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The influence of silicon carbide nanoadditives on the microstructure of the 

composite based on aluminum oxide microparticles during hot pressing due to 

electrosintering is investigated. The introduction of silicon carbide nanoparticles 

into the material leads to the formation of a specific structure of the material. A 

dispersion-strengthened nanocomposite of the "micro/nano" type is formed. On 

the other hand, all ceramic material containing granular silicon carbide powder 

is composite. In the process of sintering, a liquid phase is formed at a lower 

temperature, compared to the sintering of "micro-micro" particles. Such a 

complex structure of the composite leads to a significant improvement in the 

physical and mechanical properties of the material. In addition to the size of the 

SiC particles, the defects of the crystal lattice of the starting materials have a 

significant impact on the sintering and properties of the studied compositions. 

Nanodispersed silicon carbide powder has a more defective crystal lattice 

compared to the lattice of silicon carbide micropowder. The silicon carbide 

nanopowders used are more defective and, therefore, more active for sintering, 

since the process takes place under maximally non-equilibrium conditions. The 

microstructure obtained with different compositions of nanoadditives and 

sintering modes is studied. The peculiarities of the effect of various 

nanoadditives from Al2O3 and SiC on the microstructure and properties of the 

obtained materials were revealed. It was established that the use of this method 

makes it possible to improve such mechanical properties of the material as 
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microhardness (HV = 25.0 GPa) and crack resistance (KIC = 6.5 MPa·m1/2). 

Keywords: composite material, nanopowder, electrosintering, liquid phase, 

crack resistance, nanocomposite, ceramic matrix composite.  

 
1. Introduction 

Composite material based on Al2O3–SiC powders, due to its unique physical, mechanical and 

operational properties, has increasingly attracted many scientists specializing in materials 

science in recent years. Cheap and available on the market starting components made this 

material competitive compared to other known ceramic materials of this type. CMCs-

composites Al2O3–SiC are promising as an instrumental and structural material. The creation 

of functionally gradient materials based on them will make it possible to further expand their 

prospective use [1–5]. The main trend in the development of modern composite materials, in 

particular instrumental materials, is to reduce material costs, respect ecology, and increase 

productivity. 

CMCs based on aluminum oxide are interesting as tool materials with the greatest inertness 

to iron and are used mainly for processing carbon steels [6, 7]. Their main drawback is low 

strength and crack resistance [8]. The problem was solved by adding other compounds, in 

particular up to 20% TiC, TiN, TiCN and creating heterophase dispersion-strengthened 

ceramics by traditional hot pressing at 1600...1650 °C, and this is a high temperature – 

punches burn with the release of CO2 [9, 10]. These materials provided clean and semi-clean 

turning, but did not provide a tendency to increase productivity due to an increase in cutting 

speed, because the temperature in the cutting zone increased due to insufficient thermal 

conductivity and strength of the cutting plates. To solve this problem, silicon carbide fibers 

can be added to aluminum oxide, which significantly increases the properties [11, 12]. 

Obtaining ceramic matrix composites based on aluminum oxide and silicon carbide by the 

method of electroconsolidation at temperatures at which chemical interaction occurs between 

the components with the formation of new phases both in the solid and in the liquid state 

makes it possible to obtain the maximum level of properties by various methods of hot 

pressing (electrosintering) [13, 14]. However, in this case, the technology of preservation of 

fibers during mixing during cold and hot pressing is somewhat complicated. An increase in 

the temperature of hot pressing leads to an increase in the cost of the material and 

deterioration of ecology [15, 16]. 

The use of silicon carbide nanopowder improves the mechanical properties of the composite, 

and also makes it possible to lower the temperature of hot pressing of the composite material 

[17]. At the same time, the traditional principles of materials science regarding the formation 

of the structure and properties of the material are preserved during hot pressing only for 

temperatures of 1400 °C and 1500 °C. At a temperature of 1600 °C, an increase in polytypes 

6-H and IV (Si7C7) due to a decrease in the initial cubic polytype 3C was found in the 

material structure. A slight decrease in hardness and crack resistance was established. When 

the temperature of hot pressing is increased to 1700 °C, chemical interaction occurs between 

the components and the complete transformation of atomic 3С into 6Н cells of silicon 

carbide and the formation of up to 4 wt.% SiO2. 

Despite the presence of the liquid SiO2 phase (Tp = 1713 °C), the density of the material 

decreased by 5% compared to the density of samples obtained at temperatures of 1400 °C 

and 1500 °C. Disadvantages include the high temperature of the low-productivity method of 
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hot pressing for obtaining dense materials. One of the methods for solving this problem is 

the use of zirconium oxide in a stoichiometric ratio with Al2O3, which corresponds to the 

eutectic composition [18–20]. 

Today, the most successful material is based on Al2O3 micropowder and up to 15% micro- or 

nano-SiC [21–23]. At the same time, in the case of using micropowders, regardless of the 

parameters of the hot pressing process, the structure and properties of the material are 

formed on the basis of traditional materials science: the phase composition and their ratio 

correspond to the parameters of the original powder mixture. In the ceramic matrix 

composite CMCs, obtained on the basis of micropowders and nanopowders of Al2O3–SiC by 

the method of electroconsolidation, interesting transformations occur with the formation of a 

liquid phase and the disclosure of the features of the formation of the structure of this 

composite. This makes it possible to improve physical and mechanical properties, especially 

for the creation of promising functional gradient materials [24, 25]. 

 

2. Experimental conditions 

The research used micropowders (1...2 μm) of α-Al2O3 produced by LLC "Khimlaboreaktiv" 

(Kyiv, Ukraine), as well as SiC nanopowder of the brand #4629HW manufactured by 

Nanostructured & Amorphous Materials (USA) CAS #409–21–2 (Fig. 1). 

 
Figure 1. Particle size distribution of SiC100 powder 

Basic information on the chemical composition of SiC nanopowder is given in Table 1. 

X-ray phase analysis of these powders showed a clearly defined 3C-modification (cubic) 

phase and the presence of a small amount of 6H-modification (hexagonal) phase (Fig. 2, 

Fig. 3). 

The results of analyzes of nano-SiC type powder show that the average size of SiC crystals is 

about 100 nm. The predominant phase of SiC is cubic 3C. Analysis of X-ray patterns and 

Raman scattering spectra indicates the presence of small amounts of the phase of the 

hexagonal polytype 6H-SiC and carbon. 

Based on nano-SiC powder and nano (submicron) Al2O3 powder, charges were prepared for 

further compaction due to electroconsolidation. 

Table 1. Chemical composition of SiC nanopowder 

Parameter Value 
Color gray-green 

Crystalline form cubic (3C) 

Particle size, nm 80…100 

Specific surface area, m2/g 20…30 

SiC content, % 99 

Si, % 69.1 
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FSi, % 0.051 

FC, % 0.35 

Al, % 0.003 

Mg, % 0.002 

Fe, % 0.012 

C, % 28.94 

O, % 0.53 

Ca, % 0.021 

 
Figure 2. Diffractogram of SiC nanopowder 

 
Figure 3. Raman spectrum of SiC nanopowder 

According to the results of X-ray phase analysis, the charge consists of a mixture of Al2O3 

with parameters a = 4.760 Å; c = 12.993 Å and SiC-3C with a lattice parameter a = 4.359 Å 

(Table 2). 

The size of the coherent scattering region practically coincides and is 82.7 nm and 87.7 nm, 

respectively. Both Al2O3 and SiC are in a nanostructured state. The size of the coherent 

scattering region is 201.5 nm and 68.6 nm, respectively. 

Table 2. Parameters of Al2O3–SiC powder mixtures 

№ mixture Phase wt.% Lattice parameters, Å D, nm ε 
1 Al2O3 85.4 a = 4.760; c = 12.991 201.5 3.4·10–4 

2 SiC-6H 14.6 a = 3.083; c = 15.110 68.6 1.85·10–3 

On the diffractograms in Fig. 4, there are additional lines from petrolatum, which is used to 

bind powders, but the width of the lines is not affected. 
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Figure 4. Diffractograms of powders with composition Al2O3–15 wt.% SiC 

Mixing of the starting powders was carried out in a planetary mill "SAND" with a rotation 

frequency of 150 rpm in a medium of methyl alcohol for 2 hours. The duration of mixing 

was determined by the degree of obtaining a homogeneous distribution of powders in the 

mixture. 

Samples for research were obtained in a hot pressing installation, which uses hot pressing by 

the electroconsolidation method [26, 27] at temperatures of 1400 °C, 1500 °C, 1600 °C, 

1700 °C, as well as at T = 1760 °C. 

Crack resistance was determined on the polished samples according to the Palqvist method 

[28, 29] under a load of Р = 550 N on the Vickers pyramid. The hardness was determined by 

Rockwell on the TK-2 device and by Vickers under a load on the diamond pyramid 

P = 300 N. Microhardness was measured on the PMT3 device under a load of 2 N with 

simultaneous fixation of the microstructure and an impression from the Vickers pyramid. 

The chemical integral composition was determined using scanning electron microscope. X-

ray microspectral studies of the local and integral composition of the structure of the sample 

obtained at 1760 °С were carried out using a scanning electron microscope "Carl Zeiss" 

(Germany). 

 

3. Results and discussion 

In Fig. 5 shows the surface structures of the samples in the optical image, which were 

obtained at temperatures of 1400 °C and 1500 °C. It should be noted that in the optical image 

of the structure of this material, the dark phase is aluminum oxide, and the light phase is 

silicon carbide. 
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Figure 5. Image of the structure of the surface of the sample obtained at temperatures of 

1400 °C, 1500 °C with exposure time of 3 min: (A) view of the structure of the extreme part 

of the surface of the cut sample, which is made at an angle of 2...3 degrees; (B) the middle of 

the sample with impressions from the Vickers pyramid 

As can be seen from Fig. 5, the unprocessed surface of the sample has a characteristic 

uneven "bumpy" appearance, as after hot pressing, which makes it difficult to determine its 

structure. After diamond treatment removes the irregularities of this surface at an angle of 

2...3° to a depth of 10-5 μm, it can be seen that the main structure (Figure 5, b) includes a 

dark-colored matrix phase with a small content of stochastically distributed dispersed 

inclusions 1...5 μm in size light phase. Individual grains of the light phase up to 20 μm in 

size were also found in the structure. As research has shown, the thickness of this surface 

layer is 30...50 μm. The hardness of HV is 18.7 GPa. The main structure also has a matrix 

phase, but lighter than the previous color, in which there are also dispersed inclusions of a 

light phase similar in size and distribution, but with a much smaller content. 

At sintering temperatures exceeding 1800 °C, areas with a secondary eutectic microstructure 

formed from the liquid phase are found in the microstructure of the pressings (Fig. 6), which 

indicates locally inhomogeneous heating of the pressing material under the conditions of 

spark-plasma sintering. Analyzing visually the photographs of the structures of the samples 

obtained in the temperature range of 1400...1700 °С, we can say that they are of the same 

type in structure. The dark phase is the matrix, and the light phase is the dispersed particles 

of silicon carbide. Moreover, the size is in the range of 1...20 μm. That is, in the process of 

hot pressing, nanopowder of silicon carbide is formed in an aggregated state of light 

inclusions. There is a slight difference in the structure of the sample obtained at a 

temperature of 1760 °C. 
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Figure 6. The microstructure obtained from a mixture of Al2O3 (micro)–15 wt.% SiC (nano) 

at a temperature of 1800 °C, a pressure of 35 MPa and a holding time of 3 min 

In the temperature range of 1400...1700 °C, the structure in the center of the sample does not 

change and is a matrix of the dark-colored phase. 

On the surface of the sample in Fig. 7, spots with a complex structural structure, as well as a 

light phase with dispersed inclusions of a dark and light gray phase, were detected. 

 

 
Figure 7. Structures of different parts of the surface of the sample obtained at a temperature 

of 1760 °C from a mixture of Al2O3 (micro)–15 wt.% SiC (nano): (A) and (B) aggregates of 
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SiC nanopowders; (C) and (D) hardness meter prints in different parts of the sample 

In Fig. 8 shows that as a result of the formation of a liquid phase in the composite, silicon 

carbide particles are arranged in the form of mesh colonies. 

 
Figure 8. The surface structure of the sample obtained at a temperature of 1760 °C from a 

mixture of Al2O3 (micro)–15 wt.% SiC (nano) 

In Table 3 shows the results of the integral chemical analysis of the elements in the structure 

of the samples depending on the sintering temperature. 

The structure of the Al2O3 (micro)–15 wt.% SiC sample is shown in Fig. 9, and the micro X-

ray spectral analysis of the sample is shown in Table 4. From the Table 4 shows that free 

carbon appears in the structures obtained at a temperature of 1700 °C. 

Table 3. Integral chemical analysis of elements in the structure of samples 

Sintering temperature, °C C, % O, % Al, % Si, % Fe, % W, % 
1400 7.20 44.62 37.81 9.92 0.22 0.12 

1500 6.92 44.81 37.69 9.85 0.66 0.06 

1600 6.57 46.51 39.21 8.22 0.38 0.00 

1760 3.31 47.85 40.92 6.23 0.06 1.63 

 
Figure 9. Structures of different parts of the surface of the sample obtained at a temperature 

of 1700 °C from a mixture of Al2O3 (micro)–15 wt.% SiC (nano) 
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Table 4. Results of chemical analysis of elements in the structure 

Spectrum C, % O, % Al, % Si, % Fe, % Co, % W, % 
1 61.57 13.23 7.26 17.57 – – 0.37 

2 51.99 19.51 11.00 16.08 0.44 0.31 0.66 

3 51.01 18.98 11.85 16.40 0.18 0.75 0.86 

4 59.88 8.60 12.80 18.05 – 0.15 1.51 

5 27.68 37.32 18.60 16.39 – – – 

6 10.13 58.02 30.58 1.28 – – – 

7 8.28 59.03 30.06 2.62 – – – 

8 8.77 59.67 30.96 0.59 – – – 

9 13.39 53.87 26.99 5.74 – – – 

The structure obtained from a mixture of Al2O3 (micro)–15 wt.% SiC (nano) is shown in 

Fig. 10. 

In the Table 5 shows the X-ray microspectral analysis of the sample area in squares 9 and 10. 

 
Figure 10. The structure obtained from a mixture of Al2O3 (micro)–15 wt.% SiC (nano) 

Table 5. X-ray microspectral analysis of the sample area in squares 9 and 10 

Spectrum C, % O, % Al, % Si, % Ti, % Co, % W, % 
1 27.78 38.08 19.33 14.80 – – – 

2 13.53 52.62 29.93 3.93 – – – 

3 58.04 – 3.49 37.77 – – 0.71 

4 59.14 2.40 3.57 34.16 0.73 – – 

5 41.73 26.47 9.57 21.81 0.13 – 0.29 

6 62.57 6.55 7.41 22.05 0.22 – 1.20 

7 29.34 44.29 20.36 6.02 – – – 

8 19.93 47.67 24.38 8.02 – – – 

9 8.88 59.31 30.09 1.73 – – – 

10 9.37 58.49 30.61 1.53 – – – 

11 24.40 43.06 22.83 9.72 – – – 

12 39.16 27.44 14.24 18.97 – 0.18 0.01 

In the case of using SiC nanopowder, the temperature of hot pressing of the material with 

maximum properties is decreases by 350...400 °С, while the traditional principles of 

materials science of the formation of the structure and properties of the material are 
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preserved during hot pressing only for temperatures of 1400 °С and 1500 °С. 

At a temperature of 1600 °C, an increase in polytypes 6H and IV (Si7C7) due to a decrease in 

the initial cubic polytype 3C was found in the material structure (Fig. 11). 

A slight decrease in hardness and crack resistance was established. Increasing the 

temperature of hot pressing to 1700 °C between the components leads to chemical 

interaction and complete transformation of the atomic 3С to 6Н cell of silicon carbide and 

the formation of up to 3.26 wt.% SiO2. Although it is generally known that the transition 

temperature is above 2000 °C. The reduction of aluminum oxide and silicon carbide directly 

indicates that silicon oxide was formed as a result of the interaction between them: Al2O3 – 

82.85 wt.%; SiC-6H – 13.28 wt.%; SiO2-stishovite – 3.26 wt.%; SiO2-Quartz – 0.61 wt.%. 

 
Figure 11. X-ray phase analysis of Al2O3–15 wt.% SiC composites obtained by hot pressing 

due to electrosintering at temperature T = 1600 °C, pressure P = 35 MPa, sintering time 

2 min 

Today, well-known materials are obtained from both macro- and micropowders of the 

original components by hot pressing at a temperature of T = 1800 °C, friction pairs have 

been created [30], as well as cutting plates for high-performance mechanical processing of 

alloys on based on iron. In the case of using micropowders during hot pressing at 

temperatures up to 1800 °C, a classic matrix-type structure is formed from Al2O3 with a SiC 

dispersed phase and the corresponding formation of a complex of properties (Table 6). 

Table 6. Results of measurements of hardness and crack resistance of the Al2O3 sample 

Sample temperature Crack resistance КIС, MPa·m1\2 Hardness HV (15) 
1500 °С 5.3 13.5 (edge) 

1500 °С 5.1 14.0 (between them) 

1500 °С 6,1 15.6 (center) 

1400 °С 4.1 17.9 (edge) 

1400 °С 5,3 18.8 (center) 

1700 °С 4.1 16.0 (center) 

1700 °С 4.5 14.6 (edge) 
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The research was carried out with loads on the Vickers pyramid – 15 kg. Some observations 

during the preparation of grinding samples on the ShP-3A planetary grinding and polishing 

machine. 

At 1760 °C, a more uniform distribution of the light gray phase is observed, as well as a 

deformation from a round to an elongated shape. A sample made from a mixture of Al2O3 

micro-15 wt.% (Fig. 12). 

 
Figure 12. The structure obtained from a mixture of Al2O3 (micro)–15 wt.% SiC (nano) at a 

temperature of 1760 °C 

As can be seen, compared to the initial composition, the mass fraction has changed, which is 

caused by chemical reactions. Thus, the SiO2 phase is formed in the composition of the 

sample after consolidation (Fig. 13). 

 
Figure 13. Microstructure of Al2O3–15 wt.% SiC composites 

In Fig. 14 shows the dependence of the change in relative density on temperature at different 

electrosintering temperatures. 

The advantage of using nanodisperse powders in liquid-phase sintering is to lower the 

sintering temperature while maintaining the necessary properties. An increase in the 

dispersion of the powder increases the defectivity of its crystal lattice and the reserve of 
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excess energy. 

 

 
Figure 14. Relative densites CMCs Al2O3–15 wt.% SiC under different temperature during 

electrosintering: 1 – SiC (nano); 2 – SiC (micro) 

An increase in the surface layer with distorted lattices promotes the flow of surface diffusion 

and mass transfer. This approach refers to physical methods of sintering activation. 

Grain growth can be controlled by reducing the sintering temperature and holding time, but 

this causes poor sintering of the particles due to incomplete grain boundary diffusion. As the 

content of SiC particles in the initial mixture increases, the average grain size decreases. The 

presence of SiC nanoadditive particles prevents the growth of grains, without requiring a 

decrease in the sintering temperature and holding time. 

 

4. Conclusions 

Obtaining composite materials with high mechanical properties during the consolidation of 

powder materials is associated with solving a number of difficult tasks. On the one hand, an 

increase in the sintering temperature promotes a more active course of grain boundary 

diffusion and their sintering, on the other hand, it activates the formation of by-products, 

which negatively affects the density and hardness of the material. 

When choosing the optimal compaction parameters of composite materials from nanosized 

powders, special attention should also be paid to their increased activity. But on the other 

hand, this feature of nanopowders can have a positive effect during liquid-phase sintering, 

lowering the temperature of eutectic mixture formation. 

The study of the mechanical properties of the obtained composites showed that the Al2O3–

SiC composite reaches the maximum values of microhardness (HV = 25.0 GPa) and crack 

resistance (KIC = 6.5 MPa·m1/2) with a composition of 85 wt.% micro-Al2O3–15 wt.% nano-

SiC, sintering temperature Ts = 1600 °С, exposure time t = 2 min. 

Funding: The researches were co-financed by Ministry of Education and Science of Ukraine 

project No. 0121U109441. 
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