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ABSTRACT 

 

In this study the influence of various plasma 

spraying parameters (plasma power, powder 

feeding rate and scanning speed) on important 

properties of titania (TiO2) coatings were 

investigated. Fused and crushed (F&C) titania 

(TiO2) powder particles (10-45 µm) were 

thermally sprayed via atmospheric plasma spray 

(APS) onto mild steel substrates. The 

microstructure, microhardness, surface 

roughness and abrasive wear resistance of these 

coatings were analyzed and compared. The 

Wear resistance of coatings was investigated 

applying pin-on-disk tests and microstructural 

characterization was performed. The results 

demonstrated that microstructure, wear rate and 

microhardness were profoundly affected by 

plasma power. It was found that higher plasma 

powers exhibited denser coating microstructures 

and improved both microhardness and wear 

resistance. Surface roughness of the coatings 

was directly affected by powder feed rate and 

inversely affected by scanning speed. 

 

Keywords: Atmospheric Plasma Spray (APS), 

titania (TiO2), wear resistance 

 

1. INTRODUCTION 
 

Titania (TiO2) coatings are developing as hard 

ceramic coatings for various purposes. (Ctibor 

et al., 2006). Their photocatalytic effects 

(considering anatase phase) in destruction of 

organic pollutants has been recently under 

consideration (Chen et al., 2006). Their 

biomedical applications have also been 

investigated (Jaworski et al., 2010). These 

coatings have fairly porous hard microstructures 

which can be used under severe working 

environments. Researchers on anti-wear Al2O3-

TiO2 coatings show that they improve wear 

properties of the coatings (Yilmaz et al., 2007). 

Further study on anti-wear properties of titania 

coatings are needed in order to develop their 

applications in industries. 

 

Atmospheric Plasma Spray (APS) is 

vastly applied to deposit ceramic coatings with 

high melting temperatures. Properties of a 

plasma sprayed coating and its microstructure is 

strongly dependent upon parameters such as 

spraying parameters and powder size (Lima and 

Marple, 2007). Parameters like plasma power, 

powder feed rate, working gas composition and 

scanning speed can affect coating properties 

(Lima and Marple, 2008). Applying the most 

appropriate parameters for deposition of a 

coating can optimize both properties and cost of 

production. The aim of the current study is to 

investigate the influence of plasma power, 

powder feed rate and scanning speed on 

microhardness, surface roughness and wear 

resistance of titania coatings on mild steel 

substrates. 

 
2. METHODOLOGY 

 

2.1 Experimental Design 

 

Full-factorial method helps studying of the 

effects that several parameters may have on the 

results of a particular process. In 2-level full 

factorial design, responses are measured at all 

combinations of the experimental parameter 

levels. A 2
3
 factorial design for three 

independent variables was used. Design of 

experiments was applied using Design Expert 

Software (statistics Made Easy, version 6.0.10, 

stat-Ease, inc., Minneapolis, MN). Plasma 

Power (X1), powder feed rate (X2) and scanning 

speed (X3) were chosen as independent 
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parameters and the responses studied were the 

microhardness value (Y1), surface roughness 

(Y2) wear rate (Y3). A central point was added 

to the design leading to a total of 9 sets of 

experiments. Each response was modelled using 

the following equation: 

 
Yi = b0 + b1X1 + b2X2 + b3X3 + b12X1X2 + 

b13X1X3 + b23X2X3+ b123X1X2X3                     (1) 

 
Where Yi is the theoretical response 

function (Pierlot et al., 2008). The independent 

variables, their experimental range and coded 

levels for the coating process are given in Table 

1.  
 

Table 1 Levels of independent variables 

 Range (coded level) 

Independent factors Low  

(-1) 

Central point 

(0) 

High 

(+1) 

Plasma Power (X1) 

KW 

20 30 40 

Powder feed rate (X2) 

g/min 

6 14 22 

Scanning Speed (X3) 
mm/s 

200 350 500 

 
2.1 Materials and Coating Process 

 

Titania powder (fused and crushed Amperit 

782.054, H.C. Starck, Germany) with a particle 

size range of 10-45µm was used. Rutile was the 

main phase of the powder. Figure 1 illustrates 

the morphology of the used powder. ASTM A-

36 mild steel substrates (40×20×6 mm
3
) were 

grit blasted with alumina grits before coating 

process. The deposition was performed by a 

Praxair plasma gun (SG-100) mounted on a 

robot. The stand-off distance was 100 mm. 

 

 
Figure 1 Amperit 782.054 fused & crushed 

powder 

 

2.2 Coating Characterization  

 

The powder composition was analyzed by X-

Ray diffraction method (XRD) (Bruker, D8- 

Advance 2009, Germany). Microstructures of 

the coatings were characterized by scanning 

electron microscopy (SEM). Hardness of the 

coatings was measured by a Vickers 

microhardness tester (HMV-2T, Japan). A 300g 

load was applied for 15 on samples cross 

sections.  

 

Abrasive wear tests were conducted 

following the ASTM G-65 Method using a TR-

20LE pin on disc tester machine from Ducom. 

The samples were coated on 10 mm diameter 

mild steel pins. The pin slid over a disc against a 

SiC sand paper (120 grit). The applied load was 

5 N. A new abrasive paper was applied for each 

test. The test was run for 20 meters. After the 

test, samples were cleaned with ethanol 

ultrasonically and then dried in an oven for 15 

minutes at 50°C. The samples were weighed 

before and after the test to measure the mass 

loss. Abrasive wear rate was obtained dividing 

the mass of the removed material by the load 

and the sliding distance. Surface roughness (Ra) 

was measured by a SV-C3100 (Formtracer, 

Mitutoyo) tester. The measurement was applied 

on the coating surface along a length of 15mm 

with a pitch of 0.001 mm and at 2.0 mm/s. 

 

3. RESULT AND DISCUSSION 

 

3.1 Phase Composition and Microstructure 

 

The XRD patterns of the powder and the 

coatings are shown in Figure 2. The powder is 

almost rutile (99%). The XRD patterns do not 

show any distinctive differences in the phase 

content of the coatings deposited. Rutile 

remains as the main phase in all samples. Rutile 

is naturally a more stable phase than anatase. 

From the mechanical view it is harder than 

anatase and therefore having a nearly complete 

rutile microstructure can possibly improve the 

wear resistance of the coatings.  
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Figure 2 XRD patterns for powder and coatings 

(R=Rutile, A=Anatase) 

 

3.2. Microstructure 

 

The microstructure of plasma spray coatings is 

profoundly affected by plasma parameters. 

Figures 3 to 5 illustrate these changes in the 

microstructure of the samples. It can be seen 

that the content of unmelted particles and 

porosity is changed due to the changes in spray 

parameters. These changes play an important 

role in determining the mechanical properties of 

the coatings. This is described with more details 

in the next section.   

 

 
Figure 3 Microstructure of sample number 4 

 

 
Figure 4 Microstructure of sample number 9  

 

 
Figure 5 Microstructure of sample number 7 

 

3.3 Analysis of Variance 

 

Table 2 shows the complete obtained responses 

for various factor level combinations: 

 

Table 2 Full-factorial 2
3
 design for plasma spray 

parameters 

Run X
1
 X

2
 X

3
 Y

1
 Y

2
 Y

3
 

1 -1 1 1 663 4.2260 0.0223 

2 1 1 1 778 4.2107 0.0159 

3 -1 1 -1 719 4.1667 0.0252 

4 -1 -1 1 615 3.7846 0.0197 

5 1 -1 1 831 3.7493 0.0088 

6 1 1 -1 798 4.5463 0.0111 

7 1 -1 -1 878 4.0747 0.0067 

8 -1 -1 -1 622 4.0933 0.0202 

9 0 0 0 849 4.1000 0.0058 

 

Regression models were developed 

using Analysis of variance (ANOVA) to 

recognize the effects of each parameter and its 

interactions with the other parameters on each 

of the responses. Sum of square (SS), 

coefficients of the models, and P value for the 

two factorial designs are presented in Table 3. 

The P-value shows the probability of error 

which was considered as a criterion for 

accepting the factor in the model. P-values less 

than 0.05 indicate model terms are significant. 

Values greater than 0.10 indicate the model 

terms are not significant. In other words, smaller 

P-values make the model more significant. 

 

Table 3 Regression coefficients and p-values for 

the responses 

Term SS* Coefficient P-value 

Y1 65105.00 738 0.0004 

X1 55444.50 83.25 0.0002 

X1X2 9660.50 -34.75 0.0096 

    

Y2 0.37 4.11 0.0169 

X2 0.26 0.18 0.0122 

X3 0.10 -0.11 0.0606 

    

Y3 2.976E-4 0.016 0.0010 

X1 2.520E-4 -5.613E-3 0.0005 

X2 4.560E-5 2.387E-3 0.0197 

* Sum of Squares 

 
 

3.4 Microhardness (HV0.3) 
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Equation (2) shows the relationship between 

microhardness and plasma power and also its 

interaction with the amount of powder feeded.  

 

Y1= + 738 + 83.25X1 – 34.75X1X2             (2) 

 
This relation is illustrated in Figure 6. 

It can be seen that to get a harder coating we 

need to apply higher levels of plasma power and 

combineit with low level of feeding rate. Table 

3 shows that the role of plasma power is higher 

that the feeding rate. A higher plasma power 

results in a higher degree of melting which 

causes better adhesion of the molten splats over 

each other during spraying and a denser coating 

with less porosities is achieved. In addition, 

using a lower feeding rate will lead to a higher 

percentage of the sprayed particles to get to 

their melting point and the fraction of unmelted 

particles presented in the coating is reduced. 

 

 
Figure 6 The Effect of plasma power and 

powder feed rate on microhardness of the 

coatings 

 
3.5 Surface Roughness (Ra) 

 
Surface roughness of the coatings is mainly 

affected by powder feed rate and scanning speed 

(Eq. (3)).  

  
Y2 = + 4.11 + 0.18X2 – 0.11X3               (3)                                        

The positive effect of the powder feed 

rate and negative effect of scanning speed is 

shown in Figure 7. When the powder feed rate 

is high a large amount of particles are propelled 

towards the substrate and the time for complete 

flattening of these particles would not be 

enough. These particles would pile up and form 

a rougher surface.  Applying a lower scanning 

speed will intensify this effect. In order to have 

a low surface roughness we should combine a 

low feeding rate with a high scanning speed.    

 
Figure 7 The Effect of powder feed rate and 

scanning speed on surface roughness of the 

coatings 

 
3.6 Wear rate 

 

Equation (4) derived from the regression 

coefficients shows the effect of plasma power 

and powder feed rate on wear rate of the 

coatings. Like the microhardness, wear rate is 

under the profound impact of plasma power. 

Powder feed rate has a lighter effect.  

 
Y3 = + 0.016 -5.613*10

-3
X1 + 2.387*10

-3
X2  (4) 

 

To describe this phenomenon we have 

to consider this fact that wear resistance of a 

material is generally a function of its hardness 

and ductility. Ceramic materials show very low 

ductility levels which are negligible compared 

to metals.  In other words, a ceramic’s wear 
resistance is in direct relation with its hardness. 

As we mentioned earlier and in Eq. (2), the 

hardness of the coatings was related to the 

plasma power and also in a lower level to the 

powder feed rate. As described in section 3.4, 

higher plasma powers lead to denser and harder 

coating structures. This means that the abrasive 

particles in the wear test would be more 

successful in detaching the layers of a softer and 

less uniform coating deposited by a lower 

plasma power. Conversely, the powder feed rate 

has a positive effect on wear rates. It means that 

an increase in the feed rate has a destructive 

effect on wear resistance of the coatings. For a 

given plasma power, particles in a trajectory of 

a high feed rate will absorb less thermal energy 

and a smaller fraction of those particles can 

attach properly to the surface. It means that the 

percentage of semi-molten and unmolten 

particles increases in the coating. Under wear 
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condition these particles can be removed more 

easily leading to a higher rate of wear. This 

effect is illustrated in Figure 8 . In order to have 

a lower wear rate we should apply higher 

plasma powers with lower powder feed rates.  

       

 
Figure 8 The Effect of plasma power and 

powder feed rate on wear rate of the coatings  

 

4. CONCLUSION 

 

Titania (TiO2) coatings were successfully 

deposited on mild steel substrates using plasma 

spray technique. The effects of plasma power, 

powder feed rate and scanning speed on 

microhardness, surface roughness and wear 

resistance of the coatings were investigated. The 

results are as follows: 

 

- Plasma power has a significant positive 

effect on microhardness and wear 

resistance of the coatings. This is due 

to higher fractions of melted particles 

which makes a denser and more 

homogeneous. A higher power 

improves the hardness of the coating 

towards the bulk titania.   

!

- Powder feed rate has a main effect on 

determining the surface roughness and 

wear rate of the coatings. Higher 

feeding rates result in higher surface 

roughness due to a faster pile-up of the 

splats in a certain area. It also raises the 

possibility of weak attachment of 

particles onto the substrate which eases 

the removal of those weak splats while 

the coating is under wear conditions. 

 

- Scanning speed is a main factor only 

for determining the surface roughness 

of the coatings. Applying higher 

scanning speeds will reduce the surface 

roughness. When the powder jet passes 

faster along the substrate a smaller 

number of particles is propelled to a 

certain area in a single pass and 

therefore less splat pile-up is occurred. 

This results in lower levels of surface 

roughness. 
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