A Review of the Machinability of Titanium
Alloys

G.A. Oosthuizen?, G. Akdogan®, D. Dimitrov®, N.F. Treurnicht
Received 26 May 2009, in revised form 7 September 2010 and accepted 31 October 2010

Titanium alloys find wide application in many
industries, due to their unrivalled and unique
combination of high strength-to-weight ratio and
high resistance to corroson. The machinability of
titanium alloys is impaired by their high temperature
chemical reactivity, low thermal conductivity and low
modulus of easticity. In this paper, the machining
fundamentals specific to titanium alloys are
presented and the machining of Ti6AI4V with
conventional and advanced cutting tool materials is
reviewed. The experimental results from several
sources are discussed and form the basis of a
collaborative research project between academia and
industry. The selected aerospace benchmark
component is presented and milling strategies for
machining performance enhancement are discussed.

Additional Keywords: Ti6Al4V, manufacturing

Nomenclature

depth of cut [mm]
feed [mm]

chip load [mm]
surface roughnesgin]
temperature [°C]
speed [m/min]

<-H4x=5 ™9

Greek Symbols

a phase, hexagonal close packed crystal structure
s phase, body centred cubic crystal structure
A thermal conductivity [W/m.K]

p) density [g/cr]

Subscripts

a average

c cutting

e radial

X maximum

n revolution

p axial

% tool face

z tooth

1. Introduction
Titanium alloys are used in the aerospace and hiarake
industries due to their exceptional strength-toghiiratio
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and superior corrosion resistahc&he amount of titanium

in the structure of an aircraft will increase from
approximately 7 %to 15 % of the structural weight in the
next generation of aircraft such as Boeing 787 obus
350 XWB® for a competitive advantage. Therefore, a
growing market niche for high value titanium maadn
components is perceived. Machining is a major cost
contributor, but at the same time a differentiatfiagtor.
The main focus in process development during teefeaw
years in the aerospace industry has been high rpaafce
machining of aluminium alloys. This results inigrsficant
gap between the material removal rates of aluminand
titanium  alloy$. Figure 1 illustrates Ti6Al4V’s
machinability by comparing it to the machinabiligtings

of other materials, with 1018 steel as benchmaviany of
the same qualities that enhance titanium’s appmainost
applications, also contribute to its being one loé tmost
difficult-to-machine materiafs

Haynes
Inconel 718
Waspalloy
Ti6Al4Y
4140
1018
0 10 20 30 40 50 60 70 80 90 100
I aterial Machinability (%)
Figure 1: Comparison of the machinability ratings of

some popular materials*

Titanium alloys are subdivided int@-alloys, g-alloys
and a/f-alloys. These alloys form part of the light metal
group, due their low density of= 4.5 g/cm3. These alloys
also show a high hot strength and can thereforased at
elevated temperaturap to 600 °C, which is much higher
than the 350 °C considered as the operating tempetaf
compressor blades. Titanium alloys are charaegriy/ a
low thermal conductivity of. = 7 W/m.K, combined with a
melting point (1650 °C/1930 K) which concentratéghh
cutting temperaturés Ti6Al4V is the most popular for low
thermal streds® aircraft parts and belongs to th-alloys.
This alloy comprises about 45-60 % of the totadritim
products in practical use' and is formed by a blend of
alpha and beta favouring alloying elements. Thalloy
(hexagonal close packed) is hard and brittle witiong
hardening tendency. Thealloy (body centred cubic) is
ductile, easily formed with strong tendency to agheThis
alloy can be produced in a variety of formulations,
depending on the application. The aluminium conteay
reach up to 6.75 % (by weight) and vanadium 4.5The
oxygert® content may vary from 0.08 % to more than 0.2 %
and the nitrogen may be adjusted up to 0.5 %. ilRpthe
content of these elements, especially oxygand nitrogen,
will help to increase the strength. Equally, trewér
additions of oxygen, nitrogen and aluminium willgrove
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ductility, stress-corrosion resistance, fractunegtmess and

This results in high pressure loads on the cutédge.

resistance against crack growthIn order to cope with the Catastrophic tool failure, due to vibration while ¢ut, is
challenge of large scale structural parts and fsing caused by self-excited chaftéand forced vibrations due to

number of smaller parts, an understanding of thehméng
demands of titanium alloys is needed. This pagamines
the current state of research in turning and ngjliand
compares the latest tool materials for the machinif
Ti6Al4V. Innovative lubrication strategies, toobatings
and tool geometries are evaluated for future deretmnt. It
also shows a benchmark component from a collabverati
research study and a tool wear characterization frap
which remedial actions and original strategiesdcaecloped
to efficiently mill Ti6AI4V.

2. Machining Challenges

The recommended cutting speells) for titanium alloys of
over 30 m/min with high-speed steel (HSS) tools] amer
60 m/min with cemented tungsten carbide (WC) ta@suilt
in rather low productivity The machining challenges can
be divided into thermal and mechanical tool demantise
tool face temperaturely) is a function of the cutting speed
(Vo) and exposure time to this thermal load. The éortbe
duration of exposure time, the larger the voluméheftool
edge, that is exposed to the critical tool tempeeit The
combination of titanium’s low thermal conductiviand the
fact that approximately 80 % of heat gener&tésiretained
in the tool; result in a concentration of heat e ttutting
zone (thermal stress). These issues cause conaplexear
mechanisms such as adhesion and diffd$ion Figure 2
illustrates the results from studies of the toolcefa
temperature T,) when machining Ti6Al4V relative to
cutting speed \(.). Similarly, other researchéfs’ also
measured temperatures of 900 °C at a cutting spéed
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Figure 2:

The mechanical demands are a combination of th& Wor titanium alloys
piece chip load on the cutting edge and machining
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Cutting speed V. (m/min)

Tool face temperatures (T,) when
machining Ti6Al4V relative to the cutting
speed (adapted fr0m15'17)

for different application areas in terms of stréngtbrasion
resistance and tribo-chemical wear resistance.
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vibrations. TiBAI4V exhibits segmented chip foriatand P21V L

has been cited to cause much confusion in intémgyet PM toolsteels ]

cutting dat¥ in the pre 1980 era. Figure 3 illustrates a Strength Abrasion  Tribo-chemical
general continuous and serrated Ti6AI4V chip. Tosetact resistance resistance
area of a serrated chip is found to be only a thiod the _ _
contact area of a continuous chip. Figure 4. Relative demands on tool materials for

different application areas (adapted fromzz)
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Ti6AI4V is associated with very much the samespeeds and the development of cutting tool magesiath as
demands as Inconel718, although Inconel718 gersera@BN and PCD may hold the answer to higher cutting

higher cutting forc€s and is more abrasite The most
challenging demands for a tool material to maclita@ium

speeds.

alloys are the tribo-chemical and impact relatedawe 4. Current State of Research in Milling of

mechanisms.
molecular-mechanical wear and corrosive wear ang lpea
considered a thermally activated process wherebywbrk
piece material and tool material react in such ameaas to
remove material from the tool on an atomic sCale
Titanium’s chemical reactivity becomes problematt
temperatures above 500 °C. Apart from diffusioramyet
has a strong affinity to adhere which leads to @dpesion
(also known as galling) onto the tool cutting soefa Once
a built-up edge develops, tool failure follows dipt*. The
unexpected reaction of titanium chips with atmosjgche
oxygen causing a fire hazard is also a major congera
workshop.

3. Current State of Research in Turning of

Titanium Alloys
Although the different mechanical loadings for fagare
not as severe as in interrupted cutting (millingsearcff
indicates that the temperatures generated arefisatly
higher for turning under nominally the same comdig. As

Tribo-chemical wear is a combinatibn o

Titanium Alloys

The key demand that distinguishes milling from tagnis
the interrupted cutting and the related mechanead
thermal shock loading. In milling the tool is seted to
cyclic heating and cooling, causing thermal shodkhen
the rate of cooling is increased significantly, ttesult is
tool crack formation causing premature tool faiffireSuet
al.?® connect cyclic thermal shock directly with thermal
crack initiation. It logically follows that an imtriminate
increase of cooling power will yield diminishingtuens.
Tool wear in milling of Ti6AI4V may be modelled as
thermo-mechanical high-cycle fatigue phenomenon
which the first order effects can be divided intorkvpiece
related and catastrophic tool failufes Figure 6 illustrates
the different cutting conditions of research experi
ment$ ' 2°3 on the milling of Ti6AI4V. Similar to
turning, carbides are used for roughing (convetiepeed,
high feed) while experiments with PCD and bindexrles
cubic boron nitride (BCBN) show promising results high
speed finishing operations. As indicated in tlgurfe, the

in

illustrated in figure & % *®carbide tool materials were usedrough milling” of titanium alloys is also defined by

for roughing experiments (conventional speeds, [féglls),

conventional cutting speeds (arouvg= 50 m/min), but a

while polycrystalline diamond (PCD) and Cubic Bororiower feed per tooth limit f{=0.25 mm/z) is evident

Nitride (CBN) tool materials were used for finisgin
experiments (high speeds, small feeds). The
experimental
machining challenges.
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Figure 5: The conditions of research experiments on
the turning of Ti6AI4V

Although experiments with carbide are conducted at

higher cutting speeds, advisable industry norms fiicut

stage (roughing) turning is still limited to cutyirspeeds of
30 -50 m/min and feeds of 0.3—0.4mm per romdfio
Finish turning operations are done at cutting speadging

from 80 - 120 m/min and feeds of 0.1-0.2mm p

rotation. From this figure it is evident that higipeed
machining is still a new titanium machining strategnd
that not many experiments have been conducted RMtb
and CBN tools.
materials are poor when machining Ti6Al4V at eledat
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conditions clearly exemplify Ti6Al4V's loading found in milling operations.

The performance of conventionall to

compared to that for turnind,= 0.5 mm/rev). This clearly

lodemonstrates the higher mechanical and thermalkshoc

Rough milling
operations are still limited to cutting speeds of
30 - 60 m/mir’™ **with feed rates of 0.1 — 0.25 mriiZ®
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Figure 6: The conditions of research experiments on
the milling of Ti6AI4V

High speed milling refers to cutting speeds whicd a
five to ten times higher than conventional spé&edginish
milling of Ti6Al4V shows promising results at cutlt
speeds in the range of 175-200 m/hif¥, with a feed per

(;{POth of 0.025 — 0.05 mmifz*2 The axial depth of cut is

ow (&, = 0.5 mm) and the radial immersinmanges from
a. = 0.5-2 mm. As the depths of cut are typicallglkiw in
high-speed machining (HSM), the radial forces om titol

d’;\nd spindle are low. Deep immersion can resulteivere

chatter vibratio and a low immersion saves spindle

45

http://www.saimeche.org.za (open access) © SAIMechE All rights reserved.



A Review of the Machinability of Titanium Alloys

bearings, guide-ways and ball screws. Althoughegxp
ment$ ¥ *°with CBN, PCD and BCBN milling this alloy
show promising results, more experimental reseanct
cost studies are needed.

5. Evaluation of Cutting Materials for
Titanium Alloys

The termtoughnesshould be interpreted not necessarily a:

the engineering quantity, fracture toughness, butenso as
the resistance to chipping or catastrophic faffur&igure 7
shows that there are always trade-offs between ehig
cutting speeds and higher feed rates. The toubtdr-
speed steel (HSS) and Micro-grain cemented carbige
predominately limited by their hot hardness (propdo
withstand the thermal load), whereas PCD,
deformation resistant at higher temperatures, isgmly
limited by its toughness (property to withstand heatcal
loading).

Tool failure can be initiated by one or a combioatof
several forms of wear, which in an advanced stagg lead
to overload or fatigue and catastrophic tool f&ftir Note
that flank and crater wear are gradual and mordigtable
than fracture, which occurs suddenly. The keyesighing
high performance cutting tools is to identify theosh
economical scheduled replacement time (SRT) usetien
industry for the specific component. Thus the wmgbpliers
can optimize the operational conditions, wherelgydhtting
tool will withstand the demands of the machininggass
for a longer period of time than the SRT. Thesénoym
operational conditions are defined as the safe“2dfie The
following section examines the performance of défe
tool materials for machining Ti6AI4V.

A

MCD
S/Dl_T:A Ideal Cutting
jamon — :
<] Tool Material
] PCD &
g Oxide Ceramics
k=l
§ Cermets Coabt%d
——— carbides
’7 | Micro-grain
carbides
Nitride
Ceramics
Uncoated Carbides
HSS
‘Toughness’ "
Figure 7: Comparison of different tool materials’

properties relative to the machining
demands (adapted from“)

5.1 Machining with carbide tool materials

Straight tungsten carbide (WC—-Co) tools are repbtt®
have superiority in performance in the milling @&abium
alloys. In another study with carbide on the dry end
milling of a titanium alloy, the following optimurautting
conditions were obtained/. = 88 m/min {, = 0.20 mm/z),
V.=113.5 m/min f;=0.15mm/z) and V.= 163 m/min

bein

continuous and interrupted cutting at conventioniatting
speeds. Théystudied the cutting performance under dry
cutting, minimal quality lubrication (MQL) and fldo
coolant. According to the authors, MQL was an dffe
alternative approach to flood coolant during higleed
turning of Ti6AI4V. Bryant’ confirmed tha/, = 45 m/min
is the usual cutting speed for machining titaniunthw
ncoated straight grade cemented carbide (WC-Calk.to
s illustrated in figure 2 this cutting speed vg#énerate tool
face temperatures of more than 500 °C and accortting

hresearcf*‘f’ titanium alloys are very reactive with carbide

cutting tool materials at these temperatures. A=salt
micro-abrasion and attrition are the main causesadbide
tool wear®, due to the adhesion and diffusion of the work
Biece material.

5.2 Machining with CBN tool materials

Zoya and Krishnamurt§ studied CBN tools under
finishing conditions ;= 0.05 mm/z anda, = 0.5 mm) at
cutting speeds up to 350 m/min. They evaluated the
performance of these tool materials with Ti6AI4W was
concluded that it is a thermally dominant cuttingpqess
and a critical tribo-chemical wear temperature @@ 7C can
be a decisive factor for tool life. It was alsontiened that
the prominent wear mechanism of CBN tools is diinos
In another study the cutting performance of different CBN
tool grades were evaluated for high-speed finishing
operations of Ti6Al4V, with various coolant supglie The
type of tool wear, failure modes and cutting foreesre
studied. The experimental results revealed thHerdint
grades of CBN tools gave lower performance, in teoh
tool life, compared to uncoated carbide tools.adilition to
this, despite the relatively good cutting perforeanof
CBN, carbide tools are still generally preferred fagh
speed finishing operations, because of their lawef. In a
study with polycrystalline CBN (PCBN) cutting masdy it
was mentionefl that higher cutting speeds lead to
decreasing cutting forces. This is due to theirmgittool
material that is able to keep its strength at dtxva
temperatures, whereas the work piece materialrsotiethe
cutting edge. Complementary to this, rese&rohith
binderless CBN (BCBN) indicated that longer todke li
could be achieved in high-speed finishing operation
compared to conventional PCBN (85 — 95 % CBN). BICB
is distinguished by its high thermal conductivitiipt
strength and thermal shock resistance. This inheva
cutting material is regarded as one of the mostoimamt
novel materials for HSM of titanium alloys.

5.3 Machining with PCD tool materials

Research studig€swith PCD tools indicated that it could be
a substitute tool material for finish turning opéras.
Supplementary wofR indicated that PCD produced a better
work piece surface integrity. In another Ti6Al4Mrning
study”® the results revealed that PCD (CTB010) could
achieve a 3 fold increase in tool life over tungstarbide at

a speed of 200 m/minf,E 0.05 mm/rev).  Similarly,
results’ from a TA48 titanium alloy turning study with

(f,=0.10 mm/z), as the best compromise among cuttir%ﬂ“”ar PCD tools, demonstrated a 4 fold increas®al life

speed, material removal rate (MRR) and tool life )(T
Uncoated carbide (WC) inserts were used for orthafjo

R & D Journal of the South African Institution okEbhanical Engineering 2010, 26, 43-52

over KC850 carbide at a cutting spead) (of 75 m/min
(f,= 0.25 mm/rev). Narutaki and Murako¥hshowed that
natural diamond tools used dry ¥ =100 m/min lasted
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longer than carbide tools used with a cutting flaidthe the utilization of the thermal softening of Ti6Al4Yy
same speed. When used with a cutting fluid aheans of am - § phase change.

V. = 200 m/min, the diamond tool had the same wdaraa

during dry machining aV. = 100 m/min. This, in a way, 5.4 Summary of cutting tool materials

corresponds with the findingson the machining of-TiAl  Advances in cutting tool materials have resultedaim
inter-metallic alloys. Their study showed thattwi low increase in material removal rate (MRR) when cgttin
pressure fluid supply, 2 um and 10 um grain sizeD PCiitanium alloys. Cutting materials will always eumter
produced similar tool life to that of using WC witghhigh  extreme thermal and mechanical stresses close toutting
pressure fluid supply. Regardless of all theseitipes edge during machining, due to the poor machingbiit
findings in turning, very little data exists oniéh milling of  titanium alloyd.  Therefore, the tool material’s hot
titanium alloys and even less, if any at all, oe tough hardnessis a major requirement for TiBAI4V machining
milling of Ti6AI4V using PCD. Polycrystalline diamnd tools.  The softening temperatures of commercially
exhibits high thermal conductivity and hot hardnessich  available cutting materials are given in figure Most tools
can be ideal for finish milling Ti6Al4V. The lower |ose their hardness at elevated temperatures, ddys¢he
transverse rupture strength (TRS) can be toleratetthe weakening of the inter-particle bond strength aie t
correct miling strategy is applied.  Finish milin consequent acceleration of the tribo-chemical ¢oer.
experimentf reported a tool life of 215min  Strength is the property that resists the breakdofthe
(Ve = 457 m/min), concluding that high-speed milling ocutting edge (impact wear) when the mechanical load
Ti6AIV4 is possible with PCD. In addition to thisuljanic  exceeds the physical properties of the tool madteria
et al also reported a very long tool life (TL = 381 min)Abrasion wear is caused by the action of the sijdinips in
with good surface finish and geometrical accuragyai the shear zone, as well as by friction generatéaesn the
finish milling operation. The main type of tool aewas tool flank and work piece. Abrasion wear happens
found to be diffusion and adhesion. Nurul Anghal® primarily due to the hard grain orientations in tianium
studied the effectiveness of polycrystalline diaohdool alloy, which can act like hard inclusions in the riwo
materials and compared them to uncoated tungstidea material and is compounded by the part's hardness a
cobalt materials milling this alloy. They comparéé tools strength properties. Figure 10 illustrates thedrtgnce of
with respect to the applicable cutting speed rangestal different tool characteristics that are requiredondr
removal per unit tool life (MR/TL) and tool wearnes, tool innovative tool materials to efficiently machinesRi4V.

wear morphology, surface finish, chip segmentatiomd

chatter phenomena. The authors concluded thatiR€idts 10000 ‘
can be used effectively up to cutting speeds of hfgin, /S‘“g'”’“‘a' diamond
as the wear rate is quite low and the amount ofamel 6000 |= Single crystal CBN
removal per tool life unit is considered reasonal#tegure 8
summarizes the performance of the PCD tool matgrial ~ 4000 =
which illustrates the effect of tool properties,nsmering Polyerystalline diamond
the various cutting conditions. The fine grain entl has <
the highest TRS and coarse material the lowestevallt 2.000 f=  Polyerystalline Can
Although the figure indicates that the fine graimterial §.~,
performed best overall, it was interesting to obsethat  § Alx05
there is a direct relationship between the perfocaaand E 1,000 = WETICTaC.Co
the transverse rupture strength of the materials. e o
600 p=
High-speed stee|
Coarse grain <
400 =
Medium grain Corbon steat cast cobalt alloys
arbon steg
Fine grain 200 =
0 5 10 15 20
Flank wearrate [pum/min] . 2:)0 4;0 6|I)c 3:)0 1|)Inn —
Figure 8:  Performance of different grain size PCD Temperature °C ' '
mate”agg; finish milling TI6AI4V at elevated Figure 9: Typical hot hardness characteristics of
speeds some tool materials®

Similarly, there is an inverse relationship betwebe < iiustrated in figure 10, the chemical wear séace of

grain size (increase in TRS), and wear performancge y,o| material is the first priority, followed/bmpact and
Research studigsindicated that the performance of fine A I"Stprionty. wedy/imp

X . . . ) ) abrasive wear resistance. Table 1 summaries tiferpe
grain PCD in experiments is a manlfestanon of thgnce of different cutting materials used to titamialloys.
phenomenon envisaged by Barett-Ritéepamely that a As indicated in the table, although PCD materiasfqgrm
tool material with sufficiently high temperaturerfigmance well, it is still a very expénsive cutting matertaat needs
will be able to yield better machining productivityrough furtr;er development.
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performance of the different lubrication stratedi@sfinish
milling with PCD is illustrated in Figure 11. Cedltcarbide
tool materials with flood lubrication were used as
benchmark.

Coated Carbide - TSCEO
Coated Carhice - Flood
5CD- Dry

FCD-TSZ40

FCD-TSCE0

2CD- Fload

Figure 10: The importance of different tool charac- Figure 11:

teristics required when designing a tool
material for the machining of Ti6AI4V

9] 500

Different lub

1000 1500 2000 2500 3000

Materizl remaoved [mm3]

rication strategies for finish

milling (adapted fromsz)

Flood lubrication had the lowest flank wear rate,
Coated resulting in the longest tool life. This provesttRELD is not
carbide PCD BCBN as susceptible to thermal shock as found with dafbi The
_ very 80 bar TSL performed better than the 40 bar TSL cryd
Tool life average good good machining had an accelerated wear pattern. Théchtton
_ very pressure employed with the 40 bar and 80 bar T&itest
Heat conduction | good good good gies enabled the insert to reach more than twieedbl life
very compared to dry machining, while flood lubricati@ached
Hardness average | very good good more than three times the tool life of dry machgnirLiquid
Tendency of very Nitr(_)ge_n cryoger}ic coolirg and_ _minimum quantity
chipping good good good Iubrlcatpn (MQ_L)'S also show promising results and should
Price average bad N/A be considered in future research studies.

Table 1: Tool material performance®

Although BCBN is the best cutting material for titam

6. Lubrication Strategies

Strategies

alloys under high-speed conditions according maianré3, Titanium alloys are used for high value components,

it is still not commercially accessible and thecpris not only components used in an aircraft's frame andrendut

available. Coated carbide and HSS are cost eftsctind also in the biomedical field. Workshops able oftained

still the most commonly used cutting materials tianium growth will migrate toward higher-end work, meanihgt a

alloys in the industry. growing percentage of machining shops will encounte
titanium alloys. Therefore attention to millindamium is

7. Performance Enhancement of Milling

worth while in order to achieve higher productiyityhen

Lubrication and cooling strategies for titanium fmiaing raising the cutting speed is not an option. Resuftom
operations are areas where the cutting process bean research collaboration study details the effect tobl
improved. During interrupted cutting the tool isbfected geometry on tool life. As illustrated in figure the side
to cyclic heating and cooling that can cause thesmack?  clearance angle of the tool is the most influential

When the rate of cooling is increased significantiye
result can be thermal shock, causing catastropbad t
failure, if the thermal load (at elevated cuttingeed) is too
high for the tool materidl. Suet al® connect cyclic
thermal shock directly with thermal crack initiatio The
low thermal conductivity of Ti6AI4V causes a contration

of the heat build-up in the cutting zdneWhen the cutting
zone is shielded from the lubricant stream sucim &sitting
with deep axial immersion, the coolant needs tddoesed
on the cutting edgé At high tool temperatures, typically
above 550 °C, the heat transfer mechanism between t
cooling fluid and the tool surface changes to twage
high-speed flo#?. The coolant is vaporized on contact with
the heated tool surface, forming an insulating loaup

Toollife TL (min)

12

10

g

~N -

kil L

+ Rakeangle ()

—a— Helixangle (°)
4+ Back clearance angle (%)
=<— Side clearance angle ()

—#— Depth chip reom jmm)

2 15° 30° 45

layer on the tool surface. The phenomenon isdésoribed Figure 12: The elitect diff

as delayed surface wetting in heat transfer liteeft The

on tool life®

10° 10° 15 3mm lmm

ejrent too‘l paramLters have
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Another solution to protect tool materials fromrfal various simulations and background experimentatiistu
load is the use of a coating. The perfect coathmmuld have Cutting tool materials and parameters were varied t
a high temperature resistance, a high toughnesdirmitdd improve the machining time for the benchmark congpn
thickness in the sub-10 micron range. Figure 18wsh The revision of the machining strategies with new
results of different experimental coatings millif@Al4V.  generation cutting tools showed a significant réidacfrom
None of these coatings improved tool life relatieethe 116 to 41 minutes in the total machining time. An
uncoated tool. It should however be noted thatiega like aluminium version of the same benchmark component
TiSiN were not tested in this study required nominally 14 minutes to machine. Compaed
the 41 minutes to machine a Ti6Al4V part, it isdant why
titanium machining needs further experimentatidfigure
Cril 14 illustrates the first roughing operation of th@ponent.

TiAIN
TiMAl
AITIN+WC
AITIN

Zri

Uncoated

0 10 20 30 40 50

Tool life TL {min)

Figure 13: Tool life tests with different coatings milling
Ti6Al4V at elevated speeds (adapted
from55)

An explanation might be that the coated surface
rougher, which leads to the sticking of the chipshie rake
of the toof®. The cutting edge of the tool is also not agigure 14: lllustration of the simulated run for the first
necessarily sharp as an uncoated tool and duriygppation rough operation
phase (before applying the coating) the tool maleran
become brittl®. Based on this study, it can be concluded
that none of the experimental coatings are suitedHSM High depths of cutg,) were possible with a large radial
of TiI6AI4V. In a collaborative research stdéipetween the immersion &). Using the wear characterization map
academia and aerospace industry a benchmark panisea jllustrated in Figure 15, which is developed sgealfy for
to understand the tool demands from the Ti6Al4V kvorthe milling of Ti6AI4V alloys, improved parameteesd
piece and to improve the milling strategies usederuly in  milling strategies were realised for the cuttingtioé corner
industry. Table2 illustrates the different operations tofillet of the component. The used tools were exadiwith
machine this component. The material removed (M&) an optical microscope and scanning electron micimsc
operation is indicated. Test 1 and test 2 are #salr of (SEM) imaging and were characterized so as to osigg
them into a failure region. Thus, remedial actionsld be

Operation Testl | Test2 MR MR (%) consider_eq to [mprove the process. Both the rayghind
[min] | [min] | [cm] the semi-finishing for this benchmark component oamw
1 | First Rough 7.09 7.09 | 283.898 61.01 be completed in less than 20 minutes.
Semi Tool failure during the roughing operation took qaa
2 | Finishing 12.25 | 12.25 | 141.858 | 30.49 after approximately 35 minutes of cutting time &ter 1%
3 | FlatArea 232 232 1,665 0.357 components). _Slmllarly it is calculated that t_beltllfe in
Finishing the aerospace industry should exceed 30 minutesngare
4 ;‘gi‘;\]’i\’na” 12.16 | 12.16 | 33.957 7.30 an economical viable solutih as most scheduled tool
i replacement times (SRT) are less than this. Fidife
5 | ComerFillet | 4900 | 03 3608 | 0775 | ot T
Roughing : : : : illustrates the final Ti6AI4V product.
o | Comer Fillet 30.95 41 0.348 0.074 The titanium part had a good surface roughnessevalu
Finishing (Re=1.01 um) and the component's accuracy was
7 Ei'ﬁg‘;':'”a' 256 | 256 0 0 acceptable. Through an iterative approach a sigmf
Machining reduction in machining time was achieved, provinat the
Time 116.36 | 40.78 | 465.334 100 correct milling strategies are of critical importen

Table 2: Summary of the operational for two experi-
mental tests in order to reduce the total
machining time of a benchmark component
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Mechanical| iz
load

hy
[mm]

Thermal load
V¢ [m/min]

Safe zone: Non-catastrophic, can be work piece related failure

Surface-finish or Dimensional related; TL (min) = Scheduled

Replacement time (SRT)

Catastrophic failure, (loss) of cutting edge
Preceded by extensive crater wear on the rake face; TL (min) < SRT

2| 1]

Catastrophic failure, (loss) of cutting edge
4 Not preceded by extensive crater wear on the rake face; TL (min) < SRT

Non-catastrophic, can be work piece related failure

i

Distinguished by extensive work piece hardening; TL [min] < SRT

= = = = Failure limit

Figure 15: Tool wear map for milling of Ti6AI4V as a

function of cutting speed and feed rate

Figure 16:

The final product — a benchmark
aerospace component

8. Conclusions

The key tool demands for efficient machining of AléV
were identified. The current state of researctuining and
milling was examined and the latest tool materfalsthe

machining of Ti6Al4V were compared. The presentstmo

efficient operating parameters for rough turning amlling,
and for finish turning and milling were identified.The

current slow cutting speed implies that roughingd an

finishing are still required to achieve productiweaterial
removal for titanium alloys. Innovative

evaluated for future development. A tool

R & D Journal of the South African Institution okEbhanical Engineering 2010, 26, 43-52

lubricatio
strategies, tool coatings and tool geometries foe t
machining of a benchmark Ti6Al4V component were
wear

characterization map was illustrated and was used t
identify the optimum cutting parameters. The prefe
scheduled tool replacement time (SRT) for aerospace
components was confirmed to be in the order of Blutas.
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