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Abstract

Method for determining phase distribution and
characteristic lenghts in cBN-composite materials.

Olof Gunneriusson

An image analysis method has been developed for Sandvik to determine phase
compositions and characteristic length of the binding phase in cubic Boron Nitride
(cBN)-composites with low contents of cBN (35-75%).

The method consists of taking pictures with a Scanning Electron Microscope,
gathering elemental data with X-ray Diffraction (XRD) as well as Energy-dispersive
X-ray Spectroscopy (EDS) and finally using a Matlab program developed for this work
to calculate phase compositions and statistical data from the characteristic length of
the binding phase.

Using these methods four different phases were identified in the samples: Black
particles, most likely made of cBN. A dark gray phase around the black particles, that
consists of Al-compounds. A light grey binding phase, consisting of TiN or Ti(C,N).
Finally there were small traces of white particles which were identified as a product of
abrasive action on cermet milling bodies added during the milling.

Mean value, standard deviation and median of the characteristic length of the binding
phase was calculated. For all samples the median value was consistent, sometimes
even being identical for the analyzed sites. This indicates that the binding phase was
evenly distributed across almost all samples.
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Populärvetenskaplig sammanfattning 

Kompositmaterial innehållande låga mängder (35-75%) kubisk bornitrid (cBN) används som 

skärmedel i stålindustrin. Dessa material tillverkas genom att blanda råvaror i pulverform, 

pressa ihop dem och slutligen sintra under högt tryck och hög temperatur (HPHT-metod). 

Under sintringens gång kommer råvarorna att reagera med omgivande ämnen och bilda nya 

faser vilket resulterar i ett mycket hårt material. Då endast kanten på skärmedlen kommer i 

kontakt med stålet är det viktigt att faserna i materialet är jämt fördelade, annars kommer 

skäregenskaperna att variera beroende på vilken kant som vänds mot stålet.  

Syftet med detta examensarbete var att ta fram en bildanalysmetod åt Sandvik Coromant som 

skulle kunna avgöra hur jämnt fördelade faserna i en cBN-komposit är utifrån bilder tagna i 

ett svepelektronmikroskop (SEM). Dessutom efterfrågades en metod att avgöra den 

karakteristiska längden hos den fas som håller ihop kompositens material, den så kallade 

bindefasen.  

Metoden som utvecklades grundades i användningen av ett program skrivet i Matlab för att 

direkt analysera bilder tagna med ett SEM. Programmet ger information om fasfördelningar 

och statistik över karakteristisk längd. För att identifiera faserna som programmet räknar på 

krävs kompletterande information vilket i detta arbete erhölls från röntgendiffraktion (XRD) 

samt energidispersiv röntgenspektroskopi (EDS). Fyra prover förbereddes till detta arbete, 

FFP094-097. De bestod av samma fördelning av råvaror men hade varierande 

medelkornstorlekar av cBN (94>95=96>97) eller olika malningstider under blandningen (95 

och 96 hade samma kornstorlekar men 96 förmaldes ej). 

Resultaten tyder på att fasfördelningarna var lika för de flesta undersökta delarna av proverna. 

Mörka partiklar (cBN-korn) upptog 40-45 %, en mörkgrå fas som omringade de mörka 

partiklarna (Al-föreningar) upptog 11-15 %, den ljusgrå bindefasen (TiN, Ti(C,N)) upptog 41-

45 % i de flesta prover men endast 24-27 % hos FFP097. Slutligen upptog vita partiklar 

(rester av malkroppar som nötts ner av cBN-kornen och blandats i provet) 0,05-0,37 % av 

proverna.Det viktigaste statistiska värdet från den karakteristiska längden hos bindefasen var 

medianen då spridningen var stor (0,1-10 µm). Medianen var snarlik och många gånger 

identisk för de undersökta områdena. Detta tyder på att bindefasen var jämnt fördelad hos 

nästan alla prover. Medianen var störst hos FFP094 med minskande längd ner till FFP097 

vilket tydligt indikerar att den karakteristiska längden ökar med större kornstorlekar hos cBN-

kornen. 
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1 Introduction 

1.1 Goals 

The purpose of this thesis is to find an image analysis method which will enable Sandvik 

Coromant to determine the phase distribution and characteristic length of the binding phase in 

cBN-composites. This distribution should be presented numerically in such a way that the 

results can be objectified. If possible Sandvik also wishes to be able to determine volume 

fractions of different phases in the composites. 

1.2 cBN-composites 

cBN-composites with low contents of cBN (35-75%) are made by mixing raw materials and 

then press and sinter them under high pressure and high temperature (HPHT). During 

sintering the materials components react with the surrounding materials to form new phases 

that together form a very hard composite material. 

These composites are used as abrasive cutting materials for cutting hardened steel parts. Only 

the outermost edge of the cutting material gets in contact with the steel which means it is very 

important for the components of the material to be distributed evenly, so that the cutting 

abilities will not vary depending on which edge is turned against the steel. 

2 Theory 

2.1 SEM 

The working principle of a Scanning Electron Microscope (SEM) is that by focusing an 

electron beam and sweeping it over a sample one can create an image that can be magnified 

and analyzed. By collecting electrons that have been scattered off the sample and compare 

their energies to the primary electrons in the electron beam it is possible to gain topological 

and/or compositional contrast in the resulting image, depending on which type of scattered 

electrons one chooses to analyze. 

2.1.2 Electron Gun 

To create an electron beam the SEM uses an electron gun. The electron gun emits electrons 

and accelerates them to a desired energy level. There are two different types of electron guns 

available: thermionic guns and field emission guns (FEGs). [1] 
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A thermionic gun emits electrons using a thin tungsten wire or a small single crystal made of 

lanthanum hexaboride (LaB6). The wire or crystal is heated to a temperature where the 

electrons reach a high enough energy level to escape from the surface into the vacuum of the 

SEM chamber. These electrons form the electron beam. To focus this electron beam a 

Wehnelt cylinder is placed around the emitter which can be used to control the electron 

emission since it works as a combined lens and aperture. [1] 

The driving force for electrons to be emitted is the attraction between the negative emitter and 

the positive ground potential anode. To allow electrons to pass through it, the anode has a 

hole in the center. 

A LaB6-crystal has several advantages over a tungsten emitter. The tungsten emitter has 

lower brightness and lifespan while requiring higher work temperatures then a LaB6-crystal. 

The upsides of using a tungsten emitter is that it requires lower vacuum and generally costs 

less, although proper care of a LaB6-crystal will give it a long lifespan which makes it cheap 

in the long run. [1] 

A FEG has a different layout. The emitter in a FEG is a sharp tip made of tungsten that is 

connected to a negative potential. Since the shape is symmetrical the electric field will 

concentrate on the tip. When the potential is high enough the electrons can tunnel through the 

tip. Unlike the thermionic gun two anodes are used. The first one works similar to the anode 

in the thermionic gun and drives the electrons to emit from the tip. The second one however is 

used to accelerate the electrons to the desired voltage. [1] 

The upsides of using a FEG are plenty, including higher brightness and less spread in electron 

energy. It is however a lot more expensive and requires a high vacuum.  

2.1.3 Lenses 

Similar to a normal optic light microscope the SEM uses two kinds of lenses: condenser 

lenses and objective lenses. The lenses themselves however, are electromagnetic and not 

actual glass lenses. They consist of coils of copper wire surrounded by a case of iron. The 

coils are winded around an iron pole piece. When an electrical current passes through the coil 

a magnetic field is created. [1] 

The magnetic field affects electrons with a force known as the Lorentz force which is 

proportional to its strength. That strength is inversely proportional to the distance from the 
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source of the magnetic field. These characteristics allows for control of the magnetic field via 

adjustment of the current running through the coils, thus changing the strength of the lens. 

2.1.4 Contrast  

The contrast itself is dependent of the number of electrons that are emitted and that can be 

detected for different sites of the image.  When using secondary electrons (electrons that are 

scattered back at lower angles) the number of detected electrons is dependent of the surface 

topography of the sample. More electrons are detected at flat or peak areas, rather than at pits 

or areas overshadowed by nearby peaks. This type of contrast is known as topological 

contrast. [1] 

If back-scattered electrons (electrons that are scattered at a high angle close to the incident 

beam) are analyzed instead the contrast will be dependent on how well the atoms of the 

sample can scatter electrons. Heavier elements and compounds will scatter a higher number of 

electrons which in turn allows more electrons to be detected from the corresponding area.  

This means that heavier elements will appear brighter then lighter elements in the resulting 

image, creating what is known as compositional contrast. 

Both types of electrons are the result of scattering inside the sample but with different points 

of origin inside the sample. Figure 1 below shows the interaction volume where electrons 

from the incident beam are scattered under the surface of the sample. Not only scattered 

electrons are produced there, but X-rays as well, which can be used for EDS. 

 

Figure 1: This pear-shaped area is known as the interaction volume of a SEM. [1] 
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2.2 EDS 

Energy-dispersive X-ray spectroscopy (EDS) is a form of X-ray spectroscopy that can be used 

for elemental analysis and mapping. The working principle of the instrument is to detect and 

separate characteristic X-ray photons that have been emitted from the sample according to 

energy. To accomplish this, the instrument uses a photon detector, usually a Si (Li) diode. [1] 

When used in a SEM the electron beam used to create images can also be used for elemental 

analysis, allowing the creation of maps for each detected element. 

2.3 XRD 

X-ray diffractometry (XRD) is one of the most widespread X-ray diffraction techniques used 

in material characterization. XRD uses a diffractometer wherein an X-ray beam with a 

constant wavelength is used to examine and characterize polycrystalline specimens. The 

working principle of a diffractometer is to detect X-rays that have been diffracted from the 

material and then record a spectrum of the diffraction intensity as a function of the diffraction 

angle (2θ). By creating this spectrum and comparing it to a database the material can be 

characterized by identifying its crystal structure. [1] 

2.4 XRF 

X-ray Fluorescence Spectrometry (XRF) is a method of chemical analysis that can be used for 

detection of chemical elements in specimens. It was developed before EDS and has the same 

working principle. The difference is that XRF is mainly used to examine the overall chemical 

composition in a sample, not just a microscopic area like EDS. [1] 

2.5 LECO Combustion Analysis 

LECO combustion analysis is an analysis method developed by  the company LECO, used in 

this work to calculate oxygen, nitrogen and carbon contents of the sample powders. By 

weighing the powder before and after the sample is heated and combusted in certain gases it is 

possible to determine how much has reacted with the gas. The condition to enable this type of 

analysis is to have the analyzed element be the limiting reagent in the reaction with an excess 

of gas. If carbon content needs to be examined the sample can have pure oxygen gas react 

with it, the carbon will react to form CO2. By measuring how much weight was lost to the 

reaction the carbon content can be determined. [2] 

To measure oxygen and nitrogen content another method is applied. The sample is heated in a 

graphite crucible under a flowing inert gas, commonly helium. This will result in the oxygen 
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contents to react with the graphite (which is present in excess) to form CO2 and the nitrogen 

will be released as N2. By analyzing the mixture of gases with infrared light (IR) and thermal 

conductivity measurements it is possible to determine O and N contents. 

2.6 Matlab Program 

A Matlab program was created for the purpose of this thesis. The goal was to create a 

program that could be used to analyze an image produced in a Scanning Electron Microscope 

(SEM), and give information about phase distribution and characteristic length of the binding 

phase. 

In figures 2-6 below the first segments of the code is shown. The first lines in figure 2 create a 

dialogue window which allows the user to select an image to analyze. As the standard images 

taken in a SEM has a customary label at the bottom containing information about the SEM 

settings and company name it needs to be cropped before analysis. The image is also 

converted to the .dip-format to enable certain analysis techniques. [3]   

To be able to convert the lengths in pixels to the more applicable µm the program needs to 

know how many pixels corresponds to one µm. This will depend on the magnification of the 

image which means the user needs to enter the magnification of the selected image to gain the 

correct values. For this work the pixels length were determined through manual 

measurements, using pixel coordinates off the µm-scale on labels from images opened in 

Matlab. Figure 3 depicts code which allows the user to set the magnification the selected 

image was taken in. It also sets a default value depending on previous runs which makes 

repeated runs easier. The resulting dialogue window can be seen in figure 4. 

 

Figure 2: File selection and cropping of image. 

 



8 
 

 

Figure 3: These lines will adjust the conversion from pixels to µm depending on the magnification of the image. The 

default value is 10000x magnification at startup but will change to what was last used when doing repeated runs. 

 

 

Figure 4: Dialogue window for selection of magnification, created by the code in figure 3. 

To be able to distinguish phases the program needs to know which ranges of grayscale values 

that each phase corresponds too. This can be achieved using the function thresh_tools [4] 

which lets the user manually check where in the picture a certain value of the grayscale 

appears and mark threshold values to separate ranges for each phase. Since the cBN material 

displays four different phases the required amount of thresholds is three, these are called 

whitelevel, graylevel and blacklevel in figure 5 below. The program also asks the user if it 

should use previously set thresholds to allow for easy repeated uses, this dialogue window can 

be seen in figure 6. 
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Figure 5: These lines checks if the user has previously set threshold values he or she wishes to use. If the answer is yes 

the program will use previous values, if not the program will call the function thresh_tools to let the user select new 

threshold values. 

 

Figure 6: This dialogue window allows for quick analysis of many images with similar grayscales, created by the code 

in figure 4. 

Figures 7-9 shows the process of setting thresholds. The function thresh_tools is called three 

times, one time for each threshold. As can be seen in the figures the segmented image clearly 

tells which areas corresponds to the selected grayscale value. The bottom image in the User 

Interface (UI) also depicts the intensity distribution which makes it easy to identify the ranges 

that corresponds to different phases. 
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Figure 7: The UI for thresh_tools which allows for more accurate selection of thresholds. The top left image shows the 

selected image. The top right image shows which pixels have the graysclae values selected in the intensity distribution 

below. The bottom image shows the selection of the white grayscale treshold. 

 

Figure 8: This picture shows the selection of the gray threshold. Notice how the binding phase has lit up compared to 

figure 7. 
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Figure 9: This picture shows the selection of the black threshold. This time everything but the black particles should 

be white. 

When the thresholds have been set the program can display the pixels that corresponds to each 

grayscale range, i.e. to each phase. Figures 10-12 below depict the code and the resulting 

image and histogram. 

 

Figure 10: This segment of code creates the colored image shown in figure 11 as well as the phase distribution 

histogram in figure 12. 
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Figure 11: In this picture the different phases established by the threshold values have been colored to display where 

each phase has been identified. In this case the black particles stay black, the darker gray areas have been colored 

red, the lighter gray areas have been colored green and the white particles have been colored blue. 

 

Figure 12: A histogram produced by the program showing the phase distribution of the selected image. The 

distribution is the same as the one produced in thresh_tools but with added thresholds and pixel counts.  

The final task for the program is to measure the characteristic length of the light gray binding 

phase between the black cBN-particles and give statistical information about it. This is 

accomplished by first creating an image which only displays the light gray and dark phases, 

and then determines where the grayscale shifts from one phase to the other.  

The shifts can be identified using the grayscale value of a pixel as a function of its position in 

a row or column. When the derivative of the function is zero the pixel has the same value as 

the pixel measured before it. This means that when a phase shift occurs the derivative will 
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either reach a maximum or minimum value depending on which phase it shifts from. By 

measuring the number of pixels between the shifts from max to min the length of the binding 

phase for that row or column of pixels can be measured. By repeating this procedure for all 

rows and columns of the image a gathering of statistical data can be made. 

Figure 13 below depicts the code that is used for the procedure. It creates the image seen in 

figure 14 and checks for the maxima and minima of the derivative as described above. Figure 

15 shows the derivative as a function of pixel position. Figures 14-15 are not shown when 

running the program but can be accessed by executing the commands “dipshow(q)” or 

“plot(g1)” /”plot(g2)” respectively.  

This method isn’t perfect however since the distances between shifts can be very long in the 

edges, or very small due to artifacts or mono-colored borders in the image. To combat this, 

the program sorts out very short lengths and very long lengths to give more representative 

statistics. It also converts the number of pixels into lengths in µm using the magnification 

value that was determined in the start of the run. Finally it calculates the mean value, standard 

deviation and median for the characteristic lengths. 

 

Figure 13: The program scans each row and column of pixels to check for phase shifts. It then stores each length 

between shifts to use as statistical data.  
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Figure 14: This image only contains the black particles, everything else is treated as background which enables 

measuring of the characteristic lenght between the grains. This image is not shown when running the program but 

can be accessed if needed. 

 

Figure 15: In this image the derivative of the grayscale as a function of pixel position is displayed. The jumps to 

maxima and minima indicate phase shifts. This image is not shown when running the program but can be accessed if 

needed. 



15 
 

 

When all of the data has been gathered the program executes the code seen in figure 16 below 

to create the histogram and table seen in figure 17. The program calculates the contents of 

each phase and displays them as percentages. The statistical data of the characteristic length 

that was calculated earlier is also displayed in the table. To give a picture of the distribution of 

characteristic length the program also displays a histogram of the characteristic lengths. 

 

Figure 16: This segment of the code calculates phase composition and creates figure 17 to present the data. 

 

Figure 17: Top: a histogram of the characteristic lengths, Bottom: a table displaying phase composition and statistical 

data of the characteristic lenght. Note the increasing intensity for shorter lengths. 
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3 Method and Results 

3.1 Samples 

3.1.1 Sample preparation 

Four different types of samples were prepared, see table 1 below. All samples had the same 

composition but differed in cBN grain size and/or amount of milling time during preparation. 

FFP094 had the largest mean grain size, FFP095-FFP096 had the same intermediate mean 

grain sizes but FFP096 was not premilled, finally FFP097 had the smallest mean grain size. 

Table 1: a list of the manufactured samples depicting the grain sizes and compositions as well as the type of milling  

that was used. 

Sample 
Wt 

% W 

Vol % 

cBN 

coarse  

(4-6 µm) 

Vol % 

cBN 

cfp028  

(2-3 µm) 

Vol % 

cBN fine   

(0-2 µm) 

Vol 

% 

Al 

Vol %  

ssTiN 

(W) 

Cermet/CC 

Type of 

milling 

bodies 

Milling time 

FFP094 3 50,12 - - 8,05 31,32 10,5 Cermet 

12 h @ 200 rpm 

+ 2h40min @ 

300rpm 

FFP095 3 - 50,12 - 8,05 31,32 10,5 Cermet 

12 h @ 200 rpm 

+ 2h40min @ 

300rpm 

FFP096 3 - 50,12 - 8,05 31,32 10,5 Cermet 2h40min @ 300rpm 

FFP097 3 - - 50,12 8,05 31,32 10,5 Cermet 

12 h @ 200 rpm 

+ 

2h40min@300rpm 

 

The first milling session lasts for 12 hours and grinds solid state TiN with Cermet milling 

bodies to better enable an even distribution in the material; it also reduces grain sizes in the 

material. For the second milling cBN and Al is added to the mixture, with an increase in 

rotation speed of the stirrer. This step lasts for 2 hours and 40 minutes. Since the first step 

takes so long it was done overnight, with the second milling step being done on the morning 

after with consecutive spray drying [5].  

The cBN-particles are too hard to be affected by the second milling but the Al will mix so that 

it can react with its surroundings during sintering. The Cermet milling bodies that consists of 
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(Ti,W)(C, N) and Co will also be affected however; the cBN-particles are abrasive and hard 

enough to grind the milling bodies which will result in milling debris being mixed within the 

material [5].  

After milling, the sample slurry had Polyethylene Glycol (PEG) added to act as a binder 

which would ease the formation of particles when spray drying the slurry. The slurry was 

spray dried using a small scale machine at Sandvik in Västberga. The dried powders were 

thereafter sent to Diamond Innovations in USA where they were pressed into green bodies 

(disks with 60 mm diameter), presintered and subsequently sintered with an HPHT-method. 

One use of the presintering was to remove the PEG that had been added before spray drying. 

Otherwise the green body would have the risk of emitting gas during sintering which could be 

an explosive hazard. The primary use however, was to make the materials in the composite 

react with each other and result in a more even phase distribution. 

Presintering was performed by first quickly raising the temperature in the furnace to 200 °C, 

and then slowly raising it to 400 °C inside a hydrogen atmosphere. This was done to 

evaporate the PEG in an effective manner while making sure to not leave any residues in the 

material. The next step was to apply vacuum to the furnace chamber and raise the temperature 

to 900 °C at a moderate rate. The temperature was kept at 900 °C for 15 minutes and was 

slowly lowered afterwards.  

Al has a melting point of ~660 °C and would be the first component to react when raising the 

temperature. While the Al was melting it was evenly distributed thanks to the capillary forces 

inside the pressed disk. When the temperature was raised further Al started to react with the 

other components, for example with the TiN to form Ti2AlN. These new phases would act as 

new binders instead of the PEG that was removed [5]. 

After presintering it was time for the actual sintering with a HPHT method. The HPHT 

method applies over 5 GPa of pressure at a temperature of 1500 °C for around 30 minutes, 

with specific setting for the rate of temperature changes. 

For each sample two squares were cut out of the sintered disks, see figure 18 below. These 

squares were later packed into Bakelite cylinders to ease polishing with one square standing 

up on its edge. The samples were first roughly polished with coarse and fine diamond paste, 

before finally being polished with silicon oxide. 
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Figure 18: A sintered disk displaying where cut-outs have been taken. Photo taken by the author. 

3.1.2 XRF and Combustion Analysis 

Samples of the powders were sent through a routine chemical analysis after spray drying. 

XRF and LECO combustion analysis were used to detect and calculate the composition of 

chemical elements in the powders. See table 2 below. 

Table 2: results from chemical analysis performed at Sandvik , Västberga 

Sample 
Specific surface  

(m2/g) 

Al (XRF) 

(%) 

Co 

(XRF) 

Ctot 

(LECO) 

(%) 

N 

(LECO) 

(%) 

Otot 

(LECO) 

(%) 

Ti 

(XRF) 

(%) 

W 

(XRF) 

(%) 

Milling time 

FFP094 5,65 5,3 2,6 1,45 31,5 1,54 38,6 3 
12 h @ 200 rpm 

+ 2h40min @ 300rpm 

FFP095 7,09 5,1 2,8 1,43 31,1 1,60 38,8 3 
12 h @ 200 rpm 

+ 2h40min @ 300rpm 

FFP096 4,39 5,4 2,1 1,05 32,5 1,11 38,3 2,5 2h40min @ 300rpm 

FFP097 11,8 5,8 0,9 0,75 33,5 1,92 37,7 1,2 
12 h @ 200 rpm 

+ 2h40min @ 300rpm 

Samples FFP094-096 appears quite similar in elemental contents despite their differences in 

milling and cBN grain size. The most differing sample is FFP097 which had the smallest 

mean grain size. It has lower Co and W contents which indicates that it contained less milling 
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debris than the others. This indicates that smaller cBN-grains are less abrasive than larger 

grains. 

The specific surface is clearly different for all samples, that was to be expected since it 

increases with smaller grain sizes in the material. FFP095-096 had the same mean grain sizes 

however. The difference in specific surface between those two samples are likely due to the 

fact that FFP096 was not premilled which would result in a larger mean grain size. 

3.2 SEM  

The model of the SEM used in this work was a Zeiss Supra 40 Gemini. Samples were cleaned 

in ethanol using ultrasound before they were inserted into the sample chamber of the SEM. To 

obtain the best contrast a low acceleration voltage of 5 kV was used. After focusing the image 

at a working distance of ~10 mm and adjusting for astigmatism and focus wobble pictures 

were ready to be taken.  

Back scattered electrons (BSE) were used to obtain phase contrast, see figure 19 below. Four 

different phases were detected: Black particles, a dark gray phase surrounding the black 

particles, a light gray binding phase as well as white particles. Further chemical analysis 

revealed the contents of these phases, see results of EDS and XRD below for more 

information.  

 

Figure 19: sample FFP096 (second batch) at magnifications 10000x (left image) and 2000x (right image). 

In the first session four magnifications were used at four sites for samples FFP094 and 

FFP095. The four sites were chosen at a set distance from each other, moving into the center 

from the edge of the sample. Pictures were taken at 10000x, 5000x, 2000x and 1000x 

magnification for each of the sites. For the second session pictures were taken at 10000x and 
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2000x magnification for the remaining samples. It had been deemed satisfactory to only use 

those magnifications to obtain valid data [5].   

The images for FFP094-096 were obtained using a brightness of 29,3 % and a contrast value 

of 55,9 %. For FFP097 a higher contrast was needed with a value of 62,6. As a result the 

brightness had to be lowered to 1,8 % to obtain the best picture. 

 

 

Figure 20: From top left to bottom right: FFP094, 095, 096 and 097 (10000x magnification). The differences in mean cBN- 
grain size can be seen clearly. 

The images from FFP096 indicated that the samples had unfortunately not sintered properly. 

This was later revealed to be caused by a cooling water malfunction at DI. The sample was 

likely sintered at too low temperature since the HPHT press was cooled to effectively. As 

seen in figure 21 below the cBN particles had actually fallen out from their surface sites. To 

avoid false data from the image analysis another sample was sintered at DI and sent to 

Västberga 
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Figure 21: the first batch of FFP096 (left image) compared to the second batch (right image). As can be seen in the left 

image the first batch had not sintered properly. The resulting empty cBN-sites had a different grayscale which 

affected the results from the image analysis done with the Matlab-program. 

The new samples were analyzed with the same voltage and working distance as before, using 

a brightness of 29,4 % and a contrast value of  59,5%. These settings proved to give images 

that were easy to interpret and set thresholds for. 

3.3 EDS 

EDS was used with a brightness of 15kV to obtain energies from all the present elements. The 

brightness was set at 29,4 % and the contrast at 62,6 %. A layered image and elemental maps 

were created, see figures 22-23 below.  

 

Figure 22: This layered image shows all the maps for individual elements together as a layered image 
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Figure 23: these images depict the mapping results for each detected element. B is found in the cBN particles, Ti and 

C are found in the binding phase, Al is found around the cBN particles, W can be seen in the white areas originating 

from milling bodies together with Co and N can be found throughout the entire image since it is a part of almost all 

phases. 

B is mainly found in the cBN particles. N can be found throughout the entire image which is 

to be expected since it is present in both TiN and cBN. Ti is found everywhere but the cBN-

particles. It is most likely a component in all phases except the cBN-particles. Al can be found 

in the dark gray phase around the cBN-particles, it is clear that Al has reacted with the surface 

of the cBN-particles. W is found in the white particles which are the result of milling debris 

reacting with the binding phase. It appears that W has not been dissolved into the binding 

phase. 
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Co can be found throughout the entire binding phase but has greater intensity at the white 

particles; it seems that some Co has been dissolved into the binding phase. That is also the 

case for C which like Co and W originates from the milling bodies. The intensity appears 

greater than for Co in the binding phase however. This is most likely a result of a high signal 

setting for C, the chemical analysis shows that the C content is not very high at all (see table 2 

above). It is also possible that some residues of PEG remains which has a high C content. 

3.4 XRD  

To identify the different phases the sintered disks were analyzed with XRD at Diamond 

Innovations. Figure 24 below displays the results. All samples looked very similar in their 

spectra besides FFP097 which lacked the peaks corresponding to W2CoB2. This was to be 

expected since the chemical analysis (see table 2 above) indicated that sample FFP097 

contained less W and Co than the other samples. FFP097 also had the smallest grain size for 

cBN-particles, which resulted in less abrasive interactions with the milling bodies. 

 

Figure 24: XRD spectra for all samples. Many peaks overlap, the peaks that are clearly visible are those for TiN and 

cBN. This is to be expected since those compounds made up most of the volume % during synthesis of the samples. 

3.5 Estimated phase contents 

Table 3 below sums up the estimated compounds found in each phase. The black particles are 

most likely made of cBN, a logical conclusion since it contains the lightest elements and thus 

would appear black when using the BSRD in a SEM. It is also the most abundant phase which 

corresponds well to it consisting of cBN since all samples were mixed with over 50 volume % 

TiB2 TiB2 TiN TiN TiN BN 
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cBN-particles so that the cBN content would be exactly 50 % after the addition of milling 

debris. 

The dark gray phase surrounding the cBN-particles is most likely made up of Al-compounds. 

These have been created during the sintering when the Al added into the sample mixtures 

react with the N and O contained within.  

The light gray binding phase most likely consists mainly of TiN, but also TiC and Ti(C,N). 

Carbon is obtained from the milling bodies, it is absorbed by the under-stoichiometric TiN 

which reacts to form Ti(C,N) or TiC. The TiC-peaks can be seen just to the left of the TiN 

peaks in the XRD-spectra, they are expected to be very close to each other and can therefore 

be hard to detect at a first glance. 

The white particles most likely consist of W2CoB2. They are the result of parts of milling 

bodies being torn off by abrasive action from the cBN-particles. As mentioned above this was 

not the case for FFP097 since the cBN-particles were so small, therefore the white particles in 

those samples most likely consists of compounds containing W and Co that cannot be 

detected with XRD due to existing in very small amounts. It is also possible that the white 

phase contains (Ti,W)(C,N) which is the unreacted contents of the milling bodies. 

Table 3: the estimated contents of the four different phases 

Phase Compounds 

Black particles cBN 

Dark gray phase AlN, Al2O3, TiB2 

Light gray phase TiN, TiC, Ti(C,N) 

White particles W2CoB2 , (Ti,W)(C,N) 

 

3.6 Image analysis 

The matlab program developed for this work was used with the pictures taken in the SEM. 

For each sample the grayscale thresholds were obtained from the image at 10000x 

magnification, which had proved to be a more convenient magnification to use when setting 

thresholds. The threshold values were then used for the remaining magnifications and sites for 

the sample. When a new sample was examined new thresholds were acquired. Using the 

program, phase distribution and statistical data of the characteristic length of the binding 

phase were obtained. 
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3.6.1 Phase composition 

After having analyzed all of the pictures a statistical compilation was made. See tables 2-6 

below. These tables show how the phase composition varies with position in the sample. For 

most samples four sites were analyzed.  Edge, A, B and C. C being the center with A and B 

situated in between edge and center.  Unfortunately the positions of the cut-out samples from 

the sintered disks had been lost during sample preparation, i.e. the data that was gathered 

could only be interpreted for the samples, not for the disks as a whole. When the second batch 

of FFP096 samples was made this mistake was corrected, allowing for analysis of both edge 

and center of the sintered disk. 

FFP094 had a slight increase in its amount of light gray phase towards the center of the 

sample. The increase was not big enough to indicate a gradient. The sample seems to have an 

even composition from edge to center. See table 4 below. 

Table 4: this table shows the gradient of phase contents going from the edge of the sample towards its center 

 

FFP095 however, seems to have a significant gradient in its phase composition. A difference 

off 7 % in light gray phase from edge to center indicates that the sample does not have an 

evenly distributed composition. See table 5 below. 

Dark particles
Dark gray

phase
Light gray

phase
White

particles

Edge 46,06 12,23 41,64 0,06

A 45,9 13,04 41,02 0,05

B 44,98 11,7 43,23 0,09

C 43,43 11,2 45,26 0,1
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Phase contents from edge to center 
FFP094: 2000x magnification 
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Table 5: this table shows the same data for sample FFP095, it's missing data from the edge of the sample due to faulty 

contrast in those images. 

 

Despite being poorly sintered the first batch of FFP096 sample seemed to have an evenly 

distributed phase composition except at its edge. See table 6 below. 

Table 6: this table depicts the phase composition of the first batch of FFP096 that turned out to be poorly sintered. 

 

The second batch of FFP096 seemed even more evenly distributed in phase composition. It 

was evenly distributed in the separate cut-outs and only had a slight variation when going 

from edge to center. See table 7 below. 

 

Dark particles
Dark gray

phase
Light gray

phase
White

particles

Edge

A 48,7 13,84 37,33 0,13

B 45,79 12,4 41,6 0,21

C 42,05 13,26 44,35 0,34
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Phase contents from edge to center 
FFP095: 2000x magnification 

Dark particles
Dark gray

phase
Light gray

phase
White

particles

Edge 46,84 15,37 37,7 0,09

A 41,83 19,62 38,21 0,34

B 41,32 19,6 38,8 0,27

C 41,43 19,72 38,57 0,28
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Phase contents from edge to center 
FFP096: 2000x magnification 

Table 7: these two tables depicts the phase composition for the second batch of FFP096, the new sample had marked cut-

outs that allowed for analysis of both edge and center properties of the sintered disks they were cut out from. 
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Dark
particles

Dark gray
phase

Light gray
phase

White
particles

A 43,93 15,47 40,25 0,35

B 43,15 14,37 42,11 0,37

C 44,88 14,94 39,83 0,35

0
10
20
30
40
50

P
h

as
e

 c
o

n
te

n
t 

(%
) 

Phase contents from center 
FFP096: 2000x magnification 

 

The final sample FFP097 had the smallest size distribution of cBN-particles. It showed a 5 % 

difference in dark particles between its edge and center. This only applies to the specific 

sample however and cannot be applied to the sintered disk as a whole. See table 8 below. 

Table 8: phase composition of sample FFP097 

 

In all of the samples the white particles only made up a tiny fraction of the total phase 

composition. This is expected since the white particles are made up of milling bodies left in 

the sample during milling. 

3.6.2 Characteristic length of the binding phase 

To analyze the light gray binding phase a statistical compilation was made using the Matlab-

program. For each sample the mean value, standard deviation and median value of the 

characteristic length was determined.  

The mean value is defined as the sum of the data divided by the number of data points. It can 

be used as an indicator of the tendency in the data. The standard deviation is a measure of 

spread in the data. It is calculated by squaring the distances from the data points to the mean 

Dark
particles

Dark gray
phase

Light gray
phase

White
particles

A 45,78 14,88 39,03 0,31

B 44,23 15,28 40,19 0,3

C 44,63 14,98 39,99 0,4
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Phase contents from edge  
FFP096: 2000x magnification 

Dark particles
Dark gray

phase
Light gray

phase
White

particles

Edge 48,75 27,17 24,06 0,02

A 46 27,46 26,46 0,07

B 44,62 28,28 26,98 0,12

C 43,75 28,57 27,52 0,16
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FFP097: 2000x magnification 
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value, dividing the sum of those values by the number of data points and finally taking the 

square root of that value. The median value is the value of the data point that would be found 

in the middle of all data points lined up in increasing order. If the number of data points is 

even the median is the mean of the two middle values. 

The median value is the most useful statistical data to determine the distribution for data with 

such high spread as the characteristic length [6]. With ranges from 0,1 µm to 10 µm the mean 

value can be disproportionally high even if the number of high lengths is relatively low. From 

comparing median values it’s possible to detect if the distributions of the sites are similar or 

not. 

For sample FFP094 the characteristic length seemed to be very similar in both its edge and 

center, see table 9 below. The median was identical for three out of four sites which indicated 

that they had similar length distributions. 

Table 9: statistical data of the binding phase in sample FFP094 

 

As can be seen in table 10 below the characteristic length distribution of sample FFP095 was 

even across the sample. Again, the median was identical for the majority of sites, indicating 

similar length distributions. 

Mean value Standard deviation Median

Edge 1,7082 1,5165 1,2727

A 1,724 1,4827 1,4545

B 1,7408 1,5127 1,4545

C 1,7828 1,559 1,4545
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Statistics of characteristic lenghts 
FFP094: 2000x magnification 
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Mean value
Standard
deviation

Median

A 1,38 1,3517 0,9259

B 1,4146 1,3915 0,9259

C 1,3514 1,3168 0,9259
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Statistics of characteristic lenghts 
FFP096 (edge): 2000x magnification 

Table 10: statistical data of the binding phase in sample FFP095 

 

The second batch of sample FFP096 had very similar statistical data in all of the examined 

sites, both at the edge and center of the sintered disk. With identical median values for all the 

sites this sample had a very evenly distributed binding phase, see table 11 below. 

Table 11: statistical data of the binding phase in sample FFP096 (second batch) 

 

The final sample, FFP097, also had a very evenly distributed binding phase, with maybe a 

slight increase in lengths towards the center. Similar to FFP096 this sample had the same 

median across the sample, indicating similar length distribution throughout the sample. 

Mean value Standard deviation Median

A 1,2218 1,1389 0,9091

B 1,217 1,1334 0,9091

C 1,1731 1,1406 0,7272
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FFP095: 2000x magnification 

Mean value
Standard
deviation

Median

A 1,4091 1,3677 0,9259

B 1,3717 1,3768 0,9259

C 1,3625 1,3179 0,9259
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FFP096 (center): 2000x magnification 
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Table 12: statistical data of the binding phase in sample FFP097 

 

Table 13 below shows a summary of the statistics for the characteristic lengths of all samples. 

For each sample the mean value and standard deviation has been evaluated for all examined 

sites. It can be seen that the mean value has a similar spread for samples FFP094-096 but once 

again FFP097 breaks the pattern. FFP097 has the lowest spread in mean value of all its sites, 

with a relatively low spread in standard deviation as well. Its median is identical for all sites 

meaning it has no standard deviation whatsoever.  

Another trend can be seen in the mean values for each sample. It increases in length for larger 

grain distributions: i.e. FFP094 has the largest mean value and standard deviation within its 

sites while FFP097 has the lowest. The median is also largest for FFP094 suggesting that its 

characteristic length distribution indeed has higher values than any other sample. 

A final note is that all of the mean values are larger than the median values. This is most 

likely the result of the longer lengths in the distribution skews the mean value to a higher 

value. As mentioned before, this indicates that the median is a more valid indicator of the 

length distribution. 

Table 13: This table shows the mean and standard deviations of the statistics for characteristic lengths of all sites for 
each sample.  Read as: (mean ± standard deviation) 

Sample Mean Standard deviation Median 

FFP094 1,75 ± 0,037 1,54 ± 0,021 1,36 ± 0,091 

FFP095 1,17 ± 0,024 1,14 ± 0,001 0,73 ± 0,091 

FFP096 1,40 ± 0,023 1,37 ± 0,025 0,93 ± 0,00 

FFP097 0,71 ± 0,007 0,62 ± 0,012 0,55 ± 0,00 

Mean value Standard deviation Median

Edge 0,7018 0,604 0,5454

A 0,6949 0,5984 0,5454

B 0,7061 0,6168 0,5454

C 0,7161 0,628 0,5454
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4. Discussion and suggested future work 

4.1 Matlab program 

The program that was developed for this work has been of great use for determining the phase 

compositions of the examined samples. It is important to point out that the program uses 

specific limits and setting for the samples that were examined in this work. One example is 

that it uses lower and upper limits to define the characteristic length in the sample. Very small 

and very large values have been omitted since they are most likely artifacts that would skew 

the results. If the program was to be used for examining different samples that might no 

longer be the case.  

The same principle applies to the number of phases that the program sets thresholds for. To be 

able to use the program properly for other types of samples the program would have to be 

modified to set fewer or more thresholds depending on the sample.  

In its current state the program is in essence a simple script that runs through a specific 

sequence of commands with a few inputs from the user. A more user friendly version would 

be to have a user interface with a menu that allows for specific setting of number of 

thresholds, upper and lower limits of the characteristic length, etc. That was outside the scope 

of this work but would be a major improvement to the program. A final thing to do would be 

to export the program from Matlab which would enable Sandvik to run the program without 

acquiring an expensive Matlab license. 

The program has already been of use for Sandvik. The program provides Sandvik with 

statistical data on the distribution of different materials in the composite which can be used to 

distinguish Sandvik materials from the ones from Sumitomo [7]. 

4.2 SEM 

As explained above the images that were acquired with the SEM had different brightness and 

contrast. During the image analysis with the Matlab program it became obvious that using the 

right contrast and brightness was of great importance for the results of the analysis. No image 

analysis method is adequate without good images to analyze. 

The images that were easiest to set thresholds for were those of the second batch of FFP096 

samples. Those images had a slightly lower contrast than the others, with about the same 
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brightness. This was unfortunately a result of trial and error, for future works it would be 

useful to learn from the experience and use values that have proved to be useful. 

4.3 Samples 

It was unfortunate that the majority of the samples couldn’t be identified as to which part of 

the sintered disks they were cut out from. This means that most of the data in this work can 

only be applied to the individual samples, not to the disk as a whole. 

In the one case where it can be applied, the second batch of FFP096, both samples were 

evenly distributed in their phase compositions. The data may not be enough to assert a trend, 

but this first glimpse indicates that the whole disk had an evenly distributed phase 

composition. Characteristic length of the binding phase seems to be evenly distributed as well, 

with the same median value across all of the samples and sites. 

Further work is required to acquire a complete statistical survey of the samples. In future 

works it would be important to be able to identify cut-out samples. This can be accomplished 

by marking samples as soon as they are cut out and store them separately. 

5. Conclusions 

An image analysis method has been developed for Sandvik to determine phase compositions 

and characteristic length of the binding phase in cBN-composites with low contents of cBN 

(35-75%). The method uses a program created in Matlab which uses functions from the DIP 

Image library created by Cris Luengo et al. to better enable analysis using images in the .dip 

format. To enable setting of threshold values the program uses the function thresh_tool 

created by Robert Bemis. 

The analyzed samples were created by first mixing and milling different cBN-composites. 

Four different samples were created: FFP094 with largest cBN grain sizes, FFP095-FFP096 

with intermediate grain sizes but differing milling times and FFP097 with the smallest grain 

sizes. The mixtures were spray-dried and sent to Diamond Innovations (DI), a subsidiary 

company of Sandvik. Samples of the spray dried powders were sent to a routine chemical 

analysis using XRF and Combustion analysis. Samples FFP094-096 appeared quite similar in 

elemental contents despite their differences in milling and cBN grain size. The most differing 

sample was FFP097 which had the smallest grain size distribution. It had lower Co and W 

contents which indicated that it contained less milling debris than the other samples.  
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The specific surface was different for all samples, which was to be expected since it increases 

with smaller grain sizes in the material. FFP095-096 had the same grain size distribution 

however. The difference in specific surface between those two samples are likely due to the 

fact that FFP096 was not premilled which would result in a larger grain size distribution. 

At DI the powders were pressed into green bodies, presintered and finally sintered using a 

High Pressure High Temperature (HPHT) method. Presintering was performed to get rid of 

the PEG that had been added as a binder and instead make the components of the material 

react to form a new binding phase. The final samples consisted of cut-out squares from the 

sintered disks.  

The Matlab program was used to gather data from images of the samples taken in a Scanning 

Electron Microscope (SEM). To complement the data Energy-dispersive X-ray Spectroscopy 

(EDS) was used for elemental mapping as well as X-ray Diffraction (XRD) to detect 

compounds. Using these methods four different phases were identified in the samples: Black 

particles, most likely made of cBN. A dark gray phase around the black particles, that consists 

of Al-compounds. A light grey binding phase, consisting of TiN or Ti(C,N). Finally there 

were small traces of white particles which were identified as a product of abrasive action on 

cermet milling bodies added during the milling. 

The resulting data indicated that the phase compositions were similar for many samples. Dark 

particles made up 40-45% in all samples. The dark gray phase made up 11-15 % in samples 

FFP094-FFP096, but up to 28 % in FFP097. The light gray binding phase made up 41-45 % 

in FFP094, 37-40% in samples FFP095-FFP096 and only 24-27 % in FFP097. Finally the 

white particles were found in ranges of 0,05-0,37 %, the highest value was found in the center 

of FFP096 samples. 

Statistical data of the characteristic length of the binding phase was also gathered: mean 

value, standard deviation and median was calculated. The median value being the most 

relevant number due to the large range of lengths (0,1-10 µm). For all samples the median 

value was consistent, sometimes even being identical for the analyzed sites. This indicates 

that the binding phase was evenly distributed across almost all samples. The median was 

largest for FFP094 (1,4545 µm), decreasing in length for the other samples, down to the 

smallest values for FFP097 (0,5454 µm). This clearly indicates that the characteristic length 

increases with greater grain size of the cBN-particles.  
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