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Mikrostruktur utredning av hårdmetall innehållande 

η-fas och Cr 
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Hårdmetaller består ofta av WC och Co. Hårdmetallen produceras genom att sintra pulver av 

de önskade elementen. I detta fall är elementen W, C och Co. Sintring är en process som 

sammanfogar fasta partiklar till större objekt. I en hårdmetall av WC och Co, brukar WC 

kallas för den hårda fasen och Co för bindefas, då Co smälter vid uppvärmningen och binder 

ihop de fasta WC-kornen som ett lim när de har stelnat. Den hårda fasen är generellt det som 

ger materialet dess hårdhet och bindefasen, dess slagseghet. 

För skärande bearbetning av material som stål, används skär av hårdmetall då de har en bra 

kombination av hårdhet och seghet. Ett exempel på en skärande bearbetningsmetod är 

fräsning, där man använder sig av roterande skär för att avverka material på arbetsmaterialet. 

Det är viktigt att skäret har en högre hårdhet än arbetsmaterialet för att skäret ska kunna 

avverka materialet. Skären måste även ha egenskaper som motstånd mot nötning och hög 

slagseghet samt hårdhet vid höga temperaturer. Detta är egenskaper som krävs för att skäret 

inte ska förlora sin prestanda under bearbetning samt att den ska ha en längre livslängd. 

För att nå upp till dessa krav på skären till fräsningen, måste segheten vara hög vilket fås 

genom att öka innehållet av bindefasen i sammansättningen. Men detta brukar ofta leda till en 

lägre hårdhet i en WC-Co hårdmetall. Därför krävs även mindre WC-korn då det bland annat 

ger upphov till högre hårdhet. Detta kan uppnås genom tillsättning av Cr i sammansättningen. 

Vid fräsningen krävs även att skäret tål växlande temperaturer eftersom detta kan ge upphov 

till termiska sprickor på ytan av skäret. En ny studie har visat ett ökat motstånd mot 

bildningen av termiska sprickor genom att ha en subkarbid i WC-Co hårdmetaller, kallad η-

fas. Det här leder i sin tur till ökad livslängd av verktyget. 

Kombinationen av ökad bindefas och tillsats av Cr i en WC-Co hårdmetall innehållande η-fas, 

har tidigare inte studerats. I denna studie utreds detta område genom att undersöka 

mikrostrukturen och de mekaniska egenskaperna hos dessa material. Dessutom utfärdas en 

värmebehandling för att undersöka dess effekt. 

Resultatet visade att tillsats av Cr minskar kornstorleken på både WC-kornen och η-fasen 

samt att en ökad hårdhet fås. En värmebehandlingen på 700˚C, resulterade i en liten ökning av 

hårdhet för prover utan Cr och att tillsats av Cr inte gav några större förändringar i mekaniska 

egenskaper. 
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Abbreviations 

• WC = Tungsten Carbide 

• C = Carbon 

• Co = Cobalt 

• Cr = Chromium 

• SEM = Scanning Electron Microscopy 

• LOM = Light Optical Microscopy 

• Hc = Coercivity  

• Com = Magnetic saturation of Cobalt 

• dWC= Tungsten carbide grain size 

• Hv = Vickers Hardness 

• K1c = Fracture toughness 

• RBSD= Backscatter electron detection 

• SE= Secondary electron detection 

• SFE = Stacking Fault Energy 

• TEM = Transmission Electron Microscopy
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1. Introduction 
Milling is a common machining process, which utilizes inserts mounted on rotary cutters to remove 

material from the surface of a work piece.  The inserts are commonly of coated cemented carbides, 

due to its mechanical properties that gives a combination of hardness and toughness. [1] 

When milling materials such as stainless steel, the inserts much sustain high temperatures, meaning 

edgeline toughness and thermal fatigue resistance are needed. Having finer grains and higher binder 

contents are ways to obtain this. Addition of Cr is a way to achive finer grains, since they inhibit the 

growth of WC grains.  

Cemented carbide containing sub carbide phases, M6C and M12C, known as η-phase could potentially 

increase the lifetime of the cutting tools, due to increased resistance to comb cracks. To obtain this, 

the η-phase growth needs to be controlled, finely dispersing them and preventing them from 

agglomerating. [2] 

Few studies have been made regarding finely dispersed ɳ-phase with Cr and higher binder contents. 

Nor how Cr effects the ɳ-phase in terms of microstructure, which is why this study will investigate 

this.  

Other studies have shown mechanical strengthening of Co binder through heat treatment, but not 

specifically of WC-Co cemented carbides with ɳ-phase and Cr. This is another topic that will be 

investigated in this study. 

1.1 Aim of the thesis 
The aim is to design and investigate the microstructure of WC-Co cemented carbides with ɳ-phase 

and Cr additions. 

For a fixed binder content and ɳ-phase volume fraction, the following subjects are to be investigated: 

• The effect of Cr on ɳ-phase and WC in terms of particle size and volume fraction 

• The effect of heat treatment on samples with Cr and without Cr 

• A general comparison between calculations with Thermo-Calc and experimental values 

• The change in mechanical properties when adding Cr and when heat treating samples 

• A mapping of microstructure and properties over a certain range of conditions such as binder 

phase, particle sizes and ɳ-phase fraction
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2. Background and literature review 

2.1 Milling operation and comb cracks 
Milling uses inserts to remove material from the surface of a work piece and are usually made of 

coated cemented carbides [1]. In milling operations, desirable properties of the inserts are 

• High wear resistance  

• High toughness  

• High hardness at high temperatures (hot hardness) 

Tool life often ends with tool failure and is the result due to mechanisms such as gradual wear, 

mechanical fracture or plastic deformation. One sign of fatigue on the cutting insert could be 

thermal/mechanical cracks, also known as comb cracks as seen in Figure 1.  

 

Figure 1: Comb cracks on the rake side of the tool. [3] 

This type of wear is typical for interrupted cutting such as in milling operations, since the inserts are 

being exposed to cycles of heating and cooling. This expands and contracts the surface of the tool, 

leading to formation of comb cracks.  

Further use of the insert could lead to pieces of the surface breaking off. For the tool to resist the 

initiation of the cracks and to delay propagation, parameters such as Co content and grain size are 

essential. [4, 5] 

2.2 Cemented carbide 
A cemented carbide is a composite material containing a hard phase embedded in a ductile metallic 

binder, also known as the binder phase. The phases are combined through sintering powders of the 

desired elements. Commonly, the hard particles are of WC and Co is used as binder phase. The 

combination gives the material its properties in strength, hardness and toughness. [4, 6] 

The hard phase is generally what gives the material its hardness and the binder phase contributes to 

the toughness. The volume ratio between them determines the resulting hardness and toughness of 

the material. An increase in hardness often leads to a decrease in toughness and vice versa. [7] 

2.2.1 Grain size 
The hardness can be further adjusted by tuning the grain size of WC. Smaller grains generally give 

rise to increased hardness. Toughness increases with increased binder content. Different 

combinations of binder content and WC grain size, gives different properties which are desired 

depending on the application. Usually for milling operations, higher binder contents in combination 

with a smaller grain size is desired, since it gives edgeline toughness and thermal cycling fatigue 
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resistance. A schematic relation between binder content, WC grain size and their properties is 

illustrated in Figure 2. [7-9] 

 

Figure 2: Binder content and WC grain size relation. Courtesy of Verónica Collado Ciprés at Sandvik Coromant. 

Conventional WC-Co inserts have a composition of 70-94 wt% WC and a 6-30wt% Co [10]. An 

effective way to achieve fine grained cemented carbides is through usage of Cr. Cr acts as a growth 

inhibitor, restricting the continued growth of WC grains during sintering and resulting in finer WC 

grains. This is due to Cr taking part in forming a thin layer of (W,Cr)C on the surface of WC grains, 

inhibiting the grain growth process. [11] 

2.2.2 W-C-Co system 
A common composition of inserts is WC-Co. The isoplethal section of the W-C-Co system generally 

looks as the one in Figure 3.  

 

Figure 3: Isoplethal section of the W-C-Co system with 12.3 wt% Co, generated by the Thermo-Calc software using user 
database. [11] 
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For standard grades, the desired composition after sintering lies in the range where only 

solidification of WC and Co occurs, also known as the “C-window”. An example of obtaining such a 

composition, is through cooling along the green line, seen in Figure 3. 

Increasing the mass fraction of C and moving away from the carbon window, results in formation of 

graphite. This is due to excess carbon forming “free carbon” instead of WC. Formation of graphite is 

to be avoided, since it decreases the overall hardness of the grade.  

A decrease in mass fraction of carbon, leads to formation of ɳ-phase due to carbon deficiency. ɳ-

phase is a ternary sub-carbide of MxC-type. There are two types of ɳ-phase, the first is M6C, which 

forms at equilibrium temperatures above 1150°C. The second, M12C, forms at temperatures below 

1150°C. The M in this case stands for (W,Co), leaving the two ɳ-phase types to be (W,Co)6C and 

(W,Co)12C. The formation of these large and brittle sub-carbides is often avoided. [6, 12, 13] 

2.2.2.1 ɳ-phase and comb cracks 

The large brittle ɳ-phase particles, forms when cooling along the yellow line in Figure 3. This is due to 

already existing M6C particles in liquid phase. By moving towards higher carbon deficiencies, i.e. the 

black line, a homogenous and well dispersed fraction of ɳ-phase can be obtained. The two 

microstructures can be viewed side by side in Figure 4. 

 

Figure 4: The left LOM imaage shows the dispersed ɳ-phase, while the right shows agglomerated ɳ-phase after an etch using 
Murakami’s reagent . 

The formation of well dispersed ɳ-phase in WC-Co cemented carbide has shown improved resistance 

against comb cracks which is important for milling operations. [2] 

When mentioning the volume fraction (or volume percentage) of ɳ-phase, it is the amount of ɳ-

phase in sample that is indicted. The amount is dependent on the equilibrium temperature and 

carbon deficiency. Higher carbon deficiencies and lower equilibrium temperatures leads to a higher 

ɳ-phase volume fraction, while lower carbon deficiencies and higher equilibrium temperatures gives 

the opposite effect. [13] 

2.2.2.2 Dissolving of W 

During sintering, W is dissolved in Co and concentration of W increases with lower C contents. Thus, 

being in the ɳ-phase region will result in higher concentrations of W in the binder compared to 

samples in the graphite region. A general relation can be seen in Figure 5. [14] 
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Figure 5: Effects of carbon content on W solubility of the binder. [14] 

2.2.3 W-C-Co-Cr System 
Like the W-C-Co system, the W-C-Co-Cr system has a region where M6C, WC and Co are stable. Co in 

this case refers to the binder content, which in this case contains Co with Cr dissolved in it.  

When adding Cr above solvability limit of Cr, another sub carbide is formed, called M7C3 

(M=W,Co,Cr). It can be seen in Figure 6 that M7C3 forms along with WC and Co between the purple 

and teal lined region. The composition for Figure 6, is a binder with Cr/Co ratio of 0.1 (10%). 

When exceeding Cr/Co ratios of about 0.15, the M7C3 starts forming in the M6C+WC+Co region. To 

avoid formation of M7C3 in the ɳ-phase region, a binder of Cr and Co should not have an approximate 

value of 15% Cr/Co ratio in the binder composition. [11] 

 

Figure 6: Isoplethal section of the W-C-Co-Cr system with 11.3 wt% Co and 1.1 wt% Cr, generated by the Thermo-Calc 
software using user database. [11] 
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2.3 Heat treatment of cemented carbides 
Usually for WC-Co cemented carbides, hardness and wear resistance can be modified at the expense 

of toughness and strength. The binder state and strength are important in terms of wear resistance. 

This is due to the binder being worn out during operation, leaving unguarded WC grains and in turn 

lower wear resistance and shortening of a tool lifetime. But attempts to strengthen the Co binder 

phase have mostly been unsuccessful.  [15] 

There have been some attempts at heat treating WC-Co cemented carbides to improve the Co binder 

properties. A previous study has and achieved an increase in coercivity, Hc, for heat treatments at 

around 700°C, relating it to either phase transformation in the Co binder or the formation of 

nanoprecipitates Co3W, but without further investigations. [13] 

According to Jonsson H, there should be a phase transformation at around 700°C as well as a Co3W 

formation in the binder. [16] 

2.3.1 Phase transformations in the binder  
About 90% of all WC hard metals utilizes Co as a binder phase due to its properties, superior 

wettability and solvability of WC in Co at sintering temperatures. [12] 

Co as an element, is allotropic and may exist in a close-packed hexagonal crystal structure (HCP) at 

temperatures below approximately 400°C. The other, face centered cubic (FCC), is stable at higher 

temperatures. At even higher temperatures, there have been notations of FCC reversing to HCP.  

When mentioning Co-powder, it contains a mixture of approximately the same amount of HCP phase 

as FCC phase. But during milling, the HCP phase increases to 100%. In sintered cemented carbides, 

the binder has FCC phase which cannot be transformed. The reason could be due to W and C 

dissolving in the binder and stabilizing the FCC phase. [9] 

According Gordon et al. the phase transformation of HCP to FCC occurs at a temperature of around 

727˚C and is dependent on the composition, where higher W and C increases the transformation 

temperature. Addition of Cr to Co is also known to increase the transformation temperature. [9, 17] 

Stacking faults in FCC are irregularities in the stacking sequence and for FCC crystal structures, the 

stacking faults have an HCP arrangement. The faults inhibit an energy called stacking fault energy, 

SFE. For low SFE, the partial dislocations are wide which in turn hinders the dislocation movement. A 

visualization of a stacking fault can be seen in Figure 7. When the tendency of forming stacking faults 

increases, it improves the mechanical properties in FCC Co. It is similar to applying an external force, 

where mechanical deformation created the FCC-HCP transformation in the material, restricting the 

dislocation movement and making the material increase in hardness.  

 

Figure 7: A stacking fault with HCP arrangement in a FCC crystal structure. [18] 
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It is known that additions of alloying elements lowers the SFE of most metals. An example is the 

effect of W and Cr on Co. [18, 19] 

2.3.2 Nanoprecipitations of Co3W 
At around temperature 700˚C, there is a formation nanoprecipitates in form of Co3W according to 

Jonsson H. [16] 

With the presence of nanoprecipitates, Co3W, an increase in hardness and trans rupture strength, 

TRS, and wear resistance without degradation of fracture toughness, K1C, as described by Konyashin I. 

The cemented carbides analyzed had a low C content compared to conventional cemented carbides 

and were post annealed for several hours. [15] 

2.4 Methods 

2.4.1 Materials design using CALPHAD 
A phase equilibrium phase diagram is a diagram of a chemical system, showing the regions where 

substances and solutions are stable depending on temperature and composition. It also shows 

whether two or more substances coexist. A computational method, Calculation of Phase Diagram, 

CALPHAD, can be used to simulate the multicomponent phase behaviors. It uses thermodynamic 

calculations to estimate the phases and its behavior. The thermodynamic properties can be 

described through the Gibbs free energy. A software using the CALPHAD method is Thermo-Calc. [20, 

21] 

2.4.2 Manufacturing of cemented carbides 

2.4.2.1 Mixing, milling, drying and pressing 

When producing cemented carbides, raw material powders of the desired elements are firstly mixed 

together with pressing agent, PEG, and milling liquid, resulting in a wet slurry for milling.  

When milling is preformed, the powder agglomerates breaks down to achieve a uniform mixture of 

the powder. Also, to reduce the particle size of the hard phase and binder phase. Ball-milling is one 

operation where milling is executed using grinding balls. Milling time is important in terms of particle 

size and homogeneity of the powder, also affecting the resulting porosity after sintering. 

After milling comes drying, which can be performed in an oven for smaller productions. This step 

removes the milling liquid. The temperatures do not exceed boiling point to avoid oxidation of the 

powders. The dried powders are then pressed to a form, similar to the final geometry of the insert. 

[22] 

2.4.2.2 Liquid phase sintering 

By heating particles near their melting temperature, they bond them together. It partly because 

diffusion increases at higher temperatures, which in turn leads to bonding between the contacting 

particles. This process is called sintering and occurs at different temperatures, but is accelerated 

around the melting temperature. Smaller particles lead to faster diffusion due to smaller diffusion 

lengths. Liquids are also associated with faster diffusion. Higher diffusion rates contribute to faster 

sintering or lower sintering temperatures. 

A type of sintering process, common for alloys and composites, is liquid phase sintering. Here, the 

solid grains of the hard phase are soluble in the liquidous binder phase. This causes the liquid to wet, 

creating a capillary force which pulls the grains together. This also eliminates the pores, causing a 

densification and shrinkage of the pressed sample.  
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Figure 8 shows a schematic illustration of the microstructure during liquid phase sintering. The initial 

state has a mixture of powders, additives and pores. When heating, the particles come together and 

form a solid or a porous mass, also known as solid state. In liquid phase sintering, the binder phase 

melts and spreads, which rearranges the solid grains of the hard phase. Here the grains also grow 

due to diffusion. [23] 

 

Figure 8: A schematic illustration of the microstructure during liquid phase sintering.[23] 

The stages of sintering are 

• Debinding, which removes PEG through flow of H2.  

• Oxide removal in vacuum, to avoid defects such as porosity. Here solid state sintering occurs. 

• Liquid phase sintering, where the is increased and binder melts. It also causes shrinkage of 

the sample.  

• Cooling, in order to solidify the binder. [6, 22] 

2.5 Material characterization and analysis methods 

2.5.1 Coercivity and magnetic saturation of cobalt 
Coercivity, Hc, and magnetic saturation of Co, Com, can be measured to determine the 

microstructure.  

Com is associated with the amount of antiferromagnetic elements dissolved in Co. The binder, which 

mainly comprises of Co is ferromagnetic and will show a lower Com value if there are more 

antiferromagnetic elements dissolved in the binder.  

Com is therefore also an indication of other non-magnetic phases present in the binder, phases such 

as the sub-carbide ɳ-phase. Mainly, it gives an understanding of where in the phase diagram the 

composition is located. Often the fraction between Com and Co is calculated. Values under 0.7, that 

the sample has a composition in the ɳ-phase. Values slightly above it, indicates being in the region 
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with large brittle ɳ-phase particles. The values can vary depending on composition. A high value of 

Com is often associated with graphite.  

Hc is mainly associated with particle size of WC. With higher Hc values corresponding in finer WC-

grains and lower Hc values to larger WC-grains. When the applied field is removed, a remanence will 

be left in the sample. Smaller grains will act as “obstacles”, pinning the dipoles and preventing them 

the dipoles in the direction of the easy magnetation axis. When the applied field is removed, some 

dipoles will still be pinned and there will still be an internal field from the sample. [24] 

A simple illustration of the microstructures for different com and Hc can be seen in Figure 9. 

 

Figure 9: A schematic illustration of microstructure when increasing or decreasing Hc and Com. Courtesy of Verónica Collado 
Ciprés at Sandvik Coromant. 

2.5.2 Microstructure observations using LOM and SEM 
After etching with Murakami’s reagent, the ɳ-phase can be observed in LOM as shown on the left 

image in Figure 10. The black spots indicate ɳ-phase while gray part shows WC. The lighter part is the 

binder.  

For SEM images, the different contrasts are generally dependent on the atomic number, since it 

relates to the number of electrons detected [25]. The binder in SEM images using backscatter 

electron detection, RBSD, are seen as a darker gray area. The WC grains are seen as a lighter gray and 

the ɳ-phase positions are shown as black. The right image in Figure 10 is an example of such an 

image. 
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Figure 10: Left is a LOM image with indications of ɳ-phase after being etched with Murakami’s reagent. Right is SEM image 
using RBSD, with indications of binder and WC. The * indicates a position of ɳ-phase.  

2.5.3 Carbon analysis 
Carbon content can be determined by combustion analysis. By heating and combusting the sample in 

presence of pure oxygen, the carbon will oxidize and form CO2.The detector analyses then the carbon 

content from the CO2. [26] 

 2.5.4 Average grain size determination 
For average grain size determination of WC, the Saltykov method was used. It is similar to the 

Jeffries’ method 1 but uses a square as a test area instead of a circle. It is more accurate to use a test 

square, since WC-grains has more of a square-like feature instead of a circle.  

Requirements for the grain size determination is that the test square should contain at least 50 

grains but no more than 100 grains. In total 700 grains should be counted each sample of 

observation to provide a 10% relative accuracy.  

The formula used for the determining, NA, (number of grains per square millimeter) is 

𝑁𝐴 =
𝑀2

𝐴
(𝑁𝑖𝑛𝑠𝑖𝑑𝑒 +

1

2
∗ 𝑁𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑒𝑑 + 1) 

Here M is the magnification used and A is the area of the test square. Nintercepted is the number of 

grains intercepted by the test squares’ sides. A grain intercepted at the corner of the test square 

counts as one fourth of a grain. Ninside is the number of whole grains inside the test square. [27] 

The average grain size of WC can then be determined by 

𝑑𝑊𝐶 =  √
1

𝑁𝐴
 

2.5.5 Hardness 
Hardness is a measure of a materials resistance to local plastic deformation. A type of measurement 

to determine the hardness is by using Vickers hardness test. It utilized a diamond pyramid as an 

indentation as seen in Figure 11. The diameters of the shape are marked with measurements. 

                                                           
1 Z. Jefferies, A.H. Kline, E.B. Zimmer The determination of grain size in metals Trans. AIME, 57 (1916), pp. 594-
607 
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Figure 11: The indentation for the Vickers hardness test 

The hardness can then be determined using 

𝐻𝑉 = 𝐶 ∗
𝑃

𝑑2
 

Here P is the applied load and d is the average length of the diameters. [28] 

2.5.6 Fracture toughness 
Fracture toughness, K1c is a materials resistance to brittle fracture in presence of cracks. A method to 

determine K1c is through Palmqvist method. The diamond pyramid shaped indentation gives rise to 

cracks as seen in Figure 12. The length of the cracks and the diameters of the indentations are 

measured and used for calculating K1C. The equation is as followed 

𝐾1𝐶 = 𝐶 ∗  
𝐻𝑉30

𝐿
 

Here, C is a constant and HV is the hardness using 30kg load. L stands for the sum of the crack 

lengths.[29] 

 

Figure 12: Indentation used for K1C determinations. The length of the cracks and the length of the indentations are marked 
with measurements. 
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3. Experimental procedures in this work 

3.1 Compositional calculations 
The compositions and phase diagrams of the samples were calculated using the software Thermo-

Calc, which follows the CALPHAD method. The calculations were executed using a user database 2. 

The samples in this work are aimed to replicate standard inserts in terms of binder content, but 

containing ɳ-phase and Cr. One series was aimed at 4% volume percentage of ɳ -phase and the other 

at 2%. Each series contains 5 samples with Cr to Co ratios in an interval of 0 to 0.10, increasing with 

steps of approximately 0.025 in the interval with each sample. 

The composition was to lie in the region of homogenously and dispersed ɳ-phase as well as 

containing ɳ-phase, binder and WC, avoiding the formation of other sub-carbides such as 

(W,Co,Cr)7C3. 

In summary, the conditions for calculation of the samples were 

• Equilibrium temperature of 1200°C  

• Binder content of 24% in volume percent 

• ɳ-phase volume percentage of 4% called series 1 

• ɳ-phase volume percentage of 2% called series 2 

• Cr/Co interval of 0 to 10%. Each sample increasing with a step of about 2.5% in Cr/Co 

The compositions can be seen in Table 1 and Table 2.  

Table 1: Series 1, aimed at obtaining 4% ɳ-phase in the sample 

Reference Sample C [wt%] Cr [wt%] Vol. fr. 
binder 

Vol. fr. ɳ-
phase 

Cr/Co [%] 

4A KFP030 5.05 0 0.24 0.04 0.0 

4B KFP032 5.09 0.35 0.24 0.04 2.9 

4C KFP033 5.12 0.65 0.24 0.04 5.5 

4D KFP034 5.15 0.9 0.24 0.04 7.8 

4E KFP035 5.16 1.1 0.24 0.04 9.7 

 

Table 2: Series 2, aimed at obtaining 2% ɳ-phase in the samples 

Reference Sample C [wt%] Cr [wt%] Vol. fr. 
binder 

Vol. fr. ɳ-
phase 

Cr/Co [%] 

2A KFP036 5.15 0 0.24 0.02 0.0 

2B KFP037 5.19 0.35 0.24 0.02 3.0 

2C KFP038 5.22 0.65 0.24 0.02 5.8 

2D KFP039 5.24 0.85 0.24 0.02 7.7 

2E KFP040 5.26 1.1 0.24 0.02 10.3 

 

3.2 Sample production and preparation 
Milling was done using 0.25l mills, containing a mixture of the desired composition, milling beads, 

PEG and 0.05l ethanol as milling liquid. The WC grains used were WC2B, which are of 1.24-1.44 µm in 

                                                           
2 Kaplan B. Equilibrium aspects of Cr-alloyed cemented carbides [Doctoral thesis]. Stockholm, Kungliga Tekniska 
Högskolan; 2016 [Cited 31 05 2018] 
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particle size. Also, the powder additions takes into account any loss of carbon during sintering using a 

Västberga calculation which is dependent on the wt% of the elements added. The series was ball-

milled for 8h, giving a series of 0.1kg. 

The series was then dried and pressed into a green body, ready for sintering. Liquid phase sintering 

was done at around 1400°C for all samples. Thereafter, cooling from 1250°C. 

For LOM, SEM, hardness and fracture toughness, the samples were cut in half to investigate the bulk 

of the sample. These were then casted in fapsa and grinded. Polishing occurred in two steps, firstly 

polishing with 9µm diamond solution on a paper for 20 min at a force of 70N, then polishing with 

1µm diamond solution with the same time and force.  

3.3 Material characterization and analysis 

3.3.1 Coercivity and Magnetic saturation of Cobalt 
Koerzimat 1,097 HCJ was used to determine the Hc and Com of all the samples.  

3.3.2 ɳ-phase volume fraction and particle size determination 
The samples were etched using Murakami 20% for less than a second to only enhance the ɳ-phase 

structure. The samples were observed in Light optical microscope, LOM, at magnifications 1000x and 

2000x. Magnification 1000x was used for volume fraction only and 2000x for both particle size and 

volume fraction. Eight images of each samples were taken, unbiased of location. Five of each 

magnification. 

Image-J software was used to determine the ɳ-phase volume fraction and particle size. It uses the 

images from LOM by firstly setting the scale of the image. Then setting a threshold, marking the 

particles to be calculated. To match the size particles, the threshold could be adjusted. If needed, 

filling in the particles manually occurred, either by inverting the image and using image calculator to 

add two images together or by paintbrush. Mainly the same automatic threshold was used for all 

samples. 

To doublecheck the accuracy of the thresholded image with its original image, Paint.net was used. It 

has a function to add layers over other images, which gives an idea of the correspondence between 

the thersholded image and the real image. If the images did not correspond well, then the Image-J 

procedure was repeated.  

3.3.3 Carbon content analysis 
To analyze the carbon content in the samples, carbon content analysis was done using LECO. The 

method gives a maximum of 0.01 in deviation.  

To prepare the sample for analysis, the sample was crushed using a hydrolytic press with a force of 

10 tones N and sieved using a 500 µm sieve. Two samples, each with 200 g of the same crushed 

sample, were used for determining the carbon content.  

3.3.4 Grain size determination of WC 
”ZEISS Supra 40” was used for Scanning Electron Microscopy, SEM, analysis of the WC grain size. The 

samples were etched for 2 minutes using Murakami 20%. In total, about 14 images were taken of 

each sample. The images contained an area of mainly WC, avoiding the ɳ-phase regions. 

Magnification 18000x was used with a working distance of 15 mm. 7 images with this configuration 

were captured using backscatter electron detector, RBSD. For the same area and configurations, 

secondary electron detector, SE was used. The combination of the two images, made it easier to 

distinguish the grains when counting. 
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Saltykov method was then used for average grain size distribution. For each sample, an approximate 

number of 700 grains were counted to achieve a 10% deviation. 

3.3.5 Hardness 
Hardness was determined using Vickers hardness test with a load of 3kg. Five indentations on each 

sample was used to determine the average hardness of the samples. A Vickers hardness using 3kg of 

load is noted as HV3. For heat treated samples a load of 30kg was used, which is noted as HV30. 

3.3.6 Fracture toughness 
K1C was determined using Palmqvist method. Indents were made with 30kg of load on selected 

samples. Three indentations were made, determining the average K1C of the samples. 

3.4 Heat treatment 
Heat treatment of all samples was done for 600°C, 700°C and 850°C in a vacuum sintering chamber 

with Ar-flow. The heat treatment time was 2h. 

All 30 heat treated samples were measured in form of 

• Hc with Koerzimat 1,097 HCJ 

• Com with Koerzimat 1,097 HCJ 

And selected samples, heat treated at 700°C, were used to determine  

• Volume fraction of ɳ-phase using software Image-J 

• Particle size of the ɳ-phase using software Image-J 

• WC-grain size using Saltykov method 

• Vickers hardness using 30kg load  

• K1C with 30kg load and using Palmqvist method  
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4. Results and discussion 

4.1 Results of sintered samples 
A summary of the results for all samples can be seen in Table 3. The grain size of Wc are noted as dwc.  

Table 3: Summary of results for series 1 and 2. 

Reference Sample Cr/Co 
[%] 

Hc 
[kA/m] 

Com/Co 
[kA/m] 

HV3  dwc 
[µm] 

ɳ-phase 
particle 
size [µm] 

ɳ-phase 
volume 
fraction [%] 

Series 1 

4A KFP030 0.0 13.84 0.670 1383 0.618 3.03  8.4 

4B KFP032 2.9 15.33 0.650 1469 0.574 1.87 10.0 

4C KFP033 5.5 15.76 0.655 1486 0.549 1.54 10.6 

4D KFP034 7.8 16.39 0.653 1518 - 1.46 10.5 

4E KFP035 9.7 16.94 0.651 1547 0.477 1.24 10.0 

Series 2 

2A KFP036 0.0 14.42 0.695 1411 0.615 3.03 5.9 

2B KFP037 3.0 15.63 0.665 1467 0.572 1.69 7.1 

2C KFP038 5.8 16.06 0.673 1500 0.537 1.55 7.8 

2D KFP039 7.7 16.64 0.672 1524 - 1.39 8.3 

2E KFP040 10.3 17.4 0.661 1556 0.472 1.21 8.2 

 

4.1.1 Magnetic saturation of Co 
Figure 13 shows the Com/Co values. It can be noted that all values are below 0.7, indicating that all 

compositions are in the ɳ-phase region. The Com/Co also decreases with added Cr, which usually 

means there is an increase in ɳ-phase volume percentage in the samples compared to the ones 

without Cr. 

 

Figure 13: Com/Co for all samples.  
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4.1.2 ɳ-phase microstructure analysis using LOM and Image-J 
The addition of 10% Cr/Co shows a noteworthy decrease in ɳ-phase particle size as compared to the 

sample with 0% Cr/Co. The microstructure and change can be observed with LOM as seen in Figure 

14.  

 

Figure 14: Microstructure of ɳ-phase. Image taken with LOM at 2000x magnification. Left image shows the microstructure 
of reference sample 4A containing 0% of Cr in Co. Right image shows reference sample 4E containing 10% Cr in Co. 

Using Image-J, the change can also be seen in measurements. The ɳ-phase particle size and volume 

percentage can be viewed in Table 4. 

Table 4: The resulting values of ɳ-phase volume fraction and particles size for each sample given in the table along with their 
respective standard deviation. 

Reference Sample Cr/Co  ɳ-phase particle size [um] ɳ-phase volume percentage 

4A KFP030 0 3.03 ± 0.25 8.4 ± 0.38 

4B KFP032 2.9 1.87 ± 0.18 10.0 ± 0.77 

4C KFP033 5.5 1.54 ± 0.09 10.6 ± 0.59 

4D KFP034 7.8 1.46 ± 0.10 10.5 ± 0.75 

4E KFP035 9.7 1.24 ± 0.08 10.0 ± 0.72 

2A KFP036 0.0 3.03 ± 0.48 5.9 ± 0.76 

2B KFP037 3.0 1.69 ± 0.05 7.1 ± 0.53 

2C KFP038 5.8 1.55 ± 0.07 7.8 ± 0.39 

2D KFP039 7.7 1.39 ± 0.08 8.3 ± 0.88 

2E KFP040 10.3 1.21 ± 0.09 8.2 ± 0.75 

 

4.1.2.1 Particle size  

In Figure 15 the change in ɳ-phase particle size can be observed. There is a sharp drop in particle size 

between 0% and 3% Cr in the binder for both series. Between 3% and 10% Cr in the binder there 

seem to be a linear decrease in particle size and the decrease is more subtle than previous 

mentioned samples. The ɳ-phase particle size seems to be very similar in size between the two 

series. 
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Figure 15: The average particle size of all samples.  

The particle size of ɳ-phase for each sample can be seen in Figure 16 and Figure 17, along with each 

respective standard deviation.  

 

 

Figure 16: The average particle size of ɳ-phase for series 1, which includes reference samples 4A-4E. The standard deviations 
are also given in the graph.  
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Figure 17: The average particle size of ɳ-phase for series 2, which includes reference samples 2A-2E. The standard deviations 
are also given in the graph. 

4.1.2.2 Volume fraction 

The volume percentage of ɳ-phase in each sample can be observed in Figure 18. It can be observed 

that series 1, which was aimed at 4%, has ɳ-phase volume percentage at around 8% instead. With 

the addition of Cr, the volume fraction seems to increase instead of staying constant.  

The same trend can be seen for series 2, which was aimed at 2% volume percentage of ɳ-phase, but 

has around 6% ɳ-phase volume percentage for the 0% Cr sample. 

 

Figure 18: The graph shows the volume percentage of ɳ-phase as a function of Cr/Co for all samples. 

The values and its standard deviation for all samples can be seen in Figure 19 and Figure 20. 
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Figure 19: The volume percentage for series 1 with standard deviations. 

 

Figure 20: The volume percentage for series 2 with standard deviations. 

4.1.3 Carbon analysis 
Carbon analysis shows that the samples have a 0.05-0.085 wt% decrease in C compared to the 

theoretical composition calculated by Thermo-Calc. The exact values can be observed Table 5 and 

Table 6. The decrease is due to less added carbon compared to what is calculated when producing 

each sample and possibly also due to more C being consumed during sintering. 



 

20 
 

Table 5: Carbon analysis results for series 1 with comparisons to the expected value of carbon, which was calculated using 
Thermo-Colc. 

Reference Sample Cr/Co 
[%] 

Calculated 
carbon 3 
[wt%] 

Added 
carbon 
4 [wt%] 

Analyzed 
carbon 
[wt%]  

Decrease 
from 
calculation 
[wt%] 

Decrease 
from 
calculation 
[%] 

4A KFP030 0.0 5.05 5.03 4.98 0.066 1.3 

4B KFP032 2.9 5.09 5.07 5.01 0.078 1.5 

4C KFP033 5.5 5.12 5.10 5.04 0.079 1.5 

4D KFP034 7.8 5.15 5.13 5.08 0.072 1.4 

4E KFP035 9.7 5.16 5.14 5.08 0.075 1.5 

 

Table 6: Carbon analysis results for series 2 with comparisons to the expected value of carbon, which was calculated using 
Thermo-Colc. 

Reference Sample Cr/Co 
[%] 

Calculated 
carbon 3 

[wt%] 

Added 
carbon4 
[wt%] 

Analyzed 
carbon 
[wt%]  

Decrease 
from 
calculation 
[wt%] 

Decrease 
from 
calculation 
[%] 

2A KFP036 0.0 5.15 5.14 5.10 0.050 1.0 

2B KFP037 3.0 5.19 5.17 5.12 0.066 1.3 

2C KFP038 5.8 5.22 5.20 5.15 0.070 1.3 

2D KFP039 7.7 5.24 5.23 5.17 0.070 1.3 

2E KFP040 10.3 5.26 5.24 5.18 0.085 1.6 

 

4.1.3.1 Calculation of compositions with Thermo-Calc using analyzed carbon content 

Calculation of the composition with the experimentally analyzed carbon content for equilibrium 

temperature 950°C can be viewed in Table 7. It shows that the volume percentage of ɳ-phase 

corresponds well with the compositions without Cr for this temperature. But for compositions with 

Cr, the volume fraction deviates more for larger additions of Cr.  

There seems to be an increase of 1-2% in ɳ-phase for each sample, which could mean that more Cr 

goes into forming ɳ-phase than expected from the Thermo-Calc calculations. 

Table 7: Thermo-Calc calculations for all samples using equilibrium temperature 950°C and using the measured C content. 
The table also shows the values for vol. % ɳ-phase. 

Sample 
reference 

C 
[wt%] 

Cr 
[wt%] 

Vol. fr. binder 
calculated 

Vol. % ɳ-phase 
calculated 

Vol. % ɳ-phase 
measured 

Cr/Co [%] 

Series 1 

4A KFP030 4.98 0 0.19 7.9 8.4 ± 0.38 0.0 

4B KFP032 5.01 0.35 0.20 7.6 10.0 ± 0.77 3.0 

4C KFP033 5.04 0.65 0.20 8.8 10.6 ± 0.59 5.6 

4D KFP034 5.08 0.9 0.20 8.2 10.5 ± 0.75 7.9 

4E KFP035 5.08 1.1 0.20 8.9 10.0 ± 0.72 9.8 

 

                                                           
3 Using Thermo-Calc 
4 The weight of carbon which was added when producing the sample 
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Series 2 

2A KFP036 5.10 0 0.19 5.7 5.9 ± 0.76 0.0 

2B KFP037 5.12 0.35 0.21 5.5 7.1 ± 0.53 3.0 

2C KFP038 5.15 0.65 0.20 6.1 7.8 ± 0.39 5.8 

2D KFP039 5.17 0.85 0.20 6.4 8.3 ± 0.88 7.8 

2E KFP040 5.18 1.1 0.20 6.9 8.2 ± 0.75 10.0 

 

Using Thermo-Calc, the ɳ-phase volume percentage was calculated and is seen in Figure 19. For this 

composition, the blue line shows that M12C forms until about 0.2 wt% Cr. Between 0.2 and 0.5 wt% 

there is formation of both M12C and M6C. For wt% Cr above 0.5% there seems to be only M6C 

forming. Above 1.6wt% Cr there is formation of another Cr-carbide called M7C3.  

 

Figure 21: An ɳ-phase Thermo-Calc calculation for a composition of 5.08 wt% C, 11. wt% Co and a varying Cr content. The 
equilibrium temperature of the calculation is 950˚C. 

It should be noted that calculations with equilibrium temperature 950°C for samples with around 3% 

Cr has presence of both M12C and M6C. These show constitution of M6C as Co2W2(Co,Cr,W)2C and 

M12C as (Co,W)6C. But for the user database, the M12C with Cr have not been investigated. 

Due to this, the particle size of ɳ-phase and its homogeneity was observed. It seems that Cr effects 

both M12C and M6C since the particle size of the samples with 3% Cr/Co are homogenous when 

observing with LOM and Image-J. There does not seem to be a mixture of big and small ɳ-phase 

particles (particle sizes that correspond samples with 0% Cr/Co and 10% Cr/Co respectively). It means 

Cr affects both ɳ-phase types if they were to be both present. 
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4.1.4 Grain size of WC 
The microstructure of 0% Cr in the binder and 10% Cr in the binder can be observed in the SEM 

images in Figure 22. It can be noted that the grain size of WC decreases with the addition of Cr, due 

to Cr effects as a growth inhibitor.  

 

Figure 22: The microstructure of the WC-grains. The SEM images are taken with RBSD at 18000x magnification and 15mm 
working distance. Left image is reference sample 4A with 0% Cr in Co, whilst the right image is reference sample 4E with 
10% Cr in Co. 

Table 8 shows the average grain size of WC along with the maximum and minimum value for all but 

two samples.  The average size of WC for samples 4A, 4B, 4C, 4E, 2A, 2B, 2C and 2E.can also be seen 

in  Figure 23. Values are given by Saltykov method and it shows that WC grains are smaller In size 

when adding Cr in the composition, compared to having no Cr. 

Table 8: The average grain sizes are given in the table. The deviation are also given in the table as dWC, min which is the 
minimum grain size possible in the sample and dWC, max, which is the maximum size possible. 

Reference Sample Cr/Co 
[%] 

Hc [kA/m] dWC [µm] dWC, min [µm] dWC, max [µm] 

4A KFP030 0.0 13.84 0.616 0.588 0.649 

4B KFP032 2.9 15.33 0.574 0.548 0.605 

4C KFP033 5.5 15.76 0.546 0.521 0.575 

4D KFP034 7.8 16.39 - - - 

4E KFP035 9.7 16.94 0.477 0.455 0.503 

2A KFP036 0.0 14.42 0.615 0.587 0.648 

2B KFP037 3.0 15.63 0.572 0.546 0.603 

2C KFP038 5.8 16.06 0.537 0.512 0.566 

2D KFP039 7.7 16.64 - - - 

2E KFP040 10.3 17.4 0.472 0.450 0.497 

 

The decreasing trend for the average grain size of WC can be seen in  Figure 23. It shows a linear 

decrease between samples without Cr and samples 10% Cr. Also, the two series seems to have about 

the same grain size despite having different ɳ-phase volume percentages. And it does not have the 

sharp slope at 3% Cr/Co, as seen for ɳ-phase particle size in Figure 15. It could mean that more Cr 

goes into forming ɳ-phase than it does for WC grains. 
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Figure 23: The average size of WC for samples 4A, 4B, 4C, 4E, 2A, 2B, 2C and 2E. 

Figure 24 and Figure 25 shows the values with the respective grain size deviations in a graph. 

 

Figure 24: Average grain size for reference samples 4A, 4B, 4C and 4E of series 1. Graph also shows the deviation in WC 
grain size  for each sample. 
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Figure 25: Average grain size for reference samples 2A, 2B, 2C and 2E of series 2. Graph also shows the deviation in WC 
grain size for each sample. 

The Hc seems to correspond well with the WC grain size achived as more Cr is added, since there is 

an increase in Hc for smaller grain sizes. The Hc is slightly higher for series 2 than for series 1, which 

could be the effect of having more volume percentage ɳ-phase in series 1. ɳ-phase are larger in size 

compared to WC and a larger fraction of it should lead to an increase in the overall particle size of 

the sample, hence series 1 has a higher Hc than series 2.  

 

Figure 26: The Hc for all samples. 
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4.1.5 Hardness 
The hardness can be seen in Figure 27. It shows that the hardness in relation to Cr/Co. The two series 

show similar features. There is not a big difference in hardness between the two series only a slightly 

higher value for series 2. It could mean that an increase in ɳ-phase gives a slightly lower hardness 

since the WC-grain size is almost the same for both series.  

 

Figure 27: Hardness. 

4.2 Overall discussion of sintered samples 
Increasing the Cr content shows a decrease in WC grain size, due to its properties as a growth 

inhibitor. This statement is also shown by the increasing Hc value. The hardness also increases, which 

is one of the results when achieving finer WC grains. This shows that mechanical properties can be 

tuned using Cr in WC-Co cemented carbides with ɳ-phase.  

Although there is a 2-3% difference in ɳ-phase volume percentages between the two series, there 

seem so be no significant difference in WC grain size, ɳ-phase particle size or hardness. It means that 

the influence of increased ɳ-phase volume fraction, has a lower effect on these factor as compared 

to addition of Cr. 

Also, the addition of Cr seems to decrease the particles size of the ɳ-phase. A significant decrease in 

particle size of ɳ-phase is observed between the sample without Cr and the sample with 3% Cr to Cr 

ratio. 5-10% Cr to Co ratios gives a smaller decrease. This means Cr seems to have a growth inhibitor 

effect on the ɳ-phase particles as well. 

There is a 0.15 µm decrease in WC grain size, when comparing 0% Cr and 10%Cr in the binder and a 

decrease of 1.8 µm in ɳ-phase particle size for the same samples. The particle size of ɳ-phase is about 

4 times larger than WC grain size for compositions without Cr. Compositions with Cr have ɳ-phase 

particles 3-2.5 times larger than their respective WC grain size. 

The calculated ɳ-phase volume fraction does not correspond well with the analyzed volume fraction. 

This is due to loss in carbon content in comparison to the calculated value, as seen in in the section 

“4.1.3 Carbon analysis”.  

Recalculations with the new carbon content using Thermo-Calc were done, but did not show a 

similarity to the theoretical value of ɳ-phase volume fraction at equilibrium temperature 1200°C. It 
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showed a better correspondence to equilibrium temperature 950°C for samples without Cr. The ɳ-

phase volume fraction for the samples with Cr had higher values than calculated values at 950˚C. It is 

likely due to volume parameters of ɳ-phase of the database in Thermo-Calc not corresponding well 

with reality. The volume parameters do not account for exactly how much Cr goes into creating the 

ɳ-phase. There is probably more Cr which goes into forming ɳ-phase than expected. More work on 

the database needs to be done, since the implementation of ɳ-phase and Cr is not well described at 

the moment. This is very apparent in the increase in ɳ-phase volume fraction at higher Cr contents, 

where it is aimed to have the same amount of ɳ-phase, but instead it is increasing with more Cr. 

The samples also correspond to a lower binder content due to a higher measured ɳ-phase volume 

fraction than aimed for. This is because parts of the binder go into forming more ɳ-phase instead. 

It should be noted that the particle size and volume fraction of ɳ-phase are of approximate values for 

measurands using ImageJ. The values differ depending on the images and the threshold cannot 

always be adjusted accurately. The values are also dependent on etching time but is hard to adjust 

since it is in an interval of less than a second. Smaller ɳ-phase particles are easier achive an accurate 

image of than large particles. Also, when etching with Murakami, an oxide layer forms on top of the 

ɳ-phase, possibly making the ɳ-phase appear bigger. Hence, there is a measurement uncertainty with 

this method.   
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4.3 Results of heat treatment 

4.3.1 Coercivity 
It can be observed in Figure 28 and Figure 29 that after undergoing heat treatment at temperature 

700°, the samples with 0% Cr/Co and 3% Cr/Co show an increase in Hc, which is usually affiliated with 

finer grains. The Hc and ΔHc values for each sample and heat treatment temperature can be viewed 

in Appendix D. 

 

Figure 28: The deviation of Hc compared to the initial value for series 1. 

 

Figure 29: The deviation of Hc compared to the initial value for series 2. 
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4.3.2 Microstructure of ɳ-phase using LOM and Image-J 
Figure 30 shows two images of sample 2A, left is before heat treatment and the right image, after 

heat treatment at 700°C.  

 

Figure 30: Microstructure of ɳ-phase before and after heat treatment of 700°C. The images are of sample 2A using LOM at 
2000x magnification. 

Table 9 shows the values for ɳ-phase particle size and volume percentage before and after heat 

treatment of 700˚C. The change can also be viewed in the graphs in Figure 32 and Figure 31. 

Table 9: The ɳ-phase particle size and volume fraction after heat treatment to 700°C (orange columns) can be seen, as well 
as the values before heat treatment (blue columns). 

Reference Sample Cr/Co 
[%] 

Before HT 
ɳ-phase 
particle size 
[um] 

After HT  
ɳ-phase 
particle size 
[um] 

Before HT 
ɳ-phase 
vol. % 

After HT 
ɳ-phase 
vol.% 

2A KFP036 0.0 3.03 ± 0.48 3.05 ± 0.35 5.9 ± 0.76 7.2 ± 0.29 

2B KFP037 3.0 1.69 ± 0.05 1.69 ± 0.09 7.1 ± 0.53 7.5 ± 0.51 

2C KFP038 5.8 1.55 ± 0.07 - 7.8 ± 0.39 - 

2D KFP039 7.7 1.39 ± 0.08 - 8.3 ± 0.88 - 

2E KFP040 10.3 1.21 ± 0.09 1.22 ± 0.10 8.2 ± 0.75 8.0 ± 0.67 

 

 

Figure 31: The graph shows the particle size of ɳ-phase for heat treated samples at 700°C and untreated samples. 
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Figure 32: Volume percentage of ɳ-phase. The graph shows a comparison between a heat treated samples at 700°C and 
untreated samples for series 2.  

Figure 33 shows the Com/Co values for all untreated samples, including samples with heat treatment 

to 700˚C.  

 

Figure 33: The Com/Co value for heat treated series to 700°C and without heat treatment. 
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4.2.3 Grain size of WC 
Figure 34 shows SEM images of the WC grains using RBSD. The left image shows the untreated 

sample and right image, the heat treated sample at 700°C. 

 

Figure 34: SEM images using RBSD  shows the WC grains. Magnification used was 18000x with a working distance of 15mm. 
The left image shows the untreated sample and right image, the heat treated sample at 700°C.  

The average grain size of WC for series 2 for heat treated samples at 700°C and untreated samples 

can be seen in Figure 35. The values are also given in appendix D. 

 

Figure 35: The average grain size of WC for series 2 with heat treatment to 700°C and without heat treatment. 

4.2.4 Hardness and fracture toughness 
Vickers hardness using 30kg load and K1C has been done on three samples heat treated at 700˚C and 

the results can be viewed in Table 10. 

Table 10: Results of hardness and fracture toughness for samples undergoing heat treatment at 700 °C (orange columns) 
and untreated samples (blue column). 

Sample 
reference 

Sample Cr/Co [%] HV30 
before HT 

HV30 after 
HT  

K1C before 
HT 

K1C after 
HT 

2A KFP036 0 1393 1426 12.3 11.5 

2B KFP037 3 1477 1488 12.2 10.9 

2E KFP040 10 1561 1555 10.6 10.7 
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4.4 Discussion of heat treated samples 
For heat treatment at 700°C, there is a great increase in Hc for samples without Cr and samples with 

around 3% Cr in the binder. Higher Hc is usually related to smaller grain sizes in the sample, but for 

heat treated samples in this study, no change in grain size of WC and particle size of ɳ-phase. 

Though, there seems to be an increase in ɳ-phase volume fraction.  

The Com/Co stays under 0.7, were observed which means the compositions are still in the ɳ-phase 

region. In Figure 33, there is no great change before and after heat treatment, so a conclusion to 

what happens in the microstructure cannot be drawn from Com/Co alone except that the 

composition is still in the ɳ-phase region. 

The increase in volume percentage ɳ-phase should in theory decrease the Hc value because ɳ-phase 

particles are much larger than WC. Hc is related to the overall particle size of the particles in the 

sample, which includes the size of WC and ɳ-phase for the samples in this study. An increased 

fraction of large particles should increase the mean size of particles in the sample and in turn 

decrease Hc. But for these heat treated samples Hc increases. 

Although no changes in the particle size of ɳ-phase and grain size of WC are observed, there seems 

to be a slight increase in hardness. Possibly, there is a Co binder strengthening happening. 

If the WC and ɳ-phase particle sizes remains the same, then sudden increase in Hc and increase in 

hardness could be explained by the phase transformation of FCC to HCP and the formation of 

nanoprecipitates Co3W, which both occur at 700°C. 

The Co3W should affect the Hc due to pinning of the magnetic dipoles in Co. But the formation of 

nanoprecipitates Co3W needs further investigations and Transmission Electron Microscope, TEM, to 

prove its existence.  

The phase transformation, forms HCP in the FCC crystal structure. With presence of both, HCP acts as 

stacking faults in Co, possibly leading to the improved mechanical properties. These defects also pin 

the dipoles of the material, giving rise to a higher Hc. In any case, these one or both factors seem to 

play a part in improvement of mechanical properties of the binder.  

With increasing Cr additions, the effect of a sudden increase in Hc diminishes and disappears. The 

sample with 10% Cr/Co has no change in Hc, ɳ-phase particle size or volume percentage. Neither 

does the WC grain size change. The hardness and K1C remains unchanged as well. This could mean 

that Cr prohibits the effect which is seen for samples with 0% Cr/Co. 

The existence of HCP phase increasing in the FCC binder as well as the nanoprecipitates cannot be 

proven in this work. To further investigate it, EBSD and TEM needs to be done, but this is out of the 

scope of this study. 
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5. Conclusions 

5.1 Sintered samples 
The main conclusions for the sintered samples are: 

• It is possible to have ɳ-phase without any other additional sub-carbides in an interval of 0-

10% additions of Cr in the binder. 

• An increase in ɳ-phase volume fraction does not give as much of an impact on hardness, 

particle size of ɳ-phase and WC grain size compared to additions of Cr. 

• Having 10% Cr in Co gives a 0.15 µm decrease in WC grain size and 1.8 µm smaller ɳ-phase 

particle size, compared with samples without Cr. 

• Hardness increases with added Cr. 

• More Cr than expected goes into growing ɳ-phase than expected from Thermo-Calc 

calculations, giving a higher volume fraction of ɳ-phase. 

5.2 Heat treated samples 
The main conclusions of for the heat treated samples are: 

• Samples with a coercivity, Hc, increase at 700˚C show increase in hardness and decrease in 

toughness. No change in microstructure were found. 

• The addition of Cr decreases the effect of heat treatment.  
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Future works 
For future works, the Thermo-Calc database needs to be updated and further investigated in order to 

match calculations to experimental values. In that way it will be possible to achieve a ɳ-phase 

fraction and binder content desired, which gives a more accurate mapping of the properties. 

Improvements needs to be made with the volume fraction measurements of ɳ-phase. Possibly by 

using SEM images instead of LOM to get a better resolution.   

Also, investigations of the heat treated samples needs to be made in order to investigate the 

underlying reasons to the change in mechanical properties and coercivity. For example by using TEM 

and EBSD. 
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Appendix A 
Table A. 1: The compositions of all samples with calculations using user database in Thermo-Calc. 

Sample 
reference 

Reference C [wt%] Cr [wt%] Vol. fr. 
binder 

Vol. fr. ɳ-
phase 

Cr in Co [%] 

4A KFP030 5.05 0 0.24 0.04 0.0 

4B KFP032 5.09 0.35 0.24 0.04 2.9 

4C KFP033 5.12 0.65 0.24 0.04 5.5 

4D KFP034 5.15 0.9 0.24 0.04 7.8 

4E KFP035 5.16 1.1 0.24 0.04 9.7        

2A KFP036 5.15 0 0.24 0.02 0.0 

2B KFP037 5.19 0.35 0.24 0.02 3.0 

2C KFP038 5.22 0.65 0.24 0.02 5.8 

2D KFP039 5.24 0.85 0.24 0.02 7.7 

2E KFP040 5.26 1.1 0.24 0.02 10.3 
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Appendix B 

 

Figure B. 1: Isoplethal section of sample 4A using compositions seen in Appendix A. 

 

Figure B. 2: Isoplethal section of sample 4B using compositions seen in Appendix A. 
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Figure B. 3: Isoplethal section of sample 4C using compositions seen in Appendix A. 

 

Figure B. 4: Isoplethal section of sample 4D using compositions seen in Appendix A.. 
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Figure B. 5: Isoplethal section of sample 4E using compositions seen in Appendix A. 

 

 

Figure B. 6:  Isoplethal section of sample 2A using compositions seen in Appendix A. 
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Figure B. 7: Isoplethal section of sample 2B using compositions seen in Appendix A. 

 

Figure B. 8:  Isoplethal section of sample 2C using compositions seen in Appendix A. 
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Figure B. 9: Isoplethal section of sample 2D using compositions seen in Appendix A. 

 

Figure B. 10: Isoplethal section of sample 2E using compositions seen in Appendix A. 
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Appendix C 
Sintered samples (Untreated) 

A.                                                                                       B.       

 

C.                                                                                        D. 

 

E. 

 

Figure C. 1: LOM images of ɳ-phase for series 1. (A.) Sample 4A. (B.) Sample 4B. (C.) Sample 4C. (D.) Sample 4D. (E.) Sample 
4E. 
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A.                                                                                       B.      

 

C.                                                                                       D.       

 

E.                                                                                        

 

Figure C. 2: LOM images of ɳ-phase for series 2. (A.) Sample 2A. (B.) Sample 2B. (C.) Sample 2C. (D.) Sample 2D. (E.) Sample 
2E. 
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A.                                                                                       B.       

 

C.                                                                                       D.       

 

Figure C. 3: SEM images of WC grains of series 1. (A.) Sample 4A. (B.) Sample 4B. (C.) Sample 4C. (D.) Sample 4E. 
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A.                                                                                       B.       

 

C.                                                                                       D.       

 

Figure C. 4: SEM images of WC grains of series 2. (A.) Sample 2A. (B.) Sample 2B. (C.) Sample 2C. (D.) Sample 2E. 
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Samples heat treated at 700˚C 

A.                                                                                       B.       

 

C.                                                                                        

 

Figure C. 5: LOM images of ɳ-phase for series 2 with heat treatment at 700˚C. (A.) Sample 2A. (B.) Sample 2B. (C.) Sample 
2E.  
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A.                                                                                       B.       

 

C.                                                                                        

 

Figure C. 6: SEM images of WC grains for series 2 with heat treatment at 700˚C. (A.) Sample 2A. (B.) Sample 2B. (C.) Sample 
2E. 
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Appendix D 

 

Figure D. 1: The Hc value for heat treated temperatures 600°C, 700°C and 850°C. 
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TEMPERATURE [°C]

HC FOR DIFFERENT HEAT TREATMENT 
TEMPERATURES

4A (0% Cr/Co)

4B (2.9% Cr/Co)

4C (5.5% Cr/Co)

4D (7.8% Cr/Co)

4E (10% Cr/Co)

2A (0% Cr/Co)

2B (3% Cr/Co)

2C (5.8% Cr/Co)

2D (7.7% Cr/Co)

2E (10% Cr/Co)

Reference Sample Hc ref 
[kA/m] 

Hc 
HT600°C 
[kA/m] 

Hc 
HT700°C 
[kA/m] 

Hc 
HT850°C 
[kA/m] 

ΔHc at 
HT 
600°C 
[kA/m] 

ΔHc at HT 
700°C 
[kA/m] 

ΔHc at 
HT 850°C 
[kA/m] 

4A KFP030 13.84 14.21 16.6 14.16 0.37 2.76 0.32 

4B KFP032 15.33 15.53 17.73 15.94 0.2 2.4 0.61 

4C KFP033 15.76 15.36 15.98 15.83 -0.4 0.22 0.07 

4D KFP034 16.39 15.99 16.18 15.93 -0.4 -0.21 -0.46 

4E KFP035 16.94 16.52 16.57 16.32 -0.42 -0.37 -0.62 

2A KFP036 14.42 15.09 18.27 15.13 0.67 3.85 0.71 

2B KFP037 15.63 15.76 17.57 16.35 0.13 1.94 0.72 

2C KFP038 16.06 15.71 16.25 16.09 -0.35 0.19 0.03 

2D KFP039 16.64 16.2 16.37 16.2 -0.44 -0.27 -0.44 

2E KFP040 17.4 16.94 17.01 16.68 -0.46 -0.39 -0.72 

Table D. 1: Hc values for refernce samples and samples which has undergone heat treatment at 600C, 700C and 850C 
respectively. The ΔHc are also given for the same conditions. 
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Table D. 2: The Com/Co values for all samples, which includes the reference and heat treatment at 600C, 700C and 850c. 

Reference Sample COM/Co 
reference 

COM/Co HT600 °C COM/Co HT700 °C COM/Co HT850 °C 

4A KFP030 0.670 0.666 0.663 0.682 

4B KFP032 0.650 0.657 0.644 0.655 

4C KFP033 0.655 0.664 0.660 0.661 

4D KFP034 0.653 0.658 0.657 0.664 

4E KFP035 0.651 0.652 0.655 0.667 

2A KFP036 0.695 0.690 0.689 0.699 

2B KFP037 0.665 0.670 0.661 0.659 

2C KFP038 0.673 0.675 0.674 0.681 

2D KFP039 0.672 0.674 0.676 0.684 

2E KFP040 0.661 0.665 0.667 0.676 

Reference Sample Cr/Co dWC [µm] dWC, min 

[µm] 
dWC, max 

[µm] 
dWC 
[µm] 

dWC, min 

[µm] 
dWC, max 

[µm] 

4A KFP030 0.0 0.616 0.588 0.649 - - - 

4B KFP032 2.9 0.574 0.548 0.605 - - - 

4C KFP033 5.5 0.546 0.521 0.575 - - - 

4D KFP034 7.8 - - - - - - 

4E KFP035 9.7 0.477 0.455 0.503 - - - 

2A KFP036 0.0 0.615 0.587 0.648 0.619 0.606 0.669 

2B KFP037 3.0 0.572 0.546 0.603 0.559 0.533 0.589 

2C KFP038 5.8 0.537 0.512 0.566 - - - 

2D KFP039 7.7 - - - - - - 

2E KFP040 10.3 0.472 0.450 0.497 0.482 0.460 0.507 

Table D. 3: The average WC grain size along with the maximum and minimum value for each sample. The blue columns are 
reference samples, while theorange columns shows the values for samples which have undergone heat treatment at 700C 
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