
     Impact of Pressure on Sintering of 
                 Cemented Carbides

                      

      OWAIS M. TARIQ

                                             Master of Science Thesis
                               Stockholm, Sweden 2013

KTH Industrial Engineering
and Management





ABSTRACT

In this Master Thesis work, the effect of pressure on sintering of cemented carbides is investigated. Special focus has 
been given to the residual porosity after sintering. It is well known that sintering shrinkage depends on binder phase 
content, grain size, temperature and pressure. Thus 4 different cemented carbides grades were selected. The grades 
were pressed into standard products and TRS (Tensile Rupture Strength) rods with two different shrinkage factors. 
These were then sintered at different pressures and temperatures. Thereafter the impact of pressure on properties 
such as Density, Coercivity, Porosity and TRS were analyzed. The observations were further supported with Weibull
probability analysis and fracture surface analysis in SEM.

It has been shown that there exists a distinct threshold pressure at which significant reduction in porosity occurs for 
given compacted densities. For 3 out of 4 cemented carbide grades it has been observed that P2 sintering pressure is 
sufficient to meet desired product characteristics. The fourth grade required a minimum sintering pressure of P4 to 
achieve desired quality criteria. Moreover it has been concluded that an increased sintering pressure increases 
material strength, as compared to vacuum sintering, thereby reducing the amount of early failures caused by pores 
during TRS test.
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Svensk Sammanfattning

Detta examensarbete syftar till att undersöka effekten av trycket på sintring av hårdmetall material. Avsikten med det 
här arbetet var att undersöka hur material och fysikaliska egenskaper påverkas av ökning/minskning av 
sintringstrycket. Dessutom kommer sambandet mellan sintringstryck och antal tidiga brott, (vid låga spänningar) 
orsakade av defekter som porositet också att undersökas.

Det är väl bekant att sintringskrympningen är beroende på bindefas halt, kornstorlek, sintring temperatur och tryck. 
Därför valdes 4 olika hårdmetall sorter. Materialet pressades först till standardprodukter och TRS (Tensile Rupture 
Strength) stavar med två olika krymp faktorer. De sintrades sedan vid olika tryck och temperaturer. Därefter
undersöktes inverkan av olika tryck på egenskaper såsom densitet, kornstorlek, Porositet och TRS. På de tidiga TRS 
brotten det vill säga när TRS stavarna gått av vid låga krafter gjordes fraktografi i SEM för att hitta de kritiska 
defekterna.

Det har visat sig att det finns ett sintringtryck som har en tydlig effekt på porositet i materialen. Av de 4 
hårdmetallsorterna räckte P2 sintringstryck för 3 sorterna för att få ett material med låg porositet. Det var också
tydligt att porositeten minskade med ökat tryck.
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Chapter 1                                   Introduction                                         

1.1 Background

                   Cemented carbide is a composite material comprising of hard carbide grains of WC, embedded in a 
metal binder which usually is Co. It is known for its excellent wear resistance and superior strength combined with 
high toughness.  The material finds varied applications amongst others in metal cutting, drill inserts, mining, metal 
forming, machine components etc. The flexibility of cemented carbides, to be shaped into products with different 
geometry and features, marks its versatility. More over the base powder matrix and processing techniques can be 
customized to achieve desired physical and chemical properties, highlighting its importance in response to material 
design challenges. 

This work is aimed towards investigating the impact of sintering pressure on mechanical and chemical properties of 
different material grades. To ensure the quality of cemented carbides during sintering, pressure is used. However 
magnitude of pressure during sintering also affects manufacturing costs inversely. The main objective of this work is 
to analyze the microstructure, porosity defects, hardness and Transverse rupture strength in different material grades 
sintered at Vacuum and at a number of HIP sintering. A major portion of work is dedicated to determine the 
minimum sintering pressure to obtain low amount of early failures using TRS (Transverse Rupture Strength) tests. 

The work was initiated with four powder grades selection. The grades had different grain size and binder content and 
were classified into A, B, C and D. Both Standard products and TRS samples were made for testing. After quality 
control measurements both the standard products and TRS samples were analyzed for porosity, microstructure and 
Hardness. TRS, Weibull analysis and fractography on samples were performed at SANDVIK Hard Metals Coventry, 
UK. The observations are concluded in detail with variation of Co-magnetism, Density, Coercivity and porosity with 
pressure in all grades. All TRS tests were followed by Weibull and fractography analysis showing the early failure 
amounts and their origin using Scanning electron micrograph. 

1.2 Thesis Objective

To understand the effect of sintering pressure on microstructure and properties of four different cemented carbide 
grades and to determine sintering pressure required for low amount of early failures using TRS analysis. 
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1.3 Scope of Work

• Press and Sinter powder grades into standard products at different pressures (P0, P1, P2, P3 and P4) with 
two different shrinkage factors.

• Press and Sinter powder grades into TRS test rods at different pressures.

• Obtain quality control data (Co-Mag, Coercivity, Density, hardness, porosity measurement) on Sintered 
products and TRS rods.

• Perform TRS on sintered rods and develop Weibull Analysis for every batch (total 18 batches ,Batch size= 
200)

• Perform fracture surface Analysis using SEM/EBSD for all early failures.

• Document observations, present final report and literature study.
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Chapter 2                         Theoretical study                                        

2.1 Cemented carbides: A technical review
                
                              Metal and Mineral processing industry requires optimally designed cutting and drilling tools to 
meet high hardness, wear resistance and toughness demands. Every cutting or drilling operation has different 
operating conditions ranging from high thermal stresses, fatigue cycles, compressive loading, shock resistance etc. A 
tool with high hardness is normally accompanied with low toughness and vice versa. Cemented Carbides is a 
competitive solution to this problem.

Cemented carbides are commercially produced using powder metallurgy techniques which have a significant 
advantage when the melting temperature of base metal (WC) is very high, cost effectiveness is desired in mass
production, complex geometry or when microstructure of product makes it difficult to use conventional metallurgical 
methods. Also high melting temperatures of tungsten carbide make it economically unviable if conventional tungsten 
melting process is used. WC-Co composites exhibit a toughness range from 11 to 25 MPa (critical stress intensity 
factor, plane strain fracture toughness Kic, hardness between 850 to 2200 kg/mm2 (Vickers hardness, HV) and 
transverse rupture strength (TRS) around 1500 to 4000 MPa [3].

2.1.1 Composition 

     Generally Tungsten based cemented carbides consist of 55-96 % WC (referred as α-Phase) by volume. Cobalt
binder (β-phase) is added in varying composition in relation to WC content. A customized blend of WC and Co is 
essential to obtain desired balance between hardness, toughness and strength. Carbide particles’ being the hardness 
contributor and Co introduces ductility in the structure. The grain size for a coarse grade usually varies between 3-11 
µm. Properties of sintered cemented carbides depends strongly on the powder composition, binder phase content and 
grain size (see figure 2). A larger grain size matrix is more suitable for high temperature environments due to its 
better thermal conductivity while a fine grain size matrix would offer superior wear resistance.

Fig 2.1 Grouping of WC-Co grades with grain size (Courtesy of Sandvik Mining)
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2.1.2 Microstructure 

Tungsten Carbide exists in the form of hexagonal crystals embodying one Tungsten atom and one Carbon atom in 
the unit cell [3]. Typical values of WC grain size lies in the range of submicron to around 10 microns. W atoms are 
positioned at (0, 0, 0) while C atoms are located at (1/2, 2/3, 1/2), see figure below [1, 2, 3]

    

Fig 2.2 a) WC crystal structure: atoms (Blue) and C atoms (green) forms the unit cell with lattice constant ratio c/a = 0.976 [3] b) A hexagonal 
WC crystal with the two crystallographic planes indicated; basal plane (2300 HV) and crystal prism planes (1300 HV) [27].

During sintering small WC particles dissolves in the liquid Co binder and dissolves/precipitates on relatively larger 
WC particles. The energies at WC and Co interfaces have a considerable impact on the geometry of WC grains that 
dissolves and re-precipitate during sintering process. Notably WC displays anisotropy in its two crystal planes, the
basal plane and the prismatic plane [3, 27]. 

                                               Fig 2.3 SEM Micrograph of a sintered WC-Co TRS rod.  White lines (Cobalt binder)
                                               surrounds dark grains (Tungsten Carbide).

b)a)



5

The desired microstructure of WC homogenously distributed in the face centered cubic (FCC) Co binder is 
accomplished when ratio between tungsten and Carbon particles is close to the stoichiometric composition of WC 
[4]. Figure below shows development of weak M6C carbide phase with deficiency of Carbon whereas excess carbon 
may lead to graphite formation.

Fig 2.4 Vertical section of the ternary (WC-Co) system. Cobalt content is constant at 10 wt. %. [4]

2.1.2 Physical Properties

                   Table 2.1 physical properties of pure Tungsten Carbide [3, 5, 26]

Properties [units] WC

Density [g/cm3] 15.7

Melting point [C] 2770

Hardness HV 2200

E-modulus GPa 720

Thermal expansion
[10-6 /C] 3.9

Fracture toughness (plain strain, WC composites) [MPa] up to 25

Transverse Rupture Strength, TRS (WC composites) [MPa] up to 4000
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2.2 Processing of Cemented carbides

2.2.1 Powder Preparation

A conventional Cemented carbide product cycle starts with the making of powder base, a fine powdered mix of 
metal carbide and binder particles. Tungsten Carbide is produced in special furnaces whereas the W metal is 
carburized at high temperatures in Hydrogen atmosphere to careful proportions with carbon. Thereafter the
component powders (WC and Co) are de-agglomerated and mixed homogenously with the binder powder in a ball 
mill or Attrition mill. A milling fluid (Alcohol or Acetone) is added during milling to facilitate flow characteristics 
and homogenous mixing. Furthermore paraffin wax or Polyethylene glycol (PEG), as compaction aid, is also added 
to the powdered mixture [5].The compaction aid reduces internal friction in the powdered body and holds the body 
intact when compressed to desired product shape. The milling process is carried out in the presence of carbide balls 
which play a vital role in reducing particle sizes to micron levels.

Before the powder is ready for compaction, it is spray dried using nitrogen at around 200ºC to evaporate milling 
fluid. The powdered mix flowing downwards meets hot nitrogen gas flowing upwards in forming dried powder 
agglomerates. [5]

2.2.2 Compaction

Pressing of the powdered material into desired geometry is carried out during pressing at press rigs. Using
programmable software, measured weight of powder material fills the die which is then compacted with the 
compressive stresses provided by the downward moving punch. Here, the porosity of the green body is drastically 
reduced and densification drastically increased. The pressed body also acquires strength which helps it to stay intact 
and prevent deformation during subsequent handling. After pressing the green products are systematically placed on 
thermally coated, graphite sintering trays with special geometries. These trays can be directly set inside Sintering 
furnaces, thereby reducing product handling time and avoiding handling after-effects such as segregations and 
cracks. 

The quality of the compressed green body and the compaction tool life is strongly influenced with the role of 
compaction aid in the material [5]. Large friction between the compaction tool and the work piece could result in 
uneven compaction and adversely affects tool life. Moreover large internal friction between the powders particles 
would result in heterogeneous densification. This could subsequently lead to product deformation and cracking. 

2.2.3 Sintering

Cemented carbides are usually sintered by liquid phase sintering. The process is accompanied with densification of 
the product. For sintering of cemented carbide powders a temperature range of 1350-1500 ºC is usually required 
which satisfies the condition of Sintering temperature being at least 50% of the absolute melting point of the base 
metal [5]. Moreover cemented carbide sintering are termed Liquid phase sintering due to the fact that a large portion 
of Cobalt binder melts during sintering ,wets WC particles and sweeps through the porous structure through capillary 
action resulting in reduced porosity and fine distribution of cobalt binder.

A standard cemented carbide sintering process undergoes three stages. In the first stage temperature inside sintering 
furnace is increased to around 350 ºC and is maintained for about 3 hrs in H2 atmosphere to remove the added 
compaction aid (PEG) and other gases. In total shrinkage is about 18 % which is equivalent to about 45 % of 
volumetric dimension. Second stage comprises of gradual increase in temperature for up to 1350 ºC while 
maintaining the furnace in Vacuum environment. Here the Co starts to spread on the WC surfaces and grain diffusion 
starts taking place with further reduction in volume and porosity. Simultaneously cobalt binder melts and is 
distributed through matrix rearranging structure and replacing pore locations. Finally a pressure is introduced with 
inert Argon gas in the third stage to further minimize the porosity and maximize the packing of WC particles in 
Cobalt binder. The temperature at this stage varies around 1400-1500 ºC and is maintained for around 30 – 60 
minutes. With the maximum densification which could be achieved after a sintering time of ~ 14 hrs, the furnace is 
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cooled down slowly in Ar environment for product removal and quality control. A sintering process chart is attached 
in appendix B.
The main driving force in Sintering is the presence of surface free energies in the metallic powder [5]. During 
sintering these surface energies tends to reduce acquiring equilibrium causing metallic atoms to move in the direction 
of pore locations along grain boundaries. This results in a redistribution and rearrangement of bulk mass causing 
densification. Also the partial cobalt melt displaces the pore structures and rearranges the grains into a more 
energetically favorable packing form. The final property of the sintered product largely depends on the volume 
fraction cobalt, carbide grain size, carbon content in the product and final remaining porosity [5]. Once the product is 
sintered it undergoes through statistical quality control to determine batch properties and eventual finishing 
operations and packing. 

2.3 Quality Controls for Cemented Carbides

2.3.1 Density

Density measurements of a product after sintering provide important information on sintering dynamics and porosity 
distribution in a product. A product containing more than allowable levels of porosity would result in a less dense 
product when compared to theoretical density. In WC hard metals density is essentially dependent on volume 
fraction of each phase and their composition [7]. 

2.3.2 Cobalt Magnetic Saturation (Com)

It is the maximum amount of magnetized, pure cobalt in a tungsten carbide-cobalt solution. During sintering a 
portion of Cobalt content dissolves tungsten and carbon. The magnetic saturation of Cobalt is affected with dissolved 
tungsten [8, 9] hence Cobalt Magnetic (COM) is an indirect measurement of dissolved tungsten in cobalt binder 
phase in a sintered product. The measured COM value reflects the composition of the matrix and also marks the over 
presence of free carbon as the W content in the matrix is related to the overall carbon content of the alloy. Absence
of carbon leads to formation of weak M6C and M12C carbides (Eta phase).

For COM measurements, the test piece is usually weighed first and then magnetized in a strong magnetic field 
contained in an enclosed housing. The apparatus will measure the remnant magnetization of the specimen which can 
be cross checked against pre-developed specifications.

2.3.3 Coercivity

In order to measure the grain size of a sintered sample coercivity test is the usual Non- destructive method of choice. 
When a cemented carbide specimen is magnetized in strong magnetic field and then demagnetized in opposite field, 
then Coercivity is the specimens’ potential to resist this demagnetization. Coercivity is measured in Oersteds and is 
referred by an ISO 3326 standard.

In tungsten carbide for instance, cobalt binder dissolves both tungsten and carbon during sintering. The grain growth 
in WC (non-magnetic) and Co (magnetic) system redistributes the cobalt solvent among the tungsten carbide grains. 
The finer the WC grains are the larger is the total number of Co pockets which contributes to larger resistive force 
upon demagnetization. Therefore, one can state that Coercivity of a sample is an indirect indicator of its grain size. 
The larger the grains size, the smaller the coercive force and vice versa. It is independent of samples’ geometry or 
density but does gets affected by the carbon imbalance in the material, if present.



8

2.3.4 Porosity

Pores are areas of entrapped gas which creates micro or macroscopic voids in structure. The combined volume of 
these pores is termed as porosity. These voids affect the material properties and are unacceptable above a critical 
pore volume, which is different for different materials and applications. A large porosity in cemented carbide 
structure affects negatively its structural integrity and hence influences strength, fracture toughness and crack 
propagation rate in materials.

Fig. 2.5 a) B06 porosity measured by a standard LOM on an etched surface b) Macro pore at the edge of a test rod observed by SEM

In Cemented carbides applications porosity is usually measured using Light optical microscope on polished and 
etched material surfaces. The specimens, made into halves, are cast in a polymeric base which is then polished and 
etched before optical examination. The total area of different pore sizes is estimated and the material is rated against 
pre-developed standards. The following porosity scale is used when checking cemented carbides,

A- porosity: voids less than 10µm in diameter are termed as A type porosity. The different scales are A00, A02, 
A04, A06 and A08.A00 corresponds to the total absence of any porous volume whereas A02 means a pore volume of 
0.02% of the total material volume less than10µm in diameter and so on.

B-porosity: pores in the size range of 10µm -25µm diameter are referred as B porosity. The scale ranges from B00-
B08, in a similar fashion as type porosity.

C-Porosity: refers to carbon porosity or better explained excess amount of carbon in the material. During sintering 
excess of carbon will cause graphite precipitation. This type of porosity is not a measure of free carbon pocket 
volume but is scaled on C00 (no free carbon) to C08.

    

Fig. 2.6 a) A06 porosity on an etched surface b) B06 porosity c) C06 (Carbon porosity) observed through LOM

Different porosity standards and their visual scale are referred from ISO standard 4505 and are enclosed in appendix 
C.
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2.3.5 Hardness

Hardness is a materials’ ability to resist indentation by another material. Some cemented carbides grades, especially 
those used in mining and construction applications have special demands on wear resistance amongst other 
properties. In WC-Co composites hardness is contributed by the tungsten carbide volume fraction and grain size 
whereas cobalt phase accounts for ductility and strength. . Hardness of WC-Co composites ranges from 850 to 2000 
kg/mm2 (Vickers hardness, HV) [3].

2.3.6 Sintering control references

To evaluate the dynamics of a sintering process a number of so called ‘sintering controls’ are placed inside the 
furnace. These 10mm x 10mm x 3mm pre-sintered (known Hc and CoM) and un-sintered (Unknown Hc and CoM) 
cemented carbide pieces go through the sintering cycle along with the main green products. After sintering these 
control pieces are measured for Hc and CoM against pre-set specifications and standards. If any deviation is found 
then it is an indication of improper sintering parameters inside the furnace during sintering namely: over or under 
temperatures, pressures or a carbon imbalance.   

2.4 Transverse Rupture Strength 

      Transverse Rupture Strength (TRS) is the most common test in Cemented carbide industry to determine 
materials’ mechanical strength [11-12].Like ceramics, hard metals are difficult to test in tension or compression [7] 
therefore an adapted bending test is used to measure its fracture strength. TRS is governed by an ISO 3327 standard 
in which rectangular cross section test piece is used. In Cemented carbide industry a modified version of this test 
(due to be included in ISO standard) is used in which cylindrical specimen is used instead of rectangular one to avoid 
rectangular edge effects [11].

While carrying TRS test there are two very important factors which can influence the test results significantly. First 
is the specimen surface detail which can cause a difference in results up to twice the standard value [7]. Surface 
irregularities, notches induced on specimen during grinding etc. can impact TRS values drastically. Second important 
factor to consider is specimens’ geometry. As mentioned in last paragraph a circular cross section can give higher 
strength values as compared to rectangular cross section. Furthermore a shorter test rig span produces higher strength 
values as well. In general different geometries can give difference in values up to 50% [7]. Since strength of a      
WC-Co is influenced strongly by the presence of pores, grain size, Cobalt content [15] therefore a higher TRS value 
could be an indication of porosity frees, structurally and chemically balanced sintering product. Whereas varying, 
inconsistent and poor TRS values are a sign of high level of porosity or other intrinsic defects.      

2.5 Weibull Analysis 

Weibull analysis is a statistical analysis based on probability theory and density distribution techniques. Generally 
speaking it distributes the life time data in to a relevant model and can therefore help to predict the trend in a 
particular process or reliability of a certain method and etc. [16]. In hard metals, strength is primarily determined by 
the size distribution of flaws. Since this varies from specimen to specimen therefore strength can be described by a 
probability function (statistical analysis or Weibull Analysis). Waloddi Weibull, the creator of Weibull analysis, 
proposed his analysis on the basis of weakest link hypothesis i.e. the specimen fails, if its weakest volume element 
fails [28].For a uniaxial homogenous tensile stress state (stress amplitude r) and for specimens of the volume, V – the 
Weibull distribution function is explained by ;
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The Weibull modulus m is a measure for the scatter of strength data: the wider the distribution is the smaller
is m. R0 is the characteristic strength value and V0 is the chosen normalizing volume [28]. Above mentioned 
Weibull distribution equation defines the two-parameter form of the Weibull distribution. 

Fig. 2.7 Schematic diagram of a Weibull Plot. Weibull curves for a materials established with a number of data points after tensile rupture strength 
test. [28]

Weibull curve can be different for every material and entails important characteristic parameters known as ‘slope’ 
and ‘characteristic life’ [16]. These parameters give identical shape to the Weibull curve and help a materials 
engineer to identify patterns or trends in material failure data. 
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2.6 Fractography

Fractography is the observation of a fractured surface or material. In the field of failure analysis, fractography is a 
widespread tool; practiced to determine the nature and cause of a failure, fracture origins, crack propagation
direction, microscopic material defects etc. in a material. Referring to hard metals or more specifically cemented 
carbides, fractographic analysis using Scanning Electron Microscope (SEM) and other instruments is commonly 
employed after bending tests (Transverse rupture strength) to determine the fracture origin, fracture mechanism and 
source of fracture.

2.6.1 Fracture initiation in Cemented Carbides

Some of the most common fracture sources and mechanisms in cemented carbide samples are highlighted as follows;

a) Grinding notches 

Any wear or edge dislocation incurred to the specimen during grinding process or material handling can disrupt the 
inter-granular structure of carbide and can significantly reduce the material strength. When tested on bending tests, 
this notch or edge wear can easily initiate a fracture

b) Oversized Grains

A group of unusually large grains in a microstructure can provide to be a weak spot. Large grain clusters can be 
formed during WC crystallization cycle and can be a potential fracture cause. [20]

c) Grade contamination

The inclusion of foreign objects or material in the cemented carbide powder during powder making, pressing or 
sintering can affect the properties of a product adversely. Any contamination, sintered with the main product can 
weaken the microstructure significantly and can initiate a fracture. 

d) Binder Lakes

Binder lakes are pools of the binder phase (Co in WC) which flows to open pores in the cemented carbide structure 
during Sintering. These Binder phase rich areas in a material is a considerable weak spot ,prone to initiate cracking, 
when the material is loaded . 

e) Eta Phase

Eta phase is a form in cemented carbides which is characterized by the insufficient amounts of carbon in a material. 
This lack of carbon creates structurally heterogeneous areas in the cemented carbide matrix which can serve as a 
potential fracture origin. 

f) Porosity

Usually small fractions of A or B level porosity does not initiate fracture. An unusually large pore can, however, be 
a potential fracture source.    

g) Internal cracks and Grain defragmentation

Improper handling of the green products (un-sintered cemented carbides) during or after pressing process can create 
internal micro cracks in the structure, invisible to naked eyes. These cracks can be sintered within the product, 
unnoticed, and can later work as a cause of fracture initiation.   
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Fig. 2.8 Sources of Fracture in a mining grade material: a) Macro and Micro porosity in a mining grade material observed at fracture 
origin b) Oversized Grains found to be the cause of fracture c) Porous Yttrium oxide contamination observed at fracture origin 
d) Grinding Notch at fracture origin e) Internal micro cracks developed during Sintering and grain defragmentation.

  

              Fig. 2.9 a) Binder lakes b) Eta phase [25].
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2.6.2 Fracture analysis tools

Some of the most common tools used for fracture surface analysis in cemented carbides are described below;

a) Light optical microscope (LOM)

Before examining the fractured specimen on a microscopic level in Scanning Electron Microscope, it is often useful 
to examine the specimen first in a Light Optical Microscope (LOM) to roughly visualize its surface cleanliness, 
fracture pattern, fracture origin etc. Based on these LOM observations the researcher can decide if a particular 
specimen is worth examining further in a SEM or not. Sometimes fracture origins and sources are visible with the 
LOM, such as a large grinding notch or a pore location, thereby eliminating the need to observe this specimen further 
in SEM and hence considerable amount of time is saved.

Light Optical Microscopes are based on visual light directed to specimen through a set of magnifying lenses. These 
lenses are arranged in a specific fashion, thereby producing a magnified image of the specimen. 

  

Fig. 2.10 a) A common light optical microscope b) Surface topography obtained using LOM

b) Scanning Electron Microscope (SEM)

Scanning Electron Microscopes are widely used as a fracture surface examination tool on microscopic level in the 
cemented carbide industry. With a magnification power of more than 250,000 times, images retrieved form SEM can 
provide vital information on fracture dynamics, surface topography, micro structural defects, structural parameters 
(grain size for e.g.) elemental composition and etc. Due to a high depth of field SEM produces a 3D visualization of 
the subject surface which can be very useful to understand microstructure. 

SEM uses an electron source to target a specimen in a controlled environment. A powerful beam of electrons from an 
electron gun is used to strike the specimens surface where it produces a number of electron particles which are then 
captured by relevant detectors to develop an image of the specimen’s surface. Prior to specimen-electron beam 
interaction the electron beam is focused and regulated using electromagnetic lenses. A powered electron beam-
specimen collision produces secondary electrons, back scattered electrons, X-rays and auger electrons. Secondary 
electrons (SE) are produced due to the direct interaction and eventual random scattering of the electron beam with 
specimen’s surface on atomic scale and provide the most likely details of the sample. Backscattered electrons (BSE) 
are the signals received after near perfect elastic back scattering of the electron beam from the sample surface. Often 
analyzed with X-Ray diffraction these provide useful information about the elemental composition in a sample [21].
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Fig. 2.11 a) Functional and b) Schematic diagram of an SEM [17]

Surface cleaning of the specimen before SEM examination is an important criteria to obtain dirt free, true surface 
images. Ultrasonic bath cleaning is usually used to clean the samples. Samples are first mounted to a designed clamp 
and are then dipped in Ethanol in a separate beaker. This beaker is then placed in the ultra-sonic bath where sound 
waves in the range (20-400 kHz) [22] produce turbulence in the solvent. This micro turbulence impacts the surface of 
specimen with great thrust and removes away any present dirt.

c) EDS (Energy dispersive X-Ray Spectroscopy)

Energy Dispersive X-Ray Spectroscopy is used to characterize the composition of a material chemically. It uses an 
X-rays beam incident on a material to knock out an electron discretely from its shell. Once an electron is removed 
from the stable ground state configuration of the material, another electron from higher energy level would move to 
fill this position. This electron movement from a higher energy state to lower will emit energy radiations equaling the 
difference between two states. These radiations are captured by an energy dispersive spectrometer. Since every 
element has a unique atomic structure, thus every element has a unique peak on X-Ray spectrum.

As Backscattered electron images in the SEM display compositional contrast that result from different atomic 
number elements and their distribution. Energy Dispersive Spectroscopy (EDS) allows one to identify what those 
particular elements are and their relative proportions (Atomic % for example) [24].

Fig. 2.12 Depth of field obtained in different SEM modes [24]
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2.7 Previous Work 

As an essential part of thesis work, an extensive attempt was made to find literature on pressurized sintering. 
Unfortunately relevant and worth considering literature in this field is very limited. Very few researchers have 
worked on pressure effects during sintering process. Due to lack of available papers and information in this area, we 
designed our experiments in detail considering all aspects including quality control and performance standards. Most 
of the data was obtained and analyzed for the first time. The practical part of this work was accompanied with some 
general literature studies like ‘’Powder Metallurgy’’ by B. Uhrenius [5], ‘’Physical and chemical nature of Cemented 
Carbides’’ by H. Exner [29], ‘’Fracture analysis of cobalt-bonded tungsten carbide composites by J. J. Mecholsky 
[30], ´´Good Practice Guide No. 20, Mechanical Tests for Hard metals ‘’ by B Roebuck, M Gee, E G Bennett & R 
Morrell [7] and many others. 
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Chapter 3                         Experimental Setup                                         

3.1 Applied Methods 

                           For testing, standard geometries in all four material grades along with TRS standard test rods were 
pressed to be sintered at different pressures. Furthermore all standard geometries were also produced with 1 % 
increased standard shrinkage to check their effect on porosity measurements. A complete sintering work plan is 
described table 3.1.  

                         Table 3.1 Sintering Data sheet: Describes the scope and amount of sintering work performed during this 
                                          thesis work.

Sintering Data Sheet

Material 
Code 

Sintering 
T (oC)

Sintering P 
(bars)

Number of 
Standard 

Products (Pcs)

Number of 
TRS test rods 

(Pcs)

Standard 
weight 
(gm.)

Standard
shrinkage

(%)

A T1 P0 20 200 37.2 18

A T1 P1 20 200 37.2 18

A T1 P2 20 200 37.2 18

A T1 P3 20 200 37.2 18

B T1 P0 20 200 28.1 18

B T1 P1 20 200 28.1 18

B T1 P2 20 200 28.1 18

B T1 P3 20 200 28.1 18

C T2 P0 20 200 38.8 18

C T2 P1 20 200 38.8 18

C T2 P2 20 200 38.8 18

C T2 P3 20 200 38.8 18

C T2 P4 20 200 38.8 18

D T2 P0 20 200 36.6 18

D T2 P1 20 200 36.6 18

D T2 P2 20 200 36.6 18

D T2 P3 20 200 36.6 18

D T2 P4 20 200 36.6 18

Pressurized sintering was used for P1, P2, P3 and P4. P0 sintering was done in a different furnace for comparison 
purpose. 

The Sintering charge or material to be sintered in a single run was prepared with different materials consolidated 
together for one pressure sintering. This means all standard geometries in four grades at normal shrinkage, all 
standard geometries in four grades with 1% extra shrinkage factor, TRS test rods and reference samples were
prepared in one group. To ensure homogenous temperature distribution inside furnace the furnace charge was built to 
resemble standard production sintering. The test material was placed in the center of furnace with empty graphite 
trays stacked under and over the material. Furthermore it was surrounded by stacks of empty graphite trays on the 
back and front as well. A number of so called ‘’Sintering controls’’ were also placed at different positions in the 
sintering charge. These tungsten carbide reference pieces, when sintered, would be evaluated for grain size, carbon 
and cobalt content and other sintering parameters. This eventually helped in determining overall quality of sintering 
and temperature variation in furnace, if any.   Fig 3.1 shows the sample P1 sintering protocol of grade A. 
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                                              Fig. 3.1 sintering protocol locating the relative position of each tray and green product inside the furnace.

For Transverse Rupture Strength (TRS) tests the ISO standard test rods, sintered at different pressures, were passed 
through grinding phase in different batches to randomize grinding induced defects. Later these rods were loaded on 
to TRS machine to perform TRS tests .Based on the data obtained through TRS tests a statistical analysis (Weibull 
papers) is done to obtain a characteristic curve between % failure and Transverse rupture strength. Finally, fracture 
surface analysis using SEM is done on all Early Failure samples obtained during TRS testing.
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3.2 Material description

3.2.1 Powder Grades

Table 3.2 Powder material grades.

Grade # Batch size (For all pressures) 

A 20

B 20

C 20

D 20
TRS test 
rods for 

All 
grades

200

3.2.2 Standard Products

A total of 120 pieces were made for each mining grade at standard shrinkage and standard shrinkage + 1%. The 
outlying reason behind this was to investigate if a higher compaction, during pressing, combined with lower sintering 
pressure could lead to a porosity free material. If one could have compacted more, the corresponding shrinkage 
factor would be less which might have lesser frequency of porosity inside a material. A total of 20 pieces of standard 
products with normal shrinkage and 20 pieces with +1% shrinkage factor would be sintered for one pressure class.

3.3.3 TRS test rods

In order to collect data on mechanical strength of our mining grades, we also fabricated TRS samples rods for all 
four material grades. Over 1000 test pieces were made for each grade out of which 200 were reserved to be tested for 
each pressure class. The test rods were made in accordance to the prevailing test piece geometry standards in carbide 
tool industry which is a 38 mm x 3.5 mm Ø cylindrical specimen.     

Fig. 3.2 Sintered TRS test rods.
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3.3 Quality control measurements. 

We measured Density, COM, and Coercivity using standard apparatus. All 20 standard geometries in each grade and 
pressure were observed except P1 and P0 sintering where only 5 samples out of 20 were observed. Porosity 
measurements were observed in a similar fashion on a standard Light optical microscope after surface preparations. 
All samples in P2, P3 and P4 sintering and 5 samples in P1 and P0 sintering were observed for porosity. Measured 
data on above mentioned parameters can be found in the section Results and Discussion.

3.4 Transverse Rupture Strength
              
       As described in sec 3.3 we used a modified TRS test for circular cross section specimen in reference to standard 
ISO 3327. 200 samples were sub divided into 4 batches of 50 pieces each to randomize the grinding effects or any 
other unforeseen variations which might be introduced in testing process passively. Before conducting TRS tests all 
test pieces were grinded to a diameter of 3.25 mm. This grinding process was to induce residual compressive stresses 
[7]. After grinding a random surface examination was done under Light optical microscope to find any induced 
surface notches. The test pieces were then washed with tap water and rinsed in Ethanol to complete dryness before 
setting them in TRS trays.        

In 3 point bending TRS test, the test piece is placed on two parallel, freely movable and symmetrical rollers with a 
specific span length. A third roller exerts load from the top at the centre of the test piece and gradually increase the 
load magnitude. The specimen under bending stresses eventually fractures at a certain load. This load is observed 
and the final value is taken as mean of several values.

To set the Early Failure Value for the batch, individual tests were performed on first 10 pieces in each grade. Their 
mean was then set as the reference Early Failure Value for the rest of the samples. Once the TRS trays are loaded 
with samples and early failure value set in the system, the whole process is automated. The data obtained from TRS 
tests is stored in special file formats and can be further processed in Weibull charts. 

Fig. 3.3 a) Schematic of a TRS test Jig b) TRS test Jig

3.5 Weibull Plots

We used the STATISTICA software to create Weibull plots for our material grades. The failure data acquired from 
TRS tests were simply imported into the software to plot characteristic curves for all batches. As we had four 
material grades and 5 different sintering pressures we made plots for individual batches at specific pressures as well 
as a combined Weibull plot for all sintering pressures in one grade, for comparison purpose. All Weibull plots can be 
found in next section. 
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3.6 Fracture Analysis

Fractography analysis on our test pieces were done in the following manner: Surface preparation followed by 
fracture analysis in SEM (Scanning Electron Microscope) and eventual EDS (Energy dispersive Spectroscopy) to 
evaluate compositional analysis. To analyze test piece fracture surfaces after TRS test we initially selected few 
pieces out of every batch (total 4 batches for every sintering pressure) to determine if they exhibit the same fracture 
pattern and source of fracture. The idea was as if several test pieces would have common fracture trends we could 
have reduced the total number of SEM analysis. Though this was not the case and we came across a variety of 
fracture sources and trends in our batches.       

Table 3.3 Fractographic analysis work sheet.

Grade 
Sintering 
Pressure  

TRS 
sample 
size

Limiting strength 
factor for Early 
Failures (MPa)

No. of 
Early 
Failures 

No. Of  Early 
Failures examined 
in SEM

A

P0 200 2.9 34 0
P1 200 3.0 26 0
P2 200 3.0 7 7
P3 200 3.0 12 0

B

P0 200 2.0 21 0
P1 200 2.9 41 0
P2 200 2.9 34 34
P3 200 2.9 37 0

C

P0 200 2.1 17 0
P1 200 2.1 9 0

P2 200 2.3 22 0

P3 200 2.3 25 15

P4 200 2.3 15                               0

D

P0 200 1.5 26                               0           
P1 200 1.5 11                               0
P2 200 1.7 19                               0
P3 200 1.7 16 16
P4 200 1.7 10 0

For surface cleaning each broken test piece was made to go through an intensive Ultra sonic bath cleaning to get rid 
of any dust or adherents on its surface. Six broken halves of samples were analyzed at a time see fig 3.4b. This was 
then immersed in Acetone solution in a separate beaker. The beaker was then placed in the bath for 5-7 minutes 
followed by blowing hot air to minimize any presence of moisture. The sample holder is now ready for SEM 
analysis.

The fracture surface analysis on samples was done using Scanning Electron Microscope ZIESS Supra 40. The 
working distance was maintained at 13 mm, intensity of voltage 10 kV and aperture size 60 µm. Most of the surface 
images were obtained in the SE (Secondary Electron) mode (back scattered electrons) detector was employed seldom 
to analyze macro pore depths. Energy dispersive X-Ray spectroscopy was also performed if we suspected the 
presence of foreign material contamination in our test pieces.  
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             Fig. 3.4 a) SEM scan over the top surfaces of broken TRS halves b) Clamped Specimen for SEM analysis.
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Chapter 4                                                          Results                                         
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4.1 Co-Mag and Hc (Coercivity) Variation with Pressure

To understand the variation in Co-Mag and Hc with sintering pressure, we took measurements on 20 samples for 
each sintering. Results can be seen in fig 4.1 - 4.5. 

As it can be seen in figures 4.1-4.5, all four grades and for all shrinkage factors, we observe no significant variation 
in Co-Mag and Hc values for P2 and P3 sintering. This explains that for pressurized sintering above P2 an increased 
pressure does not have a noticeable effect on Co-Mag and Hc parameters. Detailed discussion on these results can 
be found in section 5.1. 

Fig 4.1 Co-Mag and Hc variation in grade B at different pressures and shrinkages. Measurements were taken 
with sample size of 20 standard products. a) Co-Mag variation in grades B at 19 % shrinkage b) Hc variation IN 
grade B at different pressures at 18 % shrinkage. 
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Fig 4.3 Co-Mag and Hc variation in grade A at different pressures and shrinkage factors. Measurements were taken on a sample 
size of 20 standard products a) Co- Mag Grade A b) Hc Grade A.   

Fig 4.4 Co-Mag and Hc variation in grade C at different pressures and shrinkage factors. Measurements were taken on a sample 
size of 20 standard products a) Co- Mag Grade C b) Hc Grade C.

Fig 4.5 Co-Mag and Hc variation in grade D at different pressures and shrinkage factors. Measurements were taken on a sample 
size of 20 standard products a) Co- Mag Grade D b) Hc Grade D.

a) b)

a)

b)a)

b)

Mean Com values grade A Mean Hc values grade A

Mean Com values grade C Mean Hc values grade C

Mean Com values grade D Mean Hc values grade D

P0            P1         P2       P3 P0            P1         P2       P3 

P0                P1                 P2                P3             P4 P0                P1                 P2                P3             P4

P0                P1                 P2                P3             P4
P0                P1                 P2                P3             P4



25

4.2 Porosity observations at varying Pressure

Table 4.1 Porosity analysis of grades sintered at different pressures.

Standard Products - 18% Shrinkage 

Material 
Grade 

Sintering 
Pressure

No. Of 
Specimen 
Observed

Porosity Rating

<A02 A02 A02+B02 A04+B04
Macro 

Porosity
Carbon 
Porosity

Cobalt 
Lakes

A
P0 5 1 4
P1 20 11 3 6
P2 20 All
P3 5 All

B
P0 5 5
P1 20 1 3 16
P2 20 All
P3 5 All

C

P0 5 5
P1 20 20
P2 20 6 14
P3 20 9 11
P4 20 12 8

D

P0 5 5
P1 20 12 8
P2 20 19 1
P3 20 18 2
P4 20 18 2

Standard Products - 19% Shrinkage 

Material 
Grade

Sintering 
Pressure

No. Of 
Specimen 
Observed

Porosity Rating

<A02 A02 A02+B02 A04+B04
Macro 

Porosity
Carbon 
Porosity

Cobalt 
Lakes

A
P0 5 5
P1 20 12 8
P2 20 All
P3 5 All

B
P0 5 5
P1 20 3 3 4 P1 2
P2 20 All
P3 5 All

C

P0 5 5
P1 20 14 6
P2 20 4 16
P3 20 2 18
P4 20 5 15

D

P0 5 5
P1 20 4 13 3
P2 20 14 5 1
P3 20 20
P4 20 5 15
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Table above shows detailed porosity analysis for all grades and shrinkage factors at different sintering pressures.
Grade A and B shows same porosity levels at P2 and P3, while less than P2 seems to induce unacceptable levels of 
porosity in these grades. Grade C seems to show similar trend for P2, P3 and P4. Grade D however, due to its large 
grain size, show strong dependence of porosity on sintering pressure. The higher the pressure is, the lesser is the 
porosity. Detailed analysis on porosity results can be found in section 5.2.
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4.3 TRS and Weibull Analysis

To obtain statistical data on strength and amount of early failures, we have obtained a number of Weibull plots for all 
grades. These plots were generated after TRS tests on 200 test rods specimen for each sintering pressure. These 
specimen batch were further divided into 4 batches of 50 specimens each to randomize the effects of grinding or 
other external effects. Underneath follows different Weibull plots for all grades. A main plot (fig. 4.5, 4.10, 4.15 and 
4.21) describes all sintering pressures in a single diagram for comparison purpose. This is followed by individual 
graphs for all sintering pressures in which all sub batches are plotted. This is done to provide further details on 
influence of external defects on TRS data. Detailed analysis on Weibull charts can be found in section 5.3.

4.3.1 Grade A

Fig. 4.5 Weibull plot for grade A. All different sintering pressures are shown in different colors. Sample size is 200 
TRS test rods/Pressure rating. 10 % failure corresponds TRS strength of 3000 MPa for all pressures. All four 
sintering pressures are combined together in one Weibull plot for comparison purpose.

A P1
P2
P3
P4
P0
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Fig. 4.6 Weibull analysis for grade A sintered at P1.

Fig. 4.7 Weibull analysis for grade A sintered at P2.

A - P1

A – P2
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Fig. 4.8 Weibull analysis for grade A sintered at P3.

Fig. 4.9 Weibull analysis for grade A sintered at P0.

A – P3

A – P0
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4.3.2 Grade B

Fig. 4.10 Weibull plot for grade B. All different sintering pressures are shown in different colors. Sample size is 200 
TRS test rods/Pressure rating. 10 % failure corresponds TRS strength of 2500 MPa for P1 and P2. All four sintering 
pressures are combined together in one Weibull plot for comparison purpose.

B P1
P2
P3
P4
P0
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Fig. 4.11 Weibull analysis for grade B sintered at P1.

Fig. 4.12 Weibull analysis for grade B sintered at P2.

B - P1

B – P2
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Fig. 4.13 Weibull analysis for grade B sintered at P3.

Fig. 4.14 Weibull analysis for grade B sintered at P0.

B – P3B – P3

B – P0
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4.3.3 Grade C

Fig. 4.15 Weibull plot for grade C. All different sintering pressures are shown in different colors. Sample size is 200 
TRS test rods/Pressure rating. 10 % failure corresponds TRS strength of 2250 MPa for all pressures except P0. All 
four sintering pressures are combined together in one Weibull plot for comparison purpose.

C P1
P2
P3
P4
P0
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Fig. 4.16 Weibull analysis for grade C sintered at P1.

Fig. 4.17 Weibull analysis for grade C sintered at P2.

C - P1

C – P2
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Fig. 4.18 Weibull analysis for grade C sintered at P3.

Fig. 4.19 Weibull analysis for grade C sintered at P4.

C – P3

C – P4
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Fig. 4.20 Weibull analysis for grade C sintered at P0.

C – P0
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4.3.4 Grade D

Fig. 4.21 Weibull plot for grade D. All different sintering pressures are shown in different colors. Sample size is 200 
TRS test rods /Pressure rating. 10 % failure corresponds TRS strength of 1850 MPa for P4. All four sintering 
pressures are combined together in one Weibull plot for comparison purpose.

D P1
P2
P3
P4
P0
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Fig. 4.22 Weibull analysis for grade D sintered at P1.

Fig. 4.23 Weibull analysis for grade D sintered at P2.

D - P1

D – P2
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Fig. 4.24 Weibull analysis for grade D sintered at P3.

Fig. 4.25 Weibull analysis for grade D sintered at P4.

D – P3D – P3

D – P4
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Fig. 4.26 Weibull analysis for grade D sintered at P0.

D – P0
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4.4 Fracture Surface Analysis 

Figures following below display fracture surface analysis for all early failures in SEM. All early failures in each 
grade were observed for surface analysis to understand the nature and amount of defects. While most of the early 
failures happened due to Grinding notches and macro pores (in Grade B), we have observed varying random defects 
as well, such as large grains, contamination etc. Detailed discussion on fracture surface analysis can be found in 
Section 5.4.  

4.4.1 Grade A

Fig. 4.27 a) SEM image over fracture surface of an early failure TRS rod specimen, grade A. The visible converging 
patterns (going from left to right) indicate the presence of fraction origin in the vicinity of converge intersection. This 
is also the tension side during bending of TRS rod whereas smooth depression on the opposite side represents 
compression side. SEM images of grade A TRS early failure rods:  b) surface scan using Secondary electrons. WC 
grains are bonded in cobalt binder visible as white lines between grains. c) Micro crack and edge disintegration 
induced by a Grinding notch. d) Foreign contamination in powder observed at fracture origin.    

a) b)

c) d)
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Fig. 4.28 a) and b) Oversized grain at fracture origins caused early failures c) Foreign material inclusion observed in 
fracture zone d) Notch at fracture origin incurred during grinding operations. e) Pore in the fracture zone as the 
source of fracture initiation.  

a) b)

c) d)

e)
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d)

4.4.2 Grade B

Fig. 4.29 a) SEM fracture surface image of an early failure TRS rod grade B. The visible converging patterns 
(converging towards top half) indicates the location of fraction origin. b) Volatile inclusion mark observed at 
fracture origin. The inclusion evaporated during sintering leaving behind a void, which led to fracture initiation 
during bending test c) Macro Porosity in the fracture zone. d) Macro porous structure observed in sintered product 
reducing material strength drastically e) Magnified view of a macro pore f) Macro porosity near edge causing 
fracture at low bending strength values.

a) b)

c)

e) f)
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Fig. 4.30 a) A cluster of oversized grains near the edge initiating fracture. b) Multiple Macro pores observed in the 
fracture origin zone. c) Volatile inclusion mark combined with macro pore at the edge d) Volatile inclusion mark.

a)

c)

b)

d)
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d)

4.4.3 Grade C

Fig. 4.31 a) SEM image over fracture surface, grade C. Fig. 4.36 b) Grinding Notch mark at the edge of a 
TRS rod c) Macro porosity in fracture zone d) Porosity defect at fracture origin e) Grain dislocation 
f) Macro porosity.

a) b)

c)

e) f)
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Fig. 4.32 a) Grinding Notch induced wear at the edge b) Big grain at fracture origin c) Grinding notch d) Oversized 
grains initiating fracture in the material. e) Oversized grains at the edge in a fracture zone. f) A clump of oversized 
grains at fracture origin. 

a) b)

c) d)

f)e)
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4.4.4 Grade D

Fig. 4.33 a) SEM Surface scan of grade D rod. Due to large grain size of the grade, fracture direction and 
simultaneously fracture origin is difficult to determine. b) Grinding Notch at fracture origin c) Oversized grains in 
the fracture zone. d) Grinding Notch induced edge wear acting as fracture origin. e) Grinding Notch at fracture origin 
f) Big grains close to fracture origin.

a)

c)

b)

d)

e) f)
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Chapter 5                      Discussion  

Following analyses is aimed to explain the results and observations obtained in the last chapter. Furthermore it is 
intended to discuss and provide relevant explanations in the light of objective and scope of thesis work.

5.1 Effect of Pressure on Microstructural parameters

To estimate the effect of sintering pressure on grain size and carbon imbalance in our grades we did Co-Mag and 
Coercivity tests and then compared it with reference values for respective grades.

Fig 4.1 and 4.2 relates variation in Co-Mag values with sintering pressure in our mining grades. For both shrinkages 
factors of 18% and 19% we can see no significant difference in Co-Mag values for pressure rating P1 , P2 and P3 in 
grades A and B. Similar results can be seen for grades C and D where P1 , P2, P3 and P4 sintering have same Co-
Mag values. P0 sintering, however, seems to show low Co-Mag values in all grades which might be due to the reason 
that P0 sintering was done in a different furnace.

Fig 4.3 and 4.4 shows variation in Coercivity (Hc) values with sintering pressure. For Grade A, shrinkages factors 
18% and 19%, we can see no significant difference in Hc values between P1, P2 and P3. However, P0 sintering , as 
expected and due to the lower Co-mag value given by the lower carbon content in this grade has higher Hc values 
than other sintering pressures. . Grade B shows similar results with the exception that only P2 and P3 seem to have 
similar Hc values. Vacuum sintering shows higher Hc also here. P1 sintering has lower Hc values than P2 and P3 
despite equal Co-mag which is interesting. Grade C and D appears to have same Hc range for P1, P2.P3 and P4 
sintering. 

5.2 Effect of pressure on Porosity

Table 4.1 lists porosity rating of all grades at different pressures and shrinkage factors.

In Grade A, for both shrinkage factors of 18% and 19%, we have found no significant difference between P2 and P3
sintering. P1 and P0 sintering seems to be insufficient to prevent porosity. Grade B shows similar results for P2 and 
P3 sintering. Porosity levels of less than A02 which is acceptable according to standard P0 and P1 sintering for this 
grade however displayed significant number of Macro pores and few Carbon pores and cobalt lakes. These Macro 
pores were found both in standard products (visualized in LOM) and TRS test rods (Visualized in SEM). Grade C
have shown porosity assessments between A02 and <A02 for P1, P2, P3 and P4 sintering. For grade D porosity 
results for P3 and P4 are similar.P1 and P2 sintering have A02+B02 porosity whereas P0 sintering incorporate some 
macro pores as well. It has been shown that sintering pressure has significant effect on level of porosity in cemented 
carbides. For grades A, B and C sintering pressure less than P2 resulted in presence of significant levels of porosity, 
whereas for grade D a minimum sintering pressure of P3 is recommended. 
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5.3 Effect of Pressure on Tensile Rupture Strength (TRS)

Fig 4.5 shows a Weibull plot for grade A. The Weibull plot is generated after TRS test on 200 test rods specimen for 
each sintering pressure. These 200 samples were further divided into 4 batches of 50 specimens each to randomize 
the effects of grinding or other external effects. As it can be seen in the plot, all early failure samples (5-7 % of total 
number) are distinctly separated from rest of the samples. These distinct early failures belong to a single batch which 
can be observed in individually made Weibull plots for each pressure rating [see fig 4.6-4.9]. For P1 and P2 sintering 
its batch number 2 (red) contributing to early failure samples. This phenomenon can be explained as random defects 
in individual samples or batch like Grinding Notches, surface finish etc. These defects are visualized in detail during 
Fracture surface analysis. Noteworthy here is that all sintering pressures in grade A shows almost similar TRS values 
[fig 4.5] and hence we can say that P1, P2 P3 and P0 sintering have no significant difference on bending strength in 
grade A. This might be due to higher binder content in this grade (9.5 % wt.) which improved strength 
characteristics. The average bending strength in this grade is around 3100 MPa. 

Fig 4.10 shows a Weibull plot for grade B (Co 6 % wt.). Here P0 sintering is shown to have significantly lower TRS 
values than pressurized sintering. This can be explained by the homogenous packing of micro structure, minimizing 
voids, in pressurized sintering. P1 sintering [fig 4.11] shows average TRS values of around 3100 Mpa.30 and P3
sintering [fig 4.12-4.13] have more or less same TRS curves with average TRS values of around 3500 MPa. Here it 
is evident that grade B is affected by sintering pressure. Increased sintering pressure will give better bending strength 
values and vice versa. In contrast to grade A, grade B has early failure samples contributed by all batches as can be 
seen in fig 4.11-4.14.

Fig 4.15 and 4.21 shows Weibull curves for grade C and D. P0 sintering for both grades shows lower TRS values as 
is the case for grade B. Grade C shows average TRS values of around 2500 with all early failures in batch 1 and 3. 
Grade D also follows the same pattern with early failures whereas strength is somewhat lower than grade C with 
average around 2100 MPa. 

5.4 Fracture Surface analysis

Fig 4.27-4.30 shows fracture surface analysis for early failures in Grade A for P2 sintering. Fracture analysis was 
only performed on P2 sintering due to its similar results with P3 sintering. The fracture origins display a number a 
varying fracture sources like foreign material contamination, Grinding notches, oversized grains and porosity.  Grade 
B [fig 4.31-4.34] had most of the early failures due to Macro porosity and volatile inclusion. Fig [4.35-4.39] 
represents fracture origin images for grade C. The origins shows among others, grinding notches, clump of oversized 
grains and porosity. These fracture surface analysis were performed on early failures obtained for P2 Sintering. For 
Grade D fractography was performed for pressure P3. Most of the specimen in this grade had no visible fracture 
origin owing to its large grain size. Rest of the samples showed grinding notches and oversized grains as the source 
of fracture origin. 
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Chapter 6                                          Conclusion  

In the light of obtained Results and discussions following conclusions are made:

1) Grade A, B and C have no considerable difference in Co-Mag, Hc, Porosity and TRS values for P2 and P3
sintering. Hence it can be safely concluded that a pressure of P2 is adequate for sintering of these grades.

2) Grade D has shown to produce same results at P3 sintering as it does on P4. It can be concluded that a 
pressure of P3 is adequate for sintering of this grade.

3) An increased shrinkage factor of 19 % during pressing of grades produced no significant effect on micro 
structural properties. Co-Mag, Hc, Porosity and TRS values were same for standard shrinkage as they were 
with increased shrinkage factor. 

4) Level of Porosity has an inverse relationship with sintering pressure. The higher the sintering pressure the 
lower is the porosity and vice versa. However there seems to be a critical sintering pressure after which any 
increase in pressure would not affect porosity significantly. For grade A, B and C this critical pressure is 
found to be in the range of P1 - P2.  

5) P0 sintering in all material grades has shown significantly lower Bending strength than pressurized sintering
for all grades except A.

6) Grade A shows similar TRS curves for all sintering pressures including P0 sintering due to its higher binder 
content (9.5 %). It can be concluded that higher binder content compensates for low sintering pressure in 
TRS tests. 

7) Weibull analysis has shown that most early failures belong to specific batch in some grades. Hence external 
effects like grinding notches, foreign contamination etc. has contributed to TRS results as well.  

8) Fracture analysis of TRS rods in SEM for grade D sintered at P2 has shown macro pores in almost all early 
failure specimen. If similar macro pores would be present in TRS rods sintered at other pressures then it 
might be due to inadequate pressing of TRS rods.  Co-Mag, Hc, Porosity and TRS values for P2 and P3
sintering.  
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Suggestions for future work:

1) Perform fracture surface analysis on products sintered at P4, P3, P1 and P0. This might validate similar 
fracture origins as in P2 sintering. If nature of fracture origins are different at different sintering pressures 
than it should be investigated. 

2) To investigate the thermal conduction properties of Argon at different pressures. Argon is used as 
pressurizing medium during HIP sintering. If properties of Argon are affected by pressure than it might 
affect sinter results. 

3) To investigate the effect of sintering pressure on grain growth in cemented carbides. Hc values below P2
sintering have shown variation with pressure. If sintering pressure effects grain size and grain size 
distribution then it must have an effect on product properties.   
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