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Abstract 

NiCrMo coatings with and without dispersed SiO2 were deposited using high velocity air-fuel (HVAF) 

technique. Thermogravimetric experiments were conducted in 5% O2+500 vppm HCl+N2 with and 

without a KCl deposit at 600 °C for up to 168 h. The SiO2-containing coating showed lower weight 

change due to formation of a protective and adherent Cr-rich oxide scale. SiO2 decelerated short-circuit 

diffusion of Cr3+ through scale’s defects, e.g., vacancies, and promoted the selective oxidation of Cr to 

form the protective Cr-rich oxide scale. Furthermore, the presence of SiO2 led to less subsurface 

depletion of Cr in the coating, and accordingly less corrosion of the substrate. The formed corrosion 

product on the SiO2-free coating was highly porous, non-adherent, and thick. 
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1 Introduction 

Demands for increasing the lifetime of components and thermal/electrical efficiency in power 

generation industry, particularly in biomass- and waste-fired boilers, are incessantly growing [1]–[3]. 

For this reason, application of appropriate coatings with longer endurance in the highly corrosive 

service environments routinely encountered in boilers is imperative [4]–[7]. Thermally sprayed metallic 

coatings have frequently been employed to enhance the corrosion resistance of boiler’s components 

[8]–[12]. In this context, obtaining a dense and adherent thermal spray coating that is maintenance free 

for an extended period of time is always desirable and provides motivation for further investigation of 

promising coating materials and processes [13], [14]. 

There have been several efforts to enhance the corrosion resistance of thermal spray coatings by 

studying different a) coating compositions, using various feedstock material chemistries [15] and b) 

coating microstructures, using appropriate thermal spray process parameters or post-spray treatments 

[16], [17]. Another potential approach is to alter the coating architecture either by creating a new coating 

design, such as multilayered or functionally graded coatings [18], or by incorporating certain oxygen-

active elements (like SiO2, Al2O3 or Y2O3) into the coating to fabricate composite structures [19], [20]. 

It has already been reported that the high-temperature corrosion performance of alloys can be improved 

by uniformly distributed oxide dispersoids, which act as nucleation sites and facilitate eventual 

formation of a continuous, dense and protective oxide scale on the surface [21]. However, this proposed 

mechanism is under debate and has been rejected by others [22], as no change can be seen between the 

oxidation behavior of a dispersoids-containing alloy and a free-dispersoids alloy at the early stages of 

oxidation exposure. Therefore, it is proposed that the dispersoids alter microstructure of the formed 

oxide by reducing the grain size which promotes inward diffusion of O2- rather than outward diffusion 

of Cr3+ through the oxide grain boundaries [22]. The dispersed oxides can lead to excellent scale 

adherence to the substrate material based on a mechanism known as “pegging effect” or “mechanical 

keying”, as frequently reported by various authors [23], [24]. The oxide scale protrusions into the 

underlying alloy was also found which pin the scale to the substrate. The dispersed oxides in the alloy 

are also reported to act as preferred sites for nucleation of vacancies which are, therefore, prevented 

from concentrating at the oxide scale/metal interface [25].  

Thermal spray processes can be used to deposit such composite coatings comprising dispersed oxides. 

However, there are a few technical drawbacks with the commonly used thermal spray techniques, e.g., 

high velocity oxy-fuel (HVOF) and atmospheric plasma spraying (APS) to spray such coatings [19], 

[23]. As the dispersed oxides are usually very fine (˂ 1 µm), they can decompose at very high processing 

temperatures. Such fine oxides also need to be dispersed uniformly within the coating rather than being 

agglomerated locally. High velocity air-fuel (HVAF) technique is proposed to overcome such 

drawbacks as the process benefits from the lowest temperature (T<1800 °C), and highest velocity (V= 

700-1500 m/s) of the flame compared to other thermal spray processes like plasma spray and HVOF. 



 

By virtue of these, dense and adherent coatings with least in-situ phase decomposition/oxidation can be 

produced which are greatly desired in corrosion protection applications [26].  

Limited number of studies have focused on the high temperature corrosion resistance of dispersed 

oxide-containing alloys in oxidizing and chloridizing-oxidizing environments. Even less information is 

available regarding thermally sprayed coatings containing dispersoids. More specifically, to the best of 

the authors’ knowledge, no publication is available regarding Cl-induced high temperature corrosion 

behaviour of HVAF-sprayed Ni-based coatings containing dispersoids. The diffusion mechanisms of 

Cl and O through the oxide scale and interaction with the complex chemistry of coatings with dispersed 

oxides are still unknown. Understanding corrosion mechanisms in coatings is of crucial significance as 

it can assist in charting pathways to mitigate the rate of degradation and thereby assist in the 

development of advanced coatings that can potentially be highly protective even in harsh working 

environments. 

Therefore, the aim of the present work was to investigate the potential implication of a dispersed oxide, 

i.e., SiO2 in NiCrMo coatings sprayed using HVAF on the Cl-induced high temperature corrosion 

behavior. Understanding the different transport phenomena in the oxide scale and the differences in 

scale morphology of the coatings with and without SiO2 dispersion will be highly educative. Based on 

the observations, possible mechanisms of scale formation and growth have been discussed herein. 

 

2 Experimental procedures 

2.1.1 Feedstock powders 

A gas-atomized powder of Ni21Cr9Mo (with a nominal composition of 20.2 Cr-7.9Mo-0.1O-Ni bal. all 

in wt%) sourced from H.C. Starck GmbH (Germany) (referred to as NiCrMo hereafter) and a 

proprietary SiO2-containing Ni21Cr9Mo powder supplied by M.H. Engineering AB (Sweden) (referred 

to as NiCrMo-SiO2 hereafter) were used to produce the coatings. The particle size of the feedstock 

powders was -45 +15 µm and -45+22 µm for NiCrMo and NiCrMo-SiO2, respectively. Fig. 1 shows 

the spherical morphology, and dendritic structure of the two powders resulted from the segregation of 

heavy elements like Mo during the gas atomization process. Very few satellite particles around large 

particles which are also typically found in morphology of gas-atomized powders [27] can be seen in the 

figure.  

 

2.1.2 Substrate material 

Rods of a commercial low carbon steel 16Mo3 (nominal composition in wt%; 0.01Cr- 0.3Mo- 0.5 Mn- 

0.3Si- 0.15C- Fe bal.) of 160 mm diameter and 500 length were used as substrate. All specimens were 

grit blasted with alumina particles (-63+10 µm) for cleaning and roughening prior to spraying. 

 

2.2 HVAF spraying 



 

A M3TM-HVAF spraying system (Uniquecoat, Oilville, VA, USA) was employed to deposit the 

coatings. A horizontal rotating fixture was used to grip the 16Mo3 rod in order to first coat on its 

cylindrical surface. The rod was then cut into buttons of 5 mm thickness. Both flat surfaces of the 

buttons were then HVAF sprayed, so that the specimens were fully coated (on all sides). More details 

about the substrate preparation can be found in a previous work [28].   

4L2G was used as a secondary nozzle in the HVAF process. The pressure of compressed air was set to 

~ 0.8MPa, whereas the pressures of fuel 1 (propane) and fuel 2 (propane) were kept similar at ~ 0.7MPa. 

The powder carrier gas was N2 with a pressure of ~ 0.4MPa. The powder feed rate was ~ 150 g/min. 

The pass velocity and pass spacing of the HVAF gun were 50 m/min and 5 mm/rev., respectively. The 

spray distance (SoD) was 300 mm and eight passes were implemented to achieve the desired coating 

thickness of ~ 250 μm. These final process parameters were selected based on preliminary coating trials 

conducted to obtain the least porous microstructure [29]. Prior to the corrosion test, all surfaces of the 

investigated samples were polished with a 0.05 μm colloidal alumina suspension to a roughness of Ra 

< 0.1 μm in order to get a uniform surface roughness on all coatings.  

 

2.3 Chlorine-induced corrosion test 

The corrosion tests were conducted in 5 vol.%O2 + 500 vppm HCl + N2 up to 168h at 600 ± 1 °C with 

and without KCl salt deposit using individual alumina crucibles in a horizontal alumina tube furnace. 

A KCl suspension was prepared with ethanol and distilled water (with the mix ratio of 4 to 1, 

respectively). The KCl salt was deposited on the samples (⁓ 0.1 mg/cm2) using a paintbrush. A mass 

flow controller was used to introduce 35 cm3/min of gas through the chamber during the high-

temperature corrosion test. More details about the furnace can be found in [30]. The samples were under 

the flow of N2 throughout the course of exposure to prevent corrosion during cooling. Just before the 

test, both samples and crucibles were individually weighed using a LE26P Poly Range Microbalance 

(SartoriusTM, Massachusetts, USA). The crucible and sample with KCl were also weighed to calculate 

the amount of KCl placed on the surface of the sample. The samples were extracted from the furnace 

after the test and weighed in their individual crucibles together with the oxide scale spalled from the 

exposed coatings.  

The growth rate of uniform and dense oxide scales is commonly assumed to be controlled by diffusion 

of elements through the scales [31]. A simplified analysis of this situation is carried out to show that 

rate control by such a process leads to the parabolic kinetics according to Eq. 1: 

(
∆𝑤

𝐴
)2 = 𝑘𝑝. 𝑡                               (1) 

where Δw = the weight gain per unit area A (mg/cm2), t = the oxidation time in s, and kp = the parabolic 

rate constant for scaling weight gain at each temperature.  

 



 

2.4 Characterization of coatings 

2.4.1 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDS) 

The cross-section of the as-sprayed and exposed coatings was investigated using a QUANTA-200 FEG 

scanning electron microscope (FEI, Oregon, USA) equipped with X-ray energy dispersive spectroscope 

(EDS). For the topographical investigation, the SE (secondary electron) detector with 15 kV and for the 

cross sectional studies, BSE (backscattered electron) detector with 20 kV were used. To analyze the 

cross sections, the as-sprayed coatings were cut slowly (with a disk speed of 300 rpm and feed rate of 

0.005 mm/min) using a diamond-tipped precision circular saw and then cold mounted in a low shrinkage 

resin to prevent spallation of the formed oxide scale. The mounted samples were ground/polished to a 

0.05 μm colloidal alumina finish.  

 

2.4.2 Porosity measurement 

ImageJ (NIH, USA) software, an image analysis (IA) technique, was utilized to determine the extent of 

porosity in coatings [32] by converting the SEM micrographs of the cross-section (with horizontal field 

width of 100 µm) into binary images, and quantifying the percentages based on the grey scale contrast 

[33]. The amount of porosity measured on ten different SEM images were averaged and reported per 

sample.   

 

2.4.3 X-ray Diffraction (XRD) 

A D5000 X-ray diffractometer (Siemens, Germany), equipped for grazing incidence analysis with Cr-

Kα radiation (λ=0.229 nm) operating with a fixed incident angle of 1° and diffraction angle (2θ) between 

25° and 80°, was used to identify the phases present in the coating and in the corrosion products after 

exposure. The analysis of the diffractograms was performed with DIFFRAC.EVA using the ICDD-PDF 

database for phase identification. 

 

2.4.4 Surface roughness 

A  stylus-based profilometer (Surftest 301, Mitutoyo, Japan) was used to measure the surface roughness 

(Ra) of the coatings. The reported values were the average of ten measurements.  

 

3 Results and discussion 

3.1 Surface morphology, cross section, and XRD analysis of as-sprayed coatings 

Fig. 2 (a-b) presents the SEM surface topography of the as-sprayed NiCrMo and NiCrMo-SiO2 coatings 

revealing similar morphologies, i.e., a semi-molten characteristic with unmelted particles evident on the 

top surface. This may be a consequence of the low temperature of the HVAF process leading to 

formation of semi-melted particles, some of which do not plastically deform and entirely flatten over 

the surface [34]. Lack of peening effect  is known to cause the formation of such features on the surface 

of HVAF coatings [35]. The rather wide distribution in particle size (-45+22 µm for NiCrMo-SiO2, and 



 

-45+15 µm for NiCrMo) is also a contributing factor, as the coarse particles present in the feedstock 

have a relatively greater tendency to remain unflattened.  

The as-sprayed surface roughness (Ra) of the NiCrMo and NiCrMo-SiO2 coatings was measured as 

8.1±1.1 and 6.9±0.8 µm, respectively; however, both coatings were ground/polished (to Ra <0.1 µm) 

before the high temperature exposures in order to unify the effect of surface roughness on the corrosion 

resistance. The EDS analysis in point A (Fig. 2a) showed that the surface composition of the NiCrMo 

coating was (all in wt%) 20.9Cr-8.3Mo-0.6O-bal. Ni, whereas it was 22.5Cr-8.3Mo-4.5Si-2.9O-bal. Ni 

for NiCrMo-SiO2 in point B (Fig. 2b), indicating that Si, most probably in form of SiO2, was 

incorporated into the latter coating. 

Fig. 3(a-b) shows the cross-sections of the as-sprayed NiCrMo and NiCrMo-SiO2 coatings. A few 

unmelted particles were seen in NiCrMo. The emergence of such unmelted particles can be attributed 

to the presence of particles of various sizes in the feedstock powder, which are heated up, softened, and 

eventually melted to varying extent during spraying. This can also be due to the typically short dwell 

time of in-flight particles and low temperature in the HVAF jet stream [36]. Usually, the coarse particles 

are not completely melted in the flame and/or fully flattened upon impingement, resulting in a gap or 

pore being formed between the splats. NiCrMo-SiO2 in Fig. 3(b) presented a much denser 

microstructure 

The splat boundaries in NiCrMo-SiO2 were concealed even at very high magnification (see Fig. 3b), 

whereas the splat boundaries in NiCrMo (Fig. 3a) can be clearly observed. Although the content of 

porosity was relatively higher in NiCrMo (1.3 ± 0.3 vol.%) than NiCrMo-SiO2 (0.9 ± 0.2 vol.%), the 

values in both coatings suggested that they can be potentially promising for being used in corrosion 

protection applications. The EDS analysis in the cross sections of the two coatings (points A and B 

similarly taken from the surrounding of splashed particles in Fig. 3) also confirmed the relatively low 

level of oxygen pick up during spraying. Such low levels of porosity, low oxygen pick up during coating 

and high adherence of the coating to substrate can exclusively be attributed to the high velocity and low 

temperature of the in-flight particles in HVAF [30]. A higher level of oxygen detected in NiCrMo-SiO2 

was due to the presence of the oxygen-containing dispersoid (SiO2) in the coating.  

According to the XRD patterns presented in Fig. 4, the NiCrMo powder displayed only γ-Ni (FCC solid 

solution crystal structure) with no other phases present. NiCrMo-SiO2 presented primary peaks of γ-Ni 

as well as SiO2. The powders showed much sharper X-ray diffraction peaks than that of the as-sprayed 

coatings. Broadening of the XRD peaks in case of the coatings occurred because of the considerable 

decrease in crystallite size and increased lattice strain resulting from plastic deformation during HVAF 

spraying [36]. The XRD patterns of the coatings (Fig. 4) showed that the Ni peaks slightly shifted 

towards higher 2θ angles which might be due to the increased level of residual stresses within the 

coatings [37] after spraying. The XRD results proved that the HVAF process did not affect the phase 

composition of the feedstock powders, by either forming new phases or altering the pre-existing phases. 

The SiO2 phase present in NiCrMo-SiO2 coating is a consequence of the composition of the proprietary 



 

powder feedstock, and specifically intended to modify the oxidation mechanism of the sprayed coating, 

with the SiO2 plausibly promoting the selective oxidation of Cr to form the protective Cr-rich oxide 

layer on the surface [38] as discussed in the subsequent sections. Further analysis of the diffraction 

patterns showed that SiO2 were present in different crystalline forms in the NiCrMo-SiO2 coating 

including cristobalite, quartz, and coesite. Although such crystalline forms attain different physical 

characteristics due to their internal structures (owing to different arrangements of Si and O layers), the 

chemical composition is identical (each Si is always surrounded by four O atoms). Moreover, as these 

crystalline forms of SiO2 are stable in the high temperature corrosion test condition of the present study 

(600 °C) [39], these three phases were similarly considered as SiO2. The effect of each SiO2 crystalline 

phase on the high temperature corrosion behavior of the coatings is not under the scope of the present 

study, but a research subject for further investigation in future. 

 

3.2 Weight change in coatings after high temperature corrosion exposure 

Fig. 5 shows the weight change of the NiCrMo and NiCrMo-SiO2 coatings subjected to corrosion in 

5%O2+500 vppm HCl+N2 at 600 °C with and without KCl at various time intervals up to 168 h. It is 

pertinent to mention that the weight change for the coated samples can be sourced from different factors 

as follows;  

a) Formation of oxides such as Cr2O3 or NiCr2O4 [28],  

b) Formation of metallic chlorides, mainly NiCl2, MoCl3, CrCl3, or CrCl2 within the coating [40],  

c) Evaporation of metallic chlorides, e.g., NiCl2, MoCl3, or/and CrCl2 which can possibly form in such 

Cl-containing environment [41].  

d) Spallation of corrosion products [42], 

e) Deterioration of the substrate (16Mo3) by Cl and formation of new phases (either oxides or chlorides) 

at the coating/substrate interface [30], and 

f) Sintering of KCl on the surface during the exposure [43],  

while the problem with the spallation was coped using the crucibles to collect corrosion products in 

case of possible spallation, the total weight change reported for each time step in Fig. 5 was a 

combination of the above sources. Once a weight gain was recorded, it implied that the factors leading 

to weight gain (such as formation of an oxide) outweighed the factors leading to weight loss (such as 

vaporization) and vice versa. Such considerations were further investigated in the following sections. 

Considering the potential sources in the weight change, the recorded weight change of the coatings 

exposed to KCl was much higher than that of the coatings exposed without KCl. Moreover, without 

KCl, the weight change of NiCrMo-SiO2 was slightly lower than that of NiCrMo, whereas the weight 

change of NiCrMo-SiO2 was much lower than NiCrMo when KCl was introduced. The lower weight 

change of NiCrMo-SiO2 exposed to O2+HCl with KCl at all exposure times indicated that SiO2 played 

a major contributory role in ensuring that the coating was more protective in corrosion protection in 

harsh corrosion environment. Thirdly, a significant drop in the weight change of NiCrMo from 96 h to 



 

168 h exposure can be seen, whereas no such drop was observed in the weight change of NiCrMo-SiO2. 

The rate of weight gain was rapid during early stages of the exposure implying that the elements present 

in the coatings, e.g., Ni, Cr, and Mo, reacted with O (available in the environment) to form the 

corresponding oxides. The important determining factors from a protection standpoint are how fast a 

continuous, stable, and protective scale develops on the coatings, how long such a scale can last and 

how regeneration/replacement of the scale occurs. Once KCl is introduced, there can be a competition 

between O and Cl to form the oxides and volatile metallic chlorides. During the late stages of exposure, 

formation of the volatile metallic chlorides on NiCrMo plausibly outweighed the formation of oxides 

resulting in a drop in weight, whereas in the early stages oxide formation led to weight gain [30]. It can 

be assumed that the oxide formed on the SiO2-free NiCrMo coating exposed to O2+HCl with KCl was 

not dense and protective enough which needs to be confirmed by SEM/EDS analysis. Therefore, the 

inward diffusion of oxygen continued and enhanced the internal oxidation of the coatings. In the 

NiCrMo-SiO2 coating, the rate of weight change was rather slow in comparison. It can be assumed that, 

in this coating, the finely distributed dispersoids of SiO2 in the coating most probably promoted the 

selective oxidation of Cr to form Cr2O3 nuclei initially on the surface of the coating exposed to the 

corrosive environment, leading to the eventual formation of a continuous and protective oxide scale 

[44]. This will be further discussed in the following sections.  

It is pertinent to mention that the weight change data reported above were for the polished coatings. It 

was shown that the surface roughness has a substantial contribution to the weight change of the coatings 

[34]. The impact of surface roughness on the high temperature corrosion behavior was studied in a 

previous work [34]. The previous work performed in an ambient air environment at 600 °C for 168 h 

indicated that reducing the surface roughness to Ra<0.1 μm resulted in the weight gain of the NiCrMo-

SiO2 coating being reduced by ~71% compared to the non-polished coating. Such behavior could be 

attributed to either the higher level of residual stresses (above the roughness peaks) which lead to oxide 

spallation/cracking, or higher surfcae area exposed to the environment in the as-spryaed coatings [45].  

Fig. 5b shows the obtained data of squared weight gain in a plot of (Δw/A)2 as a function of (t in sec.) 

according to Eq. (1) to obtain the values of kp. The lowest kp value was measured for NiCrMo-SiO2 

exposed without KCl (⁓1.6×10-7 mg2/cm4s) followed by NiCrMo exposed without KCl (⁓3.3×10-7 

mg2/cm4s). The highest kp value was calculated as ⁓7.9×10-5 mg2/cm4s for NiCrMo exposed with KCl. 

The calculated parabolic rate constants of the NiCrMo-SiO2 and NiCrMo coatings exposed without KCl 

fell within the range of 3.3×10-9 - 2.8×10-7 mg2/cm4s, typically reported for chromia-forming bulk 

materials [46], [47]. However, the kp values was much higher once KCl was introduced to the 

environment implying that the aggressive environment facilitated formation of other corrosion products 

rather than chromia. It should be also noted that the parabolic rate for Cr2O3 scale growth may vary 

depending on temperature and composition.  

 



 

3.3 Composition and morphology of corrosion products 

Fig. 6 shows the XRD patterns of the corrosion products formed on the NiCrMo and NiCrMo-SiO2 

coatings after exposure at 600 °C for 168 h. The corrosion product formed on the NiCrMo coating 

exposed to O2+HCl without KCl was mainly composed of NiCr2O4 and MoO3, whereas the scale 

observed on NiCrMo-SiO2 coating consisted of mainly Cr2O3 and SiO2. The latter corrosion product 

had probably a very low thickness since the signal from the background (γ-Ni in the as-sprayed coating) 

was also identified as confirmed by subsequent SEM visualization of the cross-sections of the exposed 

coatings. When KCl was introduced, NiCr2O4, MoO3, and CrCl3 were formed on NiCrMo. However, 

no sign of CrCl3 was identified on NiCrMo-SiO2, although NiCr2O4, SiO2, and Cr2O3 were observed. 

Lack of K2CrO4 in the XRD patterns of both coatings was probably due to low penetration depth of X-

ray.  

The topographic micrographs of the coatings exposed to O2+HCl with KCl are shown in Fig. 7 (a-b). 

While formation of detrimental K2CrO4 was not observed in XRD, this oxide can be seen in Fig. 7a 

along with wrinkled Cr2O3 according to their topographical features reported in the literature [30], [48]. 

Formation of such phases need to be further analyzed by SEM/EDS of the cross-sections of the exposed 

coatings, which is discussed in the next sections. While SiO2 mostly covered the surface of the NiCrMo-

SiO2 coating, sintered KCl can also be seen, confirming that the environment remained oxidizing-

chloridizing during the course of exposure. 

 

3.4 Structure and surface morphology of corrosion products  

The cross-section of the coatings exposed to O2+HCl with and without KCl at 600 °C after 168 h of 

exposure is shown in Fig. 8. It was found that both the NiCrMo and NiCrMo-SiO2 coatings exposed in 

the absence of KCl (Fig. 8a-b) retained their protective oxide scales (a thin layer of chromia detected 

by XRD in Fig. 6) without any detectable Cr-depletion zone. The integrity of the coatings to substrates 

were also confirmed as no sign of new phases were observed at the coating/substrate interfaces. When 

KCl was introduced, a thick, non-adherent, and porous layer of corrosion products formed on NiCrMo 

whereas the layer of corrosion products formed on NiCrMo-SiO2 was rather dense and adherent. The 

NiCrMo-SiO2 coating was still adherent to the substrate; however, a layer of oxide formed at the 

NiCrMo coating/substrate interface. Chromium was primarily enriched in the core of splats in the 

NiCrMo coating exposed to KCl, whereas the Cr-depletion zones were mainly observed around the 

splats along the entire thickness of the coating. In the NiCrMo-SiO2 coating, the Cr-depletion zone was 

mainly observed just beneath the formed corrosion products, verifying sufficient Cr reservoirs in the 

coating to support the formed scale. No sign of Cl was found within the NiCrMo and NiCrMo-SiO2 

coatings in the absence of KCl confirming that HCl alone was not severe for such coatings; however, 

adding KCl led to the diffusion of Cl especially in NiCrMo. 

 



 

The magnified cross-section of the NiCrMo coating exposed to O2+HCl without KCl at 600 °C after 

168 h of exposure is shown in Fig. 9. It was found that the formed oxide was rich in Cr, Ni, and O, 

mostly attributed to NiCr2O4 as previously identified in the XRD results. The SEM image revealed 

formation of voids in the coating. The oxide islands with blocky morphology, which uniformly covered 

the entire surface of the coating, were also seen. In a longer exposure, these individual islands might 

reach each other to form a continuous oxide layer on the surface.  

The magnified cross-section of NiCrMo exposed to O2+HCl with KCl is shown in Fig. 10. A porous, 

non-adherent, and thick corrosion product (~30 μm) which was duplex in nature was found to entirely 

cover the coating surface. As revealed by the EDS elemental mapping, the outer layer consisted of a 

combination of Ni, K, Cr and Cl (which is supposed to be NiCr2O4, K2CrO4 and KCl [30]) in upper 

zones, as well as a lower zone comprised of Cr and O as well as Ni found in a porous area. The inner 

oxide layer (extended towards the coating) was rich in Cr. The formation of such outer corrosion 

products (attributed to thick Cr2O3 layer and K2CrO4) resulted in enhanced depletion of Cr at those 

isolated regions and appearance of voluminous breakaway oxides. The growth of a Cr-rich scale 

required the selective removal of Cr from the coating and, consequently, resulted in the development of 

a Cr depletion zone in the subsurface region of the coating. The nature and extent of subsurface 

depletion are reported to be influenced by the exposure conditions, the resistance of the scale to cracking 

and spalling, and the resistance of the coating to elemental [30]. Clearly, the greater the extent of 

subsurface Cr depletion, the less likely it is to help the Cr2O3 scale to heal or reform in the event of 

spallation.  

Cl was also found at the interface between the coating and the corrosion products, see Fig. 11. While a 

small amount of Cl was found in the substrate (point A), a higher content of Cl along with O and Fe 

identified at the coating/substrate interface (point B) verified formation of a new phase rich in these 

elements. Point C showed that Cl diffused through the NiCrMo coating towards the substrate most 

probably through the splat boundaries as the main diffusion paths for the corrosive species [30].  

The magnified cross-section of NiCrMo-SiO2 exposed to O2+HCl without KCl is shown in Fig. 12. The 

corrosion product consisted of an outer Si-rich and an inner Cr-rich oxide scale, which uniformly 

covered the coating surface. A close inspection of the scale formed on the NiCrMo-SiO2 coating 

exposed to O2+HCl with KCl (Fig. 13), showed that it consisted of a non-continuous Si-rich layer at the 

gas/oxide scale interface, as confirmed by EDS. From the BSE-SEM image in Fig. 13, this Si-rich oxide 

layer was only about 0.3 µm thick. Based on composition and thermodynamic analyses, the Si-rich 

oxide layer was inferred to be SiO2. Such formed SiO2 scale was not sufficiently protective as O and Cl 

were found to be present beneath the top SiO2 layer. The growth of oxide and chloride scales was mainly 

caused by the inward diffusion of Cl through the oxide leading to the oxide formation, based on the 

two-step mechanism proposed in a previous work [30]. While the metallic chlorides were formed near 

the coating/oxide scale interface (lower zones in the formed corrosion product), the oxides were formed 

at the gas/oxide scale interface (upper zones in the formed corrosion product). The resulting Cr2O3 scale 



 

on the NiCrMo-SiO2 coating was less prone to spallation or void formation compared to NiCrMo after 

the same exposure time of 168 h. The better adhesion of corrosion products on NiCrMo-SiO2 might be 

attributed to the less formation of chlorides at the coating/oxide interface (compared to the SiO2-free 

coating). Thus, less vacancies and voids formed at the oxide scale/coating interface, which improved 

the adhesion of the scale to the substrate. This improved adhesion was qualitatively manifested as a 

decreased tendency of the scale to spall during the course of exposure and the formation of thinner 

corrosion product on NiCrMo-SiO2. 

It was already reported that Mo is among the most resistant elements in chlorine-containing 

atmospheres. It was found that the minor alloying elements such as Mo, present in the coatings can 

support the formation of protective chromia [49], [50]. Zahs et al. studied [40] the chlorine-induced 

high temperature corrosion of a wide range of alloys with focus on the behaviour of the alloying 

elements between 400-700 °C. In all alloy systems Mn, Fe as well as Cr were preferentially attacked 

while Mo and Ni enriched as leftovers on the surface of the alloys. Thermodynamically, Ni and Mo are 

rather similar concerning their chlorination reaction [28]. However, the activation energy of the 

dissociative adsorption of chlorine on the metal surface is also much higher for Mo than for Ni [51]. It 

was reported that the reaction of Mo and Cl2 is less thermodynamically favored than the reaction 

between Cr with Cl2, because the free energy of Mo-chlorides formation is less than the values for Cr-

chlorides formation (~−253 kJ/mol for MoCl3, ~−350 kJ/mol for CrCl3, and ~−287 kJ/mol for CrCl2 at 

600 °C). In addition, the amount of chlorine atoms needed for the formation of a stable chloride is 

higher for Mo because of its higher oxidation numbers in stable chlorides [52]. Due to all of these 

reasons, the chlorination of Mo is a rather slower reaction than that of Ni or Cr.  

 

3.5 Proposed Cl-induced high temperature corrosion mechanism 

Schematics of the corrosion mechanisms taking place in the coatings exposed to HCl-containing 

environment with and without KCl are shown in Figs. 14, 15 and 16. As can be seen in Fig. 14a showing 

the corrosion mechanism in the absence of KCl, Cr3+ diffuses outward through the grain boundaries of 

the oxide formed on the NiCrMo coating based on the “electrochemical” mechanism to meet O2- which 

diffuses inward through the scale [53], [54]. The oxide scale formed on the surface was discontinuous 

leading to a Cr-depletion zone beneath the oxide scale. However, in NiCrMo-SiO2 (see Fig. 14b), SiO2 

decelerated short-circuit diffusion of Cr3+ through the scale and promoted the selective oxidation of Cr 

to form the protective Cr-rich oxide scale. Based on the weight change measurement in Fig. 5, the 

transport through the Cr-rich oxide scale formed on NiCrMo-SiO2 was manifestly slower than that 

through the oxide formed on the SiO2-free coating suggesting that the transport through the latter cannot 

be a “bulk-diffusion” process. The effect of the dispersoids is then to retard the “short-circuit” diffusion 

of Cr3+ through the oxide defects such as vacancies [25]. The uniform supply of Cr into the continuous 

oxide scale leads to no subsurface depletion of Cr in the coating. Due to outward diffusion of Cr3+, new 

oxide was formed at the oxide scale/gas interface on the NiCrMo-SiO2 coating, the vacancies and voids 



 

did not form at the coating/oxide scale interface, so the adhesion of scale-coating was also improved. 

Such behavior was already seen in a previous work reported by Stringer et al. [24], [25]. It was already 

shown that the dispersoids on the surface promote development of the first-formed Cr2O3, thus 

decreasing the internuclear spacing between the Cr2O3 nuclei. Such reduction in the internuclear 

distance leads to a drop in the time required for the lateral growth process to form a complete layer of 

Cr2O3, and terminates the formation of other transient oxides such as Ni-rich oxides.  

Fig. 15 shows a schematic of corrosion mechanism in NiCrMo exposed to KCl. The two-step 

mechanism was thoroughly explained in a previous work [30]. To summarize the mechanism, in the 

first step, the corrosion is initiated by the formation of K2CrO4 and Cl- in a reaction between KCl and 

protective Cr2O3 (Eq. 1). K2CrO4 depletes the oxide scale in Cr leading to a loss of the protective 

properties of Cr2O3. The metallic chlorides and Cl2 form in this stage. In the second step, the formed 

Cl2 diffuses inward through the defects (cracks and pores) of the non-protectives oxide scale formed in 

the previous step. Cl- and Cl2 diffuse through the oxide grain boundaries (“electrochemical” mechanism 

[55], [56]) and oxide’s defects (“active-corrosion” mechanism [40], [57]) respectively to reach the 

coating/oxide scale interface. Vaporization of the metallic chlorides occurs in this step, which leads to 

formation of the gap at the coating/chloride layer. More detailed information regarding the proposed 

mechanism and the dominant corrosion reactions can be found in [30]. 

 

1

2
𝐶𝑟2𝑂3 + 4𝐾𝐶𝑙(𝑠) +

5

2
𝑂2(𝑔) + 2𝑒− → 𝐾2𝐶𝑟𝑂4(𝑠) + 2𝐶𝑙−                     (1) 

 

Adding SiO2 dispersoids to the NiCrMo coating, Cr3+ was continuously supplied to the formed 

protective Cr2O3 scale in step 1, Fig. 16. Therefore, formation of Cl- and K2CrO4, which depletes Cr2O3 

in Cr, was slowed down (see Eq. 1 and step 2 in Fig. 16). Consequently, less volatile metallic chlorides 

and accordingly voids formed in the corrosion products on the coating. Several explanations have been 

proposed for the lower oxidation rate of the oxide-dispersed alloys [19], [23], [58], [59]. Stringer et al. 

[25] suggested that the dispersoids (such as ThO2, Y2O3, and CeO2) lying in the surface act as oxide 

nucleation sites, and led to a faster formation of a continuous Cr2O3 scale. Giggins and Pettit [60], using 

a Pt marker, showed that the position of the markers depends on the relative diffusion rates of the 

components involved, i.e., outward diffusion of Cr3+ and inward diffusion of O2-. They suggested that 

the slow outward diffusion of Cr3+ might be caused by the blocking action of dispersoids (like ThO2) in 

the Cr2O3 scale. These studies were performed in ambient air (without KCl) and no focus was on the 

Cl- and K2CrO4 formation on the formed corrosion product. Based on the results obtained in this study, 

while the SiO2-free NiCrMo coating was severely affected by the presence of KCl, the SiO2-containing 

NiCrMo coating showed improved corrosion resistance.  

 

4 Conclusions 



 

The NiCrMo and NiCrMo-SiO2 coatings were thermally sprayed using the HVAF technique. The high 

temperature chlorine corrosion behavior of the coatings was studied in 5%O2 + 500vppm HCl + N2, 

with and without KCl addition, to investigate the effect of SiO2; 

1) The effect of SiO2 was more significant in corrosion protection in harsher corrosive environment 

once KCl was introduced to the O2+HCl environment. The difference between the weight change of 

NiCrMo and NiCrMo-SiO2 was very low in the absence of KCl, whereas NiCrMo showed much higher 

weight change than NiCrMo-SiO2 when KCl was introduced. 

 2) In the presence of the SiO2 dispersoids, the selective oxidation of Cr to form a continuous Cr2O3 

scale was promoted. The adhesion of scale-coating was greatly improved. The uniform supply of Cr to 

the formed chromia scale promoted the formation of a thin and dense Cr2O3 scale that exhibited low 

growth kinetics and less spallation. Moreover, fast formation of an external Cr2O3 scale as a result of 

the presence of SiO2 resulted in notably enhanced corrosion resistance of the coating. The non-adherent 

scale on the SiO2-free coating underwent fast grain growth.  

3) Once KCl was introduced, NiCrMo underwent a two-step corrosion mechanism. In the first step, Cl- 

diffused through the oxide’s grain boundaries based on the electrochemical mechanism, while in the 

second step, Cl2 diffused through the oxide’s pores. Formation of the volatile metallic chlorides led to 

the enhanced weight change and deep Cr-depletion zone.  

4) Adding SiO2 dispersoids to NiCrMo, Cr3+ was continuously supplied to the formed protective Cr2O3 

scale. Therefore, formation of Cl- and K2CrO4, which depleted Cr2O3 in Cr in the first step, was 

decelerated. 
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Captions of Figures  

Fig. 1. SEM topographic (SE mode) and cross-section (BSE mode) of; a, b) NiCrMo and c, d) NiCrMo-SiO2 powders, and the 

corresponding EDS analysis. 

Fig. 2. Topographical SEM micrographs (SE mode) of the as-sprayed a) NiCrMo, and b) NiCrMo-SiO2 coatings. 

Fig. 3. SEM micrographs (BSE mode) of cross-sections of the polished coatings, coating/substrate interfaces, and EDS point 

analysis, a) NiCrMo, and b) NiCrMo-SiO2. 

Fig. 4. XRD patterns of the feedstock powders and corresponding polished NiCrMo and NiCrMo-SiO2 coatings. 

Fig. 5. a) weight change of the exposed NiCrMo and NiCrMo-SiO2 coatings in 5%O2 + 500 ppm HCl + N2 with and without 

KCl deposit for up to 168 h at 600 °C, and b) squared of weight gain versus time (sec.). kp value for NiCrMo exposed to KCl 

was measured within the exposure period from 0 to 96 h to avoid the interference by the weight change drop observed from 

96 to 168 h. 

Fig. 6. XRD patterns of the exposed NiCrMo and NiCrMo-SiO2 coatings in 5%O2 + 500 ppm HCl + N2 with and without KCl 

deposit up to 168 h at 600 °C. 

Fig. 7. SEM topographic micrographs (SE mode) of the coatings exposed in 5%O2 + 500 ppm HCl + N2 with KCl for 168 h at 

600 °C a) NiCrMo and, b) NiCrMo-SiO2. 

Fig. 8. Back-scattered SEM micrographs of cross-sections of the exposed coating in 5%O2 + 500 ppm HCl + N2 for 168 h at 

600 °C, a) NiCrMo exposed without KCl, b) NiCrMo exposed with KCl, c) NiCrMo-SiO2 exposed without KCl, and d) 

NiCrMo-SiO2 exposed with KCl. 

Fig. 9. Back-scattered SEM micrographs of cross-sections of the exposed NiCrMo coating in 5%O2 + 500 ppm HCl + N2 

without KCl deposit for 168 h at 600 °C. 

Fig. 10. Back-scattered SEM micrographs of cross-sections of the exposed NiCrMo coating in 5%O2 + 500 ppm HCl + N2 

with KCl deposit for 168 h at 600 °C. 

Fig. 11. Back-scattered SEM micrograph of the NiCrMo coating/substrate exposed in 5%O2 + 500 ppm HCl + N2 with KCl 

deposit for 168 h at 600 °C, and the corresponding EDS analysis, point A at the substrate, point B at the coating/substrate 

interface and point C at the coating. 

Fig. 12. Back-scattered SEM micrographs of cross-sections of the exposed NiCrMo-SiO2 coating in 5%O2 + 500 ppm HCl + 

N2 without KCl deposit for 168 h at 600 °C. 

Fig. 13. Back-scattered SEM micrographs of cross-sections of the exposed NiCrMo-SiO2 coating in 5%O2 + 500 ppm HCl + 

N2 with KCl deposit for 168 h at 600 °C. 

Fig. 14. Schematic of corrosion mechanism in the coatings exposed into 5%O2 + 500 ppm HCl + N2 for 168 h at 600 °C 

without KCl deposit, a) NiCrMo, and b) NiCrMo-SiO2. SiO2 promoted the selective oxidation of Cr to form the protective Cr-

rich oxide scale on NiCrMo-SiO2. While a (Cr,Ni)-rich oxide formed on NiCrMo, a dense Cr-rich scale formed on NiCrMo-

SiO2. 

Fig. 15. Schematic of corrosion mechanism in the NiCrMo coating exposed into 5%O2 + 500 ppm HCl + N2 with KCl deposit 

for 168 h at 600 °C. At the early stages, the corrosion is initiated by the formation of K2CrO4 and Cl-. K2CrO4 depletes the 

oxide scale in Cr leading to a loss of the protective properties of Cr2O3. The metallic chlorides and Cl2 form in this stage. In 

the second step, the formed Cl2 diffuses inward through the defects (cracks and pores) of the non-protectives oxide scale 

formed in the previous step. Cl- and Cl2 diffuse through the oxide grain boundaries (“electrochemical” mechanism) and oxide’s 

defects (“active-corrosion” mechanism) respectively to reach the coating/oxide scale interface. Vaporization of the metallic 

chlorides occurs in this step, which leads to formation of the gap at the coating/chloride layer [45]. 

Fig. 16. Schematic of corrosion mechanism in the NiCrMo-SiO2 coating exposed into 5%O2 + 500 ppm HCl + N2 with KCl 

deposit for 168 h at 600 °C. The dispersoids decelerated formation of Cl- and K2CrO4 at the early stages. Random diffusion of 

Cl- within the oxide layer and a few Cr-depleted regions within the coating were observed; however, in general, the dispersoids 

succeeded to protect the coating and accordingly the substrate by promoting formation of a dense and protective Cr-rich oxide 

scale. 


