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ABSTRACT 

High-Velocity Oxy-Fuel (HVOF) coating is a thermal spray coating technique involving the carriage of coating powder 

into a flame mixture of oxygen and fuel ejected through a nozzle. The molten or semi-molten powder is propelled at high-

velocity gas stream towards the surface to produce a strong and dense coating which enhances erosion resistance, wear 

resistance, and corrosion protection. However, the effect of the coating towards other mechanical properties such as 

tensile behaviour is uncertain. Therefore, this paper provides an assessment of the effect of HVOF coatings, coatings 

thickness and grit blasting on tensile behaviour of S50C steel. The tensile test was carried out according to the ASTM-

E8/E8M standard and the tensile fracture surface was examined by using a Scanning Electron Microscope (SEM). Micro-

hardness and grain size analysis was used to identify the different properties between coated and uncoated steels. Results 

showed that micro-hardness, yield- and tensile strength decreased due to the high-temperature effect of HVOF coating. 

Also, as the coating thickness increases, the yield- and tensile strength reduced because of the longer time-expose of the 

high temperature of the HVOF process. Besides that, grit blasting treatment lowered the yield- and tensile strength of the 

steel due to the embedment of the grit blasting. The fractographic analysis shows clear voids, spherical dimples and 

cleavage facets which indicate that both coated and uncoated steels underwent a “moderate” ductile fracture during the 

tensile loading. 
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INTRODUCTION 

S50C grade carbon steel is one of the hard and tough steel materials often used for ultra-high-strength components 

such as milling blades, railway tracks, crank shafts etc.[1]. The mechanical properties of S50C are enhanced by the 

applications of surface coating technology. High-Velocity Oxy-Fuel (HVOF) is a relatively new method of thermal 

spray coatings, which has received great attention as one of the most powerful coating techniques. It involves 

sending the coating powder into a flame mixture of fuel and oxygen ejected through a nozzle and deposited on a 

material substrate. The ejected powder is at a very high velocity (800 m/s) and at a lower temperature of 3000 ˚C 

(compared with other thermal spray families), which can prevent decarburization process[2].WC-12Co and WC-

10Ni coatings are popular and significant for improving the wear and corrosion resistance of the substrate materials 

[3][4]. However, the effects of these coatings toward other mechanical properties such as hardness, fatigue, tensile, 

etc. remain unknown. 

Some previous researches have been carried out to study the effects of HVOF coatings on tensile 
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behaviour. Some studies showed the presence of the HVOF coating reduced the tensile strength of substrates [5][6] but, 

some other study showed that the presence of HVOF coating increaseed the tensile strength as the load-carrying ability of 

the composition structures increases [7]. A. Koutsomichalis et al. in his findings [5][6][8] stated that the yield- and tensile 

strength decreased as the coating thickness increased. Meanwhile,X. Luo clarified that the higher the surface roughness of 

the substrate, the higher the yield- and tensile strength of the coated steel [7]. T. C. Totemeier et al. concluded[9], that the 

tensile strength increases as the spray velocity of the HVOF increases. Also, the annealed process on the coated steel result 

in higher tensile strength compared with the as-coated. According to some studies[5][6][8][7][9], fractographic analysis 

shows that the failure of the coated steel initiated at the surface of the coating propagated transversely towards the coating-

substrate interface and diverges along with the interface leading to local delamination and breakage. 

Table 1 shows the summary of some results from tensile test of previous researches. In this study, the WC-12Co 

and WC-10Ni coatings are sprayed using HVOF on S50C medium carbon steel, in which the effect of tungsten carbide 

type/composition, coating thickness and grit blasting treatment on tensile properties are studied. A minimum of three 

specimens for each condition was tested to compare their tensile results. The fracture morphology of the specimen was also 

analysed. 

Table 1: Summary of Selected Results From Tensile Test of Previous Researches 

Substrate Coating 
Coating Thickness 

(µm) 

Tensile Strength 

(MPa) 

Yield 

Strength 

(MPa) 

Ref. 

St 37 steel None - 520 480 [5] 

St 37 steel HVOF WC-Co-Cr 100 320 270 [5] 

St 37 steel HVOF WC-Co-Cr 112 340 240 [5] 

St 37 steel HVOF WC-Co-Cr 137 300 200 [5] 

Al-4%Cu alloy None - 520 480 [6] 

Al-4%Cu alloy HVOF WC-Co-Cr 100 320 270 [6] 

Al-4%Cu alloy HVOF WC-Co-Cr 112 340 240 [6] 

Al-4%Cu alloy HVOF WC-Co-Cr 137 300 200 [6] 

Ck 40 steel HVOF CoCrSiW 100 195 150 [8] 

Ck 40 steel HVOF CoCrSiW 200 175 143 [8] 

Ck 40 steel HVOF CoCrSiW 300 170 138 [8] 

AISI 1008 None - 230 210 [7] 

AISI 1008 

(fine surface 

roughness) 

HVOF Ni5Al 230 260 250 [7] 

AISI 1008 

(medium surface 

roughness) 

HVOF Ni5Al 230 280 265 [7] 

AISI 1008 

(coarse surface 

roughness) 

HVOF Ni5Al 230 290 270 [7] 

AISI 1020 

HVOF Fe3Al (as-

coated) 

(390 m/s spray 

velocity) 

250 60-90 None [9] 

AISI 1020 

HVOF Fe3Al (as-

coated) 

(560 m/s spray 

velocity) 

250 190-240 None [9] 

AISI 1020 

HVOF Fe3Al (as-

coated) 

(620 m/s spray 

250 380-400 None [9] 
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velocity) 

AISI 1020 

HVOF Fe3Al 

(annealed) 

(390 m/s spray 

velocity) 

250 200-310 None [9] 

AISI 1020 

HVOF Fe3Al 

(annealed) 

(560 m/s spray 

velocity) 

250 380-400 None [9] 

AISI 1020 

HVOF Fe3Al 

(annealed) 

(620 m/s spray 

velocity) 

250 560-570 None [9] 

 

EXPERIMENTAL PROCEDURES 

Materials 

In this research, the coating powders used are WC-12Co and WC-10Ni. Both powders will produce a hard-dense coating 

and show good bond strength. WC-12Co coatings are typically used in wear applications due to the presence of 88% of 

tungsten carbide as a hard material and 12% of cobalt matrix functions as a binder material for the carbide particles, which 

also improves the toughness of coatings. Meanwhile, WC-10Ni coatings are typically used in corrosive application, as it 

has been proven to be of better corrosion resistance when compared to WC-12Co coatings[10]. Tables 2 and Table 3 show 

the chemical composition of WC-10Ni and WC-12Co powders. 

Table 2: Chemical Composition of WC-12Co Powder 

W Co C Fe 

Balance 12.09% 5.18% 0.65% 

 

Table 3: Chemical Composition of 

WC-10Ni Powder 

W Ni C Fe 

Balance 10.21% 5.17% 0.68% 

The powder was deposited by the High-Velocity Oxy-Fuel (HVOF) technique onto medium carbon steel, S50C 

hot rolled steel. The S50C medium carbon steel has good weldability, good machinability, high strength and high impact 

properties. Table 4 shows the chemical composition of S50C carbon steel. 

Table 4: Chemical Composition of S50C Medium Carbon Steel 

Fe C Si Mn P S 

Balance 0.52% 0.27% 0.64% 0.016% 0.004% 

Specimen Preparation 

The S50C hot rolled steel plate was machined into specific specimens using CNC milling following. ASTM International 

Standard Norm E8/E8M-09 [11]. For the tensile test, an S50C hot rolled steel was sectioned into a dog bone shaped 

specimen. The dog bone shaped specimen has a gage diameter of 6 mm and a gage length of 31.06 mm, as shown in Figure 

1. For material characterization, S50C hot rolled steel was sectioned into cuboid shape. The cuboid-shaped specimen has a 

height of 10mm, a width of 10mm and a thickness of 15mm, as shown in Figure 2. The dimension shown in Figure 1 and 2 

did not include the thickness of the coating. 
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Figure 1: Dimension of the Dog-Bone Shaped 

Specimen (in mm) 

Figure 2: Dimension of the Cuboid 

Shaped Specimen (in mm) 

The specimens were then cleaned with acetone to remove dirt, mill and rust scale. The cleaning also helps in 

removing oil, grease or paint. Thereafter, the unwanted coated areas were covered with silicone rubber tape to hide the 

unwanted coating. Prior to the deposition of the coatings, the substrate was grit blasted by using Ship blast 600lbs. 

Aluminium silicate, Al2SiO5 (also known as coal slag) with a 20–40 mesh size was used as the abrasive material. The 

airflow pressure was set at 8 bar, the standoff distance between torch and substrate was set at 100 mm, and the blowing 

pressure angle was kept at 90º. The outcome surface roughness of the substrate was in the range of Ra, 1.9-3.2 µm. The 

purpose of this process is to remove any contaminants on the surface of the substrate in order to produce a clean surface for 

the coating’s deposition. In addition, the grit blasting process will generate a surface roughness, which ensures mechanical 

anchoring between the coating and the substrate surface [12]. 

The coating process applied in this research is HVOF. ZB-2000 Mobile HVOF with Diamond Jet DJ2700 gun of 

Bexxon was used to spray the coating powder at very high speed of 2150 ms-1 with temperature of 2750 ˚C, in order to 

produce a hard dense and porous free coating. The HVOF machine includes the control cabinet, gun, powder feeder, and 

chiller. The coating powder was preheated to ensure the chemical group in the powder react together to polymerize each 

other and enhance the coating performance. After the preheating process was completed, the powder was then carefully 

loaded into the powder feeder container. Next, the HVOF machine was switched on and coating parameters were set using 

the control cabinet. The different parameters produced different coating properties. Therefore, coating parameters which 

act as a controlled variable in this research were applied similarly for both WC-10Ni and WC-12Co powders. Table 5 

provides the coating parameters for this research. 

Table 5: Coating parameters for both WC-10Ni and WC-12Co powders 

Parameter Value 

Thermal spray gun The Diamond Jet DJ2700 of Bexxon 

Powder feeding rate 15-150g/min 

Particles size 45±15µm 

Oxygen Pressure 1.2MPa 

Fuel Pressure 0.62MPa 

Air Pressure 0.72MPa 

Air flow 440L/min 

Fuel flux 88L/min 

Oxygen flux 310L/min 

Spraying distance 200-250 mm 

Subsequently, the dog-bone shaped substrate was clamped onto the stepper (Figure 3), whereas the cubic-shaped 

substrate motor was clamped using a special tool (Figure 4). The substrate in Figure 3 was rotated clockwise, while the 

HVOF coating sprayed directly to the surface from left to right and vice versa. The coating distance between the spraying 

nozzle and the substrate’s surface was kept constant at 250 mm. For dog-bone shaped substrate, the coating will cover only 

the middle of the dog bone shaped specimen, whereas for cubic-shaped substrate, the coating will cover only the top 
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surface of the cuboid-shaped specimen, as shown in figure 5. 

  
Figure 3: Coating Method for Dog-Bone Shaped 

Sample 

Figure 4: Coating Method for Cubic Shaped 

Sample 

 

 
(a) 

 
(b) 

Figure 5: Coated Region of (a) Dog-bone Shaped Specimen and (b) Cuboid Shaped Specimen 

Having sprayed a few layers of the coating, the spraying process needs to be paused for a few minutes to prevent 

overheating. When the desired thickness is achieved, the coated substrate needs to cool down at room temperature. After 

cooling the coated substrate, the thickness of the coating was measured using a dry film thickness gauge (Elcometer 456). 

An average of three thickness measurements at three different points on the coating region was taken. 

Tensile Test and Material Characterization 

The tensile tests were conducted following ASTM International Standard Norm E8/E8M-09 “Standard Test Methods for 

Tension Testing of Metallic Materials” using a Gotech 50KN universal testing machine at room temperature. The 

crosshead speed setting was 0.5mm/min. The cross-sectional area of the specimen utilized in calculating the tensile 

properties included both the substrate and coating diameters. Three manipulated conditions were investigated in this test, 

which are coating type, coating thickness and grit blasting process, to identify their effect towards tensile properties. A 

minimum of three specimens for each condition was tested to compare their tensile results. The specimens were classified, 

as displayed in table 6. 

Table 6: Tensile Test Matrix 

Test Substrate Surface Treatment Coating Coating thickness (mm) Quantity 

Tensile S50C steel 

None None None 3 

Grit blasting None None 3 

Grit blasting WC-12Co 0.15 3 

None WC-12Co 0.25 3 

Grit blasting WC-12Co 0.25 3 

Grit blasting WC-12Co 0.35 3 

Grit blasting WC-10Ni 0.15 3 

None WC-10Ni 0.25 3 

Grit blasting WC-10Ni 0.25 3 

Grit blasting WC-10Ni 0.35 3 

 Total: 30 
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After the tensile test was completed, the fractured specimen was sectioned 20mm from the fractured surface using 

electric angle grinder. Next, the specimen underwent fractographic analysis by using Hitachi SU1510 scanning electron 

microscope. The fractographic analysis is aimed to determine cause of failure in fractured surfaces by studying the 

characteristics of the fractured surfaces. 

Vickers micro-hardness tests were conducted following ASTM International Standard Norm E384-17“Standard 

Test Methods for Micro indentation Hardness of Materials” using a Shimadzu micro-hardness Vickers machine at room 

temperature. The indentation load setting was 490.3 mN (0.05HV) within dwell time of 10s. The test was performed 

randomly in zones apparently homogeneous, free of pores and other discontinuities, as far as the observation under the 

optical microscope is concerned. Measurements were taken from the cross-sectional surface (0.5 - 1.0 mm near the 

interface region) of the samples, as shown in Figure 6. In the micro-hardness test, three readings at different zones were 

taken and the average values were calculated. 

The grain size analysis was conducted using a Nikon optical microscope at room temperature to determine the 

distinct grain size produced at the substrate due to the HVOF thermal spray coating. Prior to the grain size analysis, one 

side of the specimen underwent ground, polished and etching process for a visible and unscratched image. Then, the side 

was rinsed thoroughly into the water and afterwards with an alcohol solvent. Warm airflow was used to dry out the 

specimen. Next, the specimen was put under the optical microscope to capture the grain image in a specific position, as 

shown in Figure 6. The images taken were then analyzed using the ImageJ software for the grain size calculation. 

 
(a) 

 
(b) 

Figure 6: Region of the Hardness Indentation and Grain Image 

Captured for (a) Uncoated Steel and (b) Coated Steel 

The method used for measuring the grain size distribution is the intercept-method, which considers a line along 

with the micrograph image and calculates the number of intersecting points with the grain boundaries, as shown in Figure 

7. Two lines for every vertical and horizontal axis were drawn and the grain boundaries that intersect with the lines were 

calculated, as illustrated in Equation 1. The average grain size value from the four lines was taken for the final result, as 

represented in Equation 2 [13]. The specimen for both micro-hardness test and grain size analysis were classified as 

displayed in Table 7. 

 
Figure 7: Test Pattern for Intercept Count 

                                                                                                                          (1) 
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                      (2) 

Table 7: Microhardness Test and Grain Size Analysis Matrix For S50C Steel 

Test Substrate Surface 

Treatment 

Coating Coatingthickness (mm) Quantity 

Microhardness S50C steel None None None 1 

Grit blasting WC-12Co 0.25 1 

Grit blasting WC-10Ni 0.25 1 

Grain size None None None 1 

Grit blasting WC-12Co 0.25 1 

Grit blasting WC-10Ni 0.25 1 

 Total 6 

 

RESULTS 

Tensile Properties 

Figure 8 represents the stress-strain curves for the uncoated steel, WC-12Co and WC-10Ni coated steels, with and without 

grit blasting treatment, and with varied coating thicknesses. To adjust for the additional thickness and additional cross-

sectional area of the coating deposit, the plots were converted to stress-strain relations, with overall stress calculated by the 

instantaneous load over the initial area.  

Table 8 presents the values of the tensile strength, yield strength, elastic modulus, total strain, maximum load, 

total elongation and area of every specimen. In general, factors such as tungsten carbide type/composition, coating 

thickness and grit blasting treatment give a few significant effects to the tensile properties. These factors may sometimes 

improve or worsen the tensile behaviour of the steel. 

Based on Table 8, comparing the coated with the uncoated steel, the effect of the HVOF thermally sprayed WC-

12Co tungsten carbide cobalt coated steel, grit blasted with 0.25mm coating thickness (782 MPa) and WC-10Ni tungsten 

carbide nickel coated steel, grit blasted with 0.25mm coating thickness (825 MPa) caused a lower tensile strength value 

compared with the uncoated steel, non-grit blasted (858 MPa).Similar to the yield strength properties, the value of the yield 

strength is lower in the WC-12Co coated steel, grit blasted with 0.25mm coating thickness (766 MPa) and WC-10Ni 

coated steel, grit blasted with 0.25mm coating thickness (821 MPa) compared to the uncoated steel, non-grit blasted 

(846MPa). 

 
(a) 
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(b) 

Figure 8: Stress-Strain Curves of (a) Uncoated Steel and WC-12Co Coated Steel (b) 

Uncoated Steel and WC-10Ni Coated Steel 

 

Table 8: Elastic modulus, Yield Strength, Tensile Strength, Total Strain, Maximum Load and Total Elongation 

Values of Uncoated Steel, WC-12Co Coated Steel and WC-10Ni Coated Steel 

 

Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

Elastic 

modulus 

(MPa) 

Total 

strain 

(%) 

Max 

load 

(kN) 

Total 

elongation 

(mm) 

Area 

 

(mm2) 

Uncoated steel, non-

grit blasted 
858 846 6605 20.7 24.3 6.44 28.3 

Uncoated steel, grit 

blasted 
835 789 6587 21.0 23.6 6.53 28.3 

WC-12Co coated steel, 

grit blasted with 0.15 

mm coating thickness 

841 786 6216 20.4 25.5 6.34 30.3 

WC-12Co coated steel, 

non-grit blasted with 

0.25 mm coating 

thickness 

860 816 5984 22.1 26.0 6.86 30.2 

WC-12Co coated steel, 

grit blasted with 0.25 

mm coating thickness 

782 766 6036 18.5 24.2 5.75 30.9 

WC-12Co coated steel, 

grit blasted with 0.35 

mm coating thickness 

812 791 6035 19.1 25.8 5.94 31.7 

WC-10Ni coated steel, 

grit blasted with 0.15 

mm coating thickness 

851 845 5871 20.8 25.5 6.45 30.0 

WC-10Ni coated steel, 

non-grit blasted with 

0.25 mm coating 

thickness 

840 834 5792 20.5 25.7 6.35 30.6 

WC-10Ni coated steel, 

grit blasted with 0.25 

mm coating thickness 

825 821 5635 21.3 25.6 6.61 31.0 

WC-10Ni coated steel, 

grit blasted with 0.35 

mm coating thickness 

815 808 5748 20.2 25.4 6.28 31.2 
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Meanwhile, in comparison between WC-12Co and WC-10Ni coatings, WC-10Ni coated steel, grit blasted with 

0.25mm coating thickness shows a higher tensile strength (825 MPa) than the WC-12Co coated steel, grit blasted with 

0.25mm coating thickness (782 MPa). Also, the yield strength value of the WC-10Ni coated steel, grit blasted with 

0.25mm coating thickness is higher (821MPa) than the WC-12Co coated steel, grit blasted with 0.25mm coating thickness 

(766 MPa). Conversely, Table 8 shows that increase in the coating thickness results in a decrease in tensile strength. As 

observed, the WC-12Co coated steel, grit blasted with 0.15 mm coating thickness shows a higher tensile strength 

(841MPa) when compared with 0.25mm coating thickness (782MPa). Same goes to the WC-10Ni coated steel; grit blasted 

with 0.15 mm coating thickness shows a higher tensile strength (851MPa) compared with 0.35 mm coating thickness 

(815MPa). Similarly, the value of the yield strength is higher in WC-12Co coated steel, grit blasted with 0.15 mm coating 

thickness (786MPa) when compared with 0.25mm coating thickness (766MPa). Same goes for the WC-10Ni coated steel, 

grit blasted with 0.15 mm coating thickness (845MPa) which shows a higher yield strength value compared with 0.35mm 

coating thickness (808MPa). 

Still on Table 8, regardless of the surface treatment improvement by grit blasting, the process caused the tensile 

strength of coated and uncoated steels to be decreased. The uncoated, grit blasted steel gives a lower tensile strength 

(835MPa) compared with uncoated, non-grit blasted steel (858MPa). Same goes to the WC-12Co coated steel, grit blasted 

with 0.25mm coating thickness which gives a lower tensile strength (782MPa) compared with WC-12Co coated steel, non-

grit blasted with 0.25mm coating thickness (860MPa). Also, the WC-10Ni coated steel, grit blasted with 0.25mm coating 

thickness (825MPa) shows a lower tensile strength value compared with WC-10Ni coated steel, non-grit blasted with 

0.25mm coating thickness (840MPa). 

Similar to the yield strength properties, the value of the yield strength is lower in the uncoated steel, grit blasted 

(789MPa) as compared to the uncoated steel, non-grit blasted (846MPa). Same goes to the WC-12Co coated steel, grit 

blasted with 0.25 mm coating thickness (766MPa) which shows a lower yield strength value compared to the WC-12Co 

coated steel, non-grit blasted with 0.25 mm coating thickness (816MPa). Similarly, the WC-10Ni coated steel, grit blasted 

with 0.25 mm coating thickness (821MPa) shows a lower yield strength value compared to the WC-10Ni coated steel, non-

grit blasted with 0.25 mm coating thickness (834MPa). 

In brief, the effect of the HVOF coating decreased the yield and tensile strength of S50C steel. In the coating type 

comparison, WC-10Ni coated steel has a better yield and tensile strength compared with the WC-12Co coated steel. 

Besides that, the effect of the coating thickness increment resulted in a lower yield and lower tensile strength. Similarly, 

lower yield and lower tensile strength were observed due to the grit blasting surface treatment. However, there is no 

significant effect due to the HVOF coating, coating type, coating thickness and grit blasting treatment towards the elastic 

modulus and total strain properties. 

Fracture Morphology Observations 

Fractures in most ductile metal is preceded by a moderate amount of necking, followed by the formation of voids, cracks 

and finally shear. This gives the characteristic cup-and-cone fracture of the uncoated steel (non-grit blasted) and coated 

steel with WC-12Co and WC-10Ni (grit blasted with 0.25 mm thickness) as shown in Figure 9. The central interior region 

has an irregular and fibrous appearance as shown in Figure 10, which signifies that plastic deformation processes 

occurred[14]. 
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(a) 

 
(b) 

 
(c) 

Figure 9: Fractured surface of (a) Uncoated Steel, Non-Grit 

blasted (b) WC-12Co Coated Steel, Grit Blasted with 0.25 mm 

Coating Thickness (c) WC-10Ni Coated Steel, Grit Blasted with 

0.25 mm Coating Thickness  

Analysis of the results from SEM shows that both uncoated and coated steels; WC-12Co/WC-10Ni coated steel 

showed no significant difference on the fractured surface. Figure 11 represents the SEM images of the fractured tensile 

specimen at different points; Point 1, Point 2, and Point 3, as labelled in Figure 10. The detailed view of the fractured 

surface is characterized by the microvoids, tear ridges, trans granular ductile dimples and trans granular quasi-cleavage 

facets. However, the fractured surface mainly consisted of ductile dimple tearing, consequence of the micro void 

coalescence and few percentages of trans granular quasi-cleavage facets. Nonetheless, the overall fracture occurred in a 

trans granular manner, as most cracks are propagated through the grains. 

In detailed view, Point 2 of both coated and uncoated steels show a higher number of ductile dimples compared 

with other points. This indicates ductile fracture mechanism, which is characterized by a considerable amount of plastic 

deformation before and during crack propagation occurrence at the Point 2 (centre of the specimen). With respect to tensile 

loading, Pandey et al. [15] states that the coalescence of micro voids results in equiaxed dimples on ductile tensile fracture 

surface normal to the loading axis. Hence, it reveals the equiaxed and spherical dimples on a flat crater bottom-loaded in 

tension, and elongated ellipsoidal dimples on the shear lips oriented at 45°. 

The amount of nonlinear nature of microscopic cracks which intermingled with pockets of cleavage facets was 

increased in the outer region, either Point 1 or Point 3 compared to Point 2. The cleavage facets indicate that “locally” 

brittle fracture mechanism, which is characterized by micro-deformation or no gross deformation during the crack 

propagation, occur at these regions. The small region of the tensile specimen fractured in a brittle manner due to the 

inability to withstand the very high tensile load, resulting from the low stress area. According to Yan and Zhao [16], as 

stress increases during tensile loading, the cross-sectional area is reduced and the necked region is produced. Upon 

observation on the fracture surface comparison, with ductile behaviour shown, there is a considerable amount of stress 

caused where cracks propagated until failure. 
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(a) 

 
(b) 

 
(c) 

Figure 10 : Low magnification (18x) SEM micrographs of fractured surface (a) uncoated steel, 

non-grit blasted (b) WC-12Co coated steel, grit blasted with 0.25 mm coating thickness (c) WC-

10Ni coated steel, grit blasted with 0.25 mm coating thickness. 

 

 Uncoated steel, non-grit blasted 

WC-12Co coated steel, grit 

blasted with 0.25 mm coating 

thickness 

WC-10Ni coated steel, grit 

blasted with 0.25 mm coating 

thickness 

Point 1 

   

Point 2 

   

Point 3 

   

Figure 11: High magnification (1000x) SEM micrographs of fractured surface uncoated steel, non-grit 

blasted, WC-12Co coated steel, grit blasted with 0.25 mm coating thickness, and WC-10Ni coated steel, grit 

blasted with 0.25 mm coating thickness. 
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On the other hand, a visible crack can be seen at the outer region, Point 1 and Point 3 of the fractured steel for 

both WC-12Co and WC-10Ni coated steel in Figure 10 (b) and (c). This indicates that cracks may be nucleated at the 

surface of the substrate, Point 1 and Point 3 and transversely propagated towards inside the central region, Point 2. In a 

previous research, the cracks are thought to be nucleated heterogeneously at sites where further deformation is difficult and 

mainly consists of foreign inclusions[14].  

As by coated steel, the presence of foreign inclusion contains coating and grit particle on the substrate’s surface 

resulting in crack deformation at the outer region. These cracks will then be propagated towards inside the central region. 

At the same time, a localized reduction in cross-sectional area, called necking, occurred. After that numbers of microvoids, 

cracks and dimples formed, which then formed a crack growth from the central region at Point 2 outwards perpendicularly 

to the stress application. Finally, a rapid crack propagation at about 45˚ to the tensile axis lead to a total brittle fracture. 

Figure 12 shows the flow of the fracture mechanism [14]. 

 

Figure 12: Schematic Diagram of the Ductile Tensile Fracture Mechanism[14] 

DISCUSSIONS 

In this research, both WC-12Co and WC-10Ni coating processes show a very small significant effect towards the tensile 

properties of the steel. 

From Table 8, WC-12Co coated steel’s tensile strength was decreased by max. 8.9%, whereas WC-10Ni coated 

steel’s tensile strength value decreased by only maximum at 5.0%. The WC-12Co coated steel yield strength value 

decreased by maximum of 9.5% whereas WC-10Ni coated steel yield strength value decreased by only maximum of 4.5%. 

The WC-12Co coated steel’s elastic modulus value was decreased by only maximum of 9.4% whereas WC-10Ni coated 

steel’s yield strength decreased by maximum of 14.7%. The WC-12Co coated steel’s total strain value decreased by 

maximum of 10.6% , whereas WC-10Ni coated steel’s yield strength value decreased by only maximumof 2.4%. 

The reason behind these, was due to the very small thickness of the coatings used (0.15 mm, 0.25 mm, and 0.35 

mm) compared with the diameter of the substrate which is 6 mm, hence, making the tensile behaviour of the coatings of 

little influence when compared to the overall tensile behaviour.  Furthermore, cracks in coating surface were observed prior 

to the plastic deformation of the steel during the tensile test. The coating has fractures from the steel while the overall 

tensile curve was still within the elastic region. Figure 13 shows cracks of the coatings during the tensile test. Though the 

effects are of small significance, they were however being studied in this research to analyse the consequence of the HVOF 

thermal spray towards the substrate’s tensile properties. 
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Figure 13: Crack in coatings within the Elastic Deformation of the 

Specimen During Tensile Loading 

Effect of Tungsten Carbide Type/Composition on Tensile Properties 

Analytically, as shown in Figure 16, the yield strength of WC-12Co coated steel, grit blasted with 0.25mm coating 

thickness decreased by 9.5% and the yield strength of WC-10Ni coated steel, grit blasted with 0.25mm coating thickness 

decreased by 3.0%. This was because of the hardening effect, specifically, the increment of the grain size at the substrate’s 

surface. The increment was indeed due to the 2750 ˚C high-temperature effect of the thermally HVOF coating process, 

which directly sprayed onto the substrate’s surface.  

As the grain size increased, it influenced the number of dislocations piled up at the grain boundary, as the grain 

boundary acted as a barrier to dislocation motion. A coarse-grained material is weaker than one that is fine-grained, since 

the former has a smaller total grain boundary area to impede dislocation motion. This made the coarse-grained material to 

have a lower resistance to plastic deformation, which causes lower hardness and yield strength value[17].  

From the grain size analysis, as shown in Figure 14, the average grain size of the WC-12Co coated steel, grit 

blasted with 0.25mm coating thickness at substrate and WC-10Ni coated steel, grit blasted with 0.25mm coating thickness 

at the substrate (61.3 µm and 60.3 µm respectively) are larger than the uncoated steel, non-grit blasted (40.3 µm). From the 

micro hardness analysis, as shown in Figure 15, the average micro hardness of the WC-12Co coated steel, grit blasted with 

0.25mm coating thickness at the substrate and WC-10Ni coated steel, grit blasted with 0.25mm coating thickness at the 

substrate (169 HV and 194 HV, respectively) are lower than the uncoated steel, non-grit blasted (276 HV). 

 
(a) 

 
(b) 

 
(c) 

Figure 14: Grain Micrograph Image of (a) Uncoated Steel, Non-Grit Blasted (b) WC-12Co coated 

steel, Grit Blasted with 0.25mm coating thickness at the substrate (c) WC-10Ni Coated Steel, Grit 

blasted with 0.25mm coating thickness at the substrate. 
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(a) 

 
(b) 

 
(c) 

Figure 15: Indentation imageof (a) uncoated steel, non-grit blasted (b) WC-12Co coated steel, grit 

blasted with 0.25mm coating thickness at the substrate (c) WC-10Ni coated steel, grit blasted with 

0.25mm coating thickness at the substrate. 

This concedes that, the uncoated steel (fine-grained material), with no HVOF thermal spray process, has the 

highest resistance to plastic deformation and dislocation of a boundary, making it as the highest hardness and yield stress 

value, followed by WC-10Ni coated steel, grit blasted with 0.25mm coating thickness and then WC-12Co coated steel, grit 

blasted with 0.25mm coating thickness. The relation between grain size, hardness and yield strength properties can be seen 

from Figure 16. 

 
Figure 16: The relation between hardness, Grain Size and Yield Strength 

These results can be supported by different experiments from previous research, which according to Huang et al. 

[18], high heat treatment temperature can lead to grain growth too. Grain growth however, can lead to lower hardness and 

yield strength value. According to X. Liu et al. and B.B. Hung et al. [19][20], the hardness of metal increases due to the 

grain boundary strengthening effect. Grain boundaries act as obstacles to dislocation motion. As finer grains have more 

grain boundaries, more obstacles to dislocation motion exist. Therefore, higher strength is required to encounter those 

obstacles. According to Morris and Jr. [21], the relation between grain size and yield strength can be expressed in the Hall-

Petch equation, as illustrated in Equation 3: 

                (3) 

In this expression, d is the average grain diameter, σy is the yield strength and σ0 and k are constants for a 

particular material. From the equation, it demonstrates that a fine-grained material (low) resulted in a higher yield strength 

value (high σy) and vice versa. 
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Effect of Coating Thickness on Tensile Properties 

Figure 17 shows that as the coating thickness increased from 0.15mm to 0.25mm, the decrement of WC-12Co coated steel 

yield strength were by 2.5%, whereas the decrement of WC-10Ni coated steel yield strength was by 4.4%. This was due to 

the longer time of exposure to high temperature of the HVOF thermal spray process. Thicker coatings require a longer 

HVOF thermal spray process to produce more layers of coating. A longer HVOF process needs a longer exposure to high 

temperature, which caused more increase of the grain growth on the substrate’s surface. Thus, these will directly decrease 

the yield strength of the coated steel. As stated by Lin et al. in [22], the Hall-Petch equation suggests that an increased 

grain size leads to a decreased yield strength properties. 

 
Figure 17: The Relation Between Coating Thickness and Yield Strength 

 

Effect of Grit Blasting Treatment on Tensile Properties 

In Figure 18, due to the grit blasting treatment, the decrement of uncoated steel’s tensile strength was by 2.7%, the 

decrement of WC-12Co coated steel’s tensile strength was by 9.1%, and the decrement of WC-10Ni coated steel’s tensile 

strength was by 1.8%. The reason behind these decrements was the change of the substrate’s surface roughness, the 

existence of notches/cracks and the embedment of the grit particles on the substrate’s surface. Grit blasting phenomenon 

causes an increase in the surface roughness on the substrate. From the surface roughness analysis, uncoated steel, grit 

blasted shows a higher surface roughness of 3.9 µm, meanwhile, uncoated steel, non-grit blasted indicates lower surface 

roughness with an average of 0.6 µm. 

Figure 19 shows that surface roughness value has an opposite relation to the yield strength. It means that an 

increase of the substrate’s surface roughness due to the grit blasting caused a decrement on its tensile strength. Previous 

research supported this statement, as M. Kilic et al. quoted, that as the grit size decreased, the surface roughness decreased, 

however the tensile strength of the steel increased. This increase is not linear as the roughness decreased, the increase in 

tensile strength was relatively lower [23]. 
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Figure 18: The Relation Between Grit Blasting and Tensile Strength 

 

 

Figure 19: The Relation Between Surface Roughness and Tensile Strength 

 

Also, the grit blasting process also caused small notches and cracks, causing high-stress concentration (act as 

stress raiser) at the surface of the substrate steel. These increments of local stress concentration contribute substantially to 

crack initiation and propagation in the steel substrate. In addition, the embedment of grit in the substrate surface, as shown 

in Figure 20 was also one of the factors that contributed to the nucleation of the crack, the interfacial crack propagation and 

delamination of the coating upon stress induction [5][8]. 

 
(a) 

 
(b) 

Figure 20: Grit blasting surface (a) 200x, and (b) 500x. 
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Nonetheless, the grit blasting process helps to generate a surface roughness, which ensures mechanical anchoring 

between the coating and the substrate’s surface (interface) [12]. Without grit-blasting treatment, a smoother substrates’ 

surface caused a weaker coating-substrate interface. As a result, cracks propagate along with the interface, followed by 

delamination and spalling of the coating, as shown in Figure 21[24].  

 
(a) 

 
(b) 

Figure 21: Delamination at the surface of (a) Grit 

Blasted Coated Steel, and (b) Not Grit Blasted Coated 

Steel 

 

 

CONCLUSIONS 

The effects of the tungsten carbide type/composition, coating thickness and grit blasting treatment on tensile properties of 

S50C medium carbon steel were studied. The main conclusions are summarized as follows: 

 The yield strength value and the micro hardness value of the S50C steel decreased due to the increment of the 

grain size from the high-temperature effect of HVOF coating. 

 The yield strength value and the micro hardness value of the WC-10Ni coated steel are higher than WC-12Co 

coated steel because the grain size of the WC-10Ni coated steel is finer than WC-12Co coated steel. 

 The yield strength value of the WC-10Ni and WC-12Co coated steels decreased, when the coating thickness 

increased because of the longer time-exposure of the high temperature from the HVOF coating. 

 The tensile strength value of the uncoated, WC-10Ni and WC-12Co coated steels decreased, when grit-blasting 

treatment was performed because the blasting treatment caused the embedment of grits, small notches and cracks 

at the substrate, which contribute to a high-stress concentration region. This will speed up the process of crack 

initiation ad propagation. 

 From the fractographic analysis, clear voids, spherical dimples and cleavage facets can be found, which indicates 

that all uncoated, WC-10Ni and WC-12Co coated steels underwent a “moderate” ductile fracture during the 

tensile loading. 
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