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Abstract 

Alumina-cubic boron nitride (cBN) composites were prepared using the spark plasma sintering 

(SPS) technique. Alpha-alumina powders with particle sizes of 40 m and 150 nm were used 

as the matrix while cBN particles with and without nickel coating were used as reinforcement 

agents. The amounts of both coated and uncoated cBN reinforcements for each type of matrix were 

varied between 10 to 30 wt%. The powder materials were sintered at a temperature of 1400°C 

under a constant uniaxial pressure of 50 MPa. We studied the effect of the size of the starting 

alumina powder particles, as well as the effect of the nickel coating, on the phase transformation 

from cBN to hBN (hexagonal boron nitride) and on the thermo-mechanical properties of the 

composites. In contrast to micro-sized alumina, utilization of nano-sized alumina as the starting 

powder was observed to have played a pivotal role in preventing the cBN-to-hBN transformation. 

The composites prepared using nano-sized alumina with nickel-coated 30wt% cBN showed the 

highest relative density of 99% along with the highest Vickers hardness (Hv2) value of 29 GPa. 



 

 

Because the compositions made with micro-sized alumina underwent the phase transformation 

from cBN to hBN, their relative densification was lower and their hardness values were lower 

(20.95-22.86 GPa). However, coating nickel on the cBN reinforcement particles hindered the cBN-

to-hBN transformation in the micro-sized alumina matrix, resulting in improved hardness values 

of up to 24.64 GPa. 

 

              

Keywords: Alumina, Cubic boron nitride, Spark plasma sintering, Structural properties, 
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1. Introduction 

 

Ceramic materials such as aluminum oxide, cubic boron nitride, and titanium nitride have been 

widely used in engineering applications, including cutting tools, automotive and aerospace parts, 

and high-speed machining and milling, because of their high hardness, wear resistance, and 

strength. Aluminum oxide (Al2O3), commonly known as alumina, is one of the most widely used 

ceramic materials for high-temperature applications. Alumina compounds occur abundantly in 

nature, most often as impure hydroxides, and diverse types of alumina exist with a wide range of 

properties. In contrast to alumina, cubic boron nitride (cBN) does not form naturally. It is 

structurally similar to diamond, with comparable or even superior properties for certain 

applications, as it is thermodynamically stable at high temperature (up to 1200°C) and pressure 

levels (1 GPa) [1] and displays excellent thermal conductivity. However, cBN is seldom densified 

using conventional sintering because of its strong covalent nature and the tendency of its structure 

to transform to the softer hexagonal boron nitride (hBN) phase [2-4].  

 

Alumina ceramics show some of the properties that are considered important, or even essential, 

for newly developed ceramics, i.e., good mechanical strength, chemical stability, and high thermal 

and wear resistance. Frequently used alumina-based ceramics are prepared using nonconventional 

sintering techniques such as hot pressing (HP) and hot isostatic pressing (HIP). However, the use 

of these ceramics as advanced ceramics remains limited because they are brittle [5]. Hence, in the 

current investigation, we prepared alumina-based ceramics with various compositions using 
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sintering and evaluated their mechanical properties in order to determine the composition showing 

the best properties at elevated temperatures. In this work, spark plasma sintering (SPS) was used 

to consolidate the ceramic composites. SPS is a nonconventional sintering technique in which a 

material in the form of a powder is subjected to a combination of heat (generated by applying a 

high direct current) and uniaxial pressure, with this combined treatment resulting in particles 

bonding together to form a coherent body with reduced porosity, increased density and improved 

mechanical properties [6-9]. This technique consolidates ceramic composites in a short time, 

which can be beneficial when using boron nitride as the system does not have sufficient time to 

transform to the softer hBN phase [10].  

 

To be high functioning, cutting materials should be hard, tough, and able to conduct heat [11]. The 

cutting tool needs to have a hardness value greater than that of the workpiece in order to withstand 

the wear action during cutting, and the heat generated at the cutting tool workpiece interface must 

be conducted away. In addition, the cutting tool needs to be sufficiently tough to withstand 

interruptions or vibrations during the machining process. The inclusion of second-phase particles 

such as nitrides, carbides, or zirconia can improve the mechanical properties of alumina, thus 

expanding the potential applications of the material [12]. An effective method to improve the 

flexure strength and toughness of the alumina matrix is to add SiC particles with a range of particle 

sizes to the matrix. Similarly, fracture toughness and strength could be improved by reducing the 

matrix particle size [13]. Much effort has been expended during the last two decades to improving 

the toughness and strength of ceramic materials. For example, adding TiB2 particles to the alumina 

matrix of alumina-containing ceramics has been shown to improve their fracture toughness and 

hardness as well as their wear and fracture behavior [14]. Similarly, mechanical properties such as 

wear resistance, cutting ability, hardness, transverse rupture strength and indentation resistance 

have been shown to be improved by adding zirconia (20 mass%) into alumina ceramics [15]. The 

bending strengths of alumina ceramics that include one weight percent multi-walled nanotubes 

have been shown to be about 10% greater than that of monolithic alumina [16-17]. Recently, the 

inclusion of graphene nanofillers in alumina ceramics for engineering applications has been shown 

to yield stronger and lighter ceramics with improved fracture toughness [18-19].  

 



 

 

Another effective method to reinforce structural ceramics is to incorporate boron nitride nanotubes 

in them [20]. cBN, in addition to forming ceramics by itself, is also a promising and important 

candidate for reinforcing alumina ceramics. However, alumina-cBN ceramics are difficult to sinter 

by conventional methods because cBN tends to transform to the softer hBN phase at high 

temperatures, leading to an expansion in volume, the formation of pores, a reduction in hardness, 

and cracking. Moreover, this transformation to the softer phase has been found to occur more 

quickly in alumina-cBN composites than in pure cBN. For example, sintering alumina-cBN 

ceramics with cBN concentrations of 10 and 20 wt% at 1300°C yielded a composite with a relative 

density of more than 98% and a hardness value of 26 GPa, without any phase transformation, but 

sintering the same ceramics at a temperature above 1400°C yielded a porous microstructure [21- 

22]. Moreover, sintering a ceramic composite consisting of alumina, 30 wt% cBN, and Ni 

nanoparticles at 1300°C yielded a material with a relative density of about 99% with a hardness 

value of 27 GPa. Adding metals such as Al or Ni into the Al2O3-cBN system has been shown to 

strengthen the interface bonding and hence increase the hardness of the composite [23].  

 

To the best of our knowledge, there have been no published investigations of the thermo-

mechanical properties of alumina (micro and nano) /cubic boron nitride (with and without Ni 

coating) composites prepared using SPS. In this work, our aim was to study the effect of Al2O3 

particle size and amount of reinforced cBN, both with and without nickel coating, on the structural, 

physical and thermo-mechanical behaviors (thermal conductivity, effusivity, expansion, 

densification, phase transformation, microstructure, toughness and hardness) of Al2O3-cBN/Ni 

composites prepared using SPS.  

 

2. Experimental Procedures 

Alpha-alumina powders with particle size 40 m (Sigma-Aldrich, 100 mesh USA) and 150 nm 

(Chempur, Germany) were used as the matrix. These powders will be referred to as “micro-sized 

alumina” and “nano-sized alumina” in the following text. Cubic boron nitrides with particle 

dimensions of 42 µm (Element Six, ABN800, USA), with and without Ni coating (60 wt%), were 

used as reinforcement agents. The masses of the components in each of the sample compositions 

are shown in Table 1. Sample mixtures were homogenized using an ultrasonic probe sonicator 

(Model VC 750, Sonics, USA) with ethanol as a mixing medium. The ethanol was later removed 



 

 

from the samples by placing them in a furnace at 80°C for 24 hours. The powder mixtures were 

consolidated using an SPS apparatus (FCT system, model HP D5, Germany). The powder mixture 

was placed in a 20 mm graphite die, and then pressed at 50 MPa pressure and heated at a rate of 

100°C/min. All of the samples were sintered at 1400°C with a holding time of ten minutes. To 

facilitate removal of the sample from the die and to avoid wear of the punches, a graphite sheet 

with a thickness of 0.35 mm was inserted between the graphite die and the powders. In addition, 

to minimize heat loss, the die was covered with a graphite blanket during the sintering process. 

Table 1 summarizes the processing conditions. The sintering temperature was measured using a 

pyrometer placed near the sample. To remove the graphite sheet and obtain a clean surface, 

sintered samples were first ground on 60-grit SiC paper, followed by grinding on a diamond disc. 

For mechanical and microstructural investigations, samples were ground and polished using an 

AutoMet 300 Buehler grinding machine. Grinding was performed using diamond wheels with grit 

sizes from 74 µm down to 10 µm, after which samples were polished with a suspension down to a 

0.25 µm finish.  

 

Following SPS and grinding, the densities of the sintered samples were measured based on 

Archimedes’ method with deionized water as the immersion medium, and using density 

determination equipment (METTLER Toledo). A Vickers hardness tester (Buehler, USA) was 

used to measure the hardness values of the samples under a 20 N (2 kg) load (P). The reported 

density and hardness values were each an average of ten measured values. The fracture toughness 

was evaluated by employing the mathematical relationship shown in eq. (1), using the half length 

of the crack (c) formed around the corners of the indentations [21]. Thermal conductivity and 

effusivity were measured using a thermal conductivity analyzer (C-THERM-TCi, Canada). 

Thermal expansion was investigated by using a Mettler Toledo instrument (TMA/SDTA - 

LF/1100) to measure the coefficients of expansion (α) of the pure alumina and composite samples. 

This experiment was carried out from room temperature up to 600C with a heating rate of 

10C/minute. Smooth-surfaced samples were cut into cubes with dimensions of approximately 

4x4x4 mm for the thermal expansion measurements. To identify the phases present in the sintered 

samples, a Rigaku MiniFlex X-ray diffractometer (Japan) was used with Cu Kα1 radiation (γ = 

0.15416 nm), a tube current of 10 mA, and an accelerating voltage of 30 kV. Point and line Raman 

spectra of the reinforced cBN particles were acquired using a DXR2 Raman microscope. The 532-



 

 

nm-wavelength laser line was used as the excitation wavelength, and the laser power used was 2.5 

mW. The spectra were acquired at 25C between 100 and 3000 cm−1. A field emission scanning 

electron microscope (FESEM, Lyra3, Tescan, Czech Republic) with an accelerating voltage of 20 

kV was used to characterize the microstructures of the sintered samples and powders. 3D cut 

Micro-CT was carried out to observe the internal structure and distribution of the cBN 

reinforcement particles using a Skyscan1172 Micro-CT (Bruker, Belgium). A core with a diameter 

of 3 mm was used for scanning, and an imaging system was used to obtain micro-tomographs of 

the samples subjected to SPS.  

 

(1) eq.                         )(P/c x 0.073 1.5=ICK  

Table 1. Compositions of alumina-cBN samples in wt%. The alumina particle size was 40 m 

for samples 1 to 7, and ~150 nm for samples 8 to 14. The cBN particle size was 42 m.   

Composition 
Micro Al2O3 

Sample IDs 1 2 3 4 5 6 7 

Composition *Pure 

Al2O3 

10% 

cBN 

20% 

cBN 

30% 

cBN 

10% 

cBN-Ni 

20% 

cBN-Ni 

30% 

cBN-Ni 

Al2O3-150- 

µm (grams) 9 8.1 7.2 6.3 8.1 7.2 6.3 

cBN-42µm 

(grams) 
0 0.9 1.8 2.7 2.25 4.5 6.75 

Composition Nano Al2O3 

Sample IDs 8 9 10 11 12 13 14 

Composition 
*Pure  

Al2O3 

10% 

cBN 

20% 

cBN 

30% 

cBN 

10% 

cBN-Ni 

20% 

cBN-Ni 

30% 

cBN-Ni 

Al2O3-150-

nm (grams) 9 8.1 7.2 6.3 8.1 7.2 6.3 

cBN-42µm 

(grams) 
0 0.9 1.8 2.7 2.25 4.5 6.75 

           *Pure Al2O3-40 µm is referred as micro-sized alumina and *Pure Al2O3-150 nm is referred as nano-sized alumina   

 

3. Results and Discussion  

3.1 Phase Analysis   



 

 

Figure 1(a) and 1(b) show FESEM micrographs of the as-received cBN particles (with 

dimensions of 42 µm) without and with nickel coating, respectively. Figure 1(c) shows the 

XRD patterns of these samples. The uncoated cBN sample yielded three clear XRD peaks at 

2θ values of approximately 43.2, 74.4 and 90.1, whereas the Ni-coated cBN yielded very 

weak peaks at these angles, suggesting that the cBN was almost entirely shielded by the Ni 

coating. The diffraction peaks at 2θ of approximately 44.2 were indexed to nickel.  

 

 

 

Figure 1. (a and b) FESEM micrographs and (c) XRD patterns of (a) cBN and (b) Ni-coated 

cBN.  

 

Figure 2 shows the XRD patterns of the Al2O3-cBN composites that had been sintered at 1400°C 

for 10 minutes at a pressure of 50 MPa. Analysis of the XRD patterns indicated that there was a 

100µm 50µm 

(b) (a) 

(c) 



 

 

prominent transformation from cBN to hBN in compositions containing micro-sized alumina with 

and without Ni coating. As the concentration of cBN was increased from 10 to 20 to 30 wt%, the 

intensity of the diffraction peak corresponding to hBN clearly increased (Figure 2a, samples 2, 3 

and 4), indicating that the transformation from cBN to hBN became more prominent. As the 

concentration of cBN was increased in this manner in the micro-sized alumina matrix compositions 

without Ni, the percentage of the cBN that transformed to hBN increased from 40% to 75% (Figure 

2a, samples 2, 3 and 4).  

 

The XRD patterns of the samples synthesized using nano-sized alumina reinforced with cBN 

particles (with and without nickel coating) are shown in Figure 2b. For these samples, no evidence 

of a transformation from cBN to hBN was observed. We hypothesize that the larger specific 

surface area associated with the nano size of the alumina particles restricted the transfer of thermo-

mechanical stress to the cBN particles, thereby preventing the cBN-to-hBN transformation. The 

XRD findings obtained in the present work are consistent with previous results by our group, as 

well as other researchers [21], showing a lack of any chemical reaction between Al2O3 and cBN 

at 1400°C. Such a lack of reactivity between Al2O3 and cBN is advantageous for the fabrication 

of dense and strongly bonded cBN-based alumina-containing ceramic composites. Furthermore, 

no reaction was identified between cBN and Ni. However, our XRD data (Figure 2b, samples 9-

14) indicated that the presence of Ni restricts the transformation of cBN to hBN. This finding 

stands in contrast to a previous report indicating that Ni acts as a catalyst to promote the 

transformation of cBN to hBN [23].  

For the micro-sized (40 m) alumina particles, the thermo-mechanical stresses involved in the 

synthesis process were apparently transferred quite efficiently to the cBN particles, thereby 

causing an enhanced cBN-to-hBN phase transformation. Such thermo-mechanical stresses may 

have arisen from uniaxial loading, plastic deformation during heating and the holding time, thermal 

shock, and differences in the rates of thermal expansion for the different entities of the composite. 

In contrast, we hypothesized that the larger specific surface area associated with the nano-sized 

alumina particles restricted the transfer of thermo-mechanical stress to the cBN particles, thereby 

preventing the cBN-to-hBN transformation. 

   



 

 

 

Figure 2. X-ray diffraction (XRD) patterns of sintered samples made using (a) micro-sized alumina 

and (b) nano-sized alumina, reinforced with 10-30% cBN (with and without Ni coating). The 

numbers in parentheses correspond to the numbers of the samples whose compositions are 

described in Table 1.     

 

To further elucidate the above-described effect of the size of the alumina matrix on the cBN-to-

hBN transformation, Raman microscopic studies were performed. The Raman spectra of the cBN-

reinforced nano-sized alumina are shown in Figure 3a. The presence of peaks at 1056 cm-1 and 

1307 cm-1, which derived from the cBN phase, clearly indicated that the nano-sized alumina 

powder prevented the transformation of cBN particles to the hBN phase. In contrast, the Raman 

spectra of the micro-sized alumina particles reinforced with cBN did not show the cBN peaks at 

1056 cm-1 and 1307 cm-1 with high intensity but did show the hBN phase peak at 1367 cm-1, as a 

broad and asymmetric peak (Figure 3b). We attribute the different Raman results obtained for the 

nano- and micro-sized alumina to differences in the transfer of thermo-mechanical stress according 

to the particle size. As indicated above, the smaller specific surface area associated with the micro-

sized alumina starting precursor apparently failed to restrict the transfer of a significant amount of 

thermo-mechanical stress to the reinforcing cBN particles. For this sample, both the XRD and 

Raman observations were consistent with the idea that a significant amount of thermo-mechanical 

stress caused a considerable amount of cBN to be transformed to hBN. The asymmetric and broad 

nature of the Raman peak for the micro-sized alumina reinforced with cBN particles was most 

probably due to the nano-crystalline nature of the freshly formed hBN phase. A similar broad and 



 

 

asymmetric Raman peak due to the nano-crystalline nature of boron nitride was reported by 

Werninghaus et al., for the high-pressure high-temperature synthesis of cBN films [24]. Figure 3c 

shows Raman spectra of micro-sized alumina reinforced with nickel-coated cBN particles. 

Although the hBN peak was observed for these samples, this peak was now sharp, and sharp cBN 

peaks were also observed, together suggesting that the nickel coating was quite effective in 

reducing the transfer of thermomechanical stress and hence in reducing the extent of the phase 

transformation. This restricting effect of nickel coating on the cBN-to-hBN phase transformation 

was also indicated by the above-described XRD results for the micro-sized alumina reinforced 

with nickel-coated cBN. 

To further characterize the phase transformation, we generated Raman line maps spanning the 

widths of the cBN particles. The samples synthesized using 30 wt% of cBN particles were 

subjected to the Raman line mapping feature. Three-dimensional plots of the Raman spectra along 

with the corresponding images of the cBN particles are shown in  

Figure 4  and 5. For the nano-alumina samples, the only observable peaks were those derived from 

the cubic boron nitride phase (Figures 4a and 4b). The absence of peaks corresponding to the 

hexagonal phase throughout the width of the cBN particles (with and without nickel coating) 

clearly suggested that the nano-sized alumina restricted the transfer of thermo-mechanical stress 

to the cBN particles. 

For the samples synthesized with micro-sized alumina reinforced with nickel-coated cBN 

particles, both cBN and hBN peaks were observed in the line maps ( 

 

Figure 5a). However, the hBN phase peak derived from the periphery of the particle was observed 

to be more intense than that derived from its center. This result suggested that the phase 

transformation was more extensive at the exterior surface of the particles and initiated at the 

locations where the greatest stresses would have been expected to occur. The result is in line with 

the following observation reported by Klimczyk et al.: “In the case of SPS, cBN to hBN 

transformation probably occurs on the whole surface of cBN grains and proceeds to the core of 

grains with the increase of temperature (and duration) because SPS does not provide pressure 

conditions for thermodynamic stability of cBN ” [25]. With regards to the samples synthesized 



 

 

using micro-sized alumina reinforced with cBN particles, the broad hBN peak was clearly 

observed for both the periphery of the particle and for the center (Figure 5b). It seems that not only 

was the thermo-mechanical stress transferred to the core of these particles but also the grain size 

was small enough to contribute to a high Raman background.  

Figure 3. Raman spectra of (a) nano-sized alumina reinforced with 10-30 wt. % cBN particles, 

with and without nickel coating, (b) micro-sized alumina reinforced with 10-30 wt. % cBN and (c) 

micro-sized alumina reinforced with 10-30 wt. % cBN particles with nickel coating.  

 

(a) 

(c) 

(b) 



 

 

   

 

 

 

 

 

Figure 4. 

3D Raman 

microscopy line spectra of (a) alumina-nano-30%cBN and (b) alumina-nano-30%cBN-Ni. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 3D Raman microscopy line spectra of (a) alumina-micron-30%cBN-Ni and (b) 

alumina-micron-30%cBN.  

    3.2 Microstructural Characterizations 

Figure 6 and 7 show FESEM images of the micro- and nano-sized alumina cBN (10-30%), 

respectively, each without and with Ni coating. Cubic boron nitride particles were well dispersed 

in both the larger and smaller matrices. However, pores were observed in the polished surfaces of 

the micro alumina compositions, but not for the nano-sized matrix. This difference may have been 

due to the different matrix sizes, but also may have been due to the volume change resulting from 

the transformation of cBN to hBN that occurred only for the micro-sized alumina compositions. 

(a) (b) 

(a) 
(b) 



 

 

The above-discussed phase transformation from cBN to the softer hBN in the micro-alumina 

compositions was clearly indicated by the morphologies observed in their FESEM images (Figure 

6(a-g)). Alumina grains grew significantly and created sufficient localized stress to facilitate a 

transformation of cBN grains into hBN, and the morphology was observed to change into that of 

a fine flake due to this phase transformation into hBN. However, in the micro-sized alumina 

compositions containing nickel-coated cBN, nickel settled along the grain boundaries of the 

matrix, as shown in Figures 6c, 6e, and 6g, and would thus not have made the compositions much 

stronger than the compositions without Ni-coated cBN. For the nano alumina matrix compositions 

shown in Figure 7(a-g), the composites were observed to be well consolidated, apparently due to 

the fine matrix size, and cBN particles were observed to be homogeneously dispersed in the matrix 

phase. The cBN particles were observed to have sharp angular edges that remained intact, as they 

did so in all of the nano-sized alumina matrix compositions, implying that there was a negligible 

phase transformation and that there was no chemical reaction between Al2O3, cBN and Ni. In 

addition, a nickel coating was observed to be covering the edges of the cBN particles in the nano-

sized matrix, as shown in Figures 7c, 7e, and 7g, which presumably enhanced the bonding of the 

particles with the matrix and hence improved the strengths of these composites. In contrast, 

according to Figures 6c, 6e, and 6g, most of the nickel coating was removed from the cBN particles 

in the micro-sized alumina matrices, and instead settled into these matrices.  

 



 

 

 

Figure 6. FESEM micrographs of micron alumina matrix compositions: (a) pure micron alumina, 

(b) 10% cBN, (c) 10% cBN-Ni, (d) 20% cBN, (e) 20% cBN-Ni, (f) 30% cBN, and (g) 30% cBN-

Ni. 

(a) (b) (c) 

(d) (e) (f) 

(g) 

20 50 50 

50 50 
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50 
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Figure 7. FESEM micrographs of nano alumina matrix compositions: (a) pure nano  alumina, (b) 

10% cBN, (c) 10% cBN-Ni, (d) 20% cBN, (e) 20% cBN-Ni, (f) 30% cBN, and (g) 30% cBN-Ni 

    

Figures 8(a, b, c and d) show a micro-CT analysis of the samples that had been subjected to SPS. 

To verify the distribution of the reinforcement particles, and the results of this analysis were similar 

to but more convincing than those from the FESEM micrographs. A core with a diameter of 3 mm 

was cut and then used for scanning with a voltage of 60 kV and current of 165 A. Reconstruction 

of the projection images was accomplished using N-Recon software. These projections were 

analyzed with CT-An software (Bruker) and the generated 3D models were analyzed using CT-

Vol software (Bruker). The cBN particles (Table 1, sample ID: 4) were observed to be uniformly 

distributed throughout the alumina matrix (see Figure 8(a)). A similar observation was made for 

cBN in the nano-sized alumina matrix (Figure 8(c)) (Table 1 sample ID: 7). The distribution of 

nickel around the cBN particles was also uniform in the micro- and nano-sized alumina matrices, 

as seen in Figures 8(b and c) (Table 1 samples ID: 11 and 14 respectively). This result confirmed 

that larger cBN particles (42 m) were fairly well distributed in matrices of various sizes (from 

nanometers to microns) as a result of using probe sonication followed by drying and further mixing 

using a mortar and pestle.   

(a) (b) (c) 

(d) (e) (f) 

(g) 

5

0

5

0

5

5

0

2

0

5

5

0



 

 

 

 

Figure 8. 3D cut Micro-CT cutaway sections of samples that had been subjected to SPS. Grey 

color represents the alumina matrix while the dark grey represents cBN particles. Nickel is 

represented by the green color in the reconstruction. (a) Micro-sized alumina with cBN, (b) 

micro-sized alumina with cBN and nickel, (c) nano-sized alumina with cBN (d), and nano-

sized alumina with cBN and a nickel coating.  

 

 

3.3 Mechanical Properties 

The Vickers hardness values of the samples are listed in Table 2. The micro-sized matrices 

reinforced with cBN were harder than the pure micro-sized alumina. However, as the amount of 

cBN included was increased from 10% to 30%, the hardness was observed to decrease slightly, 

from 22.86 GPa to 20.95 GPa, likely due to the increase in the extent of the cBN-to-hBN 

transformation with this increase in the amount of the reinforcement agent. Nickel-coated cBN 

yielded slightly greater hardness values (between 23.15 and 24.65 GPa) when used as the 

reinforcement in the micro-sized alumina matrix than did uncoated cBN. The improvement 

afforded by nickel was attributed to the nickel restricting the extent of the cBN-to-hBN 

transformation.  

In the nano-sized alumina, the hardness values improved from 23.21 GPa to 26.91 GPa as the 

amount of the cBN reinforcements was increased from 0 to 30 wt.%. We attributed this increase 



 

 

in hardness to the nano-sized alumina matrix completely hindering the cBN-to-hBN 

transformation. The hardness value further increased to 29.48 GPa with the addition of 30% nickel-

coated cBN. Nickel coating along with the nano-sized alumina not only helped in restricting the 

cBN-to-hBN phase transformation but also helped in achieving highly densified composites, 

thereby resulting in outstanding mechanical and physical properties.  

 

Table 2. Various properties of the samples sintered at 1400C and sample IDs are according table 

1.  

 

 

Samples IDs 

 

Properties 

Composition 

Micro Al2O3 

1 2 3 4 5 6 7 

Pure 

Al2O3 
10% cBN 20% cBN 30% cBN 

10% cBN-

Ni 

20% cBN-

Ni 

30% cBN-

Ni 

Density 

(g/cm3) 
3.51(8) 3.25(5) 3.29(5) 3.10(9) 3.38(3) 3.26(4) 3.01(2) 

Hardness 

(Hv2) GPa 
19.3(5) 22.8(7) 21.7(5) 20.9(8) 24.6(4) 23.8(5) 23.1(3) 

Fracture 

toughness 

(MPa*m1/2) 

3.84(7) 3.18(9) 3.31(7) 3.83(9) 3.49(5)     3.34(4) 3.18(2) 

Thermal 

conductivity 

(W/m-k) 

25.00(5) 26.84(6) 26.78(4) 27.16(3) 26.40(6) 26.69(8) 27.29(9) 

Thermal 

effusivity 

 

6669(9) 10033(8) 9689(9) 9752(7) 9091(8) 9499(8) 9381(7) 

Thermal 

expansion 

(ppm*k^-1) 

7.23 6.39 4.86 4.01 5.82 5.57 4.77 

 

 

Sample IDs 

 

Properties 

Composition  

Nano Al2O3 

8 9 10 11 12 13 14 

Pure 

Al2O3 
10% cBN 20% cBN 30% cBN 

10% cBN-

Ni 

20% cBN-

Ni 

30% cBN-

Ni 



 

 

Density 

(g/cm3) 
3.90(4) 3.66(6) 3.80(4) 3.62(5) 3.58(4) 3.39(2) 3.25(2) 

Hardness 

(Hv2) GPa 
23.2(3) 25.2(4) 25.9(6) 26.9(8) 27.3(5) 28.3(4) 29.4(3) 

Fracture 

toughness 

(MPa*m1/2) 

4.11(4) 4.50(3) 4.19(6) 3.78(7) 4.01(4) 3.98(5) 3.84(3) 

Thermal 

conductivity 

(W/m-k) 

24.88(3) 27.39(5) 32.93(8) 33.88(7) 30.33(5) 33.57(4) 35.75(6) 

Thermal 

effusivity 
7779(8) 8084(9) 10836(9) 9875(8) 10568(7) 10987(8) 11252(9) 

Thermal 

expansion 

(ppm*k^-1) 

6.85 5.02 4.69 4.65 5.18 6.14 6.52 

 

Similarly, the thermal conductivity increased in both alumina matrices. Furthermore, of all the 

compositions tested, the sample with 30%-cBN-Ni in nano-sized alumina yielded the highest 

thermal conductivity value (35.75 W/m-k), as shown in Table 2. Lower thermal expansion values 

were observed for compositions having more cBN, and this relationship was likely due to pure 

cBN having a low thermal expansion value, of 1.2-1.5 ppm* k^-1, and thermal conductivity of 

600-700 W/m-k. The inclusion of cBN thus restricted the thermal expansion of composites. 

Conversely, the thermal expansion increased as nickel was incorporated into either matrix, and 

this result was apparently due to nickel having a relatively high thermal expansion value, of 13-15 

ppm* k^-1, and thermal conductivity of 85-95 W/m-k.  

The above results clearly confirmed the higher degree of consolidation achieved by using the nano-

sized alumina matrix, as well as by adding more nickel to form the 30wt% nickel-coated cBN re-

enforcements. High levels of thermal conductivity could be beneficial for removing excess heat 

and hence lowering locally unduly high temperatures that may be generated during machining or 

cutting or other applications, and help reduce thermal shocks to the material that can be generated 

by cycles of heating and cooling.  

 

 Conclusions 



 

 

According to our results, cBN in a micro-sized alumina matrix transformed to hBN when a 

temperature of 1400C and a pressure of 50 MPa were applied, but no such transformation 

occurred for cBN in a nano-sized alumina matrix with nearly fully dense samples. Additionally, 

the presence of nickel appeared to have hindered the transformation of cBN into hBN. The 

mechanical properties of alumina were improved by adding cubic boron nitride along with nickel. 

The presence of nickel along the grain boundaries improved the interfacial bonding strength, which 

resulted in more efficient load transfer, thereby improving the mechanical properties. Reducing 

the matrix particle size from micro- to nano-sized was found to improve the hardness, with the 

30wt% cBN-Nano-Al2O3 composition showing the highest hardness value of 29 GPa and a 

densification of 99%. These compositions could be successfully applied for different cutting 

applications due to their favorable combination of hardness, toughness, and thermal conductivity 

and expansion.  
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