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 A B S T R A C T 

Thermal spraying is a coating process combining various techniques to 
protect the materials from a variety of adverse tribological, mechanical, 
and thermal conditions.  Ni-base alloys are widely used to obtain high 
wear/corrosion-resistant coatings. In the present study, the wear behavior 
of NiCrBSi self-fluxing alloy coatings deposited from the two innovative 
powders with efficient chemical compositions by the two-step deposition 
process was investigated under the three-body abrasion test. After wear 
tests, wear resistance was investigated, and the worn surfaces were 
characterized by SEM to determine the main mechanism. These innovate 
metallic powders with efficient chemical compositions show good wear 
performance for application in industry. 
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1. INTRODUCTION  
 
Thermal spraying offers techniques to protect 
the materials from a variety of adverse 
tribological, mechanical, and thermal conditions 
and provides a wide range of coatings with very 
different compositions and properties. Thermal 
spraying technology provides cost-effective 
processes in many industries for the application 
of wear and corrosion-resistant coatings and can 
be applied to a variety of materials [1-2].  
 

Nickel-based alloys are widely used in spraying 
materials as they exhibit good resistance to 
wear, oxidation, and corrosion at high 
temperatures and are also low in cost [3-5]. Ni-
based self-fluxing alloy coatings are the most 

often deposited by high-velocity oxygen/air-fuel 
spraying (HVOF, HVAF), flame (gas) low-velocity 
spraying (LVOF), plasma spraying, laser 
cladding, and plasma transferred arc welding 
(PTA or PTAW). The problems with porosity and 
adhesion to the substrate influence the quality of 
the thermally sprayed coatings and their 
performance. It can be improved by subjecting 
coatings to remelting using various technologies 
(e.g., oxy-acetylene flame, furnace, electric 
resistance, and laser) [6-8]. Comparing to other 
techniques, the method of flame spraying with 
remelting is frequently used, versatile, and also 
economical [9,10]. 
 

The chemical composition and physical 
properties of coatings have a direct impact on 
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their performance [11]. Higher chromium 
content helps increase the resistance to 
oxidation and high-temperature corrosion and 
increases the hardness of the coating by the 
formation of hard precipitates. Boron lowers the 
melting point and promotes the formation of 
hard phases. Silicon is added to increase self-
fluxing properties. Carbon produces carbides 
with high hardness levels that improve the wear 
resistance of coatings [12, 13]. The addition of 
phosphorus results in a lowering of the melting 
point, deoxidation of the nickel, and intensive 
reaction with the nickel [14]. Tungsten carbide 
(WC) and chromium carbide Cr3C2 [15] are the 
most commonly recommended phase 
reinforcement. Also, other materials are used as 
reinforcement phases such as TiC, SiC, WC-Co, 
Cr3C2, and NBC, because of their high hardness 
and good wear resistance [16,17]. 
 
Most material properties (e.g., elastic modulus, 
yield strength, hardness or fracture toughness) 
well defined for metallic materials, do not have 
simple equivalents for thermally sprayed 
coatings. It is due to the complexity of thermally 
sprayed materials containing different phases 
and microstructures.  Therefore, laboratory tests 
are commonly used as a quantitative tool to 
describe the wear behavior of the material tested. 
The abrasive wear is influenced by a number of 
different factors, such as the properties of the 
materials, the service conditions (applied load 
and abrasive grit size), and the environment 
(temperature and humidity). For evaluation of 
abrasive wear resistance, the three-body 
abrasion test is often used.  
 
In the field of surface engineering, systematic 
research of materials is ongoing to identify 
correlations between the chemical composition 
of materials and tribological behavior. Research 
in this field was performed using NiCrBSi 
powder coatings high in Cr (14.5 %) and Fe (4.5 
%) [18]. Another research has been carried out 
in this field using powder but with a higher Cr 
content (16.5 %) [19]. Similarly, other scientific 
works were carried out using a Ni-based alloy 
powder with a nominal chemical composition of 
Cr 14.8 %, B 3.1 %, Si 4.3 %, Fe 3.7 %, C 0.75 %, 
and Ni (tagged as Borotec 1000). 

 
In the present study, the wear behavior of 
NiCrBSi self-fluxing alloy coatings deposited 
from the two innovative powders with efficient 

chemical compositions (made by Welding 
Research Institute, PI, Slovakia, [14] by two-step 
deposition process on carbon steel was 
investigated under the three-body abrasion test 
according to the ASTM standard G65-4 known as 
the Dry–Sand Rubber Wheel (DSRW). After wear 
tests, wear resistance was investigated, and the 
worn surfaces were characterized by SEM to 
determine the main mechanism responsible for 
wear behavior. 
 
 
2. EXPERIMENTAL PROCEDURE 

 
Ni-based NiCrBSi alloys with different chemical 
compositions were used for flame spraying and 
remelting. 
 
2.1 Materials  

 
New designed metallic Ni-based self-fluxing 
alloy powders with an average granularity of       
–100 μm + 45 μm and the melting point of 1010 
°C were applied as the coating material (Welding 
Research Institute, PI, Slovakia). The chemical 
composition of the spray powders (referred to 
as powders A and B) is shown in Table 1. 
Powders A and B were used to deposit the 
coatings by low-cost flame spraying method 
with remelting for abrasive wear applications. 
 
Table 1. Chemical composition of powders 

Powder Chemical composition [%] 

A 

C Si Mn P Cr Mo B 
0.25 3.9 0.08 0.001 0.12 0.01 0.98 

S:0.006, Fe:0.51,  W:0.02, Cu:0.1, Co:0.02, 
Ti:0.02, Nb0.0, Ni:94.49 

B 

C Si Mn P Cr Mo B 
0.21 3.52 0.07 0.057 8.85 1.30 1.48 

S:0.012, Fe:2.63, V:0.01, W:0.02, Cu:0.73, 
Al:0.004, Co:0.02, Ti:0.01,  Ni:81.4 

 

The powders morphology shows the spherical 
particles typically produced by the gas 
atomization process (Figs. 1 and 2). Spheroidal 
particles of powder B contain hard chromium 
carbides in the Ni matrix. 
 

 
Fig. 1. The microstructure of powder B. 
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Fig. 2. The microstructure of powder B. 

 
2.2 Coatings deposition 
 

Coatings were sprayed on the plate (dimensions 
100x150x8 [mm]) made of hot rolled low carbon 
steel S35530 EN10027-1 (1.0553) as substrate 
material by two-step flame-powder deposition 
technology prepared in Welding Research 
Institute, PI, Slovakia.  
 
The surfaces of the blocks were shot-blasted 
(corundum) to eliminate grease and oxides and to 
stimulate the adhesion of the sprayed layers. The 
surface roughness before deposition processes 
was approximately Ra≈5.0 μm to provide adhesion 
and to improve the contact properties. The coated 
samples for abrasion tests were cut by wire 
electro-discharge machining process from plate to 
dimensions of 75×22×7 [mm]. The surface of 
samples was ground to a roughness Ra = 0.2 µm 
before the ASTM test. The number of samples for 
each experimental test was three. Before spraying, 
the samples were preheated to temperature from 
90 °C to 100 °C to achieve good adhesion [2,20]. 
For the conventional thermal spray process, as 
established in technical literature, e.g. [21,22], an 
appropriate substrate temperature can enhance 
the adhesion of coatings. 
 

The flame spraying process was carried out by the 
SuperJet Eutalloy thermal spraying gun. The applied 
pressures of gases were 100 kPa for oxygen and 
70 kPa for acetylene. The spray distance between 
the gun and the substrate was approximately 200 
mm because excessive stand-off distance produces 
a more porous and oxidized coating with reduced 
cohesion and adhesion. The sprayed coatings were 
submitted to a post thermal treatment (oxy-
acetylene flame remelting) at a temperature of 
1025 °C for the provision of diffusion processes. 
The thermally sprayed coatings obtained by this 
process show an improvement of bond strength 
between coating and substrate [5]. Figures 5 and 6 
and a detailed SEM inspection (Figs. 9 and 10) 
confirm good adhesion.  

2.3 Microstructure, hardness and wear test 
 
Total coatings thickness was approximately 2.5 – 3 
mm, as documented in Figs. 5 and 6. 
Microstructural investigations were carried out on a 
cross-section of samples using optical microscope 
Neophot 21 and SEM. Coatings were etched with a 
mixture of HF (10 cc) and HNO3 (100 cc). The 
surface hardness HR15N was measured on the 
sprayed coatings surfaces after grinding using 
hardness tester Rockwell RB-1E/AQ. The reported 
values are average of at least 5 measurements. The 
coating micro-hardness HV0.3 was measured on 
the coatings cross-sections (Hanemann's hardness 
tester HV0.3). The reported values are an average of 
at least 10 measurements. 
 

 

Fig. 3.  Abrasion tester [23]. 

 

 

Fig. 4.  The view on tribo-pair [23].  

 
The investigations of the wear behavior were 
carried out under the abrasion regime. The test 
parameters of the three-body abrasion test were 
set according to the ASTM standard G65-4 known 
as the Dry–Sand Rubber Wheel (DSRW) test [23-
25].  In this test, a stream of particles is fed 
through the loaded contact between a test 
specimen and a rotating rubber steel wheel; the 
abrasive particles pass through the contact region 
only once (Figs. 3 and 4). The constant test 
parameters were as follows: wheel speed of 2.3 
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m.s-1, load 35 N, SiO2 angular abrasive particle size 
of 0.2-0.315 mm with the hardness of 1000-1200 
HV, and abrasion linear length of 1031 m, wheel 
diameter – 229 mm. Before the tests, the samples 
were ground to remove the oxide layer and to 
obtain the roughness according to ASTM G65 
standard test.  Before weighing, all samples were 
ultrasonically cleaned in distilled water. Weight 
loss was measured using an analytical balance 
KERN ABJ 320-4NM (measurement sensitivity: 
0.1 mg) Samples were weighed before and after 
the test, recording the weight loss. The abrasion 
test was repeated three times for the materials 
used, and the average weight loss was calculated. 
 
Weight loss was used as a measure of wear.  The 
specific wear rate WS [mm3/N.m] is usually 
expressed and calculated as follows: 

WS = ∆V/(Fn . L)                           (1) 

where:  ∆V refers to wear volume [mm3], 
Fn is normal load [N] per sliding distance L [m]. 
 The volume loss ∆V [mm3] was calculated as 
follows: 

∆V =∆m/ς                               (2) 

where: ∆m is mass loss [g],  ς is density [g/mm3].   
The weight loss obtained was converted to 
volume loss using the 7.082 g/mm3 value of 
coatings density. 
 
SEM analysis of the worn surfaces was carried 
out for all coatings after tribotests. These 
investigations of the wear appearance can give 
important indications about the predominant 
wear mechanisms. 
 
The roughness on worn surfaces of coatings was 
measured by surftester Mitutoyo SJ-301, 
according to DIN EN ISO 4287 (5 mm sampling 
length and 0.8 mm cut-off length). The reported 
values are the average of at least five 
measurements. 
 
 

3. RESULTS AND DISCUSSION 
 
The cross-section of the of coatings is shown in 
Figs. 5 and 6. The remelted coatings documented 
in Figs. 5 to 10 show low porosity. This is also 
consistent with the literature [26, 27] where it is 
indicated that complete densification cannot be 
obtained, but that porosity can be greatly 
reduced. 

 
Fig. 5. The cross-section of coating A. 

 

 
Fig. 6. The cross-section of coating B. 

 
The Ni-based matrix contains nickel, chromium, 
iron, silicon, and boron. Binary phase diagrams 
such as NiCr, NiB, and NiSi provide information 
on the effects of individual alloying elements 
[28]. They show that the presence of Cr, Si, and B 
elements reduces the melting temperature point 
of nickel. Furthermore, these three elements 
play a role in forming hard borides and carbides, 
owing to improve the mechanical properties of 
the produced coating. The NiCrBSi is made of a 
Ni-rich solid solution phase -Ni and low 
content of Ni-Ni3B eutectic [29]. When the 
spraying alloy solidified from high temperature, 
several possible borides, carbides, and silicates 
may be created, such as Ni2B, CrB, Ni5Si3, Ni13Si12, 
Ni3Si, (Cr,Fe)7C3 and Cr23C6 [30]. In accordance 
with the above mentioned, nickel compounds 
were observed in both coatings, the nickel solid 
solution (bright areas) is visible in Figs. 7 and 8.  
The grain size and shape of Ni cells of both 
coatings are different with the distribution of 
precipitates at the grain boundary. Figure 7 
shows less numerous darker areas indicating 
fewer precipitates (hard phases), resulting in the 
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lower hardness of coating A. The precipitates 
(dark areas) in Fig. 8 have a polygonal shape 
with homogenous distribution in the Ni matrix.  
 

 
Fig. 7.  The microstructure of coating A. 

 

 
Fig. 8.  The microstructure of coating B. 

 
The transition zone between the coating and the 
substrate shown in Figs. 5, 6 and SEM images 
showing a detailed view of interface (Figs. 9 and 
10) confirmed good adhesion between coating 
and substrate. These observations correspond to 
[27], where it is reported that the two-stage 
deposition process offers good adhesion to the 
substrate as well as a significant reduction in 
porosity after the remelting process. 
 

 

Fig. 9.  The coating A/substrate interface. 

 

Fig. 10. The coating B/substrate interface. 

 
Heat treatment after the spraying process provides 
a dense coating with high cohesiveness, reduced 
porosity, and a strong diffusion bond to low 
carbon steel substrates, as also reported in [26]. 
 

The measured micro-hardness values of coating A 
ranged from 285 ±35 to 295 ±37 HV0.3, and the 
micro-hardness values of coating B ranged from 
385 ±39 to 429 ±47 HV0.3. The higher micro-
hardness values of coating B are due to the carbide 
particles present in the coating. The possible 
reason for the increase of micro-hardness could be 
the precipitation hardening effect of the nickel 
alloys [31]. The wear performance of thermally 
sprayed materials can be difficult to estimate by 
adopting the principles of wear behavior for 
traditional engineering materials. Based on 
experiments, it was observed that increasing the 
hardness of the materials resulted in a reduction in 
wear (Table 2). The specific wear rate of coating B 
was lower compared to coating A. This can be 
explained by the chromium carbide precipitates in 
the metal matrix. 
 

Table 2. Hardness and wear rate of coatings A and B. 

Coating 
Hardness 

(Rockwell) 
Mass loss 

Δ m [g] 
Wear rate WS 

[mm3/Nm].10-7 

A 20.7 ±2 0.0672 2.63 ±0,13 

B 39.4 ±2 0.0389 1.52 ±0,6 

 

SEM analysis of the worn surfaces was carried 
out (Figs. 11-14). Three-body abrasion is the 
combination of the micro-cutting wear 
mechanism and the plastic wear mechanism. The 
tested coatings show damage caused by cutting 
and ploughing material removal mechanisms.   In 
coating A, both ploughing and cutting 
mechanisms acted (Figs. 11 and 12), while in 
coating B, mainly a cutting mechanism was 
observed (Figs. 13 and 14). The worn surface of 
coating B revealed the shallower grooves depth 
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compared to coating A (Figs. 13 and 14), which is 
attributed to its higher hardness, resulting in a 
lower abrasive wear rate.  

 

 
Fig. 11. The worn surface of coating A. 

 

 
Fig. 12. The worn surface of coating A. 

 

 
Fig. 13. The worn surface of coating B.  

 
Fig. 14. The worn surface of coating B. 

 

 
Fig. 15. The surface roughness of coating A after 
tribotest. 

 

 

Fig. 16. The surface roughness of coating B after 
tribotest. 

 
Surface roughness parameters were measured 
after abrasion tests. Roughness on worn coating 
surfaces was recorded as follows: coating A: Ra = 
0.65 µm, Rz = 5.25 µm; coating B: Ra = 0.61 µm, 
Rz = 3.93 µm. The surface roughness parameters 
after the abrasion tests show that the deeper 
grooves observed on the surface of coating A 
(Figs. 15 and 16) correspond with its higher 
roughness and lower hardness values compared 
to coating B. 
 
 
4. CONCLUSION  
 
The innovative metallic powders with original 
chemical compositions were deposited by two-
step deposition technology and subjected to 
evaluation of the abrasive wear resistance under 
three-body wear conditions. Based on the 
experimental results obtained, the following 
conclusions can be made:  

 The abrasive wear resistance determined by 
the dry sand rubber wheel test showed an 
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increased wear resistance of the coating 
made of powder B compared to coating A.  

 The wear resistance and also hardness of 
coatings A and B correlate with the chemical 
composition of tested innovative powders. 

 The increase of the surface roughness 
measured by surftester and grooves depth 
of coatings observed by SEM after abrasive 
test correlates with increased wear rate. 

 After the abrasion test, the wear 
mechanisms of cutting and ploughing were 
observed on worn surfaces of coatings. 

 Tribological characterization of coatings 
provided information about the efficiency of 
the chemical composition of the innovative 
powders determined for the thermal 
spraying technology. 

 
The thermal spraying, with the various processing 
techniques and the emerging generation of new 
materials, remains still in the center of the 
attention of researchers and industry. 
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