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Abstract 

Nickel (Ni) based alloy coatings are gaining momentum due to its superior mechanical 

properties contributed by the dispersion of hard carbides and borides, which is 

substantially influenced by the processing technique. Accordingly, this work investigates 

High-Velocity Oxy-Fuel (HVOF) thermal spraying of Nickel-Chromium-Silicon-Boron 

(NiCrSiB) and Aluminium Oxide (Al2O3) at a 60:40 (wt.%) ratio on AISI304 stainless 

steel substrate. The influence of HVOF spray parameters such as oxygen, fuel, and 

powder feed rate in addition to standoff distance on the erosion resistance was studied. 

The parametric model identified the rate of powder feed and standoff distance as the 

two most significant parameters affecting the erosion behaviour. The optimum 

parametric values for oxygen, fuel and powder feed rate was identified as 260 lpm, 65 

lpm and 28 g/min respectively at a standoff distance of 250 mm for the highest wear 

resistance. The results of this study show that that NiCrSiB-Al2O3 HVOF coating 

features a ductile erosion behaviour and offers 1.6 times more wear resistance at a 90° 

impact angle in comparison to 30°. 

Keywords: High-Velocity Oxy-Fuel; Nickel-Chromium-Silicon-Boron; Aluminium 

Oxide; Erosion wear; Process Parameter Optimisation 

 

1. Introduction 

Nickel-Chromium-Silicon-Boron (NiCrSiB) coatings are used in wear, corrosion, high-temperature 

oxidation and heat resistance applications [1,2]. This is primarily because NiCrSiB combines 

mechanical, tribological and high-temperature properties further to having a low environmental 

impact [3,4]. In addition, the presence of Chromium, Silicon, and Boron aids the formation of hard 
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phases in the tough nickel resulting in significant wear resistance. According to Simunovic et al. and 

Tobar et al. [5,6], silicon and boron also reduce the melting temperature and improves the self-

fluxing properties which are further advantageous. 

One of the fundamental areas where traditional NiCrSiB coatings require improvement is in hardness 

as it falls inferior to materials like carbides and ceramics. However, literature [7–11] on NiCrSiB 

with various additives show improved erosion and corrosion resistance. In this aspect, additives 

reported having shown improvements in NiCrSiB are Tungsten carbide, Chromium carbide, 

Titanium carbide, Aluminium oxide, Titanium dioxide, Silicon carbide, Cerium oxide, and Zirconium 

dioxide. Among these, Aluminium oxide (Al2O3) provides a significant advantage due to increased 

wettability with Nickel (Ni) phase and low cost. According to Huo et al. [12], the addition of Al2O3 

can refine the microstructure delivering changes to phase characteristics that provide enhanced wear 

resistance. Furthermore, Grewal et al. [13] after investigating Ni–Al2O3 based composite coating 

found that the microhardness improved with the rise in alumina fraction. 

Thermal spray coatings have attracted significant interest due to its ability to spray a range of 

coating powder including metallic, ceramic, composite and polymeric on a wide variety of substrate 

surfaces [14]. Thermal spraying has been proved as one of the best available techniques to enhance 

surface life against corrosion and wear behavior. Consequently, the High-Velocity Oxy-Fuel (HVOF) 

spraying has been gaining momentum in industries associated with thermal spraying [15]. In addition 

to the superior performance of the deposits applied through HVOF, the technique is also compatible 

with applying coatings materials featuring carbides and boron. 

The HVOF thermal spraying technique performs at temperatures below 3000 K at a particle velocity 

of approximately 500 m/s. Even at these parametric values, the process delivers coatings that offer 

low porosity, degree of oxidation and high density, hardness, and bond strength. Furthermore, 

because of the flexibility of the process to be adapted to a number of substrates and powders make 

the process highly cost-effective [16–18]. In comparison to other competing techniques such as Twin 

Wire Arc Spraying (TWAS), Atmospheric Plasma Spraying (APS), HVOF coatings are identified 

to have minimal oxide inclusion, high amorphicity, hardness and less porosity [19–21]. 

The microstructure and the physical properties of the HVOF coating are highly dependent on the 

physical and chemical properties of the impinging particles, which in turn depends on parameters 

such as the nozzle design, fuel to oxygen ratio, substrate distance from nozzle, shape and size 

characteristics of the particle [22]. Several studies have reported highly dense and uniform coating, 

as a result of increasing the velocity of the particles which in turn resulted in compressed splats on 

the substrate surface [23–25]. Yuan et al. [26] studied the wear resistance of HVOF sprayed WC-Co 
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coatings by adding submicron-sized WC particles at the splats interface and reported a decrease in 

wear rate and improvement in micro-hardness. Despite the popularity of HVOF spraying technique, 

the influence of spray parameters on coatings are often unknown and requires additional research 

to develop diagnostic methods [27]. Consequently, for an efficient coating, optimum parametric 

values associated with the HVOF process needs to be developed in conjunction with the coating 

composition. 

Design of experiments (DoE) is a statistical tool that can be used to investigate the effect of multiple 

variables on resulting performance characterised by an experiment iteration [28,29]. While 

traditional optimisation relies on studying one variable in isolation [30,31] while keeping all others 

constant, DoE allows for multi-variable and objective manipulation at the same time. This 

significantly aids in the reduction of required experiments necessary to arrive at a meaningful 

optimum solution. Even though numerous methodologies such as full factorial, response surface are 

available, the Taguchi model is the chosen DoE approach considered in this study [32]. Numerous 

studies have reported the successful use of the Taguchi model for the optimization of coating related 

parameters [33–38], however, no literature reports attempts on NiCrSiB-Al2O3 coating. Moreover, 

optimum parameters required for HVOF sprayed NiCrSiB-Al2O3 coating targeting Erosion Wear 

Loss (EWL) are not available.  

Although scarce, there are some studies where NiCrSiB coating has been studied. However, the 

studies have been in combination with Tungsten carbide cobalt (WC-Co) [39,40]. Furthermore, the 

only study where NiCrSiB was combined with Al2O3 was by Praveen et al. [40] where a Plasma 

spraying technique was used. Following a comprehensive review of existing literature, it was found 

that these studies regarding NiCrSiB-Al2O3 coating using HVOF system is nonexistent. 

Consequently, the optimum parameters necessary to obtain an optimum coating to improve erosion-

wear resistance of NiCrSiB-Al2O3 HVOF coatings are not known. In addition, the HVOF spraying 

technique itself has not been utilised extensively for developing either NiCrSiB or with Al2O3 

combination. Accordingly, there is a gap in scientific literature relating to the metallurgical and 

process characterization of high-velocity oxy-fuel sprayed NiCrSiB-Al2O3 based coatings. The study 

is aimed at the effect of the four most relevant parameters associated with the spraying process; (i) 

rate of flow of oxygen, (ii) fuel flow rate, (iii) feed rate of the powder and (iv) standoff distance. 

Optimisation of these four variables associated with the HVOF technique is carried out using 

Taguchi L9 orthogonal array. Finally, the erosion wear behaviour of the optimum coating is 

conducted at various impact angle and the erosion mechanisms identified. 
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2. Materials and Methods 

2.1. Coating material 

There is a significant demand for coatings that can improve the wear resistance of heavy-duty 

industrial components. Nickel (Ni) based alloys have the potential to be used in this regard as they 

have excellent wear resistance properties. One of the most notable of these alloys is NiCrSiB as the 

Nickel matrix feature borides and carbides [41,42]. Accordingly, this work introduces gas atomised 

NiCrSiB in combination with fused and crushed aluminium oxide (Al2O3) powder at 60:40 wt.% 

ratio with composition and nominal Particle Size Distribution (PSD) as shown in Table 1.  

Table 1. Material and particle characteristics of the coating powder used. 

Material Composition (wt.%) PSD Manufacturing 

NiCrSiB Ni-72, Cr-16, Si-5, B-3 -53+10 µm Gas atomisation 

Al2O3 Al2O3 (99) -45+10 µm Fused and Crushed 

Fig. 1 shows the Scanning Electron Microscope (SEM) images obtained at 50 µm for the atomized 

NiCrSiB (Fig. 1a) and fused and crushed Al2O3 (Fig. 1b). As can be seen, the atomization of NiCrSiB 

has resulted in a majority spherical morphology of the powder with occasional elongated particles. 

Furthermore, a combination of particle sizes is also visible with the majority below the sieve 

diameter of 45 µm. Overall, a near normal PSD with a combination of particle sizes are beneficial 

as it increases the packing density (smaller particle sizes can fill the voids created by adjacent bigger 

particles). This, in turn, results in a continuous and dense feedstock when used for the HVOF 

spraying technique adopted. Furthermore, the presence of satellite particles adhering to bigger 

particles are also visible, however, the limited number of these are not expected to affect the powder 

flowability significantly. 

 
Fig. 1. Scanning electron microscopic images of the coating materials where (a) shows gas atomised NiCrSiB and (b) 

fused and crushed Al2O3. 

50 µm 

(a) (b) 

50 µm 
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In comparison to the spherical NiCrSiB particles, Al2O3 powder can be seen as more angular in 

nature. This was expected as a result of the fuse and crushing technique adopted. However, a mix 

of particle size was obtained for Al2O3 as well that improve the packing density of the powder. 

Furthermore, the fusion and crushing techniques are known to produce powders that are consistent 

in size, shape, chemistry, and toughness which is often preferred for HVOF application. The 

feedstock composition of NiCrSiB-Al2O3 mixture was produced by blending in a turbo missed for 60 

minutes. The resulting powder composition was found to be a homogeneous mixture with good 

flowability. 
 

2.2. Substrate 

A general-purpose stainless steel AISI304 featuring a material composition as shown in Table 2 was 

used as the substrate for coating. The substrate specimen was processed to a 2.5 cm square having 

a thickness of 0.5 cm using submerged wire Electro-Discharge Machining (EDM). Following this, 

the coating surface was roughened to aid adhesion using corundum grits of 300-150 µm. After grit 

blasting the specimens were acetone cleaned in an ultrasonic bath.  The surface roughness of the 

processed samples was measured to be approximately 9±1 µm. 

Table 2. Material composition of the substrate. 

Material C M Si S P Cr Ni Fe 

wt. % 0.023 1.440 0.366 0.006 0.029 18.736 8.288 Bal. 

 

2.3. Thermal spraying 

The deposition of 60-40 wt.% atomised NiCrSiB-Al2O3 composite coating composition on the 

AISI304 substrate material was carried out using the High Velocity Oxy-Fuel (HVOF) thermal 

spraying technique. The coating experiments were carried out in a commercial high-performance 

water cooled HIPOJET2700 that operates on Liquified Petroleum Gas (LPG) and Oxygen. The 

equipment featured a powder feeder capacity of 3350 CC and operated at a pressure of 10 kg/cm2. 

While numerous studies [1,16,20,33,34,36,43] indicate the importance of process parameters 

associated with thermal spraying; pioneering works by Fang et al. [44], Murugan et al. [37] and Qin 

et al. [38] suggests that the flow rate of the fuel (�����), flow rate of oxygen (����), feed rate of the 

coating powder (	̇����) and standoff distance (����) between the nozzle and the substrate as the 

four most significant HVOF parameters that influences the properties associated with the resultant 

coating. Though the suggestions in literature were based on studies conducted in alternative 
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materials [45–49], three primary configurations (Config.) are identified based on inhouse trial 

experiments to study the influence on the resulted coating as shown in Table 3. The thickness of 

deposition is kept at 250±30 µm for all tests. Based on the three configurations, the Taguchi L9 

orthogonal array was used to generate the DoE based optimisation algorithm. 

Table 3 High Velocity Oxy-Fuel (HVOF) process parameters considered at three different configurations. 

 

2.4 Erosion wear 

The primary interest when it comes to the performance of the coated surface was its erosion 

resistance under conditions experienced within a power plant economizer or low temperature 

superheater tubes operating at 450 °C. Resistance to erosion is characterized using erosion wear rate 

(g/g) calculated as the ratio of mass lost during erosion in grams to the mass of the erodent particle 

in grams. The mass of erosion wear loss is determined by weighing the coated sample before and 

after the erosion wear test. Mass of the erodent particle is the product of erodent feed rate (g/min) 

and testing time (min). In this study, the erosion wear rate of the HVOF sprayed NiCrSiB-Al2O3 

coating are characterised at a temperature of 450 °C at three different impact angles of 30°, 60° and 

90° as shown in Fig. 2. The experiments were carried out satisfying the ASTMG76-18 [50] guidelines 

using solid particles impingement using gas jets. The tests were carried out using the hot gas jet 

erosion testing machine manufactured by Ducom Instruments featuring a nozzle diameter of 

1.5 mm. 

 

Fig. 2. Schematic representation of the erosion wear test carried out at three different angles. 

Symbol Parameters Range Config. 1 Config. 2 Config. 3 

A ���� (lpm) 220 - 260 220 240 260 

B ����� (lpm) 55 - 65 55 60 65 

C 	̇���� (g/min) 28 - 36 28 32 36 

D ����  (mm) 150 - 250 150 200 250 

Nozzle 

Impact 
angle Grit beam 30° 

Nozzle 

Impact 
angle Grit beam 60° 

Nozzle 

Impact 
angle Grit beam 

Sample 

∟
 

90° 



Page 7 of 25 
 

Before testing the HVOF deposited samples were cleaned in an acetone ultrasonic bath and mass 

recorded to a precision of 0.01 mg. The coated specimens were then eroded using Alumina particles 

of average size 50 µm (Fig. 3) as the erodent of choice. The tests were conducted for a duration of 

10 minutes where the erodent was fed at 5 g/min at a velocity of 40 m/s. As shown in Fig. 3, the 

alumina erodent particles were found to have a flaky and angular morphology. The distance between 

the erosion jet nozzle and the coated surface were kept at a constant 10 mm for all the tests. 

An erodent impact angle of 90° was selected to simulate the erosion behavior in power plants due 

to fly ash impact which normally occurs at a 90° impact angle. Following the erodent exposure of 

the coated surface, the test specimens was cleaned again in an acetone bath and the mass loss 

compared. Two identical tests under similar conditions were carried to quantify repeatability and 

the average values analysed. Finally, following the initial assessment and identifying the optimum 

process parameters, the erosion tests are carried out again on the optimum coated surface at impact 

angles of 30°, 60°, and 90°. The rate of erosion (��) can then be expressed using Eqn. (1). 

�� = �����
 (1) 

where �� is the difference in the mass of the erodent sample before and after the erosion test and 

��� is a product of the erodent feed rate and test duration. 

 

Fig. 3. Alumina erodent used for the erosion wear test on the HVOF NiCrSiB-Al2O3 coating. 

 

2.5 Characterisation of the optimised coating 

Once the optimum process parameters were identified for HVOF deposition of NiCrSiB-Al2O3 on 

AISI304 substrate using the Taguchi DoE. An optimum coating cycle was performed and the 

microstructure [51], porosity [52], microhardness, and surface roughness [53] were characterised. The 

50 µm 
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microstructure was studied using an Olympus BX51M optical microscope and Carl Zeiss Evo18 

Scanning Electron Microscope (SEM). The SEM also featured an Energy Dispersive Spectroscopy 

(EDS) from Bruker that allowed the identification of elemental composition and their relative 

proportions. Furthermore, the feedstock and coating were examined using a Regaku X-Ray 

Diffractometer (XRD) at room temperature using CuK� (�= 1.5406 Å) as the radiation source at 

40 kV. The scanning was carried out while the angle was varied from 10-80° at a step of 0.02° 

holding at a time of 5 s per step. 

The porosity of the NiCrSiB-Al2O3 deposition was evaluated from the cross-sectional optical 

microscopy results. The proprietary image analysing software was used for this purpose and resulting 

porosity is characterised as an average of 10 measurements on the unetched coating. In addition, 

the microhardness and the surface roughness of the coatings were evaluated using a Wilson diamond 

indenter hardness tester and stylus type surface roughness tester respectively. The hardness tester 

featured a built-in camera and applied a load of 300 g with a hold-cycle of 15 s. The results obtained 

from ten measurements at different locations were averaged to obtain the microhardness of the 

coated surface. For the surface roughness measurement, a sampling length of 5 mm was considered 

and an average of ten measurements attributed. 

3. Results and Discussions 

3.1 Process variables and order of influence 

HVOF deposition of NiCrSiB-Al2O3 is a complex process and the quality of coating is influenced by 

a number of process parameters. The variables considered in this study are as shown in Table 3, 

where ���� (A), ����� (B), 	̇���� (C) and ����  (D) are the flow rate of oxygen, fuel, feed rate of 

the powder and the standoff distance. The optimum values of these four parameters are critical in 

achieving the best coating and needs powder material dependent optimisation. This is because of 

the powder particles leaving the nozzle experience high velocity in combination with rigorous heating 

causing evaporation, dissolution, and phase transformations which are all highly dependent on the 

powder composition. This makes the control and optimisation of the HVOF process both crucial 

and challenging. While different methods can be adopted for the analysis and optimisation of the 

material dependent HVOF process parameters, a Taguchi based DoE is considered in this study. 

Using the Taguchi method allows reducing the test matrix at the same time enabling to study the 

relative importance between variables sufficiently. Accordingly, the experimental results are 

transformed into a signal-to-noise (S/N) ratio represented as shown in Eqn. (2): 

� = −10 log [1
�∑�� !2

#

!=1
] (2) 
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Where � and �� ! represents the number of experimental observations and the Erosion Wear Loss 

(EWL) of the &'ℎ observation respectively. However, the analysis � requires identification of one of 

the three quality characteristics; (i) the smaller-the-better, (ii) the nominal-the-best, and (iii) the 

larger-the-better. Consequently, category (i) the smaller-the-better performance characteristics is 

considered to study the EWL and to identify the optimum HVOF process conditions [20]. 

Table 4 Erosion wear loss and associated signal-to-noise ratio for the experimental runs. 

Experiment 
)*+, (A) 

(lpm) 

)-./0 (B) 
(lpm) 

1̇-//2 (C) 
(g/min) 

�3*-  (D) 
(mm) 

4567  
(g) 

S/N ratio 

1 220 55 28 150 0.01506 36.4435 

2 220 60 32 200 0.01701 35.3859 

3 220 65 36 250 0.01529 36.3119 

4 240 55 32 250 0.01490 36.5363 

5 240 60 36 150 0.01804 34.8753 

6 240 65 28 200 0.01269 37.9308 

7 260 55 36 200 0.01733 35.2240 

8 260 60 28 250 0.01015 39.8707 

9 260 65 32 150 0.01435 36.8630 

 

Table 4 shows the S/N ratio and the associated parametric values for the nine experimental runs 

considered. Evaluating the results, it is evident that the powder feed rate (	̇����) shows the largest 

difference (2.61 dB) between the values of all three configurations as shown in Table 5. Based on 

Taguchi prediction model, a larger difference between the values of the signal-to-noise ratio indicates 

the most influential factor. Consequently, in the order of significance, the process parameters 

affecting the EWL can be classified as 	̇���� > 9��� > ���� > ����� . Based on the analysis 

presented in Table 5 and Fig. 4, for minimum EWL of NiCrSiB-Al2O3 coating, the optimal process 

parameters required for the HVOF process are ���� = 260 <=	, ����� = 65 <=	, 	̇���� = 28 @/	&� 

and 9��� =  250 		. 

Table 5 Mean signal-to-noise response for erosion wear loss under the three categories. 

Parameter 
Mean S/N ratio 

Rank 
Config. 1 Config. 2 Config. 3 Max-Min 

���� (A) 36.05 36.45 37.32 1.27 3 

���	
 (B) 36.07 36.71 37.04 0.97 4 

�� �		 (C) 38.08 36.26 35.47 2.61 1 

���� (D) 36.06 36.18 37.57 1.51 2 
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3.2. Influence of process parameters on erosion wear loss 

Fig. 4a shows that when the flow rate of oxygen (����) increases, the EWL decreases. This can be 

attributed to the influence of ���� on the combustion reaction that is taking place. Reduced oxygen 

levels cause inadequate combustion lowering the temperature which leads to incomplete melting of 

the NiCrSiB-Al2O3 particles. This increases not only the porosity but also the EWL of the coating. 

Consequently, a higher ���� is preferable to improve the overall quality and erosion wear loss of 

the coating. 

  
(a) (b) 

  
(c) (d) 

Fig. 4. Influence of HVOF process parameters considered on the erosion wear loss of NiCrSiB-Al2O3 composite coating 
where (a) shows ����, (b) �����, (c) 	̇���� and (d) 9���. 

However, increasing ���� further, decreases the temperature due to the excess oxygen acting as 

cooling gas [54] due to the relatively shorter time the NiCrSiB-Al2O3 powder are exposed to flame. 

Consequently, the optimum ���� was found to be 260 lpm at an EWL of 0.01365 g. When it comes 

to the influence of fuel flow rate (�����), the EWL was found to decreases with an increase in ����� 
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as shown in Fig. 4b. Consequently, the lowest EWL was observed at a ����� of 65 lpm. High �����, 
increases the temperature thereby melting the NiCrSiB-Al2O3 favourably affecting both the flow and 

compaction of the deposition. This can be related to the work of Murugan et al. [55], where WC-

10Co-4Cr also showed similar interaction to the changes in the HVOF fuel flow rate. 

The feed rate of NiCrSiB-Al2O3 (	̇����) was found to have a significant effect on the EWL as shown 

in Fig. 4c. Erosion wear loss of the resulting NiCrSiB-Al2O3 coating increased drastically with the 

increase in 	̇���� . Incomplete melting of NiCrSiB-Al2O3 was observed on increasing 	̇���� from 

0.01263 to 0.01689 g (~29%). Unevenly and insufficiently melted coating particles are known to 

decrease flattening as the molten particles hit the substrate. This in turn decreases the packing 

density and increases the porosity of the resulting deposition layer. However, when 	̇���� was 

lowered, the particles achieved sufficient melting to produce a fully dense coating. This is primarily 

because of the high packing density facilitated by the adequately molten particles subsequently 

leading to both low EWL and porosity [36]. Accordingly, the lowest EWL was observed at 	̇���� of 

28 g/min. 

Furthermore, the distance between the HVOF nozzle and the substrate (9���) was also found to 

affect the EWL as shown in Fig. 4d. At longer 9��� , the erosion wear loss improved by 

approximately 16% (from 0.01582 to 0.01345 g) in comparison to the shortest tested. This is because 

at longer 9��� , the particles have a longer distance of travel before hitting the substrate. During 

this time, the interaction of the NiCrSiB-Al2O3 particles with the HVOF flame increases leading to 

an improved melt-pool resulting in higher particle packing density and subsequently lowers porosity. 

The findings can be further substantiated from the works of Sobolev et al. [56] and Planche et al. 

[57] where a significant influence of standoff distance on the temperature and velocity of the particles 

were reported. Accordingly, increasing 9���  increases the erosion resistance with a distance of 

250 mm being the most appropriate to reduce EWL of NiCrSiB-Al2O3 coating on an AISI304 

substrate. 

After studying the influence of the independent process variables on the EWL of the deposition, it 

was essential to identify the interaction between the process parameters to deduce an optimum 

solution without undesirable outcomes. Accordingly, Fig. 5 presents the interaction between the 

HVOF process parameters on the EWL of NiCrSiB-Al2O3 deposition. Fig. 5a shows more or less a 

linear trend between the interaction of ���� and �����, where an increase in both of the parameters 

resulted in reducing the EWL. The highest values for ���� and ����� resulted in the lowest EWL 

of 0.0135 g. The opposite was true with the highest wear loss range of 0.0165 g at the lowest ���� 
and ����� setting. 



Page 12 of 25 
 

 

Fig. 5. Effect of process parameter interaction on the erosion wear loss of NiCrSiB-Al2O3 deposition where (a) shows 
interaction between ���� and ����� (b) ���� and 	̇����, (c) ���� and 9��� , (d) ����� and 	̇���� (e) ����� and 9��� and 

(f) 	̇���� and 9��� . 
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Evaluating the interaction between ���� and 	̇���� as shown in Fig. 5b, a high EWL of >0.017 g 

was observed at low ���� and high 	̇����. For the inverse case of high ���� and low ṁfeed the wear 

loss was the lowest at 0.013 g. This shows that while increasing ����, reducing ṁfeed will result in 

a NiCrSiB-Al2O3 deposition with high erosion resistance. 

Combining this with the interaction of ���� with Dsof as shown in Fig. 5c, a larger value of both 

the parameters (���� = 260 <=	 with 9��� = 250 		) was found to be favourable to obtain the 

lowest EWL of 0.013 g. When it comes to the interaction between ����� and ṁfeed (Fig. 5d), the 

EWL was high (<0.017 g) at low �����  and high 	̇���� . This combination clearly results in 

incomplete melting of the NiCrSiB-Al2O3 powders leading to poor erosion resistance. Nevertheless, 

at low ṁfeed, the EWL was also found to be lower (<0.013 g) between ����� of 60 to 65 lpm. 

Fig. 5e shows higher EWL (0.0168 g) for a 55 to 60 lpm range of ����� at a low 9��� . However,  

the opposite was true (<0.0132 g EWL) for a 60 to 65 lpm range of ����� at 9���  of 225 to 250 

mm. In comparison, the wear loss was high (>0.018 g) for a  34 to 36 g/min 	̇���� at 9��� of 150 

to 200 mm as shown in Fig. 5f. In addition, a low ṁfeed resulted in a better EWL (<0.012 g) at a 

9��� between 230 and 250 mm. Overall, the results shows that there is a significant interaction 

between the HVOF process parameters considered, consequently, the representation of their 

significance is crucial to obtain NiCrSiB-Al2O3 coating with the highest erosion resistance. 

3.3. Prediction model for optimum coating 

After establishing the interaction between the HVOF process parameters and the erosion resistance 

of NiCrSiB-Al2O3 deposition, the analysis of variance (ANOVA) technique was used to model the 

significance of each of the process parameter on the EWL. ANOVA was carried out by dividing the 

total variability of signal-to-noise (S/N) ratios into contributions by each process parameter and 

the error. Eqns. (3) and (4) were used to find the total sum of the squared deviations (KK)M  and 

the sum of squared deviation due to each process parameter (KK)N : 

(KK)M = ∑�!2 − 	�O2
O

!=1
 (3) 

(KK)N = ∑(P�Q)2
R − 1

	 [∑�!
O

!=1
]

2'

Q=1
 (4) 

Where 	 is the number of experiments in an orthogonal array, �
�
 the mean S/N ratio for the &'ℎ 

experiment, �O the total mean of S/N ratio, S the level number of the process parameter =, R the 

repetition of each level of the parameter =, and P�Q the sum of the S/N ratio involving the parameter 
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= at level S. The sum of squared deviation due to error (KK)� was calculated from the difference of 

the total sum of the squared deviations (KK)M  and the sum of the squared deviation due to each 

process parameter as shown in Eqn. (5): 

(KK)� = (KK)M − ∑ (KK)T
3

(T=1)
 (5) 

From (KK)T  and (KK)� , the variance of process parameters (VT) and error (V�) were calculated 

using Eqns. (6) and (7): 

VT = (KK)T
(WX)T

 (6) 

V� = (KK)�(WX)�
 (7) 

where (WX)T and (WX)� are the respective degrees of freedom of the process parameter and the error 

given by (R − 1). The corrected sum of squared (K)̇T was calculated using Eqn. (8): 

(K)̂T = (KK)T − (WX)TV� (8) 

Finally, the percentage contribution Z of each process parameter on the EWL of the coating was 

evaluated using Eqn. (9): 

Z = (K)̂T
(KK)M

 (9) 

Table 6 shows the ANOVA results of the EWL for the deposition linking the process parameters at 

a confidence of 92.6% (R-Sq). Accordingly, the results show that 	̇���� has the highest contribution 

(~55%) followed by 9���  (~22%) influence towards reducing the EWL and resulting in an optimum 

solution. The ����� was found to be the least influential followed by ���� with contributions limited to 

7 and 16% respectively. Consequently, the F-ratio value of ����� as the least significant factor 

becomes negligible. 

Table 6 ANOVA results of the influence of process parameters on the erosion wear loss of NiCrSiB-Al2O3 deposition. 

Parameters 
Degree of 

freedom (f) 

Sum of 

squares (S) 

Variance 

(V) 
F-ratio (F) 

Contribution 

(%) 

���� (A) 2 3.2208 1.6104 2.2151 16.3715 

	̇���� (C) 2 10.7571 5.3785 7.3984 54.6795 

9���  (D) 2 4.2412 2.1206 2.9169 21.5583 

����� (B) (error) 2 1.4540 0.7270 - 7.3908 

Total 8 19.6730   100.0000 
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Based on the ANOVA results, a prediction model for the EWL combining the four process 

parameters within the specified levels were derived. The regression analysis used for the prediction 

model showed a significance of 93.1% (R-Sq) resulting in Eqn. (10): 

��  =  0.0237 − 0.000046_ − 0.000165` + 0.000532b − 0.0000249 (10) 

Where EWL is the erosion wear loss of the NiCrSiB-Al2O3 coated surface in grams (g) and A, B, C, 

D are ����, �����, 	̇���� and 9��� respectively; referring to the four process parameters associated 

with the HVOF process. 

3.4. Experimental validation of the prediction model 

Experimental validation is performed to verify the predicted result using the proposed model in Eqn. 

(3). Based on the parametric analysis (Fig. 4 and 5) and the resulting EWL, optimum level of 

parameters was identified. This resulted in parameter model that can be presented as A3B3C1D3 

which refers to the level of parametric values that result in the highest erosion resistance (lowest 

EWL). The results from Table 7 shows that using optimum parametric values, both the prediction 

model and the experimental results resulted in a minimum EWL. Furthermore, a 4.89% difference 

between experimental and predicted results shows a high correlation this validating Eqn. (3). 

Table 7 Performance of the prediction model in comparison to experimental test results. 

Item 
Optimal process parameters 

Error (%) 
Predicted Experimental 

Level A3B3C1D3 A3B3C1D3 
4.89 

EWL (g) 0.00991 0.01042 

 

3.5. Characterisation of the optimum coating 

A comparison of the XRD profiles between the NiCrSiB-Al2O3 powder and optimum HVOF 

deposition is shown in Fig. 6a and 6b. The results from the coating (Fig. 6b) indicate a high intensity 

of Nickel (Ni) and low-levels of Nickel oxide (NiO). The latter can be the result of oxidation of the 

NiCrSiB-Al2O3 powder during HVOF thermal spraying. Furthermore, the variation in peak width, 

despite small point towards possible amorphisation during deposition. Similar observation of NiO 

was found by Grewal et al. [13] when Ni was combined with Al2O3 processed using a high velocity 

flame spray (HVFS) on a steel substrate. 
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(a) (b) 

 
Fig.  6. X-Ray Diffractometer (XRD) results for (a) NiCrSiB-Al2O3 powder and (b) optimum HVOF coating. 

The SEM micrographs showing the surface morphology of the coated surface is shown in Fig. 7a. 

The results show typical splat morphology representative of HVOF Ni-based deposition. 

Furthermore, a combination of fully, partially and un-melted particles in the form of globules are 

visible along the surface. In some cases fine fragments of particles can be also observed along the 

surface often observed in thermal spray coating. Evaluating the cross-sectional micrographs as shown 

in Fig. 7b, the deposition seems to have a typical laminal structure. In addition, a continuous and 

defect-free contact between the substrate and the coating can be observed. The interface indicates 

a typical mechanical anchorage as a result of the HVOF process which seems to be responsible for 

the interface bonding. 

 

Fig. 7. Optimised HVOF deposited NiCrSiB-Al2O3 coating at 20 µm resolution from SEM showing (a) surface 
morphology of the coating and (b) cross-section showing the interface between the substrate and coating. 
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A cross-sectional metallographic examination using Energy Dispersive Spectroscopy (EDS) was 

carried out on the polished section shown in Fig. 8a. An elemental mapping across the optimally 

coated cross-section resulted in Fig. 8b, where the presence of Ni-rich particle embedded in the 

microstructure can be observed. The coating shows a good level of bonding between the splats with 

the presence of some micro-voids. It is obvious that the that the splats are nearly homogenously 

distributed over most of the cross-section. In addition, traces of Cr, Al, O, and Fe can also be seen. 

The presence of Fe as shown in Fig. 8c indicates potential diffusion from the substrate towards the 

deposition, possibly along the splat boundaries. 

 

Fig.  8. Energy Dispersive Spectroscopy analysis of the coating showing (a) cross-section (b) the resulting 
metallographic spectrum and (c) the area map showing dispersion. 

20 µm 

(a) (b) 

(c) 



Page 18 of 25 
 

Evaluating the microhardness, the substrate material AISI304 exhibited an average value of 

180 HV0.3 before NiCrSiB-Al2O3 HVOF deposition. Following the coating, the microhardness 

adjacent to the deposition interface was found to be 386 HV0.3. This is more than a 2 folds increment 

in comparison to the microhardness of the pre-coated substrate. The spike the microhardness can 

be attributed to the work-hardening effect of AISI304 as a result of abrader impact while grit 

blasting and coating particles during HVOF. A similar rise in microhardness was reported by Hu et 

al. [58] and Li et al. [59] using cold spraying technique of Ni and Al-based composites. 

For the HVOF coated NiCrSiB-Al2O3 region, an average hardness of 843 HV0.3, comprising a 

maximum of 924 HV0.3 and minimum of 736 HV0.3 respectively. This is a variation of almost +9% 

and �13.5% of the average values across the coated surface. While an acceptable case, the variation 

can be the result of differences phases in the coating region. For example, comparing the measured 

hardness value of the HVOF coated surface with a plasma spray technique used in previous work 

[40], a higher hardness was observed for HVOF spray. This can be due to the good cohesive strength 

and low porosity of the NiCrSiB-Al2O3 as a result of the optimal melt-pool contributed by the HVOF 

technique employed. In terms of surface roughness, the average roughness of the coated surface was 

found to be 9.3 µm at a standard deviation of 2.4 µm. Furthermore, the porosity was found to be 

1.5±0.4% consistent with the existing literature on HVOF sprayed alternative coatings [2,60–62]. 

3.6. Erosion mechanism of the optimised coating 

The HVOF coated substrates were scrutinised under erosion test featuring impact angles of 30°, 60° 

and 90°. From the results shown in Fig. 9, the size of the wear-scar can be seen decreasing gradually 

as the impact angle is increased from 30° to 90°. Furthermore, a change in scar shape was also 

observed with elliptical at 30°, circular at 60° and slightly smaller circle at 90°. The elliptical shape 

at 30° can be due to the higher divergence of the erodent zone. Similar observations were observed 

in solid particle erosion tests carried out on AISI 304, 316 and 420 stainless steel by Laguna-Camacho 

et al. [63]. 

 

Fig. 9. HVOF coated NiCrSiB-Al2O3 eroded specimens showing impact angle of (a) 30°, (b) 60° and (c) 90°. 
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Further evaluation of the wear area revealed a concentrated central erosion zone, where significant 

wear can be identified in all the three cases shown in Fig. 9. This was followed by a slightly larger 

moderate wear zone with a boundary layer featuring negligible wear. The mechanism of EWL at 

the NiCrSiB-Al2O3 deposition whereof both ductile and brittle nature. While the ductile mechanism 

was responsible for the highest erosion at low impact angles, brittle erosion was responsible for 

maximum wear at high impact angles. Studies by Bhandari et al. [64] on HVOF coated Al2O3 and 

Al2O3-13TiO2 steel substrate was also found to show brittle fracture mechanism and associated 

erosion when exposed to a slurry erosion exposure. Consequently, the presence of Al2O3 can be 

attributed to the brittle erosion mechanism observed. 

Looking at the overall influence of erodent impact angle on the erosion wear rate (��) of NiCrSiB-

Al2O3 HVOF coated AISI304 substrate as shown in Fig. 10. It is evident that the rate of erosion at 

an erodent impact stream of 30° is the highest in comparison to the other angles tested. The 

difference in erosion resistance at 90o was almost 1.6 times higher than 30o. This means that while 

the erosion resistance to compressive wear is higher, shear resistance and hence shear strength of 

the coating is significantly lower. Accordingly, the HVOF NiCrSiB-Al2O3 is capable of absorbing a 

comparatively large amount of energy as a result of the impinging particles at a 90° (vertical) impact 

angle. 

 
Fig. 10. Influence of erodent impact angle on the erosion wear rate of HVOF NiCrSiB-Al2O3 coated AISI304 substrate. 

Upon impact by abrasive particles, the high contact stress generates crack points at discontinuities 

along the coating deposition. This is visible in post-erosion SEM analysis as shown in Fig. 11, where 

plastic shear deformation has occurred as a result of erodent sliding at 30° and 60° impact stream 

angles. Additionally, the generation of Hertzian contact stresses [65] has developed sub-surface shear 

stresses that led to the formation of micro-cutting and ploughing as shown in Fig. 11a. The 

associated erodent impact marks can also be observed as grooves and lips on soft-bonded regions of 
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the deposition. These impact marks once formed act as stress raisers and crack initiators degrading 

the coating through fracture of the displaced material and also adding to the overall discontinuity 

accelerating subsequent erodent impact. 

Comparing the morphologies, a higher number of grooves and plough marks can be seen at an 

impact angle of 30° (Fig. 11a) versus 60° (Fig. 11b). This is due to the higher shear stress induced 

as a result of the maximum axial offset loading experienced by the low impact angle in comparison 

to the others tested (60° and 90°) [58]. In contrast, a perfectly axial (90°) impact resulted in craters 

as a result of the compressive impact stress of the erodent. This resulted in further strain localisation 

forming extruded lips surrounding the craters. Though the reason for material extrusion can be the 

occurrence of the soft bound matrix, the features are representative of ductile erosion. Unlike brittle 

erosion, ductile erosion shows higher resistance towards crack generation, propagation, and fracture. 

Due to the impact energy of the erodent collision at 90°, extensive indentation deformation and 

dislocations are visible. Highest fracturing and pull of Al2O3 particle were also observed at 90° 

followed by 60° with relatively minimal occurrence at 60°. It is possible that the accumulation of 

the dislocations as a result of subsequent erodent impact accelerates the Al2O3 particle pull-out along 

the weak-bonding boundaries. Nevertheless, the fracturing of the Al2O3 particle can be attributed 

to lateral cracks intersection formed due to the indentation of irregularly shaped alumina erodent 

on brittle Al2O3 particles in the deposition. 

 
Fig. 11. SEM investigation of the eroded optimum HVOF NiCrSiB-Al2O3 deposition showing (a) eroded specimen at 

30°, (b) 60° and (c) 90° erodent stream angle. 

Overall, the erosion mechanism associated with optimally coated HVOF NiCrSiB-Al2O3 deposition 

involves micro-ploughing and cutting, crater, grooves, extruded lips resulting in fracturing and pull 

out of the alumina particle. While these mechanisms are often seen in both ductile and brittle wear 

modes; ductile erosion was found to be the dominant case in this study. Based on the influence of 
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the erodent stream angle, a 90° showed superior wear resistance in comparison to other angles tested. 

This is primarily due to the presence of high volumes of metallic phase in the deposition. Even 

though shear failure was observed at lower erodent angles, fatigue, micro-forging, and extrusion 

were the results of the higher erodent angles. The compressive force at higher erodent angles (90°) 

was found to be less detrimental to erosion resistance and resulted in lower wear damage in 

comparison to severe cutting and ploughing at lower impact angles. 

The study shows that HVOF thermal spraying can result in high-density NiCrSiB-Al2O3 coatings 

with low porosity, high hardness, and low EWL by optimisation of the process variables. Even 

though excellent characteristics of HVOF coatings were observed, further studies considering a large 

variety of suitable materials and different HVOF sub-processes are required to tailor coatings for a 

broad range of application. Nevertheless, the study makes it evident that the HVOF process 

parameter optimisation is critical to enhancing coating performance. 

 

4. Conclusions 

Parametric analysis of the HVOF process parameters required for the deposition of 60:40 wt.% ratio 

of NiCrSiB-Al2O3 coating on AISI304 substrate was conducted. Consequently, the optimum process 

parameters for minimum Erosion Wear Loss (EWL) were found to be 260 lpm (����), 65 lpm 

(�����), 28 g/min (	̇����) and 250 mm (9���), flow rate of oxygen, fuel, feed rate of powder and, 

standoff distance respectively. The optimisation algorithm identified the parametric ‘order of 

importance’ as 	̇����>9���>����>�����. The analysis of variance resulted in 	̇���� having the 

highest significance to erosion loss at 53% followed by 9��� at 24% at a confidence interval of 92.6% 

considering both individual and interaction effects of the HVOF process parameters. A DoE based 

prediction model for the EWL of the coating combining the four process parameters within the 

specified levels were derived. Subsequent experimental validation of the prediction model using 

optimum parametric combination resulted in a good agreement while quantifying the EWL at an 

error margin of 4.89%. Evaluation of the NiCrSiB-Al2O3 coating under optimal HVOF parameters 

showed high hardness (843 HV0.3) and low porosity (1.5%). Furthermore, the erosion tests on the 

optimal coating showed a 1.6 times higher wear resistance at an erodent stream impact angle of 90° 

in comparison to 30°. Studying the mechanism of erosion on the optimal coating, both ductile and 

brittle wear were observed involving micro-ploughing, micro-cutting, crater, grooves, extruded lips 

combined with Al2O3 pull-out and fracture. While further work on sub-level process optimisation in 

combination with powder morphology is necessary, this paper presents an optimal case considering 

the most significant HVOF process parameters for an effective deposition of NiCrSiB-Al2O3 on 

AISI304 steel.  
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Data availability 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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