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Abstract 

This project treats the W-C-Co-Cr quaternary system at low carbon contents. The main goals 

with this project were to find a four phase equilibrium between WC, Co-binder phase, η-

phase (M6C) and a fourth unknown phase, to discover which the fourth phase is and to 

establish whether or not WC dissolves any chromium. In order to answer these questions a 

number of alloys were prepared, the compositions were chosen using thermodynamic 

calculations and observations from previous alloys. The samples were prepared using a 

powder metallurgical route and they were sintered at 1410oC. The samples were prepared 

for analysis via grinding and polishing and then analyzed using LOM, SEM, EDS, WDS and 

XRD. The results showed that no four phase equilibrium could be found in the analyzed 

spectra and therefore neither could the fourth phase. However other interesting phenomena 

were found. The η-phase showed a much higher solubility of chromium than previously 

thought. According to the current Sandvik-Seco database the η-phase should dissolve a 

maximum of 0.21 wt% and the maximum value detected using WDS was 8.42 wt%. The 

solubility of chromium in WC was found to be approximately 5 wt%. The most important 

conclusion that could be drawn from this project was that the Sandvik-Seco database for the 

W-C-Co-Cr system still needs to be improved, especially concerning the solubility of 

chromium in the η-phase. 
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1 Introduction 
 

Cemented carbides are used for their hardness, ware resistance and temperature stability. 

The main application is cutting tools for metals and other relatively hard materials. Many 

different routes are taken to improve the physical properties of cemented carbides even 

more. One way to control the physical properties is to control the size of the WC grains. 

Smaller grains result in more grain boundaries and more grain boundaries make it harder for 

dislocations in the material to move and cause plastic deformation. Chromium and 

vanadium are commonly used in WC hard materials as grain growth inhibitors [1]. This 

study will focus on the addition of chromium. Because of the common usage of chromium in 

WC hard materials it is of importance to know as much as possible about the system W-Cr-

C-Co. Previous studies have been made on this system with a surplus of carbon [2]. This 

study on the other hand aims to investigate the same system but with a shortage of carbon 

i.e. on or in the vicinity of the η-phase (M6C) line. This study will also take into account the 

solubility of Cr in WC which according to some authors [3-4] is nonexistent, by some very 

small [5-7] and by others up to 20 mol% [8]. This report has been divided in two parts. In the 

first part the investigation of the solubility of chromium in WC will be reported and in the 

second part the search for the four-phase equilibrium with η-phase will be discussed along 

with the solubility of chromium in η-phase.  

 

2 Aim 
 

The aim of this project was to find the four phase equilibrium in the W-C-Co-Cr system at 

low carbon content. The equilibrium should contain the phases; tungsten carbide, η-phase, 

cobalt binder-phase and a fourth unknown phase. According to Gibbs’ phase rule, there 

should be a four phase equilibrium at fixed pressure and temperature, equivalently if the 

system contains five different elements, five different phases are needed for Gibbs’ phase 

rule to be fulfilled. If the overall composition is changed only the phase ratios will change 

while the composition of each phase will remain the same. This is important to know partly 

because it is interesting to know which the fourth phase is, to know how much chromium 

can be dissolved in to the η-phase and also from a modeling point of view. If more elements 

are added to the system and it is of interest to measure how much chromium is dissolved 

into the cubic carbides in equilibrium with the η-phase this information is prudent. Because 

of many different results being reported on the solubility of chromium in tungsten carbides 

this report also contains an evaluation of how much chromium is dissolved into tungsten 

carbides using conventional methods used at Sandvik Tooling. 
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3 Literature survey 
 

This project started with a literature survey. The literature concerning the W-C-Co-Cr system 

is scarce wherefore the ternary system W-C-Cr was reviewed. The information that was 

sought was the solubility of chromium in WC and phase diagrams. The phase diagrams 

were interesting in order to predict which the fourth phase would be.  

Diffusion and solubility of Cr in WC 
 M. Brieseck, M. Bohn, W. Lengauer 

 Plansee seminar 2009, vol. 2, HM 45 

 

As the title entails, this article’s purpose was to prove that there is some solubility of 

chromium and other metals in tungsten carbide. The idea was that if some solubility was 

found an attempt would be made to determine the diffusivity. MC and WC couples were 

hot-pressed, polished and put together to create thermocouples. The thermocouples were 

then sintered, cut perpendicular to the interface, ground and polished for analysis. The 

analysis showed that a (Cr,W)2C sub-carbide had formed at the interface. The tungsten to 

chromium ratio varied from 36 at% in equilibrium with WC to 57 at% in equilibrium with 

Cr3C2. It was also found that WC did not perceptively dissolve any of the metal carbides 

except for Cr which showed a maximum solubility of 1.5 at%. The chromium was found in 

WC up to several microns from the interface. A low diffusivity of chromium in WC was 

established. The low diffusivity could explain the fact that the concentration profile did not 

change in the tested temperature interval. It was considered that the diffusivity could be 

described by: D=1.5-2.2*10-11 cm2/s. 

 

WC-Co based cemented carbides with large Cr3C2 additions 
 J. Zackrisson, B. Jansson, G.S. Uphadyaya, H.-O. Andrén 

International Journal of Refractory Metals & Hard Materials, 16, (1998), p. 417-

422 

 

Model alloys of WC-Co with Cr3C2 content ranging from 0-14 vol% were prepared and 

analyzed. The physical characterization used was XRD, SEM and TEM/EDS. 

Thermodynamic calculations on the C-Co-Cr-W system were conducted using the Thermo-

Calc software. The TEM/EDX investigations showed that WC did not dissolve any Cr. It 

looked as though a Cr-rich phase was present in the alloys with high Cr-content (>=4 vol%). 

This could not be verified with XRD. Thermodynamic calculations showed a precipitation of 

a M3C2 phase at higher Cr3C2 contents. 

 

The ternary system W-Cr-C 
 E.I. Gladyshevskii, V.C. Telegus, T.F. Fedorov, Yu.B. Kuzma 

 Invest. Akad. Nauk SSSR, Metally, 1, (1967), p. 190-195 
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The ternary system W-Cr-C was studied by studying the three binary systems; W-C, Cr-C 

and W-Cr and by manufacturing 65 alloys of different compositions. The alloys were made 

through a powder metallurgical route and then re-melted in an electric arc furnace. The 

prepared alloy samples were cast, ground and polished. The microstructures were 

investigated and resulted in a phase diagram, se figure 1. It was found that a cubic carbide 

[(W,Cr)C] formed in alloys with carbon contents of 40-50 at%. Further it was found that the 

carbide W2C dissolves up to 60 at% chromium.  

 

 
Figure 1 – Phase diagram of W-C-Cr system at 1400oC by Gladyshevskii et al. 

 

Untersuchungen im System Chrom-Wolfram-Kohlenstoff 
 P. Stecher, F. Benesovsky, H. Nowotny 

 Planseeverichte für pulvermetallurgie, 12, (1964), p. 89-95 

 

An investigation was conducted on the ternary system W-Cr-C. Samples were prepared by 

carburization of a mixture of chromium and tungsten powders. The results showed that WC 

does not dissolve chromium, however the chromium carbides do dissolve some tungsten.  

See phase diagram. The results were summarized in a phase diagram (se figure 2).  

 

 

 

  

Figure 2 – Phase diagram of W-C-Cr system at 1350oC by Stecher et al. 
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Formation of W-Cr-phases during the production of Cr-doped WC powders 
 Z. Tükör, W.D. Schubert, A. Bicherl, A. Bock, B. Zeiler 

  

In this article the authors try to clarify the behavior of chromium during carburization of 

chromium doped tungsten powders. Two different reaction paths were chosen to investigate 

the phase formation along the section “WC-Cr3C2” using a carbon surplus. The investigation 

confirmed difficulty in obtaining equilibrium conditions. The phase formation is strongly 

dependent on the starting raw materials and choice of reaction path. If the reaction proceeds 

via the subcarbide phase W2C a solid solution (W,Cr)2C with up to 75 mol% Cr2C is formed. 

With further carburization the WC phase could dissolve up to 20 mol% CrC. When following 

the second reaction path, no solid solution of Cr in WC was detected since there was no 

change in the lattice parameters of the hexagonal WC up to 1630oC. These results indicate 

that the phase formation is determined by reaction kinetics rather than by thermodynamics. 

The investigation of the thermal stability of the phases formed showed that the lattice 

parameters for MC did not change up to 1450oC. Above this temperature some Cr atoms 

diffused out of the WC lattice. Since the lattice parameters did not change for the W-Cr3C2-C 

system this indicates that MC is a metastable phase which can form only out of M2C. 

 

Phase diagram for the Cr-W-C system at high temperatures 
 B. Eremenko 

 

In this paper the W-Cr-C system is investigated. It is found that the binary systems that 

create the ternary are not sufficiently investigated. The investigation of the ternary system 

was carried out using 66 samples of different composition. The samples were manufactured 

through crucible melting on a water-cooled copper hearth with a solid tungsten electrode. 

The raw materials used were reactor graphite, industrial WC, Relite, Cr3C2, tungsten and 

Chromium. Apart from the desired elements the samples also contained; 0.05 wt% oxygen, 

0.1 wt% sulfur, 0.01 wt% metallic contaminations (Mg, Al, Ti, Fe, Ni, Cu, Mo), the machine 

could not detect any nitrogen which means that it had a value <0.002 wt%. The samples were 

characterized using XRD, WDS, DTA and the temperature for initial melting was measured 

using the Piriani-Altertuma method. It was found that the WC phase dissolves 4.7 at% CrC 

at a temperature of 2650oC. The phase diagram achieved is shown in figure 3. 
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Figure 3 – State chart for W-Cr-C by B. Eremenko. 

 

 

 

From the literature it was possible to conclude that there are many theories on how much 

chromium can be dissolved into the WC phase. During this literature survey no previous 

study on the W-C-Co-Cr system at low carbon contents was found although a previous 

graduate work was done at high carbon content. According to the different phase diagrams 

the fourth phase should be the M2C phase or possibly another carbide.  
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4 Background 
 

The aim of this study was to investigate the solubility of chromium in WC and to find the 

four-phase equilibrium between WC, Co binder-phase, η-phase and a fourth unknown 

phase. In order to understand why this is important and how the work was carried out this 

following section will contain a short background and some explanations of the methods that 

were used.  

4.1 Cemented carbides 
 

Cemented carbides is a common name for carbides upheld in a softer metal matrix. The most 

commonly used system is tungsten carbide in a matrix of cobalt binder phase. In the never 

ending search for better materials there have been several attempts to use different carbides 

and different binders; however the cemented tungsten carbides are still the most widely used 

cemented carbide material. The most common applications for cemented carbides are 

different cutting tools. Because of the nature of the material it is very good for the 

application. The hardness and wear resistance of the tungsten carbides combined with the 

softer and more ductile cobalt binder phase makes the material both very hard and wear 

resistant but also relatively ductile. There are always ways to make alterations to a material 

to make it even better, heat treatments and alloying are two examples of means to alter the 

microstructure of a material to enhance its performance. In this report we will focus on 

alloying and mainly the addition of chromium.  The addition of chromium to cemented 

tungsten carbides has been proven to slow down the grain growth rate of the WC grains [1] 

resulting in a finer structure and a harder material. More over as is well known, chromium 

has very good corrosion resistance.  

 

4.1.1 Common Phases 

 

The most common phases in cemented carbides are WC and the cobalt binder phase, 

sometimes referred to as α (alpha).  Depending on the composition other phases can form, 

see the isopleth in figure 4. When making cemented carbides the phases seen in the figure 

below are the most common. Fcc-Co refers to the Co-binder phase and M6C together with 

M12C is often called η-phase.  With addition of more elements other phases can form. If 

elements such as titanium, tantalum, niobium or vanadium are added cubic carbides may 

form, these are often referred to as γ-phase. As can be seen in the isopleth, low carbon 

content will result in the formation of η-phase and high carbon content results in the 

formation of graphite. Both these phases have negative effects on the material which is why 

it is very important to control the carbon content. The figure shows that the margin for 

selecting the carbon content is very small only about 0.2 percent. In reality it is even harder 

to achieve the two phase equilibrium. As the dashed line in the figure shows the margin 

becomes even smaller at high temperatures. If the carbon content is lower than 5.4 wt % 

above the solidus temperature η-phase will nucleate. When the temperature is lowered that 

same composition reaches the two phase region but because of slow diffusion the η-phase 

will not readily dissolve. 
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Figure 4 – Isopleth of W-C-Co system with 20 wt% Co. 

 

4.1.2 Milling 

 

The milling and mixing of powders [9] is an important step when manufacturing cemented 

carbides. The powders of different grain size, quality and elemental composition are added 

to a mill together with lubrication, binder e.g. PEG (poly ethylene glycol) and milling liquid 

(if the milling is to be wet). There are several milling methods but one of the most common 

methods and the one used in this project is ball milling. In this method hard balls are added 

together with the powder and additives in a cylindrical jar. When the jar is rotated the balls 

follow the wall of the jar until they reach the top. When the balls then fall down the powder 

is crushed, see figure 5. The longer the milling goes on the finer grain size is achieved. The 

milling is done to mix the powders, achieve the desired grain size and to get a homogenous 

distribution of elements but also to activate the powder for sintering. When the milling is 

complete the powder is often dried in a spray dryer forming the powder into 100 µm 

granules that are easy to handle and are suitable for automatic pressing.  

 
Figure 5 – Schematic image of ball-milling. [9]  
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4.1.3 Pressing 

 

After the powder mixture has been milled and dried it is pressed into approximately the 

desired shape. There are many different pressing methods but the main idea is that a punch 

and a die utilize pressure to force the material into the desired shape. After the powder has 

been pressed it is called a green body and is ready for sintering. 

 

4.1.4 Sintering 

 

The word sintering refers to the agglomeration of particles that leads to a denser less porous 

material [9]. There are two different types of sintering, solid and liquid phase sintering. In 

solid phase sintering, as the name implies, the material is still fully solid. However the 

energy supplied to the system is adequate to make it possible for the grains to start 

“necking”. Necking means that two or more particle are bound together by a neck, see figure 

6. Liquid phase sintering means that part of the material has melted, in the case of cemented 

carbides the Co-binder phase is the phase that reaches the liquid state. Because part of the 

material has melted a more extensive densification is possible. In most cases of cemented 

carbide sintering both types of sintering usually occur. A conventional sintering procedure 

starts with burning of the additives at approximately 200-400oC depending on which 

additives needs to be burned off. Then there is a slow increase in temperature while gas 

begins to flow. When the temperature has reached the desired sintering temperature it is 

usually held there for approximately one hour and then the cooling begins.  

 
Figure 6 – SEM image of “necking”. [9] 

4.2 Characterization methods 
 

After the product has been manufactured it sometimes has to be characterized to confirm 

that it has the appropriate properties. The characterization methods for cemented carbides 

are often light optical microscopy (LOM), hardness testing and magnetic property-testing 

(coercivity and magnetic saturation). The LOM is usually used to quantify the porosity; the 

coercivity gives an indication on the grain size of the material and the magnetic saturation is 
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proportional to the amount of binder phase in the material but also the composition in 

general. If further analysis of the material is needed some of the characterization methods 

used are Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), 

Wavelength Dispersive Spectroscopy (WDS), X-Ray Diffraction (XRD) and Differential 

Scanning Calorimetry (DSC). These methods will be explained further below. 

 

4.2.1 LOM 

 

LOM or Light Optical Microscopy is one of the most commonly used characterization 

equipment. It is cheap, fast and easy to use. The LOM uses lenses to distort the light and 

enlarge a small area on the sample currently investigated. An important part of LOM is 

deciding which etchant to use. Depending on which etchant is used different structures can 

be highlighted and revealed.  

 

4.2.2 SEM 

 

The SEM [10] not unlike the LOM uses lenses to magnify a sample. However, with SEM the 

lenses are really electromagnets and instead of light passing through the lenses it is 

accelerated electrons. The accelerated electrons in SEM are usually achieved through heating 

of a bent tungsten filament. The electrons are accelerated to have energies between 1 and 30 

kV.  The so called lenses are used to manipulate the accelerated electrons so that they hit a 

much smaller area of the sample. Usually two or three pairs of electromagnets are used. 

When the sample is hit by the electrons several things may happen. The electrons may 

bounce of the material becoming so-called backscattered electrons. They may contribute with 

enough energy so that other electrons are released from within the material. These other 

electrons are then called secondary electrons. From a chemical analysis point of view the 

most important effect is that the atoms affected by the electrons will emit element-specific x-

rays. That is x-rays with element specific wavelength. The electrons provide enough energy 

to one or several atoms to excite electrons that will emit these x-rays when they jump back 

into their unexcited state. Finally the electrons may also be transmitted. In order to interpret 

the effect of the incident beam it is necessary to use detectors. Most SEM units are equipped 

with detectors from backscattered and secondary electrons. The detector for secondary 

electrons is usually a so-called scintillator detector and for the backscattered electrons there 

are three typical detectors; the scintillator, solid-state and through-the-lens detectors. In this 

project mainly the backscatter detector was used in order to see how many different phases 

there were, since phases of different mean atomic weight show different color when using 

the backscatter detector in a SEM se figure 7. Calculations were made in order to see if some 

of the phases had a similar mean atomic number which would complicate the SEM analysis 

since these phases would show similar colors. As can be seen in the figure below, the 

electron yield increases with the atomic number for backscattered electrons, this means that 

the detector will receive a more intense signal from a heavy element causing it to have a 

brighter color in the SEM image. The secondary electrons however have an almost constant 
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electron yield with increasing atomic number which means that no or very little chemical 

information can be obtained when using the detector for secondary electrons.   

 
Figure 7 – Electron yield vs. Atomic number for backscattered and secondary electrons. [10] 

 

4.2.3 EDS/WDS 

 

The EDS and WDS equipments [10] both utilize the x-rays that are emitted from the sample 

when it is struck by a beam of accelerated electrons. They are both tools for chemical 

analysis. The main difference between the both techniques lies in the detectors. EDS detects 

as many x-rays as possible that are emitted from the surface of the sample whereas when 

using WDS only a set number of deliberately chosen wavelengths are detected. This results 

in EDS being a faster and easier tool for performing qualitative analysis and WDS being 

better for quantitative analysis.  

The EDS analyzing equipment is usually a part of a SEM or TEM. Since it is of interest to 

have as many x-rays as possible hit the EDS detector, it is usually located in such a manner 

as to achieve this. The EDS detector is usually a piece of semiconducting silicon. When an x-

ray hits the detector a number of electrons are excited in to the conduction band. If a voltage 

is applied over the detector, this will result in a current. It takes 3.8 eV to excite one electron 

which means that the number of excited electrons can be translated to the amount of energy 

in the x-ray. The detector can be enhanced in a number of ways; it can be coated with gold, 

doped with lithium and brought down to 77 K using liquid nitrogen. Because of the low 

temperature of the detector, contaminants from the specimen chamber may condense on the 

detector. In order to prevent the condensation it is common to install a beryllium window in 

front of the detector. The beryllium window may absorb some of the low energy x-rays, 

which means that the EDS detector is not very good at detecting light elements.  

As mentioned earlier the biggest difference with the WDS is the detector. The WDS detector 

is simpler; it is a gas proportional detector. In WDS only a certain set of x-ray wavelengths 

reach the detector at a time and in order to filter out the other wavelengths a crystal diffracts 

the x-rays. Figure 8 displays another difference between the two methods, namely the 

wavelength accuracy. The two images are EDS and WDS analysis of the same material. 

Where the WDS detects six different wavelengths the EDS can only accurately detect two. 

This is called peak resolution. The WDS has ten times better peak resolution than EDS and is 

also ten times better at detecting elements with low concentration in a sample.  
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In summary EDS is better for qualitative analysis and WDS is better for quantitative analysis, 

it is also better for detecting light elements. 

 

 
Figure 8 – Difference in wavelength accuracy between WDS (a) and EDS (b). [10] 

 

4.2.4 XRD 

X-ray diffractometry (XRD) is often used to determine what phases a sample consists of or 

how atoms are arranged in a crystal lattice. During analysis the sample is targeted with a 

beam of x-rays which are diffracted and reflected to specific angles and directions depending 

on which phases the sample consists of. From this analysis a curve of counts vs. angle is 

obtained. The number of counts represents how many times an x-ray from a specific angle 

has been detected. This curve is then compared to a reference or a database containing 

references and from this it can usually be decided what phases are present in the sample.  

 

4.3 Computational thermodynamics 
Computational thermodynamics [11] is a tool for alloy design. The possibility of treating 

complex systems with up to 6 elements and several phases like actual alloys makes it very 

valuable. Thermodynamic software usually uses Gibbs energy expressions stored in 

databases. The reason that it is specifically Gibbs energy that is used is because it is 

minimized at constant temperature and pressures which are properties that are relatively 

easy to manipulate in experiments. In a thermodynamic database, each phase is represented 

by a Gibbs energy expression which is a function of internal variables, temperature and 

pressure. If you have such an expression for every phase in a system it is possible to use this 

information to calculate the influence that different elements will have on i.e. the stability of 

different phases. Using this thermodynamic description phase fractions as well as phase 

compositions can be calculated for different compositions. All this information that is 

possible to gather from different thermodynamic calculations can then be used in the 

optimization of compositions or sintering temperatures without actually having to do 
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expensive and time consuming experiments. It is also very valuable in the design of new 

alloys. Depending on the quality of the thermodynamic database different accuracies will be 

achieved in the predictions. It is common to use data from binary or ternary systems and 

extrapolate them in to higher order systems. This means that the higher order systems are 

rarely critically evaluated, especially when it comes to the validity of the descriptions in 

multi component systems. Assessments are often made using all available experimental data 

and compromises are often made so that the thermodynamic description may fit the 

experimental data over the entire composition range. However this means that certain parts 

that may need extra care because they have higher relevance and thus higher accuracy, will 

need more extensive work. Such data together with new experimental data should and have 

been taken under consideration when developing a database specialized for cemented 

carbides. 
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Part I 

5 Solubility of chromium in tungsten carbide 
 

Tungsten carbide, WC, used to be considered as a stokiometric phase which means that it 

has an exact composition, half of the atoms are carbon and half are tungsten and there is no 

solubility of other elements. However results by other authors have shown that that there is 

some solubility of other elements in the WC phase [5-8]. This part of the report will focus on 

the discussion on whether WC can dissolve chromium or not. In order to measure the 

solubility of chromium in WC, samples were prepares from W-, C-, Co-, and Cr3C2-powders. 

The powder mixtures were prepared from separate W- and C- powders instead of WC-

powders in the hope that WC would dissolve more chromium if it was formed from a 

chromium rich melt. Since WC can have some trouble nucleating and is usually formed by 

carburization of tungsten powder there was some uncertainty whether it was even possible 

to create WC during the sintering process used in this work.  

5.1 Experimental work 
 

The experimental work in this part is to prepare samples of different chromium contents and 

to characterize these to try to quantify the chromium solubility in tungsten carbide.  

 

5.1.1 Sample preparation 

 

A total of 20 samples were prepared for this part of the work. Some of the most important 

samples are shown in table 1, for a full list of samples and compositions se appendix A. 

When preparing these samples elemental powders of tungsten and carbon were used to have 

a better chance of dissolving chromium. The idea was that tungsten carbide formed from a 

chromium rich melt would have better chance of dissolving chromium.  
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Table 1 – Compositions of important samples from part I. 

Sample nr. 
wt%  
Carbon Cobalt Tungsten Chromium 

1-6 4,49 8,96 75,05 11,5 

1-11 4,62 9,2 77,09 9,09 

1-17 4,38 8,73 73,1 13,79 

 

5.1.1.1 Milling 

 

When milling and mixing the samples, elemental powders of carbon, tungsten, cobalt and 

chromium carbide in the form of Cr3C2 was used. The powders were mixed and milled in 

0.25 l jars with cylpebs (cylindrical pebbles) and ethanol. 

 

5.1.1.2 Pressing 

 

The pressing of the powders were done in a PTC (Powder Testing Center). The green bodies 

had the shapes of small cylinders of approximately 0.65 cm in diameter and had a height of 

about 0.5 cm. The small size of the sample made it easier to examine several samples at once. 

5.1.1.3 Sintering 

 

The samples were all sintered at 1410oC. This temperature was chosen because it is a 

commonly used sintering temperature for cemented tungsten carbides. Initially the samples 

were sintered in a conventional DMK furnace with mostly vacuum but with flow of some 

argon and methane gas for three hours. To be sure that the samples had reached equilibrium, 

some samples were also sintered for 24 hours.  

5.1.2 Sample analysis 

 

The samples prepared for determining the chromium solubility in WC were analyzed using 

LOM, SEM, EDS and WDS. All the samples were initially analyzed using LOM, mostly to 

determine the homogeneity of the samples. 

5.1.2.1 SEM 

 

The SEM analysis was performed using a SEM of model Zeiss, Supra 40. The SEM 

investigations were mostly carried out using the backscatter mode in order to detect the 

number and character of phases. The analyses were carried out at 20 kV.  

 

5.1.2.2 EDS 

 

EDS of model Zeiss, Supra 55VP In order to determine the “possible” chromium content EDS 

investigations were performed on sample 1-11 and 1-17. 
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5.1.2.3 XRD 

 

The XRD analysis was carried out to confirm that WC had nucleated and to see which other 
phases had formed. The model used was PANalytical X'Pert PRO. 
 

5.2 Results 
 

These samples were created from elemental powders of tungsten, carbon and cobalt, 

chromium was added to the system through the chromium carbide Cr3C2. The samples were 

milled, pressed and sintered at 1400oC. Some of the samples were sintered for 24 hours but 

most were only sintered for 3 hours. There was some uncertainty whether WC would 

nucleate under the current conditions or not. The results are shown below. Results will also 

be shown from XRD and EDS analysis.  

5.2.1 SEM 

 

Below, SEM pictures are shown from samples 1-11, 1-14 and 1-17 (figure 9-11). It can be seen 

in all pictures that it appears as if though the attempt to create WC was successful. The WC 

phase can be seen as the light phase with prismatic shape. However it can also be seen that 

the size of the WC grains are very small which complicates the EDS analysis of the samples. 

In sample 1-11 it appears to be three, maybe even four phases present. Although it is 

impossible to determine which the other phases, besides WC, are.  

 

 
Figure 9 - SEM images from sample 1-11 at 10000 (left) and 15000 (right) times magnification. 

 

In sample 1-14 however it appears as though there are only two phases present. One of the 

phases is WC which would make it easy to conclude that the other one is the Co-binder 

phase. After close examination it is concluded that the phase besides WC is too light and 

there is too much to be the Co-binder phase. Logic tells us that if all that had been melted at 

1410oC the shape of the sample would not have been kept. XRD results confirmed this see 

section 4.2.3. 
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Figure 10 - SEM images from sample 1-14 at 6000 (left) and 15000 (right) times magnification. 

 

In sample 1-17 the microstructure is quite unconventional for cemented carbides.  It seems to 

be three, maybe four phases in this sample as in sample 1-11. It can be suspected that the 

darkest phase is the Co-binder phase but the amount again contradicts this conjecture. 

 

 
Figure 11 - SEM images from sample 1-17 at 10000 (left) and 15000 (right) times magnification. 

 

5.2.2 EDS  

 

Table 2 shows the results from the EDS analysis. The table shows the mean chromium 

content, the maximum and minimum contents as well as the standard deviation. For each 

sample at least forty points were analyzed, for a full table se appendix B. Sample 1-17 which 

had higher chromium content showed a slightly higher maximum and mean chromium 

content in the WC phase. Both samples had points in which no chromium was detected. 

 

Table 2 - Mean values from EDS analysis in atom percent. 

Sample 
Mean chromium 
content (at%) 

max chromium 
content (at%) 

Min chromium 
content (at%) Standard deviation 

1-11 4,47 12,21 0 3,97 

1-17 4,98 13,4 0 3,6 
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Figure 12 shows sample peak charts for sample 1-11. The EDS spectrum showed no Co peak 

which indicates that the analysis was only from the WC phase since the other phases 

probably contains cobalt. 

 
Figure 12 – Sample EDS curve from sample 1-11. 

5.2.3 XRD 

 

The results for the XRD analysis on sample 09BL14 is shown in figure 13. The squares 

represent WC and the circles represent the η-phase. This clearly shows that the 

manufacturing of WC was successful and also that the amount of cobalt in these samples 

was too low to get any Co-binder phase. 

 
Figure 13 - XRD curve for sample 1-14: squares-WC and circles-η-phase. 
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5.3 Discussion 
 

From the SEM images it was likely that the attempt to create WC from tungsten and carbon 

powders during a conventional sintering route was successful. This was later confirmed by 

XRD analysis. The XRD analysis also showed that no Co binder-phase had nucleated but 

only η-phase. This was most likely because the addition of chromium stabilizes the η-phase 

and higher cobalt content is necessary to achieve the Co binder-phase. In the XRD image, the 

peaks for the η-phase (green lines) are shifted to the right. This happens when foreign 

elements, as chromium, are dissolved in a phase, since they slightly change the lattice 

parameters because of the difference in size.   

The EDS results showed that there was some solubility of Cr in WC. However as can be seen 

in the table in appendix B several of the measured points showed no chromium. The reason 

for this can be several things; it could be that the results are unreliable and that the 

chromium signals are really from the background, the small WC grains would make this 

scenario more likely. Although this is unlikely since if this was the case the EDS detector 

would also find cobalt since all of phases except WC contains cobalt. The other explanation, 

probably the most likely one, is that the different WC grains have nucleated in different 

environments with different chromium content because of an inhomogeneous material 

distribution after milling and pressing.  This scenario could result in WC grains with varying 

chromium content. It is also probable that the cases in the EDS measurements where the 

chromium content appears to be zero is in fact not zero but only too low to detect. WDS 

analysis of these samples could confirm this theory. A more extensive investigation of this 

area is necessary to get any quantitative results. Further it might be appropriate to use a 

more precise analysis method to get better results. Another aspect that might be appropriate 

to discuss is whether the manufacturing route is optimal and especially the sintering 

method. In the method used in this part of the project, the cooling after sintering was very 

slow which gives rise to the question; which phases were actually formed at the sintering 

temperature and which were formed during cooling. Ergo it would be better to use a 

sintering method with much faster cooling rate so that the structure at the sintering 

temperature is frozen-in.  
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Part II 

6 Solubility of chromium in η-phase 
 

In this part of the report information about the solubility of Cr in the η-phase will be 

reported and discussed. The work started out as a search for the four phase equilibrium in 

the quaternary system W-C-Co-Cr between WC, Co-binder phase, η-phase and the fourth 

unknown phase. According to Gibbs’ phase rule and previous experimental data and 

calculations the system at hand should have a four-phase equilibrium around the so-called 

η-phase line. However along the way other interesting things turned up. This section will 

describe how the compositions were chosen, how the samples were prepared and how they 

were characterized. Finally a discussion on what this information tells us and how we can 

use it to improve the current description of the system at hand. 

 

6.1 Experimental work 
 

In order to investigate which phases are formed at the η-phase line, several samples with 

different compositions were prepared. As in the previous section the samples were milled, 

pressed and sintered and then analyzes using LOM, SEM, EDS/WDS, XRD and DSC. The 

main objective in this part of the work was to find the four phase equilibrium and the 

solubility of Cr in the η-phase and hence the solubility of Cr in WC was not the main 

objective, these samples were prepared from WC powder instead of carbon and tungsten 

powders in order to get a more homogenous phase distribution.   

6.1.1 Sample preparation 

A total of 26 samples were prepared for this part of the work. For compositions see table 3. 

The samples were prepared from WC, W, Co and Cr3C2 powders. They were milled, pressed 

and sintered in such a manner as to allow all possible phases to nucleate. 
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Table 3 – Compositions of samples in part II. 

Prov nr. wt% Carbon Cobalt Tungsten Chromium 

2-1 4,33 11,28 83,36 1,02 

2-2 4,29 11,17 82,52 2,02 

2-3 4,24 11,06 81,69 3 

2-4 4,2 10,95 80,88 3,96 

2-5 4,92 19,76 73 2,32 

2-6 4,86 19,54 72,16 3,44 

2-7 4,81 19,31 71,34 4,53 

2-8 4,75 19,1 70,54 5,6 

2-9 4,5 19 70,9 5,6 

2-10 4 19 71,4 5,6 

2-11 3,5 19 71,9 5,6 

2-12 3 19 72,4 5,6 

2-13 4,5 20 69,5 6 

2-14 4,5 20 67,5 8 

2-15 4,5 20 65,5 10 

2-16 4,5 20 63,5 12 

2-17 4,5 20 69,5 6 

2-18 4,5 20 67,5 8 

2-19 4,5 20 63,5 12 

2-20 4,7 20 63,3 12 

2-21 4,9 20 63,1 12 

2-22 5,1 20 62,9 12 

2-23 4,5 20 61,5 14 

2-24 4,5 20 59,5 16 

2-25 4,5 20 57,5 18 

2-26 4,5 20 55,5 20 

 

6.1.1.1 Milling 

 

26 samples were prepared for this part of the work. The milling and mixing of these powders 

were done in the same way as in the previous part, in 0.25 l jars with cylpebs and ethanol, the 

difference lies in the raw materials used. This was done to ensure that WC nucleated 

properly. Because of the wanted low carbon content in the samples any addition of 

additional carbon was unnecessary however it was necessary to use additional tungsten 

powder.  

6.1.1.2 Pressing 

 

As in the previous part the samples were pressed in a PTC with the same green body shape 

and size.  
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6.1.1.3 Sintering 

 

The first samples that were prepared for this part of the work were sintered in the same 

manner as the samples prepared for the first part. In other words, they were prepared using 

a conventional sintering furnace and a conventional sintering route. After studying the 

microstructure of these samples it was not evident that all phases seen in the microstructure 

were formed at the sintering temperature, some phases may have formed during the slow 

cooling. To ensure that we have a fast enough cooling rate the sintering was performed in a 

cylindrical high temperature furnace instead. This furnace have a water cooled chamber 

were the samples are moved after completing the sintering. This will ensure a very fast 

cooling rate. The sintering temperature was 1410oC and the atmosphere in the furnace was 

Argon.  

6.1.2 Sample analysis 

 

The analysis of these samples was quite extensive. The first goal was to find out how many 

phases were present and which these phases were. For these goals, LOM, SEM and XRD 

analysis were performed. In order to know the chemical compositions EDS and WDS 

analysis were performed. Finally DSC analysis was performed to find the melting 

temperature of a selected sample and also to find out the characteristics of the phases present 

in that particular sample. 

6.1.2.1 LOM 

 

Since many samples were prepared in this work it was the obvious choice to start the 

characterization using LOM. It is fast and easy to use; however it was hard to find an etchant 

that revealed all the phases present. Nevertheless it gave a good indication of which samples 

were worthy of further investigation. The etching methods that were found most useful were 

η-phase etching (10% murakami for one second) and structure etching (20% Murakami for 

one minute). The etchants were also used as a first indication of which phases were present 

in the samples. In order to find a fitting etchant to reveal as many phases as possible a 

literature survey was made. However the above mentioned etchants were found most useful.  

6.1.2.2 SEM 

 

The SEM investigation was carried out in order to determine how many phases were in each 

sample and also see the homogeneity of the samples. The SEM used was as in the previous 

section of model Zeiss, Supra 40. In this part the backscatter mode was almost exclusively 

used. The reason for this was that the most important objective was to see how many phases 

the sample consisted of. However the secondary mode was sometimes used to confirm 

whether some regions were phases or pores.  
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6.1.2.3 EDS/WDS 

 

The EDS and WDS analysis were carried out to find out the composition of the η-phase and 

particularly the chromium content in the η-phase. They were also used to try to figure out 

what kind of phases there were by looking at the carbon content in the phases. For this, only 

WDS was used since it has a much higher accuracy for light elements. The WDS equipment 

was of model JEOL Superprobe. 

6.1.2.4 XRD 

 

In this project XRD was used to complement the other analytic methods e.g. to confirm that 

we did in fact have η-phase in our samples. Since the system WC-Co-Cr is not so well 

investigated at high Cr-content and low C-content this makes the results harder to interpret. 

The η-phase peaks for our samples were shifted compared to the peaks for the reference. 

Since the η-phase in the samples prepared for this work contained Cr, the lattice parameter 

will change and shift the peaks in a XRD-curve.  

 

6.1.3 Thermodynamic calculations 

 

Most of the samples produced in this section are at ~20wt% Co. An isothermal section at 

20wt% Co using the Sandvik-Seco database for cemented carbide is shown in figure 14 

below. As seen the database predicts M2C to be formed in most samples and a four phase 

equilibrium would form between liquid, WC, M6C and M2C. As can be seen in table 4, there 

should be a four-phase equilibrium in sample 2-11. It can also be seen that the chromium is 

mostly in the binder phase. Very little is dissolved in the η-phase.  
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Figure 14 – Isothermal section of W-C-Cr-Co with 20 percent Co. 

 

Table 4 – Thermodynamic calculation on equilibrium compositions of sample 2-11. 

(wt %) Liquid WC M2C M6C 

C  1,36 6,13 3,93 1,56 

Co 47,55 0,00 0,01 20,80 

Cr 9,64 0,00 9,65 0,12 

W 41,45 93,87 86,42 77,53 

 

6.2 Results 
 

In order to decide which compositions should be tried various thermodynamic calculations 

and assumptions were made. In figure 15 a schematic image of how the different 

compositions were chosen is shown. After each batch of samples had been made they were 

analyzed using LOM and SEM after which decisions of how to proceed were taken.  
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Figure 15 – Schematic picture of process of selecting compositions. 

 

The results from the various characterization methods will be discussed below. No fourth 

phase in the W-C-Co-Cr system at the η-phase line could be found. The Cr content in the η-

phase was found to vary with sample composition. The phases in the samples were mainly 

WC, η-phase and fcc Co binder-phase. 

6.2.1 LOM 

In figures 16-19 LOM pictures are shown from two different samples with two different 

etching methods. It appears that they show approximately the same microstructure but as 

can be seen in the structure etching of sample 2-9 the etching has gone so far so that it is 

impossible to have all the phases in focus simultaneously.  For this reason mainly the second 

etching method, the η-phase etching was used for most samples. The figures indicate that the 

third phase in our system is η-phase; this will however need to be further investigated with 

XRD. 

 
Figure 16 – LOM image of sample 2-8 with           Figure 17 – LOM image of sample 2-9 with 

structure etching.             structure etching. 

 

Samples designed using 

thermodynamic 

calculations 

SEM showed 3-phase 

equilibrium; liq + WC 

+M6C or M2C 

Carbon 

content 

Chromium 

content 

In case the third phase 

is M2C the C-content is 

lowered to get M6C 

New samples with 

increasing Cr-content 

Still 3-phase equilibrium, except  12 

with only two phases. Decreasing 

amount of C gives increasing 

amount of third phase. Go back and 

increase Cr. 

₁ 

 

₄ ₃ ₂ 

₈ ₇ ₆ ₅ 

₂₆ ₂₃ ₂₅ ₂₄ 

₂₂ 

₂₁ 

₂₀ 

₁₂ 

₁₁ 

₁₀ 

₉ ₁₆ ₁₅ ₁₄ ₁₃ 

₁₇ ₁₈ ₁₉ 

No Co binder-phase 

Double Co/W ratio 

Still 3 phases. Use longer sintering 

time to see if fourth phase has 

problem nucleating. 

Same result as before.  

Increase C-content to 

cover as much ground 

as possible 



28 
 

              

 
Figure 18 – LOM image of sample 2-8 with           Figure 19 – LOM image of sample 2-9 

η-phase etching.             with η-phase etching. 

              

6.2.2 SEM 

SEM images are shown in figures 20-26. The last sample from each batch is shown, for more 

images see appendix C. As can be seen in figure 15 the new compositions were based on the 

previous batch. 

 
Figure 20 - SEM images from sample 2-4 at 5000 (left) and 10000 (right) times magnification. 

 

From figure 20 it is possible to determine that this sample, sample 2-4 has two different 

phases and one of them appears to be WC. The other phase could be η-phase or Co binder-

phase. This sample is the same as 1-14 and the XRD results showed that the second phase 

was in fact η-phase. In order to get the Co-binder phase the Co/W ratio was doubled. 
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Figure 21 - SEM images from sample 2-8 at 5000 (left) and 10000 (right) times magnification. 

 

Figure 21 shows that sample 2-8 clearly has three different phases; WC, Co binder phase and 

what should be η-phase according to the LOM images but has to be verified with XRD. 

 

 
Figure 22 - SEM images from sample 2-12 at 5000 (left) and 10000 (right) times magnification. 

 

Sample 2-12 has the same composition as sample 2-8 but with less carbon. The carbon 

content was decreased in order to clarify which the third phase was. If it had been M2C a 

lowering of the carbon content should result in the nucleation of η-phase according to the 

phase diagram. In figure 22 an interesting thing has happened. Here the three phase 

equilibrium has gone back to only two phase equilibrium and a closer look at this sample 

batch (sample 2-9 – 2-12) shows that decreasing carbon content gives more η-phase (see 

appendix C) and in sample 2-12 the Co binder-phase is not present at all. 
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Figure 23 - SEM images from sample 2-16 at 5000 (left) and 10000 (right) times magnification. 

 

After realizing that lowering the carbon content was not the answer, the chromium content 

was again raised in the hopes that this would give nucleation of a fourth phase. Sample 2-16 

(figure 23) again shows a microstructure with three different phases. There are also some 

interesting looking color variations in the Co binder-phase. This could indicate that there are 

two phases, however it is too small to investigate with EDS or XRD. 

 

 
Figure 24 - SEM images from sample 2-19 at 5000 (left) and 10000 (right) times magnification. 

 

Color variations in the Co-binder phase in figure 23 indicates that there might be a fourth 

phase on the verge of nucleating. Therefore the next batch of samples was sintered for longer 

times. The sample in figure 24 has similar microstructure as sample 2-16. 
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Figure 25 - SEM images from sample 2-22 at 5000 (left) and 10000 (right) times magnification. 

 

For the next batch of samples, the carbon content was higher to investigate if higher carbon 

content could result in a four phase equilibrium. Sample 2-22 (figure 25) also has the three 

phase structure, however the amount and size of the third phase grains seems to have 

decreased. 

 

 
Figure 26 – SEM images from sample 2-24 at 5000 (left) and 10000 (right) times magnification. 

 

It was impossible to use the last sample in the last batch since sample 2-25 and 2-26 had 

completely melted. In sample 2-24 (figure 26) it seems as though the third phase has started 

to dissolve compared to sample 16.  

6.2.3 EDS/WDS 

 

The EDS analysis was carried out to investigate the composition in the η-phase. From this 

analysis it was possible to conclude that some chromium is dissolved into the η-phase to get 

a quantitative analysis WDS was used. The results from the EDS analysis from sample 2-8 

are shown below. In figure 27 a standard curve from the EDS is shown and in table 5 the 

results from the different analysis points are shown.  
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Figure 27 – Sample EDS curve from sample 2-8. 

 

Table 5 – Mean values from EDS analysis of sample 2-8 in atom percent. 

Cr (at%) error Co (at%) error W (at%) error 

12,94 0,67 36,91 2,34 50,15 2,6 

15,04 0,73 40,11 2,5 44,86 4,39 

12,23 1,23 43,56 2,47 44,2 4,42 

13,49 0,72 40,07 2,4 46,43 4,43 

16,43 0,7 41,95 2,36 41,62 4,13 

 

In order to get more precise values on the measurements WDS was used. The results from 

the WDS analysis of sample 2-9 and 2-19 are shown below in table 6. The values shown are 

mean values and the reason sample 2-9 and 2-19 where chosen for this analysis is that they 

have similar compositions but a high difference in chromium content.  

 

Table 6 – Mean values from WDS analysis in weight percent. 

Sample W (wt%) C (wt%) Cr (wt%) Co (wt%) 

2-9 67,08 2,07 6,76 24,09 

2-19 66,74 2,16 8,42 22,68 

 

 

6.2.4 XRD 

Figure 28 and 29 shows the XRD results from sample 2-16 and 2-20 respectively. Figure 28 

shows that sample 2-16 contains three phases. As expected the two first phases are WC and 

Co binder-phase and the third phase is η-phase. Figure 29 shows that sample 2-20 also 

contains the same first three phases as sample 2-16 but may also contain some elemental 

tungsten.  
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Figure 28 - XRD curve for sample 2-16: Red-WC, Blue-Co-binder phase and Green-η-phase. 

 

 
Figure 29 – XRD curve for sample 2-20: Red-WC, Blue-Co-binder phase, Dark green-η-phase and 

light Green-tungsten. 
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6.3 Thermodynamic assessment. 
 

The results from the WDS measurements were used to assess the chromium solubility in the 

η-phase (M6C). The thermodynamic parameters were evaluated using the PARROT module 

[12] in the Thermo-Calc software [13]. The module works by minimizing an error sum where 

each piece of information is given a certain weight according to its estimated accuracy and 

allows the simultaneous concideration of various types of thermochemical and phase 

diagram data. Further reading about thermodynamic assessments can be found in the book 

by Lukas et al [11]. 

 

In the Sandvik-Seco database the parameter G(M6C,Co:W:Cr:C;0) is set to 2*GHSERCO 

+2*GHSERWW+2*GHSERCR+GHSERCC. In other words as a linear combination of the 

Gibbs energy for the elements included, which is a common used estimation for unassessed 

parameters. When assessing these parameters it is common to add a A+B*T term to this 

expression. In this work we only have information at one temperature so B was set to zero 

and the A term was optimised to the WDS measurements of samples 2-9 and 2-19. In the 

optimization only liquid, WC and M6C was allowed to be stable. The optimisation gave  

 

G(M6C,Co:W:Cr:C;0)= 2*GHSERCO +2*GHSERWW +2*GHSERCR +GHSERCC -87220 

 

A comparison between measured and calculated composition in the M6C is shown below. 

Observe again that only liquid, WC and M6C were allowed to be stable in the calculation  

 

Table 7 – comparison between calculated and measured WDS values for chromium in the η-phase.  

Sample Chromium (wt%) Database Chromium (wt%) WDS 

2-9 6,74 6,76 

2-19 9,62 8,42 
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6.4 Discussion 
The biggest question that has arisen after this work is why did a four-phase equilibrium not 

appear? According to the database all the present phases should be chromium-saturated 

which means that a fourth phase should nucleate. One answer could be that the η-phase 

dissolves a much larger amount than previously thought. The solubility according to the 

database was only 0.21 wt% and the highest measured value from the WDS analysis was as 

high as 8,42 wt%. Another obvious error in the current thermodynamic assessment of the 

system is that the database predicted the M2C phase to be stable in most of the sample 

compositions but it could not be detected in any sample using SEM, EDS or XRD. In figure 

30 below all the alloy compositions have been plotted into a phase diagram with the adjusted 

database. As can be seen in the image several of the compositions should be in the four-

phase region and all but four alloys should contain the M2C phase.  

 

 
Figure 30 – Phase diagram with alloy compositions. 

 

 In Figure 29 there are some peaks that could not be exclusively recognized. Some of the 

unidentified peaks could be identified as elemental tungsten but all of the peaks do not 

match. This does indicate that there might be a fourth phase in the sample but it could not be 

properly detected. One of the problems in finding the four-phase equilibrium could lie in the 

manufacturing of the samples. The milling of these samples were performed under 6 hours, 

this may be to short time to reach a fully homogeneous mix. And there could also have been 

some shortcomings with the sintering. Perhaps another method is needed for the cooling to 

fully ensure the freezing of the structure at the sintering temperature. 
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7 Conclusions 
 

The conclusions made from this study will be listed below. Although a four phase 

equilibrium could not be confirmed, other important things were discovered. 

 

 The most important conclusion that can be made from this study is that the η-phase 

can dissolve much greater amounts of chromium than previously thought. 

 The database shows a stability of the M2C phase that is too high. The M2C phase did 

not appear in any of the samples. 

 It was possible to get WC during sintering from elemental tungsten and carbon in a 

chromium rich matrix under conventional sintering conditions.  

 EDS analysis of WC showed some solubility of chromium (4,5 and 5 at% 

respectively). 

 The samples made for part I were inhomogeneous and had small WC grains which 

made the EDS analysis less reliable. 
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8 Future work 
 

During this study some interesting phenomenon has come into the light. One of these, 

probably the most important one is that the η-phase in cemented carbides dissolves much 

more chromium then earlier thought. In order to quantify these results more extensive 

investigations have to be conducted, these results can then be used to further enhance the 

thermodynamic database. Some investigations should also be done at a different 

temperature to see if there is any temperature dependence.  

Another interesting thing to look at would be the color variations in some of the SEM images 

in backscatter mode. This would need more time and better equipment. Further it would be 

interesting to go back to the ternary system W-Cr-C and look at the M2C phase and perhaps 

make a better adjustment to fit the properties of this phase. 
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Appendix A – Samples part I and II 
 

Part I 
 

Sample  wt% C Co W Cr 
Cr3C2 
(CRCF) 

WC 
(WC5P111) 

W 
(WM00637) 

Co 
(COUOR01) Sint. Time  

2-1  4,332 11,284 83,362 1,021 0,884 51,055 14,598 8,463 24 

2-2  4,288 11,170 82,520 2,022 1,750 48,635 16,237 8,378 24 

2-3  4,245 11,059 81,694 3,002 2,598 46,264 17,844 8,294 24 

2-4  4,203 10,949 80,885 3,963 3,430 43,940 19,418 8,212 24 

2-5  4,920 19,762 72,999 2,319 2,007 55,797 2,375 14,822 24  

2-6  4,863 19,536 72,162 3,439 2,976 52,998 4,374 14,652 24  

2-7  4,808 19,314 71,344 4,533 3,924 50,263 6,328 14,486 24  

2-8  4,754 19,098 70,545 5,603 4,850 47,589 8,238 14,323 24  

2-9  4,5 19 70,9 5,6 4,847 44,486 11,417 14,25 24  

2-10  4 19 71,4 5,6 4,847 38,371 17,532 14,25 24  

2-11  3,5 19 71,9 5,6 4,847 32,257 23,647 14,25 24  

2-12  3 19 72,4 5,6 4,847 26,142 29,761 14,25 24  

2-13  4,5 20 69,5 6 5,193 43,733 11,074 15 24  

2-14  4,5 20 67,5 8 6,924 39,966 13,110 15 24  

2-15  4,5 20 65,5 10 8,655 36,199 15,146 15 24  

2-16  4,5 20 63,5 12 10,386 32,433 17,181 15 24  

2-17  4,5 20 69,5 6 5,193 43,733 11,074 15 96  

2-18  4,5 20 67,5 8 6,924 39,966 13,110 15 96  

2-19  4,5 20 63,5 12 10,386 32,433 17,181 15 96  

2-20  4,7 20 63,3 12 10,386 34,879 14,735 15 24  

2-21  4,9 20 63,1 12 10,386 37,325 12,290 15 24  

2-22  5,1 20 62,9 12 10,386 39,770 9,844 15 24  

2-23  4,5 20 61,5 14 12,117 28,666 19,217 15 24  

2-24  4,5 20 59,5 16 13,848 24,899 21,253 15 24  

2-25  4,5 20 57,5 18 15,579 21,133 23,288 15 24  

2-26  4,5 20 55,5 20 17,310 17,366 25,324 15 24  
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Part II 
 

  

Sample wt% C Co W Cr 
Cr3C2 
(CRCF) 

WC 
(WC5P111) 

W 
(WM00637) 

Co 
(COUOR01) 

Sot 
(P510) 

Sint. 
temp. 

Sint. 
 Time  

1-1  4,379 8,724 73,104 13,793 3,979 0 18,276 2,181 0,564 1410 3 

1-2  4,495 8,956 75,045 11,504 3,319 0 18,761 2,239 0,681 1410 3 

1-3  4,617 9,200 77,092 9,091 2,623 0 19,273 2,300 0,804 1410 3 

1-4  4,747 9,458 79,253 6,542 1,887 0 19,813 2,364 0,935 1410 3 

1-5  4,379 8,724 73,104 13,793 11,938 0 54,828 6,543 1,691 1410 3 

1-6  4,495 8,956 75,045 11,504 9,957 0 56,284 6,717 2,042 1410 3 

1-7  4,617 9,200 77,092 9,091 7,868 0 57,819 6,900 2,413 1410 3 

1-8  4,747 9,458 79,253 6,542 5,662 0 59,440 7,093 2,805 1410 3 

1-9  4,379 8,724 73,104 13,793 11,938 0 54,828 6,543 1,691 1500 3 

1-10  4,495 8,956 75,045 11,504 9,957 0 56,284 6,717 2,042 1500 3 

1-11  4,617 9,200 77,092 9,091 7,868 0 57,819 6,900 2,413 1500 3 

1-12  4,747 9,458 79,253 6,542 5,662 0 59,440 7,093 2,805 1500 3 

1-13  4,332 11,284 83,362 1,021 0,884 51,055 14,598 8,463 0 1410 24 

1-14  4,288 11,170 82,520 2,022 1,750 48,635 16,237 8,378 0 1410 24 

1-15  4,245 11,059 81,694 3,002 2,598 46,264 17,844 8,294 0 1410 24 

1-16  4,203 10,949 80,885 3,963 3,430 43,940 19,418 8,212 0 1410 24 

1-17  4,288 11,170 82,520 2,022 1,750 48,635 16,237 8,378 0 1410 24 

1-18  4,245 11,059 81,694 3,002 2,598 46,264 17,844 8,294 0 1410 24 

1-19  4,203 10,949 80,885 3,963 3,430 43,940 19,418 8,212 0 1410 24 

1-20  4,162 10,842 80,091 4,905 4,245 41,661 20,962 8,131 0 1410 24 
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Appendix B – EDS analysis 
 

09BL11 

Carbon (at%) error Chromium (at%) error Tungsten (at%) error 

31,43 3,7 3,26 0,74 65,31 5,61 

29,41 2,69 8,46 0,84 62,14 6,08 

31,1 3,47 0   68,9 5,68 

36,56 4,01 0   63,44 6,2 

33,9 3,58 0   66,1 5,7 

36,5 3,35 0   63,5 5,37 

38,6 4,08 0   61,4 6,22 

34,08 2,53 4,79 0,72 61,13 5,61 

30,44 4,01 8,49 0,88 61,07 6,07 

33,12 2,55 7,5 1,41 59,39 5,8 

29,59 3,72 0   70,41 5,71 

32,1 2,35 4,31 0,7 63,58 3,3 

36,62 4,25 0   63,38 6,68 

28,86 3,52 7,55 0,78 63,59 5,58 

36,49 2,44 2,45 0,69 61,06 5,37 

28,57 3,47 4,38 0,69 67,05 3,38 

30,71 2,48 6,57 0,77 62,72 5,58 

33,65 3,76 0   66,35 6,14 

65,75 2,34 3,01 0,68 61,24 5,34 

32,55 2,71 5,11 0,79 62,34 6,06 

30,71 2,49 4,44 0,77 64,85 5,49 

33,38 2,58 7,17 1,38 59,45 5,44 

35,15 3,91 0   64,85 5,67 

33,39 3,89 0   66,61 5,7 

35,05 3,62 0   64,95 5,21 

27,93 3,82 4,22 0,75 67,85 3,48 

28,99 2,68 3,37 0,78 67,64 6,08 

26,58 2,85 3,31 0,83 70,12 6,32 

33,95 2,65 2,78 0,77 63,27 5,94 

32,9 3,66 4,11 0,76 63 5,88 

30,22 2,68 3,27 0,75 66,52 5,98 

37,03 3,57 3,01 0,75 59,96 5,73 

36,9 3,6 0   63,1 5,79 

33,27 3,86 4,47 0,8 62,25 6,1 

30,4 2,76 4,97 0,78 64,63 6,18 

31,87 3,85 0   68,13 5,72 

34,39 3,68 0   65,61 5,79 

37,7 3,95 0   62,29 5,89 

32,02 2,37 4,24 0,71 63,74 5,31 

31,65 3,34 4,15 0,65 64,19 5,49 
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09BL17 
 

Carbon (at%) error Chromium (at%) error Tungsten (at%) error 
26,85 2,94 0   73,15 6,49 

23,2 2,19 10,29 1,02 66,51 7,14 

23,65 2,94 0   76,35 6,75 

20,89 1,76 7,52 0,83 71,58 7,18 

23,27 1,71 3,86 0,71 72,87 5,98 

21,7 1,99 3,24 0,86 75,06 7 

24,61 2,1 3,89 0,84 71,5 6,77 

32,71 2,88 0   67,29 6,33 

27,43 2,07 4,22 0,85 68,34 6,65 

21,44 1,77 6,4 0,85 72,17 6,16 

23,27 1,94 6,3 0,83 70,44 6,43 

25,65 2,08 4,68 0,86 69,67 6,68 

27,34 2 4,59 0,83 68,07 6,51 

19,19 1,71 2,61 0,76 78,2 5,98 

25,49 1,8 4,94 0,77 69,57 5,91 

23,88 2,43 6,9 0,81 69,22 5,73 

27,58 2,78 6,76 0,85 65,66 6,42 

24,46 1,89 3,59 0,78 71,96 6,08 

25,23 2,93 0   74,77 6,82 

22,81 2,87 0   77,19 6,54 

29,6 2,86 0   70,4 6,58 

24,97 2,89 0   75,03 7,05 

27,1 3 6,61 0,88 66,3 6,57 

23,43 2,04 7,59 0,87 68,99 6,58 

29,16 2,78 0   70,84 6,48 

25,3 2,05 6,96 0,88 67,73 6,76 

21,68 1,86 3,17 0,77 75,15 6,42 

24,87 2,66 4,68 0,79 70,45 6,18 

24,78 1,89 4,21 0,76 71,01 6,26 

23,9 2,76 0   76,1 6,53 

18,7 2,69 0   81,3 6,48 

18,88 1,89 3,64 0,81 77,48 6,67 

20,79 2,8 4,03 0,85 75,18 6,39 

25,54 2,68 4,41 0,77 70,05 6,28 

22,51 1,93 4,04 0,86 73,44 6,85 

24,63 3,02 0   75,37 6,98 

27,53 3,18 0   72,47 6,73 

23,96 2,6 5,41 0,83 70,63 6,28 

27,61 2,81 0   72,39 6,39 

24,27 1,67 3,84 0,74 71,89 3,62 

22,75 1,83 5,29 0,83 71,96 6,34 

26,63 1,99 3,31 0,8 70,06 6,47 

24,04 2,15 5,88 0,95 70,08 7,07 

21,55 2,07 6,55 0,86 71,9 6,81 

24,5 2,72 4,9 0,77 70,6 6,17 

18,43 1,72 6,67 0,81 74,9 5,98 
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Appendix C - SEM images 
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Part II 
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Appendix D - LOM images 
Shown below are LOM images of various samples with two different etching methods. 

η-phase etching 
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Structure etching 
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