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Abstract 
This study aims to fabricate WC-Co-Cr coatings on the solution-treated 21-4N steel 

utilizing high-velocity oxy-fuel (HVOF) and high-velocity air fuel (HVAF) techniques. The 
microstructure, hardness, surface quality, porosity, slurry erosion, and corrosion 

resistance of HVOF and HVAF coatings on solution-treated 21-4N steel were investigated 
and compared. The HVAF sprayed WC-Co-Cr coating exhibited dense structure, more 

hardness (1582 HV), greater fracture toughness (5.69 MPa m1/2), less decarburization, and 
lower porosity (0.97 %) as compared to HVOF sprayed coating. Further, slurry jet erosion 

tests and electrochemical corrosion tests provide a comprehensive evaluation of the 
coating’s performance under erosive and corrosive conditions. Eventually, the conclusive 

results of the study affirm the exceptional performance of the high-velocity air fuel 
sprayed WC-Co-Cr coating, demonstrating its superiority in both erosion and corrosion 
resistance compared to the high-velocity oxygen fuel sprayed coating. 
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Introduction 

Slurry erosion is a significant concern in various industries where mechanical components 

operate in harsh conditions, such as slurry pumps, chemical processing equipment, hydropower 

machinery, and construction equipment [1]. Slurry erosion is a form of wear caused by the abrasive 

action of a mixture of solid particles suspended in a liquid (water). Slurry erosion emerges when 

http://dx.doi.org/10.5599/jese.2246
http://dx.doi.org/10.5599/jese.2246
http://www.jese-online.org/
mailto:rajannalingappa07@gmail.com


J. Electrochem. Sci. Eng. 14(4) (2024) 499-522 HVOF and HVAF sprayed WC-Co-Cr coatings on 21-4N steel 

500  

abrasive particles suspended in a liquid come into contact with the surfaces of in-service 

components. This abrasive interaction leads to material loss and degradation of the affected 

components over time. By taking a proactive approach to protecting components against slurry 

wear and implementing appropriate measures, we can significantly extend their lifespan and reduce 

the maintenance and replacement costs of industrial and mechanical systems. Therefore, surface 

coatings and the use of wear-resistant metals and alloys are crucial techniques in engineering and 

material science for enhancing the durability and longevity of mechanical components, especially in 

harsh environments. Several surface modification processes, including weld overlays, chemically 

and thermally diffused coatings, and thermal spray processes, have been widely utilized to develop 

wear-resistant coatings on various components in industries where abrasion and erosion are 

prevalent concerns [2]. Thermal spray coatings have gained significant popularity in recent years 

due to their flexibility in material selection, minimal impact on coating properties, cost-

effectiveness, lightweight, adaptability to complex shapes, rapid application process, versatility 

across industries, long service life, and outstanding resistance to erosive and corrosive wear [3]. 

However, WC-Co-Cr composite coatings were practically proven and precisely engineered 

compositions, enabling the development of coatings tailored for erosive wear and corrosion 

environments [4]. WC-Co-Cr coatings produced by the high-velocity oxy-fuel (HVOF) technique 

possess an optimum combination of high levels of hardness, wear, and corrosion resistance, making 

them suitable for a wide range of applications in industries such as aerospace, oi l and gas, and 

hydropower. However, prolonged exposure of powder particles to the high-temperature flame in 

the HVOF process can lead to decarburization. As a result, the formation of undesired phases like 

W2C and amorphous phases can have a detrimental effect on the quality and performance of HVOF-

processed cermet coatings, impacting their resistance to erosive and corrosive wear [5]. Therefore, 

minimizing decarburization is a crucial aspect of enhancing the resistance of coatings (WC -Co-Cr) to 

both corrosion and erosion wear. Hence, the high-velocity air fuel (HVAF) process has gained 

recognition for its effectiveness in limiting decarburization during the spraying of coatings, 

particularly when compared to other thermal spray processes like HVOF. The HVAF process is a 

thermal spray coating technique that involves the controlled combustion of a mixture of air and fuel 

gas, usually propane or hydrogen, to produce a high-velocity, high-temperature gas stream used to 

propel coating material onto a substrate. The lower combustion temperature of HVAF compared to 

HVOF results in less prolonged exposure of the powder particles to high temperatures, thereby 

minimizing the extent of decarburization [6]. Therefore, the HVAF process is a preferred choice in 

situations where minimizing decarburization and achieving specific mechanical properties like high 

hardness, low porosity, uniformity, and higher fracture toughness are critical factors for the 

application. According to various researchers, improved coating properties are essential for 

enhancing resistance to erosive and corrosive wear [7-9]. Furthermore, extensive research has been 

conducted to analyze the structure and tribological properties of WC-Co-Cr coatings deposited 

through HVOF and HVAF processes [10-12]. Liu et al. [13] investigated the slurry erosion resistance 

of AISI 304 steel coated with a combination of WC-Co-Cr powder and Nano WC-12Co powder. They 

reported that the addition of 15 % WC-12Co nanopowder to the conventional WC-Co-Cr powder 

resulted in a significant improvement in coating hardness (1677 to 1873 HV0.3). Due to the uniform 

distribution of nano-WC-12Co particles among WC particles, the structure is less porous and dense. 

The slurry erosion resistance of the coating with 15 % Nano WC-12Co added to the WC-Co-Cr was 

superior to that of the conventional HVAF sprayed WC-Co-Cr coating, attributed to enhanced 

hardness and fracture toughness. The study conducted by Wang et al. [14] performed wear and 
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corrosion studies on coatings produced using both HVOF/HVAF processes. HVOF coating exhibits a 

smaller degree of decarburization, whereas HVAF coating demonstrates no decarburization. They 

concluded that HVAF coating outperformed HVOF coating with wear and corrosion resistance owing 

to its higher hardness, lesser porosity, and better toughness. Wang et al. [15] conducted sand 

erosion and cavitation tests on WC-CoCr coatings that were deposited using both processes onto 

AISI 316 austenitic steel. The phase analysis by X-ray diffraction (XRD) indicated the presence of 

decarburization in the HVOF-sprayed coating. In contrast, the XRD analysis of the HVAF-sprayed 

coating showed no signs of decarburization and exhibited superior mechanical properties. The sand 

erosion with cavitation tests revealed that HVAF coating showed better wear resistance against 

HVOF coating owing to higher hardness, lower porosity, and better fracture toughness. Kumar et al. 

[16] performed a sand erosion experiment on the HVOF/HVAF fabricated coatings (WC-Co-Cr) on 

the underwater turbine steel (16Cr5Ni). HVAF coatings had lower erosion wear loss than HVOF 

coatings due to improved properties such as improved adhesion, increased toughness, heightened 

hardness, and greater residual stress with a lower level of oxidation. Yang Li et al. [17] conducted 

solid particle erosion tests on WC-Co-Cr coatings developed by HVOF/HVAF processes. Their 

investigation revealed that HVAF coatings exhibited superior erosion resistance compared to HVOF 

coatings across all tested angles owing to lesser porosity, high hardness, and improved fracture 

toughness. Another study conducted by Hong et al. [18] investigated the corrosion properties of 

WC-CoCr coatings fabricated by the HVOF process under various spray conditions to optimize 

coating porosity. They disclosed that the coating developed under a particular spray condition had 

improved corrosion resistance due to decreased porosity as compared to other coatings developed 

under different spray conditions. It's worth noting that while there's extensive research on the 

morphology, tribological properties, erosion, and corrosion studies of WC-Co-Cr coatings produced 

by HVOF and HVAF processes, there seems to be a gap in comparative studies specifically addressing 

the erosive and corrosive wear performance of coated thermally treated steel. This gap might 

present an opportunity for further research to explore and compare the erosive and corrosive wear 

performance of WC-Co-Cr coatings applied to thermally treated steel using both HVOF and HVAF 

methods. In addition, conducting focused studies on the erosion resistance of coatings and 

investigating the implications of various parameters is critical for advancing protective solutions in 

erosive environments. Thus, from all this literature, it can be said that the superior quality and 

consistency of HVOF coatings are emphasized and attributed to precise control over parameters 

such as particle velocity, temperature, and coating microstructure. Secondly, the enhanced 

adhesion of HVOF coatings to the substrate is underscored, resulting from stronger interfacial 

bonding and improved coating-substrate cohesion. Thirdly, the finer microstructures and superior 

mechanical properties of HVOF-sprayed coatings are highlighted, owing to the higher particle 

velocities and thermal energy associated with the HVOF process. Lastly, while acknowledging the 

cost-effectiveness of electric arc spray for certain applications, the overall performance and value 

of HVOF spraying in terms of coating quality and longevity are emphasized, considering factors such 

as reduced maintenance costs and extended service life of coated components. 

By keeping the above-mentioned things in consideration, the current study aims to compare  

WC-10Co4Cr coatings fabricated using two different thermal spray processes, namely high-velocity 

oxygen fuel and high-velocity air fuel on the solution-treated 21-4N utilizing a similar feedstock 

powder. Various parameters, including cross-sectional microstructure, hardness, surface quality, 

fracture toughness, and porosity of the coatings, were evaluated and compared. Furthermore, two 

coatings were subjected to slurry wear and electrochemical corrosion tests to evaluate their 
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performance under erosive wear and in corrosive environments. In addition, the comparison is also 

based on the morphologies of the coatings produced by HVOF and HVAF methods, particularly 

tested under erosion and corrosion wear conditions. 

Experimental  

Substrate material and coating powder 

Commercially available from H.C. Stark (sintered and dried), the 86WC-10Co-4Cr powder was 

deposited on the solution-treated 21-4N steel substrate by HVOF and HVAF thermal spray 

equipment. The chemical constituents of cast 21-4N steel are 0.5 % C, 20.8 % Cr, 3.6 % Ni, 8.8 % Mn, 

0.33 % N, 0.25 % Si, 0.13 % Mo, 0.001 % S, 0.04 % P, and 65.549 % Fe. For the HVOF process, a coarse 

powder with a nominal particle size of 15 to 45 µm (AMPERIT 556.074) was used, whereas a fine 

powder with a nominal particle size of 5-30 µm (AMPERIT 556.059) was used for the HVAF process. 

The two feedstock powders employed had the same composition (5.073 wt.% C, 10.992 wt.% Co, 

3.039 wt.% Cr and 80.896 wt.% W) with a mean particle size of 21 µm for HVOF and 19 µm for the 

HVAF process. Using a scanning electron microscope (SEM) allows for a detailed examination of the 

morphology and composition of the powder particles with the corresponding EDS plot shown in 

Figure 1. The EDS analysis represents the distinct elements like WC, Co, Cr, and C in the powders. 

Figure 1(a) depicts the powder that seems to exhibit a high degree of porosity but with ideal 

spherical shapes. 

 
Figure 1. Surface morphology of feedstock powder (a), and EDS graph (b)  

Coating procedure 

Before coating deposition, a square specimen (100×100×5 mm3) of solution-treated 21-4N steel 

was cleaned with acetone, and grit blasting was performed at 5 kg cm -2 pressure using alumina 

powder having a mesh size of 60 µm to enhance its roughness (Ra = 8.5 µm) for better adhesion of 

coating material. Two coating thicknesses of approximately 350 µm were developed using 

convertible gun C6 [Make: Kermetico] for both HVOF/HVAF systems at Spray Met Technologies Pvt. 

Ltd., Bengaluru, Karnataka. A square specimen sized 25×25×5 mm3 [19] was machined from the 

coated substrate by a wire-electric discharge machine for a slurry erosion test. Table 1 provides the 

optimal process parameters used to develop the coatings. The temperature of the specimen was 

maintained below 120 °C during deposition by using a compressed air-cooling system, and the 
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spraying angle was 90 °C. Also, in the current research work, 2 levels and 3 factors are varied, 

keeping two parameters constant by varying one parameter at a time. So, the total samples coated 

from the HVOF and HVAF processes were 60 nos. (30 each). Each slurry experiment requires 3 

samples, so a total of 18 from each HVOF and HVAF coated sample are consumed. Corrosion tests 

need 2 samples from each HVOF and HVAF coating. 

Table 1 HVOF and HVAF thermal spray process optimized process parameters with their values  

HVOF HVAF 
Oxygen flow rate, SLPM* 250-300 Air flow rate, SLPM 83.4 

Air flow rate, SLPM 460-550 Fuel (propane) bas flow rate, SLPM 84 
Fuel (LPG) flow rate, SLPM 50-55 Nitrogen flow rate, SLPM 23.1 

Oxygen pressure, MPa 1 H2 flow rate, SLPM 15 

Air pressure, MPa 5.5 Air pressure, MPa 5.79 
Fuel pressure, MPa 7 Fuel pressure; MPa 5.92 

Spray distance, mm 152-177 Spray distance, mm 177 
Spray angle, ° 90 Spray angle, ° 90 

*1 SLPM = 0.00073386 mol s-1 

Microstructure and phase characterization 

Phase characterization of feedstock powder and fabricated coatings was conducted by employing 

a Bruker D8 Advance diffractometer (XRD) with an angular range of 2 110 to 168° and an increment 

of 0.0001° angle using Cu Kα radiation. The field emission scanning electron microscope (FESEM) 

(ZEISS Neon 40) equipped with an energy dispersive spectroscopy (EDS) attachment was used to 

examine the coatings for microstructure cross-sections, the structure of feedstock powder, and the 

eroded sample surface. The roughness tester (Veeco Model: NT9100) was used to measure the 

surface irregularities of the fabricated coatings. Open-source image processing Image J analysis 

software was employed to determine the porosity of the as-sprayed coatings utilizing a 20,000× 

magnification SEM micrograph. The values reported were an average of ten measurements. The 

indentation crack method was used to measure the fracture toughness of the two coatings. The 

Vickers indenter was applied to the polished cross-section of the coating for 15 s at a load of 5 kg 

(49.05 N). The Evan and Wilsaw equation [20] was used to estimate the fracture toughness of 

coatings. The density of the coatings was calculated by subtracting the volume fractions of porosity 

from the volume fractions of their WC and Co-Cr binder counterparts. Carbide retention was 

calculated from the intensity integrals of WC and W2C. 

Microhardness of coatings 

The Vickers microhardness test was conducted on various coated and uncoated samples 

employing the RMHT-201 apparatus. Indentation was executed under a load of 500 gm with a 

holding time of 20 seconds [21-22]. Subsequently, measurements were taken at five distinct points, 

and the average value was utilized for the analysis. 

Slurry erosion wear test 

According to the literature review, interacting factors comprising slurry velocity, impact angle, 

and sand concentration had noticeable effects on material removal [23]. The slurry erosion 

resistance of two separate thermally developed coatings was evaluated using a jet-type slurry 

erosion test apparatus, TR-411 [Ducom], as shown in Figure 2. The same test rig was also used by 

Singh et al. [24], in the existing literature. The test rig is made up of a conical-shaped tank (hopper) 

that can hold 60 kg of slurry. The slurry tank is filled with tap water and a particular size of sand 
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particles to prepare the slurry for testing. High-pressure fresh water is delivered into a mixing 

chamber through a positive displacement rotary vane pump powered by a 3-phase AC motor 

(1.5 kW). Furthermore, fresh sand particles are added into a mixing chamber using a spiral (worm) 

mechanism powered by an alternating current motor. Inside the mixing chamber, the freshly 

entered sand particles were mixed with high-pressure water before being ejected through a nozzle 

at the bottom of the mixing chamber and impacting the securely held specimen in the fixture. In this 

research, three parameters were used: slurry velocity (20 and 40 m s-1), impact angles (30 and 90°), 

and sand concentrations (20,000 and 30,000 ppm). A fixed distance of 50 mm between the surface 

of the sample and the tip of the nozzle is maintained for all experiments. All the slurry erosion tests 

were carried out in compliance with ASTM G-73 standards. The specimen is placed in the holding 

fixture, and the angle range is varied from 15 to 90° at a step size of 15°, allowing the slurry to impact 

the specimen's surface by changing the various parameters. Silica sand collected from the riverbank 

contains particles with irregular shapes and sharp edges, which make it an effective erodent for 

slurry erosion tests. The particle sizes of 250 µm were sieved and mixed with tap water to prepare 

the slurry mixture for testing. The samples are washed with acetone to remove dirt, oil, and any 

attached matter from the sample surface before and following each slurry test, and the 

corresponding weight is measured using a weighing scale with a precision of 0.01 mg [Contech, 

CA224]. Each slurry test lasts 5 hours, with sample weight loss recorded at 30-minute intervals. 

Following weight measurement, calculate the volume loss of coatings by taking density into account.  

 
Figure 2. Slurry jet erosion test rig setup [24] 
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Electrochemical corrosion test 

The potentiodynamic characteristics of two coatings were investigated using a three-electrode 

system with a potentiostat (Model 1010E, Gamry Instruments) at a scanning rate of 1 mV s-1. The 

two WC-10Co-4Cr coated samples, each with an area of 1 cm², were immersed in a sodium chloride 

(NaCl) electrolyte. Using a standard three-electrode system, the corrosion parameters (Ecorr and icorr) 

of both coatings were measured. A saturated calomel electrode (SCE) functioned as the reference 

electrode, graphite operated as the counter electrode, and the coated sample treated as the 

working electrode in the standard electrochemical corrosion setup. The corrosion test setup 

employed a 3.5 wt.% NaCl solution as the working electrolyte. The electrochemical corrosion test is 

comprised of two main tests: open circuit potential (OCP) and potentiodynamic polarization test 

(PPT). The coated surface was dipped in a 3.5 wt.% NaCl solution at ambient temperature for an 

hour to allow for the establishment of a stable electrochemical condition. After the open circuit 

potential had stabilized, polarization curves were acquired at a scan rate of 1 millivolt per second (1 

mV s-1). Then, a plot of E versus Log I was constructed, and the meeting point of the anodic and 

cathodic polarization curves with their respective linear fits was identified and corresponding 

corrosion parameters (corrosion potential and corrosion current density) values were determined 

using the Tafel extrapolation method. To obtain an average value, at least four separate sets of 

experiments were performed on each specimen. 

Results and discussion 

Microstructure of substrate material 

The microstructure of cast steel 21-4N steel and solution-treated steel is indicated in Figures 3(a) 

and 3(b). The heterogeneous structure of cast steel typically depicts two distinct phases, namely, 

the austenitic matrix phase (bright region) and carbide bunches (dark region), as shown in Figure 

3(a). The cast steel microstructure contains two types of carbides, such as M 7C3 and M23C6 (M can 

be Cr, C, and Fe) [25]. Since cast steel contains a high carbon content, it is generally chromium -

sensitive, resulting in chromium carbide precipitation. These carbide precipitates were identified all 

along the grain boundary and within the austenite matrix [26]. The optical micrograph indicates that 

M23C6 carbides are located at grain boundaries, which is the most beneficial location. After obtaining 

sufficient energy from the heat treatment, chromium and carbon elements could move rapidly into 

the matrix, with grain boundaries being the beneficial location for carbide precipitation [27]. The 

optical microstructural image of solution-treated 21-4N steel (1150 °C for 120 min) is shown in 

Figure 3(b). This image (Fig. 3(b)) reveals that the volume fraction of carbides was significantly low, 

and a tiny fraction of carbides were concentrated at the grain boundary. Furthermore, solution 

treatment at an optimal temperature (1150 °C for 120 min) results in more uniform carbide dis-

solution in the austenitic matrix and a substantial number of twins appearing within the grain 

boundary region (complete carbide dissolution at the grain boundary). The reduction in carbides 

was attributed to the rapid penetration of chromium and carbon elements into the austenite matrix 

after obtaining the required energy from the heat treatment. Hence, the solution-treated (1150 °C 

for 120 min) 21-4N steel microstructure exhibits complete dissolution of carbide in the austenitic 

matrix, and a uniform austenitic phase was obtained as compared to the cast structure is depicted 

through optical micrographs. 
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Figure 3. Optical micro graphical microstructure of cast 21-4N steel (a) solution-treated 21-4N steel  

at 1150 °C and (b) 120 min  

Microstructure of coatings  

Figure 4 indicates the cross-sectional microstructural photographs of two coatings obtained with 

FESEM and the EDS plot.  

  

 
Energy, keV  

 
 

Energy, keV 

Figure 4. Cross-sectional micrographs images of high and low magnification of (a and b) HVAF sprayed WC-
CO-Cr coating, (d and e) HVOF sprayed WC-CO-Cr coating, EDS graph of (c) HVAF sprayed WC-Co-Cr coating, 

and (f) HVOF sprayed WC-Co-Cr coating  
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The HVAF sprayed coating was observed to have an average thickness of around 421 µm, Figure 

4(a) and the HVOF sprayed coating was observed to have an average coating thickness of around 

353 µm, Figure 4(d). FESEM microstructure images present low and high-magnification views. Both 

coatings exhibit a robust and uniform structure in their micrographs, demonstrating strong bonding 

with the underlying substrate material. Further, each coating displays a certain level of laminar 

microstructure. In the HVOF coating, the presence of larger tungsten carbide (WC) particles within 

the binder matrix, and in certain areas, there are instances where WC particles appear to adhere to 

the coating with less surrounding binder material. Meanwhile, the HVAF coating displays a more 

consistent and uniform distribution of finer WC particles within the binder matrix [28]. Upon closer 

inspection of the high magnification images, Figures 4(b) and 4(e), some discernible pores and 

instances of WC particle breakages become apparent [29-31]. These breakages are attributed to the 

combination of high-velocity impact and the partially molten state of the particles impacted against 

the hard substrate material. It was also observed from images 4 (a) and 4 (d) that the pores that 

appear in the HVAF coating are fewer than in the HVOF coating. Furthermore, HVOF-fabricated 

coatings exhibit a non-uniform structure with more pores, while HVAF-sprayed coatings display a 

more compact structure with fewer pores. This distinction can be attributed to the intrinsic 

variations in the spraying processes. Specifically, the unique properties of the HVAF process 

contribute to the formation of a more tightly packed structure with reduced porosity. 

Phase constitutions of coatings  

Figure 5 shows XRD images of the original powder, HVAF, and HVOF deposited coatings. The graph 

of sprayed powder revealed that WC (JCPDF 00-51-0939) was the dominant phase, with a small 

amount of Co (JCPDF 15-806), W (JCPDF 00-004-0806), and Co3W3C (JCPDF 01-078-3750) phases being 

present. With WC as the dominant phase, minor phases of Co12.9Cr17.1 (JCPDF 01-080-8333) and W2C 

(JCPDF 35-776) were detected in the HVAF coating. Furthermore, in the case of HVOF, the sprayed 

coating exhibits WC as a major phase with smaller traces of Co12.9Cr17.1, Co3W3C and W2C (JCPDF 35-

776) phases [32].  

 
2 / ° 

Figure 5. Phase analysis (XRD) of powder, HVOF, and HVAF sprayed coating 
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It is worth noting that the WC particles are transformed, including decarburization and 

dissolution, which lead to the formation of additional phases, including the presence of di-tungsten 

carbide (W2C) in both coatings [33]. However, the diffraction peak of W2C in the HVOF coating is 

higher than that of the HVAF coating. These results were consistent with previous work that used a 

similar powder as found in the literature [34-36]. Further, owing to the vaporization of a small 

amount of Co phase, no detectable cobalt-contained phases were present. However, both coatings 

demonstrate a noticeable quantity of Co-Cr-rich phase. i.e., Co12.9Cr17.1 (42.638 degrees), as a similar 

phase is reported in the literature [37]. Hence, the High-Velocity Air Fuel (HVAF) process, by utilizing 

air instead of oxygen, can significantly impact the characteristics of the sprayed coating, particularly 

in reducing the effect of decarburization and minimizing the brittleness of the coating [38-39]. 

Microhardness analysis 

The microhardness of the samples was assessed at five different locations, and the average was 

computed. This approach is necessary because the microhardness value can vary depending on the 

composition of the material. When the indentation occurs in areas with harder phases, the 

microhardness tends to be higher. Conversely, when the indent is located in regions with softer 

phases or defects, the microhardness may be lower. The average microhardness readings for the 

uncoated specimen were observed to be 164 HV, while for the HVAF-coated specimen, it was 1582 

HV, and for the HVOF specimen, it was 1398 HV. The probable reason for variations in microhardness 

values between the specimens could be attributed to differences in material composition, grain 

structure, presence of defects, or variations in coating thickness. For instance, the HVAF-coated 

specimen might exhibit higher microhardness due to the application of a hard coating layer, while 

the uncoated specimen may have a lower microhardness value due to the absence of such coatings. 

Similarly, the HVOF specimen might have intermediate microhardness values depending on the 

specifics of the coating process and material used. Further, the indent micrographs of coated, HVAF, 

and HVOF sprayed samples are presented in Figure 6.  

 

Figure 6. Indent micrographs for (a) uncoated sample, (b) HVAF sprayed sample, and (c) HVOF sprayed 
sample. 

Fracture toughness, roughness, and porosity of coatings 

The HVAF coatings showed a lower surface roughness of 2.16±0.12 µm against the HVOF coating 

roughness of 4.68±0.45 µm, which may be due to the use of fine powder particles in the HVAF 

process. In addition, the fracture toughness of HVAF coating (5.69±0.24 MPa m1/2) is higher than 

that of HVOF coating (4.29±0.35 MPa m1/2), possibly due to less porosity, improved bonding 

between WC particles, and the binder matrix offering higher resistance to cracking. The HVAF-
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sprayed coating has a lower measured porosity (0.97±0.13 %) than the HVOF-sprayed coating 

(1.26±0.14 %), indicating that it is slightly more compact and has fewer pores. The microstructure 

analysis of two as-sprayed coatings was determined from SEM micrographs (20,000× magnification) 

of the coating cross-section using Magni-scientific image analysis software (Divergent Rays 

Computing Inc.). The porosity volume fraction (%), carbide volume fraction (%), carbide size (µm), 

binder volume fraction (%), and density (g cm-3 values are listed in Table 2.  

Table 2. Porosity volume fraction, carbide volume fraction, binder volume fraction, and density (gm cm -2) of 
HVAF and HVOF sprayed coatings 

 HVOF HVAF 

Porosity volume fraction, % 1.26±0.14 0.97±0.13 
Carbides volume fraction, vol.% 63.3±1.5 76.9±1.2 

Carbides size, µm 1.1± 0.5 1.21± 0.3 
Binder volume fraction, vol.% 35.05±0.63 22.01±0.31 

Density, gm cm-3 12.64 13.60 

Slurry erosion responses of developed coatings  

The cumulative volume loss from slurry erosion experiments can be influenced by different para-

meters, namely slurry velocity, impact angle, and sand concentration parameters. Goyal et al. [40] 

proposed a correlation for the wear rate of hydro turbine materials, Equation (1) . 

EW= k Vp dq Cr (1) 

where EW represents slurry rate, V denotes the speed at which slurry impinges on the sample 

surface, d specifies the average erodent size, and C denotes sand concentration in the slurry. Values 

of k, p, q, and r denote the corresponding exponents of slurry velocity, average erodent size, and 

sand concentration. In the current research work, slurry erosion experiments were conducted to 

evaluate the performance of the HVOF and HVAF coatings under varying slurry velocity, impact 

angle, and sand concentration conditions at 2 levels. The parametric variation at 2 levels was chosen 

to maintain experimental tractability while capturing meaningful trends in slurry erosion behavior. 

By limiting the levels of variation, the focus on investigating the most significant factors influencing 

erosion resistance without introducing unnecessary complexity can be done. Furthermore, the 

selected levels for each parameter were based on previous literature findings and practical 

considerations. For example, the slurry velocity was varied at 20 and 40 m s-1 to encompass a range 

commonly encountered in industrial applications, allowing for a comprehensive assessment of 

erosion resistance under typical operating conditions [1]. Similarly, impact angles of 30 and 90° were 

chosen to represent both acute and normal impingement angles, reflecting real-world scenarios 

where hydroturbine components are subjected to varying degrees of erosion wear [1]. Lastly, sand 

concentrations of 20,000 and 30,000 ppm were selected to cover a range of abrasive particle 

densities typically encountered in slurry environments.  

Effect of slurry velocity 

The slurry velocity of impinging sand particles had a significant effect on the volume loss of both 

coatings. When particles in a slurry possess higher kinetic energy, they strike the material surface with 

more impact force. It has been revealed from the literature that more forceful impacts on the target 

material led to greater or higher volume loss at higher slurry velocity. Figure 7 bar chart illustrates the 

impact of varying slurry velocity (20 and 40 m s-1) on two sprayed coatings at a sand concentration of 

20,000 ppm with a 90° impact angle. We observed that the volume loss of both coatings is higher for 
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a normal impact angle (90°). This fact was confirmed by various researchers in their reported  

work [7-9,39]. Islam et al. [41] found that at lower velocities, the kinetic energy of the sand particles 

may not be sufficient to cause significant material removal. Instead, impacts are primarily elastic, 

meaning they don't exceed the threshold energy required for material removal. On the other hand, if 

the sand particles acquire more kinetic energy as a result of their increased velocity, it consequently 

leads to more material removal. According to Maekai et al. [42], impinging sand particles must have 

the same or higher than the critical energy to remove material from the substrate surface. As expect-

ed, sand particles achieve more critical energy at higher slurry velocities, resulting in higher material 

removal in comparison to lower velocities. As reported by Ramesh et al. [43], it corroborates the 

understanding that increasing slurry velocity directly translates to higher kinetic energy of the sand 

particles, leading to more focused and forceful impacts at multiple locations on the target material 

surface. This analysis demonstrates a significant difference in volume loss between the HVAF-sprayed 

coating and the HVOF-sprayed coating under two slurry velocities. At 20 m s-1 slurry velocity, the HVAF 

coating experienced 1.39 times lower volume loss as compared to the HVOF coating. Further, at 

40 m s-1 slurry velocity, the HVAF coating demonstrated a lower volume loss, with a factor of 1.76 

times as compared to the corresponding HVOF coating [44]. Hence, HVAF-coated steel showed a 

higher erosion resistance than HVOF coating at all velocities under given conditions. Therefore, the 

HVAF coating has the highest erosion resistance due to its high hardness, less porosity, and higher 

fracture toughness than the HVOF coating. 

 
Slurry velocity, m s-1 

Figure 7. Erosion volume loss of coatings (HVOF/HVAF) at different slurry velocities.  

Effect of impact angle 

Hydro turbine parts in hydroelectric plants are prone to erosion wear during service due to the 

action of a wide range of impact angles at various locations. The erosion of target material at different 

angles can identify the angles that pose the highest risk of erosion under specified test conditions. 

These investigations aid in understanding the kind of erosion (whether it is ductile or brittle) under 

specific conditions. According to the literature review, ductile materials tend to exhibit more 

pronounced erosion at sharp angles, typically falling within the range of 15 to 30°, but at the higher 

angle of impact (90°), the erosion rate gradually decreases. For brittle materials, erosion wear tends 

to be less severe at low impingement angles. However, an increase in impact angle causes the force 
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of the impinging particles to cause substantial damage to the target material. As a result, brittle 

materials resist erosion wear at acute angles but are more vulnerable to shear stress and deteriorate 

more rapidly at normal angles [45]. Figure 8 bar chart illustrates the impact of varying impact angles 

(30 and 90°) on two sprayed coatings at a sand concentration of 30,000 ppm with 40 m s-1 slurry 

velocity. It appears from the figure that a trend in slurry erosion volume loss for both HVAF and HVOF-

coated steel changes with increases in impact angles. This is the fragile nature of the coatings as 

reported by researchers [46]. Malik et al. [47] noticed that materials with high hardness, such as 

ceramics and cermets, withstand erosion at lower angles. In contrast, ductile metals suffer more 

material loss due to higher shear forces. In contrast, ductile material absorbs a significant amount of  

impact energy at normal angles, resulting in reduced material loss. In comparison, HVAF-coated steel 

showed higher erosion resistance than HVOF coating at all impact angles under given conditions. At a 

30° impact angle, the HVAF coating experienced 1.53 times lower volume loss compared to the HVOF 

coating. In contrast, at a 90° impact angle, the HVAF coating demonstrated a lower volume loss, with 

a factor of 1.84 times as compared to the corresponding HVOF coating. However, the erosion 

mechanism changed from plowing to plastic deformation as the angle changed from 30 to 90°. This 

aligns with the fundamental principles of slurry erosion, where the angle at which particles impinge 

on a surface can significantly influence the volume loss of both coatings. 

 
Impact angle, ° 

Figure 8. Erosion volume loss of coatings (HVOF/HVAF) at different impact angles.  

Effect of sand concentrations 

The concentration of sand particles in the slurry can have a significant effect on the erosive wear 

of the target material. At lower concentrations of sand particles in the slurry, there are fewer 

abrasive particles available for impact with the target surface. Consequently, the erosive effects are 

less pronounced. However, as the concentration of sand particles increases, more particles are 

available to interact with the target surface. This leads to a higher frequency of impacts and 

abrasions, resulting in an increased loss of material from the surface of the target. Figure 9 bar chart 

illustrates the impact of varying sand concentrations (20,000 and 30,000 ppm) on two sprayed 

coatings at a slurry velocity of 20 m s-1 with a 30° impact angle. The variation in volume loss with 

sand concentration for both coatings is an important finding. According to these studies [8,9,22,48-

49], an increase in sand concentration would increase the frequency of indentation, resulting in 

more surface damage and material loss. Du et al. [50] express a similar view that an increase in sand 

concentration promotes more sand particles striking the target surface per unit time, causing more 
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mass loss. However, some researchers [51] reported that higher sand concentrations contributed 

to a reduction in mass loss. It is supported by the fact that at higher sand concentrations, inter -

particle collision, the interaction between rebounding particles with the fresh incoming particles 

causes a shielding effect, which reduces kinetic energy, thereby altering the penetrating path of the 

sand particles, causing them to strike at different angles or bypass the impact surface, resulting in a 

lower weight loss. As reported by Kleis et al. [52], collisions among particles, particle motion, and 

sedimentation could enhance the effect of sand concentration on slurry erosion wear. At 20,000 

ppm, the HVAF coating experienced 1.33 times lower volume loss compared to the HVOF coating. 

In contrast, at a 90° impact angle, the HVAF coating demonstrated a lower volume loss, with a factor 

of 1.53 times as compared to the corresponding HVOF coating. Hence, HVAF-coated steel showed 

the highest erosion resistance to HVOF coating at all sand concentrations, owing to improved 

hardness, lesser porosity, and higher fracture toughness than HVOF coating. 

 
Figure 9. Erosion volume loss of coatings (HVOF/HVAF) at different sand concentrations.  

Analysis of wear specimens 

The impact of high-velocity sand particles causes the gradual degradation of coating material 

during service. To understand the mechanisms behind the removal of coating material are 

investigated by performing a surface morphological analysis of eroded samples under different 

conditions using SEM.  

Effect of slurry velocity 

Figure 10 indicates SEM images of eroded surfaces of HVOF/HVAF fabricated coatings by the 

effect of distinct slurry velocities (20 and 40 m s-1) at a normal impact angle. The volume loss of both 

coatings is observed to increase with increasing slurry velocity. This is attributed to the increase in 

impact energy of sand particles on the surface of coatings, which leads to more forceful impacts, 

which subsequently result in greater mass loss from the coatings. Both coatings depict more volume 

loss at higher slurry velocities (40 m/s), but HVAF sprayed coating has lower volume loss as 

compared with HVOF sprayed coating at all slurry velocities, keeping other conditions identical. The 

SEM images of HVOF/HVAF coatings eroded at lower slurry velocity (20 m s-1) are shown in Figures 

10(a) and 10(b). The typical erosion mechanisms of the coatings were found to be craters, lip-based 
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plastic deformation, and spalling. The impact of sharp-edged sand particles created some deep 

craters in the HVOF coatings, as shown in Figure 10(a). The growth of smaller cracks and the removal 

of WC particles caused by crack coalescence in the inter-splat result in coating spalling in the form 

of debris. In comparison, HVAF coatings display a smoother surface than HVOF sprayed coating 

(Figure 10(b)). Figures 10(c) and 10(d) show the eroded images of HVOF/HVAF coatings at 40 m s -1 

slurry velocity. At this velocity, coatings show enhanced damage compared to lower velocity (20 m 

s-1), which increases the network of cracks and results in coating spallation, leading to more mass 

loss. It has been noticed that increasing slurry velocity causes more spalling of coatings due to WC 

grain detachment and more visible craters. Similar observations were made by the researcher in 

their work [53-55]. However, increasing the slurry velocity may not have an impact on the change 

in the mechanism of coating material removal in the current study. Thus, the combination of high 

hardness, fracture toughness, low porosity, and a dense structure helps to maximize the resistance 

of HVAF coatings. 
  

  
Figure 10. Eroded SEM images of coatings at jet velocity of 20 m s -1 for (a) HVOF sprayed coating, (b) HVAF 

sprayed coating, and at 40 m s-1 for (c) HVOF sprayed coating, (d) HVAF sprayed coating 

Effect of impact angle 

Figure 11 illustrates SEM images of eroded areas of both WC-CO-Cr coatings subjected to 

different impact angles (30 and 90°). The HVOF process typically depicts the coatings with larger 

tungsten carbide (WC) particles as observed from the microstructure. These larger particles may 

have more interstitial spaces between them, resulting in a higher porosity than HVAF coatings. Due 

to the larger particle size and potentially higher porosity, the erosive action of sand particles can 

more easily disengage or fracture individual WC particles from the binder matrix. This further 

diminishes the overall erosion resistance of the coating. As the impact angle increases, the energy 

transferred to the coating surface during the erosive process also increases, resulting in greater 
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material removal and higher volume loss. Both coatings exhibit the highest amount of volume loss 

at higher impact angles (90°), but HVAF sprayed coating has better resistance to erosion than HVOF 

sprayed coating at all impact angles, keeping other conditions identical. This behavior ideally 

represents the brittle nature of the fabricated coatings. Figures 11(a) and 11(b) SEM images provide 

valuable insight into the erosive mechanisms and wear patterns observed in HVOF and HVAF 

sprayed coatings subjected to an acute angle of 30°. It reveals ploughing marks caused by the 

tangential action of sand particles, binder matrix removal, micro-cutting, and deep grooves 

responsible for coating material loss. The sand particles slide against the coating, eradicating the 

softer binder material (Co/Cr) from the coating surface, leaving WC particles exposed to the coating 

surface. Then, further impingement of sand parties causes them to fall by leaving shallow craters. 

Figures 11(c) and 11(d) reveal the surface morphology of damaged surfaces of coatings at normal 

impact angles (90°). The coating spalling occurs mainly by plastic deformation, resulting in the 

ejecting of coating material. It was observed that owing to the effect of fatigue stress induced by 

the sand particles on the impact area of the coating, cracks could develop at the stress concentration 

areas. Further, cracks coalesced, resulting in the spalling of coatings and enhancing the mass loss of 

coating material. These findings align with the work of Liu et al. [56]. Hence, coatings spallation by 

fatigue stress of sand particles was the main mechanism of loss of coating material at a normal 

impact angle. HVAF-sprayed coatings had less surface damage than HVOF-sprayed coatings. Thus, 

the combination of high hardness, fracture toughness, low porosity, and a dense structure helps to 

maximize the resistance of HVAF coatings. 

  
Figure 11. Eroded SEM images of coatings at 30° impact angle for (a) HVOF sprayed coating,  
(b) HVAF sprayed coating, and at 90° for (c) HVOF sprayed coating, (d) HVAF sprayed coating 
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Effect of sand concentrations 

Figure 12 illustrates SEM images of eroded areas of both WC-CO-Cr coatings subjected to 

different sand concentrations (20,000 and 30,000 ppm). The volume loss of both coatings is 

observed to increase with increasing sand concentrations. For all concentrations, HVAF coatings 

perform better than HVOF coatings in terms of erosion resistance. As sand concentration goes up 

from 20,000 to 30,000 ppm, subsequently coatings damage elevates. The HVAF sprayed coating 

displays a smoother surface than the HVOF-coated surface for all sand concentrations. The main 

mechanism of material is the plowing of coating material, which leads to the formation of lips. From 

Figures 12(a) and 12(b), coatings are removed by plowing action followed by cutting off material 

from the impacted area, leading to the formation of smaller craters and carbides being exposed to 

the surface. Figures 12 (c) and 12(d) show that smaller craters were formed due to WC being pulled 

out from the binder material. Similar observations were made by [57] in their investigation. Thus, 

the improved properties of HVAF coatings help maximize the resistance compared to HVOF coatings. 

 
Figure 12. Eroded SEM images of coatings at 20000 ppm slurry concentration for (a) HVOF sprayed coating, 

(b) HVAF sprayed coating, and at 30000 ppm for (c) HVOF sprayed coating, (d) HVAF sprayed coating 

Electrochemical corrosion test 

The polarization curves (refer to Figure 13) obtained from this technique can provide important 

information about the corrosion resistance of coatings (HVOF/HVAF). The coated specimen was 

soaked in a 3.5 wt.% NaCl solution for 1 hour for stabilization of the OCP. After the establishment of  

a consistent OCP through preconditioning, polarization curves were obtained. These electroche-

mical parameters, such as the corrosion potential (Ecorr) and current density (Icorr) can be determined 

from the polarization curves using the Tafel extrapolation method. This method involves fitting 

linear segments to both the anodic (corrosion) and cathodic (protection) portions of the polarization 

curves. These linear fits are used to estimate the corrosion potential (Ecorr) and corrosion current 

(a) (b) (c) 

Plastically 

deformed 

region 

WC pull out 

Crack 
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density (icorr) by identifying the intersection point of the two lines. These values of Ecorr and icorr for 

the two coatings are provided in Table 3. Specifically, the HVAF-sprayed coating exhibits an Ecorr 

value of -0.392 V, while the HVOF coating registers an Ecorr value of -0.331 V. The icorr value for the 

HVAF coating is measured at 15 A cm2, indicating a lower rate of corrosion compared to the HVOF 

coating, which records an icorr value of 40 A cm2. This suggests that the HVAF-sprayed coating 

exhibits superior corrosion resistance under the given conditions. These findings were aligned with 

previous research [6,31] specifically confirming that the HVAF-fabricated WC-10Co-4Cr coating 

displays outstanding corrosion resistance. This is often attributed to factors such as the presence of 

crystalline Cr phase, lower porosity, and a homogeneous microstructure devoid of visible 

microcracks (as observed in Figure 4 and Table 2). It is acknowledged that corrosion typically initiates 

in flawed coating regions, including interconnected microcracks and pores prevalent in highly 

porous coatings. Additionally, various studies [53-54] have reported that chromium (Cr), a principal 

coating constituent, can generate a passive layer rich in chromium. This layer plays a pivotal role in 

preventing the dissolution of the binder matrix in sodium chloride solutions. The amalgamation of 

these factors underscores the enhanced corrosion resistance observed in the HVAF-fabricated WC-

10Co-4Cr coating compared to its HVOF-sprayed counterpart. 

 
i / A cm-2 

Figure 13. Polarization curves of the HVOF/HVAF fabricated coatings in a 3.5 wt.% NaCl solution 

Table 3. Corrosion potential and current density values of HVOF/HVAF fabricated coatings  

Coatings E / V icorr / µA cm-2 

HVOF (86WC-10Co-4Cr)  -0.331 40 

HVAF (86WC-10Co-4Cr) -0.392 15 

Analysis of corrosion specimen 

Figure 14 depicts the corrosion surface morphology of HVOF/HVAF-developed WC-10Co-4Cr 

coatings. A significant number of WC particles were observed on the corrosion surfaces, resulting 

from binder material melting around the point of contact between WC particles and the binder 

matrix. Furthermore, the dissolution of a selective area of the binder matrix in a NaCl solution leads 

to WC particle dislodgement and microcavity formation [58]. The corrosion morphology depicted in 
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Figures 14(a) and 14(b), provides critical insights into how the HVOF/HVAF coatings respond to 

corrosive environments. The examination of the corrosion morphology revealed the presence of 

several distinctive features such as microcavities, corrosion pits, and micro-cracks as a result of the 

fallout of WC particles owing to binder material dissolving into NaCl. On the other hand, HVAF 

coating exhibits fewer microcavities, and microcracks due to reduced porosity are significant. 

Concurrently, an extremely thin white film forms on the surface of both coatings, caused by the 

presence of the Cr component in the coating material, which could produce a passive film, preventing 

corrosion through Cr element passivation. Other researchers observed similar phenomena in their 

study [59-61], particularly the formation of chromium oxide as a passive protective film on the surface 

of the coating, thereby suppressing the dissolution of binder material, resulting in less fall off of WC 

particles from the coating surface and improved corrosion resistance. According to the previous 

study [6,31,62], these facts may have considerable effects on the corrosion resistance of the WC-Co-

Cr coating in several ways. The micro-galvanic corrosion mechanism is common in composite 

materials, especially those with dissimilar phases or constituents. While the WC particles are 

cathodically protected, the binder matrix is exposed to anodic corrosion. The oxidation of the matrix 

material releases metal ions into the electrolyte, resulting in the corrosion of the binder matrix. 

However, in comparison to coatings, the substrate material 21-4N steel has a lower corrosion 

potential value. When NaCl electrolyte penetrates the coating/substrate interface through micro-

cracks and pores, micro galvanic corrosion could occur. Therefore, binder material subsequently 

dissolves around the WC particle/binder matrix interface, causing WC particles to fall out of the 

coating by creating corrosion cavities or pits in the coating. 
 

 
Figure 14. Surface morphology of corroded WC-10Co-4Cr coatings: (a) HVOF and (b) HVAF 

Conclusions 

1. The HVOF/HVAF fabricated WC-10Co-4Cr coatings had an appealing microstructure, and the 

HVAF sprayed WC-Co-Cr coating exhibited higher hardness (1582 HV), greater fracture tough-

ness (5.69 MPa m1/2), less decarburization, and lower porosity (0.97 %) as compared to HVOF 

sprayed coating. 

2. The HVAF process, compared to HVOF, appears to be more effective in mitigating decarbu-

rization in the WC-10Co-4Cr coatings. This could be attributed to factors like lower combustion 

temperatures or the specific heating and cooling profiles associated with HVAF. 

3. HVAF and HVOF fabricated coatings have demonstrated impressive performance in resisting 

slurry erosion and corrosion due to their high hardness and low porosity characteristics.  
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4. The synergistic combination of properties, which includes high hardness, fracture toughness, 

low porosity, a higher rate of carbide retention, and a dense structure, aids in improving the 

slurry erosion resistance of HVAF coatings over HVOF coatings. 

5. The HVAF coating demonstrated outstanding corrosion resistance with respect to the HVOF 

coating, which can be attributed to its lesser porosity, consistent and bulky microstructure, and 

minimal cracks. 

6. The damaged surface of the two coatings resulting from slurry erosion tests discloses the signs 

of plastic deformation, crater, gross removal of binder material, material removal by cracks 

coalescence in the binder matrix, and WC grain pull out owing to spalling.  

7. The corrosion surface of the two coatings reveals that the binder material is susceptible to 

dissolution at the interface between the WC particles and the Co-Cr matrix, microcracks and 

corrosion pits were formed as a result of the WC particles being wiped out. 
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