isothermal high temperature corrosion

tests. HVOF and HVAF sprayed metallic Inconel 625 coatings [29] were

included in the test as reference materials to evaluate the effect of the

addition of carbide particles to the alloy.

The thermogravimetric curves are presented in Fig. 6. The plot

presents the continuous measurement of mass change of the coating

samples covered by KCl deposits and exposed to a temperature program

(red curve) consisting of 4 isothermal steps at 400, 450, 500 and 550 °C.

A small steep growth in mass is observed at every temperature change

as an artefact due to buoyancy. The buoyancy is the effect of the de-

crease in air density at higher temperatures, which results in an ap-

parent gain in mass.

The test results show that the carbide-based coatings did not ex-

perience any change in their mass at the isothermal step at 450 °C and

below, thus corrosion did not occur. The HVAF CC625.2 and CW2

coatings were the most stable as they only started to gain mass at the

isothermal step of 550 °C. All the other coatings showed the first mass

gain at the isothermal step of 500 °C. The reference metallic coating

materials only underwent negligible mass change at all the temperature

intervals, indicating the negative effect of the addition of carbides to

the composition. As a qualitative comparison, this method provided a

valuable estimate of the onset temperature of chlorine-induced active

oxidation showing the delayed onset of the HVAF sprayed Cr3C2-based

coatings compared to their HVOF sprayed counterparts. The only ex-

ception was observed for the Cr3C2-25NiCr coatings in which both the

HVAF and HVOF samples started gaining mass at the same temperature

interval of 500 °C.

3.4. Corrosion resistance

The TGA results provided a temperature screening for the iso-

thermal corrosion tests. Two temperatures were chosen based on the

Fig. 4. TGA mass change curve of feedstock powder Cr3C2-50NiCrMoNb of

CC625.2 coating over 9 h test at 550 °C in synthetic air with and without KCl

powder.

Fig. 5. Morphology and EDS analyses on the surface of coating fragments after

TGA. a) CC625.1 and b) CC625.2. SEM/SE surface views.

Fig. 6. Superimposition of the mass change (%) curves obtained by TGA on self-

standing coatings under KCl salt deposit (left vertical axis). The red line re-

presents the temperature program (right vertical axis). HVOF and HVAF me-

tallic Inconel 625 coatings [29] were measured as a reference. (For inter-

pretation of the references to colour in this figure legend, the reader is referred

to the web version of this article).
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TGA data. First, 450 °C, at which the coatings did not show signs of

mass gain and second, 550 °C, at which all the coatings presented sig-

nificant mass gain. The thicknesses of the measured surface oxide layers

after the tests are presented in Fig. 7.

Considering the overlapping of the error bars, there was relatively

little difference between the similar types of HVAF and HVOF sprayed

coatings. Only the CC625 coatings exhibited a significative difference at

550 °C. The oxide layer on the HVAF sprayed CC625.2 was only half as

thick as its HVOF sprayed counterpart and it outperformed all the other

coatings.

Two variables appear to affect the performance. The first is the

chemistry of the coating. The NiCr-matrix coatings clearly performed

worse than the others in all the test conditions. The CC625 coatings

with alloy 625 -type matrix generally resulted in the highest corrosion

resistance. The second variable is the microstructure of the coating. For

instance, CC625.1 and CC625.2, with the same nominal chemical

composition, performed similarly at the lower temperature but showed

a significant difference at the highest test temperature of 550 °C.

Multiple microstructural features are known to be affected by the

spraying process. Some of these, such as porosity, amount of melted

phase, phase composition and distribution, level of oxidation and splat

morphology have an important role in the corrosion resistance of the

coating and should be controlled [11,36].

3.4.1. Corrosion layers in HVOF and HVAF Cr3C2-25NiCr coatings

The SEM cross sections of the Cr3C2-25NiCr coatings after the high

temperature corrosion tests at 450 and 550 °C are presented in Fig. 8.

Both the HVAF and HVOF coatings behaved similarly. At the higher

temperature, the degradation was severe and after 168 h of tests, only a

thin layer of the coating remained intact on the substrates. Both coat-

ings had a thick and porous non-protective oxide layer with the typical

layered microstructure deriving from the chlorine active oxidation

mechanism [2,3]. At the lower temperature, a thin layer of chromium

and nickel oxides was observed underneath a layer of potassium

chromate. K2CrO4 was detected by EDS analyses (Fig. 8c, spot 1) but

also visually as the coupons were covered in a yellow deposit and by

XRD in our previous study [29] on a similar NiCr-based alloy. This

observation confirms the results of the TGA, which showed that the

corrosion onset temperature for these coatings already took place at

between 450 °C and 500 °C. The HVAF coating preferentially formed a

Ni-rich oxide (Fig. 8c spot 2) while the HVOF coating formed a Cr-rich

oxide (Fig. 8a spot 2), perhaps due to its higher carbide and Cr content

(see Section 3.1.1). Higher magnification SEM images of the coating/

oxide interface (Fig. 9a and b) already show the formation of corrosion

products at the interface between the primary carbide particles and the

metal binder at 450 °C, especially on the HVAF coating. This might be

caused by imperfect adhesion between the carbide particles and the

metal matrix, which resulted in the penetration of Cl at the interface

(Fig. 9b). This would explain why this coating was the only HVAF

coating which showed a gain in mass from the TGA and higher corro-

sion degradation at 450 °C, i.e. before the 500 °C required by its HVOF

counterpart. Moreover, during exposure to the lowest temperature of

450 °C, the formation of secondary carbide precipitates was already

observed in the HVAF coating (indicated by the white arrows in Fig. 9).

Such precipitates have previously been described by Matthews et al.

[32] and Ding et al. [25]. Corrosion seems to take place preferentially

on these fine secondary carbide precipitates. In fact, Spot 1 in Fig. 9b

shows an area of unmelted matrix, which is nearly uncorroded. Sec-

ondary precipitates and unmelted matrix are more clearly visible in

Fig. 9c and d, which were taken some distance away from the corrosion

front. Secondary carbide precipitates formed mainly in the portion of

metal matrix that underwent higher melting during the spray process

and therefore could dissolve more carbon and chromium from the

carbides. This happens because during the spraying, part of the metal

matrix in the feedstock powder melts, bringing nearby carbides into the

solution [12]. Melting and rapid solidification causes the formation of

metastable C- and Cr-rich metallic phases [17]. Such areas tend to

undergo various microstructural refinements during exposure to the

high temperature of the test environment, such as the precipitation of

fine secondary carbide phases, and thus achieve a more stable state

[25,32].

Fig. 10 presents the XRD patterns of the as-sprayed and high-tem-

perature corrosion tested CC1.1 and CC1.2 coatings. New phases were

not formed during the test but significant microstructural refinement of

Fig. 7. External oxide thickness measured by image analysis from SEM cross

sections of the coatings tested in isothermal conditions at 550 °C (solid bars)

and 450 °C (dashed bars) under KCl salt deposit for 168 h.

Fig. 8. SEM/BSE cross section images and EDS analyses of samples CC1.1 after

168 h of high temperature corrosion test at a) 450 °C and b) 550 °C and CC1.2

after high temperature corrosion test at c) 450 °C and d) 550 °C.
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the coating structures did occur.

The XRD pattern of the CC1.2 coating deposited with HVAF had

more defined matrix peaks denoting fewer amorphous/nanocrystalline

phases, most likely due to the lower amount of dissolved carbon.

Therefore, lower secondary carbide precipitation is to be expected. For

the HVOF sprayed coating, both Cr3C2 and Cr7C3 carbides are present in

the as-sprayed and corrosion tested coatings. However, a new Cr3C2
peak was observed on the pattern of the tested sample CC1.1 at

2θ=66° (Fig. 10) which perhaps denotes increased content of this

phase due to secondary carbide precipitation during test exposure.

Fig. 11 is a magnified cross-section image of sample CC1.1 after the

test at 550 °C.

From the structure of the corrosion front of Fig. 11, three areas can

be identified: 1) uncorroded coating, 2) secondary carbides degradation

and 3) binder degradation.

The carbide precipitates in the uncorroded area (1) have a similar

distribution to that of the black pores in the secondary carbides de-

gradation area (2), denoting that they were once the secondary carbide

precipitates and that they were selectively attacked. Secondary carbides

degradation leaves behind a porous binder layer (3), with increased

active surface, which accelerates its corrosion, as well.

3.4.2. Corrosion layers in HVOF and HVAF Cr3C2 - 50NiCrMoNb coatings

The HVAF sprayed CC625.2 coating resulted in the highest re-

sistance against oxidation at 550 °C, forming the thinnest layer of oxides

of all the samples. The CC625.2 coating formed an oxide layer over

three times thinner than the HVAF Cr3C2-NiCr coating at 550 °C and

two times thinner at 450 °C. In fact, less corrosion was expected due to

the higher amount of metal binder and its more alloyed chemical

composition, i.e. the lower availability of easily-degradable carbides.

The cross sections of the coatings after the corrosion tests are presented

in Fig. 12.

At the lower test temperature of 450 °C, both coatings seemed to

form only a thin layer of potassium chromate on the surface. After the

test at 550 °C, however, a thick porous layer of mixed oxides was

formed on the surfaces of the coatings. This denotes that at 450 °C the

main corrosion reaction to take place is the solid-state reaction between

Cr oxide and KCl described later in Eqs. (1) and (2). After the test at

550 °C, the HVOF sprayed CC625.1 developed Cr-rich oxides close to

the corrosion front and Ni-rich oxides further away, while in the case of

the HVAF sprayed CC625.2 the Ni-rich oxides were already formed

close to the coating surface. This might indicate higher corrosion of the

carbides in the HVOF coating than in the HVAF one. Interestingly, fine

NbC particles were also found in the heavily corroded areas, but these

only seemed to have suffered from minimal attack, making this an in-

teresting topic for further study.

3.4.3. Corrosion layers in HVOF and HVAF Cr3C2-37WC-18NiCoCr

coatings

The HVOF sprayed Cr3C2-37WC-18NiCoCr coating was the most

resistant of all the tested coatings at 450 °C, forming the thinnest oxide

layer during the corrosion test. On the other hand, corrosion rates

comparable to the other coating compositions took place at 550 °C. The

cross sections of the coating after high temperature corrosion test are

presented in Fig. 13.

The exposure to a corrosive environment at 550 °C caused remark-

able degradation of the WC and Cr carbides with the formation of thick

W and Cr oxide layers. The top white layer forming at 550 °C is W oxide

(spot 1 in Fig. 13b and d) which is also present in minor quantities in

the underlying Cr oxide layer, as indicated by the arrow in Fig. 13b.

Therefore, WC cannot be considered stable at this temperature [16].

Fig. 9. SEM/BSE cross section images of coating CC1.1 a) at the corrosion front

and b) its microstructure near the substrate and coating CC1.2 c) at the cor-

rosion front and b) its microstructure near the substrate after 168 h of high

temperature corrosion test at 450 °C. Picture c) and d) show melted metallic

areas with secondary carbide precipitates and their absence in unmelted me-

tallic areas.

Fig. 10. XRD patterns of CC1.1 and CC1.2 coatings in as-sprayed condition and

after high temperature corrosion test at 450 °C for 168 h.

Fig. 11. Details of the corrosion front of coating CC1.1 after isothermal test at

550 °C for 168 h. SEM/BSE cross section view.
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The layered structure confirms that the corrosion mechanism is chlorine

active oxidation via the formation of volatile metal chlorides (and

oxychlorides) and their subsequent oxidation (see Section 4.3).

The area scan on coating CW2 tested at 450 °C shows a slight Cl

penetration just underneath the coating surface. Moreover, a significant

amount of Co oxide formed at 550 °C (spot 2 in Fig. 13b and d) sug-

gesting the detrimental effect of Co in the alloy’s composition. At

450 °C, the HVAF CW2 experienced more aggressive corrosion than its

HVOF CW1 counterpart. Perhaps the low matrix content in this com-

position resulted in low ductility of the feedstock powder, thus resulting

in a cooler temperature for the HVAF process than for the HVOF one.

Indeed, the matrix content in the as-sprayed CW2 coating was found to

be higher than in CW1 due to the selective deposition of the feedstock

particles with a higher matrix content and the direct rebounding of

those with a higher amount of carbides. Furthermore, higher WC dis-

solution in the metal matrix was observed in CW1 than in CW2 [31].

Nevertheless, secondary carbide precipitation was not detected. Negli-

gible microstructural changes were observed by XRD and SEM/EDS

after tests at 450 °C, demonstrating the high stability of these coatings

at this temperature. Therefore, the corrosion degradation was mainly

attributed to the low chemical stability of the W and Cr carbides [16].

4. Discussion

4.1. Corrosion reactions during TGA

Changes in mass were observed from the TGA measurements. It is

important to understand which reactions contribute to the measured

changes in mass in order to interpret the results. To do so, it must be

emphasised here that only the reactions importing or extracting mass to

the initial system “coating-KCl” are measurable, while direct internal

reactions within this initial system are undetectable. Based on the

present results, it is assumed that the involved reactions are those of

chlorine active oxidation, which are known and reported as follows to

discuss their effect on the mass of the studied system. ΔG values cal-

culated with HSC chemistry [37].

KCl reacts directly with the passivation layer on the metal, pre-

sumably Cr2O3 [2].

+ + +

=°

Cr O (s) 4KCl 5/2O (g) 2K CrO (s) 2Cl (g)
G 251kJ
2 3 (g) 2 2 4 2

550 C (1)

Alternatively, Pettersson et al. [38] attributed the rapid diffusion of

Cl towards the metal surface to ionic Cl−. Cl anions can be formed by

the following electrochemical reaction suggested by Folkeson et al. [39]

and then confirmed by Israelsson et al. [40,41]:

Cr2O3 (s) + 4KCl (g) + 5/2 O2 (g) + 4e− → 2K2CrO4 (s) + 4Cl− (2)

Both Cl− and Cl2 can react with metal and carbides with similar

reactions to form metal chlorides. However, Cl− can diffuse faster that

molecular Cl2 through the oxide scale and therefore it is believed to be

the major contributor to corrosion degradation on the initial stage. On

the longer term, Cl2 can contribute as well, to the formation of metal

chlorides as described by Grabke et al. [42].

+

=°

Cr Cl CrCl
G 292 kJ

(s)
0

2(g) 2(s)

550 C (3)

Fig. 12. SEM/BSE cross section images and EDS analyses of samples CC625.1

after 168 h of high temperature corrosion test at a) 450 °C and b) 550 °C and

CC625.2 after high temperature corrosion test at c) 450 °C and d) 550 °C.

Fig. 13. SEM/BSE cross section images and EDS analyses of samples CW1 after

168 h of high temperature corrosion test at a) 450 °C and b) 550 °C and CW2

after high temperature corrosion test at c) 450 °C and d) 550 °C.
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+ +

=°

Cr C Cl 3CrCl 2C
G 784.7 kJ
3 2(s) 2(g) 2(s) (s)

550 C (4)

+ +

=°

Cr C 7Cl 7CrCl 3C
G 1864.5 kJ
7 3(s) 2(g) 2(s) (s)

550 C (5)

+ +

=°

Cr C (s) 23Cl (g) 23CrCl (s) 6C
G 6354.4 kJ
23 6 2 2 (s)

550 C (6)

The metal chlorides have high vapour pressures at the test tem-

peratures used in this study and therefore will evaporate towards the

surface:

CrCl CrCl2(s) 2(g) (7)

CrCl CrCl3(s) 3(g) (8)

Finally, the intermediate metal chlorides will oxidize on the surface

to form solid oxides [43].

+ +

=°

2CrCl 3/2O Cr O 2Cl
G 330.7 kJ

2 (g) 2 (g) 2 3 (s) 2 (g)

550 C (9)

At this point, gaseous chlorine is again available to cyclically repeat

the process from Eqs. (1)–(9).

Therefore, it is possible to conclude that the reactions contributing

to the mass gain detected by TGA are the following:

- Eq. (1), i.e. oxidation of Cr2O3 to form K2CrO4 via reaction with

oxygen and KCl;

- Eq. (9), i.e. oxidation of the metal chlorides.

Gaseous Cl2(g) is kept constantly in the system by chlorination of the

metal and carbides and its subsequent release through oxidation of the

resulting metal chlorides. Therefore Cl2 (g) is not believed to induce any

noticeable mass loss as long as this cycle is active.

4.2. Corrosion behaviour of the Cr3C2-NiCr and Cr3C2-NiCrMoNb coatings

The coatings CC1 and CC625 have fairly similar chemistry and as

both the metal matrices are NiCr-based, they behaved similarly and

therefore will be discussed together. The stability diagram of (Ni,Cr)-Cl-

O [37] presented in Fig. 14 explains the layered structure of the cor-

rosion products.

At the corrosion front, under the oxide layer (which can be either

the passivation layer or the corrosion layer), there is low oxygen and

high chlorine partial pressure meaning that the metal chlorides are

stable. Their formation was even observed empirically in our previous

study, in the form of hydrated chromium chlorides [29]. As the metal

chlorides evaporate, they reach the surface where the oxygen partial

pressure is higher, and the oxide becomes stable (moving downward-

right in the stability diagram). The elements like Ni, whose chlorides

require the highest oxygen partial pressure to become oxidised, will be

deposited on top of the oxide scale. Conversely, the oxides deriving

from chlorides which have more affinity with oxygen (e.g. Cr) can form

closer to the coating surface, where less oxygen is available. The fact

that NiO was detected on the topmost layer of the coating denotes that

the NiCl2 was once stable at the corrosion front, and therefore the

conditions are surely within the red box in Fig. 14. This implies that at

the point where the NiCl2 originated, it is CrCl3 that is the stable Cr

chloride and not CrCl2. In fact, the area of stability of CrCl2 shares all its

top border with the area of Ni. NiO as the top layer means that Cr2O3
forms when the volatile NiCl2 is still stable, and therefore the en-

vironmental transition must cross the blue box in Fig. 14, which de-

scribes the conditions in which both NiCl2 and Cr2O3 are stable.

Therefore, in the transition from the corrosion front to the surface, the

conditions never crossed the area of stability of CrCl2 but went directly

from the area of stability of CrCl3 to that of NiO.

As for the corrosion resistance, in our previous study [31] we ob-

served that the matrix contains a higher amount of Cr in the case of the

HVOF sprayed coating due to carbide dissolution. Therefore, the

CC1.1′s metallic matrix has a higher Cr content than that available in

the matrix of the coating CC1.2. This may perhaps serve as a Cr re-

servoir to replenish the depletion of the Cr2O3 layer taking place at

450 °C according to Eq. (1), and therefore corrodes less. This is con-

sistent with the observations of Sadeghimeresht et al. [44] and the

hypothesis that at 450 °C the corrosion mechanism is controlled by the

formation of K2CrO4 via depletion of Cr2O3.

4.3. Corrosion behaviour of Cr3C2-37WC-18NiCoCr coatings

The layered structure of the corrosion products on CW1 and CW2

after the isothermal tests (in Fig. 13) can be explained by the thermo-

chemical stability diagrams [37] presented in Fig. 15. This diagram

shows that the area of stability of WO3 is at higher oxygen partial

pressures (pO2) for Cr2O3 and CoO. In other words, tungsten chlorides

require more oxygen to oxidize, and this is only available further from

the coating surface. As a consequence, the top oxide layer is mostly

Fig. 14. Superimposed stability diagram (Ni,Cr)-Cl-O at 550 °C. Calculated with

HSC chemistry 6 [37].

Fig. 15. Superimposed stability diagram (W,Cr,Co)-Cl-O at 550 °C. Calculated

with HSC chemistry 6 [37].
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WO3 while the bottom layer is mainly composed of Cr2O3, leaving the

middle layer enriched with Co.

The HVAF sprayed coating CW2 has a higher WC content than the

HVOF coating. Being WC, the most reactive species at 550 °C, a slightly

higher corrosion rate for the HVAF coating at this temperature would

be unsurprising.

4.4. The corrosion mechanism of chlorine active oxidation in Cr3C2-NiCr

and Cr3C2-NiCrMoNb coatings

According to the results presented in Section 3.4.1, the extremely

high degradation rate of the Cr3C2-25NiCr and Cr3C2-50NiCrMoNb

hardmetal coatings appears to be caused by the instability of the Cr

carbides in a chloridizing environment. Based on this observation, an

adaptation of the active oxidation mechanisms proposed by Grabke

et al. [3] and the two-stage electrochemical mechanism developed by

Folkeson et al. [39] and Isreaelsson et al. [40,41] is applied to the

special microstructure of the Cr3C2-NiCr (CC1) and Cr3C2-50NiCrMoNb

(CC625) thermally sprayed coatings studied in the present work. A

graphic description of the mechanism is illustrated in Fig. 16.

1) Due to the heat input of the thermal spray process, a portion of the

primary carbides in the feedstock material is diluted into the melted

metal matrix. Rapid solidification of the particles results in the

formation of a metastable C- and Cr-rich alloy in the metal matrix

[17,26].

2) Under exposure to high temperature, enough energy is available to

enable the metastable matrix to undergo various microstructural

refinements including the precipitation of fine secondary carbide

phases from the metastable solid solution [45]. KCl starts reacting

with the chromium oxide available on the surface in the solid state

to produce K2CrO4 and ionic Cl
− according to Eq. (2) [39–41].

3) Small and fine secondary carbide precipitates are reactive with the

Cl− available in the environment. The close vicinity and abundance

of the precipitates enable the rapid formation of an interconnected

corrosion pathway for Cl diffusion (see Fig. 11). As the corrosion

progresses, the carbides are turned into volatile Cr-chlorides (Eqs.

(4)-(6)). The interface between the primary carbide particles and the

metal binder also contributes to degradation. Such an interface can

host defects such as cracks and pores, which can facilitate the pe-

netration of corrosive species [11].

4) Volatilization of the Cr-chlorides leaves a network of voids that in-

crease the active surface of the corrosion front, also accelerating the

corrosion rate of the metal matrix form which also volatile Ni-

chlorides are formed. The chloride vapours oxidize on the surface on

a layered structure based on the stability diagram in Fig. 14 and

release Cl2 (g) (Eq. (9)). The corrosion mechanism is self-sustaining

and continues linearly for as long as reactants are available.

Both the ΔG of formation of CrCl3 and CrCl2 are negative and thus,

thermodynamically favoured. However, unlike CrCl2, at 550 °C CrCl3
also has a vapour pressure which is above 10−4 atm, which is generally

considered the minimum vapour pressure to have steady chloride

evaporation resulting in a high corrosion rate [46]. This explains the

different corrosion mechanisms taking place at the two tested tem-

peratures. At 550 °C, corrosion is accelerated by the rapid evaporation

of metal chlorides and their subsequent oxidation as described by Eqs.

(4)–(9). At 450 °C, the partial pressure of the chlorides is too low to

result in their steady evaporation and therefore the corrosion rate is

controlled by the slower formation of solid oxometallates such as

K2CrO4, according to Eqs. (1) and (2).

5. Conclusions

This study focused on the chlorine-induced high temperature cor-

rosion behaviour of HVOF and HVAF sprayed Cr3C2-25NiCr (CC1),

Cr3C2-50NiCrMoNb (CC625) and Cr3C2-37WC-18NiCoCr (CW) coat-

ings. The study used a novel approach in which thermal analysis data

was utilized as a temperature screening for the isothermal high tem-

perature corrosion tests. The thermal analyses enabled the identifica-

tion of the critical corrosion onset temperatures to be in the range of

450–500 °C, and this was further validated by traditional isothermal

corrosion tests carried out in a furnace.

Fig. 16. Graphical representation of the corrosion mechanism taking place in

Cr3C2-based coatings at 550 °C.
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Moreover, the corrosion mechanisms responsible of the coating

degradation in an oxidizing-chloridizing environment were proposed

and summarised as follows:

- At 550 °C, the predominant corrosion mechanism is electrochemical

chlorine active oxidation with fast degradation of secondary carbide

precipitates. Their preferential corrosion with the formation of vo-

latile metal chlorides generates an interconnected network of voids

in the metal binder providing an extensive pathway for corrosive

agents. This mechanism causes accelerated corrosion of the metal

matrix by increasing the active corrosion surface.

- At 450 °C, the formation and volatilisation of metal chlorides is

slow, and the corrosion rate is dominated by the formation of solid

oxometallates such as K2CrO4.

Further observations regarding the corrosion behaviour of the stu-

died coatings are as follows:

- The chemical composition of the coating materials has the greatest

effect on their corrosion resistance (carbide type and binder alloy).

In addition, a microstructure with low carbon dissolution in the

metal matrix and good metal-carbides adhesion appeared to be more

corrosion resistant.

- CrCl3 is the primary chloride that forms at the corrosion front of

Cr3C2-NiCr coatings, not CrCl2.

- The HVAF sprayed Cr3C2-50NiCrMoNb coating (CC625.2) was the

most stable at 550 °C. At the same temperature, the other coatings

showed significantly higher corrosion degradation with negligible

difference between the HVOF and HVAF samples.

- HVOF sprayed Cr3C2-WC-18NiCoCr (CW1) was the most resistant

coating at 450 °C. At the same temperature, HVAF sprayed Cr3C2-

50NiCr (CC1.2) had the highest corrosion damage.

- The TGA showed that all the HVAF coatings except HVAF Cr3C2-

50NiCr (CC1.2), were inert up to 500 °C. All the other coatings al-

ready showed detectable mass gain at 450 °C.
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