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Abstract. Silicide based compounds are widely used for coatings due to their high 
melting temperature, oxidation resistance and moderate density. Employment of 
binders based on silicides of transitional metals can provide cBN-based cutting tools 
with higher chemical stability and better performance. The relationship between 
phase composition, microstructure and mechanical properties of novel 
polycrystalline cubic boron nitride (PcBN) materials were investigated. Three series 
of PcBN samples were made by high pressure high temperature (HPHT) sintering. 
Silicides of chromium – CrSi2, vanadium – VSi2 and molybdenum MoSi2 were used 
as a binder phase in each case, while aluminum was introduced to the mixture as an 
oxygen getter. During HPHT sintering at temperatures above 1850 °C the formation 
of borides of binder phase were observed in cases with VSi2 and MoSi2. For system 
with CrSi2 binder, temperature of boride formation was found to be lower – 1600 °C. 
Materials with MoSi2 binder phase demonstrated the highest level of microhardness. 
Performance of materials were investigated in conditions of machining of stainless 
steel AISI 316L and Inconel 718. 
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Introduction 

Since the invention, polycrystalline cubic boron nitride (PcBN) materials are widely 
used in conditions where diamond based materials or hard ceramics cannot be applied 
[1]. Especially under high speed machining of iron- and nickel- based alloys [2]. The 
down side of cBN-based materials is their relatively low resistance to chemical wear [3]–
[5]. In practice, this issue can be partly solved by introducing of additional binder phases 
like pure metals or ceramic binders. In turn, the type and content of binder phase will 
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greatly influence the future application and properties of tools. Thus, materials with 
ceramic binders, namely TiC, TiN or TiCN and content of cBN between 45 and 70% 
designate as a BL group (low content of cBN), while materials with cBN content above 
80% in combination with pure metals or ceramic phases corresponds to BH group(high 
content of cBN).  

Comparative study of tool life of different grades of cBN-based materials in 
conditions of high speed machining of Inconel 718 established superior tool life of 
materials with low cBN content and ceramic binders [6]. Since that, several studies were 
performed in order to investigate and improve properties of these materials [7]–[12].  

Detailed study of microstructure of commercial PcBN materials with TiCN binder 
demonstrated presence of typical reaction products such as TiB2 and aluminum 
compounds (AlN, AlB2, Al2O3) [9], [10], [13], which find good correlation with previous 
thermodynamic calculations [14]–[16]. While comprehensive study of cBN-based 
materials with chromium compounds as binder phase established high potential of 
application of uncommon binder phase materials. Average microhardness of these 
materials were in a range of 35 - 40 GPa [17], [18]. Although, investigation of cBN-
based materials with vanadium, zirconium compounds as a binders pointed out the 
importance of chemical stability of binder phase along with high hardness of the tool 
[12], [19]–[22]. 

Silicide compounds are widely used as a coatings in a variety of applications due to 
their high melting temperature, oxidation resistance and moderate density [23]–[25]. 
Furthermore silicides can be applied for reinforcements for ceramic matrix composites 
[26]. Therefore, employment of binders based on silicide of transitional metals can 
provide cBN-based cutting tools with higher chemical stability and better performance. 

1. Experimental details  

Three types of samples were sintered under high pressure and high temperature 
(HPHT) conditions. Sintering took place at temperature range of 1600 - 2450 °C, under 
pressure of 7.7 GPa, thus for each series 6 samples were produced. Commercial micro 
powders of cBN, CrSi2, VSi2, MoSi2 and Al flakes, were used as the initial materials. 
The cBN content in the initial mixtures was 60 vol. %, 5 vol. % of Al were introduced 
to each mixture and remaining volume of sample binder phase MeSi2. Prior to sintering, 
green bodies were subjected to degasing in vacuum. In order to conduct investigation 
and test material performance, the well-sintered samples were ground to RNGN090300T 
cutting insert shape. 

Phase composition of initial powder mixtures and sintered samples were conducted 
by X-ray diffraction analysis STOE STADI MP in CuKα radiation. Detailed description 
of software for phase analysis listed in [27]. The study of microstructures was performed 
on a SEM LEO 1560 equipped with SE2 detector and on a Tescan Mira3 equipped with 
Oxford EDX detector. 

Densities of sintered samples were measured by direct measurements of their sizes 
and mass. The longitudinal and shear wave sound velocity was measured using Olympus 
38D Plus pulse-echo tester for further calculation of elastic modulus [28]. Indentation 
for microhardness and fracture toughness measurements were done on Vickers Hardness 
Tester THV-30MDX, with 1 kg and 5 kg load on indenter, respectively. Dwell time was 
kept constant – 15 sec. Performance testing was conducted on CNC lathe with 
application of oil emulsion flood coolant in conditions of high speed longitudinal 
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machining of stainless steel SS-EN1.4404 (AISI 316L) and Inconel 718. Cutting 
parameters for each case listed in Table 1. The average flank wear (VB), was measured 
using stereo microscope. 

Table 1 Cutting parameters. 

Workpiece material 
Cutting speed 

(vc), m/min 

Feed rate (f), 

mm/rev 

Depth of cut (ap), 

mm 
Time (t), s 

SS-EN1.4404 (AISI 316L) 300 0.15 0.3 30 

Inconel 718 200 0.1 0.3 30 

2. Results and discussion  

2.1.  X-ray analysis 

MoSi2 binder: As was confirmed by 
XRD the initial components of the mixture 
are cBN (а = b = c = 3.6172 Å, F-43m), 
MoSi2 (а = b = 3.2060 Å, c = 7.8582 Å, 
I4/mmm) and WC (a = b = 2.9033 Å, 
c = 2.842 Å, P-6m2). Same phase 
composition was kept in sample sintered at 
1600 °C. Presence of tungsten carbide 
associated with milling process, while 
absence of aluminum peaks  might be due 
to their weakness and overlapping with 
other compounds (Figure 1). Increasing of 
the sintering temperature up to 1850 °C 
leads to the formation of molybdenum 
boride α-MoB (a = b = 3.1243 Å, c = 16.922 Å, I41/amd). It should be noted that, 
depending on the temperature, the MoB phase exists in two different modifications [29]. 
Thus, at temperatures above 2150 °C α-MoB transformed into ß-MoB (a = 3.1727 Å, 
b = 8.4560 Å, c = 3.0852 Å, Cmcm). Influence of applied temperature and chemical 
interaction leads to decreasing of MoSi2 lattice volume (Figure 2).  

 
Figure 2 Influence of sintering temperature on lattice volume of silicide phases.  

Also, based on Rietveld refinement it can be assumed that at temperatures above 
2150 °C saturation of the MoSi2 lattice with nitrogen occurs, the content of which 
gradually increases from 1.5 to 4.5 at.% depending on sintering temperature. Embedded 
nitrogen is localized in the octahedral pores of the MoSi2 structure (Figure 3) [30]. Not 
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Figure 1 XRD patterns of cBN-MoSi2-Al samples 

sintered at different temperatures.  
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all of these nets are occupied by nitrogen atoms, but features noted above may affect on 
the volume of the unit cell. 

VSi2 binder: Weak peaks of tungsten carbide were 
found on XRD pattern of sample sintered at 1600 °C 
(Figure 4 a). Similar to the system with MoSi2 binder, 
formation of binder phase metal boride occurred at 
1850 °C, namely VB2 (а = b = 2.9980 Å, 

c = 3.0560 Å, P6/mmm) was found. Also, at 
temperatures above 1850 °C amount of reaction 
products between aluminum and oxygen become 
detectable for XRD. This was confirmed by 
observation of peaks corresponding to ɑ-Al2O3 
(a = b = 4.7540 Å, c = 12.990 Å, R-3cа) on relevant 
XRD patterns on Figure 4 a. At the same time VB 
(а = 2.9980 Å, b = 8.0920 Å, c =2.9485 Å, Cmcm) 
was formed instead VB2 in samples sintered at 2000 and 2150 °C. With further increasing 
of sintering temperature to 2300 °C lattice parameters of VB decreasing (а = 2.9927 Å, 
b = 7.9385 Å, c = 2.89310 Å, Cmcm). While at 2450 °C formation of V2B3 
(а = 3.0340 Å, b = 18.1100 Å, c = 2.9560 Å, Cmcm) occurred. Such diversity of 
vanadium borides can be explained by following assumption: Due to high diffusivity of 
boron formation of VB2 occurred at 1850 °C. After that, rising of temperature promotes 
diffusion of V into VB2 which leads to formation of VB.  

CrSi2 binder: As opposed to above described systems the formation of binder metal 
boride – CrB (а = 2.9909 Å, b = 7.8661 Å, c = 2.9161 Å, Cmcm) already occurred at 
1600 °C. Which can be correlated with low melting temperature of CrSi2 – 1490 °C [29]. 
In addition, peaks of tungsten carbide was found in this sample (Figure 4 b).  

 
        a                   b 

Figure 4 XRD patterns of cBN-VSi2-Al (a) and cBN-CrSi2-Al (b) samples sintered at different temperatures. 

Further increasing of sintering temperature above 2000 °C leads to increasing of 
quantity of ɑ-Al2O3, what makes it detectable for XRD. Aluminum oxide has same 
parameters as in case of samples with VSi2. Since presence of tungsten carbide was 
confirmed by XRD only in sample sintered at 1600 °C it can be presumed that dissolution 
of WC into W and C occurs [10]. These elements took part in the formation of solid 
solutions, by replacing chromium atoms in CrSi2 or / and CrB lattices. If listed above 
assumption is correct, tungsten work as solute atom in sub lattice of chromium. Thus, 
according to calculation tungsten content may varies between 0.5 at. % at 1600 °C to 
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1 at. % at 2150 °C for CrSi2 compound. Since atomic radius of W is slightly higher than 
Cr [29], it can cause rising of lattice volume of CrSi2 it mentioned above temperature 
interval (Figure 2). In turn, boron dissolved from BN participates in formation of CrB, 
while nitrogen may diffuse into CrSi2 lattice, which cause its volume decrease at 
sintering temperatures above 2300 °C.  

2.2. EDX&SEM. 

Figure 5 shows a typical phase distribution in samples sintered at relatively low 
temperature – 1850 °C. The micrographs were obtained by using secondary electron 
(SE2) detector. Light gray areas on Figure 5 corresponds to binder phases MoSi2 (a), 
CrSi2 (b), VSi2 (c) respectively, while dark areas represents cBN grains. Investigated 
samples has a uniform distribution of cBN grains and binder phase. Even at 1850 °C it 
is possible to identify areas that proves interactions between components and formation 
of aluminum oxide or / and metal borides (shown by red arrows). 

 
a                 b     c 

Figure 5 Low magnification (15.000x) images of microstructure of samples sintered at 1850 °C with 
MoSi2 (a), VSi2 (b), CrSi2 (c) binders. 

At higher sintering temperature (2150 °C), those areas were found in much larger 
quantities (Figure 6). Detailed investigation of micrographs pointed out untypical 
features of the microstructure – round / spherical inclusions in binder phase. Average 
sizes of these structure features are in the range of 0.1 to 0.3 μm and this was applicable 
for all investigated cases. Aluminum melted during manufacturing process precipitates 
into the intergrain space and interacts with surface oxides [10], [13]. Observed rounded 
inclusions is likely to correspond to Al2O3 (red arrows on Figure 6). Other interesting 
observation is areas which represents boride phases (blue arrows). So, those samples 
were subjected to EDX mapping and point analysis (Figure 7).  

 
a                 b     c 

Figure 6 High magnification (45.000x) images of microstructure of samples sintered at 2150 °C with 
MoSi2 (a), VSi2 (b), CrSi2 (c) binders.  

Firstly, as a confirmation of discussed above point analysis show that the dark areas 
consist of B and N, confirming cBN phase distribution. Second, despite the fact that x-
ray phase analysis did not find aluminum or its compounds in samples with MoSi2 
presence of aluminum was confirmed by EDX. It was observed that α-Al2O3 located 
preferably between or around grains.  
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Figure 7 EDX mapping of samples sintered at 2150 °C. 

2.3. Mechanical proprieties 

Density of samples which were subjected only to high pressure action (7.7 GPa) 
observed to be 20 - 30 % lower than density of fully sintered samples. While with 
application of “low” sintering temperature – 1600 °C, density of samples are close to 
maximum (Figure 8 a).  

 
          a                   b 

Figure 8 Density (a) and Young’s modulus (b) of cBN-based materials versus sintering temperature. 

However, solid-state reactions continues in a bulk material in the whole sintering 
range. Samples with CrSi2 (4.91 g/m3) binder demonstrated the lowest density despites 
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that fact that initial density of VSi2 (4.34 g/m3) compound is the lowest [29]. Densities 
of vanadium borides (VB – 5.43 g/m3, VB2 – 5.06 g/m3) which were formed in system 
with VSi2 binder are slightly lower than density of CrB (6.05 g/m3) which formed in case 
of CrSi2 binder. For this reason, the overall density of the system could be related to 
volume of new phases. In addition, it should be mention that diversity of newly formed 
borides were found only in the system with VSi2 binder. 

The trend of Young’s modulus with vs sintering temperature found a good correlation 
with changes in phase composition (Figure 8 b). Thus, Young’s modulus increases in 
temperature range 1600 – 1850 °C where interaction either have not started yet or the 
volume of reaction products is low (i.e. the CrSi2 binder). The value of Young’s modulus 
of systems with MoSi2 and CrSi2 starts to decrease at temperatures higher than 1850 °C, 
which in turn is associated with precipitation of new phases in grain boundaries.  

The hardness of initial silicides are relatively low compare to commercially used TiC 
binder [31]. Among all investigated binders, MoSi2 has the highest microhardness – 
11.7 GPa. Microhardness of the formed borides is also high – 23 GPa for α-MoB and 
24.5 GPa for β-MoB [32], which explains why the entire series has a microhardness on 
slightly higher level among other materials. In the case of MoSi2 binder, the highest value 
of microhardness was achieved at 1850 °C – 32 GPa, mainly because of formation of ɑ-
MoB which complemented the influence of HPHT action. Further increasing of sintering 
temperature has no positive effect on microhardness and at 2150 °C this parameter 
dropped down to 27 GPa which can be associated with phase transformation in MoB.  

 
          a                   b 

Figure 9 Microhardness (a) and indentation fracture toughness (b) of cBN-based materials versus sintering 
temperature. 

Meanwhile for system with CrSi2 binder, microhardness remains practically 
unchanged with increasing of sintering temperature, it varies around 25 GPa for samples 
sintered in temperature range 1600 - 2300 °C. Since the microhardness of MoSi2 and 
CrSi2 has similar values 11.7 GPa and 11.1 GPa respectively, properties of reaction 
products become an important factor [32]. In opposite to MoSi2 system, CrB formed in 
system with CrSi2, has lower microhardness (11 GPa), compare to MoB [29]. This causes 
a difference in overall microhardness of the two systems. Dropping the microhardness at 
2450 °C to 21 GPa is caused by recrystallization annealing and reduction of the crystal 
defect density. Since promotion of movement of dislocations in the material results in its 
softening [33].  

Microhardness of samples with VSi2 binder slightly growing with an increase of 
sintering temperature (Figure 9). This found good correlation with changes of phase 
composition – formation of vanadium borides with high microhardness (VB2 – 27 GPa) 
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drive microhardness of samples up but initially low microhardness of VSi2 – 9.4 GPa  
compensate its grow [29]. That is why microhardness of this system remains the lowest 
among all studied samples. However silicide compounds usually characterize as brittle 
materials [34]. Even so, sintered samples demonstrated decent level of fracture toughness. 
Fracture toughness of samples with MoSi2 and VSi2 binders firstly growth (up to 
2000 °C) and secondary stays in the range of mistake (Figure 9). While formation of 
chromium borides drive fracture toughness down [17]. 

2.4. Performance testing 

Evaluation of the performance of developed materials were conducted under 
conditions of longitudinal high speed machining of two different classes of workpiece 
materials stainless steel SS-EN1.4404 and nickel based alloy Inconel 718 (Figure 10). In 
case of machining of SS-EN1.4404 the lowest average flank wear was found in system 
with MoSi2 binder phase, while the highest tool wear was in samples with CrSi2. Samples 
with VSi2 binder phase demonstrated similar tool wear regardless sintering temperature.  

In conditions of high speed machining of Inconel 718 tools with MoSi2 binder also 
demonstrated the lowest average flank wear, mainly due to their high hardness. In 
contrast to results of SS-EN1.4404 machining, tool wear in systems with VSi2 and CrSi2 
was found to be much more dependent on samples sintering temperature. The highest 
average flank wear were found in samples sintered at either low (1600-1850 °C) or high 
(2450 °C) temperatures.  

   
          a                   b 

Figure 10 Tool wear development when machining SS-EN1.4404 (a) and Inconel 718 (b). 

It should be noted that despite the high mechanical properties of the obtained PcBN 
materials their performance in machining operations of SS-EN 1.4404 and Inconel 718 
workpiece materials was found to be significantly lower than the acceptable industrial 
standard. Previous studies conducted under similar machining conditions using cBN 
based tools with TiC binder have shown tool wear below 50 μm [35]. Tool wear of 
commercial CBN170 during machining of Inconel 718, have shown to be less prominent 
than in case of using Si based binders, despite the fact that cutting speed in current tests 
was 1.7 times lower [3]. This is most likely caused by the reduced chemical stability of 
chosen binders and reaction products compared to the commercially used TiC, TiN or 
Ti(C,N) binders.  

2.5.  Outlook for future work  

cBN-MoSi2-Al, cBN-CrSi2-Al and cBN-VSi2-Al are all new PcBN materials which 
is not used today in commercial cutting applications. Therefore, one of the possibilities 
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for future work is to investigate cutting performance of developed materials in machining 
of martensitic materials, which requires tools with high hardness.  

3. Conclusions 

It was shown that HPHT sintering of cBN-based materials with VSi2 and MoSi2 

binder phases took place with interaction between components of the mixture. Formation 
of borides of binder phase at sintering temperatures above 1850°C. For system with CrSi2 
binder temperature of formation of CrB was found to be lower– 1600°C.  

In case of MoSi2 binder the highest value of microhardness was achieved at 1850 °C 
– 32 GPa, mainly because formation of ɑ-MoB which complemented the influence of 
HPHT action. All investigated samples demonstrated decent level of fracture toughness, 
in a range of 5 – 6 MPa⸱m1/2. Detailed investigation of microstructures pointed out 
untypical round / spherical inclusions in binder phase, which are likely to correspond to 
Al2O3. Results of performance tests emphasize the importance of such parameters as 
microhardness. Best performance was demonstrated by the materials MoSi2 binder phase, 
especially in case of machining of nickel based materials. Regardless of the high 
mechanical properties of the obtained PcBN materials their performance are inferior to 
commercial tools with Ti-based binders.  
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