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Abstract Cubic boron nitride (CBN) composites are widely used as cutting tool materials for 

high precision abrasive machining processes. They are composed of super hard CBN 

abrasives and a softer binder. CBN abrasives are one of the hardest materials. They are 

embedded in the binder which can be metallic, polymeric or ceramic. The binder supports the 

abrasives and offers suitable toughness. The two components are consolidated by sintering 

processes under high pressure and temperature. Hence, abrasive particles exhibit an irregular 

spatial distribution in terms of size, location and orientation. In this work, X-ray computed 

tomography (CT scan) is used to investigate the geometrical properties of CBN abrasives in 

the volume regarding quantity, dimension and shape. A three-dimensional (3D) model is 

generated and the CBN abrasives are correspondingly characterized. The contribution 

includes both detailed explanation of CT scan and 3D modeling implementation, as well as 

quantification analysis of the key microstructural features for CBN composites.  

Keywords: Cubic boron nitride; X-ray computed tomography; 3D modeling, quantification; 

characterization.  



 

1. Introduction  

Cubic boron nitride (CBN) is the second hardest substance after diamond [1]. Under high 

temperature and pressure, the structure of boron nitride is transformed from hexagonal to 

cubic [2]. Moreover, CBN exhibits not only better wear resistance, but also higher thermal 

conductivity than diamond. It implies a wider range of applications for CBN compared to 

diamond [1-3]. It is widely used as the hard phase within cutting tools for industrial abrasive 

machining processes, such as grinding and honing, and under harsh service conditions, i.e. 

elevated temperature or high speed [4,5]. CBN composites basically consist of two phases: 

CBN grains and a binder. According to its chemical nature, binder materials can be classified 

as metallic, polymeric (resin) and ceramic. CBN composites are sintered by mixing CBN 

particles and binder material powders under high temperature and vacuum. However, due to 

the manufacturing processes, the CBN particles are not regularly distributed in the produced 

composite. In addition, shape, dimension and orientation of the particles are not standardized. 

 

During abrasive machining processes, the emerging CBN grains located on the cutting 

surfaces work as sharp edges and remove the material of workpiece. Therefore, geometrical 

properties of CBN grains can strongly influence the quality of the machined workpiece 

surfaces. For example, the produced surface roughness of the workpiece is, to some extent, 

determined by the protruding height of the grains [6]. Hence, the surface topography becomes 

relevant for correlating tool material characteristics and its performance. In a recent work by 

the authors, a two-dimensional (2D) quantification protocol has been proposed for assessing 

the geometrical properties of CBN grains on the cutting surfaces of a honing stone [7]. 

However, 2D characterization methods offer limited information related to three-dimensional 

(3D) subsurface features. This information may play an important role for understanding wear 

processes of the material, since the abrasive grains at the cutting surfaces are dynamically 



changing during the machining processes due to a self-sharpening effect [8]. Therefore, it is 

relevant to extend the characterization and quantification of these composites, and particularly 

of the CBN grains, to a bulk-like (3D) perspective. It would enable to foresee the evolution of 

the cutting surfaces during the machining processes.  

 

There are several advanced techniques to obtain a 3D volume reconstruction of 

microstructures and/or damage/cracking scenarios involved in materials science: electron 

tomography [9], atom probe tomography [10,11], focused ion beam tomography [12-15], and 

X-ray computed tomography [16,17], among others. Considering the length-scale of 

microstructural features exhibited by the CBN composites investigated, X-ray computed 

tomography (CT) emerges as the most appropriated technique for 3D microstructure 

characterization to be used in this study. It uses X-ray to produce 3D images of the scanned 

object [18,19]. Since its introduction in the 1970s, it has been mainly implemented in 

medicine as a remarkable development of the diagnosis method. The application of X-ray CT 

is now widely extended as it is also used in different industries (e.g. Refs. [20,21]). In the 

field of production engineering, X-ray CT is employed to inspect and characterize material 

deformation, internal flaws and crack propagation (e.g. Refs. [22,23]). Considering the subject 

of this paper, CT scan has been used to analyze the geometrical properties of single CBN 

grains, such as shape and dimension [24]. However, in order to quantitatively characterize 

CBN composites from a statistical point of view, it is necessary to obtain geometrical 

information of a large quantity of grains in a given (representative) volume. Within this 

context, the 3D volume quantification of CBN composites requires extensive data gathering 

and analysis together with effective modeling, so that the material volume may be reliably 

reconstructed. Under these conditions, the geometrical properties of a large number of grains 

could be statistically analyzed on the basis of their features, such as shape, dimension, 



orientation and phase ratio. This is the main objective of the investigation presented in this 

paper. 

 

 

 

2. Material, Data Analysis and Experimental Aspects  

 

2.1 Investigated CBN Composite 

The material studied in this paper is a commercial CBN honing stone which is referred to as 

B151/L2/10/50. The specification (Table 1) of this honing stone indicates the following data: 

the abrasive nature is Cubic Boron Nitride (B), the grain size is between 126 µm and 150 µm 

(151), a standard metallic (bronze-like nature) binder type of (L2) is used, the grain structure 

and quality (10) and grain concentration is 12.5 Vol-%, i.e. about 0.44 g/cm³ (50) [25,26]. 

Composite hardness ranges from 250 to 350 Vickers hardness (measured under applied load 

of 294N), in agreement with the relative amount of superhard phase embedded in a quite soft 

metallic matrix. Figure 1(a) shows the surface image of CBN composite obtained by scanning 

electron microscopy, and Figure 1(b) shows the 3D image of a CBN grain obtained by laser 

scanning microscopy. 

 

2.2 Software Programs for Image Processing and Quantitative Analysis of Microstructures 

Two software programs are used in the study: 3D modeling and processing software AMIRA 

5 (FEI Company) and MAVI (Fraunhofer Institute for Industrial Mathematics). AMIRA 5 is a 

competent software tool for 3D image processing. It can visualize raw data (2D images) 

obtained from microscopy or tomography, manipulate and enhance image processing and 

reconstruct the studied volume by assembling cross-sectional 2D images. MAVI is employed 



as an additional unit to complement volume image analysis after the bulk reconstruction. It 

permits to carry out quantitative analysis of the studied microstructures. 

 

2.3 3D Volume Quantification Parameters 

The main objective of the investigation is to propose a method to quantify and analyze grain 

geometrical properties of the honing stone B151 with a 3D statistical perspective. During the 

investigation procedure, the volume of the studied material is reconstructed with a series of 

binarized cross-sectional images obtained by the CT-scan. Based on the reconstructed 

volume, key geometrical properties of the grains in the investigated volume, such as quantity, 

dimension and form (Figure 2) are assessed.  

 

Quantity Parameters 

Four parameters (Table 2) are used to describe the quantity features: grain amount Nt, grain 

volume fraction fg, binder volume fraction fb and particle density D. Grain/binder volume 

fraction fg/fb is calculated by equation (1): 
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where 

  : total grain volume 

  : total binder volume 

  : total specimen volume 

 

On the other hand, particle density D is calculated by equation (2): 

  
  

  
            (2) 

where 



Nt: Grain amount  

 

Dimensional Parameters 

Three parameters (Table 3) are employed to assess the dimensional features of the grains: 

mean grain surface   ̅, mean grain volume  ̅  and equivalent spherical diameter    . 

 

Form Parameters 

Three isoperimetric shape factors are introduced to describe the shape of the intrinsic volumes 

of convex and compact grains with non-empty interior [27]. For each grain, three shape 

factors are calculated – by equation (3) – using parameters V, S and M which represent 

volume, surface area and integral of mean curvature of grains, respectively. M is given by 

equation (4) where 1/r1(s) and 1/r2(s) are the minimum and maximum curvature at the surface 

element ds, and    is the boundary of the grain [28]. The values of the three parameters are 

obtained by the grain quantification. 
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Meanwhile, the grains can be classified using three corresponding geometrical features, i.e. 

length, width and thickness of the grain. Three basic shapes (Figure 3 (a)) are defined 

according to correlations among these three features [29]: 

 granule, when length, width and thickness are approximately equal; 

 chip, when length and width are approximately equal, but different from thickness, 

or the three parameters are different from each other; 

 fiber, when width and thickness are approximately equal, but different from 

length. 

 

Taking into consideration the calculated values of the three isoperimetric shape factors, grains 

can be classified into three basic shape categories (Figure 3(b)) [30]:  

 when        and       , it is a fiber; 

 if it is not a fiber, and when        and         then it is a chip; 

 if it is neither fiber nor a chip, then it is a granule. 

 

2.3 Experimental Procedure 

The procedure of 3D volume quantification is shown in Figure 4, including three steps: image 

acquisition, segmentation and image processing, and finally 3D modeling and quantification 

[31].  

 

Image Acquisition 

A specimen of the honing stone B151/L2/10/50 (B151) with a volume of 2844 μm×16980 μm 

×1765 μm has been scanned via CT scan in order to acquire cross-sectional 2D images. As it 

is shown in figure 5, the sample is fixed on the holder between the X-ray illuminator and 

detector. When the illuminated X-ray passes through the sample, it is either absorbed or 

scattered. Hence, a “shadow” is projected on the X-Ray detector. As CBN grains in the 



specimen do not have identical geometry features, and as they are also randomly distributed 

and oriented, the projected shadows have different intensities. The shadow intensity which is 

measured and recorded by the detector as a 2D image, contains the density of the investigated 

material and the geometrical information of the CBN grains. As the holder can rotate 360°, it 

permits to investigate the whole volume from each direction. With a special agglomeration, a 

series of 2D images from various layers of the CBN specimen is then obtained by the CT 

scan. The series obtained by the CT scan includes 130 images on the XY-plane with the 

thickness of 13.6 µm along the Z-axis. The images have the size of 241 pixels along the X-

axis and 1439 pixels along the Y-axis. Therefore, the pixel size is 11.8 µm along both X- and 

Y-axis, and 13.6 µm along the Z-axis, taking into account that the cross-sectional image has 

the size of 2844 μm×16980 μm on the XY-plane. The calculated voxel size is 1.9 x10³ µm³. 

Figure 6 shows the cross-sectional scanning and a cross-sectional image of the CBN 

composite on the XY-plane, as obtained by the CT scan.  

 

Segmentation and Image Processing 

In this step, the images are treated in order to obtain binary images with white background 

and black blocks. The white background and black blocks represent the binder and the grains 

of the CBN honing stone, respectively. This step is essential for this investigation since the 

reliability of 3D grain quantification is based on the geometrical properties of the extracted 

black blocks, such as number, size and form. However, it is noticeable that the original 

images obtained by the CT scan are not well contrasted in some parts, i.e. the separation 

between the bright phase and the dark one is not clear. These are some common defaults 

induced during the image acquisition step, such as lack of contrast, grain adhesion and blur 

edge (Figure 7). Taking into account that the main goal of this step is to determine the clear 

border between the grain and the binder, the aforementioned defaults should then be corrected 

by morphological treatments. These were carried out by means of the series of algorithm 



operations: Filter Alignment, Filter Global Thresholding, Filter Resampling Low Pass and 

Filter Edge-Preserving Smoothing. These algorithm operations can be employed in 

conjunction with each other or individually, according to the correlation of position, contrast 

and smoothness. 

 

The operation Filter Alignment is applied to adjust the position of each image along the cross-

section direction in the image acquisition, preventing the shift of image assemblage in the 3D 

volume reconstruction. In this case, the obtained images should be adjusted on the XY-plane 

perpendicular to the Z-axis (Figure 6(a)). This operation is mandatory if the cross-sectioning 

is done manually, e.g. by means of polishing. The greyscale images obtained by the CT scan 

are composed of pixels. The pixel represents the smallest constituent element of a digital 

image. In a greyscale image, each pixel is encoded on a fixed value from 0 to 255 (grey 

scale). Conventionally, 0 is the darkest value (black) and 255 is the brightest one (white). 

Hence, if the encoded pixels of an image possess high grey values (towards 255), the image 

appears bright. On the contrary, it appears dark. The operation Filter Global Thresholding is 

employed to roughly select the black blocks out of the grey field, and to determine their 

borders by setting a range of grey values for each pixel. The operation Filter Global 

Thresholding can be described as follows: 

 

If Ii,j  ≤ Tinf , then Ii,j   = 0 (white) 

If Ii,j  ≥ Tsup, then Ii,j  = 255 (black) 

 

where 

Ii,j: grey value of a pixel with spatial coordinate i,j,  

Tinf and Tsup: inferior and superior fixed Thresholding grey values, respectively. 

 



In this case, the inferior value is set to be 105 and the superior one to be 126. After the 

application of the operation Filter Global Thresholding, all pixels below and equal to        

Tinf= 105 take the grey value of 0. On the other hand, all pixels above and equal to Tsup= 126 

take the grey value of 255. Compared with the original grey scale image obtained by the CT 

scan (Figure 8(a)), most of the grains are extracted from the grey field and given a defined 

border (Figure 8(b)). However, it is noticeable that the extracted grains exhibit different 

brightness gradients at their borders due to variant pixel values between 105 and 126. Next, 

the operation Filter Resampling Low Pass is performed to sharpen the borders and make them 

appear sufficiently pronounced. The function calculates the intermediate grey value, i.e. 115 

in this case. The pixels at the border are given the grey value of 0 (black) if their initial grey 

values are inferior to 115. Otherwise, they are given the value of 255 (white) (Figure 9(a)). 

Therefore, a binary image encoded on 0 (black, grains) and 255 (white, binder) is then 

obtained (Figure 8(c)). After this step, the operation Filter Edge-Preserving Smoothing is 

necessary to reduce the noise and smooth the grain borders (Figure 8(d)). In this operation, the 

grey value of each pixel at grain border is attributed the median value of their neighboring 

pixels. The median value is calculated by first sorting all the pixel values from the 

surrounding neighborhood into numerical order with a range of N*N neighboring pixels. Then 

the considered pixel is replaced by the median pixel value. In Figure 9(b), for example, the 

highlighted pixel on the border before the application of the filter has a value of 2, 

corresponding to white. Its neighboring pixels in a 5*5 matrix with the values 1 and 2, 

corresponding to black and white, have the values in numerical order: 

1;1;1:1;1;1;1;1;1;1;1;1;1;1;2;2;2;2;2;2;2;2;2;2;2. The median value is then the 13
th

 one, i.e. 1, 

which corresponds to black. Hence, the value of the highlighted pixel is then set to be 1 after 

the application of Filter Edge-Preserving Smoothing. The color is then changed to black and 

the border becomes smooth. 

 



Final 3D Modeling and Quantification 

Based on the Image Processing and Segmentation step, the grains are separated from the 

binder and a binary grey value is then assigned to each grain. In this final step, the scanned 

volume is then reconstructed using the software AMIRA 5. Important geometrical and 

microstructural parameters are quantified using the aforementioned algorithms by the 

software MAVI [28,32,33]. 

 

3. Results and Discussion 

 

3.1 3D Volume Reconstruction and Microstructural Information 

The grains in the investigated volume after the segmentation are visualized in Figure 10. 

Shapes of grain cross-sections are not identical, but most of them are polygons according to 

the cross-sectional image (Figure 10(a)). It is noticeable that the grain shapes vary and that 

they are oriented differently. Figure 10(b) shows that the grains are also randomly distributed 

in the volume. 

 

3.2 Quantity Parameters  

Table 4 presents the statistical results of the microstructural information of the reconstructed 

3D model. It has been found that there are 4093 CBN grains in the volume    of 8.5×10
10

 

µm³. Hence, the grain density is 48 grains/mm³. In the reconstructed specimen volume, all the 

grains have the volume    of 0.7×10
10

 µm³, whereas the binder has the volume    of 7.8×10
10

 

µm³. Therefore, grains and binder account for 8.2% and 91.8%, respectively, of the entire 

volume. 

 

3.3 Dimensional Parameters 



Table 5 shows the dimensional properties of the B151 grains in the reconstructed volume. 

Mean grain volume  ̅  and mean grain surface   ̅ are 1.6×10
6
 µm³ and 7.7×10

4
 µm², 

respectively. Considering that grains are spheres, the equivalent diameter     is then 

calculated to be 132 µm, which is slightly deviatied from the nominal mean grain size, i.e. 

138 µm (Table 1).  

 

Figure 11(a) shows the distribution of the grain amount as a function of the equivalent 

spherical diameter of grains    . The distribution of the grain amount is close to a Gaussian 

approximation, where most of the grains are distributed near the mean equivalent spherical 

diameter of grains    , i.e. 132 µm. It is found that about 250 grains exhibit a     lower than 

30 µm, which accounts for only 0.02% volume of all the grains. These 250 grains are 

considered as induced defaults during the imaging processing, where some individual small 

particles are produced due to the separation of big ones. Some extreme coarse grains (larger 

than 240 µm) have also been found due to the modeling error. On the other hand, some 

contacting grains have been considered as one large grain by the software, and were therefore 

not separated in the image processing. Figure 11(b) shows the volume fraction as a function 

of the equivalent spherical diameter. The distribution has also a Gaussian approximation and 

is similar to the distribution of the grain amount. 

 

3.4 Form Parameters  

When the pixel amount of a particle is too small, the calculation of its shape factors becomes 

impossible, since the software requires the particle to have at least two pixels along each axis 

(i.e. 8 voxels) to obtain reliable shape factors. In this case, the grain should have a diameter 

larger than 30 µm (approximately corresponding with the volume of 8 voxels, i.e. 1.5 x10
4
 

µm³). Otherwise, the shape classification is not reliable anymore. Therefore, about 250 grains 

with diameters lower than 30 µm should be eliminated in order to analyze the grain shape. 



Then, namely 3843 grains have been analyzed. According to the aforementioned dimensional 

analysis of the grains, the tiny ones (with a diameter lower than 30µm) are considered as 

introduced defaults, since such tiny grains should not exist in the honing stone B151. Table 6 

shows the grain shape classification. It is roughly found that 31 grains are fibers, 748 grains 

are chips and 3064 grains are granules. Hence, fibers account for 0.8%, chips for 19.5% and 

granules for 79.7% of all the grains. 

 

 

4. Summary and Concluding Remarks 

 

In this investigation, the 3D volume quantification of a commercial CBN honing stone B151 

has been conducted, based on 3D modeling and volume reconstruction. A CT scan has been 

employed to acquire series of cross-sectional images of the investigated volume with a high 

resolution. Image processing software Amira and MAVI were applied to reconstruct the 

volume and to quantify the grains in terms of quantity, dimension and form. 

 

Compared to the traditional two-dimensional (2D) surface quantification method, the 

investigation scale in the 3D quantification is extended from surface to volume. Then, a larger 

quantity of CBN grains in the honing stone B151 is involved in the investigation and more 

satisfactory and reliable results are obtained from a statistical point of view. For instance, the 

obtained mean grain size of Deq is 132 µm in the 3D volume quantification, which is much 

closer to the nominal one of 138 µm compared to that of 123 µm obtained in the 2D surface 

quantification [7].  

 

Furthermore, due to the utilization of the CT scan, the 3D volume quantification is a non-

destructive method without physical contact. Hence, the requirement of sample geometry 



becomes less important compared to other image acquisition methods, such as polishing-

microcopy or FIB cross-section. It is also more adaptable to study the samples with more 

complex shape. It may also avoid metallographic preparation which in certain cases can 

induce unexpected defaults and have negative influence on the image acquisition outcomes. 

These advantages are relevant compared not only to the 2D surface quantification method, but 

also to some other 3D investigation methods, e.g. FIB cross-section, for which a flat and 

polished surface is usually necessary for image acquisition and the bulk amount being 

characterized is significantly smaller.  

 

As a final remark, it may be stated that 3D volume quantification is an effective 

characterization technique for CBN composites. In general, it can be pointed out not only for 

assessment of microstructural properties, but also as a technique that could be adapted for 

quality inspection of material fabrication or tool performance prediction.  
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(a) (b) 

 

Figure 1. (a) CBN composite surface image obtained by SEM, (b) CBN grain 3D image obtained by 

LSM. 

 

 

Figure 2. Assessment parameters of the 3D volume quantification of CBN honing stone B151. 

 



  

                                   (a)                                 (b) 

 

Figure 3. (a) Basic grain shape definitions, (b) grain shape classification using shape factors. 

 

 

Figure 4. Procedure of volume reconstruction and 3D characterization. 

 

 

 

 



 

Figure 5. Schematic illustration of image acquisition using CT scan. 
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(b) 

 

 

Figure 6. B151 (a) Cross-sectional scanning and (b) cross-sectional image of CBN composite obtained 

by CT scan. 

 

 

 



 

Figure 7. Common defaults induced in the image acquisition by the CT scan. 

 

 

 

Figure 8. Morphological treatment of the acquired images: (a) original image without treatment, (b) 

filter Global Thresholding, (c) filter Resampling Low Pass, (d) filter Edge-Preserving Smoothing. 
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(b) 

 

Figure 9. Graphical illustration of the agglomerations: (a) Filter Resampling Low Pass, (b) 

Filter Edge-Preserving Smoothing. 
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Figure 10. Grain segmentation of the specimen: (a) segmented cross-section image of the 

reconstructed 3D model, (b) grain distribution in the 3D model. 

 

 

 

  

(a) (b) 

 

Figure 11. (a) Distribution of the grain amount and (b) volume fraction distribution as a 

function of equivalent spherical diameter. 

  



 

Table 1. Properties of the honing stones B151/L2/10/50. 

Honing 

Stone 

Mean grain 

size (µm) 

Max. grain 

size (µm) 

Min. grain 

size (µm) 

Grain concentration 

(Vol-%) 

Density(g/cm³) 

B151 138 150 126 12.5 0.44 

 

Table 2. List of quantity parameters. 

Parameter Definition 

Grain amount Nt number of all the observed grains in the investigated volume 

Grain volume fraction fg ratio of the total grain volume (  ) to the total specimen volume 

(  ) 

Binder volume fraction fb ratio of the total binder volume (  ) to the total specimen volume 

(  ) 

Particle density D grain amount per mm
3
 

 

Table 3. List of dimensional parameters. 

Parameter Definition 

Mean grain surface   ̅ average value of grain surface area 

Mean grain volume  ̅  average value of grain volume 

Equivalent spherical 

diameter     

average value of diameters of the equivalent spheres, which have 

identical volumes of the investigated grains  

 

 



Table 4. Microstructural information of the B151 specimen. 

Grain 

quantity 

Grain 

density 

(mm
-3

) 

Specimen 

volume    

(x10
10 

µm³) 

Total grain 

volume    

(x10
10 

µm³) 

Total binder 

volume    

(x10
10 

µm³) 

Grain 

volume 

fraction    

(%) 

Binder 

volume 

fraction    

(%) 

4093 48 8.5 0.7 7.8 8.2 91.8 

 

Table 5. Dimensional properties of the B151 grains. 

Mean grain volume  ̅  

(×10
6
 µm³) 

Mean grain surface   ̅ 

(×10
4
 µm²) 

Equivalent spherical diameter of 

grains     (µm) 

1.6 7.7 132 

 

Table 6. Grain shape classification of the B151 specimen. 

Shape Quantity Fraction (%) 

Granule 3064 79.7 

Chip 748 19.5 

Fiber 31 0.8 

 

 

 




