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Summary

Current surface integrity practicegenerally applied by mechanical engineers
characterises macroscopic features such as surface tearing, chip smearing and general
deformation of grains in the direction of cutting; with little emphasis placed on
subsurfacemicrostructuredamage. Howeverhtough the exploitatiorof electron
backscatter diffraction (EBSD) it has been possible to show the role microstructure
plays during metal removal and further quantify the level of deformation that remains
after the component has been machined. From tgeifisant amount of data
acquired, it has been possible to construct a mechanistic nvadneh can predict
subsurface deformation during machiniiganium manufacturers such as Timet are

in the process of developing alloys that offer their customers sansngs via an
improvement in the material inherent machinabilitywhilst offeing comparable (or
improved) inservice properties. For example, Tim@ted4M (Ti-54M) is currently

being marketed as a direct alloy replacement for comportaatsare currently
manufacturd out of Ti6AI-4V. The cost benefits for the use of-34M through
improved tool wear characteristics at leglmachining rates ka been documented,
however, the reasaenfor this improvementare still under investigation. Through
material supply fronifimet UK a significant emphasisf the PhD programme was
based on using this new alloyurther studies have shown the potential deleterious
effects ofinduced deformation features imparted during turning on thmpartant
titanium alloy, Ti-834, which due to its good mechanical properties at high
temperaturas aurrently used for blades, rings and discs in the cesgar stages of

an aereengine.Here machining damage in the form of mechanical twins, which until
this point, had not beeobserve in machined FB34 materigl provided nucleation

sites for silicide precipitation during thermal exposure at 750°C, indicating that creep
strength could beotally reduced at the surfacBhe microtexture developed during

the complex multstep brging route can produce a highly anisotropic billet that has
consequences for service performance. All critical aerostructural titanium alloys will
be machined following forging and furthermore, will be machined using$pgled
practices to meet aircrdfuild targetsAs microtexture heavily influences mechanical
performance such as fatigue, there is a growing neadderstand howhe upstream
forging steps influence the machining process and determine the severity of induced
microstructuredamage.Here machining trials were undertakevhilst using force
dynamometerdluctuations in the recorded force haweensubsequently attributed to
variation in the wor kpThetexwré of the billgdatthasl | ogr ap
evolved during the primarpreald own f or ging steps acts as &
forging processandhas a lasting [gacy, whichcan have a significant influence not
only on the machining process but also theemalisdin-service performance.
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cutting insertdemonstrating the position of the (a) rake andflésk edges a
the nose of the tool and the typical wear pattern appearance on each
facesfollowing 90 seconds of machining at 50 m.Adin

Figure 4.7 tool wear profiles for the (a) average (b) maximum toedar,
VBmax, for rake and flank wear at the nose of the toolaaiinction of
machining speedrhe error bars indicate the true spread in the recorded d

Figure 4.8 Roughness profiles of the workpiece material as a functio
machining speed using, &rdre Line Averageapproach, Ra. The include
error bars indicate the true spread in the recorded data

Figure 4.9 Crosssectional backscatter electron micrograph of outer dian
turned T-834 and corresponding microhardness profile for (a) 50 mlnaimd
(b) 70 m.minl. The error bars indicate the true spread in the recataled

Figure4.10 Crosssectional backscatter electron micrograph of outer dian
turned T-834 and corresponding microhardness profile for (a) 80 milnaimd
(b) 95 m.minl. The error bars indicate theie spread in the recorded data.

Figure4.11 Crosssectional backscatter electron micrograph of outer dian
turned T-834 and corresponding microhardness profile for (a) 105 rrln
and (b) 120m.min-1. The error bars indicate the true spread in the recc
data.
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Figure 4.12 Electron backscatter images of the machined surface 130
increasing surface speetlhe delineated line signifies the interface betw

the undeformed bulk material and the average depth of deformation as
using betadit orti on at 10 em interval
surface material.

Figure 4.13 Crosssectional backscattered electron micrographs of turnec 132
834 at surface speeds of &) m.min-1, (b) 80 m.min-1 and(c) 105 m.minl
with adjacent enlarged micrographs highlighting imparted deformation.

Figure4.14 EBSD inverse pole fige (IPF) OIMs of the outer diameter turn 134
Ti-834 surface material with increasing surface spddwe dashed black
delineated linesignifiesthe interface between the ndeformed bulk materia

and theaveragedepth of damagerhe dahed red delineated Bnsignifiesthe
interface between the nateformed bulk material and the maximum deptt
damage.

Figure 4.15 Graph illustrating the effect of surface speed on the dept 135
surface deformation assessby measuring beta distortion using backsc:
electron images and EBSD.

Figure 4.16 Crosssectional backscatter electron micrograph of 80 mn 137
turned Ti834, following a 1600 hour thermal exposure at °€50Silicide
precipitates form in theicinity of apparent twin boundaries and throughot
grains interior.

Figure 4.17 Crosssectional backscatter electron micrographs of high s| 139
turned T+834 (95 m.minl). a) Following thermal exposure at 750°C for 1€
hours mechanically induced deformation generated durieg mhachining
process promotes silicides to precipitate adjacent to; a (i) mechanica
boundaries, a (ii) along slip planeb) Cumulative disorientation profil
illustrating lattice rotation across transect x to y.

Figure 4.18(a) RepresentativEBSD inverse pole figure (IPRDIMs of as 140
forged T#834 illustrating the presence of twin features distributed throug|
the material, enlarged region (i) shows their appearance with a transect
the delineated boundaries. (b) The corresponding disorientation profile f
transectgiven in (i) showsthe relative disorientation across the bound
di splaying a regular 64A rotatiol

Figure 5.1 Backscatter electron micrograph of the-5AM mill annealed 144
microstructures.

Figure 5.2 Schematic diagram of the outer diameter turning proces 145
illustrate the sample coordinates; Normal direction (ND); Feed direction

and Cutting direction (CD), and a schematic arrangement of the obt
EBSD data orientated parallel and perpendiciddhe cutting direction.

Figure 5.3 Composite image of the outer diameter turned material wsi 146
secondary electron detector for the surface combined with a backs
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electron detector for the subsurface.

Figure 5.4 Cross sectional backscatter electron micrograph of outer dial
turned Ti54M sectioned perpendicular to the cuttidgection, the image
illustrates the presence of mechanically induced subsurface deformation
form of (a) slip and (b) twinning.

Figure 5.5 Cross sectional backscatter electron micrograph of outer dial
turned Ti54M sectioned parallel to the cutting direction, the image illustr
evidence of mechanically induced
grains manifesting in a substantial channelling contrast image effect
Uppermost deformed primary U gr a
nei ghbouring primary U grains.

Figure 5.6 Cross sectional backscatter electron micrograph of turnédiii
with a machining induced surface defect identified. High magnifice
micrograph of subsection @hown in inset image.

Figure5.7 Cross sectional EBSD OIMs of outer diameter turne®4vl (a)
IPF coloured OIM with corresponding (b) pattern quality OIM, deline:
region i and ii in (a) indicate two macrozone regions with the cavrelpg
pole figures for both regions presented in (c). Region iii has been enlart
(d) and (e) withp ¢ twin boundary delineation and slip trace analysis.

Figure 5.8 Resulting p p¢ pole figure projection for the activated twil
illustrating the position of the assumed activateidokane for each parent twi
pair. Note further lattice rotation between parent and twin has caused
deviation of both planes.

Figure 5.9 Pole figure projections of the {0002} ang p¢ for the parent
matrial for each grain displaying evidence of twinning, following filterinc
remove rogue twined grain orientations.

Figure 5.10 Pole figure projections of the {0002} for the parent material
each grain displaying evidence of twinning, the data presented has
filtering to remove rogue orientations and divided into two eiscopposing
groups as labelled.

Figure5.11(a) Composite backscatter electron image illustrating the fon
and reverse simple shear components ahead and behind the tool w
corresponding inclinedHCP crystal, (b) The application of the plane sim|
shear model and its interaction with th¢CP crystal; +38° and %52
correspond to the optimal orientation of tHEP crystal for both the forwarc
and reverse condition.

Figure 5.12 Pole figure projections of the {0002} and p¢ for the parent
material for each grain displaag evidence of twinning, following filtering
and dividing intodiscretegroups.

Figure5.13(a) IPF coloured, with respect t®FOIM of outer diameter turne
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Ti-54M illustrating the orientadn of O EBAA O Brkir that contaiff1012}
twins via (i) forward and (i) reverse simple shear.#bl O O A O B{DOD2A\
and{1012 stereographic pole figure projections.

Figure5.14(a) IPF coloured, wit respect to B, OIM of outer diameter turne
Ti-54M illustrating the orientation of abnormaliy O E A T BEDAA@&kbOihat
contain{1012} twins (b # T O O A O B{O0D2A &nbl {T012 stereographic pole
figure projections.

Figure5.15 Histogramcomparingthe distribution otthe relative frequency c
the calculated Schmid factor fqp ¢ twinning for each that has twinned
that of all of the grains within 100 um of the surface. Schmid factor caldu
assuming plane simple shear.

Figure 5.16 bulk material surface, orientation ofg@nt grains which hav
twinned theoretical orientatiofigure 5(a) The crystallographic texture of ¢
materi al wof thér Surface 1(f) Oriergation of the parent grains
have deformed viad pg} twinning, (c) theoretical orientatioof grains that
are most favourably orientated fop p¢} twinning assuming plane simp
shear.

Figure5.17 Secondary electron micrograph of an inclined machinef4M
surface following a machining tool dwell. The shoulder highlighted within
area between the two delineated lines locates the dwell zone.

Figure5.18 Cross sectional backscatter electron micrographs of outer dia
turned Ti54M, sectioned parallel to the cutting direction from within the d\
region. The imagesillustrate the typical gross mechanically induc
subsurface deformation, manifesting in twins and intense slip that
developed into severe cracking.a ) Has captured a

appeared to resist deformation, (b) severe cracking mE®igge unimpedel
through neighbouring primary. U g1

Figure5.19 Cross sectional backscatter electron micrograph of outer dial
turned T+54M sectioned parallel tiné feed direction within the dwell regio
the images illustrate the occurrence of a residual white layer at the s
interface, the enlarged micrograph &hows evidence of slip progressi
uni mpeded through the residual g1

Figure5.20 (a) IPF coloured, with respect tdFOIM of outer diameter turne
Ti-54M illustrating O ETAA A O O 6fAriedhdhically induced1012} tension
type twins within the dwell zoné\( Correspondingrt 1t 11,010 and{1012}
stereographic pole figure projections of the bulk region indicating st
alignment of the basalane along CD and FD.

Figure 6.1 Backsatter electron micrograph of -bB4M, with an asforged
microstructure.

Figure 6.2 (a) Photograph showing the orientation of the arbitfGrp4M
billet axis with the cardinal points scribed onto the billet cross sectiol
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location and orientation of the sectiomadtrostructureanalysed samples.

Figure 6.3 Ti-54M billet position held in a MAG Cincinnati Hawk latt 177
prepared for an orthogonal cutting trial.

Figure 6.4 Ti-54M Workpiece and tool arrangement following an orthogc 178
cutting trid.

Figure 6.5 Schematic diagramilustrating the orientation of the Cartesii 178
planes used when recording the force feedback data.

Figure 6.6 Schematic diagram of a simple twlomensional orthogonal steac 181
state cutting operation illustrating the resulting stress components
within the arrangement.

Figure 6.7 Shallow notch grooved onto the orthogonal cutting surt#c€i- 183
54M.

Figure 6.8 DEFORM3D finite element software simulation identifying t 185
total straindistribution within a Ti54M billet, following a typical multistage
cogging processagrformed by TIMET. Data supplied courtesy of TIMET U
note scale bar not includedth colour distribution to be used only as a gu

for relative strain variance

Figure6.9 Compositemage comprising of a quarter cross section taken o 187
Ti-54M billet, positioned between East and south on the arbitrary billet
Representative basal stereographic pole figure projections, each presen
contour plot illustrating the averagelk texture for each regiofhe location

of the samplesnalysedcorrespond to the position of two concentric rings
diameter ~ 223 mm and ~83 mm with two additional samples taken froi
centre and midpoint of R2.

Figure 6.10 Composite imagellustrating how the varying crystallograph 189
orientation of the billet has evolved as a result of the forging procedur
Quarter cross section with regional average orientation pole figures, ad
to each pole figure the corresponding effectivdlimg axis inclination
indicates to what angle the region has undergone an effective plane
environment. The subsequent removal of this angle from the data gives
the resulting pole figure demonstrating a typical plain strain type te:
indicative of a rolled morphology, as demonstrated by the surrour
stereographipole figures. (b)The plot shows how much the effective rolli
axis inclination varies circumferentially around the billet and throughot
interior. (c) Reference image eaft Lutjering [4] illustrateshow the typical
rolled type microstructure can vary as a function of the deform:
temperature.

Figure6.11 Proposed orientation of the initial rectangular cresstion of the 190
intermediatebillet with respect to tharbitrary coordinates, the weightedes
indicate the averagenicrostructurealignmentof the bulk materialin the
transverse plane.
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Figure 6.12 Representative backscatter electron micrographs illustrating 193
microstructurevariation across a quarter cross section of ar@s0d Ti-54M

billet in the asforged condition. (a) illustrate tle circumferential
microstructurevariation taken at 228 m @ (f) corresponds to anidpoint
parallel to R1 at 150nm & Micrographs (g) taken at 75mm & (j) centre.
Inset average {0002} crystallographic orientation image to be used
reference whenralysing the microstructure.

Figure 6.13 Representative backscatter electron micrographs illustrating 194
microstructurevariation within a 250mm @ Ti-54M billet in the adorged
condition across the R2 axis.

Figure 6.14 Representative backscatter electron micrographs illustrating 195
microstructurevariation within a 250mm @ Ti-54M billet in the adorged
condition taken(a) parallel to the R2 axis, (B} 45° anl (c) parallel to the R:
axis.

Figure 6.15 Representative backscatter electron micrographs illustrating 196
microstructurevariation within a 250mm @ Ti-54M billet in the asforged
condition taken; (a) at 22.5° to the R2 axis andat}p7.5° to the R2 axis
With enlarged region (i) illustratingthe presee o f pot ent i a

Figure 6.16 Resulting cutting force data along the x, y and z planes, 197
acquired data monitors a complete cutting cycle with the corresponding c
regions identified; startontact, steady state and finish.

Figure6.17 Compiled steady state thrust (y) and cutting (z) force data for 198
feed rate arlgsed, with additional regression line for each dataset.

Figure6.18 A series of plots demonstrating they p i c a | 6si ze 200
coefficient of friction ¢ ), (b) specific cutting energy & ghF2)ljand (c)
apparent shear stress of thaterial (J10lin relation to the applietded rate

Figure 6.19 Schematic illustrating the resulting tool path into the workpi 201
during a single rotation, assuming the billet has been faced prior to mac
resulting in a planar finish.

Figure6.20 Compiled steady state thrust (y) and cutting (z) force data for 201
feed rate analysed, with additional regression line for each da
Superimposed onto the plot, the 0.25 mmlemwitial contact data with its
position and thus effective feed equalling the tools correspor
displacement.

Figure 6.21 Compiled initial contact data for each machining trial with 203
resulting forces plotted in relatido the total displacement of the tool into t
workpiece. (a) Thrust forces and (b) cutting forces, Enlarged regions (i

(i) illustrate the common inflection point occurring at ~0.06 mm.

Figure6.22 Compiled steady state thrust (y) and icuft(z) force data for eac 204
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feed rate analysed, with additional regression line for each da
Superimposed onto the plot, the 0.25 mmlewnitial contact data with its
position taking into account the initial offset of ~0.06 mm, following f
offsetthe effective feed equals that of the tools corresponding displaceme

Figure6.22 Compiled steady state thrust (y) and iowgtt(z) force data for eac 206
feed rate analysed, with additional regression line for each da
Superimposed onto the plot, the 0.25 mmlewnitial contact data with its
position taking into account the initial offset of ~0.06 mm, following f
offsetthe effective feed equals that of the tools corresponding displaceme

Figure6.23 Composite images illustrating the proposed root causes of the 207
offset. (a) Assumed ideal contact scenario with the tool approachin
workpiece in parallel, (b) non parallel contact, thus resulting in an offse
Role of edge radius of the cutting edge in relation to the uncut chip thic
(equal to feed rate during orthogonal cutting) (d) force data plot illusr:
how the culmiation of theedgeradius and the tool approaching the workpi

at an angle results in a total offset of ~0.06 mm.

Figure 6.24 Compiled initial contact data for each machining trial with 208
resulting forces plotted following the removal of the initial offset, the th
and cutting data plots have been determined using an effdetk rate
calculated in relation to the tools displacement into the workpiece.
calculated regression line acquired during the steady state trials has als
included as a reference.

Figure 6.25 Typical resulting thrust (y) and cutting (z) force relationship v 208
respect to feed rate acquired using a-ocompiled individual 0.2 mm.reg
initial data following the removal of the offset data.

Figure 6.26 lllustrates the proportion of the total force for both the thrust 209
and cutting (z) that is accounted for by the initial ploughing forces, w
remain constant throughout and offer no further contribution to the
removal process.

Figure6.27 Resulting thrust (y) and cutting (z) force relationship webpect 210
to feed rate acquired using a roompiled individual 0.2 mm.re¥ cutting

trial following the removal of the ploughing forces each dataset pass th

the origin. The gradient has been determined using a linear fit regre
relationship for bdt the thrust and cutting forces, with the correspondiic
value.

Figure 6.28 Resulting effective friction of the cutting environment g 212
determined using the single cut initial contact filtered 15 Hz signal data |
line), black dashed line denoting the filtered signal compiled average at
reddashed line representing resultiefective frictionas calculated using th
linear fit regression relationship.

Figure 6.29 The resulting specific cutting energy of the cutting environn 213
for thrust force(y) in blue and the cutting forde) in red. As determined usin
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the single cut initial contact filtered 15 Hz signal data (thick solid line),
solid line denoting thdiltered signal compiled average and the dashed
representing resulting specific cutting energy as calculated using the lin
regression relationship.

Figure 6.30 Resulting apparent shear stress of the cutting environme 214
determined usinghe single cutnitial contact filtered 15 Hz signal da¢solid
blueline), black dashed line denoting the filtered signal compiled averag:

the red dashed line representing resultpgparentshear stress as calculat
usingthe linear fit regression relationship.

Figure 6.31 Resulting thrust (y) and cutting (z) force relationship with res| 215
to cutting speed obtained during orthogonal cuttingstr{@) individual run
raw data (b) compiled average data for each individual speed.

Figure6.32 Resulting signal cutting (z) force, showing both the raw and 1! 217
Fourier transformed low band pass filtered data.

Figure6.33 Identification of a single rotation using reference notch index r 219
manifesting as a spike in thesulting fixed (x) thrust (y) cutting (z) force dat

a, b and c respectivelyncluded for eachorces both the raw and 15 H
Fourier transformed low band pass filtered datse enlarged plot i for the
force data illustratethe nature of the index ma

Figure6.34 Aligned filtered thrust (y) and cutting (z) force data transpose 221
to drcle plots aligning with thecorresponding cross sectional quadrant of
billet with the related basal pole figuries each region.

Figure 6.35 Composite signal plot illustrating the repeatifigo within the 222
thrust (y) force using the raw and filtered data. Superimposed onto the |
the corresponding Youngd6s modul u

position determined using the arbitrary billet axis and the prior notch i
mark.

Figure 6.36 (left and right) Representative stereographic contoured {0( 224
pole figures for region A and region B respectively. (Centre) correspot
photograph illustrating the location of region A and region B.

Figure 6.37 Representative polarised light micrographs at the macl 225
surface of region A and region B, illustrating the occurrence of mechan
induced twins beneath the machined surface. The delineated lines rej
transects used when calculating the freqyesfcthe induced twins at a dep

of 30 and 6 mnbeneath the machined surfadée enlarged region (i) sho

the high density of induced twins that can be found within region A.

Figure 6.38 Histogramcompaing the distribution ofthe relative frequency ¢ 225
the calculated Schmid factor fgp ¢ twinning for region A and region E
Schmid factor calculated assuming plane simple shear.

Figure 6.39 Histogramcomparingthe distribution within region A and regior 226
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B, of the absolute number of grains to that of the number of grains thai
twinned using a transect method at a depth of 30 and 6ibeneath the
machined surface. The overlayed points signify the frequency of the
within each region at each specified depth.
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Preface

The initial motivation for the project was to investigate the impact of higledpe
machining on titaium alloys. Hbwever, the fundamental material principles
associated with traditional machining practiegslittle understood, especially those
regarding titaium alloys for which high speed machininduring turningrelates to
cutting speeds greater than 100 m.miklere we seek to identify a link between
fundamental material properties, which are controlled by a ma@ec@amnposition and
microstructureandtheir role during the machining process.

The a&rospacendustryremains thegrimarymarket for titaniummetal which in2012
accountedor a buyin weight of~60,000 tonnes of materigl]. Over the coming 20
years there is an expectéd annual growthn the global fleet of aircrafrequiring
~30,000 new passenger aircraft and freighters to be constructed, at a value of
approximately US$4.4 trillion [2]. For the next generation of aircraft such as the
A380 and A350 from Airbus and the B787 from Boeing, in order to achieve
improvementsin fuel efficiency and noise reduction there is a drive to use ever
increasing quantities of carbon fibre reinforced polymers (CFRPs) within the
airframe.Due to itsinherent favourable compatibility witGFRPsover aluminium,

this ensureg i t a ni uan@&@s a kpyonsaierial in the m&acture of aircraft is
assuredln response to this increase in demand and the economic drive for efficiency
savings the eploitation of high speed machining techniques is vital for the
competiveness of the UK advanced mi@cturing sectqr where high value
manufacturing accounts for ~35% of all UK exports, contifguE151bn to the UK
economy[3].

Machinists regard titanium as a Od@y fficult
properties that make titanium a popular engineering alloy also lead to difficulties
during machininglow thermal conductivity and significant retention of mechanical
strength at high temperatureteads to excessive tool wear and prohibitive
manufactuing costs.Machining of wrought product is a costly process and accounts
for 60% of the total cost of critical titanium aerospace components, in most part due
to approximately 95% of the startingaterial being removed as swd#] [5]. To
minimise costs, the advanced manufacturing community are developing techniques to
machine at higher rateslp until now the majority of high speed machining research
has focussed on optimising the dynamics of the process and minimisation of tool wear
for maximum productivity. Typically research into the fundamental processes that
governmachining has traditionally been the domain of mechanical engineers who
strive for efficiency gains through the optimisation of the cutting process using the



6mechanical 6 parameters which are at their
angle,tooling geometry etc)Through the use of finite element modelling, researchers

have provideda greater understanding of chip formation mechanics during the
machining of titanium alloys.

This studyidentifies a fundamental knowledge dagtween the role ahachiningand
the resultant subsurface plastic deformation amdrostructuremodificatiors and
links them.

This project has @plied a multidisciplinary approackcombining mechanical
engineering and metallurgy methods to address key machining issues oftidie

out of the remit of the two disciplinesraditionally the term machinability is used as

a broad measure of machining efficiency, typically referring to aspects of inherent
tool wear or maximum achievable cutting speeds. This investigation hesvéio
highlighted the need for a reassessment to be carried out on the fundamental
understanding of machinability, taking into account surface and subsurface condition
of the workpiece. In essence there is little point in machining a structurally critical
component faster if it has poor&ervice properties.

Precision turning is an energy intensive, yet important machining operation for
critical aeraestructural titanium alloycomponentsCurrent surface integrity practice
generally applied by mechanical engineers characterises macroscopic features such as
surface tearing, chip smearing and general deformation of grains in the direction of
cutting; with little emphasis placed on subsurfacerostructuredamage.Through

the use of highresolution electron backscatter diffractionicrostructuresubsurface
damage has been identified in the form of mechanical twins, which untilhazimot

been observed iturnedU + b t i t ani u nrevaakd taghere was an was al
increase in induced subsurface deformation aithincreag in machining surface
speed.The occurrence of this deformation contradicts observatioage when
applying standard surface integritgchniques.The deformation features identified
throughout this study could prove to hagerious consequences inservice
properties, asunder certain stress conditions, the components resistance to fatigue
crack initiation may be severely degrad8dbsurfacemicrostructuredamage such as
mechanical twins and intense slip bahdse also been shown poovide nucleation

sites for silicide precipitatiorwithin the structurally critical alloy T834 during

thermal exposure at 750°C, indicating that craeg fatigue strength could be locally
reduced at the machined surfadde microstructuresubsurface damage reported
during this study hasignificant industrialimplications since there is a current
strategy of increasing surface speeds to improve ptiodycin addition to the need



to review the effectiveness of current surface integrity analysis methods for
determining the nature of deformation for machined titanium alloys

It has been demonstrated that misectioo,structu
which occurs as a result of a multiple cogging procedure, has a profound impact on
the material 6s performance during machinin
using the development alloy -B4M, the conditions required for the formation of
subsurface p m¢ twins in the workpiece was deteined. Twins were mostly
observedn two orientation clusters at approximately £45° to CD, which is attributed

to a plane simple shear state that operates in a forward mode ahead of the tool and in
reverse bhind the tool.This observatiommeansupstream processing, through the
development of specific crystallographic texture components, has a direct impact on
the level of subsurface damage caused by machiiiimg. offers the possibility for
material supplies to develop upstream processing routes that generate material that
complements the machining process, thus minimising the imparted damage, leading
to enhanced Hservice performance. Product designers may also be able to
incorporate the crystallographistribution of the billet into their designs, stipulating

that critical areas or facets of a component are positioned such that they are away
from a region that may have a high predisposition for mechanically induced damage.
It would be in the interest ofhe machinist to pursue machining strategies that
consider the underlying crystallographic orientation of the workpiece material,
through the development of machining practices that either minimise the amount of
imparted damage for finishing purposes orthe case of roughing may wish to
maximise the amount of imparted damage.

A novel approach for acquiring cutting force coefficients and cutting force material

datahasalsobeendetailed and could be considered to be analogous to using the lathe
as an eféctive high strain rate material test. Capturing key material performance

values such as the apparent cutting friction and shear stress of the material.

Thesis outline

Chapter 1 is a literature review that includes a general overview on titanium
metallurgyand fundamental deformation characteristics

Chapter 2 Reviews themathematical methods that are used throughout this
investigation, detailing the mechanics of machining. This chapter also introduces the
fundamentalmetallurgical responsecharacteristicsof machined componentsvith
respect to thedeformation characteristics of the workpieeed the role of
crystallographic texturduring machining.



Chapter 3 covers the experimental methods and analysis procedures that were
applied throughet this study, further experimental method subsections are included
prior to each subsequent investigation detailing more the specific techniques that were
used which were specifically related to each particular trial.

Chapter 4 uses Igh-resolution eleecbn backscatter diffraction on machined
Timetal® 834to reveal an increase in induced subsurface deformation with increasing
surface speed, contradicting observations when applying standard surface integrity
techniquesSubsurfacemicrostructuredamage sut as mechanical twins and intense

slip bands provide nucleation sites for silicide precipitation during thermal exposure
at 750°C, indicating that creep and fatigue strength could be locally reduced at the
machined surface.

Chapter 5 reports howsubsurfacdéayer (~1060 pm) of turned Timetal® 54M shows

a significant proportion of alpha grains containiny pg twins. Quantitative
analysis via EBSD of the deformed subsurface material has shown that most twinned
grains have parentaxiesat approximately +45to the cutting direction (CD) in the
plane containing CD and the workpiece normal, with twin planes parallel and
perpendicular to CD. Schmid factor analysis of the twin planes identified the stress
state to be approximately plane simple shear with aaasense ahead of the tool

and a reversal behind.

Chapter 6 investigates the material aspects that influence the machining process
during variable parameter orthogonal cutting trials, through the analysis of the
resulting cutting forces. Further analysis of the cutting force data reveals how the
variation in feedbek level appears directly linked to processing history. For both the
thrustand cutting forcg higher forces are required in regions where the billet has
received greater amounts of total strain. This suggests microstructure and/or
crystallographic textwr variations generated by varying strain path histories have
direct impact on the machining response of titanium and, therefore, its machinability
A final impact case studgoncludes this chapter through the application of some

the key findingghat have beemmade throughout this investigation and pursues their
potential impact for industrial applicatians

Chapter 7 completeghis study with the principle observations made throughout the
study drawn as conclusions, with a final further work subsectial et ai | i ng t
suggested areas of further research.
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Chapter 1 Literature review

1.1 Alloy classification

Titanium is an allotropic metal exhibiting a phase transition from alphdo( beta

(b); thea phase exists as a hexagonal close padd€&P|crystd st ructure, and
phase as a body centred culBC(C) crystal structure. In pure titanium, thgphase is

stable at room temperature, with the allotropic phase transfornthtioansus)o the

high temperature b [p]hTarsugh tieecaddiionrofi alagg a t 8821
elements, the stability of the two phases can be engineered to suit necessary
properties, as shown in tkanplified schematic binarphase diagrams iRigurel.1.

oL

ot stabilizer [i stabilizer neutral
[} isomorphous [} eutectoid

Figure 1.1 Schematic binary phase diagrams illustrating the effect of increasing
proportions of U, b and neutral [Gtabilizin

Alloying elements in titanium are classified as bewither U o r b stabil i :
additions, depending on whethéey increase or decrease theahsusemperature.

Al, O, N, and C arecommona st abi |l i sing el ement s and r
temperatureMo, V, W, Nb and Taare traditionally categoriseés isomorphoush
stabilisers and conti nuous,layillusiratedrinetltes t he f
schematic inFigure1.1. | s o mor p h o u s mubt alsotbea &ddeld asspartr of an

aluminium masteralloy due to their high melting points and densities, and are

relatively high-cost additionsl n addi ti on to t he tFgMn cal b s
Cr,Ni,Cu,Siand H also depress the bdthroughhfasus wunt
eutectoid reactioand are relatively low cost additioasad can be added elementally

Eutectoidb stabilisers such as Rend tohave a widefreezing range; hence, they

segregate stronglyCompounded by the relatively large effect on b transus
temperaturesegre@tion can result in isolated regions havangignificantly lowerb

transus values thanthebuko nver sely i somorphous b stabil
have narrower freezing ranges and segregatg1¢s&r and Snare also comnmdy
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used alloyingadditionsserving as enhancefsr solid solution strengthening of both
theaand D phases, wi tminimaleef ectaddnt itdhre Mawu
temperature and are therefore regarded as being n@jtral

It is to be noted thathe systems designated previously @aditionally being

i s omor gMoanddV) dre not so in realityexhibiting a miscibility gap in which

the b phase separates intd+thywo plighGoep i a ®¢ sl
Mo the miscibility gapoccurs at ~20%the maximum molybdenum content present in
conventional titanium alloys being ~15%40].

Through the additions of a combination of alloying elemeRigure 1.2) allows the
production of different alloys, of which there are five classifications, in increfsing

alloying additions:a alloys, neara alloys,a+ b al | oy s metastalddy b al | o
alloysandb al.l oy s
I—_ﬁ neax - o ] ]

| |z x4+ 13 —_—I l

TEMP

T B STABILISER -—>

=— % o STABILISER

Figurel2Pseudo titanium phase diagram containi

elementsard illustrating the relative position @f alloys, neama alloys,a+ b al | oy s,
neaal Iboys af@ldd b all oys
1.1.1a alloys

Commercially pure titanium (GPi), Ti-2.5Cu and THAI-2.5Sn are examples af

alloys. a alloys are solution treated within tfee r ea&as ishown inFigure 1.2 and
subsequentlyguenched to givea fully martensitica (HCP) microstructure. These

alloys are unable to be subsequently heat treated however they can be strengthened
via the addition of solution strengtheners (O, Al), or by controllechgefinement
following the HaltPetch relationship using a cold working procgk?]. The main
properties ofa alloys include rcellent corrosion resistance and high weldability,



alloys also do not exhibit a ductile to brittle transition and are therefore widely used as
part of cryogenic systems and desalination.

1.1.2Near a alloys

Al l oys t hat have a s mat | equilibraum owiathint theio f reta

microstructure at room temperatwee classed as nearalloys. The small amount of

b phase wit fuithar expdnds argd \stakliligesnther b phase field and
allows for improved workability when the alloys dreingforged Timetal® 834 (Tk

834) of nominal composition I5AI-4Sn3.5Zr-0.7Nb-0.5M0-0.35St0.06C, is
regarded as being one of the most advanced titanium alloys that is currently used
within the aerospace industry, with superior high temperature fatigue reeg c
performance.Ti-834 gains its superior properties by careful prior processing that
ensures the final microstructure consists of 15% remaining as pranaith 85%

being derived from transformdm Ti-834 has been engineered to possess a wide heat
treatment window such that this critical ratio can be easily achieved during forging.
Figure 1.3 describes the desigrationale behind 834 (formely IMI 834). An

optima | proportion of abbanodal sttuctmenatowshTB3ptoa s e s
possess; high fatigue resistance, acceptable ductility, high creep resistance, fracture
toughness, crack propagation resistance and temperature stability.

IMI 834
Near-«. composition

Near-«. composition

«/p heat treated o/ heat treated

; T S e
> 3 - 8
g DV SoAy
ey N\ 3
o/} composition - -
& v,
Fine microstructure —

: : Creep resistance
Fatigue resistance

Fracture toughness

Ductility Crack propagation resistance
Defect tolerance High temperature
Stability Thermomechanical processing

Figure 1.3 Composite optical micrographs illustragithe design rationale of -B34
(formerly IMI 834) whereby through carful control during heat treatments thieedles
in-service bimodal microstructucan be achievefd 3].
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1.1.3a + b alloys

Ti-6Al-4V (Ti-64) is the most tested and developed titanium alloy in produatidn

is widely used within the aerospace induskgr the last 60 yearsutkheads, which

are found within the middle sectiaf military aircraft, are commonly constructed

from a single piecef Ti-64 that is initially forged to shape and then extensively

machined (>95% material is removdd].a+ b al |l oys are very ver
and can be used in conditions up to 300AGvide range of microstriares can be

produced, depending on their processing route. Thermomechanical treatment with
respect to thé transus has the most dominant effect as discussed below.

1 Superb transus forge:

o Followed by a slow furnace cool; this cooling process gives tima f
grains to grow at priob grain boundaries in a lamellgype formation.
Consisting of solute rich retainédseparated by intergranularplates
all within the shape of the prifirgrains.

o Slow air cool; due to the uneven nature of air cooling less grain
boundarya forms and the lameliastructure grows with more variation
within each priob grain.

o Medium air cool; leads to the formation of a basket weave structure of
lamella a.

o Rapid aircool; results in a Widmanstatten arrayaoplates in priotb
grains

o0 Water quench; creates a fully martensitic structure

1 Subb transus forge:

This forging process take place within the- btwo phase e gi on. Si nce the
temperature has not beerogsed the material the retains its primargrains which
pintheb grains, preventing excessive growth

o Forge temperature highm+b r egi on @&nair toolwidd by
resul i modabé6d6édbtructur aandwanséoimed i ng of
b The wlume fraction of primary is reduced significantly due to the
high forging temperature the transformgd i @rain régions forms
into fine secondary lameltaa and solute enrichefol

o0 A medium forging temperature within tle+b r egi on and f ol |
by an air cool results in angeiiaxed 50:50 structure of primaayand
fine transformed structure.

A medium forging temperature route is useddo+ b al |l oys used for
forming operations since a suitably fine grain microstructure can be created.

8



1.1.4Near b alloys

Nearor metastablé alloys have compositions to thight of martensitic start/finish

(MJMy) (Figurel.2) . Near b al | oy s thaaerespase indestryyforus ed w
structurally critical componentdue totheir high strength capabilities, created by age

hardening steps which produce a fine sealer eci pi tate within the
Landing gear forgingfor aircraft are constructed outo near b al l oys and

to have high strength, exemplary resistance to fatigue gemkagationand high

fracture toughnessCommon neab alloys are Ti-10-2-3 (Ti-10V-2Fe3Al) and Tk

5553 (Ti5V-5M0-5AI-3Cr). If a nearb alloy is processed above the t r ansus
(>~800°C), this leads to the dissolutionaofind promotes excessibe gr ai n gr owt |
and the str uct uOneuetclkirg,oeven shoughutthed WMge isbnot

crossedthrough acombination of residual stressand low sa b i | i ®wdgitiomsf D
canleads to the formation aftressinduced martensitduring quenching. Processing
at a lower forging temperature (~ZDlower)b el ow t he b transus, t h

small volume fraction of primarg prevents excessiie g r awthnNeay b alloys

have high fracture toughness and high strength giving excellent properties against

crack initiation and propagation. After formation, the retaibed i s met ast abl e
with subsequent aging in the range 480D C a fine a scalecan be pecipitated

giving enhanced strength properties.

1.1.56 alloys

Whi | e [offeathelhighest strengito-weight ratio of any titanium alloy, they

are nonetheless higher in density compared to other alloys, with typical densities in
the orderof 4.7-4.98 g/cc with ultimate tensile strength levels in the range of 1517
1586 MPd7]. b titanium alloyssuch as Fil3V-11Cr3Mo have been available since

the 1%0s, the most notabbgpplication beinghe SR-71 Blackbird(service from 1964

to 1998) in which93% ofthe aircraft was fabricated from titeum alloys, with the
majority beingb alloys. More recently, thenostsignificant applicationsdd al | oy s i s
for biomedical applicationh were lowmo dul us bave abkehdevels@d
specifically for orthopaedic application, their aim being to decrease the elastic
modulus difference betweematural bone (1880 GPa) and the implant material,
thereby promoting load sharing between the bamé the implanf14]. b alloys are
generally not considered for cryogenic or elevated temperature applications since they
exhibit a ductile to brittle transitiomelow ~0T and have poor creep capabilities,
especially at high temperatufg5]. One disadvantage is that they are unweldable.
The mechanical properties bfalloys are substantially influenced by the underlying
microstructure, with grain size or effective structural sfzedlony) determining the
materials stregth as seen fa alloys. Interstitial elements act as potent solid solution
strengtheners (O, C) and are deleterious to ductility

9



1.2 Thermomechanical processing

Thermomechanical processif{@MP) of titanium alloys can be divided into two
groups;

(1) Primary working and secondary mill operatits; Ingot breakdown witlnot
rolling or forgingfor producing usable shapes.

(2) The optimization of mechanical properties, througktrostructure control
during the different stages of TMP6].

\
a+p
8
O /_k
II I IV

Time

[ ]

Temperature

1
Homogenization  Deformation Recrystalization Aging

Figure 1.4. Schematic processing routiagramillustrating the4 processing steps
requiredduring production toa producebimodal microstructuref o r U+b titani
alloys[4].

The schematic shown iRigure 1.4 outlines the typical processing rouia a bt

modal microstructure, which begins witomogenization that occurs after the

remelting process, this occurs well abovefiteansus temperaturesulting in a fully

b microstructure.Due to the high temperatures associated with their formdtion

grains can grow to the order of several millimeters. The size and crystallographic
orientation of these largpgr ai ns behave as farthewlpys of of i
since the formatiom colonies grow ab grain boundaries and are influenced byfihe

grain orientation. For some alloys this effect is prevalent and can be observed as
macrozoneg17]. The transformationtspfom U to b i s argemst rol | ed
relationship Deformation usually occurs dew theb transus withinth@ +b r € gi on

the lamella structure is plasticallydeformed The deformation promotes grain

refinement and allows for the material togmecessed into bar stock material, which

is of suitable size for the customé&ior these alloys that asisceptibleo forming

macrozones the deformation stage will also be carried out aboférdresus to allow

the breakdown of these large graiSsages | and Il are carried out by the material
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supplierduring the primary forging steps. The material at this stagmitsgoriseds
being #fnortgheed 66 acsondi t i on.

During the recrystallization step it is important to optimise the operational
temperatee in order to precisely control the volume fraction of recrystallized

equiaxed primara (ap) , which grpwi hren beéerweéeémre t he D
nature of the cooling rate will also determine the width of the individuamella as
well as the olony size ofal amel | ar structure, which form

The control of operating time and temperature of the material through thadeiab

is step is essential since this step establishes the material propEmgegacture

toughnes ofa + b  ad dordrglled by thesize ofthea gr ai ns wi t hin t |
colonies fracture toughness can bahancedy increasing thguantity ofa-lamellar

due to crack growth being hindered by the presence of multiple grain bourj@i@}ies

1.21The bYU phase transformation and texture
During TMP when nedrU and U+b al | osoveadhebe tcroaoniseuds f r
temperature a number ofphase transformationsan take placeThese cooling
transformation are dictatetie chemical composition f t h e andthegdoling e

ratef rom above the b. A$ B aesudt ok theseefaciors,rtleet ur e
transfamation fromb to U may involve either singularly or a combination of the

following; a rapid martensitic transformation, or massive mechanisms of diffusion

driven grain nucleation and growtlm many casestRCCbh phase transf or ms
HCPU p twhilstebeying thefollowing Burgers orientation relatiahip[17].

MTTYIT pp It

tpcp @ 7T p @
During a Burgers type tr anvslfgve nsa toiaon, a s
maxi mum of 12 distinct THi soriiamdeatiodnsi nthe
orientations is a feature of the transformed microstructure and it has been shown,
through the use of software developed at the University of Shefelthr i or b gr ai n
orientations,can be subsequently reconstruct&hvies [19] was able to further
il lustrate usi ng t he A b reconstructo S 0|

crystallographic texture is determined by a typenoh t er i &l t MR dulings s et
the prior forging steps.

Equationl.1

During forging,generallyoccurring withina + b r e the llet is subjected to a
multiple step cogging procedure that sees the billets cross secticewlbeing
reduced considerablthus ensuring the adequate refinatmef the microstructure.
Cogging involves the material being passed through a variable open die forge which
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can accommodate thmany shape changésat are required during refinement. The
resulting billet is therefore subjected to a neaniform strain digibution. For
example, Wilsoret al.[20] showed via finite element modelling of-84 that cogging
produces strain as high as 2 near the surfdeereasing to about 1 in tloentre,
which had a direct impact on the fractionretrystallizedJ . | n DRadietetal.i o n
[21] and Nasseri[22], using EBSD and neutron diffraction on-834 billet and T

6246 billes respectivelyshowed that crystallographic texture also varied throughout
the crosssection and showed significant sensitivities to the forging operation

Analysis of the orientatiodataobtained by Daviefl9] and Nasseri[22] shows that

there are regional texture variations across the billet, generated during the forging
stagesThese variations are caused by the anisotropy dfi@ecrystal, which when
loaded parallel to thelCP c-axis displays the highest elastic modulus and in turn the
highest resistance to plastic deformatibuiring forging themicrostructurechanges

allow for the eaxis to reorientate such that is positioned perpendicular to the
maximum applied load, thusll@awing deformation to occur more easily. The
orientation of the @ x i s @mena is gayerned by the nagual strains imposed
around the billet axis during the forging procebs.accommodate the reduction in
cross sectiont h e n e ar-6246[22] hdoptsyan ektruded core and compressive
mardrel morphology, similar to that observed Ti-64 [23]. The core and mandrel
condition is however not -83jl9,ghHe achemdtic i n t he
shown in Figure 1.5 shows a resulting orientation alignment of-8@4, which
throughout its interior is significantly dominated by the reduction of the historical
long axis of the prior billet.

R2

L.

Figure 1.5 Proposed orientation of the initial rectangular ciesstion of the
intermediate billetwith respect tgposition of the final round billetColoured lines
indicate the regional average crystallmgnic alignment of the basal plane in the
transverse pland9].
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Microstructureanalysis of a billet cross section carried out by Besaendl. [24]
revealed using ultrasonic imagingo high noise bands separated by 90°. These
features corresponded to tloeation of macrozones of similarly orientated material.
The process history of the material analysed by Besebmdl [24] had been forged
from a square section to a circular billet, thus resulting in the two equally strong
signal peaks.

During the production ofhigh quality titanium alloys forstructurally critical
aeropace components the materialwill have originated from ingots that have
undergone multiple#eacuumarc remelting (VAR) steps. This process, which is time
and energy consuming, enssirdie material is free of unwanted impurities and
inclusions whichif undetectedcould pose a serious risk to a@mponerds life.
Furthermore to ensure the material has the desir@dcrostructure and
crystallographicproperties throughout the billets crossction the VAR ingots are
cast to beof sufficientenoughsize such thaafter forging the material is large enough
to accommodate the component and that enaiighn can imparted whichdrives
grain refinement andreorientation. Lower cost or developmemateriat are
commonly produced through a singiectronbeam (EB) melt route. EB ingots are
commonly smaller than those of full production VAR ingots and as such the material
will inherently undergo a different strain patsulting in a reduced strapenetration

It is therefore importanwhen studying billet material to have a clear understanding as
to which processing routes have been used.
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1.3 Deformation Mechanisms

Due to its inherent low symmetry as a result of the hexagonal close p&t&e) (
crystal structure, the deformation modesaefi are highly anisotropicDeformation

is consequenthaccommodated by the activation of a multitude of complex slip and
twinning modes.

1.3.1 Slip
c
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Figure1.6 BasalddO 1t 1t T, @rismatictd0'p pmt, pyramidald®Op mp slip systems,
andsecondorder pyramidafA AO p g¢ slip systems itHCP materialg4].

The schemati¢iCP crystalgivenin Figure 1.6 illustrates the different slip planes and
corresponding directions far-Ti these are also given ifablel.1. For homogeneous
plastic deformation to occuhe von Mises criterion states that a minimum of five
independent slip systems are requif@sl. Titanium however, for which the principal
deformation mechdsms aré®Qlype, basal 1t Tt T, prismatic p prt and pyramidal

p mp all slip with dong thedp gnOBurgers vector, which can only produeeotal

of 4 independent slip systems thus falling short of the prerequisiezefore to fulfil
this requirement & AOBurgers vector needs to be activated.

Tablel.1 Slip systems of titaniurf#].

Slip Buorgers Ship Slip No. of slip systems
system type vector type direction plane Total Independent
1 a <1120 > (0002) 3 2

2 a <1120 > 11010} 3 2

3 5 . <1120 > {1011} 6 4

4 c+a <1123> {1122 } 6 5
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Titani umé s s e c @andeaormymctprhoee hanodeneously compated

due tob having a body centred cubiBCC) structure. The major deformation modes
exhibited by thé are; slip, twinning and stress induced martenSitailarly to a-Ti,
twinning may occur in addition to slip, thoughsths limited to the single phase state
[4] with slip becoming the only observed deformation mechanism at high solute
contents.

1.3.2Mechanical twinning

Under an imposed strathe formation of a twin within ®#CP metal arises dut an
inadequate number of available slip systefiitse nucleation of a twin is not thermally
activated rather it will occur at a pant of high stress concentratiomweveronce a
twin has nucleatei has been shown that there isignificant temperature range over
which twins grow more readily thaniglcan propagate. This is due to partial or
twinning dislocations not becang as readily immbilised as lattice dislocatiorjd].
Thereforetwinning can be regardeals a nore regulated process than is slip.

Figure 1.7 Schematicillustration demonstratinghe association between the parent
material andhat of the twin using the relationship between a reference sphere and
twinning ellipsoid with each sharing a common planeAdter Hall [26].

The process by which a twin is formed can be described usingampte of a
deformed sphere, as illustrdtm Figure1.7. The northern hemisphere represents the
twinned material and the southern the parent. Through shear, the northern hemisphere
is displaced about the equatorial plane and is referred to ds;thEhe K; plane
remains undistorted and is shared by both the northern and southern hemispheres. The
shearing process remains homogenous with the atomic pMrels are parallel to

the K; forming reflections of one anotheffter shearing has occurreahother plane

also remains undistorted and is referred to as therilér to the formation of the twin
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andthekd aft er t he llustated by hdransldtian ofrp@nd A tgoint
B, the direction of sheaturing twinning occurs parallel to ti&g along the line that is
normal to the intersection of the End K planes. The shear directireferred to as

d: [26].

Twins are most commonly defined by theif 8hear plane, however to confidently
identify a specific mode via a quantitative analysis method, such as EBSD, requires
the prior knowledge of the relationship between the twin and its parent phase. This
can be characterized by an Bn@f rotation aboua specific axis. The relationships
given inTable1.2 have each beespatiallyconfirmed (and indexed) byansmission
electron microscopy (TEMWwhich allows the ideification of the misorientation
angle andhe planeon whichthe axisof rotationoccurs[27]i [29].

Tablel.2 Twinnings y s t e msniun[@8], 29].t i t a

Mi sori ent

Twin Plane Shear Direction Twinning type
About <uvtw>
P TIC o p® 84.78°kp mO tension
P @p g @ 35.1%p prO tension
P @c g 64.62% pnoO compression
p WP G p@ 57.42°0cp O f;’g?fjszigfc)
ppeC T x q & 76.66% pnoO -
P @O ool 86.98°¢p unO -
VPO & poO 65° 00 @oO Ai 0 t wir

For the given twinning types reviewedTiable 1.2 the corresponding description for

each twin system refers to whether the activation of the mode accommodates either an
extension or compression along tbexis, not the applied stress thashactivated the

twin systemDiiorio et al. [29] documented the existence of theppo tension type

twin when analysing Ti64 at 20 K under monotonic loadingy virtue of its K plane

being of such high order it is deemed to be irrati¢d@] and as such Diioriet al.

[29]r ef erred t o tiheom tans néso iwed et waitnsr.i buted to
precursor at a micezopic scale withp mp twins being identified within the interior
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of the vEpo twins. These secondary twins subsequently accommodated 10% strain,
this was observed to lead to further internal stresses which promotegpgee twin

plane debonding from the mit forming microcracks and void®iiorio et al. [29]
reported that this was first time theppo twin had been experimentally observed,
which under such circumstances is corrBeevious work undertaken by Thonj84]

and later Davie$19] studying the forging characteristics of-834 also identified
nonstandard twins through EBSD analysis, though were unable to completely
confirm their charactestics using TEM and as such the twins remain unreso®ad.
refl ect i on[3ljoafn dT hDpdd®i dafes @sing the twinning relationship
given inTablel2f or t he #Ai o0 twin, t he agtandadr has
t wins were in fact Ai 0 twins.

Within the literature, studies that charactertbe deformation characteristics ldCP
polycrystalline materials most commonly detail the behaviour seen in a-pimage

condition, which for titanium can be obtained using commercially pure (CP) titanium.

A fundamental knowledge gap does however exiswering themicrostructure
dependencies on the resulting deformati on
when subjected to deformation.

Studies have shown an unsurprising link between the starting microstructure of a
metallic system and its behavialicharaatristics, during and aft€being subjected

to) deformation.However, knowing specifically which parameters play the most
significant role in determining the severity and type of resulting deformation is still
unclear and is currently being deddt Under a suitable loading environmebt
titanium may deform & a number of deformation moddise activation of which is
intimately connected to dislocation activity; slip reggidislocation m@ement along

a specific plane whilgiwinning requiresthe cooperative movement of dislocatioins
planes parallel to the twinning plane.

A significant proportion of this investigation will concentrate on the mechanisms
involved during the formation of mechanically induced twi&thin the literature,
twinning is generally studied at comparatively lower strain rates to those experienced
during machining, this is due to system limitations associated withadgtasition
during high strain rate experimentdowever, a common method used to encourage
twin formaion in a laboratory environment involves deformatiorhigh strain rates

and low temperatureshus reducing the amount of time and driving force available
for longrange dislocation movemerior HCP materials such as titanium, lowering

the operating temperature can have a substantial effect on the resulting deformation
behaviour due totheir inherentsensitivityto high strairrate and temperatuf&2]i

[35]. Twinning is a prominent deformation mode in pure titanignough its
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propensity can be sigificantly reduced withappropriateU s t a balloyings i n g
additions such as Al

1.3.3 The <nsitivity of deformation to microstructure variations in
polycrystalline materials.

It is important to understand whaticrostructurefactors influence the reking
deformation.There are common characteristics shared across many different metallic
system typesbody centred cubicBCC), face centred cubicFCC) and hexagonal
close @mcked HCP), that similarly dictate the type, size, shape and frequency of
activated deformation modeslTwinning, the mechanics of which are outlined
previously(81.3.2), playsan important role ipermittingfurther deformation to occur

via slip. It has been observed for titanium that the presence of activated twinning
contributedittle to the total plastic strain within the materidlowever, this is not true

for all HCP materials such as magnesium, which deforms readily via twinning and the
activation of which can contribute a substantial shape change to the §38ie[87].

The deformation characteristics @ahium show common behavioural trends to those
observed withiBCC systems where twinning usually occurs prior to magetding.

For BCC metals, which have a mhdower strairrate sensitivity(but higher work
hardening ability, twinning often occurs &dr significant plastic deformation, and in
turn further raises the corresponding stress IB&!

1.3.4Deformation characteristics related to material grain size

Armstronget al [38] identified for BCC materials a size effect relationship between
the dimension of the parent grain and the propensity for twin formalibis
relationship has however been contested for other metallic systems, with
contradictory observationseing made throughout the litémee relating grain size

and twin formationFor a twin to nucleatea dislocation source is required,rimany
caseggrain boundades act as a prime location for twins to be generaséuce they
possess high density of dislocationQualitative observations reported Ghaderiet

al. [37] state that for titanium, a consistent trend showed that larger grains possess a
greater area of grain boundaries upon which twins can nuclBag¢eauthor does
howeverdispute thisjustification, since the ratio of grain boundary surface area to
grain volume will in fact increase with decreasing grain sfzenore quantitative
investigationcarried out by Capolungstudying the nucleation and growth of twins in
zirconium[39], showed there was a weak dependence of grain sizee@rdpensity

of twins occurring. Capolungooncluced thatlarge and small grains were edyal
likely to undergo twinning.Grain size was also shown to have no effect on the
resultant twin thicknesdt was howeverreported that a larger number iaflividual

twins wee observed within larger grainsuggesting that grain crystallographic
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orientaton plays a significant role in determining both the deformation type and
severity

1.3.5 The role of the applied stress/strain in conjunction with the underlying
crystallographic orientation on the resulting deformation.

Constitutive models describintpe flow behaviour of metallic systems have been
constructed and further modified over recent years. These studies are generally
focused on describing the multiple processes that are taking place whilst the material
undergoes deformation, permitting thevel®epment of constitutive equations that can

more accurately predict behaur. As a first order approximation, thenodels

generated by Zerilli and Armstrorjig0] demonstrated that the constitutive response

of BCCmaterials could be used to rHCPresent
structure).Extendedmodified Zerilli-Armstrong models have since been adapted to
account for the shear instabilities that are observed duringefuemation ofHCP
structureg41]. Constitutive equations such dwes$e are used as the foundation for
computational finite element simulationSenerally once a constitutive model has

been created, the materi al is often consid
determined using macroscopic behavioural trerféist the next generation of
computational finite element simulations to offer the user a greater insight into the
mechanisms that are taking place on a microscopic level, an understanding needs to

be developed addressing how the underlying microstructureegetatthe resulting
deformation.

The most significant influencing factor relating the microstructure to the resulting
deformation is that of the local underlying crystallographtientationand its relative
position to the applied stresk. has been shwn that the formation of a twin is
governed by the texture of its parent grain. Sengl.[42] found whilst studying the
stressstrain response of zirconium over a ranfistrain rates that the nucleation of a
twin always started within a grain having a plane close to the maximum local
stress plane. The relationship between crystallographic orientation and an applied
stress is often investigated under controlled manatdoading conditions, allowing

the user to apply a controlled load to a sample of known orientattoa.relative
coincidence between the position and direction of an applied macroscopic loading
condition to that of a specific deformation plane is measuin terms ofa Schmid
factor[43]. Schmid factas can be used as a first order approach for determining how
likely it is for a specific deformation mode to activate, with higher values relating to a
condition that satisfies deformation along a specific plane of intefestetailed
explanation covering the principles anchethodology used throughout this
investigation to calulate Schmid factsris providedin 83.7.2
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The work presented iRigure 1.8, obtained byBeyerleinet al.[44], does shovhow a
significant number ofjrainsdisplay twinning even though their respective Schmid
factor valus, calculated using an assumed macroscopic stress state, are comparatively
low. The histogram shown ifrigure 1.8 compares the calculated Schmid factor
within all grains and for individual grains displaying evidence of twinnkay the
grains that displayp pg type twinning, the majority have a Schmidctor
approaching the maximum value @b. ConsideringBeyerleinet al. [44] used highly
textured material, which evidently showed a predisposition for twinning with a
significant proportion of all of the grains showing high Schmid factor vallies.
increasing resulting fraction of deformed grains howevemnvshww the activation of

a twin is governed by the specific orientation of the underlying grain and that the
twinning is not a random occurrence.
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Figure 1.8 Histogram comparing thealistribution of all grairs (white bars) and
twinned grains (gray bars) as a functigng type twinning, with theSchmid factor

for eachgrain determined byin EBSD. The marks representhe ratio between the
gray and white baras well as indicatinthe fraction of twinned graingfter[44].

It is impor@ant to note thawtin variantsthat become detectable usiB®SD areonly
discerniblefollowing significant growth hasccurred following nucleation, therefore,
the two processesannot be individually investigated using visual type inspection
The work pesented by Beyerleiet al.[44] and further supported byapolungoet al.

[39] suggests that theucleation and growthf a twinare govemed by different stress
states; wherebywucleation and variant selection are governedldoalized stress
statesdhetweergrain boundaries, whereas growth is dictated byrtheroscopic stress
state.Consequently grain orientation affects twin growth more strongly than twin
nucleation. As aesut of this additional twins displaying a lower Schmid fac{trat
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happeed to havenucleaté due to localizedhigh stressg are not likely to grow as
thick as the higher rankariants. Owing to the timedependentkinetics of twin
growth, it has been shawthatneedle liketwins are generated within a high strain
rate environmen5], [46].

Localised variation in stress state caused by potemigdmatching of neighbouring
grain orientations was investigated Ggpolungoeet al.[39] to determine whethieor

not specific neighbourisbrientations altered the propensity for twins to nuclekte.
rationak being, thatgrain boundarieswith relatively high disrientation would
typically possess a higher density of dislocations. This pathefinvestigatiorby
Capolungoeet al.[39] proved inconclusivewith increasingdisorientationdifferences
displaying a minimal preference to twin nucleati a further contradictory
observation suggestl more twins had nucleated at grain boundaries with smaller
disorientation angles. However as Beyerlein [44] demonstrated the local
crystallographic orientation relative to the macroscopic stress state digisificant
effect in determining whether or not a grain will defor@rains that have low
disorientationgrain boundaries with their neighbours must by definition be similarly
orientated Since twins are observetheir parent grairmust therefore be favourably
orientated for twin activation and would be expectediviin regardless of the
presence of the grain boundary.

Meyerset al.[35] presented the following constitutive twinning model, as shown in
Figure 1.9, by which deformation may transfer across a grain boundinythis to
occur, a dislocation source is requiredor this example, dislocations are generated
within a grain from a FranRead orKohler source and subsequently pile at a
grain boundary The magnitude of thedislocation pileup is determined by the
distance between the source aratrier, and the applied stresBhe pileup will
generate a stss concentration at the grain boundary thiditincreaseas the pileup
gets longerThe local stressoncentratiorthatis generatedn front of the barrier is
equal to the product of the applied stressl the number of piledp dislocations
exists.If the energy for twin nucleation is less than that required for dislocations to
overcome the grain boundary, trhaislocation pileup will provide the energy
necessaryo nucleaeé a twinin the adjacent grainthe amount of energy required to
nucleate a twinwill strongly depend on therystallographic orientation of that
specific grain.
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Figure 1.9 Frank Read or Kdiler source creating a pHgp at a grain boundary thus
acting as a nucleolus for further deforfoatto occur within a neighbouring grain
[35].

Meyerss model[35] was originally quoted as a theory forBEC system, however
deformation features have been observed withihC& system following a similar
type of behaviourWanget al.[47] observed the presence of twins whaoseleation
had been attributed to the transfeslip across grain boundaries in CP titaniufiere

it was found that psmatic slipwithin a grain canstimulate p pq type twinsin
neighbouring grais Critical grain disorientationcombination requiregach ofthe
two deformation systen® have their plane normal andujers vectorclose toone
anothey thusfacilitating deformation transmission across the gtaundary. Within
the analysed sampla$ip-stimulated twinning wasstimated to account for a third of
the total induced twinsin a further study Wang et al. [48] also observed the
nucleation of paired twins at graboundaries in CRitanium. Here the presencef
twin pairs at a grain boundariess attributed to be either from; a twin impacting a
grain boundary thus stimulating the nucleationaof accommodating twin in the
neighbouring graipor fromslip-stimulated twinning. Or alternatively, their formation

may be the result of a condition that encouraged twins to mutually nucleate at the

same location on the grain boundary and grow into tkeepective parent grains.
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1.4 Summary

Within this section the metallurgical background into titanium has been introduced
detailing alloy classification, the role of common alloying additions,
thermomechanicaprocessing routes and the crystallographiarabteristics of Fi

834, Ti64 and Ti6246.A significant proportion of this investigation will concentrate

on the deformation charactertddi of titanium during machining. herefore the
fundamentadeformation mechanisntsavebeen introducedThese inclde slip and
mechanical twinningA fundamental knowledge gap does however exist, covering the
microstructure dependencies on the resulting deformation behaviour of multiphase
( U+ b) smhensubjected to deformation.
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Chapter 2 - The mechanics of machining

2.1 Cutting force relationships

Generally 6r the purpose of ease of modelliagd force calculatiorthe mechanics
behind metal removal are commonly simplified for both turning and milling to a basic
model of twadimensional machining (orthogonal cuttingy shown inFigure 2.1.
During milling however,which employs the use of a rotating tool, the size of the chip
is immediately governed by the speed of rotation andetdeé per tooth. For turning,
which will be the focus of thigwvestigation, the tool remaims constant contact with
the workpiece and an unbroken chip may be formed. Héne features of the
machining operatiothat arehighlighted inFigure2.1 are outlined as followssutting
direction dictates the forward progression of the tool, usually at a fixed spegd (V
relative tothe testworkpiece, commonly for modelling and force calculatiotise
Tool is usually of fixed geometry and is unaffected by tool wear and hassaméd

tool edge radiughat isinfinitely sharp therake faceis the forward portion of the tool
that is in contact with the gh the contact length of the chip against the rake face can
change depending on the workpiece material and machining parameteiiankhe
face of the tool remaisin sliding contact with the workpiecand is susceptible to
wear at the cutting tip, thehip is removed from the workpiece during the machining
operation and can adopt a range of chip typmmtinuous, discontinuous and
segmented, thehip thicknessis dictated by the shear plane angihe force imposed

by the tool onto the workpiece creatteinse shearing action on the metal ahead of the
tool that becomes concentrated within shear planethus accommodating the shape
change into the chip, during orthogonal cutting trialsutheut chip thicknessrelates

to the instantaneous feed rate oé ttut relative to the surface of the proceeding
material ahead of the tool.

Chip

Rake Face

Cutting direction

Uncut chip

thickness Flank face

Workpiece

Figure2.1 Schematic illustrating the key machining features of an orthogonal cutting
arrangementfter Dieter [49].
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A simple model of tweadimensional mehining (orthogonal cutting) is shown in
Figure2.2(a), during thecutting operation théool progresses over the workpiece at a
constant cutting spee¥ ). Whilst incontact with the materiahé metal in the chip is
severely deformed within a localized shear plane region initdnaty of AO, which

is inclined with a shear anglé{. The relationship between the uncut chip thickness
(0 ) and the shear ang(&y dictates thechip thicknesq0 ), cutting with a large shear
angle(%g will therefore result in a thin chipfhe chip thickness ratio, also known as
the cutting ratio = 0 /0 can be determined artgipically equals ~ = 0.5. The
clearance angle, also known as the relief a@Ggl®f the flank face and the rake angle
( ) are controlled by the tool holdé~. Considering in reality all twalimensional
orthogonal cutting trials must have a fixed thilidhension, ( ) correspnds to the
depth of cut{DOC)/ the width of the cutting material.

Figure2.2 Schematic diagrams of the simple tdionensional orthogonal steady state
cutting operation illustrating (a) the keymensional parameters and (b) the resulting
stress components acting within the arrangen#dter Dieter [49].

The schematic irFigure 2.2(b) illustrates the resulting stres®mponents acting
within the orthogonal arrangememturing orthogonal trials the instantaneous cutting
forcesrecorded andefined as actingvithin the plane of the DOE€normal direction
are; thenormal force("O), the feed directiothrust force("O) andthe cuttingdirection
cutting force ("O). Using these resolved forces in conjunction with the known
machining parametersig possible taletermine, using empirical machining formulae
as outlined by Merchanb0]i [52], the effective coéficient of friction (* ) (Equation
2.1) for the cutting environmenthe resultant shear plane for¢€) (Equation2.2)

and the average shear str¢fps (Equation2.3) of the materialacting on the shear
plane.
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The coefficient ofriction, (‘) ;
M Equation2.1
O "O0AI

The resultant forceccurringparallel to the shear plaif®) may be resolved as such;
O "OAT% OO0 BEd Equation2.2

Using theresultant shear plane forcethe average shear stregghe material(t);
O OBs Equation2.3
10

2.2 Material response of the workpiece during machining

Parametric rachining trialsgenerally fallto the realm of mechanical engineers who
oftenemploy alimited approach to workpiece integrity analysi$ie most commonly
usedtechniquedor surface analysistem from the methodtetailed in manufacturing
standards Such standards indicate pass/fail type criteriofor values such as
arithmetic mearsurface roughnegfa) or the presenceof sizg of features such as
cracks.Surface roughness measurememtstypically acquiredusing stylus based or
confocal laser smning method and surfacecracks are usually assessed optically
through the usef dye penetnat [53]. These analysis methods arendestructivein
nature and can be carried out on a compofaltwing manufacture priora being

put into service.The quality of a componedst surface finish has been shown to
directly influence its irservice performance with troughs and scratches offering sites
that canacceleratdatigue crack initiatiorf54]. Bayoumiet al. [55] observed sing
aluminium fatigue test specimens reductionin fatigue life with an increase in
surface roughneggigure2.3) with samples of increase roughnéssng attributd to

offer a larger number of sites for crack initiatiduring their trialsBayoumiet al.

[55] stated that fatigel is a surfacsensitive procesand crackswill preferentially
nucleae from the free surfaces of cyclicallipaded materiaht stress raisesites such

as notcheswhilst using a displacement transducemtonitor the fatiguetest regime
Bayoumiet al. [55] was able to identify the respective number of cycles that were
required for cracks to initiate, propagated amdntually ruptureThe author feels it is
important to note that Bayourat al.[55] did not include any further @kanation into

the mechanisms the microcracks formed nor included microstructural analysis into
their properties.
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Figure 2.3 The dfect of surface roughness on number of cycles to faifore
aluminium fdigue test specimerjS5].

Further 0cl assedtacchdragteriseeecshbaurfagal reaseriédllowing
machining,oftenemploy the use oblw magnification lightmicroscopyor secondary/
backscatter electron microscopy.

Direction of cut Direction of cut

! ¥ . ¢ y Grain boundary I" ’
V& ST RE deformation <% [ -
T/ 2,&\( Y < {/,/1{ R )r 1
T Dl 25 &

NP N 0 W 10V W o o Vi &S 7 —

(a) New tool (b) Worn tool

Figure 2.4 Representative optical micrographs of6l specimens with the rdsng
microstructure deformation, following a turning operation using (a) new tool and (b)
prepared Owor f56]. t ool geometries

The lightmicrograpls presentedn Figure2.4 are taken from an investigation carried
out by Hugheset al. [56]; the imagesillustrate the resuling microstructure
deformationtypical of machinedof U+ b t i t a nThe charaateristigplpssic
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flow-like swept microstructureffers the reader alearvisual representation of the

magnitude of the imparted straiwith the severityof the deformationdiminishing

towards the bulkAs part of their investigatiotHugheset al. [56] attempted to

demonstrate howhanges incutting insert geometryinfluence the integrity of the
workpieceThr ough the use of new and pre prepar e
imparted deformation was quantified.

The imagesshown inFigure 2.4 show indiscernible or at best vague differences
between the two cutting environments, Hugeeal. offer no explanation for this nor
do they present the differences betwdlee two cutting gometries.The images do
however demonstrate how the indugedstic deformationcauses the microstructure
to becomealmost indistinguishable at the uppermdster of the material at this
resolution Within this region a common feature is often obsensgidred between
differing titanium alloy types and is also found whemamining other metallic
systems it takes@ame coined by machinists due to its obvious ndiwtéte layeb .

a 10 seconds b 120 seconds

l';—l ‘ ' 4 L A ]

Saballll <V 101E3 8013-98 2571 64 |

Figure2.5 Deformed surface microstructure of@4 following a machining operation

at a cutting speed of 100 m.rlinfeed rate 0.25 mm.réwmicrographs obtained are
representative of material following (a) 10 seconds and (b) 120 seconds of machining
time (worn tool), under a dry cutting environmgsit].

The kackscatter electron micrographs Figure 2.5 illustrate the deformation
characteristics of ¥64 following a high speedutting regime (100m.min™) under

dry conditionsand with a feed rate of 0.25 mm.revrhe images irFigure 2.5(a-b)

are representative of thmicrostructuredeformation after 10 and 120 seconds
respectivelyf57]. Similarly to the workpresented by Hughes al.[56], CheHaronet

al. [57] demonstrated thahe total amount of plastic deformation remains constant
when comparing the effect of a new or worn sodlhere are however otherclear

28



differences with the resulting workpiece integrityAfter 10 secondshe workpiece
micrograph shows the presence of an immediate white layeaglulsstantial amount
of plastic deformation o0 a d e p;thé surfalelof theworkpiece also appears
smooth. Following 120 seconds of cutting it was reported that the tool appeared
considerably worn and the trial was stopped, as previowidthe severity of the
subsurface deformatioappears similar to that seen after 10 secoHdsvever the
workpiecesurfaceis notably rougher, plus thehite layeris absentlt is important to
reiterate however that the tsatonducted by Chelaronet al. [57] wereundertaken
dry T with zero coolant or lubricant anahydcutting isconsidered t@enerate an more
abusive cuttingenvironmeni8]i [60] comparedo cutting with coolant as examined
by Hugheset al.[56].

The phenomenon of white layefevelopment{andthe properties theredthasdrawn

the attentia of researchers and machinigtso have well documented its existence.
Knowledgeof its formation islimited, though it is generally associated with higher
spee (and therefore higer temperatudecutting regimes.The absence of white
layer in Figure 2.5(b) does introduce further confusion, however this could well be
justified by the white layer spallingVhat is known of its properties is that it consists
of a recast hardened layer oftenyoble nthick, the presenceof which is generally
regarded as being detrimental toorkpiece properties since it can promote
microcrackng between itself and the bul&l].

The influence of the machining process on the sulsenmicrostructure is commonly
assessedsingmicro-hardnesgrofiles. Thehardnesgprofiles presentedn Figure2.6

for the material cut with a 0.25 mm.rewsorrelate withthe micrographin Figure2.5.

The surfacehardness valuewere obtained by measuring the hardness directly on the
machined surface, with tHeardnesslepthprofile constructed ir=50e m i ncr ement s
in cross sectionparallel to the cutting directiof.he profilesdemonstrate the subtle
changes in mio-hardness found beneath the hgpeed machined surface with each
profile following a similar trendWherebyfollowing a rapid increase in hardness at
the surface a substantial aleasehas beerrecordedthis is followed by a further
abrupt increase in hardness, whadthe profile progresses further towards the bulk
then falls towards an average valu€his phenomenon is usually attributéal a
combination in thermal softening and work hardenafgthe worlpiece material,
whilst dry cutting the softening component can become more prono{BcedVork
hardening generated by impingement of mobile dislocations either through the
introduction of a further large number of dislocations or by the formation of
mechanically induced twin boundarief52]. Further explanationgefer to the
evolution of a severelyplastially deformed (SPD) layer that can promote the
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formation ofa fine granular substructufé3], whichin turn canaffectthe materiais
localized hardness. Other investigations for titanium lsawghtto ascertain whether
or not aphase changeas occurred within this regiodriven by the high temperatures
and high strairf64].

Microhardness of Ti-64,v=100, 883-MR4, dry
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Figure 2.6 Microhardness profiles beneath the machined susidmn machining Fi
64 with 883 insert at a surface speed of 100 mm‘mith a variable feed rate under
dry cutting condition$57].

The significant variation between the hardness values taken atrtheesto those
obtainedjust below thesurface of the material, questidhe occurrence of the
softening effect thahas beerwidely reported. Warrert al. [65] investigated this
phenomenon and found that thewlanicrohardness valsewere the result ofa
systematic misinterpretation caused by an
microhardness tdsg rather thansurface softeningThe edge effect occurs as a
consequence of being too close to the edge okettespecimen, therefore resulting in
the interaction volume of thadenterwith the workpiece being reduced giving rise to
reduced values in hardnes¥his was confirmed through the use of further
nanohardness measuremeats the very top and subsurfade is important when
analysng microhardness profile data such as the profiles presentéigure 2.6 to
appreciatethe other inherent sources of error that are associated with the hardness
data.Hardness tésg apparatus reliagpon the response of the workpiece mateaal

the load applied via the indenteWWhen undertaking micro or nanohardness
measurements the recorded eaubecome increasingly more sensitive to material
variables such as grain shape, grain size, volume fraction of plasks
crystallographic texturel'his gives rise to an inherently large amount of spread in the
datg the profiles shown irFigure 2.6 that are typical of hardness profiles found in
literature, onlydisplayaverage hardness values with little regard to how much spread
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is actually generatedby the sensitities to the microstructureThis is inherently
problematic when drawing conclusions, especially if the data has a wide $pugad.

et al. [66] discussedthe influence of crystallographic texture when collecting
nanoindention hardness profiles for mechanically groun@4Tsamples; here it was
found that if the orientation effect was ignored, there aa20% (x1GPayariation

in hardness Thus by correlatg the hardness profiles with the localized
crystallographic texture a normalized profile can be created that demonstrates a more
representative profile showing the effect of mechanical proces$img.hardness
values obtained will be indicative of thesi@ual stress within the workpiece, with
higher hardness values signifying a greater amount of imparted deformation which
has resulted in work hardening; it can therefore be assumed that the residual stress
within this region ought to also be greater. Hoarethe amount of residual stress can
only be implied since for a given material (and corresponding condition) their specific
work hardening rates may vary.

Many components before being putarservice will often undergo further surface
treatments such ashot peening or ball burnishingThese processes induce
compressive residual stresses that reduce the rate at which a fatigue crack can
propagatelt has been identified however, that a smalnpressivesurface residual
stresscan remain following the machining tfanium alloys usingtypical machining
parameterg67]. The progressn towards high speednd high feed machining has
drawn the attention of researcheirsvestigating whether or notthe machining
environmentanbe tailored taalsoimpart acompressive fatigue crack resistiager
[68], removing the need for further manufactgriprocessing stepg:urthermore
machinists consider the role of imparteesidual stresgso be importantwhen
fabricatingproductswith thin wall sections oparts withhigh dimensional tolerances
in order toreduce the effect ahachining induced distortiofhrough the use of finite
element models cutting regimesn besimulated[69] to predict the amount of
residual stress remainin@omplex cutting cycles can also be redteel inorder to
predict the amount a component ntastort following machining70], [71], allowing
the machinist to tailor the cutting proceds.order to obtain quantifiable residual
stress data, profiling through-day diffraction (XRD) ismost commonly usefi72].
Other techniquearealsoused such as the method outlinedWyattet al. [68] that
monitors the shap change of mrohardness intgions, which occurs upon relief o
residual stressmanifesting in the form of thermal deformation, mechanical
deformation or combined thermal and plastic deformation
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2.3 The influence of cutting parameters onfatigue life /residual
stress.

It has been demonstrated that the fatigue life of a component is governed by many
differing factors, as a result of this there is currently no reliable model that exists
which can predict fatigue liffhat encompassedl of these variableS he relationsip
between a componeést residual stress and the size of surface defeassbeen
demonstratedor steel fatigue specimenghere it was found thah the absence of a
residual stres# the aurface roughness valu@gerein between0.1-2.5 em Rathe
sizeof the defects woulthave a strong influence dghe specimenfatigue life.If the
surface had a R&0.1 em, cracks initiatepredominately during a fatigue cycé

grain boundarieor at persistent slip band$Vhen workpiece surface roughness
values are &étween 2.65 em Ra, residual stressecomes sasignificant factorin
determining fatigue life [71]. For machined samples, studies have shown that a
compressive stress calways be generated below the surfa¢é3] and thatits
magnitudeincreass with cuttingspeed Sunet al.[74] showed for a series of milling
trials on Ti-64 that the residual stresxhibiteda maximumat ~80 m.min' with a
reduction athigher cutting speedbeing attributed tohigher cutting temperatures
which leads to significantthermal softeningountering the dominant strain hardening
behaviour The compressive residual stresses were also shown to decrease with feed.
The influence of tooling parameters hasen shown to influence the residual stress
with an ncrease of thedgeradius resulting ira decrease of the compressive residual
stresseq75]. The use ofnegative rake angleas beenshown to induce digher
compressive stresas well as a deep affected zone below the $fame. With
increasedositiverake angles, the maximum stress position is mdwgder into the
material.Dahlamet al.[73] showed thatby controlling the feed and rake angle, it is
possible to generate taitmade stresses in the product.

Howeverit is important to have an appreciation of how the material will behave
considering its operational environmemtcecommissionedsinceit has been shown
that the deformation required to impart a lasting residtrasscan end up being
detrimental tats in-service performance. This has been reported for shot peened Ti
834 subjected to a prolongdatermalexposure here the imprted dislocations serve
as sitedor the formation of silicide precipitates, which havaignificant deleterious
consequencen fatigue life[76].

2 4 Metallurgical analysis of machinedcomponents

Even though théield of surface and subsurface integrityalysis is well established
it has however maintained aomparatively narrow scope with thorough
microstructuredamage investigations being seldom explofidte machinability of a
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material is generally assessed terms of chip formation characteristicsutting

forces, tool life and surface condition, with no detailed examination or quantification

of the subsurface microstructure. There is however, a growing body of evidence that
demonstrates how subsurface microstructure deformation generated duchiginga

is sensitive to both the underlying microstructure of the workpiece and fundamental
machining parameters (cutting speed, feed rate etc.). There is also an awareness

within the literature that the resulting imparted deformation can be regarded as
6amagebd, since its presence has been shov
following section will cover a broad range of machining investigations that have

adopted a more metallurgical approach to subsurface integrity analysis. It details the

types of mebanically induced deformation that are commonly observed during
machining for a selection of metallic systems, describing how similarities remain

across many different material types, plus underlining the fact that the specifics of

titanium machining remas limited. As will also be made clear, many investigations

fall short on explaining the mechanisms of the imparted deformation or how such

mi crostructure feat ur savicepeyrmarfcd. ect a compo

Machined
surface

| Radial

Hoop

10.0kV 6.5mm x1.50k BSECOMP

Figure 2.7 Back scatter electron micrograph taken in cross section of a deformed
Inconel 718 subsurface microstructure following micro drilling trials, demonstrating
significant grain refinement in the near surface re§rai.

Away from usingthe morestandard practiceshriough the use of high resolution
electron microscopyechniquesmicrostructurefeaturessuch ashosein Figure 2.7

can be more easily definetinran et al. [77], during micro ditling trials of Inconel

718 identified throughthe use of backscatet electron ncroscopythe significant
amount ofmicrostructuredisruption that occurs during machiniriRegionsA and B
asshown inFigure2.7, represent material that has undergone a substantial amount of
microstructuredevelopmentMaterial closest to the machined surface, region A, has
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experienced the highest levels of impartéckss and strain resulting in &PD
ultrafine granular structure, whidgk unresolvable at the given magnificatidtegion

B denoteganicrostructure that has undergamsignificant amount of grain refinement
and lattice rotationThe severity of themicrodructure alterations can be seen to
diminish towards the bulk, where region C signifiesleformed material that remains
in theas received conditionn Figure2.7, the significant number of subsurface twins
within region C are annealing twirtkat wereformed during the heat treatment and
have not beemmparted by thenachining trial

Parametric studies undertaken by Gaial. [78]i [80], investigating the sensitivities
of machined copper and brassubstrates,showed the processes by which the
subsurface&eanbecome more refinedCopper and brass samplka® commonly used
for such studiesdue to their typicallyarge startig granular structureswhich hawe a
high propensity fofurthergrain refinementvhen subjected tbigh strain/ strain rate

(a) (b)
Figure 2.8 Following machining on brass test specimens (a) TEM ographs
illustrating the similarities in grain refinement that occur within the chip and in the
near surface regions of the workpiece, (b) EBSD OIM of the machined brass substrate
demonstrating the severe amount of grain refinement at the surface of tdhr@&alma

with further I mparted deformation occurrin
surface78].

Guo et al[78] were able to demonstrate how the cutting process influences the
resulting microstructurélhe TEM micrographsnd EBSD OIM shown iifrigure2.8
illustrate the significant grain refinement that occurs within both the chip and the
surface for machined brag3ualitative analysis of TEM micrographBigure 2.8(a))

shows how themicrostructures witin both the chip and surfaceindergo asimilar
amount ofrefinement The EBSD OIM(Figure 2.8(b)) illustrates how the amount of
grain refinement reduces away from the machined surface with deeper subsurface
grains deforming extensively viagohanically induced twiming, occurringup to~80

em beneat h The earying uefdrrmatoa .modes were attributed to a
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reduction in the magnitude of the experienced shear strain, washobserved to
reduce as a function of distance away from the cut surface.

The deformation mapresented irfrigure 2.9 publishedby Guo et al.[79] shows the
effect of varyingcutting conditionon the resultingnicrostructure anthe subsequent
hardness groportional © the materialsstrength) for machined copper. These
observations further corroborate tihetion that through controlled achining a
scakd subsurface strain distributiooould be adapted toreatea graded surface
microstructure, whickhcould complanent a componentapplication A noteworthy
observation of the work reported I&yuo et al. [78]i[80] is that thechanges in
microstructurearesimply referred taasbeingdeformationandnoti d a ma g e 0 .
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Figure 2.9 Deformation map illustrating the effect on microstructure as a result of
variable machining parameters for copper test specifii®hs

The deformation map presentedrigure2.9 by Guoet al.[79] showstheinteractive
effects of process parameters on microstructum@ hardnesand wasderived from
machining experimentdhat were undertaken usingutting tools with increasing rake
angles that imparted a controlled increadedel of shear strairGuoet al. [78]i[80]
demonstrateé how individual machining cutting parameters, in this case cutting speed,
can have a significant effect on the workpiece matefiaé trials were undertaken
within a slow cutting regime in order to minimise the effect of temperature on the
available deformation modes within the workpieemwever, with an increase in
experienced strain rgtihe material undergoes a significant amount ofihgatvhich

has resuled in grain growth andthe induced twinsare annealedout from the
structure.
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Under more severe machining conditions it
can also display similar deformation characteristics to brass and rcopethe
formation of SPD layer. The SEM micrograph irFigure 2.10 shows the resulting
subsurface microstructure of-8# following a series 060 m.min, 0.07 mmrev'’

dry drilling trials (cutting undertaken without the addition of a lubricant or coolant
fluid). These trials were undertaken using such an environment asctderate the
mechanisms ofool wear, as part of the investigation a series of holes were created
with tool wear measurements being taken between eachhmuticrograph shown in
Figure2.10 is representative to material that hasrbest using a heavily worn tool,
following this final cut the tool wasdeemedto have failed using a maximum tool
wear thresholdAnalysis of the worn tool usingEM imaging andX-ray energy
dispersive spectroscopy(X-EDS) showed that the tool had undergone excessive
amounts abrasive and chipping type wearwell as chemical weé#nat had resulted

in the transfer of materiafrom the wokpiece into the tooling itselnd a loss of
tungsten and nitrogen from the tooling surfatlee mechanisms of tool wear will be
covered in greater detai section £.10 with examples of tool weancluded inthe
Appendix

As for the deformatiomehaviour otitanium under these atypical cutting conditions,

the micrograph in th&igure 2.10 displays two regions as denoted by A andHat
possesscontrasting microstructures.Region A, positioned closesto the drilled
surface hasa width of~125 em andhas beerexperienced déarge amounbf strain

which has resulted i highly refined miostructure with grainghat cannot be
resolved at thisnagnification.The verticalstriationsthat are positioned parallel to the

cut surface suggest a substantial amount of material movement also occurs during the
cutting process, emphasizing the seyeuitthe imparted plastic straim Figure2.10
Canteroet al.[60] do not clarify the transition point as to whesgion Bbegins since

the two regions appear tme separatedHowever, region B can be characterized as
being material that has undergonegngicant amount of plastic deformatidout has

largely retained its original grain siz€he material within region B can be seen to
have adopted a swept type microstructure, which has aligned itself with the movement
of the driller tool Under these ctihg conditions lhe severe cutting environment has
been exacerbatethrough the use of an already substantially worn tool, this has
resulted in a deformed region that has aff
cut surface.Similarly to the exampleshown for brass and copper, the resulting
microstructurechanges offer the reader insight into how the tool is interacting with
the workpiece and how external variables such as tool egdrave a compounding
influence oramateriafs deformation
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Figure 2.10 Backscattezd electron micrographof a drilled Ti64 test specimen
representative of th@ear the surfaceondition using a worn tool following the
completion of the 128 hole The tvo delineatedregions A and Bdemonstrate the
presence of two distinct deformed layers remaining following machining; high shear
zone (A) and plastically deformation region (BY].

It is important when analysg and drawing conclusions from machinsgimplesto
have a prior understanding on how the material is expected to behave when subjected
to mechanical loadingnd thermal cycling.During such dry machining trials it is
expected that more heat will be generated at the tool chip intewiaea compared to
cutting when coolantis present However it is of the opinion of the author that
Canteroet al. [60] has a contradictorgnd poorly supported views towhat effect
this imparted heahason the resulting microsicture. They attributedan observed
increase in microhardness withiergion A to the formation of @roposedU case
layer. AnU ¢ a s rmtheoygh he uptake of oxygen or nitrogdooth of which
which stabilizeand strengthed p h as e wpetmbstlayer af the workgiece
[81.U case | ayer s armwhen exposen tarhat @wiobmentoovef o r m
the course of a prolonged periddis time at temperature exposaids the diffusion

of oxygen or nitrogen into the matrixlowever the fine naneized grains found
within region A do not support this clairmonsideringany prolonged period at
elevated temperatur@vhich for titanium would be expected to be as high as ~700
1100°C[82]) would encourage further gragrowth. This nanesize grain structure
could however be directly attributed to the increase in hardness usingl-®édah
relationship, wherean increase in graibounday surfacearea (smaller grain size)
strengthen the materily impeding dislocation ppagtion[12]. Without the use of
further quantitative analysis techniques such as Secondary lon Masso&etry
(SIMS) [83], it is not possible taleconvolutehe potential causes of hardening due to
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U g mefinementand or oxygen uptakélachining inducedleformationwas also
claimed tooccur as a consequence temperature gradientsithin the workpiece
However, no explanationwas included as to how these deformatif@atures
manifested and to what form they hdtlis plausible that Canteret al. [60] are
alluding to the potential impact machiningduced residual stresses may have on a
compmentas previouslydiscussed in B3, impartedresiclal stresses can lsed to
benefit a components fatigue performane®wever when machiningthin walled
components with high dimensional tolerand@de part may experience severe
distortionfollowing a machining pas3he effect and causes of thessidual stresses
have been extensively studied using finite elememdeling (FEM) software
packages in orde¢o design machining programs that can mitigate their efffdgt To
prevent machining induced product distortiomachinists often emploligh surface
cutting speeds at very low deptti cutand reduced feed rat¢84]i [86].

In order tostudy in detail the effect of machining and the dynamic changes that are
occurring at the tool/chip interface, either through the us€EM or during real
machining trials, a simplified machining apparatsisoften employedadopting an
orthogonal cutting arrangemehRigure 2.11. During orthogonal cutting the tool is
limited to only movewithin a two dimensional planand replicates the cutting
behaviarr occurring during a steady state .cusing these simplified investigations
material and cutting characteristics can be determined which can be applied to more
complex cutting arrangements, such as drilling, milling @uneér diameter turning.

a b

Cutting Tool

i Cutting Tool

Workpiece
rotation

Rake Face

Cutting Tool

i

Workpiece

thickness

Workpiece
Workpiece
Cutting direction rotation

G

Figure 2.11 Schematic diagrams illustrating the common operational preparations
used to achieve an (a) orthogonal cut using either b (i) outer diameter or (ii) facing
arrangementngparation.
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Using an orthogonal cuttingarrangement as shown kigure2.11(a) it is possible to
easilyreproduce successive cutting trials allowing a precise method to compare and
analy® the cutting performance of differing workpiece materials, cutting {ebbpe,

size, geometry and material)lubricant types lubricant deliveryand machining
variables ach as cutting surface speeddepth of cut and feed ratdhe two
schematics shown ifrigure 2.11(b i-ii) illustrate how the cutting arrangemenis
limited to two Cariesian planeswith movementonly occurringalong the cutting
direction and the feed direction with zero movement observed in the rempiaig
parallel to thedepth of cut.

Orthogonal cutting arrangemenssich as the ones outlingd Figure2.11, allow for
improvements to be made during finite element simulatiSash simplified studies

can be modétd more easily (less computing power) and in endetail (more
elements per unit area) than normal cutting operations, due to the simulations only
needing to be undertaken within a two dimensional pl@oeparative studies such

as the one presentedhigure2.12 comparesimulated resultéFigure2.12(a) to those
obtained via experimentatidiigure2.12(b)) [87]. From these results it is possible to
ascertain whether or not the matedata,incorporated withirthe software packages,

is giving rise to realistioutputsallowing for further modifications to be maf&8],

[89].
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Figure 2.12 Comparative evaluationfd@a) acquired simulated chip morphologies to
(b) experimentally obtained ‘B4 chips, using chip maximum andnimum height as
a referencg87].

There is a growing body of research focused on creating and improving finite element
simulationsconcentrating on the behauroof how a chip is generateduring the
machiningof titanium [90]. Such investigations help characterize tiyges of chip

39



that are generatedprf example, investigations studying the differences between
continuous and discontinuous chip types and possible controlling factors which
dictatetheir formation[91], [92]. Results obtained via finite element simulation rely
upon the use of material constitutive equations that have been obtained via
experimentation and subsequently dictate how the simulated material will behave.
Simulations such aghoseundertaken by 8vpuri et al. [93] usenumerical model

that incorporate knowmaterial changes into the phenomenological belawf the

chip. Such models are thenalibrated by comparing results with experimental
measurements at different cutting speeds and faedy making modifications to

the materiafs constitutivemodels[94], [95]. Finite element simulations can also be
used to replicate how the dynamics of a cut can changesdsahbegins to wear.
Calamazet al. [96] compared the &fct of cutting a T64 sample witha new tool
geometryto thatof aworntool geometry The cut was undertakersing the following
cutting parametersrake angle 8 clearance angle 21lcutting speed 60 min™. The
results, shown ifrigure 2.13, are presented alosige experimentally acquired cross
sectional chip micrographso serve as a reference for the simulated datdoth
instancesthe simulated chip bears a clpseit noticeably nomxactresemblance to

its corresponding experimental example, vathobservedncreasan the shear band
spacingwhen using the worn toolhe results presented do nebwever discuss how
much variation there is between each datacegisidering onlya single measurement

has beentaken for both the new and worn data sdise simulated imagedo
howeverillustrate how, whencutting usinga worn tool geometrya larger area of
material experiencebe maximum levebf plastic strain both within the chip andon

the remaining workpiecémaximum valus of strainrelative to the given scale bar,
may have risen higher than 2). The imagaswn forthe worn tool geometry in
Figure 2.13(b) demonstratea largeramount ofstrain penetrationinto the remaining
material and thereforeshow deeper subsurface material experiencing higher strain
levels
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Figure 2.13 Experimental anshumerical chip formatiomf Ti-64 using (a) new tool
and (b) worn tool geometriRake angle 0 Clearance angle 11Cutting speed 60
m.min™ [96].

In addition to the typicatompromisesssociated witlall finite element models, such
as deciding upon the right balance between element mesh size, computing power and
available time to run theimulation, machining simulations are inherently plagued
with further difficulties. Machining simulations are especially difficult due to the
associated high strain rate environment that is generated within the sheantaatd
the tool chip interfaceMaterial data used during simulations will have been originally
obtained and adapted from experimentally acquired éRepresentative flow stress
data fora broad range of material types will be typically included as part ofFEid
packagethese datasetwesubsequentlgxtrapolatedo suit the predictedimulation
However diring a simulation such as the one outlined Figure 2.13 many
assumptions are often madeost commonlythe tool will remain ridged often with
no thermal or elastic capacif97]. The workpiece material will also obey simplified
conditions regarding the contact friction with the taslwell aghe whole structure
adopting nominabulk material propertieurrently there stilkfemaina very limited
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number ofstudies thathave attempted to recreate the machining characteristics of
either multiphase or polycrystalline matesiallhe ability to receate real world
materials is seen as an important engineering developfoersoftware designers

[98]. However since the knowledge basersaunding the deformatiobehaviar of

any machined matial is very complex multiphasesimulationsat this stag are at

best speculative and are generally created to demonstrate software capability rather
than as a method of predictingaterialbehaviair.

25 Deformation characteristics within the workpiece during
machining.

Material samples prepared foricrostructureanalysis areypically sectionedarallel

to the machining directignusing this orientation it is possible to capture the
magnitude othe imparted strain in relation to the loads that have been applied within
the plane of thecutting direction.The cross sectional optical micrograph shown in
Figure 2.14(a) demonstrates a primitiveethod of determining the total amount of
plastic strain imparted following a machining pa3sor to conducting an orthogonal
type cut a grid pattern had been drawn onto the side of the red brass dBynple.
measuring thelisplacement of points from their original positiareelaniet al. [99]

was able to determine the induced subsurface plastic slistnibution within both

the horizontal and vertical directions as illustrated graphicaliignre2.14(b). Total
subsurface plastic strain x and yand total shear strasredenoted by x, ¥ y and

0 X ngspectively. This method offers the reader a clear visual representation of the
severity of the resultingleformation impartednto the substructuréollowing the
machining operatiariThe micrograph d corresponding graphical strain distribution
plot demonstratesiow for this particular machining condition, surface speed 7.6
m.min’, feed rate 0.25 mm.révin conjunctionwith using large positive rake angle
tooling 20° resulted indeformationto a deth to ~ 9 0 . Eowards the machined
surface the imparted plastic strain can be observed to be largely ndgatieth the
horizontal (Uxx) and wawnticalinegative pdalarhp%Pp or i en't
with further significant fluctuatons with apositive peak of ~5% vertical strain at a
depth of 40 & m Hoezontabytthe pldastit strais cam He albserved to
progressively increase® a maximumof ~5% at the machined surfac&he total
shear strain can be observed to also increasarly to a positive maximurevel of
~35%
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Figure 2.14(a) cross sectional optical micrograph of red annealed brass using a
microgrid grid pattern to demonstrate the severity of the impatiaih following
machining,(b) graphical representation of the total plastic subsurface strain imparted
following a machining pag99].

It is importantwhen evaluating cross sectional microdraguch as the one presented

in Figure 2.14(a) to have an appreciation of the complex deformation redinat
material has undergon8ince by itself analysis of theemaining material can only
illustrate a proportion of the complete mechanamsidering a significant proportion

of the deformed material is subsequently remoa®ahip,as the tootravesesover

the workpieceln order to capture the 4out deformation mechanics it is necessary to
employ the use of guick stop method, whereby the tool is released from its holder
effectively freezing the cutting procedsarly work undertaken by Turlest al. [100]

and Doyle[101] developed the technique faharacterising chip formation and
calculating shear strains for both turning and grinding. The optical micrographs
shown inFigure2.15(a-b) were captured following a quick stop trial and illustrate the
large amount of deformation aheafl and beneath the tool/workpiece interface
Shankaret al. [102] were able to identify a fan shaped deformation zdhat
manifests itselfahead of the toohere CP titaniumsamples where machined in an
orthogonal arrangement at a surface spee@l®fm.min', a cutting width of 3 mm

and feed rate 0.3 mm.réwvhilst usinga tool with a negative rake angle-@0°. The

quick stop method allows the reader to easily identify how the workpiece material is
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interacting with the tool, with théan shaped deformation zopenetrating forward
~500 em i nt oFigure2l5ay dustkaies hevesghe tool approaches the
density of the induced deformatiomithin the workpieceincreases to a pointf
saturationwithin the region identifiecas the zone of localized severe deformation,
commonly referred to as the shear baBgyond the shear bandhe chip is
subsequently removed and does not undergo any further discemigbbstructure
changes.

a b

200 EI Metallographically featureless zone

close to the machined surface Machined surface

Zone of localized
severe deformation

Figure2.15 Cross sectional optical micrographs of machined CP titanium (a) resulting
microstructure following a halted quick stop testAls) machined material, which can

be divided into three distinct regions; the upperntmgrindicatingaregion that has
becomehighly refined following intense sheahet wi nned regi on within
the surface and the undeformed bulk microstrudtLog].

The cross sectional optical micrographs showRigure2.15(b) illustratethe severity

of the residual subsurface deformation that remains following a machiningDugsss.

to the deformation kinetics of CP titanium, plastic deformatiopresdominantly
accommodated byhe generationof mechanical twins[4]. The delineated line

signifies themaximum depth to which tb deformation occursvith twins being

identified within the first~150 e m o f mater i al f rwitimallt he mac
grains that border the machined surface showing evidenoeedfianicallyinduced

twinning.
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Figure 2.16 In-situ machine monitoring using (ajpRicle image velocimetry (PIV)
and (b) infrared (IR) thermographyimagery measuringthe deformation and
temperature fields respectivdl03].

As a progression to thavestigation carried out byhankaret al. [102] work
undertaken wthin the same group biuanget al. [103] was able to captureirdct
observationadatautilizing particleimage véocimetry (PIV), known also as digital
image correlation(DIC) - and infrared (IR) thermographyto measure the
deformation and temperature fields respectivalfilst machiningunder the same
parametersUsing these techniques it is possible to obséreesignificant amount of
shape change that occurs withioth the chip and the deformation zoriéhe images
shown in theFigure 2.16(ab) illustrate the strain rateigdribution and recorded
temperature profile taken whilst tiheachiningundera steady stateutting condition.
Huanget al. [103] reportedthat the maximum straiwithin the chip rises to values
~1.5 (150% plastic strain) as estimated by PIV, with no further indication as to the
strainin the remaining materiallhe strain rate distribution map iitrates both the
close concentration and severe increase in strain rate across the materidle
largest values of strain ratapproaching-80 s' within the shear band:he presented
temperature profile alsshowa recorded temperaturiseupto~100 e m beneat h tF
tool edgewith a maximum temperatuadso recorded in the region of the shear band,
of 160°C. Interestingly, this temperature falls well below any thermal softening
threshold or the bet&ransustemperature even though the trials were artaken
under dry cutting conditiong.he author feels that such temperature recordiegs

to beconsideredvith caution since they fall well short of azipated cuttingd f | as h 6
temperature (of ~7031100°Q, as simulated byJmbrello [82] and ~825°C as
recorded bySutter [104]. The images shown irFigure 2.16 demorstrate howthe
precise nature of the materials deformation routddsely controlledby its location
relative to tool/workpiece interface, with the remaining material immediately below
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the machined surface undergoirsg complex deformation cycle as theoltas
progressea@cross the surface

To capture thenicrostructuredevelopment within the deformation zomuanget al.

[103] conductedEBSD analysison a machined samplat the point where the
machining process had been stoppéduptly The band contragdDrientation Image
Map (OIM) with special boundary delineatishown inFigure 2.17 illustrates the
extensive amount of mechanically induced twimg present within the
microstructureas well as the significant amount of grain refinenaaaurringwithin

the shear bandNote the chip appears to have broken away from the workpiece.
Qualitative analysis indicates the majority of twins formedtead of the toohre

p TC tensiontype twins, as denoted by an <286tation albut the@pcp faxis, with
further evidence of compressiGe ggOwins (~65° rdation about théptt p Giaxis)

with a furtherlimited number of tensionp @p twins (~30° rotation about the
¢ pGaxis). Due to the large amount of grain refinement occurring within the shear
band, this results in a substantial amount oingexed regions as signified by the
large amount of zero (black) data poirBath studies carried out by Shanledral.

[102] and Huanget al.[103] did not includequantitative metallographgnalysiswith
regard to identifying the point at which the residual deformation remaining in the
workpiece has been induced. The fan shaped deformation zone shdviguie
2.15a) andFigure2.16(a) ahead of the tool can be seen to spread beneath the tool tip
however qualitatively it would appear that the densitytafins within this region
increass after the tool tip has passed ovdrhis observation suggests further
sensitivities of the workpieceds microstru

Special boundaries

29.5°[-1010] (+5°) 65° [-1010] (5°) 86°[1-210]  (¢5°)

Special Boundaries TiHex [0.713%]S pecial Boundaries Ti-Hex [7.57%]Special Boundaries TiHex [19.9%]

Figure2.17 Band contrast OIM with special boundary delineation of the deformed CP
titanium microstructure following a halted machining operd4fioa].
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The findings of Huanget al. [103] are important as theye amongst firsto have
exploited the use ofguantifiable orientation imaging methodso characterise
machining induceddeformation Through the use ofEBSD the deformed
microstructure layer has beercharacteried and for machined CP titanium an
abundance oboth tension and compressitins has been identifiedSince turning
involves the tool being in constant contact with the workpitee stress state within
this regionwill have remainel largely consistent throughouthereforethe varidgion

in deformation typse amongst graindurther illustrates the critical relationship
between theinderlying microstructurandthe specific deformation environment that
is impartedduring machining
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Figure 2.18 Cross sectional backscattered electron micrographs showing varying
severity in induced deformation in the form of intense slip bands following high
speed machining in (a) ‘B4 and (b) T834. (c) illustrates further regional non
uniformity of defamation observed in 764 [105].

The high resolution cross sectional backscatter electron micrographs shbigari
2.18 were obtained by Thomaet al. [105] following a series of milling trials on the
near U t i Tiketa®83a rad | tolye U4 MDuedd the antermittént
nature of the milling process the impact on the subsurface microstructure is often
considered to be $s disruptive than that of turningdowever as shown in the
micrographsan Figure2.18, the extensive amount of induced subsurface deformation
following milling suggets otherwiseThomaset al. [105] were able to show how
localised variation ircrystallographic orientation haal directeffect on the induced

slip band characteristiaas shown inFigure 2.18(a) where neighbouring grains a
Ti-64 sampledemonstrate variation in slipintensity, including slip band spacing
Figure 2.18(b) illustrates howthe depth to which slip bandsin be observedaries
across the subsurface laydra milled TF834 samplewith grainsdisplaying evidence

of slip bands occurring@& max i mum d e gronhthearmachiedSslrface m
The U coloniesseparated by the delineated boundaryFigure 2.18(c) display an
example of noruniform deformation typically observed along the subsurface
machined layer of T64. The texture of achU colonyis determined byhe burgers
relationship duringhe b-to-U transformation on coolingyhich results in theéJ laths
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within each colonyadopting asimilar crystallographiorientation thus creating an
effectivesingle structuralinit [106]. Due to the limited number of active spstems
in HCP crystal structuresthe crystallographic orientation of théphasewithin each
colonywill governits deformationcharacteristicsAgain, the variation in deformation
response suggests that the material withizolony 1 is more favourably orientated
for induced deformation.

Using EBSD Thomaset al.[105] wereable to identifyand characterizéhe imparted
deformation featuresFigure 2.19ab) shows a relative disorientation composite
image anccorrespondindand contrast M of high speed (200 m.mit) milled Ti-
834 substructureespectively

. Area magnified-in-b)
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Figure2.19 EBSD OIMs of milled Ti834 following a highspeed cutting operation
(200 m minY). (a) Crystal disorientation OIM referenced against individual grain
average orientation; (b) pattern quality (band contrast) OIM of the regiomedted

in (a). the corresponding slip trace analysis demonstrating the identificatiorroft ¢
and p pp type slip[105].
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Within the regions analysised thasezero evidencef mechanicallyinducedtwins
rather plastic deformatiornas beemaccomodated by the activation of variosig
systemsUsing a slip trace analysis methadip has been identified tgp pp have
occurred along the asal, pyramidal and prismatic planesn(m rihep pp and
p i {respectively).Corresponding Schmid factor values were calcuakedg a
first order approximationof the macroscopic stress stathis assumed a loading
direction of 45° ¢ the machined surfacéadirg to a state of sheaccuringparallel
to the milling direction.This estimation gavecdmid factor values approaiag 0.5,
suggesting the highest probably of activatifom,the identified modes of slip within
grains adjacento the machined surfac&€onsdering the high values of Schmid
factor, this givesvalidity to the first order approximation for the assumed
macroscofr stress stateContrasting results ocdag within grains that are
possitioned further from the machinsdrface such as within grain, Bs shown in
uper right of Figure 2.19(a), here the identified activiatedt 1t Tt §lip has alower
corresponding Schmid factor of O-Bhis variationhas been attributed to eith@r the
comple nature of the milling process- having a significant varying effect on
neighbouring grainsor (ii) localised heatingwhich couldresult in a reduction in the
critically resolvedshearstres - required forthe activation of a specific mode of
deformation From the abundance ofultiple types ofictivated slip systems that have
been identifiedthe results show thafor Urich titanium alloys the underlying grain
orientation with respectto the machining direction,plays a significant role in
deteminingthe degre®f damagehat can bgenerated

2.6 Microstructure deformation sensitivities to changes in machining
parameters

The increasing use of large monolithic titanium alloy companent the next
generation of civikircraft,has led to a drive for higher productiates.Machiningis

a costly praess and accounts for 60% of the total cost of critical titanium aerospace
componentg15], in most part due to approximately 95% b€ tstarting material
being renoved as swarf[5]. To minimize costs, the advanced manufacturing
community is developing techniqués machine titanium products at higher rates. For
milling andturning, this equates to higher surface speeds, and thus higher strain rates
at tool/workpiece interfacesTo facilitate this progressioiowards high speed
machning it is importanto gain a metallurgicalinderstanithg onhow suchchanges

in parametersféect theunderlyingmicrostructureof the workpiece and in turn what
effect this may have on the productsservice propertiesThe work presentedy
Thomaset al. [105] in Figure 2.19 illustrates thetypical subsurfacemicrostructure
changes occurring within 3834 using these emerging high speed (200 mnin
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methods.As previously discussed it has been shofwn Ti-64 that, when the
machiningsurface speed iscreasedo ~80 m.mift, a peak incompressive residual
stress can be imparted into thepapmost layers of the workpiece, after which any
further increase in surface cutting speed results in a reduction in compressive stress
[74]. This decrease in residual stress cobkl attributed to the activation af
significant number o$lip systems similar to that observedrigure2.19, rather than
as suggestetly Sunet al. [74] asan effectprimarily caused by an increase time
cutting temperatures leading to thermal soften@gnsideringthe financial benefits
that high speed machiningill bring for component manufacturers, this gives a
significant amount omotivationto gain abetter understandingf the sensitivities of
the microstructure in order to minimise any detrimental effect they may bring.

Thefollowing sectionis intendedo bridge a gap that has manifestsdaresult of the
methodologies employed biyvo distinct research factions, which are useden
assessing the machining characteristics of a matéfgahg broad generalisations;
assessment undertaken by groups fromase mechanical engineering background
usually conentrate on acquiring unequivoadta often mploying the use foforce
feedback typeequipment that can obtanmesultswhilst a cut is underwaywWhereas

the metallurgtal approachis to concentrate on the relationshipetween the
workpiece interface withhe tool and howthe materials areespondingwithin the
cutting environmentThis can bedirectly, i.e. chemical interactions or strain rate
sensitivitiesthat may leado changesn the flow stressbehaviour or indirectly, i.e.
relating not just how the material is responding during the cut but in what condition
the material isin post machining For the purpose of this reviewoth parties
methodologiesre consideretb be equally important arnitlis of the opinion of the
author that when combined they present a more complete understamdinige
mechanisms that are taking pladks previously discusseth 825, researchers/
engineerswill usually relatedamageto more easilyobsenable macroscopidarge
scale deformation rathénanthe activation osub-grainfeatures such as twins or slip.
Therefore dmage depth is usually defined using standard imaging techniques, such
as backscatter imagintp a point at which no discernabtiistortion can be observed
and representative ofi¢ bulk.Following a series of parametric dry turning trials of
Ti-64, Velasquezet al. [107] proposed a technique taore accurately classify the
transitional boundaries within the deformed turnedterial As depicted inthe
backscatter electron micrograph figure 2.20 the delineated ared®l, P2 and P3
relate to the bulk material, plastically deformed material and severely deformed
tertiary shearmaterial respectively. Using backscatter imagingo identify the
boundary between the bulk and effected mat¢Raland P2poss some difficulties

as it is amlambiguoudeature The observer is required to subjectively decide whether
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or not the material has been distorted without prior knowledge as to what form the
microstructure had prior to machining.

P3 area
[ “»
15.0kV X850 10pm WD 25.4mm

Figure 2.20 Cross sectional backscatter electron micrograph following machining of
Ti-64 with a surface speed/ 260 m.mift, the delineated regions P1, P2 and P3
relate to the bulk material, plastically deformethterial and severely deformed
tertiary shear material respectivély7].

Therefore tagaina deepeunderstandingf the deformation history of the neaial, it
IS necessary to use a quantifiabfelysis technique such as EBHY. presenting the
acquired data in the form oftend contrast OlMas shown irFigure2.21, the nature
of the transition between th&l and P2 areasin be more easily defined.

-

<, 1P +P3)ares

Machined surface

a3 Cutting direction wssiis-
T\ o Qo M ST

Figure2.21 Band contrast OIM of machined-6¢4 following a turning operation, the
image demonstrates the diminishing severity of the deformation away from the
machined surfacgd 07].
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From the band contrast OIMow band contrast data points, that appeadak
regions,are indicative of materialcontaining a high density of dislocations that are
disrupting the diffration pattern.(NB the precise relationship betweenthe true
intensity of aband corntrast data pointand the underlyingdislocation desity or
relationshipwith other plastic defects isot fully understooll Here Velasquezt al.
[107] defined the boundaryetween the P1 and P2 ar@a$eing aposition within an
area containing both low and high band costtdata pointsNo further explanatiors
given as to what density of high and low band contrast data points was chosen to
define thisboundarynor how many measuremsnwere taken when calculating its
average deptlilThe data presented Figure2.21 clearlyillustrateshow the boundary
between these two areas must be considered txdgringover a graduated zone
rather thanappearingabruptly in adlition, the deformation depth and density
fluctuates significantly along the machined surfadéhis work turther demonstras
thatthetypeand magnitudef theimparted deformation isensitive to the underlying
microstructureof the workpiece

Within the literature there are conflicting arguments ohow a componentssub
surfacemicrostructureis expected taespond whemmachired at elevatedurface
cutting speesl Unsurprisingly it has been shown that when using nmoee b usi v e 6
cutting conditions such ashigh feed rates, large depths of ,cat dry cutting
environment and in particularwhen usinga worn cuting tool, greater levels of
subsurface deformation will be observ§sir], [67], [108][113]. However, the
resulting effect ofndependentlyncreasing the cutting speed seems less well defined.
As highlighed in the deformation map ifRigure 2.9, the machinedsubsurface
microstructure shows significant sensitivities to éissocated stress statk has been
shown thatvhenmachiningat an increased cutting speéie deformation behaviour
changes in response to the increased imparted strain[T8leslowever what still
remains under debate whether the imparted deformation can bgarded as being
more or less severds discussed irsection 82.2 complete quantification of the
deformed microstructure is uncommon for machined material. Messtigationsee
subsurface damage in single and multiphase materials in the dbrmlastic
deformation, withgrainsaligning with the cutting direction parallelto the machined
surface.The severity of the deformatias usually determined usingnicrostructure
assessmemhethodssuch asEBSDband contrast OIMI107], micro-grid deformation
[114] or deformation depth measurementfl08], [113] these results may be
supplemered withfurther surface roughnesseasuremen{®5] and or residal stress
analysis[72]. Results may also be reporteging optical or backscatter electron
micrographsalongside arapproximate qualitative assessment from the author, with
no further supporting eviden¢g7], [59], [67].
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2.6.1 The response toutting speed

Parametric investigationstudyingthe effect of cutting at increased surface speeds
have reported contradicting results regarding the depth to which the deformation can
be observedindependent studiessing the previously listednethodologis, have
shownfor titanium alloys when machining with arncreasing surface speed, the
depth of the accompanying workpiesebsurfacedeformation can be seen to either
increasg107], [113], [115] decreas¢59], [67], [116] or show zero trengb7], [108].

In all of thesecaseghere is nacorresponding discussion that could hatfulresghis
confusion.The investigationghat report an increase in the depth of the imparted
deformation with increasing machining speed follow a caraple trend toplot
recorded byVelasquezet al. [107] as shown inFigure 2.22. Here the plot
demonstrategn approximatdinear relationship between théepth ofdeformation
with surface cutting speeduring orhogonal cutting trials of ¥64. Thetrials carried

out by Narutaki[67] and Gintinget al. [59] whose findings ugd qualitative analysis
methods reporteda reduction in the depth of the deformation laweth increasing
surface speedn each of these instancdsettrials were undeaken usinga small
depth of cut (0.5 mm) and feed rate (0.1 mmjess previouslydiscussedn section
§2.5, the complete interactiomolume of material being removed plays a significant
role in determining the deformation kineticshe investigations carried out by
Hugheset al [56] and CheHaronet al. [57] remain inconclusive with regard to the
relationship between the deformation depth and machining spelee@ to the
significant amount spread in theesults, whichs exacerbated by the limitedngeof
cutting speeds used.
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Figure 2.22 Resulting plastic defmation depth as a function of cutting speed for
turned Ti64 as determined using EBSD data to identify the interface between the
bulk and deformed materifl07].
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The plot presented iRigure2.23 demonstrates the behaviour of the resultnting
forces E;) and feedforces (F) that aregenerated during machininglotted as a
function of the cutting speed .V The forces are measureish situ using a
dynamometerthat holds the tool in placend measures the resultant forces along the
three Cartesian planeshe resultspresented irFigure 2.23 are average values that
have been compiled over a broad range of cutting spkeds be observed frothe

plot thatthe resulting cuttindorces &) is thedominant force component, each force
can be observed to rapidiyecreaseas the cutting speed increasesan almost
constant valuat speedsibove 40 m.mif. The results presented Figure 2.23 are
typical [96], [116], [117] for machining titanium with the plateau region of fqrce
occurring beyond ~40 m.miin Expaimental cutting trials using alternative cutting
arrangements, many using customibégh strain rateSplit Hopkinson bar testtype
apparatug87], [118], [119]have demnpstrated how the plateau region is maintained
at speeds in excessf ~4800 m.mifl. The results presented iffigure 2.23
demonstrate how the typical reducing force response with speed can be approximated
for both the cutting anthrust componerg of force, however the results do suggest
there issignificanty morescatteiin force responseccurring along the feed direction.
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Figure 2.23 Resulting cutting force profile as a function ofitting speed for
orthogonally turned F64 [90].

The typical reducing force response with machining speed has been attributed to
sensitivities of the shear band angle ahead ofdble whichdictates theotal area of
the shear plandt has been observed that as the speed is increased within a low to
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moderate range of cutting speeds, the shear angle increases with machining speed,
resulting in a reduction of the shear plavvhen machining with &igh rake anglean
increase in cuttingpeed can result ithe shear angle teimd) towards a maximum

value of 48 thus corresponding tan uncut chip thickness equal to the thickness of

the chip (t; = tp). At intermediate or high speed, strdiardening effects in some
workpiece materials tentb increase the cutting force while other materials start to
undergo adiabatic shear, whifthrtherreduces the cutting force. At very high speeds,
inertial effecé becomea significant factor, sincdhe momentumof both the
workpiece and of the tool caeighe forces to artificially increa$&20], [121]

Consideringmost investigations thagvaluatethe effect of cutting speedn the
workpieceare undertakeat speeds that lie within tHerce plateau regionassunmg

the material analysed has been cut using comparable tooling geonfe@vegool)
fluctuations in the resulting microstructure must therefore be the result of the
materials strain rate sensitivitguch sensitivities couldubsequentlyesultin deeper
subgrains deforming under significantly l@ntotal strain environment®r influence

the mechanisms of chip generati@tudies have shown how the shear band angle
ahead of the tool tip within the chip displays sensitivities to the cutting surface speed
[122] as well as variation in segmentation frequeft23], thus resulting in a
sensitivity of the chip morphology¥rom this it can be implied that alterations in the
chip morphologycould have a significant effect on tretress fied surrounding the
tool chip interface resulting in changs in the direction and magnitudes of the
experienced loads.

2.6.2 The response tamachining feed

In order to gaina more completeinderstandingf how a material behavesuring

machining, many investigairs adopt a common methodology arstudy the

mechanical response of a material across a range of feed Batr#ég in mind

cutting surface speedsave little effect onthe resulting cutting forces above ~40
m.min’, feed rate triallsareonr mal |y undertaken with-in énorn
60 m.min' as to minimiseny additional effect caused bf/tool wear.
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Figure 2.24 Resulting relationship ofutting andthrustforces as a functioof feed
rate for machined T4 samples in a mill annealed (MA) and solatleeat and aged
(STA) condition[124].

As shown in the ploin Figure 2.24 [124], the relationship between the resulting

cutting and thrust forces with respect tothe applied feed ratean be seen to be
approximately lineara relationship identifieth the Oxley cutting force mode]125].

Through the application of a trend line Ox | ey 6 s mocuitidig fodeet er mi n e
coefficients (CFCsjrom the gradientand-y nt er cept values rel atin
coefficientso and fA e teequationzdfaddeEquatiendst s 0 r es p

(Cutting direction) Cutting force "O U8 80Y 03 Equation2.4
(Feed direction) Thrust foec 'O 08 80Y 08 Equation2.5

Wherg is the depth of cut an®™the feed rate Oxley attributed thecutting and
feed cutting coefficientsp andv , to the amount of force occurring on the shear
band and therefore the amount of force required to machimadterialandthe edge
coefficients 0 and0 , tofrictional interactions of th&ool with the workpiece.

Since the relationship is linear, the Oxlmodel[125] allows for a minimal nomber

of incremental feed rate trials to be undertakendébermine their relationship.
Armendiaet al. [126] usedthe Oxley modeko compare the cutting characteristics
during orthogonal cutting trial.sThef or a
corresponding forceesultsfor each individual feed rat@epresented irFigure 2.25.

Average valuesre determined froma minimum oftwo repeat experimentsyith a

claimed 3%uncertainty;however no further indication as toetlspread for all othe

N

values was included.
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Figure 2.25 Resulting relationship otutting and thrustforces as a function of feed
rate for orthogonally machined titanium samples, illustrating the effect of chemical
composition using test specimens at6R, TF54M and T+6246[126].

From this investigation Armendiet al. [126] linked the associated poor machining
performance of F6246 and improved machining performance of54M [127]i

[129] to the corregonding CFCsHere therelatede dge coef fi ci ent s or
for both thethrust and cutting components of force werattributed tohave a
relationship with the temperature of the cutting environment, Wib246 having an
assumed elevatezlitting tanperatureghat subsequentlyed to accelerated tool wear.
Howeverthe claim regarding the temperature of the cutting environment was not
substantiatednor was any furtherdiscussionmade disussing the behaviour of the
cutting coefficients (gradients) feach of the materialsvhich showedno correlation

to tool wear performancat is of the opinion of theuthor thathe CFCs obtained
using Oxl eyo6s appwih sombdegree @cdution.Drawing intb a k e n
guestionthe validity of theedgecoefficients, @éterminedvia extraplation the values

of which correspondo atheoreticalcut occurring at a zero depth of cetirthermore

such arelationshipimplies a value of force @&n be calculated for amachining
operation occurring at megative @pth of cut, a scenario thigtobviously impossible

The edge coefficient has become a widaycepted phenomenon commonly
attributed to frictional forces at the témbrkpiece interface occurring when the tool

is effectively rubbing along the surfacetbé workpiecelf this justification is blindly
acceptedthe size of thedge coefficient lends itselb further paradoxes
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27The fisize effectodo in metal cutting

It has become widely believed thah&n metal is removeduring machining there is

a sulstantial increase in the specific energy required vihere isa decrease in chip
size[129]i [137]. This phenomenon has been observed when machining all metallic
systems and was first investigated in detail by Baekeal. [131] who performed a
series of trials inwvhich the shear energy was determisda function of specimen
size, incorporating cutting trials of increasing metal removal rates; grinding,
micromilling and turning.To determine the specific cutting energy requideding
machining itis necessary taormalize the resulting cutting force data with respect to
the volume of material being removefls a result of this, there is a ndinear
relationship between the specific cutting energy versusut chip thickness (feed
rate), as shown iRigure2.26.
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Figure226Ty pi c all resulting 6size effectd relat

function of uncut chip tltknesg129].

This par adoXx i's often r ef ewith endny ihvestigatisns t he s
devotinga substantial amount ¢ime into capturing and attempting to rationalise its
properties.Shaw [130], an advocate of the sizsffect, associated thmcrease in

cutting force withdecreasing chip thickness al@ide his own theory of shear band
formationthat reliesupon the formation of microcrackShaw proclaimed that during

machining theool is constantlyencountering stregreducingmicrostructuredefects,

such as grain boundariemissingatomsor impurity atomsall of which cancreate

shat-range inhomogeneities, which constantly lithi total cutting forcesT herefore

if the uncut chip thickness decreased the prdiiaty that the tool encounters a
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defect also decreases. hlis creating a conditionvhere the forces steadily rise,
reaching a maximum poirthat corresponds to a theoretical shearing strength of the
material. The schematic presentedfigure2.27i | | u s t r amiceosrackSshearw 6 s
band theorywhilst machining thematerial is subjected to very large stragging

rise to sites of stress concentratiomhesedevelop into site for microcracks to
nucleate and gromwOnce a criticainumberof microcracks have coalesced this gives
rise to the development of a shéand[131].

Chip

Microcracks

o
/V° °, Zo Lo o .
Sites of stress °© ¢ .
. Workpiece
concentration

Cutting direction
4t

Figure227Schematic il lustrating Shawbés approac
upon the coalence of microcracks that are generated at sites of stress concentration,
afterShaw[131].
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Using the Merchant empirical formul§1] asoutlinedin 82.1 andimplementing the
raw resulting force datir orthogonal machining adluminium7075 T6alloy, Ng et
al. [137] determind the effective friction of the cutting environmeatross a range of
depths of cutThe resultsshown in Figure 2.28 illustrate a similarly observedsize
effect type relationship, wherebye coefficient of frictionappears toincreases
significantlywith a decrease ithe chip thickness

1.6

—+— Cutting Speed - 10 m/mnin
—=— Cutting Speed - 150 m/min

144

T
e ]

Friction Coefficient

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Undeformed Chip Thickness (nm)

Figure2.28 The typical friction coefficient relationship witthaut (undeformed) chip
thickness during orthogonal machining of 7075 T6 aluminium cut at 10 &0d 1
m.min*[137].

Ng et al. [137] justified the existence of the é¢tional size effect being a result of the
material strengtheningby virtue of a decrease inthe tool/workpiece interface
temperaturg in response to the decrease in the total contact dtea.author
acknowledges that aeduction in the chip thickness magsult in a subsequent
reduction in the cutting environment temperatinm@yeversuch induced heating has
been showmot have a significant effect on the workpiece matdddh]. Further
observations of the resultant force feed back data Hoe®ver help explain how
such a phenomenatcurs.The plot shown irFigure2.29 illustrates the typical force
feedback behaviour of a material across a range of feeds during an ortrmgongl
trial (after Armendiaet al. [138]). Due to thethrustforce having a higher offsey-
intercept valughan thecuttingforce, this results irthe friction coefficient calculation
producingthe characteristic non linear relationsHipaddition due to thecuttingand

60



thrust force plots intersectinghis results in values for theffective coéficient of
friction to begreater thari for an uncut chip thickness of less than ~0.03.mm
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Figure2.29 Typical feedforce relationship illustrating a cross over point occurring at
an uncut chip thickness of ~@.0nm, below which the values dhrust forceare
higher than the experiencedttingforce, afterArmendia[138].

As previously illustrated bifigure2.26 andFigure2.28 the nature of thsize effecis
linked to the phenomenon of thedge coefficieny-interceptvalues.In response to
this many independent investigations withiteriature have been undertakém
rationalisetheir presence Studies have shown thas @he uncut chip thickness is
reduced the geometry of the toolat the cutting edge becomesa significant
determiningfactor on how the chip is being generated.
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Cutting Tool

Cutting direction
‘—

Figure 2.30 Schematic illustrations of a orthogonal machining arrangement when
cutting using a tool that has an (a) infinitely sharfiicg edge and (b) cutting with a
tool that has a edge radius (r) greater than the uncut chip thick)eaft€t Ng[137].

The schematics shown Figure 2.30 illustratedifferences incutting behaviour when
using a tool that has an edge radius that is either infinitely sharp/ proportionally
insignificant to the size of the uncut chip thickneBgyre 2.30(a)) or has an edge
radius of a similar scale to that of the uncut chip thicknEggufe 2.30(b)). When
cutting with a large uncut chip thicknegke cutting process follows a traditional
cutting behaviour with the toolscorresponding clearance and ra&keglesbeing
determined by the tools shape and position within the hotder. Howeverwhen
cutting a small uncut chip thickness or when using a tool with a é&fgeradius, the
effective cutting rake angle becomes negatide7][81]. The effective rake angle is
determined by the angle between the valtaxis and the tangent to the contact point
between the cutting tool and the uncut chip thickifieks

When machining under conditions similar to those depicted in the schemiigue
230b),t he process i s of t ewiththedoreesponelidg farces as fipl
l abel | ed #pl Wndegsuchrcanditions theok cardhe observed to drag
along thesurface of the workpiecén principle, if the uncu chip thicknesdt;) is
reduced significantlythe materialunder the toolvill be compressed under the tsol
cutting edge,resulting inno materialbeingremoved as a chipwhen theuncut chip
thickness is increasdd a point where chip can be generatibe,chip will begin to

form through the shearing of the workpie@erie to the negativeffectiverake angle

in conjunction with thesmall uncut chip thicknesshe cutting processgeneratesa

steep shear band angiesulting in a significant amount of plastic deformation
throughout the chigt is always worth bearing in mind that during a cutting cycle the
dynamics of the cut can be constantly evolving if for example, a built up edge were to
form ahead of the tophs shown inFigure 2.31, this can changthe effective rake
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angle since the addition of the built up e
geometry.

Workpiece
-—

' Stable Build-up

Figure2.31 Schematic diagram of an orthogonal cutting arrangement where the edge
radius is approximately equal to that of the uncut chip thickness and a stable built up
edge has formed ahead of the tool, tthanging the effect tooling geomef39].

Studies investigating the nature of the ploughing ®rbave shown afurther

dependency on thedgeradiusof the tool[137], [140] [142], wherdy through the

use of a tookhat has an edge radius that is always less tianof the uncut chip

thickness i(e. the use of a sharper tool) can reduce the magnitude of the ploughing
forces.In practice this would equate to a reduction in thatgrcept values for the

typical foree versus feed rate relationship as shownFigure 2.29. Since the

discovery of the size effect by Backetral[131] in 1952the phenomenon has been

the subject of substantial study. In the following y&&asuko [142] published a
revisedtheory that stated that total recorded resulting cutting forces compnséd

only the deformatian forcesrequired to generatechip, but alsoan indentation force

generated as the tool penetrates the workpigoe b e k nown t o Masukods
Albrecht [143] published a similar report detailing a method of decoupling the
ploughing forces from the total force datloteMa s uk o 6s ref erence to ¢
force equalsthat of the ploughindgorce referred to by AlbrechtFollowing their

publication Shaw[144] vehemetly rebuffedthe claims made by both Masukb42]

and Albrecht [143] making claim that their methodologies required untenable
assumptions, namely that the size of the e
claim not supported by the authdihe principges of the findings byMasuko[142]

and Albrechi{143] result in achallenging of the size effect phenomendhe plots

shown inFigure 2.32 demonstrate hovhe force ata displayed using the traditional
methodology displays the typical neimear behaviour, followinghe removal of the

indentation forcethe specific cutting energy shows independence to the uncut chip
thickness and remains constant.
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Figure2.32 Resulting relationship of specific cutting energy and uncut chip thickness
for orthogonal machining trials with each data set for variable tooling approach angles

represented by a solid and dashed Bi ne;

relationship prior to removing the ploughing forces and the dashed line represented
the corresponding relationship once the ploughing forces have been rgi®jd

Albrecht[143] found once the uncut chip thickness was greater than the edge radius
of the too] the relationship between the uncut chip thickness and the resulting force
response became linear for both thting and thrust components, as shown in
Figure 2.33. The correspondingcutting and thrust ploughing forces 0 and 0
respectively, areletermined by extrapolating the linear relationship back to the y
intercept.

Figure 2.33 Cutting F. and thrustrt force relationship with uncut chip thickness t

t

for a range of rake angles U s =andOPA, 10A

representing the ploughing force fec andFt respectivelyf143].
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The total resulting wtting force"Ocan be witten in terms of the ploughing forcé |
and the component of force in the directafrihe tool motion{§ ), Equation2.6.

O 0 O Equation2.6

Similarly the total resulting thrust for¢® can be written in terms of the ploughing

force (0 ) and the comonent of force perpendicular to the direction of the tool
motion {0 ), Equation2.7.

O 0 0 Equation2.7

The effective friction coefficient ‘( ) for the cutting process can therefore be

determined by substituting the ploughing forces from the cutting and thrust,forces
Equation2.8.

O Ady
O Add

0
0

0
0

Equation2.8

C Ca
C C2

The plots shown ifrigure2.34 demonstrate how the frictionperformancelisplayed
using the traditional methodology displays the typionahlinear behaviour (N.B.
Masuko[142] has added a straight trend line to tlanlinearplots). Following the
removal of the ploughing force, usifgquation 2.8, the effective coefficient of
friction showsindependencéo the uncut chip thickness and remains approximately
constant.
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Figure2.34 Resuling relationship of friction and uncut chip thickness for orthogonal

machining trials with each data set for variable tooling approach angles represented

by a solid and dashed | ine; the solid Iine
prior to removing the ploughing forces and the dashed line represented the
corresponding relationship once the ploughing forces have been refid2¢d
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Since their publicadn Masuko[142] and Albrecht[143] are rarely directly cited in
literature in reference to separating the ploughing forces from the total resultant
forces. Withonly occasionafurther independenirediscoveriegthat discussimilar
fundamentaprinciples such ady Arsecularatng133] who alsohighlighted that the
ploughing forces can be considered not to contribute to the chip removal process.

2.8 Microstructure response to variable feed rateand further
machining induced microstructure damage

Due to the increase in structurally critical titanium products there is an ever increasing
demand to gain a greater understanding as to what impact the machining process is
having upon the materialTechnical information papers that have been recently
released from theDepartmentJS Defence and NASA show a similar demand existed
during the rise of space exploration, focusing on the use of berylura.to its
superior high specific stragth (tensile strength/density)etyllium is an attractive
matrial for space flight and military hardware, however due to its damage
sensitivities and toxicity its application remains limitéahportantly in reference to

this investigation beryllium possess similarities to titanium, being its hexagonal close
packed HCP) structure with abelow normalc/a ratio of1.568 compared to titanium
being 1.598, normal equalling 1.63345]. In order to minimise thenumber of
mechanically induced twins inebyllium special carés requiredduring machining,
since it is claimed thagven lightabrasion, such as the use of 600 grit emery cloth,
can reintroduce twins into the uppermost surface gfa48]. The author wishes to
highlight that the following investigations covered within this part of the literature
review, that study the machining characteristics of beryllium, angongst the very

few that have identifigé the presence of machining induced twins in commercially
applicable alloys/ componentBhese studies have also highlighted the significance of
having suchmicrostructurdeatures and thpotentialdeleteriouseffectthey may have

on thein-service propdresa componentwith further indication as to how to reduce
the amount of twins present following machining or methods of how to remove them
from the subsurface layer.

The total shear strain imparted into the material substructure has been shown to be
directly proportional to the depth of c{it9], [80], the plotshown inFigure 2.35

further illustratesthis relationship with respect to the totatlepth of machinig
induced twinning, whichncreass proportionally at ~10% of the depth of 6],

[147]. Goldberg[146] alsofound whilst studying the effect of machining temperature

on the depth of twinning that at elevated temperati#88°C, 290°C and 340°@e

depth of twinning becomes insensitive to the depth of Eigure 2.35 also
demonstratefhiow the depth of twinningat each respective deptf cut shows a
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marginal decrease witAn increase in temperature, an observation also made by
Rennhacl{148] who showed that twimng, microcracking, and residual stress could
be eliminated when machiningt 400°C. Rennhack{148] linked this behaviour of
beryllium to the activation of multiple slip systems that occur whilst machining near
its ductilebrittle transition temperature.
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Figure2.35 Resulting depth of imparted mechanically induced twinning in benyl
as a function of depth of cut for machining operations uallen at varying
temperaturegl48].

The plots shown inFigure 2.35 show how that by reducing the depth of cut
successively the remaining amount of residual twinning can be reduced, if the trend
lines were to be extended ttee yaxis it implies a minimum twinning depth value at

the contact of the tool for each respective cutting temperaiure. author has
attributed this characteristic to be the result of the independent ploughing force that
precedesthe cutting processlt has been shownollowing extensive research
regarding the impact of the machinitigat when beryllium is subjected to high loads

in structural applications, these surface changescaase premature failurg¢$49],

[150].
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Figure 2.36(a) Light micrograpls of a fractured thin walled beryllium surface
demonstrating large facets adjacent to surface A and small facets adjacent to surface
B, (b) corresponding polarized light micrograph of a representative region of the thin
walled beryllium sample demonstratingignificantly more twins in the region
adjacent to surface B47].

Moreen[147] whilst investigatingthe presence of deformation twinstimn walled
beryllium sample found a dependency on the nature of the modes of failure in
relation to the densitgf induced twinsThe optical micrographs presented Figure
2.36(@) show the typical deformation characteristics of the failed mateFiad
correspondingpolarizedlight micrograph(Figure2.36(b)) indicatesthe severity of the
induced twiming with surface A presentinga relatively minimal intensity of
fragmentation of cleavage facethilst surface B showaheaver layer of fragnented
facets.Taylor et al.[151] also studiedhe deleteriougffect of twinsbeingpresent in

a componeris substructurdollowing a parametric investigation whereby twins were
induced viagrinding which, similar to turning is amethodcommory method used
for finishing of aerastructural componentsThe corresponding sampl@opertie®
were furtheranalysedusing a series of a bend tests with heavily twinned regions
displayingthe worst performanc®&efore entering servideis therefore necessary for
machined beryllium partto havethe entire remaiing twin damageremoved[152],
[153]. Commonmethods of relieving the machining damagelude eitherannealing
the materialat an elevated temperatumg by etching awaythe uppermost surface
material [154], however such methods caffect dimensional tolerancesoldberg
[146] also dscused a link betweensome aspects ahachining induceddamage
directly with the materi@ surface conditionlt was reported that under optical
observations asatirtlike appearancecorresponded tdight machining subsurface
damage (0.05 mm depthjith a striatedsurface corresponding teeavier damage, the
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degree of which increases with increased depth of danthgeg lathe turning of
beryllium.

2.9 Role of crystallographic texture during machining

Machining investigations on single crystal samplggically aluminium, brass or
copper,have shown a depemugy on the shear angle and cutting forces with the
crystallographic orientations of the metals being [A85]i [162]. The schematics
shown in Figure 2.37 illustrate the common experimental arrangements used to
capture the machining dependescien the crystallographic orientation of the
workpiece, them beingplanng, plungeturning and ifplane machining. While
planing experimentsanprovide detailed data in terms aitting forces, only a single
crystallographicorientation can be machined a time.In additionto the plaing
configuration (Figure 2.37(a)), the plungeturning configuratios shown in Figure
2.37(b-c) provide data foran entire range otutting directionsvithin a specificzone
axis. The pgunge turningexperiments can beivided into two types, as illustrateal
Figure2.37(b) thatshowshow the zoneaxis & serves as the axis of rotatiand
Figure2.37(c) has the cutting plane norm@h-plane)as the axis ofotation.

Figure 2.37 Machining arrangement for machining single crystal sampasgu (a)
planing configuration, (b) plungirning configuraton, and (c) irplane machining
[155].
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Cutting force data collected duringch microstructuremachining investigationare
compiledin order to showthe dependencies of the materials cutting properties in
relation to the underlying textur&@he data plotpresented irFigure 2.38 show the
resulting relative specific energy variationsor plungeturning of single crystal
aluminium samplesat varying incident angles

hkl x uvw = {100} hkl x uvw = {110} hkl x uvw ={111}
200,08

260

Figure 2.38 The resulting variation in specific cutting energy as a function of
crystllographic orientation as determined giglunge turning configuratidi59].

The results shown ifrigure 2.38 show the typical relationship of specific cutting
forces for @ FCC structure, with the witing forces collected about themtp zone

axis (oo format from Figure 2.37) showing repeatable foufold symmetry as
related to thecrystallographic symmetry athe mtmtp zone axis[159]. Here the
variation in relative specific cutting energy has been attributed to the exposure of
available slip planes, with specificrystal inclinations permittingn increase in
availabledeformation modefL60], [161]

Whilst investigating the chip formatio me c hani s ms oebfasssUedeg| e cr ys
al. [162], found that the machined surface integrity of the single crystal is also

affected by its underlying crystallaphic orientation.Whereby, the machined

surface roughness was observed to improve when machined under a favourable
cutting direction with respect tUedadthe wor k
al. [162] observed a relationship between the crystallographic orientation and the

resulting chip type, where fluctuations in chip type were observed to impact upon

cutting forces and surface roughnéeBse findings of Ueda&t al.[162] imply that for

specific material type a desirable crystallographic oriestatnust be selected to

obtain an optimised surface finisbingle crystal machining investigations have so far

only been undertaken usingcFCC and BCC structures, however many of the
behaviour al charact er i githnium CPstaugtureSiece i nf er r e
for titanium it has been shown through extensiesearch thathe effect of
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crystallographic texture on mieanical properties can be significafthis material
property dependencywvas demonstrated blitjering et al. [4], Bowen [163] and
Tromans[164] who showed how the tensile properties of a rqllkedly equiaxed T4

64 samples exhibited significant property variation as a direct result of the test
direction and initial starting textur&@he plots showm Figure2.39 illustrate property
variation for two common textures, these being the transverse (T) texture and the
basal/transverse (B/Tin each case both material types follow a similar dependency
to the testing orientation as depicted in the adjacent schemistes. for the B/T
texture the basal planeemain parallel to the test directionhe plos in Figure
2.39(a) show how forboththe T and B/Ttexture typedhe variation of modulus of
elasticity (E) is comparable, with thd3/T texture showing bwer elastic modulus
values than the T texture duette basal (B)planecomponent havingn inherently

low elasticmodulusduring dl test orientations.For both material typeshe highest
value of elastic modulus was achieved wiies material was loadgghrallel to the

HCP c-axis, as thdoading direction is rotated the elastic modulus ofHI&P crystal
reducesThe variation in yield stresss shown irFigure 2.39(b), shows how bth T

and B/Ttextures exhibit a minimum in yield stresbentesedwhen orientated at5°

with the highest valuef yield stressalong theransverse direction (TD)
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Figure239The r el ationship of (a) e | pa) sadi ¢
reduction in area (RA(%)) as a function of laagldirection in relation to the average
orientation of Ti64 test specimerid].

The highest yield stress values for testing in TD direatioa to the restriction &
type dislocationssince atype dislocations arerientatedparallel to the basal plane
which for TD areperpendicular to the testing directidrhis results irthe shear stress
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thereforeequallingzerq resulting inthe activation ifA  AQtype dislocations which
require significantly higher stresssto move.For RD and 45°, -#ypeslip can be more
easilyactivated.At 45° the reported low yield stress valissdue to the basal plane
being orientedat 45° to the test directiortihus maximising the number of available

slip systems. Whereas for RD, only the basal plane remains parallel to the loading
direction, resulting in a slight increase in the yield strength.

2.10 Tool contact

The machining of titaniunpossess significant number of challenges induced by its
inherenthigh strength and fracture toughness at elevated temperatures, as well as a
strong afinity to reactive elements such as oxygen and camaoring machining the

most commonly adopted method of assessing a materials machinability considers the
rate of tool wear during operatiowith maximum tool life being dictated by a pre
determined thrdwld. Tool wear can be broadly defined by the following three
categories.

Abrasive wear. The removal of particles caused by the rubbing of the tool against the
workpiece and the chip resultingfiank wear.

Diffusive wear. Atoms from tool diffuseacrossinto the chip commonly along the
face of the toofesultingin crater wear

Fracture failure: is the result of an abrupt failure of the tool cause@Xgessive or
dynamicloading.

During machining gradual wear mechanisms such as abrasive and diffusivarevea
most favorable, since through control of machining variables such as cutting speed
and coolant type, tool life can be maximized thus guarding against fradawever,

with the drive to manufacture titanium components at increased manufacturing rate
the mechanisms of tool wear ned¢d be managed. Since any increase in machining
speed will inherently result in an elevation in cutting temperature, which will lead to
accelerating the abrasive and diffusive wear mechanisms as well as the possibility of
further thermal shock fractur@s65], [166]

For a concise summary on thedes of tool wear see the Appendix
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Figure 2.40(a) Crosssectionschematioof a worn cutting tool showing the effect of
crater wear on the tool rake angle dlahk wear(VB) (b) schematic illustrating the
regions of tool wear on the rake, flaakd nose of the cutting ins¢ti66], [167]

2.10.1 Crater wear

Crater wearmost commonly occurs along tHiace of thecutting insertandis a
diffusive wearmechanisnthat isaccentuated by thieigh temperaturegenerated at

the tool chip interface and is controlled by tdtemical affinityof the workpiece and

tool materials.The size and shape of the resulting crater can have a substantial
influence on the cutting condition by altering the effective rake angle of the insert as
shown inFigure2.40[165], [168]

2.10.2 Flank wear

Flank wear is a abrasive wear mechanisocaused bythe insertrubbingagains the

machining surfac¢l65] resulting in a change in the tools geometry as indicated in

Figure 2.40. Most industrial applications utilizéhe maximum dimension diank

wear(VB) asthe main determining indicator fémol replacemenf169] since it has a
direct infl uence cefinish Therefore amathimist wauld éesa s ur f a
safe limitparametefor VB, which is commonly0.25 mm average and 0.5 maximum

wearfor carbide cutting toolgl66]. NB. VB safe limit dependent on the dimensional

tolerance required of the component.

Typically for titanium, cuttingis generally carad out within the region of 600
m.min' to maintain a low cutting temperature andr fsuch tooling/workpiece
combinations, turning surface speeds in the order of 70 M.antnrecommended for
optimum tool life [165], which correlates with the obs/ed minimum depth of
induced microstructure damaght elevated cutting speeds the temperature of the
cutting environment begins to rapidly ris&n increase in cutting temperature has
been attributed to an increasetheoverall chemical reactivity ahe systemleading

to an increase in chenaicattack to the tooling insefi70]. At low speeds bwever
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the ductile nature of titanium encourages mechanical wear to dominate as a wear

mechanism of the tool rpmoting gallingof the workpiece

2.10.3 Built up edge

A built up edge (BUE)s a formation ahead of the tool and can create an integral

interface between the workpiece and the tool often serving as a protective barrier to
flank and crater weai he sizeand shape of the BUE cafsoalter the shape of the
leading edgehuschanging the effective rake andlerO]. An unstable BUE can lead
to irregular wear on cutting edges that can generate a poor surfage vithen
fragments of the BUE are dragged under the leading edge of thEL4&p) [171)

[174]. Due to thehighly abusive cutting environment that is inherent when cutting

titanium, the mechanics of tool wear are regarded by machinists as perpetually

operating within an

mechanics of cutting ferrous neaitals. Kramef171] acknowledged that if it were not
for the ability of titanium to form a stable carbide interlayer which promotes the

effective

overy

hi gh

formation of a stable built up edge, it would be impossible to machine titanium alloys

due to high tool wearThere does however seem to be knowledge gap within
literature detding the potential positive properties a BUE may have in further

protecting a cutting insert during machining. Sincéformation of aBUE couldbe
controlled and be reproduciblié could be applied within arpduction environment

This could involvea precut that conditions and protects an insert prior to machining
a componenftThe relationship of VB versus cutting tirman be represented as a wear
curve as shown iRrigure2.41 with the mechanisms of flank that starts with a break in
period where there is a rapid initial weknllowing this there is a steady state wear
period where there is a uniform wear rate asrhe tools cutting edge followed by an

abrupt transition to an accelerated wear period that eventually leads to the final failure

of the cutting insertThe mechanisms of Crater wear follows a similar growth curve

to those shown ifigure2.41[172], [175]
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Figure2.41 Typical wear profile of autting insertas a function of cutting timeith

key wear regions identified after, after Tay[&76].
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2.11 Taylor relationship of tool wear

The traditional approach to determining a maté&iahachining performance, with
regard to tool wear, requires acquisition of a series of wear £ginelar to that
shown in Figure 2.41 obtained over a range of machining speedSnce the
predeterminedvearlimit has been reached for each machining spaedmachining
time (tool life) is recordedTransposing the tool life data onto a log data plot of time
and speed gives rise to a linear relationship as sho#gume2.42.

logV A intercept (log C)

slope (n)

—

L
log T

Figure2.42 Taylor relationship of tool wear determined following a series of tool life
trials used to determine tool life as a function of cutting sj&e6].

Using the constants from the linear relationship Taglor equation for tool life
expectancy can be determined176]. The Taylor relationshipEquation 2.9
demonstrates how tool lifé' Y depends on the operation cutting spe®yl énd the
constants§ ando) that represenfieed, depth of cut, wogiecematerial and tooling
material. The Taylor equation for tool life expectancy allomschine operators to
predict how long a tool will last for a given machining speed (assuming all other
machining parameters remain constant).

w8Y 0o Equation2.9

Whilst investigating the wear chataristics of uncoated carbide tools during
orthogonal machining trials of 164, Jaffery et al. [177] constructed a wear map
derived from thetool performance over a broad range speed and feed rates.
Typically prepared for the machining of ferrous all¢$g8], [179] wear mapshelp
machine operatsiidentify the most suitable machining parameters.

The wear map presented kigure 2.43 plots the cutting speed along theaxis and
feed rate along the-gxis. The data shows in addition to cutting speed,dépth of
cutcan also hava significant effect on wear performan&éost importantly he wear
map reveda the presence of twegions of high tool wear in the midst of a moderate

75



tool wear regionThese isolated high wear ratgiors are positioned at a feed rate of
~0.17 mmrev* and surface cutting speed-615 mmin™with anothersmalker region
positioned at-0.14 mm.reVt and surface cutting speed €85 m.miri". In order to
ensureconfidence with the results Jaffeey al. [177] conducted further repeat trials
(see inset enlarged wear mapHigure 2.43). The results obtained from thepeat
trials supportedhe presence of a high tool weaegion using comparatively low
surface speeds and feed rates.
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Figure2.43 Wear rate map for ¥4, determined through a series of parametric outer
diameter machining trialssing H13A uncoated carbide cutting ins¢tfg7].

In contrast to the Taylor tool life performance relationsdgproach a kepenefitto
developing @ool wear magdor a materialjs that itoffers the readea more holistic
picture offering greater detail into the kinetics of the systerom the tool weamap
shown in Figure 2.43 the data shows how the cutting environmentTi-64 is
susceptibldo significant changein wear performancé the surface cuttingpeed or

feed rate is altered\s discussed previous(y.10.3) the stability of the built up edge
ahead to the tool can have a significant influence on the tool wear kinetics, offering a
barrier to further abrasive and diffusive we@ince Jafferyet al.[177] was unable to
conduct further research into the characteristics of the high wear regions the author
suggests thahe shapgareaand location of the high wear regeoomay be related to

the chemical compositienof the tool andworkpiece i.e. the relative chemical
stablity between the two matergleading to changes in the stability of the protective
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BUE. The authordoes howevefeel it is important to note thakafferyet al. [177]

make noreferenceo the starting conditions of either the cutting insertsvorkpiece
material. The effect ofstarting edge rounding of a cutting insert has ledansively
discussed withirthe scientificliterature and hebeenshown to have a significant
effect on thetool wear characteristic60], [110], [180], [181] with sharper tools
often showing improved lifg182]; however they can often be more prone to
chippingas a resuli83]. Jafferyet al.[177] do not discuss the effeon their results

of the inevitablevariability in startingedge rounding since, by virtue of themethods

used during the manufacture there is a typical variability in edge rounding##0~

€ m[165]. Jaffery et al. [177] also do not disess how microstructat variability
within the starting material may also have a profound impact on the resulting wear
rates. As discussed inl®, forged Ti64 billets show significant microstrucair
variability across their cross sectidn. light of these factsthe author feels thahe
potential impactaused byhis variable starting microstructustiould notbeignored

The author also ass@sithat all of the trialsconducted bythat Jafferyet al. [177]

were carried out o material that had received comparable heat treatments and
processing routesnd therefore had similar mechanipebperties

2.12 The role of alloy chemistry in machining

A Mchinabilityo trials investigatinghow the underlying chemistry ad workpiece

affects its own machining performanaee studied using eitherpredetermined wear
thresholdover time criterion for turning trials, or for drilling simply a count of the

number of holes drilled until catastrophic tool failudsing such metras allows for

maximum speed tests to be undertaken offering an evaluation of machining
efficiency. Most commonly, contrasting alloys are chosen for such machinability

trials as to emphasise any effect alloying additions may have upon performance, for

examp e comparing the perfor maéagiboa aofh et nee ame th
alloy T-6246 against themachining performance of th&d + b a |-84.0Sych T i
machining trials have observed a systematic trend towards a decrease in machining
performance for allay with a n i ncrease [124], abtrend thathksi | i zer s
challengedby the development alloy Timetal 54M (Ti-54M) [127]. Ti-54M is being

marketed as eeplacemat for Ti-64 with potential applications including; connecting

rods, intake valves and turbocharger compressor whEelglM boas$ cost savings

both during alloy production utiling existing titanium alloy scrap and low cost

alloying elementsin addition to exhibiting potential machiningefficiency gains

During development Kosaket al. [127] carried out a sergeof trials on a number of
Ti-5Al-4V-Mo/Fe base alloys and investigated their drilling performance, following

the trials it was found that 35Al-4V-Mo/Fe base alloysexhibited superior drill
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performancecompared to a i¥64 control specimenUnder such drilling contdons

the alloys outperformedid64 up to10x fromachieving 10 holesat a fixed drilling
speedto ~100when drilling the Ti5Al-4V-Mo/Fe base alloysFollowing further
refinement the final nominal composition of-34M became fixed afi-5Al-4V-
0.6Mo0-0.4Fe Many investigatios have subsequently reported potential gains in
using Ti54M over Ti64 with recorded improvements in tool wear at elevated
machining speedd hese further trials using both drilling and tumihave however
only shown marginal gains, in comparison te6#, with only animprovement in
performance at speeds >60m.thinThough importantly both alloys see a
considerable decrease in machining performance at elevated s@mo®rsely
drilling trials carried out by Rahinet al. [184] saw Ti-64 possesisg superior
machinabilitythanTi-54M during drilling as recorded better tool life performance
as a result of lower flank wear. Furtheeasuremestof local tool temperatusan the
rake faceduring orthogonal cutting trialkas alsorevealed that the temperature
generatedvhen cuttingli-64 andTi-54M werealsosimilar. At this point the majority

of studies i nvestigating i ma doh exanaple,i | i t y o
Ugarteet al.[124] attributes the reduction in -B553 machinability to a combination
of high dynamic loads as a resultrfioa higher chip segmentation frequency and
higher cutting temperatureSuch conclusions offer the reader little metallurgical
insight into how the material could m®ntributingto its machining performance.
Arrazola et al. [185] did however make an important observation when also
comparing the machining performance of5653 and TH64, where lhe formation of

a protective lagr of adhered materiaasobserved when machining Ti6Al4V alloy.
The size of this layer decreases with increasing speed. As soon as this layer is
removed, tool wear increasgignificantly.No mention was made as to whether or not
a protective layer wasbserved when machining-b553, nor have any other authors
reported the formation of a stable protective layer when machinibgNIi
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2.13Summary

Within this sectionthe mechanics of machining have been introduced as well as an
introduction to(and a critical appraisal of current scientific understandingtha)
fundamentametallurgicalresponse of the workpiece during machining, the influence
of cutting parameterariability andcurrent practicén surface integrity analysis.

Currently there emains a significant knowledge gap concerning the relationship
between both the deformation and cutting force characteristics with the underlying
crystallographic morphology of the workpiece material, especially concerning
multiphase materialsConsequenyl, this study will investigatethe metallurgical
response of multiphase titanium alloys during experimental machining trials in order
to quantifyand rationakethdar mechanicatesponse
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Chapter 3 - Material analysis procedures

3.1 Introduction

Throughoutthis study, which addresses many different aspects of material behaviour
during machining, a number of common experimental procedures were ufilisesh
included metallographicpreparation techniques, optical imagery, scanning electron
microscopy (SEM), lectron backscatter diffraction (EBSD) and further analytical
proceduresln order for the results to be reliable best practice guides were consulted.
The following chapter details these procedures and techniques.

3.2 Specimen Preparation

A standard procedure/asusedto prepare samples faptical microscopy, scanning
electron microscopyand EBSD These techniquesemained the same for all the
material types investigatetl.is important to note the importance of the care required
when handling and preparitige specimens for analysis, ensuring the integrity of the
surface has been maintainedrior to metallographic analysis specimens were
removed from the machined workpied@epending on the nature of the machining
trial the sample material was either imnadly removedn the lathe using a parting

tool or through thickness slices were cut via electric discharge machining (EDM) or a
water jet cutter.

3.2.1 Precision sample sectioning

Microstructureanalysis samples wesectioneceitherparallelor perpendialar to the
normal (ND)i cutting direction (CD) planeThese directions are definedrigure3.1
with respect to common locations relative to the workpiece andahe to

Insert

(1

Workpiece
rotation

X 19.98 mm

B Y 1 9.98 mm

— > "/ Z | 5mm

CDZ
FD

ND

FD

Figure 3.1 Typical sample orientations famicrostructureanalysis relative to the
workpiece.The normal (ND)i cutting (CD)i feeddirection(FD) and corresponding
EBSD sample dimensions.
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All sampleswere sectioned for EBSD analysis. EBSD requires the sample to fit in a
customised sampleolder. The critical dimensienfor EBSD samples are also given
in Fgure 3.1.

A manually operated sectioning Buehler Abrasimet with a silicon carbideffcut
blade wa occasionally used to quickly reduce the sample dimensions. Allowing the
final precision reductions to be carried out using an automated Buehler IsoMet 5000
linear precision saw fitted with a 200 mm diameter, 0.5mm tharkferrousspecific
silicon carbde cutting wheel. For this machine the cutting blade can be positioned to
an accuracy of 0.1 mmlo minimise specimen heating, the cutting wheel was
advanced with the lowest possible feed rate (1.2 mrmtnsina constant blade speed

of 3000 rpm with a cdamuous liquid coolant delivery ahead of the cutting wheel.
Orientation critical samples were sectionesing EDM ona Mitsubishi FA 20 Wire
Eroder. EDMallows samples to be sectioned toaaouracyof 0.01L mm.

3.3Surface Preparation

3.3.1Metallographic polishing

In preparation fomicrostructureanalysis, each sample was individually contained
within a 32 mm diameter Bakelite resin mouRtepared in batches of three, the
mounted samples were ground and polished using a Struers Abramin automatic
polishing machine.Comprisingthree stages; all samples were ground to a planar
finish, ensuring any material that may have been affected during the sectioning stages
was subsequently removed; this was then followed by an initial polish using a water
based9 ¢ mdiamond suspension and then a final 0g0®polishing stage using a
colloidal silica suspension (silco). The silco solution compris&)%s colloidal silica
suspensiorwith the addition 0fl0% laboratory reagent grade®3 (30% w/v) In

order to prevent #hsilco from crystiising on the sample surfacthe samples and

the polishing cloth are rinsed with water. The additiotgD, reduces the chemical
etching affect that can occur when preparing titanium alloys via this mefmyd.
possible surface relief caused by etching is undesirable, especially for EBSD analysis,
which requires a perfectly planar surface. Table Summmarisesthe complete
preparation procedure.

Samples required fadBcanning Electron Microscopy (SEMYy Electon backscatter
diffraction (EBSD) analysis need to be separated from the Bakelite mount once
polished. To aid removal prior to the polishing steps grooves are cut into the side of
each. With great care the sample can be extracted. To slow the oxidatesgthe
samples need to be immediately submerged in methanol and for best results it is
advised to image within the same day of polishing.
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Table3.1 Summary of retallographi@analsis peparatiorstages for titanium alloy EBSD samples.

Stage

Abrasive media

Additions

Time and advisory notes

1. Planargrind

1200 grit silicon

carbide grinding

Water cooled

Until planar(2- 8 minutes)

Replace grinding paper at first signedfcessive wear (4 minutes max)

paper
2. Initial polish | Struers MD | Water based r@n Diamond| 7 minutes
Largo suspension and water basec
o ) Ensure disc is suitable lubricated use the diamond suspension sparingly
Composite disc | lubricant
3. Final polish | Struers  MD- | Silco solution containing;90% | 5 minute water rinse (including a clean of the cloth with a firm card edge)

Chem Porous

neoprene disc

0.05Mm colloidal silica
suspensionplus 10% laboratory|

reagent grade 4D, (30% wi/v)

Water rinse

5 minutesilco C 1 minutewater rinseC 5 minutesilcoC 5 minutewater rinse

All stages are carried out with the sample holder moving with a complimentary relative rotation at a constant speed.ofHié&@pptied fare also remains constal

at 4 N perspecimen. Fobest results it is advised to prepare samples in batches of three ensuring the sample holder is balanced
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3.4 Imaging and analysis

3.4.1Microstructure optical imaging

The prepared samples were examined under reflected lightiomsdising a Polyvar
light microscopeCrosspolarised filters were inserted to reveal the microstructure of
the as preparesamplesThe magnified images were acquired using the software KS
AxioRun, which allowed for option of graticules to be addedaoh image.

3.4.2 Scanning Electron Microscopy (SEM)

To study microstructures at higher magnifications, a FEI Inspect F field emission gun

scanning electron microscope (FEBEM) was usedTo reduce interference issues,

each sample was removed from the Biédkenounting and held on a metal stub using

an adhesive conducting carbon dithe typical operating parameters for the Inspect F

FEG-SEM are outlined in dble 3.2. For imaging the backscatter detector was most
commonly employed to enhance the differebcet ween the U and b ph
resolve deformation features such as twins and slip via channelling contrast.

Table3.2 Operating parameters for the Inspect F FEEM.

Parameter Typical value
Acceleratingvoltage 15keV
Spot size 3

(dimensionless unit specific t (~10 nA probe current)
Inspect F FEG SEM)

Working distance 8.00 mm

Detector Secondary electron and Backscatter detect

See Table 3.3 for detailed descriptions of acquisition parameters and advisory
guidelineghat areto be followed when using a FEG SEM.
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Channelling contrast is generatedridg backscatter electron imagingherebythe
incident electonsfalling on the samplare subject to multiple interactions with lattice
planes which cause the electrons goatter. These multiple scattering incidents lead

to some being emitted from the specimen as backscattered eleckoareszer, within

a deformd specimen containing dislocations, the lattice plamesome distorted
resulting in a reduction in the number of electrons being backscatté€eains
containing features that possess a high number of dislocations such as twins and or
slip disrupt the natre of the backscattered electrons causing tonal variations within
the acquired image3hese may appear as distinct bands or more subtly as a gradual
variation across the grain.

3.4.3 Electron backscatter dffraction (EBSD)

Throughout this investigatiorextensive use was made of electron backscatter
diffraction (EBSD). EBSD can offer great insight into the processing history of

material. Through the interpretation of Kikuchi patterns from backscattered electrons,

the crystallographic orientation of a speme n6s sur face can be obt
image maps (OIM) comprisiniggged data points can be constructed to give a more

global representation of the crystallographic morphology of a sample.

EBSD formed a critical component of the research and waktasevestigate;.

1. Specific modes of mechanically induced deformation.

2. The role of the underlying texture and applied stress state in governing which
modes of deformation will activate.

3. The texture and microstructure in the as received billet and its caudrge
influence on cutting forces during machining.

EBSD analysis was carried out on crgsstioned specimens taken directly beneath

the machined surface. Characterisation of
identification of mechanically induced defoation, which has been related to the

destructive nature of the machining proc&ace the material has been received after

the machining has occurred the analysis ha
examination of the machined materidln important aspect of this investigation

concerns the post pressing of the acquired EBS
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3.4.31 EBSD Equipment description

A FEI Sirion FEG SEM with a retractable Nordlys S detector was used to acquire the
EBSD data.Control of the equipment is goveh by an HKL Technology EBSD
analysis system with an additional control system running the imaging and acquisition
software, HKL Channel 5.

3.4.3.2General Principles of the EBSD System

EBSD requires the sample to be inclined beneath the electron gurabglenof 70°

off horizontal. The EBSD detector is then extended into the chamber via an electric
motor where it is locked into position near to the sampleing operation the scan
coils within the electron gun are disabled so that the electron bearmsestetionary

and can be controlled above a specific area of interest. The schematic slvagunen

3.2 illustrates the components required to perform EBSD.

Phosphor screen

Lead glass
radiation shield

Peltier cooled

CCD camera
Forward scatter

electron detector

Digital stage and
3
p C/ beam control unit

Figure 3.2 Principle components of an EBSystem after Oxford Instrument$186].

As illustrated inFigure 3.3 the incident beam of electrons interact with the atoms at
surface of the specimen, resulting in some of the backscattered electrons to satisfy the
Bragg equation Equation 3.1) where¢ is an integer} is the wavelength of the
electronsd is the spacing of the diffracting planes anis the angle of incidence.

¢l Qi Q& Equation3.1
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b \c>/ Kikuchi band
il Kikuchi band width
Working distance

Crystallographic plane

Diffracted electron cones

/' Sample to screen distance
A '
Pattern Centre

Phosphor screen

DN

Sample

Figure3.3(a) The Bragg condition is satisfied when the backscattered electrons from
the diffracting planes are reflected in phase (b) Schematic diagram illustnatvg

the diffracted electron cones are projected on to the phosphor screen allowing
identification after Wilkinsonet al.[187].

The crystallographicdbbc k scattered el ectrons, whi ch
plane, emanate in diffraction conist correspond to thieont and back surface af
specific incident atomiplane.When these conesontactthe phosphor screeat the

EBSD detector a Kikuchi lines formedthat represents @ace of thespecific plane

from which was createdAn electron backscatter patte(RBSP) comprises of a
number of Kikuchi bands and represents the characteristics of the crystal structure and
the specific orientation of the region from which it was gener&echarge coupled
device (CCD) camera positioned behind the phosphor scredoremapghe EBSP
allowing it to be digitisedThe crystal orientation is determined by transforming the
positions of the EBSP bands using a Hough transformakEguation3.2), which
converts the traces into single points within a Hough sp@adeereby the EBSP
coordinates (v, w) become ( , 5 in Hough spaceThe points represent the
perpendicular distance of the trace line from the origin and the angle of thenieace i
relative to the »axis.

" o Wi 9 Equation3.2

Comparing the angles between the acquired Kikuchi bands to those avigfi@rence
database, miller indices can be assigned to pkte.The specific orientation of the
crystal lattice with respect to the specimen coordsess be definedFigure 3.4
illustrates the capture, processing andyss of an acquired EBSP pattefror each
indexed data point an associated mean angeldation (MAD)value is givenMAD
represents the relative angular misfit between the acquired bands to those within the
reference databaskleasured in degrees MAD value of less than®lis regarded as

being satisfactory.
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Workpiece

Solutions (1}

Phase MAD  Bands

Hough Space: TiHex =

Resolution: 60 _%_1

Unit cel {Acq, suface}

[Phase information]
Name=T

iHex
Sources(Titanhex v3.cty]
Database=HKL phases

Machined edge

Compositon=T(100 %)
SEMMag: 200) ee— 00T

1. Secondary electron image of the workpiece with an overlaid (blue delineation) 500 um wide 100 pwm tall EBSD scanning area. Note when

analysis a machined surface to position the scanning area such that it overhangs the workpiece thus ensuring the edge will be captured. The
crosshair mark corresponds to the region of material currently being analysed.
2. Acquired live EBSP pattern

3. Corresponding Hough space for the live EBSP pattern.

4. Visual representation of the band edge detection process whereby all individual bands are identified (software computates this step using
the Hough space)

5. Visual representation illustrating which combination of identified bands have been chosen using the minimum/maximum number of
critical bands.

6. Resulting final visual representation of the material crystal type and crystallographic orientation.

Figure 3.4 Fundamental processing steps during the acquisition of orientation data; followicapthee, processing and analysis of an EBSP
with its associated Hough space representation and.MAD



The process of acquiring a Kikuchi patteand its subsequent indexing can be

repeated approximately 25 times per secddy.scanning the beam horizontally

across the sample and collecting the data an orientation image map (OIM) that
represents a scanned area can be construdtedresolution oftte OIM is governed

by the beamds step size, a unit |l ength tha
between each of the indexed data poifitee HKL Flamenco control software can be

programed to collect a matrix of data points, this is also knowa asé jAa b 6 .

individual job is limited to an area of approximately 300 x &@® on the specimen

surfaceIf the user requires a scan that covers an area larger than 306m,38ng

the stage control system a series of jobs can be collected that candasl together

using a Omapstitcherd software package, wh!

3.4.3.3Typical parametersand operational guidelines for EBSD aalyses

To facilitate highresolution EBSD data acquisition the cleanliness and quality of the
specimengnetallographic preparation is criticahll EBSD samples were prepared
using the method detailed 83.21. During the preparation stages, extra care was
taken to avoid imparting any mechanidaimage, or unwantexuirface filmsthrough
contaminéion. Having a soundpecimen preparatioapproach allowed for reliable
results to be obtained with a low MAD.

Prior to initiating EBSD controltiis importantto ensurdghatthe microscope gun tilt,

lens alignmentand astigmatismhavebeen corrected to allow for focusing and thus
permitting the calibration of the stage heigbihce the microscope has been set up
correctly this allows for improved EBSfesuls. Like most analysis techniques, the
accuracy of individual EBSD data pointsdathe resolution of the entire data set are
time dependent variables. Therefore, the user must decide prior to setting up the
equipment what the requirements are for the individualg@alch specimen has to be
treated individually with the parameters dietd in Table 3.3 require careful
adjustmentThe specimens alloy composition, morphology anotess history will

the further dictate the quality of the acquired EBSRce the parameters have been
optimised, the user must consider the necessary resolution of the data so that it will
possesa sufficient amount of detailhe resolution of an EBSD data set is dictated

by the step size, which corresponds to the verica horizontal spacing between
individual data pointsi-or this investigation, the majority of the EBSD data obtained

is presented in the form of high resolution OIMs, these required individual jobs
running with a maxi miomnsgd dage eadugheareaoof 0. 5 ¢
material was analysed these jobs required a running time of 60 houhss time
upward of 4 million data points can be gathered. It is important to note that the offline
data manager cannot process maps containing more than % mél& points.
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Table3.3 Sirion FEG SEM EBSDAcquisitionparameterand advisory guidelirge

Parameter Typical Guidelines
value
Microscope Accelerating voltage 20keV For an FEG SEM EBSD systenthe accelerating dtagesis commonlybetween 5 and 2KeV. Spatial
resolution is reduced outside of upper and lower bouHiitgh accelerating voltages improve t
contrast and sharpness of the obtdipatterns, which further improve the acquisition rate and
MAD of indexed data points. However, an increased voltage reduces the band width of the pattg

Beam spbsize 3 The FEG SEM system offers spot sizeshie range of b, for EBSD the smallest spot size that off
the most consistent solvable patterns is desirable. If the pattern quality is weak this can be imp

(no unit system specifig increasing the spot size.

paramete)

Spot size, alsoeferred to as probe current and is depehd® multiple factorsa spot size of 3 wil
have a different actual size at 10 keV than at 20 keV, therefore spot size values have no units
spot size values equate to a smaller dimension of the incident spot size.

Working distance 14 mm After ensuring the gun tilt, lens alignment and astigmatism have been suitably corrected a
distance of 14nm can be accurately s&or the Sirion FEG SEM this distance provides the best E
patterns.

Magnification 200x The magnification set by theionoscope limits the size of the viewing window and thus the maxir

area an individual job can cover. At 200x this equates to area approxirB@tely 300 mm. Any

increase in the magnification above 200ffers no improvement imuality of the obtained ata.

However, at lower magnifications the beam is required to travel further which can reduce the s




hit rate. To scan an area larger ti3@@x 300 nm the automated stage control system can be emplg

Stage tilt

70°

A tilt angle of 70° isrequired to reducéhe depthto which the beam penetrates the specimen su

and allowsthe backscattered electrons easier access to the detection camera.

CCD

Camera extension

166 mm

Attention needs to be made with regard to the cameras proximitetstage, particularly whe
analysing the edge of a sample and performing job that requires the stage to automatically mo

it is possible for the stage and the camera to collide!

Pixel binning

4x4

The control software can be set to either of the following; No Binr#ing2, 4x 4, 8x 8 and 8x 8-
superfastTo increase the acquisition rate it is possible to cluster groups of data points that rttak

EBSP, the improvement in sampling rate is boer at the expense of angular accuracy. Therefor

this type of investigation it is recommended to use a binning of 4x4 allowing high quality EBSP

collected.

Camera gain

High

Gain is a measure of the cameras sensitivity. At high gain thes#tamuitime is reduced. Howeve

this may increase the amount of noise within the obtained pattern.

EBSP

Timing per frame

6-10 ms

The timing required to acquire a suitably clear image that is neither to dark or bright is parti

sensitive to the clediness of the preparation stages.

Number

averaged

of

framesg

4-6

To further improve the clarity of the acquired pattern an increase in the number of frames requ
averaging is requiredit the expense of the acquisition rate the hit rate and the spatial resolu

improved.
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Calibration Material database Ti Hex The HKL Channel 5 software is equipped with calibration files for a large selection of materials.

calibrationfiles can be refined to suit the material being analysed to improve the angular accu
Ti Cubic

the obtained data, each refinement can be saved to the user profile. Therefore, it is advised

separate profiles when studying materials of different altmyposition.

Band detection Band detection Band edges | For this study the angular accuracy of the obtained data was deemed more important than agq
rate.Band edges offer an improved angular accuracy over band cddires centres can be employ
if the sample has a poorly prepared surface.

Min/Max number of| 5/7 The use of a high minimum number of bands required during detection helps avoid the eff
bands for detection pseudesymmetry. Further improving the reliability of the obtained data.
Hough resolution 60 Resolutions can be used in the range o66@0This value corresponds to the resolution of the in

when it is converted into Hough space.

Resolution and timing

Mapping acquisition rate

0.04 secondsg

Once the user isomfortable with the quality of the data being acquired a job can begin. The

acquisition rate is the governed by parameters listed above.

Step size

0.065 e m

The step size corresponds to the desired resolution of the of the acquired data aneislérdey all

the parameters listed above.




3.5EBSD data representation

Once EBSD job has been completed the EBSD control software compiles a database
containing all of the gathered data. This can be saved as a common transfer file (.ctf)
an example of which can be seerFigure3.5.

B bota_BI_1_HD - Hotepad (=1

Fie Edt Fomst View Help

r to sample Coordinate system (Cs0)! 100 pevice 0 KW 20 Tiltangle 70 Tiltaxis 0

07 90:120 Ti-Hex & [} 6.3 -2037178%527

90; 90; 90 Tiranium cubic 9 63129_5.0.6.3 -197375:
ror  Ewlerl Ewler? Ters B35

154.02 155.91 25.23(

[Titanhex v3.cry]
1222 rechnigue de 17 ingenieur

) 7

©.4800  0.0000
05400 0.0000 7

5 7
‘000 7
:

:

ccocococoen
-
4
®
&
"
&
o
]

. ) 24841 0.5591
153,32 155.99 3 7

Figure3.5 EBSD job database saved as a common transfer file (.ctf)

Within the .ctf file ech data point is assigned a unique coordint&')( that
correspnds to its location in microns within the job. The data stored relates to the
materials phase and orientation (Euler 1, Euler 2 and Euler 3) as well as the number of
Kikuchi bands (Bands) that were required during indexing plus its resulting MAD
value. Bad contrast (BC) and band slope (BS) both relate to the pattern quality are a
measure of the average and maximum band intensity.

3.5.1 Euler transformation

As highlighted inFigure 3.5 the orientation of each indexed data point is represented
by three individual Euler angles, which commonly take the fofm K, 7). The
specific orientation of abody can be represented in Euler space, Ealer
transformation comprises of three rotations as illustratefigare 3.6. Where 7, O
360,F O 1 8 0, C9O1B8].

Figure 3.6 Schematic illustrating the Euler transformations wheref{a@quals the
rotation around &axis, (0))F equal s t he paxis, &})7iequals ratddianu t
about the gaxis

92

e o



It is important to note that the Euler angles that are assigned to each data point are
orientated relative to the SEM chamber and not the sample itself. Therefore, it is
important to ensure the sample has been orientated correctly prior to initiating an
EBSD rin. The Channel 5 software does offer the capability of virtually rotating the
dataset if the user requires.

To enable the user to be able to perform textural analysis the EBSD data can be
visualised in several different ways, the prinegpbf those emplad as part of this
study are briefly discussed.

3.5.2 All Euler OIM

All Euler mapping uses a colour representation for each Euler angle component
(Figure 3.7). This offers the most realistic representation of the underlying
crystallographic orientation. However, the data cannot be easily interpretedth&ince
displayed colour compris@scombination of the three colour scales.

All Euler Ti-Hex [62%]

Euler 1
Euler 2
Fuler 3:

G 30 &0 b 10 140 130 210 240 270 2do 3k
40 60 90 100 120 140 180

1020 90 40 60 60 70 60

Figure 3.7 All Euler orientation image map and corresponding legend, colouring set
parallel to the viewing plane.
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3.5.3 Inverse pole figure OIM

Inverse pole figure (IPF) is another colour representation style that allows the user to
easily identify the average orientation of a specific data pdigue 3.8). IPF
colouring identifieskey crystallographic planes and their orientation relative ¢o th
viewing planelPF does not however, describe the texture completely since it offers
no insight into the specific rotation of the individual data points.

100 pm
{2110}

{1070}

Figure 3.8 Inverse pole figure and corresponding legend, colouring set parallel to the
viewing plane.
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3.54 Noise reduction

The noise reduction tool offered within the HKL Channel 5 software and can be used

to O0cleand Ol M6s. | sol at edwielrd ospoussa@acta
removed and regions containing zero solutions can be filled via an extrapolation
method.The OIM data shown ifrigure 3.9 has been extrapolated 24%such that

there are only 24%nindexed pointsemaining Caution is advised when applying

this tool since data points filled using this method are purely theoreTicaiefore,

this can lead to misleading results whenlgsiag features such again size anaft

overall proportion of a specific phase within a dataset.

100 um
{0001} {2110}

{1010}

Figure 3.9 Inverse pole figure orientation image map after a noise reduction function
has been applied.
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3.55 Band contrast OIM

A band contrast (BC) value is logd for each recorded data poibgnd contrast

OIMs (also known as pattern quality maps) offer a grey scale representation of the
EBSD datasetHigure 3.10). High BC values correspond to a lighter shade of grey
with black representing an unindexed data poBénd contrast OIMs offer a
complete image representation of the analysed area, features such as the edge of the
sample, deformain bands and grain boundaries can often be more apparent when
displayed in this style. As part of this investigation band contrast OIMs are used in
conjunction with IPF OIMs, with each map being superimposed onto one another.

100 pm

Machined surface

Deformed region

10 pm

Figure3.10 Band contrast image map of a cross section taken of a machined titanium
alloy surface. Enlarged region (i) showing the highly deformed subsurface region
beneath the machined surface.

When attempting to quantify an area @siEBSD that contains a high amount
deformation. [@fects such as dislocatiomsause the acquired EBSB tose its
sharpness and can subseqglyeriead to systematic mis-indexing Figure 3.10
illustrates the severity to which the mechanically induced deformation can influences
the recorded data, with an increaséhienumber ofunindexed data points within the
deformed region nedhe surface.
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3.5.6 Twinning delineation

The HKL Channel 5 software offers the user a special boundary function that can be
used to delineate grain boundaries that satisfy specific conditions. To identify an
individual twin mode, the user is required itgput an angle of rotation about a
specific planeMironov [28] lists a concise account of these identification planes and
anglesFigure3.11 demonstrates the method of the twilineationprocess using the
example of thep p¢ tension type twin. Here a specifioisorientationrotation

angle of 84.78° is specified about fpgp Daxis.

100 pm
{0001} {2110}

11010}

Twinned region

10 um

Figure 3.11 Inverse pole figure orientation image map after a noise reduction and
p |¢ twin delineation function has been applied. Enlarged region (i) showing the
highly deformed subsurface region beneath the machined surface with the
identification of p ¢ type twins within an individual grain.
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3.6 Pole figures

Pole figures offer a projected representation of the orientations within a specified
region with each pole figure displaying individual points that correspond to a normal
locaion in the centre of each plane of interdsg(re3.12). A contour plot can also

be applied to a pole figure plot to illustrate any potential clustering that may be
occurring, using a scale ohultiples of uniform densitymud). Throughout this
investigation stereographic projections were used.

Figure3.12(a) Inverse pole figure orientation image map after a noisectieth with

a subset taken from within an individual grain. (b) Graphical representation of the
average orientation of thdCP crystal within the highlighted subset, including the
corresponding Euler angles. (c) Pole figure representation of highlighbedtsuith
corresponding contour plot (d).
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