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ABSTRACT – Due to the increased contact pressure and abrasive action on the coated surface, 
larger debris particles can result in higher wear rates. When designing and applying flame spray 
coatings in various industrial environments, it is important to consider how debris size affects the 
frictional performance of the coatings. This work aims to assess debris particle size's effect on Ni-
based alloy coating's tribological properties. This is a key manufacturing issue that can help prolong 
the life of devices and provide proper maintenance. Debris is rated as Al2O3 solid particles, where 
their size ranges from 1.5 ± 0.03 µm to 42 ± 0.03 μm, dispersed in an oil lubricant. The coatings 
are characterized using scanning electron microscopy (SEM) and atomic force microscopy (AFM), 
while the cross-sectional evaluation is analyzed utilizing X-ray Diffraction (XRD). The coating is 
sprayed with NiCrBSi and melted in a flame. Hardened F-5220 metal forms a counter disk 
(according to ASTM A681). Our findings demonstrate that the alumina particles cause wear to 
increase significantly, particularly for bigger particles. When it comes to micrometer-sized particles, 
an increase in volume loss is seen as a result of increased surface roughness, plenteous 
microgrooves, and plastic flow of the NiCrBSi coating vertically to the sliding orientation. In addition, 
it has been proven that the nanosized particles play a secondary role in a tribological system in 
contrast to microparticles. Debris measurement is quantitatively related to friction and lubrication 
adjustments. Surface roughness can be assessed as a characteristic of the particle size. Large 
particles cause excessive induce high coefficient of friction at NiCrBSi coatings. 
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1. INTRODUCTION 

In the automotive and aviation industries, internal components have been coated with mating surface treatments and 

lubricants to reduce the effects of tool wear [1,2]. Lubricant manufacturers have developed the basic characteristics of 

friction and wear and discovered the behavior of lubricating oil vapors, where the lubricating properties can determine the 

thickness of the lubricating film. [2-4]. Friction and wear are reduced if the lubricating oil layer prevents physical contact 

between rough surfaces. This is called hydrodynamic lubrication. However, objects usually work under excessive loads, 

pressures, and temperatures, which may lead to contact with rough surfaces at some point. Therefore, working agents 

usually work in a mixed lubrication mode. Wear resistance plays an important role in the industrial use of objects [4-8]. 

When the surfaces come into contact, the particles contaminating the lubricating medium are scraped off by solid particles 

suspended in the lubricating oil, known as fines, which is one of the most important problems in the industry. In addition 

to particles generated internally, lubricating oil may be contaminated with various particles from the environment, such as 

those often found in automobile engines. The problem of external particles is acute in engineering [8-10]. The study of 

wear resistance methods for computing units and formulations of lubricating oils contaminated with abrasive materials is 

of great importance [10]. 

Particles in the lubricating environment have been well studied since it is very important to consider the wear 

phenomenon. Therefore, the condition-based positioning strategy uses the relationship between the particle size, type, and 

structure in the aspect of location [11-13]. Maintenance is important to maintain and improve the normal overall 

performance of objects operating at high speed [14]. To summarize the relationship between equipment and particle size, 

since it is specific to each case, large and coarse particles can usually enter the gearbox [15]. Many failure studies 

(gearboxes, motors, gears, etc.) have confirmed that the particle size increases with time until the desired failure [16-18]. 

The computing system is subjected to extreme loads and requires intervention to avoid failure [19]. The lubricating oil in 

the environment will increase the amount of force required to engage the mating components, causing additional wear due 

to particle plowing. These results become more extreme under excessive stress and speed limitations such as housing 

rotation [20,21]. However, studies show that additional particles are found under acceleration conditions [22]. Thus, some 

studies [23,24] suggested that the formation of triple layers by particles can reduce friction and create a protective layer. 

Smaller debris particles with a perfectly spherical shape can act as nano- or micro-carriers, distributing the load between 

the contacting surfaces. At low pressure, the temperature increases due to a sharp increase in the hydrodynamic stress 
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between the contacting surfaces (“sliding effect”). Thus, an assessment of the current literature shows that the effect of 

particles on friction depends on the friction conditions [25]. For a machine whose surface roughness is constant, it is 

reasonable to take this into account. However, it is proposed that true roughness be used to study frictional behavior that 

eventually fails. Unlike the original roughness, the new parameter introduced in this paper is mainly based on true 

roughness. Using highly abrasive particles that make the particles harder than the mating surfaces, the objective is to 

investigate how particle size affects the frictional properties of nickel-based coatings. To evaluate the effect of size, three 

different particle sizes of aluminum oxide ranging from 0.15 ± 0.03 μm to 42 ± 0.03 μm were added and distributed in 

lubricating oil. It should be noted that most studies show that the presence of larger particles is an indication of increased 

friction and wear, mainly at low pressure. Some field results showed that the presence of debris resulted in decreased 

friction. Accordingly, other studies claim that the presence of debris can lead to the formation of three layers that cause an 

insulating layer and thus reduce friction [11]. Kim et al. [12] investigated the abrasive wear and dry sliding on components 

and the wear resistance of these coatings. The maximum quality was shown by a 35% WC coating with NiCrBSiC. (Higher 

hardness and lower porosity). However, the addition of 25% WC tungsten carbide powder showed that the addition of 40% 

WC provided better wear resistance in the DSRW (dry sand wheel) wear test, while the sugar wear test showed better wear 

resistance. Understanding the effect of particle size on the tribological performance of flame-sprayed coatings is important 

for improving the performance, durability, and efficiency of these coatings. The knowledge gained can lead to improved 

materials, cost savings, improved maintenance strategies, and advances in coating technology in various industries. In this 

work, highly abrasive particles are used to simulate the best conditions where the fragments are stronger than the contact 

surfaces and have an irregular shape. Different sizes (nano size), (0.15±0.03 μm), (34±0.03 μm), and (42±0.03 μm) show 

the dispersion of Al2O3 particles used as a waste source in our test.  

2. EXPERIMENTAL PROCEDURE  

2.1 Materials and Methods 

The size of the selected particles ranges from 15 to 42 microns and they have a well-defined spherical shape. Their 

melting point is 1025 °C. As shown in Figure 1, these particles are used for coating. Understanding the key powder 

properties that will affect the coating process and the quality of the final coating requires understanding the NiCrBSi coating 

powder in its original morphology, as shown in the SEM image in Figure 1. The coating performance can be improved by 

predicting and optimizing the powder behavior during deposition by studying the particle shape, size distribution, surface 

texture, and uniformity. This detailed explanation highlights the importance of the original powder morphology in obtaining 

high-quality NiCrBSi coatings. Figure 2 shows the micrometer-sized Al2O3 particles imaged by a scanning electron 

microscope (SEM, JXA840), which examines their different sizes and shapes. 

 

Figure 1. SEM of NiCrBSi coating powder at initial morphology 

 

Figure 2. SEM morphology and distribution of Al2O3 particles used in the process.  



Al-Samarai et al. │ International Journal of Automotive and Mechanical Engineering │ Vol. 21, Issue 4 (2024) 
 

journal.ump.edu.my/ijame  11823 

Table 1. Parameters of thermal spray 

Torch Speed 

(mm/s) 

No. of 

strokes 

Distance 

(mm) 

Acetylene 

Pressure 

(bar) 

Oxygen 

Pressure 

(bar) 

Air 

pressure 

(bar) 

Flame 

type 

65.5 7 142 0.65 5 3.5 Neutral 

Particles of Al2O3 (ALO PRAXAIR-101), Al2O3 (ALO-325 mesh) and Al2O3 (NANOX S2600S). In 10 ml of 

lubricating oil, the particles are uniformly distributed. Verification analyses are carried out using only lubricating oil. The 

NiCrBSi coating (M-772.33) is a self-flowing alloy (starts as a powder) and has the following chemical composition: 3.52% 

Si, 0.3% C, 1.7% B, 7.71% Cr and 2.66% Fe. Relaxation. The substrate material is wet sand. Distribution of Al2O3 particles 

used as a source of debris. The ASTM G 99 test is used for cylindrical pins with a diameter of 5 mm and a length of 15 

mm. A counting disk is used to check the pin on the disk, the pins are made of AISI 304 steel. 

Before spraying, the surface of the web is ground with 99.77% pure abrasives to obtain a smooth and even base surface, 

onto which the NiCrBSi coating is applied using a Castolin Eutectic CDS-8000 spray gun. The most important parameters 

are listed in Table 1. An oxyacetylene cutter with a temperature of 1035 °C and a measuring speed of 150 mm/min is used 

to coat the web after spraying. The coating thickness is about 1.20 μm with a total roughness of Ra = 0.018 μm. 

2.2 Tribology Tests and Lubricating 

Tribological studies are carried out using a pin on disc tribometer (TE79/P) at T = 27 °C and humidity ~ 65%. Mineral 

oil per minute is 8 drops from (CUT-MAX 5-20) with a viscosity equal to 100 ± 0.1 cSt at 44 °C and a density equal to 

0.780 g/cm3. Each of the friction checks is usually performed below a starting speed of 0.035 m/s, and it increases every 5 

minutes (22 m) in a stepwise manner; 0.084, 0.120, 0.155, 0.191. The load is 10 to 30 N.  

The equation for calculating a specified wear rate: 

Volume loss = 𝑉 = 𝐴 × H  (mm3) (1) 

where, 𝐴 = Cross-sectional area , H = Average height loss 

Sliding Distance = V × T (m/s) where V = Velocity(m/s), T= Time (min) (2) 

  

Sliding Velocity = 
2×𝜋×𝑁×𝑟 

60×1000 
, where N = rpm, r = Track radius in mm (3) 

  

Wear rate 
𝑉𝑜𝑙𝑢𝑚𝑒 𝐿𝑜𝑠𝑡

𝑆𝑙𝑖𝑑𝑖𝑛𝑔 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
  (mm3/mN) (4) 

  

Specific wear rate (SWR.) = 
𝑊𝑒𝑎𝑟 𝑟𝑎𝑡𝑒 

𝑁𝑜𝑟𝑚𝑎𝑙 𝐿𝑜𝑎𝑑 
 ( in mm3/mN) (5) 

3. RESULTS AND DISCUSSION 

The tribological performance of flame-sprayed coatings is significantly affected by debris size. While larger particle 

sizes contribute to increased wear rates and surface degradation, smaller debris sizes typically improve performance by 

reducing friction and wear. These findings provide insightful advice for optimizing coating applications in practical 

environments. 

3.1 Characterization of Surface 

The study of the topographic, chemical, and physical properties of a material’s surface is known as surface 

characterization. It is important to understand how surface properties affect service life, utility, and performance in various 

applications. Surface characterization is a fundamental procedure that sheds light on the properties and behavior of materials 

in various applications. Engineers and scientists can select better materials, improve manufacturing processes, and enhance 

product performance by understanding surface properties. 

3.1.1 SEM topography 

Figure 3 shows the scanning electron microscope (SEM) images of three sizes (0.15 ± 0.03 μm), (34 ± 0.03 μm), and 

(42 ± 0.03 μm) depicting the dispersion of Al2O3 particles used as a debris source. It depicts the surface of NiCrBSi, which 

has been transformed into very fine and widely spaced pits during oil lubrication. Our results show that the particle size has 

a significant effect on the surface roughness. The wear rate and friction coefficient increase sharply due to the change in 

surface roughness caused by the increase in particle size. The mechanism of NiCrBSi is Al2O3 nanowires with a thickness 

of +1.5 g (0.15-0.03 μm) with a large surface morphological variation. Figure 5 shows the surface morphology after 

tribological evaluation at a distance of 550 m. There are morphological differences depending on the Al2O3 particle size. 

The characterization is performed using scanning electron microscopy on worn surfaces to determine the effect of Al2O3 

particles on the NiCrBSi coating. The sample is coated with NiCrBSi and the determined profiles on the scars are confirmed 

after friction studies using oil only, oil + 1.5 g nm Al2O3 (0.15 ± 0.03 μm), oil + 1.5 g nm Al2O3 (34 ± 0.03 μm) and oil + 

1.5 g nm Al2O3 (42 ± 0.03 μm). Al2O3 particles with a size of nm to 42 μm are used as dispersed in lubricating oil. The test 
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coating is created by flame deposition of NiCrBSi. These compositional elements can help prevent damage to the mating 

parts in preventive maintenance procedures. In addition, they can be very useful for determining the maximum service life 

of the rubbing parts. The layer thickness is limited, although the roughness increases to some extent. The nanowires with 

nano scratches and large morphological changes on the surface belong to the mechanism of NiCrBSi with a thickness of 

+1.5 g nanometers of Al2O3 (0.15 μm) (see Figure 6). The traction of the compressed Al2O3 nanoparticles is probably 

responsible for the presence of plowing marks, which can be seen in Figure 5b. The surfaces treated with oil and Al2O3 

with a thickness of 0.15 μm are much rougher than the surfaces treated with oil and NiCrBSi. The typical roughness values 

of the nanoparticles under steady-state friction and speed are 0.036 μm, while the oil-treated NiCrBSi + Al2O3 sample is 

0.054 μm.  

   
(a) (b) (c) 

Figure 3. Al2O3 employed as a source of debris, SEM dispersion of the particles: (a) Nano-size,  

(b) Micro-size (34± 0.03 μm) and (c) Micro-size (42± 0.03 μm)  

 

  
(a) (b) 

  

  
(c) (d) 

Figure 4. SEM of worn of NiCrBSi: (a) Only oil, (b) Oil + 1.5 g of nanometer Al2O3 (Ra = 0.15± 0.03 μm),  

(c) Oil+ 1.5 g micrometric Al2O3  (Ra =34± 0.03 μm) and, (d) Oil + 1.5 g micrometric Al2O3 (Ra =42± 0.03 μm) 

Nano-size Micro-size (34± 0.03 μm) Micro-size (42± 0.03 μm) 

Scar 

Mark 

Wear track Wear track 
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The experiment with Al2O3 shows that the worn bottom contains a large number of plowing grooves, which are united 

by the deformation on the inflicted scars (Figure 7a). Fine cutting is dominant for the Al2O3 coating at 42 μm; in this case, 

larger plastic deformation and scratches are shown in Figure 7b. It shows the changes in the particle trajectory for the micro 

deformation of the coated surface. Typical roughness values for a 550 m trajectory are 0.525 μm for 34 μm Al2O3 and 1.85 

μm for 42 μm Al2O3. When placed between moving surfaces, the hard Al2O3 particles are free to rock. The wear methods 

used today are distinctive. The increased impact velocity of the smaller Al2O3 particles leads to microdeformation and 

scratches. Hard particles are deposited when using large Al2O3 particles, while medium and large Al2O3 particles produce 

micro deformations and scratches through impact and wear.  

In addition, the spalling mechanism is fixed in each case. This is due to the interaction of the Al2O3 components and the 

abnormally fast decomposition of the NiCrBSi lining, as well as cutting, scratching, and micro deformations that change 

the trajectory of the particles during friction. Figure 6 (a, b) shows rolling along and along the entire length of the grooves. 

The grooves create the appearance of rolling. The grooves wear simultaneously, according to the test conditions. Moreover, 

high friction, which unintentionally mixes aluminum oxide particles with the lubricant, can cause microdeformations [26]. 

Reduced power sources, in most cases, have elastic-plastic deformations.  

These deformations occur around the particles. In any case, the probability of collision with particles is higher, which 

leads to a transition from micro-plowing to micro-cutting [27]. The data obtained indicate that the presence of dispersed 

particles in the lubricant reduces the frictional efficiency of the process. This leads to an increase in the friction coefficient. 

The results also show that the amount of lubricant is limited by an increase in the particle size. 

  
(a) (b) 

Figure 5. SEM of layer for NiCrBSi coating of grooves after 550 m: (a) Only oil & (b) Oil + 1.5 nanometers Al2O3 

3.1.2 Worn surface 

The roughness of the NiCrBSi coating for each Al2O3 particle size is shown in Figure 6. The perpendicular motion is 

recorded and the roughness parameters are calculated along the profile. The addition of 1.5 g nanometers Al2O3 (1.5 ± 0.03 

μm), 1.5 g micrometers Al2O3 (34 ± 0.03 μm), and 1.5 g micrometers Al2O3 (42 ± 0.03 μm) to the lubricant yields roughness 

of 0.042, 0.510 and 1.55 μm, respectively [31]. A sensor (PLu 2300), which allows the extraction of 3D components, is 

used once to detect the NiCrBSi-coated samples during the test segment. Figure 5 shows the NiCrBSi coatings and deposited 

profiles, as well as the sliding distances up to 550 m.  

The addition of oil resulted in a moderate exchange of deposited marks (Figure 4(b)) in contrast to the roughness (Figure 

4(a)). The addition of 1.5 g Al2O3 particles (0.15 ± 0.03 μm) to the lubricated oil resulted in the formation of scratches, as 

shown in Figure 4c. After the addition of 1.5 g Al2O3 (34 ± 0.03 μm) and Al2O3 (42 ± 0.03 μm), grooves, excessive scratches, 

and extreme deformation were found at the bottom of the specimens (see Figures 4(c) and 4(d)). The empirical relationships 

between particle size and roughness, as well as between roughness and lubrication conditions, are evaluated. These joint 

qualities can facilitate preventive maintenance to protect the surfaces of mating components [25]. In addition, there are 

spherical aluminum oxide particles in the oil.  

The lubricant may accidentally fall on the surface, which is divided by large particles due to the large particles, moderate 

rolling speed, and high kinetic energy of small particles. This may lead to microdeformations [26]. The addition of oil 

results in a moderate exchange of the deposited marks (Figure 7(b)) in contrast to the roughness (Figure 7(a)). The addition 

of 1.5 g Al2O3 particles (0.15±0.03 μm) to the lubricant caused the formation of scars, as shown in Figure 4c. After the 

addition of 1.5 g Al2O3 (34±0.03 μm) and Al2O3 (42±0.03 μm), grooves, excessive scars, and extreme deformation were 

found at the bottom of the specimens (see Figures 6(c) and 6(d)). The purpose of the SEM and roughness data presented in 

Figure 6 is to conduct a thorough investigation of how different lubrication conditions affect the NiCrBSi coating surface 

after severe sliding wear. The focus is on comparing the effects of conventional oil and oil with different Al2O3 particle 

sizes on the base roughness, illustrating how particle size can either improve or deteriorate the frictional performance of 

the coating. Understanding which lubrication approach provides the best protection and wear resistance for NiCrBSi 
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coatings is based on this comparison in Figure 6 and the AFM topography of the coating that demonstrates the presence of 

the coating.  

  Roughness results 

(a) 

 

Image of Raw Initial roughness 

Image of Mean 0.0054 μm 

Image of Z. Range 122 μm 

Image of Surface 28.4 μm 

Image. of Surface 27.0 μm 

Image of. Area Difference 30.3 % 

Image of Rq 17 μm 

Image of Ra Initial roughness 
    

  Roughness results 

(b) 

 

Image of Raw.  1± 0.03 µm 

Image of Mean 0.0054 μm 

Image of Z. Range 128 μm 

Image of Surface.  31.4 μm 

Image. of Surface 29.0 μm 

Image of. Area Difference 30.3 % 

Image of Rq 28 μm 

Image of Ra 1± 0.03 µm 
    

  Roughness results 

(c) 

 

Image of Raw.  1.5± 0.03 µm 

Image of Mean 0.0054 μm 

Image of Z. Range 122 μm 

Image of Surface.  28.4 μm 

Image. of Surface 27.0 μm 

Image of. Area Difference 30.3 % 

Image of Rq 33 μm 

Image of Ra 1.5± 0.03 µm 
    

  Roughness results 

(d) 

 

Image of Raw.  34± 0.03μm 

Image of Mean 0.0054 μm 

Image of Z. Range 122 μm 

Image of Surface.  28.4 μm 

Image. of Surface 34.0 μm 

Image of. Area Difference 36.1 % 

Image of Rq 64 μm 

Image of Ra 34± 0.03μm 
    

  Roughness results 

(e) 

 

Image of Raw.  42± 0.03 µm 

Image of Mean 0.0054 μm 

Image of Z. Range 122 μm 

Image of Surface.  28.4 μm 

Image. of Surface 34.0 μm 

Image of. Area Difference 36.1 % 

Image of Rq 77μm 

Image of Ra 42± 0.03 µm 

Figure 6. 2D-AFM Topography of roughness and SEM for NiCrBSi coating after 550 m; (a) Roughness (b) Solely oil  

(c) Oil + 1.5g nanometric Al2O3 (1.5± 0.03 µm) (d) Oil+ 1.5g micrometric Al2O3)34± 0.03μm) and (e) Oil +1.5g 

micrometric Al2O3 (42± 0.03 µm) 

Experimental relationships between roughness and the lubrication regime as well as between particle size and roughness 

are evaluated. These relationship characteristics can be used for preventive maintenance to prevent damage to the surfaces 

of mating parts. Depending on the applied stress, mechanical properties, sliding speed, and size and shape of the contacting 
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surfaces, abrasive particles penetrate the coated surface at sharp angles. This penetration into the surface causes micro-

plowing or micro-cutting depending on the angle of attack [26]. Scanning electron microscopy characterization of the worn 

surface pits revealed varying lines and degrees of rolling along the grooves, depending on the particle size. In friction 

experiments, it has been shown that NiCrBSi coatings strengthen particles trapped between moving surfaces due to 

cumulative plastic deformation resulting from repeated sliding and rolling of Al2O3.  

The strain hardening values of the NiCrBSi coating increase with any increase in Al2O3 particle size, and this appears to 

significantly increase the surface nano-denting values. The results show that the friction performance of the system is 

significantly reduced by the presence of abrasive debris dispersed in the lubricating oil, and provide information on the 

expected remaining life of the friction elements. 

3.2 Tribology Tests 

To determine the general characteristics of the imprint depth in the coating, this is done with a minimum imprint depth 

of 2 microns. At least 20 measurements are made at the sites and common values are taken into account in this information. 

130 mm between the gun and the substrate. Initially, the imprint is 135 mm between the gun and the substrate. Table 2 

shows an alternative procedure for NiCrBSi, which is related to the changes in processes and topography after friction 

testing of NiCrBSi coatings. The lubricant is micrometrically saturated with Al2O3 to obtain the lowest nanoimprint results. 

This may also be a result of plastic deformations due to the use of micrometric Al2O3, an increase in residual compressive 

stress at high loads, and an improvement in hardening caused by higher particle pressure [27]. 

SEM characterization of the particle-based etching reveals abrasive grooves and varying degrees of wear at specific 

stages of the grooves. Post-friction nano-dent analysis supports the hypothesis that the NiCrBSi coatings harden as a result 

of cumulative plastic deformation caused by the Al2O3 particles repeatedly being trapped between surfaces and rolling and 

sliding. The hardness values of the NiCrBSi coatings increase with increasing Al2O3 particle size, and this is expected to 

have a significant effect on how easily the coatings flex. 

Table 2. After 550 meters, nanoindentation of the surface of the NiCrBSi coating and modulus of elasticity 

Solely oil 
Oil+ nanometric Al2O3 

(0.15±0.03 µm) 

Oil+ micrometric Al2O3 

(34± 0.03 µm) 

Oil+ micrometric Al2O3  

(42± 0.03 µm) 

Nanoindentation (GPa) 

3.44 

3.88 4.67 5.44 

Modulus of elasticity 

137.33 

193 198.5 202.4 

 

  

  
(a) (b) 

Figure 7. SEM and AFM of worn:  (a) Lubricating oil + 1.5± 0.03 μm Al2O3 (34± 0.03 μm) , (b)Lubricating oil + 1.5 μm 

Al2O3 (42± 0.03)  

Lubricating oil + 1.5± 0.03 μm Al
2
O

3
 (34± 0.03 

μm) 
Lubricating oil + 1.5 μm Al

2
O

3
 (42± 

0.03) 
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3.3 Friction Coefficient 

The friction coefficient values after the tribological evaluations are shown in Figure 8. The obtained data show that the 

presence of Al2O3 particles significantly affects the interaction between the friction coefficient and roughness. There is a 

complex relationship between surface roughness and friction coefficient as shown in Figure 8. The friction coefficient 

reaches its maximum (1.2-2.3) depending on different surface roughness. However, the friction coefficient values of Al2O3 

are higher at 33.2 μm and 38 μm because larger particles have smaller interfaces and limit close contact. This, in turn, will 

increase the applied pressure and hence increase the friction coefficient. Previous studies [29, 30] assumed rolling 

dominance when the friction coefficient is in the range of µ = 0.24 to µ = 0.32. The friction of fine-particle abrasives occurs 

at excessive and low speeds with friction coefficient values in the range µ = 0.225 (Al2O3 particle size is 34 ± 0.03 µm) to 

µ = 0.266 (Al2O3 particle size is 42 ± 0.03 µm). Under the preconditions of excessive contact (speed and contact stress), a 

significant increase in the friction coefficient occurs when the thickness of the lubricant layer is much smaller than the 

thickness of the Al2O3 particles. When the particle is used as a debris source, the friction coefficient has a characteristic 

structure. Two additional/specific reasons for the low friction coefficient when using nanoparticles were found: (1) the 

geometry of the contact area is minimal in the case of nanoparticles, and (2) particle contamination can reduce the harmful 

effects of nano-abrasive particles on the process [31]. 

 

Figure 8. Changes in friction coefficient with roughness of worn surface (Ra) of test specimens 

3.4 Wear Behavior 

The size decreases only due to the contact of the previously reduced NiCrBSi oil + 1.5 g nm Al2O3 (0.15± 0.03 μm) in 

contrast to the screw, which is still lubricated with + 1.5 g nm Al2O3 (34± 0.03 μm), and the oil of 1.5 g nm Al2O3 (42± 

0.03 μm) at all speeds studied (Figure 9). At 550 m, the loss of 1.5 g nm Al2O3 lubricant is more than eight times greater 

than the loss in the screw due to oil alone. Thus, it is likely that the nm Al2O3 particles present in the lubricant are first 

detected in the softer NiCrBSi coatings, resulting in a contact abrasive. On the other hand, the results show that, unlike 

microparticles, nanoparticles can have little effect on the triboelectric process. The information on nanopores confirms that 

NiCrBSi coatings harden under stress due to cumulative plastic deformation that occurs with some sliding and rerolling 

ratio. Al2O3 particles get stuck between the rolling surfaces. With micrometric particles, larger roughness, micro-groove, 

and plastic surface of the NiCrBSi coating can be observed perpendicular to the sliding, resulting in large volumetric losses. 

The effects of plowing and rolling wear with micrometric Al2O3 also negatively affect the NiCrBSi pin coating (Figure 9). 

In the case of nano-sized Al2O3 oil + grease, a portion of the Al2O3 particles penetrates the smooth layer of the NiCrBSi 

coating, while the captured surfaces and the first sliding surfaces are immediately removed, thus agglomerating. This 

behavior affects the prevailing values due to the complex nanoparticles of aluminum oxide and penetration into a fairly soft 

Ni-Cr matrix will increase the nano-dent and reduce the damage caused by penetration of abrasive and nanoparticles of 

aluminum oxide with sharp edges [28]. The average experimental facts show the unusual particle sizes after a distance of 

550 m (see Figure 9). This can be solved by increasing the electro-kinetic energy of the particles, which will lead to a 

decrease in the roughness rate. Serious sliding problems arise between the contacting surfaces due to excessive load and 

speed. The relationship is somewhat complicated when the disturbance between the surfaces is too large due to the 

accelerated load and speed, the contact becomes unstable and particles form from time to time, which leads to increased 

wear [31]. 
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Figure 9. Wear volume of NiCrBSi coating at different loads and speeds depending on sliding distance (550 m) 

4.    CONCLUSIONS 

The friction properties of the sprayed plasma were influenced by the experimental relationships between surface 

roughness and debris size. The results of the study can be summarized as follows: 

• The experimental relationships between particle size and roughness, as well as roughness and the lubrication system, 

were evaluated. These relationships can help in preventive maintenance to avoid damage to the surfaces of mating parts. 

The lubricating oil caused a deterioration in the overall frictional performance of the process, which led to a significant 

increase in the friction coefficient with increasing speed, as well as in different lubricants. 

• As a result of repeated sliding and rolling of Al2O3 particles between moving surfaces, scanning electron microscopy 

examination of the grooves revealed the presence of an abrasive layer with varying degrees of wear. The increase in 

Al2O3 particles contributes to the increase in the hardness values of the NiCrBSi coating. 

• The experiments also showed that nanoparticles play a secondary role in the friction system, unlike microparticles. The 

size of the debris particles was quantitatively related to changes in friction and lubrication. Surface roughness can be 

evaluated as a characteristic of the size of the accumulated particles. Large particles caused an excessively high coefficient 

of friction in NiCrBSi coatings. 
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