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Abstract. This study considers the structural features of Ni-Cr-Si-B (Ni – base; 15.1 % Сr; 

2 % Si; 2 % В; 0.4 % С) materials obtained by different methods. The self-fluxing coatings 

were deposited by plasma spraying on the tubes from low carbon steel. Bulk cylinder 

specimens of 20 mm diameter and 15 mm height were obtained by spark plasma sintering 

(SPS). The structure and phase composition of these materials were investigated by optical 

microscopy (OM), scanning electron microscopy (SEM), transmission electron microscopy 

(TEM) and X-ray diffractometry (XRD). The major phases of coatings and sintered materials 

are γ-Ni, Ni3B, CrB and Сr7С3. We demonstrate that the particle unmelted in the process of 

plasma spraying or SPS consist of γ-Ni-Ni3B eutectic and also CrB and Сr7С3 inclusions. The 

prolonged exposure of powder to high temperatures as well as slow cooling rates by SPS 

provide for the growth of the structural components as compared to  those of plasma coatings 

materials. High cooling rates at the plasma spraying by melted particles contribute to the 

formation of supersaturated solid solution of Cr, Si and Fe in γ-Ni. The structure of the melted 

particles in sintering material has gradient composition: the core constituted of Ni grains of 

10 μm with γ-Ni-Ni3B eutectic on the edges. The results of the experiment demonstrate that the 

sintering material has a smaller microhardness in comparison with plasma coatings (650 and 

850 MPa, respectively), but at the same time the material has higher density (porosity less than 

1 %) than plasma coatings (porosity about 2…3 %). 

1. Introduction 

The self-fluxing alloys of Ni-Cr-Si-B system possess high wear resistance [1-7] and corrosion 

resistance [2-5, 8-10] at room and higher temperatures and also high heat resistance [1, 3]. Due to 

these properties, machine details made of these materials are widely used in aerospace industry and 

aircraft construction [11], atomic [3, 12, 13], oil and chemical industry, and metallurgy [14].  

There are many techniques of coatings deposition stating from the self-fluxing alloys, for example 

CVD and DVD [1], different kind of welding (laser cladding [15, 16], vacuum-arc deposition [17]) 
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and thermal spraying (plasma spraying [6, 10, 18], flame spraying [1, 6, 7], high velocity oxy-fuel 

spraying [8, 9]). The technology of plasma spraying is widely used [6, 10, 18-23]. It allows to form 

coatings of any materials including composite coatings on surface of any complexity as well as restore 

the worn out machine parts surfaces. Unfortunately the disadvantages of plasma coatings are high 

porosity (up to 20 %) [7] and low adhesion [4, 5, 7, 18]. It may limit their use in corrosive mediums 

[4, 5, 8] and decrease their wear-resistance. The solution to of this problem is subsequent melting of 

self-fluxing coatings [2, 5, 7, 18].  

SPS is perspective technique of high-pressure sintering. This method allows taking dense fine-

grained material in short time [24]. In future this technique will be used for sintering of self-fluxing 

powders onto detail surface. The authors of study [25] demonstrate that dense coatings with high 

adhesion and high operation properties may form in that case. Nowadays significant amount of studies 

devoted to SPS were carried out [26-31], but there is no research into Ni-Cr-Si-B alloys sintering. 

Thus the questions about the structure and properties of these materials obtained by SPS require 

investigation. 

In this study we consider the structural features of self-fluxing material of Ni-Cr-Si-B system 

obtained by plasma spraying and SPS. 

 

2. Materials and methods 
Coatings and bulk materials were formed from self-fluxing powder of Ni-Cr-Si-B system. Chemical 

composition of the powder: Ni – base; 15.1 % Сr; 2 % Si; 2 % В; 0.4 % С. The particle of self-fluxing 

powder had spherical form of 40…100 μm.  

Air-plasma spraying was carried out at the Institute of Theoretical and Applied Mechanics SB RAS 

with the help of plasmatron “PNK-50” with an annual injection of powder unit. The powder was 

sprayed on tubes from low carbon steel 20 (0.2 wt. % C). The inner diameter of tubes was 60 mm, the 

wall thickness was 3 mm. The regimes of plasma spraying were: current arc was 140 A, and voltage 

was 265 V. The blend of air and propane-butane was used as a carrier, focus and protective gas. The 

air was used as plasma gas. The distance of plasma spraying was 170 mm. Grit blasting of the 

substrate surface was performed before the spraying. Then the 75Ni15Al interlayer with thickness 

10…15 μm was deposited on the surface tubes to increase adhesion. 

SPS was carried out at Tomsk Polytechnic University on the SPS10-4 apparatus. The regimes of 

sintering were: heating rate was 100 °C/min., heating temperature was 1030 °C, sintering pressure was 

65 MPa and the high-pressure treatment period at the sintering temperature was 5 min. We obtained 

the cylindrical specimens with diameter 20 mm and height 15 mm. 

The microstructure of coatings and bulk material was identified by the optical microscope Carl 

Zeiss Axio Observer A1m and scanning electron microscope Carl Zeiss EVO50 XVP. The sample for 

analysis and microhardness measurement were cut by the cross-section and prepared by standard 

methods: mechanic grinding and polishing with colloidal Al2O3. To reveal eutectic the surface of the 

samples we etched it with the solution of 10 ml HCl, 0.1 ml HNO3, and 10 g FeCl3. Thin foils were cut 

from the middle of the coating for structural analysis by transmission electron microscope Tecnai G2 

FEI. The XRD analysis was done using ARL X'TRA with Cu Kα radiation. Microhardness was 

estimated by Wolpert Group 402MVD with pressure of 10 g. 

 

3. Results and discussion 
The structure of plasma coatings is presented in figure 1. We can observe that the material of coating 

contains slightly deformed and significantly deformed particles with the initial geterophase structure 

(A in Figures 1b, c). The major of powder particles melt in the process of plasma spraying. The 

supersaturated solid solution γ-Ni fixes on substrate or already consolidation material of coatings 

during crystallization process (B in Figure 1b, c) [32]. 

Figure 2 shows the material structure formed by SPS. The structural research allowed establishing 

that the most of particles do not change their form. It is clearly seen that the particles have contacts 

along the whole particle surface, providing for the material low porosity. The majority of particles 
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save their geterophase structure (C in Figure 2b). Small particles which are located in the joints of 

coarse particles are melted (D in Figure 2b). 

 

 
Figure 1. The structure of coatings: а) before etching, b, c) after etching; а, b) OM, c) SEM. 

 

 
Figure 2. The structure of sintering material. 

 

According to the data obtained by X-ray diffraction (Figure 3), the major phases of self-fluxing 

coatings as well as sintering materials are γ-Ni, Ni3B, CrB and Сr7С3. It is noteworthy that the initial 

powder has the same phase composition.  

Figures 1c and 2b show that the structure of A and C type particles is identical and constitutes 

eutectic of γ-Ni dendrite and Ni3B phase. The structure of A type particles is more disperse which can 

be explained by the short time exposure of powder particles to high temperature. In this case any 
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structural changes do not take place. The initial powder particles have the same disperse structure. The 

heating and cooling rates are less at SPS. The same conditions contribute to the transformation of 

material in a more stable state and lead to the changes that facilitate the increase of structural 

components. 

 

 
Figure 3. XRD spectra of the coating and sintering material. 

 

According to the equilibrium diagram of Ni-C and Ni-B, С and В practically do not dissolve in Ni 

lattice (2.7 and 0.3 at. %, respectively) [33]. Chromium borides and carbides do not change their 

morphology in A type particles in comparison to the initial powder. Figure 4 obtained by SEM in 

regime backscattering electrons shows that the phases of these types are clearly seen. CrB is the dark-

grey blocky particles, Сr7С3 is light-grey with the flower shape. The size of these inclusions of plasma 

coatings is smaller, than the one of the sintering material (Figure 4b). It can be explained by the 

difference of the technology parameters. 

 

 
Figure 4. CrB and Cr7C3 inclusions of coatings (a) and CrB inclusions of sintering material. 

 

The structure of powder particles which were melted (B and D type) is also different. Significant 

supercooling degrees of B type particles do not allow segregating all alloying elements from γ-Ni 

lattice. As a result the coating particles of the same type constitute the supersaturated solid solution of 
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Cr, Si and Fe in γ-Ni. TEM revealed that the size of subgrain in the particles of this type does not 

exceed 100 nm (Figure 5). The structure of D type particles of sintering material is showed on figure 

2b. Mostly, these particles represent coarse Ni grains with size up to 10 μm in the particle core and γ-

Ni-Ni3B eutectic about the particle edges. 

 

 
Figure 5. Bright-field image of the supersaturated solid solution of γ-Ni of coating. 

 

It was revealed by microhardness measuring that the hardness of sintering material is less than 

coating (650 and 850 MPa, respectively). The study [34] by local microhardness measuring 

demonstrated that particles hardness changing depends on particles type. The slightly deformed 

particles have the smallest microhardness (600…700 HV). Figure 2a clearly shows that the sintering 

material is characterized by the presence of this type particles only. Besides long exposure of the 

material to high temperatures provides for the diffusion processes that further promote the decreases of 

the microhardness. The sintering material is denser (porosity less than 1 %) in comparison with plasma 

coatings (~2…3 %). 

 

4. Conclusions 

X-ray analysis showed that the phase composition of coatings and sintering materials are the same. 

The major phases of coatings and sintering materials are γ-Ni, Ni3B, CrB and Сr7С3.  

The OM and SEM revealed that the structure of plasma coatings and sintering materials are 

different. The unmelted particles in plasma jet or sintering constitute γ-Ni-Ni3B eutectic and CrB and 

Сr7С3 inclusions. The prolonged exposure to high temperature of powder particles by sintering and 

low cooling rates provide the growth of structural components in comparison to material of plasma 

coatings. High cooling rates by plasma spraying of the melted particles contribute to formation of 

supersaturated solid solution of Cr, Si and Fe in γ-Ni. The structure of melted particles in sintering 

material has gradient composition: Ni grains with size up to 10 μm are in the core of the particles and 

γ-Ni-Ni3B eutectic is about particles edges. 

Microhardness measuring shows that sintering material has less hardness in comparison with 

plasma coatings (650 and 850 MPa, respectively). 

Porosity measuring showed that sintering material is denser than coatings (porosity less than 1 % 

and about 2…3 %, respectively). 
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