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Sammanfattning 

Det här examenarbetet har genomförts hos Sandvik Coromant som är en världsledande leverantör av 

verktygsskär som används vid metallbearbetning. Verktygsskär tillverkas från olika pulversorter som 

värmebehandlas, sintras, i olika processer för att erhålla önskade egenskaper i de slutgiltiga produkterna. 

Sintring sker i en serie av överlappande och balanserade faser som beror av flera processparametrar, 

bland annat temperatur, tid och atmosfär.  

 

Pulver- och ämneslaboratoriet i Gimo utvärderar de olika pulversorterna för att säkerställa att de 

slutgiltiga produkterna som når kunderna har hög kvalitet. Två viktiga kvalitetsegenskaper som används 

för utvärdering av de sintrade materialen är koercivitet, Hc, och viktspecifik mättnadsmagnetisering, 

CoM. Dessa två magnetiska egenskaper beror av sintringsprocessen och ger indirekta mått på 

kornstorleken i materialet och sammansättningen i bindefasen.  På pulver- och ämneslaboratoriet sker 

sintring av pulverprover både på laborativ skala i en liten ugn, DDK, och på produktionsskala i stora 

ugnar, DMK. För att kunna säkerställa goda egenskaper i de slutgiltiga produkterna är det viktigt att 

resultatet från pulverproverna är detsamma oavsett i vilken ugnstyp sintringen har skett i. Vid alla 

sintringar inkluderas ugnskontroller som måste vara inom vissa specifika gränser i  Hc och CoM för att 

sintringen ska vara godkänd. Om resultatet är godkänt kommer mätningar av de magnetiska 

egenskaperna enbart ske i vissa, statistiskt utvalda, ordrar från körningen. För de processer som används 

vid sintring av hårdmetallsskär används sort 561 som ugnskontroll.  

 

Det här examensarbetet har handlat om kvalitetssäkring vid sintring av hårdmetaller och cermets. 

Projektet har varit uppdelat i två delar. Syftet med den första delen var att undersöka hur de magnetiska 

egenskaperna i sort 561 påverkas av topptemperaturen under sintringscykeln och syftet med den andra 

delen var att optimera de två sintringsprocesser som används i DDK-ugnen för att sintra cermetpulver.  

 

I projektets första del programmerades nya sintringscykler i labugnen med olika topptemperaturer i 

intervallet 1380°C till 1520°C. Dessa var baserade på DA1410-processen och elva sintringar 

genomfördes med ugnskontroller av sort 561. Proven utvärderades sedan med Hc och CoM. Baserat på 

resultatet från det här examensarbetet kan det fastställas att Hc har ett starkt temperaturberoende. Vid 

ökande topptemperatur fås mer korntillväxt i materialet och Hc minskar. När topptemperaturen ändrades 

i intervallet 1380°C till 1520°C, minskade Hc gradvis från 13,2 kA/m till 9,2 kA/m. I motsvarande 

temperaturintervall ökade CoM från 9,14 till 9,63 i sort 561. När temperaturen ökar blir atmosfären, som 

består av Ar (g) och CO (g), mer reaktiv och har en uppkolande effekt på materialet.  

 

Parallellt med detta genomfördes sintringar i produktionsugnarna med ugnskontroller av sort 561. 

Ugnskontrollerna placerades på olika positioner i ugnarna för att studera vilken spridning materialet har 

i de magnetiska egenskaperna beroende på position och ugn. Baserat på 29 sintringsförsök erhölls en 

spridning på 1,08 kA/m i Hc och en spridning på 0,92 i CoM vilket, jämfört med resultaten från 

temperaturstudien i DDK-ugnen, motsvarar en spridning i topptemperatur i intervallet 1390°C-1440°C. 

Enligt dagens processdirektiv ska topptemperaturen under en sintringscykel hålla sig inom ett intervall 

på + 10°C jämfört med processens specificerade temperatur, för att körningen ska vara okej. De 

nuvarande gränserna i magnetiska egenskaper för ugnskontroller av sort 561 är väldigt vida, vilket 

resulterar i godkända sintringar nästan varje gång. För att hålla sig till de processdirektiv som finns vid 

sintring måste gränserna stramas åt. Projektet visade också att det finns andra hårdmetallssorter som är 

mer känsliga för processvariationer än sort 561, vilka kan vara intressanta att utvärdera som framtida 

ugnskontroller. Med de nuvarande gränserna för ugnskontrollerna av sort 561är det svårt att säkerställa 

att material med avvikande magnetiska egenskaper hittas vid utvärderingarna efter en sintring. Om dessa 

gränser justeras, baserat på resultatet från det här projektet, kommer det vara lättare att säkerställa att 

det material som når kunderna har hög kvalitet. 

 

I projektets andra del utvärderades data över de magnetiska egenskaperna i cermetsorterna 505, 506, 

510 och 511. Datan inkluderade resultat från pulverprover sintrade både i labugnen och i 
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produktionsugnarna samt produktionsutfallet för sorterna vid sintring i produktionsugnarna. Resultatet 

visade att de sintringsprocesser som används i labugnen genererar för höga värden i Hc och CoM för 

samtliga utvärderade pulversorter. Optimeringstester genomfördes i sintringsprocesserna DJ1430 och 

DF1480 i labugnen, med målet att sänka värdet i Hc och CoM för de fyra cermetsorterna. Testerna 

innebar processändringar i form av förlängda och förkortade processteg baserat på den litteraturstudie 

som genomfördes i början av projektet.  

Resultatet från optimeringstesterna visade att en förlängning av vakuumsintringssteget mellan 1050°C-

1300°C med 20 minuter i DJ1430-processen resulterar i att CoM sänks i både sort 505 och 506. En 

förlängd vakuumsintring innebär att fler oxider kan reduceras vilket i sin tur sänker kolhalten i materialet 

då detta används som reduktionsmedel. En sänkt kolhalt genererar en bindefas med en högre halt inlösta 

legeringsämnen vilket resulterar i ett lägre CoM-resultat. 

 

Resultatet från optimeringstesterna av DF1480-processen visade att Hc i sorterna 510 och 511 kan sänkas 

genom att tiden i topptemperaturen ökar med 40 minuter. Då hinner mer korntillväxt ske i materialet 

och domänerna i den ferromagnetiska fasen får mindre interaktioner med materialets icke-magnetiska 

faser, vilket kommer underlätta ommagnetiseringen i materialet. Resultatet visade även att vätgas-

avdrivningen kan kortas ner med 30 minuter utan att påverka egenskaperna i materialet vilket ger en 

kortare sintringsprocess. Ingen större sänkning av CoM kunde åstadkommas med de tester som 

genomfördes i projektet. Däremot visade en kortare oxidationsstudie att pressat pulver som förvaras i 

luft istället för Ar-atmosfär under 14 dagar tenderar att få lägre CoM-resultat vid efterföljande sintring. 

Därmed kan det vara intressant att i framtiden genomföra en längre oxidationsstudie för att avgöra om 

oxidering av cermetsorterna är en av anledningarna till lägre CoM-resultat vid sintring i DMK-ugnarna.  
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List of Abbreviations 

 
Cermets Ceramic-metal composites 

CoM Weight-specific magnetic saturation, Co as ferromagnetic component 

Cylpebs Hardmetal cylindrical pebbles made of tungsten carbide, used in ball mills 

DDK Sintering furnace, laboratory scale 

Use: D = combined pre-sintering and sintering 

Furnace type: D = crucible furnace 

Atmosphere: K = combined vacuum and protective gas (process gas) 

DMK Sintering furnace, production scale 

Use: D = combined pre-sintering and sintering 

Furnace type: M = muffle furnace 

Atmosphere: K = combined vacuum and protective gas (process gas) 

FCP Furnace control pieces 

Hc Coercivity 

LPS Liquid phase sintering 

PEG Polyethylene glycol, polymeric binder used to increase handling strength in the green 

body 

RTP Ready to press (powder) 

SNUN12 Standard square geometry used at Sandvik Coromant in Gimo at the powder and blanks 

laboratory 

SSS Solid state sintering 
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Chapter 1 

Introduction 

1.1 Origin of Assignment 
 

Sandvik Coromant is one of the world’s leading suppliers of inserts, tools, tooling solutions, and know-

how to the metalworking industry. In Gimo, cutting tool inserts are produced from different powder 

grades. The Powder and blanks laboratory evaluates the powder grades to ensure high quality in the 

final products reaching the customers. Powder samples are pressed into SNUN12 pieces, standard square 

geometry used at Sandvik Coromant in Gimo, and undergo heat treatment, sintering, to create a dense 

sample with desired properties, such as grain size and shape [1]. The sintered samples are evaluated with 

different techniques, for example with measurements of the magnetic properties coercivity, Hc, and 

weight-specific magnetic saturation, CoM. These magnetic properties are two important quality 

characteristics and give information about grain size and binder phase content [2]. If the samples do not 

exhibit desired quality, corrections for the powder production are implemented to achieve the right 

properties in the final products.  

 

Different powder grades are sintered in different processes to obtain wanted properties. At the powder 

and blanks laboratory, the sintering occurs at both laboratory scale in a small furnace, DDK, and at 

production scale in large furnaces, DMK. The sintering processes in the DDK furnace are based on the 

processes used in the DMK furnaces. Sintering occurs in a series of overlapping but balanced phases 

that depend on various parameters including temperature, time, and atmospheric composition [3]. More 

stable sintering conditions can be achieved in a smaller furnace due to smaller loads and volume, which 

will make it easier to reach the same temperature in the entire furnace compared to a larger furnace. Due 

to the small volume, the sintering time can be reduced by several hours in a DDK furnace compared to 

a DMK furnace.  

 

In order to obtain good quality, it is important that the sintering results are equivalent regardless of where 

the sintering occurred. Furnace control pieces, FCP, are included during every sintering run to verify 

that the process has operated as it should. Depending on sintering process, the FCP need to be within 

specific, experimentally derived, approval limits in Hc and CoM in order for the sintering run to be 

approved. In all sintering processes used for cemented carbides, grade 561 is used as FCP. If the FCP 

are within the specified approval limits, the sintering run is approved and measurements in Hc and CoM 

will only be conducted in some orders that are statistically chosen.  

 

Previous studies have indicated that there is a large temperature gradient in the DMK furnaces depending 

on the sample position. Such a temperature difference will affect the final properties of the sintered 

parts, including the results in Hc and CoM. To ensure high quality in the cutting tool inserts, it is of great 

importance to be well aware of how the temperature will affect the magnetic properties of the sintered 

materials and how the results are affected by sintering at different scales.  
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1.2 Objective 
 

This master thesis is about quality assurance when sintering cemented carbides and cermets at 

production and laboratory scale. The project is divided in two parts. The first part is a study to understand 

how the top temperature during sintering affects the magnetic properties in cemented carbides. The 

second part focuses on the cermet sintering processes and optimization of these processes in the DDK 

furnace. The master thesis will also contain a literature study about sintering and the different parts of 

the sintering cycle, cermets, and the magnetic properties, Hc and CoM. 

 

1.2.1 Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

This part of the master thesis focuses on investigating how the top temperature influences the magnetic 

properties in FCP made of grade 561-567, by performing comparative sintering runs on both production 

and laboratory scale. The temperature range investigated is 1380°C–1520°C. 

 

When grade 561 was chosen as FCP for cemented carbides, this powder grade was produced in large 

amounts and compared to other grades it was relatively sensitive to variations in the sintering process, 

resulting in varying magnetic properties in the samples. Since then, several new powder grades, for 

example grades with high chromium (Cr) content, have been developed. The specified approval limits 

in Hc and CoM for FCP of grade 561 are wide, resulting in approved sintering runs almost every time. 

The question is what kind of quality certification these results can assure in the final products?  

 

The aims of part 1 of the project: 

 Investigate how the top temperature, in the range 1380°C-1520°C, affects the magnetic 

properties in the cemented carbide grade 561-567. 

 Are the approval limits in Hc and CoM for the FCP good enough or should they be redefined? 

 Are the results of the FCP enough to assure high quality in all samples sintered during a sintering 

run?  

1.2.2 Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 

 

Cermets represent a relatively small part of all sintered material at Sandvik Coromant. In order to have 

enough material to fill an entire DMK furnace the lead time may be long, thereby slowing down the 

laboratory work. Long lead times also cause the samples to be exposed to air, which may affect the 

magnetic properties of the samples. The cermet sintering processes used in the DDK furnace are several 

hours shorter than the processes used in the DMK furnaces due to the difference in volume. This means 

that laboratory results can be achieved faster when sintering in the DDK furnace and the results will be 

less affected by load and surrounding materials. To achieve reliable results, it is important that the 

sintering processes in the DDK furnace are stable and well-adjusted to the powder grades.  

 

This part of the master thesis focuses on investigating the difference in magnetic properties when 

sintering cermets at production respectively laboratory scale and based on these results the cermet 

sintering processes used in the DDK furnace shall be optimized.   

 

The aims of part 2 of the project: 

 Present the difference in magnetic properties between cermets sintered at production 

respectively laboratory scale.  

 Optimize the two cermet sintering processes, DJ1430 and DF1480, used in the DDK furnace. 
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1.3 Delimitations 
 

Only the DA1410 process will be investigated during part 1 of the project. During part 2, the process 

atmosphere (pressure and composition) will be the same as in the original cermet sintering processes. 

Otherwise there will be too many variables to investigate. 

1.4 Disposition 
 

This master thesis begins with a literature study describing general sintering theory, how sintering cycles 

are built up, and a description of cermets. Here is also a part describing Hc and CoM, the two magnetic 

properties that are of interest in this thesis, and their origin in the materials of interest. The literature 

study is followed by a presentation of the equipment used during this project and the experimental 

procedures. The results from both parts of the project are presented and discussed and the thesis ends 

with conclusions of the project and recommendations for further works in this area. Additional results 

and information about the sample preparations can be found in the appendices.  
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Chapter 2 

Theory of Sintering 

This chapter aims to give an overview of sintering of cutting inserts. The general fabrication pattern of 

sintered parts is introduced followed by a description of sintering and its various categories. The 

different stages of the sintering process are presented and the chapter ends with a short description of 

ceramic-metals (cermets), the materials in focus during the second part of this project. 

2.1 Fabrication of Sintered Parts 
 

The general fabrication pattern of sintered parts is shown in figure 2.1. When creating a cutting insert, 

the initial step is the powder manufacturing which can be divided into three parts: raw material weigh-

in, milling, and spray drying. During the weigh-in, the raw materials for the hard phase, made of different 

metal carbides, the binder phase, most often made of cobalt (Co), and the polymeric binder are added in 

proper quantities to create the desired cemented carbide or cermet grade. [4] The polymeric binder is 

often polyethylene glycol (PEG) which acts as a lubricant between the powder particles and increases 

the handling strength of the green body. The mixture is milled together with water and ethanol, which 

dissolves PEG, to ensure a homogenous material and grain size control. [5] This takes place in ball mills 

with hardmetal cylindrical pebbles (cylpebs) that consist mainly of tungsten carbide (WC). The milling 

time will affect the porosity, and homogeneity of the grade. [4] When the milling is done, the powder is 

spray dried in hot nitrogen gas to make it dry and free floating. This step will affect the pressability and 

the porosity of the powder. During the spray drying, the alcohol and the water evaporates from the 

powder and the result is powder agglomerates. [5] The powder is now ready to press (RTP) and is shaped 

into a green body [4, 5].  

 
Figure 2.1. General fabrication pattern of sintered parts. 

 

The green bodies are laid out without touching each other on circular graphite plates coated with yttrium 

and are stacked in a sintering furnace [4,5]. Thermal energy is applied during a well-defined 

temperature-time program [5]. Coherent bonds form between the powder particles and the powder 

compacts densify by pore shrinkage [3]. The sintering cycle can be divided into four different stages: 

debinding, vacuum heating (also called solid state sintering (SSS)), liquid phase sintering (LPS), and 

cooling. During the different stages, temperature, time, and sintering atmosphere are carefully chosen 

to create sintered parts with desirable properties [5]. Grades consisting of several different raw materials 

are generally sintered close to the melting point of the element with the lowest melt temperature [3].  

 

The major variables that influence sinterability and the sintered microstructure of a powder compact can 

be classified into terms of material variables, transport mechanisms, and thermodynamic variables 

(process variables) [1, 3]. The categories are presented in table 2.1. The material variables influence the 
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powder compressibility, and that together with the transport mechanisms and process variables affect 

the sinterability in terms of densification and grain growth [1]. From a practical perspective, sintering 

time and temperature are the most important factors [3]. Sintering is accelerated by high temperature 

because of the increased number of active atoms and available sites [6]. To obtain desired grain size in 

the sintered part, the temperature must be chosen wisely as a compromise together with type of raw 

materials and milling time. 

 
Table 2.1. Variables affecting sinterability and microstructure [1, 6]. 

 

 
 

The sintered parts can go through different post-sintering treatments, such as grinding and coating, to 

obtain wanted qualities. 

2.2 General Sintering Theory 
 

Sintering is a processing technique where thermal energy is applied to a porous pressed body to create 

a dense sample with desired properties, such as composition and shape [1]. This occurs via mass 

transport events on the atomic level [6]. Through control of the sintering variables, sintered parts with 

reproducible and designed microstructure can be created [1]. Sintering occurs in a series of overlapping 

but balanced phases that depend on various parameters including temperature, time, and atmospheric 

composition [3].  
 

Temperature Dependence 

 

When defining a sintering cycle, temperature is one of the dominant parameters since the atomic motion 

in the material will increase with temperature. This motion induces bonding between particles which 

reduce the overall system energy. Equation 2.1, the Arrhenius relation, describes the probability that an 

atom has enough energy to move into vacancies in the material, 

 

𝐷𝑉 = 𝐷0𝑒𝑥𝑝 (−
𝑄

𝑅𝑇
)   (2.1) 

 

where the volume diffusion coefficient, DV, is determined from the atomic vibrational frequency, D0, 

the absolute temperature, T, the universal gas constant, R, and the activation energy, Q. Q corresponds 

to the energy required to induce atomic diffusion via vacancy exchange in the material. [3, 6] Due to 

this, the sintering rate will increase with temperature [7].  

 

Transport Mechanisms 

 

The transport mechanisms describe how mass flow during sintering in order to lower the energy of the 

system. These mechanisms can be divided into two categories, surface transport and bulk transport, that 

are composed of several atomistic events that contribute to bonding in the powder compact. Vacancies 

and atoms move in the powder by surface and bulk transport as presented in table 2.1 and in figure 2.2. 

Surface transport processes are dominant at low temperatures and represent mass flow that originates 

and terminates at the surface of the particle. The atoms in the powder are rearranged which gives neck 

growth and coarsening of powder particles, but no annihilation of vacancies occurs, thus surface 

transport processes do not contribute to shrinkage or densification. [6] Bulk transport processes are 

Variables related to sintering conditions 

Process variables
Chemistry Powder Surface Bulk

Composition Shape Surface diffusion Plastic flow Temperature

Impurity Size Time

Non-stoichiometry Size distribution Pressure
Homogenity Agglomeration Evaporation and condensation Grain boundary diffusion Atmosphere

Lattice or volume diffusion Heating rate

Cooling rate

Variables related to raw materials 

Material variables

Mechanisms of material transport

Transport mechanisms

Lattice diffusion from particle 

surface to neck

Lattice diffusion from grain 

boundary to neck
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dominant at high temperatures and promote neck growth and contribute to densification of the powder 

compact [3, 6]. Grain boundary diffusion is the transport mechanism that dominates the densification of 

most inorganic powders [1, 6].  

 

 
Figure 2.2. Schematic representation of the sintering mechanisms for a system of two particles.  

(Image edited from [6]) 

 

2.2.1 Categories of Sintering 
 

Sintering can be divided into two categories, solid state sintering (SSS) and liquid phase sintering (LPS) 

[1, 7]. Figure 2.3 shows an illustration of the different sintering categories where LPS occurs at a higher 

temperature than SSS, resulting in a liquid phase present in the powder compact [1, 3]. Choice of 

sintering temperatures depends on powder composition and on the choice between SSS and LPS [4]. 

During sintering, several metallurgical phenomena take place that depend on sintering temperature, 

furnace atmosphere, and the dynamics of the particular ceramic-metal system present in the powder 

compact [4]. Often the sintering cycle can be described as a combination of both SSS and LPS, where 

significant densification of the powder compact occurs via SSS during the ramping of the temperature 

up to the final sintering temperature of LPS [3].  

 

 
Figure 2.3. Illustration of different types of sintering. (Image edited from [1]) 

 

2.2.1.1 Solid State Sintering 
 

Solid state sintering occurs at a temperature where no liquid phase is present in the system [1]. The two 

fundamental phenomena occurring during sintering are densification by pore shrinkage and grain growth 

[1, 3]. Curvature gradients dictate the sintering behavior of the sample and necks will grow between 

contacting particles [1, 7]. These curvature gradients result in differences in capillary pressure and 
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several mass transport mechanisms occur simultaneously in the powder compact [7]. This improves the 

strength and rigidity of the part [6]. Grain growth and pore rounding occur, [6] and often a coarser and 

uneven porosity is formed in the blank [3]. Due to grain boundary diffusion 40 to 75 percent of the total 

shrinkage, depending on the powder type, starts during SSS [6].  

 

Thermodynamic Driving Force 

 

The thermodynamic driving force for sintering of a powder compact is the reduction of total interfacial 

energy [6, 7]. During sintering, surface energy is consumed to create bonds between particles in the 

powder [6]. This results in an increased strength and often dimensional changes of the powder compact 

[1, 6]. The reduction of total interfacial energy is expressed in equation 2.2, 

 
∆(𝛾𝐴) = ∆𝛾 × 𝐴 + 𝛾 × ∆𝐴   (2.2) 

 

where γ is the specific interfacial energy and A is the total interfacial area [1, 7]. The change in specific 

interfacial energy, Δγ, results in densification of the powder compact while the change in total interfacial 

area, ΔA, results in grain growth [1, 7]. An illustration of grain growth, or coarsening, and densification 

under the driving force of sintering is shown in figure 2.4. As the particle size in the initial powder 

decreases the total interfacial energy increases, resulting in a larger driving force for sintering [6].  

 

 
 

Figure 2.4. Basic phenomena occurring during sintering under the driving force for sintering, Δ(γA).  

(Image edited from [1])  

 

Capillary Stress 

 

Surfaces move during sintering due to capillary stress that is arising from the surface energy [6, 7]. This 

creates a driving force for grain growth during sintering of a powder compact [7]. The stress, σ, 

associated with a curved surface is given by equation 2.3, the Laplace equation,  

 

𝜎 = 𝛾 (
1

𝑅1
+

1

𝑅2
)   (2.3) 

 

where γ is the energy associated with a curved surface, and R1 and R2 are the radii of curvature for the 

surface [6, 7]. For a sphere, the stress is uniform because the two radii will be the same, but during 

sintering the two radii will be affected by the position in the microstructure. The difference in chemical 

potential between atoms placed on concave and convex surfaces in the microstructure creates a kinetic 

driving force in the system. [7] Because the stress in the contact region between the pore and the particle 

is different from the neighboring regions, the curvature gradient between the concave and the convex 

surfaces gives a thermodynamic gradient. This thermodynamic gradient drives mass flow during the 

sintering process, as shown in figure 2.5. Atomic motion in the powder take place to remove this gradient 



8 | P a g e  

 

and when the sample is heated, the atoms naturally flow from the convex to the concave surface. [6] 

Small agglomerates have larger gradients and will sinter faster than larger ones [6, 7].  

 
Figure 2.5. Surface mass movement due to capillary stresses arising from the surface energy.  

(Image edited from [6]) 

 

2.2.1.2 Liquid Phase Sintering 

 

When the temperature is increased above the eutectic temperature, LPS occurs and a liquid phase is 

present in the powder compact [1, 3]. Significant densification of the powder compact has already 

occurred during SSS and now, due to the liquid phase in the system, the microstructural changes occur 

faster in the material as a result of increased material transport [1, 3, 6]. Grain growth during LPS in 

cemented carbides and cermets is referred to as Ostwald ripening where bigger grains grow on expense 

of smaller ones [1, 5]. Consequently, the number of grains decreases in the material.  

 

Wettability 

 

The driving force during LPS is, as in SSS, the difference in capillary pressure [6]. During this stage of 

sintering it is also important to consider the wettability in the system due to the presence of a liquid 

phase [1, 4, 6]. Wetting is an important bonding mechanism during LPS because significant capillary 

stress is generated by a liquid that spreads over a surface which causes the agglomerates to bond with 

each other [4, 6]. To measure wetting, the sessile drop method is used where the shape of a liquid drop 

on a surface is defined [1]. The angle between solid/liquid and liquid/vapour interfaces is called the 

wetting angle [1, 6], see figure 2.6.  

 
Figure 2.6. Wetting angle definition based on a droplet sitting flat on a surface so the vertical forces are 

balanced. (Image edited from [6])  

 

When gravity is ignored, the wetting angle, θ, is described by equation 2.4, also known as Young’s 

equation, 

 

𝛾𝑆𝑉 = 𝛾𝑆𝐿 + 𝛾𝐿𝑉 cos 𝜃   (2.4) 

 

where γSV is the solid-vapour interfacial energy, γSL is the solid-liquid interfacial energy, and γLV is the 

liquid-vapour interfacial energy [1, 6]. The wettability increases with a decreasing wetting angle and 

during LPS this results in enhanced densification and a stronger bond between the different phases [1, 

4].  
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2.3 The Sintering Process 
 

The sintering process can be divided into four different stages: debinding, vacuum heating (also called 

SSS), LPS, and cooling. A typical sintering cycle for cutting inserts made from powder metallurgy is 

shown in figure 2.7. [8] 

 

 
 

Figure 2.7 Different stages of the sintering process. 

 

2.3.1 Debinding 
 

Debinding takes place during the initial stage of the sintering cycle [6]. The polymeric binder, used to 

increase the handling strength of the green body, go through thermal degradation and is removed from 

the green body to avoid unwanted residues [3, 6]. The lubricant used during this project is PEG, which 

is a polymer that contains chains of carbon-oxygen-hydrogen with various lengths. It is important to 

have a controlled heating rate for the green body. The decomposition of PEG generally starts around 

250C, and it will liquefy and move through the sample to the surface, where it vaporizes into gaseous 

products such as carbon monoxide (CO), water (H2O), carbon dioxide (CO2), and methane (CH4). [6] 

The reaction products are transported out from the batch by hydrogen gas (H2) without any unwanted 

side reactions [3]. The decomposition is complete at 325-350C but depending on load, H2-access, and 

type of powder this point may be shifted in both time and temperature [8]. 

 

During the debinding stage the temperature lag in the furnace is rather big and increases with increasing 

load. In the beginning of this stage, samples placed close to the thermocouple are at critical positions 

and are in the danger of over-heating which may result in too rapid debinding. When the heating rate is 

increased in the furnace at the end of the debinding stage samples placed far away from the thermocouple 

are vulnerable to incomplete debinding resulting in higher carbon content in the samples. [8] 
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2.3.2 Vacuum Heating – Solid State Sintering 
 

After the debinding stage, oxides from the raw material are reduced to avoid unwanted structural defects 

such as porosity. Depending on the oxygen affinity of the different powder elements, the reduction of 

oxides will occur at different temperatures. [9] W-oxides are reduced at 600C, tantalum (Ta)- and 

niobium (Nb)-oxides at about 1000C, Cr-oxides at about 1100°C, and titanium (Ti)- oxides, which are 

the most stable oxides in the Sandvik Coromant powders, starts to be reduced at 1100C but are not 

finished until the sample reaches a temperature of 1300C. Carbon (C) in the sample is used as reduction 

agent, which will lower the C-content in the blank. Vacuum is used to pump away CO (g) and CO2 (g) 

that are formed. [8] Vacuum is used to provide a clean atmosphere and evaporates impurities from 

powders with high surface area [6]. The surface energy of the solid will increase with increased oxygen 

reduction and a better wetting of the ceramic grains will be achieved [10]. Thus, the sintered bond will 

be stronger if the atmosphere has a high oxide reducing effect [3, 6]. 

 

2.3.3 Liquid Phase Sintering 
 

After the vacuum heating, the temperature is ramped up to the final temperature of the sintering process. 

During this ramping, the binder phase melts and after that the final shrinkage of the sample occurs 

rapidly. At this point the binder distribution in the sample will be very uneven but will be homogenized 

when the final sintering temperature is reached. [7] When the sintering cycle reaches its final 

temperature LPS starts. The choice of temperature depends on the powder composition of the sample 

and should be above the eutectic melting point of the compact [5]. During LPS argon (Ar) and CO (g) 

are used as sintering atmosphere to prevent unwanted side reactions [6, 8].  

 

2.3.4 Cooling 
 

When LPS is done the furnace temperature is reduced down to room temperature and the binder phase 

solidifies. If the cooling occurs to rapidly shape distortions may form due to temperature gradients in 

the furnace. [8] 

2.4 Properties of Ceramic-Metals (Cermets) 
 

Cemented carbides and ceramic-metals (cermets) are used as cutting tool inserts in the metalworking 

industry. Cemented carbides are tungsten carbide (WC) based hard materials with Co as binder phase. 

Cermet is a ceramic-metal composite manufactured by LPS [10, 11]. It is composed of a ceramic hard 

phase, which constitutes approximately 15 to 85 percent by volume, and a metal binding phase, where 

the combination of metal and nonmetal occurs on a microscale.  By combining metal and ceramic on a 

microscale, it is possible to incorporate the desirable material qualities and suppress the undesirable 

properties of both materials. [4, 12] Titanium carbonitride (Ti(C,N))-based hard materials with Co 

and/or nickel (Ni) as binder phase, are commonly used cermets in the metal cutting industry [4, 9]. The 

properties of cermets can be adjusted by addition of other carbides to the powder mixture, such as Ta 

and Nb, as shown in figure 2.8 [5, 9]. These additions can be used to control grain growth or modify 

future mechanical properties of the material [5]. Cermets are known to be more wear resistant than 

cemented carbides when used during extreme conditions [4, 10, 13]. 
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Figure 2.8. Properties of cermet cutting alloys as a function of composition. (Image edited from [9])  

 

2.4.1 Cermet Microstructure 
 

Sintered cermets have a complex microstructure that consists of hard carbonitride grains embedded in 

the matrix of a metallic binder phase [11, 13]. The hard phase often consists of a core-rim microstructure, 

as shown in figure 2.9 [9, 11]. The binder phase acts as a transport medium for W, Ti, C, and N which 

enables the formation of the inner and outer rim [11]. The carbonitride grains often have a core of 

Ti(C,N) and are surrounded by a Ti(C,N)-based rim where some of the Ti sites in the lattice have been 

occupied by heavier elements, such as W and Ta [10, 11, 13]. The rim is divided into two parts, an inner 

and an outer rim [10]. The inner rim is formed during SSS when heavy atom carbides dissolve into the 

binder phase and precipitate on the cores [5]. This inner rim is at the epitaxial core-rim boundary and is 

often irregularly distributed on the cores [10, 11, 13]. The outer rim is formed during LPS and continues 

to grow during cooling [5, 11, 13]. To ensure LPS, the temperature must be in the range from 1400 to 

1600°C when sintering cermets, and the time is often kept short to avoid coarsening that might damage 

the mechanical properties [12]. The composition of the inner and outer rim depends on the constituents 

of the starting powder [11]. The freezing temperature will determine the composition of the binder phase 

which often contains W and Mo, but only limited amounts of Ti and no C or N. By controlled carbon 

activity during sintering, the content of heavy atoms in the binder phase can be controlled [5]. 

 

 
Figure 2.9. Schematics of typical cermet microstructure. (Image edited from [10]) 
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Chapter 3 

Magnetic Properties 

Two important quality characteristics when producing sintered cemented carbides and cermets are the 

magnetic parameters coercive field strength and weight-specific magnetic saturation. The magnetic 

properties of the material give information about grain size and binder phase content [2, 14]. They can 

be determined in a simple, fast and non-destructive measuring method and are the analytical methods 

used during this project. This chapter aims to describe the origin of these properties in the materials of 

interest. 

3.1 Coercivity 
 

The binder phase in hardmetals and cermets consists of Co and in some cermets also Ni. Transition 

metals such as Co and Ni are ferromagnetic materials which mean that they can possess a permanent 

magnetic moment in the absence of an external magnetic field. The coercivity, Hc, is the intensity of an 

applied magnetic field that is required to demagnetize a fully magnetized sample. [15] Figure 3.1 shows 

a magnetization curve, a hysteresis loop, of a ferromagnetic material.  

 
Figure 3.1. Magnetization curve of a ferromagnetic material showing how the material’s own magnetic field (B) 

depends on the external field (H). The hysteresis loop is represented by the solid black curve and the dashed blue 

curve indicates the initial magnetization of the material. The blue curve to the right shows domain configurations 

during the initial magnetization of the material. (Image edited from [15]) 

 

The hysteresis loop shows the ratio between the magnetic flux density, B, and the magnetic field 

strength, H [15, 16]. A ferromagnetic material consists of small-volume regions called domains that are 

separated by domain boundaries. Each grain in the material may consist of more than one domain and 

initially the direction of magnetization within different domains will be randomly oriented. When a 

magnetic field is applied, the domains in the material will change shape and size due to the movement 

of domain boundaries. Domains that are oriented in favourable directions will grow at the expense of 

domains that have an unfavourable orientation, as shown in figure 3.1. This continues until all the 

domains are aligned with the external field and saturation is achieved. To reduce the flux density within 

the material to zero, a magnetic field with the opposite direction must be applied to flip enough domains 

so the net flux within the material is zero. [15] The magnitude of this field is the coercivity which is the 

material’s resistance to magnetic reversal. With a decreasing particles size in the material the number of 

domains increases which means that a higher Hc will be needed to reduce the flux density to zero. [16] 

 

In materials containing more than one phase, such as cemented carbides and cermets, the relationship 

between Hc and the microstructure is complex. In these materials the flip of domains will be influenced 

of the interactions with non-magnetic particles. Several mathematical models explaining the relationship 
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between magnetic properties and microstructural parameters have been developed, and in general they 

all say that the grain size of the non-magnetic particles are inversely proportional to Hc, equation 3.1, 

 

𝐿𝑊𝐶 ∝
1

𝐻𝑐
 (3.1) 

 

where LWC is the average grain size of the WC grains. Domain wall movement in the binder phase will 

be hindered by the interfaces with the hard phase. Smaller grains in the hard phase result in more 

interfaces, and a higher coercivity force will be needed in order to demagnetize the material. [2, 13, 16]  

 

Hc is also influenced by the binder content, the mean free path, in the material. The thin regions of the 

ferromagnetic element between the non-magnetic grains are three-dimensional anisotropic regions with 

both long and short axes of magnetization. At the long axis, the magnetic poles will be further apart and 

the material is easier to magnetize in this direction. Due to this, thinner regions of the binder will be 

harder to demagnetize and a higher Hc is needed. [2, 16]  

3.2 Weight-Specific Magnetic Saturation 
 

In sintered materials containing a ferromagnetic component, magnetic saturation, σs, can be used as an 

indirect method of measuring the C-content in the sample and an indication of the amount of W dissolved 

in the binder phase [14]. Each magnetizable material has a defined and constant σs-value [16], and the 

measured σs of a sintered carbide metal will be directly proportional to the purity of the ferromagnetic 

phase [5]. In materials with Co as the ferromagnetic component, the weight-specific magnetic saturation 

is called CoM and is calculated in accordance with equation 3.2, 

 

CoM [%] = 
𝑆𝑠𝑎𝑚𝑝𝑙𝑒

𝑆𝑐𝑜𝑏𝑎𝑙𝑡
∗ 100 (3.2) 

 

where Ssample is the weight-specific magnetic saturation measured in the sample and Scobalt is the weight-

specific magnetic saturation of Co [17]. The CoM-value increases with C-addition because less W will 

be dissolved in the binder phase. If the samples are prepared within closely comparable conditions it is 

possible to estimate the C-content to an accuracy of 0,01 percent. [14] 
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3.3 Hc and CoM in Cemented Carbides and Cermets 
 

In a sintered sample, a lower CoM-value gives a higher Hc-value [14]. Both CoM and Hc are influenced 

by the alloy content (Ti, Mo, W, Ta etc.) in the binder, and it appears to be more difficult to determine 

Hc in cermets than in cemented carbides [9]. In cemented carbides and cermets with a Co binder phase, 

Co dissolves W (to a maximum of 12 percent) depending on the C-content in the material, as shown in 

the phase diagram in figure 3.2 [18]. This influence the magnetic properties of the sintered sample where 

a low C-content gives a Co binder phase with a lot of dissolved W, because not enough WC-grains can 

be created, and this results in high Hc and low CoM [16]. In both types of materials, the total C-content 

can be actuated in order to control the dissolution of W in the binder phase [13].  

 
Figure 3.2. Isothermal sections of the binder metal rich corner for the systems W-Co-C and W-Ni-C. The dotted 

lines represent the theoretical WC-binder metal composition. (Image from [18]) 

 

In cermets with a binder phase consisting of both Co and Ni, the magnetic properties will be highly 

dependent on the binder content and composition (the relative amounts of Ni and Co), and also 

influenced by the alloy content in the binder [9]. Co and Ni are both ferromagnetic but with different 

magnetic properties, pure Co has a Hc-value of 950 Am-1 and pure Ni has a Hc-value of 400 Am-1 [19]. 

Due to this, some domains will be easier to demagnetize than other. Both Co and Ni dissolve W, as 

shown in figure 3.2, and at the same time they both dissolve Ti, as shown in figure 3.3. This makes it 

very difficult to control the alloy content in the binder. In conclusion, the magnetic properties will be 

very difficult to define in cermets containing both Co and Ni in the binder phase, and Hc and CoM are 

not reliable quality characteristics for these materials.  

 
Figure 3.3. Ti solubility in Ni, Co/Ni, and Co binders at different temperatures. (Image from [20]) 

 

Although, measurements of CoM are conducted in these cermets in order to determine deviation from 

normal quality. If the samples are sintered during the same conditions, i.e. in the same furnace, with the 

same sintering process, and the same loads, comparisons between different blends against a target value 

is okay. [14] From the target value, that has been experimentally derived, one can see that the blend 

contains both Ni and Co and if the density is okay, the composition of the blend is also, most likely, 

okay. 
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Chapter 4 

Equipment 
 

This chapter describes the equipment used during the project. The equipment of interest are the two 

different types of sintering furnaces used during the experiments, the pyrometer used in order to measure 

the top temperature during the sintering runs, and the Koerzimat CS 1.096 used to measure the magnetic 

properties in the sintered pieces.  

4.1 Sintering Furnaces 
 

During this project, two different types of vacuum hardmetal sintering furnaces have been used, DDK 

and DMK, in order to investigate sintering at different scales. Both types are direct sintering furnaces 

which means that pre-sintering (debinding) and final sintering (LPS) occur in the same sintering process. 

The processes are fully automatic and start with a vacuum leak test and an over-pressure leak test. The 

gas is distributed from below the stacks and the resistance heaters are made of graphite. Both types of 

furnaces are double-walled for water cooling. When sintering cemented carbides, the samples are placed 

on graphite trays coated on the top side with yttrium (Y) and molybdenum (Mo). When sintering 

cermets, graphite trays coated on both sides with zirconium (Zr) are used.  

 

4.1.1 Production Scale – DMK Furnaces 
 

The DMK furnaces are large production furnaces with a volume of 3 m3. There are 14 furnaces, each 

containing six stacks of trays and each stack contains roughly 40 trays. The furnaces are front loaded 

and the load in each furnace can be as high as 250 kg. A thermocouple is placed near the middle of stack 

number 3 and it regulates the temperature inside the furnace, making sure that the temperature in the 

furnaces is the same as the temperature programmed in the process. During each sintering run, six 

furnace control pieces, hereinafter called original FCP, are included and evaluated in order to make sure 

that the sintering run has operated as it should. Figure 4.1 illustrates the position of the original FCP in 

the sintering furnaces. Three of these, the blue pieces in the figure, are placed at the top of the stacks 

numbered 1, 3, and 5. These are placed on sintering trays in the same way as normal production samples. 

The remaining three original FCP are placed in graphite boxes at the bottom of the sintering furnace, as 

shown in figure 4.1. Inside these boxes, there is a small graphite tray coated with Y and Mo that the FCP 

are placed on.  

 

When the original FCP are evaluated, Hc and CoM are measured. The results are later compared to two 

different kinds of approval limits, one called single value-limits and one called average value-limits, 

according to process directives [21]. If the results are within the specified approval limits, measurements 

of Hc and CoM will only be conducted in some orders that are statistically chosen from that sintering 

run. If the results of the original FCP are unacceptable, samples from more orders sintered in that 

sintering run are evaluated according to process directives [22].   



16 | P a g e  

 

 
Figure 4.1. Positions of original FCP in DMK furnaces.  

 

4.1.2 Laboratory Scale – DDK Furnace 
 

The DDK furnace is a small sintering furnace at the powder and blanks laboratory used for quality 

management. It works as a time efficient alternative to the DMK furnaces when only small amounts of 

samples need to be sintered. The furnace volume is 10 dm3 and the furnace is top loaded with only one 

stack of trays. The samples can be placed on five different trays with a total weight of 200 gram per tray. 

Higher loads are not used in order to ensure the right sintering atmosphere in the furnace. A 

thermocouple is placed near the middle the stack and it regulates the temperature inside the furnace, 

making sure that the temperature in the furnaces is the same as the temperature programmed in the 

process. The sintering processes are based on the ones used in the DMK furnaces but they are shorter, 

especially during the cooling stage, because the small furnace volume and low loads allow the 

temperature to stabilize faster.  

4.2 Pyrometer  
 

An optical pyrometer (Leeds & Northrup Co. Serial No 1772648) has been used during the project to 

control that the top temperature during LPS is correct during the different sintering cycles in the DDK 

furnace. A pyrometer is a non-contacting device used in order to determine the temperature of an object 

by measuring its thermal radiation. The pyrometer used during this project is a one-colour pyrometer 

with a filament that is adjusted in colour in order to determine the temperature in the furnace.  

 

When the sintering furnace has been stabilized at the top temperature during LPS, the pyrometer is 

placed against the sight glass of the furnace. Radiation from a graphite tray coated with Y and Mo can 

be seen in a red colour, and the colour of the filament is manually adjusted to match the colour of the 

graphite tray. The temperature is shown at the instrument. During calibration, adjustment factors have 

been derived for the pyrometer that must be taken into account in order to get the right temperature 

measurement of the sintering run. These adjustment factors are specified for different temperatures and 

are also taking into account the influence of the sight glass.  

 

If the temperature measured with the pyrometer is within + 5°C of the specified top temperature, the 

sintering run has occurred in the right temperature.  
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4.3 Magnetic Measurements 
 

To measure the magnetic properties, Koerzimat CS 1.096 has been used, which is a PC based fully 

automatic parts feeder with a program that conducts precise measurements of Hc and CoM. An 

electromagnet moves the test pieces, one at the time, from the sample tray to a precision scale and 

measures the weight of the piece. After that, the test piece is placed in a specific holder and 

measurements of σs and Hc are conducted. 

 

σs is measured with the withdrawal method. The equipment set up is shown in figure 4.2 a). The test 

piece is magnetized in the magnetic field of a permanent magnet. When saturation is achieved, the piece 

is withdrawn from the magnet, and the magnetic moment is measured with Helmholtz measurement 

coils and a fluxmeter. From the magnetic moment and the weight of the test piece, the weight-specific 

magnetic saturation, in percent, is calculated.  

 

 
 

Figure 4.2. a) Measurement principle to measure σs on the basis of the withdrawal method.  

b) Equipment set up to measure Hc. (Images edited from [16]).   

 

Hc is determined in an open magnetization circuit, as shown in figure 4.2 b). The piece is magnetized to 

saturation and the polarization of the part is measured with FÖRSTER probes. A reverse field is 

subsequently built up until the polarization of the piece becomes zero and Hc, measured in kA/m, is 

determined.  
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Chapter 5 

Experimental Procedure 
 

This chapter contains information about the experimental procedures and the experimental setups for 

the different tests conducted during the project. The chapter is divided into two parts, one describing the 

tests conducted to determine the temperature influence on the magnetic properties in cemented carbides, 

and one describing the optimization of the cermet sintering processes in the DDK furnace. 

5.1 Experimental Setup – Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

Comparative sintering runs were conducted in the DDK furnace and the DMK furnaces to investigate 

how the spread in magnetic properties are related to temperature. The samples used during the initial 

tests were SNUN12 FCP made of grade 561-567. Complementary tests in the DMK furnaces were 

conducted with different powder grades, as described in section 5.1.3. Before sintering, all test pieces 

have been placed in Ar-atmosphere in order to avoid oxidation of the powder grades. During each 

sintering run conducted in the DDK furnace, the top temperature has been measured with a pyrometer 

to control that the LPS has occurred in the right temperature.  

 

The results from the original FCP used during the different sintering runs in the DMK furnace have also 

been analyzed. 

  

5.1.1 Temperature Study in DDK Furnace 
 

Eleven sintering runs were conducted in the DDK furnace to investigate the temperature influence on 

the magnetic properties in cemented carbides. The temperature interval investigated was 1380°C - 

1520°C and the sintering runs are presented in table 5.1. Initially, sintering tests with top temperatures 

20°C apart were conducted and the tests were later complemented with runs in a more narrow range. 

The sintering cycles were based on the original DA1410 process but modified in order to have different 

top temperatures. All cycles were programmed so the ramping of the temperature occurred in the same 

pace, with the same number of °C/min.  

 

During each run, five FCP of grade 561 have been sintered. Sample positions on trays and tray positions 

in the stack are further described in appendix I, section I.1. After sintering, all samples were evaluated 

with Hc and CoM. 

 
Table 5.1. Experimental procedure in DDK furnace. Sintering runs 9-11 were conducted in order to get more 

data in the interesting temperature interval (based on the results from sintering runs 1-8 and the sintering runs 

conducted in the DMK furnaces).  

 

 

 
5.1.2 Different Sample Positions in DMK Furnaces 
 

Twenty-nine sintering runs were conducted in the DMK furnaces to investigate how large the spread in 

magnetic properties in FCP of grade 561 are when they are sintered in the DMK furnaces. The sintering 

runs in the DMK furnaces are presented in table 5.2. All tests were conducted in the DA1410 process 

Sintering run 1 2 3 4 5 6 7 8 9 10 11

Top temperature 1380 1400 1420 1440 1460 1480 1500 1520 1390 1410 1430

Process DA1410 (modified) - DDK Furnace
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and six FCP have been sintered in each run. The samples have been placed at different positions in the 

stacks and in different furnaces to get comprehensive data, as further described in appendix I, section 

I.1. After sintering, all samples were evaluated with Hc and CoM. 

 
Table 5.2. Experimental procedure in DMK furnaces. A total amount of 29 sintering runs were conducted in the 

DA1410 process and nine different furnaces were used during the tests. 

 

 
 

5.1.3 Complementary Tests: Different Powder Grades  
 

Initially, eight complementary sintering runs were conducted in the DMK furnaces with three different 

powder grades: 465, 473, and 477. The tests were conducted in order to investigate how sensitive grade 

561 is compared to other cemented carbide grades. These powders were chosen because they are all 

produced in rather big volumes and are sintered in the DA1410 process. Due to different compositions, 

they have different sensitivity to variations in the sintering process. Additional information about the 

test pieces are presented in appendix I, section I.1.  

 

The sintering runs are presented in table 5.3. During each run, six samples of each grade were sintered. 

All tests were conducted in the DA1410 process and the samples were placed at different positions in 

the stacks and in different furnaces to get comprehensive data, as further described in appendix I, section 

I.1. After sintering, all samples were evaluated with Hc and CoM. 

 

Based on the results, six additional tests were conducted in targeted furnaces. These furnaces, as 

presented in table 5.3, had shown the highest and lowest results in magnetic properties and additional 

tests were conducted in order to ensure that the results were correct.  

 
Table 5.3. Experimental procedure in DMK furnaces. 15 sintering runs in the DA1410 process were conducted 

in eight different DMK furnaces. * indicates targeted furnaces during the six additional tests. (The furnace used 

during run number 6 was not registered and is thereby not presented in the table.) 

 

 

  

Furnace number 1 2 3 5 8 9 10 11 14

No. of sintering runs 3 4 3 3 4 3 3 3 3

Process DA1410 - DMK Furnaces

Furnace number 1* 3 6* 7* 8 9* 10 11*

No. of sintering runs 2 1 3 2 1 2 1 2

Process DA1410 - DMK Furnaces



20 | P a g e  

 

5.2 Experimental Setup – Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 

 

Initially, already existing data of the magnetic properties of the four cermet grades were evaluated. The 

data included laboratory results from sintering of different powder blends in the DDK furnace and in 

the DMK furnaces, and also production data from the DMK furnaces. A summary of this data is 

presented in appendix IV and is also discussed in chapter 6. Based on these results, various parameters 

in the sintering processes were changed and tested in order to optimize the DJ1430 and the DF1480 

processes in the DDK furnace. During the initial tests, one blend of each powder grade were sintered. 

Later, reference tests were conducted in the optimized processes with new powder blends (one of each 

grade).  

 

5.2.1 Optimization of Process DJ1430 
 

Table 5.4 presents the different powder grades and blends used during the optimization of the DJ1430 

process. These powder grades were weighed in and pressed according to regulations [23] into SNUN12 

pieces, and the target weights and heights are presented in table 5.4. The pressed samples were placed 

in Ar-atmosphere, in order to avoid oxidation, before sintering. These two grades contain both Ni and 

Co in the binder phase and therefore, the only magnetic property of interest is CoM. The CoM-target is 

based on the evaluated data in appendix IV, and is the benchmark used during the optimization.  

 
Table 5.4. Powder grades used during the optimization of the DJ1430 process. New target CoM indicates how 

much CoM needs to be lowered in order for the process to be optimized. 

 

 
 

In table 5.5, the test parameters used in order to optimize the DJ1430 process are presented. These 

parameters were initially chosen based on the literature study in chapter 2 and 3. According to the 

literature, where a ferromagnetic phase with a higher alloy content results in lower CoM. where a 

ferromagnetic phase with a higher alloy content results in lower CoM. Increased time during debinding 

should result in a more comprehensive evaporation of PEG which lowers the C-content in the material. 

Increased time during SSS should result in more oxide reduction, where C in the material is used as 

reduction agent, which also lowers the C-content in the material. In both cases, a lower C-content results 

in a higher alloy content in the binder phase.  

 

Sample positions on trays and tray positions in the stack used during these tests are further described in 

appendix I, section I.2.  

 
Table 5.5. Test parameters used during optimization tests of the DJ1430 process in the DDK furnace. 

 

 
 

Grade 505 506

Blend (original) 130 267

Blend (reference) 131 273

Target weight (g) 5,72 6,00

Target height (mm) 6,1 6,1

New target CoM -0,45

Process DJ1430

Test Test Parameters Goal

1 Debindning increased with 35 min Lower CoM

2 SSS (1050-1300°C) increased with 45 min Lower CoM

3 SSS (1050-1300°C) increased with 30 min Lower CoM

4 SSS (1050-1300°C) increased with 20 min Lower CoM
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After sintering, all samples were evaluated with CoM. An optimized process was designed and tested, 

both with the initial powder blends and with reference blends for both grades, in order to determine if 

the process was stable enough to use. Microstructural evaluations of samples sintered in the optimized 

process have been performed by laboratory staff at the powder and blanks laboratory. 

 

5.2.2 Optimization of Process DF1480 
 

Table 5.6 presents the different powder grades and blends used during the optimization of the DF1480 

process. The sample preparations were conducted in the same way as for the DJ1430 process, as 

described in section 5.2.1. The Hc- and CoM-targets are based on the evaluated data in appendix IV, and 

are the benchmarks used during the optimization.  

 
Table 5.6. Powder grades used during the optimization of the DF1480 process. New targets in Hc and CoM 

indicate how much they need to be lowered in order for the process to be optimized. 

 

 
 

In table 5.7 the test parameters used in order to optimize the DF1480 process are presented. These 

parameters were initially chosen based on the literature study in chapter 2 and 3. The influence of 

changed debinding and SSS are shortly explained in section 5.2.1. Increased time during LPS should 

result in more grain growth, which, according to equation 3.1, should lower the Hc in the material. The 

test conducted with changed top temperature was done to make sure that the difference in CoM between 

sintering in the DDK furnace and the DMK furnaces was not a result of incorrect process temperature. 

The last test, conducted with changed time and end-temperature during the cooling stage, was done in 

order to evaluate if the composition of the binder phase would be affected by this process change. 

 

Sample positions on trays and tray positions in the stack used during these tests are further described in 

appendix I, section I.2.  

 
Table 5.7. Test parameters used during optimization tests of the DF1480 process in the DDK furnace. 

 

 
 

Grade 510 511

Blend (original) 558 433

Blend (reference) 576 434

Target weight (g) 5,5 5,55

Target height (mm) 6,1 6,1

New target Hc

New target CoM

Process DF1480

-1 kA/m

-0,5

Test Test Parameters Goal

1 LPS increased with 20 min Lower Hc

2 LPS increased with 40 min Lower Hc

3 Debinding increased with 30 min Lower CoM

4 Debinding increased with 70 min Lower CoM

5 Debindning shortened with 30 min Lower CoM

6 SSS (1050-1300°C) increased with 30 min Lower CoM

7 SSS (1050-1300°C) increased with 75 min Lower CoM

8 SSS (1050-1300°C) increased with 75 min, debinding shortened with 20 min Lower CoM

9 SSS (370-1050°C) increased with 60 min Lower CoM

10 Top temperature during LPS decreased with 30°C Lower CoM

11 Changed cooling rate between 1480-1200°C Lower CoM
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After sintering, all samples were evaluated with Hc and CoM. An optimized process was designed and 

tested, both with the initial powder blends and with reference blends for both grades, in order to 

determine if the process was stable enough to use. Microstructural evaluations of samples sintered in 

the optimized process have been performed by laboratory staff at the powder and blanks laboratory. 

 

5.2.2.1 Complementary Tests: Powder Oxidation 

 

Complementary tests were conducted to investigate if oxidation of the powder grades is the reason to 

why CoM is lower when sintering cermet grades 510 and 511 in the DMK furnaces compared to the 

DDK furnace. Three sintering runs were conducted in each furnaces type. The samples were made of 

the original powder blends presented in table 5.6, and they were weighed in and pressed according to 

regulations [23] into SNUN12 pieces. During each test, three samples of each grade were sintered. All 

samples used during the oxidation tests were pressed at the same time and placed in air on a sintering 

tray. Table 5.8 presents how many days the samples had been in air before sintering.  

 

Additionally, six samples made of grade 511-433 were sintered in the DDK furnace. The difference 

between these samples and the other ones of the same grade was that these six samples were made of 

powder that had been exposed to air during one month before sample preparation.  

 
Table 5.8. Experimental procedure used for oxidation tests of grades 510 and 511. 

 

 
 

After sintering, all samples were evaluated with Hc and CoM.  

 

  

Furnace

Test 1 2 3 1 2 3

Days in air before sintering 1 6 14 5 7 14

DMK DDK
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Chapter 6 

Results 
 

This chapter of the master thesis presents the results obtained from the tests conducted during the project. 

The chapter is divided into two parts, one with results from the tests conducted to determine the 

temperature influence on the magnetic properties in cemented carbides, and one with results from the 

optimization tests of the cermet sintering processes in the DDK furnace.  

6.1 Results: Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

The same kind of data is plotted in figure 6.1 to 6.6 and a description of the data is presented below: 

 

 Approval limit furnace control: Experimentally derived and determined limits that indicate 

which spread in magnetic properties that is okay for FCP of grade 561 during sintering in the 

DA1410 process. These limits are single value-limits. (DMK) and (DDK) indicate which 

furnace the limits refer to. 

 

 Hc/CoM-spread grade 561-567 (DMK): The maximum spread in magnetic properties 

measured in FCP of grade 561 based on the sintering runs conducted in the DMK furnaces.  

Additional data about the original FCP used during the sintering runs in the DMK furnaces is presented 

in appendix II, section II.1 

 

6.1.1 Temperature Study in DDK Furnace 
 
Figures 6.1 and 6.2 show the variations in magnetic properties when sintering FCP of grade 561-567 in 

the DDK furnace at different top temperatures. The results are based on eleven sintering runs with five 

FCP in each run. All sintering runs have been carried out in the DA1410 process but at different top 

temperatures, in the temperature range 1380°C-1520°C. The red dots indicate complementary sintering 

runs conducted in the top temperatures 1390°C, 1410°C, 1430°C, and 1450°C.  

 

The measurements with the pyrometer indicated that all sintering runs have been conducted in the right 

top temperature during LPS. The top temperature during each run has been the same as the specified top 

temperature in an interval of + 2°C.  

 

The results in figure 6.1 show that Hc decreases with increasing top temperature. The results indicate 

that the spread in Hc, when sintering FCP of grade 561 in the DMK furnaces, see section 6.1.2, 

corresponds to the temperature range 1390°C-1440°C. The approval limits in Hc for the FCP when 

sintered in the DMK furnaces in process DA1410 correspond to the temperature range 1400°C-1450°C. 

  

The results in figure 6.2 show that CoM increases with increasing top temperature. In the temperature 

range 1380°C -1520°C, CoM increases from 9.14 to 9.63. During the sintering runs conducted at top 

temperatures 1480°C, 1500°C, and 1520°C, the FCP got stuck on the trays.  
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Figure 6.1. Hc variations when sintering FCP of grade 561 in the DDK furnace at different top temperatures. 

Temperature range 1380°C - 1520°C. 

 

 
 

Figure 6.2. CoM variations when sintering FCP of grade 561 in the DDK furnace at different top temperatures. 

Temperature range 1380°C - 1520°C. 
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6.1.2 Different Sample Positions - DMK 
 

Figures 6.3 and 6.4 show the spread in magnetic properties when sintering FCP of grade 561-567 in the 

DA1410 process, in different DMK furnaces and at different sample positions in the stacks. The results 

are based on 29 sintering runs with six FCP in each run, as presented in table 5.2. The maximum spread 

in Hc is 1.08 kA/m and the maximum spread in CoM is 0.92. During all sintering runs, the magnetic 

properties of the original FCP used during the sintering runs were all within the specified approval limits. 

In appendix III, a table with position-specific results is presented. The results indicate that samples 

placed at the bottom of the furnace have lower Hc than samples placed at the top of the same furnace. 

That means that the temperature in the furnaces are, in general, higher at the bottom of the furnace than 

in the top. 

 

 
 

Figure 6.3. Variations in Hc when sintering FCP of grade 561 in different DMK furnaces and at different sample 

positions in the stacks. The maximum spread indicated is 1.08 kA/m. 

 

 
 

Figure 6.4. Variations in CoM when sintering FCP of grade 561 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 0.92. 
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6.1.3 Complementary Tests: Different Powder Grades  
 

In order to evaluate the sensitivity of the FCP made of grade 561, complementary sintering runs were 

conducted in the DA1410 process, in DMK furnaces with three different powder grades: 465, 473, and 

477. Figures 6.5 and 6.6 show the spread in magnetic properties when sintering grade 473 in different 

DMK furnaces and at different sample positions in the stacks. The results are based on 14 different 

sintering runs conducted in eight different DMK furnaces. The maximum spread in Hc is 3.16 kA/m and 

the maximum spread in CoM is 0.86. 

 

 
 

Figure 6.5. Variations in Hc when sintering samples of grade 473 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 3.16 kA/m.  

 

 
 

Figure 6.6. Variations in CoM when sintering samples of grade 473 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 0.86.  
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A summary of the results for grade 465, 473, and 477 is shown in table 6.1. The results indicate that 

there are other grades that have larger variations in magnetic properties than grade 561 during sintering 

in the DMK furnaces. Additional graphs with information about the results from grades 465 and 477 

can be found in appendix II, section II.1. During all sintering runs, the magnetic properties of the original 

FCP used during the sintering runs were all within the specified approval limits. In appendix III, tables 

with position-specific results are presented. The results indicate that samples placed at the bottom of the 

furnace have lower Hc than samples placed at the top of the same furnace. That means that the 

temperature in the furnaces are, in general, higher at the bottom of the furnace than in the top. 

 
Table 6.1. Summary of spread in magnetic properties when sintering grades 465, 473, and 477 in the DA1410 

process in different DMK furnaces.  

 

 
  

Grade 465 Grade 473 Grade 477

Hc (kA/m) spread 0,73 3,16 1,66

CoM (%) spread 1,09 0,86 0,78

Magnetic Properties
Process DA1410 - DMK Furnaces
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6.2 Results: Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 

 

This part presents the results from the optimizations tests of the DJ1430 and the DF1480 processes in 

the DDK furnace. A short summary of the results from the evaluated, already existing, data is presented 

in section 6.2.1, and in that section the targets used during the optimizations are further described.  

 

Reference tests were conducted in the optimized processes with new powder blends. The results from 

these tests are presented in appendix II, section II.2, and they are consistent with the results presented 

below. Microstructural evaluations of samples sintered in the optimized processes have been performed 

by laboratory staff at the powder and blanks laboratory, and the microstructure have been approved.  

 

6.2.1 Evaluation of Existing Data 
 

Existing data of the magnetic properties of the cermet grades 505, 506, 510, and 511 have been 

evaluated. All data can be found in Appendix IV. The data include results from laboratory samples of 

different powder blends sintered in the DDK furnace and the DMK furnaces, and also production data 

of different powder blends sintered in the DMK furnaces. The data show that the DJ1430 and the 

DF1480 processes in the DDK furnace generate too high Hc and CoM results for all four cermet grades, 

compared to the results in the DMK furnaces. Table 6.2 summarizes, based on the evaluated data 

presented in appendix IV, how much the magnetic properties of each grade need to be lowered in order 

to gain results that are better centred within the specified approval limits for each grade.  

 
Table 6.2. How much the magnetic properties need to be lowered in order to gain results in the DDK furnace 

that are better centred within the specified approval limits of the different grades. 

 

 
 

Table 6.3. presents the targets used during the project in order to optimize the DJ1430 and the DF1480 

processes. Since the processes must be optimized with regard to two different grades, the targets are 

compromises based on both grades.  

 
Table 6.3. Targets used during the optimization of the DJ1430 and the DF1480 processes. The targets indicate 

how much the magnetic properties in the grades need to be lowered in order to optimize the processes. 

 

 

  

Grade 505 Grade 506 Grade 510 Grade 511

Hc (kA/m) - - -1,2 -0,9

CoM (%) -0,35 -1,2 -0,6 -0,5

Process DF1480Process DJ1430
Magnetic Properties

Grade 505 Grade 506 Grade 510 Grade 511

Target optimization: Hc (kA/m) - - -1 -1

Target optimization: CoM (%) -0,45 -0,45 -0,5 -0,5

Magnetic Properties
Process DJ1430 Process DF1480
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6.2.2 Optimization of Process DJ1430 
 

Figure 6.7 shows the CoM-results for grades 505 and 506 during the optimization tests of the DJ1430 

process. The first test, marked original in the figure, was conducted in the original DJ1430 process, and 

tests 1 to 4 were conducted with the goal to lower the CoM-results for both grades to the targets described 

in section 6.2.1. Best results were achieved during test 4, when the time during SSS was increased with 

20 minutes compared to the original process. With this change in the process parameters, the CoM-

results for grade 505 are lowered with 0.45 and the CoM-results for grade 506 are lowered with 0.65.  

Additional data about the optimization tests can be found in table 5.5. 

 

 
 

Figure 6.7. CoM-results for grades 505 and 506 during optimization tests of the DJ1430 process.  

Test 1: changed time during debinding. Tests 2-4: changed time during SSS. 
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6.2.3 Optimization of Process DF1480 
 

Figures 6.8, 6.9, and 6.10 show the results in magnetic properties for grades 510 and 511 during the 

optimization tests of the DF1480 process. All tests are the same in all figures. Tests 1 and 2 were 

conducted with the goal to lower the Hc-results for both grades to the targets, and tests 3 to 10 were 

conducted with the goal to lower the CoM-results for both grades to the targets. The targets are further 

described in section 6.2.1. Additional information about the optimization tests can be found in table 5.7. 

 

Figure 6.8 shows the Hc-results for grades 510 and 511 during the optimization tests of the DF1480 

process. The first test, marked original in the figure, was conducted in the original DF1480 process. Best 

results were achieved during test 2, when the time during LPS was increased with 40 minutes compared 

to the original process. With this change in process parameters, the Hc-results for grade 510 are lowered 

with 0.68 kA/m and the Hc-results for grade 511 are lowered with 0.93 kA/m.  

 

 
 

Figure 6.8. Hc-results for grades 510 and 511 during optimization tests of the DF1480 process.  

Tests 1-2: changed time during LPS. Tests 3-5: changed time during debinding. Tests 6-9: changed time during 

SSS. Test 10: changed temperature during LPS. Test 11: changed cooling 

 

Figures 6.9 and 6.10 show the CoM-results for the grades 510 and 511 during the optimization tests of 

the DF1480 process. The first test, marked original in the figure, was conducted in the original DF1480 

process. Only small changes in the CoM-results were achieved and no process change showed any 

significant results that would improve the original process. Although, test 5, when the time during 

debinding was decreased with 30 minutes, the CoM-results were lowered a little bit for grade 511. 

During this test, the Hc-results were unchanged for both grades.  
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Figure 6.9. CoM-results for grade 510 during optimization tests of the DF1480 process.  

Tests 1-2: changed time during LPS. Tests 3-5: changed time during debinding. Tests 6-9: changed time during 

SSS. Test 10: changed temperature during LPS. Test 11: changed cooling 

 

 
 

Figure 6.10. CoM-results for grade 511 during optimization tests of the DF1480 process.  

Tests 1-2: changed time during LPS. Tests 3-5: changed time during debinding. Tests 6-9: changed time during 

SSS. Test 10: changed temperature during LPS. Test 11: changed cooling 
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6.2.3.1 Complementary Tests: Powder Oxidation 

 

The same kind of data is plotted in figure 6.11 and 6.12 and a description of the data is presented below: 

 Pressed powder: Samples that have been pressed and placed in air during different time 

periods. (DMK) and (DDK) indicate which furnace the samples have been sintered in. 

 

 Oxidized powder (DDK): Samples made of powder that had been exposed to air during 

one month before pressing. The samples were after pressing sintered in the DDK 

furnace. 

 

 Dotted line: The dotted line shows the result from samples that had not been exposed 

to air before sintering in the DDK furnace. 

Complementary tests were conducted to investigate if oxidation of the powder grades is the reason to 

why CoM in general is lower when sintering cermet grades 510 and 511 in the DMK furnaces, compared 

to the DDK furnace.  

 

Figures 6.11 and 6.12 show how the magnetic properties, Hc and CoM, in pressed samples are affected 

by time spent in air before sintering. The results indicate that Hc is not significantly affected by the time 

spent in air before sintering. CoM, however, in this grade becomes lower in the samples that had spent 

14 days in air before sintering occurred in the DDK furnace. CoM was lowered with approximately 0.2 

after these days. The samples that were made of powder that had been exposed to air during one month 

before pressing also showed lower CoM than the samples that had been pressed and placed in Ar-

atmosphere.  

 

The results from grade 510 indicated that this grade was not significantly affected by the time spent in 

air before sintering. Graphs illustrating the results from the oxidation tests made with grade 510 can be 

found in appendix II, section II.2.  

 

 
 

Figure 6.11. Hc-results from oxidation tests made with grade 511.  
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Figure 6.12. CoM-results from oxidation tests made with grade 511.  
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Chapter 7 

Discussion 
 

This chapter further describes the results from chapter 6 and discusses these results together with the 

results from the literature study.  

7.1 Discussion: Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

The results show that Hc decreases with increasing top temperature and that CoM increases with 

increasing top temperature.  

 

7.1.1 Temperature Influence on Coercivity 

 

The sintering runs conducted in the DDK furnace show that Hc in grade 561 has a strong temperature 

dependence. These results correspond well to the conclusions made in the literature study in chapters 2 

and 3. Temperature is one of the most dominant process parameters during sintering, since increased 

temperature results in increased atomic motion in the material. This motion induces bonding between 

particles which reduce the overall system energy, and grain growth and densification occur in the 

material. Since cemented carbides contain more than one phase, the flip of domains in the ferromagnetic 

phase will be influenced of the interactions with non-magnetic particles. As shown in equation 3.1, Hc 

will decrease with increasing grain size in the material. When the top temperature during sintering is 

increased, the grain size in the material increases and Hc decreases.  

 

When sintering FCP of grade 561 in different DMK furnaces and at different positions in the stacks, the 

measured spread in Hc was 1.08 kA/m. That spread in Hc corresponds to a difference in top temperature 

in the temperature interval 1390°C to 1440°C. The approval limits in Hc specified for the DMK furnaces 

for FCP of grade 561 correspond to the temperature interval 1400°C to 1450°C. According to process 

directives [24], a + 10°C tolerance of the specified top temperature of the sintering process is okay in 

the DMK furnaces. The results from this project show that the limits used today corresponds to a 

tolerance -10°C below the specified top temperature, and +40°C above the specified top temperature in 

the DA1410 process. In order to have a tolerance of + 10°C, the approval limits for FCP of grade 561 

sintered in the DA1410 process should be 12.3 – 12.9 kA/m, as shown in figure 7.1. 

 

Temperature influence Hc in grade 561. Although, it is important to remember that load, surrounding 

materials, and the condition of the furnace also influence the results. These factors make it difficult to 

change the limits from 11.5-12.9 kA/m to 12.3-12.9 kA/m right away. A suggestion is to gradually create 

more narrow limits, maybe with 11.9-12.9 kA/m as a first step, in order to be able to evaluate other 

factors that also influence Hc. Figure 7.1 shows the approval limits used today and the recommended 

new limits.  

 

The approval limits in Hc specified for the DDK furnace for FCP of grade 561 are good and do not have 

to be redefined.  
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Figure 7.1. New approval limits for FCP of grade 561 sintered in the DA1410 process. 

 

Complementary tests were conducted in the DMK furnaces with three different powder grades: 465, 

473, and 477. The tests showed that there are other grades that are more sensitive to variations in the 

sintering process than grade 561. Grade 473, for example, showed a 3.16 kA/m spread in Hc during the 

sintering tests. During some of these tests, the magnetic properties of grade 473 were outside its specified 

approval limits. At the same time, the original FCP from these sintering runs were all approved. In the 

future, it might be of interest to evaluate other grades as FCP. But today, it is most important to start 

with changing the approval limits for the FCP of grade 561 and control that the condition of the furnaces 

are as they are supposed to. More narrow approval limits for FCP of grade 561 will result in more 

disapproved sintering runs and more evaluations of the different materials sintered during that run. This 

will increase the possibilities to find the materials that have aberrant results.   

 

7.1.2 Temperature Influence on CoM 
 

The sintering runs conducted in the DDK furnace show that CoM in grade 561 increases with increasing 

top temperature in the LPS stage. According to the literature study in chapter 2 and 3, CoM is affected 

by the debinding stage and the SSS stage of the sintering cycle. These two stages affect the purity of the 

ferromagnetic phase, where more C in the binder phase results in a lower alloy content in the binder and 

a higher CoM. The LPS stage should not affect the purity of the ferromagnetic phase. But during LPS, 

the atmosphere is reactive and consists of both Ar (g) and CO (g). This atmosphere has a carburizing 

effect on the samples and the reactivity will be higher at higher temperatures, which may be the reason 

to the increasing CoM-results. Also, the graphite trays are only coated with Y and Mo on one side and 

at higher temperatures it is possible that C from the trays will affect the samples and cause a higher 

CoM-value. During the tests conducted at top temperatures 1480°C, 1500°C, and 1520°C, the FCP got 

stuck on the trays which also indicate that C from the trays may have been displaced and ended up in 

the FCP, resulting in higher CoM-values. This increased carburizing effect due to increased temperature 

resulted in a CoM-result that increased from 9.14 to 9.63 in the temperature interval 1380°C -1520°C. 

 

The 0.92 spread in CoM during sintering in the DMK furnaces is probably not only a result of varying 

temperature but also a result of varying debinding during different sintering runs. In large furnaces the 

temperature lag during the debinding stage is rather big and increases with increasing load, which causes 

variations in CoM. The samples will also be affected by the size and weight of the surrounding materials. 

This is not a problem in the DDK furnace, because the load is much smaller here than in the DMK 

furnaces and all samples are in the same size. In other words, CoM is affected by temperature, as shown 



36 | P a g e  

 

in the study conducted in the DDK furnace, but not as much as it is influenced by the debinding stage 

and the surrounding materials during the sintering run. 

 

The results from the original FCP, as described in appendix II, section II.1, show that the variation in 

CoM is smaller in these samples compared to when the FCP are placed at different positions in the 

stacks, surrounded by other materials. But since not all of these original FCP are placed in graphite 

boxes, it is difficult to say how much influence these boxes have on the results.  

 

Furthermore, if more narrow limits are implemented for Hc it is also important to create more narrow 

limits for CoM, because their result will affect each other. The tolerance in CoM is 71 percent of the 

tolerance in Hc (based on today’s approval limits) which means that if an ideal process has Hc-limits 

12.3 – 12.9 kA/m the CoM-limits should be 9 – 9.4. Figure 7.2 shows the approval limits used today 

and the recommended new limits in CoM for the DA1410 process. As for Hc, the limits should gradually 

become narrower and a suggestion is that the limits, as a first step, are changed to 8.9 – 9.6.  

 

The approval limits in CoM specified for the DDK furnace for FCP of grade 561 are today 8.95 – 9.25. 

These limits can be redefined to 9 – 9.4 instead in order to get even better results.  

 

 

 
 

Figure 7.2. New approval limits for FCP of grade 561 sintered in the DA1410 process. 

 

7.1.3 Factors Influencing the Results 
 
Pyrometer 

 

The optical pyrometer used during the project in order to evaluate the top temperature during the 

different sintering runs in the DDK furnace is old. This pyrometer only measures the instant temperature 

based on what the operator sees. The results from a digital pyrometer is less operator dependent and 

instead of the instant temperature, the top temperature can be measured because the instrument registers 

five values (one value per two seconds) and the result is an average of these five values. Due to this, the 

top temperatures registered during the sintering runs in the DDK furnace may have been a little bit 

different if another type of pyrometer would have been used. The powder and blanks laboratory should 

evaluate whether to use a digital pyrometer instead of an optical pyrometer in the future. 
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Coatings on Trays 

 

The coatings on the sintering trays used during the project may have had a varying quality. If some 

coatings were less good compared to others, this may have influenced the CoM-results during some 

sintering runs. Although, this should not influence the overall results in a significant way.  

 

Time Dependence  

 

The results in Hc and CoM might have a time dependence. All cycles were programmed with the same 

ramping to the top temperature (same number of °C/minute). Sintering is a dynamic process and the 

ramping of the temperature should occur in a pace that allows the samples to adapt to the temperature 

change in a good way. But this also means that the time spent in high temperature becomes longer in 

processes with higher top temperature, which may influence the results. In order to investigate this 

further, a control test should be conducted in a process with top temperature 1460°C, that has a ramping 

to the top temperature with equal time as in the original DA1410 process (same number of minutes even 

though the ramping will occur up to a higher temperature). The time dependence will probably not affect 

the results very much, but should still be investigated. 

 

7.1.4 Other Observations  
 

Original Furnace Control Pieces  

 

The results from the original FCP in the DMK furnaces are somewhat misleading, since three are placed 

in graphite boxes and three are placed in the top of the stacks surrounded by other materials. There are 

also no FCP placed in the middle of the stacks, where the thermocouple that regulates the temperature 

is placed. This means that when the results from the original FCP are used in order to determine if the 

process is functioning okay and if any adjustments need to be done to the thermocouple, the conclusions 

are made on samples that are not placed close to the thermocouple in question. Another observation is 

that different DMK furnaces have power supply from different sides of the furnace. Since the original 

FCP are placed in the same way regardless of power supply orientation, it is difficult to compare results 

from different furnaces with each other because the temperature flow during the sintering run will not 

be the same in all furnaces. When the new approval limits for the FCP of grade 561 are implemented, it 

is important to have these observations in mind when evaluating the results. 

 

Differences in Sintering Programs 

 

Another observation is that the ramping to the top temperature in the DA1410, DA1450, and DA1520 

processes do not occur in the same pace in the different furnaces. The programmes used in the DMK 

furnaces ramp the temperature with the same velocity (number of °C/minute) in all programmes. The 

programmes used in the DDK furnace ramp the temperature during the same time regardless of top 

temperature (x minutes to 1410°C = x minutes to 1520°C). It is important that the processes in the two 

different furnace types are adapted to take into account the different sizes and loads in the furnaces. But 

this part of the sintering cycle will not be affected by the size difference as much as the other stages of 

the cycle. The programmes should be equivalent during this stage regardless of furnace type. 

 

The Carbon – Cobalt Binary Phase Diagram 

 

The results from the temperature study conducted in the DDK furnace, indicated a larger drop in Hc 

when the top temperature changed from 1460°C to 1480°C, see figure 6.1. At 1495°C, pure Co melts, 

as shown in the binary phase diagram in figure 7.3. In this project, where Co is the binder phase in a 

cemented carbide, the melting point will probably be shifted towards lower temperatures due to the alloy 

content in the binder phase. The sudden drop in Hc observed during the project undeniably match the 

melting point of Co. This might also be a part of the reason to why the FCP got stuck on the sintering 

trays during the tests conducted in the three highest temperatures. If Co melts and enters the surface of 
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the FCP, increased contact might occur between the FCP and the sintering trays. When the temperature 

drops during cooling, Co will solidify and the FCP might get stuck on the trays. 

 

 
 

Figure 7.3. Binary phase diagram, carbon and cobalt. [25] 
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7.2 Discussion: Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 
 

The cermet sintering processes, DJ1430 and DF1480, in the DDK furnace are based on the processes 

used in the DMK furnaces. The results from the evaluation of already existing data showed that the 

processes in the DDK furnace generates too high magnetic properties in the evaluated cermet grades 

and changes in the processes were evaluated in order to achieve better results. 

7.2.1 Optimization of Process DJ1430 
 

In order to lower CoM in the cermet grades 505 and 506, tests were conducted with increased time 

during the debinding stage and increased time during the SSS. These tests were based on the literature 

study in chapter 2 and 3, where a ferromagnetic phase with a higher alloy content results in lower CoM. 

Increased time during debinding should result in a more comprehensive evaporation of PEG which 

lowers the C-content in the material. Increased time during SSS should result in more oxide reduction, 

where C in the material is used as reduction agent, which also lowers the C-content in the material. In 

both cases, a lower C-content results in a higher alloy content in the binder phase. 

 

CoM was not affected by increased time during the debinding stage, indicating that complete 

evaporation of PEG has already occurred in the material. When the time during SSS was increased with 

20 minutes, compared to the original process, CoM was lowered in both grades. CoM in grade 505 was 

lowered to the target and CoM in grade 506 was lowered a little bit below the target. The fact that CoM 

in grade 506 was lowered below the target is a positive result, since the target was a compromise between 

the two different grades and this grade actually needed lower CoM in order to be better optimized. 

 

7.2.2 Optimization of Process DF1480 
 

In order to lower Hc in the cermet grades 510 and 511, tests were conducted with increased time during 

the LPS. The tests were based on the literature study in chapter 2 and 3, where an increased time during 

LPS should result in more grain growth and according to equation 3.1, this should lower the Hc in the 

material. When the time during LPS was increased with 40 minutes, compared to the original process, 

Hc was lowered in both grades. Hc in grade 511 was lowered to the target and Hc in grade 510 was 

lowered to a bit above the target. To increase the time even more, in order to lower Hc in grade 510 

further, is not suggested, because the results of grade 511 will then be too low and the total time of the 

sintering cycle would be rather long.  

 

As in the optimization of the DJ1430 process, tests were conducted with increased time during the 

debinding stage and increased time during SSS in order to lower CoM in the materials. Unfortunately, 

no direct effect on CoM was achieved. Only small changes could be noticed and these were results of 

rather time consuming process changes. When the time during the debinding stage was shortened with 

30 minutes, compared to the original process, CoM was unchanged in grade 510 but a little bit lower in 

grade 511. The microstructural evaluations performed by laboratory staff at the powder and blanks 

laboratory, showed that the microstructure was still okay in the samples. Due to this, a shortened 

debinding can be an efficient way to keep the sintering cycle short even though the time during LPS is 

increased.  

 

A test was also conducted with changed top temperature during LPS, in order to make sure that the 

difference in CoM between sintering in the DDK furnace and the DMK furnaces was not a result of 

incorrect process temperature. In this case, CoM was lowered in both grades but Hc became a lot higher, 

indicating that this was not the reason to the different CoM-results. During the end of the project, an 

additional test was conducted with changed time and end-temperature during the cooling stage to 

evaluate if the composition of the binder phase would be affected by this process change. CoM in grade 

511 was unchanged, but CoM in grade 510 was higher than in the original process. More tests in this 

area may be of interest in order to optimize the DF1480 process further. 
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The tests conducted to investigate the influence of powder oxidation on the magnetic properties 

indicated that CoM becomes a bit lower if the samples are placed in air during a period of 14 days. A 

more comprehensive study should be conducted in order to investigate this further, preferably during a 

longer period of time. 

 

During this project, the influence of the sintering atmosphere (pressure and composition) has not been 

evaluated. This can be a reason to the difference in CoM-results when sintering cermets of grades 510 

and 511 in different types of furnaces, where different loads result in different amounts of CO (g) 

released during the SSS which may affect the atmosphere. 
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Chapter 8 

Conclusions 
 

In this chapter, the conclusions made during the project are presented together with the objectives of the 

project. Recommendations for future projects in this area are presented in section 8.3. 

8.1 Conclusions: Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

 Investigate how the top temperature, in the range 1380°C - 1520°C, affects the magnetic 

properties in the cemented carbide grade 561-567. 

The coercivity in grade 561-567 has a strong temperature dependence, where an increased top 

temperature during LPS results in increased grain growth and a decreasing Hc. When the top temperature 

was changed in the range 1380°C - 1520°C, Hc dropped gradually from 13,2 kA/m to 9,2 kA/m.  

 

With increasing top temperature during LPS in the temperature range 1380°C - 1520°C, CoM in grade 

561-567 increased gradually from 9,14 to 9,63. With increasing temperature, the atmosphere consisting 

of Ar (g) and CO (g) becomes more reactive and has a carburizing effect on the sintered pieces. During 

the tests conducted at 1480°C, 1500°C, and 1520°C, the FCP got stuck on the trays which indicates that 

C from the trays may have been displaced and ended up in the FCP, resulting in higher CoM-results. 

  

 Are the approval limits in Hc and CoM for the FCP good enough or should they be 

redefined? 

The approval limits in Hc and CoM for the FCP are very wide, resulting in approved sintering runs 

almost every time. In order to follow the process directives [24], a + 10°C tolerance of the specified top 

temperature of the sintering process is okay in the DMK furnaces. Based on the temperature study 

conducted in the DDK furnace, the approval limits in Hc for FCP of grade 561 sintered in the DA1410 

process should be redefined to 12,3-12,9 kA/m in order to follow the process directives. If more narrow 

limits are implemented for Hc it is also important to create more narrow limits for CoM, because their 

results will affect each other. The approval limits in CoM for FCP of grade 561 sintered in the DA1410 

process should be redefined to 9,1-9,4.  

 Are the results of the FCP enough to assure high quality in all samples sintered 

during a sintering run?  

The project shows that there are other cemented carbide grades that are more sensitive to process 

variations than grade 561, and with today’s approval limits for the FCP of grade 561, it is difficult to 

find the materials that have aberrant results in the magnetic properties during a sintering run.  With new, 

more narrow, approval limits for the FCP, more sintering runs will be disapproved which will result in 

more evaluations of the different materials sintered during that run. This will make it easier to assure 

high quality in the materials reaching the customer. In the future, it might be of interest to evaluate new 

grades as FCP that are more sensitive than grade 561.  
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8.2 Conclusions: Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 

 

 Present the difference in magnetic properties between cermets sintered at production 

respectively laboratory scale.  

Existing data of the magnetic properties of the cermet grades 505, 506, 510, and 511 have been 

evaluated. The data include results from laboratory samples of different powder blends sintered in the 

DDK furnace and the DMK furnaces, and also production data of different powder blends sintered in 

the DMK furnaces. The data show that the DJ1430 and the DF1480 processes in the DDK furnace 

generate too high Hc and CoM results for all four cermet grades, compared to the results in the DMK 

furnaces.  

 Optimize the two cermet sintering processes, DJ1430 and DF1480, used in the DDK 

furnace. 

The DJ1430 process should be increased with 20 minutes during the SSS between the temperatures 

1050°C-1300°C, in order to achieve CoM-results in the cermet grades that are better centered within the 

specified approval limits.    

The DF1480 process should be shortened with 30 minutes during the debinding stage and increased with 

40 minutes during the LPS, in order to achieve Hc-results in the cermet grades that are better centered 

within the specified approval limits. Further evaluations concerning the influence of powder oxidation 

should be conducted in order to investigate the difference in CoM-results when sintering cermets in 

different furnaces.  

8.3 Future Projects 
 

An investigation should be conducted in order to determine if the powder and blanks laboratory should 

upgrade their optical pyrometer to a digital pyrometer, and if they should go from a one-colour 

instrument to a two-colour instrument. Important factors to be considered are the influence of the furnace 

sight glass and the distance from the glass to the object that the radiation is measure from.  

 

A longer project should be conducted in order to investigate the influence of powder oxidation on the 

magnetic properties in cermets. The project should last over a several months’ time period and the 

project can evaluate the influence of powder oxidation in both pressed and not pressed powder. 

Comparative sintering runs can be conducted in the DMK furnaces and the DDK furnace. 

 

It might be of interest to investigate the influence of process atmosphere (pressure and composition) on 

the magnetic properties in cermets.  
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Appendix I 

Experimental Procedure 
 

This appendix contains additional information about the sample preparations and experimental 

procedures from the project. This appendix is included to ensure that it is possible to repeat the 

experimental tests conducted during this project.  

I.1 Experimental Setup – Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

During the temperature tests in the DDK furnace, FCP made of grade 561-567 were sintered. Figure I.1 

shows the sample positions on the trays and the tray positions in the stack during the tests.   

 

 
 

Figure I.1. Sample positions on trays and tray positions in stack during temperature tests in the DDK furnace. 

 

During the tests in the DMK furnace, the trays were put in different stacks and at different positions in 

order to get information about how the position affects the magnetic properties in the sample. Sample 

positions on trays and tray positions in the stacks are shown in figure I.2. 

 

 
Figure I.2. Sample positions on trays and tray positions in stacks during tests in the DMK furnaces.  
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Complementary tests with three different powder grades were conducted to investigate what kind of 

quality certification the FCPs can assure during a sintering run. Figure I.3 shows the sample positions 

on the trays and the tray positions in the stacks in the DMK furnaces. Figures I.4, I.5, and I.6 show the 

insert geometries of the grades 

 

 
 

Figure I.3. Sample positions on trays and tray positions in stacks during tests in DMK furnaces with different 

powder grades.  

 

 
 

Figure I.4. Insert geometry for test pieces made of grade 465. 
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Figure I.5. Insert geometry for test pieces made of grade 477. 

 

 
 

Figure I.6. Insert geometry for test pieces made of grade 473. 
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I.2 Experimental Setup – Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 
 

During the second part of the project, tests in order to optimize the DJ1430 and the DF1480 processes 

were conducted in the DDK furnace. Figure I.7 shows the sample positions on the trays and the tray 

positions in the stack during the tests in these two processes.  

 

 
 

Figure I.7. Sample positions on trays and tray positions in stack during optimization tests of the DJ1430 and the 

DF1480 processes in the DDK furnace. 
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Appendix II 

Additional Results 
 

This appendix contains additional results from the tests conducted during the project and is a 

complement to the results in chapter 6. The appendix is divided into two parts, one with additional results 

from the tests conducted to determine the temperature influence on the magnetic properties in cemented 

carbides, and one with additional results from the optimization tests of the cermet sintering processes in 

the DDK furnace. 

II.1 Additional Results: Part 1 
Influence of Temperature on Magnetic Properties in Cemented Carbides 

 

Comparative sintering runs were conducted in the DDK furnace and the DMK furnaces to investigate 

how the spread in magnetic properties are related to temperature. This section contains additional 

information about the results from the original FCP of grade 561 used during the sintering runs in the 

DMK furnaces and also additional results of the magnetic properties in grades 465 and 477.  

 

II.1.1 Results from the Original FCP in DMK Furnaces 
 

During each sintering run conducted in the DMK furnaces, six original FCP of grade 561 are included 

in order to assure that the process has operated as it should. Sample positions are further explained in 

chapter 4, section 4.1. 

 

The same kind of data is plotted in figure II.1 to II.3 and a description of the data is presented below: 

 

 Approval limit furnace control: Experimentally derived and determined approval limits that 

indicate which spread in magnetic properties that is okay for FCP of grade 561 during sintering 

in the DA1410 process. The limits are single value-limits. (DMK) and (DDK) indicate which 

furnace the limits refer to. 

 

 Hc/CoM-spread FCP grade 561 (DMK): The maximum spread in magnetic properties 

measured in the original FCP of grade 561 based on the sintering runs conducted in the DMK 

furnaces.  

Figures II.1 and II.2 show the results in magnetic properties in the original FCP of grade 561 used during 

the sintering runs conducted in the DMK furnaces. 29 sintering runs were conducted and based on these 

results, the maximum spread in Hc was 1 kA/m and the maximum spread in CoM was 0.6. The spread 

in Hc is approximately the same in these samples as the ones placed at different positions in the sintering 

furnaces. The spread in CoM is lower for these samples than the ones placed at different positions in the 

stacks.  
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Figure II.1. Hc-results from the original FCP of grade 561 used during the sintering runs in the DMK furnaces.  

The maximum spread indicated is 1 kA/m. 

 

 
 

Figure II.2. CoM-results from the original FCP of grade 561 used during the sintering runs in the DMK 

furnaces.  The maximum spread indicated is 0.6. 

 

Figure II.3 shows the variations in magnetic properties when sintering FCP of grade 561 in the DDK 

furnace at different top temperatures. The results are based on eleven sintering runs with five FCP in 

each run. All sintering runs have been carried out in the DA1410 process but at different top 

temperatures, in the temperature range 1380°C-1520°C. The red dots indicate complementary sintering 

runs conducted in the top temperatures 1390°C, 1410°C, 1430°C, and 1450°C.  

 

The measurements with the pyrometer indicated that all sintering runs have been conducted in the right 

top temperature during LPS. The top temperature during each run has been the same as the specified top 

temperature in an interval of + 2°C.  
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The results show that Hc decreases with increasing top temperature. The results indicate that the Hc-

spread in the original FCP of grade 561 used in the DMK furnaces, corresponds to the temperature range 

1400°C-1440°C.  

 

 
 

Figure II.3. Hc variations when sintering FCP of grade 561 in the DDK furnace at different top temperatures. 

Temperature range 1380°C - 1520°C. 
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II.1.2 Additional Results: Different Powder Grades 
 

In order to evaluate the sensitivity of the FCP made of grade 561, complementary sintering runs were 

conducted in the DMK furnaces with three different powder grades: 465, 473, and 477. Figures II.4, 

II.5, II.6, and II.7 show the spread in magnetic properties when sintering grades 465 and 477 in different 

DMK furnaces and at different sample positions in the stacks. The results are based on 14 different 

sintering runs conducted in eight different DMK furnaces. 

 

 
 

Figure II.4. Variations in Hc when sintering samples of grade 465 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 0.73 kA/m.  

 

 
 

Figure II.5. Variations in CoM when sintering samples of grade 465 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 1.09.  
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Figure II.6. Variations in Hc when sintering samples of grade 477 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 1.66 kA/m.  

 

 
 

Figure II.7. Variations in CoM when sintering samples of grade 477 in different DMK furnaces and at different 

sample positions in the stacks. The maximum spread indicated is 0.78.  
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II.2 Additional Results: Part 2 
Optimization of Cermet Sintering Processes in DDK Furnace 

 

Based on already existing data of the grades 505, 506, 510, and 511, optimization tests were conducted 

in the DDK furnace in order to optimize the DJ1430 and the DF1480 processes. This section contains 

additional information about the reference tests conducted in the optimized processes. These tests were 

conducted in order to investigate if the new processes are stable enough to use for the entire grade. This 

section also contains additional information from the powder oxidation tests. 

 

II.2.1 Reference Tests in Process DJ1430 
 
Six samples of each grade 505-131 and 506-273 were sintered during each reference test. Figure II.7 

shows the CoM-results for these two grades during the reference tests in the DJ1430 process. The first 

test, marked original in the figure, was conducted in the original DJ1430 process and the second test 

was conducted in the optimized process. The optimized process had an increased time during the SSS 

stage with 20 minutes compared to the original process. In the optimized process, the CoM-results for 

grade 505 were lowered with 0.4 and the CoM-results for grade 506 were lowered with 0.6. In the 

original tests, presented in chapter 6, the CoM-results for grade 505-130 were lowered with 0.45 and the 

CoM-results for grade 506-267 were lowered with 0.65.  

 

 
 

Figure II.7. CoM-results for grades 505 and 506 during reference tests in the optimized DJ1430 process.  

 

II.2.2 Reference Tests in Process DF1480 
 

Six samples of each grade 510-576 and 511-434 were sintered during each reference test. Figures II.8, 

II.9, and II.10 show the results in magnetic properties for these two grades during the reference tests in 

the DF1480 process. The first test, marked original in the figures, was conducted in the original DF1480 

process and the two following tests were conducted in optimized processes.  

 

Based on the results from the optimization tests, see chapter 6, section 6.2, Hc is optimized when the 

time during LPS is increased with 40 minutes compared to the original process. The results during the 

optimization tests did not show any significant change in CoM, except a small lowering of CoM in grade 

511 when the time during the debinding stage was shortened with 30 minutes. The results were 

unchanged for grade 510. Due to this, two reference tests were conducted: one with an increased time 
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during the LPS stage with 40 minutes compared to the original process, and one with both an increased 

time during the LPS stage and a shortened time during the debinding stage. 

  

In the optimized process, the Hc-results for grade 510 were lowered with 0.8 kA/m and the Hc-results 

for grade 511 were lowered with 0.92 kA/m. In the original tests, presented in chapter 6, the Hc-results 

for grade 510-558 were lowered with 0.68 kA/m and the Hc-results for grade 511-433 were lowered 

with 0.93 kA/m. Shortened time during debinding did not affect the Hc-results in the grades. 

 

In the optimized process, the CoM-results for grade 510 were unchanged in both processes and the CoM-

results for grade 511 were unchanged in the process that only changed the time during LPS. In the 

process that also had shortened debinding, the CoM-results for grade 511 with 0.14. In the original tests, 

presented in chapter 6, the CoM-results for grade 510-558 were unchanged and the CoM-results for 

grade 511-433 were lowered with 0.14 kA/m when the debinding was shortened. 

 

 
 

Figure II.8. Hc-results for grades 510 and 511 during reference tests in the optimized DF1480 process.  

 

 
 

Figure II.9. CoM-results for grade 510 during reference tests in the optimized DF1480 process.  
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Figure II.10. CoM-results for grade 511 during reference tests in the optimized DF1480 process.  

 

II.2.2 Additional Results: Powder Oxidation 
 

Complementary tests were conducted to investigate if oxidation of the powder grades is the reason to 

why CoM in general is lower when sintering cermet grades 510 and 511 in the DMK furnaces compared 

to the DDK furnace.  

 

The same kind of data is plotted in figure II.11 and II.12 and a description of the data is presented below: 

 

 Pressed powder: Samples that have been pressed and placed in air during different time 

periods. (DMK) and (DDK) indicate which furnace the samples have been sintered in. 

 

 Oxidized powder (DDK): Samples made of powder that had been exposed to air during one 

month before pressing. The samples were after pressing sintered in the DDK furnace. 

 

 Dotted line: The dotted line shows the result from samples that had not been exposed to air 

before sintering in the DDK furnace. 

Figures II.11 and II.12 show how the magnetic properties, Hc and CoM, in pressed samples are affected 

by time spent in air before sintering. The results indicate that these two magnetic properties are not 

significantly affected by the time spent in air before sintering, when the time period is in the interval 

zero to 14 days. Variations in the results from the DMK furnaces may be due to different loads and 

surrounding materials.  
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Figure II.11. Hc-results from oxidation tests made with grade 510.  

 

 
 

Figure II.12. CoM-results from oxidation tests made with grade 510.  
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Appendix III 

Additional Results – Different Positions  
 

This appendix contains position-specific results from the tests conducted in the DMK furnaces. Both 

results from the FCP of grade 561-567 and the results from the grades 465, 473, and 477 are presented 

below. The results indicate that samples placed at the bottom of the furnaces have, in general, lower Hc 

than samples placed in the top of the same furnace.   

III.1 Positions in Furnaces – Furnace Control Pieces 
 

Table III.1 shows the results in magnetic properties when sintering FCP of grade 561 at different sample 

positions in the DMK furnaces. The sample positions are further explained in appendix I. The results 

indicate that samples placed at the bottom of the furnace have lower Hc than samples placed at the top 

of the same furnace. This means that, in general, the temperature is higher at the bottom of the furnaces 

than in the top.  

 
Table III.1. Results in magnetic properties when sintering FCP of grade 561 at different positions in the DMK 

furnaces. 

 

 

Position: top Position: middle Position: bottom Position: top Position: middle Position: bottom

Furnace Hc Hc Hc Furnace CoM CoM CoM

1 12,42 12,6 12,5 1 9,52 9,26 9,38

1 12,4 12,6 12,36 1 9,54 9,23 9,37

1 12,78 12,66 12,63 1 9,18 9,29 9,29

1 12,84 12,66 12,67 1 9,2 9,3 9,11

1 12,73 12,52 12,84 1 9,27 9,44 9,2

1 12,75 12,52 12,64 1 9,22 9,48 9,28

Average 12,65 12,59 12,61 Average 9,32 9,33 9,27

2 12,54 12,79 12,48 2 9,49 9,17 9,32

2 12,55 12,86 12,33 2 9,43 9,19 9,39

2 12,97 12,43 12,32 2 9,14 9,5 9,52

2 12,86 12,38 12,21 2 9,17 9,49 9,52

2 12,64 12,63 12,36 2 9,42 9,31 9,09

2 12,57 12,66 12,2 2 9,42 9,24 9,56

2 12,83 12,62 12,52 2 9,34 9,16 9,39

2 12,73 12,59 12,38 2 9,35 9,39 9,5

Average 12,71 12,62 12,35 Average 9,35 9,31 9,41

3 12,42 12,34 12,2 3 9,4 9,46 9,51

3 12,41 12,32 12,08 3 9,45 9,48 9,6

3 12,45 12,71 12,74 3 9,44 9,24 9,19

3 12,49 12,68 12,53 3 9,39 9,24 9,26

3 12,28 12,54 12,41 3 9,44 9,29 9,24

3 12,34 12,5 12,53 3 9,43 9,3 9,21

Average 12,40 12,52 12,42 Average 9,43 9,34 9,34

5 12,68 12,64 12,4 5 9,27 9,28 9,5

5 12,67 12,61 12,28 5 9,28 9,43 9,43

5 12,47 12,82 12,35 5 9,49 9,22 9,53

5 12,49 12,85 12,28 5 9,47 9,15 9,54

5 12,69 12,54 12,58 5 9,25 9,44 9,38

5 12,74 12,59 12,6 5 9,21 9,38 9,37
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Position: top Position: middle Position: bottom Position: top Position: middle Position: bottom

Furnace Hc Hc Hc Furnace CoM CoM CoM

8 12,23 12,82 12,65 8 9,48 9,22 9,1

8 12,26 12,84 12,63 8 9,47 9,16 9,2

8 12,4 12,95 12,24 8 9,36 9,15 9,58

8 12,32 12,93 12,24 8 9,43 9,16 9,55

8 12,67 12,75 12,64 8 9,18 9,26 9,29

8 12,67 12,75 12,7 8 9,14 9,22 9,09

8 12,61 12,72 12,47 8 9,24 9,29 9,43

8 12,57 12,84 12,46 8 9,23 9,13 9,19

Average 12,47 12,83 12,50 Average 9,32 9,20 9,30

9 12,16 12,65 12,32 9 9,57 9,23 9,54

9 12,15 12,61 12,18 9 9,63 9,29 9,51

9 12,35 12,47 12,46 9 9,55 9,39 9,33

9 12,32 12,46 12,66 9 9,49 9,45 9,23

9 12,81 12,26 12,3 9 9,23 9,56 9,47

9 12,77 12,24 12,48 9 9,23 9,59 9,38

Average 12,43 12,45 12,40 Average 9,45 9,42 9,41

10 12,49 12,3 12,43 10 9,47 9,53 9,45

10 12,44 12,31 12,57 10 9,42 9,59 9,36

10 12,83 12,42 12,42 10 9,1 9,47 9,5

10 12,82 12,47 12,32 10 9,12 9,37 9,43

10 12,54 12,39 12,57 10 9,51 9,61 9,56

10 12,61 12,42 12,35 10 9,49 9,53 9,36

Average 12,62 12,39 12,44 Average 9,35 9,52 9,44

11 12,76 12,55 12,61 11 9,38 9,48 9,56

11 12,79 12,53 12,4 11 9,44 9,51 9,57

11 12,71 12,74 12,57 11 9,29 9,38 9,55

11 12,76 12,74 12,35 11 9,41 9,36 9,62

11 12,79 12,48 12,39 11 9,34 9,51 9,5

11 12,82 12,54 12,64 11 9,26 9,48 9,48

Average 12,77 12,60 12,49 Average 9,35 9,45 9,55

14 12,44 12,69 12,57 14 9,44 9,3 9,34

14 12,46 12,72 12,58 14 9,53 9,34 9,4

14 12,96 12,64 13,07 14 9,03 9,16 8,85

14 12,95 12,66 12,85 14 8,96 9,27 8,98

14 12,57 12,3 12,23 14 9,52 9,27 9,77

14 12,53 12,34 11,99 14 9,54 9,63 9,54

Average 12,65 12,56 12,55 Average 9,34 9,33 9,31
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III.2 Positions in Furnaces – Different Powder Grades 
 

Tables III.2, III.3, and III.4 show the results in magnetic properties when sintering grades 465, 473, and 

477 at different sample positions in the DMK furnaces. The sample positions are further explained in 

appendix I. The results indicate that samples placed at the bottom of the furnace have lower Hc than 

samples placed at the top of the same furnace. This means that, in general, the temperature is higher at 

the bottom of the furnaces than in the top.  

 
Table III.2. Results in magnetic properties when sintering grade 465 at different positions in the DMK furnaces. 

 

  

Position: top Position: middle Position: bottom Position: top Position: middle Position: bottom

Furnace Hc Hc Hc Furnace CoM CoM CoM

1 20,81 20,81 20,84 1 8,14 8,02 8,18

1 20,85 20,88 20,78 1 8,19 8,05 8,14

1 20,75 20,67 20,58 1 8,12 8,07 8,27

1 20,73 20,67 20,44 1 8,12 8,03 8,26

Average 20,79 20,76 20,66 Average 8,14 8,04 8,21

3 21,01 20,8 20,8 3 8 8,4 8,57

3 20,98 20,91 20,79 3 7,98 8,36 8,55

Average 21,00 20,86 20,80 Average 7,99 8,38 8,56

6 20,86 20,76 20,54 6 8,23 8,08 8,26

6 20,83 20,66 20,6 6 8,16 8,16 8,29

6 20,76 20,55 20,52 6 7,54 7,81 8,07

6 20,77 20,6 20,46 6 7,54 7,75 8,12

6 20,86 20,59 20,43 6 7,69 8,29 7,86

6 20,78 20,59 20,44 6 7,72 8,28 7,84

Average 20,81 20,63 20,50 Average 7,81 8,06 8,07

7 20,63 20,55 20,41 7 8,01 7,97 8,61

7 20,78 20,53 20,35 7 8,01 7,98 8,63

7 20,6 20,4 20,5 7 7,93 8,35 8,08

7 20,65 20,4 20,56 7 7,93 8,34 8,07

Average 20,67 20,47 20,46 Average 7,97 8,16 8,35

8 20,56 20,75 20,49 8 8,32 8,43 8,1

8 20,58 20,75 20,54 8 8,33 8,43 8,11

Average 20,57 20,75 20,52 Average 8,33 8,43 8,11

9 20,49 20,53 20,47 9 8,35 8,09 8,2

9 20,51 20,55 20,4 9 8,33 8,12 8,26

9 20,61 20,44 20,46 9 8,05 8,17 8,1

9 20,56 20,43 20,52 9 8,01 8,18 8,07

Average 20,54 20,49 20,46 Average 8,19 8,14 8,16

10 20,68 20,72 20,57 10 8,38 7,96 8,53

10 20,81 20,8 20,71 10 8,38 7,97 8,53

Average 20,75 20,76 20,64 Average 8,38 7,97 8,53

11 21,08 20,8 21,05 11 8,4 8,24 8,05

11 21,02 20,79 20,93 11 8,39 8,28 8

11 20,8 20,73 20,78 11 7,84 8,28 8,23

11 20,81 20,72 20,83 11 7,84 8,26 8,24

Average 20,93 20,76 20,90 Average 8,12 8,27 8,13
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Table III.3. Results in magnetic properties when sintering grade 473 at different positions in the DMK furnaces. 

 

Position: top Position: middle Position: bottom Position: top Position: middle Position: bottom

Furnace Hc Hc Hc Furnace CoM CoM CoM

1 23,25 23,27 23,4 1 6,76 6,79 6,75

1 23,4 23,51 23,19 1 6,76 6,72 6,76

1 23,13 23,45 23,16 1 6,72 6,37 6,73

1 23,11 23,47 23,21 1 6,53 6,57 6,72

Average 23,22 23,43 23,24 Average 6,69 6,61 6,74

3 25,5 23,97 23,9 3 6,36 6,72 6,71

3 25,38 24 24,12 3 6,39 6,71 6,67

Average 25,44 23,99 24,01 Average 6,38 6,72 6,69

6 24,9 23,89 24,3 6 6,47 6,53 6,46

6 24,86 23,77 23,74 6 6,47 6,57 6,53

6 25,96 23,95 23,15 6 5,99 6,42 6,48

6 25,97 23,94 23,21 6 6 6,37 6,45

6 25,68 23,21 24,27 6 6,06 6,62 6,21

6 25,77 23,17 24,37 6 6,07 6,6 6,22

Average 25,52 23,66 23,84 Average 6,18 6,52 6,39

7 24,06 23,59 22,93 7 6,54 6,61 6,75

7 23,89 23,58 23,08 7 6,55 6,58 6,72

7 24,17 22,98 23,29 7 6,33 6,71 6,5

7 23,92 22,98 23,1 7 6,34 6,71 6,53

Average 24,01 23,28 23,10 Average 6,44 6,65 6,63

8 23,14 23,65 23,29 8 8,32 8,43 8,1

8 23,19 23,66 23,38 8 8,33 8,43 8,11

Average 23,17 23,66 23,34 Average 8,33 8,43 8,11

9 23,8 23,2 23,43 9 6,28 6,48 6,37

9 23,87 23,31 23,28 9 6,3 6,47 6,36

9 23,63 23,11 23,18 9 6,32 6,58 6,42

9 23,56 23,17 22,92 9 6,39 6,55 6,44

Average 23,72 23,20 23,20 Average 6,32 6,52 6,40

10 23,59 24,46 23,29 10 6,57 6,4 6,72

10 23,85 24,54 23,32 10 6,53 6,39 6,69

Average 23,72 24,50 23,31 Average 6,55 6,40 6,71

11 24,24 23,77 24,69 11 6,57 6,71 6,38

11 24,61 23,75 24,18 11 6,49 6,73 6,42

11 24,8 23,73 23,75 11 6,32 6,61 6,57

11 24,65 23,72 23,61 11 6,34 6,59 6,57

Average 24,58 23,74 24,06 Average 6,43 6,66 6,49
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Table III.4. Results in magnetic properties when sintering grade 477 at different positions in the DMK furnaces. 

 

 

  

Position: top Position: middle Position: bottom Position: top Position: middle Position: bottom

Furnace Hc Hc Hc Furnace CoM CoM CoM

1 17,06 17,1 16,53 1 5,25 5,18 5,34

1 16,65 17,01 16,54 1 5,26 5,19 5,33

1 16,92 16,52 16,23 1 5,38 5,14 5,43

1 16,98 16,59 16,29 1 5,37 5,11 5,43

Average 16,90 16,81 16,40 Average 5,32 5,16 5,38

3 17,4 16,96 16,85 3 5,19 5,42 5,5

3 17,4 16,88 16,65 3 5,21 5,4 5,52

Average 17,40 16,92 16,75 Average 5,20 5,41 5,51

6 16,85 16,75 16,53 6 5,34 5,23 5,24

6 16,82 16,66 16,58 6 5,33 5,23 5,22

6 17,75 16,71 16,53 6 4,88 5,02 5,25

6 17,36 17,33 16,9 6 4,83 4,97 5,28

6 17,19 17,31 17,47 6 4,93 5,35 5,11

6 17,23 16,79 17,05 6 4,91 5,36 5,08

Average 17,20 16,93 16,84 Average 5,04 5,19 5,20

7 16,71 16,58 16,37 7 5,28 5,13 5,6

7 16,71 16,61 16,41 7 5,27 5,16 5,59

7 17,19 16,09 16,75 7 5,16 5,42 5,28

7 16,77 16,6 16,66 7 5,17 5,4 5,38

Average 16,85 16,47 16,55 Average 5,22 5,28 5,46

8 17,28 16,61 16,5 8 5,42 5,31 5,27

8 17,15 16,52 16,49 8 5,42 5,32 5,29

Average 17,22 16,57 16,50 Average 5,42 5,32 5,28

9 16,88 16,69 16,56 9 5,26 5,17 5,24

9 16,92 17,17 16,73 9 5,22 5,21 5,21

9 16,68 16,63 16,74 9 5,49 5,2 5,36

9 16,6 16,54 16,11 9 5,47 5,21 5,36

Average 16,77 16,76 16,54 Average 5,36 5,20 5,29

10 16,33 16,78 16,7 10 5,46 5,21 5,45

10 16,51 16,8 16,76 10 5,45 5,21 5,43

Average 16,42 16,79 16,73 Average 5,46 5,21 5,44

11 17 16,85 17,09 11 5,44 5,36 5,22

11 16,99 16,8 17,02 11 5,45 5,39 5,22

11 16,85 16,62 17,09 11 5,13 5,29 5,32

11 16,86 17,03 16,47 11 5,12 5,28 5,34

Average 16,93 16,83 16,92 Average 5,29 5,33 5,28
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Appendix IV 

Evaluation of Existing Data  
 

This Appendix summarizes already existing data of the magnetic properties of the cermet grades 505, 

506, 510, and 511. The data include results from laboratory samples of different powder blends sintered 

in the DDK furnace and the DMK furnaces and also production data of different powder blends sintered 

in the DMK furnaces. This data were analysed to gain information about how the results from the 

DF1480 and the DJ1430 processes in the DDK furnaces relate to the results in the DMK furnaces. 

IV.1 Results 
 

The data is separated into two parts based on which process, DF1480 or DJ1430, the grades are sintered 

in. The same kind of data is plotted in all figures and a description of the data and the figures is presented 

below:  

 Powder limit: The spread in Hc and CoM that is okay for the specific grade when 

sintering laboratory samples of different powder blends. 

 

 Production limit: The spread in Hc and CoM that is okay for the specific grade when 

sintering production samples of different powder blends. 

 

 Target: ideal value for the specific grade. 

 

 DDK: Each dot represents the average result of a powder blend when sintering 

laboratory samples in the DDK furnace.  

 

 DMK: Each dot represents the average result of a powder blend when sintering 

laboratory samples in the DMK furnaces. 

 

 Production: Each dot represents the average result of a powder blend when sintering 

production samples in the DMK furnaces. 

 

 Average: The average result of all powder blends sintered in respective furnace/scale. 

III.1.1 Process DJ1430 
 

Figure IV.1 shows the variation in CoM between different powder blends of grade 505. The results 

cover the period February 2010 to January 2015.  Figure IV.2 shows the variation in CoM between 

different powder blends of grade 506. The results cover the period November 2011 to Mars 2015.   

 

When comparing the average results with the target value the data show that the DJ1430 process in the 

DDK furnace generates CoM-results that are too high for both grades. Grade 505 has an average that is 

0.35 too high and grade 506 has an average that is 1.2 too high.  
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Figure IV.1. Summary of evaluated data, grade 505. The figure presents the variation in CoM between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 

 

 
 

Figure IV.2. Summary of evaluated data, grade 506. The figure presents the variation in CoM between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 

 

III.1.2 Process DF1480 
 

Figures IV.3 and IV.4 show the variation in magnetic properties, Hc and CoM, between different powder 

blends of grade 510. The results cover the period January 2012 to February 2015. Figures IV.5 and IV.6 

show the variation in magnetic properties, Hc and CoM, between different powder blends of grade 511. 

The results cover the period January 2012 to February 2015.  

 

When comparing the average results with the target value the data show that the DF1480 process in the 

DDK furnace generates Hc-results that are too high for both grades. Grade 510 has an average that is 1.2 

kA/m too high and grade 511 has an average that is 0.9 kA/m too high. The results in CoM are also too 

high for both grades, 0.6 for grade 510 and 0.5 for grade 511.  
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Figure IV.3. Summary of evaluated data, grade 510. The figure presents the variation in Hc between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 

 

 
 

Figure IV.4. Summary of evaluated data, grade 510. The figure presents the variation in CoM between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 
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Figure IV.5. Summary of evaluated data, grade 511. The figure presents the variation in Hc between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 

 

 
 

Figure IV.6. Summary of evaluated data, grade 511. The figure presents the variation in CoM between different 

powder blends when sintering samples at both laboratory (DDK) and production (DMK) scale. 
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