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ABSTRACT

In the present study, TiB2-Co composite coatings were thermally sprayed onto the surface of a 304 stainless steel substrate

using an atmospheric plasma spray (APS). The phase analysis of the powders and plasma-sprayed coatings was performed using

X-ray diffractometry analysis. The microstructures of the coatings were studied by a scanning electron microscope (SEM). The

average particle size and flowability of the feedstocks were also measured. Both TiB2-32Co and TiB2-45Co (wt.%) coatings pos-

sessed typical dense lamellar structures and high-quality adhesion to the substrate. The oxidation behaviors of the coatings were

studied at 900 °C in an atmospheric environment. In addition, the cross-sectional images of the oxidized coatings were analyzed

by SEM. A thin and well-adhered layer was formed on the surface of both TiB2-Co coatings, confirming satisfactory high-tempera-

ture oxidation resistance. The kinetic curves corresponding to the isothermal oxidation of the coatings illustrated a short tran-

sient stage from rapid to slow oxidation during the early portion of the oxidation experiment. 
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1. Introduction

ltrahigh-temperature ceramics (UHTCs) are a group of

ceramics that possess very high melting points (above

3000°C). Transition-metal borides and carbides of groups V

and IV are both referred to as UHTCs.1,2) Among the transi-

tion-metal borides, TiB2 coatings are utilized to extend the

service lifetimes of industrial tools because of their high

hardness, wear resistance, and high-temperature stability.

Recently, cermet coatings, which have the toughness of met-

als and hardness of ceramics, have received considerable

attention from researchers. These coatings have been devel-

oped with low porosity and good wetting between the

ceramic phases and metallic binders.3-8)

Advanced thermal spraying processes such as plasma

spray and high-velocity oxy-fuel (HVOF) are typically used

to deposit coatings onto the surfaces of engineering materi-

als to enhance their high-temperature oxidation resistance.

HVOF coatings have several advantages, including better

morphology, greater adhesion, and lower porosity. However,

this method is not favorable for preparing ultrahigh-tem-

perature coatings, such as TiB2 composite coatings, because

of the extremely high melting points of UTHCs. The atmo-

spheric plasma spraying (APS) method is more suitable for

preparing coatings from hard ceramic powders with high

melting points. 

The oxidation resistivity, cracking resistivity, and limited

diffusion between the substrate and coating are the most

critical parameters in determining the coating efficiency for

high-temperature applications.9-12)

The research on materials for applications at elevated

temperatures has attracted significant research atten-

tion.1,2,13,14)

The demand for the improvement of high-temperature

material performance inspired more extensive studies on

this topic. The alloy of tungsten carbide-cobalt (WC-Co) is

commonly used as a commercial coating material because of

its attractive properties such as hardness and wear resis-

tance.15) However, the lack of high-temperature stability

makes this alloy less favorable for coating applications. 

Some studies have investigated the coating of steel with

titanium carbide (TiC).16-18) However, TiC coatings suffer

from some disadvantages including the formation of highly

porous coatings induced by the release of CO2 gas during

the oxidation process at elevated temperatures. The poros-

ity provides paths for oxygen diffusion, leading to increased

oxidation, which is not favorable. On the other hand, for the

UHTC borides, it has been reported that the formation of

boron trioxide (B2O3) can seal oxide cracks and pores because

B2O3 melts at approximately 450°C. Therefore, it decreases

oxygen transportation into the oxide interface, leading to

less oxidation. Hence, at high temperature, TiB2-based coat-

ings have been considered among the most promising coat-

ing materials.19,20) 

Several studies have analyzed the protection of TiB2 con-

taining coatings at elevated temperatures. Some experi-

ments illustrated that TiB2 particles would increase the

oxidation rate,21) while others showed oxidation resistance
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improvements by increasing the TiB2 contents.22) Lotfi et al.

studied the high-temperature oxidation behaviors of HVOF-

sprayed TiB2 cermet coatings and reported that the HVOF-

sprayed NiCr-TiB2 coating showed high oxidation resistance

and the predominant oxide scale phase of rutile (TiO2).
22) 

In the present work, TiB2-32Co and TiB2-45Co (wt.%)

composite coatings have been successfully prepared by APS

from powders that were ball-milled. The objective of this

study was to investigate the cyclic oxidation behaviors of

plasma-sprayed TiB2-Co composite coatings in comparison

to those of uncoated samples and commercial NiCr-Cr2C3

coatings to determine the oxidation resistances of these

composites. 

2. Experimental procedure

2.1. Primary materials

As the starting materials, TiB2 and Co powders (Alfa

Aesar) with purities of 99% were used. The TiB2 powders

had irregular morphologies with the particle size distribu-

tion of 40 - 100 μm, while the Co particle size was less than

10 μm. TiB2 and Co powders were mixed together and ball-

milled for 5 h in a high-energy planetary ball mill

(AsanTech PA34500), at room temperature, under an Ar

atmosphere. For comparison in oxidation experiments, a

gas-atomized NiCr-Cr2C3 alloy (MetcoTM 5241) was ther-

mally sprayed onto the samples. A bond layer of Ni-Al coat-

ing was selected to accommodate the thermal expansion

coefficient mismatch between the coating and substrate. ISI

304 stainless steel (composition: base of Fe, 0.08% C, 19%

Cr, 11% Ni, < 2% Mn, < 1% Si, < 0.045% P, < 0.03% S) was

used as the substrate. Disk-shaped samples (5 cm in diame-

ter and 5 mm in thickness) were polished using 320-grit SiC

abrasive paper and degreased by acetone before the deposi-

tion of the coatings.

2.2. Coating processing

The spray-drying technique was used to increase the flow

rate of the feedstock powder. This process was performed in

an experimental spray-dryer machine (Isfahan University

of Technology, Isfahan, Iran, P3500). The spray-dry process

is necessary for feedstock powders because ball-milled pow-

ders have low flowability and non-spherical morphology.

For this purpose, the composite powders produced in the

ball-mill process were added to a solution of distilled water

(DI water) and polyvinyl alcohol (PVA). The solution was

stirred using a mechanical mixer until it formed a homoge-

nous slurry. The powder to DI water and PVA to powder

ratios were 1 : 10 and 1 : 100, respectively. The homogenous

slurry was poured into the spray-dryer machine. The

parameters of spray drying are listed in Table 1.

The coating process was carried out using a PS50-PC

torch (PACO, Isfahan, Iran) on the surface of an ISI 304

stainless steel plate. The parameters of the thermal spray

process are given in Table 2.

2.3. Oxidation experiments

In order to investigate the oxidation behaviors of the coat-

ings, the cyclic oxidation of the prepared coatings was car-

ried out in a conventional furnace under air atmosphere at

900°C for 40 h with the heating rate of 5°C/min. There were

three samples for each composition for more precise experi-

mental measurements. The sample dimensions for the oxi-

dation tests were 10 × 10 × 5 mm. Before the oxidation tests,

all of the coatings were ground and polished in order to

achieve smooth surfaces with similar coating thicknesses.

Every 5 h, the samples were taken out of the furnace and

exposed to air for cooling. The samples were weighed after

cooling using an electronic scale with decimal precision to

four places.

2.4. Characterization

The phases and the microstructures of the powders and

coatings were analyzed by X-ray diffraction (XRD, Philips

X’PERT MPD diffractometer using filtered Cu Kα radiation

(α = 0.1542 nm)) and a scanning electron microscope (SEM,

Philips XL30). The average particle sizes, coating thick-

nesses, and porosities were estimated from SEM images

using CLEMEX software version 4.0. The flow rate of the

feedstock powder was measured according to the ASTM B

213-03 standard. In order to evaluate the microhardness

values of the cross-sections of the coatings, a Vickers

indenter was employed at the load of 100 g and the dwell

time of 10 s five times for each coating and the average of all

measurements was reported. The surface roughness values

of the coatings were measured by a portable surface mea-

surement tester (Mitutoyo SJ-210). The average of five mea-

surements for each sample was calculated and reported as

the roughness value.

Table 2. Thermal Spray Parameters Used for the Preparation of TiB2-Co Coatings

Coating

Parameter

Current
(A)

Voltage
(V)

Powder feed rate 
(g·min−1)

Carrier gas flow Ar 
(SLPM)

Spray distance 
(mm)

TiB2-Co 550 30 28 - 30 4 100

Table 1. 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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3. Results and Discussion

3.1. XRD analysis 

The XRD patterns of as-sprayed coatings are presented in

Fig. 1. According to the XRD results, the coating surface

mainly consists of TiB2 and CoTiO3 along with a small

amount of CoO. Because the temperature of the plasma jet

is extremely high during the spraying, oxidation of Co is

inevitable. In addition, a reaction between Co and Ti may

occur to form the CoTiO3 phase. The negligible amount of

oxides formed in the coating confirms that the parameters

used for the spraying process are selected reasonably.23) 

The XRD analysis (Fig. 2) of the oxidized surfaces of the

coatings reveals that, after the oxidation experiment, the

coatings are comprised of TiO2 and B2O3 at 900°C. TiO2 is

the main oxide phase, and B2O3 is the second phase. More-

over, a small amount of CoTiO3 is observed in the composite

coatings. Thermodynamically, the presence of TiO2 as the

predominant phase is evident. The enthalpy of formation of

TiO2 (−944 kJ/mol) is much lower than that for other oxides

so that this composition is more stable and can form easier.

Koh et al.24) studied the high-temperature oxidation behav-

ior of the TiB2 compound and reported that, after the oxida-

tion test of the TiB2 sample in air at 800°C, intense TiO2 and

B2O3 peaks and a weak TiB2 peak were observed in the XRD

pattern. B2O3 can be amorphous or crystalline.25-27) How-

ever, in our study, an intense B2O3 peak was observed.

3.2. Oxidation behaviors of coatings

The oxidation behaviors of the TiB2-Co cermet coatings

were characterized by measuring the mass change per sur-

face area.28) A similar approach has been used to investigate

the oxidation impact via the weight changes of other

ceramic materials.29,30) Fig. 3(a) shows the mass gain per

unit area versus oxidation time of the coatings after oxida-

tion experiment at 900°C for 40 h. Mass gain occurs with

increases in the time, and the oxidation rate is high during

the early hours of oxidation. However, because of the forma-

tion of the protective oxide layer on the coating surface, the

oxidation rate decreases sharply, especially for the TiB2-Co

cermet coatings, and a stable oxidation stage is obvious at

the end of the test. Minor spallation occurred on the sur-

faces of the coatings in the experiments because of the pres-

ence of TiB2 as a stable compound. Moreover, the oxidation

rates in the coated samples are noticeably smaller than that

in the substrate. Even for NiCr-Cr2C3, which is a commer-

cial coating for high-temperature usage in industry, weaker

resistance to oxidation at 900°C is observed.31) All mass gain

diagrams indicate a non-linear behavior. The oxidation rate

Fig. 1. XRD patterns of as-sprayed coatings.

Fig. 2. XRD patterns of oxidized surfaces of TiB2-Co coatings.
Fig. 3. Specific mass gain versus oxidation time for the sub-

strate and the coatings at 900°C.
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is parabolic at this temperature, and can be described by

equation (1).32)

 (1)

where Δm is the mass change, t is the oxidation time, and kp

and c represent the oxidation kinetic constants.33) Fig. 3(b)

shows the kinetic curves of the isothermal oxidation of the

coatings and the substrate at 900°C. In order to determine if

the kinetic trend is parabolic, plotting the square of the

weight gain per unit area versus time is essential. The oxi-

dation kinetics follows the parabolic rate equation when

most of the data points fit into a straight line. The mass

gain curve (Fig. 4(b)) indicates a diffusion- controlled kinet-

ics. The parabolic rate constant, kp, is determined as 1.20

and 0.93 mg2/(cm4·h) for TiB2-32Co and TiB2-45Co coatings,

respectively. This value is comparable to those of TiB2-based

ceramics.34)

The oxidation resistance of the prepared coatings is

higher than that of WC-Co coatings, which were oxidized in

the temperature range of 400 - 500°C.35-37) It has been

proved that the WC-Co coatings in the best condition can

present good resistance at 800°C for only 3 h.38)

3.3. SEM analysis of the as-sprayed and oxidized

coatings

Figure 4 shows the cross-sectional SEM images of the as-

sprayed coatings. All the coatings have layered morpholo-

gies due to the deposition of both molten and semi-molten

droplets. The coatings are relatively dense and well bonded

to the steel substrate. A Ni-Al bond coat was used for

increasing the adhesion of the coatings and the interfaces

between the coatings and substrate are free of any signifi-

cant cracks or detachments. Because the TiB2 particles in

the coatings were not uniform in size, some of these parti-

cles were easily pulled out during the metallographic polish-

ing process.39) This would happen occasionally during the

sample preparation of thermally sprayed cermet coatings.40,41)

Moreover, TiB2-32Co (wt.%) shows relatively higher poros-

ity in comparison with the TiB2-45Co(Wt.%) coating, because

of the higher volume percentage of TiB2 in this coating. The

properties of the composite coatings are listed in Table 3. 

Figure 5 shows the SEM images of the cross-sections of

the coatings oxidized at 900°C for 40 h. As can be seen in

Fig. 5(a), a TiO2 oxide layer with the thickness of approxi-

mately 20 μm is observed on the surface of the coating. As

can be seen in Fig. 5, a mixed oxide layer beneath the TiO2,

which mainly consists of B2O3, seals the pores of the coating

and protects the base layer from oxidation. This protective

oxide layer decreases the oxidation rate at high tempera-

ture and creates the non-linear behavior in the mass gain

diagram (Fig. 3). 

3.4. EDS analysis 

According to the energy-dispersive X-ray spectroscopy

(EDS) analysis, as shown in Table 4, Ti and Co are the main

elements in the TiB2-45 Co coating. The presence of Ni at

point 1 is related to the Ni-5%Al (wt.%) bond-coat. The anal-

ysis at point 2 illustrates that the region near the porous

area is rich in O and B. This porosity may be the result of in-

flight oxidation. In the APS process, because of the higher

particle temperature and stronger gas mixing in the vicinity

of the in-flight particles, the porosity of coatings is much

greater than that of those in the HVOF process.42) There are

two aspects that play major roles in obtaining an excellent

TiB2-based cermet coating with superior mechanical proper-

ties. The first is to retain more TiB2 particles in the coating;

Δm
S
---------⎝ ⎠
⎛ ⎞

2

 = kpt + c

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

Table 3. Characteristics of As-Sprayed Coatings

Characteristics
Coatings

TiB2-32%Co TiB2-45%Co

Thickness (µm) 295 ± 25 406 ± 35

Surface roughness, R
a
 (µm) 14 ± 3 12 ± 2

Porosity (%) 12.3 ± 2 9.1 ± 2

Microhardness (H
v
) 906 ± 34 878 ± 55
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the second is to suppress the reaction between TiB2 and the

binder in order to avoid the formation of brittle phases.

Appropriate feedstock parameters such as TiB2 particle

size, binder phase, and powder structure, and the use of the

HVOF technique with a low flame temperature can signifi-

cantly increase the quality of the coatings.43) 

It can be seen from Table 5 that, near the surface of the

coating, Ti and O are prominent in the EDS analysis. The

low content of oxides in point 1 illustrates that the TiB2-45

wt.% Co coating has good oxidation resistance. 

It should be also mentioned that the differences between

thickness, roughness, porosity, and hardness between the

two coated materials might be due to the amounts of metal-

lic content (Co) or binder. For example, more binder would

lead to the formation of a less porous coating with lower

hardness.

4. Conclusions

The following conclusions could be drawn based on the

experimental results obtained in this study:

1) The APS thermally sprayed TiB2-Co coatings exhibited

high oxidation resistance. The oxide layer consisted of a thin

layer of TiO2 and the adherent mixed oxide layer mainly

contained B2O3 at 900°C, with no signs of delamination or

cracking.

2) The microstructure of TiB2-45Co had lower porosity

than TiB2-32Co, so the oxidation resistance of TiB2-45Co

was better than that of TiB2-32Co. 

3) The oxidation kinetics of the coating at 900ºC followed a

parabolic rate law. The oxide layer was thin and had good

adhesion to the coating. The coatings showed satisfactory

high-temperature oxidation resistance.

4) For almost all coatings, a parabolic rate law was

observed in oxidation kinetics, but the TiB2-Co composite

coatings illustrated a significantly smaller oxidation rate

than the bare substrate and even the commercial NiCr-

Cr2C3 coating.
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