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INTRODUCTION 

1. Reasons for choosing the topic 

Wear is the phenomenon of undesirable destruction of the surface that causes a malfunction of the 

geometry as well as a change in the nature of the detailed surface, making parts no longer maintain the 

stability during operation process. Wear is a cause that reduces the working life; damages worn and 

fatigue surfaces. Every year, businesses have spent a lot of time and expense for maintenance as well 

as recovery and replacement of details. Businesses even have to replace the whole machine. This 

causes a huge waste in the case of replacing large and large-sized worn-out parts, made of valuable 

materials, with high import prices or complicated manufacturing processes while they still respond the 

mechanical requirements for working. 

Currently, some common methods are used to restore or fabricate new surfaces such as welding, 

heat treatment, evaporation, plating and spraying methods. Thermal spraying is selected for research 

because this technology has outstanding advantages such as spraying on large or small surfaces, 

creating a coating with a thickness of up to several millimeters and spraying multiple layers with 

different materials to create coatings with special properties. Sprayed parts are less affected by heat and 

deformation and it is posible to spray details which are complex in shape with high spraying 

productivity. In particular, coating made of HVOF spray method has high hardness and adhesion 

strengh, low porosity, increasing wear resistance compared to the same type of coating sprayed by 

other common spray methods (arc spraying, plasma spraying, flame spraying, cold spraying). The 

spray parameters are the main cause of the change in the temperature and spray particle energy. 

Therefore, they are the main cause affecting the formation and properties of the coating.  

In Vietnam, thermal spray technology has not been developed yet. The equipment has not been 

invested. Therefore, the development of this field is not commensurate with the needs and potential of 

our country's industry. Currently, only a few scientists are interested in studying this issue and they 

have achieved some certain results. However, there has not been any research on the spraying of WC-

12Co material on a 16Mn steel plate in abrasive conditions. From the above problems, it is necessary 

to study the influence of some HVOF spray parameters on the quality of the part surfaces working in 

wear conditions and this is the basis for choosing the research direction of this thesis. 

2. Rresearch purpose of the thesis 

- Identify the effect of some main technological parameters (powder feed rate, spraying distance, 

oxygen/ propane ratio) in HVOF spray method with WC - Co powder spraying system to coating 

quality working in abrasion conditions. 

- Establish mathematical equations describing the relationship between spraying parameters 

(powder feed rate, spraying distance, oxygen/propane ratio) to the structural composition and 

mechanical properties of the coating. The above results are the basis for reasoning and evaluate the 

effect of spray parameters on the quality characteristic of coating (hardness, adhesion and porosity). 

- Multi-response optimization is used to simultaneously evaluate the responses of technological 

process 

3. Subjects and scope of the study 

 Subjects of the study 

- Hardness, adhesion and porosity of WC-Co coating on a flat 16Mn steel plate made by HVOF 

spray method. 

 Scope of the study 

- The thesis focuses on studying the effects of technological parameters including spraying 

distance, powder feed rate, oxygen/ propane ratio to the quality of coating such as hardness, adhesion 

and porosity of coating with WC - 12Co spray powder on a 16Mn steel plate by HVOF spray method. 

4. Research Methods 

Research Method: Theoretical research combined with experiment 

 In theory 

- Overview research of physical bases related to the formation and properties of WC-12Co 

powder coating on 16Mn steel substrate by HVOF spray method. 



2 

- Research of experimental planning methods: Taguchi method; the least squares method; Multi-

response optimization using Multiple Regression-Based Weighted Signal-to-Noise Ratio (MRWSN). 

 About experiment 

- Design experimental model based on analyzing parameters of HVOF spray method to coating 

properties refer to previous publications and exploratory experiments. 

- Manufacture spray fixture, mold to test adhesion strength and test the abrasion resistance of the 

coating on experimental samples. 

- Spray experimental samples 

- Assess the characteristics and mechanical properties of coating based on experimental results 

and analysis of variance, combining multi-response regression to evaluate results according to the 

objectives. 

5. Scientific and practical significance 

 Scientific significance 

- It has provided an effective approach in determining the suitable value of spray parameters to 

the properties of the coating; determined the set of single and multi-response optimum spray 

parameters for coating quality. 

- It has established the mathematical functions describing the relationship between hardness, 

adhesion strengh and porosity with spray parameters (powder feed rate, spraying distance and oxygen/ 

propane ratio). 

- It has determined the effect of the main spray parameters (powder feed rate, spraying distance 

and oxygen/ propane ratio) on the coating quality through the hardness, adhesion and porosity. 

 Practical significance 

- The obtained results can be oriented for the application of the coating on the surface of new or 

worn-out parts. 

- Research results can be used as references to select technologies and equipments for recovery or 

manufacture of new parts to satisfy the production requirements in time and reduce import products. At 

the same time, it can be used in teaching and scientific research in technical fields.  

6. New contributions of the thesis 

- Applying HVOF spray method to make WC-12Co coating the 16Mn steel plate. 

- Using the multi-objective optimization method MRWSN in the thermal spraying field to 

determine the set of spray parameters to satisfy simultaneous coating properties.  

- Establishing experimental regression equation describing the relationship between WC-12Co 

coating properties (hardness, adhesion, porosity) with spray parameters (powder feed rate, spraying 

distance and oxygen/ propane ratio). Accordingly, it is possible to predict and evaluate the two-way 

relationship between technological parameters and coating properties. 

- Manufacturing spray fixture, adhesion test mold and sliding wear resistant device for WC-12Co 

coatings a flat steel plate 

7. Outline of the thesis 

In addition to the introduction and the items as prescribed, the research content of the thesis is 

presented in 4 chapters and the general conclusions. 

Chapter 1: Overview of thermal spraying 

Chapter 2: Theoretical basis of HVOF spray method 

Chapter 3: Experimental methods and evaluations 

Chapter 4: Experimental results and discussions 

General conclusions 

References 

List of publications  

Appendix  
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CHAPTER 1. OVERVIEW OF THERMAL SPRAYING  

1.1 History of Thermal spraying 

Thermal spraying was invented by MU 

Schoop and first published in 1910. For the 

spraying method, researchers found different 

types of heat sources to offer new spraying 

methods such as HVOF spray, cold spray, laser 

spray, melt spray, ... Spraying methods on the 

basis of increasing the particle speed and 

controlling particle temperature during spraying 

as well as improving spraying environment 

conditions for the best coating quality (Figure 

1.1) 

 
Figure 1.1 The development of equipment, 

spray process and thermal spray material 

 1.2 Thermal spray methods 

Thermal spraying appeared from the early 

20 century with the first spray method that is 

arc spray. So far, thermal spraying has had 

many thermal spray methods created and 

developed. However, the application of energy 

sources in spraying methods is a common basis 

of various spray processes. Therefore, thermal 

spraying processes are classified according to 

the type of energy source used to heat the spray 

material, as shown in Figure 1.2. 

 
Figure  1.2 Schematic classification of thermal 

spraying processes according to energy source 

Table 1.1 The main properties of common thermal spray methods 

Spray 

processes 

phun 

Temperature 

of  heat source 

(
0
C) 

Particle 

velocity 

(m/s) 

Adhesion of 

coating 

(MPa) 

Oxide 

content 

 (%)  

Porosity 

(%) 

Rank of 

spraying cost 

Thickness of 

coating  

(mm)  

PFS 3000 40 8 10÷15  2÷6  1 0,1÷1,5  
WFS 1000 100 12 10÷20  10 2 0,1÷1,5  

HVOF 3000 800 >70 1÷5  1÷2  3 0,1÷2  
DGS 1000 800 >70 1÷5  1÷2  4 0,05÷0,3  
AS 3000 240 >60 5÷10  5 1  

APS 12000 200÷400  10÷70  1÷3  1÷5  4 0,1÷1 
VPS 12000 100÷600  >70 0 <0.5 5 0,1÷1 
CS < 500 550÷1000  20÷70  0 <0.5 3 0,1÷2  

With: 1 (Low level) increases to 5 (High level) 

 Advantages of HVOF spray 

+ The temperature of the heat source is lower than that of plasma spray, limit reactions and phase 

change 

+ The oxide content of the coating is lower than other common spray methods by reducing the 

contact of particles with air. 

+ The residual stress due to the compression process makes the coatings work better in impact 

conditions 

+ The adhesion of the coating and the substrate, and between the spraying layers is high 

+ High density coating is high and thick coatings can be made 

+ The temperature between particles is similar and the efficiency of using heat is higher. 

+ The temperature of last particle spray is smaller than that of other methods 

+ HVOF spray create coatings with lower surface roughness than other spray methods 

+ It can be used to complete the machining surface. 

+ It has low cost and easy to use compared to other processes and can be automated 
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 Disadvantages of HVOF spray 

+ The temperature of the heat source (flame) is below 3000
0
C, high noise level due to high 

velocity of gas. 

+ Spray parts should be cooled during spraying due to heat transfer from the flame. 

+ Difficulties in shielding samples lead to increasing the extra time when spraying parts with 

complex profiles. 

1.3 The research results and application of HVOF spray in the world 

Based on the results of published studies, it is shown that thermal spraying is a very effective 

solution to recover and fabricate new detailed surfaces. Furthermore, due to the variety of spraying 

materials, thermal spray coatings are particularly effective in applications for wear resistant surfaces. 

The coating created by HVOF spray has superior characteristics compared to popular spraying 

methods, so the trend of applying this method is increasing. 

Studies on HVOF spray coatings as well as thermal spraying are generally quite comprehensive. 

However, most of the previous publications focus on studying the effect of spray parameters on coating 

quality to determine the value of spray parameters for improving the coating quality and evaluate their 

impact level to the coating quality. Some studies have optimized spray parameters to find spray 

parameters to improve the coating quality. However, previous studies still have some limitations such 

as: 

+ They have no basis to choose the value of spray parameters. The selected values have many 

different levels and no consistency. The Taguchi optimization method is commonly used to optimize 

the coating properties. 

However, this method does not allow simultaneous evaluation of many output properties; does 

not determine the mathematical function for the relationship between spray parameters with coating 

properties and does not allow inversely predictions, not optimal to find high quality synthetic coatings. 

It can be seen that the study of the effect of spray parameters and the coating properties are the 

necessary additions to improve the quality and enhance coating application capability. 

1.4 The research results and application of HVOF spray in Vietnam 

In Vietnam nowadays, thermal spray technology has not been invested and researched 

methodically. The number of researches is too small and not commensurate with the role and 

advantages of this technology. The problem given for local scientists is to study this technology more 

comprehensively to improve the quality of thermal spray coating. The results from these studies are the 

basis for development of thermal spray technology in our country to satisfy the needs in the process of 

industrialization and modernization of the country in the current period 

Summary of chapter 1 

1. HVOF spraying method with high applicability is studied relatively comprehensive and widely 

applied. This is an effective solution in fabricate or restoring wore parts by outstanding coating 

properties compared to other spray methods such as high hardness, high adhesion strength and low 

porosity. However, in our country, the application of this method is very limited. 

2. The HVOF spray coating has better properties than other common spray methods that can be 

applied well for wear resistant coatings. Coatings made from WC-Co material provide high abrasion 

resistance and good adhesion strength. Hardness, adhesion, porosity are the main properties that 

determine the abrasion resistance of the coating. 

3. The scientists around the world and Vietnam have achieved some results in the field of thermal 

spraying. However, there has been no publication related to the study on the effect of WC-12Co 

coating on a flat 16Mn steel plate and multi-response optimization to determine spray parameters and 

simultaneous effects of parameters to coating properties. 

4. The objective and scope of the study are identified, in which it focuses on influence of HVOF 

spray parameters to simultaneous spray coating properties 
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CHAPTER 2. THEORETICAL BASIS OF HVOF SPRAY METHOD 

2.1 General principles of thermal spraying 

Thermal spraying is technology that disperses solid 

materials (powder, wire, hard or soft bar) into a stream of high 

energy (flame, arc, plasma arc) and partially or fully melted of 

materials. After that, the spraying particles continue to be 

dispersed into smaller particles and then increased speed and 

impact to the pre-prepared substrate of parts (Figure 2.1). The 

strong impact of  particle to substrate leads to the deformation 

and adhesion of the spray particles, this process occurs 

continuously and the superposition of the spray material will  

 
Figure 2.1: Stage of thermal 

spraying process  

create the coating. The HVOF spray process as well as other thermal spray methods can be divided into 

four stages: 1) Heating and melting of materials; 2) Dispersion stage; 3) Flight stage; 4) Impact stage 

2.2 The basis of HVOF thermal spray process  

2.2.1 Combustion process 

Combustion of  hydrocarbon fuel is the most common energy source for HVOF spray process, 

hydrogen gas is less used in this spray process. The flow rate or molar ratio of the combustion oxygen/ 

fuel () affects the temperature of the spray source heat (equation 2-1) 

CxHy+zO2+3,71zN2  xCO2 + y/4H2O + 3,71zN2                 (2-1) 

2.2.2 Gas dynamics and turbulent flow 

Spray gun design for HVOF spray process creates a gas stream of flammable ultrasonic velocity 

with the aim of creating for heat field and appropriate velocity to heating and accelerating spray 

materials for coating formation process. The importance of spray gun design is reflected on three 

generations of spray guns in the HVOF spray process developed so far. The first and second 

generations have a distinction through nozzle design. The spray gun design of the second generation is 

a divergent and convergent nozzle (De laval) and then a divergent part, while the first generation 

consists of a convergent part and following is a straight area. The geometry of the third generation is 

similar to the second design with higher combustion gas pressure inlet. Air velocity in HVOF spray 

method is usually twice as high as other common thermal spray methods. When the spray parameters 

reach the limit value, the gas stream has tendency to be stopped up. When the gas pressure increases, 

the flow rate will increase and when the temperature is increased then the flow rate will decrease 

(Figure 2.2). Figure 2.2 shows the variation of gas flow velocity with gun chamber pressure. In 

addition to the location of the burning point, the gas is increased in pressure in the divergent and 

convergent nozzle to achieve ultrasonic velocity. Particle velocity and combustion temperature can be 

changed based on oxygen/fuel ratios. 

 
Figure 2.2 The relationship between gun 

chamber pressure with gas velocity in HVOF 

spray gun chamber 

 
Figure 2.3 The shock wave formation in the nozzle 

 Inside the HVOF equipment, rising temperatures lead to frictional forces along the surface of 

the nozzle rising, the flow tends to be strangulated at the exit of the nozzle. The gas in the nozzle has a 

thermal expansion due to the static pressure in the nozzle greater than the surrounding pressure. The 

thermal expansion process increases and leads to free wave compression phenomena in the nozzle 

(Figure 2.3). The interference of the waves forms a bright area in the spray stream and called shock. 

During the combustion process, the spray material is pushed into the center of the combustion chamber 

by transporting gas. They are accelerated at a high speed and heated by a flame. The air - powder 
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mixture was formed with high velocity and sprayed from the nozzle. Hence, the particle beams sprayed 

with ultrasonic velocity and the area of high-momentum gas caused shock wave phenomenon. 

2.2.3 Interaction between phases in the flow 

The spray process is a combination of different interactions and is called multiphase interaction. 

Multiphase flow interactions including thermal spray processes have been identified, including some 

major interactions such as: 

1. Eulerian-Lagrangian (Lagrange trajectory) (mainly for particles / droplets of liquid) 

2. Eulerian-Eulerian (continuous interaction model / two liquids) 

3. Kinetic theory (molecular dynamics) 

When determining the multiphase flow mode, the forces acting on the particle are defined and 

classified into three general forces: + Liquid – particle force; + Particle-particle interaction force 

(mainly Vander Walls force but not significant); + The outer force (mainly electro magnetic field, 

gravity - insignificant) 

2.2.4. Deformation of particles and formation of solid coatings 

Droplets of sprayed materials when impacting with the substrate, they are deformed from a 

spherical into a thin plate (Figure 2.4). Due to mechanical impact forces and chemical bonding forces, 

the coating and substrate adheres to each other and adheres between spray materials to forming a 

coating. At high temperatures, the diffusion process between atoms to forming a relatively 

homogeneous coating layer.   

           
Figure 2.4. Deformation of fully melted particle and partially 

2.3 The properties of the HVOF coating 

In general, the coating properties are divided into the following main forms: 

- Microstructure of the coating: microstructure- phase structure; layer structure; porosity; particle 

size; impurities. 

- Mechanical properties of the coating: adhesion strengh; young’s modulus; tensile strength; 

hardness; residual stress 

- Other chemical and physical properties: chemical composition; abrasion resistance; corrosion 

resistance; heat resistance; insulation properties; electrical-thermal conductivity ...; roughness and 

coating thickness 

2.3.1 Structure of HVOF coatings  

2.3.1.1  Features of the structure 

The process of forming structures and full components of the coatings is shown in the following 

figure 2.5: 

               
a. Formation of coating structure b. Components of the coating 

Figure 2.5 Modeling thermal spray coating structure 
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2.3.1.2 Porosity 

 The porosity of the coatings was determined by the percentage of total pores area with all 

metallography image area and it is an important property that reflects the quality of the coating. The 

high porosity of the coating meaning the coating quality with poor adhesion strengh, the ability of the 

coatings to work in wear conditions is disadvantage, especially in the case corrosion resintance of 

coating. 

2.3.2 Main mechanical properties of thermal spray coating  

2.3.2.1 Adhesion strength of coatings 

The adhesion strengh of the coating includes: Bonding strength between the coating and the 

surface of the substrate and between elements inside the coating. It is a factor that is emphasized by 

differences in materials, morphology, physical properties, and chemical properties between spray 

materials and details that reduce the ability to bond coat. The adhesion strengh is mainly mechanical 

bonding formed from the impact of spray particles on the substrate and between particles with the 

previous spray layer. However, the temperature and speed of particle, roughness of the substrate are the 

main factors affecting the adhesion strengh. High kinetic energy makes partially or fully molten 

particles spray will be more deformed when they impact to substrate. The results of this process 

increases the contact area and mechanical bonding as well as the gravitational between the atom layers 

of the two metals. 

2.3.2.2 Hardness of coatings 
HVOF spray with high velocity of particles combined the low influence of heat source will 

improve strength and hardness of coatings when compared to the same coatings made by other spray 

methods. In the thermal spray process, spray parameters changed the heat source properties, particle 

velocity and other characteristics of the spraying process leading to vary the hardness of coatings. The 

cause of this change is that spray particles during coating formation, they have a strong impact leading 

to deformation and forging. Therefore, the strength and density of the coating increases, resulting in 

improved coating hardness. 

2.4 Effect of spray parameters on HVOF coating quality   

2.4.1 Particle temperature 

Particle temperature usually corresponds to the surface temperature of any particle before 

affecting the substrate. The particle was heated by the heat energy of the heat source to a partially 

melted or fully-melted state. Particle temperature is influenced by heat source temperature, flight time, 

particle size, the density of particle material, spray material ratio, and particle thermal 

conductivity.Particle temperature is an important factor affecting the oxidation of particles (except 

ceramic materials), which significantly affects the phase composition, microstructure, properties and 

performance to form the coating. Metal oxide is brittle and has a different coefficient of thermal 

expansion from metal, their presence in the coating can cause cracking. In addition, impacted particle 

states and the formation of the coating is affected with different particle temperatures. Rate of 

oxygen/fuel, flow of process gases is the main determinant of particle temperature. 

2.4.2 Particle velocity 

Similar to temperature, particle velocity has a great influence on formation efficiency and coating 

quality. Impact energy and adhesion are influenced by the particle velocity, particle velocity value of 

HVOF spraying can reach from 400 ÷ 1000 m/s. Compressed air, in addition to the fuel/oxygen ratio, 

fuel gas pressure are factors affecting particle velocity. Furthermore, the particle velocity increases 

leading to a decrease in particle temperature. 

2.4.3 Oxygen/fuel ratio 

The oxygen/fuel ratio changes the heat source temperature, so it affects the particle temperature. 

Besides, the particles velocity is affected by the pressure and flow of the changing gas flow. This 

results lead to the impact of spraying state when impacting and changing the coating quality. Propan 

that is the most suitable fuel gas for WC-12Co spray powder to reduce phase transformation and 

carbide decomposition is used in this study. 

2.4.4 Spraying distance 

The spraying distance affects the energy and temperature of the spray particle, and it also changes 
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the structure and density of spraying beam. Therefore, the spraying distance is a very important 

parameter that is crucial to the coating quality. From the results of the previous studies, the spraying 

distance was selected in the range of 0.17 ÷ 0.45m to carry out exploratory experiments 

2.4.5 Powder feed rate 

 With the same spraying distance, the increased powder feed rate will reduce the temperature and 

spray particle energy, the density of the spray beam increases, efficiency as well as the quality of the 

formed coating is reduced. Therefore, the value of powder feed rate for the density, temperature and 

energy of coherence spray particles to improve the properties of the coating is very important. From 

the results of the published studies, the value of powder feed rate for the exploratory experiments in 

this thesis has been selected with a range of 20-45g/min. 

Conclusion of chapter 2. 

From theoretical studies on coating formation with thermal spray technology and HVOF spray 

methods show that:  

+ The efficiency of coating formation is high and does not affect material properties, nearly spray 

details are not deformed, create surface coating coherence with properties and work requirements 

while spraying materials aren’t necessarily the same as material of detail. Thermal spray coating is an 

effective solution in hardfacing technology. 

+ In the spray process, forming thermal spray coatings are mainly mechanical bonding. Evaluating 

the effect of basic spray parameters shows that particle velocity, particle temperature and impact 

efficiency determine the coatings formation. However, they are influenced by basic spray parameters 

including spray distance, powder feed rate, and fuel gas ratio. Porosity, hardness and adhesion strength 

are the basic characteristic properties for coatings. Previous studies even showed that, these are main 

properties affect to working ability of the coating and especially in the condition of wear.  

+ The coatings with WC - Co spray powder has been proven resistant to abrasion and especially 

with drying wear conditions. For the HVOF spray method, propan is best suited for WC - Co spray 

powder to limit decomposition for carbide and phase change of material spray.  

+ From the results of previous studies, the range of spray parameters was determined for 

exploratory experiments procedure with: powder feed rate from 20 ÷ 45 grams/minute; spraying 

distance from 0.17 ÷ 0.45m; ratio of oxygen/propane from 3 ÷ 8. The results of the exploratory 

experiments procedure are the basis for determining the range of spray parameters most suitable for 

this study. 

CHAPTER 3. EXPERIMENTAL METHODS AND EVALUATIONS 

3.1 Experimental model  

Experimental models are established based on spray process parameters and output coating 

properties. Besides, the experimental design process and the evaluation of coating properties are also 

proposed (Figure 3.1). On that basis, we conduct experimental and evaluation steps in the thesis. 

3.2 Experimental materials and equipment  
Base materials: The base material used is a 16Mn steel plate with a dimension of 50x50x6mm 

(Figure 3.2a). The chemical composition and mechanical properties of this steel was presented in Table 

3.1. This steel grade is widely used for abrasion resistant structures in the mining, thermoelectric, 

hydropower, cement, industrial boilers, and the above details often work in harsh conditions such as 

friction, abrasion, erosion, etc. Spray samples are cut from steel plates by wire-cutting CNC method to 

precise dimensions while the structure and properties of materials are not affected. Before spraying, the 

spray surface was cleaned and sand blasting to create roughness (Figure 3.2b) on TSA sand blasting 

machine - Vietnam. The roughness of the substrate after spraying is 8-10 µm. 

Spray material: Based on the results from Chapter 1 and characteristics of spray materials. 

55588C (WC-12Co) spray powder supplied by Eutectic Castolin Group with a particle size of 15 ÷ 45 

for HVOF spray method has been selected for experiment procedure. The main composition of this 

powder includes 88% WC and 12% Co for the purpose to creating a abrasion resistant coating base on 

high WC component (Figure 3.3). 
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Figure 3.1 Experimental model 

          

 
 

a. Spray sample design    b. samples with created 

                                       roughness 
Figure 3.2 16Mn steel sample before spraying 

Table 3.1: Chemical composition and mechanical properties of 16Mn steel 

         
Composition C Si Mn P S V Nb Ti 

Ratio % 0,2 0,55 1÷1,6 ≤ 0,04 ≤ 0,04 0,02÷0,15 0,015÷0,06 0,02÷0,2 

Mechanical 

Properties 

Tensile Strength (MPa) Yield Strength (MPa) Relative Elongation (%) 

400÷590 > 315 MPa 21 

 
a. SEM images of WC - 12Co spray powder 

 
b. EDX analysis for composition of spray powder 

Figure 3.3 Analysis of morphology and composition of WC-12Co powder 

HVOF spray equipment:  Manual HVOF 

spray equipment with HP - 2700M spray gun of 

Institute of Automation and Environmental 

Engineering supplied by Metallizing company 

(Figure 3.4) combined with three-axis CNC 

machine (manufactured) are used to 

experimentally spray (Figure 3.5). HP - 2700M 

equipment system includes: 1. Powder feed unit; 

2. Gas supply units; 3. Flow meter unit; 4. 

Diamond jet gun; 5. Support system 

3.3. Experimental planning method 

3.3.1 Experimental design by Taguchi method. 

In this thesis, the orthogonal array L9 according 

 
Figure 3.4 Image of  

HVOF HP-2700M spray equipment system 

 
Figure 3.5 Image of 3-axis CNC machine  

used to experimentally spray 

to Taguchi method, was chosen to arrange experimental parameters for the spray process. Samples 

received after spraying were analyzed according to the selected properties for study. The experimental 

results were analyzed using statistical methods based on signal to noise ratio (S / N) to evaluate the 

effect of factor for response. This results was used to compare and evaluate with multi-response 

optimization results. Hence, the ability to improve the coating properties by the multi-response 

optimization method is achieved. 
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3.3.2 Analysis of variance 

Analysis of variance (ANOVA) is used to determine the effect values of parameters on coating 

properties, thereby, we can determine the importance of parameters. That result is the basis of 

assessing the significance of each spray parameter to the coating properties that were selected for study 

in the thesis. 

3.3.3 Multi-response optimization based on Multiple Regression-Based Weighted Signal-to-Noise 

Ratio (MRWSN) 

MRWSN multi-response optimization method based on the advantages and overcome for 

disadvantages of Taguchi as well as regression method. This method establishes regression equations 

for output properties based on experimental values arranged by Taguchi method. This means that the 

output of Taguchi and regression method is the input of MRWSN method [102]. On that basis, the 

MRWSN Method was used to optimize multiple objectives in this thesis. The calculation process 

consists of 7 steps: 

Step 1: Identify appropriate quality characteristics with mean and variance of each response variable 

(according to MRWSN) 

Step 2: Identify the regression equations to predict the average result and the variance from each 

experiment of the evaluated property, thereby predicting the variance of the output factor. 

Step 3: Predict the value of means and variances of all the response variables using respective 

regression equations. 

Step 4: Convert average and predicted variance of individual response variable into S/Ni ratio 

values (according to MRWSN) using Eqs (3-14 ÷ 3-16) 

Step 5: Compute MRWSNi values for all matching response variables with each experimental 

parameter. 

Step 6: Determine spray parameters with the maximize MRWSN value that is the multi-response 

optimal spray parameters to determine 

Step 7: Predict the value of individual response variable with the multi-objective optimal spray 

parameters based on mathematical functions. From that result, conducting experiments to verify the 

results obtained. 

3.3.4 Establish mathematical regression Methods 

 The thesis uses MRWSN multi-response optimization method. During the calculation process, 

quadratic regression functions have interaction between spray parameters was established according to 

the following mathematical model: 

 2 2 2

1 2 1 3 2 4 3 5 1 2 6 1 3 7 2 3 8 1 9 2 10 3L a a x a x a x a x x a x x a x x a x a x a x                       (3-1) 

In which: L - Function of output properties; a1,..., a10- coefficients of the equation; x1, x2, x3 - 

experimental variables 

The least squares estimation method was used to construct the equation. The relevance of the 

regression function is determined through the R
2
 index (Determination coefficient of the function) and 

(Adjustment coefficient of the function). 

3.4 Experimental spray process 

The purpose of establishing experimental process is to determine suitable spray parameters, spray 

process has to ensure technical requirements for the most quality and economical coating (Figure 3.6). 

3.5 Spray technique 

Through the exploratory spray process, the width of spray beam impression corresponds to the 

spraying distances: 0.2m; 0.275m; 0.35m is defined as 12mm, 15 mm and 18mm, respectively. The 

requirement of next spray lines impression to 1/3 width overlap with spray beam impression of 

previous spray line. The next coat must be perpendicular to the previous coat to ensure uniformity and 

improve the quality of the coating. Therefore, move step - La of CNC machine after each spray line 

corresponding to each case is 8, 10, 12 mm. The direction of spray gun movement in each case of 

different spraying distances is shown in figure 3.7. 
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Figure 3.6 Diagram of spray process 

 
+ La: Distance of two successive spray line 

+ g = 0, 1,2,....,n 

Figure 3.7 Simulating the spray cycle of the spray 

gun when spraying the sample 

3.6 Conducting experimental exploration to determine value ranges of spray parameters for 

research 

 From the published domestic and foreign studies, the spray parameters have been determined to 

conduct the exploratory experiment. The purpose of these experiments is to narrow the experimental 

value of the thesis, which helps the thesis reduce the parameters of research spray. Moreover, the 

spraying parameter levels are narrowed, the thesis results in higher reliability. The range of values for 

the determined spray parameters include: powder feed rate (A = 20 ÷ 45 grams / minute), spraying 

distance (B = 0.17 ÷ 0.45m), oxygen/propan ratio (C = 3 ÷ 8). The quality of coating is preliminary 

assessment based on the cross-section observation of the coating through SEM images (Table 3.2.). 

The range of spray parameters values selected tends to give higher coating quality. 

Table 3.2 Results of exploratory experiment 

Parameter Value 
SEM images of cross-

section coating 
Phenomenon 

Powder feed 

rate (A) 

A < 26 

gam/ min 

 

+ The thickness of a coating layer is very 

thin and the deposition performance is low. 

+ When spraying distance is small, to 

ensure deposition performance, the parts 

affected by high temperatures, the coating 

cracked and peeled. 

A > 38 

gam/min 

 

+ The number of unmelted particles is 

large 

+ Cracking at the border between particles 

+ High porosity 
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Table 4.10 (continue) 
    

Spraying 

distance 

 (B) 

B < 0,2 m  

 

+ The coating was burned by direct acting 

of the flame. The parts were affected by 

high temperatures. 

+ High porosity 

+ Cracking at the border between the 

coating and substrate 

B > 0,35m 

 

+ The number of unmelted particles is 

large 

+ High porosity 

Oxy/propan 

ratios 

(C) 

C < 4 

 

+ The number of unmelted particles is 

large 

+ High porosity 

C > 6 

 

+ The number of unmelted particles is 

large  

+ High porosity 

 These results are the basis for narrowing the range of values for parameters including: powder 

feed rate (A) from 26 ÷ 32 grams/minute; spraying distance (B) from 0.2 ÷ 0.35m; ratio of oxygen/ 

propane (C) from 4 ÷ 6. Spray parameters were divided to 3 levels with: powder feed rate A (gram / 

min) with 26, 32 and 38; Spraying distance B (m) with 0.2, 0.275 and 0.35; Oxygen/propane Ratio C 

with: 4, 5, 6. The experimental spray parameters was arranged according to orthogonal array L9 of 

Taguchi (Table 3.3). Besides, other spray parameters used in the spraying process are set up according 

to parameters in table 3.4. 

Table 3.3 Experimental arrangement by orthogonal 

array L9 

 Table 3.4. Other spray parameters used in 

the study 

Experiment 
Parameter  

A B C  Propan pressure 0,686 (MPa) 

1 26 0,2 4  Propan flow 60 (l/p) 

2 26 0,275 5  Air pressure 0,686 (MPa) 

3 26 0,35 6  Air flow 320 (l/p) 

4 32 0,2 5  Nitrogen pressure 0,4 (MPa) 

5 32 0,275 6  Nitrogen flow 20 (l/p) 

6 32 0,35 4  Total oxygen flow for three levels of spray 

parameters are 240 l/m; 300 l/m; 360 l/m. 

Spray gun movement speed is 0.3m/s. The 

characteristic of the coating selected for 

the study are: hardness, adhesion and 

porosity. 

7 38 0,2 6  

8 38 0,275 4  

9 38 0,35 5 
 

3.7 Evaluation methods of coating quality 

3.7.1 Microstructure of coatings by SEM images (SEM/EDX) 

Scanning electron microscope (SEM / EDX) Jeol 6490 JMS JED 2300, JEOL (Japan) at the 

COMFA center of The Vietnam Academy of Science and Technology was used to determine 

morphology, chemical component analysis for powder and samples. 
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3.7.2 Phase composition of the coating 

In this study, D8-Advance equipment of Bruker (Germany) at the laboratory of the University of 

Natural Sciences was used to phase composition analysis of the coating 

3.7.3 Porosity of the coating 

 ASTM B276-05 (2015) standard has been used to evaluate porosity for ceramic and carbit 

coatings. The porosity of the coating is the percentage of the area of the pores on the total area of the 

microscopic image with a magnification of 200 times. The porosity is defined as the average of four 

measurements on four different locations of the coating sample. The measurement process was carried 

out on Axioplan 2 optical microscope - Carl Zeiss at the center of HI-TECHLOM center of the Mining 

and Mechanical Institute - VINACOMIN. 

3.7.4 Hardness of the coating 

The Vickers hardness of the various coatings was measured by using the IndentaMet 1106 

hardness machine - COMFA center – Institute of materials science - Vietnam Academy of Science and 

Technology. ASTM E384 - 17: 2011 standard were used to evaluate coating hardness. The tester was 

supplied by a 50X microscope magnification using 100 gf (Hv0.1) applied load and load time is 15 

seconds. The hardness of the sample is average of five measurements along the coating thickness.  

3.7.5 The adhesion strength of coating with substrate 

The adhesion srength of coating with substrate were 

tested based on shear stress principle according to JIS-H-

8666-1980 standard. 

In this thesis, adhesion strength between WC-12Co 

coating and 16Mn steel substrate were determined by the 

principle as shown in Figure 3.8. 

The sample surfaces were grind by water grinding 

method on CNC  flat-grinding machine. They were cut 

into small samples on CNC wire cutting machine with 

dimensions of 6.4x7x50 mm. Three small samples of the 

original spray sample were used to adhesion strength 

testing of the coating with substrate.  The adhesion 

strength value for original spray sample is the average of 

three obtained results. The testing process was carried out 

on WEW-1000B tensile - compression machine at HI-

TECHLOM center of the Mining and Mechanical Institute 

- VINACOMIN. 

 
Figure 3.8 Design of principles of 

checking coating adhesion strength 

3.7.6 Abrasion of coating 

The abrasion intensity 

was calculated to compare the 

improvement of coating 

properties with optimal results. 

The principle of abrasion 

(Figure 3.9 a) was selected to 

abrasion  formation on coating 

samples. Hence, abrasive 

forming equipment is 

manufacture to perform 

abrasive forming process 

(Figure 3.9b). 

a. Principle of abrasion test 

 
b. Abrasive forming 

equipment 

Figure 3.9 Principle of sliding wear test and sliding abrasive 

forming equipment 

.

P
I

N S


                  (3-2) 

With: I - abrasive intensity (g / N.mm); ∆P - sample mass loss (before and after the wear test) (g); N - 

Applied load (N); S - moving distance of pin compared to samples (mm) 

 



14 

Summary of chapter 3 

1. HVOF spray equipment and spray materials was selected; besides, fixture to move spray gun 

was made for experimentally spraying. 

2. Experimental exploration based on the range of spray parameters determined by previous 

studies. From that, the range values for the study spray parameters of the thesis are determined with: 

powder feed rate (A) (26-38 gram / min); Spraying distance B (0.2 ÷ 0.35m) and the ratio of oxygen / 

propane (4 ÷ 6) to conduct experiments 

3. Select Taguchi method and orthogonal array L9 which are suitable for experimental plans, and 

combining variance analysis to determine the influence value and reasonable value of spray parameters 

for each coating properties. 

4. The Multiple Regression-Based Weighted Signal-to-Noise (MRWSN) is based on regression to 

calculate the S / N value along with the weighting effect of that spray parameter to determine the 

suitability of spray technology parameters to ensure at the same time the properties and properties of 

the coating. 

5. Select the standards to assess the coating suitable for: hardness (ASTM E384 -17: 2011); 

coating adhesion strength to the substrate (JIS-H-8666-1980); porosity of the coating (ASTM B276-05 

(2015)). 

 

CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSIONS  

4.1 Experimental spray results 

Based on the spray parameters (Figure 4.1) and the established spraying process (figure), the 

experimental spray process is carried out and the results are shown in Figure 4.1. Based on external 

observations, the coatings have good quality when the surface is uniform and there is not cracking or 

peeling. On that basis, the properties of the coating are determined. 

4.2 Microstructure and phase composition of the coating 

Figure 4.2 with 9 SEM images of 9 coating samples with 

100x magnification corresponding to 9 spray parameters 

according to L9. The observed results on SEM images showed 

that the spray samples have the required thickness (400 ± 

50µm), low porosity (less pores). On SEM images with a 

magnification of 500x of the sample coating 3, sample 1 (Figure 

4.2 a, b, c, d) shows that these are the two observed samples 

with the lowest and highest porosity. The bonding between 

coating and substrate are forecasting is high bond strength when 

no cracks appear at the border as well as in the coating. 

 

Figure 4.1 Image of the samples after 

spraying by orthogonal array L9 

 
a. No. 1 

 
b. No. 2 

 
c. No. 3 

 
d. No. 4 

 
e. No. 5 

 
f. No. 6 

 
g. No. 7 

 
h. No. 8 

 
i. No. 9 

Firgue 4.2 

Image of 

microstructure 

after spraying 
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 Phase composition of the 

coating  
Analyzing phase composition 

of the coating with X-ray 

diffraction showed that: WC 

components are partially  changed 

into W2C, Co4W2C and a 

decabuzation part to W. The result 

by reason of change phase and 

decomposed WC when material is 

affected by high temperature 

(Figure 4.3). 

 
a. No. 1 (X200) 

 
b. Sample no.3 (X200) 

 
c. No.1 (8000x) 

 
d. No.3 (8000x) 

 
e. No. 1 (5000x) 

 
f. No.3 (5000x) 

Figure 4.3 SEM image of the coating with magnifications 

 
a. Sample 3 

 
b. Sample 4 

 
c. Sample 8 

Figure 4.4 Analysis image (XRD) overlay phase composition (sample - 3,4,8) 

4.3 Evaluate the properties of the coating and the influence of spray parameters 

Based on the selected method and equipment, the properties of the coating are evaluated 

including: micro hardness, adhesion strength, porosity. However, in order to the results of the research 

to be meaningful and reliable, the significance of the selected spray parameters should be assessed 

through their influence on coating properties through experimental results. ANOVA method was 

applied to determine the influence of spray parameters. The above results show the main influential 

spray parameters in the study and the significance of the research messages. 

4.3.1 Measurement results and the influence of spray parameters on coating hardness 

4.3.1.1 Results of coating hardness measurement on experimental samples 

Hardness of coating has been determined by Vickers hardness test method. The hardness value of 

the coating is the average five measurements diffirent along the coating thickness (Table 4.1). 
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Table 4.1 Results of coating hardness measurement on experimental samples 

Experiment  
Parameter Values  (HV0,1) Average  

A B C 1 2 3 4 5 

1 26 0,2 4 1088,9 946,2 1048,4 1158,9 1048,4 1058,2 

2 26 0,275 5 900,6 1080,6 1402,3 1309,6 1140,8 1166,8 

3 26 0,35 6 1331,9 1025,1 1064,3 1309,6 1105,8 1167,3 

4 32 0,2 5 1186,9 1168,1 1140,8 1460,9 1320,7 1255,5 

5 32 0,275 6 995,3 1354,7 1186,9 1149,8 1215,9 1180,5 

6 32 0,35 4 1215,9 1254,7 1002,6 1366,4 1309,6 1229,8 

7 38 0,2 6 919,7 966,8 1168,1 1177,4 1246,0 1095,6 

8 38 0,275 4 894,3 882,0 1088,9 919,7 1309,6 1018,9 

9 38 0,35 5 1256,2 995,3 1158,9 1402,3 1414,5 1245,4 

The measured hardness values in the range 1018.9 ÷ 1255.5HV are consistent with the results of 

the previous studies and at high levels. Furthermore, the hardness results in a range of 12% around the 

mean shows the great influence of the study spray parameters. Therefore, determining the appropriate 

spray parameters to improve coating hardness is reasonable and necessary. 

4.3.1.2 Influence of spray parameters on coating hardness  
The results of variance analysis showed that the spray parameters in the study greatly affected the 

hardness of the coating because their percentage are high with:  oxygen / propane ratio (C) (39.4%)> 

powder feed rate (A) (33.5%)> spraying 

distance (C) (26.2%) (table 4.2). The 

percentage of effects of noise factors 

(variance) 0.9%) indicates that the 

selected parameters are the main 

influencing parameters. The P value 

from 0.022 ÷ 0.032 is smaller than the 

allowed value (0.05), confirming the 

reliability and statistical significance of 

the problem. 

Table 4.2 ANOVA analysis results to the hardness 

Element  

Degrees  

of  

freedom 

Total 

squared 

elements 

Average 

squared 

P  

value  

Influence 

level 

A 2 18825,2 9412,6 0,025 33,5% 

B 2 14731,3 7365,6 0,032 26,2% 

C 2 22124,4 11062,2 0,022 39,4% 

Variance  2 490,4 245,2  0,9% 

Total 8 56171,3   100% 

4.3.2 Measurement results and influence of spray parameters on coating adhesion strength 

4.3.2.1 Results of coating adhesion strength on experimental samples 
 Coating adhesion strength is evaluated based on the equipment including: compression tractors, 

adhesion test molds. The evaluation results are determined and presented in Table 4.3 

Table 4.3 Value of the adhesion strength of the experiment 

Experiment  
Parameter  Values  (MPa) 

Average  
A B C 1 2 3 

1 26 0,2 4 50,0 51,7 54,6 52,1 

2 26 0,275 5 65,1 64,6 66,3 65,3 

3 26 0,35 6 59,7 60,9 63,1 61,2 

4 32 0,2 5 58,6 59,4 60,6 59,5 

5 32 0,275 6 65,4 65,4 66,0 65,6 

6 32 0,35 4 57,4 57,1 60,3 58,3 

7 38 0,2 6 54,3 53,7 53,4 53,8 

8 38 0,275 4 56,6 54,9 53,7 55,0 

9 38 0,35 5 56,0 57,4 59,1 57,5 

The value range of measured adhesion strength is from 52.1 ÷ 65.6 MPa, these values are high 

according to the basic theory of HVOF coating. The results showed that the coatings were good 

quality. However, the obtained value range of adhesion strength is quite wide, which proves the 

adhesion strength of coating with substrate is depending on the spray parameters.  
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4.3.2.2 Influence of spray parameters on coating adhesion strength 

 Analysis of variance results of adhesion strength measurement presented in Table 4.4 shows 

that: spray parameters have high percentage of effect with 28.7 ÷ 38.9% while effect of variance is 

small (0.5%). The P values corresponding to spray parameter are high reliability (0.012 ÷ 0.017 <0.05). 

This confirms that the research parameters are main influencing parameters and the study of their 

influence on adhesion between the coating with the substrate is significant. Spraying distance (B) has 

the greatest effect on adhesion strength with 38.9%, followed by the ratio of oxygen / propane (C) with 

31.9% and powder feed rate (A ) with 28.7%. 

Table 4.4 Results of ANOVA analysis to the adhesion of the coating 

Element  Degree of 

freedom 

Total squared elements Total squared P value Influence 

level  A 2 51,860 25,9300 0,017 28,7% 
B 2 70,447 35,2233 0,012 38,9% 
C 2 57,727 28,8633 0,015 31,9% 

Variance 2 0,887 0,4433 
 

0,5% 
Total 8 180,920 

  
100% 

4.3.3 Measurement results and the influence of spray parameters on porosity 

4.3.3.1 Measurement results of the coating porosity on experimental samples 

Porosity values were 

evaluated by microscopic 

images based on the pore area 

ratio with total image area. 

The coating porosity is 

calculated as the average of 

four calculated results based 

on four different 

microstructure images with a 

magnification of 200 on a 

sample. The porosity of spray 

samples are presented in 

Table 4.5 

 

Table 4.5 Measurement results of the porosity on experimental 

samples Experime

nt  

Parameter Values  (%) 
Average  

A B C 1 2 3 4 

1 26 0,2 4 2,96 3,02 3,44 3,30 3,18 

2 26 0,275 5 1,97 2,34 2,05 2,28 2,16 

3 26 0,35 6 1,23 1,62 1,66 1,17 1,42 

4 32 0,2 5 2,42 2,87 2,62 3,25 2,79 

5 32 0,275 6 1,91 2,25 2,39 2,01 2,14 

6 32 0,35 4 2,48 1,96 2,31 2,45 2,30 

7 38 0,2 6 2,66 3,18 2,93 3,07 2,96 

8 38 0,275 4 2,94 3,35 3,52 3,67 3,37 

9 38 0,35 5 1,74 2,22 1,87 1,85 1,92 

The porosity results from Table 1 show that the smallest porosity value is 1.42% of sample no. 3 

with the spray parameter level is A1B3C3; maximum porosity value with 3.37% measured on sample 

No. 8 (A3B2C1). From the results of the previously published research shows that, HVOF coating has 

good quality with porosity of 1 ÷ 2%. Therefore, result of determination is agreed with the theory and 

proves that the exploratory experiments to limit the range of study spray parameters are significant. In 

addition, some spray parameters for coating porosity greater than 2% have demonstrated the necessity 

of optimizing the spray parameters. However, before performing the optimization, variance analysis 

for the measurement results are proceeded to evaluate the significance and influence of spray 

parameters to the value of the coating porosity.  

4.3.3.2 Influence of spray parameters to coating porosity 

 The variance analysis was conducted similarly to the previous coating properties for the results 

shown in Table 4.6. Spray parameters greatly affect porosity with order: spraying distance with 

55.74%, oxygen / propane ratio with 31.94%, powder feed rate with 11.74%. The effect of variance  

with 0.58% indicates that the spraying parameters are main affecting to porosity of the coating. The P 

value which is less than 0.05 indicated the reliability of the problem.  

Table 4.6 Results of ANOVA analysis to the coating porosity 

Element  Degree 

of 

freedom 

Total squared elements Total squared P value Influence level  

A 2 0,38682 0,193411 0,047 11,74% 

B 2 1,83696 0,918478 0,010 55,74% 

C 2 1,05242 0,526211 0,018 31,94% 

Variance  2 0,01929 0,009644 -- 0,58% 

Total  8 3,29549 -- -- 100% 



18 

4.4 Suitable spray parameters and effects of spray parameters on coating properties 

The quadratic mathematical function has a pair interaction with the 10 coefficients used for the 

MRWSN multi-objective optimization problem. Therefore, the 10th experiment was carried out so that 

the above coefficients could be fully determined (A2 = 32gam / minute; B2 = 0.275m; C2 = 5) for 

evaluation results (Table 4.7). 

Table 4.7 Results of measuring the properties of the 10th sample 

Results 
Measurement times 

Averages 
1 2 3 4 5 

Hardness  (HV0,1) 1222,7 1261,6 1258,1 1231,9 1246 1244,1 

Adhesion strength (MPa) 65 69 68 -- -- 67 

Porosity (%) 2,18 2,48 2,37 2,81 -- 2,46 

4.4.1 Suitable spray parameters and mathematical relationships between spray parameters to 

coating hardness 

4.4.1.1 Suitable spray parameters to the coating hardness 

The impact level mean of spray 

parameters to hardness of coating is based on 

S/N ratios according to Taguchi method. The 

results for the impact levels of spray parameters 

to coating hardness are determined and 

presented in Figure 4.5. Parameter A2B3C2 (A 

= 32 grams / minute; B = 0.35 m; C = 5) is the 

appropriate parameter level for the maximum 

hardness expected:
 

4.4.1.2 Mathematical relationships between 

parameters to coating hardness 

 
Figure 4.5 Diagram of the impact level of spray 

parameters to the hardness 

The least squares estimation method was used to construct the equation of f (HV) coating hardness, 

Maple 18 software was used to establish the function and give the result: 

 

2 2 2

3088,3867 147,9857 4394,6074 982,7789 24,9037

0,4878 185,4222. 2,4895 9205,3333 – 91,9033

HV
f A B C AB

AC BC A B C

     

   

      (4-1) 

4.4.1.3 The suitability of mathematical functions with experimental results 

 Determination coefficient R
2
  1; and coefficient of adjustment determination R

2
adj   1  shows 

that the mathematical model of the selected function type in this case is very suitable for hardness 

results. Hence, effects of spray parameters on hardness coating are continuously assessed. 

4.4.1.4 Infuence of spray parameters on coating hardness 

 Based on the mathematical function, diagrams of relations are established at 2D and 3D forms 

for optimal level spray parameters to hardness (Fig 4.6, Fig 4.7) 

 
Figure 4.6 Relationship diagram of coating hardness on each optimum spray  

 
Figure 4.7 Relationship diagram of coating hardness on each optimum spray parameter with 3D 

quadratic function 

a) b) c) 
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4.4.1.5 Experimental verification of single-response optimum parameters to coating hardness 

Experimental verification of suitable parameters for maximum hardness was carried out with 

spray parameters A2B3C2 (A2 = 32g / min, B3 = 0.35m, C2 = 5) for coating hardness of 1329.6HV 

0.5% deviation, prove that Taguchi method is reliable for improving WC-12Co coating hardness. 

4.4.2 Suitable spray parameters and mathematical relationships between spray parameters to coating 

adhesion strength 

4.4.2.1 Suitable spray parameters for coating adhesion strength 

In Figure 4.8, A2B2C2 spray 

parameters had the highest average of S/N 

value which are parameters for the largest 

adhesion strength of the coating and 

substrate. Predictive value of adhesion 

strength is: 

2 2 2( ) ( ) ( ) 66,5( )optBD T A T B T C T MPa       

Mathematical function (4-2) which 

describes the relationship of spray 

parameters to the adhesion strength of the 

coating with substrate is established.  

 
Figure 4.8 Average S / N effect of spray parameters to 

the adhesion strength 

With 2 0,9999R  , 2 0,9998adjR 
 

, they are shown that the mathematical model is consistent with the 

experimental results

 
 

2 2 2207 6,6491 631,9259 30,6566 3,1852 0,2056 9,3333 0,1106 986,6665 3 ;(4 2, )8
BD

f A B C AB AC BC A B C          

 

4.4.2.2 Influence of spray parameters on coating adhesion strength 

 From the determined mathematical  function, effect of spray parameters on adhesion strength was 

continuously evaluated through 2D and 3D diagrams (Figure 4.9, 4.10) 

 
Figure 4.9 Relationship diagram of adhesion strength on each optimum spray parameter with 2D 

quadratic function 

 
Figure 4.10 Relationship diagram of adhesion strength on each optimum spray parameter with 3D 

quadratic function 

4.4.2.3 Experimental verification of single response optimum parameters to coating adhesion 

strength 

Single optimal spray parameters for the expected adhesion strength is A2B2C2 (A2 = 

32gam/min, B2 = 0,275m, C2 = 5) and coincided 10th experiment, these parameters were 

experimentally verified for giving the reliability of the predicted values. Moreover, due to optimal 

a) 
b) c) 

a) b) c) 
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parameters predicted coincided with experiment 10, the reliability of measurement results can be again 

confirmed. The adhesion strength of the verified sample with 68MPa is higher than all values in the 

experiments according to L9. The deviation of test and predicted results is 2.3% (68 MPa compared 

with 66.5 MPa); the variance compared with the measurement results of the 10th experiment is 0.6% 

(68MPa compared with 67.6MPa) demonstrated high reliability of measurement. Optimal results can 

improve the adhesion strength of the coating to the substrate. 

4.4.3 Determining suitable spray parameters and mathematical relationship between spray parameters to 

the coating porosity 

4.4.3.1 Suitable spray parameters to the coating porosity 

The curves in Figure 4.11 show that the change of the impact of parameters affecting the porosity 

through the average S / N ratio according to the levels. The best spray parameter (A1B3C3) with higest 

S/N value is the suitable parameter for the smallest porosity. The predicted porosity value (3-5) is: 

1 3 3( ) ( ) ( ) 1,36%optDX T A T B T C T       

 Mathematical function describing the 

relationship between spray parameters 

with the porosity of the coating is 

calculated similarly to hardness and 

adhesion strength. Function 4 and 3 

were established. 

 (With 2 1R  , 2 1adjR 
 

proved the 

mathematical model is consistent with 

the experimental results)
 

 

 
Figure 4.11 Diagram of the average S / N level of spray 

parameters to the porosity 

 

2 2 2

 8,5889 0,067 15,1407 3,1956 0,4519

0,015 1,9111 0,0006 30,8148 0,17

DX
f A B C AB

AB BC A B C

     

   

                            (4-3) 

4.4.3.2 Influence of spray parameters on the coating porosity 

From the mathematical function, the diagram for determining the effect of spray parameters on 

the coating  porosity of the was drawn (Figure 4.12 and 4.13).  

 
Figure 4.11 Relationship diagram of porosity on each optimum spray parameter with  

2D quadratic function 
 

 

Figure 4.11 Relationship diagram of porosity on each optimum spray parameter with  

3D quadratic function 

 4.4.3.3 Experimental verification of single optimum parameter to coating porosity 

 Experimentally conducting appropriate parameters (A1B3C3: A1 = 26g / minute, B3 = 0.35m, 

a) b) c) 

a) b) c) 



21 

C3 = 6) for the smallest coating porosity was verified the reliability of the predictions results. The 

obtained result with the optimal porosity is 1.43%, with a difference of 0.07% compared to the 

predicted value. Moreover, because the optimal result coincides with the No.3 experiment and the 

difference between the experimental results of the above two measurements is 0.01% (1.43% 

compared to 1.42%). That demonstrates the method of measuring porosity for reliable results. The 

coating porosity has been improved. 

4.5 Effect of spray parameters on the porosity, adhesion strength and hardness of the coating 

4.5.1 Determining the S / Ni values for the coating properties 

With a quatity characteristic which larger is better for hardness and adhesion of the coatings, 

smaller is better for porosity of the coatings. From the average measured values  and the variance 

between the measurements ( ) corresponding to each spray parameter,  ,   function representing the 

relationship with spray parameters were established. Accordingly, we can have inversely estimated the 

values and   for each experimental spray parameter and determined the S/Ni ratio for that experiment. 

+ Functions y  and 2

10log ( )y  for the hardness of coating:  

(

2 2 2

) 3088,3867 147,9857 4394,6074 982,7789 24,9037

0,4878 185,4222. 2,4895 9205,3333 – 91,9033

y HVf A B C AB

AC BC A B C

     



 

                   

(4-4) 

2

2 2

10

2

10,8409 1,6356 90,1851 12,7548 4,3122

0,3569 28,984 0,0324 153,

log ( )

6267 0,7651

y A B C AB

AC BC A B C

     





  
                            (4-5) 

+ Functions y  and 2

10log ( )y  for the adhesion strength of coating: 

2 2 2

207 6,6491 631,9259 30,6566 3,1852

0,2056 9,3333 0,1106 986,6665 3,8      

y A B C AB

AC BC A B C

     

    


                    (4-6) 

2

10

2 2 2

5,0564 0,4201 9,5856 3,9716 2,0747

0,1216 14,6422  0,0062 19,075

lo

6 0,485

g ( )

8

y A B C AB

AB BC A B C

     

   



                                     

(4-7)  

+ Functions y  and 2

10log ( )y  for the porosity of coating: 

2 2 2

8,5889 0,067 15,1407 3,1956 0,4519

0,015 1,9111 0,0006 30,8148 0,17

y A B C AB

AB BC A B C

     

   

                   (4-8) 

2

10

2 2 2

9,7334 0,6026 16,0281 0,4709 0,3270

0,0246 2,3004 0,0057 24,1748 0,04

l g

34

o ( )y A B C AB

AC BC A B C

      

   

                     (4-9) 

Table 4.8 Predictions of S/Ni value for properties of coating corresponding to experimental parameters 

No

. 

Experi

ment  

Spray parameter  S/Ni for the 

hardness 

S/Ni for the adhesion 

strength 

S/Ni for the 

porosity A B C 

1 A1B1C1 26 0,2 4 42,04 34,28 -10,13 
2 A1B1C2 26 0,2 5 -47,15 34,93 -7,29 
3 A1B1C3 26 0,2 6 -169,83 34,30 -4,92 

4 A1B2C1 26 0,275 4 60,21 35,53 -9,36 
5 A1B2C2 26 0,275 5 27,54 36,30 -6,80 

6 A1B2C3 26 0,275 6 -51,90 35,86 -5,00 

7 A1B3C1 26 0,35 4 60,83 33,64 -7,32 
8 A1B3C2 26 0,35 5 61,17 34,89 -4,69 
9 A1B3C3 26 0,35 6 33,05 35,73 -3,22 

10 A2B1C1 32 0,2 4 60,96 33,06 -11,23 
11 A2B1C2 32 0,2 5 35,19 35,50 -9,05 
12 A2B1C3 32 0,2 6 -44,56 35,10 -7,50 

13 A2B2C1 32 0,275 4 60,82 35,77 -10,01 
14 A2B2C2 32 0,275 5 61,42 36,60 -7,97 

15 A2B2C3 32 0,275 6 34,75 36,35 -6,78 
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Table 4.8 (continue) 

16 A2B3C1 32 0,35 4 34,21 35,31 -7,40 

17 A2B3C2 32 0,35 5 62,23 35,95 -5,24 

18 A2B3C3 32 0,35 6 61,94 35,97 -4,36 

19 A3B1C1 38 0,2 4 59,76 27,95 -12,30 

20 A3B1C2 38 0,2 5 60,39 34,61 -10,62 

21 A3B1C3 38 0,2 6 31,35 34,63 -9,61 

22 A3B2C1 38 0,275 4 25,90 34,83 -10,71 

23 A3B2C2 38 0,275 5 59,85 35,83 -9,13 

24 A3B2C3 38 0,275 6 60,37 35,74 -8,41 

25 A3B3C1 38 0,35 4 -52,85 33,99 -7,64 

26 A3B3C2 38 0,35 5 30,06 35,20 -5,94 

27 A3B3C3 38 0,35 6 61,31 35,13 -5,55 

4.5.2 Determine the overall MRWSNi values 

 The influential weight of each property on abrasion resistance is chosen by the designer. 

Accordingly, the obtained MRWSNi values will accurately predict the spray parameters for the coating 

with the best abrasion resistance. Therefore, in order to have a suitable influential weight (wi) for each 

property (hardness, porosity, adhesion strength), we should conduct abrasion verification tests to 

evaluate the effect of each coating property. Coating samples whose main coating properties affected 

the abrasion with a large and suficient difference will be chosen, the two remaining properties of the 

coating have the same value. + Sample 1 - sample 7: assess the effect of porosity; + Sample 3 - sample 

4: assess the impact of hardness; + Sample 6 - sample 10: assess the effect of adhesion strength. 

Table 4.9 Coating abrasion test results to determine the weight (wi ) for coating properties 

Sam-

ple  

Hardness 

(HV) 

Adhesion 

strength 

(MPa) 

Poros

ity  

(%) 

Abrasion 

amount 

∆P (g) 

Moving dis-

tance Sample 

S mm 

Testing 

Load  

(N) 

Wear 

intensity 

 I (g/N.mm) 

The percentage of 

worn-out deviations 

of the sample pair 

1 1058,2 52,1 3,18 0,6518 262080 20 1,2436.10
-7

 
2,6 % 

7 1095,6 53,8 2,96 0,6352 262080 20 1,2118.10
-7

 

3 1167,3 61,2 1,42 0,5988 262080 20 1,1424.10
-7

 
11,3 % 

4 1255,5 59,5 2,79 0,5381 262080 20 1,0266.10
-7

 

6 1229,84 58,3 2,30 0,6076 262080 20 1,1592.10
-7

 
8,7 % 

10 1244,1 67,6 2,46 0,5276 262080 20 1,0666.10
-7

 

The abrasion test results show that porosity is the least influential factor because of similar 

measurement results on sample 1 and sample 7 , the abrasion intensity of sample 1 is not much higher 

(the difference between the abrasion intensity of sample 1 compared to sample 7 is only 2.6%). The 

abrasion intensity of sample 3 is higher than that of sample 4, showing that the coating hardness 

strongly affects the abrasion resistance of the coating, the difference between the abrasion intensity of 

sample 3 and sample 4 is 11.3%. Meanwhile, the abrasion intensity of sample 6 is 13.2% higher than 

that of sample 10, so the adhesion strength also greatly affects the abrasion resistance. However, the 

range of hardness value is only 7%, while that of the adhesion strength is 13.7%, indicating a higher 

degree of hardness change. On that basis, choose the influential weight of the corresponding coating 

properties: hardness (0.5); adhesion strength (0.4); porosity (0,1) and calculation of MRWSNi values 

(table 4.10). 
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Table 4.10 Corresponding MRWSNi values for each set of experimental parameters 

No Spray mode 
Hardness Adhesion strength Porosity  

1

MRW w
r

i i i

i

SN SN


  Grade  
S/Ni wi S/Ni wi S/Ni wi 

1 A1B1C1 42,04 0,5 34,28 0,4 -10,13 0,1 33,72 14 

2 A1B1C2 -47,15 0,5 34,93 0,4 -7,29 0,1 -10,33 24 

3 A1B1C3 -169,83 0,5 34,3 0,4 -4,92 0,1 -71,69 27 

4 A1B2C1 60,21 0,5 35,53 0,4 -9,36 0,1 43,38 8 

5 A1B2C2 27,54 0,5 36,30 0,4 -6,8 0,1 27,61 21 

6 A1B2C3 -51,9 0,5 35,86 0,4 -5,0 0,1 -12,1 25 

7 A1B3C1 60,83 0,5 33,64 0,4 -7,32 0,1 43,14 10 

8 A1B3C2 61,17 0,5 34,89 0,4 -4,69 0,1 44,07 5 

9 A1B3C3 33,05 0,5 35,73 0,4 -3,22 0,1 30,5 17 

10 A2B1C1 60,96 0,5 33,06 0,4 -11,23 0,1 42,58 12 

11 A2B1C2 35,19 0,5 35,5 0,4 -9,05 0,1 30,89 16 

12 A2B1C3 -44,56 0,5 35,1 0,4 -7,5 0,1 -8,99 23 

13 A2B2C1 60,82 0,5 35,77 0,4 -10,01 0,1 43,72 6 

14 A2B2C2 61,42 0,5 36,6 0,4 -7,97 0,1 44,55 3 

15 A2B2C3 34,75 0,5 36,35 0,4 -6,78 0,1 31,23 15 

16 A2B3C1 34,21 0,5 35,31 0,4 -7,4 0,1 30,49 18 

17 A2B3C2 62,23 0,5 35,95 0,4 -5,24 0,1 44,97 1 

18 A2B3C3 61,94 0,5 35,97 0,4 -4,36 0,1 44,92 2 

19 A3B1C1 59,76 0,5 27,95 0,4 -12,3 0,1 39,83 13 

20 A3B1C2 60,39 0,5 34,61 0,4 -10,62 0,1 42,98 11 

21 A3B1C3 31,35 0,5 34,63 0,4 -9,61 0,1 28,57 19 

22 A3B2C1 25,9 0,5 34,83 0,4 -10,71 0,1 25,81 22 

23 A3B2C2 59,85 0,5 35,83 0,4 -9,13 0,1 43,34 9 

24 A3B2C3 60,37 0,5 35,74 0,4 -8,41 0,1 43,64 7 

25 A3B3C1 -52,85 0,5 33,99 0,4 -7,64 0,1 -13,59 26 

26 A3B3C2 30,06 0,5 35,2 0,4 -5,94 0,1 28,51 20 

27 A3B3C3 61,31 0,5 35,13 0,4 -5,55 0,1 44,15 4 

Results from Table 4.10 show that spray parameters A2B3C2 have the highest value of MRWSNi 

(44,97). Therefore A2B3C2 are multi-response optimal spray parameter to determine. This parameter 

coincides with the single-response optimum by Taguchi for hardness. Hence, Taguchi does not predict 

the other properties of the coating. The MRWSN method based on the mathematical relation functions 

4.4, 4.6, 4.8 was used to predicte hardness, adhesion, porosity of coating corresponding spray 

parameter multi-response with results: 1336.2HV; 64.7MPa; 1.83%. 

Comparing the above predicted results with the results of orthogonal array L9 and the single- 

objective optimal spray parameters, it show that: all the predicted values are at the highest level 

compared to the experimental results (Table 4.1, 4.3, 4.5). The hardness value of 1336.2 HV is similar 

to the single-response optimum value (with the spray parameters), so the hardness value reaches the 

highest. The value of adhesion strength is only lower than the single-response optimal sample 3MPa 

(64.7MPa compared to 66.5 MPa). The porosity is not significantly higher than the porosity value of 

the single-response optimal sample (1.83% compared to 1.36%). 
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4.5.3 Influence of spray parameters to simultaneous spray coating properties 

Variance analysis results based on MRWSNi 

parameters were provided in table 4.11. The results show 

that the powder feed rate (A) had the greatest 

simultaneous effect at 62.9%, followed by the spraying 

distance (B) of 30.2% and the oxygen / propane ratio (C) 

of 6.9%. The results of multi-objective optimization in 

accordance with the theory of HVOF spray method, 

proving the reliability of the research results and that the 

survey parameters are essential parameters. 

 

Table 4.11 Concomitant influence of spray 

parameters to coating properties 

Element  

Total 

squared 

elements 

Total 

squared 

Influence 

level 

A 12,40 6,20 62,9% 

B 5,95 2,98 30,2% 

C 1,35 0,68 6,9% 

Total 19,7 
 

100% 

4.5.4 Experimental verification of multi-objective optimal spray parameters 

 Conduct the experiment with the spray parameter of A2B3C2 (A = 32g / min; B = 0.35m; C = 

5) and assessment of the hardness, adhesion strength and porosity after spraying and obtaining results 

in below table 4.12. 

Table 4.12 Coating properties of the sample with multi-objective spray parameters 

No. Norms Predicted values Measured 

value 

Variance  

1 Hardness (MPa) 1336,2 1329,6 -0,5% 

2 Adhesion strength 

(HV) 

64,7 65,3 +0,9% 

3 Porosity (%) 1,83 1,73 -0,1% 

Abrasion amount ∆P Moving distance of the 

sample  

Tested 

weight 

Abrasion intensity I  

0,4903 (g) 262080 (mm) 20 (N) 0,9354.10
-7

 (g/N.mm) 

 The measurement results on the multi-objective optimal samples show that the coating has 

simultaneously satisfied the coating properties as predicted, the variance of the measurement results 

(table 4.12) is small, which has proven the reliability of the test results. With obtained higher abrasion 

resistance of the multi-objective optimal samples, it was shown that the MRWSN method can 

determined the spray parameters; and simultaneously meets the requirements on hardness, adhesion 

and porosity to improve the abrasion resistance of the coating. Therefore, it is a very effective tool to 

solve the multi-objective optimization problem. 

4.5.5 Improvement of multi- objective coating compared to single-response one to abrasion resistance 

From the determined single-response and multi-objective optimal spray parameters, experiments 

are conducted to evaluate the results of the above optimal problems.  

Table 4.13 Comparing test results of single-response and multi-objective optimal cases 

Symbol  
Optimal sample of 

coating properties 

Spray 

parameters  

Hardness 

(HV) 

Adhesion 

strength 

(MPa) 

Porosity  

(%) 

Abrasion 

intensity 

(g/N.mm) 

KC4=KC1 multi-objective A2B3C2 1329,6 65,3 1,73 0,9354.10
-7

 

KC2 Adhesion strength A2B2C2 1244,1 67,6 2,46 1,0066.10
-7

 

KC3 Porosity A1B3C3 1167,3 61,2 1,43 1,1424.10
-7

 

Compare KC2 with KC4 - - - 6,4% + 3,5% + 0,73%  + 7,6 % 

Compare KC3 with KC4 - - - 12,2% - 6,3% - 0,31% + 22,1% 

As we can see from the results of comparing KC2 sample with KC4 sample: the hardness of KC2 

sample is 6.4% lower than that of KC4 sample while the adhesion strength is 3.5% higher than that of 

KC4 sample and the porosity is 0.73% higher than that of KC4 sample. It also explains the reason of 

the abrasion intensity of KC2 sample is higher than the KC4 sample of 7.6%. Similarly, comparing 

KC2 sample with KC4 sample: the lower hardness of 12.2%; the lower adhesion strength of 6.3 %; 

while the porosity is 0.31% lower. This demonstrates that the multi-objective sample has better 

abrasion resistance than single-response one for the porosity, and the porosity less affects the abrasion 

intensity because the range of value changes is not much. In addition, the influence of coating 

properties was also observed on the samples after worn testing with SEM images (Figure 4.14). 
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KC3(1167,3 HV; 61,2 MPa;  

1,43%; 0,5712.10
-5

g/N.m) 

KC2 (1244,1 HV; 67,6 MPa; 

2,46%; 0,5033.10
-5

g/N.m) 

KC1 = KC4 (1329,6 HV; 65,3 

MPa; 1,73%; 0,4677.10
-5

g/N.m) 

Figure 4.14 Comparison of wear patterns of single-response and multi-objective samples on SEM 

images 

 The above evidence has demonstrated that the MRWSN multi-objective optimization method is 

highly effective in determining the suitable spray parameters for the best simultaneous coating 

properties. The results also confirm that the coating is enhanced with high abrasion resistance. This is a 

potential method for optimizing many parameters to simultaneous output properties. 

Summary of chapter 4 

1. HVOF spray method was successfully used to make WC-12Co coating on a flat 16Mn steel 

plate. 

2. HVOF coating is made from WC-12Co spray powder with high bonding strength, the effect of 

heat source leads to WC component partly converted into W2C, Co4W2C and W. The influence of 

spray parameters change the hardness, adhesion strength and porosity. 

3. Values of suitable spray parameters for each best coating properties and their influential 

percentage were determined by Taguchi method combined with ANOVA variance analysis and it has 

provided the following results:  

+ Maximum hardness with the powder feed rate of 32 grams/ minute, spraying distance of 0.35m, 

oxygen / propane ratio of 5; influential percentage of spray parameters to the hardness in order oxygen 

/ propane ratio (39.4%)> powder feed rate (33.5%)> spraying distance (26.2%). The relationship of 

spray parameters with coating hardness is expressed as follows: 

f (DC)= -3088,3867 + 147,9857A - 4394,6074B + 982,7789C + 24,9037AB + 0,4878AC- 

185,4222 ,BC - 2,4895A
2 
 + 9205,3333B

2
 – 91,9033C

2
    

+ Maximum adhesion strength with the powder feed rate of 32 g / spraying distance of 0.275m, 

oxygen / propane ratio of 5; influential percentages of spray parameters to the adhesion strength are 

38.9%, 31.9% and 28.7 % for spraying distance, oxygen / propane ratio and powder feed rate, 

respectively. Mathematical relationship between spray parameters and the adhesion strength is 

determined as follows: 

f(BD) = -207 + 6,6491A + 631,9259B + 30,6566C - 3,1852AB + 0,2056AC + 9,3333BC – 

0,1106A
2
 -986,6665B

2
 – 3,8C

2
 

+ Minimum porosity with the powder feed rate of 26g / minute, spraying distance: 0.35m, oxygen 

/ propane ratio of 6; influential percentage of spray parameters to the the porosity in the order  spraying 

distance (55, 74%)> oxygen / propane ratio (31.94%)> powder feed rate (11.74%). The relationship 

between spray parameters and porosity is defined as follows:  

f(DX) = 8,5889 + 0,067A + 15,1407B – 3,1956C – 0,4519AB + 0,015AB + 1,9111BC + 

0,0006A
2
 – 30,8148B

2
 + 0,17C

2
 

4. Set of multi-objective optimal parameter obtains maximum MRWSNi value with powder feed 

rate of 32g / min; spraying distance of 0.35m; oxygen / propane ratio of 5. At the same time, the 

influential percentage of spray parameters simultaneously to the coating properties are also determined 

in order powder feed rate (62.9%)> spraying distance (30.2%)> oxygen / propane ratio (6.9%). 

5. Experimental verification shows that the multi-purpose coating has a high synthetic property 
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(highest hardness, high adhesion strength, small porosity) while single target forms only satisfy a 

good property. Most, the remaining factors are significantly lower than the multi-target values. The 

coating with multi-objective spray parameters for the best abrasion resistance has confirmed the high 

synthetic quality of the coating. The MRWSN method is an effective solution for optimizing multiple 

output problems. 

 CONCLUSIONS  

I. Main results of the thesis: 

1. Thermal spraying is an advanced technology that can be applied to recover or create new parts 

surface. Thermal spray coating can be suitable abrasion-resistant conditions. By analyzing domestic 

and foreign studies in this field, we can show the advantages and disadvantages of previous 

publications leading to selecting research issues. 

2. Hardness, adhesion and porosity are important properties of the coating during the operation 

process. Powder feed rate, spraying distance, fuel gas (oxygen / propane) ratio were also shown to be 

the main influential parameters on coating quality. 

3. We have analyzed, selected suitable materials, equipments and established suitable spray 

process for the experimental spray process. Taguchi, variance analysis, least squares method and multi-

objective optimization based on MRWSN were studied to evaluate coating quality; Identified standards 

and equipment for testing and assessing coating properties.  

4. A set of single- response and multi-objective optimal spray parameters (A powder feed rate, B 

spraying distance, C oxygen / propane ratio) for each characteristic: hardness (A = 32 g / min, B = 

0.35m, C = 5); adhesion strength (A = 32 g / min, B = 0.275m, C = 5); porosity (A = 26gam / minute, 

B = 0.35m, C = 6) of the coating have been determined. At the same time, the influential percentage of 

the parameters to each property has been also calculated: hardness (A = 33.5%, B = 26.2%, C = 

39.4%); adhesion strength (A = 28.7%, B = 38.9%, C = 31.9%); porosity (A = 11.74%, B = 55.74%, C 

= 31.94%). 

5. The experimental mathematical functions (4-5), (4-7), (4-9) have been developed to represent 

the relationship of spray parameters for each coating properties (hardness, adhesion strength, porosity). 

From the defined mathematical function, the influence of the parameters has been assessed. 

6. The multi-objective optimal spray parameters have been developed to satisfy the required 

coating properties (hardness, adhesion strength, porosity) by MRWSN method with A = 32 g / min, B 

= 0.35m, C = 5. At the same time, the influence of each spray parameters and the properties of coating 

A with 62.9% and B with 30.2% and C with 6.9% have been determined.. 

II. Further research directions 

1. Develop optimization method for other properties of the coating such as: roughness, residual 

stress, …of spray parts. 

2. Study the effect of simultaneous spray parameters on coating quality. 

3. Apply this method to different types of coatings, substrate details and various spray methods. 
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