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Abstract

Tungsten carbide-cobalt powder is pressed befatergig into a compacted form using
punches and a die cavity. After the powder has lpeessed to a specific shape, it is
sintered and shrinks a certain amount to a fire. Sio accommodate this shrinkage, the
pressing tools are designed to a certain “shrinkegeentage” and thus the pressed
component or compact is larger than the sinteregpoment by that percentage amount.
During the pressing process, there is a large abafuriction between the powder being
compacted and the die cavity wall. To counter pngsfiction, a lubricant is pre-mixed
with the tungsten carbide powder. In the past atdeo Industries, the powder was
mixed with wax and all of the tools were designed 20% shrinkage. In recent times,
the wax in the powder has been replaced by PEGé€otlene glycol) by most
manufacturers as this increases the quality ofitta¢ product and is easier to remove in
the furnaces. As a result of the new PEG lubridduettool wear rate at Powder
Industries increased and because a higher prelsadreeen necessary to achieve powder
pressing to the same shape and form, often thegemponents exhibited cracks or
were not pressed ideally.

On account of the problems introduced by PEG, cotoml design for the shrinkage was
obtained by a ‘trial & error’ process. This prdjéas been motivated by the need of
establishing pressing and/or design ‘rules’ thatiao away with trial and error when
designing compaction tooling.

The project has consisted of investigating the ayproperties of 23 grades of WC-Co
powder (with or without TiC and TaC) and of perfanga series of pressing tests for
each grade. A relationship between the apparersityesf a powder and the ideal green
density of the green compact pressed from the gaweer has been found. Using this
relationship, an equation has been derived betvasah shrinkage, powder apparent
density, component sintered density and powdelti®leontent. Since the last three
parameters are known to the tool designer, thiatsmucan be used to calculate the ideal
shrinkage when designing new compaction toolings fiethod of calculating shrinkage
is now in general use at Powder Industries and rsangessful sets of compaction

tooling have already been manufactured.
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Nomenclature

Apparent density This is the poured density of a powder. The povisleon-tapped
and is poured iatoontainer from a fixed height using a Hall flow
meter funnel

Granules— The individual spheres of WC-Co and lubricant tinake up a powder.

Granule sizes typically varyrfré3um to 300um

Green compact Component that has been pressed to shape anldliis thie “soft”

stage prior to sintering.

Green density The density of a component before sintering burdfeing pressed to
shape.
Negative insert A component where all edges are either parallpleopendicular to

each other.
Positive insert This refers to a component where the edges indhtecal plane of the
component are not parallel i.e. there is arleaggeater than zero

degrees.

Powder grade- This indicates a WC-Co powder with a specific maketiconstituents

of Co content, mixedstal content and WC grain size.
S.D.—This is the sintered density of a component.
Shrinkage— This is the percentage that a dimension variediimear direction from the

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

and an average taken as\vbkeatl shrinkage.
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1. Introduction

1.1 Compaction of tungsten carbide cobalt powder

WC-Co cutting inserts are manufactured from WC @ondoowder that is compacted to
a specific shape and then sintered. During sirdethre compact or ‘green’ component
shrinks by a certain percentage to a final sizeadmmmodate this shrinkage,
compaction tooling is made larger than the desmetéred dimensions by a percentage

equal to the shrinkage.

Therefore, a main pressing problem is to know tiveect shrinkage when designing the
compaction tooling. If the correct shrinkage isamfeed, it would mean that the applied
pressure was in the ideal range. This would hagetlded benefit of significantly

reducing tool wear and tool breakage.

1.2 Powder Industries

The project was motivated by a problem of a Soutican WC-Co manufacturer,
Powder Industries. Powder Industries is a SouticAfr company that produces
hardmetal (WC-Co) products such as cutting insergr parts and mining
components. The core business is mainly wear anthgiWC-Co bits with an ever

increasing focus on cutting inserts.

At Powder Industries, raw materials such as WC,aiadnd PEG (Polyethylene glycol
— used as a lubricant) are mixed, milled and spirégd and from this a ready-to-press
WC-Co powder is produced. This powder is compaatetisubsequently sintered to
final sized components. All of the stages from pemgreparation to compaction and to
sintering occur within the company. Compaction tagpused by Powder Industries to
produce green compacts (ready for sintering) isufaured in-house and is also made

from WC-Co. This tooling (die cavity and punchesgiso designed in-house.



In recent times there has been an increasing ndeovaler Industries to develop the
cutting insert product range as well as to devel®p designs therefore there has been

an increasing need to design and manufacture neyaction tooling.

1.3 PEG & shrinkage related problems

In order to aid pressing and reduce friction dugogipaction, a pressing lubricant is
pre-mixed in the WC-Co powder. Previously at Powddustries, wax was used as the
pressing lubricant but this has been changed to IRE&ent times.

When the change to PEG from wax was made, it wasdfohat the tooling for pressing
the compacts no longer worked as well as beforerdtvere suddenly many incidences
of tool breakages (punches chipping or breakingyelsas compact defects. Defects
included cracks, de-laminations, and hard burrhercompact edges as well as
compacts that were under-pressed or over-presseate Sompacts could not be pressed
I.e. the pressures necessary for the desired gisemsions could not be attained.

In the days when wax was the lubricant used, tbkntp was designed to accommodate
a 20% shrinkage and this did worked fairly well avith a variety of different types of
tooling. After the introduction of PEG It was apgar that the shrinkage had changed
but by how much and what the correct shrinkage Ishioei when designing new tools

was unknown.

If there is a mismatch between the actual shrinkdg@ecompact and the shrinkage
accommodation designed into the tooling, the presduring 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 deteritraigh experimentation with various
grades of powder (i.e. powders of different compmss), if a method or equation can
be derived to find the correct shrinkage for WCgompacts, ending the “trial and

error” approach applied at Powder Industries stheantroduction of PEG.

The tooling designer has much information availablbim such as the composition of
the powder grade, its required sintered densgiyotatile content, its physical

properties and the mass of the sintered compoWémdt the designer doesn’t know is



what the ideal green density of the compact shbeldh order to obtain a pore-free
sintered product, i.e. a product which shrunk optiynduring sintering, and thus does
not know what shrinkage value should be used ird#dsggn of tooling. This project
aimed at providing this information.

An attempt has been made to write the dissertatianstyle that can be understood by
the practitioner in the hardmetal industry, so thatresults can be used to the benefit of

the industry.



2. Literature review and background knowledge

2.1 Review of previous work and available literatur e

2.1.1 Previous work on the problem at Powder Indust  ries

Prior to the start of this research project, soroekwvas carried out by a colleague that
was formerly employed by Powder Industries (thenspo of this project) to try and
understand the impact of shrinkage on tooling degi§y It was known that the
components being pressed were often pressed ictgrrie was observed that
sometimes too much pressure was being recordedgdpressing and the compact was
over-pressed. At other times, the pressure beitwyded was too low and the compact
was under-pressed. This happened when the sanmegte@s being used with different

grades of powder.

If the compaction tooling has been designed wiéhdbrrect shrinkage, a green compact
will shrink by the correct amount so that the sietecomponent dimensions are to the
required specification. If a compact shrinks toachut will be undersized in the
sintered state. To compensate for a componentkshginoo much, slightly more

powder is added during the compaction step andgimgss done to the same volume as
before — effectively increasing the green denditthe compact. Because the green
density has been increased, the component wilhistess than before [15] and the final
sintered dimensions will be to specification. Thasvever results in higher pressing
forces being applied. The higher pressures resathigher chance of tool breakage as

well as an increase in the rate of tool weatr.

New tooling was manufactured but this was based wial and error process. If a new
component was to be pressed, the amount of shentke the compact would undergo
during sintering was essentially a guess and thienpwas designed with this guessed
shrinkage in mind. If the guess was incorrect, ttentooling would be manufactured
again based on a new guess. This was a very lahgastly process in the design of
new components and tooling. It was established ttosprevious work [1] that the
linear shrinkage range for a component was from 2025% (depending on the

powder grade) and at least the limits of guessislgrenkage value were set.



At the onset of this project, it was still not know every grade had a unique ideal

shrinkage that needed to be taken into accounhgltooling design.

2.1.2 Mechanical and hydraulic press documents

In the pressing department of the company, theréves main types of presses that are
used to compact WC-Co powder. These are both maztiamd hydraulic presses and
there are extensive user manuals and compacties fartthis machinery. The user
manuals and notes were reviewed but as with thgaaoynliterature, the information
available tells one how to use the machine buetisno specific information on the

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

2.1.3 Published papers and articles

A survey of the available literature showed thastmad the material available to aid in
the design of tooling with regards to shrinkageasdirectly relevant to the aims of this
project. [e.g. 2 to 14]. The papers reviewed deadtiy with modeling and simulation of
compaction and were not of assistance to this grtjyecause its aim was to optimize

compaction experimentally, i.e. through systemeticpression tests.

An overview of papers and publications revealed tieay little information is available
on predicting shrinkage for compaction tooling tsyng known powder properties for
cemented carbides. The compaction simulation matédsribed in the papers
[4,7,8,9,10,11,12,13] help predict what happengndurompaction theoretically but no
method to obtain specific applicable solutions ddag found. This kind of information
is proprietary, i.e. already be known within comigarbut is not published, at least in

cemented carbides.

In books and texts on powder metallurgy, shrinkaiggemented carbides is not dealt
with specifically [15,18] . Other powdered matesialich as steel, which are described
in books shrink much less than WC-Co and their cetipn is not a problem of the

same magnitude as it is for WC-Co.



2.2 Background knowledge on the manufacturing proce sses

2.2.1 Tungsten carbide-cobalt products

Tungsten carbide-cobalt or cemented carbide (alsavk as hard metal) is a material
that has been used in the manufacture of cuttiolg gince the 1920’s and today is still
a very important material in the cutting tool inttysand is one of the only materials
available with the mechanical properties requitetandle a broad range of cutting
conditions. The mechanical properties of tungstahide-cobalt, a combination very
high hardness and toughness as well as resistameat and wear make it ideal for
cutting and wear applications. [15]

It is economical to produce large volumes of caglpdoducts as high tolerances and
near net shape can be achieved with a minimum anedumachining and finishing
processes. In the manufacture of tungsten cartmtalcor hardmetal products by
powder metallurgy, there is a series of stepsat@atollowed: preparation of powder,
spray drying, pressing to shape and sintering.rAfitgering, there are additional steps
necessary such as grinding and cleaning as mathe @lutting inserts produced require

coating.

The basic constituents of hardmetal powder are sM@nder such as Cobalt and in
some cases, mixed crystals such as TiC, TaC orthNle@hance hardness and heat
resistance. Mixed crystals are usually added tdega@f powder known as ‘tool grades’
and these are used in the manufacture of hightgualiting inserts [16]. High quality
cutting inserts are inserts that perform consitenth a good tool life and low
instances of breakage. In the case of cementedlearlthis means inserts with very

low or no porosity.

At Powder Industries, the types of WC-Co productglpced include components for
the mining industry, various types of wear partd antting inserts that are used in

milling and turning processes.

2.2.2 Definition of shrinkage

Shrinkage is the percentage difference in size &etva sintered component and the

same component in its green or pre-sintered deddage refer to pg xviii —



Nomenclature) which is caused by the closing obpity during sintering [15]. The
shrinkage percentage is referenced from the soh&re, thus 20% shrinkage indicates
that the green component is 20% larger dimensiptiadin the sintered component (this
is @ common convention in the cemented carbidesimgu The definition of shrinkage
varies in other companies where for example, tfereace point is the green
component and not the sintered component. Thislatdrat Powder Industries can be
misleading as a ‘20% linear shrinkage’ would lead to conclude that a compact
shrinks by 20% from the green to sintered stateés iBnot the case and it is important
to remember that when describing shrinkage or mefgto a shrinkage percentage, it is
the percentage amount linearly, that the green eetrip larger by, when compared to

the same component in the sintered state.

Sintered component

Figure 2.1— A component with shrinkage of 20% - the sintedgdensions are the

references and the green dimensions are large@%y 2

2.2.3 Negative and positive inserts

Among the products manufactured by Powder Indissttieere are two main categories
of cutting inserts, namely ‘negative’ or ‘positiveserts. When looking at an insert
from a side view, a ‘negative’ insert means thatedges of the insert are parallel to

each other. A ‘positive’ insert has sides thatraveparallel — the sides from an angle



greater than 0° but less than around 25° from éngoal plane. Both ‘negative’ and
‘positive’ inserts have been included in this inigegtion because they present different
compaction problems, since acute angles are mifreutti to fill thoroughly with

powder than right angles.

Edges are parallel Angle > 0°

“ 7

‘Negative' component ‘Positive’ component

Figure 2.2— A ‘negative’ insert with parallel edges and ‘piog’ insert with edges that

are not parallel

2.2.4 Pressing powder and powder grades

Tungsten carbide-cobalt products are produced mpection of powder — which is
then sintered to a final size. This powder congis¥/C particles (of a specified size
range), cobalt which acts as the binder and aipgesbricant. In some cases, further
additions of mixed crystals are made to give spepifoperties to a product. These
mixed crystals are usually titanium carbide (Ti@ptalum carbide (TaC) or niobium
carbide (NbC) [16].

There are 23 main grades of tungsten carbide poustst at Powder Industries to
manufacture various types of products. These gradedifferentiated from each other
by amount of cobalt, WC grain size variations additions of mixed crystals. All of

the grades however, have an almost constant ambdpnéssing lubricant -
approximately 2 - 2.5 wt % - which is the smallastount of lubricant that allows
complete coverage of the powder particles [18]s&irg lubricant is used to reduce
friction between the powder granules and the diit#hat shapes the compact as well
as to allow the granules to hold after pressingolpressing lubricant was used, the
component would generally break apart after prgssin



There is a large variety of tungsten carbide-cgmaitiucts manufactured at Powder
Industries and the uses for these products are diviérse. In the manufacture of these
various types of components, different grades nf$ten carbide-cobalt powder are
used. For example, wear parts and mining compomeqtsre high toughness and wear

resistance and cutting inserts need to be very dnaddigid.

These different characteristics are achieved byingrthe amount of cobalt and/or the
grain size of the tungsten carbide powder. For g@na component requiring a very
high toughness and impact resistance would havwgheamount of cobalt - up to 20% -
where a cutting insert would have typically aro@8. Varying the WC grain size will

change the hardness and wear resistance proparaesomponent [18].

2.2.5 Milling & spray drying

A ‘grade of powder’ is prepared by mixing WC witblbalt and pressing lubricant. The
particles of the grade powder are WC grains thetaated by fine particles of cobalt
and by the lubricant. Homogenization of all powdsrdone by wet milling. This is
achieved at Powder Industries by means of balkr{tie milling ‘balls’ in this case are
cylindrical in shape and are made from tungstehidarcobalt). Milling does help
control the average grain size to a certain exdadtto even out the average particle
size. The main result of milling is the thorouglating of the WC particles by the
cobalt. The medium used in the milling procesdadsli#ol — the purpose of the medium
is to ensure optimum dispersion of the ingrediastsvell as to prevent oxidation from
taking place through heating. The end result oftileng process is a homogenous
slurry that is then transferred to the spray driesrder to dry and granulate the grade of
powder. Granulation is important in automatic urmhgompaction as the powder needs

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

Spray drying is the process of drying and granugpthe powder suspension obtained
from the wet milling process. The process involspsaying the powder suspension
under high pressure into a flow of nitrogen gaschltauses rapid drying and the
formation of spherical granules. The granule diarseand size distributions can be
controlled by process parameters of the spray grgquipment such as the atomizing

pressure and diameter of the spray nozzle. By agitigjmthe spray drying process, a



granulated powder with good flow properties, umidill density and required particle
size distribution can be obtained. After this pgs;e¢he 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, granuajeade powders are compacted or
pressed to a net shape using a top and bottom famth die cavity. The powder is
filled into the die cavity and uniaxial pressing.ipressing along a single direction, is
carried out to achieve a specified shape and valume hydraulic press, pressing
occurs equally from the top punch and bottom pykobwn as double-action pressing)
but due to wall friction (between the powder grasuhnd the cavity wall), a density
gradient exists [15]. The density gradient is syrmioal in the component when double
action pressing is used but due to this gradiemgatral zone’ or relatively low-density
region exists in the middle of the component amddénsity increases in both directions
heading away from this zone in the vertical di@ttiA pressing lubricant (proprietory
waxes or PEG) is used to improve pressing andlprhmimise the effects of wall
friction and thus the density gradient. A conse@eenf the density gradient is
distortion of the component during sintering, tius important to reduce friction

during compaction as much as possible [15].

Top punch

Compact

Bottom
punch

Figure 2.3— Diagram showing powder compaction using punemeisa die cavity
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The compacted component is known as a ‘green’ comicand it has adequate
strength to be handled. The green components areves delicate and have a density
of between 50% to 60% of final sintered density] [F8ter pressing, the green
components are visually inspected for physicalasfsuch as cracking, chipping or

burring and are then sent to the sintering furnaces

The tooling i.e. the top and bottom punch as welihe die cavity is manufactured from
tungsten carbide-cobalt as very high stiffnessdinnsional stability is required for
compacting hardmetal powder. Also, tungsten carbal®lt has exceptional wear

resistance and this is important for a long tdel i

2.2.7 Sintering

Sintering is the final stage of the manufacturingcess and is the step where the
powder particles are bonded together and finaliieason occurs under high
temperature where the temperature depends on tiegiahdeing sintered but is always
higher than the eutectic temperature of the cdbatter ¢ 1330°C). Sintering can be
described as the heat treatment of a porous compander to change the properties
towards the properties of a solid, pore-free bdd}.[At Powder Industries, sintering is
done in a sinter/HIP furnace — this is a furnaci &n added high-pressure cycle —
known as HIP or hot isostatic pressing. Hippindase to improve the quality of the
components and to remove any residual porosityxppsng the material to a highly
pressurised inert gas (Argon at a pressure of ®0MPa). The sinter / HIP technology
allows de-waxing or de-pegging (see 2.2.8), filatesing and secondary compaction to
be done in a single cycle.

There are a number of important processes thair atzing sintering [18]:

The removal of pressing lubricant and other vaatduch as trapped air
Desorption of moisture

Reduction of Co, W and mixed carbide oxides

Shrinkage of the components as densification tplese

Grain growth through solution and re-precipitatadWWC in and out of Co.

After sintering, the components are removed antfsemuality-control inspection and

metallurgical property analysis. Sintered densit$®. refers to WC-Co density after
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the sintering cycle and is one of the propertieasueed in the laboratory after sintering
[16].

2.2.8 Wax and PEG

Pressing lubricant, as discussed in section 2r&el®&.6, is necessary to reduce friction
during pressing and to aid in producing a high iipugreen compact with sufficient
strength to facilitate easy handling. PreviouslthatPowder Industries (approximately
5-6 years ago), paraffin wax was the preferredi¢aint and was used in all of the
powder grades. It was decided to change the lutiricaPEG (polyethylene glycol) for
reasons including better component quality andee@socessing through the furnaces.
Different lubricants lead to green compacts ofatiéht quality because their different
composition and molecular structure lead to diffiétabrication ability. Wax also
presented problems during sintering by ‘crackitgeéking down of carbon chains)

and causing excess carbon to be present in thensy$8]. This is undesirable as the

delicate carbon balance in the tungsten carbideltaiay be adversely affected.

Another factor was that there was wax residue bpilic the furnace after many
sintering runs and this was very difficult to cleaexcess wax in the system would also
break down during sintering and affect the prodisctiescribed above.

PEG is easier to control through the furnaces dusintering and does not leave a
residue behind. Generally, it is the experienceos$t hardmetal producers that the PEG
lubricated compact quality (i.e. the ability of tbempact to lead to pore-free sintered
parts) was better than that of compacts which weaxde with wax as a lubricant. The
trend of large international companies switchin@EG as a lubricant was also a

motivator in keeping up with the latest advancegawder compaction.
It is generally known that the powder propertiest tnost affect the compactibility (as

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

distribution, particle surface roughness and parsbape [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 caroed on equipment available at Powder
Industries and done in conjunction with standaiitygaoduction runs. The focus of the
research was on pressing and subsequent sintdrihg test pieces so the majority of

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

The aim of the pressing experiments was to pressngcompact (and then sinter)
samples of each powder grade available, colleet @aich as mass of compact and
mass of sintered component, pressed compact diorengiressing forces, powder
volatile content and powder apparent density) tieadyse the collected information to
try and determine a relationship between the ptmseof powder, green compact and
sintered component. If some a general relationsioipld be found, then it would be
possible to derive a general equation or methgmtedict shrinkage when designing

tooling.*

Below, is a flow chart describing the experimemi@cedure for pressing green
compact samples of a grade of powder (grades ofipowary from each other by Co

wt% , average WC particle size and mixed carbideant) :

Select powder grade Prepare experiment Requisition test
to test »| test sheet: calculate »| powder sample and
required compact hydraulic press time
masse
\ 4
Data capture and Inspection of green Pressing experiments
analysis < compacts & < i.e. —standard test se
determination of with varying
compact with shrinkages
expected best
shrinkage*

Figure 3.1— Pressing experiment procedure

" the meaning of ‘expected best’ shrinkage is giveseiction 3.1.2.
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For a pressing experiment for each specific gradmpacts were pressed in duplicate in
order to keep a set of green compacts and to settlex set for sintering. This was to
compare a green component with a correspondingrsitiicomponent. A detailed

explanation of the pressing procedure is in thieéahg sections.

3.1.2 Simulation of shrinkage

In order to find a shrinkage that a certain gragléengoes, it is necessary to press a test
piece, sinter it and then measure the actual shgmkhat the compact underwent. The
linear shrinkage in each of the 3 dimensions issuwesdl and the average of these three

values is taken as the mean shrinkage.

It was known that the ideal shrinkage for a grageldetween 20% and 25% (from
previous work) but the exact ideal shrinkage wdswown. To test the shrinkage of a
grade of powder, it would be necessary to makertgdbr every shrinkage that one
would like to test for, for example in steps of%.from 20% to 25%. The compacts
pressed in the different tools would all shrinkidgrsintering by various amounts (as
per tool %) to the same final dimensions i.e. fithe green compact masses would be
the same but due to differing expected shrinkatpesgreen volumes would vary. For
the green volumes to vary, the recorded pressiegspre would have to vary
accordingly. The green compacts would be inspeatelthe one that was pressed ‘the
best’ would be selected. ‘The best’ can be seldayeidspecting a green compact under
a stereo-microscope. If a compact is under-pressgubrfectly pressed granules can be
seen. If a compact is over-pressed, cracks formttamdompact appears very shiny. The
best green density would correspond to a parti@hienkage which would correspond

to the correct shrinkage for the grade of powder.

It is however expensive and impractical to manwfi@many toolsets out of which only
one would be correct. It was decided to use omelata toolset (with the green

compact shape being a basic square) and to sinuaating shrinkages. This was done
for every powder by pressing components of differeasses to a set thickness (i.e. to a
fixed volume) and thereby simulating different skages by changing the green mass
of each pressed component. Changing green madsatiavolume effectively changes

the green density of the green compact.
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f

Figure 3.2— Green negative insert shape and dimensionsr{ih m

Since all of the green compacts in a set of pngsskperiments were all pressed to a
fixed volume but each compact weight differed Hixad amount, the compacts each
shrank by a different amount to a final size. iniportant to note that the final sintered
dimensions were different from component to compobecause the mass was
different. In this way, it was possible to pregsiage of compacts from a grade of
powder by using one toolset (two punches and aaligy) and have different
shrinkages. Figure 3.3 shows how the shrinkagfestad by varying the green mass of

a component and thus changing it's green density.
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Shrinkage (%)

22

21

20
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Green Density (glcms)

Figure 3.3— Relationship between shrinkage and green deosityC-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 pohalk all of the information
relevant to the powders stored on the company sesueh as ideal S.D. of components
sintered from each powder grade, apparent densitywalatile content. A test sheet was
then prepared and the required green weights ndedszhieve a certain shrinkage
when pressing at constant volume were calculageke 6ection 3.1.5 — sample test

sheet).

In order to change the amount of shrinkage thanaponent underwent the green
weight was varied by calculated amounts keepingtbkesing volume constant (Refer
to section 3.1.5 for an example). This effectiveiyanged the green density of a
compact. The required sintered density of a compiowas constant but the final
sintered volume varied due to the change in gresigiw. Each compact was pressed in
duplicate in order to sinter one piece and therotopare the sintered dimensions to the
green dimensions and to measure the actual shertkagja component underwent. The
shrinkage was measured in three directions i.egaloe thickness as well as across the
width in two directions. The average of the thremasurements was then calculated to
obtain the mean actual shrinkage of a componemt.ekpected shrinkage for each
successive component was changed in 0.5% stepén@tat 20%) and an average of 9
test pieces were pressed (over the shrinkage gmge25%) for a grade of powder.
The compact thickness was set to 4mm and the eexgt®nal area to 250 "im

The pressing experiment was repeated but withhtic&riess of the component set at
half of the original 4mm and keeping the area amssince the ratio between thickness
and width of a component affects the density digtion in the component [15],
experiments were done to determine the effectioktiess variations in the present

case.

After this, the experiment was repeated again bt gomponent thickness set at
double the original thickness (i.e. 8mm). Thus,dach grade of powder, there were
three sets of pressings with a range of simulatedlsages. Once an experimental run
had been completed, the compacts were arrangedeén fvoom “the hardest” to “the

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

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

The aim was to find the compact that was pressstdmel therefore establish the best
green density for a particular grade. To deterrhine well a compact had been
pressed, visual inspection under a stereo-micr@eso@s done (Refer to section 3.1.2).
Inspecting green compacts under a microscope fectieis a standard quality control
practice at the Powder Industries and is done bplpevith many years of experience
in the carbide industry.

Figure 3.5— Inspection of green compacts under a sterecestope
The compacts were inspected under the microscapethng help of an experienced

inspector and graded according to how well theyewessed. The results were
recorded. Each component was marked accordinggettahrinkage: for example, a
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component pressed with CR10 grade powder and destiiinkage of 24% would be
marked “CR10-24".

Initially, the aim of varying the component thiclesewas to determine if this would
have an impact on ‘best’ shrinkage (same gradee samulated shrinkage, but different
sizes) but after numerous comparisons it was fabatthe best shrinkage for a
particular grade was the same for all three diffetkicknesses. However, this was used
to find an average best shrinkage for a gradeinStgad of having one set of
components to inspect and decide which shrinkagebeat, there were three sets and
the average of the three then was taken as thesldeakage for a grade. The three
different sets were however not all inspected atstime time — they were inspected on
different days among other pressing experimentsder to confirm that the ideal
shrinkage for a grade was being quoted consistdhtiyl three sets for a grade were to
be inspected straight after each other, it may ha&en easy to be complacent and say
that the best shrinkage was the same in all cigesist be noted that the inspector was

extremely consistent and never contradicted hislogions.

The experiments were carried out using ‘negatii@pes i.e. parallel vertical surfaces
(See section 2.2.3). After inspection, one setreég compacts was sent to be sintered
and when the set came back, the sintered compowentésmeasured with a Mitutoyo
digital vernier (resolution of 0.01 mm) and theuattshrinkage that each compact
underwent was recorded. The green compact dimengiere measured with the same
vernier. It must be noted that after pressing,eggrcompact expands very slightly —

this is known as ‘spring-back’ and was assumecktadgligible.

The green dimensions were measured after pressthg green compact volume was
then calculated. The green compact volume wasdaknlated as the product of the
measured compact thickness and the pressed crdgmstarea (this was a known
constant that was obtained from the tooling tecrdcawings — the spring-back
through the cross-sectional area was considerbd teegligible).

The green compacts and sintered pieces for eade grare then placed in a storage

area for future reference.
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Figure 3.6— Green compacts and sintered components fdiapowder grades tested

3.1.4 Positive insert pressing tests

A set of experiments were performed to investiglageeffect of ‘positive’ angle on the
ideal shrinkage for a grade. Many cutting inserégsafactured at Powder Industries are
of the ‘positive insert’ type (See 2.2.3). The ‘piog’ angle in these kinds of inserts
may up to 25° from the vertical. Cutting inserte aranufactured from a ‘tool’ grade

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

Four different tool grades were used with a ‘pesiinsert’ toolset (positive angle being
20°). This ‘positive insert’ toolset was choserttesangle is quite large and most
cutting inserts manufactured at Powder Industreagela smaller angle (usually 11°)
and very few have an equal or larger angle. Thisnguinsert is also intricate and is
considered difficult to press. The green dimensemesalso close to the ‘negative’ insert

toolset used in the previous experiments (withetkeeption of the positive angle).
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Figure 3.7— Green positive insert shape and dimensions M) m

With each grade, a ‘negative’ (using same toolseh grevious experiments) and a
‘positive’ component were pressed and the two @gieeere inspected and their green
densities measured (the theoretical green volumgéopositive insert was calculated
using a 3D modeling program that was used in tiggral designing of the insert). The
idea to press ‘negative’ and ‘positive’ inserts washeck if the two green densities
were the same and thus the best shrinkage forde gvas the same for both component
shapes. At the beginning of the project, some miehAry tests were performed and the
component shapes were changed. At that time thmestfaa component seemed to have

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

3.1.5 Standard pressing experiment test sheet

A standard test sheet (see pg. 25) was setupdgréssing experiments for which each
grade was being evaluated. On this sheet, alldlesant pressing data were captured
and a theoretical mass for each green compact alaglated in order to achieve a
target shrinkage. This theoretical green mass wated on the test sheet and the actual
weight achieved was recorded. The actual masswdl@othat was pressed was usually
to within 0.01g of the target mass required. Whking the die cavity, the mass of

powder varies slightly from pressing to pressihgg ts due to slight variations in
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physical powder properties within a sample of powgiesh as granule size distributions

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

To give an example of how a shrinkage was simulaileése note the following

example:
Toolset shrinkage design: 20% (This is the refegemrcdesigned shrinkage)
Mass required for this toolset=(SD)x(required siregd volume)x(volatile content) (1)

The SD, required sintered volume and volatile caintexpressed as a percentage of
mass) are known, thus a powder mass is calcul@teslis the amount of powder in the
tool cavity when pressing a compact.

In the present work, in order to decrease or irsgeéhe shrinkage by a desired
percentage, the mass needed to be decreasedaasedrby an inverse proportion.

(keeping in mind that the green volume is constant)

Normally, to change shrinkage, the green voluneh&énged and the green mass is kept
constant so to increase shrinkage by a certairepgrthe new volume of the green

compact would be calculated :
(% volume change) = 100 x (new shrinkageool shrinkagd/(tool shrinkagd)  (2)
where the shrinkage is in the form ‘1.shrinkageg. .20 for 20% (See example below)

The shrinkages are cubed as shrinkage (by defiitiochange of linear dimension in a

linear direction and one needs to take 3 dimensi@nsaccount.

In the case where we have a constant green vollmaenass is changed by a certain
amount to achieve a certain volumetric change dwintering. So by subtracting a
fixed amount of powder, one decreases the greesitgigmoportionally and the
shrinkage that the compact undergoes will be higliNate that a 1% decrease in mass
means that the density decreases by 1% when pyessinfixed volume. Due to the
change in green density, volumetric shrinkage dusintering then increases by 1%.

So, linear shrinkage change is actually the cubeabthe volumetric change.)

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

following amount:
(% mass change) = 100x (1.221.20) / (1.20) x (-1) (3)

Where:
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1.20’ is the toolset design shrinkage or referenee20%
‘1.22’ is the desired shrinkage i.e. 22%
(-1) is multiplied into the equation in order touea negative change in mass

Thus to achieve a 2% increase in shrinkage whemgusi'20% tool’, the mass must be
decreased by approximately 5.1% from the originatswalue when pressing to the

same fixed volume.

The example shown above is for a toolset designgd20% shrinkage. The toolset
used in all of the pressing experiments was dedifprea 25% shrinkage and the
required shrinkages where in the range of 20 to.ZH%s powder was added to the

reference weight for 25% in order to achieve loglminkages.

When examining the sample test sheet, please met®ltowing terms (some of the
terms used are internal to Powder Industries amaatr self-explanatory to someone

from outside the organization):

‘Equivalent tool %’ refers to the target shrinkgggrm used for the purpose of

this project as is not standard at Powder Industrie

‘Marking’ indicates the physical inscription made the test piece. E.g. ‘CR10-
24’ indicates a compact pressed from grade CRA0stwrinkage of 24%.

‘Th. Mass'’ is the calculated or theoretical greempact mass needed to achieve

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

‘Height’ is the actual test piece thickness aftexsging (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’ sectioissthe measured weight of the

component in grams (green compact or sintered cosmip

‘Fill height’ is the distance of the lower punchrilation to the top of the die
cavity. This is the effective height that the powdsaches when it fills the die

before pressing.
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‘Press O.S.’ is what is known as ‘press offset’ &nd parameter adjustment
made on the hydraulic press during pressing inrdadachieve a certain

component pressing.

‘Rating’ is the inspection result after checkingraen compact after pressing.

The standard used to indicate quality of a presseapact :
- 'SS’ means slightly soft (i.e. slightly under-pred¥
- ‘S’ means soft (i.e. under-pressed)

- ‘G’ or 'OK’ indicates an adequate component thatlganormally pass

quality control.
- ‘B’ indicates the best pressed component from afptessings.
- ‘H’indicates a slightly over-pressed compact

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

cracking.

‘SNUN phase 1/2/3’ indicates the compact thicknelsere 1 = 2mm, 2 = 4mm

and 3 = 8mm.

‘S height’ indicates the reference sintered thigsnef a component for a 25%

shrinkage (in mm)

‘SG’ is the powder grade specific gravity valuesafintering (in g/cr).

‘Press height’ is the target thickness during pres<€.g. 4mm.

‘Weight' is the reference mass of powder neede@f5% toolset (in grams).

‘Volume’ is the reference volume of the sinterethponent after shrinkage of
25% (in cnf).

‘Volatile’ indicates the compact weight loss thators during sintering — this is
mainly removed pressing lubricant as well as a gengll amount of air that is

trapped during pressing.

‘Item no’, ‘Batch no’, ‘PRZ reclaim’ are internabmpany references for a grade

of powder.

23



‘App. Density’ refers to a powder apparent denéityg/cnt). This value was
obtained from Powder Industries powder productiatabdase and indicates the

apparent density for a batch of grade powder.

It should be noted that the test sheet evolved ayariod of time and the sheet is
not perfect — not all of the units are indicated aome of the data fields were
obsolete or redundant (such as ‘PEG content’). Alsadata grouping may seem
misarranged (e.g. apparent density is in the ‘mggaformation’ area). The test
sheet function was mainly for capturing data thauld 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 powders  amples

The apparent density of each test powder samplengasured according to company
standards. A sample volume of the test powder waddd into a Hall flow meter funnel
(see 3.2.3) and allowed to pour into a 25 cantainer. Any leftover powder at the top
of the container was levelled off, thus a sampl@®ent was left. This sample of
powder was weighed and an average apparent deosily be calculated. This was
repeated with every grade of powder tested angpparant density for each test sample
was recorded. The ‘apparent density’ of a sampl@owfder is the measured density of
powder that was poured into a container using thk fldw meter funnel from a
prescribed height. This is a ‘non-tapped’ samplpafder i.e. the density is measured
‘as poured’ with no further steps or procedureg t¢bmpany standard for measuring

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

Each test powder sample had been obtained frortch bathe same grade and during
production of a grade of that powder; average apygatensity is recorded and stored on
the company database. Apparent density for eaaegrbpowder was also recorded

and compared to the test powder sample apparesitylen

During a year of production, a number of batches particular grade are produced and
the average apparent density of a batch is recor@iedse values were collected and

thus an average historical value of apparent defwita grade was obtained.

So, each grade of powder had three different appdensities associated with it : the
test sample value (used in the pressing experimentalue for the batch from which

the sample was obtained and a historical value.

Each 25 crisample of powder that was weighed was stored iratight labeled

container for any future reference or re-measupimgoses.
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Figure 3.9— Measured 25 chand 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 upasfudes of varying sizes and size

distribution.

In order to establish granule size distributiohs, granulated test powder samples were
sieved through 300pum, 212um, 125um, 90um and 63gshrecreens. The powder
from each screen was collected and weighed. Thasute size distributions for each
test powder sample could be established by masemteAs with apparent densities,
the screen fraction results are recorded duringdeoywroduction and historical granule
size distributions for each grade of powder cowdbtablished.

The test powder granule size distributions of algnaere compared to the historical
granule size distribution for the same grade. lafiér 4, the graphs for the test powder
sample and historical values are shown for comparés well as the measured screen
fraction mass values for the test powder in tabtenf Historical screen fraction results
can be found in Appendix 1 (in the relevant powgiade section).

Figure 3.10 shows a good granule size distributoass percent vs. granule size in

pum).
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Figure 3.10— Histogram plot of typical powder granule sizstdbution

3.1.8 Inspection of sintered test pieces

The best and worst sintered test pieces (origiredgings of 4mm) from each grade
were cleaned and mounted in a resin. These samplesthen ground and polished to
achieve a mirror finish (See section 3.2.4 for pchae description). Each of these
pieces (46 sintered test pieces altogether) weamigred for porosity at 100x
magnification on the lab stereo-microscope. In @&, the best and worst test pieces

of each grade are compared for porosity and then.

The SG of each of the sintered test pieces wasurezhs the lab at Powder Industries
by using the Archimedes method. The measuremehedintered density of a test

piece was done according to company procedure [20].

The sintered test pieces were examined and a casupaf the observed surface was
made with the company micrographs for porosityaBéerefer 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 experimsma fully programmable CNC
controlled hydraulic press manufactured by the Gerecompany Dorst. The model is
the TPA15HS capable of exerting a maximum pres&irge of 150 kN.

The pressing accuracy (i.e. accuracy of compagiiieis to within £ 2um 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 Powddustries standard sinter-HIP furnace
[18]. The furnace was manufactured by the Amermampany Ultra temp. The test
pieces were sintered together with standard praztuctins and were exposed to the
Argon HIP cycle after sintering. It should be notkdt in the assessment of the sintered
components (section 3.1.8) for porosity, the singeshould have ideally been done
without pressure (i.e. without HIPing) as HIPingww/es pores and corrects pressing
defects. The test pieces were pressed and sirdecedding to standard company

procedure as the aim of the project was to solgetimpaction problems specific to
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Powder Industries. Figure 3.13 shows the sinterfdiRace 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 egwadHall flow meter funnel was
used in conjunction with a 25 éroontainer. The 25 chof 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 comestitgranule size groups, standard

stackable lab sieves of 300um, 212um, 125um, 9@peh63pum mesh sizes were used.

In order to facilitate good sieving, the screensenstacked with the smallest screen at

30



the bottom and the largest at the top. The stackloaed into a Rototap sieve shaker
which vibrated the stack for a period of two mirsut€he initial powder mass which
was loaded into the top screen was then broken dawrihe granule size groups as it
fell through the stack during sieving.

Figures 3.15 & 3.16- The screen stack loaded into the shaker ansi¢lies used for

screen fractioning the test powder samples.

3.2.4 Mounting and polishing equipment

For mounting and preparing the sintered test pimesurface grinding and polishing, a
Leco PR-32 mounting press was used. The PR-32asitamatic, dual mount press that
automatically applies heat and pressure for a s&lgmeriod of time. The mounting

powder used was Struers multifast phenolic hot rtingmesin.

Figure 3.17— Leco mounting press
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Grinding and polishing of the mounted test piecas done using the Struers LaboPol 5
machine in the company laboratory. Grinding dicd water were used for the initial
grinding of the test pieces and polishing was dasierg diamond paste and polishing
discs. The grinding and polishing was done as fipdddy company procedures.

Figure 3.18— Struers grinding and polishing equipment

The polished test pieces were all inspected foogityr using a Nikon metallurgical
microscope at a magnification of 100x. The test@sewere compared to standard
porosity micrographs (refer to Appendix 3). Imagéthe 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 praociuett Powder Industries were
selected for testing — there was no particular mofl@owders followed during pressing
experiments. Once all of the powders were teshedreésults and grades were sorted by
grade name in alphabetical order. The major diffees between powder grades are
cobalt content, grain size, sintered density ancedhcrystal content (TiC, TaC and
NbC). In total, 23 different grades were testedalle listing the various powder grades
as well as their basic characteristics (as quoyetbimpany lab specification) follows

on page 34.
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Table 3.1- List of powders tested (sorted in alphabeticdeoby grade name)

Powder grade Averagess.G. Co % gAr\;?rlri?z(ae Mixed
name (g/cn) crystals?
(Hm)

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-verylittle
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
Pl-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

The table above includes most of the powders usétei manufacture of various
products at Powder Industries. The three main tgp@e®wders are tool grades, mining
grades and wear grades — these have not been izéelga the above table but in the
data results section (see 4.2), it is indicatedtwhtegory that particular powder falls

under.
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3.3.2 Grade data tables

The physical and metallurgical properties of eaeltg (as listed in the previous
section) that are relevant to this project are sanwad in table form. Information listed
for each grade includes: the grade name, cobalengraverage WC grain size, sintered
density (S.G.) as per lab specification, historig#b. , historical apparent density (over
1 year where possible), historical volatile coni@md mixed crystal content (TiC, TaC
and NbC). The values have been obtained from thgaay laboratory reports,
specification sheets and from information thaesorded on the company database
during the manufacturing process. The historicé dach as historical S.G. and
historical apparent density was calculated from gany records.

Table 3.2- Grade ‘230’ summary

Grade Name 230

Cobalt content 9.7 %

Average WC grain size 2-6 um

SG (company specification) 14.55 gftm

SG (Historical) 14.52 g/cr
Apparent density (Historical) 3.70 g/ém
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 um

SG (company specification) 14.40 gfem

SG (Historical) 14.39 g/cr
Apparent density (Historical) 3.44 g/ém
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 <1lum

SG (company specification) 14.35 gftm
SG (Historical) 14.41 g/cr
Apparent density (Historical) 3.29 g/ém
Volatile content (Historical) 2.66 %

TiC / TaC / NbC / Ni / G4C, content (%)

0.0/0.0/0.0/27/1

Table 3.5- Grade ‘CR10’ summary

Grade Name CR10

Cobalt content 9.5%
Average WC grain size <1lum

SG (company specification) 14.30 gftm
SG (Historical) 14.46 g/cm
Apparent density (Historical) 3.28 g/ém
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 1um

SG (company specification) 12.95 gfem
SG (Historical) 12.92 g/cr
Apparent density (Historical) 3.21 g/ém
Volatile content (Historical) 2.54 %

TiC / TaC / NbC content (%)

7.50/1.00/0.00

3
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Table 3.7 Grade ‘H6' summary

Grade Name H6

Cobalt content 5.7%
Average WC grain size 1-1.5 pym
SG (company specification) 14.95 gftm
SG (Historical) 14.92 g/cr
Apparent density (Historical) 3.41 g/ém
Volatile content (Historical) 251 %

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 um

SG (company specification) 12.75 gftm
SG (Historical) 12.81 g/cm
Apparent density (Historical) 3.19 g/ém
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 um

SG (company specification) 13.90 gftm
SG (Historical) 13.88 g/cm
Apparent density (Historical) 3.37 g/ém
Volatile content (Historical) 2.48 %

TiC / TaC / NbC content (%)

0.00/0.00/0.00
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Table 3.16- Grade ‘MZ15' summary

Grade Name MZ15

Cobalt content 15.2 %
Average WC grain size 2-4 um

SG (company specification) 14.00 gftm
SG (Historical) 13.99 g/cr
Apparent density (Historical) 3.31 g/ém
Volatile content (Historical) 2.62 %

TiC / TaC / NbC content (%)

0.00/0.00/0.00

Table 3.1 Grade ‘N6/194’ summary

Grade Name N6 / 194
Cobalt content 6.0 %
Average WC grain size 1-3 um

SG (company specification) 14.93 gftm
SG (Historical) 14.88 g/cm
Apparent density (Historical) 3.72 g/ém
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 um

SG (company specification) 14.80 gftm

SG (Historical) 14.76 g/cm
Apparent density (Historical) 3.72 g/ém
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 ym

SG (company specification) 12.55 gftm
SG (Historical) 12.58 g/cr
Apparent density (Historical) 3.14 g/ém
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 um

SG (company specification) 12.40 gftm
SG (Historical) 12.39 g/cm
Apparent density (Historical) 3.09 g/ém
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 um

SG (company specification) 13.20 gftm
SG (Historical) 13.24 g/cr
Apparent density (Historical) 3.26 g/ém
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 um

SG (company specification) 14.40 gftm
SG (Historical) 14.33 g/cr
Apparent density (Historical) 3.53 g/ém
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 59%
Average WC grain size 2-3 um

SG (company specification) 14.95 gftm
SG (Historical) 14.95 g/cm
Apparent density (Historical) 3.70 g/ém
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 um

SG (company specification) 14.95 gftm

SG (Historical) 14.94 g/cr
Apparent density (Historical) 3.84 g/ém
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 pum

SG (company specification) 14.60 gftm
SG (Historical) 14.60 g/cr
Apparent density (Historical) 3.71 g/ém
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 um

SG (company specification) 14.05 gftm
SG (Historical) 14.05 g/cm
Apparent density (Historical) 3.52 g/ém
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 um

SG (company specification) 14.05 gftm
SG (Historical) 14.07 g/cm
Apparent density (Historical) 3.53 g/ém
Volatile content (Historical) 2.35%

TiC / TaC / NbC content (%)

2.30/2.76/0.69
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Table 3.22- Grade ‘P1-40° summary

Grade Name PI-40

Cobalt content 8.5 %
Average WC grain size 2-4 um

SG (company specification) 13.85 gftm
SG (Historical) 13.70 g/cr
Apparent density (Historical) 3.40 g/ém
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 um

SG (company specification) 13.25 gftm
SG (Historical) 13.24 g/cm
Apparent density (Historical) 3.10 g/ém
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 um

SG (company specification) 12.30 gftm
SG (Historical) 12.38 g/cr
Apparent density (Historical) 3.25 g/ém
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 opeagrade. There were a number of
different tests performed for each grade of powdsrdescribed in Chapter 3) and all
the results are presented together for claritys Thto give an overall idea or ‘feel’ for a
particular grade of powder and how it behavesotaltthere are 23 different grades
that have been evaluated and are ordered alphalhety grade name (section 4.2).

All of the original experimental test sheets aslaslsupporting data for the shown
results can be found in Appendix Al (also arranggdrade name in alphabetical

order).

The first table in each section shows experimefdéd as well as important information
for each grade of powder such as SD (sintered @g¢napparent density, volatile
content, green density and porosity found in sederomponents. Note that ‘batch’
values indicate company recorded data from a lbageh of powder and ‘test sample’

values indicate data from a sample taken from éineesbatch of powder.

The second table in each section shows the bestipgeresults from a variety of
pressing experiments performed. The table is a amnshowing best shrinkage
obtained, the green density achieved for the bestspd components, the green weight

of the pressed component as well as the recorded &nd pressure during compaction.

The heading “best compact” in the second tablecatds the green component that was
evaluated to be the best (or best compacted compdnem a set of components in an
experiment and this is indicated in terms of thecaéor expected shrinkage for that
particular mass of powder. The “actual shrinkagethe amount of shrinkage that the
same test piece actually underwent after sinteaimjthis was found by physically

measuring the test piece.

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

well as the historical data for the grade beindwatad (granule size in um). Finally,
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the micrographs for the best and worst obtainehishiges are shown to indicate the
level of porosity found in a sintered test piedthaugh it must be noted that the
difference is often very small because the piec®wot isostatically pressed (See
3.2.2).

The following information or results will be shovior each grade:
Pressing results for ‘negative’ style tests forttivee various sizes (common
cross-sectional area — see section 3.1.2/3) — Uiteeme of this set of tests was
to find the best green density and thus the bestkalge (as measured after
sintering).
Measured green density for the chosen ‘best’ geceemponents for all pressed
sizes.
Sintered component density or S.D. (measured bytbkeimedes method )
Measured apparent density of the granulated testipofrom a grade as well as
the historical apparent density of the same grade period of 1 year.
Granule size distribution plots for a test samglpawder (historical data are
shown as well), the plots show mass percent veulgasize (Lm).
Porosity check for sintered components from a g(daebest and worst
components from each grade were mounted and pdlible® examined under a

microscope). Micrographs are shown in both casesdoh grade.

Following the summaries for each grade when prgssegative’ components is a
section showing the pressing and experimentatisulteewhen varying the shape of a
component (positive inserts) in order to evaluatedomplex shape or significant angle

in the component geometry affects the ideal shgelar a particular grade.

4.2 Experimental data results

All of the data collected from pressing, sinteripgwder analysis and sintered
component analysis is shown in this section inl&tbas well as graphical form. As
there was a large amount of data collected, odynibst important information is
shown in this section. Other data such as histlodi@ta and supporting information

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

The order of data shown is alphabetical by gradeena
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4.2.1 Grade ‘230’ experimental data

‘230’ grade powder is a mining grade (straight W@@at has a relatively high cobalt
content (9.7 wt %) and a wide grain size distriditf2-6pum). It is a commonly used
grade in products such as shims which are usedbimost cutting inserts. It is an

important grade as it is widely used in a varidtproducts. Pressing test sheets,

historical apparent screen fraction reports as agbther test results and reports can be

found in Appendix 1-Al.

Table 4.2- Grade ‘230’ experimental data summary

SD (Batch) 14.52 g/cr
SD (Test samples) 14.46 g/cr
Apparent density (Grade batch) 3.60 gicm
Apparent density (Test powder sample) 3.64 g/cm
Volatile content (Test sample) 2.07%

Best average green density (Measured) 8.29%/cm
Average best shrinkage for grade (Evaluated testg) 21.3%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.3— Pressing test results for grade ‘230°

Green Actual .. | Recorded force &
) Best : Green | Green density
thickness compact shrinkage weight (g) (g/cn?) pressure
(mm) P (overall) gntig 9 (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 pemdjranule sizes)

Total >300 pm | >212 pm | >125pum| >90 um  >63 un >0 um
107.59g 059 12.1g¢ 61.7¢ 19.40p 9.1 4.7 g
Percent 0.5% 11.3% 57.4 % 18.0 Yo 8.5 4.4 %

! The values shown indicate the target or theoresicahkage for that compact
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230 - Test powder

Percent mass

>300 >212 >125 >90 >63 >0
Granule size

Figure 4.1— Measured granule size distribution of test pavedenple of grade 230
(apparent density of 3.64 g/&m

230 - Historical

Percent mass

>300 >212 >125 >90 >63 >0
Granule size

Figure 4.2— Historical granule size distribution of gradeédZBistorical apparent
density of 3.70 g/ci

Figure 4.3— 100x magnification image of polished sectionhaf best shrinkage sample
(least porosity): 21.4% and the worst shrinkagestrporosity) sample: 23.7%
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4.2.2 Grade ‘AP20’ experimental data

‘AP20’ grade powder is a wear grade (straight WG-tBat has relatively high cobalt

content (10.5 wt%) and a narrow coarse grain Sstelloition (2-3 pm). It is mainly

used in the specials department where componemnter@med on machines after pre-

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

Pressing and all other test sheets can be fouAgpendix 1-A2.

Table 4.5- Grade AP20 summary

SD (Grade batch) 14.35 g/cm
SD (Test samples) 14.35 g/cr
Apparent density (Grade batch) 3.19 gicm
Apparent density (Test powder sample) 3.42 §lcm
Volatile content (Test samples) 2.30 %
Best average green density 8.06 glcm
Average best shrinkage for grade (Evaluated tes&g) 224 %
Porosity result for ‘best shrinkage’ sintered comgiuts A00 BOO

Table 4.6— Pressing test results for grade ‘AP20’

Green Actual .| Recorded force &
) Best : Green | Green density

thickness compact shrinkage weight (g) (g/cn?) pressure
(mm) P (overall) ght{9 9 (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 dew(granule sizes)

Total >300 ym | >212 pm | >125pum| >90 um >63 um >0 pm
117649 0.2g 19g¢g 45049 2530 16.0(g 29.2(g
Percent 0.2% 1.6 % 38.3 % 215% 13.6|% 24.8%
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AP20 - test powder

Percent mass

>300 >212 >125 >90 >63 >0
Granule size (um)

Figure 4.4— Measured granule size distribution of test pavedenple of grade AP20
(apparent density of 3.42 g/&m

AP20 - Historical

Percent mass

>300 >212 >125 >90 >63 >0

Granule size

Figure 4.5— Historical granule size distribution of grade28R historical apparent
density of 3.44 g/cf)

Figure 4.6— 100x magnification image of polished sectionhef best shrinkage sample
(least porosity) 22.1% and the worst shrinkage (rpososity) 24.4% for AP20
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4.2.3 Grade ‘CN10’ experimental data

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

and is a sub-micron grain size powder. There aredncrystals of Ni and @C». It is a

commonly used grade in products such as cuttirgrimgmilling type) where high

hardness is required. This grade was known forgoempressible like another grade

known as ‘CR10'. Pressing test sheets as wellfar ¢¢st results and reports can be

found in Appendix 1-A3

Table 4.8- Grade '‘CN10’ summary

SD (grade batch) 14.41 g/cr
SD (Test sample) 14.36 g/cm
Apparent density (Grade batch) 3.32 glcm
Apparent density (Test powder sample) 3.18 §/cm
Volatile content (Test sample) 2.76 %
Best average green density (Measured) 7.64%/cm
Average best shrinkage for grade (Evaluated tes&g) 24.6 %
Porosity result for ‘best shrinkage’ sintered comgrats A00 BOO

Table 4.9— Pressing test results for grade ‘CN10’

Green Actual .. | Recorded force &
) Best : Green | Green density

thickness compact shrinkage weight (g) (g/cn?) pressure
(mm) b (overall) gntig 9 (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 gew(granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 un >0 um
185.3 ¢ 0.79 179 110.8 g 38.40¢ 22.9 10.8|g
Percent 0.4 % 0.9% 59.8 % 207% 124 5.8 %
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CN10 - Test powder

Percent

>300 >212 >125 >90 >63 >0
Granule size

Figure 4.7— Measured granule size distribution of test pavedenple of grade CN10
(apparent density of 3.18 g/&m

CN10 - Historical

Percent occurrence

>300 >212 >125 >90 >63 >0

Granule size

Figure 4.8— Historical granule size distribution of grade ItN historical apparent
density of 3.29 g/ci)

Figure 4.9— 100x magnification image of polished sectionhaf best shrinkage (least
porosity) 24.1 % and the worst shrinkage (most gityp26.5 % for grade CN10
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4.2.4 Grade ‘CR10’ experimental data

‘CR10’ grade powder is a tool grade that has sutrenigrain size and Co content of

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

toughness and high hardness are required. Thistraight grade with no mixed

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

massively incorrect tool shrinkage consideratioesBing test sheets as well as other

test results and reports can be found in Appendid 1

Table 4.11- Grade ‘CR10’ summary

SD (Grade batch) 14.45 g/cr
SD (Test sample) 14.56 g/cm
Apparent density (Grade batch) 3.39 gicm
Apparent density (Test powder sample) 3.26 §/cm
Volatile content (Test sample) 3.23%
Best average green density (Measured) 7.75%/cm
Average best shrinkage for grade (Evaluated tes&g) 24.6 %
Porosity result for ‘best shrinkage’ sintered comgrats A00 BOO

Table 4.12— Pressing test results for grade ‘CR10’
(_Sreen Best A(_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (g/cn?) pressure
(mm) b (overall) gntig 9 (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 dew(granule sizes)

Total >300 um | >212 pym | >125pum| >90 um >63 pm >0 um
146.3 g 01g 0.3g 445¢g 53.3 0 27.8|9 20.3(g
Percent 0.1% 0.2 % 30.4 % 36.4%  19.0(% 13.91%
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CR10 - Test powder

Percent

>300 >212 >125 >90 >63 >0

Granule size
Figure 4.10— Measured granule size distribution of test pavedenple of grade CR10

(apparent density of 3.26 g/&m

CR10 - Historical

Percent

>300 >212 >125 >90 >63

Granule size

Figure 4.11— Historical granule size distribution of grade XOR historical apparent
density of 3.28 g/ci)

Figure 4.12— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 24.0 % and the worst shrinkage (most gityp25.5 % for grade CR10
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4.2.5 Grade ‘H1P’ experimental data

‘H1P’ grade powder is a tool grade that has 1 rm@ain size and relatively low
cobalt content (6.0 wt%). It is used where highdhass is required. Mixed crystals of
TiC and TaC are present. Pressing test sheetslbasnher test results and reports can

be found in Appendix 1-A5.

Table 4.14- Grade ‘H1P’ summary

SD (Grade batch) 12.89 g/cr
SD (Test samples) 12.89 g/cr
Apparent density (Grade batch) 3.24 glcm
Apparent density (Test powder sample) 3.25 §/cm
Volatile content (Test samples) 2.46 %
Best average green density (Measured) 7.35%/cm
Average best shrinkage for grade (Evaluated testg) 20.7 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.15- Pressing test results for grade ‘H1P’

Green Actual .| Recorded force &
. Best . Green | Green density

thickness compact shrinkage weight (g) (glen) pressure
(mm) P (overall) ght {9 9 (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 1 195

Table 4.16— Screen fraction report for grade ‘H1P’ test pen@jranule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um

158.9 g 0.1g 1.3 g 750g| 472y 251|g  10.2|g

Percent 0.1 % 0.8 % 47.2 % 29.7 % 15.8/% 6.4 %
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H1P - Test powder

Percent

>300 >212 >125 >90 >63
Granule size

Figure 4.13— Measured granule size distribution of test pavedenple of grade H1P
(apparent density of 3.25 g/&m

H1P - Historical

Percent

>300 >212 >125 >90

>63 >0
Granule size

Figure 4.14— Historical granule size distribution of gradeRH(historical apparent
density of 3.21 g/ci)

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

(least porosity) 21 % and the worst shrinkage (mosbsity) 25 % for grade H1P

54



4.2.6 Grade ‘H6’ experimental data

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

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

crystals (TaC and NbC). Pressing test sheets rlugtacreen fractions as well as other

test results and reports can be found in Appendi6l

Table 4.17- Grade ‘H6’ summary

SD (Grade batch) 14.95 g/cr
SD (Test sample) 14.90 g/cr
Apparent density (Grade batch) 3.04 gicm
Apparent density (Test powder sample) 2.87 dlcm
Volatile content (Test sample) 2.47 %
Best average green density (Measured) 8.08%/cm
Average best shrinkage for grade (Evaluated tes&g) 23.4%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.18- Pressing test results for grade ‘H6’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gnt{g 9 (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 1298

Table 4.19— Screen fraction report for grade ‘H6’ test pomiganule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
199.3 g 0.1g 244 ¢ 123.3 g 40.2g 9.3g 200
Percent 0.1% 12.2 % 61.9 % 20.2 Yo 4.7 % 1.0 %

55




H6 - Test powder

Percent

>300 >212 >125 >90 >63
Granule size

Figure 4.16— Measured granule size distribution of test pavedenple of grade H6
(apparent density of 2.87 g/&m

H6 - Historical

Percent

>300 >212 >125 >90

>63 >0
Granule size

Figure 4.17— Historical granule size distribution of grade ¢hétorical apparent
density of 3.41 g/ci)

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

(least porosity) 23.5 % and the worst shrinkagesgmporosity) 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 grain size band and relatively low

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

crystals (TiC). Pressing test sheets, historicadest 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 glcr
SD (Test sample) 12.82 g/cr
Apparent density (Grade batch) 3.23 glcm
Apparent density (Test powder sample) 3.12 §/cm
Volatile content (Test sample) 2.44 %
Best average green density (Measured) 6.98%/cm
Average best shrinkage for grade (Evaluated tes&g) 23.4%
Porosity result for ‘best shrinkage’ sintered comguts A02 B02

Table 4.21— Pressing test results for grade ‘K15M’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 24.8199.2

Table 4.22— Screen fraction report for grade ‘K15M’ test miew (granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
198.9¢g 0.1g 169 123.4 g 42.8Q9 16.5/9 14.5g
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 pavedenple of grade K15M

(apparent density of 3.12 g/&m

K15M - Historical

Percent

>300 >212 >125 >90

>63 >0
Granule size

Figure 4.20— Historical granule size distribution of grade3 (historical apparent
density of 3.19 g/ci

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

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

‘MT16’ grade powder is a mining grade that has|2a8 grain size and high cobalt

content (16.0 wt%). It is used where high toughrmesbswear resistance is required. It

contains no mixed crystals. Pressing test sheetelhss other test results and reports

can be found in Appendix 1-A8.

Table 4.23- Grade ‘MT16’ summary

SD (Grade batch) 13.85 g/cr
SD (Test sample) 13.82 g/cr
Apparent density (Grade batch) 3.39 gicm
Apparent density (Test powder sample) 3.43 §g/cm
Volatile content (Test sample) 2.75 %
Best average green density (Measured) 7.74%/cm
Average best shrinkage for grade (Evaluated tesiesi) 224 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.24— Pressing test results for grade ‘MT16’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gnt{g 9 (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 pigw (granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
157.2 g 039 10049 9044 25.2p 2249 890
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 povgdenple of grade MT16
(apparent density of 3.43 g/&m

MT16 - Historical

Percent
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Figure 4.23— Historical granule size distribution of grade MT(historical apparent
density of 3.37 g/ci)

Figure 4.24— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 22 % and the worst shrinkage (most ptyb&4 % for grade MT16
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4.2.9 Grade ‘MZ15’ experimental data

‘MZ15’ grade powder is a mining grade that has |2+ grain size and high cobalt

content (15.2 wt%). It is used where high toughrmesbswear resistance is required. It

contains no mixed crystals. Pressing test sheetelhss other test results and reports

can be found in Appendix 1-A9.

Table 4.26- Grade ‘MZ15’ summary

SD (Grade batch) 13.92 g/cr
SD (Test sample) 13.93 g/cr
Apparent density (Grade batch) 3.22 glcm
Apparent density (Test powder sample) 3.37 §/cm
Volatile content (Test sample) 2.42 %
Best average green density (Measured) 7.78%/cm
Average best shrinkage for grade (Evaluated tesiesi) 224 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.27— Pressing test results for grade ‘MZ15’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gnt{g 9 (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 23.7194.8
8.00 22.0 % 22.3% 15.57 7.78 23.2/92.8

Table 4.28— Screen fraction report for grade ‘MZ15’ test pigw (granule sizes)

Total >300 um | >212 ym | >125pm| >90 um >63 pm >0 um
127049 0.2¢9 5849 7459 2360 17.5(9 5449
Percent 0.2% 4.6 % 58.7 % 186%  13.8/% 4.3 %
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MZ15 - Test powder
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Figure 4.25— Measured granule size distribution of test pavedenple of grade MZ15
(apparent density of 3.37 g/&m

MZ15 - Historical

Percent
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Granule size
Figure 4.26— Historical granule size distribution of grade MyZ(historical apparent
density of 3.31 g/cf)

Figure 4.27— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 22 % and the worst shrinkage (most ptyp&i3 % for grade MZ15
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4.2.10 Grade ‘N6 / 194’ experimental data

‘N6 / 194’ grade powder is a wear grade that h&3.n grain size and relatively low

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

required. It contains no mixed crystals. Pressésg) $heets, historical data as well as

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

Table 4.29- Grade ‘N6 / 194’ summary

SD (Grade batch) 14.87 g/cr
SD (Test samples) 14.89 g/cr
Apparent density (Grade batch) 3.60 gicm
Apparent density (Test powder sample) 3.62 g/cm
Volatile content (Test samples) 1.94 %
Best average green density (Measured) 8.14%/cm
Average best shrinkage for grade (Evaluated tes&g) 22.9%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.30— Pressing test results for

rade ‘N6 / 194’

Green Actual .. | Recorded force &
) Best ) Green | Green density
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (kN / MPa)
2.01 22.5% 229 % 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’ testvder (granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
126.99g 049 2649 82.8 ¢ 14590 19.1 g 759
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 pavedenple of grade N6 /
194 (apparent density of 3.62 gfm

N6/194 - Historical
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Figure 4.29— Historical granule size distribution of grade NB4 (historical apparent
density of (3.72 g/ci

Figure 4.30— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 22.5 % and the worst shrinkage (most gityp24 % for grade N6 / 194
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4.2.11 Grade ‘P7’ experimental data

‘P7’ grade powder is a mining grade that has 2-6guam size and relatively low cobalt
content (7.5 wt%). It is used where high hardnessquired. It contains no mixed
crystals. Pressing test sheets as well as otheaemsdts and reports can be found in
Appendix 1-Al11l.

Table 4.32- Grade ‘P7’ summary

SD (Grade batch) 14.73 g/cr
SD (Test samples) 14.75 g/cr
Apparent density (Grade batch) 3.80 gicm
Apparent density (Test powder samples) 3.38 §/cm
Volatile content (Test sample) 2.26 %
Best average green density (Measured) 8.26%/cm
Average best shrinkage for grade (Evaluated tesiesi) 22.2%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.33— Pressing test results for grade ‘P7’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (kN / MPa)
2.00 22.0 % 22.6 % 4.10 8.20 21.7 187
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’ testvder (granule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
99.1¢ 04g 12g¢g 25.79 29.79 20.8(g 21.3(g
Percent 0.4 % 1.2% 25.9 % 300% 21.0(% 21.5/%
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Figure 4.31— Measured granule size distribution of test pavedenple of grade P7
(apparent density of 3.38 g/&m

P7 - Historical

Percent

>300 >212 >125 >90 >63 >0
Granule size

Figure 4.32— Historical granule size distribution of grade (Ri&torical apparent
density of 3.72 g/ci

Figure 4.33— 100x magnification image of polished sectiothaf best shrinkage (least
porosity) 22 % and the worst shrinkage (most ptyd&i3 % for grade P7

66



4.2.12 Grade ‘P25M’ experimental data

‘P25M’ grade powder is a tool grade that has 1-2gramn size band and 9.5 wt%

cobalt content. It is used where high hardnesd@nghness is required. It contains

mixed crystals (TiC, TaC and NbC). Pressing teses) historical data as well as other

test results and reports can be found in Appendid 2.

Table 4.35- Grade ‘P25M’ summary

SD (Grade batch) 12.59 g/cr
SD (Test samples) 12.56 g/cr
Apparent density (Grade batch) 3.12 glcm
Apparent density (Test powder sample) 3.01 §/cm
Volatile content (Test sample) 2.38 %
Best average green density 7.22 glcm
Average best shrinkage for grade (Evaluated tesiesi) 21.1%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.36— Pressing test results for grade ‘P25M’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 dew(granule sizes)

Total >300 um | >212 pym | >125pum| >90 um >63 pm >0 um
197.09 0.1g 179 92849 0 33.3|g 19.1{g
Percent 0.1% 0.9 % 47.1 % o 16.9|% 9.7 %
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Figure 4.34— Measured granule size distribution of test pavedenple of grade P25M
(apparent density of 3.01 g/&m

P25M - Historical

Percent

>300 >212 >125 >90 >63 >0

Size
Figure 4.35— Historical granule size distribution of gradebRR(historical apparent
density of 3.14 g/ci)

Figure 4.36— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 20 % and the worst shrinkage (most ptyp&4 % for grade P25M
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4.2.13 Grade ‘P30M’ experimental data

‘P30M’ grade powder is a tool grade that has 2-3grain size and 10 wt% cobalt

content. It is used for cutting inserts where arde@f toughness is required. It contains

mixed crystals (TiC, TaC and NbC). Pressing teses) historical data as well as other

test results and reports can be found in Appendid 3.

Table 4.38- Grade ‘P30M’ summary

SD (Grade batch) 12.38 glcr
SD (Test samples) 12.49 g/cr
Apparent density (Grade batch) 3.10 glcm
Apparent density (Test powder sample) 2.91 d/cm
Volatile content (Test samples) 2.51 %
Best average green density 7.09 glcm
Average best shrinkage for grade (Evaluated tes&g) 21.8%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.39— Pressing test results for grade ‘P30M’

Green Actual .. | Recorded force &
) Best ) Green | Green density

thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 24.7 199

Table 4.40— Screen fraction report for grade ‘P30M’ test dew(granule sizes)

Total >300 um | >212 pym | >125pum| >90 um >63 pm >0 um
211.0¢9 049 36949 118.6 @ 33.3g 1569 6.20
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 pavedenple of grade P30M
(apparent density of 2.91 g/&m
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Figure 4.38— Historical granule size distribution of gradeORB(historical apparent
density of 3.09 g/ci

Figure 4.39— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 20 % and the worst shrinkage (most ptyp&4 % for grade P30M
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4.2.14 Grade ‘P40M’ experimental data

‘P40M’ grade powder is a tool grade that has 2-3gramn size and 10 wt% cobalt
content. It contains mixed crystals (TiC, TaC araC)\l Pressing test sheets as well as

other test results and reports can be found in Apipel-Al4.

Table 4.41- Grade ‘P40M’ summary

SD (Grade batch) 13.25 g/cm
SD (Test samples) 13.26 g/cm
Apparent density (Grade batch) 3.23 glcm
Apparent density (Test powder samples) 3.09 d/cm
Volatile content (Test sample) 2.45 %
Best average green density 7.50 glcm
Average best shrinkage for grade (Evaluated tes&g) 21.7%
Porosity result for ‘best shrinkage’ sintered comgrats AO00 BOO

Table 4.42— Pressing test results for grade ‘P40M’

Green Actual .| Recorded force &
. Best . Green | Green density

thickness compact shrinkage weight (g) (glcn) pressure
(mm) P (overall) ght{9 9 (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 pew(granule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um

196.8 g 0.2 g 16.8 g 108.39g 43.0g 2099 7.6

Percent 0.1% 8.5% 55.0 % 219%  10.6/% 3.9%
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Figure 4.40— Measured granule size distribution of test pavedenple of grade P40M
(apparent density of 3.09 g/&m
P40M - Historical
g
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Figure 4.41— Historical granule size distribution of gradeDRU(historical apparent
density of 3.26 g/ci)

Figure 4.42— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 21 % and the worst shrinkage (most ptyp&4 % for grade P40M
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4.2.15 Grade ‘P511’ experimental data

‘P511’ grade powder is a mining grade that hag@r6grain size and relatively high
cobalt content (11.7 wt%). It is used where touglris required. It contains mixed no
crystals. Pressing test sheets as well as otheaemsdts and reports can be found in
Appendix 1-A15.

Table 4.44- Grade ‘P511’ summary

SD (Grade batch) 14.26 g/cr
SD (Test samples) 14.25 g/cr
Apparent density (Grade batch) N/A
Apparent density (Test powder sample) 3.41 §/cm
Volatile content (Test samples) 2.89 %
Best average green density 8.01 glcm
Average best shrinkage for grade (Evaluated tes&g) 21.6 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.45— Pressing test results for grade ‘P511"

Green Actual .. | Recorded force &
) Best ) Green | Green density
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 gen(granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um

11759 0.1g 2749 63.2¢ 3480 14.6/g 219

Percent 0.1% 2.3 % 53.8 % 296 % 12.4\% 1.8 %
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Figure 4.43— Measured granule size distribution of test pavedenple of grade P511
apparent density of 3.41 g/&mn

P511 - Historical
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Figure 4.44— Historical granule size distribution of gradelP%historical apparent
density of 3.53 g/ci)

Figure 4.45— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 22 % (left) and the worst shrinkage (nmamtosity) 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¥8grain size and relatively low

cobalt content (5.9 wt%). It is used where weaistasce is required. It contains no

mixed crystals (straight grade). Pressing testtsteeewell 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/cr
SD (Test samples) 14.93 g/cr
Apparent density (Grade batch) 3.95 gicm
Apparent density (Test powder sample) 3.86 g/cm
Volatile content (Test samples) 2.35 %
Best average green density 8.57 glcm
Average best shrinkage for grade (Evaluated tesiesi) 21.1%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.48— Pressing test results for grade ‘PBF’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 21.7 187
8.02 21.0 % 21.9% 16.98 8.47 17.9/72

Table 4.49— Screen fraction report for grade ‘PBF’ test pewjranule sizes)

Total >300 um | >212 pym | >125pum| >90 um >63 pm >0 um
149.3 g 0.1g 299 41.4 ¢ 4109 35.6/9 28.3|0
Percent 0.1% 1.9% 27.7 % 275%  23.8/% 19.0(%
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Figure 4.46— Measured granule size distribution of test pavedenple of grade PBF
(apparent density of 3.86 g/&m

PBF - Historical
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Figure 4.47— Historical granule size distribution of gradeFP@istorical apparent
density of 3.70 g/ci)

Figure 4.48— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 21.5 % and the worst shrinkage (most gityp24 % for grade PBF
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4.2.17 Grade ‘PBT’ experimental data

‘PBT’ grade powder is a mining grade (very simi@PBF) that has 2-4 um grain size

and relatively low cobalt content (6.0 wt%). Itused where wear resistance is required.

It contains mixed no crystals. This is an importgwade as it is very widely used at

Powder Industries. Pressing test sheets as wethas test results and reports can be
found in Appendix 1-Al17.

Table 4.50- Grade ‘PBT’ summary

SD (Grade batch) 14.96 g/cr
SD (Test samples) 14.98 g/cr
Apparent density (Grade batch) 3.80 gicm
Apparent density (Test powder sample) 3.88 §/cm
Volatile content (Test samples) 2.17 %
Best average green density 8.68 gicm
Average best shrinkage for grade (Evaluated testg) 20.2 %
Porosity result for ‘best shrinkage’ sintered comguts A02 B02

Table 4.51- Pressing test results for grade ‘PBT’
Qreen Best Agtual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (glen) pressure
(mm) P (overall) ght {9 9 (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 pew(hranule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um
106.9¢g 0.3g 8.09 68.5¢ 18.0¢ 8.00 419
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 pavedenple of grade PBT
(apparent density of 3.88 g/&m
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Figure 4.50— Historical granule size distribution of gradeTP@istorical apparent
density of 3.84 g/ci)

Figure 4.51— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 20 % and the worst shrinkage (most ptyp&4 % for grade PBT
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4.2.18 Grade ‘PC20’ experimental data

‘PC20’ grade powder is a tool grade that has 1-3gpaim size and relatively low cobalt

content (6.0 wt%). It is used where high hardnsssquired. It contains mixed crystals

(TiC, TaC and NbC). Pressing test sheets as wellres test results and reports can be
found in Appendix 1-A18.

Table 4.53- Grade ‘PC20’ summary

SD (Grade batch) 14.66 g/cr
SD (Test sample) 14.56 g/cr
Apparent density (Grade batch) 3.71 gicm
Apparent density (Test powder sample) 3.55 g/cm
Volatile content (Test sample) 2.55 %
Best average green density (Measured) 8.35%/cm
Average best shrinkage for grade (Evaluated tes&g) 21.0%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.54— Pressing test results for grade ‘PC20’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 dexgranule sizes)

Total >300 um | >212 pym | >125pum| >90 um >63 pm >0 um
148.4 g 0.1g 3.0¢9 7169 3749 2219 14.2|g
Percent 0.1% 2.0% 48.3 % 252% 149% 9.6 %
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Figure 4.52— Measured granule size distribution of test pavedenple of grade PC20
(apparent density of 3.55 g/&m
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Figure 4.53— Historical granule size distribution of gradeZ®@Gapparent density of
3.71 glcn)

Figure 4.54— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 21 % and the worst shrinkage (most ptyp&i3 % for grade PC20
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4.2.19 Grade ‘PI15’ experimental data

‘PI15’ grade powder is a tool grade that has 2-3grain size band and relatively low

cobalt content (6.0 wt%). It is used in the mantufee of cutting inserts. It contains

mixed crystals (TiC, TaC and NbC). Pressing teses) historical data as well as other

test results and reports can be found in Appendid 9.

Table 4.56- Grade ‘PI15’ summary

SD (Grade batch) 14.02 g/cr
SD (Test samples) 14.08 g/cr
Apparent density (Grade batch) 3.46 gicm
Apparent density (Test powder sample) 3.40 §g/cm
Volatile content (Test samples) 2.30 %
Best average green density 7.98 glcm
Average best shrinkage for grade (Evaluated tes&g) 21.6 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.57— Pressing test results for grade ‘PI15’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 ‘P115’ test pew(granule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
153.3 g 01g 0.79g 86.2¢g 3349 23.6|9 93¢
Percent 0.1% 0.5% 56.2 % 21.8% 15.4|% 6.1 %
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PI-15 - Test powder
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>300 >212 >125 >90 >63 >0
Granule size

Figure 4.55— Measured granule size distribution of test pavedenple of grade PI15
(apparent density of 3.40 g/&m

PI1-15 - Historical

Percent

>300 >212 >125 >90 >63 >0
Granule size
Figure 4.56— Historical granule size distribution of gradd ®[historical apparent
density of 3.52 g/cf)

Figure 4.57— 100x magnification image of polished sectiohaf best shrinkage (least
porosity) 21 % and the worst shrinkage (most ptyb&4 % 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¥8grain size and relatively low cobalt
content (6.6 wt%). It is used where high hardnesequired and is used to make
products such as cutting inserts. It contains mogdtals (TiC, TaC and NbC).
Pressing test sheets, historical data as wellrees tgst results and reports can be found
in Appendix 1-A20.

Table 4.59- Grade ‘PI25’ summary

SD (Grade batch) 14.11 g/crm
SD (Test sample) 14.08 g/cr
Apparent density (Grade batch) 3.48 glcm
Apparent density (Test powder sample) 3.37 §/cm
Volatile content (Test sample) 2.23%
Best average green density (Measured) 7.94%/cm
Average best shrinkage for grade (Evaluated testg) 21.7 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.60— Pressing test results for grade ‘PI25’

Green Actual .| Recorded force &
. Best . Green | Green density

thickness compact shrinkage weight (g) (glen) pressure
(mm) P (overall) ght {9 9 (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 ‘P125’ test pew(granule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um

168.1 g 0.1g 369 82.7g| 456gy 237 1249

Percent 0.1% 21% 49.2 % 27.1% 14.1\% 7.4 %
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PI-25 - Test powder
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>300 >212 >125 >90 >63

Granule size

Figure 4.58— Measured granule size distribution of test pavedenple of grade PI125
(apparent density of 3.37 g/&m

PI-25 - Historical

Percent

>300 >212 >125 >90 >63 >0
Granule size
Figure 4.59— Historical granule size distribution of grad@®historical apparent
density of 3.53 g/ci)

Figure 4.60— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 21 % and the worst shrinkage (most ptybp&4 % for grade P125
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4.2.21 Grade ‘PI-40’ experimental data

‘P1-40" grade powder is a tool grade that has 2sigrain size band and 8.5 wt% cobalt

content. It is used to manufacture cutting insetiere a degree of toughness is

required. It contains mixed crystals (TiC, TaC &iC). Pressing test sheets as well as

other test results and reports can be found in Appel-A21

Table 4.62- Grade ‘P140’ summary

SD (Grade batch) 13.80 g/cr
SD (Test sample) 13.81 g/cr
Apparent density (Grade batch) 3.30 gicm
Apparent density (Test powder sample) 3.27 §/cm
Volatile content (Test sample) 2.29 %
Best average green density (Measured) 7.71%/cm
Average best shrinkage for grade (Evaluated tesiesi) 224 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.63— Pressing test results for grade ‘P140’

Green Actual .| Recorded force &
) Best ) Green | Green density

thickness compact shrinkage weight (g) (glen) pressure
(mm) P (overall) ght{9 9 (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 ‘P140’ test pew(granule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 um >0 um
133.5¢ 0.1g 550 97.0¢9 18.6 g 8.30 4.0¢
Percent 0.1% 4.1 % 72.7 % 13.9% 6.2 % 3.0%
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PI1-40 - Test powder
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>300 >212 >125 >90 >63 >0

Granule size

Figure 4.61— Measured granule size distribution of test pavedenple of grade P140
(apparent density of 3.27 g/&m

PI1-40 - Historical

Percent

>300 >212 >125 >90

>63 >0
Granule size

Figure 4.62— Historical granule size distribution of gradd®[historical apparent
density 3.40 g/c)

Figure 4.63— 100x magnification image of polished sectiothaf best shrinkage (least

porosity) 22 % and the worst shrinkage (most ptydp&5 % for grade P140
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4.2.22 Grade ‘Q3’ experimental data

‘Q3’ grade powder is a mining grade that has 3-6grain size and very high cobalt
content (23.0 wt%). It is used where very high togss is required. It contains no
mixed crystals. Pressing test sheets, historidal @awell 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/cr
SD (Test sample) 13.26 g/cr
Apparent density (Grade batch) 3.04 gicm
Apparent density (Test powder sample) 3.13 §/cm
Volatile content (Test sample) 2.20 %
Best average green density (Measured) 7.26%/cm
Average best shrinkage for grade (Evaluated tesiesi) 22.1%
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.68— Pressing test results for grade ‘Q3’
(_Breen Best Ac_:tual Green | Green density Recorded force &
thickness compact shrinkage weight (g) (gler?) pressure
(mm) b (overall) gntig 9 (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 pow@ganule sizes)

Total >300 um | >212 ym | >125pum| >90 um >63 pm >0 um
149.7 g 2349 539¢g 7739 11.2p 31pg 19¢
Percent 1.5% 36.0 % 51.6 % 7.5 % 2.1% 1.3 %
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Q3 - Test powder
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>300 >212 >125 >90 >63 >0

Granule size

Figure 4.64— Measured granule size distribution of test pavedenple of grade Q3
(apparent density of 3.13 g/&m

Q3 - Historical

Percent

>300 >212 >125 >90 >63

Granule size
Figure 4.65— Historical granule size distribution of grade @®&torical apparent
density of g/crf)

Figure 4.66— 100x magnification image of polished sectiohaf best shrinkage (least

porosity) 22.5 % and the worst shrinkage (most gityp24 % 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 pamgsize and 10 wt% cobalt content.
It is a very mixed grade as it is made up of malefirover powders from various other
tool grades and can be call a general tool gradentains mixed crystals (TiC, TaC
and NbC). Pressing test sheets, historical dateelisas other test results and reports

can be found in Appendix 1-A23.

Table 4.70- Grade ‘S9’ summary

SD (Grade batch) 12.38 g/cr
SD (Test samples) 12.43 g/cr
Apparent density (Grade batch) 3.34 glcm
Apparent density (Test powder sample) 3.20 §/cm
Volatile content (Test samples) 2.33 %
Best average green density 7.27 glcm
Average best shrinkage for grade (Evaluated testg) 20.4 %
Porosity result for ‘best shrinkage’ sintered comguts A00 BOO

Table 4.71- Pressing test results for grade ‘S9’

Green Actual .| Recorded force &
. Best . Green | Green density
thickness compact shrinkage weight (g) (glen) pressure
(mm) P (overall) ght {9 9 (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 pom(@eanule sizes)

Total >300 pm | >212 pm | >125pum| >90 um >63 pum >0 um

167.9 g 1.6 g 20.5 g 64.2g| 403g 25.1g 16.2g

Percent 0.1% 12.2 % 38.2 % 240  15.0(% 9.7 %
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S9 - Test powder

Percent

>300 >212 >125 >90 >63 >0

Granule size

Measured granule size distribution of test pavedenple of grade S9
(apparent density of 3.20 g/&m

Figure 4.67—

S9 - Historical

Percent

>300 >212 >125 >90 >63

Granule size

Figure 4.68— Historical granule size distribution of grade (8&torical apparent
density of 3.25 g/ci)

Figure 4.69— 100x magnification image of polished sectiomes$t shrinkage (least

porosity) 19 % and the worst shrinkage (most ptyp&i3 % for grade S9
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4.3 Positive insert test data

Four tool grades were selected to press posits@ris with an angle of 20 degrees (see
section 2.2.3 & 3.1.4). The grades used in the wste : CR10, PI-25, P40M and
K15M. The pressing tests were then repeated witséime powders with a negative
insert pressing. The purpose here was to asséesgeometry of the inserts has any
effect on the ideal green density and thus thd sleankage.

Below are tables showing the best pressed comfaatach of the four grades of tool

grade powder. The following must be noted:

The ‘best target’ shrinkage is the theoreticaleashrinkage as calculated in
section 3.1.5 (powder mass calculation). The actimahkage was not measured
as the tests were purely comparative (i.e. ‘pasiinsert’ shrinkage vs. ‘negative
insert’ shrinkage).

The toolset used was designed with a 25.5% shrenkBge target shrinkages in
this set of experiments were calculated as showeedtion 3.1.5 but using 26%
as the reference.

In the instance of the ‘CR10’ test, the best resialt the two types of inserts
were shrinkages of 26% (see table 4.73 & table)4lAi4he negative insert
testing done in earlier experiments, the best tegas 24%. In the tests done
here, a new sample of CR10 powder was obtainedfedphysical property
analysis, it was found that the apparent density veaty different to the test
powder used in the earlier experiments. (earlipasgnt density was 3.26 g/&m
the apparent density of the new CR10 sample usedvies 3.12 g/criy.

The apparent density has an effect on the ideallstge and this is discussed in
section 4.4.4. The result of 26% shrinkage for@R10 grade obtained here was
checked with the conclusions reached in Chaptedatavas found to be
correct.

The ‘best target shrinkages’ were used as usedjaila for calculating a target
pressing weight. For an accurate comparison oftnegand positive inserts, the
obtained green densities were compared. Thesetidsnsere calculated from
known powder weight and known green volume of tieecdvity.

The original pressing test sheets can be foundpimeadix 2.
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Table 4.73— Best pressing results for negative inserts

Powder (_Breen Best target| Green | Green density Recorded force &
grade thickness shrinkage | weight (@) (glcnt) pressure
(mm) (kN / MPa)
CR10 4.00 26.0 % 7.43 7.43 28.4/114
PI-25 4.00 21.5% 8.05 8.05 22.7190
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 (_Sreen Best target| Green | Green density Recorded force &
grade thickness shrinkage | weight (g) (glcn?) pressure
(mm) (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 ggardgoowder currently being used at
Powder Industries were tested in a series of prgssiperiments — in total 23 different
powders. The main difference in characterising epelde is cobalt content, grain size
and mixed crystal content. The pressing experimeate carried out using the
hydraulic CNC press in conjunction with the SNUMIing — resulting in a square
shaped component (as described in section 3).dabr grade, three sets of compacts
were pressed with shrinkages varying from 20% & 2;d where a grade displayed
hard pressing; 21% to 26%. The differentiation lestwthe sets of compacts is the
compact thicknesses (2mm, 4mm and 8mm) with aheftcompacts having the same
cross-sectional area. This was done to check howpaot size changes affect the ideal

green density.

It was found that for a particular grade, the iddainkage was the same for the three
different compact thicknesses. The fact that tiekttess of the compacts did not affect
the ideal shrinkage indicates that all the seletiteeyht to width” ratios were within the
ratios which lead to almost uniform density digitibn [15]. The average of the
shrinkages of the three different compact sizesifgrade was then used to determine

an average ideal shrinkage and ideal green deositygrade.

After all of the grades had been tested, a furgeénf pressing experiments were
conducted to investigate if a positive angle omnaert changes the shrinkage or ideal
density of a compact. Four tool grade powders welected as positive inserts are
generally cutting inserts. With each selected gafdmwder, a set of negative inserts
were pressed as well as a set of positive insEnsse compacts were inspected as per
the usual procedure and their green densities gadcalated. It was found that the ideal
green densities were the same for the negativeasitive insert of a grade. The fact
that the design of the compact did not affect tleal shrinkage indicates that
compaction was successful even when tooling indwrite angles.
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Therefore, it was found that each grade of powderacertain ideal shrinkage
regardless of compact size and thickness (to witierimits of cutting insert size and
shape produced at Powder Industries), while irpdst, the company assumed that the
same shrinkage (e.g. 20%) could be used acrogsaalés. Each grade had a different
ideal shrinkage because the green compacts ofggadk had a different amount of
porosity, due to different ratios of hard (carbidessoft powders (cobalt), which
affected the granulates’ compressibility

Thus, the biggest factor influencing the shrinkatbewance during tool design is the
choice of grade that the component is to be mahwfed from.

4.4.2 Test powder physical properties

Every batch of granulated powder produced in thofs has its relevant physical
properties evaluated and recorded. The test poveilaven from the stores for this
investigation originated from these batches angtbeerties such as apparent density,
screen fractions and powder flow rates could belad However, since the test
samples used were representative of entire grametha physical properties needed to
be very accurate, each of the powder samples waxgaleated — this would be a useful
check of the accuracy of the powder productionamalysis process as well as to have
the actual properties of the test sample availgide/der properties may vary within a
batch). It must be noted that all of the test pawdhad been granulated.

The re-evaluation of the powders included measutegpparent density and then
screen fractioning the powder into its constitugnainulate sizes (according to the
company standard of granules, that are >300um2p ] >125um, >90um,>63um,
>0um)

All the test powder apparent densities from eacthef23 grades were measured as per
company standard and recorded (see section 3Th&)test powder apparent density
that was drawn from a batch of a particular grade then compared to the historical
apparent densities of the grade. In most casegpj@ent density of a test powder was
very close to the historical apparent density gfade. In a few cases, the values were
not the same, but small variations from batch tatbét+/- 0.1 g/cr¥) were considered

acceptable. If an apparent density varied fronmstotical value, this would affect
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compaction therefore, the aim was to relate thegp density to compaction and thus

to a green density.

It was found that in the majority of cases, testiger properties (apparent densities and
granulate sizes and size distribution) were clod@dgtorical values and this indicated
that intra batch variations are not very great thiadl the operators evaluating the

powders were capturing powder data accurately.

However, there were exceptions where powder grasiméedistributions and apparent
densities of the test sample did not match thehdstl. The exceptions were in the
minority and the results obtained from the pressass using these powder samples are
discussed in the following sections. As shown belosection 4.4.4, in the formulation
of a method / equation to predict ideal shrinkdlye,results from the exceptions had to

be discarded.

4.4.3 Porosity of sintered components

The best and worst sintered test pieces from eaategvere selected (best shrinkage
and worst shrinkage), mounted, polished and ingpeatthe laboratory for porosity.
The main reason for this was to confirm the sebdectif the compacts that were
considered to have been pressed to the best geasityd If a compact had been under-
pressed, this would be apparent in the same sthter@ponent as some kind of

porosity would be seen.

The two pieces from each grade were observed amib&t cases there was very little
porosity even in the worst pressed componentsast @bserved that the sintered
components (best and worst case pressing) weoé alhigh quality — this is mainly due
to the HIP cycle during sintering. During the HfRIe, a very high pressure is exerted
on the components and a secondary compaction grocesrs. Any residual porosity is
removed and the result is a high quality comporeren if the green compact was
under-pressed. Thus, the porosity comparison ofetstepieces was not a practical way
to double-check the observations made when thengre@ponents were initially

inspected.
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4.4.4 Apparent density and ideal green density

After testing each grade of powder, an ideal gassity for each powder was
obtained, which is required to achieve good compacthe green density was
obtained by weighing the green test pieces whaeattturate volume for the pieces was

known (all pressing was done to a specific fixegegrvolume).

As expected, the apparent density of the powdexd daring pressing generally
increased as the green density required for googpaotion increased, as shown in Fig.
4.70

Figure 4.70— General trend of ideal green density vs. appalemsity for all powders
tested (data from the tables in section 4.2)

However, the increase was not monotonic and theoreaas investigated as follows:

1. Was the deviation from a monotonic increase dudifferent powder
compositions (since composition affects density)?
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2. Did the granulate size and/or size distributionyMfaom powder to powder
(since granulate size and size distribution affieetapparent density)?
3. Other factors?

The results of the analysis were the following:

1. After analysing the powder composition (i.e. Coteo, mixed crystal content
and grain size) of each grade, it was found thatpmsition had no effect on the
relationship between ideal green density and appaensity.

2. It was found that variance in granulate size amd distribution was the main
problem in causing the non-monotonic relationshipig. 4.70.

3. Atfter further analysis, it was found that someh## powders tested could not be
included in the graph and needed to be discaraed fine results for the

following reasons:

Granule size distribution did not match the histakisize distribution and
thus the powder could not be used for comparisan @ther powders. If the
powders are not physically similar, it is not pb$sito compare properties
such as apparent density. Apparent density istefiday the granule size
distribution. Therefore, the grades that did notaindhe historical values
(e.g. grade P7) were omitted from the graph in&=r§) The historical grain

size distribution was taken as the standard acmhisisted of the following:

Granules > 300pum — approximately 0.3%

Granules > 212um and < 300um — approximately 9%
Granules > 125um and < 212um — approximately 46%
Granules > 90um and < 125um — approximately 21%
Granules > 63um and < 90um — approximately 13%

S T o

Granules < 63um or ‘fines’ approximately 9%

Figure 4.71 on the following page shows a histogohthe data given above:
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Figure 4.71- Historical granule size distribution (standduat)all grades.

Apparent density of the test powder from previoxsegiments did not
match historical apparent density of that grade karge margin. Even if the
granule size distribution of the test sample matdtistorical values, there
are factors which might have contributed to a falgparent density
measurement such as the existence of hollow graifelg. of grade H6).
Certain grades of powder are compactable overge lange of shrinkage
and it was difficult to estimate a specific valoe &n ideal green density.
Thus, even though the actual press tests were ssfotesome results had to
be omitted from the graph as the ideal density@amgs too large. An
example of this would be the grade MT16: when iotges ‘good’ shrinkage
values ranged from 20.5% to 23.5%. Grade Q3 isaisther example.
Some grades of powder are manufactured very sedamhthere were not
enough data available for historical evaluation.ekample would be a
grade in which only three batches had been manurst{K15M) and the
values for apparent density and granule size digion were not consistent.

Other batches that are very seldom manufacture8%end H1P.

In total, the results from 8 powders were omittdd,(K15M, Q3, S9, H1P, MT16, N6,
P7) from the “ideal green density vs. apparent ilegsaph” (see Fig. 4.72). The results
that were not omitted showed that a linear relatigm can be assumed to exist between
a powder’s apparent density and the green dersitynieeds to be achieved for good

compaction, namely:
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Required green density = 2.51 + 1.6 x apparentityens [4.1]
(with regression coefficient of R 0.965)

Note that the present and following equations arergusing names rather than
symbols to allow the practitioners to follow thgqaments and apply the results, as was

the purpose of this investigation.

Additional tests showed that when the correct lage is used in the tooling, the
shrinkage will give correctly pressed componentng¥it is one percentage point
higher or lower than the ideal value. This meaas$ tihe ideal green density can vary by
+ 0.1 g/cm.

Figure 4.72— Ideal green density vs. apparent density

The importance of equation [4.1] is that it allob@scalculate the desired green density
from the apparent density. If the desired greersitheand the mass of the powder are
known, the ideal green volume can be calculated.ddsigner knows what the sintered

volume should be. The designer also knows thersidtdensity and volatile content
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(from powder lab reports). The ideal shrinkage waw be calculated and used when
designing a new set of compaction tooling. Theuaton 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 (frajoagion [4.1]) and the required
sintered density, it is possible to derive an eiquab calculate the ideal shrinkage. The
designer needs as inputs only the sintered deriséygpparent density and the powder

volatile content. The derivation for the equatisras follows:

Shrinkage can be defined as the percentage differeatween a green length and

sintered length:

Linear shrinkage (%) =  dicen— Lsinterea X 100

I-sintered

Simplifying:

Linear shrinkage (%)= Loreen 9 - 100 [4.2]

Sintered

Similarly, volumetric shrinkage can be definedlas percentage difference between a

green volume and sintered volume :

\/
Volumetric shrinkage (%)= —2*"-1 100 [4.3]

sintered

As volumetric shrinkage is a cube of the lineairdtage, we can write:

Vgreen Lgreen ’ Lgreen Vgreen " . . .
= SO = and substituting into [4.2] we
Vsintered Lsintered Lsintered Vsintered
get:
Vv 1/3
Linear shrinkage (%)= —%~ -1 "~ 100 [4.4]

sintered

100



Green volume and sintered volume can be expressed a

Mas%feen Mas%intered

DenSitxintered

green —

and V.

sintered —

Density, ..,

Substituting into [4.3] and remembering that Dengitreq= SD:

1/3

Mas§.., SD

Linear shrinkage (%)= . .
DenSIt)éreen Mass;intered

-1 100 [4.5]

The mass of a green compact is equal to the sthteess multiplied by the volatile
content (volatile content being always given inustly as percentage of the mass of the
powder):

MaSS, een = MaSSiereq” (L+ VOlatile(wt%)/100)

So, substituting this into [4.4], we get:

. 0 1/3
sD 1+ volatlllg((;/vt Y0)
Linear shrinkage (%)= _ -1 7100 [4.6]
Density, .,

From section 4.4.4 (equation [4.1]):
Densitﬁreenz 2.51 + 1.6 )Densitw_pparent

Substituting this into [4.6]:

. 0 1/3
SD 1+ volatlllg(ovvt/o)
Linear shrinkage (%)= - : -1 7100 [4.7]
251+16° Density,, aen
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Since the volatile content is approximately 2.4%t@rically):

1/3
Linear shrinkage (%)= S,D 1'02_4 -1 7100 [4.8]
251+16° Density,, aen
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4.4.6 Positive insert considerations

The base experiments of this project were perforas#og a ‘negative’ insert toolset.
Component thickness was varied and various sizesviry grade of powder could be
pressed. It was found after pressing with varioas grade powders and using a
‘positive’ insert toolset that the ideal green dgnand hence the shrinkage for a grade
of powder is independent of insert shape. Thie isithin the confines of standard 1ISO
shapes that have been tested and to the cuttiagsmaanufactured at Powder
Industries. However, this result may not be extiaea to components of very different

shapes without previous experimentation.

4.4.7 Limitations of the ideal density vs. green de  nsity model

Different sizes of components were tested withedédht grades of powder. Although
the sizes differed by varying a compact thickneskleeping the base area constant,
this was not done for a large thickness vs. diantat® (known as the L/D ratio) as
was stated in section 3.1.3 & 4.4.1. There is &dition to the thickness that can be
pressed if the cross-sectional area is small comap@arthe thickness [15], since the

density distribution may no longer be uniform agkthicknesses.

4.4.8 Validating the equation — cutting insert and shim tool
production

Equation [4.8] shows that linear shrinkage candleutated from the specific gravity
(SG) of the sintered component, the apparent deasthe powder and the volatile
content. These data are all available to the tesigher. However, is important to note
that this equation is only valid for granulated jpi@ns that have granulate size
distribution approximately equal to the standarBawder Industries (see defined

standard in section 4.4.4).

The equation was tested in the manufacture of pelinfy. Test pieces were pressed

successfully, i.e. to the correct green densitywaer then sintered correctly.
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The test pieces included cutting inserts that aeessed successfully for the first time.
Some tooling did work before but components weesged by applying equation [4.8]

— e.g. shim components.

The equation is now in general use at Powder Inggsivhen new tooling is being
designed. However, if powder properties changeenfaiture, the linear relationship

between apparent density and green density wowd tebe re-evaluated.

Figure 4.73— Examples of successful new components madeodibe research
project. The components with central holes are @kasnof cutting tool inserts, the

remaining component is a mining insert.
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5. Conclusions

The conclusions that can be drawn from this ingasiton can be summarized as
follows:

1. The ideal green density of a powder compact caioloed experimentally by
keeping the volume of the compact constant andgihgrthe mass, while in
most investigation, the opposite has been donejreg different tooling for
different green density. The method applied in Whsk is obviously less costly
(section 3.1.3 & 3.1.5).

2. The relationship between the ideal green densifyoefder compacts and the
apparent densities of the corresponding granulad@diers is linear as long as
the powders granulate mean size and size distibigithe same the standard at
Powder Industries (Fig. 4.71).

3. An equation has been derived for the shrinkagd! the grades at Powder
Industries. This equation can be applied to a nedeythat is introduced as long
as the granulate size distribution conforms tocthpany standard. The
equation is in terms of sintered density, appadensity and volatile content.
This equation has been validated by pressing (absesjuently sintering)

successfully difficult to press grades, and nevdgsaand different shapes.

. 0 1/3
Sp’ 1+VOIT(I)|S(/O)
Shrinkag€%) = - _ -1 7100 [5.1]
251+16° Density,  en

Using volatile content as a constant (2.4%), tigagion can be simplified to:

1/3

Shrinkagé%) = SD” 1.024 217100 [5.2]
251+16° Density,, . en
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5.1 Recommendations for further work

The logical continuation of the present investigativould be the following:

1. The focus of this project was to improve the shagek consideration when
designing new tooling for the powders manufactaeBowder Industries. Now
that this problem has been solved, shape distodiimimg sintering should be
investigated. After compaction, there is an inhoerapus distribution of green
density due to shape complexity, filling variaticets. and this causes the
component to shrink during sintering by varying ams in different. FEM
software exists [21] that can help simulate howmgact shrinks and this
allows the tool designer to modify the punch pesfiln order to compensate for
the variable shrinkage in specific areas of themament, however, experimental
work should be carried out to validate the simoladi

2. In future, it may be possible that an importantstinent of the powder will be
changed (as in the case of PEG replacing paratiix) wn order to know in
advance how this may affect the shrinkage equ§si@), test powders should
be made up changing some constituents and thediestsibed in this report
should be repeated in order to anticipate possitdage in the ideal density vs.

apparent density relationship.
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Appendices

Appendix 1 - This appendix includes the experimental data stufeth
grades tested and the powder properties that lesm fneasured.

Appendix 2 —This appendix includes the pressing test sheetseof
experiments done to compare ‘positive’ and ‘negatinserts.

Appendix 3 - This appendix includes the original porosity repdar all
sintered test pieces from each grade that werei@esl for best and worst
shrinkagelncluded, are also the standard company micrograpéd to
evaluated the porosity. The company procedurevaluating porosity is based

on : Metallographic determination of porosity amttambined carbon 1ISO 4505
Apparent porosity in cemented carbides ASTM B276
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Appendix 1

Al.1 Experimental data sheets for grade ‘230’
Al.1.1 ‘230’ Grade pressing test sheets — negativeserts
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Al.1.2 Grade 230 — Powder physical properties, SGd porosity

reports

Table Al.1— Historical screen fraction report for grade 2

Gnule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.9¢g

0.2g

11.7 g

102.9 ¢

43.6

23.8

14.8

Table A1.2— Historical screen fraction report for 230 (mpescent of previous table)

>300 pm >212 pm >125 pm >90 um >63 um >0 pm
0.1% 59% 52.3 % 22.1% 12.1 % 7.5%
Table A1.3— Apparent density report of grade 230 test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
91.1¢g 25 cc 3.64 g/chn 3.70 g/cm
Table Al.4— Sintered density report for grade 230 test [giece
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes for grade 230
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
230 21% 23% AO00 BOO  AO00 BOO Very good Good
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Al.2 Experimental data sheets for grade ‘AP20’
Al.2.1 ‘AP20’ Grade pressing test sheets — negatireserts
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Al.2.2 Grade AP20 — Powder physical properties, Sénd porosity

reports

Table A1.6— Historical screen fraction report for grade ARgfanule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
1959¢g 01g 6.49 99.4¢g 47.0 24.3|g 18.8|g
Table A1.7— Historical screen fraction report for grade AR20percent)
>300 pm >212 pm >125 pm >90 um >63 um >0 pm
0.1% 3.3% 50.7 % 24.0 % 12.4 % 9.6 %
Table A1.8— Apparent density report of grade AP20 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
85.4¢g 25 cc 3.42 g/chn 3.42 g/cm
Table A1.9— Sintered density report for grade AP20 testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for AP20
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
Good, slight Instances of
AP20 21.5% 24 % AOO0 BOQ AOO0 BOO instances of
A&ZB A&B
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Al.3 Experimental data sheets for grade ‘CN10’
Al1.3.1 ‘CN10’ Grade pressing test sheets — negatiweserts
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Al1l.3.2 Grade CN10 — Powder physical properties, Sé&nd porosity

reports

Table A1.11- Historical screen fraction report for grade CN10

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
195.1¢ 0.0g 0.1g 67.6 g 75.4 ¢ 36.1|g 15.9(g
Table A1.12- Historical screen fraction report for grade CNdfanule size
percentage)
>300 pm >212 um >125 um >90 um >63 um >0 pm
0.0% 0.1% 34.7 % 38.7 % 18.5 % 8.2%
Table A1.13- Apparent density report of grade CN10 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
79.6 g 25 cc 3.18 g/chn 3.29 g/cn
Table Al1.14— Sintered density report for grade CN10 testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for
CN10
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
CN10 24 % 26 % AO00 BOg A02 BO0 Good OK
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Al.4 Experimental data sheets for grade ‘CR10’
Al.4.1 ‘CR10’ Grade pressing test sheets — negatiweserts
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Al.4.2 Grade CR10 — Powder physical properties, Sé&nd porosity

reports

Table A1.16— Historical screen fraction report for grade CRd@nule size)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

198.4 g

0.1g¢

1.5¢

69.4¢

60.0

37.9

29.7

Table A1.17— Screen fraction report for grade CR10 (mas

raf previous table)

>300 pm >212 pm >125 pm >90 um >63 um >0 pm
0.03 % 0.8 % 35.0 % 30.2 % 19.1 % 15.0 Yo
Table A1.18— Apparent density report of grade CR10 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
81.6¢g 25 cc 3.26 g/chn 3.28 g/cm
Table A1.19- Sintered density report for grade CR10 testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG SG
1 15.0387 14.0778 0.0706 0.9977 17 1455 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 pestes (midsize) for CR10

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
CR10 24 % 25 % AO0 BOQ AO00 BOO Very good good
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Al.5 Experimental data sheets for grade ‘H1P’
Al1.5.1 ‘H1P’ Grade pressing test sheets — negatiueserts
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Al1.5.2 Grade H1P — Powder physical properties, SGhd porosity

reports

Table A1.21— Historical screen fraction report for grade H@jRanule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

197.8 ¢

0.1g

8.2¢

91.8¢

a47.7

0 31.2|g

18.8

Table A1.22— Historical screen fraction report for grade HfrRass percent)

>300 pm >212 pm >125 pm >90 um >63 um >0 pm
0.1% 4.2 % 46.4 % 24.1% 15.8 % 9.5 %
Table A1.23— Apparent density report of grade H1P test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
81.3¢g 25 cc 3.25 g/chn 3.21 g/cm
Table Al1.24— Sintered density report for grade H1P test giece
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 12.9(
3 3.5012 3.2980 0.0683 0.9974 18.9 12.86

Table A.25— Porosity report for best and worst sintered pestes (midsize) for H1P

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
H1P 21 % 25 % AO0 BOO A00BO02 Very good OK
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Al.6 Experimental data sheets for grade ‘H6’
Al1.6.1 ‘H6’ Grade pressing test sheets — negativeserts
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Al.6.2 Grade H6 — Powder physical properties, SG anporosity

reports

Table A1.26— Screen fraction report for grade H6 (granules)z

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.5¢

0.2g

95¢

9169

45.2

28.8

21.2

Table A1.27— Screen fraction report for grade H6 (mass péraeprevious table)

>300 pm >212 pm >125 pm >90 um >63 um >0 pm
0.1% 4.8 % 46.6 % 23.0% 14.7 % 10.8 %
Table A1.28— Apparent density report of grade H6 test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
71.8¢g 25 cc 2.87 g/chn 3.41 g/cm
Table A1.29- Sintered density report for grade H6 test pieces
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for H6

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
H6 23.5 % 25.5% A00 BOQ AO00 BOO Very good Very dog
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Al.7 Experimental data sheets for grade ‘K15M”
Al.7.1 '‘K15M’ Grade pressing test sheets — negativeserts
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Al.7.2 Grade K15M — Powder physical properties, S@nd porosity

reports
Table A1.31— Historical screen fraction report for grade K15M
Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
193.2 g 01g 1.7¢9 71449 47.3 ¢ 39.1ig 33.8{g
Table A1.32— Historical screen fraction report for grade K1&MBss percent)
>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 0.9 % 36.9 % 24.5 % 20.2 % 17.5 %
Table A1.33— Apparent density report of grade K15M test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
7799 25 cc 3.12 g/chn 3.19 g/cm
Table A1.34— Sintered density report for grade K15M test @gec
Test Wire Water Water Calculated Average
, Dry mass | Wet mass : SG
piece mass density | temperature 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 12.8(
Table A1.35- Porosity report for best and worst sinteredpestes (midsize) for
K15M
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) . . : est worst
marking | marking | shrinkage | shrinkage
K15M 23.0 % 25.0 % A02 BOZ A02BO02 Acceptablre Adedyte
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Al1.8 Experimental data sheets for grade ‘MT16’
Al1.8.1 ‘MT16’ Grade pressing test sheets — negativeserts

137



138



139



Al1.8.2 Grade MT16 — Powder physical properties, S@nd porosity

reports

Table A1.36— Screen fraction report for grade MT16 (granides

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

197.9¢

0.34

15.0

g

g

88.9 g

47.2

26.8

19.6

Table A1.37— Screen fraction report for grade MT16 (mass qrarof previous table)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.2 % 7.6 % 44.9 % 23.9 % 13.5% 9.9 %
Table A1.38— Apparent density report of grade MT16 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
85.8¢ 25 cc 3.43 g/chn 3.37 g/lcm
Table A1.39- Sintered density report for grade MT16 test @éec
Test Wire Water Water Calculated Average
, Dry mass | Wet mass : SG
piece mass density | temperature 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 13.8(
Table A1.40— Porosity report for best and worst sinteredpestes (midsize) for
MT16
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) . . : est worst
marking | marking | shrinkage | shrinkage
MT16 22.0 % 24.0 % AO00 BOQ  A00 BOO Very good Good
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A1.9 Experimental data sheets for grade ‘MZ15’
Al1.9.1 ‘MZ15’ Grade pressing test sheets — negativeserts
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A1.9.2 Grade MZ15 — Powder physical properties, S@nd porosity

reports

Table Al1.41— Historical screen fraction report for grade MZ15

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.5¢

04g¢g

1569

102.5 g

41.7

21.0

15.3

Table A1.42— Historical screen fraction report for grade M4 frfass percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.2% 7.9 % 52.2% 21.2 % 10.7 % 7.8 %
Table A1.43— Apparent density report of grade MZ15 test damp
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
84.2 g 25 cc 3.37 g/chn 3.31 g/cm
Table Al.44— Sintered density report for grade MZ15 test @éec
Test Wire Water Water Calculated Average
, Dry mass | Wet mass : SG
piece mass density | temperature 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 sinteredpestes (midsize) for
MZ15
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) . . : est worst
marking | marking | shrinkage | shrinkage
MZ15 23 % 24 % AO00 BOO| AOO0 BO(C Very goog Very good
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A1.10 Experimental data sheets for grade ‘N6/194"
A1.10.1 ‘N6/194’ Grade pressing test sheets — neyat inserts
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A1.10.2 Grade N6/194 — Powder physical propertieSG and porosity

reports

Table A1.46— Historical screen fraction report for grade NBY1(granule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

197.4 g

0.2g

134¢g

91.0¢g

45.0

29.0

18.8

Table A1.47— Historical screen fraction report for grade NB/1(mass percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 6.8 % 46.1 % 22.8 % 14.7 % 9.5 %
Table A1.48— Apparent density report of grade N6/194 testdam
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
90.5¢g 25 cc 3.62 g/chn 3.72 g/lcm
Table A1.49— Sintered density report for grade N6/194 testgs
Test Wire Water Water Calculated Average
, Dry mass | Wet mass : SG
piece mass density | temperature 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 14.9(
Table A1.50— Porosity report for best and worst sinteredpestes (midsize) for
N6/194
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) . . : est worst
marking | marking | shrinkage | shrinkage
N6/194 | 22.5% 24 % AO00 BOO  AO0 BOD Excellent Exestl
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Al.11 Experimental data sheets for grade ‘P7’
Al1l.11.1 ‘P7’ Grade pressing test sheets — negativeserts
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Al.11.2 Grade P7 — Powder physical properties, SGid porosity

reports

Table A1.51— Historical screen fraction report for grade Brafule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
197.2 g 0.2¢ 9.1¢ 94.8 g 43.8 g 28.1\g 21.3|g
Table A1.52— Historical screen fraction report for grade Ria¢s percent)
>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 4.6 % 48.1 % 22.2 % 14.3 % 10.8 %
Table A1.53— Apparent density report of grade P7 test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
84.6¢g 25 cc 3.38 g/chn 3.72 g/lcm
Table A1.54— Sintered density report for grade P7 test piéloest shrinkages)
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for P7
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
P7 22 % 23 % AO00 BOQ AO00 BOO Good Good
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Al.12 Experimental data sheets for grade ‘P25M’
Al.12.1 ‘P25M’ Grade pressing test sheets — negatiinserts

153



154



155



Al.12.2 Grade P25M — Powder physical properties, S@nd porosity

reports

Table A1.56— Historical screen fraction report for grade P2@jvanule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
195.0¢9 0.2g 12.2 g 93.0g 46.2 g 26.9/g 16.6|g
Table A1.57— Screen fraction report for grade P25M (massegrg)c
>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 6.2 % 47.7 % 23.7 % 13.8% 8.5 %
Table A1.58— Apparent density report of grade P25M test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
75.2 g 25 cc 3.01 g/chn 3.14 g/cm
Table A1.59- Sintered density report for grade P25M testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG SG
1 13.8477 12.8145 0.0689 0.9971 20.5 1253 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 pestes (midsize) for
P25M
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) ) ) ; est worst
marking | marking | shrinkage | shrinkage
OK- some
0, )
P25M 20 % 24 % AO00 BOO  AO0 BOO Very good A&B type
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Al1.13 Experimental data sheets for grade ‘P30M’
Al1l.13.1 ‘P30M’ Grade pressing test sheets — negatiinserts
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Al1.13.2 Grade P30M — Powder physical properties, S@nd porosity

reports

Table A1.61— Historical screen fraction report for grade P3@vanule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

1976 g

0.1g

89g¢g

94049

4154

26.7\9

26.5

Table A1.62- Historical screen fraction report for grade P3@Miss percent)

>300 pm >212 um >125 um >90 pm >63 pm >0 pm
0.1% 4.5 % 47.6 % 21.0 % 13.5% 13.4 %
Table A1.63— Apparent density report of grade P30M test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
7289 25 cc 2.91 g/chn 3.09 g/cn
Table A1.64— Sintered density report for grade P30M testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for
P30M
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) . . : est worst
marking | marking | shrinkage | shrinkage
P30M 20 % 24 % A00 BOQ  A00 BOO Very good Good
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Al.14 Experimental data sheets for grade ‘P40M’
Al.14.1 ‘PA0M’ Grade pressing test sheets — negatiinserts
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Al.14.2 Grade P40M — Powder physical properties, S@nd porosity

reports

Table A1.66— Historical screen fraction report for grade P4@vanule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.3 g

0.1g

95¢

94.2 ¢

46.4

28.1

g

17.9

Table A1.67— Historical screen fraction report for grade P4@Mss percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 4.8 % 48.0 % 23.6 % 14.3 % 9.1%
Table A1.68— Apparent density report of grade P40M test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
7729 25 cc 3.09 g/chn 3.26 g/cm
Table A1.69— Sintered density report for grade P40M testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for
P40M
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) ) ) ; est worst
marking | marking | shrinkage | shrinkage
P40M 21 % 24 % AO00 BOO  AO0 BOO Very good Very good
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Al1.15 Experimental data sheets for grade ‘P511"
Al1l.15.1 ‘P511’ Grade pressing test sheets — negainserts
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Al1.15.2 Grade P511 — Powder physical properties, S&hd porosity

reports

Table A1.71- Historical screen fraction report for grade P&dst sample (granule

sizes)
Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um
197.19 0.2¢9 96¢g 88.0¢ 45.3 g 32.1g 22.0|g

Table A1.72— Historical screen fraction report for grade P&hass percent)

>300 pm >212 pm >125 pm >90 pm >63 pm >0 pm
0.1% 4.9 % 44.6 % 23.0 % 16.3 % 11.2 %
Table A1.73— Apparent density report of grade P511 test sampl
Samole weight Container Measured Historical
P g volume density density (1 yr)
85.2¢g 25 cc 3.41 g/chn 3.53 g/cn
Table A1.74— Sintered density report for grade P511 testgsiec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for P511

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst y y
) ) ) . best worst
marking | marking | shrinkage | shrinkage
P511 22 % 24 % AO0 BOO  AO00 BOD Excellent Excellent
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A1.16 Experimental data sheets for grade ‘PBF’
Al1.16.1 ‘PBF’ Grade pressing test sheets — negatireserts
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Al1.16.2 Grade PBF — Powder physical properties, Sé&nd porosity

reports

Table A1.76— Historical screen fraction report for grade RB§t (granule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
197.5¢9 0.3g 15649 88.5¢ 41.7 9 29.8/g 21.7\9
Table A1.77— Historical screen fraction report for grade RBfass percent
>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 7.9 % 44.8 % 21.1 % 15.1% 11.0 %
Table A1.78— Apparent density report of grade PBF test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
96.5¢ 25 cc 3.86 g/chn 3.70 g/cm
Table A1.79- Sintered density report for grade PBF test giece
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 41973 3.9852 0.0685 0.9968 21.7 14.91
Table A1.80— Porosity report for best and worst sintered pestes (midsize) for PBF
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
PBF 20.5% 24.0 % A00 BOO  AO00 BOD Very good Verpgo
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Al1.17 Experimental data sheets for grade ‘PBT’
Al1.17.1 ‘PBT’ Grade pressing test sheets — negativeserts
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Al1.17.2 Grade PBT — Powder physical properties, S@nd porosity

reports

Table A1.81— Screen fraction report for grade PBT test sar(gyi@nule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.8 g

0.2g

11649

93.2¢9

44.6

27.9

19.3

Table A1.82— Screen fraction report for grade PBT (mass peraeprevious table)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 5.9 % 47.4 % 22.6 % 14.2 % 9.8 %
Table A1.83— Apparent density report of grade PBT test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
97.0¢g 25 cc 3.88 g/chn 3.84 g/cm
Table A1.84— Sintered density report for grade PBT test @ece
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for PBT

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
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 — negaiinserts
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Al1.18.2 Grade PC20 — Powder physical properties, S&d porosity

reports

Table A1.86— Historical screen fraction report for grade PQ@@nule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

148.4 g

0.1g

3.0¢9

71.6 g

37.4

22.1

g

14.2

Table A1.87— Historical screen fraction report for grade P@Q2ass percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 2.0 % 48.3 % 25.2 % 14.9 % 9.6 %
Table A1.88— Apparent density report of grade PC20 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
88.7¢g 25 cc 3.55 g/chn 3.71 g/cm
Table A1.89— Sintered density report for grade PC20 testgsiec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG SG
1 16.3068 15.2596 0.0683 0.9974 18.9 1458 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 pestes (midsize) for PC20

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
PC20 21 % 23 % AO00 BOQ  A00 BOD Good Good
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A1.19 Experimental data sheets for grade ‘PI-15’
A1.19.1 ‘PI-15’ Grade pressing test sheets — negagiinserts
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A1.19.2 Grade PI-15 — Powder physical properties,&and porosity

reports

Table A1.91- Historical screen fraction report for grade Bltést sample (granule

sizes)
Total >300 pm | >212 pm | >125pum| >90 um >63 pm >0 um
196.1 9 0.1g 7349 944 ¢ 49.5 g 2719 17.7|9

Table A1.92— Historical screen fraction report for grade Bl{inass percent)

>300 pm >212 pm >125 pm >90 pm >63 pm >0 pm
0.04 % 3.72% 48.1 % 25.2% 13.8 % 9.0%
Table A1.93— Apparent density report of grade PI-15 test damp
Samole weight Container Measured Historical
P g volume density density (1 yr)
849¢g 25 cc 3.40 g/chn 3.52 g/cn
Table A1.94— Sintered density report for grade PI-15 testgse
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 14.1(
3 3.9169 3.7077 0.0685 0.9974 18.7 14.08

Table A1.95- Porosity report for best and worst sintered pestes (midsize) for PI-15

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) ) ) ; est worst
marking | marking | shrinkage | shrinkage
PI-15 21 % 23 % AO0 BOO  AO00 BOO 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 — negagiinserts
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Al1.20.2 Grade PI-25 — Powder physical properties,&and porosity

reports

Table A1.96— Historical screen fraction report for grade P{@&anule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

197.0¢g

0.1g

489

89.7 ¢

51.0

31.7

g

19.7

Table A1.97- Historical screen fraction report for grade P{@&ss percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 2.4 % 45.6 % 25.9 % 16.1 % 10.0 %
Table A1.98— Apparent density report of grade PI25 test sampl
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
84.3¢g 25 cc 3.37 g/chn 3.53 g/cm
Table A1.99- Sintered density report for grade PI25 testgsec
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 14.1(
3 3.9510 3.9393 0.0686 0.9981 15.3 14.07
Table A1.100- Porosity report for best and worst sintered pestes (midsize) for
PI25
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) ) ) ; est worst
marking | marking | shrinkage | shrinkage
PI125 21 % 24 % AO0 BOO  AO0 BOO Very good Very good
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Al.21 Experimental data sheets for grade ‘PI-40’
Al1l.21.1 ‘PI-40’ Grade pressing test sheets — negagiinserts
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Al1.21.2 Grade PI-40 — Powder physical properties,&and porosity

reports

Table A1.101- Historical screen fraction report for grade Bl{granule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

195.9¢

0.1g

6.5¢

97.2 ¢

49.5

25.8

g

17.0

Table A1.102- Historical screen fraction report for grade Bl{ghass percent)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.04 % 3.3% 49.6 % 25.2 % 13.2 % 8.7%
Table A1.103— Apparent density report of grade test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
81.7¢g 25 cc 3.27 g/chn 3.40 g/cm
Table A1.104— Sintered density report for grade PI-40 testgse
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for PI-

40
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
) ) ) ; est worst
marking | marking | shrinkage | shrinkage
P140 22 % 25 % AO0 BOO  AO0 BOO Very good good
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Al1.22 Experimental data sheets for grade ‘Q3'’
Al.22.1 ‘Q3’ Grade pressing test sheets — negativeserts
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Al.22.2 Grade Q3 — Powder physical properties, Sénd porosity

reports

Table A1.106— Screen fraction report for grade Q3 test sarfgplnule sizes)

Total

>300 pm

>212 um

>125 pm

>90 pm

>63 um

>0 pm

196.7 g

0.2g

16.0g

98.8 g

41.6

22.5

17.6

Table A1.107- Screen fraction report for grade Q3 (mass pe¢igorevious table)

>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.1% 8.1% 50.2 % 21.1 % 11.5% 9.0%
Table A1.108— Apparent density report of grade Q3 test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
78.2 g 25 cc 3.13 g/chn 3.10 g/cm
Table A1.109- Sintered density report for grade Q3 test pieces
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for Q3

Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
Q3 AO00 BOO | AO00 BOO 22.5% 24 % Very good Good
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Al1.23 Experimental data sheets for grade ‘S9”
Al1.23.1 ‘S9’ Grade pressing test sheets — negatinserts
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Al1.23.2 Grade S9 — Powder physical properties, SGd porosity

reports

Table A1.111— Screen fraction report for grade S9 test saifgplnule sizes)

Total >300 ym | >212 pm| >125pm| >90 um >63 um >0 pm
197.2 g 04g 179g¢g 101.04 43.19 21.69 13.2/g
Table A1.112— Screen fraction report for grade S9 (mass péafgorevious table)
>300 pm >212 pm >125 pm >90 um >63 pum >0 pum
0.2 % 9.1 % 51.2 % 21.9 % 11.0 % 6.7 %
Table A1.113— Apparent density report of grade S9 test sample
Samole weight Container Measured Historical
P 9 volume density density (1 yr)
80.1g 25 cc 3.20 g/chn 3.25 g/lcm
Table A1.114— Sintered density report for grade S9 test pieces
Test Drv mass | Wet mass Wire Water Water Calculated | Average
piece y mass density | temperature SG 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 pestes (midsize) for S9
Best Worst Porosity | Porosity Commentary | Commentar
Grade | shrinkage | shrinkage best worst b y y
. . . . est worst
marking | marking | shrinkage | shrinkage
OK (Some
0, 0
S9 19 % 23 % AO00 BOQ AO00 BOO Very good A&B type)
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Appendix 2

A2.1 — Negative and positive insert tests using ‘CR 10’ grade
powder
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A2.2 - Negative and positive insert tests using ‘Pl -25’ grade
powder
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A2.3 - Negative and positive insert tests using ‘P4  OM’ grade
powder
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A2.4 - Negative and positive insert tests using ‘K1~ 5M’ 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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