
 
Journal of Advanced Research in Applied Mechanics 119, Issue 1 (2024) 135-144 

 

135 
 

 

Journal of Advanced Research in            
Applied Mechanics 

 

Journal homepage: 
https://semarakilmu.com.my/journals/index.php/appl_mech/index 

ISSN: 2289-7895 

 

Effect of High-Velocity Oxy-Fuel (HVOF) sprayed Tungsten Carbide Nickel 
(WC-Ni) Coating on the Fatigue Strength of Carbon Steel with Different 
Spraying Distances 

 
Muhammad Nabil Fikri Norulhelmi1, Mohd Azhar Harimon1,*, Mohammad Sukri Mustapa1, Nafisah 
Arina Hidayati2  
  
1 Department of Mechanical Engineering, Faculty of Mechanical and Manufacturing Engineering, Universiti Tun Hussein Onn Malaysia, 86400 

Batu Pahat, Johor, Malaysia 
2 Department of Mechanical Engineering, Faculty of Engineering, Brawijaya University, Malang, Indonesia 
  

ARTICLE INFO ABSTRACT 

Article history: 
Received 17 March 2024 
Received in revised form 12 May 2024 
Accepted 26 May 2024 
Available online 30 June 2024 

This research aims to determine the impact of varied spraying distances of 200 and 250 
mm for HVOF spraying of tungsten carbide-nickel (WC-Ni) coating on the fatigue 
strength of S50C carbon steel. The fatigue test is performed on the coated specimens 
using the Shimadzu Servopulsor testing machine according to ASTM E466 for axial 
fatigue testing. The fracture surface was analysed by scanning electron microscope 
(SEM). The findings showed that the fatigue strength of the coated carbon steel 
decreased compared to the uncoated specimen. Also, the coated carbon steel fatigue 
strength increased with increasing spraying distances from 200 mm to 250 mm. There 
are two separate zones on the shattered surface: a burnished, smooth region and a 
granular, rough region. The fatigue fracture developed in the area that was burnished 
and smooth. 
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1. Introduction 
 

The high-velocity oxy-fuel (HVOF) is referred to as thermal spray coating. It is a technique to 
enhance the surface quality or repair damaged components [1]. A fluid fuel and oxygen mixture is 
introduced into a combustion chamber and ignited to achieve the desired coating effect. It is often 
used in depositing cobalt-based, nickel-based, and iron-based coatings on metal substrates [2]. HVOF 
sprayed coating offers advantages such as enhanced cohesive strength of the coating and improved 
adhesion to the underlying substrate. The process of HVOF is gases flow through the nozzle at rates 
greater than the speed of sound due to the pressure and temperature created by gas burning. Nozzles 
in the combustion chamber oversee melting powder pieces completely or particularly [3]. 

With outstanding corrosion resistance and high-temperature tolerance, tungsten carbide-nickel 
(WC-Ni) is commonly employed in thermal surfacing techniques. The WC-Ni coating is particularly 
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suitable for severe wear conditions due to its remarkable thickness, and abrasive media, where it 
exhibits greater ductility compared to tungsten carbide cobalt coating, resulting in enhanced chip 
resistance [4]. Additionally, it has been shown that the rate of wear of pure abrasion tungsten carbide 
boosts the already significant amount of carbide corrosion present throughout the sedimentation 
process [5]. Also, some researchers stated that the nickel may be combined with other materials to 
coat or protect them from the effects of corrosion [6].  

Unlike other steel types, carbon steel lacks chromium, making it more prone to rust and corrosion 
[7]. Prolonged exposure to moisture leads to rust formation. A coating is applied to safeguard the 
surface of carbon steel and prevent rust. Surface coating is a practical way to add desirable qualities 
to materials, equipment, and machine parts, such as resistance to corrosion, erosion, and wear [8]. 
The coating process involved the utilisation of thermal spray in a non-metallic environment. The 
higher precipitate strengthening may account for the lower yield stress's proportionate influence on 
grain boundary strengthening [9].  

Fatigue properties play a crucial role in materials' mechanical behaviour, and sufficient fatigue 
resistance is essential for the practical use of structural materials. Fatigue resistance refers to the 
ability of a material to withstand cyclic stress without accumulating damage that could result in 
fracture [10]. This condition eventually leads to fracture. Metal fatigue can cause unforeseen and 
potentially catastrophic failures in components that experience repetitive loading or stress. It is the 
primary cause of structural component failures in various applications such as aircraft, spacecraft, 
bridges, and power plants.  

Previous research M.P Nascimento’s study investigated the long-term impact of HVOF coating on 
the fatigue characteristics of carbon steel. The research focused on analysing the fatigue, abrasion, 
and corrosion behaviour of AISI 4340 high-strength steel, specifically concerning tungsten carbide 
thermal spray coating applied through HVOF and hard Cr electroplating methods [4]. Although the 
technique induced compressive residual stresses, the presence of a high density of pores and oxide 
inclusions within the coating, commonly observed during the thermal spray process, may have 
counteracted its benefits. Fatigue failures usually start at the surface of a fatigue specimen. In the 
case of coated components, the crack can initiate from the coating at the locations of pores in the 
coating. Once initiated, crack propagation will occur, leading to fatigue failure [3]. Also, based on 
Halmi’s study [11], a detailed fracture surface analysis showed two noticeable regions: the burnished 
and granular zones. As the stress amplitude increased, there was a decrease in the size of the 
burnished area, indicating a reduction in the cross-sectional area of the fatigue fracture zone. 

Distance from the object being sprayed has a major impact on the effectiveness of the thermal 
spray method. The spraying distance has been shown to influence the deposition deficit in cold 
spraying. The effectiveness of the deposition decreases in proportion to the increasing spraying 
distance [12]. The specimen's fracture toughness will decrease as the spray distance rises; however, 
there is no direct correlation between the spray distance and the elastic modulus or the Poisson's 
ratio of the specimen [13]. The number of non-melted surface roughness particles, holes and fissures 
between the lamellas, and the quality of the thermal spray coatings put down in the current 
experiment are all negatively impacted by increasing spray distance [14]. For example, when 
considering porosity, the fuel flow rate is the most important spraying element to consider [15].  

This research investigated the effects of the HVOF process of carbon steel coated with tungsten 
carbide nickel on fatigue behaviour at different spraying distances. The fatigue test is conducted to 
assess the fatigue strength of a material when exposed to repeated cyclic loading. 
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2. Methodology  
 

In this study, the specimen’s substrate is made using S50C hot rolled medium carbon steel. 
Meanwhile, the coating is made of tungsten carbide-nickel (WC-Ni) powder. Particle size distribution 
of 30 to 60 μm was used. Table 1 shows the composition of S50C carbon steel and WC-Ni powder. 
 

Table 1 
Composition of carbon steel and WC-Ni powder 
Types Weight (%) 
Carbon Steel Fe Balance 

C 0.52 
Si 027 
Mn 0.64 
P 0.016 
S 0.004 

WC-Ni Powder W Balance 
Ni 10.21 
C 5.17 
Fe 0.68 

 
The S50C carbon steel specimen underwent CNC milling to achieve a particular specimen’s 

dimensions. To conduct the fatigue test, the carbon steel specimen was shaped into a dog bone 
configuration, as shown in Figure 1, following the guidelines of ASTM E466 [16]. The dog bone-shaped 
specimens have a gauge size of 6 millimetres and a gauge length of 31.06 millimetres. 

 

 
Fig. 1. Dog bone shape specimen for fatigue test 

 
Before the HVOF process takes place, a few preparations of the substrate need to be done to 

attain an optimum coating. Initially, the specimens were cleaned with acetone to remove dirt, mill, 
and rust scale. Then, the substrate was grit-blasted using Shipblast 600 Lbs. Aluminium silicate, 
Al2SiO5, with a 20 - 40 mesh size, was used as the abrasive material. The airflow pressure was set at 
8 bar, the standoff distance between the torch and substrate was set at 100 mm, and the blowing 
pressure angle was kept at 90ᵒ. The outcome surface roughness of the specimen was in the range of 
Ra = 1.9 - 3.2 µm. 

The Bexxon ZB-2000 Mobile HVOF system, equipped with the Diamond Jet DJ2700 gun, was 
utilised to achieve high-speed spraying of the HVOF coating powder. This process aimed to generate 
a dense and hard coating. The powder underwent preheating to optimise the coating's performance, 
facilitating chemical reactions and polymerisation among its constituents. In the case of a dog-bone-
shaped specimen, the coating was applied to cover the central section. Consistency was maintained 
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across all specimens by keeping the coating parameters constant, as outlined in Table 2. The surface 
morphology of the coatings was observed using the scanning electron microscope (SEM). 
 

Table 2 
Coating parameters [11] 
Parameter Value 
Thermal Spray Gun Diamond Jet DJ2700 of Bexxon 
Powder Feeding Rate 15-150 g/min 
Particle Size 45 ± 15 µm 
Oxygen Pressure 1.2 MPa 
Fuel Pressure 0.62 MPa 
Air Pressure 0.72 MPa 
Air Flow 440 L/min 
Fuel Flux 88 L/min 
Oxygen Flux 310 L/min 
Spraying Distance (mm) 200, 250 

 
This study employed an axial fatigue test following the load-controlled approach with a load ratio 

(R) of -1. The cyclic loading was applied tension-compression using a sine wave pattern, conforming 
to the specifications outlined in ASTM E466 [16]. A load frequency of 20 Hz was selected to establish 
the test conditions. This frequency determines the rate at which the cyclic loads are applied to the 
material during the test. Additionally, a predetermined cycle count of 106 cycles was chosen as the 
target for the test. This cycle count signifies the complete load cycles the material undergoes during 
testing. By conducting the fatigue test according to these standardised parameters, the researchers 
aimed to evaluate and determine the fatigue strength of the material under consideration. The test 
design and adherence to established standards ensure consistency and comparability of results for 
accurate assessment and characterisation of the material's fatigue behaviour. After finishing the 
fatigue testing for the specimen, the fractured surface of the specimen of carbon steel coated with 
WC-Ni was observed using SEM to analyse the features of the fractured surface.  
 
3. Results  
3.1 Coating Surface Morphology 
 

The surface morphology of the WC-Ni coatings is shown in Figure 2. The distribution of tungsten 
carbide (WC) consists of an angular shape, which is in light contrast and dissolves into a metallic 
binder of Ni, which is in dark contrast. Pores have been observed on the top surface of the coating. 
The resulting coatings are made up of continuous splats of thermal spraying. Pores were formed due 
to the random build-up, curling up and incomplete filling of splats’ interstices during the thermal 
spray process [17]. Generally, it can be observed that the porosity of the coating for a 250 mm 
spraying distance increases literally if compared with the coating for a 200 mm spraying distance. A 
study [1] sprayed stainless steel powder using the HVOF technique, and they reported the same 
observations where short and moderate spray distances reduce the porosity of the coating and 
improve its mechanical properties. 
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   (a)       (b) 

 
   (c)       (d) 
Fig. 2. SEM micrographs of WC-Ni coating; (a) low magnification (500x) and (b) high magnification (1800x) for 
200 mm spraying distance, (c) low magnification (500x) and (d) high magnification (1800x) for 250 mm spraying 
distance 
 
3.2 Fatigue Test Result 
 

Based on the data presented in Table 3, it is evident that uncoated steel exhibits the highest 
fatigue strength among the tested materials. At a cycle count of 106, the fatigue strength of uncoated 
steel is measured at 317 MPa. Following this, carbon steel coated with WC-Ni using a spraying 
distance of 250 mm demonstrates a fatigue strength of 250 MPa at the same cycle count. Lastly, 
carbon steel coated with WC-Ni using a spraying distance of 200 mm exhibits a fatigue strength of 
250 MPa at 106 cycles. This trend is further supported by the corresponding lines shown in Figure 3. 
The line representing uncoated steel is positioned at the top, indicating its superior fatigue strength 
compared to the coated steel. Additionally, the line representing carbon steel coated with WC-Ni 
using a spraying distance of 250 mm is situated above the line representing carbon steel coated with 
WC-Ni using a spraying distance of 200 mm. This suggests that the former coating method yields 
higher fatigue strength. Moreover, the parallel alignment of all the lines in the graph indicates that 
no external factors, such as temperature variations or corrosion, significantly influenced the 
specimens during the testing process. This reinforces the results' reliability and suggests that the 
observed differences in fatigue strength can be attributed primarily to the effects of the coatings and 
spraying distances. 
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Table 3 
The stress life (S-N) value for uncoated steel and WC-Ni coated carbon steel 
Specimen Coating 

Thickness 
(mm) 

Spraying 
Distance 
(mm) 

Load Amplitude, 
𝐹𝐹𝑎𝑎 (kN) 

Fatigue 
Strength, σ𝑓𝑓  
(MPa) 

Number of Cycles 
to failure, 

𝑁𝑁𝑓𝑓 
Uncoated NA NA 13.5 476 2365 

11.1 435 18908 
10.5 370 162151 
9.0 317 1000000 

WC – Ni 
Coated 
Carbon 
Steel 

0.25 200 13.3 480 135 
10.0 360 551 
8.4 305 197548 
6.9 250 1000000 

250 10.0 360 29070 
7.5 270 1000000 

 

 
Fig. 3. The stress line (S-N) diagram of uncoated steel and WC-Ni coated steel 

 
The fatigue strength of a material, expressed as a percentage of its ultimate tensile strength, can 

range significantly from 1% to 70%. Various factors, such as surface finish, specimen size, load type, 
temperature, corrosive environment, mean stresses, residual stresses, and stress concentrations 
influence this variability. For instance, high-strength steel with a sharp notch exposed to a high mean 
tensile stress in a corrosive environment typically demonstrates a fatigue strength of around 1% of 
its ultimate tensile strength. Conversely, medium-strength steel under an inert atmosphere with 
substantial compressive residual stress may exhibit a fatigue strength of approximately 70% of its 
ultimate tensile strength [18]. The relationship between fatigue strength and tensile strength is 
shown in Figure 4. The graph indicates a proportional increase in fatigue strength as tensile strength 
rises. However, the average fatigue ratio is approximately 0.33. Notably, this average value is lower 
than the expected value of 0.5. Table 4 shows the value of fatigue strength and tensile strength. 
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Fig. 4. The relation between fatigue strength and tensile strength 

 
Table 4 
The fatigue strength and tensile strength value 
 Tensile Strength, 

𝛔𝛔𝒖𝒖 (MPa) 
Fatigue Strength, 
𝛔𝛔𝒇𝒇 (MPa) 

Fatigue Ratio 

Uncoated steel 858.4 317 0.37 
WC-Ni 200 mm 825 270 0.33 
WC-Ni 250 mm 825 250 0.30 
Averaged value 836.1 279 0.33 

 
3.3 Fracture Surface Observation 
 

Figure 5 (a) shows the fractured surface of uncoated carbon steel with a fatigue strength of 317 
MPa at the 106 cycles. Figure 5 (b) is the scanning electron microscope for the carbon steel specimen 
coated with WC-Ni with a 200 mm spraying distance. Meanwhile, Figure 5 (c) is the carbon steel 
coated with a 250 mm spraying distance of WC-Ni. 

The fractured surface displays two distinct areas that can be observed: one is a burnished, smooth 
region, and the other is a granular, rough region. In Figure 5 (a), (b), and (c), the burnished, smooth 
region was designated as Region 1, while the granular, rough region was labelled as Region 2. The 
burnished, smooth region corresponds to the specific area where the fatigue crack occurred. Within 
this region, various features can be identified, including crack initiation sites, progression marks, a 
clamshell pattern, benchmark indicators, and striations. On the contrary, the granular, rough region 
represents the final ductile fracture area, which experienced a fracture relatively quickly compared 
to the fatigue crack region [19].  
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Fig. 5. (a) SEM micrograph of fractured surface for uncoated, (b) SEM micrograph for fractured surface 
for WC-Ni 200 mm spraying distance, (c) SEM micrograph of fractured surface for WC-Ni 250 mm 
spraying distance 

  
According to Figure 6 (a), the fractured surface exhibits fatigue striations, which are tiny features 

that can be observed under microscopic examination. These striations indicate the fracture's 
advancement during each load cycle, revealing the gradual growth of a fatigue crack. However, it's 
important to distinguish fatigue striations from beach marks, which are macroscopic characteristics 
resulting from stress modifications that contribute to the progression of the crack tip. Unlike fatigue 
striations, beach marks provide a broader perspective and offer insights into the changing direction 
of fracture progression over time. Notably, a single beach mark can encompass a multitude of 
individual striations, potentially numbering in the thousands [20]. The visibility of these striations 
may be compromised due to extensive surface rubbing and pounding that occurs during repetitive 
loading. Additionally, it becomes exceedingly difficult to detect these striations in materials with high 
strength. Hence, the identification and examination of such striations pose significant challenges in 
such materials. 

Based on Figure 6 (b), several initial cracks are observed near the upper right outer perimeter. 
These cracks are characterized by somewhat radial lines, commonly called "ratchet marks," which 
extend around the upper left perimeter. The process of initial cracking originated at the surface and 
subsequently propagated towards the interior of the specimen. According to G. A. Pantazopoulos 
[21], cracks tend to nucleate primarily at or near the surface due to several factors. Firstly, inelastic 
deformation is more likely to occur at the surface, making it a favourable location for crack initiation. 
Additionally, surface areas can experience intrusion or extrusion, resulting in increased stresses or 
strains from external loads. Manufacturing processes often lead to stress concentration at the 
surface, further contributing to crack nucleation. Moreover, surface-related factors such as 

1 2 

1 

2 
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environmental attacks, such as corrosion, can promote crack initiation. However, it is important to 
note that cracks can also originate from non-surface areas, such as grain boundaries, inclusions, 
pores, and other microstructural features or discontinuities. These areas present potential sites for 
crack nucleation, indicating that cracks are not solely restricted to the surface region. 
 

 
Fig. 6. (a) Fatigue striation at the fractured surface of 200 mm spraying distance of WC-Ni, (b) Fatigue initiation 
at the fractured surface of 250 mm WC-Ni coating of carbon steel 
 
4. Conclusions 
 

This study examines the impact of high-velocity tungsten carbide-nickel (WC-Ni) oxy-fuel coatings 
on the fatigue behaviour of carbon steel at various spray distances. The results showed that the 
fatigue tests demonstrated that carbon steel's fatigue strength decreased when coated using the 
HVOF method. The uncoated carbon steel exhibited the highest mechanical fatigue strength among 
all the tested samples. However, among the coated carbon steel samples, the WC-Ni coating applied 
at a spraying distance of 250 mm displayed the highest mechanical fatigue strength. This suggests 
that the fatigue strength of the coated carbon steel improves as the spraying distance increases. In 
other words, a greater spraying distance during the HVOF coating process enhances the fatigue 
strength of the carbon steel material. Nevertheless, a greater distance may sacrifice the porosity and 
mechanical properties of the coatings. 
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