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Abstract 

 
Tungsten carbide-cobalt powder is pressed before sintering into a compacted form using 

punches and a die cavity. After the powder has been pressed to a specific shape, it is 

sintered and shrinks a certain amount to a final size. To accommodate this shrinkage, the 

pressing tools are designed to a certain “shrinkage percentage” and thus the pressed 

component or compact is larger than the sintered component by that percentage amount. 

During the pressing process, there is a large amount of friction between the powder being 

compacted and the die cavity wall. To counter pressing friction, a lubricant is pre-mixed 

with the tungsten carbide powder. In the past at Powder Industries, the powder was 

mixed with wax and all of the tools were designed to a 20% shrinkage. In recent times, 

the wax in the powder has been replaced by PEG (polyethylene glycol) by most 

manufacturers as this increases the quality of the final product and is easier to remove in 

the furnaces. As a result of the new PEG lubricant, the tool wear rate at Powder 

Industries increased and because a higher pressure had been necessary to achieve powder 

pressing to the same shape and form, often the pressed components exhibited cracks or 

were not pressed ideally. 

On account of the problems introduced by PEG, correct tool design for the shrinkage was 

obtained by a ‘trial & error’ process.  This project has been motivated by the need of 

establishing pressing and/or design ‘rules’ that would do away with trial and error when 

designing compaction tooling.  

The project has consisted of investigating the physical properties of 23 grades of WC-Co 

powder (with or without TiC and TaC) and of performing a series of pressing tests for 

each grade. A relationship between the apparent density of a powder and the ideal green 

density of the green compact pressed from the same powder has been found. Using this 

relationship, an equation has been derived between ideal shrinkage, powder apparent 

density, component sintered density and powder volatile content. Since the last three 

parameters are known to the tool designer, this equation can be used to calculate the ideal 

shrinkage when designing new compaction tooling. This method of calculating shrinkage 

is now in general use at Powder Industries and many successful sets of compaction 

tooling have already been manufactured. 
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Nomenclature 

 

 

Apparent density – This is the poured density of a powder. The powder is non-tapped  

                                and is poured into a container from a fixed height using a Hall flow  

                                meter funnel 

Granules – The individual spheres of WC-Co and lubricant that make up a powder.  

                   Granule sizes typically vary from 63µm to 300µm 

 

Green compact - Component that has been pressed to shape and is still in the “soft”  

     stage prior to sintering. 

 

Green density - The density of a component before sintering but after being pressed to  

    shape. 

Negative insert -  A component where all edges are either parallel or perpendicular to  

     each other. 

 

Positive insert - This refers to a component where the edges in the vertical plane of the  

    component are not parallel i.e. there is an angle greater than zero   

    degrees. 

 

Powder grade – This indicates a WC-Co powder with a specific makeup of constituents  

                           of Co content, mixed crystal content and WC grain size.  

 

S.D. – This is the sintered density of a component. 

 

Shrinkage – This is the percentage that a dimension varies in a linear direction from the  

                      sintered size to compact size. This is usually measured in 3 dimensions  

                      and an average taken as the overall shrinkage. 
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1. Introduction 
 

1.1 Compaction of tungsten carbide cobalt powder 

 

WC-Co cutting inserts are manufactured from WC and Co powder that is compacted to 

a specific shape and then sintered. During sintering, the compact or ‘green’ component 

shrinks by a certain percentage to a final size. To accommodate this shrinkage, 

compaction tooling is made larger than the desired sintered dimensions by a percentage 

equal to the shrinkage.  

 

Therefore, a main pressing problem is to know the correct shrinkage when designing the 

compaction tooling.  If the correct shrinkage is obtained, it would mean that the applied 

pressure was in the ideal range. This would have the added benefit of significantly 

reducing tool wear and tool breakage. 

 

1.2 Powder Industries 

 

The project was motivated by a problem of a South African WC-Co manufacturer, 

Powder Industries. Powder Industries is a South African company that produces 

hardmetal (WC-Co) products such as cutting inserts, wear parts and mining 

components. The core business is mainly wear and mining WC-Co bits with an ever 

increasing focus on cutting inserts.  

 

At Powder Industries, raw materials such as WC, Cobalt and PEG (Polyethylene glycol 

– used as a lubricant) are mixed, milled and spray-dried and from this a ready-to-press 

WC-Co powder is produced. This powder is compacted and subsequently sintered to 

final sized components. All of the stages from powder preparation to compaction and to 

sintering occur within the company. Compaction tooling used by Powder Industries to 

produce green compacts (ready for sintering) is manufactured in-house and is also made 

from WC-Co. This tooling (die cavity and punches) is also designed in-house. 
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In recent times there has been an increasing need at Powder Industries to develop the 

cutting insert product range as well as to develop new designs therefore there has been 

an increasing need to design and manufacture new compaction tooling.  

1.3 PEG & shrinkage related problems 

 

In order to aid pressing and reduce friction during compaction, a pressing lubricant is 

pre-mixed in the WC-Co powder. Previously at Powder Industries, wax was used as the 

pressing lubricant but this has been changed to PEG in recent times. 

When the change to PEG from wax was made, it was found that the tooling for pressing 

the compacts no longer worked as well as before. There were suddenly many incidences 

of tool breakages (punches chipping or breaking) as well as compact defects. Defects 

included cracks, de-laminations, and hard burrs on the compact edges as well as 

compacts that were under-pressed or over-pressed. Some compacts could not be pressed 

i.e. the pressures necessary for the desired green dimensions could not be attained. 

 

In the days when wax was the lubricant used, the tooling was designed to accommodate 

a 20% shrinkage and this did worked fairly well and with a variety of different types of 

tooling. After the introduction of PEG It was apparent that the shrinkage had changed 

but by how much and what the correct shrinkage should be when designing new tools 

was unknown. 

 

If there is a mismatch between the actual shrinkage of a compact and the shrinkage 

accommodation designed into the tooling, the pressure during compaction will turn out 

to be too high or too low.  

1.4 Specific aims of the project 

 

The scope of this research project is to determine through experimentation with various 

grades of powder (i.e. powders of different compositions), if a method or equation can 

be derived to find the correct shrinkage for WC-Co compacts, ending the “trial and 

error” approach applied at Powder Industries since the introduction of PEG. 

 

The tooling designer has much information available to him such as the composition of 

the powder grade, its required sintered density, its volatile content, its physical 

properties and the mass of the sintered component. What the designer doesn’t know is 
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what the ideal green density of the compact should be in order to obtain a pore-free 

sintered product, i.e. a product which shrunk optimally during sintering, and thus does 

not know what shrinkage value should be used in the design of tooling. This project 

aimed at providing this information. 

 

An attempt has been made to write the dissertation in a style that can be understood by 

the practitioner in the hardmetal industry, so that the results can be used to the benefit of 

the industry. 
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2. Literature review and background knowledge 

2.1 Review of previous work and available literature 

2.1.1 Previous work on the problem at Powder Industries 

 

Prior to the start of this research project, some work was carried out by a colleague that 

was formerly employed by Powder Industries (the sponsor of this project) to try and 

understand the impact of shrinkage on tooling design [1]. It was known that the 

components being pressed were often pressed incorrectly. It was observed that 

sometimes too much pressure was being recorded during pressing and the compact was 

over-pressed. At other times, the pressure being recorded was too low and the compact 

was under-pressed. This happened when the same tooling was being used with different 

grades of powder.  

 

If the compaction tooling has been designed with the correct shrinkage, a green compact 

will shrink by the correct amount so that the sintered component dimensions are to the 

required specification. If a compact shrinks too much, it will be undersized in the 

sintered state. To compensate for a component shrinking too much, slightly more 

powder is added during the compaction step and pressing is done to the same volume as 

before – effectively increasing the green density of the compact. Because the green 

density has been increased, the component will shrink less than before [15] and the final 

sintered dimensions will be to specification. This however results in higher pressing 

forces being applied. The higher pressures result in a higher chance of tool breakage as 

well as an increase in the rate of tool wear.   

 

 New tooling was manufactured but this was based on a trial and error process. If a new 

component was to be pressed, the amount of shrinkage that the compact would undergo 

during sintering was essentially a guess and the tooling was designed with this guessed 

shrinkage in mind. If the guess was incorrect, then the tooling would be manufactured 

again based on a new guess. This was a very long and costly process in the design of 

new components and tooling. It was established from this previous work [1] that the 

linear shrinkage range for a component was from 20% to 25% (depending on the 

powder grade) and at least the limits of guessing a shrinkage value were set. 
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At the onset of this project, it was still not known if every grade had a unique ideal 

shrinkage that needed to be taken into account during tooling design. 

2.1.2 Mechanical and hydraulic press documents 

 

In the pressing department of the company, there are two main types of presses that are 

used to compact WC-Co powder. These are both mechanical and hydraulic presses and 

there are extensive user manuals and compaction notes for this machinery. The user 

manuals and notes were reviewed but as with the company literature, the information 

available tells one how to use the machine but there is no specific information on the 

green density that needs to be achieved in order to press an ideal compact.  

2.1.3 Published papers and articles 

 

A survey of the available literature showed that most of the material available to aid in 

the design of tooling with regards to shrinkage is not directly relevant to the aims of this 

project. [e.g. 2 to 14]. The papers reviewed deal mostly with modeling and simulation of 

compaction and were not of assistance to this project because its aim was to optimize 

compaction experimentally, i.e. through systematic compression tests. 

 

An overview of papers and publications revealed that very little information is available 

on predicting shrinkage for compaction tooling by using known powder properties for 

cemented carbides. The compaction simulation models described in the papers 

[4,7,8,9,10,11,12,13] help predict what happens during compaction theoretically but no 

method to obtain specific applicable solutions could be found. This kind of information 

is proprietary, i.e. already be known within companies but is not published, at least in 

cemented carbides. 

 

In books and texts on powder metallurgy, shrinkage of cemented carbides is not dealt 

with specifically [15,18] . Other powdered materials such as steel, which are described 

in books shrink much less than WC-Co and their compaction is not a problem of the 

same magnitude as it is for WC-Co. 
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2.2 Background knowledge on the manufacturing processes  

2.2.1 Tungsten carbide-cobalt products  

 

Tungsten carbide-cobalt or cemented carbide (also known as hard metal) is a material 

that has been used in the manufacture of cutting tools since the 1920’s and today is still 

a very important material in the cutting tool industry and is one of the only materials 

available with the mechanical properties required to handle a broad range of cutting 

conditions.  The mechanical properties of tungsten carbide-cobalt, a combination very 

high hardness and toughness as well as resistance to heat and wear make it ideal for 

cutting and wear applications. [15] 

 

It is economical to produce large volumes of carbide products as high tolerances and 

near net shape can be achieved with a minimum amount of machining and finishing 

processes. In the manufacture of tungsten carbide-cobalt or hardmetal products by 

powder metallurgy, there is a series of steps that are followed: preparation of powder, 

spray drying, pressing to shape and sintering. After sintering, there are additional steps 

necessary such as grinding and cleaning as many of the cutting inserts produced require 

coating.  

 

The basic constituents of hardmetal powder are WC, a binder such as Cobalt and in 

some cases, mixed crystals such as TiC, TaC or NbC to enhance hardness and heat 

resistance. Mixed crystals are usually added to grades of powder known as ‘tool grades’ 

and these are used in the manufacture of high quality cutting inserts [16]. High quality 

cutting inserts are inserts that perform consistently with a good tool life and low 

instances of breakage. In the case of cemented carbides, this means inserts with very 

low or no porosity. 

 

At Powder Industries, the types of WC-Co products produced include components for 

the mining industry, various types of wear parts and cutting inserts that are used in 

milling and turning processes.  

2.2.2 Definition of shrinkage 

 

Shrinkage is the percentage difference in size between a sintered component and the 

same component in its green or pre-sintered state (Please refer to pg xviii – 
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Nomenclature) which is caused by the closing of porosity during sintering [15]. The 

shrinkage percentage is referenced from the sintered size, thus 20% shrinkage indicates 

that the green component is 20% larger dimensionally than the sintered component (this 

is a common convention in the cemented carbide industry). The definition of shrinkage 

varies in other companies where for example, the reference point is the green 

component and not the sintered component. This standard at Powder Industries can be 

misleading as a ‘20% linear shrinkage’ would lead one to conclude that a compact 

shrinks by 20% from the green to sintered state. This is not the case and it is important 

to remember that when describing shrinkage or referring to a shrinkage percentage, it is 

the percentage amount linearly, that the green compact is larger by, when compared to 

the same component in the sintered state. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 – A component with shrinkage of 20% - the sintered dimensions are the 

references and the green dimensions are larger by 20% 

2.2.3 Negative and positive inserts 

 

Among the products manufactured by Powder Industries, there are two main categories 

of cutting inserts, namely ‘negative’ or ‘positive’ inserts. When looking at an insert 

from a side view, a ‘negative’ insert means that the edges of the insert are parallel to 

each other. A ‘positive’ insert has sides that are not parallel – the sides from an angle 
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greater than 0° but less than around 25° from the vertical plane. Both ‘negative’ and 

‘positive’ inserts have been included in this investigation because they present different 

compaction problems, since acute angles are more difficult to fill thoroughly with 

powder than right angles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 – A ‘negative’ insert with parallel edges and ‘positive’ insert with edges that 

are not parallel 

2.2.4 Pressing powder and powder grades 

 

Tungsten carbide-cobalt products are produced by compaction of powder – which is 

then sintered to a final size. This powder consists of WC particles (of a specified size 

range), cobalt which acts as the binder and a pressing lubricant. In some cases, further 

additions of mixed crystals are made to give specific properties to a product. These 

mixed crystals are usually titanium carbide (TiC), tantalum carbide (TaC) or niobium 

carbide (NbC) [16]. 

 

There are 23 main grades of tungsten carbide powder used at Powder Industries to 

manufacture various types of products. These grades are differentiated from each other 

by amount of cobalt, WC grain size variations and additions of mixed crystals. All of 

the grades however, have an almost constant amount of pressing lubricant -

approximately 2 - 2.5 wt % - which is the smallest amount of lubricant that allows 

complete coverage of the powder particles [18]. Pressing lubricant is used to reduce 

friction between the powder granules and the die cavity that shapes the compact as well 

as to allow the granules to hold after pressing. If no pressing lubricant was used, the 

component would generally break apart after pressing. 
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There is a large variety of tungsten carbide-cobalt products manufactured at Powder 

Industries and the uses for these products are quite diverse. In the manufacture of these 

various types of components, different grades of tungsten carbide-cobalt powder are 

used. For example, wear parts and mining components require high toughness and wear 

resistance and cutting inserts need to be very hard and rigid.  

 

These different characteristics are achieved by varying the amount of cobalt and/or the 

grain size of the tungsten carbide powder. For example, a component requiring a very 

high toughness and impact resistance would have a high amount of cobalt - up to 20% -

where a cutting insert would have typically around 6%. Varying the WC grain size will 

change the hardness and wear resistance properties of a component [18]. 

 

2.2.5 Milling & spray drying 

 

A ‘grade of powder’ is prepared by mixing WC with cobalt and pressing lubricant. The 

particles of the grade powder are WC grains that are coated by fine particles of cobalt 

and by the lubricant. Homogenization of all powders is done by wet milling. This is 

achieved at Powder Industries by means of ball mills (the milling ‘balls’ in this case are 

cylindrical in shape and are made from tungsten carbide-cobalt). Milling does help 

control the average grain size to a certain extent and to even out the average particle 

size. The main result of milling is the thorough coating of the WC particles by the 

cobalt. The medium used in the milling process is alcohol – the purpose of the medium 

is to ensure optimum dispersion of the ingredients as well as to prevent oxidation from 

taking place through heating. The end result of the milling process is a homogenous 

slurry that is then transferred to the spray drier in order to dry and granulate the grade of 

powder. Granulation is important in automatic uniaxial compaction as the powder needs 

to fill a die cavity to the same volume and weight after each pressing cycle [18]. 

 

Spray drying is the process of drying and granulating the powder suspension obtained 

from the wet milling process. The process involves spraying the powder suspension 

under high pressure into a flow of nitrogen gas which causes rapid drying and the 

formation of spherical granules. The granule diameters and size distributions can be 

controlled by process parameters of the spray drying equipment such as the atomizing 

pressure and diameter of the spray nozzle. By optimising the spray drying process, a 
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granulated powder with good flow properties, uniform fill density and required particle 

size distribution can be obtained. After this process, the powder is ready to be pressed to 

shape by mechanical or hydraulic presses. [17] 

2.2.6 Pressing 

 

In order to produce cutting tool inserts, granulated grade powders are compacted or 

pressed to a net shape using a top and bottom punch and a die cavity. The powder is 

filled into the die cavity and uniaxial pressing i.e. pressing along a single direction, is 

carried out to achieve a specified shape and volume. In a hydraulic press, pressing 

occurs equally from the top punch and bottom punch (known as double-action pressing) 

but due to wall friction (between the powder granules and the cavity wall), a density 

gradient exists [15]. The density gradient is symmetrical in the component when double 

action pressing is used but due to this gradient, a ‘neutral zone’ or relatively low-density 

region exists in the middle of the component and the density increases in both directions 

heading away from this zone in the vertical direction. A pressing lubricant (proprietory 

waxes or PEG) is used to improve pressing and to help minimise the effects of wall 

friction and thus the density gradient. A consequence of the density gradient is 

distortion of the component during sintering, thus it is important to reduce friction 

during compaction as much as possible [15]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 – Diagram showing powder compaction using punches and a die cavity 
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The compacted component is known as a ‘green’ component and it has adequate 

strength to be handled. The green components are however delicate and have a density 

of between 50% to 60% of final sintered density [18]. After pressing, the green 

components are visually inspected for physical defects such as cracking, chipping or 

burring and are then sent to the sintering furnaces.  

 

The tooling i.e. the top and bottom punch as well as the die cavity is manufactured from 

tungsten carbide-cobalt as very high stiffness and dimensional stability is required for 

compacting hardmetal powder. Also, tungsten carbide-cobalt has exceptional wear 

resistance and this is important for a long tool life.  

2.2.7 Sintering 

 

Sintering is the final stage of the manufacturing process and is the step where the 

powder particles are bonded together and final densification occurs under high 

temperature where the temperature depends on the material being sintered but is always 

higher than the eutectic temperature of the cobalt binder (∼ 1330ºC). Sintering can be 

described as the heat treatment of a porous compact in order to change the properties 

towards the properties of a solid, pore-free body [10]. At Powder Industries, sintering is 

done in a sinter/HIP furnace – this is a furnace with an added high-pressure cycle – 

known as HIP or hot isostatic pressing. Hipping is done to improve the quality of the 

components and to remove any residual porosity by exposing the material to a highly 

pressurised inert gas (Argon at a pressure of 50-100 MPa). The sinter / HIP technology 

allows de-waxing or de-pegging (see 2.2.8), final sintering and secondary compaction to 

be done in a single cycle.  

 There are a number of important processes that occur during sintering [18]:  

 

• The removal of pressing lubricant and other volatiles such as trapped air 

• Desorption of moisture 

• Reduction of Co, W and mixed carbide oxides 

• Shrinkage of the components as densification takes place 

• Grain growth through solution and re-precipitation of WC in and out of Co. 

 

After sintering, the components are removed and sent for quality-control inspection and 

metallurgical property analysis. Sintered density or S.D. refers to WC-Co density after 



 12 

the sintering cycle and is one of the properties measured in the laboratory after sintering 

[16]. 

2.2.8 Wax and PEG  

 

Pressing lubricant, as discussed in section 2.2.4 and 2.2.6, is necessary to reduce friction 

during pressing and to aid in producing a high quality green compact with sufficient 

strength to facilitate easy handling. Previously at the Powder Industries (approximately 

5-6 years ago), paraffin wax was the preferred lubricant and was used in all of the 

powder grades. It was decided to change the lubricant to PEG (polyethylene glycol) for 

reasons including better component quality and easier processing through the furnaces. 

Different lubricants lead to green compacts of different quality because their different 

composition and molecular structure lead to different lubrication ability. Wax also 

presented problems during sintering by ‘cracking’ (breaking down of carbon chains) 

and causing excess carbon to be present in the system [18]. This is undesirable as the 

delicate carbon balance in the tungsten carbide-cobalt may be adversely affected.  

 

Another factor was that there was wax residue buildup in the furnace after many 

sintering runs and this was very difficult to clean – excess wax in the system would also 

break down during sintering and affect the product as described above. 

PEG is easier to control through the furnaces during sintering and does not leave a 

residue behind. Generally, it is the experience of most hardmetal producers that the PEG 

lubricated compact quality (i.e. the ability of the compact to lead to pore-free sintered 

parts) was better than that of compacts which were made with wax as a lubricant. The 

trend of large international companies switching to PEG as a lubricant was also a 

motivator in keeping up with the latest advances in powder compaction. 

 

It is generally known that the powder properties that most affect the compactibility (as 

well as the apparent density) of a powder are mean particle size, particle size 

distribution, particle surface roughness and particle shape [15]. 
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3. Methods, test facilities and materials 

3.1 Experimental methods  

3.1.1 Pressing experiment description and aims 

 

All of the testing and experimentation was carried out on equipment available at Powder 

Industries and done in conjunction with standard daily production runs. The focus of the 

research was on pressing and subsequent sintering of the test pieces so the majority of 

the work was carried out in the company pressing department and sintering department. 

 

The aim of the pressing experiments was to press green compact (and then sinter) 

samples of each powder grade available, collect data (such as mass of compact and 

mass of sintered component, pressed compact dimensions, pressing forces, powder 

volatile content and powder apparent density) then analyse the collected information to 

try and determine a relationship between the properties of powder, green compact and 

sintered component. If some a general relationship would be found, then it would be 

possible to derive a general equation or method to predict shrinkage when designing 

tooling. 
1
 

 

Below, is a flow chart describing the experimental procedure for pressing green 

compact samples of a grade of powder (grades of powder vary from each other by Co 

wt% , average WC particle size and mixed carbide content) :  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 – Pressing experiment procedure 

                                                 
* the meaning of ‘expected best’ shrinkage is given in section 3.1.2. 
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For a pressing experiment for each specific grade, compacts were pressed in duplicate in 

order to keep a set of green compacts and to send another set for sintering. This was to 

compare a green component with a corresponding sintered component. A detailed 

explanation of the pressing procedure is in the following sections.  

3.1.2 Simulation of shrinkage 

 

In order to find a shrinkage that a certain grade undergoes, it is necessary to press a test 

piece, sinter it and then measure the actual shrinkage that the compact underwent. The 

linear shrinkage in each of the 3 dimensions is measured and the average of these three 

values is taken as the mean shrinkage.  

 

It was known that the ideal shrinkage for a grade lay between 20% and 25% (from 

previous work) but the exact ideal shrinkage was unknown. To test the shrinkage of a 

grade of powder, it would be necessary to make tooling for every shrinkage that one 

would like to test for, for example in steps of 0.5% from 20% to 25%. The compacts 

pressed in the different tools would all shrink during sintering by various amounts (as 

per tool %) to the same final dimensions i.e. all of the green compact masses would be 

the same but due to differing expected shrinkages, the green volumes would vary. For 

the green volumes to vary, the recorded pressing pressure would have to vary 

accordingly. The green compacts would be inspected and the one that was pressed ‘the 

best’ would be selected. ‘The best’ can be selected by inspecting a green compact under 

a stereo-microscope. If a compact is under-pressed, imperfectly pressed granules can be 

seen. If a compact is over-pressed, cracks form and the compact appears very shiny. The 

best green density would correspond to a particular shrinkage which would correspond 

to the correct shrinkage for the grade of powder. 

 

It is however expensive and impractical to manufacture many toolsets out of which only 

one would be correct. It was decided to use one standard toolset (with the green 

compact shape being a basic square) and to simulate varying shrinkages. This was done 

for every powder by pressing components of different masses to a set thickness (i.e. to a 

fixed volume) and thereby simulating different shrinkages by changing the green mass 

of each pressed component. Changing green mass at a fixed volume effectively changes 

the green density of the green compact.  



 15 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 – Green negative insert shape and dimensions (in mm) 

 

Since all of the green compacts in a set of  pressing experiments were all pressed to a 

fixed volume but each compact weight differed by a fixed amount, the compacts each 

shrank by a different amount to a final size. It is important to note that the final sintered 

dimensions were different from component to component because the mass was 

different. In this way, it was possible to press a range of compacts from a grade of 

powder by using one toolset (two punches and a die cavity) and have different 

shrinkages. Figure 3.3 shows how the shrinkage is affected by varying the green mass of 

a component and thus changing it’s green density. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 – Relationship between shrinkage and green density of WC-Co as obtained 

from previous experiments at Powder Industries [1] 
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3.1.3 Pressing experiment procedure 

 

A grade of powder was selected. Each grade of powder had all of the information 

relevant to the powders stored on the company server, such as ideal S.D. of components 

sintered from each powder grade, apparent density and volatile content. A test sheet was 

then prepared and the required green weights needed to achieve a certain shrinkage 

when pressing at constant volume were calculated. (See section 3.1.5 – sample test 

sheet). 

 

In order to change the amount of shrinkage that a component underwent the green 

weight was varied by calculated amounts keeping the pressing volume constant (Refer 

to section 3.1.5 for an example). This effectively changed the green density of a 

compact. The required sintered density of a component was constant but the final 

sintered volume varied due to the change in green weight. Each compact was pressed in 

duplicate in order to sinter one piece and then to compare the sintered dimensions to the 

green dimensions and to measure the actual shrinkage that a component underwent. The 

shrinkage was measured in three directions i.e. along the thickness as well as across the 

width in two directions. The average of the three measurements was then calculated to 

obtain the mean actual shrinkage of a component. The expected shrinkage for each 

successive component was changed in 0.5% steps (starting at 20%) and an average of 9 

test pieces were pressed (over the shrinkage range up to 25%) for a grade of powder. 

The compact thickness was set to 4mm and the cross-sectional area to 250 mm
2 

. 

 

The pressing experiment was repeated but with the thickness of the component set at 

half of the original 4mm and keeping the area constant since the ratio between thickness 

and width of a component affects the density distribution in the component [15], 

experiments were done to determine the effect of thickness variations in the present 

case.  

 

After this, the experiment was repeated again but with component thickness set at 

double the original thickness (i.e. 8mm). Thus, for each grade of powder, there were 

three sets of pressings with a range of simulated shrinkages. Once an experimental run 

had been completed, the compacts were arranged in order from “the hardest” to “the 

softest pressing” i.e. lowest to highest shrinkage and prepared for inspection.  
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Figure 3.4 – Compacts (bottom) and corresponding sintered pieces (top) of a grade 

arranged in order from hardest to softest (from left to right) ready for inspection 

 

The aim was to find the compact that was pressed best and therefore establish the best 

green density for a particular grade. To determine how well a compact had been 

pressed, visual inspection under a stereo-microscope was done (Refer to section 3.1.2). 

Inspecting green compacts under a microscope for defects is a standard quality control 

practice at the Powder Industries and is done by people with many years of experience 

in the carbide industry. 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 – Inspection of green compacts under a stereo-microscope 

 

The compacts were inspected under the microscope with the help of an experienced 

inspector and graded according to how well they were pressed. The results were 

recorded. Each component was marked according to target shrinkage: for example, a 
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component pressed with CR10 grade powder and desired shrinkage of 24% would be 

marked “CR10-24”. 

Initially, the aim of varying the component thickness was to determine if this would 

have an impact on ‘best’ shrinkage (same grade, same simulated shrinkage, but different 

sizes) but after numerous comparisons it was found that the best shrinkage for a 

particular grade was the same for all three different thicknesses. However, this was used 

to find an average best shrinkage for a grade. So, instead of having one set of 

components to inspect and decide which shrinkage was best, there were three sets and 

the average of the three then was taken as the ideal shrinkage for a grade. The three 

different sets were however not all inspected at the same time – they were inspected on 

different days among other pressing experiments in order to confirm that the ideal 

shrinkage for a grade was being quoted consistently. If all three sets for a grade were to 

be inspected straight after each other, it may have been easy to be complacent and say 

that the best shrinkage was the same in all cases. It must be noted that the inspector was 

extremely consistent and never contradicted his conclusions.   

 

The experiments were carried out using ‘negative’ shapes i.e. parallel vertical surfaces 

(See section 2.2.3). After inspection, one set of green compacts was sent to be sintered 

and when the set came back, the sintered components were measured with a Mitutoyo 

digital vernier (resolution of 0.01 mm) and the actual shrinkage that each compact 

underwent was recorded. The green compact dimensions were measured with the same 

vernier. It must be noted that after pressing, a green compact expands very slightly – 

this is known as ‘spring-back’ and was assumed to be negligible.  

 

The green dimensions were measured after pressing and a green compact volume was 

then calculated. The green compact volume was then calculated as the product of the 

measured compact thickness and the pressed cross-sectional area (this was a known 

constant that was obtained from the tooling technical drawings – the spring-back 

through the cross-sectional area was considered to be negligible). 

 

The green compacts and sintered pieces for each grade were then placed in a storage 

area for future reference. 
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Figure 3.6 – Green compacts and sintered components for all the powder grades tested 

 

3.1.4 Positive insert pressing tests 

 

A set of experiments were performed to investigate the effect of ‘positive’ angle on the 

ideal shrinkage for a grade. Many cutting inserts manufactured at Powder Industries are 

of the ‘positive insert’ type (See 2.2.3). The ‘positive’ angle in these kinds of inserts 

may up to 25° from the vertical. Cutting inserts are manufactured from a ‘tool’ grade 

powder (less than 10% Co, grain size less than 3µm).  

 

Four different tool grades were used with a ‘positive insert’ toolset (positive angle being 

20°). This ‘positive insert’ toolset was chosen as the angle is quite large and most 

cutting inserts manufactured at Powder Industries have a smaller angle (usually 11°) 

and very few have an equal or larger angle. This cutting insert is also intricate and is 

considered difficult to press. The green dimensions are also close to the ‘negative’ insert 

toolset used in the previous experiments (with the exception of the positive angle). 
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Figure 3.7 – Green positive insert shape and dimensions (in mm) 

 

With each grade, a ‘negative’ (using same toolset as in previous experiments) and a 

‘positive’ component were pressed and the two pieces were inspected and their green 

densities measured (the theoretical green volume for the positive insert was calculated 

using a 3D modeling program that was used in the original designing of the insert). The 

idea to press ‘negative’ and ‘positive’ inserts was to check if the two green densities 

were the same and thus the best shrinkage for a grade was the same for both component 

shapes. At the beginning of the project, some preliminary tests were performed and the 

component shapes were changed. At that time the shape of a component seemed to have 

an influence on shrinkage but these more accurate tests showed that it was not so.  

3.1.5 Standard pressing experiment test sheet  

 

A standard test sheet (see pg. 25) was setup for the pressing experiments for which each 

grade was being evaluated. On this sheet, all the relevant pressing data were captured 

and a theoretical mass for each green compact was calculated in order to achieve a 

target shrinkage. This theoretical green mass was printed on the test sheet and the actual 

weight achieved was recorded. The actual mass of powder that was pressed was usually 

to within 0.01g of the target mass required. When filling the die cavity, the mass of 

powder varies slightly from pressing to pressing, this is due to slight variations in 



 21 

physical powder properties within a sample of powder such as granule size distributions 

and granule shapes, ‘fine granule’ content, etc. 

To give an example of how a shrinkage was simulated, please note the following 

example:  

Toolset shrinkage design: 20% (This is the reference or designed shrinkage)       

Mass required for this toolset=(SD)×(required sintered volume)×(volatile content)   (1) 

The SD, required sintered volume and volatile content (expressed as a percentage of 

mass) are known, thus a powder mass is calculated. This is the amount of powder in the 

tool cavity when pressing a compact. 

In the present work, in order to decrease or increase the shrinkage by a desired 

percentage, the mass needed to be decreased or increased by an inverse proportion. 

(keeping in mind that the green volume is constant). 

Normally, to change shrinkage, the green volume is changed and the green mass is kept 

constant so to increase shrinkage by a certain percent, the new volume of the green 

compact would be calculated : 

(% volume change) = 100 x (new shrinkage
3
 – tool shrinkage

3
)/(tool shrinkage

3
)      (2) 

where the shrinkage is in the form ‘1.shrinkage’. e.g. 1.20 for 20% (See example below) 

The shrinkages are cubed as shrinkage (by definition) is change of linear dimension in a 

linear direction and one needs to take 3 dimensions into account. 

In the case where we have a constant green volume, the mass is changed by a certain 

amount to achieve a certain volumetric change during sintering. So by subtracting a 

fixed amount of powder, one decreases the green density proportionally and the 

shrinkage that the compact undergoes will be higher. (Note that a 1% decrease in mass 

means that the density decreases by 1% when pressing to a fixed volume. Due to the 

change in green density, volumetric shrinkage during sintering then increases by 1%. 

So, linear shrinkage change is actually the cube root of the volumetric change.) 

So, in order to increase the shrinkage by 2 percent, the mass must be changed by the 

following amount:  

(% mass change) = 100× (1.22
3
 - 1.20

3
) / (1.20

3
) × (-1)     (3) 

Where:  
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• ‘1.20’ is the toolset design shrinkage or reference i.e. 20%  

• ‘1.22’ is the desired shrinkage i.e. 22%  

• (-1) is multiplied into the equation in order to have a negative change in mass 

Thus to achieve a 2% increase in shrinkage when using a ‘20% tool’, the mass must be 

decreased by approximately 5.1% from the original mass value when pressing to the 

same fixed volume. 

The example shown above is for a toolset designed with 20% shrinkage. The toolset 

used in all of the pressing experiments was designed for a 25% shrinkage and the 

required shrinkages where in the range of 20 to 25%. Thus powder was added to the 

reference weight for 25% in order to achieve lower shrinkages. 

When examining the sample test sheet, please note the following terms (some of the 

terms used are internal to Powder Industries and are not self-explanatory to someone 

from outside the organization):  

 

• ‘Equivalent tool %’ refers to the target shrinkage (term used for the purpose of 

this project as is not standard at Powder Industries) 

• ‘Marking’ indicates the physical inscription made on the test piece. E.g. ‘CR10-

24’ indicates a compact pressed from grade CR10 to a shrinkage of 24%. 

• ‘Th. Mass’ is the calculated or theoretical green compact mass needed to achieve 

the target shrinkage (i.e. the equivalent tool %). 

• ‘Height’ is the actual test piece thickness after pressing (2,4 or 8mm as described 

in section 3.1.3) 

• ‘IC’ is the width of the actual square test piece. 

• ‘Force’ is the recorded pressing force in kN. 

• ‘Weight’ in the ‘Pressing’ and ‘Sintered’ sections is the measured weight of the 

component in grams (green compact or sintered component) 

• ‘Fill height’ is the distance of the lower punch in relation to the top of the die 

cavity. This is the effective height that the powder reaches when it fills the die 

before pressing. 
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• ‘Press O.S.’ is what is known as ‘press offset’ and is a parameter adjustment 

made on the hydraulic press during pressing in order to achieve a certain 

component pressing. 

• ‘Rating’ is the inspection result after checking a green compact after pressing. 

The standard used to indicate quality of a pressed compact :  

- ‘SS’ means slightly soft (i.e. slightly under-pressed) 

- ‘S’ means soft (i.e. under-pressed) 

- ‘G’ or ‘OK’ indicates an adequate component that would normally pass 

quality control. 

- ‘B’ indicates the best pressed component from a set of pressings. 

- ‘H’ indicates a slightly over-pressed compact 

- ‘VH’ indicates a very over-pressed compact with possible defects such as 

cracking.  

• ‘SNUN phase 1/2/3’ indicates the compact thickness where 1 = 2mm, 2 = 4mm 

and 3 = 8mm. 

• ‘S height’ indicates the reference sintered thickness of a component for a 25% 

shrinkage (in mm) 

• ‘SG’ is the powder grade specific gravity value after sintering (in g/cm
3
). 

• ‘Press height’ is the target thickness during pressing. E.g. 4mm. 

• ‘Weight’ is the reference mass of powder needed for a 25% toolset (in grams). 

• ‘Volume’ is the reference volume of the sintered component after shrinkage of 

25% (in cm
3
). 

• ‘Volatile’ indicates the compact weight loss that occurs during sintering – this is 

mainly removed pressing lubricant as well as a very small amount of air that is 

trapped during pressing. 

• ‘Item no’, ‘Batch no’, ‘PRZ reclaim’ are internal company references for a grade 

of powder. 
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• ‘App. Density’ refers to a powder apparent density (in g/cm
3
). This value was 

obtained from Powder Industries powder production database and indicates the 

apparent density for a batch of grade powder. 

 

It should be noted that the test sheet evolved over a period of time and the sheet is 

not perfect – not all of the units are indicated and some of the data fields were 

obsolete or redundant (such as ‘PEG content’). Also the data grouping may seem 

misarranged (e.g. apparent density is in the ‘pressing information’ area). The test 

sheet function was mainly for capturing data that would then be input into relevant 

spreadsheets for later analysis.  
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Figure 3.8 – Standard pressing test sheet 
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3.1.6 Apparent density measurement of test powder samples 

 

 

The apparent density of each test powder sample was measured according to company 

standards. A sample volume of the test powder was loaded into a Hall flow meter funnel 

(see 3.2.3) and allowed to pour into a 25 cm
3 

container. Any leftover powder at the top 

of the container was levelled off, thus a sample of 25 cm
3 

was left. This sample of 

powder was weighed and an average apparent density could be calculated. This was 

repeated with every grade of powder tested and an apparent density for each test sample 

was recorded. The ‘apparent density’ of a sample of powder is the measured density of 

powder that was poured into a container using the Hall flow meter funnel from a 

prescribed height. This is a ‘non-tapped’ sample of powder i.e. the density is measured 

‘as poured’ with no further steps or procedures. The company standard for measuring 

apparent density of a metal powder is based [19]. 

 

Each test powder sample had been obtained from a batch of the same grade and during 

production of a grade of that powder; average apparent density is recorded and stored on 

the company database. Apparent density for each grade of powder was also recorded 

and compared to the test powder sample apparent density. 

 

During a year of production, a number of batches of a particular grade are produced and 

the average apparent density of a batch is recorded.  These values were collected and 

thus an average historical value of apparent density for a grade was obtained. 

 

So, each grade of powder had three different apparent densities associated with it : the 

test sample value (used in the pressing experiments), a value for the batch from which 

the sample was obtained and a historical value. 

 

Each 25 cm
3 

sample of powder that was weighed was stored in an air-tight labeled 

container for any future reference or re-measuring purposes. 
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Figure 3.9 – Measured 25 cm
3 

and weighed test powder sample in an air-tight 

container. 

 

3.1.7 Screen fractioning of test powder samples 

 

Ready-to-press powder (all grades) is made up of granules of varying sizes and size 

distribution. 

 

In order to establish granule size distributions, the granulated test powder samples were 

sieved through 300µm, 212µm, 125µm, 90µm and 63µm mesh screens. The powder 

from each screen was collected and weighed. Thus, granule size distributions for each 

test powder sample could be established by mass percent. As with apparent densities, 

the screen fraction results are recorded during powder production and historical granule 

size distributions for each grade of powder could be established. 

 

The test powder granule size distributions of a grade were compared to the historical 

granule size distribution for the same grade. In Chapter 4, the graphs for the test powder 

sample and historical values are shown for comparison as well as the measured screen 

fraction mass values for the test powder in table form. Historical screen fraction results 

can be found in Appendix 1 (in the relevant powder grade section). 

Figure 3.10 shows a good granule size distribution (mass percent vs. granule size in 

µm).  
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Figure 3.10 – Histogram plot of typical powder granule size distribution 

 

3.1.8 Inspection of sintered test pieces  

 

The best and worst sintered test pieces (original pressings of 4mm) from each grade 

were cleaned and mounted in a resin. These samples were then ground and polished to 

achieve a mirror finish (See section 3.2.4 for procedure description). Each of these 

pieces (46 sintered test pieces altogether) were examined for porosity at 100x 

magnification on the lab stereo-microscope. In Chapter 4, the best and worst test pieces 

of each grade are compared for porosity and then. 

 

The SG of each of the sintered test pieces was measured in the lab at Powder Industries 

by using the Archimedes method. The measurement of the sintered density of a test 

piece was done according to company procedure [20]. 

 

The sintered test pieces were examined and a comparison of the observed surface was 

made with the company micrographs for porosity. Please refer to Appendix A2.2 for 

samples of the company micrograph examples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 – Mounted and polished sintered test pieces 
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3.2 Test equipment 

 

3.2.1 Pressing equipment 

 

The pressing equipment used in all of the experiments is a fully programmable CNC 

controlled hydraulic press manufactured by the German company Dorst. The model is 

the TPA15HS capable of exerting a maximum pressing force of 150 kN. 

The pressing accuracy (i.e. accuracy of compact height) is to within ± 2µm and the 

weight adjustment accuracy ± 0.01 grams. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 – Dorst TPA15HS Hydraulic CNC press 

 

3.2.2 Sinter-HIP furnace 

 

All of the test pieces were sintered in the Powder Industries standard sinter-HIP furnace 

[18]. The furnace was manufactured by the American company Ultra temp. The test 

pieces were sintered together with standard production runs and were exposed to the 

Argon HIP cycle after sintering. It should be noted that in the assessment of the sintered 

components (section 3.1.8) for porosity, the sintering should have ideally been done 

without pressure (i.e. without HIPing) as HIPing removes pores and corrects pressing 

defects. The test pieces were pressed and sintered according to standard company 

procedure as the aim of the project was to solve the compaction problems specific to 
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Powder Industries. Figure 3.13 shows the sinter-HIP furnace used in the sintering of the 

test pieces. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 – Ultra temp sinter-HIP furnace 

3.2.3 Powder analysis equipment 

 

To measure the apparent density of a sample of powder, a Hall flow meter funnel was 

used in conjunction with a 25 cm
3
 container. The 25 cm

3 
of powder was weighed on a 

digital scale with a resolution of 0.01g. 

 

 

 

 

 

 

 

 

Figure 3.14 – Digital scale and Hall flow meter funnels 

 

To sieve the granulated powder samples into constituent granule size groups, standard 

stackable lab sieves of  300µm, 212µm, 125µm, 90µm and 63µm mesh sizes were used. 

In order to facilitate good sieving, the screens were stacked with the smallest screen at 
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the bottom and the largest at the top. The stack was loaded into a Rototap sieve shaker 

which vibrated the stack for a period of two minutes. The initial powder mass which 

was loaded into the top screen was then broken down into the granule size groups as it 

fell through the stack during sieving.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 3.15 & 3.16 – The screen stack loaded into the shaker and the sieves used for 

screen fractioning the test powder samples. 

3.2.4 Mounting and polishing equipment 

 

For mounting and preparing the sintered test pieces for surface grinding and polishing, a 

Leco PR-32 mounting press was used. The PR-32 is an automatic, dual mount press that 

automatically applies heat and pressure for a selected period of time. The mounting 

powder used was Struers multifast phenolic hot mounting resin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 – Leco mounting press 
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Grinding and polishing of the mounted test pieces was done using the Struers LaboPol 5 

machine in the company laboratory. Grinding dics and water were used for the initial 

grinding of the test pieces and polishing was done using diamond paste and polishing 

discs. The grinding and polishing was done as specified by company procedures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 – Struers grinding and polishing equipment 

 

The polished test pieces were all inspected for porosity using a Nikon metallurgical 

microscope at a magnification of 100x. The test pieces were compared to standard 

porosity micrographs (refer to Appendix 3). Images of the surfaces observed were 

photographed for reference and comparison purposes. 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 – Nikon microscope used to check for porosity 
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3.3 Materials 

3.3.1 Powders tested 

 

The most popular powders used during normal production at Powder Industries were 

selected for testing – there was no particular order of powders followed during pressing 

experiments. Once all of the powders were tested, the results and grades were sorted by 

grade name in alphabetical order. The major differences between powder grades are 

cobalt content, grain size, sintered density and mixed crystal content (TiC, TaC and 

NbC). In total, 23 different grades were tested. A table listing the various powder grades 

as well as their basic characteristics (as quoted by company lab specification) follows 

on page 34. 
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Table 3.1 – List of powders tested (sorted in alphabetical order by grade name) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The table above includes most of the powders used in the manufacture of various 

products at Powder Industries. The three main types of powders are tool grades, mining 

grades and wear grades – these have not been categorized in the above table but in the 

data results section (see 4.2), it is indicated what category that particular powder falls 

under. 

Powder grade 

name 

Average S.G. 

(g/cm
3
) 

Co % 

Average 

grain size 

(µm) 

 

Mixed 

crystals? 

 

230 14.55 9.7 2-6 N 

AP20 14.40 10.5 2-3 N 

CN10 14.35 6.7 < 1 Y 

CR10 14.30 9.5 < 1 N 

H1P 12.93 6.0 1 Y 

H6 14.95 5.7 1-1.5 Y-very little 

K15M 12.75 7.3 1-2 Y 

MT16 13.90 16.0 2-3 N 

MZ15 14.00 15.2 2-4 N 

N6/194 14.90 6.0 1-3 N 

P25M 12.55 9.5 1-2 Y 

P30M 12.40 10.0 2-3 Y 

P40M 13.20 10.0 2-3 Y 

P511 14.40 11.7 3-6 Y 

P7 14.80 7.5 3-4 N 

PBF 14.95 5.9 2-3 N 

PBT 14.93 6.0 2-4 N 

PC-20 14.60 6.0 1-3 Y 

PI-15 14.08 6.0 2-3 Y 

PI-25 14.08 6.6 2-3 Y 

PI-40 13.80 8.5 2-4 Y 

Q3 13.25 23.0 3-6 N 

S9 12.30 10.0 2-3 Y 
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3.3.2 Grade data tables 

 

The physical and metallurgical properties of each grade (as listed in the previous 

section) that are relevant to this project are summarized in table form. Information listed 

for each grade includes: the grade name, cobalt content, average WC grain size, sintered 

density (S.G.) as per lab specification, historical S.G. , historical apparent density  (over 

1 year where possible), historical volatile content and mixed crystal content (TiC, TaC 

and NbC). The values have been obtained from the company laboratory reports, 

specification sheets and from information that is recorded on the company database 

during the manufacturing process. The historical data such as historical S.G. and 

historical apparent density was calculated from company records. 

 

Table 3.2– Grade ‘230’ summary 

Grade Name 230 

Cobalt content 9.7 % 

Average WC grain size 2-6 µm 

SG (company specification) 14.55 g/cm
3
 

SG (Historical) 14.52 g/cm
3
 

Apparent density (Historical) 3.70 g/cm
3
 

Volatile content (Historical) 2.18 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

Table 3.3– Grade ‘AP20‘ summary 

Grade Name AP20 

Cobalt content 10.5 % 

Average WC grain size 2-3 µm 

SG (company specification) 14.40 g/cm
3
 

SG (Historical) 14.39 g/cm
3
 

Apparent density (Historical) 3.44 g/cm
3
 

Volatile content (Historical) 2.24 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 
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Table 3.4– Grade ‘CN10‘ summary 

Grade Name CN10 

Cobalt content 6.7 % 

Average WC grain size < 1 µm 

SG (company specification) 14.35 g/cm
3
 

SG (Historical) 14.41 g/cm
3
 

Apparent density (Historical) 3.29 g/cm
3
 

Volatile content (Historical) 2.66 % 

TiC / TaC / NbC / Ni / Cr3C2 content (%) 0.0 / 0.0 / 0.0 / 2.7 / 1.3 

 

 

 

Table 3.5– Grade ‘CR10’ summary 

Grade Name CR10 

Cobalt content 9.5 % 

Average WC grain size < 1 µm 

SG (company specification) 14.30 g/cm
3
 

SG (Historical) 14.46 g/cm
3
 

Apparent density (Historical) 3.28 g/cm
3
 

Volatile content (Historical) 2.83 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 
 

 

Table 3.6– Grade ‘H1P‘ summary 

Grade Name H1P 

Cobalt content 6.0 % 

Average WC grain size 1 µm 

SG (company specification) 12.95 g/cm
3
 

SG (Historical) 12.92 g/cm
3
 

Apparent density (Historical) 3.21 g/cm
3
 

Volatile content (Historical) 2.54 % 

TiC / TaC / NbC content (%) 7.50 / 1.00 / 0.00 
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Table 3.7– Grade ‘H6‘  summary 

Grade Name H6 

Cobalt content 5.7 % 

Average WC grain size 1-1.5 µm 

SG (company specification) 14.95 g/cm
3
 

SG (Historical) 14.92 g/cm
3
 

Apparent density (Historical) 3.41 g/cm
3
 

Volatile content (Historical) 2.51 % 

TiC / TaC / NbC content (%) 0.00 / 0.09 / 0.01 

 

 

 

Table 3.8– Grade ‘K15M’ summary 

Grade Name K15M 

Cobalt content 7.3 % 

Average WC grain size 1-2 µm 

SG (company specification) 12.75 g/cm
3
 

SG (Historical) 12.81 g/cm
3
 

Apparent density (Historical) 3.19 g/cm
3
 

Volatile content (Historical) 2.55 % 

TiC / TaC / NbC content (%) 7.50 / 0.00 / 0.00 

 
 
 

Table 3.9– Grade ‘MT16’ summary 

Grade Name MT16 

Cobalt content 16.0 % 

Average WC grain size 2-3 µm 

SG (company specification) 13.90 g/cm
3
 

SG (Historical) 13.88 g/cm
3
 

Apparent density (Historical) 3.37 g/cm
3
 

Volatile content (Historical) 2.48 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 
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Table 3.10– Grade ‘MZ15‘ summary 

Grade Name MZ15 

Cobalt content 15.2 % 

Average WC grain size 2-4 µm 

SG (company specification) 14.00 g/cm
3
 

SG (Historical) 13.99 g/cm
3
 

Apparent density (Historical) 3.31 g/cm
3
 

Volatile content (Historical) 2.62 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

 

Table 3.11– Grade ‘N6/194’ summary 

Grade Name N6 / 194 

Cobalt content 6.0 % 

Average WC grain size 1-3 µm 

SG (company specification) 14.93 g/cm
3
 

SG (Historical) 14.88 g/cm
3
 

Apparent density (Historical) 3.72 g/cm
3
 

Volatile content (Historical) 2.04 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

 

Table 3.12– Grade ‘P7‘  summary 

Grade Name P7 

Cobalt content 7.5 % 

Average WC grain size 2-6 µm 

SG (company specification) 14.80 g/cm
3
 

SG (Historical) 14.76 g/cm
3
 

Apparent density (Historical) 3.72 g/cm
3
 

Volatile content (Historical) 2.30 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 
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Table 3.13– Grade ‘P25M‘ summary 

Grade Name P25M 

Cobalt content 9.5 % 

Average WC grain size 1-2 µm 

SG (company specification) 12.55 g/cm
3
 

SG (Historical) 12.58 g/cm
3
 

Apparent density (Historical) 3.14 g/cm
3
 

Volatile content (Historical) 2.37 % 

TiC / TaC / NbC content (%) 6.50 / 13.05 / 1.45 

 

 

 

Table 3.14 - Grade ‘P30M’ summary 

Grade Name P30M 

Cobalt content  10.0 % 

Average WC grain size 2-3 µm 

SG (company specification) 12.40 g/cm
3
 

SG (Historical) 12.39 g/cm
3
 

Apparent density (Historical) 3.09 g/cm
3
 

Volatile content (Historical) 2.42 % 

TiC / TaC / NbC content (%) 7.00 / 8.00 / 2.00 

 

 

 

Table 3.15– Grade ‘P40M‘  summary 

Grade Name P40M 

Cobalt content 10.0 % 

Average WC grain size 2-3 µm 

SG (company specification) 13.20 g/cm
3
 

SG (Historical) 13.24 g/cm
3
 

Apparent density (Historical) 3.26 g/cm
3
 

Volatile content (Historical) 2.30 % 

TiC / TaC / NbC content (%) 4.00 / 4.80 / 1.20 
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Table 3.16– Grade ‘P511’ summary 

Grade Name P511 

Cobalt content 11.7 % 

Average WC grain size 3-6 µm 

SG (company specification) 14.40 g/cm
3
 

SG (Historical) 14.33 g/cm
3
 

Apparent density (Historical) 3.53 g/cm
3
 

Volatile content (Historical) 2.37 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

 

Table 3.17 - Grade ‘PBF’ summary 

Grade Name PBF 

Cobalt content 5.9 % 

Average WC grain size 2-3 µm 

SG (company specification) 14.95 g/cm
3
 

SG (Historical) 14.95 g/cm
3
 

Apparent density (Historical) 3.70 g/cm
3
 

Volatile content (Historical) 2.30 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

 

Table 3.18 – Grade ‘PBT‘  summary 

Grade Name PBT 

Cobalt content 6.0 % 

Average WC grain size 2-4 µm 

SG (company specification) 14.95 g/cm
3
 

SG (Historical) 14.94 g/cm
3
 

Apparent density (Historical) 3.84 g/cm
3
 

Volatile content (Historical) 2.20 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 
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Table 3.19 – Grade ‘PC20‘ summary 

Grade Name PC20 

Cobalt content 6.0 % 

Average WC grain size 1-3 µm 

SG (company specification) 14.60 g/cm
3
 

SG (Historical) 14.60 g/cm
3
 

Apparent density (Historical) 3.71 g/cm
3
 

Volatile content (Historical) 2.50 % 

TiC / TaC / NbC content (%) 0.86 / 2.23 / 0.26 

 

 

 

Table 3.20 - Grade ‘PI-15’ summary 

Grade Name PI-15 

Cobalt content 6.0 % 

Average WC grain size 2-3 µm 

SG (company specification) 14.05 g/cm
3
 

SG (Historical) 14.05 g/cm
3
 

Apparent density (Historical) 3.52 g/cm
3
 

Volatile content (Historical) 2.32 % 

TiC / TaC / NbC content (%) 2.83 / 3.47 / 0.39 

 

 

 

Table 3.21– Grade ‘PI-25‘  summary 

Grade Name PI-25 

Cobalt content 6.6 % 

Average WC grain size 2-3 µm 

SG (company specification) 14.05 g/cm
3
 

SG (Historical) 14.07 g/cm
3
 

Apparent density (Historical) 3.53 g/cm
3
 

Volatile content (Historical) 2.35 % 

TiC / TaC / NbC content (%) 2.30 / 2.76 / 0.69 
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Table 3.22– Grade ‘PI-40’ summary 

Grade Name PI-40 

Cobalt content 8.5 % 

Average WC grain size 2-4 µm 

SG (company specification) 13.85 g/cm
3
 

SG (Historical) 13.70 g/cm
3
 

Apparent density (Historical) 3.40 g/cm
3
 

Volatile content (Historical) 2.36 % 

TiC / TaC / NbC content (%) 2.70 / 2.88 / 0.72 

 

 

 

Table 3.23 - Grade ‘Q3’ summary 

Grade Name Q3 

Cobalt content 23.0 % 

Average WC grain size 3-6 µm 

SG (company specification) 13.25 g/cm
3
 

SG (Historical) 13.24 g/cm
3
 

Apparent density (Historical) 3.10 g/cm
3
 

Volatile content (Historical) 2.30 % 

TiC / TaC / NbC content (%) 0.00 / 0.00 / 0.00 

 

 

 

Table 3.24 – Grade ‘S9‘  summary 

Grade Name S9 

Cobalt content 10.0 % 

Average WC grain size 1-3 µm 

SG (company specification) 12.30 g/cm
3
 

SG (Historical) 12.38 g/cm
3
 

Apparent density (Historical) 3.25 g/cm
3
 

Volatile content (Historical) 2.29 % 

TiC / TaC / NbC content (%) 8.50 / 2.40 / 0.60 
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4. Experimental results and discussion  

4.1 Layout for presentation of experimental results 

 

The experimental results presented are laid out as per grade. There were a number of 

different tests performed for each grade of powder (as described in Chapter 3) and all 

the results are presented together for clarity. This is to give an overall idea or ‘feel’ for a 

particular grade of powder and how it behaves. In total, there are 23 different grades 

that have been evaluated and are ordered alphabetically by grade name (section 4.2). 

All of the original experimental test sheets as well as supporting data for the shown 

results can be found in Appendix A1 (also arranged by grade name in alphabetical 

order).  

 

The first table in each section shows experimental data as well as important information 

for each grade of powder such as SD (sintered density), apparent density, volatile 

content, green density and porosity found in sintered components. Note that ‘batch’ 

values indicate company recorded data from a large batch of powder and ‘test sample’ 

values indicate data from a sample taken from the same batch of powder. 

 

The second table in each section shows the best pressing results from a variety of 

pressing experiments performed. The table is a summary showing best shrinkage 

obtained, the green density achieved for the best pressed components, the green weight 

of the pressed component as well as the recorded force and pressure during compaction. 

 

The heading “best compact” in the second table indicates the green component that was 

evaluated to be the best (or best compacted component) from a set of components in an 

experiment and this is indicated in terms of theoretical or expected shrinkage for that 

particular mass of powder. The “actual shrinkage” is the amount of shrinkage that the 

same test piece actually underwent after sintering and this was found by physically 

measuring the test piece. 

 

After the tables are graphs showing granule size distributions for the test powder used as 

well as the historical data for the grade being evaluated (granule size in µm). Finally, 
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the micrographs for the best and worst obtained shrinkages are shown to indicate the 

level of porosity found in a sintered test piece, although it must be noted that the 

difference is often very small because the pieces were hot isostatically pressed (See 

3.2.2). 

 

The following information or results will be shown for each grade:  

• Pressing results for ‘negative’ style tests for the three various sizes (common 

cross-sectional area – see section 3.1.2/3) – The outcome of this set of tests was 

to find the best green density and thus the best shrinkage (as measured after 

sintering). 

• Measured green density for the chosen ‘best’ green components for all pressed 

sizes. 

• Sintered component density or S.D. (measured by the Archimedes method ) 

• Measured apparent density of the granulated test powder from a grade as well as 

the historical apparent density of the same grade for a period of 1 year. 

• Granule size distribution plots for a test sample of powder (historical data are 

shown as well), the plots show mass percent vs. granule size (µm). 

• Porosity check for sintered components from a grade (the best and worst 

components from each grade were mounted and polished then examined under a 

microscope). Micrographs are shown in both cases for each grade. 

 

Following the summaries for each grade when pressing ‘negative’ components is a 

section showing the pressing and experimentation results when varying the shape of a 

component (positive inserts) in order to evaluate if a complex shape or significant angle 

in the component geometry affects the ideal shrinkage for a particular grade. 

4.2 Experimental data results 

 

All of the data collected from pressing, sintering, powder analysis and sintered 

component analysis is shown in this section in tabular as well as graphical form. As 

there was a large amount of data collected, only the most important information is 

shown in this section. Other data such as historical data and supporting information 

relevant to the grade being presented can be found in the Appendix 1 & 2. 

The order of data shown is alphabetical by grade name.
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4.2.1 Grade ‘230’ experimental data 

 

‘230’ grade powder is a mining grade (straight WC-Co) that has a relatively high cobalt 

content (9.7 wt %) and a wide grain size distribution (2-6µm). It is a commonly used 

grade in products such as shims which are used to support cutting inserts. It is an 

important grade as it is widely used in a variety of products. Pressing test sheets, 

historical apparent screen fraction reports as well as other test results and reports can be 

found in Appendix 1-A1. 

 

Table 4.2 - Grade ‘230’ experimental data summary  

SD (Batch) 14.52 g/cm
3
 

SD (Test samples) 14.46 g/cm
3
 

Apparent density (Grade batch) 3.60 g/cm
3
 

Apparent density (Test powder sample) 3.64 g/cm
3
 

Volatile content (Test sample) 2.07% 

Best average green density (Measured) 8.29 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.3 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

Table 4.3 – Pressing test results for grade ‘230’ 

Green 

thickness 

(mm) 

Best 

compact
1
 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 21.0% 21.2% 4.15 8.30 21.9 / 116 

4.00 21.0% 21.4% 8.29 8.29 25.0 / 100 

8.00 21.0% 21.3% 16.58 8.29 23.9 / 95.6 

 

 

Table 4.4 – Screen fraction report for grade ‘230’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

107.5 g 0.5 g 12.1 g 61.7 g 19.4 g 9.1 g 4.7 g 

Percent 0.5 % 11.3 % 57.4 % 18.0 % 8.5 % 4.4 % 

                                                 
1 The values shown indicate the target or theoretical shrinkage for that compact 
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Figure 4.1 – Measured granule size distribution of test powder sample of grade 230 

(apparent density of 3.64 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.2 – Historical granule size distribution of grade 230 (historical apparent 

density of 3.70 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 – 100x magnification image of polished section of the best shrinkage sample 

(least porosity): 21.4% and the worst shrinkage (most porosity) sample: 23.7% 
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4.2.2 Grade ‘AP20’ experimental data 

 

‘AP20’ grade powder is a wear grade (straight WC-Co) that has relatively high cobalt 

content (10.5 wt%) and a narrow coarse grain size distribution (2-3 µm). It is mainly 

used in the specials department where components are formed on machines after pre-

sintering. It is an important grade as it is quite widely used in a variety of products. 

Pressing and all other test sheets can be found in Appendix 1-A2. 

 

Table 4.5 - Grade AP20 summary  

SD (Grade batch) 14.35 g/cm
3
 

SD (Test samples) 14.35 g/cm
3
 

Apparent density (Grade batch) 3.19 g/cm
3
 

Apparent density (Test powder sample) 3.42 g/cm
3
 

Volatile content (Test samples) 2.30 % 

Best average green density 8.06 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.6 – Pressing test results for grade ‘AP20’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

1.99 21.5 % 21.7 % 4.04 8.12 30.9 / 123.6 

4.00 21.5 % 22.1 % 8.07 8.07 27.1 / 108.3 

8.00 22.0 % 22.6 % 15.96 7.98 23.4 / 94 

 

 

 

Table 4.7 – Screen fraction report for grade ‘AP20’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

117.6 g 0.2 g 1.9 g 45.0 g 25.3 g 16.0 g 29.2 g 

Percent 0.2 % 1.6 % 38.3 % 21.5 % 13.6 % 24.8 % 
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Figure 4.4 – Measured granule size distribution of test powder sample of grade AP20 

(apparent density of 3.42 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.5 – Historical granule size distribution of grade AP20 (historical apparent 

density of 3.44 g/cm
3
) 

 

 

 

 

 

 

 

 

 

Figure 4.6 – 100x magnification image of polished section of the best shrinkage sample 

(least porosity) 22.1% and the worst shrinkage (most porosity)  24.4% for AP20 
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4.2.3 Grade ‘CN10’ experimental data 

 

‘CN10’ grade powder is a tool grade that has relatively low cobalt content (6.7 wt%) 

and is a sub-micron grain size powder. There are mixed crystals of Ni and Cr3C2. It is a 

commonly used grade in products such as cutting inserts (milling type) where high 

hardness is required. This grade was known for being un-pressible like another grade 

known as ‘CR10’. Pressing test sheets as well as other test results and reports can be 

found in Appendix 1-A3 

 

Table 4.8 - Grade ‘CN10’ summary  

SD (grade batch) 14.41 g/cm
3
 

SD (Test sample) 14.36 g/cm
3
 

Apparent density (Grade batch) 3.32 g/cm
3
 

Apparent density (Test powder sample) 3.18 g/cm
3
 

Volatile content (Test sample) 2.76 % 

Best average green density (Measured) 7.64 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 24.6 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.9 – Pressing test results for grade ‘CN10’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 24.0 % 24.2 % 3.85 7.70 41.3 / 165 

4.00 24.0 % 24.1 % 7.72 7.72 40.2 / 161 

8.02 25.0 % 25.4 % 15.08 7.52 28.8 / 116 

 

 

 

Table 4.10 – Screen fraction report for grade ‘CN10’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

185.3 g 0.7 g 1.7 g 110.8 g 38.4 g 22.9 g 10.8 g 

Percent 0.4 % 0.9 % 59.8 % 20.7 % 12.4 % 5.8 % 
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Figure 4.7 – Measured granule size distribution of test powder sample of grade CN10 

(apparent density of 3.18 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.8 – Historical granule size distribution of grade CN10 (historical apparent 

density of 3.29 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 24.1 % and the worst shrinkage (most porosity) 26.5 % for grade CN10 



 51 

4.2.4 Grade ‘CR10’ experimental data 

 

‘CR10’ grade powder is a tool grade that has sub-micron grain size and Co content of 

9.5 wt%. It is a commonly used grade in products such as cutting inserts (milling) where 

toughness and high hardness are required. This is a straight grade with no mixed 

crystals.  It is an important grade and in the past was very difficult to press due to a 

massively incorrect tool shrinkage consideration. Pressing test sheets as well as other 

test results and reports can be found in Appendix 1-A4. 

 

Table 4.11 - Grade ‘CR10’ summary  

SD (Grade batch) 14.45 g/cm
3
 

SD (Test sample) 14.56 g/cm
3
 

Apparent density (Grade batch) 3.39 g/cm
3
 

Apparent density (Test powder sample) 3.26 g/cm
3
 

Volatile content (Test sample) 3.23 % 

Best average green density (Measured) 7.75 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 24.6 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.12 – Pressing test results for grade ‘CR10’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 24.0 % 24.5 % 3.87 7.74 35.3 / 141.2 

4.00 24.0 % 24.8 % 7.75 7.75 33.8 / 135.0 

7.98 24.0 % 24.4 % 15.52 7.78 36.1 / 144.4 

 

 

 

Table 4.13 – Screen fraction report for grade ‘CR10’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

146.3 g 0.1 g 0.3 g 44.5 g 53.3 g 27.8 g 20.3 g 

Percent 0.1 % 0.2 % 30.4 % 36.4 % 19.0 % 13.9 % 
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Figure 4.10 – Measured granule size distribution of test powder sample of grade CR10 

(apparent density of 3.26 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 – Historical granule size distribution of grade CR10 (historical apparent 

density of 3.28 g/cm
3
)

 

 

 

 

 

 

 

 

 

 

 

Figure 4.12 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 24.0 % and the worst shrinkage (most porosity) 25.5 % for grade CR10 
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4.2.5 Grade ‘H1P’ experimental data 

 

‘H1P’ grade powder is a tool grade that has 1 micron grain size and relatively low 

cobalt content (6.0 wt%). It is used where high hardness is required. Mixed crystals of 

TiC and TaC are present. Pressing test sheets as well as other test results and reports can 

be found in Appendix 1-A5. 

 

 

Table 4.14 - Grade ‘H1P’ summary  

SD (Grade batch) 12.89 g/cm
3
 

SD (Test samples) 12.89 g/cm
3
 

Apparent density (Grade batch) 3.24 g/cm
3
 

Apparent density (Test powder sample) 3.25 g/cm
3
 

Volatile content (Test samples) 2.46 % 

Best average green density (Measured) 7.35 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 20.7 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.15 – Pressing test results for grade ‘H1P’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 21 % 20.6 % 3.68 7.36 48.5 / 193 

4.02 21 % 20.8 % 7.37 7.33 48.7 / 195 

- - - - - - 

 

 

 

Table 4.16 – Screen fraction report for grade ‘H1P’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

158.9 g 0.1 g 1.3 g 75.0 g 47.2 g 25.1 g 10.2 g 

Percent 0.1 % 0.8 % 47.2 % 29.7 % 15.8 % 6.4 % 
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Figure 4.13 – Measured granule size distribution of test powder sample of grade H1P 

(apparent density of 3.25 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.14 – Historical granule size distribution of grade H1P (historical apparent 

density of 3.21 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 – 100x magnification image of polished cross-section of the best shrinkage 

(least porosity) 21 % and the worst shrinkage (most porosity) 25 % for grade H1P 
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4.2.6 Grade ‘H6’ experimental data 

 

‘H6’ grade powder is a wear grade that has 1 to 1.5 micron grain size and relatively low 

cobalt content (5.6 wt%). It is used where high hardness is required. There are mixed 

crystals (TaC and NbC). Pressing test sheets, historical screen fractions as well as other 

test results and reports can be found in Appendix 1-A6. 

 

Table 4.17 - Grade ‘H6’ summary  

SD (Grade batch) 14.95 g/cm
3
 

SD (Test sample) 14.90 g/cm
3
 

Apparent density (Grade batch) 3.04 g/cm
3
 

Apparent density (Test powder sample) 2.87 g/cm
3
 

Volatile content (Test sample) 2.47 % 

Best average green density (Measured) 8.08 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 23.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.18 – Pressing test results for grade ‘H6’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

3.15 23.5 % 23.1 % 6.40 8.12 82.3 / 329 

6.34 23.5 % 23.7 % 12.75 8.04 74.4 / 298 

- - - - - - 

 

 

 

Table 4.19 – Screen fraction report for grade ‘H6’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

199.3 g 0.1 g 24.4 g 123.3 g 40.2 g 9.3 g 2.0 g 

Percent 0.1 % 12.2 % 61.9 % 20.2 % 4.7 % 1.0 % 
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Figure 4.16 – Measured granule size distribution of test powder sample of grade H6 

(apparent density of 2.87 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.17 – Historical granule size distribution of grade H6 (historical apparent 

density of 3.41 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.18 – 100x magnification image of polished cross-section of the best shrinkage 

(least porosity) 23.5 % and the worst shrinkage (most porosity) 25.5 % for grade H6 
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4.2.7 Grade ‘K15M’ experimental data 

 

‘K15M’ grade powder is a tool grade that has 1-2 µm grain size band and relatively low 

cobalt content (7.3 wt%). It is used where high hardness is required. It contains mixed 

crystals (TiC). Pressing test sheets, historical screen fractions as well as other test 

results and reports can be found in Appendix 1-A7. 

 

Table 4.20 - Grade ‘K15M’ summary  

SD (Grade batch) 12.77 g/cm
3
 

SD (Test sample) 12.82 g/cm
3
 

Apparent density (Grade batch) 3.23 g/cm
3
 

Apparent density (Test powder sample) 3.12 g/cm
3
 

Volatile content (Test sample) 2.44 % 

Best average green density (Measured) 6.98 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 23.4 % 

Porosity result for ‘best shrinkage’ sintered components A02 B02 

 

 

 

Table 4.21 – Pressing test results for grade ‘K15M’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 23.0 % 23.3 % 3.49 6.98 28.1 / 112 

4.00 23.0 % 23.3 % 6.98 6.98 26.2 / 105 

8.00 23.0 % 23.6 % 13.95 6.97 24.8 / 99.2 

 

 

 

Table 4.22 – Screen fraction report for grade ‘K15M’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

198.9 g 0.1 g 1.6 g 123.4 g 42.8 g 16.5 g 14.5 g 

Percent 0.1 % 0.8 % 62.0 % 21.5 % 8.3 % 7.3 % 
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Figure 4.19 – Measured granule size distribution of test powder sample of grade K15M 

(apparent density of 3.12 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.20 – Historical granule size distribution of grade K15M (historical apparent 

density of 3.19 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.21 – 100x magnification image of polished cross-section of the best shrinkage 

(least porosity) 23 % and the worst shrinkage (most porosity) 25 % for grade K15M 
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4.2.8 Grade ‘MT16’ experimental data 

 

‘MT16’ grade powder is a mining grade that has 2-3 µm grain size and high cobalt 

content (16.0 wt%). It is used where high toughness and wear resistance is required. It 

contains no mixed crystals. Pressing test sheets as well as other test results and reports 

can be found in Appendix 1-A8. 

 

Table 4.23 - Grade ‘MT16’ summary  

SD (Grade batch) 13.85 g/cm
3
 

SD (Test sample) 13.82 g/cm
3
 

Apparent density (Grade batch) 3.39 g/cm
3
 

Apparent density (Test powder sample) 3.43 g/cm
3
 

Volatile content (Test sample) 2.75 % 

Best average green density (Measured) 7.74 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.24 – Pressing test results for grade ‘MT16’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 22.0 % 22.2 % 3.87 7.74 35.9 / 144 

4.00 22.0 % 22.4 % 7.75 7.75 34.5 / 137 

8.01 22.0 % 22.6 % 15.50 7.74 33.8 / 135 

 

 

 

Table 4.25 – Screen fraction report for grade ‘MT16’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

157.2 g 0.3 g 10.0 g 90.4 g 25.2 g 22.4 g 8.9 g 

Percent 0.2 % 6.4 % 57.5 % 16.0 % 14.2 % 5.7 % 
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Figure 4.22 –Measured granule size distribution of test powder sample of grade MT16 

(apparent density of 3.43 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.23 – Historical granule size distribution of grade MT16 (historical apparent 

density of 3.37 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.24 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22 % and the worst shrinkage (most porosity) 24 % for grade MT16 
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4.2.9 Grade ‘MZ15’ experimental data 

 

‘MZ15’ grade powder is a mining grade that has 2-4 µm grain size and high cobalt 

content (15.2 wt%). It is used where high toughness and wear resistance is required. It 

contains no mixed crystals. Pressing test sheets as well as other test results and reports 

can be found in Appendix 1-A9. 

 

Table 4.26 - Grade ‘MZ15’ summary  

SD (Grade batch) 13.92 g/cm
3
 

SD (Test sample) 13.93 g/cm
3
 

Apparent density (Grade batch) 3.22 g/cm
3
 

Apparent density (Test powder sample) 3.37 g/cm
3
 

Volatile content (Test sample) 2.42 % 

Best average green density (Measured) 7.78 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.27 – Pressing test results for grade ‘MZ15’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 22.0 % 22.5 % 3.89 7.78 27.0 / 108 

4.00 22.0 % 22.3 % 7.78 7.78 23.7 / 94.8 

8.00 22.0 % 22.3 % 15.57 7.78 23.2 / 92.8 

 

 

Table 4.28 – Screen fraction report for grade ‘MZ15’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

127.0 g 0.2 g 5.8 g 74.5 g 23.6 g 17.5 g 5.4 g 

Percent 0.2 % 4.6 % 58.7 % 18.6 % 13.8 % 4.3 % 
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Figure 4.25 – Measured granule size distribution of test powder sample of grade MZ15 

(apparent density of 3.37 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.26 – Historical granule size distribution of grade MZ15 (historical apparent 

density of 3.31 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.27 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22 % and the worst shrinkage (most porosity) 23 % for grade MZ15 
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4.2.10 Grade ‘N6 / 194’ experimental data 

 

‘N6 / 194’ grade powder is a wear grade that has 1-3 µm grain size and relatively low 

cobalt content (6.0 wt%). It is used where high hardness and abrasion resistance is 

required. It contains no mixed crystals. Pressing test sheets, historical data as well as 

other test results and reports can be found in Appendix 1-A10. 

 

Table 4.29 - Grade ‘N6 / 194’ summary  

SD (Grade batch) 14.87 g/cm
3
 

SD (Test samples) 14.89 g/cm
3
 

Apparent density (Grade batch) 3.60 g/cm
3
 

Apparent density (Test powder sample) 3.62 g/cm
3
 

Volatile content (Test samples) 1.94 % 

Best average green density (Measured) 8.14 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.9 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.30 – Pressing test results for grade ‘N6 / 194’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.01 22.5 % 22.9 % 4.07 8.10 19.3 / 77 

4.00 22.5 % 22.6 % 8.18 8.18 20.5 / 82 

8.00 22.5 % 23.0 % 16.31 8.15 19.9 / 80 

 

 

 

Table 4.31 – Screen fraction report for grade ‘N6 / 194’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

126.9 g 0.4 g 2.6 g 82.8 g 14.5 g 19.1 g 7.5 g 

Percent 0.3 % 2.0 % 65.2 % 11.4 % 15.1 % 5.9 % 
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Figure 4.28 – Measured granule size distribution of test powder sample of grade N6 / 

194 (apparent density of 3.62 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.29 – Historical granule size distribution of grade N6 / 194 (historical apparent 

density of (3.72 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.30 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22.5 % and the worst shrinkage (most porosity) 24 % for grade N6 / 194 
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4.2.11 Grade ‘P7’ experimental data 

 

‘P7’ grade powder is a mining grade that has 2-6 µm grain size and relatively low cobalt 

content (7.5 wt%). It is used where high hardness is required. It contains no mixed 

crystals. Pressing test sheets as well as other test results and reports can be found in 

Appendix 1-A11. 

 

Table 4.32 - Grade ‘P7’ summary  

SD (Grade batch) 14.73 g/cm
3
 

SD (Test samples) 14.75 g/cm
3
 

Apparent density (Grade batch) 3.80 g/cm
3
 

Apparent density (Test powder samples) 3.38 g/cm
3
 

Volatile content (Test sample) 2.26 % 

Best average green density (Measured) 8.26 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.2 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.33 – Pressing test results for grade ‘P7’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 22.0 % 22.6 % 4.10 8.20 21.7 / 87 

4.00 22.0 % 22.3 % 8.20 8.20 19.2 / 77 

8.00 22.5 % 23.0 % 16.31 8.15 19.9 / 80 

 

 

 

Table 4.34 – Screen fraction report for grade ‘N6 / 194’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

99.1 g 0.4 g 1.2 g 25.7 g 29.7 g 20.8 g 21.3 g 

Percent 0.4 % 1.2 % 25.9 % 30.0 % 21.0 % 21.5 % 
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Figure 4.31 – Measured granule size distribution of test powder sample of grade P7 

(apparent density of 3.38 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.32 – Historical granule size distribution of grade P7 (historical apparent 

density of 3.72 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.33 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22 % and the worst shrinkage (most porosity) 23 % for grade P7 
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4.2.12 Grade ‘P25M’ experimental data 

 

‘P25M’ grade powder is a tool grade that has 1-2 µm grain size band and 9.5 wt% 

cobalt content. It is used where high hardness and toughness is required. It contains 

mixed crystals (TiC, TaC and NbC). Pressing test sheets, historical data as well as other 

test results and reports can be found in Appendix 1-A12. 

 

Table 4.35 - Grade ‘P25M’ summary  

SD (Grade batch) 12.59 g/cm
3
 

SD (Test samples) 12.56 g/cm
3
 

Apparent density (Grade batch) 3.12 g/cm
3
 

Apparent density (Test powder sample) 3.01 g/cm
3
 

Volatile content (Test sample) 2.38 % 

Best average green density  7.22 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.1 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.36 – Pressing test results for grade ‘P25M’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 20.0 % 20.7 % 3.65 7.30 36.7 / 147 

4.00 20.0 % 20.6 % 7.29 7.29 32.5 / 130 

8.00 21.5 % 22.0 % 14.17 7.08 22.6 / 90 

 

 

 

Table 4.37 – Screen fraction report for grade ‘P25M’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.0 g 0.1 g 1.7 g 92.8 g 50.0 g 33.3 g 19.1 g 

Percent 0.1 % 0.9 % 47.1 % 25.4 % 16.9 % 9.7 % 
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Figure 4.34 – Measured granule size distribution of test powder sample of grade P25M 

(apparent density of 3.01 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.35 – Historical granule size distribution of grade P25M (historical apparent 

density of 3.14 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.36 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 20 % and the worst shrinkage (most porosity) 24 % for grade P25M 
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4.2.13 Grade ‘P30M’ experimental data 

 

‘P30M’ grade powder is a tool grade that has 2-3 µm grain size and 10 wt% cobalt 

content. It is used for cutting inserts where a degree of toughness is required. It contains 

mixed crystals (TiC, TaC and NbC). Pressing test sheets, historical data as well as other 

test results and reports can be found in Appendix 1-A13. 

 

Table 4.38 - Grade ‘P30M’ summary  

SD (Grade batch) 12.38 g/cm
3
 

SD (Test samples) 12.49 g/cm
3
 

Apparent density (Grade batch) 3.10 g/cm
3
 

Apparent density (Test powder sample) 2.91 g/cm
3
 

Volatile content (Test samples) 2.51 % 

Best average green density  7.09 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.8 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.39 – Pressing test results for grade ‘P30M’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 20 % 21.1 % 3.60 7.20 36.9 / 148 

4.00 20 % 22.2 % 7.03 7.03 25.2 / 100 

8.00 21 % 22.2 % 14.10 7.05 24.7 / 99 

 

 

 

Table 4.40 – Screen fraction report for grade ‘P30M’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

211.0 g 0.4 g 36.9 g 118.6 g 33.3 g 15.6 g 6.2 g 

Percent 0.2 % 17.5 % 56.2 % 15.8 % 7.4 % 2.9 % 
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Figure 4.37 – Measured granule size distribution of test powder sample of grade P30M 

(apparent density of 2.91 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.38 – Historical granule size distribution of grade P30M (historical apparent 

density of 3.09 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.39 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 20 % and the worst shrinkage (most porosity) 24 % for grade P30M 
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4.2.14 Grade ‘P40M’ experimental data 

 

‘P40M’ grade powder is a tool grade that has 2-3 µm grain size and 10 wt% cobalt 

content. It contains mixed crystals (TiC, TaC and NbC). Pressing test sheets as well as 

other test results and reports can be found in Appendix 1-A14. 

 

Table 4.41 - Grade ‘P40M’ summary  

SD (Grade batch) 13.25 g/cm
3
 

SD (Test samples) 13.26 g/cm
3
 

Apparent density (Grade batch) 3.23 g/cm
3
 

Apparent density (Test powder samples) 3.09 g/cm
3
 

Volatile content (Test sample) 2.45 % 

Best average green density 7.50 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.7 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

 

Table 4.42 – Pressing test results for grade ‘P40M’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 21.5 % 21.7 % 3.74 7.48 30.2 / 121 

4.00 21.0 % 21.4 % 7.54 7.56 30.4 / 122 

8.00 21.5 % 22.1 % 14.93 7.46 26.0 / 104 

 

 

 

Table 4.43 – Screen fraction report for grade ‘P40M’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.8 g 0.2 g 16.8 g 108.3 g 43.0 g 20.9 g 7.6 g 

Percent 0.1 % 8.5 % 55.0 % 21.9 % 10.6 % 3.9 % 
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Figure 4.40 – Measured granule size distribution of test powder sample of grade P40M 

(apparent density of 3.09 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.41 – Historical granule size distribution of grade P40M (historical apparent 

density of 3.26 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.42 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 21 % and the worst shrinkage (most porosity) 24 % for grade P40M 
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4.2.15 Grade ‘P511’ experimental data 

 

‘P511’ grade powder is a mining grade that has 3-6 µm grain size and relatively high 

cobalt content (11.7 wt%). It is used where toughness is required. It contains mixed no 

crystals. Pressing test sheets as well as other test results and reports can be found in 

Appendix 1-A15. 

 

Table 4.44 - Grade ‘P511’ summary  

SD (Grade batch) 14.26 g/cm
3
 

SD (Test samples) 14.25 g/cm
3
 

Apparent density (Grade batch) N/A 

Apparent density (Test powder sample) 3.41 g/cm
3
 

Volatile content (Test samples) 2.89 % 

Best average green density 8.01 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.6 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.45 – Pressing test results for grade ‘P511’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 22.0 % 22.0 % 3.98 7.96 22.3 / 89 

4.00 22.0 % 22.2 % 7.97 7.97 20.9 / 84 

8.00 20.0 % 20.7 % 16.62 8.31 29.6 / 118 

 

 

 

Table 4.46 – Screen fraction report for grade ‘P511’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

117.5 g 0.1 g 2.7 g 63.2 g 34.8 g 14.6 g 2.1 g 

Percent 0.1 % 2.3 % 53.8 % 29.6 % 12.4 % 1.8 % 
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Figure 4.43 – Measured granule size distribution of test powder sample of grade P511 

apparent density of 3.41 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.44 – Historical granule size distribution of grade P511 (historical apparent 

density of 3.53 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.45 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22 % (left) and the worst shrinkage (most porosity) 24 % for grade P511 
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4.2.16 Grade ‘PBF’ experimental data 

 

‘PBF’ grade powder is a mining grade that has 2-3 µm grain size and relatively low 

cobalt content (5.9 wt%). It is used where wear resistance is required. It contains no 

mixed crystals (straight grade). Pressing test sheets as well as other test results and 

reports can be found in Appendix 1-A16. 

 

Table 4.47 - Grade ‘PBF’ summary  

SD (Grade batch) 14.94 g/cm
3
 

SD (Test samples) 14.93 g/cm
3
 

Apparent density (Grade batch) 3.95 g/cm
3
 

Apparent density (Test powder sample) 3.86 g/cm
3
 

Volatile content (Test samples) 2.35 % 

Best average green density  8.57 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.1 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.48 – Pressing test results for grade ‘PBF’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 20.0 % 20.2 % 4.33 8.66 27.9 / 112 

4.00 20.5 % 21.2 % 8.58 8.58 21.7 / 87 

8.02 21.0 % 21.9 % 16.98 8.47 17.9 / 72 

 

 

 

Table 4.49 – Screen fraction report for grade ‘PBF’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

149.3 g 0.1 g 2.9 g 41.4 g 41.0 g 35.6 g 28.3 g 

Percent 0.1 % 1.9% 27.7 % 27.5 % 23.8 % 19.0 % 
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Figure 4.46 – Measured granule size distribution of test powder sample of grade PBF 

(apparent density of 3.86 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.47 – Historical granule size distribution of grade PBF (historical apparent 

density of 3.70 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.48 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 21.5 % and the worst shrinkage (most porosity) 24 % for grade PBF 
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4.2.17 Grade ‘PBT’ experimental data 

 

‘PBT’ grade powder is a mining grade (very similar to PBF) that has 2-4 µm grain size 

and relatively low cobalt content (6.0 wt%). It is used where wear resistance is required. 

It contains mixed no crystals. This is an important grade as it is very widely used at 

Powder Industries. Pressing test sheets as well as other test results and reports can be 

found in Appendix 1-A17. 

 

Table 4.50 - Grade ‘PBT’ summary  

SD (Grade batch) 14.96 g/cm
3
 

SD (Test samples) 14.98 g/cm
3
 

Apparent density (Grade batch) 3.80 g/cm
3
 

Apparent density (Test powder sample) 3.88 g/cm
3
 

Volatile content (Test samples) 2.17 % 

Best average green density 8.68 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 20.2 % 

Porosity result for ‘best shrinkage’ sintered components A02 B02 

 

 

 

Table 4.51 – Pressing test results for grade ‘PBT’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 20.0 % 19.8 % 4.35 8.70 29.6 / 118 

4.00 20.0 % 20.3 % 8.68 8.68 28.5 / 114 

8.01 20.0 % 20.5 % 17.38 8.68 26.8 / 107 

 

 

 

Table 4.52 – Screen fraction report for grade ‘PBT’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

106.9 g 0.3 g 8.0 g 68.5 g 18.0 g 8.0 g 4.1 g 

Percent 0.3 % 7.5 % 64.1 % 16.8 % 7.5 % 3.8 % 
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Figure 4.49 – Measured granule size distribution of test powder sample of grade PBT 

(apparent density of 3.88 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.50 – Historical granule size distribution of grade PBT (historical apparent 

density of 3.84 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.51 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 20 % and the worst shrinkage (most porosity) 24 % for grade PBT 
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4.2.18 Grade ‘PC20’ experimental data 

 

‘PC20’ grade powder is a tool grade that has 1-3 µm grain size and relatively low cobalt 

content (6.0 wt%). It is used where high hardness is required. It contains mixed crystals 

(TiC, TaC and NbC). Pressing test sheets as well as other test results and reports can be 

found in Appendix 1-A18. 

 

Table 4.53 - Grade ‘PC20’ summary  

SD (Grade batch) 14.66 g/cm
3
 

SD (Test sample) 14.56 g/cm
3
 

Apparent density (Grade batch) 3.71 g/cm
3
 

Apparent density (Test powder sample) 3.55 g/cm
3
 

Volatile content (Test sample) 2.55 % 

Best average green density (Measured) 8.35 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.0 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.54 – Pressing test results for grade ‘PC20’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 21.0 % 20.9 % 4.17 8.34 34.1 / 136 

4.00 21.0 % 20.9 % 8.36 8.36 35.9 / 144 

8.00 21.0 % 21.2 % 16.70 8.35 36.5 / 146 

 

 

 

Table 4.55 – Screen fraction report for grade ‘PC20’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

148.4 g 0.1 g 3.0 g 71.6 g 37.4 g 22.1 g 14.2 g 

Percent 0.1 % 2.0 % 48.3 % 25.2 % 14.9 % 9.6 % 
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Figure 4.52 – Measured granule size distribution of test powder sample of grade PC20 

(apparent density of 3.55 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.53 – Historical granule size distribution of grade PC20 (apparent density of 

3.71 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.54 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 21 % and the worst shrinkage (most porosity) 23 % for grade PC20 
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4.2.19 Grade ‘PI15’ experimental data 

 

‘PI15’ grade powder is a tool grade that has 2-3 µm grain size band and relatively low 

cobalt content (6.0 wt%). It is used in the manufacture of cutting inserts. It contains 

mixed crystals (TiC, TaC and NbC). Pressing test sheets, historical data as well as other 

test results and reports can be found in Appendix 1-A19. 

 

Table 4.56 - Grade ‘PI15’ summary  

SD (Grade batch) 14.02 g/cm
3
 

SD (Test samples) 14.08 g/cm
3
 

Apparent density (Grade batch) 3.46 g/cm
3
 

Apparent density (Test powder sample) 3.40 g/cm
3
 

Volatile content (Test samples) 2.30 % 

Best average green density  7.98 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.6 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00  

 

 

 

Table 4.57 – Pressing test results for grade ‘PI15’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.01 21.0 % 21.5% 4.01 7.98 30.8 / 123 

4.00 21.0 % 21.5 % 7.98 7.98 28.6 / 114 

8.00 21.0 % 21.7 % 15.96 7..98 28.5 / 114 

 

 

 

Table 4.58 – Screen fraction report for grade ‘PI15’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

153.3 g 0.1 g 0.7 g 86.2 g 33.4 g 23.6 g 9.3 g 

Percent 0.1 % 0.5 % 56.2 % 21.8 % 15.4 % 6.1 % 
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Figure 4.55 – Measured granule size distribution of test powder sample of grade PI15 

(apparent density of 3.40 g/cm
3
) 

 

 

 

 

 

 

 

 

 

Figure 4.56 – Historical granule size distribution of grade PI15 (historical apparent 

density of 3.52 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.57 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 21 % and the worst shrinkage (most porosity) 24 % for grade PI15 
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4.2.20 Grade ‘PI25’ experimental data 

 

‘PI-25’ grade powder is a tool grade that has 2-3 µm grain size and relatively low cobalt 

content (6.6 wt%). It is used where high hardness is required and is used to make 

products such as cutting inserts. It contains mixed crystals (TiC, TaC and NbC). 

Pressing test sheets, historical data as well as other test results and reports can be found 

in Appendix 1-A20. 

 

Table 4.59 - Grade ‘PI25’ summary  

SD (Grade batch) 14.11 g/cm
3
 

SD (Test sample) 14.08 g/cm
3
 

Apparent density (Grade batch) 3.48 g/cm
3
 

Apparent density (Test powder sample) 3.37 g/cm
3
 

Volatile content (Test sample) 2.23 % 

Best average green density (Measured) 7.94 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 21.7 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.60 – Pressing test results for grade ‘PI25’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 21.0 % 21.1 % 4.01 8.02 34.0 / 136 

4.01 21.0 % 21.6 % 8.00 7.98 27.7 / 111 

8.00 22.0 % 22.4 % 15.68 7.84 21.8 / 87 

 

 

 

Table 4.61 – Screen fraction report for grade ‘PI25’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

168.1 g 0.1 g 3.6 g 82.7 g 45.6 g 23.7 g 12.4 g 

Percent 0.1 % 2.1 % 49.2 % 27.1 % 14.1 % 7.4 % 
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Figure 4.58 – Measured granule size distribution of test powder sample of grade PI25 

(apparent density of 3.37 g/cm
3
) 

 

 

  

 

 

 

 

 

 

Figure 4.59 – Historical granule size distribution of grade PI25 (historical apparent 

density of 3.53 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.60 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 21 % and the worst shrinkage (most porosity) 24 % for grade PI25 



 85 

4.2.21 Grade ‘PI-40’ experimental data 

 

‘PI-40’ grade powder is a tool grade that has 2-4 µm grain size band and 8.5 wt% cobalt 

content. It is used to manufacture cutting inserts where a degree of toughness is 

required. It contains mixed crystals (TiC, TaC and NbC). Pressing test sheets as well as 

other test results and reports can be found in Appendix 1-A21 

 

Table 4.62 - Grade ‘PI40’ summary  

SD (Grade batch) 13.80 g/cm
3
 

SD (Test sample) 13.81 g/cm
3
 

Apparent density (Grade batch) 3.30 g/cm
3
 

Apparent density (Test powder sample) 3.27 g/cm
3
 

Volatile content (Test sample) 2.29 % 

Best average green density (Measured) 7.71 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00  

 

 

 

 

Table 4.63 – Pressing test results for grade ‘PI40’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 22.0 % 22.6 % 3.85 7.70 27.4 / 110 

4.00 22.0 % 22.2 % 7.73 7.73 25.7 / 103 

8.00 22.0 % 22.5 % 15.40 7.70 24.2 / 98 

 

 

 

Table 4.64 – Screen fraction report for grade ‘PI40’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

133.5 g 0.1 g 5.5 g 97.0 g 18.6 g 8.3 g 4.0 g 

Percent 0.1 % 4.1 % 72.7 % 13.9 % 6.2 % 3.0 % 
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Figure 4.61 – Measured granule size distribution of test powder sample of grade PI40 

(apparent density of 3.27 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.62 – Historical granule size distribution of grade PI40 (historical apparent 

density 3.40 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.63 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22 % and the worst shrinkage (most porosity) 25 % for grade PI40 
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4.2.22 Grade ‘Q3’ experimental data 

 

‘Q3’ grade powder is a mining grade that has 3-6 µm grain size and very high cobalt 

content (23.0 wt%). It is used where very high toughness is required. It contains no 

mixed crystals. Pressing test sheets, historical data as well as other test results and 

reports can be found in Appendix 1-A22. 

 

Table 4.67 - Grade ‘Q3’ summary  

SD (Grade batch) 13.18 g/cm
3
 

SD (Test sample) 13.26 g/cm
3
 

Apparent density (Grade batch) 3.04 g/cm
3
 

Apparent density (Test powder sample) 3.13 g/cm
3
 

Volatile content (Test sample) 2.20 % 

Best average green density (Measured) 7.26 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 22.1 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.68 – Pressing test results for grade ‘Q3’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

4.00 22.5 % 23.1 % 7.26 7.26 23.4 / 94 

8.00 22.5 % 23.1 % 14.52 7.26 23.0 / 92 

- - - - - - 

 

 

 

Table 4.69 – Screen fraction report for grade ‘Q3’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

149.7 g 2.3 g 53.9 g 77.3 g 11.2 g 3.1 g 1.9 g 

Percent 1.5 % 36.0 % 51.6 % 7.5 % 2.1 % 1.3 % 
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Figure 4.64 – Measured granule size distribution of test powder sample of grade Q3 

(apparent density of 3.13 g/cm
3
) 

 

 

 

  

 

 

 

 

 

Figure 4.65 – Historical granule size distribution of grade Q3 (historical apparent 

density of g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.66 – 100x magnification image of polished section of the best shrinkage (least 

porosity) 22.5 % and the worst shrinkage (most porosity) 24 % for grade Q3 
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4.2.23 Grade ‘S9’ experimental data 

 

‘S9’ grade powder is a tool grade that has 1-3 µm grain size and 10 wt% cobalt content. 

It is a very mixed grade as it is made up of mainly left-over powders from various other 

tool grades and can be call a general tool grade. It contains mixed crystals (TiC, TaC 

and NbC). Pressing test sheets, historical data as well as other test results and reports 

can be found in Appendix 1-A23. 

 

Table 4.70 - Grade ‘S9’ summary  

SD (Grade batch) 12.38 g/cm
3
 

SD (Test samples) 12.43 g/cm
3
 

Apparent density (Grade batch) 3.34 g/cm
3
 

Apparent density (Test powder sample) 3.20 g/cm
3
 

Volatile content (Test samples) 2.33 % 

Best average green density 7.27 g/cm
3
 

Average best shrinkage for grade (Evaluated test pieces) 20.4 % 

Porosity result for ‘best shrinkage’ sintered components A00 B00 

 

 

 

Table 4.71 – Pressing test results for grade ‘S9’ 

Green 

thickness 

(mm) 

Best 

compact 

Actual 

shrinkage 

(overall) 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

2.00 19.0 % 19.9 % 3.66 7.32 35.8 / 143 

4.01 19.0 % 20.3 % 7.33 7.31 31.8 / 127 

8.01 20% (S) 21.0 % 14.41 7.19 25.7 / 103 

 

 

 

Table 4.72 – Screen fraction report for grade ‘S9’ test powder (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

167.9 g 1.6 g 20.5 g 64.2 g 40.3 g 25.1 g 16.2 g 

Percent 0.1 % 12.2 % 38.2 % 24.0 % 15.0 % 9.7 % 
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Figure 4.67 – Measured granule size distribution of test powder sample of grade S9 

(apparent density of 3.20 g/cm
3
) 

 

 

  

 

 

 

 

 

 

 

Figure 4.68 – Historical granule size distribution of grade S9 (historical apparent 

density of 3.25 g/cm
3
) 

 

 

 

 

 

 

 

 

 

 

Figure 4.69 – 100x magnification image of polished section of best shrinkage (least 

porosity) 19 % and the worst shrinkage (most porosity) 23 % for grade S9 
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4.3 Positive insert test data 

 

Four tool grades were selected to press positive inserts with an angle of 20 degrees (see 

section 2.2.3 & 3.1.4). The grades used in the tests were : CR10, PI-25, P40M and 

K15M. The pressing tests were then repeated with the same powders with a negative 

insert pressing. The purpose here was to assess if the geometry of the inserts has any 

effect on the ideal green density and thus the ideal shrinkage.  

Below are tables showing the best pressed compacts for each of the four grades of tool 

grade powder. The following must be noted:  

 

• The ‘best target’ shrinkage is the theoretical target shrinkage as calculated in 

section 3.1.5 (powder mass calculation). The actual shrinkage was not measured 

as the tests were purely comparative (i.e. ‘positive insert’ shrinkage vs. ‘negative 

insert’ shrinkage). 

• The toolset used was designed with a 25.5% shrinkage. The target shrinkages in 

this set of experiments were calculated as shown in section 3.1.5 but using 26% 

as the reference. 

• In the instance of the ‘CR10’ test, the best results for the two types of inserts 

were shrinkages of 26% (see table 4.73 & table 4.74). In the negative insert 

testing done in earlier experiments, the best result was 24%. In the tests done 

here, a new sample of CR10 powder was obtained and after physical property 

analysis, it was found that the apparent density was very different to the test 

powder used in the earlier experiments. (earlier apparent density was 3.26 g/cm
3
, 

the apparent density of the new CR10 sample used here was 3.12 g/cm
3
). 

• The apparent density has an effect on the ideal shrinkage and this is discussed in 

section 4.4.4. The result of 26% shrinkage for the CR10 grade obtained here was 

checked with the conclusions reached in Chapter 5 and it was found to be 

correct. 

• The ‘best target shrinkages’ were used as used as a guide for calculating a target 

pressing weight. For an accurate comparison of negative and positive inserts, the 

obtained green densities were compared. These densities were calculated from 

known powder weight and known green volume of the die cavity.     

• The original pressing test sheets can be found in Appendix 2. 
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Table 4.73 – Best pressing results for negative inserts 

Powder 

grade 

Green 

thickness 

(mm) 

Best target 

shrinkage 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

CR10 4.00 26.0 % 7.43 7.43 28.4 / 114 

PI-25 4.00 21.5 % 8.05 8.05 22.7 / 90 

P40M 4.01 22.5 % 7.35 7.33 27.5 / 110 

K15M 3.99 24.0 % 6.93 6.94 30.6 / 122 

 

 

Table 4.74 – Best pressing results for positive inserts 

Powder 

grade 

Green 

thickness 

(mm) 

Best target 

shrinkage 

Green 

weight (g) 

Green density 

(g/cm
3
) 

Recorded force & 

pressure 

(kN / MPa) 

CR10 6.14 26.0 % 10.15 7.44 29.8 / 119 

PI-25 6.28 21.0 % 6.57 7.93 - 

P40M 6.28 22.5 % 6.08 7.34 - 

K15M 6.28 24.0 % 5.77 6.97 - 
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4.4 Summary and discussion of results 

4.4.1 Pressing and inspection of green  

 

As explained in the previous chapters, of the grades of powder currently being used at 

Powder Industries were tested in a series of pressing experiments – in total 23 different 

powders. The main difference in characterising each grade is cobalt content, grain size 

and mixed crystal content. The pressing experiments were carried out using the 

hydraulic CNC press in conjunction with the SNUN tooling – resulting in a square 

shaped component (as described in section 3). For each grade, three sets of compacts 

were pressed with shrinkages varying from 20% to 25% and where a grade displayed 

hard pressing; 21% to 26%. The differentiation between the sets of compacts is the 

compact thicknesses (2mm, 4mm and 8mm) with all of the compacts having the same 

cross-sectional area. This was done to check how compact size changes affect the ideal 

green density. 

 

It was found that for a particular grade, the ideal shrinkage was the same for the three 

different compact thicknesses. The fact that the thickness of the compacts did not affect 

the ideal shrinkage indicates that all the selected “height to width” ratios were within the 

ratios which lead to almost uniform density distribution [15]. The average of the 

shrinkages of the three different compact sizes for a grade was then used to determine 

an average ideal shrinkage and ideal green density for a grade. 

 

After all of the grades had been tested, a further set of pressing experiments were 

conducted to investigate if a positive angle on an insert changes the shrinkage or ideal 

density of a compact. Four tool grade powders were selected as positive inserts are 

generally cutting inserts. With each selected grade of powder, a set of negative inserts 

were pressed as well as a set of positive inserts. These compacts were inspected as per 

the usual procedure and their green densities were calculated. It was found that the ideal 

green densities were the same for the negative and positive insert of a grade. The fact 

that the design of the compact did not affect the ideal shrinkage indicates that 

compaction was successful even when tooling included acute angles. 
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Therefore, it was found that each grade of powder had a certain ideal shrinkage 

regardless of compact size and thickness (to within the limits of cutting insert size and 

shape produced at Powder Industries), while in the past, the company assumed that the 

same shrinkage (e.g. 20%) could be used across all grades. Each grade had a different 

ideal shrinkage because the green compacts of each grade had a different amount of 

porosity, due to different ratios of hard (carbides) to soft powders (cobalt), which 

affected the granulates’ compressibility 

Thus, the biggest factor influencing the shrinkage allowance during tool design is the 

choice of grade that the component is to be manufactured from.  

4.4.2 Test powder physical properties 

 

Every batch of granulated powder produced in the factory has its relevant physical 

properties evaluated and recorded. The test powders drawn from the stores for this 

investigation originated from these batches and the properties such as apparent density, 

screen fractions and powder flow rates could be checked. However, since the test 

samples used were representative of entire grades and the physical properties needed to 

be very accurate, each of the powder samples was re-evaluated – this would be a useful 

check of the accuracy of the powder production and analysis process as well as to have 

the actual properties of the test sample available (powder properties may vary within a 

batch). It must be noted that all of the test powders had been granulated. 

 

The re-evaluation of the powders included measuring the apparent density and then 

screen fractioning the powder into its constituent granulate sizes (according to the 

company standard of granules, that are >300µm, > 212µm, >125µm, >90µm,>63µm, 

>0µm)  

 

All the test powder apparent densities from each of the 23 grades were measured as per 

company standard and recorded (see section 3.1.7). The test powder apparent density 

that was drawn from a batch of a particular grade was then compared to the historical 

apparent densities of the grade. In most cases, the apparent density of a test powder was 

very close to the historical apparent density of a grade. In a few cases, the values were 

not the same, but small variations from batch to batch (+/- 0.1 g/cm
3
) were considered 

acceptable. If an apparent density varied from a historical value, this would affect 
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compaction therefore, the aim was to relate the apparent density to compaction and thus 

to a green density.  

 

It was found that in the majority of cases, test powder properties (apparent densities and 

granulate sizes and size distribution) were close to historical values and this indicated 

that intra batch variations are not very great and that the operators evaluating the 

powders were capturing powder data accurately. 

 

However, there were exceptions where powder granule size distributions and apparent 

densities of the test sample did not match the historical. The exceptions were in the 

minority and the results obtained from the pressing tests using these powder samples are 

discussed in the following sections. As shown below in section 4.4.4, in the formulation 

of a method / equation to predict ideal shrinkage, the results from the exceptions had to 

be discarded. 

4.4.3 Porosity of sintered components 

 

The best and worst sintered test pieces from each grade were selected (best shrinkage 

and worst shrinkage), mounted, polished and inspected in the laboratory for porosity. 

The main reason for this was to confirm the selection of the compacts that were 

considered to have been pressed to the best green density. If a compact had been under-

pressed, this would be apparent in the same sintered component as some kind of 

porosity would be seen.  

 

The two pieces from each grade were observed and in most cases there was very little 

porosity even in the worst pressed components. It was observed that the sintered 

components (best and worst case pressing) were all of a high quality – this is mainly due 

to the HIP cycle during sintering. During the HIP cycle, a very high pressure is exerted 

on the components and a secondary compaction process occurs. Any residual porosity is 

removed and the result is a high quality component, even if the green compact was 

under-pressed. Thus, the porosity comparison of the test pieces was not a practical way 

to double-check the observations made when the green components were initially 

inspected. 
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4.4.4 Apparent density and ideal green density 

 

After testing each grade of powder, an ideal green density for each powder was 

obtained, which is required to achieve good compaction. The green density was 

obtained by weighing the green test pieces while the accurate volume for the pieces was 

known (all pressing was done to a specific fixed green volume).  

 

As expected, the apparent density of the powders used during pressing generally 

increased as the green density required for good compaction increased, as shown in Fig. 

4.70  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.70 – General trend of ideal green density vs. apparent density for all powders 

tested (data from the tables in section 4.2) 

 

However, the increase was not monotonic and the reason was investigated as follows:  

1. Was the deviation from a monotonic increase due to different powder 

compositions (since composition affects density)? 
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2. Did the granulate size and/or size distribution vary from powder to powder 

(since granulate size and size distribution affect the apparent density)?  

3. Other factors? 

 

The results of the analysis were the following:  

1. After analysing the powder composition (i.e. Co content, mixed crystal content 

and grain size) of each grade, it was found that composition had no effect on the 

relationship between ideal green density and apparent density. 

2. It was found that variance in granulate size and size distribution was the main 

problem in causing the non-monotonic relationship in Fig. 4.70. 

3. After further analysis, it was found that some of the powders tested could not be 

included in the graph and needed to be discarded from the results for the 

following reasons: 

 

• Granule size distribution did not match the historical size distribution and 

thus the powder could not be used for comparison with other powders. If the 

powders are not physically similar, it is not possible to compare properties 

such as apparent density. Apparent density is affected by the granule size 

distribution. Therefore, the grades that did not match the historical values 

(e.g. grade P7) were omitted from the graph in Fig.4.70 The historical grain 

size distribution was taken as the standard and it consisted of the following: 

 

1. Granules > 300µm – approximately 0.3% 

2. Granules > 212µm and < 300µm – approximately 9% 

3. Granules > 125µm and < 212µm – approximately 46% 

4. Granules > 90µm and < 125µm – approximately 21% 

5. Granules > 63µm and < 90µm – approximately 13% 

6. Granules < 63µm or ‘fines’ approximately 9%  

 

Figure 4.71 on the following page shows a histogram of the data given above:  
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Figure 4.71 – Historical granule size distribution (standard) for all grades. 

 

• Apparent density of the test powder from previous experiments did not 

match historical apparent density of that grade by a large margin. Even if the 

granule size distribution of the test sample matches historical values, there 

are factors which might have contributed to a false apparent density 

measurement such as the existence of hollow granules (e.g. of grade H6).   

• Certain grades of powder are compactable over a large range of shrinkage 

and it was difficult to estimate a specific value for an ideal green density. 

Thus, even though the actual press tests were successful, some results had to 

be omitted from the graph as the ideal density range was too large. An 

example of this would be the grade MT16: when inspected, ‘good’ shrinkage 

values ranged from 20.5% to 23.5%. Grade Q3 is also another example. 

• Some grades of powder are manufactured very seldom and there were not 

enough data available for historical evaluation. An example would be a 

grade in which only three batches had been manufactured (K15M) and the 

values for apparent density and granule size distribution were not consistent. 

Other batches that are very seldom manufactured are S9 and H1P. 

 

In total, the results from 8 powders were omitted (H6, K15M, Q3, S9, H1P, MT16, N6, 

P7) from the “ideal green density vs. apparent density graph” (see Fig. 4.72). The results 

that were not omitted showed that a linear relationship can be assumed to exist between 

a powder’s apparent density and the green density that needs to be achieved for good 

compaction, namely:  
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Required green density = 2.51 + 1.6 × apparent density                            [4.1] 

(with regression coefficient of R
2 

= 0.965) 

 

Note that the present and following equations are given using names rather than 

symbols to allow the practitioners to follow the arguments and apply the results, as was 

the purpose of this investigation. 

 

Additional tests showed that when the correct shrinkage is used in the tooling, the 

shrinkage will give correctly pressed components even if it is one percentage point 

higher or lower than the ideal value. This means that the ideal green density can vary by 

± 0.1 g/cm
3
. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.72 – Ideal green density vs. apparent density  

 

The importance of equation [4.1] is that it allows to calculate the desired green density 

from the apparent density. If the desired green density and the mass of the powder are 

known, the ideal green volume can be calculated. The designer knows what the sintered 

volume should be. The designer also knows the sintered density and volatile content 
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(from powder lab reports). The ideal shrinkage can now be calculated and used when 

designing a new set of compaction tooling. The calculation of the ideal shrinkage is 

given in the following section. 

4.4.5 Derivation of shrinkage equation 

 

Now that we know the required green density (from equation [4.1]) and the required 

sintered density, it is possible to derive an equation to calculate the ideal shrinkage. The 

designer needs as inputs only the sintered density, the apparent density and the powder 

volatile content. The derivation for the equation is as follows:  

 

Shrinkage can be defined as the percentage difference between a green length and 

sintered length:  

 

 Linear shrinkage (%) =     Lgreen – Lsintered     x 100 

    Lsintered 

Simplifying: 

  

Linear shrinkage (%)         [4.2] 

 

 

Similarly, volumetric shrinkage can be defined as the percentage difference between a 

green volume and sintered volume :  

 

Volumetric shrinkage (%)= 1001
sin

×







−

tered

green

V

V
     [4.3] 

 

As volumetric shrinkage is a cube of the linear shrinkage, we can write:  
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  and substituting into [4.2] we 

get :  

Linear shrinkage (%)= 1001

3/1

sin

×













−









tered

green

V

V
     [4.4] 
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Green volume and sintered volume can be expressed as : 

green

green

green
Density

Mass
V =       and   

tered

tered
tered

Density

Mass
V

sin

sin
sin =  

 

Substituting into [4.3] and remembering that Densitysintered = SD: 

 

Linear shrinkage (%)= 1001

3/1

sin

×












−















×

×

teredgreen

green

MassDensity

SDMass
   [4.5] 

 

The mass of a green compact is equal to the sintered mass multiplied by the volatile 

content (volatile content being always given in industry as percentage of the mass of the 

powder):  

( )100/%)(1sin wtvolatileMassMass teredgreen +×=  

So, substituting this into [4.4], we get: 

 

Linear shrinkage (%)= 1001
100

%)(
1

3/1

×





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
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

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−
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



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













+×

greenDensity

wtvolatile
SD

   [4.6] 

 

From section 4.4.4 (equation [4.1]): 

Densitygreen = 2.51 + 1.6 x Densityapparent 

 

Substituting this into [4.6]:  

 

Linear shrinkage (%)= 1001
6.151.2

100

%)(
1

3/1

×





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   [4.7] 
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Since the volatile content is approximately 2.4% (historically): 

 

Linear shrinkage (%)= 1001
6.151.2

024.1

3/1

×

















−














×+

×

apparentDensity

SD
   [4.8] 
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4.4.6 Positive insert considerations 

 

The base experiments of this project were performed using a ‘negative’ insert toolset. 

Component thickness was varied and various sizes for every grade of powder could be 

pressed. It was found after pressing with various tool grade powders and using a 

‘positive’ insert toolset that the ideal green density and hence the shrinkage for a grade 

of powder is independent of insert shape. This is to within the confines of standard ISO 

shapes that have been tested and to the cutting inserts manufactured at Powder 

Industries. However, this result may not be extrapolated to components of very different 

shapes without previous experimentation. 

4.4.7 Limitations of the ideal density vs. green density model 

 

Different sizes of components were tested with different grades of powder. Although 

the sizes differed by varying a compact thickness and keeping the base area constant, 

this was not done for a large thickness vs. diameter ratio (known as the L/D ratio) as 

was stated in section 3.1.3 & 4.4.1. There is a limitation to the thickness that can be 

pressed if the cross-sectional area is small compared to the thickness [15], since the 

density distribution may no longer be uniform at large thicknesses. 

4.4.8 Validating the equation – cutting insert and shim tool 
production 

 

Equation [4.8] shows that linear shrinkage can be calculated from the specific gravity 

(SG) of the sintered component, the apparent density of the powder and the volatile 

content. These data are all available to the tool designer. However, is important to note 

that this equation is only valid for granulated powders that have granulate size 

distribution approximately equal to the standard at Powder Industries (see defined 

standard in section 4.4.4).  

 

The equation was tested in the manufacture of new tooling. Test pieces were pressed 

successfully, i.e. to the correct green density and were then sintered correctly. 
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The test pieces included cutting inserts that were pressed successfully for the first time. 

Some tooling did work before but components were pressed by applying equation [4.8] 

– e.g. shim components. 

 

The equation is now in general use at Powder Industries when new tooling is being 

designed. However, if powder properties change in the future, the linear relationship 

between apparent density and green density would need to be re-evaluated. 

 

 

 

 

 

 

 

 

 

Figure 4.73 – Examples of successful new components made due to the research 

project. The components with central holes are examples of cutting tool inserts, the 

remaining component is a mining insert. 
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5. Conclusions 
 

The conclusions that can be drawn from this investigation can be summarized as 

follows:  

1. The ideal green density of a powder compact can be found experimentally by 

keeping the volume of the compact constant and changing the mass, while in 

most investigation, the opposite has been done, requiring different tooling for 

different green density. The method applied in this work is obviously less costly 

(section 3.1.3 & 3.1.5). 

2. The relationship between the ideal green density of powder compacts and the 

apparent densities of the corresponding granulated powders is linear as long as 

the powders granulate mean size and size distribution is the same the standard at 

Powder Industries (Fig. 4.71). 

3. An equation has been derived for the shrinkage of all the grades at Powder 

Industries. This equation can be applied to a new grade that is introduced as long 

as the granulate size distribution conforms to the company standard. The 

equation is in terms of sintered density, apparent density and volatile content. 

This equation has been validated by pressing (and subsequently sintering) 

successfully difficult to press grades, and new grades and different shapes. 
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 Using volatile content as a constant (2.4%), the equation can be simplified to: 
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5.1 Recommendations for further work 

 

The logical continuation of the present investigation would be the following: 

 

1. The focus of this project was to improve the shrinkage consideration when 

designing new tooling for the powders manufactured at Powder Industries. Now 

that this problem has been solved, shape distortion during sintering should be 

investigated. After compaction, there is an inhomogeneous distribution of green 

density due to shape complexity, filling variations etc. and this causes the 

component to shrink during sintering by varying amounts in different. FEM 

software exists [21] that can help simulate how a compact shrinks and this 

allows the tool designer to modify the punch profiles in order to compensate for 

the variable shrinkage in specific areas of the component, however, experimental 

work should be carried out to validate the simulations. 

2. In future, it may be possible that an important constituent of the powder will be 

changed (as in the case of PEG replacing paraffin wax). In order to know in 

advance how this may affect the shrinkage equation [5.2], test powders should 

be made up changing some constituents and the tests described in this report 

should be repeated in order to anticipate possible change in the ideal density vs. 

apparent density relationship. 
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Appendices 
 

 

• Appendix 1 - This appendix includes the experimental data sheets of all 

grades tested and the powder properties that have been measured. 

• Appendix 2 – This appendix includes the pressing test sheets of the 

experiments done to compare ‘positive’ and ‘negative’ inserts.  

• Appendix 3 - This appendix includes the original porosity reports for all 

sintered test pieces from each grade that were evaluated for best and worst 

shrinkage. Included, are also the standard company micrographs used to 

evaluated the porosity. The company procedure for evaluating porosity is based 

on : Metallographic determination of porosity and uncombined carbon ISO 4505 

Apparent porosity in cemented carbides ASTM B276 
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Appendix 1 

A1.1 Experimental data sheets for grade ‘230’  

A1.1.1 ‘230’ Grade pressing test sheets – negative inserts  
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A1.1.2 Grade 230 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.1 – Historical screen fraction report for grade 230 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.9 g 0.2 g 11.7 g 102.9 g 43.6 g 23.8 g 14.8 g 

 

 

Table A1.2 – Historical screen fraction report for 230 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 5.9 % 52.3 % 22.1 % 12.1 % 7.5 % 

 

 

Table A1.3 – Apparent density report of grade 230 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

91.1 g 25 cc 3.64 g/cm
3
 3.70 g/cm

3
 

 

 

Table A1.4 – Sintered density report for grade 230 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 16.2579 15.2015 0.0689 0.9971 20.5 14.41 14.46 

2 8.2080 7.7122 0.0689 0.9971 20.5 14.49  

3 4.0682 6.857 0.0689 0.9971 20.5 14.48  

 

 

Table A1.5 – Porosity report for best and worst sintered test pieces for grade 230 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

230 21% 23% A00 B00 A00 B00 Very good Good 
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A1.2 Experimental data sheets for grade ‘AP20’  

A1.2.1 ‘AP20’ Grade pressing test sheets – negative inserts 
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A1.2.2 Grade AP20 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.6 – Historical screen fraction report for grade AP20 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

195.9 g 0.1 g 6.4 g 99.4 g 47.0 g 24.3 g 18.8 g 

 

 

Table A1.7 – Historical screen fraction report for grade AP20 (in percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 3.3 % 50.7 % 24.0 % 12.4 % 9.6 % 

 

 

Table A1.8 – Apparent density report of grade AP20 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

85.4 g 25 cc 3.42 g/cm
3
 3.42 g/cm

3
 

 

 

Table A1.9 – Sintered density report for grade AP20 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.8176 14.7876 0.0681 0.9974 19.2 14.37 14.35 

2 7.9832 4.7968 0.0681 0.9974 19.2 14.36  

3 3.9471 3.7405 0.0681 0.9974 19.2 14.33  

 

 

Table A1.10 – Porosity report for best and worst sintered test pieces (midsize) for AP20 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

AP20 21.5 % 24 % A00 B00 A00 B00 

Good, slight 

instances of 

A&B 

Instances of 

A&B 
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A1.3 Experimental data sheets for grade ‘CN10’  

A1.3.1 ‘CN10’ Grade pressing test sheets – negative inserts 
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A1.3.2 Grade CN10 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.11 – Historical screen fraction report for grade CN10 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

195.1 g 0.0 g 0.1 g 67.6 g 75.4 g 36.1 g 15.9 g 

 

 

Table A1.12 – Historical screen fraction report for grade CN10 (granule size 

percentage) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.0 % 0.1 % 34.7 % 38.7 % 18.5 % 8.2 % 

 

 

Table A1.13 – Apparent density report of grade CN10 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

79.6 g 25 cc 3.18 g/cm
3
 3.29 g/cm

3
 

 

 

Table A1.14 – Sintered density report for grade CN10 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.033 14.0602 0.0685 0.9968 21.7 14.39 14.36 

2 7.5859 7.1277 0.0685 0.9968 21.7 14.36  

3 3.7454 3.5536 0.0685 0.9968 21.7 14.34  

 

 

Table A1.15 – Porosity report for best and worst sintered test pieces (midsize) for 

CN10 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

CN10 24 % 26 % A00 B00 A02 B00 Good OK 
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A1.4 Experimental data sheets for grade ‘CR10’  

A1.4.1 ‘CR10’ Grade pressing test sheets – negative inserts 
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A1.4.2 Grade CR10 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.16 – Historical screen fraction report for grade CR10 (granule size) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

 198.4 g 0.1 g 1.5 g 69.4 g 60.0 g 37.9 g 29.7 g 

 

 

Table A1.17 – Screen fraction report for grade CR10 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.03 % 0.8 % 35.0 % 30.2 % 19.1 % 15.0 % 

 

 

Table A1.18 – Apparent density report of grade CR10 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

81.6 g 25 cc 3.26 g/cm
3
 3.28 g/cm

3
 

 

 

Table A1.19 – Sintered density report for grade CR10 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.0387 14.0778 0.0706 0.9977 17 14.55 14.56 

2 7.5751 7.1268 0.0706 0.9977 17 14.56  

3 3.7410 3.5555 0.0706 0.9977 17 14.57  

 

 

Table A1.20 – Porosity report for best and worst sintered test pieces (midsize) for CR10 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

CR10 24 % 25 % A00 B00 A00 B00 Very good good 
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A1.5 Experimental data sheets for grade ‘H1P’  

A1.5.1 ‘H1P’ Grade pressing test sheets – negative inserts 
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A1.5.2 Grade H1P – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.21 – Historical screen fraction report for grade H1P (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.8 g 0.1 g 8.2 g 91.8 g 47.7 g 31.2 g 18.8 g 

 

 

Table A1.22 – Historical screen fraction report for grade H1P (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.2 % 46.4 % 24.1 % 15.8 % 9.5 % 

 

 

Table A1.23 – Apparent density report of grade H1P test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

81.3 g 25 cc 3.25 g/cm
3
 3.21 g/cm

3
 

 

 

Table A1.24 – Sintered density report for grade H1P test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 14.4068 13.3621 0.0683 0.9974 18.9 12.91 12.89 

2 6.9811 6.5096 0.0683 0.9974 18.9 12.90  

3 3.5012 3.2980 0.0683 0.9974 18.9 12.86  

 

 

Table A.25 – Porosity report for best and worst sintered test pieces (midsize) for H1P 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

H1P 21 % 25 % A00 B00 A00 B02 Very good OK 
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A1.6 Experimental data sheets for grade ‘H6’  

A1.6.1 ‘H6’ Grade pressing test sheets – negative inserts 
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A1.6.2 Grade H6 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.26 – Screen fraction report for grade H6 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.5 g 0.2 g 9.5 g 91.6 g 45.2 g 28.8 g 21.2 g 

 

 

Table A1.27 – Screen fraction report for grade H6 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.8 % 46.6 % 23.0 % 14.7 % 10.8 % 

 

 

Table A1.28 – Apparent density report of grade H6 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

71.8 g 25 cc 2.87 g/cm
3
 3.41 g/cm

3
 

 

 

Table A1.29 – Sintered density report for grade H6 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 12.2684 11.5154 0.0685 0.9974 18.7 14.90 14.90 

2 6.0650 5.7277 0.0685 0.9974 18.7 14.91  

3 6.2442 5.8941 0.0685 0.9974 18.7 14.88  

 

 

Table A1.30 – Porosity report for best and worst sintered test pieces (midsize) for H6 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

H6 23.5 % 25.5 % A00 B00 A00 B00 Very good Very good 
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A1.7 Experimental data sheets for grade ‘K15M’’  

A1.7.1 ‘K15M’ Grade pressing test sheets – negative inserts 
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A1.7.2 Grade K15M – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.31 – Historical screen fraction report for grade K15M 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

193.2 g 0.1 g 1.7 g 71.4 g 47.3 g 39.1 g 33.8 g 

 

 

Table A1.32 – Historical screen fraction report for grade K15M (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 0.9 % 36.9 % 24.5 % 20.2 % 17.5 % 

 

 

Table A1.33 – Apparent density report of grade K15M test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

77.9 g 25 cc 3.12 g/cm
3
 3.19 g/cm

3
 

 

 

Table A1.34 – Sintered density report for grade K15M test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

 

1 13.7959 12.7901 0.0676 0.9974 18.8 12.82 12.82 

2 6.8955 6.4275 0.0676 0.9974 18.8 12.84  

3 3.4392 3.2389 0.0676 0.9974 18.8 12.80  

 

 

Table A1.35 – Porosity report for best and worst sintered test pieces (midsize) for 

K15M 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

K15M 23.0 % 25.0 % A02 B02 A02 B02 Acceptable Acceptable 
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A1.8 Experimental data sheets for grade ‘MT16’  

A1.8.1 ‘MT16’ Grade pressing test sheets – negative inserts 
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A1.8.2 Grade MT16 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.36 – Screen fraction report for grade MT16 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.9 g 0.34 g 15.0 g 88.9 g 47.2 g 26.8 g 19.6 g 

 

 

Table A1.37 – Screen fraction report for grade MT16 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.2 % 7.6 % 44.9 % 23.9 % 13.5 % 9.9 % 

 

 

Table A1.38 – Apparent density report of grade MT16 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

85.8 g 25 cc 3.43 g/cm
3
 3.37 g/cm

3
 

 

 

Table A1.39 – Sintered density report for grade MT16 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

 

1 15.0929 14.0733 0.0681 0.9974 19.2 13.84 13.82 

2 7.6168 7.1357 0.0681 0.9974 19.2 13.83  

3 3.7604 3.5568 0.0681 0.9974 19.2 13.80  

 

 

Table A1.40 – Porosity report for best and worst sintered test pieces (midsize) for 

MT16 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

MT16 22.0 % 24.0 % A00 B00 A00 B00 Very good Good 
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A1.9 Experimental data sheets for grade ‘MZ15’  

A1.9.1 ‘MZ15’ Grade pressing test sheets – negative inserts 

 



 142 
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A1.9.2 Grade MZ15 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.41 – Historical screen fraction report for grade MZ15 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.5 g 0.4 g 15.6 g 102.5 g 41.7 g 21.0 g 15.3 g 

 

 

Table A1.42 – Historical screen fraction report for grade MZ15 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.2 % 7.9 % 52.2 % 21.2 % 10.7 % 7.8 % 

 

 

Table A1.43 – Apparent density report of grade MZ15  test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

84.2 g 25 cc 3.37 g/cm
3
 3.31 g/cm

3
 

 

 

Table A1.44 – Sintered density report for grade MZ15 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

 

1 15.2493 14.2267 0.0683 0.9974 18.9 13.94 13.93 

2 7.6817 7.1999 0.0683 0.9974 18.9 13.93  

3 3.7945 3.5911 0.0683 0.9974 18.9 13.93  

 

 

Table A1.45 – Porosity report for best and worst sintered test pieces (midsize) for 

MZ15 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

MZ15 23 % 24 % A00 B00 A00 B00 Very good Very good 
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A1.10 Experimental data sheets for grade ‘N6/194’  

A1.10.1 ‘N6/194’ Grade pressing test sheets – negative inserts 
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A1.10.2 Grade N6/194 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.46 – Historical screen fraction report for grade N6/194  (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.4 g 0.2 g 13.4 g 91.0 g 45.0 g 29.0 g 18.8 g 

 

 

Table A1.47 – Historical screen fraction report for grade N6/194  (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 6.8 % 46.1 % 22.8 % 14.7 % 9.5 % 

 

 

Table A1.48 – Apparent density report of grade N6/194 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

90.5 g 25 cc 3.62 g/cm
3
 3.72 g/cm

3
 

 

 

Table A1.49 – Sintered density report for grade N6/194 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

 

1 16.1811 15.1651 0.0686 0.9981 15.3 14.89 14.89 

2 8.0971 7.6224 0.0686 0.9981 15.3 14.88  

3 4.0336 3.8320 0.0686 0.9981 15.3 14.90  

 

 

Table A1.50 – Porosity report for best and worst sintered test pieces (midsize) for 

N6/194 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

N6/194 22.5 % 24 % A00 B00 A00 B00 Excellent Excellent 
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A1.11 Experimental data sheets for grade ‘P7’  

A1.11.1 ‘P7’ Grade pressing test sheets – negative inserts 
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A1.11.2 Grade P7 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.51 – Historical screen fraction report for grade P7 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.2 g 0.2 g 9.1 g 94.8 g 43.8 g 28.1 g 21.3 g 

 

 

Table A1.52 – Historical screen fraction report for grade P7 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.6 % 48.1 % 22.2 % 14.3 % 10.8 % 

 

 

Table A1.53 – Apparent density report of grade P7 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

84.6 g 25 cc 3.38 g/cm
3
 3.72 g/cm

3
 

 

 

Table A1.54 – Sintered density report for grade P7 test pieces (best shrinkages) 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 16.0605 15.0441 0.0685 0.9968 21.7 14.76 14.75 

2 8.1002 7.6219 0.0685 0.9968 21.7 14.77  

3 4.0069 3.804 0.0685 0.9968 21.7 14.72  

 

 

Table A1.55 – Porosity report for best and worst sintered test pieces (midsize) for P7 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

P7 22 % 23 % A00 B00 A00 B00 Good Good 

 



 153 

A1.12 Experimental data sheets for grade ‘P25M’  

A1.12.1 ‘P25M’ Grade pressing test sheets – negative inserts 
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A1.12.2 Grade P25M – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.56 – Historical screen fraction report for grade P25M (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

195.0 g 0.2 g 12.2 g 93.0 g 46.2 g 26.9 g 16.6 g 

 

 

Table A1.57 – Screen fraction report for grade P25M (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 6.2 % 47.7 % 23.7 % 13.8 % 8.5 % 

 

 

Table A1.58 – Apparent density report of grade P25M test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

75.2 g 25 cc 3.01 g/cm
3
 3.14 g/cm

3
 

 

 

Table A1.59 – Sintered density report for grade P25M test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 13.8477 12.8145 0.0689 0.9971 20.5 12.53 12.56 

2 7.0758 6.5841 0.0689 0.9971 20.5 12.59  

3 3.5593 3.3455 0.0689 0.9971 20.5 12.55  

 

 

Table A1.60 – Porosity report for best and worst sintered test pieces (midsize) for 

P25M 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

P25M 20 % 24 % A00 B00 A00 B00 Very good 
OK– some 

A&B type 
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A1.13 Experimental data sheets for grade ‘P30M’  

A1.13.1 ‘P30M’ Grade pressing test sheets – negative inserts 
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A1.13.2 Grade P30M – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.61 – Historical screen fraction report for grade P30M (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.6 g 0.1 g 8.9 g 94.0 g 41.5 g 26.7 g 26.5 g 

 

 

Table A1.62– Historical screen fraction report for grade P30M (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.5 % 47.6 % 21.0 % 13.5 % 13.4 % 

 

 

Table A1.63 – Apparent density report of grade P30M test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

72.8 g 25 cc 2.91 g/cm
3
 3.09 g/cm

3
 

 

 

Table A1.64 – Sintered density report for grade P30M test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 13.7444 12.711 0.068 0.9974 18.8 12.45 12.49 

2 6.7832 6.3094 0.068 0.9974 18.8 12.49  

3 3.5096 3.2980 0.068 0.9974 18.8 12.52  

 

 

Table A1.65 – Porosity report for best and worst sintered test pieces (midsize) for 

P30M 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

P30M 20 % 24 % A00 B00 A00 B00 Very good Good 
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A1.14 Experimental data sheets for grade ‘P40M’  

A1.14.1 ‘P40M’ Grade pressing test sheets – negative inserts 
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A1.14.2 Grade P40M – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.66 – Historical screen fraction report for grade P40M (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.3 g 0.1 g 9.5 g 94.2 g 46.4 g 28.1 g 17.9 g 

 

 

Table A1.67 – Historical screen fraction report for grade P40M (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.8 % 48.0 % 23.6 % 14.3 % 9.1 % 

 

 

Table A1.68 – Apparent density report of grade P40M test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

77.2 g 25 cc 3.09 g/cm
3
 3.26 g/cm

3
 

 

 

Table A1.69 – Sintered density report for grade P40M test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 14.5934 13.5640 0.0681 0.9974 18.8 13.26 13.26 

2 7.4335 6.9425 0.0681 0.9974 18.8 13.26  

3 3.6752 4.668 0.0681 0.9974 18.8 13.26  

 

 

Table A1.70 – Porosity report for best and worst sintered test pieces (midsize) for 

P40M 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

P40M 21 % 24 % A00 B00 A00 B00 Very good Very good 
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A1.15 Experimental data sheets for grade ‘P511’  

A1.15.1 ‘P511’ Grade pressing test sheets – negative inserts 
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A1.15.2 Grade P511 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.71 – Historical screen fraction report for grade P511 test sample (granule 

sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.1 g 0.2 g 9.6 g 88.0 g 45.3 g 32.1 g 22.0 g 

 

 

Table A1.72 – Historical screen fraction report for grade P511 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 4.9 % 44.6 % 23.0 % 16.3 % 11.2 % 

 

 

Table A1.73 – Apparent density report of grade P511 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

85.2 g 25 cc 3.41 g/cm
3
 3.53 g/cm

3
 

 

 

Table A1.74 – Sintered density report for grade P511 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.5793 14.5577 0.0683 0.9974 18.9 14.26 14.25 

2 7.8684 7.3863 0.0683 0.9974 18.9 14.26  

3 3.8868 3.6828 0.0683 0.9974 18.9 14.24  

 

 

Table A1.75 – Porosity report for best and worst sintered test pieces (midsize) for P511 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

P511 22 % 24 % A00 B00 A00 B00 Excellent Excellent 
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A1.16 Experimental data sheets for grade ‘PBF’  

A1.16.1 ‘PBF’ Grade pressing test sheets – negative inserts 
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A1.16.2 Grade PBF – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.76 – Historical screen fraction report for grade PBF test (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.5 g 0.3 g 15.6 g 88.5 g 41.7 g 29.8 g 21.7 g 

 

 

Table A1.77 – Historical screen fraction report for grade PBF (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 7.9 % 44.8 % 21.1 % 15.1 % 11.0 % 

 

 

Table A1.78 – Apparent density report of grade PBF test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

96.5 g 25 cc 3.86 g/cm
3
 3.70 g/cm

3
 

 

 

Table A1.79 – Sintered density report for grade PBF test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 16.7678 15.7175 0.0685 0.9968 21.7 14.94 14.93 

2 8.4630 7.9673 0.0685 0.9968 21.7 14.95  

3 4.1973 3.9852 0.0685 0.9968 21.7 14.91  

 

 

Table A1.80 – Porosity report for best and worst sintered test pieces (midsize) for PBF 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PBF 20.5 % 24.0 % A00 B00 A00 B00 Very good Very good 
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A1.17 Experimental data sheets for grade ‘PBT’  

A1.17.1 ‘PBT’ Grade pressing test sheets – negative inserts 



 174 
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A1.17.2 Grade PBT – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.81 – Screen fraction report for grade PBT test sample (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.8 g 0.2 g 11.6 g 93.2 g 44.6 g 27.9 g 19.3 g 

 

 

Table A1.82 – Screen fraction report for grade PBT (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 5.9 % 47.4 % 22.6 % 14.2 % 9.8 % 

 

 

Table A1.83 – Apparent density report of grade PBT test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

97.0 g 25 cc 3.88 g/cm
3
 3.84 g/cm

3
 

 

 

Table A1.84 – Sintered density report for grade PBT test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 16.8208 15.7667 0.0681 0.9974 19.2 14.95 14.98 

2 7.9802 7.5173 0.0681 0.9974 19.2 14.99  

3 4.2544 4.0394 0.0681 0.9974 19.2 14.99  

 

 

Table A1.85 – Porosity report for best and worst sintered test pieces (midsize) for PBT 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PBT 20 % 24 % A02 B02 A02 B02 Acceptable Acceptable 
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A1.18 Experimental data sheets for grade ‘PC20’  

A1.18.1 ‘PC20’ Grade pressing test sheets – negative inserts 



 178 



 179 
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A1.18.2 Grade PC20 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.86 – Historical screen fraction report for grade PC20 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

148.4 g 0.1 g 3.0 g 71.6 g 37.4 g 22.1 g 14.2 g 

 

 

Table A1.87 – Historical screen fraction report for grade PC20 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

 0.1 % 2.0 % 48.3 % 25.2 % 14.9 % 9.6 % 

 

 

Table A1.88 – Apparent density report of grade PC20 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

88.7 g 25 cc 3.55 g/cm
3
 3.71 g/cm

3
 

 

 

Table A1.89 – Sintered density report for grade PC20 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 16.3068 15.2596 0.0683 0.9974 18.9 14.58 14.56 

2 8.2236 7.7292 0.0683 0.9974 18.9 14.58  

3 4.0648 3.8539 0.0683 0.9974 18.9 14.52  

 

 

Table A1.90 – Porosity report for best and worst sintered test pieces (midsize) for PC20 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PC20 21 % 23 % A00 B00 A00 B00 Good Good 
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A1.19 Experimental data sheets for grade ‘PI-15’  

A1.19.1 ‘PI-15’ Grade pressing test sheets – negative inserts 
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A1.19.2 Grade PI-15 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.91 – Historical screen fraction report for grade PI-15 test sample (granule 

sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.1 g 0.1 g 7.3 g 94.4 g 49.5 g 27.1 g 17.7 g 

 

 

Table A1.92 – Historical screen fraction report for grade PI-15 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.04 % 3.72 % 48.1 % 25.2 % 13.8 % 9.0 % 

 

 

Table A1.93 – Apparent density report of grade PI-15 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

84.9 g 25 cc 3.40 g/cm
3
 3.52 g/cm

3
 

 

 

Table A1.94 – Sintered density report for grade PI-15 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.6136 14.5756 0.0685 0.9974 18.7 14.07 14.08 

2 7.8866 7.3972 0.0685 0.9974 18.7 14.10  

3 3.9169 3.7077 0.0685 0.9974 18.7 14.08  

 

 

Table A1.95 – Porosity report for best and worst sintered test pieces (midsize) for PI-15 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PI-15 21 % 23 % A00 B00 A00 B00 Very good Very good 
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A1.20 Experimental data sheets for grade ‘PI-25’  

A1.20.1 ‘PI-25’ Grade pressing test sheets – negative inserts 
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A1.20.2 Grade PI-25 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.96 – Historical screen fraction report for grade PI25 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.0 g 0.1 g 4.8 g 89.7 g 51.0 g 31.7 g 19.7 g 

 

 

Table A1.97 – Historical screen fraction report for grade PI25 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 2.4 % 45.6 % 25.9 % 16.1 % 10.0 % 

 

 

Table A1.98 – Apparent density report of grade PI25 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

84.3 g 25 cc 3.37 g/cm
3
 3.53 g/cm

3
 

 

 

Table A1.99 – Sintered density report for grade PI25 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.8247 14.7716 0.0686 0.9981 15.3 14.08 14.08 

2 9.9022 7.4115 0.0686 0.9981 15.3 14.10  

3 3.9510 3.9393 0.0686 0.9981 15.3 14.07  

 

 

Table A1.100 – Porosity report for best and worst sintered test pieces (midsize) for 

PI25 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PI25 21 % 24 % A00 B00 A00 B00 Very good Very good 
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A1.21 Experimental data sheets for grade ‘PI-40’  

A1.21.1 ‘PI-40’ Grade pressing test sheets – negative inserts 
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A1.21.2 Grade PI-40 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.101 – Historical screen fraction report for grade PI-40 (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

195.9 g 0.1 g 6.5 g 97.2 g 49.5 g 25.8 g 17.0 g 

 

 

Table A1.102 – Historical screen fraction report for grade PI-40 (mass percent) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.04 % 3.3 % 49.6 % 25.2 % 13.2 % 8.7 % 

 

 

Table A1.103 – Apparent density report of grade  test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

81.7 g 25 cc 3.27 g/cm
3
 3.40 g/cm

3
 

 

 

Table A1.104 – Sintered density report for grade PI-40 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 15.0413 14.0212 0.0685 0.9974 18.7 13.78 13.81 

2 7.5870 7.1075 0.0685 0.9974 18.7 13.81  

3 3.7583 3.5557 0.0685 0.9974 18.7 13.83  

 

 

Table A1.105 – Porosity report for best and worst sintered test pieces (midsize) for PI-

40 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

PI40 22 % 25 % A00 B00 A00 B00 Very good good 
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A1.22 Experimental data sheets for grade ‘Q3’  

A1.22.1 ‘Q3’ Grade pressing test sheets – negative inserts 
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A1.22.2 Grade Q3  – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.106 – Screen fraction report for grade Q3 test sample (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

196.7 g 0.2 g 16.0 g 98.8 g 41.6 g 22.5 g 17.6 g 

 

 

Table A1.107 – Screen fraction report for grade Q3 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

0.1 % 8.1 % 50.2 % 21.1 % 11.5 % 9.0 % 

 

 

Table A1.108 – Apparent density report of grade Q3 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

78.2 g 25 cc 3.13 g/cm
3
 3.10 g/cm

3
 

 

 

Table A1.109 – Sintered density report for grade Q3 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 14.3796 13.3659 0.0681 0.9974 19.2 13.26 13.26 

2 7.1962 6.7228 0.0681 0.9974 19.2 13.25  

3 7.2521 6.7748 0.0681 0.9974 19.2 13.26  

 

 

Table A1.110 – Porosity report for best and worst sintered test pieces (midsize) for Q3 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

Q3 A00 B00 A00 B00 22.5 % 24 % Very good Good 
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A1.23 Experimental data sheets for grade ‘S9’’  

A1.23.1 ‘S9’ Grade pressing test sheets – negative inserts 
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A1.23.2 Grade S9 – Powder physical properties, SG and porosity 

reports 

 

 

Table A1.111 – Screen fraction report for grade S9 test sample (granule sizes) 

Total >300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

197.2 g 0.4 g 17.9 g 101.0 g 43.1 g 21.6 g 13.2 g 

 

 

Table A1.112 – Screen fraction report for grade S9 (mass percent of previous table) 

>300 µm >212 µm >125 µm >90 µm >63 µm >0 µm 

 0.2 % 9.1 % 51.2 % 21.9 % 11.0 % 6.7 % 

 

 

Table A1.113 – Apparent density report of grade S9 test sample 

Sample weight 
Container 

volume 

Measured 

density 

Historical 

density (1 yr) 

80.1 g 25 cc 3.20 g/cm
3
 3.25 g/cm

3
 

 

 

Table A1.114 – Sintered density report for grade S9 test pieces 

Test 

piece 
Dry mass Wet mass 

Wire 

mass 

Water 

density 

Water 

temperature 

Calculated 

SG 

Average 

SG 

1 14.0845 13.0222 0.0676 0.9974 18.8 12.43 12.43 

2 7.0929 6.5920 0.0676 0.9974 18.8 12.44  

3 3.5716 3.3526 0.0676 0.9974 18.8 12.43  

 

 

Table A1.115 – Porosity report for best and worst sintered test pieces (midsize) for S9 

Grade 

Best 

shrinkage 

marking 

Worst 

shrinkage 

marking 

Porosity 

best 

shrinkage 

Porosity 

worst 

shrinkage 

Commentary 

best 

Commentary 

worst 

S9 19 % 23 % A00 B00 A00 B00 Very good 
OK (Some 

A&B type) 
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Appendix 2 

A2.1 – Negative and positive insert tests using ‘CR10’ grade 
powder 
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A2.2 - Negative and positive insert tests using ‘PI-25’ grade 
powder 
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A2.3 - Negative and positive insert tests using ‘P40M’ grade 
powder 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 205 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 206 

A2.4 - Negative and positive insert tests using ‘K15M’ grade 
powder 
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Appendix 3 

A3.1 Porosity reports for sintered test pieces 
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A3.2 Company micrographs to evaluate porosity 
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