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ABSTRACT 

Thermal spraying can use materials with different physical and chemical properties: metals, alloys, metal seals, 

ceramic oxides, heat-resistant materials, materials with different melting temperature, making temperature the job 

does not exceed 850oC. The thermospray can produce different injection rates suitable for different types of 

spraying materials and adhesion requirements. Available in thicknesses ranging from 15 pm to 15 mm. The surface 

temperature of the part is heated because the coating material transfers heat, does not exceed the phase transition 

temperature, so does not cause organizational change, ensures the organization and original properties of the base 

material. The coating has good adhesion to the base metal, small porosity and residual stress, and should be used 

for many parts with complex loads and good fatigue resistance. In this paper, a test procedure evaluates the 

mechanical properties of a crankshaft that is sprayed with a layer of alloy 60Ni10Cr6Si2B for recovery and 

improve the hardness and adhesion of the coating material to that of the substrate. 
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INTRODUCTION 

Thermal spraying is one of the technological methods of surface science and technology in general and surface 

treatment technology in particular. In surface technology we refer to a classical traditional technology that has 

existed for hundreds of years of human civilization; especially in the early 80's of the 20th century, it had 

accumulated a lot of rich experiences and became a specific field meeting the increasing needs of human society 

[1]. The principle of this technology is to use a heat source (arc, combustion gas, plasma) to melt the metal. The 

liquid metal is then strongly blown by the compressed air stream and disperses into very small (mist) particles, 

shot onto a prepared part surface (cleaned, roughened) creates a metal coating of the required thickness, in which 

metal particles overlap in layers [2,3]. By the 90s of the 20th century, science and technology of spray coating 

had a very strong development and application rate in industry, especially in the field of mechanics [4,5]. Thermal 

spray methods often use two main sources of heat: the heat generated from oxygen - the combustion gas and the 

electricity through the spray system creates a very high temperature range that melts most materials. During the 

repair process, many parts need to restore their original state and increase their resistance to abrasion. Spray 

coating technology is applied in this case [6]. 

However, at present we do not have spray coating equipment manufactured domestically but only imported 

equipment with very expensive prices; Moreover, they cannot take the initiative of replacing equipment and 

technology [5]. In marine diesel engines, the crankshaft is a complex load-bearing mechanism where fatigue 

strength is very high. In addition, new fabrication costs are very expensive, accounting for 20-30% of the engine 

value, so it is very important to restore the mechanical properties of the crankshaft when repairing is required. 

Currently, it is preferred to repair crankshaft wear and tear damage by means of heat spray [7,8]. Currently, in 

general, the metal spraying technology and methods of gas spraying is still new compared to other technologies, 

but it has been widely applied in many industries [4,9]. Especially, in mechanical engineering, transportation has 
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become an indispensable technology in the process of restoring worn parts [10,11]. The spraying of the highspeed 

gas heaters is the preferred method for coating with low porosity and high adhesion. In the process of spraying 

high-speed gas, fuel and oxygen are taken into the combustion chamber along with powder spray which generates 

high temperature and pressure in the chamber through the nozzles that create an ultrasonic flow of gas [12,13]. 

Flame temperatures range from 2350°C to 3250°C, depending on the fuel, gas/oxygen ratio and gas pressure and 

depend on the design of the spray gun structure of the high speed gas injection system [14]. In this study, a 

crankshaft model of the D243 engine, a medium-speed marine engine, was selected to conduct thermal alloy 

injection on the surface of the crankshaft. The mechanical properties after the heat injection will be evaluated and 

compared. 

MATERIALS AND EXPERIMENTAL SETUP 

 

Figure 1. Crankshaft for testing 

The prototype is a crankshaft of a D243 engine, which is a medium-speed diesel engine. The test section of the 

crankshaft is shown in Figure 1. The base material is steel SF40 with the properties of the material taken according 

to JIS G3112:2010. The base material composition of the crankshaft is shown in Table 1. Coating material used 

in the study is alloy powder 60Ni10Cr6Si2B. The material composition of coated metal powder and bonded metal 

is shown in Table 2. The process of preparing the surface of the spray sample helps to eliminate factors that affect 

the test results. Before spraying, the geometry parameters, size and cleanliness of the sample must be checked. 

The spray pattern is cut wire to reach size and does not change the properties of the material. Clean rust and grease 

from the surface of the sample with acetone and then dry. Then, the blasting pattern is roughened by sandblasting 

method. The surface roughness is the basis of increasing the adhesion strength of the spray layer to the substrate. 

The size of spray particles to create roughness is from 0.5 ÷ 1.2mm and the roughness of the ground surface after 

spraying reaches 10 25 pm. The roughness meter allows to determine the roughness of the sample before spraying 

to ensure that the roughness of the sprayed substrate meets the requirements. During the spraying process, 

compressed air must be filtered out of grease, moisture, dust, and compressed air pressure from 4.5 to 6.5 bar; the 

distance from sandblasting nozzle to the surface of details is from 80 150mm. Sand blasting must be clean, dry, 

free of grease and oil.The spray angle is maintained perpendicular to the spray surface due to flat sheet details. 

After spraying, use compressed air to blow directly on the surface of the part to clean impurities and dirt in the 

sandblasting process. Samples must be sprayed within 3.5 hours after roughening or stored to avoid dirt, moisture, 

impurities and surface oxidation.  



A study on evaluating the mechanical recovery of the crankshaft by using thermal spray technology 

3 

 

Table 1. Chemical composition analysis of crankshaft  

%C %Si %Mn %P %S %Cr %Mo %Ni %Cu %V %Fe 

2.5 2.02 1.01 0.025 0.26 0.25 0.28 0.11 0.15 0.005 rest 

 

Table 2. Chemical composition analysis of coating and bonding spraying materials 

%C %Si %Mn %P %S %Cr %Mo %Ni %Cu %V %Fe 

Spray coating material 

0.33 0.25 0.65 0.026 0.015 10 0.045 0.058 0.275 0.059 rest 

Bonding material 

Mn Cu Zn Cr Fe Co Mg Al Ni - - 

2.125 0.035 0.105 0.068 15.55 0.25 1.065 3 rest   

 

Spraying samples were conducted according to the following main parameters: spraying distance L = 150-350mm, 

injection powder feeding flow m = 350-550 g/min. Average speed of metal injection V = 900-1300m/s. Using 

spray equipment is calculated to choose the design and manufacture. The coating hardness was measured by a 

microhardness tester and the coating porosity was performed on an optical microscope in the laboratory. After the 

spray samples are cut out for testing to check the hardness and porosity of the coating, they must be carefully 

prepared to ensure technical requirements. Coating hardness is measured according to the diagram, from coating 

60Ni10Cr6Si2B of the steel crankshaft fabrication. For the test of coating porosity, the test samples were examined 

on the optical microscope. The sample was imaged with the microstructure of the coating and the digital image 

analysis software to determine the percentage of pores in the coating. The thermal spray equipment system is 

depicted in Figure 2. Determination of the adhesion of the coating has been studied by many scientists with many 

different methods such as the adhesive and method, the direct drawing method. During the study, the study use 

tractors and compressors to do the test and selection of a test method for the tangential adhesion of the coating to 

the substrate metal according to Japanese standard JIS G3112:2010. 

 

Figure 2. The thermal spray equipment system 

 

RESULTS AND DISCUSSION 

Hardness 

Hardness measurement results of spray-coated alloy powder coating are shown in Table 3. The test results in 

Table 3 showed that the alloy coating hardness 60Ni10Cr6Si2B, the border intermediate coating between the two 

layers, the steel substrate, reached the average value on the corresponding samples (No. 1, No.2, No.3) from 199.5 

HV to 229.2 HV with based layer, from 316.5 HV to 430.2 HV with the intermediate layer, from 485.9 HV to 

589.1 HV with a coating layer. 
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Table 3. Alloy coating hardness 60Ni10Cr6Si2B 

Experimental 

batch 

Spray mode Average hardness in trace order (HV) 

L 

(m) 

V 

(m/s) 

m 

(g/min) 

Based layer 

(from outside) 

Intermediate layer 

(border link) 

Coating layer 

(from the 

outside to the 

core) 

No. 1 

0,15 900 350 199.5 316.5 502.1 

0,15 900 450 205.6 322.5 511.6 

0,15 900 550 206.8 336.3 485.9 

0,15 1000 350 229.5 342.1 521.3 

0,15 1100 450 223.3 344.2 558.9 

0,15 1100 550 225.6 359.3 575.3 

0,15 1300 350 232.4 415.2 579.5 

0,15 1300 450 218.4 430.2 582.3 

0,15 1300 550 229.2 429.5 589.1 

No. 2 

0,25 900 350 198.4 281.3 562.2 

0,25 900 450 209.5 285.5 554.7 

0,25 900 550 206.5 273.6 556.5 

0,25 1100 350 230.2 418.5 557.8 

0,25 1100 450 232.3 404.2 508.4 

0,25 1100 550 225.1 409.5 483.2 

0,25 1300 350 235.4 283.4 438.1 

0,25 1300 450 219.2 302.1 423.2 

0,25 1300 550 231.5 312.7 456.0 

No. 3 

0,35 900 350 199.5 506.1 575.3 

0,35 900 450 205.6 515.5 579.5 

0,35 900 550 206.8 415.7 582.3 

0,35 1100 350 232.3 335.6 556.5 

0,35 1100 450 225.1 358.2 557.8 

0,35 1100 550 235.4 365.1 508.4 

0,35 1300 350 199.5 375.2 585.5 

0,35 1300 450 195.1 355.2 575.3 

0,35 1300 550 191.6 356.8 580.1 

 

The coating hardness of the alloy powder 60Ni10Cr6Si2B has an average value of 3.2 ÷3.5 times higher than that 

of the base steel at the core and decreases in the tangent direction. This can be explained by the fact that parts of 

the alloy coating on the outside of the spray pattern are able to dissipate heat into the surroundings faster, so they 

are cooled down faster than parts of the coating on the inside. The gradient structure design is a modern method 

to improve the internal structure of coating. The sharp interface between coating and substrate was eliminated due 

to the constant changes in the composition, microstructure and properties of gradient materials. It shows that the 

design of the gradient structure can improve the adhesion of the coating while maintaining the hardness of the 

coating, thereby improving the cutting performance of the alloy The coefficient of friction depends on the type of 

material the coating rubs against it is about 0.2 microns for steel alloys. The deposition temperature of the mantle 

is mostly around 432°C. This temperature can adversely affect some materials. We recommend that a professional 

be consulted if there are any concerns regarding this coating. 
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Porosity of the coating 

Alloy coating thickness measurement is the determination of the layer depth of a coating or film on a particular 

substrate. Coating thickness can be measured when the film is wet or dry. However, non-destructive coating 

thickness measurements must be made when the film or coating is dry. Measuring porosity accurately has been a 

major goal over recent decades for thermally sprayed coatings. Several methods have been used to 

charcharacterize coating porosity. The porosity of the coating of the 60Ni10Cr6Si2B alloy powder on the steel 

substrate in the experimental samples is listed in Table 4. The exposure time was about 6s for each of 1500 

projections while the sample was rotated 180° along its vertical axis. The maximum for the volume fraction of the 

pores is about 3%. The pores tend to be uniformly distributed with an average porosity rate of about 0.5% as the 

distance from the substrate increases. It can be seen that the porosity rate near the coating-substrate interface is 

much higher than that inside the coating. 

Table 4. The porosity of the coating of the 60Ni10Cr6Si2B alloy powder on the steel substrate in the experimental 

samples 

Experimental 

batch 

Spray mode The porosity of the coating, % 

L 

(m) 

V 

(m/s) 

m 

(g/min) 

Experiment (%) Plan 

(%) 

Error ε 

(%) 

No.1 

0,15 900 350 1,394 1,041 9,4 

0,15 900 450 1,748 2,014 12,2 

0,15 900 550 2,128 2,414 11,8 

0,15 1100 350 2,497 2,893 13,7 

0,15 1100 450 3,194 3,315 3,7 

0,15 1100 550 3,393 3,576 5,1 

0,15 1300 350 3,614 3,901 7,4 

0,15 1300 450 3,754 4,185 10,3 

0,15 1300 550 3,865 4,307 9,5 

No.2 

0,25 900 350 1,494 1,564 4,5 

0,25 900 450 1,718 1,977 13,10 

0,25 900 550 1,921 2,270 15,4 

0,25 1100 350 2,479 2,676 7,30 

0,25 1100 450 2,770 2,923 5,20 

0,25 1100 550 2,969 3,126 5,0 

0,25 1300 350 3,029 3,263 7,20 

0,25 1300 450 3,099 3,447 10,1 

0,25 1300 550 1,494 1,564 4,50 

No. 3 

0,35 900 350 0,682 0,744 8,30 

0,35 900 450 1,265 1,342 5,7 

0,35 900 550 1,590 1,780 10,7 

0,35 1100 350 1,682 1,900 11,5 

0,35 1100 450 1,958 2,300 14,9 

0,35 1100 550 2,296 2,541 9,6 

0,35 1300 350 2,417 2,629 8,1 

0,35 1300 450 2,540 2,833 10,3 

0,35 1300 550 2,632 2,875 8,4 

Alloy coating adhesion 
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Table 5. Results of measurement of alloy coating stress for crankshaft 

Spray mode Adhesion stress 

L (m) V (m/s) m (g/min) Experiment 

(MPa) 

Plan 

(MPa) 

Error ε 

(%) 0,15 900 350 29,05 30,15 3,7 

0,15 900 450 33,19 33,37 0,5 

0,15 900 550 36,29 35,38 2,6 

0,15 1100 350 37,23 35,77 4,1 

0,15 1100 450 40,44 38,47 5,1 

0,15 1100 550 41,09 39,95 2,8 

0,15 1300 350 43,13 42,46 1,6 

0,15 1300 450 43,96 44,64 1,5 

0,15 1300 550 46,12 45,61 1,1 

0,25 900 350 37,68 40,24 6,4 

0,25 900 450 43,20 43,58 0,9 

0,25 900 550 45,71 45,70 0,05 

0,25 1100 350 49,34 47,51 3,9 

0,25 1100 450 50,30 50,33 0,1 

0,25 1100 550 50,92 51,92 1,9 

0,25 1300 350 54,21 55,87 3,0 

0,25 1300 450 58,71 59,23 0,9 

0,25 1300 550 60,43 58,17 3,9 

0,35 900 350 63,00 62,04 1,6 

0,35 900 450 66,17 65,45 1,1 

0,35 900 550 67,71 67,65 0,1 

0,35 1100 350 70,25 70,87 0,9 

0,35 1100 450 73,07 73,77 0,9 

0,35 1100 550 75,95 75,44 0,7 

0,35 1300 350 82,17 80,79 1,7 

0,35 1300 450 84,21 83,16 1,3 

0,35 1300 550 85,90 84,32 1,9 

 

Analysis of the experimental data in Table 5 shows that: The adhesion strength of the coating of the alloy powder 

60Ni10Cr6Si2B on the crankshaft base in the experimental samples tends to increase (proportional) with the 

increasing direction of the spray parameters. Thermal spray coating materials include metals such as metal oxides 

or carbides. In some cases, a coating is formed from different sputtering materials, such as a splashed oxide layer 

onto a splashed metal binder. Usually coating adhesion testing is carried out at ambient temperature. Higher 

temperature testing is limited by the need for a suitable adhesive. To evaluate residual stress, the radius of 

curvature for each coated system were determined. The region before the first maximum corresponds to the 

interphase region having constant chemical and physical properties. The region between the two maxima 

corresponds to the interphase region where properties vary. The region after the second maximum corresponds to 

the coating having bulk properties. The cohesion and adhesion failure loads and the abrasive wear resistance 

decreased with decreasing residual compressive stress and increasing residual tensile stress. It can be seen that the 

two graphs are closely related. This is not unexpected since stress and adhesion are intimately connect. 
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CONCLUSION 

Thermal spraying is an advanced and modern technology, widely used in industries due to its versatility and ability 

to create a coating with higher adhesion strength than other thermal spray methods. Furthermore, thermal spray 

coatings are used to enhance the material's mechanical properties. Apply metal coating technology to create a 

surface coating with high hardness and low porosity that meets the working conditions of the machine parts such 

as friction, wear and heat. Experimental results with the process of spraying metal with combustible gas in 

repairing and restoring the mechanical crankshaft have shown: 

-Coating quality received on experimental samples showed that hardness and porosity tend to increase 

(proportional) with increasing direction of spray parameters. 

-The adhesion of the metal coating to the steel base of the crankshaft is very good, increasing the overall 

mechanical properties of the crankshaft when it is alloyed with the designed combustible thermal spray system. 
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