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Abstract 

High Velocity Oxygen-Fuel (HVOF) thermal spray technique has been used to develop new 

Ti coatings on 1045 steel and 316L stainless steel for different applications. Optimization of the 

HVOF parameters requires numerous experiments to perform, that can be reduced using the 

Taguchi Design Of Experiment (DOE) methodology. By using DOE, it has been possible to identify 

the effects of the HVOF spraying parameters (spraying distance, number of layers, gun speed, 

powder feed rate, type of substrate and type of combustion) on the main characteristics of the 

coatings (porosity, thickness, hardness and adhesion). According to Taguchi method, the resulting 

orthogonal matrix corresponded to a L16 (44 x 22) matrix. Using this matrix, the number of 

experiments was reduced from 1024 to 16 and a first approximation of the best conditions for a 

real application was obtained. To evaluate the significant spraying variables, a statistical analysis of 

variance (ANOVA) was used. It has been determined that there is a relationship between coating 

characteristics and HVOF parameters. Also, the influence of the parameters on the characteristics 

and properties of the coatings (from high to low) was as follows: spraying distance, number of 

layers, gun speed, powder feed rate, type of substrate and mixture of gases used in the process. 
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1. Introduction 

Surface engineering provides an alternative that enables the combined use of a substrate 

with a reasonable cost and a coating with completely different mechanical and chemical properties 

with the substrate. The use of coatings is one of the most effective strategies to modify the surface 

properties. The deposition of a new material on the surface using techniques such as PVD (Physical 

Vapour Deposition), TRD (Thermo Reactive Diffusion) and CVD (Chemical Vapour Deposition) is 

expensive and presents limited flexibility. The advantage of CVD compared to the other mentioned 

techniques is the possibility of covering large areas with complex shapes. However, it requires high 

processing temperatures (800-1000 oC) whereas the PACVD technique (Plasma Assisted Chemical 

Vapour Deposition) achieves deposition at lower temperatures, but with more defects [1]–[4].  

Thermal spray processes include a number of techniques such as plasma, cold spray and 
HVOF that are widely and industrially used to obtain coatings on many different types of substrates 
for a great variety of applications. These techniques are flexible and provide high quality coatings 
with lower cost than other techniques [1], [2]. The flexibility and superior quality of the coatings 
obtained by HVOF have made it the excellent choice for many industries, compared with other 
thermal spraying techniques. The main difficulty of the thermal spray technique is to optimise the 
multiple variables of the process for each substrate-coating system. Furthermore, the optimum 
coating characteristics (thickness, porosity, etc.) are different according to the final application. 
Thermal spray coatings are often applied for better corrosion and wear resistance. Therefore, low 
porosity and good adhesion are desired properties for the coating. For this reason, HVOF is one of 
the preferred methods for producing coatings with such characteristics.  

 
The Design Of Experiments (DOE) using Taguchi approach is a powerful tool that allows to 

simplify and minimize the number of required tests to optimise a system and therefore, it implies 

a significant reduction of time. It consists of an experimental strategy that studies simultaneously 

the effects of multiple factors at different levels [5]. Factors are defined as the variables with a 

direct influence on the process being investigated, while the levels are constituted by the values 

that the factor takes during experiments. This method designs an orthogonal array showing the 

necessary experiments to perform. The analysis of variance (ANOVA) is used to determine the 

response magnitude of each variable (in %) in the orthogonal array previously defined [6]. 

According to this concrete research, the spraying parameters should be optimised in order to obtain 

coatings with the desired properties. Several authors have used this methodology in similar 

processes [7]–[10].  

 
Ti coatings are widely used as they are highly resistant to corrosion and they are 

biocompatible. An industrial application of these Ti coatings consists of preventing the corrosion 
caused in the steel pipes by molten aluminium, where several ceramic and intermetallic coatings 
(Al2O3, Al2TiO5, CrC, TiO2, MoSi2, Mg2SiO4, Cr3Si, MgO+ZrO2, Al2O3, MgO, Y2O3, ZrO2, W, CW, SiC, 
ZrSiO4, Cr2O3+Al2O3, Y2O3+ZrO) have been used [11], [12]. However, they present the disadvantage 
of having a greater thermal expansion coefficient (CTE) compared to steel [2], [13]–[18]. Ti coatings 
would be an interesting alternative since they possess a CTE closer to that of a steel substrate. On 
the other hand, the use of Ti coatings in the biomedical industry for implants, dental and 
orthopaedic applications is found as an ideal solution due to its excellent biocompatibility, 
appropriate mechanical properties and corrosion resistance [19]–[21]. 
 

The manufacture of Ti coatings on steel substrates using spraying techniques has been dealt 

with by different authors [22]–[24], which used modified spraying systems, such as warm spraying 

and cold spraying, to obtain coatings that enable low levels of oxidation. A rise in the particle 
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temperature leads to an exponential increment in the oxidation level. For this reason, the control 

of the temperature is important, and it can be reduced by means of CGDS (Cold Gas Dynamic Spray) 

systems, although not very efficiently, as coatings are obtained with higher degree of porosity.  

There are no previous reports in the literature on the analysis of the HVOF coating process 

of Ti using different statistical tools such as DOE using Taguchi approach and ANOVA. In this study, 

we propose the deposition of Ti coatings using HVOF, which enables spraying different types of 

materials at supersonic speeds to obtain compact coatings on all types of substrates. Porosity and 

oxidation are controllable by modifying the spraying variables and the proportion of combustion 

gases (O2/H2). 

To achieve versatile coatings (greater or lower porosity, oxidation, etc.) according to the 

application, it is necessary to control the technique by optimising the studied variables, in our case 

for the Steel/Ti system. In this research, the DOE using the Taguchi approach has been employed 

to evaluate the influence of the spraying parameters (spraying distance, number of deposited 

layers, gun speed, percentage of feeding powder, type of substrate, type of combustion) on the 

characteristics and properties of the coatings formed (thickness, porosity, substrate-coating 

adhesion and micro-hardness). The result is an L16 orthogonal array (44 x 22), which reduces the 

number of necessary experiments to 16. Achieving the 16 different conditions leads to the 

optimization of the spraying parameters, obtaining coatings with the required characteristics.  

 

2. Experimental procedure  

2.1. Materials 

Commercial carbon steel 1045 and stainless steel 316L (Fundiciones Gómez S.A, Spain, 

Europe) supplied in bars with a section of 25 mm x 5 mm were used as substrates. 

99.5% pure titanium powder from Sulzer Metco 4017 (Oerlikon Metco Europe GmbH, 

Germany, Europe) was used as the coating material. The morphology of the particles is angular 

(Figure 1) and the measured average size distribution was 60 ± 6 m that is in the range (from 53 

to 180 m) given by the supplier. This powder is suitable for both metallic and biocompatible 

coatings. 

  

Figure 1. SEM-BSE micrograph of the Ti powder used as coating material. 
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2.2. Spraying conditions and Taguchi Method. 

Titanium coatings were deposited onto carbon steel and stainless steel substrates surfaces 

using HVOF thermal spray equipment Unicoat DJ2600 from Sulzer Metco (Oerlikon Metco Europe 

GmbH, Germany, Europe). The spraying gun, a Diamond Jet Sulzer Metco 52C-NS (Oerlikon Metco 

Europe GmbH, Germany, Europe), was placed on an anthropomorphic robot ABB IRB-2004/16 to 

control the different spraying variables. Before coating deposition, the substrate surface was 

sandblasted with alumina particles of an average size of 1 mm and preheated. The preheating 

consists of one spraying gun pass over all the specimen surface without spraying powder. 

To establish the number of experiments to carry out, the MINITAB 17 program designed to 
perform basic and advanced statistical functions was used. This software allows the use of the 
Taguchi DOE analysis, which was used to evaluate the influence of the HVOF parameters on the 
characteristics and properties of the coatings. 
 

A mixed-level design was selected in Taguchi method (see Table 1): 

- Four factors (spraying distance, number of layers, gun speed and powder feed rate) with four 

levels for each factor (200, 250, 300, 350 mm; 6, 9, 12, 15 layers; 100, 150, 200, 250 mm/s; 20, 

30, 40, 50 %) respectively.  

- Two factors (type of substrate and O2/H2 ratio) with two levels for each factor.  

 

These factors and levels were used to design an orthogonal matrix L16 (44 x 22). The total 

number of possible experiments is 1024. Using the Taguchi DOE analysis, the number of required 

experiments decreases to 16, which are presented in Table 2.  

Two types of mixture gases were used: the first one presents greater amount of oxygen 

than hydrogen O2/H2 = 130 NLPM / 570 NLPM (hereinafter called “Oxi.”) and the second one, 

presents less amount of oxygen than hydrogen O2/H2 = 147 NLPM / 717 NLPM (hereinafter called 

“Red.”). The spacing between passes was 10 mm for all deposited coatings.  

 

Table 1. Factors and levels used for experimentation.  

Variable Value 

Spraying Distance (mm) 200; 250; 300; 350 

Number of layers 6; 9; 12; 15 

Gun speed (mm/s) 100; 150; 200; 250 

Powder feed rate (%)* 20; 30; 40; 50 

Substrate Carbon steel 1045; stainless steel 316L 

Ratio (O2 NLPM/H2 NLPM)** Oxidant (130 / 570); reductive (147 / 717) 

*The powder feed rate is given by the equipment as the feedstock speed rotation in vol. %. The 100 vol. % of the feedstock 

disc speed rotation is equivalent to 2.15 g/s.  

**NLPM, Normalized Liter Per Minute. 
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Table 2. Spraying conditions according to the Taguchi Experimental Design Method.     

 

Sample Spraying 
Distance 

(mm) 

Number 
of 

Layers 

Gun Speed  
(mm/s) 

Powder feed 
rate             
(%) 

Substrate (O2/H2)  
Ratio  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

 200 
200 
200 
200 
250 
250 
250 
250 
300 
300 
300 
300 
350 
350 
350 
350 

6 
9 

12 
15 
6 
9 

12 
15 
6 
9 

12 
15 
6 
9 

12 
15 

100 
150 
200 
250 
150 
100 
250 
200 
200 
250 
100 
150 
250 
200 
150 
100 

20 
30 
40 
50 
40 
50 
20 
30 
50 
40 
30 
20 
30 
20 
50 
40 

1045 
1045 
316L  
316L 
316L  
316L 
1045 
1045 
1045 
1045 
316L  
316L  
316L  
316L  
1045 
1045 

(Red.)  
(Oxi.) 
(Red.) 
(Oxi.) 
(Oxi.) 
(Red.)  
(Oxi.) 
(Red.)  
(Oxi.) 
(Red.)  
(Oxi.) 
(Red.) 
(Red.) 
(Oxi.) 
(Red.) 
(Oxi.) 

*(Red.) Reductive ratio, (Oxi.) Oxidant ratio. 

2.3. Coating characterization 

The quality analysis of the manufactured coatings was performed using microstructural 

characterization techniques. The cross-sections of the coatings were analysed by Optical 

Microscopy, OM, Leica DMR (Leica, Germany, Europe) and by Scanning Electron Microscopy, SEM, 

Hitachi S-3400N (Hitachi High-Technologies, UK, Europe) equipped with an Energy Dispersive X-Ray 

Spectrometer, EDS, Bruker AXS Xflash Detector 5010 (Bruker, Germany, Europe).  

The porosity and thickness of the coatings were calculated by using an image analyser 

software (Image Pro Plus) on the cross section of the samples at least at five different zones. 

Coating adhesion tests were performed using a Posi Test AT-A (Automatic Adhesion Tester) 

DeFelsko equipment (DeFelsko, NY, USA), according to the ASTM D4541-02 regulation. The 

hardness measurement was carried out using a Vickers Buehler Micromet 2103 durometer 

(Buehler, Illinois, USA) with loads of 500 g (HV0.5) for 15 s. 

 

2.4. Variance analysis 

In order to evaluate the significance of the different spraying parameters on each studied 

property, a statistical analysis of variance (ANOVA) was used. This measurement allows to identify 

what parameters interact amongst themselves and to evaluate their significance. To do so, the 

General Linear Model (GLM) was carried out. The summary of degree of freedom (DF), F-ratio (F), 

probability of the null hypotheses (p) and percentage of contribution for each factor (P) were 

calculated. 

The percentage of contribution (P) from each factor was calculated as follows: 

P (%) = (SSfactor/Total SS) x 100              (1)          

where the SSfactor represents the sum of squares for each factor. 
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The p value indicates the probability of the null hypothesis to be rejected as false, i.e., it 

points if all the spraying variables used are of the same significance. If p <  where  = 0.05, the 
null hypothesis of the no significance of the variable can be rejected. Higher ‘F’ value suggests that 
the effect of a factor is larger compared to the error variance suggesting an important parameter 
influencing the quality characteristics. 
 

3. Results and discussion 

3.1. Coating characterization 

To optimise the HVOF spraying variables, the Ti coatings produced were analysed to 

evaluate their principal physical characteristics, microstructure and mechanical properties. Table 3 

shows the average values of thickness, porosity, adhesion and microhardness of each coating. 

These values were obtained from a cross sectional cut of the sample by 10 random measurements 

of at least 2 coatings obtained under the same conditions. The adhesion values were obtained by 

taking at least three measurements for each condition. Moreover, the roughness value after 

sandblasting of each steel was measured. The average roughness value for stainless steel substrates 

was 5.6 ± 0.3 m, while a very similar average value, 5.2 ± 0.3 m, was obtained for carbon steel 

substrates. 

As shown in Table 3, the variation of the spraying parameters in the HVOF process enabled 

coatings with a broad range of thicknesses, from 138 to 1619 m, in conditions 10 and 16 

respectively. These differences can be observed in the micrographs shown in Figure 2. 

The degree of porosity of the different coatings ranges from 2.0 to 13.5 %. As shown in 

Figures 2 and 3, the porosity is mainly found in the upper area of the coating. This is due to the 

effect of the deposition of one layer on top of the other, which deformed the previously deposited 

ones reducing their porosity. For this reason, the last deposited layers present less compaction, and 

therefore, more porosity. For conditions 3, 11 and 15, the porosity is also observable in the 

substrate-coating interphase as shown in Figure 3b. 

To evaluate the adhesion of the coatings (shown in Table 3) it was necessary to analyse the 

type of breakage produced: between coating layers (delamination), on the substrate-coating inner 

face or the bonding, by observing the fractured surface areas. The results showed bonding 

resistance values of an average of 20 MPa. For conditions 1, 4, 7, 9 and 10, the coating was 

completely separated from the substrate, indicating the breakage of the bonding. The delamination 

phenomenon was observed in conditions 8, 11 and 15. This could be due to the fact that in 

conditions 11 and 15, porosity was located in the lower area of the coating, which caused this type 

of breakage. 

The microhardness of the coatings, gathered in Table 3, indicates an average value of 110 

HV0.5, with highly dispersed results. Coatings presented zones with different level of porosity. For 

this reason, the microhardness values vary depending on the zone tested, leading to an average 

microhardness value with high dispersion. 
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Table 3. Average microstructural and mechanical values of the coatings.    

Sample Thickness (m) Porosity (%) Adhesion (MPa) Microhardness (HV0.5) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

487 ± 17 
555 ± 14 
898 ± 92 
512 ± 34 
611 ± 84 

1511 ± 18 
878 ± 24 
718 ± 41 
681 ± 64 
138 ± 75 

1074 ± 39 
600 ± 53 
189 ± 29 
255 ± 31 

1422 ± 13 
1619 ± 24 

8.0 ± 4.2 
13.5 ± 4.8 
11.2 ± 4.6 
10.2 ± 3.8 
7.2 ± 2.5 
3.4 ± 1.8 
2.3 ± 2.2 
8.1 ± 3.8 
4.4 ± 3.4 

10.0 ± 3.6 
2.3 ± 1.8 
2.0 ± 2.2 
9.5 ± 3.8 

13.4 ± 5.9 
4.1 ± 0.9 
3.9 ± 1.3 

19.6 ± 1.7 
16.9 ± 1.6 
29.0 ± 2.1 
14.4 ± 1.5 
14.1 ± 1.9 
21.0 ± 0.9 
16.2 ± 1.5 
18.9 ± 1.2 
9.2 ± 1.4 

21.6 ± 1.7 
13. 9 ± 0.8 
14. 3 ± 1.0 
21. 6 ± 1.3 
18.8 ± 1.4 
5. 5 ± 0.9 
8.0 ± 1.1 

152 ± 19 
118 ± 13 
156 ± 16 
109 ± 18 
126 ± 18 
136 ± 10 
113 ± 19 
127 ± 13 
 91 ± 21 
140 ± 14 
 70 ± 26 
 64 ± 17 
106 ± 15 
127 ± 14 
 69 ± 24 
 96 ± 24 

 

 

         

Figure 2. SEM-BSE micrographs of the cross-sectional cuts of the coatings under conditions a) 10 

and b) 16. 

 

Figure 3. SEM-BSE micrographs of the cross-sectional cuts of the coatings under conditions a) 7 

and b) 15. 

 

a) b) 

a) b) 
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3.2. Influence of the HVOF process parameters on the thickness of the coatings based on the 

Taguchi experiment design method. 

Figure 4 shows the dependence of the thickness on the HVOF parameters (spraying 

distance, number of layers, gun speed, powder feed rate, type of substrate and O2/H2 ratio 

employed) using the Taguchi method. The horizontal line indicates the average value. The analysis 

of the results allowed to obtain the following conclusions referred to the thickness of the titanium 

coatings deposited: (i) is greater with spraying distances of 250 and 350 mm, (ii) increases with the 

number of layers, up to a maximum value for 12 layers, (iii) decreases as the gun speed increases, 

(iv) increases as powder feed rate increases, (v) is slightly greater using carbon steel as a substrate 

and (vi) is practically independent to the O2/H2 ratio used. Therefore, the parameters that most 

influenced the thickness of the deposited coatings are spraying distance, number of layers, gun 

speed and powder feed rate.  

Spraying distance is a parameter that considerably influences the thickness and quality of 

the coating and it is affected by the characteristics of the powder supplied. At short distances, the 

number of particles that rebound and do not get adhered is greater, which implies a thickness 

reduction. The hammering effect consolidates the coating. However, when the spraying distance 

increases, two different phenomena take place: firstly, due to the less rebounding of particles, 

thicker coatings are obtained [25]; secondly, the powder remains longer times in the torch, thus 

acquiring greater fluidity and, as a result, the deformation of the particles is higher, leading to 

coatings with a lower thickness and better compaction. The thickness of the produced coating 

varies according to the predominance of each phenomena depending on the distance, as shown in 

Figure 4. 

As expected, thickness raises when the number of layers increases. The higher the speed of 

the spraying gun on the substrate, the lower the time that the torch stays on a particular area. 

Consequently, the amount of powder sprayed in each zone is inferior and therefore, the 

deposited coating temperature is also lower. Accordingly, as observed in Figure 4, higher gun 

speeds lead to less thick and consistent coatings [26]. 

When the power feed rate is increased, a greater amount of material is deposited and 

thicker coatings obtained, as shown in Figure 4. Moreover, by using the carbon steel 1045 as 

substrate, the obtained thickness is slightly superior compared to the stainless steel 316L. Finally, 

the O2/H2 ratio used have no influence on the thickness, being both conditions close to the 

horizontal line that represents the average value. 
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Figure 4. Dependence of coating thickness (m) on the spraying parameters. 

To calculate the percentage of contribution of each spraying parameter and to determine 

whether all the variables have the same significance, a variance analysis (ANOVA) was performed 

relating to the thickness of the coating (Table 4). Attending to the results, it can be determined that 

the type of substrate and the O2/H2 ratio are not significant variables for the thickness of the 

coating, as p >  where  = 0.05. It was also observed that the parameter that most contributed to 

thickness was the gun speed (38.4 %), followed by the number of layers (25.5 %), the powder feed 

rate (17.3 %) and the spraying distance (10.5 %).  

Figure 5a shows the thickness of the coatings in relation to the two most influential 

parameters: gun speed and number of layers. As observed, the thickest coatings are those obtained 

with the highest number of layers and at lower gun speeds. In Figure 5b it is also observable that 

when the spraying distance decreases, two different phenomena take place: firstly, due to the high 

rebounding of particles, thinner coatings are obtained; secondly, the powder remains less time in 

the torch, thus particles have less time to absorb heat, reaching the substrate less deformed and 

coatings are thicker and more porous. Moreover, when the distance increases these two same 

phenomena appear presenting the opposite effect. The greatest influence of one or another 

phenomenon varies with the spraying distance as shown in Figure 4. For this reason, in order to 

obtain coatings with the same thickness, the use of shorter spraying distances and the deposition 

of an intermediate number of layers would be more appropriate due to the fact that a lower 

amount of supplied powder leads to a reduction in the final cost of the resulting coatings. 

 

Table 4. Results obtained from ANOVA – Thickness. 

Factors Thickness (m) 

 DF Seq. (SS) F p Percentage of 
contribution 

Spraying distance 
Number of layers 
Gun Speed 
Powder feed rate 
Substrate 
02/H2 ratio 
Error 
Sum 

3 
3 
3 
3 
1 
1 

33 
47 

971255 
2362180 
3551022 
1603218 
131903 

9833 
628573 

9257983 

17.00 
41.34 
62.14 
28.06 
6.92 
0.52 

<0.001 
<0.001 
<0.001 
<0.001 
0.013 
0.478 

10.5 
25.5 
38.4 
17.3 
1.4 
0.1 
6.8 

100.0 
DF, Degree of Freedom; Seq. SS, Sequential sum of squares; F, statistical test; p, statistical value. 
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Figure 5. Contour map of coating thickness (µm) in relation to (a) gun speed (mm/s) and number 

of layers and (b) spraying distance (mm) and number of layers. 

 

3.3. Influence of the HVOF process parameters on the porosity of the coatings using the Taguchi 

experimental design method. 

Figure 6 shows the dependence of the porosity on the HVOF parameters (spraying distance, 

number of layers, gun speed, powder feed rate, type of substrate and O2/H2 ratio employed) using 

the Taguchi method. The horizontal line indicates the average value. Based on the analysis carried 

out according to the design of experiments, the following conclusions can be reached with regard 

to the porosity of the titanium coatings produced: (i) the minimum value was obtained using a 

spraying distance of 300 mm, (ii) reduces according to the increase in the number of layers, (iii) 

increases with greater gun speed; (iv) decreases as the powder feed rate increases, (v) decreases 

when a carbon steel substrate is used and (vi) may be considered independent to the type of gas 

ratio employed. 

In this case, the type of substrate and the gas ratio had practically no effect on the degree 

of porosity of the produced coatings.  

As the spraying distance increases, the particles remain longer time in the flame, producing 

greater deformation of the powder due to its greater flow resulting from the higher temperature 

reached. The result would be a coating with a low degree of porosity, up to a certain distance. At 

350 mm, the opposite effect takes place. Two possible reasons will be the cooling of the powder 

particles when moving away from the torch and the slowing of the particles with greater distance 

[25]–[28]. 

The deposition of a greater number of layers of material tends to produce denser coatings. 

It was due to the hammering effect of the layers deposited on top, which reduced the porosity of 

the layers underneath [27], [29]–[31]. At 9 layers, a maximum of porosity was reached, which can 

be explained by the lack of uniformity of the conditions 2 and 14. These coatings are not continuous, 

as observed in Figure 7, complicating the porosity measurement. 

Further analysis of the graph reveals that the porosity increases with the gun speed [32]. This is 

due to the inferior time that the torch remains in each area and, therefore, the amount of the 

sprayed powder is lower, providing an inferior deposited coating temperature. As a result, the 

particles cool more rapidly and their capacity to deform decreases, giving rise to coatings with 

Thickness contour map Thickness contour map 
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greater porosity. In addition, the torch remains less time in a particular area producing a decrease 

in the temperature of the substrate.  

The use of a higher powder feed rate implies that the number of hot sprayed particles that 

are able to impact, deform and accumulate to form a layer is greater. Consequently, the obtained 

coatings are denser. The minimum percentage of porosity reached in this research was found using 

50 % of powder. The explanation is based on the ability of the new sprayed powder to compact the 

previously deposited powder.  

 

 

Figure 6. Dependence of coating porosity (%) on the spraying parameters. 

 

 

Figure 7. SEM-BSE micrographs of the cross sectional cut of the coating under condition 14. 

Table 5 shows, by means of the ANOVA tool, that the significant variables with respect to 

the porosity of the coatings are the spraying distance and the number of layers. It was also observed 

that the parameters with the biggest contribution were the spraying distance (25.5 %), followed by 

the number of layers (15.9 %) and the gun speed (14.2 %). The contribution of error for porosity is 

the result of the differences in porosity in each zone of the coating: high porosity was observed in 

the substrate-coating interface due to the high cooling speed of the system which does not favour 

the plastic deformation of the particles (indicated by arrows in Figure 3b), while in the inner side of 

the coatings, few pores were observed due to the compacting effect of the layers deposited on top, 

which reduced the porosity of the layers underneath (Figure 3b). 
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Figure 8a shows the contour map of the porosity of the coatings related to the two most 

influential parameters (spraying distance and number of layers) and the ideal conditions with 

respect to distance and number of layers that should be used according to the porosity is 

demonstrated. For high degree of porosity, it would be recommended the use of larger or very 

short spraying distances and the deposition of few layers. In Figure 8b, that shows the degree of 

porosity in terms of gun speed and number of layers, it can be observed that combining low gun 

speeds with a high number of layers provides coatings with a small degree of porosity. By comparing 

Figure 5b and Figure 8a, it is possible to establish that when the coating thickness increases, the 

porosity decreases. 

 

Table 5. Results obtained from ANOVA – Porosity. 

Factors Porosity (%) 

 DF Seq. (SS) F p Percentage of 
contribution 

Spraying distance 
Number of layers 
Gun Speed 
Powder feed rate 
Substrate 
02/H2 ratio 
Error 
Sum 

3 
3 
3 
3 
1 
1 

33 
47 

272.75 
171.38 
153.35 
64.41 
4.83 
0.13 

406.64 
1073.49 

7.38 
4.64 
4.15 
1.74 
0.39 
0.01 
2.66 

<0.001 
<0.008 
0.013 
0.177 
0.535 
0.918 

25.5 
15.9 
14.2 
6.1 
0.4 

0.01 
37.9 

100.0 
DF, Degree of Freedom; Seq. SS, Sequential sum of squares; F, statistical test; p, statistical value. 

 

 

Figure 8. Contour map of coating porosity (%) in relation to (a) spraying distance (mm) and 

number of layers and (b) gun speed (mm/s) and number of layers. 

 

3.4. Influence of the HVOF process parameters on the coating adhesion using the Taguchi 

experiment design method. 

Figure 9 shows the dependence of the coating adhesion on the HVOF spraying parameters 
(spraying distance, number of layers, gun speed, powder feed rate, type of substrate and O2/H2 
ratio used) using the Taguchi method. Again, the horizontal line indicates the average value. It can 

Porosity contour map Porosity contour map 
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be observed that the trends are not well defined in certain parameters. In conditions 3, 13 and 14 
the failure is localized between the coating and the adhesive used for testing. For the conditions 1, 
4, 7, 9 and 10, the failure took place between the coating and the substrate. Conditions 8, 11 and 
15 failed by delamination between the sprayed layers. And finally, in conditions 2, 5, 6, 12 and 16, 
the substrate-coating adhesion was not homogeneous. In some zones, the fracture took place 
between the substrate and the coating, while in others, the failure was placed among the first 
deposited layers.  
 

 

Figure 9. Dependence of the coating adhesion (MPa) on the spraying parameters. 

As observed in Figure 9, the substrate-coating adhesion: (i) decreases with an increase in 

the spraying distance, (ii) decreases with an increase in the number of layers, (iii) has a maximum 

value for a gun speed of 200 mm/s, (iv) decreases as the powder feed rate increases, (v) is greater 

employing stainless steel as the substrate, and (vi) increases when the reductive gas ratio (Red.) is 

used.  

At shorter spraying distances, the particles stay shorter times in the flame, their 

temperature is lower and there are some partially molten particles. Moreover, the particles impact 

with higher energy. All this produces high bonding strength coatings [33], [34]. The resistance of 

the bonds of the coatings generated by HVOF largely depends on the state of fusion and size of the 

particles, more than on their speed or temperature. The complete fusion of the sprayed particles 

does not contribute to an increase in the bonding of metallic coatings [32]. However, the use of 

larger, partly molten particles substantially improves the bonding strength, when the particles are 

in a dual state (liquid-solid). The high speed of the partly molten particles produces plastic 

deformation on the substrate surface, leading to a high degree of mechanical anchoring between 

the deposited material and the substrate and thus contributing to a correct bonding [35]. In 

addition to the mechanical anchoring, the appearance of a physical or chemical bond between the 

substrate and the coating may take place, producing a greater bonding strength of the coatings 

produced by HVOF [36]–[38]. The mechanical anchoring mechanism is related to the surface 

roughness of the substrate and the solidification of the particles impacting [28], [32], [34], [38]–

[41].  

The number of sprayed layers can modify the building process of each coating, showing 

different adhesion values [38]. When coating takes place with successive layers, delamination or 

detachment may occur due to oxidation, internal stress, joining of pores, etc. Therefore, if the spray 
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of successive layers does not produce more compact coatings, the use of a lower number of layers 

is recommended. 

The higher the gun speed, the lower the heating of the substrate and coating, as well as the 

amount of the sprayed powder in each area and its temperature, being in a partly molten state. 

This promotes a greater mechanical impact of the particles on the substrate and the previously 

deposited layers, favouring the physical bond between the coating and substrate, in addition to the 

mechanical anchoring mechanism, giving rise to higher adhesion values. 

By increasing the powder feed rate, the amount of sprayed material at the same time 

increases, producing a greater impact and, therefore, favouring the mechanical anchoring. 

However, the conditions corresponding to 50 % of supplied powder show porosity in the area 

closest to the substrate, which decreases the adhesion values and brake the trend that implies 

superior adhesions for greater amounts of powder.  

With regard to the type of substrate employed, carbon steel produces lower adhesion 

values. This is due to the formation of oxide layers in the substrate-coating inner surfaces, which 

reduces the tensile strength and weakens the adhesion. Figure 10 shows the BSE-SEM image and 

the EDS mapping of the substrate-coating inner surface on stainless steel. In this case, the presence 

of oxides between the substrate and the coating is negligible. Figure 11 represents the BSE-SEM 

image and the EDS mapping of the carbon steel substrate-coating inner surface. Using this 

substrate, an oxide layer can be observed. 

Another variable with significant effect on coating adhesion is the volume of gases used for 

combustion, where a large quantity of gases (O2/H2) provides greater adhesion of the coatings onto 

the substrates. This occurs when the amount of oxygen is 147 NLPM and hydrogen 717 NLPM 

(Red.). This volume of gases provides higher kinetic and thermal energy to the particles and heats 

the substrate more intensely, and therefore, the adhesion is favoured [34]. Figures 13c and 13d 

show how high energy condition, (low spraying distance and high quantity of gases; high gun speed 

and short spraying distance), produces coatings with the greatest adhesion.  

The adhesion is also influenced by the temperature difference between particle and 

substrate during impact. The particles temperature has a great effect on the coatings 

microstructure; the temperature evolution with time determines the material solidification 

kinetics. During solidification process, prior to the deposition of new particles onto the coating, the 

particles oxidation could be produced. Moreover, there is a relationship between the O2/H2 ratio 

used and the oxide content of the coating [42]. A greater amount of oxygen enhances the melting 

and compaction of the particles but causing greater oxidation on the particles and on the coating-

substrate interface.  
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Figure 10. Stainless steel substrate-coating inner surface (condition 12), a) SEM-BSE micrograph, 

b) EDS mapping. 

 

 

Figure 11. Carbon steel substrate-coating inner surface (condition 15), a) SEM-BSE micrograph, b) 

EDS mapping. 

The ANOVA analysis of the parameters, given in Table 6, shows that all of them have a 

contribution ranging from 19.9 % to 11.8 %, spraying distance has the highest value. 

Figure 12 presents the coating adhesion in function of the significant variables. Firstly, it 

should be highlighted, as observed in Figures 13a and 13b, that the greatest adhesion is obtained 

with high gun speeds and elevated powder feed rate, obtained either from the powder feed rate 

or the number of layers, which supports the above-mentioned theory that greater impact implies 

greater adhesion.  

 

Table 6. Results obtained from ANOVA- Adhesion. 

Factors Adhesion (MPa) 

 DF Seq. (SS) F p Percentage of 
contribution 

Spraying distance 
Number of layers 
Gun speed 
Powder feed rate 
Substrate 
02/H2 ratio 
Error 
Sum 

3 
3 
3 
3 
1 
1 

33 
47 

307.14 
196.37 
296.96 
251.98 
183.69 
300.30 
17.21 

1553.65 

196.34 
125.52 
189.83 
161.08 
352.27 
575.89 

<0.001 
<0.001 
<0.001 
<0.001 
<0.001 
<0.001 

 

19.8 
12.6 
19.1 
16.2 
11.8 
19.3 
1.1 

100.0 
DF, Degree of Freedom; Seq. SS, Sequential sum of squares; F, statistical test; p, statistical value. 

20 m 20 m 

20 m 20 m 
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Figure 12. Contour map of coating adhesion (MPa) in relation to (a) gun speed (mm/s) and 

powder feed rate (%), (b) gun speed (mm/s) and number of layers, (c) spraying distance (mm) and 

O2/H2 ratio and (d) spraying distance (mm) and gun speed (mm/s). 

 

3.5. Influence of the HVOF process parameters on the microhardness of the coatings using the 

Taguchi experimental design method. 

Figure 13 shows the dependence of the microhardness on the HVOF spraying parameters 

(spraying distance, number of layers, gun speed, powder feed rate, type of substrate and O2/H2 

ratio used) using the Taguchi method. The horizontal line indicates the average value. As observed 

in Figure 13, the microhardness of the Ti coatings: (i) decreases as the spraying distance increases, 

(ii) decreases as the number of layers of material increases, (iii) is greater at higher gun speeds, (iv) 

has no clear trend with respect to the powder feed rate, (v) may be considered independent to the 

type of substrate employed, (vi) decreases when the oxidant (Oxi.) ratio is used. 
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Figure 13. Dependence of the coating microhardness (HV0.5) on the spraying parameters. 

 

The inverse relationship between the hardness and porosity of the coatings is a well-known fact 
[25], [40], [43]–[45]. Accordingly, the coatings deposited using the HVOF technique are expected to 
obtain a high degree of hardness compared to other spraying techniques, given its capacity to 
obtain coatings with a low degree of porosity. In this research, the inverse relationship (greater 
porosity-less hardness) was not always observed and one of the causes could be the heterogeneity 
of the coatings. The porosity increases as spraying distance increases. The increase in the spraying 
distance created longer inflight times, which increased the temperature of each individual sprayed 
powder particle. This higher temperature of the powder favours the oxidation of the particles 
during the flight because they were immersed in a flame with oxygen at high temperature. The 
selected load was 0.5 kg to enable the measurement of all coatings and, therefore, to obtain 
comparable values among the different spraying conditions. Figures 15a and 15b show the residual 
footprints of two different coatings, with a microhardness of 120 HV0.5 and 80 HV0.5, respectively. 

In both cases, the footprint is larger than 50 m and some of the obtained coatings presented 

thicknesses of 60 m. 
 

Another factor that may reduce the coating hardness is the appearance of micro cracks[40]. 

One of the drawbacks expected of Ti coatings is that they are oxidized and it is well known that 

these oxides are very fragile. In Figures 14a and 14b cracking was observed after testing, indicating 

fragility. For this reason, two different mixtures of gases were used, with higher and lower amount 

of oxygen, to attempt to minimize the quantity of oxide formed. Ti reacts quickly to oxygen to form 

an oxide layer around the particles. When the oxidised particles collide, the oxide layer hinders the 

diffusion between them. This fact implies a weaker bond than between two non-oxidised particles 

of Ti and the hardness of the coating decreases. From the EDS analysis of the sprayed coatings, in 

Table 7, it is possible to conclude that the differences in the total amount of oxygen between the 

coatings produced with oxidant and reductive ratio is not remarkable. 

 When shorter spraying distances are used, the particles reach the substrate at a higher 

speed. Therefore, they are able to deform and create more compact coatings and, as the powder 

is in a semi-solid state, hardness is increased by deformation [44]. A linear dependence between 

the particles speed and the hardness of the resulting coating has been also described [40]. 
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Figure 14. SEM-SE micrographs of indentation footprints (a) condition 7 and (b) condition 9. 

 

Table 7. EDS elemental composition of Ti coatings using the Oxidant and the Reductive ratio. 

 

Sample Element [wt. %] Element [at. %] 

O Ti O Ti 

11 (Oxi.) 0.52 99.48 1.55 98.45 

12 (Red.) 0.98 99.02 2.87 97.13 

15 (Red.) 0.54 99.46 1.59 98.41 

16 (Oxi.) 0.66 99.34 1.95 98.05 

 

Table 8 shows the significance of the variables established by ANOVA. For the 

microhardness, these variables are the spraying distance, number of layers, gun speed, powder 

feed rate and O2/H2 ratio. Nevertheless, the parameters that most contributed were the spraying 

distance (31.7 %) followed by the number of deposited layers (16.5 %). 

As shown in Figure 15, the use of dynamic conditions leads to a compaction and work 

hardening of the coatings, resulting in higher hardness values. Short spraying distances and high 

gun speeds (Figure 15a) or elevated powder feed rate (Figure 15b) may be the selected parameters 

to obtain a coating with the highest value of microhardness. 
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Table 8. Results obtained from ANOVA - Vickers Microhardness. 

Factors Vickers Microhardness (0.5) 

 DF Seq. (SS) F p Percentage of 
contribution 

Spraying distance 
Number of layers 
Gun Speed 
Powder feed rate 
Substrate 
02/H2 relation 
Error 
Sum 

3 
3 
3 
3 
1 
1 

33 
47 

14829.9 
7725.0 
6109.2 
5605.2 

29.8 
1849.3 

10736.2 
46884.6 

15.19 
7.91 
6.26 
5.74 
0.09 
5.68 
0.90 

<0.001 
<0.001 
0.002 
0.003 
0.764 
0.023 
0.349 

31.7 
16.5 
13.0 
11.9 
0.1 
3.9 

22.9 
100.0 

DF, Degree of Freedom; Seq. SS, Sequential sum of squares; F, statistical test; p, statistical value. 

 

 

Figure 15. Contour map of the coating microhardness (HV0.5) related to the (a) spraying distance 

(mm) and gun speed (mm/s) and the (b) spraying distance (mm) and powder feed rate (%). 

 

3.6. Summary. 

After studying the influence of the spraying variables on the thickness, porosity, adhesion 

and hardness of the coatings produced, it can be generally concluded that not all the spraying 

variables affect the different measured properties in the same way. If another property or feature 

were measured, a different contribution of the spraying parameters could be obtained. However, 

in all cases, one of the most influential variable was the spraying distance, followed by the number 

of deposited layers. It is also necessary to differentiate between mechanical properties and 

characteristics of the coatings, as well as their service requirements, according to their real 

application. 

 The contour maps in which the independent value, i.e., the axes used, were layers and gun 

speed (Figures 5a, 8b and 12 b) reveal that it is possible to achieve simultaneously hard and well 

adhered coatings that show medium to high porosity and medium thickness by applying about 14 

layers and a gun speed of 220 mm/s. These coatings would be adequate for biological applications 

where the key point is to have a porosity that is compatible with cell growth while being sure of 

having a system that is not prone to failure by delamination. 

Microhardness (HV0.5) contour map Microhardness (HV0.5) contour map 
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Other interesting condition is to have low porosity coatings, which can be achieved by 

applying about 9 layers, slow gun speed (100 mm/s) and intermediate spraying distances. This 

ensures also having high adhesion of the coating to the substrate which can be further increased 

(Figures 8b and 12 b). These conditions would be adequate for coatings in contact to aggressive 

environments. 

The Taguchi approach has been proved as a useful tool to obtain the most appropriate 

range of conditions based on the property sought for each application. 

4. Conclusions 

 The main conclusions extracted from this research are as following: 

1. The Taguchi experiment design is a valid method for an initial approach to establish the 

variables with greater influence on the characteristics of the Ti coatings deposited by HVOF 

on the steel substrates. By using this method, the number of required experiments was 

reduced from 1024 to 16.  

2. The analysis of the graphs and contour maps derived from the DOE methodology allows the 

design of the coatings depending on the desired or required properties in function of the 

variables of the HVOF spraying technique used. 

3. The spraying parameters with the greatest influence on the features and properties of the 

coatings (from high to low) are: spraying distance, number of layers, gun speed, powder 

feed rate, type of (steel) substrate and O2/H2 ratio.  

4. Depending on the spraying conditions, it is possible to produce coatings without cracking 

and a wide range of thicknesses, low porosity, good continuity between coatings and 

substrates and different microhardness. 

5. The contour map reveals that it is possible to achieve simultaneously hard and well adhered 

coatings that show medium to high porosity and intermediate thickness by applying high 

number of layers and gun speed. These coatings would be adequate for biological 

applications. 

6. Other interesting condition would be the obtaining of low porosity coatings, which could 

be achieved by applying an intermediate number of layers and spraying distance and slow 

gun speed. This also ensures a high adhesion of the coating to the substrate which can be 

further increased. These coatings would be adequate for aggressive environments, such as 

molten aluminium. 
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