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Abstract 
 

Present work reports on the development of two different NiCrBSi based 

coatings reinforced with flyash and flyash/TiO2. Dense coatings with lamellar 

structure were establishedvia atmospheric plasma spray (APS) method on 
nickel based superalloy Superni 76. Coatings were subjected to scanning X-

ray deflection and electron microscopy to study the microstructure and phase 

analysis. Microhardness and elevated temperature wear tests were conducted 
to analyze the coating hardness, wear andfriction characteristics. Worn 

surface and wear debris obtained once wear experiment was calculatedvia 

scanning electron microscopy. Both the coatings exhibited lamellar structure 
with flyash and TiO2 particles present at the inter-splat boundaries. 

Mcirohardness of both the coatings were significantly greater than theSuperni 

76 substrate. The wear rate of both the coatings was found to increase with 

the increase in load as well as temperature. Worn surface analysis revealed 
mild abrasion and adhesion for NiCrBSi/flyash coatings while brittle fracture 

for NiCrBSi/flyash/TiO2 coatings as major wear mechanism. 
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1 Introduction 
 

Over last few decades many government and private research agencies 
are working towards minimizing the energy and material waste due to 

friction and wear. It has been reported that about ~23% energy consumption 

around the worldwide originates from the contact of systems participating in 

tribological process. Engineering components such as mandrels, forming 
tools, valves, pistons and cylinders operate at severe working conditions. 

These engineering components undergo progressive damage when they are in 

relative motion but the scenario changes completely when the temperature 
comes into play. In certain cases, elevated temperature wear poses severe 

problem to the functioning of engineering components thereby decreasing 

their performance as well as design life. Keeping this thing in mind several 

advancements in terms of materials and design concerning to modification of 
surface properties of tribosystem have taken place. Out of all, thermal spray 

coatings are the most widely adopted technique for protection of these 

engineering components due to their numerous advantages. Wide range of 
materials can be deposited on almost all types of surfaces to enhance 

corrosion, abrasion and wear resistance of underlying component [1-3].     

There are various types of thermal spray procedures for example high 
velocity oxy-fuel [4,5], plasma spray [6,7], cold spray [8,9] and electric arc 

wire spray [10,11]. Out of all these processes, atmospheric plasma spray 

(APS) is extensivelyapplied for obtaining high quality coatings. With flame 

temperatures above 8000 K and velocity ofparticle in the assortment of 20 - 
500 m/s, this technique can produce coveringsthrough lesspermeability and 

admirable bond asset [12]. For instance, Sichani et al. [13] studied the 

corrosion andmechanical properties of APS scattered Ni-Ti-Al intermetallic 
coverings on AISI 1045 steel substrate. The coatings sprayed with 

intermediary arc current (600 A) presented low porosity content and high 

hardness (594 HV1.0). No microcracks were visible in the process of coating 
and its corrosion confrontation is based upon icorr was comparable with that 

of NiTi alloy. In their work, Wang et al [14] analyzed the cavitation erosion 

of NiCrBSi/YSZ coated AISI 304 stainless steel. The APS sprayed coating 

showed dense microstructure and decentconnectionthrough the substrate 
material. The cavitation erosion resistance was improved and this was 

attributed to low porosity content (2.6 - 7.6%) in the coatings. These studies 

showed that APS was capable of producing coatings with low porosity, 
homogenous microstructure and good adherence with substrate.        

Severity of wear depends upon many factors which includes relative 

motion, applied load and temperature. Based upon temperature wear can be 

intense or less severe as it can alter the properties of contacting materials and 
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formation of surface film [15]. By means ofintensification in temperature the 
frictioncoefficient and wear rate of Ni-Al-Ag-MoS2/hBNandNi-Al-Ag-

MoS2 was decreased. Formation of high temperature greasing compounds 

like Ag2MoO4 and NiO contributed to decrease in frictioncoefficient. The 
decrease in wear rate was attributed to MoS2 at lower temperatures while 

hBN, Ni and Mo oxides at higher temperatures [16]. Tao et al [17] studied 

the high-leveltemperature wear performance (500°C) of 
NiCoCrAlYTa/Al2O3/Cr2O3 coatings using pin in disc arrangement. The 

mass loss of substrate (Cr25Ni20) was found to be higher than that of coating 

which is attributed to dense microstructure. The microstructure of coating 

absorbed the crack growth energy thereby preventing it from further 
propagation. Poliarus et al [18] analyzed the wear behavior of NiAl/CrB2 and 

NiAl/ZrB2 coatings at high temperature of 800°C. Compared to NiAl, the 

CrB2 and ZrB2 incorporated NiAl coatings showed high wear resistance due 
to formation of oxides which played a role of solid lubricants. Due to 

interaction of borides with NiAl at high temperature the binding of CrB2 and 

NiAl is found to improve significantly thereby reducing wear loss.          

Most of the literature had concentrated on high-level temperature wear 
behavior of NiTi or NiAldependent coatings while the effect of flyash and 

TiO2 on NiCrBSi coatings is hardly explored. It is well known that NiCrBSi 

have high hardness, fatigue and wear resistance due to which it is preferred in 
many industries. Although one can get elevated temperature tribological 

properties of NiCrBSi coating but coatings based on same are meager. Singh 

et al. [19] reported tribological studies on NiCrBSi coatings developed by 
HVOF and APS techniques.  At 800°Croom temperature, NiCrBSi coating 

showed better wear confrontationbecauseof the development of stable 

lubricating oxide and carbide layers of NiO, Fe2O3 and NiC. The 

majorintention of this research was to utilize and study the effect of industrial 
waste material such as flyash along with other coating material TiO2 on 

microhardness and dry sliding wear of NiCrBSi/flyash and 

NiCrBSi/flyash/TiO2 coatings. The wear tests were conducted at high-level 
temperature of 200°C, 400°C and 600°C to obtain friction and wear behavior 

of the coatings. In addition, scanning electron microscope studies were 

conducted to elucidate friction and wear mechanisms. 
 

2 Experimentation 
 

2.1 Materials and Methods 
 

Nickel based superalloy Superni 76 (Fe-10.36Ni-18.1Cr-0.55Si-1.46Mn-

0.62Ti) which is generally used for making gas turbine parts is exploited as 

substrate substantial. The superalloy was obtainedat Mishra Dhatu, India and 

was changedand keen on 25×25×3 mm3 measurements prior coating. 
NiCrBSi/40%flyash and NiCrBSi/20%flyash/20%TiO2 powders were used 
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as feedstock materials. NiCrBSi and TiO2 size ofparticle is in the assortment 

of -45 to 10 µm and flyash particle with average size of 65 µm were blended 
in appropriate weight percentage before coating on to substrate.  

 

 
 

(a) NiCrBSi/flyash 
 

 
 

(b) NiCrBSi/flyash/TiO2 

 
Figure 1 Morphology of uniform distribution of powders 

 
Fig. 1 shows the SEM micrographs of blended powders and it could be 

detected that both flyash and TiO2 are homogenously dispersed in NiCrBSi 

powder. To enhance the adhesion amongst coatings and substrate, abrasive 

grit blasting was carried out on substrate surface. First the substrate surface 
was cleaned with alcohol and grit blasting by means of Al2O3 powder 

particles with anordinarydimension of 150 µm was carried out. Coatings 

aredroppedviaAPSmethod using METCOUSA3MB equipment. APS process 

parameters employed for deposition of coatings is presented in Table 1. 
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Table 1 Atmospheric plasma spray parameters 
 

Constraints Values 

Current, A 1350 

Powder feed rate, g/min 150 

Primary gas, Argon, L/min 165 

Secondary gas, H2, L/min 7 

Spray distance, mm 125 

Voltage, V 60 

 
2.2 Characterization and Testing 

 

Coating characterization was studied by means ofphase identificationand 
scanning electron microscope was carried out by X-ray deflection method 

(DX GE-2P, JEOL, and Japan). Microhardness at 10 different locations 

ofcoatings and substrate was restrainedby means of microhardness sample. 

The test was conducted as per ASTM E384 standard by smearingweight of 
300 g for about 10 seconds. Thewear and friction assessments at dry 

conditions were conducted via pin on disc tribometer. Using alumina disc as 

countersurface the experiments were accompanied at variable temperature 
and load (10, 20 N). Constant sliding speediness of 1 m/s is applied for all 

the test samples and sliding distance 3000 m. Wear rate for both the coatings 

performed at all conditions are expressed in mm3m-1. Wear debris and worn 

surface were examined to elucidate wear mechanisms operating at different 
temperatures using SEM preparedthrough EDS.    

 

3 Results and Discussion 
 
3.1 Microstructural and Phase Analysis  

 

Fig. 2 shows the SEM micrographs of surface morphology of 

NiCrBSi/40%flyash and NiCrBSi/20%flyash/20%TiO2 coatings. It is 
observed that both the coatings contained composed of reinforcing particles 

in between completely melted and partially melted NiCrBSi particles. 

Particularly in case of NiCrBSi/flyash coating, several flyash particles are 
seen on the surface. It is interesting to note that despite of application of high 

impact velocity and temperature the flyash particles have retained their 

spherical morphology without getting fractured. The amount of partially 
melted particles is comparatively high in case of NiCrBSi/flyash coating 

while the surface of NiCrBSi/flyash/TiO2 was relatively flat.  
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(a) NiCrBSi/flyash 

 
 

(b) NiCrBSi/flyash/TiO2 

 

Figure 2 Micrographs depicting surface morphology of NiCrBSi coatings 

 
Fig. 3 displays the SEM micrographs withcross sectional view of both 

the coatings which are composed flattened particles, few partially melted 

particles and pores in the vicinity of flyash particles. While at the 

circumstances of NiCrBSi/flyash coating, the surface was quiet rough with 
fractured flyash particle seen all over the cross sectional view (Fig. 3 (a)). 

The coating had thickness in the range of 360 - 390 µm and the bonding with 

the substrate was good. No visible cracks or pores were seen at the 
coating/substrate crossing point indicating good bonding because of complete 

melting of particles. In case of NiCrBSi/flyash/TiO2 the lamellar structure is 

clearly visible with flyash and TiO2 particles present at lamellar boundaries 

(Fig. 3 (b)). The formation of lamellar structure is well supported by reports 
published in literature on HVOF coatings [20, 21]. The coating had wideness 

in the assortment of 250 - 270 µm and a good mechanical interlocking of 

coating with the substrate was observed. Compared to the NiCrBSi/flyash 
coating the surface was relatively smooth high amount of melted particles. 
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However, few larges pores where seen at the lamellar boundaries indicating 
presence of un-melted particles. In both the coatings the fractured flyash 

particles are seen which is attributed to metallographic sample preparation. 

During polishing the application of pressure of coated samples against hard 
SiC papers resulted in fracturing of flyash particles.  

 

 
(a) NiCrBSi/flyash 

 
(b) NiCrBSi/flyash/TiO2 

Figure 3 Micrograph showing Cross-sectional view of coatings 

 

 
(a) 
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(b) 

Figure 4 XRD graphs of (a) powders and (b) coatings 

 
Figure 4 (a) & (b) shows the X-ray diffraction configurations obtained 

for both the coatings after blending and depositing on substrate. Different 

phases formed after deposition of NiCrBSi/flyash coating is shown in Fig. 4 

(a). Dominant phases seen along with Ni, Cr and SiO2 were Al2O3, Cr7C3, 
Ni3B and NiCr2O4. The formation of carbides, borides and oxides is quite 

important from mechanical and tribological properties point of view. These 

phases are very well acknowledged for its high-level of temperature 
steadiness and extremely high hardness [19]. On the other hand the different 

phases seen after deposition of NiCrBSi/flyash/TiO2 coating were Ni, B, Cr, 

Ni3B, SiO2, Al2O3, Cr7C3, Ni3Ti and NiCr2O4 (see Fig. 4 (b)). It is 

interesting to note that the TiO2 which is one of reinforcing phase for the 
coating is not seen after blending or deposition on substrate. This is attributed 

to weakening of TiO2 due to dissolution in to NiCrBSi matrix. On the other 

hand, the other reinforcing phase flyash related phases such as SiO2 and 
Al2O3 were clearly visible in both the coatings after blending as well as 

deposition. Similar phases such as Ni3Ti and NiCr2O4 were also reported by 

Reddy et al [22] on their work on Ni based coatings developed using HVOF 
technique.   

 
3.2 Porosity and Microhardness 

 
Porosity analysis of developed coatings was tested as per ASTM E 2109-

01 method. The porosity percentage for NiCrBSi/flyash and 

NiCrBSi/flyash/TiO2 coatings was ~3.7% and ~2.5% respectively. It is well 
known that the density and porosity of coating fundamentallybasedupon the 

deformability of splats during spraying. Here the content of reinforcing 

phases in both the coatings is about 40% and they are not easily deformable. 
However, NiCrBSi matrix is easily deformable which try to fill the gaps 
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between the reinforcement particles.  There are slight possibilities of gaps 
may be go unfilled contributing to porosity percentage of overall coating. In 

addition to this unmelted and partially melted particles which don’t have 

good bonding with other splats can also contribute to porosity due to the 
micropores at the boundaries.  

Microhardness of uncoated Superni 76 substrate and coatings is shown in 

Fig. 5. The average values recorded for uncoated substrate, NiCrBSi/flyash 
and NiCrBSi/flyash/TiO2 coatings were 224, 778 and 625 HV0.02. Highest 

hardness value obtained for NiCrBSi/flyash is around 3.5 times 

greateroverthe substrate withuncoated portion. However, one can see that all 

the coatings had significantly bettermicrohardnessover uncoated substrate. 
The possible difference in the microhardness of coatings can be attributed to 

various factors which include physical properties of reinforcing phase and 

porosity percentage of the deposited coatings. By virtue of their good 
physical attributes the reinforcing phase provides utmost resistance to the 

plastic deformation being caused by indenter of hardness instrument. Out of 

the two reinforcing phase, the properties of flyash particles are marginally 

higher than that of TiO2 particles. Secondly, the low porosity percentage for 
NiCrBSi/flyash coating over NiCrBSi/flyash/TiO2 coating is why the former 

coating has highest microhardness. This is mainly because at such low 

indentation load levels the indenter can cover few lamellae. If there are no 
micro-pores in between lamellae than the resistance offered by the coating is 

considerably higher than for a coating with micro-pores in between lamellae 

[23].    

 
 

Figure 5 Microhardness of substrate and Ni based coatings 

 
3.3 Friction and Wear Behavior 

 

Friction coefficient and wear proportion of both coatings were studied 
for different load and temperatures. Fig. 6 presents the friction coefficient of 

both the coatings as theutility of varying test temperature from normal room 
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level of temperature to 600°C. The experiments were accompanied for two 

dissimilar loads 10 and 20 N and values of the coefficient of friction are 
obtainable in below Fig. 6 (a) and (b). Fig. 6 (a) shows the coefficient of 

friction values taken at 10 N load and it can be seen that out of two coatings 

the lower values were recorded for NiCrBSi/flyash/TiO2 coating for room 

temperature and 200°C while NiCrBSi/flyash coating showed lower values at 
400°C and 600°C. The highest and lowest value of 0.482 and 0.221 were 

recorded at 600°C and room temperature for NiCrBSi/flyash/TiO2 coating. 

In case of NiCrBSi/flyash coating the highest and lowest value of 0.427 and 
0.303 were recorded at 600°C and room temperature. Further through the rise 

in applied capacity to 20 N the trends change completely. As shown in Fig. 6 

(b), the coefficient of friction for NiCrBSi/flyash/TiO2 coating was quite 

stable for all temperatures while NiCrBSi/flyash coating was initiate to 
increase with intensification in the level of temperature. Unlike other 

coatings were increase in temperature decreases the coefficient of friction, 

here the case is quite different. For both the loads and coatings the 
intensification in 600°Ctemperature which has led to increase in coefficient 

of friction. This is attributed to increase in shear strength at the contact 

surface due to local welding of asperities. It is found that the temperature 
increment from ambient to 600°C, the weldability of asperities enhances 

resulting in higher coefficient of friction for both coatings [24].   

 

 
(a) 
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(b) 

Figure 6 COF of coatings as a function of temperature at (a) 10 N and (b) 20 N loads. 

 

Wear rate as function of temperature obtained for coatings for two 
different loads is exposed in Fig. 7 (a) and (b). For the circumstance of 10 N 

load, the wear rate for both the coatings risethrough the intensification in 

temperature level. It could be realized from the wear rate of NiCrBSi/flyash 

coating is considerably better over theNiCrBSi/flyash/TiO2 coating. For 
instance, at600°C and normal room temperature, the wear rate of 

NiCrBSi/flyash coating is almost 2.6 and 1.3 recessesgreater than 

NiCrBSi/flyash/TiO2 coating. Lowermost wear rate of 2.1 and 0.8×10-5 
mm3/m were perceived for NiCrBSi/flyash and NiCrBSi/flyash/TiO2 

coatings. On the other hand, for 20 N load, the wear rate for coatings 

followed different trend. In this case also NiCrBSi/flyash coating showed 
greater wear rate whileassociated to NiCrBSi/flyash/TiO2 coating. It is 

stimulating to reminder that the lowest wear rate of 3.3×10-5 mm3/m was 

observed for NiCrBSi/flyash coating while in case of NiCrBSi/flyash/TiO2 

coating the lowest wear rate of 2.4×10-5 mm3/m was observed at 
intermediate temperatures 200°C and 400°C. Even though the inflexibility of 

NiCrBSi/flyash coating is greater over theNiCrBSi/flyash/TiO2 coating, but 

the wear resistance of latter one is higher. The main reason for better wear 
resistance can be attributed to lubricating nature of TiO2 particles [25, 26]. It 

can be observed from Fig. 6 (a) that coefficient of friction of 

NiCrBSi/flyash/TiO2 coating is significantly lesser that NiCrBSi/flyash 

coating. At higher temperature of 600°C the wear rate for NiCrBSi/flyash 
coating was establish to minimize for both 10 and 20 N loads. This could be 

recognized to the development of continuous film of smeared flyash particles 

due to deformation at high pressure and temperature. Through the 
escalationof load since 10 N to 20 N the smearing of flyash particles is quite 

intensive which is why at high temperatures the wear rate is considerably less 

than intermediate temperatures [27].        
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(a) 

 
(b) 

Figure 7 Rate of wear rate as a function of temperature at (a) 10 N and (b) 20 N loads. 

 
3.4 Worn Surface Analysis 

 

The worn surface of SEM observations for both the coatings at different 

temperature and load are presented in Fig. 8 and 9. The surface of worn for 

NiCrBSi/flyash coating intended for different loads at normal temperature 
level and 400°C is presented in Fig. 8. By the side ofnormal temperature, the 

worn surface for 10 N load coating showed fine grooves, small delamination 

pits due to smearing of flyash and discontinuous film of smeared flyash 
particles (see Fig. 8 (a)). Through the increment in load after 10 N to 20 N, 

large pit of the size running into several hundred micrometers was observed. 
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This is mainly due to crushing and smearing out of flyash particles under 
high pressures leaving behind a large pit. The pit filled with flyash wear 

debris as shown in Fig. 8 (b) suggests minimal adhesive interactions between 

coating and countersurface. The grooves formed on the worn surface 
appeared to be fine in nature that is comparable and obtained for 10 N Load. 

However, the surface roughness at higher load is seemed to quite high when 

compared to the lower load of 10 N. The molded wear debris on the surface 
tends to dig deeper into the coating material causing greater quantity of 

material subtraction. By means of the intensification in load the prominent 

wear mechanism is abrasive wear followed by smearing of flyash particles. 

The development of discontinuous coating surface tribo-film seems to 
contribute significantly. At low load it is quite difficult to remove the 

tribofilm while at higher loads it is removed easily due to formation of 

cracks. This is why low wear rates were observed for lower load when 
compared to higher load of 20 N [28]. Further at higher temperature of 

400ºC, the worn surface as shown in Fig. 8 (c) shows fine groves and 

delamination pits formed due to decohesion of the splats. With the increase 

in temperature there are very high chances of softening and melting of 
coating surface following by plastic deformation. Due to this the adhesive 

interactions between the coating and countersurface is enhanced leading 

decohesion of splats. However, through the intensification in 20 N load, 
enhancement in plastic deformation as well as adhesion between the two 

counterparts is enhanced significantly when compared to that seen for 

coating verified at 10 Nlow load. The increased contact stress and surface 
melting of coating causes adhesion of two contact surfaces leading to splat 

decohesion [29]. This is the reason why a large delamination pit surrounded 

by coating spallation is observed in the Fig. 8 (d). In situation of 

NiCrBSi/flyash coating, the wear proportion tends to risethrough the 
intensification in load and temperature. The contact area and distanceunder 

the coating surface tends to increase through the intensification in normal 

load while rise in temperature causes softening of coating surface leading to 
enhancement in adhesion between coating and counter surface. From these 

observations it is suggested that at low loads and low temperature abrasive 

wear is dominant mechanism while at higher load and higher temperatures, 
adhesive wear is a dominant mechanism along with mild abrasive wear.  
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                 (a) 10 N 

 
           (b) 20 N 

 
            (c)10 N 

 
           (d) 20 N 

Figure 8 Worn surfaces of NiCrBSi/flyash coatings at (a, b) RT, (c, d) 400°C 

 

Worn surface of NiCrBSi/flyash/TiO2 coating for different loads at room 

temperature and 400°C is revealed in Fig. 9. The worn surface of coating 

tested at 10 N load at room temperature was found to have smooth surface 
and delaminated regions as seen in Fig. 9 (a). Smooth surface can be 

attributed to formation of tribofilm of smeared flyash and TiO2 particles. 

However, formation of delaminated regions can be attributed to plastic 
deformation and brittle fracture. Through the intensification in 20 N load, the 

extent of delamination was found to increase significantly as seen in Fig. 9 

(b). This is mainly due to extensive plastic deformation and brittle fracture 

wear mechanism operating in this case [30]. Maximum contact stress 

50 µm 
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50 

µm 
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increases with the increase in load cause severe plastic deformation of 
coating surface. Due to this cracks are nucleated at the splat boundaries as 

well as the reinforcement and NiCrBSi matrix. These cracks propagate 

through the interfaces and join together leading to severe brittle fracture of 
coating worn surface or in specific decohesion of splats. Formation of 

tribofilm in this cause also led to formation of smooth surface as no abrasion 

marks were observed. Another possible reason for absence of abrasion marks 
is that at higher loads the effect of three body abrasion is shadowed by the 

severe work hardening effect. Through the intensification in wear test 

temperature to 400ºC, the worn surface of coating changed completely. It 

could be realized that at low load of 10 N, the worn surface as shown in Fig. 
9 (c) consisted of few fine grooves along with large delamination pit. In case 

of 20 N load coating, the worn surface showed similar features as that 

obtained for 10 N load coating but the delamination pit size was quite smaller 
(see Fig. 9 (d)). One can see that the worn surface of coatings at both the 

loads is relatively smooth which is attributed to lubricating nature of TiO2 

particles which act as solid lubricant in the coatings. This observation is well 

supported by coefficient of friction readings as shown in Fig. 6 (a) and (b). 
Comparable to the observations made at normal temperature testing, here at 

prominent temperature level, the worn surfaces suggest brittle fracture as the 

major wear mechanism [31].  

 

 
(a) 10 N 

 
(b) 20 N 
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(c) 10 N 

 
(d) 20 N 

Figure 9 Worn surfaces of NiCrBSi/flyash/TiO2 coatings at (a, b) RT, (c, d) 400°C 

 
3.5 Wear Debris Analysis 

 

Fig. 10 displays the wear debris of NiCrBSi/flyash coating collected after 

testing at different loads at room and 400ºC temperature. From Fig. 10 (a) it 

could be realized that the size of wear debris is very fine for low load of 10 N 
for the coating verified at room temperature. The size of wear debris is found 

to be in the range of 0.25 to 1.2 µm while some large agglomerates of wear 

debris of size close to 5 µm were also seen. However, through the rise in 20 
N load, the size of wear debris increased marginally and was found to be in 

the range of 1.1 to 4.1 µm (see Fig. 10 (b)). Due to dense structure and good 

bonding between the splats, the formation of cracks at lower loads is quite 
difficult. On the other hand with the increase in load, due to increased contact 

area, the formation of cracks especially at the flyash and NiCrBSi interface 

takes place. This is the reason why the size of wear debris is considerably 

higher for 20 N load than that obtained for lower load of 10 N. Further at 
higher temperature of 400ºC, the wear debris size obtained at two different 

loads was higher than that obtained at room temperature (see Fig. 10 (c) and 
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(d)). It is observed that for 10 and 20 N load, the wear debris size was higher 
than that of ~1.8 and ~2.5 µm indicating higher material removal. These 

explanations are in linkthrough the wear rates attained for these coatings 

where increasing trend of load is consistent with increase in material removal 
as well as wear debris size [32].  
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(d) 20 N 

Figure 10 Wear debris of NiCrBSi/flyash coatings at (a, b) RT, (c, d) 400°C 

 

Fig. 11 shows the wear debris forNiCrBSi/flyash/TiO2 coating collected 

after testing at different loads at room and 400ºC temperature. Size of the 
wear debris obtained after 10 N and room temperature test was found to be in 

the range of 1.5 to 5.8 µm while after 20 N load test the size of wear debris 

increased to ~8.4 µm. With increase in load the worn surface experiences 
severe plastic deformation resultant in stress absorption and growth of 

dislocations at the reinforcement and NiCrBSi crossing point. Due to this 

crack start nucleating and propagate at higher rate in coating tested at 20 N as 
compared to coating subjected to 10 N load test. Formation of flakes and 

there breaking in the form debris particles especially of large size is observed 

for coating tested at 20 N load which is quite evident from Fig. 11 (b). On the 

other hand, the size of wear debris tends to differ for higher temperature 
because for higher testing load of 20 N the size is considerably smaller than 

that obtained for 10 N load test. This could be attributed to formation of 

lubricating tribofilm incorporated with TiO2 particles at elevated 
temperature. This lubricating tribofilm not only avoid the direct contact 

between the two contact surfaces but tend to reduce the effect of friction but 

also material removal [33]. Due to this the debris formed at higher load of 20 

N as seen in Fig. 11 (d) has size less than 600 nm - 0.8 µm compared to that 
obtained for 10 N load whose wear debris is over 1.2 µm. Overall the 

obtained wear debris size trend for both loads and temperatures is in line with 

the wear rate trend.    
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(d) 20 N 

Figure 11 Wear debris of NiCrBSi/flyash/TiO2 coatings at (a, b) RT, (c, d) 400°C 

 

4 Conclusions 
 

             The subsequentinferences were drained from this research, 

 Dense and lamellar structured NiCrBSi/flyash and 

NiCrBSi/flyash/TiO2 coatings with porosity percentage of 
~3.7% and ~2.5% respectively were obtained by atmospheric 

plasma spray technique.  

 Microhardness of NiCrBSi/flyash and NiCrBSi/flyash/TiO2 

coatings was found to be 778 and 625 HV0.02 respectively 

which was considerably higher than that Superni 76 substrate 
whose microhardness was 224 HV0.02. 

 Wear rate of coatings showed strong dependency on load and 

temperature while coefficient of friction was found to have 

marginal variations towards the same.  

 Wear rate of both the coatings was originate to growth with 
intensification in load and temperature and of the both, 

NiCrBSi/flyash coating showed higher wear rate values 

compared to its counterpart. 

 Worn surface analysis revealed moderate abrasion and adhesion 
for NiCrBSi/flyash and severe plastic deformation and brittle 

fracture for NiCrBSi/flyash/TiO2 as major wear mechanisms 

which were well supported by wear debris analysis.   
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