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ABSTRACT

The purpose of this study is to investigate the hirability of commercially pure (CP)
titanium, manufactured using the press-and-sintépRcess.

To this end, CP titanium powder (-200 mesh) waspamted and sintered in vacuum

(10*torr) for two hours at 1200°C. Small cylindrical ngales were compacted at

pressures varying from 350 to 600 MPa in orderdteignine the compressibility of the

powder. Following these tests, four larger steppdotder samples were compacted at
pressures close to 400 MPa and sintered underasimiinditions. These samples had
sintered densities varying between 3.82 and 4.4t°g/They were used to evaluate the
machinability of the sintered titanium using fauening machining tests.

The samples were machined dry, using uncoateddsafdVC-Co) cutting tool. Cutting
speeds between 60-150 m/min were evaluated whépikg the feed rate and depth of
cut constant at 0.15 mm/rev and 0.5 mm, respegtivédie final machined surface finish
and the tool wear experienced during the face grniachining tests were monitored in
order to evaluate PM titanium’s machining perforg®n

This study showed that it is possible to use thesgand-sinter PM process with CP
titanium powder, with a particle size of less thé um (-200 mesh), to manufacture
sintered titanium. However, particle shape infllenthe compressibility of the powder

and pressing parts of larger volume, such as thehimag test sample shape, is
challenging when using such small particle size g@wProcessing conditions, such as
compaction pressure, sintering temperature ancbrgigt time, influence the sintered

density.

Results from the machinability tests show that tgehr increases with a decrease in the
porosity of the sintered titanium. A more poroudesied material has both lower strength
and thermal conductivity. As these factors haveospyy effects on the machinability of
materials, it is concluded that the strength ofdiméered titanium has a stronger influence
on its machinability than the thermal conductivity.

The cutting tool wear was uniform but showed intiarzs of crater wear. The machined
surface of the denser parts had minimal defectpeoed to less dense parts. Chip shape
is long for the dense parts, and spiral for the Bense parts. The chips formed were all
segmented, which is typical for titanium.

The machinability of the sintered CP titanium wampared to that of wrought titanium
alloys. As expected, it was found that the macthilitglof the sintered titanium was poor
in comparison.



OPSOMMING

Die doel van hierdie studie is om die masjineeff@iar van kommersieel suiwer (KS)
titaan, wat deur die pers-en-sinter poeiermetakbu(®M) metode vervaardig word, te
ondersoek.

Om hierdie doel te bereik, is KS titaan poeier -2giesdraad) gekompakteer en gesinter
in ‘n vakuum (10 torr) teen 1200°C vir 2 ure. Klein silindriese rsters is tussen drukke
van 350en 600 MPa gekompakteer om die samedruldidaran die poeier te bepaal. Na
aanleiding van hierdie toetse, is vier groter tmapuge-silinder monsters by drukke naby
aan 400MPa gekompakteer en onder soortgelyke odigteede gesinter. Hierdie
monsters het gesinterde digthede tussen 3.82 dngdca? gehad. Hulle is gebruik om
die masjineerbaarheid van die gesinterde titaam¢kersoek deur middel van viak-draai
masjineringstoetse.

Die monsters is sonder smeermiddel gemasjineer anbedekte karbied (WC-Co)
snygereedskap. Snysnelhede tussen 60 — 150 m/rge®ialueer terwyl die voertempo
en diepte van die snit konstant by 0.15 mm/rev.&mfm, onderskeidelik, gehou is. Die
finale gemasjineerde opperviak afwerking en gefegusslytasie tydens die vlak-draai
masjinering toets is van die faktore wat gemonisosodat PM titaan se optrede tydens
masjinering geévalueer kan word.

Hierdie studie wys dat diepers-en-sinter metodemet KS titaan poeier, met ‘n partikel

grootte van minder as 75 um (-200 maas), gebruik ward om gesinterde titaan te

vervaardig. Die partikelgrootte beinvloed wel denedrukbaarheid van die poeier. Die
samedrukking van parte met groter volume, soos ibvnthsjinerings toetsmonster, is

uitdagend wanneer klein partikelgrootte poeier gidword. Proses omstandighede, soos
kompaksie druk, sinteringstemperatuur en sintetyays beinvioed die gesinterde

digtheid.

Resultate van die masjineerbaarheidstoetse wyseaitaislytasie toeneem met ‘n afname
in porositeit van die gesinterede titaan. ‘n Mearepis gesinterde materiaal het beide laer
sterkte en termiese geleidingsvermoé. Aangesiendibiefaktore teenoorgestelde
uitwerkings op masjineerbaarheid het, word dit dfgelei dat die sterkte van gesinterde
titaan ‘n groter invioed het op sy masjineerbaafiasi die termiese geleidingsvermoé.

Die beitel se slytasie is hoofsaahlik, maar heemskvan kraterslytasie getoon. Die
gemasjineerde oppervlak van die meer digte onderafetoetsmonters het min gebreke
gehad in vergelyking met die minder digte dele. {@em van die spaanders is lank vir
digte parte, en spiraalvormig vir minder digte smednsters. Die spaanders wat gevorm
het, was almal gesegmenteerd, wat tipies is @arit

Die masjineerbaarheid van die gesinterde KS titaanet dié van gesmede titaanallooie
vergelyk. Soos verwag is, is gevind dat die masjibaarheid van die gesinterde titaan in
vergelyking swak is.
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CHAPTER 1

INTRODUCTION

1.0 INTRODUCTION

In the last 50 decades, after the emergence afuitain commercial quantities in
the early 1950’s, there has been an ever increal@ngand in titanium use as a
substitute over many metals in the aerospace, aiteen petrochemical,
chemical, oil and biomedical industries.

Titanium and its alloys play an important role hretaerospace industry in the
construction of airframes and aero engines wherghtyesafety and fuel economy
is highly prioritised. In automotive, chemical abidwmedical industries, titanium

is typically used to manufacture valves, valve ragsi connecting rods, bolt

fasteners and exhaust system of automobiles, xehiaegers, tanks, structural
parts, process vessels and medical implants. Giteas of application are in

spectacle frames, cameras, watches, and golf aaldsh Some parts produced
from powder metallurgy (PM) titanium are shown igu¥e 1.

Figure 1 Typical parts made from titanium alloy (Froeset al., 2004)

Properties that make titanium very useful and etitra in these industries are its
high strength to density ratimw thermal expansion rate, corrosion resistance an
enhanced stiffness/wear resistance which can beoimag with coatings and
reinforcement (Deurat al, 1998; Elyonet al, 1998; Moll, 2000; Froes, 2000;
Donachie, 2000; Froes al,, 2007).

Commercially pure titanium is 45% lighter than lawade steel of the same
strength, and about 60% more dense but twice asgstis a typical aluminium
alloy (Barksdale, 1968). The tensile strength tanium is three times more than
that of aluminium which gives it the advantagetsfhigh strength to weight ratio.
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The combination of the low elastic modulus andhiggh strength make titanium
very ductile. The thermal expansion of titaniunsignificantly less than that of
many stainless steels, brass, copper- nickel abmgkferrous alloys (Barksdale,
1968).

Titanium provides excellent resistance to corrosiwedia, such as chlorine
compounds in aqueous solution, chlorine dioxidemytnal chloride solutions,

chlorine chemicals, chlorine gas, bromide watezaist in excess of 315°C, sea
water as high as 260°C, erosion of high velocityewaalkaline medium, gaseous
oxygen, and organic media. It is non-toxic to mariorganisms. It shows a
relative resistance to reducing acids, such as dadloric, phosphoric and

sulphuric, but notably corrodes as the temperatm@ concentration of those
media increase. The corrosion resistance of titanisi due to its passivity; a

strong oxide film forms on the metal surface whishrelatively stable against

most substances.

Titanium as a natural resource is found in rutilalmenite. South Africa is the
second largest supplier of titanium ore in the @atter Australia with 850,000
tonnes in 2003 alone (Cordellier and Didiot, 2004).

A number of stages are involved during the producof parts from titanium.
Titanium must first be extracted from ore (typigatutile which is TiQ sand).
The extraction process occurs by chlorinating thesoto produce titanium
tetrachloride and then reducing the chloride usingnagnesium or sodium
reduction process to produce pure titanium. Gelyerle magnesium reduction
process, the Kroll process is commonly usedpf@ducing titanium sponge. The
Hunter process is the less-used, sodium reductiooeps which also produces
titanium sponge. The Armstrong process is a semiktoous version of the
Hunter process that has recently been commeralabgelnternational Titanium
Powder for producing titanium powder (Internationditanium Powder
homepage, [S.a.]).

Following the reduction process, the sponge isedadind formed into ingots. The
melting and forming processes involve vacuum arltingewhich is an expensive
process. It takes up to 25 hours to melt the spotiys requiring a substantial
amount of energy and expensive equipment for ngelithich makes it not only
costly but also labour intensive (Seong and Goltsri009).

Billets are then formed from the ingots. A finisheebduct of the desired shape,
size and surface quality is then usually producgdnbchining wrought titanium
billet. Up to 90% by volume of titanium ingot is stad during machining (Capus,
2004; Tital Gmbh, 2010). Furthermore, machiningriitm is a difficult, slow
process. Overall, manufacturing a titanium prodactedious, energy intensive
and expensive, thus making traditional titaniummfmrg processes unattractive.

With all the advantageous properties titanium pess® cost is still a major
challenge. Titanium and its alloys are so expensivproduce that their use is



CHAPTER 1

limited to areas with high performance requiremditsura, 1998; Elyort al.,
1998; Froes, 2000b; Donachie, 2000). The high adsta finished titanium
component can be attributed to each of the prostgss: extraction from ore,
fabrication into preform and the final machiningeogtions.

Table 1 shows the cost of titanium at differentduction stages compared to steel
and aluminium. It is 30 times more expensive to ufacture 1 kg of titanium
ingot compared to 1 kg of steel, and note thatrnfbet is only the preform to the
billet from which the final part is then machined.

Table 1 Comparative cost of titanium, aluminium andsteel as of, 2007
(adapted from Froeset al., 2007)

Prcguction Steel Aluminium Titanium
age Cost/weight Factor to Factor to Factor to
Steel Steel Aluminium
Ore Extraction 1 5 15 3
Metal Refining 1 6.8 20 2.9
Ingot forming 1 4.7 30 6.4
Sheet Forming 1-2 3.3-8.3 50-83 10-15

Several factors lead to the ever increasing pricgamium. The production stages
involve the purchase of rutile, extraction, ingasting and melting, and finally
fabrication processes (which includes machinin@f all the processing stages,
the relative costs of which are shown in Figuréh2, cost of fabrication is the
most expensive. Fabrication alone contributes al@i of the total production
cost of the mill product (such as sheet, billetatgpand bars). Fabrication costs
include forming and machining processes to prodiee final product. Ingot
melting (15%) is achieved using vacuum arc re-megli{VAR). The extraction
process (33%) uses either the Kroll or Hunter pgscé&he rutile ore (where South
Africa obtains its share revenue) constitutes ddtyof the total cost.
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Cost of titanium

4% 1%

M Fabrication
M Extraction
Ingot melting

M Rutile Ore

m Others

Figure 2 Percentages of total cost of Titanium at processingtages adapted
from Seong and Goldsmith, 2009)

The two main contributorto the high fabrication cost are thewlmachining an:
high Buy-toFly (BTF) ratic. BTF ratio is the ratiof the weight of material that
purchased to machine a part to the weight of thistfed pa, thus making th
useful component almost minute compared to thetirsarmateria. Slow
machining is necessary due the high hardnesshigh chemical reactivi at
elevated temperatureend low thermal conductivity of titanium. This recps
machining of titanium to take place at slow cuttsgeeds to reduce the therr
load and low depth (cut to reduce the mechanical load, ma machining
difficult and time consuming. Consequently, the | ratiois usually very high fo
titanium. For instancehe BTF ratio of titanium parts from plate to sheet can
as high as 20:1 (Seomgc Goldsmith, 2009).

There is a significant amount of titanium used ircraft manufacturing. Th
percentage of an aircraft's body weight that isstibuted of a certain material
called the material fly weight (MFW). For titaniutihe actual amount of mater
neessary for the production of the aircraft (matebay weigh, MBW) is many
times more than the titanium MF. For instance, titaniuis MFW for theF-22A
raptor fighter plane iabout 3% (Seong and Goldsmith, 2009).

A study conducted b$eongand Goldsmiti{2009) on the price index of titaniu
between the years of 1971 to 2006 showed a consisterease in the price
titanium.As can be seen fromrigure 3, there waa sharp increase in the pi of
titanium in 2003 androm this point, itkept on progressing rapidly.
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Figure 3 1971-2006 producer price index for titaium (Seong and
Goldsmith, 2009)

Several analysts claimed that the peak in the ddnos&nitanium in 2004 led to
the sharp increase in the price in 2005 - 2006 r{§eand Goldsmith, 2009).
Whenever there is an increase in demand of a ptahat the supply of such
product cannot meet this demand, there is alwaydr@ng tendency for an
increase in the price.

However, the sharp increase in the titanium deman2004 was not the only
reason for the subsequent increase. The extremreaghadn the supply of scrap
and titanium sponge over these years also contbtd the increase in price
Furthermore, increase in the percentage of titanwsed for aircraft parts
increased as aircraft orders increased duringtiime. The Western countries
industrial demand and the Chinese continual heamgumption of titanium kept
pushing the price up.

Titanium sponge itself is supplied in varying gradeat is used to produce engine
parts, air frame parts and golf club heads. Titenmanufacturing plants are, as
of yet, unable to cope with the increase in the a®nof titanium sponge
production because of the limited supply of sceqmrmous capital investments
and long lead time for building titanium productiplants.

These major cost and supply challenges encouragbdftao exploring titanium
powder metallurgy (PM), a near net shape technol@gyducts can be
manufactured close to their final shape) by ofigrnsolution to these problems.
Compacts can be produced at 50 - 60% the costaight titanium (Barksdale,
1968) because of the reduced cost of producing powampared to ingot, as well
as cost savings due to near net shape capabilishvetvoids high material waste
associated with wrought machining. Secondary psiegsand machining costs
are also minimised (Norgate and Wellwood, 2006).
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Many researchers and companies have successfutlyfacured titanium parts
using powder metallurgy; however, the manufactudaogt has still remained too
high for this technology to become mainstream. figd costs relate to powder
price as well as secondary operations, such assbstatic pressing, required to
form materials with sufficient quality to be of ude the primary titanium
consumers, the aerospace industry. Recent efforisanium powder metallurgy
have been focused on lowering the cost of powdeduymtion and improving the
quality of the sintered material; however, littkesearch has been conducted on
machining of PM titanium. Typically, as PM is a stepe manufacturing
technology, machining of the material is not a majonsideration. However,
most PM parts require some level of finish machgnieither to comply with
dimensional tolerance requirements or to add featwhich are not possible to
form using typical PM forming processes. Furthemnatue to the fact that the
PM route for manufacturing titanium material cutg onany of the expensive,
time-consuming processes (for instance, VAR andmiiog to billet) of
conventional manufacturing, there has also beeerast in exploring the
possibilities of manufacturing mill product (shelet|et) directly from powder. In
this case, rough as well as finish machining warddstitute a significant aspect
of the manufacturing process. Accordingly, thigsik will look into issues
associated with machining PM titanium.

1.1 OBJECTIVES

The aim of this project is to investigate the maability of commercially pure
(CP) titanium produced through PM techniques. Titamium will be produced,
with a density greater than 90% of the theoretislsity. The machinability of
PM titanium will be investigated by face turning chaning tests. Factors such as
the final machined surface finish and tool wearrammitored in order to evaluate
machining performance.

This thesis forms part of the TIA (the former AMTS8&ight Metals Program
Project: High Performance Machining of Titanium atsdalloys. The objective of
the project is improving the usage of high perfanoe cutting techniques in
machining integral parts of titanium alloys in tBeuth African industry.

1.2 MOTIVATION

A large amount of research has been published ontilium and its alloys;
however, no research efforts have been focusedhenntachinability of PM
titanium. Some particular shapes cannot be producetinarily without
machining the PM parts. The machinability of PM enatls generally differs
from the machinability of their wrought equivalew{rought titanium is notorious
for long machining times, large tool consumptionsl @oor surface finish when
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machined at high speed. These factors lead to @ease in the manufacturing
costs of titanium, thus limiting the range of use.

By developing PM processing for titanium, its usagehigh-tech and custom-
made applications can be increased. However, thahimebility of PM titanium
must be understood and optimised for this to happen
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LITERATURE REVIEW

2.1 PROPERTIES OF TITANIUM

Titanium is categorised as a transition elemens & light metal in its pure form,
with a relatively low density of 4.506 g/émOther physical and chemical
properties titanium possesses are its high mefioigt of 1668°C, a relatively a
low elastic modulus of 107 GPa and high ductiliynfet, 1997).

Titanium has good corrosion resistance and goagparesistance above 500°C. It
maintains its excellent strength properties at alsy temperatures, as shown in
Figure 4. However, it is highly reactive with othmetals at temperatures above

400°C. It is relatively stable in air and indudtremvironments(Astanaet al,
2006; Joubert, 2008).
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Figure 4 Specific strengths at temperature of sommetals including titanium
and titanium alloys (Kobelco, [S.a.])

The high specific modulus (elastic modulus/density) titanium alloys has
encouraged its use in the aerospace industry. dlyppplication is compressor

blades in gas turbines, which operate at varyireggures and at extremely high
peripheral speeds.

When comparing titanium properties to steel ankeiibased alloys, titanium
possesses (Moll, 2000; Timet, 1997);
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* Lower density

* Higher melting point

* Good ductility

» Easily contaminated during welding operations
* Lower modulus of elasticity

The differences in the properties can however lepemsated for, thus allowing
it to be fabricated using techniques that are simtib both stainless steels and
nickel based alloys.

Titanium alloys are categorised into four majoissksa-alloys, neak-alloys, a-
f alloys and3 alloys. Compositions and mechanical propertietypital titanium
alloys are shown in the Table 2.

Table 2 Composition and mechanical properties of soe typical titanium
alloys (Callister, 2003)

Tensile Yield Ductility
Alloy | Common Name Condition Strength | Strength | (% EL in
(MPa) (MPa) 50mm)
CcP U”a”o%’i‘)ed (9911 Annealed 484 414 25
a Ti-5Al-2.5Sn Annealed 826 784 16
Near | ri_gal-1Mo-1v Annealed 950 890 15
a (duplex)
a-p Ti-6Al-4V Annealed 947 877 14
B Ti-10V-2Fe-3Al | Solution + aging 1223 1150 10

Titanium has am-phase allotrope which has a hexagonal close-paskadture
(hcp) and this transforms tofaphase allotrope with a body centre-cubic (bcc)
structure at temperatures above 882°C (Barksdaég;1Joubert, 2008). The
alloy is more ductile than thgalloys and can be easily formed whjlalloys are
relatively brittle and hard.

Commercially pure grades of titanium are unalloyeghase allotrope but,
sometimes have traces of impurities, such as oxygehiron. Titanium has a
tendency of deflecting up to twice that of steetlemthe same load due to its
elastic modulus which is 30-50% lower than thastekl at values between 100 -
125 GPa (Laubscher and Van Trotsenburg, 2010). Aigh strength (170-
480 MPa) and excellent corrosion resistance matkeapplication favourable in
cryogenic applications and they have good weldtgb{lLaubscher and Van
Trotsenburg, 2010).
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In Table 2, then/B-alloys, for example Ti-6Al-4V, contain a mixturé @ andf
phases at ambient temperatures and can be appliechperatures of 315-400°C
with characteristics of good corrosion resistariégh strength, low weldability,
high hardenability and good responsiveness to hesdtments. They are
responsible for the largest percentage of titanallsy in application (up to 60%
of titanium used). The aerospace industry is tlghdst consumer of this alloy
(Joubert, 2008).

Thea + B phase zone can be stabilized by the addition fédrdint metalloid and
metallic elements. The properties of titanium caraltered by inclusions of some
elements during the alloying process and by hesdtritents. Titanium can be
alloyed or heat treated to improve its strength, this is usually at cost to its
ductility.

2.2 TITANIUM POWDER METTALURGY

2.2.1 POWDER METALLURGY

Modern powder metallurgy technology commenced ie #920’s with the
production of tungsten carbides and porous bronshds for bearings. Between
the 1930’s and 1960'’s, there was steady growthtimodevelopments in ferrous
and non-ferrous materials. Since then, the ingidsd grown more rapidly than
conventional processes because of its potentiahamufacture products with
unique properties, near net shape ability to maitufa complex shapes, and
economics in material utilization (Rajet al, 2006).

PM is a near net shaping technology, where higrenstwaste is reduced, and
close proximity of final dimensions and eliminatiorinimisation of machining

processes are achieved. In addition, the final gntags of a sintered PM material
can be easily controlled to suit some applicatidos,example in biomedical

applications where the density is controlled inesrtb produce porous material
into which bone can grow.

Manufacturing of complex parts that are challengiagd expensive using
conventional methods, can be achieved with relaase using PM. Impurities on
grain boundaries can also be controlled and uy% 6f the full properties of the
wrought form are achievable (Froetsal, 2007).

Powder metallurgy (PM) processes typically use mgtavders that are formed
into final shape. The most common PM process isspand-sinter where the
powders are pressed into shape under high presanceshen the compacted
shape is sintered in a protective atmosphere.

10
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Four main steps are involved in fabricatipress-and-sintePM metal parts
powder production, mixing and blendingppowder compactic and lastly,
sintering. The pro@s chart is shown inigure 5. In many cases, parts ar-sized
or machined after sintering to improtheir dimensional accuracy arto produce
small features that are difficult or imposs (perpendicular to pressing directi
to press.

Elemental
Powder

Lubricant

Compaction

v

Sintering

v

Optional secondary &
finishing Operations

A 4

Final
Product

Figure 5 Powder metallurgy production processes

There are a number of ways for producing metal paid atomisatior
electrodeposition, chemical synthesis, crushing amtling, to name a few
Powders ranging in size between -200 um canbe manufactured by tse
methods (Naboychenkand Dowson 2009). These methods are useful
producing powders with varying shape and surfaxtite

In powder mixing, different powders are blen, sometimeswith the addition o
lubricants. In many cas, alloys are blended by combining of two or m
different elemental powders. Powder lubricants mmiged in with the mete
powders to assist in ejection of the part after gaction and to help prevent tc
wear. Zinc stearate and paraffin wax are comnr lubricants used in tradition

11
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powder metallurgy. Mixing is necessary in orderémove segregation, facilits
compaction and aid sintering (Asteet al.,2006).

Compaction is a process whethe loose, mixeghowders are pressed into a f
shape, after whicthe compac are usually called ‘green’. The powders unde
plastic deformation undethe external pressure or loadraditional powde
metallurgy uses uniaxial compaction to press posd€&his can be done a
single action and double actionmpaction method (Astanet al, 2006). The
compaction method depends on the specific powderss shape and the desil
component shape. Double action is usually prefea®dt produces the lowe
density gradients in the compacted | The green dentsi gradients for single ar
double action compaction in a typical ferrous alfmrt are shown in Figure

Note that the density varies from 4.7 to 5.cm® for single action compactio
while the density variance is much less, from .56 gcnt®, for double action
compaction. Thedensity gradients in the green part cause it topwduring
sintering due to anisotropic shrinkage (German,52. To achieve uniformity ir
compacts, powders can be pressed using isostatnpamiion, but the shaj
complexityof the part is limited

| Single action | Double action
AN Qs.s
>3 5.4
54
53 53
515
52 525
5_2<5¢
5.1 55
4.9 53
/4.8 54
47 /
0 / 0 55
0 I 0 I

Figure 6 Density gradient lines during single and double aain pressing
(German, 2005)

Metal injection moulding (MIM) is another common PMchnique. It wa
developed from the injection moulding plastics as an alternative approact
part manufacturing. The metal powder is mixed wattpolymer binder into
thermoplastic paste. The paste is injection mot, under pressure and he¢into
the desired shapd&he injection moulded part is then ted so the the binder is
burnt off before sintering takes place. MIM most successfullyised to mak
high volumes oémall, highly complex parts (German, 2; Astanaet al,, 2006).

12
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Sintering is a process where powder particlesdhatin contact bond together at
high temperature. The temperature which sinterakgg place is usually below
the melting point of the material. Sintering occassa result of the diffusion of

atoms at a high temperature, driven by a redudtidhe free surface energies of
the small powder particles. Accordingly, small p@wvgarticles usually sinter

very quickly because of the high specific area amergy (German, 2005). Green
PM compacts are typically sintered in controllesh@sphere continuous furnaces,
at a temperature below the melting point of the ¢g@wand are allowed to cool
slowly in a controlled atmosphere (Fraesal, 2004).

The evidence of bonding between particles durimgesng on microstructural
scale is seen as neck growth, where small neck gtdie sinter bonds between
particles. The particle bonding is associated aithelimination of pores, evident
in the final density, densification, sinter bondckesize, and shrinkage of the
compact. Powder compacts normally change in dimessduring sintering as
they densify. With the increase in density, theralso an increase in hardness,
thermal conductivity, strength, and elastic modulus

2.2.2 TITANIUM POWDERS

Various methods are commercially available for @reduction of titanium
powder. Powders of sizes ranging from nanometera few millimetres are
produced by following methods: mechanical millirdpmisation, reduction of
metal oxides, thermal precipitation and chemicatjpitation from liquid.
Different methods for producing titanium powderge ahown in Table 3, along
with the characteristics of the powder particlegluding the typical sizes and
shapes of the powders.

13
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Table 3 Basic method of Titanium powder productionNaboychenko and

Dowson, 2009)

Method of production

Process character

Characteristics of powder

particles

Size (um)

Shape

Mechanical Milling

Self grinding, mills
rolls and ball mills

20 - 1d

Irregular, scaly

Atomizaion Stream of liquid 5 -800 Spherical,
(gas, centrifugal, liquid material broken by irregular,
and water) impinging gas or liquid angular
rotating electrode
process
Reduction of metal oxide  Precipitation from nanosize, 100 Irregular,
(chemical and electrolyti¢ solution, Hydrogenatiof 20 -200 angular,
method) Metallothermy 20 - 300 granular
briquettes
Chemical precipitation | Injection into molten 10 nm - 20 Irregular or
from liquid sodium cubic, sponge
like
Thermal decomposition| Vapour decomposition Irregular,
and condensation 0.2-20 rounded, chair
shape
Electrolysis 10 - 400
(physical and chemical | Electrolysis from melt Dendritic
method)
Gas phase precipitation Evaporation and Ultrafine Agglomerated
condensation nano-size particle
clusters

The basic characteristics of the metal powder, sashthe particle size

distribution,

particle shape, size and surface, segy important in the

performance of the material during pressing antesimy, affecting the economy
of the manufacturing process (Schwarzkopf, 1947).

The patrticle size distribution can be determinediifigrent methods such as

*reduction of metal oxide by another metal

14
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v Sieving, where the particle diameter is measured bgt of standard screens
and thus a minimum diameter of the sample is medsurhis method is
limited to about 50 um particles (Allen, 1990).

v" Optical microscopy, used for counting and sizingnfr 0.5 to 100 pum
(Schwarzkopf, 1947). This is a very time consummegthod when used to
determine a statistically significant particle siistribution. However, it is
useful when used in conjunction with other methtmdget a quick indication
of the average patrticle size.

v Laser diffraction method, used for particle sizalgsis over a broad range of
particle sizes finer than 200 um based on the kery (Allen, 1990). The
device for measuring consists of a laser, partditgpersion and delivery
system, a detector to measure the light scattdminghe specimen and a
computer to control the system and analyze the ddtis method is easy to
use define the particle size distribution.

v' Sedimentation method, where powders are classifieatcordance to their
settling rate under gravity. It can be used for gers of different
compositions but difficult to visualize particldsat are irregular in shape.

v' X-ray technique, used for measuring sizes of venalkparticles based on
Scherre formula (Schwarzkopf, 1947). This techniguieleal for particles in
the 50 nm size range.

v' The Scanning electron microscopy (SEM) is a compoésed quantitative
imaging analysis method using an electron beam raagnetic lenses to
examine the particles with resolution ranging frob® to 100 000
magnifications. Images are captured, digitalized gnantified. This allows
the observation of grain boundaries, particle shapee and chemical
composition gradients of the powder by using eneliggersive spectrometry
(EDS) (Naboychenko and Dowson, 2009). SEM is onéhefbest tools for
observing the discrete characteristics of a powder.

Commercially available sponge fines of titanium pews are produced from
titanium sponge. The titanium sponge is the fimadpct of the Hunter and Kroll
extraction processes, where a spongy porous cakiéanium is produced from
the reduction of titanium dioxide by magnesium adiam, respectively (Hayext
al., 1984). The sponge obtained from these procasdegirogenated to make it
brittle. It is then crushed and sieved to produced. The hydrogenated powder is
then dehydrogenated to yield pure titanium powdéis process is known as
hydrogenation-dehydrogenation and the powder isd&DH powder. The final
sponge fines are graded in accordance to theiiclgarsize distribution and
typically contain 0.12-0.15 wt % chlorine (Vladimét al, 2000). The sponge
fines are angular and irregular in shape and daé@wely cheap compared to other
processes of titanium powder production, such a&s ajamization (spherical),
electrolytic (dentritic) or mechanical milling oblids (irregular and scaly) (Oled
et al, 1998). The sponge fines are best suited forcdimpaction because of its
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shape. The HDH process is used to produce mill@tipofrom titanium sponge,
scrap titanium or Ti-6Al-4V and wrought titanium Dr6AI-4V.

In recent years, gas atomization has developeddsmably in order to produce
high quality prealloyed titanium powder. But thgsmvders are not suitable for
die compaction as they are spherical. They are#jlgiused for powder injection
moulding or mixed with HDH powder for compaction.

The developments of the hydrogenation-dehydrogemat{HDH), Armstrong
(ITP) and metal hydride reduction (MHR) processasgowder production has
helped in further reducing the cost of titanium plew and improves the
mechanical properties of products (Lutjering anutids, 2003; Froest al, 2004).

2.2.3 ADVANTAGES AND CHALLENGES OF TITANIUM POWDER
METALLURGY

Powder metallurgy can be described as a processeewlagts are made starting
from elemental powder. This technology greatly tsnnaterial waste, especially
compared to traditional titanium part manufactugimgcesses.

Using PM, parts are easily formed into the dessgleape and have higher yields.
Up to 97% of wrought physical and mechanical prbegrare obtainable using
PM processing (Froest al, 2007; Klar and Prasan, 2007). The near net shape
capability ( parts can be formed close to the dds@imensional requirements)
provides a means of reducing waste that is assachtth traditional titanium
part fabrication, such as machining. In some cafdsaditional titanium part
manufacturing, up to 90% of the wrought materiakeisioved so only 10% of the
original material gets to the final stage of thedurction process. In comparison,
little or no machining is required for PM parts (#n et al., 2007). With
improvements of the yield over several steps oflpction, there is a considerable
reduction of starting raw materials required to mé#the final part. However, even
with the current advances in cost savings, PM ilk iesufficiently more cost
effective for a major technology change in the piciohbn of titanium parts.

With titanium PM, there are several technical fextibat make widespread use of
this technology a challenge for high-tech applmadi such as for aerospace. One
of the major challenges is contamination controltted microstructure. In this
case, the processing of the parts must be doneviryaclean environment to
avoid inclusions and impurities on the grain boureta Strict control of the
oxygen level in the final microstructure is als@uged. The presence of hard
particle phases observed in sintered titanium allepds to insufficient strength
of the material. This can also be due to inhomoigera the microstructure
because the powder in mixture is not of the same (#&lman and Hawk, 1999).

Moreover, the size of parts produced from PM isallguismall (< 50 cm major
dimension). Large parts are not economically viablsually titanium parts that
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are used for aircraft are significantly large stowal parts. So PM does not
immediately fit into general aerospace part repiaaet.

Lastly, titanium powder is difficult to handle imrge quantity because of the
highly reactive, explosive nature of the powderafkdnd Prasan, 2007).

2.24 PMTITANIUM ALLOY PRODUCTION

Parts are produced from CP titanium powder by wariconsolidation and
forming processes, including press-and-sinter, gowaection moulding (PIM),
hot isostatic pressing (HIP), cold isostatic preg<4iCIP) and powder rolling.

The press-and-sinter method is the most widely #ddmanufacturing process
and the most economical production technique fossmaroduction of parts of
desired density, strength and dimensional accutacynot suitable for complex-
shaped parts. PIM is used for the production oh higlumes of small, complex-
shaped metal parts. CIP is an economical, low velymoduction path for
complex-shaped, highly uniform density compactshds the advantage of the
short production times coupled with the abilitypmduce long and slender parts.
The compacts must be sintered to bond the partiotether after CIPping. HIP is
similar to CIP except that it involves the simuttans application of pressure and
heat. HIP is used for powders that are difficultstoter and parts that require
excellent properties. Currently, most titanium pathat are commercially
manufactured require HIPping to obtain the matepraperties required. Powder
rolling is a method where powders are rolled tadpiee coherent strips. Parts with
fine grains, high mechanical strength and closeéh&oretical density can be
produce with this method (Angelo and Subramanid@@82 Titanium powder
rolling is one of the PM successes for this makteria

Titanium alloy powder metallurgy fabrication metisaate divided into two major
categories based on the initial powder mixturesnéééd elemental (BE) and pre-
alloyed (PA) powders.

In the BE technique, different (for example, titami, aluminium and vanadium)
powders are blended together, consolidated andrsohtto produce the alloyed
material. Sponge fines used in this technique cositd.12- 0.15 wt. % chloride
which prevents full density being reached, resgltito inferior mechanical
properties (Elyoret al, 1998). This approach produces titanium PM abveelt
cost; however, parts produced by this method anddd in size and complexity.
BE material can be improved by undergoing a seagnoi@cess of hot forging to
increase its density.

For pre-alloyed (PA) titanium, titanium alloy powdeare made from their molten
state. The wrought form of the material, for ins@mwrought Ti6Al4V, is vacuum

melted and atomised using gas. High purity, spaepowders are produced from
this method due to the purity level of the startiagy materials. The powders are
also consolidated and sintered to produce titaralloys. These powders are not
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suitable for die compaction unless mixed with sgofiges due to their spheric
shape. They are suitable for PIM and laserering or direct metal depositic
The PA powders produced by gas atomisation andmalasotating methoc
undergo hot isostatic pressing (HIP) to produceerfally dense compacts. F
titanium have superior properties as compared t@BEHuced prts but ae much
more costly. Theyare more in demand in aerospace industry becauske!
mechanical properties (Elycet al, 1998; Lutjering andames, 20(; Froeset al.,
2004).

Figure 7, shows vario methods for producing titaniupowder ancparts. From
all the methods of producing titanium powders, tirmstrong, lydride-dehydride
(HDH) and MER processes have b more widely adopteds promising methoc
of titanium metal powder production in an attempteaduce the cost of the fin
part product (Seongard Goldsmith, 2009). The Awstrong process is
continuous, low temperature reduction of titaniuetrachloridi based on th
Hunter processthe MER process produces titanium powder usinggct
electrolytic reductionwhile theHDH process directly producdisanium powde!
from spongescrap, turnings and other titanium waste prod Titanium sponge
is mostly produced using the Kroll process. The Qidage process is a new
developed process for extracting titanium, howeegen after years of reseal
and investment in scaling this process up to coromerevels, no ree
commercial success has been realised using tieitpe to dat:

Electron beam single melt Improved machining

Cambridge Plasma arc single meit Solid freeform fabrication
process Electron beam meltlng + VAR Machining

Kroll process Plasma arc melting + VAR Casting

Hunter process Vacuum arc remelting (VAR) Various

Forging

processes )
Forming

Armstrong process Plasma rotating electrode process Metal injection molding (MIM)
MER process (PREP) Direct powder rolling
Gas atomised (TGA) Process Hot isostatic pressing (HIP)
Hydride-dehydride Solid freeform fabrication

Figure 7 Emerging technologes of titanium part production, (adapted from
Seong and Goldsmith, 2009)
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The HDH, Armstrong and MER processes do not ordyice cost but also cut the
energy use, requiring less capital and in mostscaseng continuous production
to reduce the amount of labour needed. Many of dteps used for ingot
production (VAR, EBM or PAM) are also eliminated.

Titanium alloys are often subjected to post conipactreatments after sintering
(e.g. for Ti-6Al- 4V, broken-up structure (BUS) haeeatment) to improve the
tensile and fatigue strength, and also to increds® uniformity of the

microstructure. However, this further increases tost of the final product
(Donachie, 2000).

The developments of titanium and its alloys havenbendergoing research in the
area of mechanical alloying, powder injection mauyd (PIM), rapid
solidification, spray forming and vapour depositianfurther lower the cost or
enhance the properties (Elyat al., 1998; Froeset al., 2004; Lutjering and
James, 2003).

2.2.5 SINTERING KINETICS OF PM TITANIUM

Sintering of powders that have been consolidatede(g parts) is performed at
temperatures below the melting point of the medaitering provides a means of
fusing the molecules of the powders together toieweh more dense parts.
Titanium is typically sintered between 1200-1400&@jch is about 72-84 % (K)

of its melting point, 1668°C.

Titanium is usually sintered in a vacuum atmospihe@ause of its reactivity with
gaseous substances at a temperature higher thanCj0@ost especially with
oxygen (Hooven lllet al, 1993) which can deteriorate the properties of PM
titanium obtained. High vacuum (>%Qorr) is achieved by the use of a diffusion
pump system in addition to a mechanical pump. Hakps in removing gases
trapped in the structure and increases the rasentdring; in this case, a near full
density product is obtained.

The factors that usually affect the final propexrted the sintered products arise
from powder types and sizes, compaction pressamd,sintering atmosphere,
temperature, and time.

In the study conducted by Panigraiial. (2005), it was observed that the sintered
density increases steadily with an increasing sirgetemperature for parts
starting with the same initial green density. Aatele sintered density of 85% was
achieved after sintering of green parts of abodb 68lative density at 1250°C.
Relative density is the density relative to theotieically full density which for
pure titanium is 4.51 g/cin

In another study by Panigraéi al. (2005), on the factors that affect dimensional

change during sintering, the authors found thatwusidjents in compacting
pressure, sintering temperature, and sintering tiare cause noticeable change.
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The effect of sintering temperature can be obseovethe shrinkage (axial, radial
and anisotropy) pattern on the compact. Larger dgiemal changes (shrinkage)
occur as the sintering temperature increases (Rdmf al, 2005).

Dabhadeet al. (2007) investigated the sintering of die compaatadron-sized
(12 um mean particle size) and nano-sized CP titaniunvdeo (40 nm mean
particle size). Attrition milling was used to prastuthe nano-sized powder from
the micron-sized powder. Constant heating rateesimg experiments, heating at
10°C/min up to 1250°C, were conducted in vacuune [iiear shrinkages of the
two powders were studied in order to determine tmminant sintering
mechanism (diffusional path) during the sinteriridgitanium. The sintering onset
temperature for CP titanium was found to be 606FT6e nano-sized powder
showed lower grain boundary and volume diffusiotivation energy than the
micron-sized powder. The dominant sintering mectrasi were found to be a
mixture of volume and grain boundary diffusion.

Robertson and Schaffer (2009) examined the effédhe particle sizes and
compaction pressures of both commercially puraitita and Ti-6Al-4V on both
green and sintered densities, as shown in Figuréh8y compacted samples
between 200 — 800 MPa and sintered them at 1208°¢hirs in vacuum. Results
showed that a slight increase in the green densstylts from increasing the mean
particle size. They compared sieved HDH and gasnigadd powders from
different suppliers. Better results were obtainkdrdurther sieving the powder to
specific particle size ranges. The powders withdoaxygen content had a higher
green density than the ones with higher oxygenesanihe apparent density was
higher for gas atomised powder which was attributedhe particle shape or
internal porosity of the powder. Higher apparenhsiy plus better packed
particles usually lead to slightly higher green sign The green density obtained
increased with increase in compaction pressure.
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Figure 8 Green and sintered density of CP titaniunpowder between
compaction pressures of 200 - 800 MPa (Robertson dshaffer, 2009)
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For sintered density, reduced mean particle sizeergdly gives rise to an
increasing sintered density (Panigrabhal, 2005). This is due to the sintering rate
being inversely proportional to the curvature oé tparticle (German, 2005).
However, particle shape can also have a signifiagafiuence on sintering. For
instance, irregularly shaped powder particles canpeell, delivering a higher
green density than spherical powders of the samannseze. Therefore when
sintered, they deliver a higher sintered densityweler, if a spherical powder is
compacted to the same green density, its potetotiginter is higher than that of
an irregularly shape particle. This again is dugh curvature of the particle.
Oxides present on the surface of the powder canadfect the rate of sintering.
The effect of oxides is more pronounced at lowerperatures compare to higher
temperatures (Robertson and Shaffer, 2009).

Increase in green density reduces dimensional @sadgring sintering. A lower
green density leads to a greater change in demwsityng sintering, but not
necessarily a higher sintered density. Problemspaér powder flow rate,
variations in apparent density can lead to vanegtion the part to part sintering
dimensions.

Sintering temperature, time and atmosphere alsztathe dimensional changes;
sintering temperature is usually the sensitive gsecparameter. A change in
sintering temperature as little as 15°C can rasudt shift in dimensional change
(Panigrahiet al.,2005).

2.2.6 TOOLING DESIGN

Tooling design is an integral part of fabricatiorogesses in powder metallurgy.
Tooling enables the powder metallurgist to be abldorm powders into the

required shapes by the application of pressurenduhe die compaction process.
In manufacturing, where mass production of parisvslved, thousands of parts
can be produced with a consistent dimensional acgurBasically there are

several shapes that can be formed using the vanoethods of powder

consolidation processes. The tooling requirements tese processes differ
slightly from each other most.

Most die compacted PM parts are in sizes whichedmegween 80 mfn 16 000
mn? and are 1-150 mm long (Cubberly and Bakerjian, 198®apes that are
more appropriate for die compaction have uniforrmeahsions in the pressing
direction, typically square, rectangular, simpldirgyrical and some multilevel
variations of these shapes (with contours as aep@might angles to the pressing
direction).

Materials used for die compaction tooling are tgflicmade from hard and wear
resistant steels, and cemented carbides (Klar aashR, 2007). These tools can
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be used to manufacture up to 1 million parts (thislependent on the powder
material used and, the part shape).

For the tooling material selection, mechanical prtips and the length of service
of the materials are of importance. The tooling eniat requirements are high
toughness, high strength and, resistance to therso#ening at elevated
temperature (German, 2005). All these qualities, cewever, be attained by
proper heat treatment of steels. The tooling ist imachined close to the final
finishing dimensions, heat treated and finally dirg and lapping is carried out
on the moving interfaces between the respectivéinggarts to ensure high
precision.

Tool steels are typically hardened by heat treatnf@lowed by air quenching.
Air is preferable for tool steels because of thedency of distortions of the
tooling when quenched in water. The hardeneabdityach steel differs from
each other and the heat treatment process is gperiéach steel. Tooling made
from steel usually has a surface roughness of @2apd hardness of at least
30 HRC (Klar and Prasan, 2007).

Tooling must be designed to produce an oversizediparder to accommodate
large shrinkage during sintering (Cubberly and Bpdke, 1989). Different
powders behave differently during sintering, sa theéhaviour must be determined
before the tooling is designed. Shrinkage is uguatisotropic (differing in the
radial and axial directions to compaction), so thisst also be taken into account.

When designing tooling for PM parts, it is impottdaa consider the following
points:

* Powders do not flow or pack well into corners omirgrooves. The uniform
distribution of powder in the die is important ireating a uniform density in
the compact. The shape of the part must be designadoid sharp corners,
thin walls or narrow splines. Sufficient length sl be provided for thin
walled or high aspect ratio parts. Therefore, caramd edges are preferably
provided with 45° chamfers or large radii.

» During compaction, pressure perpendicular to tlesng direction causes the
compact to stick in the die due to friction witlettie wall. The tooling must
be designed with features, such as tapers on deasnéd aid ejection from the
die after compaction. Ejection forces can causekang and delamination of
the compact. Parts that have flanges are sometyiwen flange taper that is
approximately 0.8% of the flange thickness to ad pjection.

* Because of the difficulties in the uniform distrilauin of powders in the die,
large, rapid changes in the height should be adoideesign should
accommodate the fewest possible changes in thiesect

* Tooling design must be as simple as possible amdngtenough to
manufacture high volumes of identical parts. The ghape should permit
strong and durable design of tooling.
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Some of these limitations can be overcome by usomgplex, multilevel tooling.
However, this drives the costs of compaction up aad make the process
uneconomical.

The compaction procedure is divided into three etadjlling, compaction, and
ejection. Typical tooling consists of a die witldi@ cavity, forming the negative
of the shape to be compacted; an upper and lowerhpilat fit into the die cavity
and are used to apply the uniaxial pressure to eohthe powder; and, if the part
has a through-hole in the axial direction, a caé that fits inside the punches.
During filling, the lower punch inserted into thee a¢tavity from the underside and
remains a fixed position. The powder is poured thi die cavity, filling it from
the upper surface of the lower punch. During coripac the top punch is
inserted into the top of die cavity so that wheasgure is applied to the top and
bottom punches simultaneously, the powder in tleecdvity is then compacted
between the two punches. For a floating die askgertiie die is kept in position
by the friction of the powder with die wall and nesvdown with the upper punch,
creating a more uniform density gradient in theegrpart (see Figure 6 for double
action compaction).

During ejection, either the lower punch is raisgiécting the compact from of the
die, or the die is pushed down to eject the compact

An important parameter for tooling design is thenpoessibility ratio (CR). The
compressible ratio is the ratio of green dengifyto the apparent density,,,,, at

a specified compaction pressure. Considering th@tapparent density relates to
the fill position and green density to the compatposition, and noting that the
mass and cross-sectional area remain constant fikimy to compaction, this
relationship can be extended to relate the filghgihs;;, (height of powder in die
cavity before compaction) to the green heighy, (height of compact after
compaction) as shown in equation (1).

.
Papp Py

The total height of the die is usually designetdédbetween 10 -15 % longer than
the maximum fill height to allow for stable inserti of the punches in the die
before compaction. The die wall thickness must biéiceent to withstand the
circumferential and radial forces exerted duringhpaction. The lower entrance
of the die cavity is preferably chamfered at anlamg 45° for easy entry of the
lower punch, likewise the lower punch for core evdry.

The total lengths of the upper and lower punchestrang enough to compact

the sample while allowing a minimum clearance betwéhe foot of the lower
punch and the bottom surface of the die over @ldtages of compaction. The
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core rod must be longer than the lower punch witfficgent lapped surfaces for
easy removal before ejection.

2.3 TITANIUM MACHINING

Machinability is the ability of a material to be aiméned, or the ease or difficulty
for metal removal. The machinability of a matelimltermed ‘good’ if, during
machining, the cutting tool has a long life and el wear, low cutting forces
are experienced, continuous chips form and aréyaasnoved, and an acceptable
surface finish is achieved (Kikucht al.,2003). Titanium has been characterised
as difficult to cut material and has poor machihigb{Machado and Wallbank,
1990, Rahmaset al.,2006).

2.3.1 IMPROVEMENTS IN TITANIUM MACHINABILITY

Machining of wrought titanium has been studied esieely in the past. Machado
and Wallbank (1990), Ezugwu and Wang (1997), Yand &iu (1999), and

Rahmanet al. (2003) have all reviewed technologies and diffies| associated
with titanium machining.

Titanium alloys are described as the next mosicditf materials to cut after

nickel alloys (Lutjering and James, 2003). Thisaigely due to the low thermal
conductivity and low modulus of elasticity of theatarial, high cutting stresses
during machining, and high chemical reactivity loé¢ tworkpiece with the cutting

tool. All these factors result in high tool vibmti, high cutting temperature and
short tool life (Capus, 2005; Machado and Wallbdrg90).

The two major factors described by these authoes the high temperature
concentration in a small area at the tool tip prongptool diffusion wear and the
segmented chip formation with adiabatic shear bdunel to thermal-mechanical
instability, both factors that limit the machinatyilof titanium.

Recent research in wrought titanium machining cotrages on studying the
effect of the machining process on fatigue lifen@€® and Elyon, 1999; Yarej
al., 2002), understanding the adiabatic shear bandatttwm (Sheikh-Ahmad and
Balley, 1997; Chivpuri, 2002; Molinaet al., 2002; Baker, 2003), investigating
cryogenic machining (Honget al., 2001), high-speed machining (Gente and
Hoffmeister, 2001; Norihiko, 2002), and wear of nesl materials (Balkrishna,
2002).

Different grades of titanium (commercially pure aratious alloys) do not have
identical machining characteristics, unlike thenailium and steels that usually
have identical characteristics for their alloys.eTlow thermal conductivity of
titanium slows down the dissipation of heat frone tworkpiece; this makes
cooling important for titanium machining. The usktle appropriate coolant,
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sharp and correct cutting tools, rigid machine uge; heavy feeds and slower
feeds ensure a general good tool life and workitgugASM Metals Handbook,
1985). The milling of titanium is usually a mordfdult operation compared to
turning, whereby both CP titanium and titanium ydlacan be cut with little
difficulty. In the cutter mills, part of the chignds to adhere to the teeth of the
cutter during the revolution of the cutting toohére is no cutting taking place at
this instance. During the next contact of the ogttiool with the workpiece, the
chip is knocked off, thus that tooth becomes damage

The use of a sharp cutting tool is recommendedni@achining titanium because a
dull tool builds up heat quickly, which can caus&mg and galling leading to a
premature tool failure (ASM handbook, 1985; Grzegikl.,2005).

Improvement in machining can be affected by thétrigpmbination of cutting
tools, cutting conditions and machine tools thaivte high speed machining.
These factors work to improve the surface integrsiyrface finish and cost of
machining.

2.3.2 CUTTING SPEED

The cutting speed for machining wrought titaniuntilurecently was generally
low, in the range 18 to 30 m/min (Chandler, 1998hwa chip load of 0.05 to 0.25
mm (Barnett-Ritcey, 2004). Recently, there has begrovement with higher
cutting speeds attainable (Sandvik Coromant, 28@8olamadom, 2010).. Most
of the improvements focused on cooling strategied enhanced cutting tool
materials in order to machine titanium at highdtiog speeds.

For turning operations, the general recommendatigrSandvik coromant (2008)
for use of uncoated carbide cutting tools for bathhghing and finishing cuts are,
cutting speeds of 30-60 m/min for feed rate of @8mm/rev and depth of cut up
to 10 mm, cutting speeds of 80-120 m/min for featd rof 0.1-0.3 mm/rev and
depth of cut of 0.25-1 mm respectively.

The cutting conditions applied for machining titami limits the use of high
cutting speeds and thus lowers productivity. THeatfof increasing the cutting
speed is generally detrimental to tool wear for m@ag titanium. The cutting
speed has the highest influence on the cuttinglifealEzugwu and ' Wang, 1997).
For dry machining, low cutting speeds are usuaitpleyed, but with the use of a
better cutting tool material and cutting fluidse thutting speeds for machining
titanium have greatly increased. Recent researshbkean focused on the high
speed machining of titanium alloys for better pratduty (Kitagawaet al, 1997,
Barnett-Ritcey, 2004; Ginting and Nouari, 2009; Bagt al.,2009).

In studies conducted by Abele and Frohlich (20&&8) Daymiet al. (2009) on
the effect of cutting speed on cutting forces aesls between 100 - 600 m/min
(extreme tool life experimentation), it was observehat the cutting force
decreases with an increase in cutting speed. Tips @rmed at a cutting speed of
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100 m/min and above show saw-type serrated or sloealised chips while
below this speed there is a flow chip with a nooHtzory material flow (Daymi

et al, 2009). The non-oscillatory material flow of tbleip indicates a better tool
life than the saw-type serrated chip. The segmientatof the chips at higher
cutting speed results from the ductility and thghhheat flow into the chip
(Daymiet al, 2009).

2.3.3 EFFECTS OF COOLANT

Cutting fluids assist in lubrication, cooling ani flow during machining. They
are divided into three categories: neat cutting, elater-soluble fluids, and gases.
The water-soluble fluids are more commonly usednfi@chining at high cutting
speeds and low cutting tool pressure while the oating oils are utilised for
higher tool cutting pressures.

The use of coolant during machining of titaniunogdl has proved to significantly
improve its machinability. The objective of the &pgtion of coolant is to reduce
the cutting temperature generated at the chip-éaoadl workpiece-tool interface,
minimise friction, lowering the cutting forces, ingwve the chip formation and
increase the cutting tool life (Ezugwu, 2004).

The type of cutting fluid used for machining titam alloys is very important.
The application of coolants as concentrates, emnssiin spray cooling, or as
solutions in mineral oil, or of mineral oil or sywtic coolants causes more wear
than when dry face milling of titanium. With botlSIS8 and carbide tools, water-
based fluids are more efficient than oils (Ezugwd ®ang, 1997).

Flood cooling is the most common cooling methoddulee machining titanium
alloys. This method is most effective when machgnat relatively low cutting
speeds where low cutting temperatures are generdited method is still not
satisfactory for high speed cutting because ofcth@ant’s tendency to vapourise
at the high cutting temperatures generated at Isigbed cutting conditions
(Ezugwu, 2004). Flood cooling applied at 60 m/ndig0 m/min and 150 m/min
with coolant flow rate of 4.9 I/min reportedly rét&ad in tool lifes of 18 min 48 s,
4 min 56 s and 56 s, respectively (Hataal, 2001). With high pressure cooling,
titanium has been machined at cutting speeds ds a8g250 m/min (Ezugwu,
2005). Because of the setbacks associated witlfidbd cooling methods, high
pressure cooling (coolant supplies of over 200 mepplied in some cases) and
minimum quantity lubrication methods have been tgpex to enhance the
machining of titanium alloys at high cutting sped&zugwu, 2004). From the
study conducted by Ezugwu (2005) 150% increaseahlife was observed when
Ti-6Al-4V was subjected to face milling at a contienal coolant flow pressure
of 30 MPa using cemented carbide tools.

Cryogenic machining is a novel cooling techniquesently been used for the
machining of titanium alloys. Cryogenic machinisgoased on the use of gases

26



CHAPTER 2

as a coolant during machining. Liquid nitrogen anenonly used as a coolant
applied to the cutting tool rake and flank (Haetgal, 2001; Ezugwu, 2004). The
main reason for the application of this state-@&-#int cooling technique to
titanium machining is to reduce the high temperatitrthe chip-tool interface. In
addition, the environmental issues surrounding uke of conventional cutting
fluids prompted the use of cryogenic cooling (Hatgl.,2001). During a study

of cryogenic cooling, the maximum temperature gaieel at the cutting interface
was much lower at 829°C compared to the temperaitirel53°C during dry

machining (Ezugwu, 2004). Different techniques pplging cryogenic coolant

have been explored, including indirect cooling,-poeling, flooding, enclosed

bath and, recently, the application of two nozdeling at both the flank and rake
of the tool (Honget al.,2001).

Of the cryogenic cooling techniques studied, mosthmds have not been very
effective except for flood cooling, however, theshnique involves a lot of liquid
waste of nitrogen. Furthermore, the coolant cantgeareas where it is not
required and can cause pre-cooling of the workpmegerial. The cryogenic
cooling approach is characterised for its econdmoyyever, practically, it is still
difficult to replace conventional cooling techniguéccelerated tool failure while
cutting titanium alloys is inevitable since temparas reaches 1000°C easily.
Even with cryogenic cooling, titanium alloys maintatheir toughness and
ductility, but experience a rapid increase in thedhess as temperature decreases
(Hong et al, 2001). The effect of the liquid nitrogen as @wdlon the cutting
edge surface of the material improves the hardokese tool, thus increasing tool
life. Sunet al. (2009) showed that the hardness of the mater@eases under
cryogenic temperatures.

An innovative cryogenic cooling approach was evi@ddy Honget al. (2001) to
minimise the nitrogen coolant waste. The fluid waty applied to the tip of the
cutting tool, at the heat generating interfacetiegtfluid flow rate proportional to
the heat generated), thus preventing distortiomfextreme heating or cooling.
There was an introduction of micro nozzle in betmvelee tool face and chip
breaker as an economiser and convenient toolingrieBhey compared this new
technique with flood cooling at speeds of 90 - itnin. Results showed the tool
life when the two nozzles were used for generaldloooling with optimised chip
breaker; a tool life of 4 minutes 56 seconds wdsexed at a cutting speed of
150 m/min compared to 56 seconds when conventiemallsion was applied as
coolant.

2.3.4 CUTTING TOOL GEOMETRY

For end milling, the most commonly used tool geaynas a round insert with a
cutting rake angle of -6°, axial angle of -6° aadial rake angle of -2°. This is a
common cutting tool employed in machining turbinades (Ginting and Nouari,
2009).
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For finishing operations, a positive cutting t@igle and small nose radius is
recommended (Smith, 1998). The small tool noseusgad required to prevent
vibration problems but fretting behaviour is vegnamon with the use of a small
tool nose radius especially along shorter cuttangth.

In a study on tool parameters such as the rakeeahglix angle, back rake angle
and the back clearance angle on the tool life wheihining titanium, the side
clearance angle was observed as the most inflléhea Haafet al.,2008).

2.3.5 CUTTING TOOL MATERIAL

Titanium usually reacts with the cutting tool makrand chips weld to the
substrate as they slide down the rake face ofrikeri, tearing out the carbide
particles in carbide tools. The cutting tools ugubhve a short tool life (Ibrahim

et al., 2009). Several cutting tool materials have beereldped for machining

titanium to improve its machinability. These todlsclude coated carbides,
uncoated carbides, ceramics and diamond tools.

Materials commonly used for machining titanium areoated tungsten carbide
and high speed steel (HSS). For continuous cuttpegations, tungsten carbide is
regarded as the best tool, whereas HSS tools amnmended for interrupted
cutting. HSS tools cannot withstand high cuttiemnperatures.

For turning and face milling operations, straighE\MZo cutting tools (C-2 grades)
performed best during machining of engines and -taroes, and are
recommended for dry machining of titanium (Grzestilal, 2005; Gintinget al.,
2009). During drilling of Ti-6Al-4V, carbides toqlsH13A (S15-S25) grade
inserts are recommended (Grzesikal., 2005). Diamond and cubic boron nitride
(CBN) tools are sometimes used for turning of TiH8X but straight cemented
carbide tools are more suitable (Che Haron and idaw#05). Ceramics and
CBN/polycrystalline cubic boron nitride (PCBN) teolare not suitable for
machining of titanium alloys due to excessive wedes and because they react
with titanium (Nabham, 2001; Machado and Wallbat®90). Using CBN tools
for machining titanium resulted into low performanwith increased notch wear
with an increasing CBN content (Ezugweual.,2005).

Different opinions exist on the use of surface g Ginting and Nouari (2009)
claimed that some of the coatings are removed @artiie cutting process and
thus lose their effectiveness. The coatings usedhir experiments on carbide
tools peeled off usually after the first pass o ttutting (the coating layer is
completely removed when the tool reaches its initzéenk wear at the end of the
first cut). Ten Haakt al. (2008) studied the effect of coatings on the tdelof

the carbide cutting tool when milling Ti-6Al-4V alfys. The coatings investigated
were CrN, TiAIN, TiNAI, AITIN and ZrN. These wereompared to an uncoated
carbide tool. Their study showed that the uncoatetide performed better than
all the coated carbides in terms of improved cgttool life. In contrast, Ezugwu
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et al. (2004) showed that flank and crater wear can beifgigntly reduced b
coating cemented carbicwith TiN and TiCN layers. They theorised that t
coating layerreduces friction between the cutting e work and work piec
materials, yielding amooth surface finish in titanit alloy with less surfac
damage.

2.3.6 CUTTING FORCE:!

The cutting force is at times is used as an inginabf the machinability of
metal. A higher cutting force usually incates a poorer machinéty. The
schematic diagram inigure 9 shows the component forces acting on the tip
single point cutting tool. Therientations of the forces are orienteerpendicula
to one anothecombined they acon the tool as a redaht force. The compone
forces acting are the longitudinal feed or axiaté, F, theradial forct, F, and
the tangential forceF,. F is created by the operating conditi. Tooling
selections produca resistance to the longitudinal feed of theting tool. K
consumes power but is relatively small comparedh® component forciF,.
There is no power consumption associated 'Fy, but itsacts as if it is pushin
the cutting tool out of the workpieceF; is the main power consumption fo,
associatedvith the cutting speed. It is also gener. by the same conditions
the K but in resistance to the rotation of the workpi

Workpiece

Direction of
Rotation

Figure 9Component forces acting on the single point cuttingpol, (adapted
from Awopetu et al., 1995)

Ezugwu (2005) compared the cutting forces genenategh machining titaniur
alloys usinguncoated carbide and CBN cutting is at acutting speed ¢
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150 m/min with the application of a cutting fluibh the study, it was observed
that CBN generated a lower cutting force compapaghicoated carbide.

To understand the effect of cutting force at défdarfeed rates, Suet al. (2009)
showed that at lower feeds, as observed in Fighrdhkre is severe vibration of
the cutting tool, particularly at feeds less thal?@ mm. They also found that the
cutting forces increase with an increase in feed,dmly drop with feeds within
the 0.122-0.148 mm range. This is mainly due tatdloé vibration at lower feeds.
The low feed rates and high cutting speed givetaosthe force oscillation which
is attributed to the small cross-sectional areanaterial removed and the low
modulus of elasticity of titanium. They found thetteng force (E) to be 4 times
larger than both the feed forces(fand the thrust force {Fwhich makes it the
dominant force.

600

—e— Feed force, Fx

500 F———m —o— Thrust force, Fy L ——

—&— Cutting force, Fz
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300

Cutting forces (N)

200

100
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Figure 10 Effect of feed rate on component cuttinfprces (Sunet al., 2009)

Furthermore, they found the cutting force variatiocreased from initial speed up
to cutting speed of 21 m/min as a result of sttedening and started to reduce
considerably between speeds of 21 m/min and 57 mésia result in the increase
in temperature causing thermal softening. The rgtforce increased slightly
from 57 to 75 m/min (both increase in the forcethss is due to the strain
hardening characteristics of titanium alloy) anddme constant between 75-113
m/min and later decrease gradually beyond thistp®ime cutting speeds greater
than 75 m/min induced lower amplitude of variatiointhe cyclic force which
increased the cutting temperature.
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2.3.7 SURFACE INTEGRITY

The surface integrity is based on many conditiomsluding surface roughness,
microstructure, residual stress, plastic deforrmatd machined surface, surface
defects and surface hardness. Surfaces are easihaged during machining
operations (Ginting and Nouari, 2009).

The machined surface integrity of titanium is aféet by its difficulty in
machining and the high temperature generated durmaghining (Ginting and
Nouari, 2009; Ibrahinet al, 2009).

The surface defects associated with the machiningtanium alloys are the
deformation of feed marks, re-deposition of the terolchip on the machined
surface, microchip or debris deposited onto thehim&d surface, and tearing of
the surface (Ginting and Nouari, 2009; Ibraheh al., 2009). According to
Ibrahim et al (2009), the major surface damage to Ti-6Al-4Vngsa coated
cemented carbide tool is the re-deposition of thip onto the machined surface
and the deformation of the feed marks. Microchifpedes do not occur when
machining at low cutting speeds compared to magbimit high cutting speeds.
This is due to the high heat generation at higledpeFeed marks are as a result
of plastic flow of the material on the machinedface while the cutting operation
is carried out; this results in high residual strievels and surface roughness. And
finally, the re-deposition of the material on thaahined surfaceFeed marks are a
common defect observed on all machined surfacegasfium alloys (Ezugwu,
2007; Ginting and Nouari, 2009; Ibrahiet al, 2009). They are produced in a
perpendicular direction to the direction of theded the cutting tool.

Tearing was observed by Ginting and Nouari (200@ing) dry machining of
titanium alloy. This phenomenon is as a resulhefhuilt up edge. A small part of
the cutting tool is peeled off and deposited onrttechined surface, producing
cracks. This defect is not evident when using abatamented carbide as cutting
tool for machining Ti-6Al-4V alloy. Ibrahinet al. (2009) observed that while
aggressively cutting titanium alloy, plastic defation of the sub-surface of the
material can occur due to the shearing force aatiothe tool during finishing
operation.

Surface roughness of titanium usually increaseb wiit increase in cutting speed
(this usually deteriorate as the tool wear) wherchitang with CBN tools at a
feed rate of 0.05 mm/rev and depth of cut of 0.5 with application of coolant.
The roughness is minimal when using an uncoatedidzrtool (Ezugwiet al,
2005).The increase in feed rate increases thecauréaighness as well. However,
at high cutting speeds and with low feed rates, shdace roughness is low
(Ginting and Nouari, 2009). Comparing an uncoatathide tool and a multilayer
chemical vapour deposition (CVD) tool, the CVD c¢ogtis found to be
ineffective since it produced a rougher surfacandudry machining. The rough
surface is largely due to the fact that the coapiagls off at the first pass of the
tool (Ginting and Nouari, 2009).
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The surface roughness observed during cuttinguaddo be better towards the
end of the tool life. Bhattacharta (1998) explaitieat it is caused by the changes
in the nose radius which, when worn out, becomggedr thus producing a
smoother surface. Furthermore, the wear is highéneaclearance face than the
flank. In short, at the end of the tool life thefage roughness is better than when
the tool is new.

2.3.8 CUTTING TEMPERATURE

The cutting temperature can be used at times a&sdégator of the machinability

of a material. The cutting temperature can be @ddines as an indicator of the
machinability of a material. The cutting temperataan be difficult to measure in
some instance when the workpiece is small.

About 80% of the heat generated when machiningitita alloys, most especially
Ti-6Al-4V, is absorbed in the cutting tool comparnedthe 50% absorbed when
machining steel. This high temperature effect esghincipal reason for rapid tool
wear during machining of titanium alloys (Ezugwwaiang, 1997).

In a study by Kikuchi (2009), the cutting temperatwf CP titanium was

compared to brass and to other titanium alloysatwarious cutting conditions to
demonstrate the effect of increase in cutting spéssti and depth of cut on the
cutting temperatures. Figure 11 shows the residts this study. In all cases, the
cutting temperatures of titanium alloys are sigaifitly higher than CP titanium.
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Figure 11 The effect of cutting conditions on theutting temperature of
titanium and selected alloys (Kikuchi, 2009)
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The increase in the cutting force and low thernaalductivity of titanium implies
a high cutting temperature. The tool life and stefdinish of the workpiece is
affected by the high cutting temperature which lead to low accuracy of the cut
due to the thermal expansion of the cutting toa #re workpiece. Titanium is
also notorious for a very high chemical reactiatyelevated temperature, which
also adds to the problem. There is also a sigmifiégacrease in the cutting
temperature when the feed and depth of cut omgusipeed is increased (Kikuchi,
2009).

It had been established that the mean cuttingtesoperature on the rake face is

proportional toy/Vf (kpC) , wheref is the feed ratey is cutting speedy is the
specific cutting energy, arld C andp are the thermal conductivity, specific heat
and the density of the workpiece, respectivelydfawaet al.,1997).

The temperature of the tool face when machiniramiitm can often reach a value
of 1000°C or more, even at a moderate cutting spéadous types of tool wear

can be promoted with these high temperatures ssitheaadhesive, abrasive and
diffusive wear, leading to a poor tool life. Wherachining titanium alloys, most

of the types of tool wear (abrasive, adhesive affdsive) are as a result of the

heat generation while cutting. The generated hessatlis from friction on the tool—

chip interface and shearing on the primary sheangl which considerably

increase the temperature (Hong and Ding, 2001).

For better machinability, a lower cutting temperatis desired.

2.3.9 CHIP FORMATION

Studies into the mechanisms of the chip formatiemindy the machining of
titanium and its alloys have been conducted ingast. Machining of titanium
usually produces a segmented chip; this can beresu#t of the growth of cracks
from the chip outer surface or adiabatic shear &ion (Sunet al, 2009). The
segmented chip formed is as a result of localitexdsng in association with the
cyclic forces and acoustic emission generated.

Common factors that can affect the chip formatioe the feed rate and the
cutting speed, which can in turn lead to vibratdmhe tool.

The feed rate affects the thickness of chips forawwthg machining. The average
chip thickness reported was 0.13 mm at feed ra@1&#2 mm. The chip is thicker
at lower feed rates because of the vibration ofttwd at low feed rates. The
vibration produces chips with thinness that varisis making the machined
surface rough (Trent, 1991; Sahal.,2009).

With an increase in feed rate, the length of clppsduced increases linearly.
Chips of uniform segmentation were observed widdfeate of 0.280 mm.
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The effect of speed is shown with a shorter chiygtle produced at cutting speed
of 57 m/min and below, while a longer chip lengthproduced at speeds of
75 m/min and above (Swet al.,2009).

Observation of the chip produced during machinihgves coexistence of both
continuous and segmented chips during one passcdiiguous chip shows a
periodic and a-periodic sharp saw-tooth like sh&deps are much thicker at the
continuous part of the chip and thinner at the ssged part of the chip.

The amplitude of the cyclic cutting force becomewsepronounced when there is
an increase in the segmented proportion of the &Mith a relative increase in the
cutting speed from 16 m/min up to 75 m/min, chigreentation increased by
10% (Poulachon, 2000; Set al.,2009).

2.4 MACHINING OF PM METAL

Different machining operations are carried out &edmine the optimal cutting
conditions, tools and geometry for PM materials.

The metal removal rate for machining PM materialgary low since the amount
of material removed in terms of chips (10-15 vol%xmum) is very small when
compared to the production of components using eotenal machining of
wrought materials (up to 90 vol%). Most of the skmphat require machining of
PM materials are undercuts, slots, blind holesedtis and holes that are
perpendicular to the pressing direction. Thesaufeatare typically machined as it
is not possible or feasible to produce them usireg abmpaction. Secondary
finishing operations are very common for PM materiaith approximately 40-
50% of the products undergoing secondary finislojpgrations (Alizadeh, 2008).

PM materials have been described as more difficutt due to the porosity
(Causton and Cimino, 1998) and this can make iy wxpensive (Salakt al,
2005). Machining is generally described to be p@ben compared to wrought
material equivalents, as tool life is usually skortAlizadeh, 2008). Due to the
problems associated with machining of PM materiglss regarded to be more
expensive in practice compared to machining of whbunetal.

The feeds and speeds recommended for PM materigiis gneater than 92%

relative density is similar to those of the wrougingtals, while parts with lower

density can use adjusted machining conditions heege best results (P/M design
guide book, 1995). In practice, secondary machiroperations performed on
PM parts uses conditions (feeds and speeds) obxzippately 20- 25% lower than

that used for wrought materials similar in compgositdue to the abrasive nature
of the machining process (Smith, 1998).

Some of the recommended cutting conditions for nmaeh PM materials
(usually ferrous alloys) are (P/M design guide hd$95):
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v For turning operations, sharp pointed carbide taodssrecommended. Cutting
speeds of 48 to 96 m/min and feeds of 0.05 to tdDare normally used.

v For milling, cutters of high-speed steel (HSS), alblsteels and carbide are
recommended. Helical cutters with axial rake arefgred so that the chips
are sheared on an angle. Speeds recommended @na/2iin for high-speed
steels and up to 91.2 m/min for carbide tools. Bestubuld be 0.05-0.13 mm
per tooth for roughing and 0.03-0.05 mm per toothfihishing.

v Dirilling of PM parts is usually conducted at spednlser (about 80-85%)
than wrought of the same composition.

No published data is currently available for titami PM machining, but there is
published research on the machinability of sintestaghless steels. Reports on the
effect of porosity on machinability of PM stainlesteels (SS) showed
contradicting results.

In a study done by Abduljabbar (1982) on drillifgsotered SS (relative density
70-98%), it was observed that the machinabilityréases as the porosity
increases as a result of a lower cutting force wdirdhing a more porous part. In
another study, investigating the machinability osimilar material and cutting
conditions, the opposite result was observed (Agagi al, 1989).

The differences in machinability reported can lghatted to the balance between
weakening of the material and decreasing the theocmaductivity as porosity
increases. The tool life when machining PM partsighest when the porosity is
either too high or too low. At an intermediate dgnsthere is more tool wear
compared to the extreme low or high (German, 2005).

The properties of the PM materials, such as thenthle conductivity, fatigue
strength and hardness or strength, play an importde in the tool life of the
cutting tool, as shown in Table 4. When the dgnsfitthe material is high, there
is elimination of pores, thus its thermal condutyivs high and the fatigue on the
tool is low, leading to improvement in the toolelifConversely, there is a high
tool life at a low density because associated ltnength of the material means
lower cutting forces are needed.

Table 4 The effect of density variations on the mperties of PM material

Low Density High Density
Thermal conductivity - +
Tool Fatigue + -
Material hardness/strength - +
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This thesis looks closely to stainless steel sincethe material that is closer to
titanium as a difficult to cut material, though ket-based alloys are more
difficult to cut in comparison to titanium (Rahmanhal., 2006). The only major
difference with titanium alloys is their reactivityith the cutting tool material.

2.5 FACTORS AFFECTING PM MACHINABILITY

Basically, several factors are responsible forgber machinability of products
from PM materials. This has been widely investidatgth stainless steel. Apart
from the general characteristics of PM materiakg thakes them more difficult
to machine compared to their wrought metal equitalenamely porosity,
density variations within the compacts, and inhoemmgty of the powder mixture
(in alloy production) which leads to inhomogeneatfythe microstructure, other
factors related to processing of PM compacts aveielier, more influential on
the difficulty and also improvement of the machifigb (Salak et al, 2006;
Robert-Perroret al, 2005, 2007a, 2007b; Alizadeh, 2008).

The effect of the powders and mixtures used, douitiei to the final properties of
the sintered stainless steel PM product. The pasvdeed are normally sponge,
water-atomised and, pre-alloyed powders. The tygmwder production process
affects the final properties of the PM product.

Alizadeh (2008) compared PM steel, sintered frommaéged and sponge iron
powder, during turning and drilling operations. #kscribed the machinability of
PM steel made from sponge iron powder as bettenvoenpared to that made
from atomised iron powder during turning operatiomsile the response is
reversed during drilling.

The final material properties are responsible F& machinability characteristics
of the PM compacts. Factors such as the contentthedfmixture (alloying
elements, lubricants, base powder), can cause #terdgeneity of the
microstructure of the PM material after it had bsetered and thus influence the
machinability.

During compaction, compaction pressures, the metiidabrication, and method
of carrying out the compaction influence the grelmmsity distribution in the
compact. This in turn affects the final as-sintededisity distribution and so the
machinability. Porosity is the main deterioratingctbor when machining PM
compacts.

Sintering conditions, such as atmosphere, sintéangperature, time of sintering,
gas flow rate, and cooling rate can also affect fmal properties and

machinability of the compacts. Sintering atmospHeremost PM materials also
affect it dimensional tolerances and microhardn€hls.effects of variations in the
microhardness of the sintered product usually aftee machinability of the PM

product, due to variations in the wear rate of ¢héing tool. The hardness is
normally higher in the direction perpendicular e pressing direction, and this is
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the area that is mostly subjected to machining. Adrelness is as a result of the
surface being fully exposed to the flowing atmosplturing sintering

Different alloying elements have been investigdtedstainless steel (Salak al.,
2006; Alizadeh, 2008); both authors concluded tldlifferences in the
machinability between PM and wrought steel relatthée alloying elements.

2.6 IMPROVEMENTS OF PM MACHINABILITY

Several attempts have been proposed for a costtigfeand easier approach to
machining of PM materials. The methods are expthasefollows:

v Green machining (machining of compacts before simgg this implies that
the PM compact is machined in its green statehiststage, the hard phases
and strong bonds that are associated with sinfgn@dlicts have not yet been
formed. This method generates less heat during imagh resulting in less
tool wear and longer tool replacement time becadfigbe low cutting forces
and temperatures within the cutting zone. Thih@syever, associated with a
lower green strength that leads to a poor surfagshf Chipped edges and
broken parts are inevitable when PM parts are machin their green state
(German, 1994; Capus, 2004). These adverse eftectsbe improved by
binder technologies to improve their green strerf{@imino and Luk, 1995;
St-Laurent and Chagnon, 1997) and warm compactidarm compaction
entails die compaction of a preheated powder atpéeatures ranging
between 90 — 150°C (Benner and Beiss, 2000; Ram&@dl; Capus, 2004;
Robert-Perroret al, 2005, 2007a). The green strength obtained iblddu
compared to cold compaction (Andersson and Berz@d]l). These PM
products have to be sintered after machining tainkithe needed mechanical
properties.

Polymeric binder/lubricant systems: PM steel maahility has been
inproved using the binders and machining additsugsh as MnS, MoSbut
they decrease the toughness and fatigue resistdrnte sintered compacts
(Robert-Perronet al, 2007b). Machining additives are advantageous for
enhancing the machinability of PM parts, especiallyen applied to PM
steels. The advantages include promoting the @uf, preventing welding
of the chip to the tool and preventing a built dige They act as a machining
lubricant, leading to a decrease in the cuttingdsrand temperatures in the
cutting zones by reducing the chip friction. Thésoaimprove the machined
surface finish (Alizadeh, 2008) and help in sepagathe chips from the
workpiece and enhancing the cutting tool edge tabion (Robert-Perront
al., 2007a). While MnS patrticles in the microstruct@et as machining
lubricants and increase the tool life and surfawsH, they also act as a stress
raisers by aiding shearing of the workpiece materi@ommon machining
aids are S, MnS (low or high purity or coated), MoBN, MgSiG;, MnX,
PbS, Pb, Se, Bi, Te, BN, Cafand some “new” agent or “KSX” containing
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complex calcium oxide. The various additives eadiveh their own
advantages and disadvantages over each other. BIn®nmmonly used
(Alizadet, 2008) because of its low cost and cdpglmf increasing the tool
life at higher feed (Capus, 2004).

For the improvements in wrought forms of CP Ti afd@6Al-4V
machinabilty, there have been some machining agditieveloped to aid the
machinability of titanium alloys. The new alloysveéoped were the free-
machining pure titanium (DT2F) and free machining6Al-4V (DATSF,
DAT52F). The additives included in both CP Ti and6Al-4V are sulphur
and rare earth metals that produce globular suépimdusions but in varying
combinations. The machinability of the new alloyghwthe additives was
significantly improved (Kikuchet al.,2003).

v Post-sintering treatments: Impregnation with materisuch as linseed oil,
bees wax, varnish, sodium silicates, have the dhtyatf improving the tool
life up to 5 times (Graham, 1998).

v' Infiltration: Infiltration of porous PM materialssing metallic fillers is
another good method for improving machinability.eTimost common and
effective method is copper infiltration. Copper Isethe pores within the
sintered compact and also enhances the PM stremigtferrous alloys
(Graham, 1998).

v Cryogenic machining: This involves injection ofdid nitrogen to the rake
face of cutting tool insert while machining, buethitrogen jet is prevented
from having direct contact with the workpiece sattthe workpiece does not
freeze. The liquid nitrogen has a low boiling poiit96 °C), the nitrogen in
contact with the tool vapourises to a non-toxi@rirgas. It is cost effective
and safe. (Chilli factor prolongs cutting tool lifesinter-hard working, 2008)

The use of machining additives, copper infiltratiand impregnation are

difficult to remove and contaminate the PM prod(icemblayet al, 2002;
ASM Metals handbook, 1985).
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METHODOLOGY

3.0 EXPERIMENTAL PROCEDURE

For the purposes of this study, face turning manbims the method chosen to
evaluate the machinability of PM titanium. Facingthods are a common test
method applied in testing the machinability of eretl powder metals steels
(Salaket al.,2006). This test method can be easily appliedraller diameter test

pieces, making it particularly suitable to PM wheeets are usually small (< 200
mm largest dimension). This method offers costosiffe means for testing PM

material machinability.

Other advantages are that it can predict moderdyatemn more accurately by
simulating a short series of mixed cutting cyclesl aperations. Interrupted
cutting, which involves a number of short cuttingdanon-cutting cycles, is more
predominant in the modern production process (Satlak, 2006).

3.1 DESIGN OF TEST SPECIMEN SHAPE

The machining test specimen shape chosen was pesteglindrical bushing, as
shown in Figure 12. The bushing was compacted f@titanium powder. The
green shape was designed with an outer diamet@&6ainm that steps up to
42 mm after 10 mm length. It has an inner diamefe20 mm and an overall
length of 25 mm. The green compact shrinks durimgesng. The level of
shrinkage was calculated according to the powdenavwieur which was
determined as specified in section 3.3. The fiesttion of the bushing (green
outer diameter 36 mm) was designed to fit into ¢henk of the CNC lathe
(Leadwell T7, Fanuc controller) that was used foe tmachining test. This
allowed for it to be held in easily and ensuredt ttieere was rigidity of the
workpiece during machining. The test specimen wesigmhed for the larger
diameter section to be machined.

W -
2
A =

@20

@36

@42

Figure 12 Green part specifications in mm
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3.2 POWDER CHARACTERISATION

The metal powder used to compact the test specimass -200 mesh, 99.5%
purity titanium sponge fines (supplier: Alfa Aes@grmany). A laser diffraction
particle size analyzer (Micromeritics Saturn Digesi 5200 V1.0 S/N 216 was
used to determine the particle size distributionhef powder. A small sample of
titanium was suspended in isopropyl alcohol andcsted for 60 sec at a flow
rate of 12.0 I/m and intensity of 60% before it voassed through the particle size
analyser. Three tests were carried out with an wh$on rate of 15.4% for
accuracy purpose.

Scanning electron microscopy (Leo® 1430VP) was usedbserve the particle
shape. A small sample of titanium was spread on a polytape before being
carefully mounted on the SEM rotating holder fosetvation.

The apparent density and flow rate was measureat usiHall flowmeter, in
accordance to ASTM standard B212-99 and B213-Gpewively.

3.3 POWDER COMPRESSIBILITY AND SINTERING

Before the machined samples were produced, the ressipility of the powder
was determined by compacting right cylinders, 10 mnadiameter and 10 mm
high. This test was performed according to ASTWnhdtad B331-95 with an
adjusted shape as given above.

The powder was pressed at pressures ranging fr@m 860 MPa using a manual
hydraulic press (CARVER 12 ton Model C) shown irgufe 14. Die wall
lubricant was used during compaction. This limismtamination of the powder
later during sintering, while still aiding compamtiejection and protecting the
tooling from wear due to friction. A mixture of 10§ zinc stearate in methyl
alcohol was used for the die wall lubricant. Thexewli lubricant was applied to the
walls of the die and the mating surfaces of theeu@nd lower steel punches,
excess lubricant was drained away and the solwdttirering to the walls was
allowed to dry. This takes a few minutes leavintiia layer of lubricant on the
die wall.

Three samples were compacted at each compactiesypee The powder samples
were weighed using a scale to accuracy level df grams with the mass being
adjusted at each pressure to achieve a height omd0to an accuracy of
+ 0.1 mm. The preparation of the samples is shoviigare 13.
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Figure 13 Right cylinder sample preparations beforeeompaction showing the
preweighed powder (left), lower punch and die assdnty (middle, bottom),
die wall lubrication solution (middle, top) and upper punch (right).

The lower punch was inserted into the die cavitjghwa spacer inserted between
the die and lower punch to position the lower pusalthat the required fill height
is achieved in the die cavity. The weighed powaengles were poured into the
die cavity after assembling the tool set. The osides of the die wall were
tapped to level the powder in the die cavity betbeeupper punch was inserted.

The tooling set (lower punch, die, upper punch spater) is positioned centrally
in the hydraulic press and an initial pressure ®fV8Pa was applied. The initial

low pressure is released and the spacers are ¢énsoved from the lower end of

the die. The initial low pressure application isarder to hold the die in place
without the support of spacers, due to the fricobthe powder with the die wall.

Following the removal of the spacer, the final ptee is applied, effectively

creating a floating die assembly in order to imgrdive green density distribution
in the compact. The pressure is immediately rebadeer maximum pressure is
reached to accurately measure the compressibilitiyeopowder, as suggested by
the ASTM standard.

The compacts were deburred with a fine emery pafiee. mass of the sample
were weighted after deburring. The green densityg walculated from the mass
and dimensions of each specimen. The green defaityeach compaction
pressure) was used to determine the compressitality (see section 2.2.6).
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Figure 14 Carver® 12-ton hand operated compactionness

The compacts were sintered in a vertical tube ftenas shown in Figure 15
under of 10" mbar vacuum at a sintering temperature 1200°C.eétihg and
cooling rate of 5 °C/min was used. Samples wereeigd for 1 hr and 2 hrs. The
furnace was flushed with argon before the vacuum pudled and backfilled with
argon after sintering was completed. The compaasevheld in fused silica
crucibles, suspended in a molybdenum wire bask#tarhot zone of the furnace.
The sintered density{) was measured by Archimedes principle.

Archimedes principle is a phenomenon useful fors@gmrmeasurement. A body
immersed in a fluid undergoes an apparent losseight equal to the weight of
the fluid it displaces. The density of the sopd,is then determined according to
the weight of the specimen in ai and the difference in its weight when
immersed in the liquidA-B) as

A
" A-B

Ps X Po (2)

wherep, is the density of the liquid. The liquid used tbe density measurement
is distilled water at room temperature.

The shrinkage of the samples in both the axialradal direction during sintering
was recorded as

AL
Shrinkage = — 3)
L,
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whereAL is the change in compact length or radius api$ lthe initial length or
radius, respectively.

Figure 15 Vertical tube furnace for vacuum sinterirg

3.4 MACHINING TEST SPECIMEN PREPARATION

34.1 TOOLING DESIGN

Tooling was designed to compact the shape of thehimimg test specimen,
shown in Figure 12. The compressibility ratio (GkRJs used to calculate the fill
height, according to equation (1), for the toolingge CR of the titanium powder
was determined from the powder compressibility gtisection 3.3).

The machining test specimen shape is formed bylangpset comprised of a die,
an upper and lower punch, and a core rod. Addilignapacers are used to
position each piece of tooling to ensure accuratepaction and safe ejection of
the part.

The tooling is machined oversize on outer diametéthe punches and core rod,
and undersize on the inner diameters of the digpandhes. Following hardening,
the punches were ground and lapped in the dietfandore rod in the punches.
The assembly of the tooling in the fill positionsisown in Figure 16.
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Figure 16 Tooling set-up for powder compaction atifi position

3.4.2. COMPACTION AND SINTERING

The machining test specimen was pressed in a 200ydraulic press (custom-
made press, Jerimet (Pty.) Ltd., Atlantis, Southrica) because the force
requirement to produce the shape at the specifi@apaction pressure is high.
The machined sample compaction set-up is showiguré&17.

The machining test specimens were produced at tarapaction pressures,

280 MPa and 480 MPa using zinc stearate as dielmmltation. The compaction

pressures were adopted in order to investigateffieet of increase in porosity in

machinability of titanium PM. The samples were aiatl using the same sintering
conditions used for the compressibility sample® (section 3.3) except that the
sintering holding time in this case was 2 hrs.
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Upper punch

Die

Lower punch

Figure 17 Machined sample compaction set-up

3.5 METALLOGRAPHIC EXAMINATION

The sintered microstructure was observed using#ypnetallographic techniques
for light optical microscopy of PM titanium. Thengered cylinders (samples used
for compressibility studies) were cut into two elghalves along their height
using a low speed diamond cut-off saw (Buehler ist®h The sintered
machining test specimens were similarly sectiomedhe same direction as the
sintered cylinders, but only small section was affit-The speed of the saw was
kept low in order to ensure that the line of cwtiwas straight. The sliced
specimens were cold mounted in epoxy.

An automatic grinder/polisher (Struers: LaboPolifhvicaboForce-3) was used to
prepare the specimens for metallographic examinatidnitially, the
metallographic mounts were ground using 320 g@ faper with water until the
surface was planar. Then the samples were grouasied 9 um diamond paste
on a grinding disc (Struers: DiaPro on MD Allegrsal). The samples were
rinsed using a jet of water and ultrasonically oksghin ethanol between each step.

The samples were then polished using a colloidelassolution (Struers: OPS
suspension) mixed with hydrogen peroxide (30 voli#o)the ratio 9:1. The
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solution was dropped on the polishing cloth (Ssu&D NAP) during polishing.
The grinder/polisher operates at speed of 250 érfarce of 30 N per sample
was used during the grinding and 35 N during theshimg steps. At each step of
the grinding/polishing, the specimen was viewedde if the pores were revealed.
If the pores appeared to be smeared, the processpaated again.

3.6 MACHINING SET-UP

A 3-axis CNC lathe was used for the investigatibrthe machinability of the
sintered specimen. The lathe is equipped with mgilag system that is used to
fasten the work-piece material very securely to atsuck headstock. The
machining set—up is shown in Figure 18.

In order to obtain repeatable results, the machitests specimens were produced
under similar conditions. The machining tests waitk conducted dry (no
lubrication). Typically, titanium is not machinedyd but the condition allows a
worst case scenario benchmark to be establishethdrmore, this allows the
tests to be compared with data from literature.

Cutting

Figure 18 Macining lathe set-up

3.6.1. MACHINING PARAMETERS

A triangular uncoated carbide (K 20 grade, suppBandvik Coromant, 1SO tool
designation: CNMX H13A with a nose radius of 0.8 jmentting tool was used
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for all the tests. This is a typical grade for mgtwrought titanium. The tool
geometry has rake angle of 0°, end relief anglé°pside relief angle of 7° and an
approach angle of 90°.

For all the experiments conducted, a new insert usedl for each pass at a
specific feed rate and cutting speed. In the piakny experiments, the feed rate
as well as the depth of cut was kept constant B @m/rev and 0.5 mm,
respectively. Table 5 shows the cutting parametersstigated for the samples
(A, B, C and D) evaluated. The cutting speed wasesglafrom 60 m/min to
150 m/min.

Table 5 Cutting Parameters for Machining Tests

Sample Cutting Speed Feed Rate| Axial depth
Sample |  Density (m/min) (mmirev) of cut
(g/cnt) (mm)
A 441 60 90 120 150 0.15 0.5
B 4.20 60 90 120 15(Q 0.15 0.5
C 3.82 60 0.15 0.5
D 4.29 60 90 0.15 0.5

For the face turning method, cutting begins from dlater edge of the sample and
proceeds to the centre hole, with the workpieceing at a constant speed as the
tool moves from the outside diameter,o the inside diameter (D Under
normal conditions, the cutting speed would therrdase from the workpiece
center outwards. To avoid variations in cuttingeshehe lathe is programmed so
that the cutting speed at the centre and the autsdhe of the workpiece is
constant. This is achieved by varying the speedh wihich the cutting tool is
moved across the workpiece face.

To ensure a constant surface speed for the maclsaegbles, a G-Code was
written to machine the samples. The G-code is aemaad control programming

language that instructs the machine tool on the tfpaction to perform. The code
positions the tool and controls the cutting operatirfhe FANUC controller of the

lathe uses the code to control the surface spedteofvorkpiece. Code G-96,
given in the appendix, enables a constant surfaeeds

The spindle speed\, was calculated using the equation

(4)

where v is the cutting speed and D; is the inside diameter.

47



CHAPTER 3

3.7.2. EVALUATING MACHINABILITY

The tool life is measured as the number of pasédiseotool (from 3 to D) to
reach the tool life criteria, defined as 0.3 mmmiflavear for these tests. The tool
wear is measured using a high resolution opticakrescope (Olympus GX50) at
each pass to evaluate the flank wear. This micmecmspection enabled the
determination of the average and maximum flank vireaccordance to ISO 3685
(1993) standard. In determination of the averagekfiwear of the cutting tool, an
average of six different measurements, taken atagnification of 100x, was
calculated. A stop watch (measurement resolutibril onsec) was used in
measuring the time taken for each pass duringngutfror confirmation of the
results, the tests were repeated where applicable.

The volume of material removed, per pass was calculated as

V= D3 — Df
=m | —F—)xt (5)

Wheret is the change in length of the sample after orss jgd the cutting tool.
For these experiments, the change in length ok#imeple after 14 passes of the
cutting tool was 1 mm, yielding a value of t = 0, used for the calculations.

Taylor’s relationship (Taylor, 1962), the relatibis between the cutting tool-life,
T, and the cutting speed, is determined using the face turning test metitds
relationship is given as

T = Ak (6)

where A and k are empirical constants, with k degemainly on the tool
material.

In order to view the segmented chip obtained aftachining, the chips were cold
mounted in epoxy resin on their edge so as to Jiesv cross-sections after
polishing the mounted across its length.

The criteria that are used to evaluate the machityabf the sintered titanium
sample were the tool life, the difference in miaaness of the sample after
sintering and after machining, surface roughnets afiachining, surface defects
acquired during machining and chip formation. Tlffeat of increasing cutting
speed and feed, and the effect of different leg&lsorosity were evaluated using
these criteria.
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RESULTS AND DISCUSSION

41 POWDER CHARACTERISATION

Titanium powder exhibits a variety of particles gpés depending on the med
of production as indicated in Table 3. The shapms lme angular (reduction
oxides), spherical (gas atomized), dendritic (etdgtic) and scaly (mechanic
milling). This greatly influences the performancd the material durin
processing and thanil PM product. A particle size analyzer using thser
diffraction method was used to determine the partgize distribution and
scanning electron microscopy was used to deterthimgarticle shape of the (
titanium powder used in this resea

Figure 19 shows the particle size distribution o tiianium powder given as
volume frequency versus diameter (largest dimensplot. Three tests wel
carried out and all showed a high level of corielaivith single peak value. Tt
shape of the digbution is a typical log normal distribution widhmean particle
size of 32um. 90% of the powder size distribution o) falls below the 54 pr
size. The Iy, Dsp and Ly particles sizes are given in Table 6. These
correlate with the powder supgr specification of 200 mesh, indicating
maximum particle size of 75

Volume Frequency vs. Diameter
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Figure 19 Cumulative percentages of the titanium powder partles
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Table 6 Patrticle size distribution at cumulative finer perentages

D1o 1130},Lm
Dso 3182},Lm
Dgo 5360um

SEM images of the powder, shown in Figure 20, shbat the particles ai
angular in shape. This is typical of titanium spefige particles, as the sponge
embrittled through hydrogenisation, then crushefbtm powder, and then finall
dehydrogenised. The image confirms that pies are approximately less tr
75um in size in their longest dimensi

The apparent density of the powder was measuret.G& g/cn® by the Hall
flowmeter. The powder does not floveely.

- -
Signal A= SE1 Date :11 Jun 2009 ZoneMag= 100X . 13m Signal A = SE1 Date :11 Jun 2009
Photo No. =5523  Time :11:17:34 EHT = 20.00 k¥ Photo No.=5522  Time :11:12:58

Figure 20SEM Image of CP titenium sponge fines powder at 500x and 100
magnification

4.2 COMPRESSIBILITY STUDIES

The compressibility curve, given in Figure 21 shamgvicompaction pressu
plotted against green dety, is constructed from the data collected from
10mm diameter cylinders. Each data point is theages green density of thr
samples compacted at a specific compaction presdure curve shows ¢
increase in green density, from 3.05 ¢ (about 68%relative density) a
350MPa compaction pressure to 3.45 ¢® (about 75% relative density) at 6
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MPa. Data from literature shows that similar titani sponge fines powder
compacts at a relative green density of about 78%08 MPa (Robertson and
Schaffer, 2009). These data translate to comymiégsratios (ratio between the
green and apparent density) ranging from 2.99 tb/ Jver the range of
compaction pressures measured.

Particle shape can greatly influence the compraisgibf the powder, with a log
normal particle size distribution yielding improvedmpressibility as compared
to a monosized particle distribution. Irregular e particles are usually better
suited to compaction than spherical powders, gi\etfer compressibility and
green strength (German, 2005).

The relationship between green density and compagtressure is modelled
using the Jones equation (German and Park, 2008).

pg =1—(1—pylexp(B — 6P) (5)

wherep, is the relative green densityy, is the relative apparent densify,is
compaction pressure (MPa) afids the powder compressibility factor (1/MPa).
Using the results shown in Figure 21, this moddiitiso the data. The results
obtained showed a good correlation between the ematical model and the
experimental result. The r-squared value of thesfl2.997, B was determined as
0.4291 and as 0.013.

; | @ Experimental —model |
.5
3.45 //o
_ 34 4
(5]
< 3.35
2 4
e 3.25
@ /
Q 32
c /
()]
G}
3.1 y,
3.05 L 2
3
300 400 500 600 700
Compaction Pressure (Mpa)

Figure 21 Compressibility of the green titanium comacts
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4.3 SINTERING

The samples distorted during sintering, resultingan hour-glass shape for the

final part as shown in Figure 22.
5000 pm
P

Figure 22 Shape of the sintered titanium compact

The distortion is due to green density gradienthépart that result in differences
in shrinkage during sintering. The green densitad@gnts are caused by
interparticle and die-wall friction during compamwti (German, 2005). Due to the
floating die tooling setup during compaction of th&mples, the density in the
middle of the sample is lower than that at thedopottom, as per Figure 6. This
causes the hour-glass sintered shape seen above.

Figure 23 shows the effect of compaction pressacesintering time on sintered
density. There is a corresponding increase in theered density as the green
density increases. This is typical of PM materi@hdwviour (German, 2005; Klar
and Prasan, 2007; Robertson and Schaffer, 2009).

Increasing sintering time from 1 hr to 2 hrs resulh a small increase in
densification, as shown in Table 7. The increasg&ntered density with increase
in sinter time is due to the increased amountroétavailable for particle bonding
and pore shrinkage to take place (Panigealail.,2005).

Although the sintered density of samples compaete@00 MPa is higher than
that of samples compacted at lower compaction press the shrinkage (or
densification) during sintering is less. The radiatinkage of the samples is more
at the middle and less at the top and bottom of#meples; at the same time, there
Is axial shrinkage in the sample (see appendixséonple measurements). The
shrinkage in both the axial and radial directioh g locations) is greater in
samples that are compacted at lower pressure. Tieet eof green density
variation in the compacts constitute to variatioims the axial and radial
shrinkages.
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——4—green —E=—sinter 1h =—A=sinter 2h
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Figure 23 Green and sintered density at different@mpaction pressures and
sintering times

Table 7 Relative sintered density and densificatiomatio of CP titanium at
varying compaction pressures

Relative Sintered Densification ratio
Compaction density
pressure

(MPa) Sintering time Sintering time
1hr 2 hrs 1hr 2 hrs
400 95% 96% 72% 72%
450 93% 96% 74% 75%
500 96% 98% 74% 75%
600 - 99% - 76%

The densification can be measured as the ratibeosintered to green density, as
given in Table 7 by the densification ratio (in gamt). The reason for less
densification (for similar sintering conditions) @ starting with a higher green
density is due to the particles being more clogelgked at higher compaction
pressures. This results in more interparticle adatavith smaller pores between
the particles. Thus, a higher green density, aequiby compacting at a higher
pressure, results in less dimensional change dugiirtgring as less densification
is needed to reach a high sintered density.
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Figure 24 shows the microstructure of the sinterthium samples observi
under the lightoptical microscope. Figure 24 (a) and (b) show si@ered
(1200°C for 2 hrs) microstructure of samples congrhcat 400MPa ¢
magnifications of 100x and 500x, respectively. FegR4 (c), (d) and (e) show t
sintered (again, 1200°C for hrs) microstructure of samples compactec
600MPa, also at 100x and 500x magnifications as iridtcalhe microstructure
of the samples compacted at both pressures shaowhthanaterial is well sintere
(bonding between particles is solid and prior ticle boundaries are n
segregated)Few pores remain for the part compacted at 600 MP&de more
pores are visible for sample compacted at 400 MMRa. effect of higher gree
density, obtained from higher compaction pressucas, be clearly seen ine
percentage of porosity remaining after sinterimn{pare Figure 24 (a) and (c

For both sintered materials, the pores that renaam small and on gra
boundaries indicating that the material has readhedfinal stage of sinterin:
They are mosyl rounded and elongated. The shape of the poresalsarbe see
more clearly at a higher magnification (Figure B} &nd (c)). It is observed th
all the sintered microstructures showed porosigdgmts from the outer edge
the sample, where thewere few pores, to the core where there were mide
larger pores. This is illustrated in Figure 244oy (e)
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(e)

200 um

Figure 24 Light optical micrograph s of sintered titanium microstructure at
different compaction pressures(a) 400 MPa 100x (bX%00 MPa t00x (c) 600
MPa , 100xcore of sample(d) 600 MPa, 500xcore of sample anc(e) 600
MPa, 100x, edge of sample.

4.4 COMPACTION AND SINTERING OF MACHINING
TEST SPECIMEN

According to the compresility results, a compressibility ratio of 3.(
(corresponding to a compaction pressure of 400 M\Re)used to design toolil
for the machining test specimens. Two specimenan@B) were compacted wi
the originally designed machining test simen tooing at 400 MPa an
480 MPa, respectively. A further two specimens (C Bhavere compacted wit
the redesigned tooling at 300 MPa and 450 MPagntsely. The machining te
specimens and their relative densities are givéralrle 8

Table 8 Machined specimens at their relative green and siated densitie:

Compaction| Green Sintered
Specimen| pressure density density Notes
(MPa) (%) (%)
A 400 68 93 Delamination on ejectio
andcrumbling of sharj
B 480 73 96 corner:
¢ 320 meli(;:red 85
Reduced delaminati
D 450 72 95
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Initial compaction trials using the original todlirsetup resulted in the gre
density being lower (about 68% relative density $ample A) than what wz
expected from the compressibility study (abol%). This is most likely due f
the increased shape volume. For the compressilstigly, 10 mm diameter
10 mm height cylinders with a volume of 785 I were compacté compared t
the test sample with a volume of 7 713 % The increased volume resuin
increased interparticle friction and eventually évwgreen density. Poor powc
flow to sharp corners resulted in areas of very peen density that crumbl
after ejection. The poor compaction is also atteduto the size of the powd
particles.Typically, die compaction powders ige from 45um to 15(um (for
iron powders). Here, 90 \.% of the titanium powder used is mostly less t
54 um (Ro). A smaller particle size implies a higher pagicgurface are This
translates to increasauaterparticle friction which lowers the ¢en density

To counteract these issues, the flow of powder wasoved by some toolin
design and process changes. In particular, thgpst@mner in the die cavity we
redesigned with a taper and radius to ime powder flow and lubricat
(Zn stearate)was mixed with the powder before compaction to wonp
interparticle friction during fill and compactiofhis removed the need for -
wall lubrication, but the contamination effect afibticant on the sintere
microstructure must be monitor

A typicd solution for improving the powder flow to sharproers is to introduc
a taper (2.5°) coming into the sharp corner arehtaradd generous radii to t
inner corners (R1). These design changes, howewade little improvement t
the compacted shapeOther methods for improving the compaction of

samples were to tap the sides of the die to sdtdepowder in the die befo
compaction. This method improved the compaction dmgatly reducing
delamination during ejection. Samples C and D wpreducd using the
redesigned tooling, putting these measures of ismpgahe powder flow in place
Figure 25 shows sample D green part prodt

Figure 25Green specimen of the sample shape from powder titaim

56



CHAPTERA4

The green specimens (A, B, C and D), showed areaser in the density when
sintered in vacuum. Sample B had the highest s€dtdensity and sample C the
lowest. This corresponds to the sample with thédsggreen density yielding the
highest sintered density, similar to the resultaot®d for the compressibility and
sintering study (Sections 4.2 and 4.3). The efteéctompaction pressure is clearly
seen in the sintered density of all the samples.

The shapes of the sintered samples (C and D) befa&hining are shown in
Figure 26. The outer edge as well as the core @fsgfecimen, as indicated in
Figure 27, were observed for variations in porodiigure 28 shows the porosity
observed at both locations for sample D. The imugre is observed to be slightly
denser than the core of the sample. This correlaiet/pical green density
distributions in compacted parts (see figure 6xirilar density distribution was
found at the top and bottom surfaces (higher dgnai& compared to the middle
of the sample (see figure 27 for locations).

M@ (b)

Figure 26 Shapes of samples before machining, (a@mple C, (b) sample D

Inner edge

Core .
- Top surface

Outer edge

Middle

Bottom surface

Figure 27 Density distribituions at different points on the machined sample
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Figure 28 Light optical micrographs of the porosity of sample D observed ¢
the (a) core and (b) inner edge.

4.5 MACHININ G TRIAL: PILOT TEST (SAMPLES A and B)

Before the actual machining trials experiments wareducted, a pilot test w;
performedon similarly sintered CP titanium in order to detare the feasibl
cutting conditions for the final machining tri¢ The specimens used were sar
A (density 4.41 g/cr) and sample B (density 4.20 g/mThe variations in th
density of the sampleslowed the effect of porosity on the machinabilitly
sintered titanium to be investigated. Similar maitly parameters as those u:
for wrought titanium were us, as specified in Chapter 3.6.1.

The specimens were subjected to dry machining uitkhe use of lubrication) a
a benchmark to evaluate its machinability. The nmacg procedure simulate
interrupted cutting so it was expected that thd teear may be higher whe
compared to normal continuous cutting restDue to the problems associa
with the forming process of the part, the lovl0 mm seton of the pal was
machined.

45.1 FLANKWEAR

The tool wear at both the flank and crater edges wharacterized at speci
cutting intervals.However, initially dout 0.5 mm of the surface waemoved
before the test was conducted in order to removg amcrostructura
contaminants from sintering and to ensure trueonésse workpiece in the hes
stock.

Four cutting speed&0, 90, 120 and 150 m/mimwere investigate with four
passes machineat the first three speeds and only two passesdiifjhest spet.
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The volume of material removed at the end of tha fpasses was calculated
using equation (5) as 209 mniThe tool flank wear was observed under the
optical microscope and measured after each pasiseofutting tool across the
work piece. The average flank wear experienced evhilachining the more
porous sample (B) at a cutting speed of 60 m/mplaged against the volume of
material removed in Figure 29, with each data pwidicating a single pass. This
shows the wear progression of the cutting tool uddg cutting conditions.
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Figure 29 Flank wear growth with material removal rates for sample B
(cutting speed 60 m/min)

There is rapid tool wear during the initial two tog passes, with more uniform
tool wear as cutting progresses. The cutting togledgenced predominantly
uniform flank wear before tool failure. There isdance of crater wear of the tool
material and heavy adhesion of the chips on thengutool in some instances.
Tool life of titanium is usually terminated by flanvear or/and tool deformation
(Trent, 1991).

The tungsten carbide/cobalt (WC-Co) cutting toobwsed a slow rate of tool
wear. This is not a surprising result as studiegehaported its resistance to
diffusion wear and deformation at high temperatutesugh the cutting tool
material was not compared to others (Trent, 192Ligivuet al, 2005). Because
of the interrupted cuttings involved in the mach@process, it is found that there
is chipping associated with the tool wear at sontervals. This was common
during the first few cuts and towards the end @ thol life. The high heat
generation at the chip-tool interface is respomsilor the adhesion (chemical
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welding) of the workpiece material to the cuttingcé of the tool. This is a
common phenomenon when machining titanium (Tre®®11 Honget al., 2001;
Ibrahimet al.,2009).

4.5.2 INFLUENCE OF CUTTING SPEED

In general, cutting speed has a pronounced infeient the cutting tool wear
while machining titanium alloys. The cutting toolear in relationship to the
cutting speed for the machining tests performedhenless porous sample (A) is
shown in Figure 30. The flank wear was measuredr dtiur passes at each
cutting speed (60, 90 and 120 m/min).

As cutting speed increased, there was rapid detowmat the tool edge, mostly
concentrated at the nose radius of the cutting t8parks were observed as the
cutting tool connected with the workpiece and dgittime cutting action. Sparking
increased at higher cutting speeds. There was rapré tool wear at high cutting
speeds. After only four passes, the tool flank vegar cutting speed of 120 m/min
had already exceeded the 0.3 mm critical values $hpports the observation that
dry cutting conditions for PM titanium are not dabie at high cutting speeds.

350

300 /
200 /

150 /

100 /

ol e

50 70 90 110 130

Average Tool flank wear (um)

Cutting speed (m/min)

Figure 30 Tool flank wear after four passes at vamng cutting speeds
(Sample A)

4.5.3 INFLUENCE OF POROSITY

The effect of porosity on the machinability of PNMabium was investigated
during the pilot test to determine its relationstoptool wear. The tool wear rate
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for the less porous sample (A) during the initiatsc(to remove contamination
and obtain a true surface) was higher than thepessus sample (B). After taking
four cuts at a cutting speed of 60 m/min, the twehr rate for the less porous
sample (A) was lower than for the more porous san@@). However, once the
cutting speed was increased to 90, 120 and 150mthe tool wear rate for the
less porous sample (A) was higher than that forntleee porous sample (B) at
each of the reported cutting speeds. Note thatdbkewear was measured after
four passes for 90 and 120 m/min cutting speedpbiyt after two passes for 150
m/min. In summary, when the cutting speed was as®d, tool wear rates for the
less porous sample (A) showed more aggressiveviealr compared to more
porous sample (B), as shown in Figure 31. Thisabelur was not fully
understood at first as typically, parts with lessqgsity should show improved
machinability. Another set of machining trials wasrformed to confirm these
results. The tests are reported in Chapter 4.6.

W Sample A (4.41 g/cm”3)  @Sample B (4.20 g/cm”3)
350

300

N
(9]
o

Average flank wear (um)
G
o

g ) = =

60 (4X) 90 (4X) 120 (4X) 150 (2X)
Cutting Speed (m/min)

Figure 31 Effect of porosity on tool flank wear ormachinability of CP
titanium at different cutting speeds

The shape of the cutting tool edge after only fpasses at cutting speed of
120 m/min is shown in the Figure 32.There is highesion of chips on the rake

face of the cutting tool, especially at this highting speed, even though the feed
rates were low. Figure 32 (b) shows more adversiewear when cutting the less

porous sample (A) compared to Figure 32 (a) fomtloee porous sample (B).
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Figure 32 Wear observed on the cutting tool after mchining titanium (a)
sample B (more porous) (b) sample A (less porous)

For titanium alloy machining, because of the rapidgression of cutting tool
wear, it is generally difficult to machine at catispeeds higher than 60 m/min
using an uncoated carbide tool. This limits protitgt This is clearly observed
when machining PM titanium. Cutting speed and fietd are the most important
parameters that are usually adjusted when optigiitie machining conditions
for titanium. The most deteriorating factor to PWatium’s machinability is
cutting speed.

4.6 MACHINABILITY TRIALS: FINAL TESTS (Sample C
and D)

The machining specimens (C and D) were machinesgusimilar conditions as
used for the pilot test. Before the tests werei@drout, about 0.5 mm of the top
surface was removed in order to ensure an eveacaiffrueness), and to remove
any form of surface contamination from sinteringote, there was no evidence of
surface contamination, but this step was taken@e@autionary measure.).

Fourteen passes were taken from each sample atgsuipeeds both of 60 and
90 m/min. About 740 mfhmaterial was removed over the fourteen passes,
independent of the cutting speed. The cutting wead examined for wear at the
end of two passes over the face of the workpiebe.clitting time (the time taken
for one pass of the cutting tool over the workp)eeas recorded as the machining
progressed, so as to monitor the time to tool fail’he effect of porosity and
cutting speed was evaluated in a similar mannetuaisig the pilot test (Chapter
45.2 & 3).

Due to the difficulties encountered when pressing machining test sample
shape, the number of experiments carried out watekl.
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4.6.1 FLANK WEAR

For most industrial machining evaluations, flankaweas usually monitored
because it affects component accuracy, surfacshfiand integrity. Using this
measure, it is possible to compare the machinglafia material over a range of
cutting speeds by assessing the time in minutekés to reach a predetermined
wear criterion. The average flank wear was useelviduate the wear rate of the
cutting tool during experimentation.

Both samples generated lots of sparks during gyttgimilar to the sparks
observed in the pilot test. This is as a resuthefpoor thermal conductivity of the
material and the dry cutting condition that wasduf® the test. Tool wear was
focused at the nose and flank of the cutting tddlis form of wear is mostly
encountered when machining titanium using an urecbearbide tool (Ezugwet
al., 2005; Rahmaret al, 2006). The wear at the flank of the cuttingl tigoas a
result of dissolution-diffusion and attrition wearhich is common when turning
titanium alloys (Ezugwu and Wang, 1997). At thetfilew passes, there was an
initial crater wear on the rake surface, but thradgally disappeared after
subsequent cuts in which adhesion of workpiece maate the tool became more
dominant. The optical images of the cutting toohware shown in Figure 33 for
experiments on both sample C and D.
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Figure 33 Optical microscope images flank wear ohee cutting tool for (a)

sample C and (b) sample D, both at a cutting speed 60 m/min, and (c)

flank wear and (d) crater face wear of sample D ata cutting speed of 90
m/min.

4.6.2 INFLUENCE OF CUTTING SPEED

The relationship between the average flank wear @rting time is shown in
Figure 34 for experiments on sample D. For thege®ments, face turning was
performed over a 60 sec period, with interruptibmsmeasure wear after two
passes. Cutting speed shows a significant influemcthe cutting tool wear rate
during machining titanium alloys. A similar res@s that observed during the
pilot test was obtained. The machinability is peoae higher cutting speeds, as
shown in the figure; the same level of flank weasweached at 39 and 57
seconds at cutting speeds of 90 and 60 m/min, casply. The rapid deformation
of the cutting tool edge, coupled with the high thganerated at a high cutting
speed, increases the tool wear rate. More sparks oleserved at a cutting speed
of 90 m/min as compared to 60 m/min. The tool wase (the slope of the wear
curve) is similar for both cutting speeds.

The images of the cutting tool wear, taken usinkglat optical microscope at
100x magnification, are shown in Figure 33. In campg of Figure 33 (b) and
(c), there is an increase in the flank wear asciltéing speed increases during
machining of Sample D, while there is a noticeatriater wear at the higher
cutting speed, as shown in Figure 33 (d). The cnatar is more predominant
here. This is expected when machining titaniumyallbecause the initial cutting
is dominated by crater wear but changes to primélahk wear towards the end
of the tool life. At a cutting speed of 90 m/mihetworkpiece tends to adhere on
the rake face of the tool (this was not as pronednwhen cutting at a lower
cutting speed). The reason for adhesion is the tagtperature in the tool/ chip
contact area coupled with the high reactivity tdrtium with the cutting tool at
elevated temperatures. This mechanism resultsatercwear observed (Grzesk
al., 2005).
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When machining titanium alloys at higher cuttingsgs, it had been reported t
the high speed results in rapid chipping of thetingt edge, and plast
deformation or rapid cratering of the cutting ediggding to the catastropt
failure of thecutting tool. This is due to the temperature geteeravhich tends t
be concentrated at the cutting edge closer to tise f the inserts. Thus, it
recommended the cutting speed usis limited when machining titaniun
especially when using an unced carbide cutting tool in the dry condition (C
Haron andJawaid, 2005
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Figure 34 Tool wearcurves for machining Sample D at two cuttings speex
(60 m/min and 90 m/min).

4.6.3 INFLUENCE OFPOROSITY

The average flank wear w the number of cuts is shown ingkre 35 for both
sample C(density 3.82 g/cr’) and D (density 4.29 g/cth The rate of the flan
wear is rapid during the first few c; it then becomes fairly constant for a wt
before becoming more advel

Furthermore, tool weas reduced wheicutting the more porous material (sam
C) than the denser material (sampl¢. This confirmed the results obtained fr
the pilot test(Chapter 4.5... The wear rates of both samples were close &
beginning, but diverge ‘th further cutting. Both curves show similar tootav
progression, but with the denser material (sampléo&zoming more adverse
cutting progresses.
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The average tool flank wear had reached 150 pmOisegonds for sample D
while, at similar time, it was only 100 um for sdm|&, as shown in Figure 36.
Again, this confirms that the tool wear is worsedadenser material.

The flank wear rate behaviour is similar to theidgp curve for any tool wear,
which usually occurs in three stages. The firsgets the primary initial wear
stage, characterised by rapid tool wear duringiniteal cuts. This accelerated
wear is due to tool layers that may have been dadhdgring manufacturing. The
next stage is the steady state wear stage, chasadtdy a linear relationship
between tool wear and cutting time; this is the maperating region of the
cutting tool. Lastly, the tertiary stage, charastnt by accelerated wear, occurs
towards the end of the tool life. The acceleratehmis usually caused by high
cutting forces, temperatures and severe tool vdmnat

The wear progression curve of both samples (C gnah&zhined at cutting speed
of 60 m/min is shown in Figure 35. A sharp reduttio the tool wear, which
occurs at the fourth pass of the cutting tool diierface of the machined samples,
is observed. The same phenomenon occurred whilbimag sample D at cutting
speed of 90 m/min, but the drop in the tool weae i@curred at a much later
stage (see Figure 34).

The reduction in the wear progression is due to gheosity gradient in the
machining test sample. The middle section is moreys than the top and bottom
surfaces of the sample, as indicated in FigurelRé.top surface of the sample is
almost fully dense with few pores, while the middiethe sample has quite a
number of pores. The denser top surface layer leygeriences a more rapid tool
wear rate as compared to the middle of the sarsenaterial is removed from
the top surface of the specimen, the cutting teadXposed to the more porous
middle section of the sample (where there is a dropghe tool wear rate).
Progressive tool wear is experienced directly leetbe tool failure.

Note that the 10 mm section of both samples (C@ndias machined at cutting
speed of 60 m/min (see Figure 34, 35 and 36) aedl1lth mm section was
machined at 90 m/min. Thus the tool passed ovenger cutting length before
reaching the centre of the sample for the 15 mrtigethan the 10 mm section.
This explains why the reduction in tool wear ocedrrat a later stage when
machining at 90 m/min, as shown in Figure 34.

Figure 37 shows the relationship between tool vesal the volume of material
removed. For the same amount of material removes flank wear for the less
porous material (sample D) is much greater thamtbee porous material (sample
C).
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Figure 37 Average flank wear in relationship to thematerial removal rate at
different porosity (Sample C 3.82 g/cm”3, Sample B.29 g/cm”3)

The flank wear was examined under the optical rsmope to observe and
compare the forms of wear associated with samglekfferent porosity (sample
C higher porosity than sample D). Figure 33 (a) @n)dshow the images of flank
wear of sample C and D, respectively, after maalgirat a cutting speed of 60
m/min.

As observed in the pilot experiments, the tool wede for the sintered titanium
decreases as the porosity decreases. Typicallythérenal conductivity of a PM

materials increases as its density increases (or pasity decreases)
(German, 2005). This should mean that the heatrgeteat the tool-workpiece
interface is more rapidly dissipated. However, bigporosity also translates to
lower material strength for PM materials (Germa@0%). This means that the
material cuts more easily. These two factors, tlaemmonductivity and material

strength, along with fatigue on the cutting tooliethincreases with increasing
porosity, all influence the machinability of a PMatarial. Though it was expected
that a higher porosity would further increase #ite 1of wear of the cutting tool, as
observed when machining PM steel (Alizadeh, 20G8al&et al, 2006, Capus,

2004; Custon and Simino, 1998, Smith, 1998), thieat so for the PM titanium

tested here. The density of the PM steel invesityatas between 86-90%, which
is similar to what was investigated in this study PM titanium (between 85-

91%). The range of porosity of any PM materiakd®ines its machinability (see
section 2.4).
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The reduction in the cutting tool wear when magatgnmore porous PM titanium
can be contributed to the chip breaking. This pnéveontinuous chip contact on
the rake face. Furthermore, the pores in the wedgidissipate heat easily
without transferring it to the tool face.

There is no chemical welding or adhesion of thekp®ce material on the rake
face of the cutting tool when machining at 60 m/miviear on the nose radius
shows uniform flank wear, probably because thergtbol had not yet reached
its failure point. The wear of the cutting tool dder machining sample D (Figure
33 (b)) is smooth on the surface but the cuttingl twose used for sample C
(Figure 33 (a)) shows some micro-chipping and gackese cracks and chipping
are created by the large pores within the work egietaterial (the porosity of

sample C is about 15% and sample D is 5%) as thlemioves over the surface
during each cutting pass. The cyclic fluctuatiomgchanical shocks from the
continuous shifting of the cutting edge, in additio the welding of the material

to the cutting edge results in the chipping experel, as observed during
interrupted cutting (Trent, 1991).

4.7 EVALUATION OF SURFACE INTEGRITY

Scanning electron microscopy (SEM) was used to éarthe surfaces of the

machined samples for surface integrity and defédts. surface integrity can be
either influenced by the increase in either cutdpged and, or, the porosity of the
PM material. The surface finish of sample B is thest of all the samples

machined at a cutting speed of 60 m/min. In additmthis, surface of sample B
is better compared to that of sample A when botreweachined at 150 m/min.

There is a clear indication that the porosity hawae dominant effect on the

surface integrity of the machined samples.

From visual examination, the machined surface ofpda C (least dense sample)
was observed to have large pores on the surfadehwhan be clearly seen even
with the naked eye, which is attributed to the hpglous nature of the sample.
This phenomenon is not observed with other samglbs. pores in the other
samples can only be seen under the microscope secatheir small size. Under
the microscope, the pores in samples A, B and [2a@ol more evenly dispersed
throughout the sample. The level of porosity in gea® A, B and D is not as high
as that of sample C (<7% compared to approximdtd®s for C). This is due to
their higher sintered density resulting from thgher compaction pressures used
to press these samples. Sample A (sample with stiglensity) has only a few,
smaller pores in its microstructure which can ddeseen on its machined surface
with the use of the SEM. The machined surfacesashpdes D and B had
increasing amounts and size of pores comparedrplsaA.
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4.7.1 MACHINED SURFACE TEXTURE

The machined surface was examined for surfacerextaviness, lays and flaws
(cracks, nicks, scratches, ridges), and plastiordeition.

Typical machined surfaces of the PM titanium, obsérfor samples A, B, C and
D machined at different cutting speeds, are shotvBOa magnification in the
Figure 38. Figure 38 shows the surface of sampteaghined at cuttings speeds
of both (a) 60 m/min and (b)150 m/min, (c) the aod of sample B machined at
150 m/min, (d) sample C machined at 60 m/min, amdpde D machined at (e) 60
and (f) 90 m/min.

All machined surfaces show the cutting lines bumes@re more pronounced than
the others. Sample D shows the best surface whilgpke C shows the worst.
Both are shown after machining at the same cutpeged of 60 m/min. There is
presence of waviness on the surface and a roudhaceurs observed on all
samples surfaces. Sample C (Figure 38 (c)) has ofdree undulating galloping
feature and a more uneven surface.

The surface texture improves as cutting speed aseie but later deteriorates at
cutting speeds above 120 m/min. Comparing the saifiaish after machining at
60 m/min and 150 m/min, the lower cutting speedasttba poorer surface finish
with less defects while there are burrs on theaserof the material machined at
150 m/min. The burrs are due to the high tempesgattirthe chip tool interface
which leads to welding of the cutting chips on tieel face which are then
transferred on to the workpiece at the next cut.

Signal A = SE1 Date :20 Jun 2010 Signal A = SE1 Date :20 Jun 2010

Mag= 50X g Mag= 50X
EMT Target=20.00kv WD = 13mm  Signal A = SE1 — EHT Target=2000kv WD = 13mm  Signal A= SE1
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Figure 38 Scanning electron micrograph of machinedurfaces at different
cutting speeds (a) sample A, 60m/min (b) sample A50 m/min, (c) sample B,
150 m/min (d) sample C, 60 m/min (e) sample D, 60/min (f) sample D, 90

m/min

Waviness is a component of the surface texturdthegdrom machining or work
deflections, vibration or chatter and is quantifigdthe number of waves per unit
area observed. Waviness can be clearly seen aacssrtut at 150 m/min (Figure
38 (b) and (c)). Less waviness is observed in samp(Figures 38 (a) and (b))
compared to sample B (Figure 38 (c)), even at iffemachining speeds. When
machining at high cutting speeds, the temperattteacutting tool/workpiece
interface increases, generating high heat, whicsesthe chipping on the cutting
tool. Machining with a chipped tool results in deegrooves and more defects on
the machined surface. Though the waviness on saBipk more pronounced
there are less defects compared to sample A. Tdteehporosity material show
more waviness, but fewer defects. Waviness is nmoiieenced by the porosity in
PM machining than by cutting speed.

Sample D, machined at 60 m/min, showed a good ctiexture and few pores
can be seen in the lines of cut, as seen in Fig8rée). Sample C, a higher
porosity material also machined at 60 m/min, is &asv less smooth and contains
many intermittent holes, as seen in Figure 38 (dyrge pores are dispersed
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throughout the material. They are highly visibleewhen looking at the surface
without using the microscope.

The presence of a white layer (hard surface lageméd along the cutting
direction) can be seen on all the machined surfases result of the absence of
coolant, but it is more prominent on some surfabas others. The white layer
had been described as brittle and influences memamatigue life, wear
resistance and corrosion, and physical properfiengineering materials (Akcan
et al, 2002; Aramcharoen and Mativenga, 2008). Thmé&tion of a white layer
is due to plastic flow, rapid heating, high strassl chemical affinity between the
cutting tool and the workpiece (Aramcharoen and iWaiga, 2008). The
thickness of the white layer formation increasethwicrease in cutting speed and
porosity. Sample A has the lowest level of whitgela This is probably due to its
higher thermal conductivity resulting from its higmtered density (4.41 g/én
Samples C has the most prominent white layer osutface resulting from its
high porosity (Figure 38(c)). Figure 39 shows tihespnce of white lines on the
machined surface. No chemical analysis of the whiter was performed
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Figure 39 Typical whitelayer on machined surface @mple C)

4.7.2 LAY

The lay can be described as the direction of preckmh surface pattern. All the
surfaces formed after machining were examined usiiegSEM to reveal the
pattern of cut. The surfaces show similar lay patt&he lay of the machined
surface that is produced by the cutting tool a#tgamination is in a circular
curved pattern, perpendicular to the feed directibhis type of pattern is a
common phenomenon in many turning and milling opena, and is dependent
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on the feed direction and machining operation. THyepattern is shown in the
Figure 39.

4.7.3 DEFECTS/DAMAGES

From examination of the machined surfaces, sevgpals of defects were clearly
observed and identified.

Feed marks (marks left on the surface, which iataral defect) are clearly visible
on all the machined surfaces. This is attributedhi feeding and is a natural
feature created during machining. The most sigafficfactor in creating feed
marks on the machined surface is the progressidgheoflank wear. The severity
of the cutting condition also affects the formatioh feed marks. Machining
conditions that produce more uniform flank weartloa cutting tool, as in case of
machining sample D at a cutting speed of 60 m/monot produce deep feed
marks (see Figure 38 (e) and (f)). In comparisbe, feed marks created on the
surface of sample C while machining at same cuiimeed, are deeper and more
prominent (see Figure 38 (d)). The wear patterthefcutting tool used for this
machining test shows cracks. A tool with high weerates deeper feed marks
(grooves) on the machined surfaces. This is pdatiguevident in samples A and
B (see Figures 38 (b) and (c)) which had even npoomounced feed marks
because of the heavy tool wear when both were meadhat cutting speeds of 150
m/min.

Other defects observed on the machined surfaces mérochips and debris.

Microchips or debris as large as 8 um are depositethe machined surfaces of
samples A and B, and smaller debris up to 4 um weserved on samples C and
D. The presence of more debris on the machinddas of samples A and B is
attributed to the severe cutting condition (higktiog speed of 150 m/min) and to
the presence of porosity. The amount of debris asenpronounced in sample C
than D, in other words for increasing porosity lewwen though both were cut
using the same conditions. Figure 40 shows teasisdaposition of debris on

sample C machined surface.
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EHT =20.00 kv Signal A= SE1 Date :21 Jul 2010
WD = 6.0 mm Photo No. =414 Time :10:46:00

Figure 40 Micro chips, debris and tears produced byhe cutting tool on
sample C

Tears and laps are defects that are mostly assdaigth built up edges of the
cutting tool. In machining CP titanium, built upgas are not typically observed
(Trent, 1991), which supports the results obseiwetthis study. However, in the
case of PM materials, some tearing is expectedetoliserved on the surface,
most especially where there are pores. As obseamamdbmly on the surfaces of
the machined samples. The edge of the cuttingdatches the edges of the pores
and tears the material. At the same time, piecdbeotutting tool are peeled off
by the pores. These pieces create potential ftegearing on surfaces where
there are no pores. The material that is removexh fithe cutting tool is harder
than the workpiece and slides between the maclgnddce and the cutting tool,
scratching and tearing the surface as it is dragdeng. This effect is shown in
Figure 40. Plastic deformation and tearing is iasesl for the more porous
material, as in case of sample C, as comparedetotire dense material, sample
D. However, in sample A, due to the inhomogenebus bf the powder during
compaction, there are some areas that are moreugpditan others, most
especially the centre of the sample, thus therereme defects at the centre than
the outer edge of the machined sample.

The surface finish of the machined surfaces isragtged due to chipping at the
cutting edge, caused by the high heat generatemhgdunachining. The high
temperatures cause increased surface roughnessserete microstructure
alterations (Che Haron and Jawiad, 2005). When mimghtitanium, because of
its poor machinability, the surface is easily daethgin addition, the adhesion
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and chemical reaction between the tool and the piede during machining
promotes poor surface finish (Jaffery and Matin\aerip09).

4.8 HARDNESS

Table 9 shows the sintered and machined surfacdnéss of the tested samples
using the Rockwell hardness test. The percentagease in the hardness of the
samples after machining is also shown in the talile.increase in the hardness is
due to the deformation of the subsurface area efntlachined surface causing
work hardening of the surface. The level of pososttduces the surface hardening
effect, as is observed for sample C. For both sasnpA and D), there is an
increase in the machined surface hardness irregpeat the porosity and the
cutting speeds. The percentage increase for thee morous sample (C) is,
however, less compared to the values obtainedherdss porous sample (D).
This may emanate from the high temperatures expmree during the chip
formation while machining sample D, thus the swfaardens more (in terms of
percentage increase) than the surface of sampldo@ever, there is a small
reduction in the hardness of sample D when themnisncrease in the cutting
speed from 60 m/min to 90 m/min.

Both work hardening and thermal softening usuaketplace when a workpiece
material is subjected to the high cutting pressued temperatures generated
during dry cutting, thus affecting the behaviourtbé material. The effect of

ageing on the microhardness, as a result of highpéeature associated with

machining titanium, alters the microstructure a thaterial when machining dry,

thus softening its sub-surface (Ginting A. and Nolva, 2009).

Table 9 Hardness HRC of samples of sintered and mained surface at
relative cutting speeds

Hardness, HRC
Samples C D
sintered surface 52.5 21.4 214
machined surface 70 63 56.8
Increase (%) 33 194 165
Cutting speed 60 m/min 60 m/min 90 m/min
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4.9 EVALUATION OF CHIP FORMATION

The morphology of the chips formed during turningetions is mostly
dependent on the cutting conditions and the woddimaterial (Salalet al,
2006).

Figure 41 show the shape of the chips formed dutiegmachining tests on CP
titanium PM. Figure 42 shows a magnified imagea aypical chip at 100x. The
chips are serrated, especially those formed at mt@l@nd high cutting speeds.
The chips also show rough and smooth areas asul oédractures along and
across the line of flow. All the chips formed irsaw tooth shape, a typical shape
formed by machining titanium and its alloys.

Titanium chips are usually formed by an adiabaticatastrophic thermoplastic
shear (Machado and Wallbank, 1990). The chip faonaffor titanium is
explained by the characteristics of its segmematibhe rate of decrease in
strength that results from the local increase mperature (thermal softening)
equals or exceeds the rate of increase in streshgthto strain hardening in the
primary shear zone. Shear occurs on a particukargblane when the stress built
up by the relative tool motion exceeds the yieldrggth of the material. This
energy associated with the deformation is convettedhermal energy and
because of titanium’s low thermal conductivity,gartemperature rises occurs.
This in-turn causes local thermal softening andstthe strain continues in the
same plane instead of moving to a new plane in dbkeler material. As
deformation proceeds, the deformation shear platagas, thus becoming larger,
until the increased force due to this rotation exisethe force needed to plastically
deform the colder material or a more favourablen@larhis results in a cyclic
process, producing a saw—tooth chip form termettasstrophic thermoplastic
shear’ (Machado and Wallbank, 1990)

At a cutting speed of 60 m/min, the chips formedenv®ng, continuous and
greyish in colour (same as the workpiece matebat)segmented uniformly. At a
cutting speed of 90 m/min, similar chips are formédt they are slightly
discoloured (brownish) and curly. The length of #feps formed at a cutting
speed of 90 m/min is shorter than those formedOamé@min. At speeds above
90 m/min, the chips formed are brownish, burnt, andaged. This discolouration
occurs a few seconds after leaving the tool coraeed. These changes in colour
are caused by the formation of thin layer of oxwmle the titanium surface
indicating the high temperature of the chip. Thgshare, however, very brittle.
The level of serration of the chips is very pronoeoh at high cutting speeds due
to the high temperature in the cutting zone. Thasps showed signs of burning
because titanium is highly flammable at these héghperatures. This is observed
during the cutting operation, and it is most visitslhen machining dry.

The length of the chips becomes shorter as théenguspeed is increase further

and the chips observed are very thin, which caasbe result of the small contact
area with the cutting tool.
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Chips formed during machining PM materials are eigubto be relatively shol
thin and discontinuous, due to the discontinuousreaof the porous material a
the lower mechanical propertieSalak et al., 2006). In the case of the te
performed here, the high density materials produloed), continuous chip:
indicating that high density PM material is monaiar to wrought materie

The chips that were formed from the less denses fgsample C) are continuou

short spirals, and slightly brown, because of axwtaat the high temperature

The chips ardorittle and also thicker compared to those of tighér dense pa

that was machinedhis can be as a result of the wness of thanaterial as a
result of its porositys shown in Figurel (c).

Figure 41 Chip shapes formed during machining (a) sample D, 60 mim(b)
sample D, 90 m/min and (c) sample C, 60 m/ir

Figure 42 Optical microscopy imag¢ (100x magnification)of serrated chip
formed during machining

Figure 43shows the shapes of the segmentation formed orchips wher
machining the PM sampl under various cutting conditions, as indici. The

77



CHAPTERA4

chip obtained from sample D is segmented and cootis as indicated in Figure
43 (f).

Figure 43 Chip obtained after machining the sampleat different cutting
speeds (a) sample A at 60 m/min, (b) sample A at 8min, (c) sample A at
120 m/min, (d) sample A at 150 m/min, (e) sample & 60 m/min, (f) sample

D at 60 m/min
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The chips formed are segmented and continuous wimechining at a lower
cutting speeds, as shown in Figure 43 (a), whil@gtter cutting speeds, the chips
are serrated, as shown in Figure 43 (e).

The average chip height varies from 100 - 150 pppéu points of the saw) to 45
-55 um (lower points of the saw) for most of thépshformed. At lower cutting
speeds, the variations between the peaks and dlogeg are not as large as when
the materials are machined at higher cutting speeds

The chips formed by more porous titanium samplessiorter and curl into a
helix which can be easily cleared from around tha.tThis is as a result of the
pores in the samples acting as a mechanical modiiechip breaker. The
modification of the chip is similar to when there grooves in the tool rake face.

The results obtained from these experiments wempaced to the results
obtained by Honget al. (2001) for dry cutting of wrought titanium alloy thia
similar WC-Co unalloyed grade of carbide cuttingltdlr'heir investigation was
carried out at cutting speed of 90 m/min; for tame feed rate of 0.15 mm/ rev,
the cutting time for wrought titanium alloys wasoab 150 seconds. In
comparison, it took only 38 seconds (about 3.5 gifess) for PM titanium to
reach the same flank wear. The result of the testsly confirm that wrought
titanium has a better machinability, even though thte of tool wear for a
titanium alloy is usually more when compared to @&nium, because of its
lower thermal conductivity.

It has been observed that the thermal conductofi@P titanium at high pressure
differs from that at atmospheric pressure; a highesssure lowers the thermal
conductivity of the material, thus deteriorating machinability. At active cutting
zones, there is a higher pressure associated lativorkpiece and tool in contact,
making it difficult to dissipate the heat generatiesing machining (Abdel-Aadt
al., 2009). In addition to this, the tool life can alse high when the porosity of
the material is either very high or very low, with high tool failure at an
intermediate density (German, 2005). Again, thistisibuted to high thermal
conductivity at low porosity, which aids machinatyil compared to low stress at
high porosity, which also aids machinability. Attarmediate porosity levels,
neither benefit of these extremes is present, tieguh high tool failure.

The result obtained here for PM titanium, showetdielbenachinability for a more
porous sintered part. This is attributed to therei@ee in the average shear stress
in the cutting zone, thus there is an increase athmability as the porosity
iIncreases.

There appears to be no consensus on the effecrosipy on the machinability of
sintered materials. Abduljabbar (1982) observedrawgd mapchinability with a
decrease in porosity when studying the machinghdlitsintered 316L stainless
steel. While, the study on the machinability oftered 304 stainless steel (70 -
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90% dense) by Agapiet al. (1989) found that the tool wear was more rapidafor
more porous material than for a denser material.
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CONCLUSION AND
RECOMMENDATIONS

5.1 CONCLUSION

The study presents the investigation of the madiilitaof sintered CP titanium
powder. Initial compressibility studies indicateatithe CP sponge fine titanium
powder used is suitable for compaction. Howevee, tlompressibility of the
powder is influenced by the compact shape. Whilsmall compact (10 mm
diameter x 10 mm high cylinder) compacts well usamdy die-wall lubrication, a
larger compact such as the test sample shape adesompact well. Careful
design of the tooling to assist in powder flow gradlt ejection is needed for more
complex shapes.

Although the tooling was modified and a lubricargsamixed with the powder to
improve compaction, evidence of delamination durgection was still visible,
although reduced, and the sharp corners of the gidirtcrumbled. The poor
compaction described is attributed to the powdetigha size distribution. The
powder used had a maximum particle size of apprataiy75 um. This did not
adversely affect the compaction of small samplés r(in diameter by 10 mm
high), however, it was found to be too small fdayer compact shape (>20mm
diameter, >20mm high). A smaller particle size $tates to a higher surface area
and therefore increased interparticle friction. sThnegatively affects the
compressibility of powders.

Sintering of the titanium powder compacts was ss&ftély performed in
vacuum. Increasing sintering time (from 1 hr tor8)hat temperature, 1200°C,
results in a marginal increase in sintered densitihe sintered density of the
compacts varies from the outer edge to the corés Gan be attributed to the
uneven density distribution in the green part.

The face turning method is easy to perform and ides/a simple means for
evaluating the turning process in relation to tbel tmaterial, geometry and
cutting condition. This method was used in thidgtéor the evaluation of the
machininability of sintered titanium.

The tool wear rate during machining of PM CP titemiis poor as compared to
the tool wear rate experienced when machining wmbdiganium alloys. This

result supports published literature on the madiitya of sintered PM material.

The magnitude of the tool wear increases with @aseein cutting speed but
decreases with an increase in the porosity of tatenal, thus machinability is
better when machining a more porous part. Thislresgs also observed during
machining of sintered 316L stainless steel, but e@#rary to the machining of
sintered 304L stainless steel. Porosity has a dffatt on the machinability of
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sintered materials; it decreases the thermal cdwycof the material, which
negatively affects machinability, while simultanstyit decreases the strength of
the material, which affects machinability in a giv® manner. For the porosity
levels investigated in this study, 5% versus 15%gcmmability improved with
increased porosity. This indicates that the efééeteakening the material is more
pronounced than the effect of decreasing the thecamaluctivity of the material.

The chip formed when machining is serrated and ithiall cases but at a higher
cutting speed, it is brownish because of oxidatibhe chips are shorter and
curled into a helix when machining a more poroudeni@ because the pores
interrupt the cutting path and act as chip-breakers

The denser part shows a better surface texturefamdr defects during dry
machining as compared to the porous material.

The deformation and work hardening caused by theirtg the PM material

subjected to high cutting pressures and tempesaturereased the apparent
hardness of the machined surface; the surface magleeffect reduces with

increase in level of porosity.

In general, the dry cutting condition is not sulkéafor machining of PM titanium
alloys due to the heavy tool wear rate and the padiace condition, especially at
high cutting speeds. However, it serves as a ge@ondtomark for comparing the
machinability of different sintered materials.

5.2 RECOMMENDATIONS

It is recommended for machining trials to be carreeit on samples compacted
using a powder with a larger mean particle sizéritigion, in the range of 75-
150 pm, to better understand its influence in mezehility of sintered titanium.

Evaluation of the machinability of sintere€p titanium alloys will be very useful
since this material is mostly used for aerospa@dicgiion

Improved cutting tool wear may be achieved by meahsubrication during

machining. However, the use of conventional lubrisathat can infiltrate pores
in the sintered microstructure during machining,ynaffect the mechanical
properties of the part produced and should be tigadsd.

Cryogenic machining has proved to be useful forrowpment in the tool life

during machining of wrought titanium alloys and glib be investigated for

sintered titanium. The use of argon gas coolantifgogenic machining could be
investigated. However, the use of liquid nitrogerd compressed air (which is
mostly nitrogen) as coolant are not recommendedit@mium machining due to
the reactivity (nitriding behaviour) of titanium laigh temperatures.
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APENDIX B: G96 CODES

G 96 codes for machining trials

G 96 $1170 T0606 Mo4 M09

E 22 X0 Z-5S6 1-1000 K-1000
E 50 $1072 F0.15

G 00 X70 25

E 01 X0 F0.15

E 00 X150 2150

M 05 M 09

M 30
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APPENDIX C: COMPRESSIBILITY AND SINTERING DATA

Compressibility studies showing green, sintered deaities, shrinkages (radial and axial) and densifid&on ratios at different sintering times

Mass Mass | Diameter Length Density Dt D AL AL Cal Measured | densification Sintering
Pressure | original | final | green(cm) | green(cm) | green (cm) Dc Db Lf avg axial | radial | density density ratio shrinkage | time
400 247 | 248 1.008 0.99 3.13 10938 | 0.894 | 0.94 | 0.887 | 0.924 | 10.4% | 8.3% 4.17 4.34 0.72 10.4% | 2hrs
450 2.61 | 2.62 1.008 1.02 3.21 | 0.942 | 0.898 | 0.944 | 0.923 | 0.928 | 9.5% | 7.9% 4.20 4.36 0.74 9.7% | 2hrs
500 277 | 2.78 1.008 1.07 3.24 | 0946 | 0.91 | 0.946 | 0.976 | 0.934 | 8.8% | 7.3% 4.16 4.34 0.75 9.2% | 1hr
400 247 | 2.47 1.008 0.99 3.13 | 0.942 0.9 | 0.944 | 0.891 | 0.929 | 10.0% | 7.9% 4.09 4.33 0.72 10.3% | 1hr
600 3| 3.01 1.008 1.105 340 | 095 | 092 |0.948 | 1.023 | 0939 | 7.4% | 6.8% 4.25 4.48 0.76 8.8% | 2hrs
350 3| 3.01 1.008 1.236 3.04| 093 | 0.89 0934|1112 | 0.918 | 10.0% | 8.9% 4.09 4.23 0.72 10.4% | 1hr
450 283 | 2.84 1.008 1.108 3.20 | 0.944 | 0.902 | 0.948 | 1.015 | 0.931 | 8.4% | 7.6% 4.11 4.23 0.76 8.9% | 1hr
500 2.01 | 2.01 1.008 0.76 3.31 1 0.934 | 0.922 | 0934 | 0.688 | 093 | 9.5% | 7.7% 4.30 4.46 0.74 9.4% | 2hrs
Experimental determination of Die fill height
Total Total Die
Pressure| Density CR p10mm | h 15mm fill height Length | Core rod
350 3.059475 2.859| 28.59323| 42.88984| 71.483| 121.48307| 151.4831| 126.4831
400 3.169914 2.963| 29.62536| 44.43804| 74.063| 124.0634| 154.0634129.0634
500 3.314432 3.098| 30.976 46.464 77.44 127.43999157.44 132.44
600 3.449409 3.224| 32.23746| 48.35619| 80.594| 130.59366| 160.5937| 135.5937
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