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At present, cost-effective coatings that cause less pollution are in great demand; to decrease frictional losses, carbon-based 
hybrid composite coatings have been developed using a high-velocity oxy-fuel (HVOF) spray process. The microstructural, 
tribological, corrosion, and mechanical properties of these coatings have been evaluated using high-resolution X-ray diffraction 
(HRXRD), field emission scanning electron microscopy-Energy dispersive X-ray Spectroscopy (FESEM-EDS), Raman spectrum, 
Vickers micro-hardness tester, µ-360 cos(α) residual stress analyser, corrosion tester, and high temperature tribometer. The 
residual stress, corrosion and tribological behaviour at high temperatures were investigated using a pin-on-disc high-temperature 
tribometer. The tribological performance was evaluated using a high-temperature tribometer, and the experimental result shows 
that a coefficient of friction (COF)  varies from 0.12 to 0.52, while wear results were in the range of 45 µm to 120 µm, as the 
test condition of temperature ranging from 50 °C to 350 °C, load from 60 N to 90 N and sliding velocity from 0.1 m/s to 0.4 
m/s respectively. The experimental results of corrosion testing show that the mass loss decreases from 0.10 g to 0.04 g, when 
samples were dipped for 1 h; when the samples were dipped for 8 h, the mass loss of hybrid composite coating varied from 
0.12 g to 0.045 g. The tribological test showed a 78.9 % increase in micro-hardness, a 78 % decrease in residual stress, and 
60 % and 62.5 % decreases in mass loss due to corrosion at 1 h and 8 h, respectively, a 76.9 % decrease in COF and 62.5 % 
reduction in the wear at test condition of 350 ºC temperature, a sliding velocity of 0.4 m/s and 90 N load.
Keywords: HVOF carbon coating, FESEM, HRXRD, Raman spectra test, corrosion, wear test.

Highlights
• The experimental results showed micro-hardness in the range of 380 HV to 680 HV and residual stress from –11 MPa to  

–50 MPa. 
• The corrosion test shows that the mass loss of hybrid composite coating varies from 0.12 g to 0.045 g for 8 h.
• The COF were found in the range of 0.12 to 0.52, while wear was in the range of 45 µm to 120 µm.
• The tribological test showed a 78.9 % increase in micro-hardness, a 78 % decrease in residual stress, a 62.5 % decrease in 

mass loss due to corrosion at 8 h, a 76.9 % decrease in COF, and a 62.5 % reduction in the wear.

0  INTRODUCTION

The past century observed a wide range of 
development in the automotive, marine and 
aerospace industries. Among assorted challenges in 
the automotive and marine environment, cavitation 
and erosion are prominent causes in the failure of 
engineering components, such as pumps, engines, 
blades, and ship propellers [1] and [2]. The general 
phenomenon in hydraulic systems involves a 
bombardment of gas bubbles on the component 
surface that leads to erosion, and fatigue failure, 
which finally deteriorate the performance of 
valuable and crucial equipment [3] and [4]. Surface 
modification offers an economical and effective 
methodology to tackle cavitation and erosion problem 
on the component surface. Thermal spray is a surface 

modification method that can fabricate coatings with 
broad feedstock materials and high deposition rate and 
effective for cavitation and erosion protection [5] and 
[6]. The experimental investigation of Qiao et al. [7] 
observed that high-velocity oxy-fuel (HVOF) sprayed 
Fe amorphous coating exhibits high cavitation erosion 
resistance. Among coating materials, tungsten carbide 
(WC)-based composite coatings or hard metals are 
significant sort of materials with a diverse range of 
governable properties, such as surface energy, wear, 
hardness, corrosion resistance and toughness, due to 
their unique virtues of the binder phase and hard phase 
[8] to [12]. Recently, a comparative study was carried 
out by Zhang et al. [13], which determined that among 
several thermal spray coating, WC based composite 
coating have excellent cavitation erosion resistance. 
Detonation spraying, HVOF spraying, plasma 
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spraying and cold spraying are the most commonly 
used techniques for WC-based coating deposition [14] 
to [16]. Cheng et al. [17] studied the wear resistance 
behaviour, hardness and elastic behaviour of arc-
sprayed coating and concluded that all the properties 
are enhanced with high H/E, H3/E2, and η value. The 
experimental study further concluded that high H/E, 
H3/E2, and η value enhances product and service 
life and other properties. Another study, by Hong et 
al. [18] on the Cr3C2-NiCr (CN) and WC-Cr3C2-Ni 
(WCN) HVOF sprayed coating for corrosion and wear 
resistance concluded that CN coating retains lower E 
and H values with high porosity, while WCN coating 
has higher H3/E2 and H/E values and lower porosity. 
The HVOF method is the best apposite process 
for ceramic coating materials due to the low flame 
temperature and high velocity of melted particles. 
According to [19], HVOF-based WC-10Co-4Cr 
coating exhibits excellent slurry erosion resistance on 
comparing with uncoated steel plate. One fascinating 
outcome for WC-based coating were improvements 
in toughness and hardness, using nano-sized WC 
particles [20] and [21] and, due to decarburization 
[22], occasionally negative results were reported. To 
overcome decarburization, multimodal feedstock 
powder was used but employment of HVOF 
techniques proves effective in enhancement of particle 
velocity and in lowering of flame temperature [23] and 
[24].   

Corrosion and erosion are critical and an 
inevitable issue for the constituent’s surface exposed 
to the engine and marine environment that typically 
complicate the problem. Wentzel and Allen [25] 
investigated pure Ni binder and observed poor wear 
and corrosion wear performance despite good static 
corrosion results. The combined mechanisms are 
crucial for the coating fabrication and selection of 
material for coating, which has not been implicit in 
previous studies. 

The present work aims to explicate the influence 
of HVOF sprayed sustainable temperature-dependent 
carbon-based hybrid composite coating on wear, 
coefficient of friction (COF), corrosion, residual 
stress, and hardness. The analysis of COF, wear, 
and corrosion behavior was well supported by field 
emission scanning electron microscopy (FESEM), 
Raman spectrum and high-resolution X-ray 
diffraction (HRXRD) observation. This work focused 
to evaluates the microstructure, surface morphology, 
tribological and mechanical properties of hybrid 
composite coating, using a high-temperature pin-
on-disk tribometer, at test condition of temperature 
ranging from 50 ℃ to 350 ℃, load from 60 N to 

90 N and sliding velocity from 0.1m/s to 0.4 m/s, 
respectively

1  EXPERIMENTAL

1.1  Coating Preparation 

Carbon-based hybrid composite powders were 
used for the fabrication of high quality coating 
for wear resistance applications. The fabrication 
process initially involved mixing of micron size 
C+Mo+WC+TiO2+Al2O3 powders of the same 
proportion using a ball mill process followed by 
thermal spraying and sintering. The ball-milling 
operation was performed for homogeneous and 
uniform distribution of carbon powder throughout the 
composite powder. A MEC - HIPOJET® 2700 HVOF 
spraying system was used to deposit a carbon-based 
hybrid composite coating on 100 mm × 100 mm × 50 
mm steel substrate. Prior to spraying, the substrates 
were properly cleaned with emery paper and were 
grit-blasted with 60 mesh SiC, using the pressurized 
air jet of sandblaster with a blasting pressure of 70 psi 
from 50 mm distance, followed by surface cleaning 
with acetone. The optimized spraying parameters for 
HVOF coating were 45 m³/h oxygen flux, 15 l/h LPG 
flux, 100 mm spraying distance, 60 g/min powder 
feed rate.

1.2 Characterization & Wear Test 

The surface morphology and structural composition 
of fabricated coating were characterized using JOEL 
FESEM-EDS. PANalytical HRXRD systems were 
used to identify and confirm the phase and crystal 
structure using the Cu anode material in Bragg mode. 
A Renishaw micro-Raman spectrometer was deployed 
to identify elemental peaks of fabricated coating 
with spectral range (3500 cm–1) and resolution about  
1 cm–1. 

The micro-hardness of the developed carbon 
coating was evaluated using an Hm2000S Make 
Vickers hardness tester (Fischer scope). The micro-
hardness tester with a diamond stylus was used to 
perform tests with indentation time of 20 s, dwell time 
of 5 s and a maximum applied load of 1000 mN on the 
stylus. The residual stress analyser (μ-X360, XRD) 
was used to evaluate the internal stresses developed 
on the carbon coatings. 

The pin-on-disk tribometer was used to examine 
the tribological behavior (COF & wear) of carbon-
based hybrid composite coatings. The DHM850 
high-temperature tribometer, with a  temperature 
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range of ambient –800 ℃, load 20 N to 200 N and 
sliding velocity of 0.1 m/s to –10 m/s was used for 
the experimental investigation of wear and COF. The 
test conditions of wear and COF were given in Table 
1, where C is the carbon-based hybrid coating, and 
suffixes 01, 02, 03 and 04 were used to differentiate 
the test conditions of the composite coating. The 
experimental tests for COF and wear were conducted 
with ASTM G99 standards without lubrication, G99 
grade pin with a diameter of 8mm and a surface 
roughness of 10 nm; the temperature varies from 50 

℃ to 350 ℃, the load from 60 N to 90 N, and the 
sliding velocity from 0.1 m/s to 0.4 m/s. 

The corrosion test was conducted with ASTM 
G111 standards in an electrolyte solution. The 
electrolyte solution was formed by mixing 3.5 wt% of 
NaCl powder in 1000 ml distilled water. The samples 
of the high-temperature wear test were dipped in 
the electrolyte solution for 1 and 8 h, for mass loss 
analysis. 

Table 1.  Details of experiment for wear test

No. Parameter C01 C02 C03 C04
1 Temperature [ºC] 50 150 250 350
2. Load [N] 60 70 80 90

3. Sliding velocity [m/s] 0.1 0.2 0.3 0.4

2  RESULTS & DISCUSSIONS 

2.1  Coating Characterization 

Fig. 1a to c illustrates the FESEM image of the 
surface and cross-sectional morphology along with 
bonding conformity of carbon-based hybrid composite 
coatings. It is quite clear from FESEM image at ×1000 
and ×500 that flake-like structures are seen along 
with presence of semi-molten, molten, and un-melted 
grains of composite particles along with formation of 
lamellae. Fig. 1c shows carbon coating was deposited 
uniformly and homogeneously, ranging from 400 µm  
to 450 µm. Fig. 1d to f shows the EDS mapping results 
of composite coating and confirms the deposition of 
wt% in the developed coating as 28 % carbon, 8 % 
oxygen. Fig. 1f shows the HRXRD spectra on the 
carbon-based hybrid composite coating. In the present 
case, peaks at 2Ɵ = 9° to 9.5°, 2Ɵ = 18.5° to 19°, 
2Ɵ = 26° to 27°, 2Ɵ = 35° to 36°, 2Ɵ = 48° to 48.5° 
and at 2Ɵ = 54° to 55°, 2Ɵ = 65°, and 73° to 78° and 
many other small peaks respectively were observed 
on the fabricated coating. The prominent peaks on the 
coating were at 2Ɵ = 26° to 27°, 2Ɵ = 35° to 36°, and 
2Ɵ = 48° to 48.5°. The HRXRD results confirm the 

formations of carbides, oxides and sulphides phases 
within the coating [26]. Fig. 1g shows the captured 
Raman spectra peak on the developed coating with 
the presence of hybridized carbon peak. To examine 
the structural properties of coating materials, Raman 
spectroscopy has been used by the researchers. In the 
present research, prominent peaks were observed at 
1120 cm–1 to1140 cm–1, 1340 cm–1 to 1360 cm–1  and 
1550 cm–1 to 1590 cm–1 on the carbon-based hybrid 
composite coating. It is noted that peaks around 1340 
cm–1 to 1350 cm–1 and at 1120 cm–1 to 1140 cm–1 

show sp1 or sp2 hybridized carbon deposition on the 
developed coating, while peaks around 1550 cm–1 to 
1590 cm–1 shows presence of sp3 hybridization with 
presence of diamond-like carbon (DLC) coating as 
testified in formerly research [26] to [28].

2.2  Micro-Hardness

The micro-hardness of carbon-based hybrid composite 
coatings deposited using the HVOF process is shown 
in Fig. 2a. The experimental results of hardness for 
fabricated coating shows that as the test condition of 
temperature ranging from 50 ℃ to 350 ℃, load from 
60 N to 90 N and sliding velocity from 0.1 m/s to 0.4 
m/s, respectively, rapidly increase hardness from 380 
HV to 680 HV. The hardness was found to increase 
of 79 % at the test condition of 90 N load, 0.4 m/s 
sliding velocity, and 350 ℃ temperature. The increase 
in hardness is due to the hard-ceramic particles, 
formation of oxides, carbides and sulphides layers, the 
agglomerate size of powders and the strong adhesive 
force between coating particles [29]. The experimental 
result shows as the temperature, load, and velocity 
increase, the micro-hardness of the carbon-based 
hybrid composite coating increases significantly, as 
studied by Tyagi et al. [30], and similar trends were 
also attained in the present hardness test. Matikainen 
et al. [31] investigated HVOF-developed coating, 
and experimental result shows that higher velocity 
particles enhance the hardness of the coating [32]. 

2.3  Residual Stress

The residual stress of carbon-based hybrid composite 
coatings fabricated using HVOF process is shown 
in Fig. 2b. Mathematically, the residual stress was 
determined by accurately measuring the position of the 
Debye rings using the Eqs. (1) and (2) and as shown 
in Fig. 3. Residual stresses on the coated samples 
are because biaxial applied load and thermal stresses 
developed on the body. The experimental results of 
residual stress for composite coating shows that as the 
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a)               b) 

c)              d) 

e) 

f)            g) 
Fig. 1.  Coating characterization; a) to c) SEM; d) to e) EDS mapping result; f) HRXRD; g) Raman spectra image of coating

test condition of temperature ranging from 50 ℃ to 
350 ℃, load from 60 N to 90 N and sliding velocity 
from 0.1 m/s to 0.4m/s respectively increases residual 
stress rapidly decreases from –50 HV to –11 HV. The 

residual stress was found to decrease to 78 % at test 
condition of 90 N load, 0.4 m/s sliding velocity and 
350 ℃ temperature. Compressive residual stresses 
are established due to the bombardment of high-
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velocity particles on the substrate material. Further 
increases in temperature, load and sliding velocity 
during the tribological test, and tensile stresses as 
internal stresses are developed, which balances the 
compressive stresses developed due to bombardment 
of hard ceramics particles [29] and [33]. Skordaris 
et al. [34] reported that as the temperature increases, 
thermal stresses on the coating also increases, but the 
structural stress developed on the samples remains 
stable up to 400 ℃. 
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where σx and σy is residual stress developed on the 
surface at the x- and y-axis, respectively, ν is Poisson 
ratio, η is diffraction lattice angle, ψ0 is X-rays 
incident angle and α is the azimuth angle of Debye 
ring, E is Young’s modulus. 

2.4  Corrosion test 

Fig. 4 shows the experimental test results of mass 
loss during corrosion test. The experimental results of 
corrosion test for the hybrid composite coating shows 
that as the test condition increases mass loss due to 
corrosion rapidly decreases from 0.10 g to 0.04 g, 
when samples were dipped for 1 h. When samples 
were dipped for 8 h, the mass loss of hybrid composite 

a)         b) 
Fig. 2. a) Micro-hardness vs. coating graph; and b) residual stress of coating vs. coating graph

Fig. 3. Residual stress of coating; a) Debye ring (2D), b) Debye ring (3D), c) distortion, d) extract (2D), e) extract (3D), and f) profile
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coating varies from 0.12 g to 0.045 g. The mass loss 
was found to decrease by 60 % at 1 h and 62.5 % at 
8 h. During the corrosion test, the samples after high 
temperature wear test were dipped in the electrolytic 
solution for 1 h and 8 h. The trend of mass loss shows 
linear relation with time due to corrosion with no 
acceleration, incubation or steady stage. The presence 
of carbon and hydrogen leads to a graphitization 
effect and the formation of sulphide forms a thin solid 
lubricated layer [30] and [33]. 

Fig. 4.  Corrosion test of coating

2.5  Tribological Test 

The tribological performance was evaluated using pin-
on-disk tribometer, which showed COF in the range of 
0.12 to 0.52, as shown in Fig. 5a, while Fig. 5b shows 
that wear was in the range of 45 µm to 120 µm, at 
test condition of temperature ranging from 50 ℃ to 
350 ℃, load from 60 N to 90 N and sliding velocity 
from 0.1 m/s to 0.4 m/s, respectively. The tribological 
analysis of carbon-based hybrid composite coating 
was done to evaluate the wear behaviour for wear 
resistance applications. The tribological test showed a 
76.9 % decrease in COF and a 62.5 % reduction in the 
wear at test condition of 0.4 m/s sliding velocity, 350 
℃ temperature, and 90 N load. During wear testing 
COF, the wear values first increase and, after that, 
become stable during the running-in process between 
the composite coating and its counterpart, due to good 
interfacial strength and excellent adhesive strength. 
The presence of carbon and hydrogen leads to a 
graphitization effect, and the formation of sulphide 
forms a thin solid lubricated layer [30] and [33]. Tyagi 
et al. [30] and Matikainen et al. [31] investigated an 
HVOF-developed coating, and the experimental result 
shows that higher velocity particles enhance the wear 
resistance properties of the developed coating; similar 
trends were also attained in the present tribological 
study. The experimental results that as the load, 
velocity, and temperature increases, COF & wear 

behaviour of carbon coating decreases significantly 
according to the Stribeck theory [35], and similar 
trends were also found in the present tribological 
study. The deviation of friction and wear by sliding 
distance shows approximately 500 m run-in-stage, 
followed by a stable stage [36]. 

a) 

b) 
Fig. 5.  a) COF; and b) wear of carbon coating

2.6  Wear Mechanism

The FESEM images show the wear characteristics of 
worn surfaces of the developed carbon-based hybrid 
composite coatings, and shown in Fig. 6a and b. Fig. 
6c shows the cross-sectional image of the composite 
coating after the wear test. FESEM obtained after 
wear test shows a brittle structure with grains along 
with the conversion of amorphous to polycrystalline 
structure of the composite coating. It was quite clear 
that metallic abrasive particles are entrenched in 
the developed composite coating or adhesive wear. 
The carbon-based hybrid composite coating shows 
ploughing action with the presence of chipped-off 
particles, rubbing action along with worn out particles 
were seen during the wear test [33]. It is also noted 
that the formation of tribofilm and diffusion of carbon 
particles increases as the test conditions increases [30] 
and [36].
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a) 

b) 

c) 
Fig. 6.  a) and b) wear mechanism, and c) coating thickness of 

carbon coating

3  CONCLUSIONS 

Currently, cost-effective coatings that cause less 
pollution are in strong demand; to reduce frictional 
loss, carbon-based hybrid composite coatings 
have been deposited using an HVOF process. The 
present work evaluates the microstructure, surface 

morphology, tribological and mechanical properties 
of carbon-based hybrid composite coating for wear 
resistance applications. 

The major results of carbon coatings are: 
1. FESEM+EDS, HRXED & Raman spectra 

confirm the deposition of coating, which exhibits 
typical semi-molten, molten and un-melted grains 
of composite particles along with the formation 
of lamellae.

2. The carbon-based hybrid composite coatings 
exhibit a typical laminar and molten structure, 
which showed micro-hardness in the range of 380 
HV to 680 HV and residual stress from –11 MPa 
to –50 MPa. 

3. The corrosion test result shows that as the test 
conditions increases, the mass loss decreases 
from 0.10 g to 0.04 g, when samples were dipped 
for 1h; when the samples were dipped for 8 h, 
the mass loss of hybrid composite coating varies 
from 0.12 g to 0.045 g.

4. The tribological performance was evaluated 
using a high-temperature tribometer, which 
showed COF in the range of 0.12 to 0.52, while 
wear in the range of 45 µm to 120 µm, as the 
test condition of temperature ranging from 50 ℃ 
to 350 ℃, load from 60 N to 90 N and sliding 
velocity from 0.1 m/s to 0.4 m/s, respectively. 

5. The tribological test showed a 78.9 % increase 
in micro-hardness, a 78 % decrease in residual 
stress, 60 % and 62.5 % decreases in mass loss 
due to corrosion at 1 h and 8 h, respectively, a 
76.9 % decrease in COF and a 62.5 % reduction in 
the wear at test condition of 350 ℃ temperature, 
a sliding velocity of 0.4 m/s and 90 N load.
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