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Abstract 

In this study, TiB2-Co composite coatings were thermally sprayed on the surface of 304 

stainless steel substrate by atmospheric plasma spray. Structural evolution of powder particles 

and the Plasma sprayed coatings was investigated by X-ray diffractometry (XRD). The 

morphology of powder particles and microstructure of the coatings were studied by scanning 

electron microscopy (SEM). Average particle size and flow ability of feedstock were 

measured. Both coatings possess typical lamellar and dense structure and also high quality 

contact with the substrate. Oxidation behavior of the coatings was studied at 900 °C in 

atmospheric environment. The composition and morphology of the oxidized surface were 

analyzed. Investigation shows the oxidation layer performed in a parabolic oxidation rate. The 

kinetics curves of isothermal oxidation of the coatings illustrates a short transient stage from 

rapid to slow during early hours of oxidation experiment. Moreover, the oxidation rates of the 

coatings are significantly smaller than substrate. 
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1. Introduction 
TiB2 coatings have been utilized to extend the service life of tools in industry due to their high 

hardness and wear resistance and high temperature and chemical stability. Cermet coatings, which 

combine the toughness of metals and the hardness of ceramic phases, have received considerable 

interests in industries. The coatings with low porosity and good wetting between the ceramic phases 

and metallic binders have been developed (Kikkawa et al, 2006), (Du et al, 2008). 

Advanced thermal spray processes such as plasma spray are usually used to deposit coatings on the 

surface of engineering materials to enhance their high temperature oxidation resistance. The capability 

of a coating to resist oxidation, avoid cracking and limit diffusion between substrate and coating are 

the most important parameters to determine a successful coating at high temperature application 

(Kumar and Mudgal, 2013), (Wood, 1987). 

The research on materials for elevated temperature purpose can always attracts many attentions in this 

research field since the demand for the improvement on the materials high temperature performance 

has gotten more intensive study with the modern industrial progress. However, WC-Co is an often-

used commercial coating material because of its attractive features just like hardness and wear 

resistance (Nahvi and Jafari, 2016) but lack of high temperature stability is weakness for WC-Co 

coatings. At high temperature usage TiB2 based coatings have been considered to be one of the most 

promising coating materials (Wang and Yang, 2001).        

There are many researches about protection at elevated temperatures of the coatings which contain 

TiB2. Sometimes experiments illustrated that TiB2 particles increased the oxidation rate (Ho et al, 

2013), while others indicate that by increasing TiB2 content, the oxidation resistance improved ( Lotfi, 

2010).  Lotfi studied high temperature oxidation behavior of HVOF sprayed TiB2 cermet coating. 

Lotfi reported that, HVOF sprayed NiCr-TiB2 Coating indicated high oxidation resistance and also the 

predominant phase in the oxide scale was rutile (TiO2). The oxide scale was thin, and was adherent to 

the coating up to 900 °C with no cracking. 

In our work, the TiB2-32Co and TiB2-45Co (wt.%) composite coating has been successfully prepared 

by APS using ball milled powders. The objective of this study is to investigate the cycle oxidation 

behavior of plasma-spray TiB2-Co composite coatings at 900 °C 

2. Experimental procedure 
2.1. Primary materials 

As primary materials, TiB2 and Co powders with purity of 99.9% were used as starting materials. The 

TiB2 powder particles were irregular in shape with a size distribution of 40-100 μm and Co with a size 

lower than 10 μm. TiB2 and Co powders were mixed and milled for 5 hrs in high energy planetary ball 

mill, nominally at room temperature, under Ar atmosphere.  
 

2.2. Preparation of feed-stock powder 

The spray drying technique was used to increase the flow rate of feed-stock powder. This process was 

performed in experimental-built spray dryer machine (Malek Ashtar University of Technology, Shahin 

shahr, Isfahan, Iran). For this purpose, the composite powders produced from ball mill process were 

added to the solution which combined of distilled water and Polyvinyl alcohol (PVA). To create the 

homogenous slurry, a mechanical mixer was used to for stirring the solution. Powder to distilled water 

and PVA to powder ratios were 1:10 and 1:100, respectively. The homogenous slurry was poured in 

spray dryer machine. The parameters of spray drying technique can be seen in Table 1.  

 
Table1. The parameters of spray drying process 

Parameters Values  

Temperature (°C) 140 

Rotation speed (rpm) 7200 

Feeding rate (ml.min-1) 16.6 
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2.3. APS process 

Coating process was carried out using PS50-PC torch (at PACO, Isfahan, Iran) 0n the surface of 304 

stainless steel plate with the thickness of 5 mm. the parameters of thermal spray process are given in 

Table 2. 

Table2. Thermal spray parameters used for the preparation of TiB2-Co coatings. 

coating Parameter     

 Current 

(A) 

Voltage 

(V) 

Powder feed rate 

(gr.min-1) 

Carrier gas flow, Ar 

(SLPM) 

Spray distance 

(mm) 

TiB2-Co 550 30 28-30 4 100 

2.4. Oxidation experiments 

In order to investigate the oxidation behavior of coatings, Cyclic oxidation of the prepared coatings 

was done in a conventional furnace under air atmosphere at 900 °C for 40 h. The dimensions of 

oxidation samples were 10 × 10 × 5 mm3 and all specimens are measured (r0.005mm) and weighed 

(r0.0001g) before oxidation test. Every 5 h, intermittently, the oxidation samples were taken out from 

the furnace, rapidly transferred to air atmosphere and after getting cooled, weighed by electronic scale 

as accurately as 4 decimal places. 

 

2.5. Characterization 

Phase Analysis and morphology of powder and coatings and also microstructure of the coatings were 

analyzed by X-ray diffraction (XRD) in a Philips X’ PERT MPD diffractometer using filtered Cu Kα 

radiation (α=0.1542 nm) scanning electron microscopy (SEM) in a Philips XL30. The mean powder 

particle size, coating thickness and porosity were estimated from SEM images calculated by Clemex 

software version 4.0. The flow rate of feed-stock powder was measured according to the ASTM B 

213-03 standard.  

3. Results and discussion 
3.1. Characterization of input materials 

TiB2 and Co were mixed by milling process. Fig.1 shows XRD pattern of TiB2-32%Co and           

TiB2-45%Co. TiB2 and Co peaks are clearly distinguished in the XRD analysis. 

Milled powders are not suitable for thermal spray even for APS because of low flow rate and non-

spherical morphology. Fig. 2 shows the morphology of powders before and after spray drying. As can 

be seen in fig. 2 near-spherical morphology was seen in powder particles after the spray drying 

process that increased the flow rate of composite particles. The characteristics of feed-stock powders 

are presented in Table 3. 

 
Fig. 1. XRD pattern of TiB2-Co mixed powders. 

 

3.2. Characterization of coatings 
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XRD patterns of as-sprayed coatings are presented in fig. 3, According to the XRD analysis of coating 

surface as shown in Fig. 3 it consists mainly of TiB2 and CoTiO3, besides a small amount of CoO, 

respectively. Considering that the temperature of plasma jet is extremely high a part of TiB2 particles 

may dissolve in the melt during the spraying and oxidation of Cobalt is inevitable. In addition a 

reaction between Co and Ti may occur to form the CoTiO3 Phase. The difference between            

TiB2-32%Co and TiB2-%45Co coatings in XRD pattern is not so much somehow they are roughly the 

same.  
 

Table 3. Characteristics of feed-stock powders 

Characteristics Powders  

 TiB2-32%Co TiB2-45%Co 

Chemical composition (Vol%) TiB2 :80   Co : 20 TiB2 :70    Co : 30 

Particle size (μm) 55-85 55-85 

Flow (g.s-1) 0.56 0.59 

 

   
Fig. 2. Morphological SEM images of feed-stock powders after spray drying process.(a) TiB2-32Co (b) TiB2-45Co 

 

 

 
Fig. 3. XRD pattern of as-sprayed coatings 

Fig. 4 shows the cross-sectional SEM images of as-sprayed coatings. All the coatings have a layered 

morphology due to deposition of molten and semi-molten droplets. As can be seen, the coatings were 

relatively dense and well bonded to the steel substrate. Ni-Cr bond coat was used for increasing 

adhesion of the coatings and no significant crack or detachment can be observed at the interface of the 

coatings and substrate. The higher magnification images (fig. 5) show that the coatings contained hard 

Archive of SID

www.SID.ir

http://www.sid.ir


 

4 

 

ceramic particles (gray and dark areas) and Co binder (light areas). The dark TiB2 particle was 

uniformly distributed in the coating with an irregular shape. Because hard particle is difficult to be 

retained during the spreading of the sprayed droplet when it was impact on the surface, it leads to the 

formation of the pores inside the coatings. On the other hand as the size of TiB2  particles in the 

coatings were not uniform, some TiB2 particles would easily pulled out during the metallographic 

polishing  process, which was often encountered in the sample preparation of thermally sprayed 

cermet coating (Li and Ding, 1999).  

   
 

 
Fig. 4. Cross sectional SEM images of as-sprayed coatings.(a) TiB2-32Co (b) TiB2-45Co. 

 

Also, TiB2-32Co showed relatively higher porosity in comparison with TiB2-45Co coating due to 

higher volume percentage of TiB2 in this coating. Table 4 presents a summary of composite coatings 

properties.  

It has been proved by other works, the HVOF sprayed WC–Co cermet coating contained harder WC 

phase and less W2C and other decarburization phases, resulting in improved mechanical properties 

(Wayne and Sympath, 1992), (Liao et al, 2000). Therefore, two aspects have a contributing role to 

obtain an excellent TiB2-based cermet coating with superior mechanical properties. The first is to 

retain more TiB2 particles in the coating as possible and on also suppressing the reaction between TiB2 

and the binder to avoid the formation of brittle phase. Appropriate feedstock parameters such as TiB2 

particle size, binder phase as well as powder structure, and also using the HVOF technique that has 

low flame temperature can significantly increase the quality of the coatings (Davis, 2004).  

However, plasma spraying is still a versatile technology and it has a wide range of applications in 

industry for the deposition of cermet coatings, preparing HVOF sprayed TiB2–Co coating is a good 

method to suppress dissolution of TiB2 and decrease brittle phases such as CoTiO3 that resulting in 

declined toughness. Also the hardness of the coatings increases when more TiB2 particles were 
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retained in the coating. The reaction of TiB2 particle with the binder consumed a large fraction of the 

binder phase, which would result in a significant decrease of the coating toughness. Therefore, it 

would be of great interest to prepare TiB2–Co coating using HVOF technique in the further study. 

 

  
 

 
Fig. 5. High magnification BSE images of as-sprayed coatings. (a) TiB2-32Co (b) TiB2-45Co. 

 
Table 4. Characteristics of as-sprayed coatings 

characteristics coatings  

 TiB2-32%Co TiB2-45%Co 

Thickness (μm) 295 ± 25 406 ± 35 

Surface roughness, Ra (μm) 14 ± 3 12 ± 2 

Porosity (%) 12.3 ± 2 9.1 ± 2 

Microhardness (Hv) 906 ± 34 878 ± 55 

 

 

3.3. Oxidation behavior of coatings 

The oxidation behavior of TiB2-Co cermet coating was characterized by measuring the mass change 

per surface area. Fig. 6 shows mass gain per unit area vs. oxidation time of coatings after oxidation 

experiment at 900 °C for 40 h. As can be seen in fig. 6 mass gain occurred with increasing time. The 
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oxidation rate is rapid during early hours of oxidation. The rate of mass gain decreased for all samples 

(both coated). The decrease in the oxidation rate with time for these composite coatings is due to the 

formation of the protective oxide scale on the coating surface. No spallation occurred in experiments, 

due to presence of TiB2 as a stable compound in the coatings. Moreover, the oxidation rates in coated 

samples are noticeably smaller than substrate. All mass gain diagrams indicate a non-linear behavior. 

The oxidation rate is parabolic at this temperature, which can be described by Eq. (1) (Birks et al, 

2006): 
 

                                                                                                            (1) 

  
Where t is the oxidation time; and Kp and C represent the oxidation kinetic constants. The mass gain 

curve (Fig. 6) indicates a diffusion- controlled kinetics. The parabolic rate constant, Kp, is determined 

to be 0.640 and 0.718 mg2/(cm4·hr) for TiB2-30Co and TiB2-45Co coatings, respectively. This value is 

comparable to that of TiB2-base ceramics (Louro and Cavaliero, 1995). The oxidation resistance of 

prepared coatings is higher than WC-Co coatings, which oxidized in temperature range of 400-500 °C 

(Jafari et al, 2013). 
 

 
Fig. 6. Specific mass gain versus oxidation time for the substrate and the coatings at 900 °C 

 

Fig. 7 shows XRD pattern of oxidized surfaces of the coatings. It reveals that the coatings after 

oxidation are comprised of TiO2 and B2O3 at 900 °C. TiO2 is major oxide phase, B2O3 is the second 

phase. Moreover, small amount of CoTiO3 is observed in the composite coating. 

According to the thermodynamics, presence of TiO2 as a predominant phase is obvious. In fact, the 

enthalpy formation of TiO2 (-944 kj.mol-1) is much less than other oxides so that this composition is 

thermodynamically more stable and more feasible to be formed.   

Study of  high temperature oxidation behavior of TiB2 compound has revealed that, after oxidation test 

for TiB2 sample in air at 800 °C, intense TiO2 and B2O3 peaks and a poor TiB2 peak were observed in 

XRD pattern (Koh et al, 2001). It has been reported that, B2O3 phase is not detected in XRD pattern 

due to the amorphous structure (Agarwal et al, 2000), while in our study the intense B2O3 peak was 

observed.  

 

Fig. 8 shows SEM images of cross section of oxidized coatings at 900 °C for 40 h. As can be seen in 

fig. 8.a, TiO2 Oxide layer with the thickness of about 20 μm was observed in surface of the coating. 

There are two main advantages for TiB2-based coatings in comparison with TiC-based coatings. 

Firstly, they are less porous in oxidation experiments. This happens due to the formation of CO2 at 

high temperature in TiC-based coatings. In elevated temperature this porous structure provides paths 

for diffusion of oxygen and increases the oxidation rate. Secondly, it has been reported that, the 
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formed B2O3 oxide can seal the oxide cracks and pores due to melting at about 450 °C during 

oxidation. Therefore it decreases oxygen transportation to the oxide interface (Naslain et al, 2004). As 

can be seen in fig. 8 mixed oxide layer beneath the TiO2 which mainly consists of B2O3 sealed the 

pores of the coating and prevented the beneath layer from oxidation. This protective oxide layer 

decreased the oxidation rate at high temperature and created a non-linear behavior in mass gain 

diagram (fig. 6) 

 

 
 

 
Fig. 7. XRD pattern of oxidized surface of TiB2-Co coatings. 
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Fig. 8. Cross section of BSE images of oxidized coatings. (a) TiB2-32Co (b) TiB2-45Co. 

 

  

 

Fig. 9 shows SEM images of oxidized surface of the coatings at 900 °C. Oxide crystals seem like the 

same growth as a rod-shape in both compositions. BSE image of oxidized surface (Fig. 9b) shows 

bright areas which probably correspond to crystalline rutile. This crystal shape was reported to form 

during high temperature oxidation of TiB2 ceramic material, respectively (Tampieri and Bellosi, 

1993).   
 

20μm 
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Fig. 9. (a) SEM image of oxidized surface of as-sprayed TiB2-Co coating (b) BSE image   

  
4. Conclusions  
The following conclusions could be drawn Based on all of the experimental results obtained in this 

study:     
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1) APS thermally sprayed TiB2-Co coating exhibited a high oxidation resistance. The oxide layer is 

consisted of a thin layer of TiO2 and adherent mixed oxide layer mainly consists of B2O3 at 900 °C 

with no signs of delamination or cracking.   

 

2) Microstructure of TiB2-45Co has less porosity than TiB2-32Co so that the oxidation resistance of 

TiB2-45Co was better than TiB2-32Co coating.  

 

3) The oxidation kinetics of the coating at 900 ºC follows a parabolic rate law. The oxide layer was 

thin and adherent to the coating. The coatings showed good high temperature oxidation resistance. 
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