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INTRODUCTION 

 

1. Reasons for choosing the topic 

 In the field of thermal spray, the role of this technology at first was only for decorative purposes, but 

after World War II, this technology was used on a large scale. Thermal spay with many different spraying 

methods such as: flame spray, explosive spray, laser spray, plasma spray, etc. has been used mostly in 

advanced countries and has increasingly proved to have many advantages. in areas such as: restoration of 

worn parts, corrosion protection, decoration, and creating surface layers with special technical features. 

      Among the above-mentioned thermal spray methods, plasma spraying has many advantages: a high- 

energy heat source, low porosity coating creation, high sliding adhesion- ensuring and maintaining the 

application of the thermal spray in production in Vietnam in order to create new products that are competitive 

with imported products of interest to domestic enterprises. With the trend of promoting the industrial 

development of the country, the application of thermal spray in the manufacture of new domestic components 

is necessary. 

 Depending on the material and coating parameters, thermal spray can give mechanical products 

durability and necessary technological features to meet the increasingly demanding and strict requirements 

of manufacturing technology processes. Many types of parts require internal flexibility and at the same time 

good hardness and wear resistance. Materials as as well as ceramic coatings based on Al2O3 and TiO2 oxides, 

are currently of interest. The research developed in the direction of this ceramic material mainly focuses on 

studying the influence of manufacturing technology factors on an output mechanical parameter of the coating 

such as porosity, hardness, adhesion, and slip - or wear resistance of the main coating, so it is necessary to 

focus on systematic research on plasma spraying technology to create coatings of this system for specialized 

applications. 

From the above points, the author chooses the topic: "Research on the influence of plasma spray 

technological parameters on the properties of Al2O3-TiO2 ceramic coating on steel substrate". The 

plasma spray coating of Al2O3-TiO2 oxide ceramic system (ratio of 60-40%) is researched and fabricated on 

C45 steel. The selected Taguchi experimental design method combined with multi-objective optimization, 

the overall evaluation criterion of OEC used in this thesis is a relatively new research direction. 

2. Thesis's research purpose 

Fabrication and quality control of Al2O3-40TiO2 ceramic plasma coating: study the influence of some 

key technological parameters in plasma spraying method on coating quality working under wear-resistant 

conditions; Single-objective and multi-objective optimization studies meet diverse requirements for coating 

quality. 

3. Research object and scope 

- Research subjects: 

  Coating of Al2O3-40TiO2 oxide ceramic system, made by air plasma spraying method on C45 carbon 

steel base. 

- Scope of the research: 

The thesis focuses on studying the influence of 3 main parameters of coating spray mode, including-

plasma spray current, spray distance, and powder supply flow. The properties of the ceramic coatings are 

evaluated including material microstructure, phase composition and mechanical properties (micro hardness, 

adhesion strength, porosity and coefficient of dry friction). 

4. Research methods 

Theoretical research method combined with experimental ones. 

- Theoretically: 

 + An overview study on the formation and properties of Al2O3–40TiO2 ceramic coatings on steel 

substrates by air plasma spraying. 

 + Research on experimental planning methods: Taguchi method; method of least squares; using the 

overall evaluation index OEC to find the appropriate level of the coating technology parameters to meet the 

coating mechanical properties simultaneously. 

 

- Experiment: 

- Design experimental models based on analysis of plasma spray technology parameters to coating 
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properties based on studies of previous publications and exploratory experiments. 

- Manufacturing spay jigs, and molds to test the adhesion strength for experimental samples. 

- Spray experimental samples 

- Evaluation of coating properties and mechanical properties include: 

+ Coating micro hardness is assessed according to ASTM E384-17; 

+ Measure the coefficient of friction of the coating by TRIBO-Tester 

+ The coating adhesion is assessed according to JIS H 8666: 1980; 

+ Coating porosity is assessed according to ASTM B276-21; 

- Based on experimental results and analysis of variance, combining multi-objective regression to 

evaluate research results according to set objectives. 

- Analysis of coating cross-sectional organization by scanning electron microscopy, phase 

composition analysis by X-ray diffraction method. 

5. Scientific and practical meaning 

- Scientific significance: 

+ Provided an effective approach in determining the appropriate range of plasma spray parameters 

affecting the properties of Al2O3–40TiO2 ceramic coatings. 

+ Determined the influence of 3 main spray parameters (injection current, spray distance, and powder 

feed flow) on 4 coating quality indicators (micro-hardness, adhesion strength, porosity, coefficient of 

friction); Constructed mathematical functions describing the relationship between Al2O3–40TiO2 coating 

quality criteria with 3 parameters of spray mode. 

+ Determine the optimal single-target and multi-target spray parameters for the coating quality of the 

Al2O3–40TiO2 system. 

- Practical significance: 

+ Research results can be used as a reference to select technology, equipment, and spray coating mode 

for restoration or new fabrication of worn machine parts in order to promptly meet production and limit 

imports, and can also be used as materials for teaching and scientific research in specialized fields. 

6. New contributions of the thesis 

- Building regression functions showing the relationship of simultaneous influence of 3 factors of 

spray technology (I, L, M) on the objective function are 4 important mechanical properties of the coating. 

- Used OEC overall evaluation criteria to find the appropriate level of coating technology parameters 

to simultaneously meet multiple output mechanical properties of Al2O3-40TiO2 coating. 

- Fabrication of spay jigs, and molds to test the adhesion strength for ceramic coatings on flat sheet 

steel. 

 

CHAPTER 1. OVERVIEW OF THERMAL SPRAYING 

1.1 History of the development of thermal spray coating 

Thermal coating technology was invented in the early 20th century by a Swiss engineer named Max 

Ulrich Schoop. To date, thermal spray coating has been developed and includes five main spray technologies 

described in Figure 1.1. 

The beginning of Schoop's journey of research and 

development of thermal spray coating technology was from 

observing the trace of a split lead bullet that adhered to the 

surface of a stone wall after being shot. Since then, the 

author has researched and tested lead powder in the 

laboratory, then produced lead powder for use in coatings. 

On the eve of World War I, Schoop transferred the spraying 

technique to Metallizator (Germany), after which the 

equipment was sold in Europe. 

 
Figure 1.1 History of development of 

thermal spray coating technology 

In the early 1920s, a British company called Metallisation was founded. At the same time, the first 

heat spray guns in the United States were manufactured by the Metallizing Company. In the years that 

followed, thermal spraying has become a prominent and rapidly developing surface treatment technology. 

Spraying equipment has been researched, manufactured, and put into application many different types of 

nozzles: flammable gas-fueled spray guns, electric arc spray guns, plasma spray guns, high-frequency spray 
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guns, and explosive spray guns... In particular, the thermal spray has significantly improved spray 

productivity, equipment and automatic spraying lines with increasing stability and quality. The technological 

factor is also successfully addressed by the published spray technology modes for materials with high melting 

temperatures. To date, spray materials are very diverse which makes it possible for thermal spray coatings 

to have heat - resistance, electrical conductivity, electrical insulation, anti-oxidation, anti-corrosion and 

grinding properties. Thermal spray coating technology is so widely applied because of important 

characteristics such as: 

- Metallurgical properties when spraying increase the wear resistance, hardness, and adhesion strength 

of the coating and are suitable for many industrial applications, with a low production cost. 

- Heat spray production rate is very high and suitable for large surfaces. 

- Heat input for components coated with heat spray is low, metal properties are little changed and 

there is little deformation of the surface of sprayed parts. 

- Diverse spray materials meet many working conditions of the part, low injection cost. 

The thermal coating is considered a green technology, especially compared to hard chrome plating. 

Currently, thermal spray is thriving in advanced countries such as the US, Japan, Russia, the UK, France, 

Germany, Switzerland,... In these countries, there are high-tech chains, that have also succeeded in creating 

coatings with special properties from spray materials such as ceramics, metals, alloys, etc. It can be said that 

thermal spray is developing strongly, leading the industry surface treatment technology. 

1.2 Thermal spray methods 

 By definition, thermal spray is the process in which molten, semi-molten, or solid-state particles are 

deposited on a substrate. The spray technique is, a way of creating such a "stream" of particles. In addition 

to the sources listed in Figure 1.2, there are some other energy sources introduced into the gas to create an 

energy source for the jet stream. Thermal coating is divided into many different methods, but all have 

common characteristics and only small differences in principle, performance, investment level, operating 

cost, and ability to use materials, coating material, and the properties of the coating formed. Therefore, some 

spraying methods with good coating performance and quality are more commonly used. 

  With its characteristics, the plasma spray method is suitable for spraying materials with high melting 

temperatures, creating high kinetic energy for spray particles. 

1.3 Research results and application of plasma spraying to fabricate coatings based on Al2O3 

 Based on an analysis of published scientific works, it shows that thermal spraying is a very good 

solution for restoring and manufacturing new detailed surfaces. Furthermore, due to the variety of spray 

methods and materials, thermal spray are particularly effective in wear-resistant surface applications. The 

coating created by the plasma spray has good mechanical properties and is particularly economical in 

comparison to some other processing methods, especially compared to combustion gas thermal spraying and 

electric arc spraying. There have been many studies on coatings based on Al2O3 fabricated by plasma 

spraying method: research on fabrication, evaluation of properties (workability) in a variety of harsh 

environmental conditions (wear resistance), heat resistance, corrosion resistance ...); 

 Research on the role of TiO2 when present in the composition of Al2O3–TiO2 coating system: there 

have been many published studies, however, there have not been in-depth studies on the degree of 

improvement of the working features of the Al2O3–TiO2 coating system under specific operating conditions. 

 Scientists focus a lot on the study of spray materials, some works mention the influence of the spray 

technology regime, but most of the relevant works only focus on evaluating coating quality rating with a 

single objective function. 

 Therefore, systematic research on the simultaneous influence of spray technology factors on the 

working features in specific conditions of the environment, especially the problem of multi-objective 

optimization to meet the needs of the environment, is required. The coating quality criteria need to be studied 

in depth in the thesis. 

1.4 Research situation and application of thermal spray coating in Vietnam 

In our country at present, the research on thermal spray coating is still spontaneous, and has not been 

invested deeply, widely, and methodically. The application demand for thermal coating is quite high and 

diverse, but the number of research works in this field is not much. The problem for domestic scientists is to 

focus on systematic research on thermal coating technology in order to improve the quality of thermal 

coatings to meet the development needs of industries in the country. 
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CONCLUSION OF CHAPTER 1 

 1. Overview of Thermal Spray: advanced technology has been developed for more than 100 years. Up 

to now, it has continued to be researched and perfected, divided into many technological methods, and 

developed both in spraying methods - equipment. sprayed - coating material - pre- and post-coat treatment - 

many specialized applications. 

 2. Chapter 1 has systematically summarized some basic issues on the theoretical basis of thermal spray 

in general and air plasma spray in particular, showing the applicability as well as outstanding advantages of 

the method of plasma spraying such as high yield, and good coating quality (low porosity, high slip 

adhesion). The efficiency of the spraying process is quite high, leading to an acceptable level of cost for this 

spray method. 

 3. The oxide ceramic coating systems are made by the plasma spray method, including the Al2O3–TiO2 

system with many good technical characteristics (large melting temperature, high hardness, inert in many 

chemical environments, light density) is currently being studied and applied in many applications around the 

world, especially as a wear-resistant surface layer. 

 4. To master the technology of making oxide ceramic coatings, it is necessary to conduct many 

systematic studies: surface treatment before plasma spraying; choosing a bonding coat with high adhesion; 

choosing the ratio of components Al2O3–TiO2; calculation and selection of suitable spray coating technology 

mode; treatment after coating; developing and perfecting coating quality assessment methods, especially 

wear assessment; evaluate the durability and reliability of ceramic coating systems in specific wear-resistant 

applications. 

In the framework of this thesis, the author chooses to choose: 

 - Al2O3–TiO2 ceramic spray material with a ratio of 60% Al2O3. 

- The output mechanical properties of the coating include: hardness, porosity, sliding adhesion, and 

coefficient of dry friction. 

CHAPTER 2. THEORETICAL BASIS OF PLASMA SPRAY TECHNOLOGY 

2.1 Structural properties and thermal spray coating formation 

2.1.1 Theoretical perspectives on mantle formation 

As mentioned in Chapter 1 about the history of thermal coating technology, the inventor of this technology 

as well as the first patents granted, were related to spraying metal materials. Much later, along with the 

development of advanced thermal spraying methods, spraying equipment as well as spraying materials, in 

addition to metal materials, thermal coating technology can create surface coatings from other materials. 

other materials such as carbide ceramics, oxide ceramics, cermets, composites... Therefore, the basic theories 

of spray layer formation presented below are given to explain mainly related to metal coating materials. in 

the early stages of the development of thermal spray technology. 

2.1.1.1 Pospisil-Sehyl’s theory 

Thermal spray coating occurs because liquid metal droplets are sprayed with a stream of compressed 

air at a very high speed (about 200 m/s). These droplets are broken down into numerous small particles, the 

shape of which is characterized by their metal. 

2.1.1.2 Schoop's theory 

The essence of the metal coating spraying process is to create a stream of molten metal thanks to 

different heat sources, under pressure when spraying, there is an impact on the base metal layer, due to the 

influence of physical and chemical hardening variables. , which forms a coating that adheres firmly to the 

substrate. 

2.1.1.3. Theory of Karg, Katsch, Reininger 

This theory also assumes that the metal particles are cooled and solidified due to the effect of the 

kinetic energy of the compressed air. On the other hand, during the passage from the nozzle the particles are 

already in such a cold state that no plastic deformation occurs. 
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2.1.1.4 Schenk's theory 

The author of this theory concluded: the temperature of the spray particles must be above the melting 

point for their sealing to occur, that is, at the moment of impact on the sprayed surface, the surface layer of 

the injected base metal will be heated to the melting point so that fusion between the elements and the base 

metal can occur, but this is not the case. 

2.1.2 Coating structure  

Thermal spray coating has properties and 

compositions different from the original material. In 

principle, the coating has the basic structure as shown in 

Figure 2.1. The basic feature of the structure is the plate 

spray elements with dimensions of 0.1÷0.2 mm and a 

thickness of 0.005÷0.01 mm. These elements have 

different deformations and are separated by a thin oxide 

layer with a thickness of 0.001 mm. 

 
Figure 2.1 Structure of thermal spray coating 

The coating is characterized by sudden cooling, in addition, the coating contains small particles that 

do not deform, which when impacted the substrate surface are already in a solid state. Thus, the coating has 

a layered structure, consisting of spray particles arranged next to each other. Between the spray particles and 

the spray layers is the separation layer. Inside the coating, there are always porous holes. 

2.2 General principle of the plasma injection method 

Atmospheric Plasma Spraying (APS) was developed by Gage (1962) and carried out in the air. A gas, 

usually argon, but sometimes including nitrogen, hydrogen, or helium, is allowed to flow between the 

tungsten cathode and the water-cooled copper anode. 

An electric arc is created between the two electrodes by high- 

frequency discharge, which is then maintained using a DC power supply. 

The arc ionizes the gas, creating a high-pressure plasma arc. Many 

applications of plasma spraying including: creating surfaces resistant to 

abrasion, corrosion, erosion, and heat have also been used. The arc 

temperature can vary from 15000÷20000oC depending on the type of gas 

and power used in the device. In 1974, Muehlberger changed the plasma 

spraying environment to vacuum (VPS - Vacuum Plasma Spraying) 

resulting in improved adhesion strength, higher coating density, and 

reduced oxides and impurities. VPS is mainly used in aviation and 

electronics. However, the high cost of the system and the time it takes to 

create a vacuum depending on the size of the chamber present the main 

disadvantages of using this technique. 

 
 

Figure 22 Working principle 
of the plasma spray gun 

 Thermal coatings have applications in many industries including: aerospace, agricultural tools, 

automotive, mining, papermaking, oil and gas, chemicals and plastics, and biomedical. The applications of 

thermal spray coatings are very diverse and can be used in the new production, repair, and restoration of 

important machine parts. The strength of plasma spraying technology is that thanks to its high heat capacity, 

it can spray materials with high melting temperatures, and high mechanical properties of the coating for good 

abrasion resistance such as: WC, Cr3C2, and mixtures of oxide ceramic...... 

2.3 Properties of plasma coating 

2.3.1 Structural features 

The coating is formed from individual particles hitting the substrate. Granules may be completely or 

partially melted upon impact. The solid-state particles participating in the coating are weakly bound to the 

rest of the coating. Such particles are undesirable as they degrade most of the coating's mechanical properties. 

This is why it is so important to optimize injection parameters. 

2.3.2 Main mechanical properties of plasma spray coating 

2.3.2.1 Adhesion strength 

Adhesion strength is an important property of the coating, in which is a decisive factor in the working 

strength of the coating, especially in the case of working with applied loads, especially when subjected to 

bending. The sliding adhesion of a coating includes the adhesion strength between the coating and the 

substrate and between elements within the coating. in which, the sliding adhesion of the coating to the 
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substrate is an important factor. 

2.3.2.2 Hardness 

Hardness is an important parameter that is interested in when making thermal coatings, especially 

wear-resistant coatings. Therefore, in order to improve the hardness of the coating in addition to the material 

factor, the spray method and spray technology mode are the important factors affecting the coating hardness. 

2.4.2.3 Porosity 

Coating porosity is the volume percent of voids per coating volume, typically between 0.1 and 15% 

for thermal spray coatings. However, the evaluation of porosity through the volumetric method is quite 

difficult. Porosity is calculated as the percentage of the area occupied by voids in the image relative to the 

total area of the metallographic image under consideration. 

2.4 Factors affecting plasma coating quality 

2.4.1 Effect of spray material 

Depending on the purpose of spraying, we choose the appropriate spray material, there have been 

many studies showing the rich application of different types of spray materials. The above research results 

clearly show that two groups of materials make up the coating: lining and coating. 

Firstly, the lining, in addition to the commonly used material group and also confirmed the role of 

bonding between the base metal layer and the coating such as NiAl powder, this study also showed the role 

of NiCr20 powder. as an intermediate layer. 

The second is the coating, studies have shown the influence of spray materials on the mechanical 

properties of the coating. From changing the TiO2 ratio composition in the Al2O3–TiO2 system spray powder, 

it also changes the hardness and porosity of the coating. 

2.4.2 Effect of the spray device 

Spray equipment greatly affects the quality of thermal coating, each type of spray device has different 

spray capacity to meet each use purpose. 

2.4.3 Effect of spray technology mode 

The topic of the influence of technological factors on the quality of thermal spray coating has been 

paid great attention by many authors, there have been many studies on the influence of the plasma coating 

technology regime on the quality of the coating. coating amount. 

2.4.4 Other influencing factors 

In addition to the above influencing factors, there are some other factors affecting the quality of the 

plasma spray coating. All thermal spraying methods require surface preparation before application; The 

common method of surface preparation before spraying is still abrasive blasting, but there are some methods 

such as water jet cleaning or laser cutting and burning which are also good alternatives. 

CONCLUSION OF CHAPTER 2 

Through studying the content of Chapter 2 of the thesis, two main issues have emerged: 

1. Regarding the structure and formation of the plasma spray coating, it helps the author to further strengthen 

the theory of thermal spraying in general as well as plasma spraying in particular. From the study of the 

coating structure, it has been shown that the factors affecting the formation of the coating structure as well 

as the relationship of the coating structure with the main mechanical properties for the output of the coating 

(e.g. porosity, sliding adhesion, coating hardness, coefficient of friction) are the main subjects to be studied. 

2. Analysis of previous studies on factors affecting coating quality shows that: 

- Effect of spray material: analyzing the effect of spray material as a basis to help the author choose 

a spray material system including: NiCr20 powder liner, Al2O3–40TiO2 powder coating. scientifically based 

way. 

- Analyzing the influence of injection technology parameters from which to choose a set of input 

parameters including: injection current, injection distance, and powder supply flow, which are the main 

objects for research. 

- The analysis of the mechanical properties of the coating as well as the previous studies of scientists 

on this issue have helped the author have a more general view of the mechanical properties of the coating. 

select 4 important output mechanical properties for the coating: porosity, sliding adhesion, hardness, and 

coefficient of friction. 

- From the above conclusions, including the spray powder system and input parameters (injection 

current, powder feeding flow, injection distance), output parameters (porosity, sliding adhesion, hardness, 
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coefficient of coating friction) helps the author to show that his research object has a scientific basis and is 

not duplicated with previous studies. 

CHAPTER 3. EXPERIMENTAL METHODS AND ASSESSMENT 

3.1 Experimental materials and equipment 

3.1.1 Experimental materials 

3.1.1.1 Base material 

The base material used is C45 steel according to TCVN 1766-75 standard, in the form of a flat plate 

with dimensions of 50 x 50 x 6 mm (Figure 3.1a), with the chemical composition shown in Table 3.1.. 

 
 

a. Spray pattern b. Samples are roughened before 

spraying 

Figure 3.1 C45 steel sample before spraying 

Table 3.1 Chemical composition and mechanical properties of C45 steel 

Chemical 

composition 
C Si Mn P S V Cr Ni 

Wt (%) 0,42÷0,50 0,16÷0,36 0,50÷0,80 ≤ 0,04 ≤ 0,04 0,02÷0,15 ≤ 0,25 ≤ 0,25 

Mechanical 

properties 

Ultimate Tensile Strength 

 (MPa) 

Yield Strength 

(MPa) 

Elongation 

(%) 

 610 360 16 

3.1.1.2 Spray material 

Spray materials always have a great influence on coating quality, coating material selection is based 

on reference to research works of scientists. The thesis selected NiCr20 spray powder (80% Ni, 20%Cr) to 

fabricate the lining, the mechanical properties of NiCr20 have been shown in the studies. Select Al2O3–TiO2 

with the ratio of 60% and TiO2 with the rate of 40% for the purpose of creating a coating with good anti-

wear properties. Al2O3 composition with high hardness is the main anti-wear factor of Al2O3–TiO2 coating, 

TiO2 plays a role in increasing the sliding adhesion of the coating metal to the base metal. 

  

Figure 3.2 SEM image of spray powder structure with magnification 200-500 times 

3.1.2 Plasma injection equipment 

The choice of spray equipment depends on many factors, of which suitability to the actual conditions 

is the most important. While automatic or semi-automatic control devices require uniformity in facilities and 

must be standardized, they are often applied in large batch production conditions. When spraying the spray 

gun at rest, the spray pattern moves according to the programmed program of the robot arm. 

3.1.2.3 Spray gun 

The spray gun SG100 (Figure 3.3) was used during this 
research experiment, the selection of the spray gun used depends 
on the powder particle size and the melting temperature of the 
coating material, and the spray yield. The selected plasma spray 
gun is available at the National Key Laboratory for Welding and 
Surface Treatment Technologies.        

Figure 3.3 Spray gun SG100 
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3.2 Exploratory experiment to determine the experimental value range 

The purpose of this experiment is to narrow the range of experimental values of the thesis, which 
helps the thesis to reduce the level of research spray parameters. Through the survey of Chapters 1 and 2, the 
ranges of spray parameter values are selected with: I = 400÷600 A; L = 90÷150 mm; M = 1.7÷2.1 kg/h. 

3.3 Building an experimental model 

3.3.1 3.3.1 Experimental design according to the Taguchi method 

Quality design process according to the 

Taguchi method is done through orthogonal arrays 

OAs, generally denoted by Ln(xy), where: x-

number of levels in the column, n-number of rows 

in array corresponding number of experiments, y-

number of columns in the array. 

According to the Taguchi empirical 

planning method, the combination of factors 

affecting the objective function is done through 

orthogonal arrays (OAs), the general notation of 

the orthogonal array is Ln(xy), where : x-number 

of levels in the column, n-number of rows in the 

array corresponding to the number of experiments, 

y-number of columns in the array, the author gives 

the goal of studying the simultaneous influence of 

3 factors including: injection current I, flow rate 

powder feed quantity M, spray distance L to the 

output mechanical properties of the coating, with 

each factor of 3 levels showing that the suitable 

orthogonal array is the L9 array shown in Table 

3.2. 

 
Figure 3.4 Experimental model 

 

Table 3.2 Experimental plan Taguchi 

Experimentals 
Level 
 I (A) 

Level 

L (mm) 

Level 

M (kg/h) 

1 1 1 1 
2 1 2 2 
3 1 3 3 
4 2 1 2 
5 2 2 3 
6 2 3 1 
7 3 1 3 
8 3 2 1 
9 3 3 2 

 

In addition to the spray parameters surveyed in the table above, some other parameters are kept 

constant including: 

- Nozzle movement speed: 20 m/min 

- Injection voltage: 60 V 

- Primary air flow Ar: 120 l/min 

- Secondary air flow H2: 15 l/min 

- Air flow carrying Ar powder: 10 l/min 

- Number of spray layers: 10-12 layers, spray until a thickness of 400 µm is reached. 

Table 3.3 Specimen injection mode 

Experiments  1 2 3 4 5 6 7 8 9 

Spray current I (A) 400 400 400 500 500 500 600 600 600 

Spray distance L (mm) 90 110 130 90 110 130 90 110 130 

Powder feeding flow M (kg/h) 1,7 1,9 2,1 1,9 2,1 1,7 2,1 1,7 1,9 

3.3.2 Analysis of variance 

Analysis of variance is to evaluate the influence of spray parameters on the coating output properties, 

thereby determining the importance of spray parameters. That result is the basis for evaluating the 

significance of each spray parameter to the coating properties selected for research. 

3.3.3 Method to build regression function 

The mathematical function is chosen to show the relationship between the spray parameter to each 

coating property and allows the desired value to be predicted. 

The quadratic math function: 

L = a1.x1
2 + a2.x2

2+ a3.x3
2 + a4x1x2 + a5x2x3 + a6.x1 x3 + a7.x1 + a8.x2 + a9.x3 + a10 (3-1) 

Với: L - The function represents the relationship between the output properties and the input factors. 

a1, a2,..., a10- is the coefficient of the equation, x1, x2, x3- variables 
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3.3.4. Multi-objective optimization and overall evaluation criteria (OEC)  

3.3.4.1. Overview of multi-objective optimization: 

Multi-objective optimization is the optimal design process on the basis of many quality criteria, in 

order to select the factors and the value of the factors affecting the objective function, it is necessary to take 

into account the influence of multiple quality criteria, this is called multi-objective optimization.  

3.3.4.2. Overall evaluation criteria OEC 

The holistic approach applies when there is more than one objective that a product is expected to 

meet. In practice, many assessments use the median criterion, but such use is uncommon in science and 

engineering because: 

- The units of measurement of the criteria in a technical problem are often different. 

- The relative weights of the targets are not the same. 

- The criteria for assessing the quality of each criterion are different. 

This method is often analyzed for one criterion at a time, this approach is crude, it does not guarantee 

that the best designs obtained for one criterion are also suitable for other criteria. 

3.4 Experimental spray process 

Step 1: Prepare samples before spraying: 

- Prepare sample surface 

The process of preparing the surface of the spray sample helps to eliminate factors that affect the 

experimental results. The spray sample is processed according to the drawing in Figure 3.1. 

- Preparing materials and spraying equipment: 

Step 2: Prepare spray powder: 

NiCr20 spray powder is put into a container and dried at a temperature of 120÷150C before spraying 

for about 30-60 minutes to remove moisture. 

Step 3: Spray NiCr20 . primer 

After consulting the documents, we choose the primer spray mode according to the following spray 

mode table: 

Bảng 3.4 Parameters of first layer spray mode 

Experiments 1 2 3 4 5 6 7 8 9 

Spray current I (A) 500 

Spray distance L (mm) 110 

Powder feeding flow M (kg/h) 1,7 

3.6 Methods for evaluating coating properties 

3.6.1 Porosity of the coating 

To determine the structure and organization, the coating thickness, optical microscopy was used to 

image the coating with different magnifications. Besides, the porosity of the coating is measured based on 

the ASTM B276 standard. 

  

a. Optical microscope Axioplan 2 b. Porosity measurement results 

Figure 3.5 Equipment and results of porosity measurement 

3.6.2 Microscopic hardness of the coating 

Measure the coating hardness with the IndentaMet 1106 device (Figure 3.6) at the Institute of 
Materials Science and Technology - Hanoi University of Science and Technology. The standard used for 
hardness measurement is ASTM E384-17 [44]. 

    



10 

 

a. IndentaMet 1106 Machine b. Hardness testers c. Hardness marks on coating 

Figure 3.6 IndentaMet 1106 Machine, a sample photo, and coating hardness spot 

3.6.3 The adhesion strength of the coating to the substrate surface 

The adhesion strength of thermal spray coating is decisive to the coating quality. In this thesis, to test 
the adhesion strength of the coating, the author applies JIS H 8666 standard with the design principle as 
shown below, selected for evaluation. The test was carried out on the WEW-1000B tensile testing machine 
at the HI-TECHLOM Center of the Institute of Mechanics, Energy and Mines - VINACOMIN, Figure 3.9. 

      
Figure 3.7 – 3.8 Principle of coating adhesion test fixture - 

adhesion test specimen 

 
Figure 3.9 Test the adhesion strength 
on the compression tensioner WEW-

1000B 

3.6.4 Measurement of coefficient of friction 

On the basis of the resistance to dry wear and sliding of the coating from Al2O3–TiO2 spray powder 
along with the principle of creating abrasion by a number of methods. The measurement process was carried 
out at the Institute of Materials Science and Technology - Hanoi University of Science and Technology. 
Measurement of coefficient of friction without lubricant (dry test), applied force 10 N, at room temperature. 

3.6.5 Structure of the coating through SEM/EDX analysis 

In order to evaluate the structure of the layer with a scanning electron microscope combined with 
energy dispersing X-ray spectroscopy (SEM/EDX), the sample after spraying was cut into 10x20x6 mm 
discs after pouring epoxy then grinding, polishing with SiC armor paper, sizes from 100 grit to 2000 grit. 
Equipment used to evaluate the coating structure Jeol 6490 JMS JED 2300 (Japan), available at the Institute 
of Materials Science and Technology - Hanoi University of Science and Technology, used to check the 
morphology, crystal structure of powder, and other materials sample.  

  

Figure 3.10 SEM image of sprayed powder and coating cross-section 

 

  

Figure 3.11 Jeol 6490 JMS JED 2300 instrument, the sample used for SEM 

3.6.6 XRD analysis to determine the phase composition of the coating 

The diffraction method is widely used to determine the crystal structure thanks to the narrow parallel 
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X-ray beam, monochromatic, illuminating the sample. The diffraction spectrum will depend on the 

diffraction intensity on twice the diffraction angle (2θ) (Figure 3.12). For thin-film samples, the X-ray is 

incidentally under a very narrow-angle (to increase the length of the X-ray that interacts with the thin film, 

keeping the sample stationary and only rotating the receiver).  

 
XRD analysis image 

  

Figure 3.12 D8 - Advance instrument and principle of X-ray diffraction measurement 

CONCLUSION OF CHAPTER 3 

The main results obtained from this chapter are the information related to the fabrication of coating 

samples, the technological parameters to be investigated, the output quality criteria to be analyzed and 

evaluated, and the treatment methods. experiment, as follows: 

1. After determining the set of input parameters for spraying to manufacture coating samples, from 

the requirement to fix the remaining parameters, the author chooses a robot combined with a spray jig to 

meet the above requirements. 

2. The values of spray parameters have been determined for the experimental sample spraying process 

of the thesis, including: I = 400÷600 A; L = 90÷130 mm and M = 1.7÷2.1 kg/h. 

3. The experimental design method Taguchi has been selected with the L9 orthogonal array and the 

analysis of variance to arrange the experimental method to determine the reasonable value of the spray 

parameters as well as the single-objective effect. The target of spray parameters to each coating’s mechanical 

properties. Using OEC evaluation criteria, evaluate the influence of spray parameters on many output 

mechanical properties of the coating at the same time (hardness, porosity, sliding adhesion, coefficient of 

friction). 

4. Identify methods to evaluate coating suitability, standards used to evaluate properties include: 

ASTM B276-05 (coating porosity); ASTM E384-17 (coating hardness); JIS H 8666 (coating adhesion to the 

substrate). 

CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 

4.1 Sample spray test results 

 From the experimental spray parameter table according to the L9 array (Table 3.3), conduct 

experimental spraying according to the procedure and spray technique designed in section (3.5). The number 

of samples in the experiment was 9 samples 

 
Figure 4.1 Sample before spraying 

4.2 Structure and phase composition of the coating 

4.2.1 Coating structure 

Analyzing the SEM images to study the structure of the coating, through the cross-sectional analysis 

of the coating at different magnifications, it will be evaluated: the thickness of the coating, and the connection 
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between the layers, as the basis for the analysis. explain the mechanical properties of the coating 

                  
a, Photo taken with magnification 50X - 100X - 200X 

                 
b, Photo with magnification 300X - 500X - 1000X 

Figure 4.2 Overlay SEM images at different magnifications (Sample No. 8) 

 

Random SEM images on the overlay cross-section of 9 experiments are illustrated in Figure 4.4. 
Preliminarily through image analysis of 9 samples, we can evaluate the porosity of the samples in 3 groups 

 
a. Specimen 1 

 
b. Specimen 2 

 
      c. Specimen 3 

 
d. Specimen 4 

 
e. Specimen 5 

 
f. Specimen 6 

 
g. Specimen 7 

 
h. Specimen 8 

 
i. Specimens 9 

Figure 4.3 Photograph of the cross-sectional microorganism of coating samples after spraying 

 
Figure 4.4 Cross-sectional SEM image of sample coating 3 
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a, SEM image of sample number 5     b, SEM image of sample number 8 

Figure 4.5 Coating cross-section SEM image: denominator 5.8 

4.2.2 Analysis of phase composition of the coating 

In this study, the author analyzed the XRD of spray powder samples and coatings in 3 different spray 
modes to compare the change of phase organization during the experiment (Figure 4.6). 

     

a, Al2O3–TiO2 powder sample             b, Sample coating 3 

       
c, Sample coating 6                                  d, Sample coating 7 

Figure 4.6 XRD analysis results 

The XRD analysis results show that two phases: α-Al2O3 and anatase-TiO2 are clearly shown, and on 

the 3 coated samples analyzed, there are different phase structure changes during the spraying process as 

follows: 

- The phase composition of spray powder is in the form of α-Al2O3, TiO2 in anatase allotropic form 

- Coating phase composition of sample No. 3 includes: γ- Al2O3; Al2TiO5; rutile-TiO2 

- Coating phase composition of sample No. 6 includes: γ- Al2O3; α- Al2O3; Al2TiO5 

- Coating phase composition of sample No. 7 includes: γ- Al2O3, Al2TiO5. 

4.3 Measurement results and influence of spray parameters on coating hardness 

4.3.1 Results of coating hardness measurement on experimental samples 

The coating micro hardness is determined by the Vickers hardness measurement method with the -

HV scale, the coating hardness value is averaged at 5 different measuring positions on the cross-section of 

the coating, and the results are obtained. on Table 4.1. Through the above measurement results, it shows that 

there is a significant change in hardness, so it is necessary to study the influence of spray parameters to 

determine the influence and optimize the spray parameters. 

Table 4.1 Result of coating hardness measurement on the experimental batch of samples 

Experiment

s 

Parameters Hardness 

(average value) I (A) L (mm) M (kg/h) 

1 400 90 1,7 443,8 

2 400 110 1,9 464,2 

3 400 130 2,1 477,0 

4 500 90 1,9 441,8 

5 500 110 2,1 521,4 

6 500 130 1,7 541,8 

7 600 90 2,1 602,0 

8 600 110 1,7 523,6 

9 600 130 1,9 593,2 

4.3.2 Effect of spray parameters on coating hardness 
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Based on the implementation steps of the Taguchi method combined with ANOVA analysis of 

variance, to determine reasonable parameter levels for coating hardness. 

Table 4.2 Table of experimental spray parameters 

TT Parameter Symbol Level 1 Level 2 Level 3 
1 Plasma current, A I 400 500 600 
2 Spray distance, mm L 90 110 130 

3 Powder feeding flow, kg/h M 1,7 1,9 2,1 
According to Taguchi with 3 influencing factors, each factor is 3 levels, choosing L9 orthogonal array 

with experiments arranged according to Table 4.2. 

- Analysis of variance 

Based on the analysis of variance, it is possible to evaluate the average impact level of each spray 

parameter thanks to the S/N ratio according to formula (3-2), the results are obtained as shown in Table 4.3 

and illustrated in detail. on the chart Figure 4.7. 

Table 4.3. Average impact of spray parameters on micro hardness through the ratio S/N. 

Levels 
Spray parameters 

I L M 

1 53,28 53,82 54,00 
2 53,98 54,02 53,90 

3 55,15 54,57 54,50 
Order of influence 3 2 1 

     
    a, Effect of I                 b, Effect of L                 c, Effect of M 

Figure 4.7 Chart of impact levels of parameters I, L, M 

The maximum hardness value predicted by formula (3-5) is: 

3 3 3( ) ( ) ( ) 619,54 ( )optHV T I T M T L T HV= + − + − + − =                        (4-1) 

By predicting the optimal coating hardness 619.54 HV, evaluate the influence of spray parameters on 

coating hardness. To be able to evaluate the influence of spray parameters, analysis of variance is based on 

formulas, results in Table 4.4. The percentages of their influence on coating hardness in descending order 

are as follows: (I) with 79.2% > (L) with 12.2% > (M) with 8.6%.  

Building the mathematical relationship between the spray parameters to the microhardness: 

 H = 0,0029. I2 – 0,0028. L2 + 423,629.M2 + 1,3368.I.L – 7,1370. L.M 

– 5,0015.I – 15,8083. L – 1424,7.M + 1961,7                               (4-2) 

Table 4.4 Analysis of variance for hardness 

Average hardness value 

(HV) 
512,11 

Total Hardness 

Measurements (HV) 
4608,98 

Adjustment factor (CF) 2360299,6 

 

Factor 
Sum of squares 

of factors 

Average 

squared 
Influence (%) 

I 19043,01  19043,01  79% 

% L 2939,89  2939,89  12% 

% M 2070,81  2070,81  9% 
Total 24053,71 

 
 

 

 
Figure 4.8 Percentage of 

influence of I, L, M parameters 

on coating hardness 
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Evaluation of the effect of spray parameters on coating hardness 

 

   
       a, Effect of I                b, Effect of L                    c, Effect of M 

Figure 4.9 Dependence of coating hardness on each spray parameter 2D 

Effect of spray current (I): Figure 4.9a shows the relationship of spray current to coating hardness, I 

is proportional to the hardness value, and the hardness peaks at I = 600 A (Fig. 4.9 b). 

Effect of powder feed flow (M): the influence trend of M is shown in Figure 4.9c. The combination 

of the influence rules of two spray parameters as two variables on the hardness function to form a 3D surface 

is simulated by MATLAB R2015a software..  

      
a) Depends on L,M    b) Depends on L, I   c) Depends on M, I 

Figure 4.10 Dependence of coating hardness on spray parameter pairs, 3D . graph 

4.3.3 Verification test to measure coating hardness. 

After calculating the single-target optimization, the optimal hardness result of 619.54 was obtained 

with the spray parameter set I3L3M3 (I = 600 A; L = 130 mm; M = 2.1 kg/h), the result can be shown in 

Table 4.5. The results of hardness measurement on the control spray sample have a deviation of 2.97% 

compared to the single-target optimal value, the above results show the important significance of optimizing 

the spray technology mode. 

Table 4.5 Hardness measurement results on control samples 

Targets 

Optimal results 

predicted by individual 

criteria 

Calculation results 

according to the 

interpolation 

function 

Results on the 

control sample 

Percentage 

deviation 

Hardness 619,54 HV 610,129 HV 601,14 HV 2,97% 

 

4.4 Measurement results and influence of spray parameters on the coefficient of friction of the 

coating 

4.4.1 Results of measuring the coefficient of friction of the coating on the experimental samples 

The author measures the coefficient of friction of the spray samples according to the theoretical basis 

presented in section 3.6.7. 

Table 4.6 Table of results of measuring the coefficient of friction 

Experim

ents 

Parameters Value of ma coefficient at 

measurements (%) 

Average 

Ip (A) L (mm)  M (kg/h)  1 2 3 

1 400 90 1,7 0,749 0,797 0,725 0,757 

2 400 110 1,9 0,684 0,685 0,758 0,709 
3 400 130 2,1 0,669 0,742 0,653 0,688 

4 500 90 1,9 0,814 0,791 0,753 0,786 
5 500 110 2,1 0,610 0,642 0,632 0,628 
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6 500 130 1,7 0,735 0,668 0,664 0,689 

7 600 90 2,1 0,529 0,521 0,522 0,524 

8 600 110 1,7 0,621 0,549 0,576 0,582 

9 600 130 1,9 0,556 0,500 0,558 0,538 

      
           a, Effect of I                b, Effect of L            c, Effect of M 

Figure 4.11 Graph of impact levels of parameters I, L, M 

4.4.2 Effect of spray parameters on coating coefficient of friction 

The calculation process is carried out similarly to the calculation for other properties of the coating, 

the optimal calculation results show that the predicted value of the smallest coefficient of friction is 0.49%, 

corresponding to the level of information. injection number I3L3M3. Percentage influence of parameters on 

coefficient of friction: I (80.1%) > M 12.3%) > L (7.6%).  

Mathematical equations built based on the formulas 3-12 ÷ 3.17 have the form H: 

H = - 7,6082.10-6.I2 + 9,6476.10-5.L2 – 0,7623.M2 - 0,0012.I.M + 0,0051.L.M + 0,0092.I 

- 0,0327. L + 2,7972.M - 2,0411                                  (4-3)                   

Table 4.7 ANOVA analysis results of coating friction coefficient measurement of experimental samples 

Factor 
Degree of 

Freedom 
Sum of squares of factors Average squared Level of influence 

I 2 0,053 0,026299 80,1% 

L 2 0,005 0,0025 7,6% 

M 2 0,008 0,004034 12,3% 

Error 2 0,01929 0,009644  

Total 8 0,066 -- 100% 

 
Figure 4.12 Influence of parameters I, L, M on coating coefficient of friction 

Based on the mathematical function (4-3), using Matlab software to build relationships between 

injection parameters and coefficient of friction in 2D, 3D as shown in Figure 4.13 and Figure 4.14. 

 
  

  a, Effect of I                      b, Effect of L               c, Effect of M 

Figure 4.13 The dependence of coating friction coefficient on each 2D . spray parameter 

Figure 4.13 (I, L, M) shows that the injection parameters have a single effect on the degree of coating 

friction coefficient, similar to the effect analysis on the 2D chart. Similarly, the influence of two injection 

parameters as two variables on the coefficient of friction function is a set of hardness values dependent on 

those two injection parameters forming a 3D surface simulated by MATLAB R2015a software..  
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a) Depends on M, L                               b) Depends on L, I             c) Depends on M, I 

Figure 4.14 The dependence of the coating friction coefficient on the 3D graph spray parameters 

The graph on Figure 4.13a shows that when L, M change, the coefficient of friction changes and 

reaches the minimum value at the point L = 130 mm, M = 2.1 kg/h. Similar to the graph on Figure 4.14b, the 

graph on 4.14c also shows the correlation between the coefficient of friction and L, I, 

4.4.3 Verification test measuring coating coefficient of friction. 

After calculating the single-target optimization, the optimal friction coefficient measurement result 

of 0.49 was obtained, corresponding to the I3L3M3 injection parameter set (I = 600 A; L = 130 mm, M = 

2.1 kg/ h), the author conducts a verification experiment with the above parameters in the following order: 

Table 4.8 Results of measuring the coefficient of friction on the control sample 

Targets 
Optimal results predicted 

by individual criteria 

Calculation results 

according to the 

interpolation 

function 

Results on the 

control sample 

Percentage 

deviation 

Friction 

coefficient 
0,49  

0,495 
0,510 4,08% 

4.5 Results of measuring adhesion strength and the influence of spray parameters 

4.5.1 Results of coating adhesion strength measurement on experimental samples 

Coating adhesion strength is evaluated according to JIS H 8666: 1980 standard. The evaluation results 

are determined and presented in Table 4.9. 

Table 4.9 Results of measuring adhesion strength of the test 

Experiment 
Parameters Values of measurements (MPa) 

Average 
Ip, A L, mm M, kg/h 1 2 3 

1 400 90 1,7 44 42,48 43,52 43,33 

2 400 110 1,9 47,22 46,8 47,3 47,11 

3 400 130 2,1 41,51 42,15 41,27 41,64 

4 500 90 1,9 58,72 58,14 57,81 58,22 

5 500 110 2,1 54,14 54,82 53,75 54,24 

6 500 130 1,7 48,25 47,63 48,50 48,13 

7 600 90 2,1 57,84 57,61 56,83 57,43 

8 600 110 1,7 53,16 52,66 51,8 52,54 

9 600 130 1,9 58,00 56,65 55,86 56,84 

4.5.2 Influence of spray parameters on coating adhesion strength 

Improved coating slip adhesion, improved working durability, and optimum value of 60.55 MPa 

demonstrates improved adhesion strength through optimization of spray mode. 

Table 4.10 S/N values corresponding to each experiment 

Experiment 
Parameters Average adhesion 

2

1 1
/ 10log( )

i

S N
n y

= − 
 

I L M 

1 400 90 1,7 43,3 32,7298 
2 400 110 1,9 47,1 33,4604 
3 400 130 2,1 41,6 32,3819 
4 500 90 1,9 58,2 35,2985 
5 500 110 2,1 54,2 34,6800 
6 500 130 1,7 48,1 33,6429 
7 600 90 2,1 57,4 35,1782 
8 600 110 1,7 52,5 34,4032 
9 600 130 1,9 56,8 35,0870 
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a, Effect of I           b, Effect of L             c, Effect of L 

Figure 4.15 Impact level of spray parameters on coating slip adhesion 

The analysis chart in Figure 4.15 shows the relationship of the three parameters to the sliding adhesion 

of the coating, choosing the optimal set of parameters for the coating sliding adhesion to reach the optimal 

value. 

To determine the influence of the parameters (I, L, M) on the coating slip adhesion, we analyze the 

variance based on the experimental results and the S/N value in Table 4.11 then based on on Minitab 

software, obtained the results shown in Table 4.12.  

- Building mathematical relationship between spray parameters to coating slip adhesion: 

H = – 4,1345.10-4. I2 – 0,0026.L2 – 104,6389.M2 + 0,0489.I.M + 0,1408.L.M + 0,3778.I + 0,2276.L 

+ 364,9745.M – 414,8095                          (4-4)  

Based on the mathematical function (1), the graphs of the relationship between injection parameters 

to hardness in 2D and 3D form are built in Figure 4.17 and Figure 4.18, respectively. 

Table 4.11 Results of ANOVA analysis based on S/N ratio 

Factors 
Degree of 

Freedom f 

Sum squared 

deviation -SS 

Average 

squared - MS 

Statistical 

value Fisher - 

Fs 

Contribution 

% 

I 2 228,31 114,15 294,38 73,6 

M 2 25,89 12,95 33,39 8,3 

L 2 55,22 27,61 71,19 17,8 

Error 2 0,78 0,39 -- 0,3 

Total 8 310,19 -- -- 100 

The percentage of influence of factors based on the total squared deviation value in Table 4.12 shows 

that: I is 73.6%, L is 17.8%, M is 8.3% and is illustrated through the chart Figure 4.18. 

 
Figure 4.16 Percentage of influence of parameters I,M,L on coating adhesion strength. 

 

   
    a, Effect of I                    b, Effect of L                 c, Effect of M 

Figure 4.17 Dependence of coating hardness on each 2D- spray parameter 

Figure 4.17 shows that the spray parameters have a single influence on the coating slip adhesion 

completely similar to the effect analysis on the 2D chart. Based on a 3D chart that allows the designer to 

select the right sliding adhesion for the design and specify the appropriate spray parameters, the optimal 

spray parameters have been determined without change. 
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         a) Depends on M, L            b) Depends on L, I           c) Depends on M, I 

Figure 4.18 The dependence of coating sliding adhesion on I, L, M; 3D Graph 

4.5.3 Verification test for coating sliding adhesion 

After the single-target optimization calculation, the optimal sliding adhesion result of 60.55 MPa was 

obtained, corresponding to the spray parameter set I3L1M2 (I = 600 A; L = 90 mm; M = 1.9 kg/ H). The 

results of measuring slip adhesion on the control spray sample have a deviation of 3.74% from the optimal 

value, although the above results are lower than the optimal value, this value is also quite high. 

Table 4.12 Sliding adhesion measurement results on the control sample 

Targets 
Optimal results predicted 

by individual criteria 

Calculation results 

according to the 

interpolation function 

Results on the 

control sample 

Percentage 

deviation 

Sliding 

adhesion 

MPa 
60,55 59,27 58,28 3,39% 

4.6 Porosity measurement results and the influence of spray parameters 

4.6.1 Coating porosity measurement results on experimental samples 

The optimal calculation results show that the predicted minimum porosity value is 3.89% 

corresponding to the spray parameter level of I3L2M2. From previously published research results, plasma 

coating porosity usually has a good value of about 0.1÷15%. 

Table 4.13 Porosity measurement results on experimental samples 

Experiments Parameter Values of measurements (%) The average value 

(%) I L M 1 2 3 

1 400 90 1,7 8,48 8,71 8,35 8,51 

2 400 110 1,9 7,52 7,87 7,79 7,72 

3 400 130 2,1 8,89 8,95 9,41 9,08 

4 500 90 1,9 6,20 6,11 6,17 6,16 

5 500 110 2,1 6,97 6,99 6,60 6,85 

6 500 130 1,7 6,66 6,19 6,14 6,33 

7 600 90 2,1 5,78 5,48 5,26 5,51 

8 600 110 1,7 4,45 4,03 3,72 4,07 

9 600 130 1,9 4,24 4,29 4,38 4,30 

        

Figure 4.19 Graph of impact levels of parameters I, M, L 

4.6.2 Influence of spray parameters on coating porosity 

The calculation process is carried out in the same way as for the other properties of the previous 

coating, giving the results presented in Table 4.14. The percentage influence of spray parameters on porosity 

is relatively large with the order of influence determined: I is: 90,2 % > M is: 8.1 % > L is: 1.7 %, 

Table 4.14 ANOVA analysis of porosity measurement results of 

coating samples 

Factors 
Degree of 

Freedom 

Sum of squares  

of factors 

Average 

squared 

Percent 

of effect  
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I 2 21,439 10,719511 98,6% 

L 2 0,423 0,21 1,8% 

M 2 1,692 0,846178 7,2% 

Error 2 0,01929 0,009644 --- 

Total 8 23,554 --- 100% 
 

Figure 4.20 Effect of parameters I, L, 

M on coating porosity 

Building the mathematical relationship between spray parameters to the coating porosity has the form: 

H = –5,9193.10-6 I2 + 8,9464. 10-4.L2 + 16,3036.M2 + 0,0065.I.M + 0,0114. L.M – 0,0370.I  

– 0,2192. L – 64,3341. M + 90,9352                               (4-5)                     

Evaluation of the influence of spray parameters on coating porosity 

In addition to determining the reasonable spray parameters for the smallest coating porosity, in order 

to be able to adjust the spray parameters for the coating quality according to the design, determining the 

rules, and the nature of their influence on coating properties is needed. 

   

Figure 4.21 The dependence of coating porosity on each 2D-spray parameter 

Figure 4.21 shows that the spray parameters have a single effect on the coating porosity 

completely similar to the effect analysis on the 2D chart. Based on the 3D chart in Figure 4.24, allowing 

the designer to choose the right porosity for the design and specify the appropriate spray parameters, 

the determined optimal spray parameters do not change. 

            
         a) Depends on M, L         b) Depends on L, I           c) Depends on M, I 

Figure 4.24 The dependence of coating porosity on the 3D graph spray parameter set 

4.6.3 Verification test to measure coating porosity 

After calculating the single-target optimization, the optimal porosity result of 3.89 was obtained with 

the spray parameter set I3L2M2 (I = 600 A; M = 1.9 kg/h; L = 110 mm. Conduct experiments to verify the 

above optimal results in the following order: 

Firstly, spray the sample with the I3L2M2 spray parameter set, other spray parameters remain the 

same. 

Secondly, cut the sample, then grind the sample and then measure the coating porosity, we get the 

results in Table 4.14. The porosity measurement results on the control spray sample have a deviation of 

3.39% from the optimal value, although the above result is larger than the optimal value for every single 

criterion, this value is also quite low compared to the optimal value. with the experimental values shown in 

Table 4.15. 

Table 4.15 Porosity measurement results on control samples 

Targets 
Optimal results predicted 

by individual criteria 

Calculation results according 

to the interpolation function 

Results on the 

control sample 

Percentage 

deviation 

Porosity 3,89 % 3,98 % 4,022 % 3,39 % 

4.7 Determination of technology parameter levels I, L, M to simultaneously meet the coating 

mechanical properties 
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OEC is an overall evaluation index, representing multiple evaluation criteria of an object at the same 

time, the implementation of OEC is relatively simple and transparent. Furthermore, it can be performed for 

non-common quality parameters. 

From the obtained OEC results table, it is better to calculate the S/N ratios according to the quality 

characteristics, the better. Now the problem returns to studying the influence of the parameters (I, L, M) on 

OEC as charged for a single target. 

From the results in Table 4.16, we determine the classification chart and the chart showing the 

percentage influence of parameters I, L, M on the overall evaluation index of OEC as follows: 

Table 4.16 Input parameters and OEC results for 9 experiments 

Technological 

parameters and test 

levels 

Values of individual indicators (Gij) Overall 

rating 

OEC 

MSD S/N 

I (A) 
  L 

(mm) 

M 

(kg/h) 

Hardnes

s (HV) 

Adhesion 

(MPa) 
Porosity (%) 

400 90 1,7 443,8 43,33 8,51 0.8102 1.5235 -1.8285 

400 110 1,9 464,2 47,11 7,72 0.9703 1.0623 -0.2623 

400 130 2,1 477,0 41,64 9,08 0.8599 1.3525 -1.3114 

500 90 1,9 441,8 58,22 6,16 1.1457 0.7618 1.1815 

500 110 2,1 521,4 54,24 6,85 1.2997 0.5920 2.2769 

500 130 1,7 541,8 48,13 6,33 1.2959 0.5954 2.2517 

600 90 2,1 602,0 57,43 5,51 1.6662 0.3602 4.4347 

600 110 1,7 523,6 52,54 4,07 1.4197 0.4962 3.0437 

600 130 1,9 593,2 56,84 4,30 1.6902 0.3500 4.5590 

Maximum value of 

individual criteria 

(Gmaxj) 

602,0 58,22 9,08    

Minimum value of 

single criteria (Gmin) 
441.8 41.64 4.07    

Weight of criteria (wj) 0,5 0,25 0,25    

           
Figure 4.23 Chart of the levels of factors I, L, M for the overall evaluation index OEC 

 
Figure 4.24 Percentage of influence of factors I, L, M on the overall evaluation index OEC 
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The scale chart of factors shows that: When the OEC index reaches the highest, the optimal level of 

injection technology parameters is: I3, L3, M2. With this combination, the overall OEC evaluation index 

will reach: 

( ) ( ) ( ) ( )3 3 2 1,67optOEC OEC I OEC L OEC M OEC     = + − + − + − =
     

 (4-6) 

The OEC index with the optimal levels found above (1.67) is larger than its average value (1.24), and 

the multi-objective optimization result through the OEC index is quite high. Percentage of the influence of 

factors on OEC, then the current I has the greatest influence on OEC or in other words has the most influence 

on the mechanical properties of the coating (96.5%). Next are M (2.38%) and L (1.12%). 

The optimal results for each criterion corresponding to the levels found through this evaluation index 

are calculated according to the formula (3-29). 
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Table 4.17 Prediction results of individual criteria corresponding to the optimal level of parameters when 

calculated according to OEC 

Single target 
Optimal results predicted 

by individual criteria 

Optimal results 

predicted by OEC 

Percentage 

deviation 

Hardness 619,54 (HV) 585,8 (HV) 5,44% 

Adhesion 60,55 (MPa) 56,4 (MPa) 6,85% 

Prosity 3,89(%) 4,24(%) 8,99% 

Through the above results, it shows that: I = 600 A, L = 130 mm, M = 1.9 kg/h, and the mechanical 

properties found include: hardness, sliding adhesion, porosity, which are smaller than each criterion. Single. 

However, the largest deviation with porosity is only 8.99%, but the hardness is only 5.44%. Thus, the OEC 

index can be used to evaluate multiple criteria for coating mechanical properties simultaneously. 

CONCLUSION OF CHAPTER 4 

During the experiment, evaluation, and analysis, the following results were obtained: 

1. Using the plasma spray method to create Al2O3-40TiO2 coating quite successfully on C45 steel, 

flat plate. The coating made up of Al2O3-40TiO2 spray powder has high hardness and slip adhesion. The 

influence of the three spray parameters I, L, M causes the hardness, adhesion strength, porosity, and 

coefficient of friction to change. 

2. The spray powder structure and coating structure have been analyzed so that there is a basis for 

evaluating the mechanical properties of the coating. The results of XRD analysis to determine the phase 

composition of the coating samples compared with the phase composition of the original spray powder 

showed that, depending on the spray pattern under the effect of plasma energy, there was a phase change 

with the forming of some new phases such as γ-Al2O3 (converted from α-Al2O3), rutile-TiO2 (converted from 

anatase-TiO2), Al2TiO5 (combination of Al2O3 and TiO2). 

3. Research results to evaluate the influence of spray parameters on 4 coating mechanical properties 

(single-target study): 

- Coating hardness: Determine the set of spray parameters in the survey area to achieve the maximum 

hardness (I = 600 A, L = 130 mm, M = 2.1 kg/h); Determine the percentage influence of spray parameters 

on coating hardness (I with 79.2% > L with 12.2% > M with 8.6%); Constructed a 2nd order mathematical 

function representing the relationship between spray parameters and coating hardness according to 

expression (4-2). 

- Coating coefficient of friction: Determine the set of spray parameters to achieve the minimum 

coefficient of friction (I = 600 A, L = 130 mm, M = 2.1 kg/h); Determine the percentage influence of spray 

parameters on coating hardness (I with 80.1% > M with 12.3% > L with 7.6%); Constructed a 2nd order 

mathematical function representing the relationship between spray parameters and coating hardness 

according to expression (4-3). 

- Coating slip adhesion: Determine the set of spray parameters in the survey area to achieve the 

greatest sliding adhesion (I = 600 A, L = 90 mm, M = 1.9 kg/h); Determine the percentage influence of spray 

parameters on coating slip adhesion (spray current I with 73.9% > powder feed flow M with 17.8% > spray 
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distance L with 8.3%); Constructed a 2nd order mathematical function representing the relationship between 

spray parameters and coating hardness according to expression (4-4). 

- Coating porosity: Determine the set of spray parameters in the survey area to achieve the smallest 

porosity (I = 600 A, L = 110 mm, M = 1.9 kg/h); Determine the percentage influence of spray parameters on 

coating porosity (spray current I with 90.2% > powder feed flow M with 8.1% > spray distance L with 1.7%); 

Constructed a 2nd order mathematical function representing the relationship between spray parameters and 

coating porosity according to expression (4-5). 

4. Results of multi-objective research to evaluate the simultaneous influence of spray parameters: 

Using the overall evaluation index OEC found the optimal set of technological parameters (I = 600 A, L = 

110 mm, M = 1.9 kg/h) simultaneously meet the output criteria: hardness = 585.6 HV, sliding adhesion = 

56.4 MPa, porosity = 4.24%. 

5. Write code on Matlab software to build the relationship between spray parameters and coating 

output mechanical properties. 

GENERAL CONCLUSION 

The main results of the thesis are summarized as follows: 

1. Based on test conditions, selected and deeply studied the influence of 3 spray parameters on coating 

quality including: (I), (L), and (M). Microscopic hardness, adhesion strength, porosity, and coefficient of 

friction are important properties of the coating that have been evaluated and analyzed. 

2. Using the Taguchi method in combination with ANOVA analysis of variance, the percentage of 

influence of 3 injection technology parameters on output quality parameters was determined. The thesis has 

built sets of single-target optimal spray parameters to achieve the highest hardness criteria (619.54 HV); 

lowest coefficient of friction (0.49); highest sliding adhesion strength (60.52 MPa); lowest porosity (3.92%). 

3. Using the least squares method, 2nd order empirical regression equations have been built showing 

the relationship between hardness, adhesion strength, porosity, and coefficient of friction of the coating with 

a set of 3 parameters of I-L-M spray technology to predict coating quality. 

4. Through the overall evaluation criteria of OEC, the optimal spray parameters have been analyzed 

and determined (I = 600 A; L = 110 mm; M = 1.9 kg/h) to ensure 3 points at the same time. Output mechanical 

properties of the coating (hardness 585.6 HV; sliding adhesion 56.4 MPa; porosity 4.24%), deviation from 

the single-target optimal results is low (< 10 %). 

5. The results of single- and multi-objective optimization studies show that among the three 

parameters of I-L-M spraying technology, the spray current intensity I always has the greatest influence on 

the coating quality parameters, much larger than the other two parameters. The results of XRD analysis to 

determine the phase composition of the spray samples compared with the phase composition of the original 

spray powder showed that, depending on the spray mode, some new phases will be formed when the spray 

current intensity increases, like γ-Al2O3 (conversion from α- Al2O3), rutile-TiO2 (conversion from anatase-

TiO2), Al2TiO5 (combination of Al2O3 and TiO2). 

 However, this thesis certainly has many issues that have not been studied deeply, in order for the 

work to be more complete, the PhD student proposes a number of further research directions as follows: 

- In addition to the 3 main spray technology parameters investigated in the thesis, there are some other spray 

parameters that affect the coating quality, which should also be studied extensively. 

- In order to improve the coating life, it is necessary to study pre- and post-coating treatment solutions: heat 

treatment, heat-mechanical treatment, applying sealants to reduce coating porosity, etc 
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