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Material deterioration due to erosion and oxidation in high-temperature environments is a major cause of wear in
power plants, aircraft engines and petrochemical industries. NiCrSiB based surface coatings using thermal spray
techniques such as High-Velocity Oxy-Fuel (HVOF) offer a cost-effective route to improve the tribological
properties for a range of substrate materials. The study investigates the high-temperature oxidation and erosion
resistance of HVOF coated NiCrSiB reinforced with Al2O3 and WC–Co on SS304 stainless steel substrate. The
oxidation kinetics and erosion responses of the coatings at 750 ◦ C were evaluated for a period of 160 hrs and the
coating microstructure, morphology and chemical compositions characterised. A total of three coating compo
sitions were studied namely: NiCrSiB/Al2O3, NiCrSiB/n-Al2O3 and NiCrSiB/WC–Co where the results indicate a
superior oxidation and erosion resistance in all cases in comparison to uncoated SS304. However, it was found
that the NiCrSiB reinforced with micro-structured Al2O3 outperformed all the other coatings in terms of oxidation
resistance. When it comes to erosion resistance, NiCrSiB/WC–Co was found to demonstrate the highest
performance.

1. Introduction
Deterioration of tribological performance in high-temperature en
vironments such as the ones in boilers and super-heaters is a significant
problem that leads to premature failure. This leads to financial loss and
machinery downtime for a range of industries adding significantly to
their operating cost [1–3]. Generally, the most influential tribological
properties that dictate the high-temperature wear of materials is their
erosion and oxidation resistance [4,5]. According to Szymański et al.
[6], a significant proportion of failure in boilers tubes that need imme
diate replacement is due to high-temperature erosion. This is a result of
fly ash erosion caused because of impinging carbon and the oxide par
ticles carried by the flue-gas post-combustion adding as much as 54% of
the total maintenance cost according to Cheng et al. [7]. Developing
suitable coatings that offer high oxidation and erosion resistance is the
most cost-effective method in addressing the problems.
Although there are several surface coating techniques as summarised
in Fig. 1, thermal spraying is considered the most versatile as it can be
used to spray both ceramic and metallic feedstock to a targeted substrate
[8–10]. The HVOF techniques make use of fuel and oxygen combustion

to generate high pressure and temperature environment that is used to
spray powdered feedstock [11]. Due to the high temperature and pres
sure, the feedstock material partially melts during the coating process
improving both the surface finish and density [12,13]. The HVOF
coating process generally features a flame temperature around 3000 K
while preserving high particle velocity making them suitable to spray
coatings with low porosity and high hardness which are often favourable
[14–16].
One of the most cost-effective approaches to improve the tribological
performance of surfaces exposed to a high-temperature environment is
the deposition of nickel (Ni) based coatings. Nickel-chromium-siliconboron (NiCrSiB) coatings are known to improve tribological properties
such as wear, oxidation and corrosion resistance due to their superior
mechanical properties and low environmental impact [17–20]. While Ni
is the major constituent that provides strength, Cr enhances
high-temperature (850 ◦ C) oxidation resistance, Si improves type II hot
corrosion resistance and B influences the formation of hard phases in the
Ni matrix. Overall, the combination results in achieving good wear and
oxidation resistance for a range of applications. Furthermore, boron and
silicon reduce the overall melt temperature which introduces
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Fig. 1. Some of the common surface coating techniques used for metals and ceramics were the HVOF technique offers the most flexibility highlighted as suitable for
both metals and ceramics. The abbreviations used in the figure read Physical vapor Deposition (PVD), Thermal Barrier Coatings (TBC) and Detonation Gun (D-gun).
Table 1
Composition (wt.%) of SS304 substrate used for HVOF coating.
Element

C

Mn

Si

Cr

Ni

P

S

Fe

Composition

0.023

1.440

0.366

18.736

8.288

0.029

0.006

Bal.

nanostructured variant (hereafter referred to as n-Al2O3) and WC–Co
on SS304 stainless steel substrate exposed to a high-temperature
environment.

Table 2
Characteristics of the primary matrix and reinforcing elements used as HVOF
feedstock.
Material

Composition (wt.%)

Particle size

Manufacturing

NiCrSiB
Al2O3
n-Al2O3
WC–Co

Ni-72, Cr-16, Si-5, B-3
Al2O3 (99)
Al2O3 (99)
WC (88), Co (12)

53
45
45
15

Gas atomized
Fused and crushed
Mechanically alloyed
Agglomerated, sintered

µm
µm
nm
µm

2. Materials and methods
2.1. Base material and coating composition
Although the feedstock used in HVOF are solid they are either molten
or semi-molten by the time they are deposited on the substrate surface
depending on the functional requirement and the coating parameters
used. As such the properties of both the substrate and the powder
feedstock are a critical factor for a successful coating process. Generally,
SS304, SS310 and SS316 steels are used for high-temperature (600 ◦ C)
applications involving erosion and corrosion damages [36]. Therefore,
SS304 steel having a chemical composition summarised in Table 1 was
the coating substrate of choice since high-temperature performance is
being assessed.
Pre-processing routine for the substrate involved roughening the
surface using a suction blasting machine featuring 320–500 μm
corundum grits. Surface roughening is an essential step that is required
for any coating application as it increases the surface roughness of the
coated surface leading to enhanced mechanical interlocking at the
coating interface [37]. Post-roughening, acetone bath was used to clean
the samples; subsequently, the surface roughness was characterised and
found to be consistent at 8–10 μm between all the substrate samples
used.
There is a significant demand for coatings with improved hightemperature oxidation erosion performance for a wide range of in
dustries. Ni alloys offer significant potential in this regard due to their
superior erosion behaviour. Although numerous Ni variants exist,
NiCrSiB offers a significant advantage due to the existence of borides
and carbides [38,39]. Borides are known to have superior hardness and
high melting point; a combination that makes them particularly suitable
for high-temperature environments. Carbides on the other hand feature
exceptional wear resistance making them suitable to be employed in
high erosion environments. Altogether, atomised NiCrSiB composition
reinforced with Al2O3, and WC–Co seems to offer significant potential
to be investigated for high-temperature erosion and oxidation applica
tions. All coating compositions and their nominal particle sizes are
summarised in Table 2. The micron sized powders NiCrSiB (MEC-335),
Al2O3 (MEC-740) and WC–Co (MEC-518) were procured from M/s.
Metallizing Equipment Co. Pvt. Ltd (MEC), Jodhpur, India. The

self-fluxing characteristics leading to improved density [21,22].
Studies attempting to improve high-temperature erosion include
investigations on NiCrAlY coating [23] yielding superior performance
even at 540 ◦ C up to 100 hrs. Lopez et al. [24] employed HVOF to coat
equal amounts (50:50) of powdered Ni and Cr feedstock on a steel
substrate resulting in tenfold improvement in high-temperature (550 ◦ C
and 650 ◦ C) erosion between the coated and uncoated sample post-360
hrs. Research by Bala et al. [25] used Ni and Cr in varying proportions
(50:50 and 50:20 wt.%) deposited using cold spray on steel and studied
its performance at 900 ◦ C. The results showed both the coatings to offer
increased resistance to oxidation in comparison to the uncoated sub
strate with a 50% reinforcement of Cr with Ni outperforming the 20% Cr
variant.
Modifying alloying compositions are increasingly being experi
mented in an attempt to improve the high-temperature performance of
Ni-based coatings. As such coatings that feature microstructured and
nanostructured hard phases such as tungsten carbide (WC), cobaltchromium (CoCr), aluminium oxide (Al2O3) and chromium carbide
(Cr3C2) are all reinforcing with Ni [26–32]. Studies on Al2O3 addition in
literature [26,33,34] demonstrate microstructure refinement showing
phase characteristics suitable for enhanced wear and microhardness and
related tribological properties. HVOF sprayed coatings reinforced with
tungsten carbide-cobalt (WC–Co) reinforcement by Yuan et al. [35]
also showed a significant improvement in both wear and micro-hardness
properties.
Although some of the existing studies validate the potential use of
Al2O3 and WC–Co when it comes to tribological coatings, their use as
reinforcement agents in NiCrSiB to improve high-temperature oxidation
and erosion resistance are yet to be established. A critical aspect in this
regard is also to identify the influence of these reinforcements on the
oxidation kinetics under high-temperature environments. Accordingly,
this study evaluates the oxidation and erosion performance of HVOF
deposited NiCrSiB compositions reinforced with Al2O3 its
2
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2.3. Characterisation

Table 3
Process parameters used for the HVOF spraying technique of the coatings.
Parameter

NiCrSiB/
Al2O3

NiCrSiB/nAl2O3

NiCrSiB/
WC–Co

Fuel flow rate (LPM)
Oxygen flow rate (LPM)
Powder feed rate (g/min)
Standoff distance (mm)
Feedstock ratio (wt.%)

65±0.5
260±0.5
28±0.1
250±5
60/40

60±0.5
250±0.5
28±0.1
250±5
98.6/1.4

65±0.5
220±0.5
28±0.1
300±5
65/35

The phases that were present both in the coating composition and the
coated surfaces were analysed using X-ray Diffractometer (XRD). The
samples for cross-sectional analysis were prepared by slicing the coated
substrate and hot-press mounting in resin. The coating morphology was
analysed using both scanning electron microscopy (SEM) and the Energy
Dispersive X-ray Spectroscopy (EDS) made by Hitachi and Bruker,
respectively. The porosity of the coating was analysed from the crosssectional SEM images. The resulting data were further processed using
‘ImageJ processing and analysis software’ to calculate the percentage
value of porosity. A total of ten different measurements were taken at
different locations and the average results are presented. The technique
is widely used [42] to evaluate representative porosity data from
cross-sectional SEM images. The Vickers microhardness machine (Wil
son Hardness tester-402 MVD) at 300 g load at 15 s was used for
micro-hardness characterisation.

Table 4
Parameters used for high-temperature erosion testing using
hot jet erosion technique.
Parameter

Value

Erodent
Particle size
Velocity
Feed rate
Angle of impact
Test temperature
Duration
Nozzle dia.
Standoff distance

Alumina
50 μm
40 m/s
5 g/min
30 ◦ , 60◦ and 90◦
750 ◦ C
10 min.
1.5 mm
10 mm

2.4. High-temperature testing
2.4.1. Oxidation
The evaluation of oxidation performance at high temperature was
carried out in an electric tubular furnace at 750 ◦ C for a duration of 160
h. The testing temperature was selected to match the typical working
temperature of boiler tubes. The dimensions of the coated specimens
were measured using a digital Vernier calliper to calculate the surface
area of samples. Before oxidation evaluation, all samples were acetone
cleaned and 80 ◦ C oven-dried for two hrs. The alumina crucibles were
heat-treated at 900 ◦ C for a duration of 4 h to avoid the influence of
volatile matter and ensure constant weight throughout the study. The
specimens were kept in an alumina crucible and weighted at an accuracy
of 1 × 10− 4 g before being placed in the hot zone of the furnace main
tained at 750 ◦ C. The mass changes of the samples were measured at 20
hr regular intervals.

nano-Al2O3 (44,931) powder was supplied by Alfa Aesar. The nominal
particle size distribution of the feedstock was characterised using the
well-established laser diffraction technique using a Malvern Mastersizer
2000 (UK) following ASTM C1070. Water was used as the medium for
laser diffraction test. The nanostructured version NiCrSiB/n-Al2O3 was
also considered to evaluate the significance of particle size distribution
and packing density on the oxidation erosion performance. The NiCr
SiB/Al2O3 and NiCrSiB/WC–Co composites powders were prepared
using a turbo mixer for 1 h in order to obtain homogeneous mixing. The
mechanical alloying of the NiCrSiB/n-Al2O3 feedstock powder mixture
was carried out using a ball mill featuring a planetary arrangement of
250 ml hardened steel vial and 10:1 powder to ball weight ratio at 250
rpm. In order to prevent excessive cold welding during the mechanical
alloying process ethanol was used as the process control agent (PCA).
Typically, ethanol is absorbed at the surfaces of the powdered particles
and aids in reducing excessive cold welding between the powders along
with the grinding medium and the milling container. This subsequently
reduces agglomeration of particles which affects both flowability and
the packing density. The mechanical alloying of NiCrSiB/n-Al2O3 pow
der mixtures considered in this study were carried out in normal at
mospheric conditions.

2.4.2. Erosion
The characterisation of the erosion performance was carried out
following ASTMG76–02 [43] in a hot-air-jet erosion machine. The tests
were conducted at varying angles of 30◦ , 60◦ and 90◦ to characterise the
erosion mechanism of the coatings. The major problems to be solved in
power generations plants are high-temperature oxidation and erosion by
the impact of fly ashes and unburned carbon particles especially in the
regions where the component surface temperature is above 600 ◦ C. Also,
low temperature hot corrosion occurs at a temperature about
700 ◦ C-750 ◦ C on the fireside boiler tubes in coal-fired steam generating
plant [44]. This work aims to understand the erosion and oxidation
resistance of thermal sprayed NiCrSiB/Al2O3 and NiCrSiB/WC–Co
coatings under conditions as close as possible to those experienced
within a power plant boiler tube. So, the erosion experiments were
carried out at 750 ◦ C to mimic a high-temperature erosion environment
that is representative of industrial environments. The parameters used
for the erosion test experiments are summarised in Table 4. Two sets of
erosion tests were carried out for each coating composition being ana
lysed to ensure repeatability of the results. Post-testing the eroded
samples were unmounted and cleaned with acetone before character
ising material loss. Using the data, the rate of erosion was calculated as
the ratio of the mass of material eroded (g) to that of the erodent particle
(g) used.

2.2. HVOF process parameters
Three Ni-based coatings NiCrSiB/Al2O3, NiCrSiB/n-Al2O3 and
NiCrSiB/WC–Co were deposited onto the SS304 base material using
HVOF thermal spraying system. The HVOF techniques use a carrier-gas
to introduce the feedstock into the high pressure and temperature
environment that is being generated because of oxy-fuel combustion. As
such the powdered feedstock get semi-molten which is subsequently
deposited onto the coated surface using a high-velocity nozzle at a
standoff distance [40]. The HVOF thermal spraying was carried out
using the HIPOJET 2700 system (Make: Metallizing Equipment Co.
Jodhpur, India). The fuel gas used was Liquified Petroleum Gas (LPG).
The studies indicated that the HVOF process parameters such as fuel and
oxygen flow rate along with feedstock rate and standoff distance affect
the properties of the coating. Optimum process parameters were eval
uated for each of the composition, which is as summarised in Table 3
that was subsequently used for the coating deposition [9,41]. The
thickness of all coatings was characterised and controlled to within
250±20 µm for systematic comparison.

3. Results and discussion
3.1. Microstructure and properties
The morphology of the feedstock powders used for the HVOF are
shown in Fig. 2. NiCrSiB is spherical while micron sized Al2O3 feature an
angular morphology. In comparison the WC–Co feedstock is near
3
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Fig. 2. Morphology of the feedstock particles considered for the study showing (a) NiCrSiB, (b) micron-sized Al2O3 (c) nano-sized Al2O3 and (d) WC–Co.

Fig. 3. Cross-section of the as coated samples evaluated using scanning electron microscopy showing (a) NiCrSiB/Al2O3, (b) NiCrSiB/n-Al2O3 and (c) NiCr
SiB/WC–Co.
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than that of nickel, as such the composition featuring a higher per
centage of nickel can melt more effectively. Therefore, the composition
that features nanoparticles of aluminium oxide can absorb sufficient
heat that results in a coating of higher density. The number of pores
observed was comparatively less when reinforced with nanoparticles of
aluminium oxide in comparison to the other two cases: an effect
attributable to the percentage of nanostructured aluminium oxide in the
feedstock. When it comes to NiCrSiB/WC–Co coating, Fig. 3c shows the
presence of nickel (grey) and tungsten carbide (brighter fields) in the
microstructure. Overall, for all cases, the coatings show splats formed of
partially melted particles representative of thermal spray coatings.
The most common performance indicators for the as coated surface
are summarised in Table 5. When compared to the substrate micro
hardness of 180 HV0.3, all the HVOF coatings were found to exhibit
superior performance. The highest microhardness was observed for
NiCrSiB/WC–Co coating which was an increase of 61% compared to the
exposed substrate. Out of the three coatings investigated, the lowest
performance was exhibited by NiCrSiB/n-Al2O3 at a hardness of 748
HV0.3 which is still a 30% improvement in comparison to the uncoated
surface. The increase in hardness is a result of the work-hardening effect
in steel due to the HVOF feedstock impact. This phenomenon is not
typical of thermal spray and was also observed [45,46] when using cold
spray coating.
When it comes to surface roughness, the highest average roughness
was exhibited by NiCrSiB/Al2O3 at a surface roughness of 9.3 μm; a 9%
increase in comparison to the other two coatings tested. However,
comparing the results of NiCrSiB/Al2O3 and NiCrSiB/n-Al2O3, the in
crease in surface roughness is a result of Al2O3 particle size. This is also
the result why a nanoparticle addition and WC–Co resulted in similar
surface roughness at 8.5 μm. Overall, the surface roughness of the HVOF
coatings studied was found to be similar to those reported in the liter
ature for alternative coatings deposited using the HVOF technique [18,
47–49].

Table 5
Characteristics of the reinforced coatings deposited using HVOF in comparison
to NiCrSiB.
Descriptions

NiCrSiB/Al2O3

NiCrSiB/n-Al2O3

NiCrSiB/WC–Co

Porosity (%)
Surface roughness (μm)
Microhardness (HV0.3)

1.5 ± 0.4
9.3 ± 2.4
843±94

1.2 ± 0.4
8.5 ± 1.5
748±80

1.8 ± 0.65
8.5 ± 1.5
928±108

Fig. 4. Experimentally evaluated high-temperature oxidation responses for the
HVOF coatings.

spherical with micro-pores architecture. The micro-pores architecture is
generally considered advantageous for the thermal spray processing as
they contribute to homogenous heating of the feedstock during powder
particle-flame interaction. Fig. 2c shows the morphology of nano- Al2O3
indicating a spherical morphology with a wide range of particle sizes.
The cross-sections of the samples were analysed as shown in Fig. 3 to
understand the internal structure and composition of the coatings that
were generated. Three coating cases were considered namely: NiCrSiB/
Al2O3, NiCrSiB/n-Al2O3 and NiCrSiB/WC–Co. All three coatings
showed lamellar structure representative of the HVOF coatings with
occasional un-melted particles and porosity voids because of oxide in
clusion. From Fig. 3b the NiCrSiB reinforced with Al2O3 nanoparticles
(n-Al2O3) results in a uniform coating with less porosity which demon
strates the effectiveness of packing density in the resulting density of the
coating.
In comparison, the morphology of the coating in Fig. 3a shows the
existence of high porosity and un-melted Al2O3 particles. The melting
temperature of aluminium oxide is 2100 ◦ C which is significantly higher

3.2. High-temperature oxidation
3.2.1. Oxidation kinetics
Oxidation kinetics is a critical parameter in characterising the per
formance of a coating where it refers to the variation of oxidation rate
with time. Fig. 4 shows the mass gain per unit area of the SS304 sub
strate along with NiCrSiB/Al2O3, NiCrSiB/n-Al2O3 and NiCrSiB/
WC–Co coatings during oxidation at 750 ◦ C at different time intervals
up to 160 hrs. For the uncoated substrate (SS304), the mass gain was
found to increase at a higher rate with an increase in the oxidation time.
Nevertheless, the oxidation behaviour of all the three HVOF sprayed
coatings can be seen (Fig. 4) to be different in comparison with the
substrate.
As shown in Fig. 4, the mass gain of the SS304 sample was found to

Fig. 5. SEM data of the oxidated SS304 substrate showing (a) the post-oxidation surface topography and (b) EDS elemental spectrum.
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Fig. 6. Surface topography and elemental spectrum of the oxidised coatings showing (a) NiCrSiB/Al2O3 surface and (b) corresponding elemental composition, (c)
NiCrSiB/n-Al2O3 surface and (d) corresponding elemental composition, (e) NiCrSiB/WC–Co surface and (f) corresponding elemental composition.
Table 6
Composition of the coated and uncoated samples post-oxidation showing wt.% of elemental distribution.
Description

Si

Fe

Ni

Cr

O

Al

Mn

W

Co

Total

SS304
NiCrSiB/Al2O3
NiCrSiB/n-Al2O3
NiCrSiB/WC–Co

1.99
17.69
20.89
4.34

31.29
10.05
6.76
1.11

3.60
5.29
7.14
13.48

25.48
25.88
21.47
12.73

28.08
38.62
39.75
14.81

2.21
2.47
1.65
–

7.36
–
2.34
–

–
–
–
35.69

–
–
–
17.85

100
100
100
100

be four times higher than that of HVOF sprayed NiCrSiB/Al2O3. The
oxide scales formed on the steel surface were completely detached and
with high porosity incapable of protecting the base material from
continuous oxidation in an effective manner. During the entire length of
the test, the oxidation behaviour continued to worsen concerning time,
as indicated in Fig. 4. The highest increase in mass in the first measure
period (20 hrs) is a result of the rapid oxygen pick up through diffusion

consistent with the literature [50,51].
Post-20 hrs of oxidation, the oxidative mass gain of the coated
samples increased rapidly which indicates rapid oxide formation at the
surface, splat boundaries and open pores due to the penetration of the
oxidizing species along the splat boundaries. Post-oxide formation
within pores and splat boundaries, the coating becomes dense and the
diffusion of oxidising species to the internal portion of the coatings slows
6
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(Fig. 6e) coatings after oxidation test at 750 ◦ C for 160 h. The respective
oxidation products on the surface of the coatings were evaluated using
the EDS technique as shown in Fig. 6b, 6d and 6e with the resulting
elements presented in Table 6 and compounds in Table 7. The EDS
analysis revealed that the major oxidation products were in the form of
chromium oxide as listed in Table 7. From Fig. 6a and 6c, the tiny oxide
particles were mainly flaky in shape. The mass gain of HVOF sprayed
NiCrSiB/Al2O3 was about 43% and 51% less than that of HVOF sprayed
NiCrSiB/n-Al2O3 and NiCrSiB/WC–Co coatings after 160 h of
oxidation.
When NiCrSiB was reinforced with tungsten carbide cobalt, the
oxidation resistance reduced in comparison with the NiCrSiB/Al2O3
coating. This may be attributed to the higher oxidation rate of WC in the
coating. During the oxidation test in the temperature range of
700–800 ◦ C, NiO was found to increase significantly as listed in Table 7
in comparison to the other coatings similar to the case observed in the
studies carried out by Kunioshi et al. [54]. The EDS analysis of the
oxidised NiCrSiB/WC–Co coatings summarised in Table 6 and 7 further
confirms the above aspect. Overall, the higher oxidation resistance of
NiCrSiB reinforced in aluminium oxide coating is due to the formation of
protective oxides of chromium (Cr2O3), aluminium (Al2O3) and nickel

Table 7
Compound formation deduced from EDS profiling of the respective coated and
uncoated samples post-oxidation showing wt.% elemental compounds.
Description

FeO

Cr2O3

MnO

NiO

Al2O3

SiO2

SS304
NiCrSiB/Al2O3
NiCrSiB/n-Al2O3
NiCrSiB/WC–Co

40.26
12.93
6.69
1.43

37.23
37.82
31.38
18.60

9.50
–
3.02
–

4.58
6.74
9.09
17.15

4.17
4.67
3.13
–

4.25
37.84
44.70
9.28

down. Subsequently, the growth of the oxides become largely limited to
the surface leading to a steady rate of oxidation in conjunction with
exposure time. Nevertheless, the slow rate of weight gain during the
subsequent cycles implies mass loss due to the oxidation of carbon.
Overall, the HVOF sprayed NiCrSiB/Al2O3 coatings exhibited the
lowest weight gain in comparison to both NiCrSiB/n-Al2O3 and NiCrSiB/
WC–Co coatings. The reasons for the improved oxidation resistance for
the NiCrSiB/Al2O3 coating is the existence of dense, slow-growing and
thermodynamically stable Al2O3 which hinders the diffusion of oxygen
(or metal ions) slowing down the oxide growth rate. The presence of
Al2O3 s phase in the NiCrSiB matrix also hinders the diffusion of Ni and
Cr while reducing the growth of Cr2O3 and NiCr2O4 due to the low
diffusion coefficient of nickel and chromium in Al2O3 [52]. Thus, the
Al2O3 s phase gives priority to the growth of protective oxide during
oxidation. In comparison, the uncoated SS304 substrate showed a
maximum mass gain of 0.87 mg/cm2 and the NiCrSiB/Al2O3 coating
exhibited a minimum mass gain of 0.27 mg/cm2. The mass gain of
NiCrSiB/n-Al2O3 (0.48 mg/cm2) and NiCrSiB/WC–Co (0.56 mg/cm2)
were more than NiCrSiB/Al2O3 coating but less than the SS304 sample.
Therefore, it is evident that the increase in mass of SS304 can be
significantly reduced using the HVOF coatings.
3.2.2. Surface analysis
To understand the composition and morphology of the samples postoxidisation, the surfaces were characterised using EDS. Analysing the
uncoated sample (Fig. 5a) indicate that SS304 was severely damaged
because of oxidation through the scale spallation mechanism. The EDS
data revealed that iron, chromium, and oxygen as the major constituents
in the oxidized SS304 sample (Fig. 5b). The presence of ferric oxide
(Fe2O3) in the scales of the oxidized sample indicated non-protective
surface conditions consistent with the literature [53].
Figs. 6 shows the surface morphologies of HVOF sprayed NiCrSiB/
Al2O3 (Fig. 6a), NiCrSiB/n-Al2O3(Fig. 6c), and NiCrSiB/WC–Co

Fig. 8. Comparison of high-temperature erosion wear rate of all the coatings
and SS304 substrate at 750 ◦ C.

Fig. 7. Cross-sectional mapping of the best performing coating composition (NiCrSiB/Al2O3) that showed the highest oxidation resistance.
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Fig. 9. SEM image of the high-temperature (at 750 ◦ C) eroded surface of the best performing coating (NiCrSiB/WC-Co) coating at (a) 30◦ (b) 60◦ and (c) 90◦
impact angle.

(NiO) which was confirmed through the EDS analysis.
The higher presence of chromium oxide was also observed from the
X-ray mapping as shown in Fig. 7, which aids in shielding the base metal
against any diffusion of the oxidizing species. The Cr2O3 phase is ther
modynamically stable [55] resulting in a dense, continuous layer
(Fig. 6c). This result in a solid diffusion barrier that prohibits oxygen
interaction with the coating material underneath. The added presence
NiCr2O4 in the oxide scales also aids in the development of higher
oxidation resistance in the NiCrSiB coating reinforced with aluminium
oxide. From the EDS analysis (Fig. 6 and Table 7), it can be seen the
percentage of Cr2O3 in NiCrSiB/Al2O3 is high in comparison to NiCr
SiB/n-Al2O3. As a result, the coating composition featuring NiCrSi
B/Al2O3 outperforms its nano counterpart.

increase in temperature [56]. As an aspect reported by Gat and Tabakoff
[57] who evaluated the erosion response in terms of the effect of tem
perature on material properties and found that an increase in tempera
ture decreased the erosion resistance.
The SEM images of the eroded best performing coating (NiCrSiB/
Al2O3) at different impact angles are shown in Fig. 9, where the erosion
resistance of the NiCrSiB/WC–Co was 13%, 27% and 57% higher than
that of HVOF sprayed NiCrSiB/Al2O3 and NiCrSiB/n-Al2O3 coatings and
SS304 substrate respectively, at an impact angle of 30◦
Evaluating the microscopy data as shown in Fig. 9, the micro-cutting
and plough indentation were found to be higher when the erodent angle
was at the lowest angle (Fig. 9a). Normally, such a phenomenon is a
result of the higher shear stress (τ) [45]. In comparison, if the erodent
angle is perpendicular (90◦ ) to the coating surface, the collision causes
craters representative of a compressive (-σ ) failure. Although, the
extrusion of material around the plastic deformation indicates a soft
bound matrix, the characteristics indicate the ductile mode of erosion.
Generally, when developing coatings for industrial application, ductile
erosion is favourable as it reduces catastrophic failure due to crack
propagation, unlike brittle erosion.
The HVOF NiCrSiB coating reinforced with tungsten carbide cobalt
showed the least erosion wear rate of 0.000273 g/g whereas the SS304
uncoated sample exhibited the highest erosion wear rate of 0.000606 g/
g when exposed to perfectly axial erodent (90◦ ). The higher erosion
resistance of the NiCrSiB/WC–Co coatings can be attributed to the
higher hardness and fracture toughness value of WC–Co as compared to
Al2O3. The HVOF sprayed NiCrSiB/WC–Co coating exhibited a high
hardness value of 928 HV0.3 as compared to NiCrSiB/Al2O3 coating (843
HV0.3). The toughness value of the WC–Co ranges from 4 to 6 MPa m −
1/2
consistent with the observations of Chivavibul et al. [58] whereas for
Al2O3 it is between 1 and 2 MPa m − 1/2 consistent with Grewal et al.
[26]. Overall, for all the coatings and substrate materials tested the
highest erosion was observed at 30◦ and lowest at 90◦ indicating a lower

3.3. High-temperature erosion
High-temperature erosion affects a range of industries increasing
maintenance periods costing time and reduced efficiency. In most cases,
especially in the power generation sector oxidation and erosion ranks
top in their order of influence of material failure. However, the worstcase scenarios are due to the combined effect of erosion and oxida
tion. To understand the interactions between the two processes it is
necessary to understand both the oxidation behaviour and hightemperature erosion of the coatings being considered. As such Fig. 8
shows the rate of erosion wear of the NiCrSiB coatings reinforced with
Al2O3, WC–Co, and n-Al2O3.
It was found that the erosion rate of all the coatings decreased with
an increase in the erodent angle at 750 ◦ C indicative of the ductile mode
of erosion mechanism at high temperature. This may be due to the
presence of metallic phases over the surface of the coatings. In general,
three erosion rate responses have been noted with an increase in tem
perature. Generally, when materials are exposed to temperatures above
400 ◦ C, they show a decrease in erosion resistance consistent with an
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4. Conclusions
The study evaluated the high-temperature oxidation and erosion
behaviour of HVOF NiCrSiB/Al2O3, NiCrSiB/n-Al2O3 and NiCrSiB/
WC–Co coatings on an SS304 steel substrate. The results showed that
the HVOF coating technique results in the formation of high-density
NiCrSiB/Al2O3, NiCrSiB/n-Al2O3 and NiCrSiB/WC–Co coatings with
low porosity and high hardness. However, the high-temperature
oxidation and erosion performance of the coatings were observed to
be different. It was found that the high-temperature oxidation perfor
mance of NiCrSiB/Al2O3 coatings was superior to that of NiCrSiB/
WC–Co coatings due to the presence of protective oxide layers like
Cr2O3, Al2O3, NiCr2O4 and NiO. The oxidative mass gain of HVOF
sprayed NiCrSiB/Al2O3 coating was less than that of NiCrSiB/n-Al2O3
and NiCrSiB/WC–Co by 43% and 51% respectively post-160 hrs
oxidation period. The decrease in oxidation resistance of the NiCrSiB/
WC–Co coating was attributed to the high oxidation rate of WC at high
temperatures and the increase in WO3 content. When it comes to hightemperature erosion performance, NiCrSiB/WC–Co coating out
performed both NiCrSiB/Al2O3 and NiCrSiB/n-Al2O3 coatings by
demonstrating the highest erosion resistance. The superior performance
was attributed to the better fracture toughness and hardness value of the
WC–Co as compared to Al2O3. The high-temperature (750 ◦ C) mode of
erosion was found to be ductile due to the presence of a large number of
metallic phases over the coated surface.
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