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Machininginduced white layeisa critical surface integrity feature th&not tolerableat any thickness
on a machined gas turbine engine componenigdo the detrimental effecit can have on the fatigue
performance.The assessment @fhite layersin the aircraft gas turbine industiig currently adestructive
evaluation proess butanon-destructivewhite layerassessment method would allow for fastaspection
without the need to sacrifice componenta review of the current statef-the-art in the charactersation
of machininginduced white layers identified gaps in the knowledge concerning their properties and
formation mechanisms in titanium aifs. Althougha small number of studies have investigated the non
destructive detection of white, howeveno technique exists that can detect this anomalous feature in all
aeroengine alloysThis thesigonsiders the stat®f-the-art and improves the fundaental understanding

of white layer charactasationand detection.

Quantitative charactasationof the mechanical and metallurgical properties of white layers generated
in three aircraft gas turbine engine alloys was undertak&hite layer formation waattributed to severe
plasticdeformation and subsequent dynamrecrystallisationin the microstructure of the neasurface
region. It wasfoundthat white layers in all materials were composed of nanoscale ghaamg a higher
hardness relative to thbulk andalargecompressive surface residual stress stathite layers in titanium
were measuredto possess a basal crystalloghap texture and an increased concentration afpha

stabilizing elements.

Methods for nondestructive detection of white kers were proposed based on tHeowledge
obtained fromthe characteisationwork. A grain sizeensitive xray diffraction peak breadtbomparison
method was shown to facilitate white layer detection in all three alloys, to a resolution comparable with
the existing destructive method. Textubmsedx-ray diffraction and surface acoustic wave methaasl
a residual stresbasedBarkhausen noise method were also showrfaoilitate the detection of a white
layer, however, theyad a lower resolutiorthan the peak breadth method. The newly developed peak
breadthcomparisormethod for white layer detection could be lised in industry for the nordestructive
detection of white layerstherebyadding value tahe manufacturing process by improving confidence in
manufacturing quality, reducing the inspection time and offering a potential reduction in quality control

costs.
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Symbol Name
Machining features
S Surface integrity
WL White layer
SG Swept grain
SPD Severe plastic deformation
Machining parameters
a.,a,  Axial and radial depth of cut
(milling)
w Depth of cut (turning)
a Tool rake angle
t1,t,,t;  Uncut, cut and instantaneous chip
thickness
r Cutting edge radius
¢ Shear plane angle
R',R Force of the tool on the chip and
the force of the workpiece on the
underside of the chip
E,, Fg,  Machining forces parallel to the
Fs, Fy rake face, normal to the rake face,
parallel to the shear plane and
normal to the shear plane.
F. F.,F, Machining forces in the cutting,
radial and thrust directions
fo,f+  Feed per tooth and per revolution
E., F,, F,  Machining forces in Cartesian
coordinates
h Instantaneous chip thickness
K, ., K., Specific machining forces in the
cutting and radial directions
K., K. Specific machining forces due to the
edge effect in the cutting and radial
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VB Flank wear land
V. Cutting Speed
Q Instantaneous immersion angle

Workpiece and sample designations

CcD Cutting direction
CR Cross-rolled
CRD Cross rolled direction
FAST  Field assisted sintering technology
FD Feed direction
FRD Final rolling direction
ND Normal direction
oD Outside diameter
R1 Arbitrary axis in the plane
perpendicular to the billet axis
R2 Axis perpendicular to R1 in the
plane perpendicular to the billet
axis
RD Rolling direction
SCMV  Super Chrome-Molybdenum-
Vanadium
TD Transverse direction
u/D Uni-directional
Characterization
AFM  Atomic force microscope
C DSIMS intensities
D Diffusion coefficient
DSIMS  Dynamic secondary ion mass
spectrometry
E Elastic modulus
EBSD  Electron back-scatter diffraction
EDXS Energy-dispersive x-ray
spectroscopy
FEG Field emission gun
H Hardness
SEM Scanning electron microscope
t Diffusion time
TEM Transmission electron microscope
U Poisson’s ratio
x Diffusion distance
XRD X-ray diffraction
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Crystallography and recrystallization

BCC Body centred cubic
BCT Body centred tetragonal
CDR Continuous dynamic
recrystallization
d Lattice spacing
DR Dynamic recrystallization
DDR Discontinuous dynamic
recrystallization
FCC Face centred cubic
HCP Hexagonal close packed
HPT High pressure torsion
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ODF  Orientation distribution function
T Texture index
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Non-destructive testing
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DPI Dye penetrant inspection
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EDXRD Energy-dispersive x-ray diffraction
ECT Eddy current testing
f Frequency
MPI Magnetic particle inspection
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SAW Surface acoustic wave
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jr. Magnetic permeability relative to a
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Micro-grid strain measurement
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Bp Magnetic Remanence
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H Magnetic field strength
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kg Boltzmann constant
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1 Introduction

1.1 Motivation
Machinng is used in the manufacturing of almost all aircrgéis turbine engine (aeroengine)

components and is critical to finalizing the shape and surface quality of a part before entering service. The
quality of a machined surface, its -salled surface integfly, has a direct effect on the functional
capabilities of a component. The safafgtical nature of the aerospace industry, which arises due to the
immediate catastrophic consequences of failure relative to other industries such advdsed power

geneition, necessitates a thorough inspection of machined components to assess their surface integrity.

The surface integrity inspection process in industry invariably requires a formssfserctional optical
microscopyas someaspects othe surface integty, such as white layers and swept grain regions, cannot
be identified from visual inspection of the machined surface. This microscopy inspection inherently
requires pars to be destructively sectionadto small (sub 30 mm) samplas permit access to th cross
sectionbefore beingmounted in resin, ground, polished and chemically etched. The chemicahgish
necessary to reveal the microstructure of the samated hydrofluoric acid, a highly toxic chemical, is
required for the case of titanium componts. The quality and accuraof the microscopy assessment are
dependent on the level ofrqding and polishing pad weahe chemicaletchant concentration andhe
etchingtime and this, thereforegives rise tanherent variability in the inspection press.Due to the
number of steps involved, thisurface integrity assasent process is timeonsuming and by necessity
shouldtake place in a laboratory away from the machine shop floor. However, despite the limitations of
this method, destructive crossectional microscopy is critical to surface integrity assessment as it is
currently the only way of inspecting for certain anomalous features that can arise during machining

operations, particularly in aeroengine materials.

Of all the anomalous surface feaisthat are assessed during surface integrity inspegtimachining
induced white layers are perhaps the least understood. Whilst previous studies investigating the formation
mechanisms and machining conditions that encourage white layer formation haare nalertaken for

specific alloys, there is a lack of a coherent general review that establishes the@ttheeart.

White layers are known to cause a reduction in fatigue[lifieand as such, if any whiteyer were

identified on a surface, it would cause the component to fail surface integrity assessment. The drive for

1



increased production rates in industry, to reduce overall costs, has necessitated the adoption of higher
metal removal rates, which can inde the use of higher cutting speeds. White layer formation has been
shown to increase with cutting speeds as well as tool wear. Therefore, as cutting speeds are pushed higher
and higher to enhance production rates, it is logical to predict that whiterlégrmation and the ability

to detect this anomalous feature will become increasingly relevant.

A non-destructive alternative to thecurrent destructiveinspection process would offer several
improvements. These include the ability to inspect all compdsidefore they enter service, rather than
sacrificing one component from a batch and assuming all other components produced in the same way
are identical. Additionally, a nedestructive method could eventually offer anachine surface integrity
inspectionas part of the production line, significantly reducing l¢axe for inspection results. This allows
for advancements in the machining process, such as the development of optimal cutting conditions or
more effective tool geometry, to be researched anddatied at a faster rate. By providing a quantitative
measure from inspectiothat is related to an underlying key property of a white Igy@enonrdestructive
method could have the additional benefit of removing thwariability introduced during sample
preparation and thesubjectivityin the interpretation of anoptical micrographby an inspector. These
benefits would improve the reliability and reproducibility of the white layer inspection method and offer

value to the partners supporting this research ahd wider industry.

The manufacturing industry is moving towards automatioropérationsas part of smart factories
through the 4" industrial revolution (industry 4.0). One of the key concepts of industry 4.0 is the digital
twin, whereby every part onhie production line will have a digital representation. This digital twin is
compared to the desired component using data captured from sensors and, from this comparison,
decisions can be made on actions required to change the-wedtl component. Crossectional
microscopy is an analogue method for surface inspection that is not compatible with industry 4.0. By
contrast, a nordestructive inspection method could facilitate the assessment of a surfageamhine,

from which decisions could be made on théiaes required for that component.

Due to the shortcomings of the current inspection methods, the benefits of adestructive
alternative and the requirement to align surface integrity assessment with the future manufacturing

operational concepts, the delopment ofa nondestructivemethod forassessment ahachininginduced



white layers is highly relevanto develop such a method,caherent review of the literature in relation
to the formationand propertiesof white layers in a range of differeaeroenginematerialsis required
Therefore this study includes eonsolidation and a critical review of the current literature, in addition to
experimental workfilling in the identified gaps specifically the determination of the key properties of
white layers in a titanium alloy. This knowledge is used to devalopvelnon-destructivetestingmethod
that can be used to detect machinumgduced white layers with improved resolution compared to the

current optical microscopy process

1.2 Aim
The aim of this stdy is todevelop a technique to detect machinimgduced white layers non

destructively by initially characterizimgachining induced white layers in aeroengine alloystaed using
the acquiredknowledge of the measured key propertjgs identify the nost suitable nordestructive

testing methods.

1.3 Objectives

1. To review previous work and the current stadéthe-art in destructive and noiwlestructive
evaluation of machining induced white layers

2. To charactase the key physical properties of white layersdanse this knowledge to propose
suitable nondestructive testing methods based on the physical phenomena on which these
methods are based.

3. Toenhancethe understanding of the formation of machining induced white layers.

4. Todevelop a nordestructive testingmethod for detecting machinirghduced white layers and
then perform prootof-conceptmeasurement®n machined samples.

5. To identify the limitations of any successful technique and outline a strategy for implementation
in industry.

1.4 Thesis structure
The thesis has been structured in the following format to introduce the current published knowledge

in charactersationand nondestructive detection of machiningduced white layers before outlining the
experimental methodologies emploglefor generating and chiacterisng surfaces containing a white
layer. Following this, the results from charagsationwork are presented and suitable natestructive

testing methods are proposed. Finally, the results from -destructive measurements on machined

surfaces contiming white layers are presented. The detailed structure of the thesis is as follows:



Chapter loutlines the motivation for the investigation into the natestructive detection of machining

induced white layers. The scope, aims and objectives are stated.

Chapter 2 introduces the three material groups widely used in aeroengines, titanium, nickel and iron
based alloys. Their key properties and areas of application are discussed. An overview of turning and
milling, the machining processes used in this stuslyprovided. The chapter concludes with a discussion

on the difficulties faced when machining components made from aeroengine materials and how this can
affect their resultant surface integrityAn overview of the types of anomalous features incorporatedarn

the term surface integrity is provided and selection of the feature of interest in this study is made.

Chapter 3ntroduces the key featureyhite layes, in detailbeforereviewingthe state-of-the-art in white
layer formation mechaisms in machiningnd identification othe machining conditions that encourage
white layer formation. The chapter also includes a discussion of the key physical properties of white layers

identified in the literature.

Chapter 4outlines the available nedestructive surfae testing methods and reviews the stabéthe-art

in detecting white layers with these techniques. Due to the limited prior research in this specific
application, comparisons are drawn between the underlying phenomena of each technique and the key
physica properties of white layerseported in chapter 3. The chapter concludes with a preliminary
assessment of the feasibility of using these methods to detect white layers. Each technique is assigned a
usefulness score and a practicality score, facilitatimgriking of the potential techniques to guide the

work in later chapters.

Chapter 5outlines the experimental methods employed rttughout this study to generate and
characteise white layers. The materials and machining methods are described and therethictive

methods used for the quantitative characisstionof white layers arexplained

Chapter 6presents the results of the quantitative charadsation of machined surfaces in three
aeroengine alloys, in particular, the results from nanohardnessyostructure phase and chemical
composition, crystallographic texture, residual stress profile and ngae strain measurements are
reported. Following this, the chapter includes a discussion of the key physical properties of white layers in
relation to the bulk material properties and those reported in the literature. The results, as well as

previouslydescribedmechanisms from chapter 3, are used to infer a mechanism for white layer formation
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in machined titanium. The key physical properties aredusere-evaluate the proposed nedestructive
testing methods from chapter 4 and propose methods for detecting white layers in each aeroengine

material group.

Chapter 7defines the methodology of the nedestructive tests used to detect white layers in the
machined surfaces characteed in the previous chapter. The methods discussed include a-gizen
sensitive xray diffraction (XRD) method, textusensitive XRD and surface acoustic wave (SAW) methods

and a residual stressensitive Barkhausen noiseNBmethod.

Chapter 8presents results from XRD, SAW and BN-aestructive evaluation of machined surfaces. The
results are discussed in the context of the underpinning physical phenomena of each technique. An
assessment of each method in relation to theiffectiveness for the detection of white layers is provided
based on the detection limits and inspection time among other performance indicators. The chapter
concludes with a comparison between the proposed-dastructive methods and the existing desttive

crosssectional microscopy inspection method.
Chapter 9summaises the key findings and conclusions from the study.
Chapter 10outlines areas for further research based on the findings of this body of work.

Chapter 11 makes recommendations for the agtion of nondestructive methods for white layer

detection in industryanddiscusses the potential to detect other surface integfégtures



2 Materials and machining methods in aeroengine manufacturing

This chapter describes the materials and machimmahods used in eroenginemanufacturing. The
three common material groups are introduced with a focus on a specific alloy of each material. Following
this, the concept of chip formation, the fundamental theory underpinning conventional machining
operatiors, is described before specific operations, turning and millingexgp&ined The chapter finishes
with a discussion around the challenges faced when machining the three common aeroengine alloys and

how this affects the quality of a component, paatichning.

2.1 Materials for aeroengines

Modern aeroengineare composed of three primary alloy groups, titanibased, nickebased and
iron-based (steel) alloys. The need for a range of materials is due to the vastly different thermomechanical
loads experienced agss an engine. For example, the fan blades at the front of the engine, which operate
at ambient air temperature, require high strength, low weight, high fracture toughness and high fatigue
strength[2]. By contrast, turbine blades, which are exposed to temperatures above AD0Brimarily
require strengh at high temperature and creep resistanf®. Consequently, a different material is
selected for the fan blades (titanium alloy) and the turbine BlRdnickebased superalloy) because
titanium alloys do not maintain their strength at the high temperatures reached in the turbine and

conversely, the density of nickel superalloys is too high to use as the fan blade material.

Intermediate
pressure compresso

Intermediate
r bressure turbine

. Combustor [ =8

Shafts
/High pressure  High pressure i
compressor turbine  Low pressure
turbine

Titanium alloy
Nickel-based superalloy
Steel alloy

Figure2.1- Schematic highlighting the material usage in a hilghpass ratioaeroengine, after3].
The distribution of materials within an aeroengine is highlightedigure2.1 and can be loosely

summaised as follows. Titaniuralloys are used in the compression (cold) side of the engine, nickel



superalloys are used in tharbine (hot) side, and steels are used as the shaft material as well as for the

static parts of the combustion end of the compressor.

2.1.1 Titanium alloys

Titanium is an allotropic light metal, widely used in aerospace applicgddmiie to the high specific
strength that is achievable when alloyed with elements such as vanadium and alunfiivktioying can,
for example, increase the ultimate tensile strength from around 300 MPa in commercially pure titanium,
up to 1000 MPa in the heat tredbée aeroengine titaniuralloys[4]. Titanium exists@one of two phases,
the low-i S Y LIS NJpliadeNdhichhas a hexagonal close packed (HCP) crystal structure and the high
0SYLISNI (dzZNS 02 Ré -ph&defal AsShowrOmigue2®. 6. / / 0 |

) (b)

i

Figure2.2 ¢ Schematic outlining the (a) HCP crystal structure and (b) the BCC crystal structure fofidd ifi Rtitahium respectively.

Alloying additions are used to stéibeone or both of the phases with the classification of the addition
RSNAGSR FTNRY AN yEHAS GO Y2ZBNHKENBE® | RRAGAZ2Yya &ad
transus temperé dzZNB | Yy R &2 JaNB 6Gff IAd & ¥V BESIRRyladiigcyssieh a5 W, IV, |
Mo and Nb suppress the trans(ig]. Titanium alloys are grouped into five categories based on their
YA ONR a0 NHzOG dzNI élarh G2 ¥ 2 T AR29Ub2 \WI- thixz eyad ! ff2e8a 02VYL
6h FyR YVEERBAUVD NBGI Ay dzLJ -ghése at tohdiN@riperatite (idGeftdthepov 2
(1-2%)i -stabilizing alloy additiof8]. Nearh | £ f 2 & 36ARSIFAVK2Mb dre clhasen for their high
temperature strength, which allows them to be used in applications such as in the high pressure
compressor at temperatures up to 540°C, too hot for alloys containing a higher conceyitrat® ¥ |
stabilizing elementfg]® Ly ONST HEAANTAAT Ay I ff28Ay 3 RRAGAZY @&}
O2yahiaidlIRIFa S KISG "NR2Y (S YLISNI ( dzhpBasekcand® retaines).dzhe i 2
AYONBI A4S Ay NBGFAYSR i 3JIAGS& AYLINRPOSR adNBy3aidkK

characteristics.



F-0AGFYAdzy ff2ead NBGFAY wmnm: 2F GKS I LKIFAS 6K
These alloys can have tenssigengths as high as 1380 MPa, and therefore offer the highest mechanical
strength among the titaniund A SR Fff28ad ¢KS 3F22R NBalLkRyaS (2
stabliser addition, facilitates this high strengfd]® -alloys were used in the Lockheed-BRblackbird
airframe where a high strength to weight ratio and thermal stability were needed due to the high skin
GSYLISNI GdzNBa G & dzLISIoNG dte/used assalsiBiSgRriatdrial add R & raaterial fo
aircraft landing geaf9], however, their poor sength at high temperature compared to near I y R h ki

alloys means they are less suitable for use in aeroengines.

In aeroengine applications,-BAkn =+ > |y h ki | ff2&83 Aa GKS Yz2ald o&Al
total alloy productiori4] and constitutes approximately 1/3 of the weight of a typical aeroen{@heThe
chemical composition limits for this alloy are outlined Tiable 2.1, with Al { -stabilizing) and Vi ¢
stabilizing) the largest additions. These alloying addiio NJ A & $ansiisk tBmperature to
approximately 996'C[9]. The microstructure consists of primdryphase grains in addition to residual
grain boundary , as shown ifrigure2.3. TEF6AHYV is used for static and rotating components in the colder
front section of the aeroengineith typical applications being fan blades as well as disks and blades in the
compressof3]. In addition to FBAFV,2 (1 K SNJ h ki |-6AE28r#Z-6Mb dr®usedlin@erabpace
applications[10], however, they possess a lower thermal capapililespite improved mechanical

properties, so have not replaced-@Al4V.

Table2.1 - Minimum and maximum alloy additions in ®8AF4V[11].

Al V Fe o) C H N Y
Min 5.5 3.5 0.3 0.14 008 001 003  50ppm
Max  6.75 45 - 023 - ] ) )

Residual grain boundary B

r

deagey .
.f:f};_, LN *50 pm
Figure2.3 ¢ The microstructure of T6A-4V.



2.1.2 Nicketbased superalloys

Nickelbased superalloys (herein termed superalloy® alloys in which nickel is the most significant
element by weight percentage. In comparison to titanium alloys, superalloys contain a significant
proportion of alloying addition, typically 260% [12]. Alloying elements can provide seBdlution
strengthening,precipitation strengthening or corrosion resistance. Multiple alloy additions are used to
balance these three beneficial effects to tailor the alloy to the desired application. Although pure nickel is
ferromagnetic, alloying additions result in superalldysing paramagnetic, similar to titaniualloys.
Paramagnetic materials are only weakly attracted to magnets, this is due to unpaired electrons in the outer
shell of atomg5], which means, in the absence of a magnetic field, paramagnetic materials lose their

magneisation unlike ferromagnat materials.

The aerospace industry accounts for around 80% of superalloy usage, largely due to its adoption in the
hot end of aereengines[13]. Up to 50% of the weight of an aeemgine is superalloy, this is due to its
greater density of 8.2 g/cicompared to that of titanium, 4.5 g/ch14]. The e of superalloys in
aeroengines is primarily due to their higdmperature strength, in particular, their resistance to creep but
also their corrosion resistance and toughness. Superalloys can operate at temperatures within 10% of theil
melting points[14] and are therefore used for turbine blades and disks, as well as parts of the combustor
and exhaust system where temperatures as high as 1500 K can be experi@nhcEsl Operating
temperatures for uncoated and uncooled superalloy components are only as high as 116(°C
therefore additional measures are required to facilitate their use at the highest operating temopesa
Through intelligent use of ceramic coatings and complex cooling of parts, both internally and externally,

the operating ceiling can be extended beyond the melting point of the superdidy

¢CKS YAONRAGNHzOGdzZNE 2F &dzLJISNI f f 2¢& a -Geargdicibe (FEC)2 T
1 -phase typically contains many of the alloy additions used in superalloys, such as Co, Cr, M¢1l&hd Rh
FyR FO0Ga Fa GKS YIFIGNRE Ay ¢ KA OKALT)@cipRaie iHadeIwhidhk | &
Ad O2KSNByil 6AGK GKS *  YI ( NA E dengtt\obtite supsvallidysitiratigh 2 T
precipitation hardening7]. The precipitate phase can also existasthe BOdyy 4§ NER (0 SG NI 32
phase in nickeiron superalloys and superalloys with high Nb alloy addition. Here, the unit cell of the FCC
crystal structure is stretched along one axis, to form a sgbasS R NB O | y 3 dzf pHdde iSINR &
I f&a2 O2KSNByld 6AGK GKS C// * YIFGNRE |yRZ 6KSy
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carbides, a secondary phase, form at the grain boundaries and are used to pin grain boundaries to reduce
creep by retricting grain boundary sliding]. Solid solution strengthening, in which atoms of elements
ddzOK a a2 NBLIXIIOS 20KSNJ Id2Ya Ay GKS  LKIFasSs
superalloys. The resultant change in the size of the particles in the lattice introduces irdeesses

which make dislocation movement more diffic{d9].

IN-718is one of the most used and studiedperalloyg19-22], its approximate chemical composition
by wt% is 52.5Mi¢18.50Fe;19.00Crg5.10Nbc3.00M0¢0.50AI¢1.01Tic0.08C[20]. IN-718is a nickel
iron superalloy and its strength is achieved ttizsl K LINJS O A LJA G IsNbRpRage ra&ler thakite ' QQ
1 Q3(AhTA) phase. A secondary, orthorhombighase, which is not coherent in the matrix, precipitates
at the grain boundaries in this alloy, as showFigure2.4.ThS NXBt I G A @S | Y2dzyl o2 F ¢
tailor the microstructure to provide properties that meet the thermomechanical requirements for a
particular application within the aeroengindn turbine disks, for example, the ideal microstructure of 20%
@ FYR p2 1 Q Oy 0SS | OKASHSR3GKNRdAzZZK OF NBFdzZ KSI

vy precipitatesiny
matrix

/.

%/"'/3
XV \/c;e// ’.*

6 phase

b V" 4 /)\/Zso

Figure2 4¢ The microstructure oIN 718
2.1.3 Steels
Steels are ferrous alloys, i.e. iron is thase element, with the distinction for steels being that the
alloying system is primarily irecarbon[5]. Steels are the most widely produced alloys for engineering
applications due to their low production and processing costs compared to mateueh as titanium
alloys[4]. In aerospace applications, stainless steels and-bigb-strength steels are the most extensively

used; these are low and higdlloyed materials respectively.

There are two primary phases present in steels, ferfit€-¢), the lowtemperature BCC iron phase, is

typically the most machinabl]. Austenite {-Fe) is a higttemperature FCC phase formed when ferrite
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is heated above the austemationtemperature. Through alloying and heat treatments, the austenite
phase can be made stable at room temperauAustenitic steels are paramagnetic, unlike ferritic steels,
and are typically more ductile creep resistg@#]. Similar to titanium, alloy additions to steel can be
classified based on their stabiliginnfluence on the two primary phases. Austenite formers such as Mn

and C stalliseaustenite whereas ferrite formers e.g. Cr, Mo and Si have the opposite §fgct

Heattreatments are used to modify the microstructure of steels to meet the neddsebapplication,
with the cooling rate having a significant impact on the resultant microstrudgtireA slow cooling rate
from above the austenisationtemperature allows a proportion of the carbon atoms in the austenitic
phase to diffuse out and form cementite g&), with a concurrerntransformation of the austenite to the
low-temperature ferrite phasé¢26]. This results in an alloy that is more readily formable. In contrast, rapid
cooling, faster than the critical cooling rate, results in BCT martensite, as shown in thetperature

transformation graph ifFigure2.5.

Tuty Austenite

Eutectoid

Pearlite

Bainite

Austenite

Temperature (°C)

Martensitic start
temperature
Martensitic finish

temperature MTut;  Martensite

Time (s)
Figure2.5 ¢ A typical timetemperature-transformation graph showing a cooling rate (red line) which results in a fully martensitic
microstructure. After[5].

Martensite is a high strength but brittle phase found in many aerospace g&elloying additions to
the steel can redce the critical cooling rate, thus facilitating a wider processing window for forming
martensite without the presence of other phases such as ferrite, pearlite or cementite. Martensite can be
annealed through heat treatment, to improve ductility and fraet toughness, by allowing carbon atoms
to diffuse out to form cementite and ferritf26]. In a typical aerospace steel heat treatment, the alloy is

solution treated above the austemsationtemperature so that the ferrite phase is taken into solut[@].
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The alloy is then rapidly quenched to gia supersaturated solid solution of carbon in martensite. To
improve the ductility the steel is then tempered below the austesgition temperature to encourage

precipitation of cementite, which provides precipitation strengthening.

In aeroengine applicains, steels are used as a shaft material due to the very high strengths achievable
in these alloys through thermomechanical processing, as well as the high stiffness and good fatigue
properties[3]. Super chromanolybdenumvanadium (SCMV) steel is a tempered, martensitic steel used
as a lowpressure shaft material in gas turbine engines due to its high strength to volatizeand its
strength at high temperatures. SCMV is an evolution of BS 3S 132, created as a result of the desire to
increase the efficiency of aeroenginfs], the chemical compositiors igiven inTable2.2. To improve
efficiency, the weight of the aeroengine must be reduced or the engine bypass ratio, the ratio of air passing
around the core to the air passing through the core, increased. To achieve a high pasathout
increasing the size of the outer casing of the engine, which will result in increased momentum drag, the
size of the engine core must be reduced and this requires more compact shaft design. SCMV was therefore
designed as a material that fétates this change by improving the yield and ultimate tensile strength as
well as fatigue resistance, without significant increases in density over older alloys thus allowing smaller

shafts of the same strength to be mafi9].

Table2.2 ¢ Composition of SCMV, aftd28].

Elemen C Cr Mo Va Si Mg Fe
wit% 0.350.43 3.03.35 0.801.10 0.150.25 0.100.35 0.400.70 bal

Table2.3 ¢ Mechanical properties of SCMV, from MSRR6134].

UTS (MPa) dgp (MPa) Hardness (HV) Density (g/cnd)
14701670 12201370 450520 7.8

It should be noted that martensite is not just a term used for a particular steel microstructure, it is also
a general term used for the microstructure that results from ifudionless transformation, e.g. the

martensitic microstructure that can form during quenching of titanium.

Due to the low carbon content of SCMV, the martensite has a lath structure, which means the
martensite forms in long thin plates that are groupedo blocks within the prior austenite grains, as

shown inFigure2.6. Tempering of a SCMV pi@rm results in the precipitation of carbides. It is the further
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growth of these carbides at temperatures above 560°C that resultsiddberioration of the mechanical

properties of the SCMV and sets the limit on its Higmperature capability as a shaft material.

Martensitic laths
surrounded by
etained austenite

2.2 Deformation of materials

For mateials to be processed into useful geometries for aeroengine applications, they must typically
be deformed, whether this is through forging, forming, machining or other processing methods. Materials
can deform elastically or plastically. During elastic defttion the shape of the material is recovered
when the stress is removed, conversely, plastic deformation is irreversible and occurs when the elastic
limit of the material is exceeded. Plastic deformation can be accommodated by deformation slip or
twinning. In deformation slip, regions of material move relative to one another along slip planes, as shown
in Figure2.7 (a), when the shear stress exceeds a critical value, termed the critically resolved shear stress
[5]. Slip occurs on clogeacked planes (i.e. planes Wia greater density of atoms) in clepacked
directions (i.e. directions with a large number of atoms per unit length) which together comprise a slip
system The von Mises criterion states that five independent slip systems are reqgtoreteformation to
occur[31]. This is satisfieth a FCC and BCC crystakvever, ina HCP cryst#there are only 4 independent
slip systems sactivation of atwinning modeis required to accommodate deformatidB82]. Twinning is
the movement of atoms within a crystal such that the orientation of atoms in the twinned state is the
mirror image of the prior orientation, as shown schematicallyFigure2.7 (b). Higher strain rates and
lower temperatures result in increased frequency of deformation throogk or more of thewinning

modes[33, 34]
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Figure2.7 ¢ Schematics outlining the (a) slip and (b) twinning deformation mechanisms. Afiér

The resultant crystallographic texture of a material following plastic deformation depends on the slip
or twinning modes that facilitated the deformation. It has been sh¢®8) 36] for example, that the HCP
crystaltypically re-orientates under compression to produce a bagalm 1t texture, due to activation of
the p m¢ tensile twinning mode and this involves an 85° rotation of the crystal structure. The prior
crystallographic orientation of the material dictates whispecific systems drive the-ggientation of a
particular grain, as highlighted by Bridier et[8[7] and the resulting texture is a consequence of slip or

twinning modes that accommodate the deformation.

In this study, the slip and twinning systems in titanium are referenced when discussing deformation
during machining. As such, thePi€rystal structure, slip modes and twinning modes are outlin&igare
2.8 and Table2.4. Twinning systems are defined by a plane, which is shared by both theinmed and
twinned region of the crystdhttice, as well as the shear direction. However, to identify a twin, it is also
necessary to know its relationship to the parent orientation and this is defined by the axis and angle of
rotation, as outlined irFigure2.9 for the p p¢ twin. As can be seen froifable2.4, a number of twins
can be defined as either compressive or tensile twins. This description refers to the extension or

compression of the-axis that is accommodated by the twin, rathtban the applied stress state.
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Figure2.8 ¢ HCP crystallographic structure with available slip systems (combinations of slip planes and slip directions) highlighted. Aft
[32].

Table2.4 ¢ Twinning systems in HCP titanium. Aftg38].

Twinning system Rotation axis Rotation angle Twin type
p 1 G p@ & ppniO 84.78° Tension
p mp Gm p@ & ppnO 57.42° Compression
p @¢ Gppg & & pno 64.62° Compression
p @p Gopc @ o pro 35.1° Tension
p AT &CT @ ¢ prO 76.66° -
p @o Pppc © ¢ prno 86.98° -

Twinned crystal

{1012} Twin plane

(2110)
Rotation axis

Figure2.9 ¢ Schematic showing‘the twinning system inh -titanium.

The crystallographic texture of a material can significantly infteeits mechanical properties. This is
readily observable for titanium due to the mechanical anisotropy of the H@ase. It has been shown
[39] that the elastic moduluand strengthare greatest when loading parallel to the HGBxgs in textured
titanium sheet. This dependence of elasticaotus on crystal orientation is highlighted kigure2.10. It
can be seen Elastic modulus is nearly 50% greater when loading parallel tetisedirection compared
to perpendicular loading. This highlights that the deformatimechanism and resultant texture are

important for understanding the mechanical properties of a material, particuiatiyanium.
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Figure2.10 ¢ A plot outlining the dependence of elastic modulus on the dedpetween the loading direction and the-axis in HCP -
titanium. After [40].
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2.3 Machining of aeroengine materials

Machining is a subtractive manufacturing process wherein a component is produced by the removal of
material through the interaction of a cutting tool ti a workpiece. Mechanical machining uses the
principles of metal cutting in which work materials are purposefully fractured to produce desired parts
[41], therefore, plastic deformation is fundamental to machining. The manufacturing of almost all
components in an aeroengine, from turbine blades to compressor discs, requires a machining step in order
to achieve tle required shape and surface finish. The principle mechanical machining operations include
turning (used to shape cylindrical billets), milling (used to create surfaces of varying complexity), grinding
(machining with abrasive grits) and drilling (the paintpmhole generation operatio$2]. This study focuses
on turning and milling operations due to their widespread use in aeroengine manufacturing and the
convenience of the cylindrical and flat surfaces that can be produced via turning and,mellipgctively
which lend themselves nte easily to nordestructive testing compared to holes, due to their easier

surface access.

2.3.1 Mechanics of chip formation

To discuss the mechanics of turning and milling operations, the mechanics of chip formation must first
be introduced. The basic theory chip formation states a chip is formed through mechanical shearing of
the workpiece in a plane that extends from the cutting edge to the surface of the workpiece in front of the
tool [43]. The angle of this shear plane to the cutting direction is called the shear andierchant[43]
showed that the shear plane angle colld related to the tool rake anglg¢ ) and the ratioof the uncut

chip thicknesgo ) to the cut chip thicknes@ ) throughEq.2.1;
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The formation of a continuous chip during orthogonal cutting, the simplest form of cutting, in which
the cutting edge is perpendicular to the direction of cutting, is shown schematicafigime2.11. The
relief angleisthat between the flank face of the tool and the machined surface. When this andigtis0
flank face rubs on the workpiece surfaeeS NOK | yi1 Qa Y2 RSt | & #8pyadaing2 NI K ;
dimensional analysigl2], which significantly reduces complexity. In practice, however, orthogonal cutting

is not encountered during typical aeroengine machining operet

Cutting tool

Rake face

Flank face

Workpiece motion

— Machined surface

Figure2.11 - Schematic of chip formation in orthogonal cutting showing the shear plane anglehe rake angle and the ratio of chip
thicknesses»( </ «) after [43].

There are 4 main types of chips that can arise from plastic deformation in the shear#kn€hese
are continuous chips, continuous chips with a buptedge, discontinuous chips and segmented (shear
locdised) chips. Aeroenginamaterials typically form segmented chips due to their low thermal
conductivity and high strengtf4]. A segmented chip from an aeroengine alloy is showFigne 2.12.
Due to the low workpiece thermal conductivity, the heat energy which arises from@befiormation in
the primary shear zone does not dissipate quickly into the surrounding material and so is confined to a
narrow region termed the shear barjd5], this leads to thermal softening. As the shear band is softer, a
larger amount of strain occurs there, leading to further thermomechanical deformation and consequently
further thermal softening. This cyclic nature of this process as the tool advances across the workpiece

leads to the sawooth profile of a segmented chip.
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Shear band

Figue 2.12- A SCMV segmented chip with a shear barighlighted.

2.3.2 Turning
In turning, a stationary tool is used to remove material from a rotating workpjé6gas shown in

Figure2.13. Material is removed perpendicular to the axis of workpiece rotation so the madisudace

is concentric with the axis of rotatigd7]. Turning is carried on a lathe using a sifgdet cutting tool,

with the workpiece held in the chuck at one end and a tailstock at the other, if the part has a large length
to diameter ratio. In aeroengine manufacturing, turning is used in the pradocif many parts, including

turbine diskg13], due to the rotationally symmetric nature of these parts.

Feed direction

Depth of cut

Feed O

Workpiece
rotation

/

Figure2.13 ¢ A schematic of a typical turning operation.

The controllable parameters in turning are, cutting speeq, depth of cut ) and feed Q) [42]. The
cutting speed is the product of the rotational speed of the lathe spindle and the radius of the workpiece.
Feed is the distance moved by the cutting tool along the axis of the workpiece during one rotation. The

depth of cut is thethickness of material removed from the workpiece. These parameters are indicated

schematically irfFigure2.13.
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Toanalysethe mechanics obrthogonal cutting Merchant[43] considered the chip as a separate rigid
body. The chip is supported under the balance of two primary equal and @gppesultant forces as

shown inFigure2.14. These are

1. The force of the tool on the tool/chip interface sid¥g

2. The force of the workpiece on the underside of the chp (

‘Yeecan be considered a frictional force along the toeke face '©O) and a normal force('O)
perpendicular to this. Similarlyy can be decomposed into a shear plane componé@t énd a force
normal to the shear planeé@). When recording forces using a dynamometer duoripogonal ctting, it
is not possible to measure these forces, instead, the cutti@gand thrust {O) forces are recorded. The
geometrical relationship between these forces is visibl€igure2.14. The fundamental chip formation

forces can be determined frof@and™Oif the shear plane angle and tool rake angle are known.

Cutting tool

Segmented chip

Workpiece motion

\

)

1 Machined surface
j

Figure2.14 ¢ Schematic of the forces involved in chip formation, aftE3].

Since the early pioneers developed the basic theory for the mechanics of metal cutting, ntlaogsau
have coveredhe topic in their bookg41, 42] However, an isdepth review of more advanced cutting

models is beyond the scope of this literature review.

2.3.3 Milling

Milling is a machining operation thaises single and mulpoint tools[47], the main dference to
turning is that, in milling, it is the tool which rotates. There are two main types of milling, defined by the
orientation of the tool rotation axis relative to the surface being machined. In horizontal milling, the tool
rotation axis lies palel to the work surface, whereas in vertical milling the tool rotation axis is
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perpendiculaf42]. In aerospace applications, milling can be used to form a variety of surfaces, ranging
from flat shoulders to varying geometry aerofojls3]. The complex shapes seen in blades and blisks
(bladed disks) can only be generated through reatiis milling where, as well as the conventional x, y and

z movement of the workpiecerdool, the machining centre allows for workpiece rotation in one or more

axes.

The controllable parameters during a milling operation are the féedhe axial engagemerb and
the radial engagemend [42], as shown schematically Figure2.15. The feed in milling is usually given

in feed per tooth for multipoint cutting or feed per tool revolution for singf@int milling.

Axial depth of cut

Workpiece Ij

. Cutting insert

Workpiece feed direction
Figure2.15 ¢ A schematic of a vertical milling operation.

Tool rotation X

y
Milling tool Feed mark

Feed per revolution
Radial depth of cut

Cutting edges

Two tool rotation conventions are used in milling. In cimbling (also called dowmilling), the tool
rotates so that the cutting edge moves in the same clian to the workpiece feed as the chip is formed,
as shown ifFigure2.16(a); conversely, in conventionalilling (also called umilling), cutting edge motion
Is reversed, as shown kigure2.16 (b). Caventionatmilling was adopted in the early days of machining,
to reduce the backlash of the workpiece when climiling[47]. Backlash occurs due to play between the
screw thread and the nut that moves the machine bed or tool, this leads to a delay between turning the
screw thread and movement of the cesponding axis. Climmilling is preferred when backlash is not an
issue as the cutting forces hold the workpiece on the machine bed and thus reduce vibrations resulting in
an improved surface finish. Additionally, a thtokthin chip is formed in climimilling and this means

higher feed can be tolerated[48].
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(@) (b)

Rotation N Rotation

Figure2.16 - Schematic of the two milhg rotation conventions(a) climb milling and (b) conventional millind he shaded regions show
the material that is removed with each pass of a cutting edge and it shows the thicthin chip seen in down milling, aftef47].

Unlike turning, milling typically cannot be represented by an orthogonal @uttindel. This is because
the curved path of the cutting edge over the workpiece means that the chip thickness varies throughout
tool rotation and the cutting edge is not normal to the chip flow, this is termed oblique cutting. The
simplest form of millings orthogonal milling, which dises a cutting edge that is perpendicular to the chip
flow and larger than the workpiece thickness. It should be noted that the chip thickness still varies over
the period of tool engagement during orthogonal milling. Aghwiirning, a review of cutting models for
milling is beyond the scope of this study however further information can be found from models for

oblique cutting[49].

Similar to turning, it is not possible to measure the forces in the shear zone during chip formation.
Instead, x, y and z forces can be measured using a mabhohéorce dynamometer and these can be
converted from a workpiece framef-reference to a cutng tool frameof reference using geometrical
relationships. This conversion allows for a simpler understanding of the cutting forces as they are broken
down into components parallel to the cutting edge and perpendicular to the cutting edge. These forces
are dependent only on the instantaneous tool rotation angle and, for small uncut chip thicknesses, the
ploughing effec{50]. The ploughing effect arises when machining with a tool that has a cutting edge radius
which is of similar size or larger than the uhchip thickness, this results in the deformation of the

workpiece without chip formation.

2.3.4 Machinability of aeroengine materials
Machinability is a measure of how easy a metal is to cut; this encompasses the resultant cutting forces
and tool wear as wels the cutting speeds needed to carry out useful machifbag The three common

aero-engine materials are all considered diffictdtmachine, i.e. they result in high cutting forces when
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machined, generate high levels of tool wear and necessitate the use ef [mwting speeds compared to

a more machinable metal such as alumini[B8]. This difficulty, encountered when machining titanium,
nickel and some steel alloys, is due to their high strength, particularly strength at high temperature, as
well as low thermal conductivity and a propensity for workpioel adhesion, whah leads to builup

edge formation. High strength alloys give rise to larger forces when they are machined at the same cutting
speeds as a more machinable alloy. This is because an increased resistance to deformation dictates that
more energy is requiretb form a chip. The low thermal conductivity of diffictdt-machine alloys causes
locaisationof heat in the neaisurface of the workpiece, similar to the loisationwithin the shear band

of a segmented chip. The high temperatures that result from figiat accumulation at the workpiece
surface, in addition to the mechanical deformation caused by the tool, can result in widespread surface
damage[53]. To mitgate this damage, the primary solution is to reduce the cutting speeds, which
decreases the cutting forces and the rate of heat generation. As a consequence, difficdthine alloys

are machined at cutting speeds as much as 10 times lower than markinadle alloy§s4], as highlighted

in Figure2.17.
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Figure2.17 ¢ A plot of the conventional, intermediate and highpeed machining cutting speeds for difficeib-machine aeroengine
alloys compared to aluminium. Aftef54].

In addition to the properties shared by all difficult to machine materials, titanium alloys and nickel
superalloys suffer from additional complexities. Titanium alloys have a propensity forupudtige
formation and are highly reactive with all tool matesadb5], which leads to accelerated wear rates
particularly when oxide ceramics are ugé@]. Nickel superalloys suffer from significant work hardening
of the ! -matrix during machiningp6]. Work hardening during therst pass of the cutting tool results in a
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harder material, which is then faced by the cutting tool during successive passes leading to increased notcl
wear rates. Additionally, metal carbides, which form at the grain boundaries in polycrystalline nickel

superalloys, can result in increased abrasive wear rggép

2.4 Surface integrity

The difficultto-machine nature of aeroengine alloys increatiesr susceptibility to surface and near
surface damagender the thermomechanical loads imparted on the workpiece by machiiiing altered
condition of a surface poshadining is defined as its surface integrity (Y] and t is widely
acknowledged that S| of a machined component has a significant effect on its performance, reliability and
fatigue life[1, 58] In this context, the surface inspection of parts usedritical applicationss a vital step
in the validation of the manufacturing procegarticularly foraeroenginecomponents which are more

susceptible to machining damagee to their material properties.

A large number of anomalous surface and neaiface features can arise due to machining, these all
fall within the remit of SI assessment. The scope of anomalous SI feahigislighted inTable2.5, it can
be seen that all of the features can be detrimenalcbmponent performance iservice. For this reason,
it is crucial to assess tt®&iof machined aeroengine components to prevent parts with anomalous features

above critical size thresholds entering service.

Table2.5 ¢ Surface integrity features and their characteristics.
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Anomalous feature

Characteristics

Alphacase is a temperaturdependent oxidation of the

Example image(s)
/ v

= a, v
nearsurface seen only in titanium alloys. This feature cal ' Alpha case 4
Alphacase _ ) L PEs
leadto an embrittled surface that is prone to crack initiati¢: - TR
and propagatiorf59].
Cracks are fissures in a continuous matetiat significantly
reduce the fatigue lif¢61]. Most features under the remit g
Cracks _ _ _
surface integrity are detrimental to a component as they Crack
result in,or enhance, crack formation.
Thelocal separation of a layer of material during machini -
Flaking
Flaking The surface that is left behind can act as a site for crack

initiation due to enhanced roughnef&?].

Foreign material

The deposition of nofparent material into the machined
surface, this can lead to stresgising and a reduction in

fatigue life through enhanced crack initiati@®il].

Embedded tool tip

Laps

Laps & workpiece material that has been folded back or

itself during machining without complete separation. A la|

—

can act as a site for crack initiation if it enhances the suri r:‘;zﬁgl
roughnesg62].
Plucking arises when a section of material is removed frg
the machined surface during cutting. This can occur throy

Plucking adhesion of the material to the tool flank face or buift EZ:HJTS ;
edge. The crater left behind can act as a site for crack plucking
initiation due to enhanced roughnef&?].
Residual stresses arise from the thermechanical loads
which are imparted on to a surface and not recovered pqg

Residual stresses N/A

machining. Tensile residual stresses can reduce the fatig

life of a componen{63].

24



Tabk 2.5continued

Redeposited material is that which has been machined f
Redepositednaterialthe workpiece but has then been reintroduced to the surf Reni(;?;:i:fe ;
/ Redeposited layer |by, for example, passing under the tool. The redeposited""‘—‘—/"=

material is liable to separate from the machinedfage[11].| redeposited

layer

Strain/work A change in workpiece neaurface hardness. Typically
hardening, Re associated with the presence of other Sl features e.g. a \n/a
hardening, Softenin(layer[64].

Surface roughness

The deviation of a surface from flatness including feed
marks, scores and scratches. High surface roughness cé

decrease the fatigue life of a eponent[62].

Feed marks
from machining

N &
Feed marks

Swept grain

A layer beneath the machined surface in which the grain

structure has been distorted in the direction mchining byF =

the action of the cutting tool. Swept grain can lead to a
reduction in fatigue lif¢1], large residual stress¢85] and
work hardenind66].

Twinning

Reorientation of the crystal lattice to facilitate deformatioff

via slip during machining. Twins have been shown to act

sites for fatigue damaggs7].

A’\

White layer

A layer immediately beneath the machined surface in wh
the grain structure cannot be resolved at a magnification

which facilitates observation of the bulk microstructure.

White layer formation can reduce fatigue Iite8], lead to an:

embrittled surfacg68], cause large residual stres§69]

and result in surface hardenif@o].
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Table2.6 outlines the ANSI71] recommended Sl assessment methods alongside the SlI features that
are identifiable from each mabd. It can be seen that features such as white layers and swept grain are
only identifiable when viewing the machined surface in the cesdion. This is why Sl assessment is

largely a destructive inspection process.

Table2.6 ¢ The recommended surface integrity data set for assessing surface intefitityand the anomalous feature or information

that can be identified or obtained from the data.

Data acquired

Information obtained

Surface topographyg roughness measurement,

topographical imaging.

Qurface contacting methods can be used to
measure roughness (Ra, Rz) but twomtacting
optical profilometers can also identify surface

imperfections such as laps, flaking and plucki

Macrostructure images on the surface (low
magnification <10x§ chemial etching, dye

penetrant tests.

Laps, flaking, plucking, redeposited material,

foreign material, cracks.

Crosssectional microstructure images (high
magnification up to 10009 polished surfaces,

chemically etched.

White layer, swept grain, alphzase Japs,
flaking, plucking, redeposited material, cracks

foreign material.

Crosssectional microhardness or nanohardne

Work-hardening or softening of the near

measurements. surface region.

Profile of residual stress with depth. Residual stress in the rolined surface

compared to the bulk.

Fatigue tests of samples. Low and high cycle fatigue life.

Of all theSI features outlined imable2.5, it is perhaps the metallurgical anomaly, white layer, which is
the most feared by matéals engineers. This primarily due to the negative effect its presence can have
on fatigue life[1, 58, 72] In addition, there is greater uncertainty, compared to other Sl features, around
the formation mecharims and imposed machining conditions that generate this anomalous feature in
different materials. White layers are also one of the most difficult features to inspect, as detection requires

cut-ups of the machined surfacehich is both costly and timeonsiming For these reasons and through
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communication with the industrial sponsors of this study, white layers were identified as the anomalous

feature of interest.

2.5 Summary

In this chapter, the three key aeroengine material groups have been introduced andphysical
properties and metallurgy of these alloys have been highlighted. Specific alloy examples were presentec
and the experimental work in this study will focus on these alloys. A portion of this study will concentrate
on understanding the formation nehanism of a Sl feature in titanium, so the deformation mechanics of

titanium alloys were discussed.

Also within this section, the mechanics of chip formation were outlined, to aid understanding of
machining processes. Following this, two of the primamgchining methods employed in aeroengine
manufacturing, turning and milling, were introduced, as these are the operations employed in this study.
The difficulties faced when machining aeroengine alloys were then highlighted and the concept of surface
integrity was introducedThe key surface integrity features and the typical methods for their assessment
were outlined and the importance of machinimgduced white layers was highlighted. The next chapter

will review the current literature in the field afhite layercharactersation
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3 The key properties and formation mechanisms of machinahgced vhite

layeis

A thorough understanding of the key mechanical and metallurgical propestiesachininginduced
white layers is necessary to be able to idensifigable non-destructive methods for detectindnis feature.
Therefore this chapter reviews the current statd-the-art and published literaturén the field of white
layer assessment using conventional destructive assessment methods to enable a subasgessment
of viable nondestructive testing methods. The formation mechanisms of white layers are also discussed,

due to theireffect on the resultant properties.

3.1 The fundamentals of white layers

White layers in aeroengine materials have typically beearattaised as a region of embrittled
material [68] which possesses auitra-fine grain siz¢73], high hardnes§64] and extremes of residual
stress[69]. In industry, the white layer is often defined as a region at the machinedrh which the
microstructure cannot be distinguished, in a creggtional micrograph, at a magnification which allows
the bulk microstructure to be easily resolved, as demonstratdeigare3.1. The white appearance of this
region has traditionally been attributed to a decreased etching rate, relative to the bulk mgt&tial5]
which means the grain structure is not revealed in the white layer. More recently, it has been proposed
that the scattering of the incident light used tdluminate the sample during subsequent optical
microscopy inspection in the cresection, may result in the appearance of the white lay]. Due to
its comparatively large wavelength, white light is thought to be scattéreah the smaHldiameter grains
in the white layer, resulting in a featureless layer. White layers are typicailyl >Y Ay GKA O] y S:
freaSNBE 20SNIun >Y G(GKAO| KIe@AS 0SSy 20aSNBSR Ay SE

ez~ S0pum
Figure3.1 ¢ A crosssectional micrograph of a white layer at 500x magnification. The bulk microstructure can be resolved whereas the

white layer appears amgvhous.

It has been reporte(il] that the presence o 10um white layer can reduce the fatigue life of a drilled
part by as much as 30 times, compared to a surface with no white l&yen after shepeeninga drilled
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surface with a white layer, in the same stutlye fatigue life was still 10 times lower than the benchmark

life. Additionally, it has been showW8, 72]that the rolling contact fatigue life can be reced by 80% or

more when white layers between 7 um and 14 um in thickness are present in steels. This reduction is
predicted to be due to reductions in both crack initiation life (75%) and crack propagation life [88]%)
Herbert et al.[1] reported thattensile residual stress in the white layer can ftatié the initiation of
fatigue cracks at the surface of the part during cyclic loading, and crucially the propagation rate is
accelerated by the nanoscale grains in the white layer. This high propagation rate is a result of fatigue

cracks at the surface enging with micrecracks within the white layer.

White layers have been identified in turndd6], milled [64], drilled [77], broached[78] and wire
electricatdischarge machined surfacp®]. Additionally, this Sl feature has also been reported outside of
the field of machining, in worn rail track80, 81] ballistic impact§82] and highvelocity shaping and
forming[83].

3.2 White layer formation mchanisms

Three primary mechanisms have been proposed for the formation of white layers, (a) phase
transformation, (b) grain refinement through plastic deformation and (c) surface readtidh
Mechanisms (a) and (b) have been associated with machining, whilst mechanism (c) is believed to b

connected with worn surfaces in oxygen or nitrogéh environments.

High temperatures and rapid cooling ratduring machining can result in a phase transformation of the
near-surface region of metalligg6]. Heat is generated during mechanical cutting operations due to severe
plastic deformation (SPD) of the workpiece during chip formation and frictional contact conditions
underneath the tool due to cutting toelorkpiece interaction. SPD occunsthe primary, secondary and
tertiary deformation zones, as outlined Figure3.2, with the direct effect of the tertiary deformation
zone on the machined surface immediately apparent. Guo ef84dl showed, using particle iage
velocimetry, that the deformation effect of the primary shear zone extends into the workpiece such that
material that does not form part of the chip is still deformed in a-$twaped deformation zone in front of
the tool. This has also been observesing micregrid methods whereby a proportion of the material that

passed through the deformation zone ahead of the chip was still compressed underneath the cutting edge
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[85]. It is, therefore, appropriate to consider th#dte primary shear zone, in addition to the tertiary shear

zone situated at the tool and workpiece surface interface, may affect the workpiece surface integrity.

Cutting tool

Segmented Chip

Secondary deformation zone

Workpiece motion

Primary deformation zone

Tertiary deformation zone Machined surface

Figure3.2. Schematic highlighting the primary, secondary and tertiary shear zones during cutting, fFe3r

Heat is removed from the shear deformation zones via evacuation of the chip, through the application
of coolant, vaa conduction into the tool and by conduction into the workpiece H8IK. The low thermal
conductivity of aeroengine alloysuch as titanium alloys, nickel superalloys and highngtie steels,
results in locasation of the heat in the neasurface of the workpiece. By extension, this leads to high

temperatures and steep temperature gradients when machining these mat¢séils

It has been reported76, 89]that white layers can form as the result of a phase transformation
mechanism in steel components. This indicates that the temperature at the machined surface can rise
beyond the austenitic transformation poiind a fully martensitic microstructure can be created by the
imposed rapid cooling89]. By contrast, when temperatures do not reach the austenitic transformation
temperature, a white layer is formed via the SPBchanism, as shown by Hosseini ef@0]. In steels,
researcherq70, 91] have identified a thermally softened layer, often termed a dark layer, beneath the
hardened white layer. Dark layers have only been found beneath white layers formed from the phase

transformation mechanisri92].

White layessformed viaphase transformatiompossess a fingrained microstructure thaarises due to
the rapid heating ad quenching of material in the neaurface regiorj74]. Phase transformation occurs
in two steps, initially, nucleation of the new phase occinsthe region of material undergoing
transformation[93]. The nuclei of the new phases then grow, at the expense of the old phase until the
microstructure is completely transformed. Fallmg this, grains will continue to grow if held at sufficient

temperatures. Due to the rapid heating and cooling under the high strain rates, short contact time and
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coolant application experienced in machining, the new grains have limited time to gromladtehase
transformation. This is in contrast to austasétion heat treatment in steels, for example, where the
material can be held for several hours at high temperatuf@d], resulting ina largegrained
microstructure. The reduced time for grain growth in the white layer results in a large number of small

grains.

In the SPD mechanism, Griffitfrgl] suggests that a shear deformation within the material adjacent to
the machined surface occurs due to the action of the cutting tool. This action leads to fragmentation of
the grainsin the nearsurface, which gives rise to the refined grain structure present in the white layer.
CdzZNIIKSNJ 2 DNRTTAGKA B9 ptabasikdihétSvRhite Byer farngatah througieayi S G
refinement is a twestep process. Initially, dislocations pue within grains due to SPD, resulting in regions
of high dislocation density. In turn, this facilitates the formation of new grain boundaries within the original
grains. Several studig$é4, 73]refer to this white layer formation mechanism as SPD with dynamic
recovery and it has been observed in the machining of s{gé nickel superalloyf77] and titanium

alloys[95].

Recent research from Xu et fi6] reports that the formation of a nangrained structure in the surface
of highspeed machined titanium occurs through both SPD and phase transformation. This suggests tha
the two mechanisms are not mutually exclusive and are simply two ends of a spectrwmte layer
formation. At high temperatures phase transformation appears to dominate whilst at low temperatures
SPD appears dominant. Under thermomechanical conditions in between, both mechanisms can
contribute. Xu et a[96] proposed that the grairefined surface region formed due to continuous dynamic
recrystallisationunder high strain rate. Dislocation sladongside p gp and p @¢ twinning were
thought to facilitate the deformatin in the surface layer. Xuet 6] t a2 ARSYGAFASR |
the strain and high temperatures experienced during high speed milling. It was proposed that these
precipitates prevented grain growth in the recryditsdd white layer grains by pinning them. The formation
mechanisnproposed by Xu et aJ96] is, therefore, a mixture of SPD and phase transformation, with the
F LILISTE NI yOS i LINBOALMAGEGSA AYRAOL GAY Bleforkvhité laygry S
formation. In the adiabatic shear band of a titanium chip, which can be considered to be a form of a white

layer due to the physical similarities, Wan et{@f] measured through xay diffraction(i K | i -gh&s8& h Q
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was presentn the white layerin contrast tahe asreceived material. This indicates that the temperatures

RdzZNAY 3 OdzidAy3d 6SNBE adzFFAOASYUd F2NJ Ly hoihy  GNI y2
cooling. Thusifawhite I&NJ T2 NX¥SR @Al LKIFI&S NI yaF2N¥YIGAZ2Y AY
F2NXYEFGAZ2Y 2N Yy AYONBI page. O2yOSY G NI A2y 2F NBGI A

3.2.1 Grainrecrystallisation

It is apparent from the reduced grain size of white layers relative to the bulkrdtaystllisationis a
key mechanism in their formation when phase transformations are not invoRedrystallisations the
formation of new dislocatiofiree grains within a deformed graj®88]. If recrystallisationoccurs during
deformation then it is termed dynamiecrystdlisation (DR), if it occurs after deformation, it is defined as
static recrystallisation As white layers are formed during machining rather than subsequent heat

treatment, any grain refinement must be a consequence of DR.

Studies have shown there aredviorms of DR, continuous (CDR) sometimes callsduror rotational
DR and discontinuous (DDR) which is also called migrational DR. In DD&ryk&allisationprocess
occurs in distinct stages of nucleation and growth at prior grain boundf®®swhereas, in CDRhe
recrystallisatioris thought to occur in a single step over the entire volye%. Derby[100] reported that
both DDR and CDR can occur under conditions of large strain and high temperature, which are the
conditions faced by the workpiece during mathg.Meyerset al.[101]additionally showed that, at high
strain rates, which are common in machining operations at high cutting sgjéé8§ CDR prevails over

DDR due to the short time at high temperature.

The resulting texture from CDR s typically representative of the deformation i.eetngstallisation
itself has little effect on the texture, whereas in DDR deéormation texture is weakened and so it could
be said the texture is more representative of treerystallisatior{99]. Thus, the resultant crystallographic
texture following SPDotlld be used to infer whether CDR or DDR took place. A deformation texture

following grain refinement is evidence of CDR, wheregecgystallisatiortexture is evidence of DDR.

3.3 The influence of machining parameters on white layer formation in aeroeai¢pys
White layer formation is fundamentally dependent on the thermal and mechanical effects of machining
on the workpiece material. These effects are governed by the interaction of the cutting tool and the

workpiece material, which, in turn, is stronghfluenced by the imposed cutting parameters. Early surface
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integrity researclj103]found that abusive cutting conditions, gicularly the use of tools with high wear
levels, results in the formation of a white layer during milling of AISI 4340 steel &#d@¥-2Sn. It has

since been shown that the tendency for the formation of a white layer when machining is also increased
significantly by raising the cutting speed, using improper cooling strategies and thmodghlubrication

of the cutting operatiorf104, 105]

The friction between the cutting tool and the workpiece increase®mimachining with improper
lubrication and a worn cutting edge, thereby increasing heat generation and shear deformation of the
surface[106]. Increased cutting forces, in particular the thrust (compressive) force, have been associated
with increasing white layer thickness when high levels of tool wear are prEgent07] Improper cooling
can result in higher cutting temperatures as ttage of heat removal is lower than can be achieved with
effective coolind108]. High cutting speeds typically result in a higher rate of aeé&dion in the machining
shear zonegl09]and hence a higher rate of mechanical work input to the workpiece. Consequently, there
is a greater overall heat input to thmachined surfac§l10]. Thisis more pronounced for materials with
higher strain hardening exponents such as nickel superaldyish have to be machidusing low cutting
speeds to prevent tool failurand workpiece damag¢56]. Thus during machiningthere is a balance

between thermal softening and strain hardening, which is materiakdéepnt[111].

In TE6AF4V, it has been showd12]that white layers are formed at the end of tool life, during turning,
when the average flamkear is 0.2 mm or greater, due to enhanced plastic deformation of the workpiece.
Puerta Velsquez et al[65] reported the presence of a layer in turned6Ar4V, which was likened to
white layers observed in other studies. However, from the evidence provided it appears that the layer,
which formed at a low cutting speed (20 m/min), was simply a region of high grain distortion. This is
because the microstructure is resolvable at all locations in the images provided, by contrast, the layer
which formed at 260 m/mirtouldbe a white layer ashe structure is more difficult to resolve, as shown
in Figure3.3. This uncertainty in the identification of white layers from microscopy is common, possibly
due to a lack of a unified definition as well as the inherent varialititthe chemical etch response
between different materials. Another factor that indicates that this layer formed at 20 m/min was not a
white layer, is that it was generated at low cutting speeds. This is a trend contrary to the majority of

research carrie@ut on white layers, but one that is often indicative of swept grfiris3].
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Figure3.3 ¢ SEM micrographs of the machined surface crgggtion at 20 m/min and 260 m/min. Aftef65].

For nickel superalloys, specifically RR1000, it has been red@igithat white layers can be generated
using abusive drilling conditions i.e. a high metal removal rate and Ergeage flank wear. A similar
observation has been made when turning Incen&B[105] where it was reported that a white layer was
only formed once tool wear reached levels geathan 0.15 mm and cutting speeds were high (300

m/min).

In addition to cutting speed and tool wear, it has been shown, through finite element simul@tibfls
and experimentg115], that cutting edge radius affects the Sl, due to the increased level of plastic strain
imparted on the machined surface when forming a chip. A larggo of the uncut chip thicknessd ,
with respect to thecutting edge radiusi , can result in ploughing. This is because, for stndll, the
workpiece material experiences a negative tool rake amglé the resultant force vector deforms the
materialunderneath the cutting edge rather than forming a clid6]. Crawforth et al[117] reported
that machining with inserts that have a larger cutting edge radius resulted in a switihca greater depth
of deformation in titanium alloys. This was attributed to a larger contact area for the inserts, which
resulted in a deeper distribution of stress in the workpiece. It has been predjtfid] that as theo T
ratio decreases, white layer formation will be enhanced. Herbert efldb] observed 15um of swept
material due to SPwhen plunge milling with a 28m depth of cut using a tool with a 30n cutting edge
(0 7i ratio of 0.833). By contrast, when machining with a0 depth of cut § 7i ratio of 1.667), there
was only 3um of swept material. SPD is one of the two mechanisms for white layer formation in machining
so it is conceivable that the combitan of lowo 7i ratio in addition to high tool wear and cutting speeds

could exacerbate the problem of white layer generation.

White layerscan formduring machining of steels and it has been reporteti8, 1] that, once again,

white layer thickness increases with cutting speed and tool wear. However, Hosseirjb@{ aleasured
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that the effect of flank wear, on white layer formation, was greater thatticg speed over the full range

of speeds investigated (3260 m/min). The temperatures reachetlring the machiningof steels are
critical to the surface integrityconsideringhe temperaturedependentphase transformation mechanism

of white layer form#éion. This is evidenced by the tendency to produce white layers through phase
transformation when higkspeed machining is usdd19]. Cryogenic cooling duringachining has been
shown to reduce the thickness of any resultant white Ig{@®8] and it has been proposed that this is due
to a significantreduction in the microstructural transformation as a consequence of the lower
temperatures experienced during cuttif@20]. Despite the reduction in white layers formed by phase
transformation, the formation due to SPD was stdbserved at different cutting parameter§Vhen
machining at high speeds, the temperatures reached in the workpiece-qwgtace region can be
sufficient for austenisation [76, 92] with the martensitic transform@on under subsequent cooling
causingwhite layerformation. By contrastduring cutting at lower speeds the temperatures are not high
enough forausteniisation, soSPD is the dominant white lay@rmation mechanismin both SPD and
phase transformatiomayers in steels, it has been suggesital]that carlide dissolution does not occur.

This is due to the small amount of tirtteat the workpiece material is at high temperatures.

The effect of cryogenic cooling on white layer formation in titanium alloys and nickel superalloys is less
well documented but its predicted that the impact may be less significant than in steels. This is due to
the lack ofevidence of white layers formed via phase transformatiothese alloys, even when cutting at
high speedd65, 77] except in the instance reported in titanium where botbrmation mechanisms
contributed [96]. However, cryogenic cooling may still reduce white layer formation due to the SPD
mechansm, because of reduced thermal softening. It has been sHa®2®|, for example, that in T6AF
4V the work hardening coefficient is larger at a lower temperature. Thus, when machining with cryogenic
cooling,the lowerlocal tempeature in the deformation zonesompared to conventional coolingieans
that the workpiece material can bexpected toundergo reduced thermal softening anchnsequently
provide greater resistance to plastic deformatidinis may reduce white layer formation through the SPD

mechanism, compared to machining at the same speeds gsingentional cooling.

It should be noted that with the move to high metal removal rateategieswithin industry[123], the

occurrence of white layers can be expected to increase due to the higher cutting speeds employed. The
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correct identification of this anomalous surface feature during an inspection is therefore critical for

optimizing and validating modern machigimethods.

3.4 Mechanical and microstructural characsationof the white layer

3.4.1 Microscopy observations

Optical microscopy studies have often incorrectly chanaséd the white layer as being amorphous, as
outlined earlier. However, higheesolution analys using transmission electron microscopy (TEM)
and electron baclscatter diffraction (EBS[P})24] has shown that white layerare not amorphous, they
are composed of nanoscale grains. In TEM, very thin samples are examined by firing electrons through the
sample to a detector, the interaction of the transmitted electrons with the sample yields information on
the microstructure. a Ol y 0SS dzaSR (2 NBaz2ft @S [73 Mhich i 108l608HzO i dz
times greater resolution than can be achieved with conventional optical microscopy. EBSD is a grain
orientation measurement technique used in a scanning electron microscope (SEM) or TEM. EBSD analysis
of a white layer is more difficult than @eceived materiglas high levels of lattice strain can lead to issues

indexing the graingl25].

Ultrafine grains (< 200 nm) have been measured withinvthée layer in Nickel superalloys using TEM
[77], an observation mirrored in hard turned std@B]. EBSD analysis of the white layer in several nickel
superalloys also revealed a fine equiaxgedin structure, as shown fRigure3.4, that is indistinguishable
under optical light microscopji24]. A the point of writing, there has been no detailed TEM or EBSD

investigation into white layers in titanium alloys.

S

layer of drilled RR1000 nickel superalloy, affdr24].

In one study, the automated measurement of the white layer thickness from -sedfonal

micrographs was developed to reduce the inspection t[&#6]. The technique, whilst effective for the
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cases presented in &éhstudy, relies on the assumption that all white layers have a dark layer beneath,
which is not always the case. Consequently, the technique would fail to chasaaeavhite layer formed

from the SPD mechanism with no dark layer.

3.4.2 Nanoindentation measureemts

Nanoindentation is the only hardness testing technique that facilitates indentation within the white
layer, in the crossection, whilst still adhering to widely adopted standards for hardness testing such as
ASTM E38H27]d ¢ @ LA Ot AyRSyd &A1 S& NIy3aS FNRY aSOSNI
these areobtained through loads that are of the order of 10 mN or smgfér 128]

Ore aspect of nanoindentation that must be considerduaring measurementss thesmall size of the
indent compared to the size of the gnaiin aeroengine alloy429]. Thus for an array of indents (typically
Mn Qa i2stze[130Y), individual hardness measurements could be occumiithin different grainslt
has beenidentified [131] G0 K+ G KIF NRy Saa @I NRAFGA2y o0SG6SSy h |y
30% difference in measured values. Hardness aso vary within different crystallographic orientations
of the same phase, for example, a-80% variation in hardness between two differently orientated HCP

h-phase grains has been reportg32].

Nanoindentation within the white layer of steel alldy®] and nickel superalloyj$4] has been used to
show that the feature is typically harder than the bulk material, as showsigare3.5. It has, however,
been recorded133]that for IN-718, hardness can be lower in the white layer than the swept grain region
beneath This idue tothe dissolution of the! Qtliat isprecipitated, which offsets the hardness increase
that encompasses a reduced grain size. Nanoindentation, in combination witjIB&Mhas been used
to showthat the HallPetch grain size relationship, which daaused tadescribe the hardness increase in
the white layer, is opposite for high and low cutting speeds, due to the difference in the formation
mechanisns. At low cutting speeds, dislocation hardening was found to be dominant, whereas for higher

cutting speeds in steels, phase transformation influenced the hardness and grain diameter relationship.
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Figure3.5 ¢ Nanoindentation measurements with increasing depth in a steel sample. The white layer and bulk regions are highlighted.
After [70].

WusatowskaSarnek et al[64] observed that thedepth of the hardened region corresponded to the
width of the white layer measured from optical microscopy iR1DD nickel superalloy. In titanium, a
similar hardened surface region hasdm recorded128, 130]and although there is nepecificmention
of a white layer, the optical micrographs presented suggest a white layer may have formed. [128]al.
measured a hardened region, despite indenting thase to the surfaceomparedto the recommended
procedure outlined in ASTM E38427]. This would typically result in lower hardness measurements.
Further evidence is required to establish whether white layer formation leads to a hardened surface in

titanium, due to the limited number of studies.

White layers can be confed with the chenical Sl feature, alphease whicHorms in titanium andalso
results in increasechardnessand has a white appearancgy9]. Alphacase formation is typically
considered a time and temperatwgependent anomalous feature with prolonged heating necessary for
formation[135]. During machining, where parts are heated for a matter of seconds rather than hours, the
time at temperature woul appear insufficient for alphease formation. However, diffusion rates in
nanocrystalline material are typically great than in the same material with a larggained
microstructure[136], due to enhanced grain boundary diffusigrarticularly when the nanostructure is
formed through plastic deformatiofiL37]. Therefore, the presence of a nagoained white layer may

increasethe diffusion of elemats into the workpiece.
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3.4.3 Energydispersive Xay spectroscopy measurements

In energydispersive Xay spectroscopy (EDXSdymples are illuminated by an electron beam daine
emitted characteristic xays are used to determine the chemical composition cé tihaterial. The
technique is typically destructive due tbe analysis of specimens in the cresection within a vacuum
chamber.EDXS has been used to show that there had beenighd Ay (GKS O2YLIR2aAl.
phases in milled AV at the machined surface compared to the b{i81]. In the nearsurface
material uptody XY AY RSLIIKOSZ FFGSNI YIFIOKAYAYy3IT (GKS LINE
to 3.7 % from a value of 11.6 % in the bulk. Although not explicitly identified by Moussaoujl&13l.
thisi -depletionand the lack of a visible white layer in the optical micrographs preseistedtlicative of
alphacase formation rather than a white layer formhéhrough phase transformatioriowever, due to
the lack of prolonged heating of the material duridglling, further investigation would be required to
determine which Sl feature is present. In steels, no change in chemical composition, even for thermally
driven white layer formation, was reported after EDXS analysis of surfaces with and withoutaybite
[138]. By contrast, in the white layer of a nickel superalloy, an increase in the concentration of Al and Ti
was recorded alongge a decrease in Cr, relative to the bulk matejédl]. This change was attributed to
the dissolutionof the primary precipitate phase into the matrix under the temperatures experienced
during cutting.One key limitation of EDX8rfwhite layer charactesationis that the technique is not
suited tothe detection of elements with low atomic numbers, e.g, 8 and O, all of which are-Ti

stablisers.

3.4.4 Xray diffraction phase analysis

Inx-ray diffraction (XRD) phase analysisays are guided onto the surface of a sample and are reflected
into a detector by the crystal lattice due to Bragg diffractidB9]. The angles at which peaks in reflected
intensity are observed are used to determine the phases preseiectrodischarge machined-6AHV
[140], white layers have been found, via XRD phase analysis, to be formed due to a microstructural
transformation during cooling from a molten state. By contrast, In chip forming machining operations in
titanium alloys, apart from a recent study that identifiegbrecipitation in the nanegrained surface layer
formed during highspeed machining96], there have been no observations of phase change in the white
layer[65]. There havehoweverbeen contrasting reports of phase transformations in the adiabshear

band of titanium chips, one stud97] identified phase transformation through the appearance of the Q
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phase, whereas another stufii41] reported that only bulk phase composition walsserved in the chips
Reorientation of the grain structure in the machined surfaafeT+6AF4V, evidenced by a change in XRD

peak height, has been reportdd42] however this phenomenon was not explored further aside from

attributing it to machining damage.

In the machining of steel alloys, the temperature of the workpiece at the tool contact point can raise
as high as the austenitic phase transformation limg]. XRD studief@2, 143]have shown that austenitic
transformation of the machined surface at high temperature followed by rapid cooling results in a higher
retained austenite concentration, as shown kigure3.6. The resultingmicrostructure withultra-fine
grairs,in this instanceis a white layer. In nickel superalloys, a method of melting followed by rapid cooling
has been proposed for white layer formation in ground surfaf®$t]. This mechanism should be
identifiable by the formation of metastable phases, such as the-HUNb phase in superalloys with high
Nb content[145], however, these phases have not been recorded in white layers at the time of writing

[105].

SPD-type white layer Phase transformation-
type white layer
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Figure3.6 ¢ Retained austenite content measured through XRD for hdamdned steel. Refined substace microstructures were present
in the first 500 nm of each sample. Aft¢t43].

In situations where the white layer is formed by the SPD mechanism, it has been demonstrated that
there is no appearance of different phases in an XRD pattern for nickel supefa@li¢pgs high strength

steel alloyqg92]. This same result would be expected for a white layer in titanium formed via the SPD

mechanism.
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3.4.5 Residual stres measurements

Residual stress measurements can be obtained with XRD usi@yEhle method[146], in whichthe
changes in the angular position of peaks in intensity from -aigdle diffractionsdue to lattice strains
[147], are measured. In an alternative technique, blimole drilling, ahole is drilled in the sample and
strain gauges or optical thaiques are used to measure the resultant strain of the material after the drill

is removed148]. In both techniques, the residual stress is calculated from the measured strains.

Tensile residual stresses as large as 2000 MPa have been measured in the white layer after drilling
RR1000 superalldg9], as shown ifrigure3.7. Whilst these residual stresses exceed the yield strength of
the bulk material, the white layer is hardenf@B] andso the tensile strength of this region is high enough
to accommodag such extreme residual stresséstitanium alloys, it haglsobeenreportedthat tensile
residual stresses can be present in the white layer of a machined syéagén the same study65], it
was reported that when using a lower cutting speedseverely deformed surface regi@formed, with
compressivenearsurface residual stresse$his agrees ith the theory that tensile residual stresses are
typically produced when temperature effects during cutting have been domifiedg], i.e.the phase
transformaton at high cutting speed€Compressive residual stresses, by contrast, can be used to imply

that plastic deformation was overridirj@4], indicating the occurrencef the SPD mechanisfh50].
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Figure3.7 ¢ Residual stresses profiles with increasing depth for the hoop direction in drilled RR1000 nickel supegdtiery[69].

Compressive residual stresses have typically been measured in the white layer in hardengiD8teel
151], with the maximum compressive stress located beneath the machined surface rather than adjacent
to it due to the greater thermal effects at the surface, which tend to encoairagnore tensile residual

stress This observation waalso recorded in anothestudy into white layers in ste¢l04] where it was
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shown that the compressive residual stress was greatest antieeface between the white layer and the

dark layemwhen it ispresent

3.4.6 Crystallographic texture measurements

Crystallographic texture can be measured through XRD or EBSD using the principltey aha
electron diffraction respectively139]. Transmission EBSD has been used to show that the white layer
formed when turning steels at high cutting speddd3] has a strong recrystided texture indicative of
DDR. This contrasts with thbesar texture seen for white layer formation at lower cutting speeds in steels
[143]and when turning124]and broaching78] nickel superalloys, which is indicative of CDR, as outlined
previously. No study investigating the crystallographic texturetufe layers formed in titanium exists at

the point of writing.

3.4.7 Strain measurement

It is not possible to measure the plastic strain in the white layer from opticabgraphs of the etched
surfacedue to the ultrafine grain size, which prevents gralistortion from being visubsed. By contrast,
the strain in the swept grain is more easily identified by measuring the angle of grain distortion in the
crosssection [152]. To improve the understanding of the mechanisms for white layer formation,

knowledge of the strain imparted during machining would be benéeficial.

In addition to microstructural observationsf machined surfaces, netontact fullfield and local
deformation charactesation techniques such as Digital Image Correlation (DIC) and -giicto
techniques, respectively, have been used to determinelisghstrain in deformed materiald 53, 154]

Finite strain plasticity principles are implemented in both techniques to determine local strain distributions
from local displacement fields. In the DIC technique, the plastic deformation is measured by monitoring
the evolution of the displacement field which is made visible by tracking a speckle pattern on the surface
[155]. The incemental displacement field from one image frame to the next is typically used to build up a
picture of the overall deformation as tracking the speckle pattern increases in difficulty as the particles

move further from their previous position.

In the micregrid method, a fine gricsuch as that presented iigure3.8, is printed or carved onto the
polished surface of the workpiece using a technique such as electron beam lithodi&ghyelectro

polishing[156], or focusedion beam etchind153] and then under loading, this grid deforms with the
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material. To calculatéhe strain, an image of the grid structure after deformation is compared to the
undeformed grid structure and the evolution grid intersection displacement is used to calculate the level
of imparted strain, using deformation mechanjt§7]. The DIC method can only be used when machining
dry, due to the need to be able to image the workpiece atiales and additionally the method is less
suited to strain measurement in the workpiece region immediately adjacent to the tool, i.e. at the
machined surfac§l55]due to fuzzy delimitation of the cutting tool in the image. Mignads require only

an image pre and post deformation and therefore avoid the need for constant imaging the part, meaning
the grids can be sandwichégtween workpieces, thereby restricting eaf-plane deformation. However,

the grid patterns are complex and tir@nsuming to produce, particularly when aiming for sunizron

sized grid4154]. Ghadbeigi et dl154] directly compared both DIC and miegoid methods for strain
measurement in an ksitu tensile test. Reasaible agreement (16% error) was found between both
methods, with the micregrid method being judged more appropriate for the quantitative measurement
of plastic strain.

‘Goldgrid ines IR
IEEEER R
rPoIished titaniumﬁsxﬁcgl.l
Fedede

il B et [ [ A |
Figure3.8 ¢ A 5pum pitch, gold grid pinted onto a polished titanium surface using electron beam lithography.

Attempts have already been made to measure the plastic deformation during machining when a white
layer is formed153] or not formed|[85, 158, 159] Early work by Child459] measured flow patterns
during orthogonal cutting using grids with a @ pitch and a fum line width, however, thse grids were
inscribed into the surface and therefore may have influehsebsequent deformation due to changes in
local stress concentration near grids. The strain imparted in the machined surface during orthogonal
cutting of aluminium alloy AA 5182 ngi10 um pitch micregrids with a 5um line widthhas also been
measured[85]. These grids were produced by EBL and were capable of measuringdimeesen in
regions of large strain gradient in the grids adjacent to the machined surface. In a recenfl&8flyhe
surface drag in machined-BAFV was quantified using a grid produced by miending, with a pitch of
40 um. It was measured that the depth of deformation observable with the rgd method exceeds

that indicatd during conventional optical microscopy surface integrity inspection.
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Only one study has investigated the experimental measurement of strain within the white[1&a3y
the microgrid was produced through FIB etching and hdd am pitch and 3um line width and depth. It
was measured that plastic strain threshold of 0.65 was required for white layer formation in the
AIS152100 material under investigati Considering the 10m pitch of the grids, a white layer thicker than
the 1.82um layer presented would be required for higher resolution strain measurement from such
comparatively large grids, in addition to the effects of stress concentrations intemtlby machining the
grids into the workpiece. Strain prediction in the white layers of other materials that are prone to white
layer formation has only been undertaken using modelling. One stut¥], investigating white layer
formation in nickel superalloys predicted a strain of up to 1.2 in the swept grain material, with greater
strain atlower speeds and larger cutting edge radii. There has been no quantitative experimental or
theoretical investigation into the plastic strains associated with white layer formation in a titanium alloys.
As suchmeasurement of strain in the machined suréacf atitanium aeroengine materiatluring white
layer formation using micregrids with a range of pitches, which are printed onto rather than etched into

the material,is worthy of further investigation

3.5 Summary of machinirgduced white layers

It is aparent that the white layers formed in titanium and nickel superalloys can arise due to different
mechanisms to those in some steels. Analysis of the physical properties, however, shows a considerable
similarity between white layers in different materiaklsgardless of the formation mechanism. All white
layers are reported to be hardened, possess large residual stresses and contain small grain sizes, although
they differ in chemical and phase composition depending on the formation mechanism. It is evadent f
the literature surveyed that there is still limited knowledge on the formation of white layers in titanium,
particularly concerning the mechanisms involved and the resulting mechanical and metallurgical
properties. Published research has not lookedselp at a number of properties, such as elastic modulus
and texture, which are fundamental to several rodestructive testing methods. An understanding of
elastic modulus changes and the crystallographic texture in the white layer would certainly enhance t
state-of-the-art and aid development of a suitable naoestructive inspection method. Additionally,
quantifying the plastic strains involved in white layer formation, using the rgade method, will aid
understanding of the formation mechanisms. Tii# contribute to the future development of machining

tools or cutting strategies that may help reduce the likelihood of generating this anomalous feature.
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4 Nondestructive methods for surface inspection

In this section, theublishedresearch in the fi@l of nondestructive testing (NDT) of white layers will
be discussed. However, NDT of white layers has been subjected to limited research, despite the
considerable weight of research into machined surface integrity and the potentially catastrophic éffect o
the presence of white layer in a critical aeroengine componéhis is possibly due to a lack of knowledge
surrounding the properties of white layers. Due to the limited number of studies focusing on white layer
detection, this chapterwill also discus®ther relevant NDT methods for surface inspection. For each
technique, a description of the physical principles will be presented before discussing the literature. To
conclude the chapter, an assessment of each NDT technique is made concerning it@pfmedétecting

white layers.

4.1 The drive for NDT

In industry, white layers are currently identified through crgsstional microscopy of cutps from a
machined surfac§l60]. Typically, if optical microscopy inspection indicates a white layer thinner than 5
pm s presentthen higher resolution SEM imaging is undertaken to y#hnis observationThis is because
the detection of a white layer using optical microscopy is affected by the quality of the etching process
used to reveal the microstructure. Edge rounding during ceesgional samplg@reparation can reduce
the effectiveness of the etching process near the machined surface, therefore, higher resolution SEM
imaging is typically used to verify the presence of thin white layers. However, theedigge in SEM
imaging, wherein the brightness of the SEM image increaseseatdge of the sample, due to the
additional electrons released from the material around the edge, limits the thickness of white layers that

can be identified from SEM to those greater than aroungdril

Microscopy, as a method for identifying white layassinherently costly, in terms of parts sacrificed,
and timeconsuming, due to the numerous process steps involved in preparing metallographic samples.
At present, there is no widely researched and truly fwstructive method for reliably detecting the
presence of a white layer in different alloyEherefore, there is a high demand to be able to detect any

white layer formed during machining using NDT techniques.

The advantages of white layer detection through NDT can be suisedas
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Enabling inspectionf all components entering service, this contrasts the microscopy approach
wherein a part must be sacrificed to validate the manufacturing route and it is then assumed all
parts manufactured in the same way possess the same surface integrity.

Significantlydecreasing the time between machining and obtaining inspection results. NDT could
give results within minutes rather than weeks. This allows for faster product development for
tooling manufacturers and quicker process validation for aeroengine manufasture

Allows inspection to be carried out-process, either within the machining centre or in a purpose
built cell. In turn, this would allow for a traffic light system for machined parts, whereby parts that
fail surface integrity inspection can be stoppleefore further manufacturing occurs, this saves
machining and material costs.

Enables data from surface integrity assessment to be added to the digital twin of a component in
a smart factory, enabling more informed decisions to be made on the requirednactor the
component.

Reduces the need to etch samples for microscopy using extremely harmful chemicals such as

hydrofluoric acid.

4.2 Acoustic emission testing

Acoustic emission testing (AET) is based upon the physical principle that elastic (acousti@reiaves

generated within a material when there is adestribution of stress fields. A schematic outlining acoustic

emission monitoring during machining is showrfigure4.1. Due to the need for stress-distribution,

AET is inhemtly an inprocess method. Signals in AET are generated over a wide range of frequencies

from several kHz up to MHz frequencifg8]. Typical features AET signals used for condition monitoring

include timedomain features such as the root mean square (RMS) of the signal and the count rate, as well

as frequencydomain features such as the peak frequency and peak amplitude. Documentation on the

standarddor AET can be found from the International Standards Csgaion (ISOJ161].
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Figure4.1 - Acoustic emission generation from the deformation zones during machining anddéiection of elastic waves with an AE
Sensor.
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AETis commonly used within the field of machining for tool condition monitofir&®)]. This is because
acoustic signals are generated through changes to the condition of the tool, such as rake face pitting anc
flank face abrasiofil63]. Research has also been undertaken to investigate combined workpiece and tool
condition monitoring[164]. It was shown that AET could be used to both monitor the condition of a tool
and simultaneously detect when anomalosisrface features were generated on the workpiece surface.
This holistic condition monitoring approach is possible because acoustic emission (AE) energy can increa
when workpiece surface anomalies such as laps and smeared material are generated duhimgnmac
This is due to the large redistribution of stress fields associated with these examples of severe plastic

deformation.

There have been attemp{68] to monitor white layer formation during the turning of hard steels using
AET. It was proposed that the RMS and frequency of the AE signal could be used as key indicators for t
onset of white layer generation in the machined surface. It was repotiat] due to the brittleness of the
white layer compared with the bulk material, the RMS of the AET signal detected when generating a white
layer was as much as 100% greater. The increased brittleness leads to reduced damping and consequen
larger amplitue vibrations. Through the use of feedback loops, AET cotleory be used to monitor
for white layer formation irprocess and intelligently adjust the machining conditions to eliminate the

generation of the anomalous surface.

It should be noted that stiace roughness, tool edge sharpness and white layer formation are all
reported to affect the AE signal but these effeate not trivial toisolatefor every AE signal feature, as
shownby Guo and Ammulg8]. Additionally, AE is generated from several sources, including the primary,

secondary and tertiary shear zones, as showriguire4.1. It has beemeported[165]that deformation in
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the primary and secondary shear zones contribuigr@ater proportion to total acoustic wave emission
than the tertiary shear zone, however, the tertiary shear is criticth@formation of a white layer with
worn inserts. Therefore future work should aim to decompose the AE signal so that only teheay

zone AE is monitored. This will greatly aid the development of AET for white layer detection.

AET is a matureprocess NDT method that would be comparatively cheap to conduct further research
into, because of the accessibility of the techniqués Bpparent from the research from Guo and Ammula

[68] that there is merit for further work into the use of AET for white layer detection

4.3 Eddy current testing

In eddy current testing (ECT), electromagnetic induction is used to detect anomalous features in a
conducting material by measuring changes in electrical impedance. Eddy currents are induced in-the near
surface of a test piece by aimary alternating magnetic field generated by the test probe, as shown in
Figure4.2. The opposing secondary magnetic field, which arises due to the induced eddy currents in the
test piece, then interacts with the primary magnetfield, resulting in a change in test probe electrical
impedance. Any change in the measured impedance can then be correlated to changes in one of three
main factors, electrical permeability, electrical conductivity aneblft Lift-off in ECT refers tde change
in the impedance signal when the distance between the test probe coil and the surface of the test piece
changes. It is an undesirable effect that reduces the sensitivity of ECT for detecting changes in permeability

or conductivity[166].

~ Primary magnetic field

Probe coil

Test piece

Secondary magnetic field
Figure4.2 ¢ A schematic showing eddy current induction from a probe coil.

The skin depth () in ECT is the depth at which the strength of the induced eddy currents decay to 36.8%
of their strength at the surface and is definedbg.4.1, re-arranged fron[167].
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Here, is the skin depth in mnd, is the resistivity if ohm/cm, "Qis the test coil alternating current

Eq.4.1

frequency in Hz and is the magnetic permeability in the testaterial, relative to a vacuum. At a test

coil frequency of 10 MHz, the higind of most commercial higliequency ECT systerfis58], the skin

depth in Ti6AF4V would be 200 urfiL69]. Thusthe white layer would fill only a small proportion of the
interaction volume and so the signal to noise ratio would be reduced, compared to inspection at higher
frequendes. A test coil frequency greater than 100 MHz would be required to restrict the skin depth to
the typical thickness of a white lay&Opm or smaller)lt should also be noted that the penetration depth

in ECT is usually considered to be &s the material beneath the inspection depth can still have significant

effects on result$167].

ECT is typically used to @et cracks in metallic componenf$70] and exensive standards for this
application can be found from the I$0¥1]. Due to the large number of microstructural features that can
influence the measured impedance, ECT can also be used for macroscopic grain texdsueements
[172] and to obtain residual stress profilgs73]. This may be us$el for white layer detection because
white layers have already been associated with extreme surface residual stresses and a different

crystallographic texture to the bulk material.

Researcher§l73] have investigated the application of ECT for determining residual stress profiles in
shot-peened nickel superalloy$his was adbved throughthe measurement of the change in conductivity
at different inspection frequencies. The residual stress profiles in machined surfaces with white layers
have been measured, via XRD and hole drilling, to occur over a smaller depth than thosbedtpeened
Al YLX S& 6aSOSNI t K dzjiRNIDEspite tifis, iNik doric&visblelihtithyg EOT Yesidual

stressprofiling technique may be transferable to machined surfaces.

There have been attemp{475]to carry out a similar ECT residual stress profiling technique in titanium
but the change in impedance due tesidual stresses was of the order of10 10*m® L YLISRI \
variation due to temperature was 10 times greater than this. It is, therefore, apparent that this technique
is not suitable for application to titanium alloys due to the low sigoahoise ratio. This poor signrtd-

noise ratio is primarilgue to the less favourable electelastic behaviour of titaniuralloys compared to
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nickel superalloys, which results in only small conductivity changes for different stress [dfa6s
Additionally, it has been showd76] that there is variation in conductivity caused by the orientation of
the HCP crystal structure in titaniuhgrains which would increase the noise in the signal when attempting
to measure residual stress. In one stydly?], this orientation phenomenon was used advantageously to
characteisemacroscopic grain texture in-6AF4YV after different heat treatmentddowever, it should be
noted that the graingcould only be distinguished when larger than 1 mm in diameter, such as in a beta
annealed microstructure. This is significantly larger than the grains found in many polycrystalline
aeroengine titanium alloys, whiabften have small grains to provide increased strer[difi’], and is over

1000 times larger than the nanscale grains found in white layers. Charais@ionof grains smaller than

1 mm is limited by the achievable diameters of the current class of prjdyes

More advanced forms of ECT including pulsed, svrepuency and multfrequency ECT have been
trialled in a study142]into the nondestructive detection of metallurgical machining features. In the tests,
various pobes were trialled, including a flexible magnetic carpet probe that facilitated better contact by
allowing the probe coils to follow the contours of the test piece surface, thereby reduchuodf létfects.

Results showed that pulsed, swept and multifreqay ECT were not appropriate methods for the
detection of metallurgical machining damage, this was largely due to the effect of surface topography
features such as feed marks left by the passage of the cutting tool as it advances across the workpiece.
The effect of topography features on ECT is to mask any metallurgical changes within the machined
surface. However, these advanced ECT techniques were sensitive to topological features such as lapped

material on the workpiece surface which resulted in praftedff changeg142].

The detrimental effect of surface roughness on impedance measurements has been reported in other
studies and is a majordorier in adapting ECT for inspection of the white layer. In one Stlidy] a 30%
reduction in conductivity was measured for a surface with 13 pum RMS roughness compared to 1.5 pm
RMS. In addition to roughness, there is also a detrimental compounding effect due to the similarity of the
lift-off and conductivity curves in low conductivitgraengine alloys such as-@Ak4V, as illustrated in
Figure4.3. These curves are the trace formed on the impedance plane for changes in each variable. It can
be seen fronfigure4.3 that a change in lifoff can appear as an apparent reduction in conductivity for an
alloy such asT+6Al4V, thus increasing the chances of a false positive indication, i.e. detecting an

anomalous feature in a surface with none preseAihothe key issue with ECT is electrical noise during

50



the inspection. At high frequencies, the capacitance of the cable connecting the ECT probe to the electrica
circuitry can be affected by interaction with the surroundings and this can result in additioisal indhe
impedance measurement. An ECT system has been develbp@dvhich mounts the electrical circuitry

in the test probe and this equipment has been shown to facilitate the detection of smaller artibéemitsl

in a test piece than a conventional system, due to an improved signal to noise ratio. Currently, the only
solution to the issue of surface roughness is to polish the surface being inspected to produce an ideal, fla

surface.
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Figure4.3. Conductivity and lift of curves on the impedance plane, affé80].

Eddy current inspection is a mature technology that would have a low cost to implement in its basic
form due to the prevalence of equipment and knowledge in industryhttugl be noted that high
frequency methods, which are more relevant to white layer detection, are at lower technological maturity
and would have a higher cost to implement. Detection of white layers in nickel superalloys using ECT
residual stress profilinghould be the subject of future study due to the success of the technique for

inspecting shopeened surfaces

4.4 Ultrasonic techniques

In ultrasonic inspection techniques, the propagation of elastic waves is typically used to detect and size
anomalous featugs such as crackbut the phenomenoncan also be ulised to determine underlying
microstructural feature$170]. The technique is readily accessible and is widely documented in industrial
standardg[181]. Concerning the detection of a white layer, surface acoustic wave (SAW)deehkrare

more suitable than conventional bulk ultrasonic testing whereirguided waves are usqd82].

SAWSs are elastic perturbations that propagate across the surface of a material but are confined to the
nearsurface region due to their rapidly daying amplitude with deptfiL83]. Particles disturbed by a SAW

oscillde in an ellipse in a plane perpendicular to the free surface of the material and parallel to the

51



propagation direction as shown iRigure4.4. The penetration depth is typically considered as one
wavelength beneath the surface, Bsere the energy of the wave is 1/e (36.8%) of that at the surfa84].

SAWSs consist of a transverse wave and a longitudinal wave with identical propagation velocities. This SAW
velocity,0 , is defined byEq.4.2, for an isotropic mediuniil83], wheretA & G KS t 2A &az2yQa
is the velocity of a bulk transverse wave, which increases with elastic modulus. Aeroengine materials are

anisotropic so the SAW velocity depends on crystal orientation due to the consecarétion in elastic

constants.

Free surface Surface acoustic wave
AN AN N\ AN
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Particle motion 'S Wave propagation direction
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Figure4.4 ¢ A schematic of a surface acoustic wave and the decaying amplitude of particle motion with depth
X pP ¢ 5 Fq.a2
p ¥ B

In anisotropic materials, the wave velocity depends on the specific crystallographic plane parallel to the
free surface on which the wave propagates and additionally the direction in which the wave propagates
on this plang185]. The underlying mathematical relationships are complex and beyond the scope of this
study but in brief, involve solving tiveave equation with a specific set of boundary conditiff&5]. These
conditions include the elastic constants for a part&r crystal orientation and consideration of the
traction-free surface on which the wave propagates. A tracfime surface cannot support stress
perpendicular to the plane of the surfafE86]. Essentially, through using known material elastic constants

the SAW velocity on a particular crystallographic plane in a specific direction can be calculated.

HCPmaterial& & dzGtikaniumishowsignificantvariation in elastic modulus with respect to the ¢
axis and this causes a variation in SAW velocity. For a SAW propagating on the basal i feitainsum
crystal, the velocity is higher relative to propagation on other crystallographic planes dimdcisonally
independent. Thereforethe velocity surfacewhich describes the angular dependence of velocity on
propagation direction for a particular planis, circular and has a large diamef#87], as shown ifrigure
4.5 (a). By contrast, for other HCP planes, the velocity surface is elliptical i.e. the velocity changes with

direction, as shown iigure4.5 (b), or can change ragly for a small rang@ropagation directionleading
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to velocity surfaces that are more complex than a simple ellipséhichthe fasestand slovestdirections
are perpendicular. For the HCP prismatic planes, the velocity surfaces are identical aticaltputhe
HCP crystal behaves like a cylinder. This similarity between the two planes means the exact orientation a

a HCP crystal cannot be determined in certain situations using SAWs, an issue not encountered for cubi

crystals.

180° 180°
Figure4.5 - Schematics showing (a) the basal plane and corresponding velocity surface and (b) the prismatic planes and their

corresponding velocity surface, aftdi87].

In SAW techniques a surface wave is introduced on the surface of a test piece by a piezoelectric devic
[142] or a lase188]. The propagabn speed of the SAWs depends on the density and elastic stiffness
constants of the local region of materifl85], which are related to the elastic modulus and crystal
structure orientation. Any change in these propertieshivi a material can be detected by measuring a
change in the velocity of the SA\ABI].

Ultrasound is attenuated, even in ideal (anomalyejrenaterials, due to the spreading out of the wave.
In nonideal materials, there is also additional attenuation due to scattering and absordté@jand it is
these two attenuation mechanisms that are fundamental to SAW NDT methods. Scattering is the reflection
of a wave in directions other than the original direction of propagation, whereas absorf#itine
conversion from sound to another form of energy. At material grain boundaries, ultrasound is always
scattered to some degree due to changes in acoustic imped§l2#. Ultrasound attenuation can,
therefore, be used as the basis of a technique for evaluating the grannspolycrystalline materials, as
shown by Li et a[190]in AISI 304 steel. It wasiggested190] that the degree of attenuation is greater

for smaller grain sizes #sere are a higher number of grain boundaries to scatter the waves.

The backscatter of SAWs in machineebAk4V has beerinvestigated[142] for the detection of
machininginduced damage. In this case, damage referred only to a workpiece with poor SI and so may

have contained a white layer and a swept grain region. An angled probe (~30°) was used to introduce
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surface waves on the titanium parulsmerged in a water tank and the ultrasonic signal from the
backscattered waves was measured. It was found that the incident probe angle at which the backscattered
signal is maximum, was as much as 1° lower for a damaged surface. This was attributetbfmeticence

of peak SAW generation angle on SAW velocity, as highlighted.dy3 [142] and shown schematically

in Figure4.6.
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Figure4.6. A schematishowing the dependence of theitident beam angle on SAW speed
In Eq.4.3, — s the incident ultrasound wave angle required to generate a SAYW, anduv

are the velocity of longitudinal ultrasound wave in water and the velocity of a surface wave in the test
piece respectively. Patton et dll42] proposedthat thistechnique could detect damage due to changes

in the elastic modulus of #hsurface region. Further investigation at higher frequencies, where penetration
depth is smaller, could improve the capability to specifically detect a white layer rather than simply
identifying broader machining damage. Due to the findings of Pattoh Et42], an investigation into the
elastic modulus changes in the white layer and swept grain regions of titanium couldkeyehfferences

between these features and aid the development of an NDT method to specifically target white layer.

In the same study142], the use of ultrasonic microscopy for the detection of general machining
damage was also investigated. As a SAW wave propagates it loses energy into the surroundings and a
portion of this acoustic energy propagates through the water surrounding the submeegegiece and
can be detected by a transducer. The amplitude of the radiation from thealed leaky SAW was found
to have no correlation with the presence of metallurgical anomalies such as a white layer or swept grain
as the effect of surface topologyas overriding142]. The technique was instead found to be sensitive to
Sl topology features such as redeposited material.
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In addition to atteuation, the nonlinearity (distortion) of waves can be used for NDT. In one study
[192], nonlinear ultrasound was utsed to characteise the hardness oheattreated steel. Here the
change in the density of dislocations and precipitates present in the material, due to ageing heat
treatments, were found to directly impact the ndimearity parameter of the SAW, a common measure of
wave distortion. It is prdicted that, based on results presented here, both dimear ultrasound and
attenuation of ultrasound have the potential for use as a technique for white layer detection. This is due
to the ultrafine grain structure, in addition to SPD, associated whig anomalous surface feature. It is
important to consider that the technical maturity and accessibility of these methods is lower than a

method such as conventional ECT, partly due to the greater complexity of these ultrasonic techniques.

Detection
laser

Generation

Figure4.7 ¢ The SRAS selp with SA generatio and detection laser paths highlighted.

Spatially resolved acoustic spectroscopy (SRAS) is an ultrasonic inspection technique in which lase
generated SAWSs are used to determithe grain orientation in a material through measurement of
acoustic velocity. The lasgenerated SAWs propagate across a small region of the sample and are
detected by a continuous detection laser as showRigure4.7. By deérmining the velocity of the surface
waves in multiple directions and comparing these measurements to known relationships between crystal
orientation and the wave propagation speed, a map can be produced showing the grain structure and
orientation of the cystal lattice[193]. Further information on these crystal relationships can be found

from Farnel[185].

SRAScans in multiple orientations, when combined, can give comparable information to EBSD scans.
This is at high scan rates of 1000 points per second and without the need to destructively section all

samples in SRAS due to more generous size constraints@dwer G KS aLJ GAFf NBaz2:
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is inferior to EBSD (several nm) and currently, SRAS samples must be polished $8&4dotthich means

the technique is not truly nowlestructive. Although the capability of the current class of equipment is
limited bysample roughnesflL93], techniques to circumvent this issue are under investigati®b], so

SRAS may soon offer a lower resolution, truly -destructive alternative to EBSD. The lower spatial
resolution of SRAS is due to restrictions on the size of the generation patch that can be used, a smaller
patch gives improved resolution but ressiin greater laser intensity which can lead to the burning of the
sample[196]. However, the white layer is generally a continuous surface layatasge spatial resolution

is not critical and SRAS may still be able to detect a general change between the anomalous material and

conventional material.

It is more ajpropriate to consider the depth resolution of SRAS when considering white layer detection
because decreasing the wavelength of the laseluced surface waves will allow smaller thicknesses of
material to be examined. The depth resolution could, therefbeetailored to increase the signtd-noise
ratio of any neasurable difference associated with the white layer. The size of the detection laser spot in
{w! { A& y > NMowh&wageform isnezSureil ictates that detection of wavelengths smaller
than 16pm is not feasiblg196]® ¢ Kdza GKS Odz2NNBy i RSLIGK NBX&az2f dzi A 2

that white layers may still form a significant portion of the interaction volume.

Early SRAS research focused on orientation measurenrectsoic, singlerystal material§188] but
has since been expanded to show that the technique is capable of evaluating grain orientation in
polycrystalline material§193]. One study196] has shown that crystallographic text misorientation
angles within coarsgrained Ti6AFYV and Aluminium could be evaluated to a standard deviation of less
than 1.5°. Misorientation angles describe the difference in crystallographic orientation between two
crystals. Whilst this small migentation is comparable to the capability of XRIith et al[196] noted
that this is still 3 times greater than for EBSD. There has been no study into the use of SRAS for evaluation
of machined surfaces, however, based on the theory behind the technique and results ssethieere,
there is scopedo trial this technique for white layer detection. The cost to implement SRAS, compared to
a more established technique like ECT, would be higher due to the low technical maturity. The technique,

at this stage, is still laboratoilyased.
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4.5 Barkhausen noisaspection

Below their Curie temperature, all ferromagnetic materials, are composed of magnetic domains in
which the magnetic moment vectors of all atoms are aligfte@i7], as illustrated irFigure4.8 (a). The
orientation of these magnetic domains within a matenslrandom when in an unmagnetid state.
Adjacent magnetic domains are separated by a domain wall over whicm#gmetisation direction is
rotated from one domain to the other. Domain walls are typically classed &0t80° (hon-180°) domain
walls, according to the angular difference between the magnetic moments in each dodvader the
application of an exterdanagnetic fieldQ), the magnetic domain walls within the material will move and
rotate such that the overall effect is magm&ition (6) in the direction of the applied magnetic field.

Favourably orientated domains grow at the expense of other domains, as illustrafeguire4.8 (b).

) (b)

Ferromagnetic domain

Saturation

H_ - coercive field

Bp - Remanence @

Figure4.8 ¢ Schematics of (a) the domain structure in a ferromagnetic material in the absence of an external magnetic field antﬂ {b) a
3 curve highighting the discontinuous change in magrigation with variation in magnetic field strength in addition to the domain wall
motion during magneisation.

Domain and domain wall structure is fundamentally the result of the migationof the sum of five
energies outlined inEq.4.4 [198]. Consider a material composed of a single domain, as showigume
4.9 (a), there is an energy associated with maintaining the magnetic field with a large distance between
north and soutlpoles. If the material was to split into two domains with opposing orientation, the energy
associated with the magnetic field would decrease due to the reduced spatial extent of the magnetic fields
as a result of the pole proximiti¢$99]. This energy ihe magnetostatic energy and it drives the presence
of magnetic domains in a material. However, there is competing gnéng wall energy, associated with
the surface energy of the domains. Smaller domains result in a larger domain wall surface energy and a
such, an equilibrium state is reached between the reduction of magnetostatic energy and an increase in
wall energy vith an increasing number of domaifz00].
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Figure4.9 ¢ Schematics illustrating (a) the reduction of magnetostatic energy through increasing the number midts and (b) the
rotation of magnetic moments for an infinitely small domain wall and a domain wall several atoms thick, 4189)].

Domain walls are typically several tens or hundreds of atoms thick due to the balancing of exchange
energy and magnetoelastic energies. Exchange energy is associated with the interaction between a pair of
adjacent atoms with a different spiand therefore different magnetic moments. This energy increases
with the square of the angle between the atomic spins, consequently, the energy associated with a 180
rotation between adjacent atoms is greater than the sum of energies associated witheanlamber of
small rotations totalling 180[200]. Thus, domain walls contain a large number of atoms over which the
magnetic moment rotates, as shown kigure4.9 (b). However, there is also energy associated with the
orientation of magnetic moments relative to the easy axis of the crystal. It has been $b@9}that there
is a crystallographic direction along which magsation occurs for smaller changes in magnetic field
strength and this direction is termed the easy axis of the crystal. Maintainingn@tiagtion away from
the easy axis requires energy, termed the anisotropic energy. The rotation of magnetic moments over a
domain wall involves orientations away from the easy axis, therefore anisotropic energy drives a reduction

in domain wall thickness.

The final energy, critical to domain structure, is magnetoelastic energy which arises due to inverse
magnetostriction. In a magnetic field, ferromagnetic materials change their dimensions due to
magnetically induced strain. In the reverse effect, the aggpion of stress to a material will cause a change
in its magneisation [199]. The sign of the magnetostriction parametdictates the sign of the

magneitsation change. For example, with positive magnetostriction, maggaéion increases under the
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application of tensile stress, due to the growth of favourably orientated domains parallel to the applied
stress. It can be seetherefore that domain and domain wall structure is an equilibrium between these
five competing effectsChanges in domain structure arise from the miisiationof the sum of these five
energies as a direct consequence of an unbalancing caused by, foplex#ne application of an external

magnetic field or the application of stress.

Changes in domain structure are achieved through domain wall motion and rotation. Rotation typically
occurs closer to magnetic saturation and often requires greater energyt ifgg a smaller return in
magneisation The greatest barriers to rotation are typically the forces arising from magnetic moments
non-parallel to the easy directionwWall motion, by contrast, is often associated with the high gradient

portion of thed-"Ocurve[199] andis influenced by inclusions and residual stress.

When a domain wall encounters a large inclusion, donsaiuctures called spike domains are formed
which increase the surface area of domain walls but reduce the magnetostatic energy, resulting in a
minimum in the energy of the system, as showirigure4.10 (a). When the domains ar@ this minimum
energy state they are said to be pinnefls the domain wall continues to move past the inclusion, it
stretches these spike domains in the direction of motion, increasing their wall erfagyy€4.10(a)). This
increase in energy continues until the wall energy becomes too large and the moving domain wall snaps
from the spike domains wall resulting in a jump in magsegton (Figure4.10 (c)). For inclusions smaller
than the domain wall tlikness, the magnetostatic energy is small and so wall energy effects dominate. If
the domain wall contains an inclusion, its wall energy is reduced, therefore additional energy is required

to continue themotion of the wall and this energy is greater foc@mpressive residual stress.
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Figure4.10 ¢ Schematics of the motion of a domain wall away from an inclusion. (a) A domain wall bisected by an inclusion, (b)
extension of the spike domainsncreasing wall energy and (c) snapping of the spike domains causing a jump in nisaie as the
domain wall moves to the right.
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Residual stresat the microscale due to dislocationsand at the macroscale affects domain wall
motion due to magnetasiction and wall energy effects. When a°@bmain wall moves, the direction of
magneisationin the material encompassed by the motion is changed and this results in distortion of the
material due to magnetostrictiofil99]. The interaction of the magnetostriction distortion with the local
stress distribution typically counteracts domain wall motion. In materials suctoasarbon alloys i.e.
steels, the magnetostrictive constant is positive, so additional energy is required for domain wall motion

under a compressive residual stress stgel].

For 180 domain wals, there are no magnetostriction effects as the magnetic moments are parallel yet
opposite, however, stress anisotropy is introduced which changes the wall energy. For compressive
residual stresses, additional energy is required to overcome this strésstiampy for domain wall motion,

whereas for tensile residual stress, stress anisotropy reduces the energy required.

There is a timdag between an increase the magnetic field applied to a ferromagnetic teaal and
the material responsén the form ofincreased magnétation [202]. This is becausdomain walls lose
energy when they become pinned, due to their adaptation to the strain field surrounding the pinning
feature[203], asis illustrated inFigure4.11and pnning necessitates the input of additional energy for the
domain wall to move. It has been shoy204]that overcoming this pinning is tirmgependent as indicated
by the relationship described i8q.4.5, describinghe mean waiting time), which is the average time

for domain walls to overcome dginning.

10 Q i Eq.4.5
Here,O s the activation energy for domain wall motiof, is the Boltzmann constarnd "Yis the
temperature. It can be seen that the time for which domain walls are pinned increases with the activation
energy, and thus the residual stress state. There is therefore a greater lag between application of a

magnetic field and domain wall mion if this activation energy increases.
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Figure4.11¢ A schematic of the energy well created around a pinning site and its change with residual stress state for a material with a

positive magnetostrictiveconstant.

The Barkhausen effect is the discontinuous change in magi®n of ferromagnetic material in a
varying magnetic field due to sudden, finite changes in the size of ferromagnetic domains through the
irreversible movement of magnetic domain wd265] caused by the factors outlined above. Domain wall
motion is deteted as a change in current or voltage in a pigkcoil, in the case of magnetic Barkhausen
emission (MBE), due to changes in magnetic field strefigi6]. Alternatively, in magnetacoustic
emission (MAE) testingn acoustic emission sensor is used to detect elastic waves caused by stress

generation during domain wall motidd97].

In Barkhausen noiseB() testing, an alternating magnetic field is applied to the sample and as the

magnetic field varies, the magnetic moments within 8snple attempt to align with the field but, due to
domain wall movement restrictions (e.g. dislocations), the maigaébnoccurs in a stejise manner.
This magnesationd Y 2 A 4 S€¢ A & Y-8p-cdil dzodryRspi&es in indudsid dOrtent or volt§2e6].
A typical BN testing probe is shown schematicallffigure4.12. Only ferromagnetic materials, such as
some steel alloys, can be tested with BN equipment; elickuperalloys and titanium alloys are
paramagnetic and therefore not applicable to BN testing. Standardf&iBN inspection technique can
be found from SAfnternational[207].
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Figure4.12 - A schematic of a typical Barkhausen noise inspection probe.

The volume of mateal that can be examined using BN testing methods is limited by the penetration
depth] of the electromagnetic waves, similar to eddy current inspecfi®®] andis alsodescribed by
Eq.4.1. The skin deptlin BNis considered ashe depth at whichthe eddy currens decayto 1/e of their

surface strength.

Due to the dependence of penetration deptim drequency, BN inspection can be tailored to near
surface inspection using high frequencies. In MBE, the penetration depth can be further restricted using
high-frequency filters, which limits the BN that can be detected to that generated close to thecsurf
This is because highequency BN that is generated at greater depths is attenuated through eddy current
damping before reaching the surface. By contrast, the depth of inspection of MAE is much greater,
h W{ dzf t A[2DB]¥stintated that MAE could be used to a depth é8 Tnm in ferritic stainless steel
compared to just 0.1 mm for MBE. This ecause acoustic emissions, which are only released from the
motion of nonr180° domain walls, are not restricted by eddy current damping and so may propagate freely
through much larger volumes of material. In this study, MBE was chosen due to its gresitivigg to

surface defects, which makes it inherently more suited to the detection of a white layer.

The most widely researched application of BN inspection is in the verification ehaadening depth
in steels[209], however the technique has also been used for the detection of grinding burn, a thermal
defect introduced througlgrinding[210], as well as for the determination of residual stresi@i 1]. More
recently the technique has been specifically applied to the detection of a white layer formed in milled steel
[212], wherein increased tool wear during machining resultechim appearance of a second peak in the
BN envelope measured at different magnetic field strengths, as showigure4.13. Higher tool wear

promotes white layer formation so this observation was attributed to increasing white tayekness.
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Stupakov et al[l213] developeda BN sensor #thouseand investigated the use different magnetsation
waveforms for surfacamachined using tools with different levels of we@hey were able to rank samples,

using BN, in terms of the associated level of tool wear and conséigube white layer thickness.
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Figure4.13- Plots of theBNenvelopes for surfaces with a white layer and the-esceived material, after [195].

The ability to rank samples by increasing tool wear wagbaitted to a number of factor213]: a harder
white layer than tle softer dark layer beneatla favourable orientation of the martensitimatrix in the
white layer andan increasing volume of retained austenite with a thicker white layer. It is worth
considering that although Stupakov et f13] measured residual stress profiles for each aoef, the
effect of the residual stresses on the measurement was dismissed as inconspicuous. This was due to th
hardened material being studied, a reduced inspection depth and compensation of the compressive sub
surface by a tensile spike at the neaurface. However, the maximum filter frequency used (220 kHz)
would not usually restrict the BN to within the white layer, as suggested by Stupako\Zt3]].this is
because BN is subject to the same skin depth restrictions experienced in ECT-fi&dughcy filter
restricts the depth fom which BN can be detected by the pighk coil. The effect of residual stress and the
restriction ofthe inspection depth to within the white layer is therefore worthy of further investigation. It
is apparent that significant progress has been made towaing reliable detection of machinirigduced
white layers using Barkhausen noise. However, a more thorough study to determine how the physical
properties of the machined surface are facilitating this detection is required to enhance the overall
understandng of this inspection technique. Additionally, the white laysttgdied by Stupakov et dR13]
were formed by the thermal mechanism, evidenced by the dark layers present beneath them, so it would

also be appropriate to investigate the technique on a white layer formed by the SPD mechanism.
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The application of BN for evaluating the case depth of tesdened steel§209] is possible due to the
difference in magnetic properties of a magnetically soft phase such as cementite (the core) and a
magnetically hard phase such as martensite (the caleg. neasured BN is therefore affected by the
difference in phase compositidretween the case hardened layer and the core material. Early research in
this area focused on simple BN measures, such as the RMS of the BN signal, usinglquiltpeepgapment
[209]. More recently[214], magnetic voltage sweeps have beerlised on acommercially available BN
analy®r, such as the one shown igure4.14, to successfully order a set of cadsardened axles based
on the depth of the hardened region, showing that custom, laboratory level equipment is not always
necessary for highly specific applications. BN has also been used for evaluating hardened layer thickness
in grindhardened surfaces usy RMS measurements based on the same underlying microstructural
changeq215]. In thisgrind-hardening study, it was found that the RMS of the BN signal decreased with
increasing hardening depth, as would be expected due to the larger percentage of magnetically hard
material in the inspection volume. Similarly, Liu gRd6] and Wilson et a[217]were able to successfully
distinguish between different heat treatments inagle 91 steel tubes and pipes using BN and coercivity
measurements. In this case, the microstructure of the steel, both in terms of the phases present and the

precipitate density, influenced the NDT measurement.

, Curved probe

Figure4.14 - A commercial Rollscan 350 Barkhausen noise analyzer
Quantification of residual stresses structural steekto within +£25 MPa has been achieved using BN
inspection[206]. Itis important to note that this technique was only effective within a narrow calibration
region of-300 MPa to 150 MPa. The potential for measuring large tensile residual stresses was limited by
a plateau in Barkhausen noise energy above 150 MPa, whereasrwpressive stress the Barkhausen
noise showed a linear relationship up to the calibration limit. The technique may, therefore, be suitable

for measuring larger compressive stresses with appropriate calibration. Due to the large compressive
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stresses thahave been associated with white layer formation via the SPD mechanism, it may be possible

to use BN for their detection.

Magnetizing voltage sweeps have also been used for residual stress eval@adgri-or these sweeps,
the maximum slope of the magnetij voltage sweep divided by the magnetizing voltage nepertedto
correlate linearly with tensile stress, a closer relationship than that which has been measured for the RMS
of the BN signal218]. The detection of tensile stresses using sweep measurements may allow

identification of machiningnduced white layers formed via phase transfotioa.

It has been demonstratef19]that qualitativeevaluation of grain size using BN testing is achievable.
Larger measured peak values in pigk coil voltage have been attributed to smaller grain sizes. This is
because a larger total grain boundary area, as found with smaller grains, restricts donaimowan and
O2yaSldsSyiGte NBadzZ G6a Ay 3INBFGSNI ay2AaSeé ogKSy R?Z
use this technique to distinguish between the nanoscale grains in the white layer and the larger grains in

a machined surface with good. S

Online measurements of elongation in skin passed steel samples have been carried out U&2Q]BN
Both the BN signal and hystered®op properties, such as the coercive field and the differential
permeability, were found to change with percentage elongation. These changes in measured values were
attributed to an increase in damage to the microstructure at greater elongation. Bas#usoresearch

into in-process inspection, the adoption of BN within a machining centre may be achievable.

BN is a mature technique that would have a low cost to implement compared to other NDT techniques
that are less established. The specific research the application of BN for white layer detection by a
handful of authors means that there are already excellent foundations for further work in developing this
technique.However, he major restriction on the adoption of BN for inspection of white laysrthe

limitation of the technique to steel alloys within aeroengine materials.

4.6 Xray diffraction methods
Xrays are a higlenergy and thus small wavelength region of electromagnetic radiation.
Electromagnetic waves with a frequency of 3%18z to 3x18° Hz and a wavelength of 10 nm to 0.1 nm

are classified aspays[146]. To generatexays, electrons are accelerated towards a target metal in-an x
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impact the target metal cathode they decelerate rapidly, releashngyxradiation and heat energy in all
directions. Thisxay radiation is composed of chnuous (broadband)-xay radiation and characteristic
(monochromatic) xays. Characteristicrays are generated when incident electrons excite an electron in
an atom of the target metal to a higher energy shell. An electron in one of these outer cheléxtrons

then immediately falls to the lower energy level to fill the vacancy left by the excited electron. Energy is
released during the transition in the form of amay with energy and wavelength corresponding to the
energy difference between thehslls [146]. Characteristic radiation, therefore, possesses a specific
wavelength and is the most useful in conventionaihy diffraction methods. To dkice the intensity of

the continuous radiation and the characteristic radiation associated with unwanted electron transitions, a
metallic filter is placed in the path of ther&y beam to absorb a significant proportion of theseays. The

material used épends on the target metal as well as the characteristic radiation selected.

X-rays penetrate only a limited depth into a material due to energy loss through collisions with atoms
in the material[146]. The intensity of xays at a particular depthiQw , relative to that at the surface,
can be described biq.4.6.

0w 0 Eq.4.6
O

Here," is the linear attenuation coefficient, which is related to the number of atoms per unit area and
the probability of an xay being scattered by them and is calculated from tables of mass attenuation
coefficients by multitying by the material density221]. For the threeaeroengine alloy groups
penetration depths for 90% attenuation ofrays are less than 25m, hence, XRD is inherently a surface
inspection method, ideal for white layer inspection. The actual penetration depth for XRD is smaller than
the penetration of xays as the incident beam is not typically orthogonal to the surface aagsxmust

leave the material on the diffracted leg to be detected.

Xrays incident on a sample under inspection result in the radiation of additionaysxas wll as
scattering the original beam. Tightly bound electrons are oscillated by the incidemisxand the
acceleration and deceleration of these electrons producesyxemission at the same wavelength as the
incident xrays, this is called coherent soating. In incoherent scattering, outer electrons scatter the

incident xray beam, causing a reduction in wavelength due to the transfer of energy. ifagnguantum
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was guided onto a singular atom, there would be a scattering of #fag 1 a random dection. However,
when a beamof x-rays produced in an-say tubeis guided onto the surface of a material with a regular
crystal lattice, the xays are scattered only in particular directions due to constructive and destructive
interference, related to tlk crystal lattice dimensions. This constructive coherent scattering forms the
basis of all XRD methofi46].

Consider a parallel beam of monochromaticays (A and B) incident on a crystal lattice as shiown
Figure4.15 (a). If ray A, with incidence angle-is scattered by the top plane of atoms AP1 through an
angle 2—and ray B, with the same angle of incidence and angseattering is scattered by a lower plane
of atoms AP2, then there will be a difference in the distance travelled by those waves. In the example in
Figure4.15 (a), ray B has travelled a distancec@li "Qé further than ray Ao get to the same point X2.

If Qi "Qeéwas equal to an integer multiple of theray wavelengthq_), then ray A and ray B would be
in-phase and would constructively interfere, as highlightedrigure4.15 (b), resultingin a wave with a

larger amplitude. This relationshiptiee basis of NJ 3 3[@22). By towtrast, if the two-kays were out
of-phase by exactly half a wavelength then they would destrugtiirgkrfere and cancel each other out.

In a large crystal lattice with many atomic planes, for every scattereg,Xhere will typically be another

x-ray scattered from an atomic plane at a greater depth which will provide destructive interferencef excep
for the instance whergQi Q¢ &_. Thus®NJ @& | NBE 2yfe& RAFTFNIOGSR 4
such, if the interatomic spacing or angle of incidence changes, there is no diffraction. From these examples

we can see the key principles of XRD.

1 Diffraction occurs dueatthe interaction of xays with a regular crystal lattice

 Diffraction only occurs whegQi @ ¢ > (GKAA&A A& . NI}3IIQa g

f 2KSyYy . NIX33Qa flg Aa YSG3X O02yaidNHzOGA OGBS 61 @S )
f 2KSY . NrX33a3Qa ftl¢g Aa y2i0 YSGZ RSaAaUGNHzOGA GBS Ay
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Figure4.15 ¢ Schematic of (a)xay diffraction from a regular array of atoms and (b) the difference in distance travelled for two parallel
waves diffracting from two adjacent atomic planes highlighted.

If the intensity of diffracted xays were plotted against the diffraction angje-then peaks in intensity
g2dt R 6S SELISOGSR +d ly3tsSa GKFG aldArate . NIF3IIQ
Figure4.16 (a). However, in realorld XRD, peak broadening occurs such that diffractedyg are
measured at angles close to the theoretical diffraction angle and there is background radiation which gives
rise to a low level of diffracted-pays measured at all angles, as showikigure4.16 (b). This is due to

both instrumentand sample peak broadening effects.
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Diffracted x-ray intensity (a.u.) @

Diffracted x-ray intensity (a.u.)

w
~
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Diffraction angle 26 (°) Diffraction angle 26 (°)
Figure4.16 - (a) A theoretical XRD pattern and (b) an experimental XRD pattern

w
~

Instrument peak broadening arises due to the Amarallel, nomamonochromaticnature of a real stay
beam, the finite size of the-pay source, the diffracting volume in a sample and the arrangement of slits
in the beam path. A realray beam contains-rays that are converging and diverging as well as those
which are parallel, tlsi means that at a particular diffractometer angle of incidence there are alweaysx
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at angles slightly above and below this angle. Thesgs may be at the Bragg angle for diffraction and so
can lead to a measured intensity at diffractometer anglesyadvom the theoretical diffraction angle. As
outlined previously, an-kay beam is composed of desirable characteristic radiation, which possesses
specific wavelength, however, continuous radiation is present at a reduced level even after filtering. An x
ray beam, therefore, contains radiation at a continuous range of wavelengths so for any instrumental angle
2T AYOARSYOS (KSNB gAftft 0SS | LERNIA2Yy 2F (KS NI
slits, xray source and diffracting voluenresult in geometrical variances betweemays and the crystal

lattice such that diffraction occurs slightly away from the theoretical angle.

The effect of sample peak broadening arises due to the finite size of a crystal lattice, which extends only
as fr as material grain boundaries, as well as distortion of this lattice. When a grain, and thus the extent
2F GKS ONBaGFE fFGOGAOST Aa 2F GUKS 2NRSNI 2F mnQa
to provide destructive interferencel-or example, in titanium, which has a HCP structure, the lattice
dimension for the @xis is 0.469 nnj223]. This means, in a 50 nm grain, for example, there a
approximately 213 atomic basal planes as there is a plane of atoms at thpamidof the caxis i.e. 2

planes per unit cell.

If the diffractionangle—& | GA aFA S& . NI-ray3 @ asmalladge avibK®wi this @gNJ E
Y—there is only partial destructive interference for sragthined material. This is because for a small
change in angle, and therefore a small change in the path levfgthrays diffracting off different planes,
there are not a sufficient number of atomic planes in a small grain for eveasty 10 be cancelled by
another, resulting in a diffraction pattern similar to that showrFigure4.16 (b). Consider now tha¥—is
such that the xay (Z) scattered by the last atomic plane in the grain is n+1 wavelengths out of phase with
the wave incident on the first atomic plane (A). At the mpaint in the lattice, there would be a plane that
scatters an xay (M) n/2 + (6 wavelengths out of phase, i.e. half a wavelength out of phase, so destructive
interference occurs. In this case, diffraction from all atomic planes in the top half of the grain cancels with
those in the bottom half, as illustrated Figure4.17 (a) and (b). However, ¥—was such that xay Z,
scattered by the last atomic plane, was between n and n+1 wavelengths out of phaserajtiAxthen
the plane that results in scattering exactly half a wavelength out of phase would lie past th@midf
the grain. Consequely, there would not be total destructive interference for all scattered rays, as shown

in Figure4.17 (c) and (d), so peak broadening would be observed.
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Figure4.17 ¢ lllustrations of (a) the case of atomic plane pairs resulting in total destructive interference and (b) the phase difference
between particular rays. A comparable illustration (c) of the case of incomplete destructive interference and éd)élv phase
differences for the same rays.

The relationship between crystal size and peak broadening {s described by the Scherrer equation
(Eq.4.7) [224]) where—is the Bragg angl®) is the diffraction domain size,is the xray wavelength and
(s a constant typically taken #&9. The Scherrer equation is only applicable if there are no strain
broadening effects arising from inhomogeneous lattice strain.
5 5 Q_

Owe+

Eq.4.7

The diffracting domain siZ®is often equivalent to the grain size in polycrystalline materials, however,
for SPD material produced by processes such as equal channel angular compredsioghapressure
torsion t has been showr© can be six times smaller than the grain size measure@Ei[225]. The
reason for this discrepancy is the presence of dislocation cells within 2216k As a solid material is
deformed and dislocation density increases, dislocations arrange into cell boundaries toisaitheir
energy[227]. These cells have low angle grain boundaries so there can be insufficient contrast to resolve
them through TEM or SEM, however, theiisorientation is sufficient that it causes XRD peaks broadening

and it is the cell size which is measured by the Scherrer equation in thif2@&de
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Uniform strain in a lattice changes the intepatic spacing for all planes, thus shifting the associated
XRD peak to a different angle, as outlined previously when describing XRD residual stress measurement
However, for noruniform lattice strain, the change in interatomic spacing with depth bendstsurface
results in diffraction away from the theoretical value for a uniform crystal. Peak broadening due to lattice
strain, -, is proportionato O A+ as described ifEq.4.8, and so is greater at high angles of diffrac.

The relative effects of strain and crystallite size broaderng—andpZA | -& respectively at different
Bragg angles are highlighted figure4.18. It can be seen that for low angles, the relative effect of
crystallite size broadening is more dominant than inhomogeneous lattice strain effects.

06 T1-0AF Eq.4.8
10

—Crystallite size
8 —— Lattice strain

Relative effect

00 20 40 60 80
Bragg angle @ (°)
Figure4.18 ¢ The relative effect ofrystallite sizeand lattice strain effectsighlighting illustrating the more dominant effect of crystallite
size at low Bragg angles.

Despite the interaction of-rays with the neassurface (typically less than 10n [146]) of a metallic
sample being nomlestructive,the XRD measuremenfwocess i®ften destructive due to the sectioning
required to fit the sample within the constraints of the diffractoteg as highlighted ifrigure4.19. It has
already been identified that XRD phase analysis can distinguish between a steel surface with a thermall
formed white layer and a good machined surface and additionally, machined titar@orexhibit a change
in XRD peak height. Thedadening of XRD peaks has been identified in rail steel when a white layer was
present on the surfac§28]. This was attributed to a smaller grain size within the white layer as it has
been established that XRD peaks broaden when diffracting domain size is small (<200 nm) and there |
inhomogeneous lattice strairi46]. It is worth noting thain the investigation of rail steel, the XRD method
was merely used a way of measuring grain size rather than fordestructive assessmenthere is
therefore a need for further investigation into using XRD as a method for the detection of white lagers,

the technique is sensitive to small grain size, crystallographic texture and residual stress.
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X-ray transmltter

= X-ray detector
Figure4.19 ¢ A typical powder dlffractometer for Iaboratorybased XRD highlighting the small sample sizstrietion.

XRD equipment which can facilitate larger samples, and thus negate the requirement for destructive
sectioning, already existR229], however, such equipment is typically higbst and would require
removing the part from the machining centre and mounting in the diffractometer. Considering aeroengine
parts, such as discs, are@ftlarge and heavy, moving them between machines is not a desirable solution.
Portable XRD equipment has been developed in recent years, particularly for the applicatiesitof in
measurement of historical objecf230]. These systems, such as that showfigure4.20, often overcome
the usual cenplexity of incorporating a goniometer to facilitate measurement at a range of diffraction
angles, by employing a fixeeray transmitter and a plate detector, which allow feray detection over a
wide range of angles without a goniome{@30]. Alternatively, a different form of XRD, enemjgpersive
XRD (EDXRD) canused[231] to improve the transferability of the technique. In EDXRDymmsed to
conventional anglalispersive XRD, the diffraction angle is kept constant and broadbaagsxare used
[232], so in this method, the-ray wavelength is changed to identify different crystallographic planes.
EDXRD has been shown to exhibit insensitivity to sample morphology wherdfiecked (high diffraction
angle) geomealy is used231], this property is favourable for inspecting a wide ranffeomponent shapes

with minimal setup change.

X-ray transmitter

= X-ray beam

Figure4.20 ¢ Portable XRD equipr.ner;t with a plate detector, aftg230]
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It is important to note that XRD comes with additional health and safety constraints compared to
traditional NDT methods like ultrasonic testing, due e tionizing radiation used.-bdys can cause
significant harm to humans if dosage limits are exceeded. For this reason, XRD machines are typically higt
shielded to prevent xays leaving the confines of the machine. Consequently, to use XRD within a
machning centre would require the implementation of shielding into the machine, increasing the costs
for the technique above the basic equipment costs. Standards for various applications of XRD can be foun

from the 1SQ233], with regulations for xay health and safety set by governmef[@284].

4.7 Opticalscattering

The phenomenon of the reflection of light waves from a surface forms the basis of optical scattering
NDT. Incident light waves on the surface of a perfectly flat material are reflected at an angle equal to the
incidence angle. By contrast, foraugh surface, the beam is scattered over a range of arjgi&s, as
outlined in Figure 4.21. Optical scattering techniques are typically used for surface roughness
measurements and it has been shoy236]that an optical system can be used fofgrocess monitoring
of surface roughness during machining. The use of optical scattering methods for detecting surface

roughness is covered in a series of stand§?2@3].

Incident light Reflected light Incident light
| \

Scattp red light

Figure4.21 ¢ Reflection of light from a smooth surface (left) and scattering of light from a rough surface (right)

In one study[238], an attempt was made to uise optical scattering for the detection of a white layer
on the surface of a hard turned steel. It was measured that the degregtafab scattering was greater
from a surface machined with a worn tool compared to a new tool, particularly at high cutting speeds. It
is claimed[238] that the increase in scattering is due to the presence of a white layer rather than an
increase in surface roughness, which was similevszcall the samples tested. This indicates that optical
scattering may be appropriate as a test for white layers, however, only 4 samples and one type of alloy
were investigated so further study is necessary to instil greater confidence in the presestdtsr Similar

to AET, optical scattering would have a low cost to implement, due to the high technical maturity and
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availability of equipment. However, the link between the physical properties of the white layer and the

physical phenomenon behind the tegique is not clear and requires further study.

4.8 Positron annihilation spectroscopy

Positron annihilation spectroscopy (PAS) is a technique in which pesigotron annihilation events
within a test piece are used to determine the proportion of crystatipdic defects, such as dislocations,
that are present within the material. Due to their positive charge, positrons are repelled to the regions
within a material which are furthest from atomic nuclei, suslvacancy sites and dislocations in the crystal
lattice [142]. In these rgionspositrons annihilate with valence (outer shell) electrons, which have much
lower momentum than inner shell elecins. This annihilation event produces two gamrag photons,
as shown irFigure4.22, which exit the material and can then be detected. Thus, in a test piece with a large
number of vacancies and dislocations, positrons will tendraihilate with valence electrons, whereas
for a test piece with a more ideal crystalline structure, the annihilation of positrons will be with a greater
proportion of higher energy, inner shell electrons. The spectrum of gamays produced in the

annihilation event is used to determine the nature of the collisjaf9].

Positron source

Y e
\ Sample surface
A\ 4

/

Vacancy

14

Figure4.22 ¢ Schematic of positron annihilation during PAS, resulting in the emission of two gamaygphotons.
It has been shown that F5Acan be used for the detection of general machining damageGAFIV
[142] and stainless ste¢P39]. The ability to distinguish between damaged and undamaged samples was
attributed to the increased number of dislocations in the nsarface, caused by deformation during
machining. A higher number of dislocations changed the nature of positron annihilation events and

broadened the gammaay spectrum. No attempt has been made to separate machining damage into
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individual Sl features such ashite layer and swept grain. It is also worth noting that PAS has been used
to identify damage in a worn tradR40], one of the common situations to find a white layer outside of
machining. It should be noted that the implantation depth of positrons (the average depth to which they
reach) in metals, varies significantly for different positron sources. For exampl@ntation depth is only

29 um in steel for @?Na positron sourcg239] whereas it is 15um for a%8GeféGa source, as such,
appropriate choice of the positron source is necessary to tailor the inspection depth to the desired level.
It is clear from theesults presented in the literature, that PAS is inherently a surface inspection technique
which may be suitable for white layer detection if the effect of other Sl features can be removed and an
appropriate positron source can be chosen which resulis small implantation depth in the workpiece

material.

It is worth considering that in a white layer where SPD plus dynamigstallisatiorhas occurred, there
may be a lower concentration of crystallographic defects in the white layer due to recogesycAfurther
study is necessary to distinguish the effects of the white layer and the swept grain region. A major barrier
to any implementation of PAS is the extra precautions that must be in place to protect the operator due
to the ionizing gammaadiation released during positron annihilation. Due to the lower technical maturity
of PAS, compared to more established methods such as ECT, and the lack of industry standards, th

technique is less accessible and would have an increased cost to implement.

4.9 Dye-penetrant inspection

In dyepenetrant inspection (DPI), a dyenetrant, usually fluorescent in colour, is applied to the
material and, through capillary action, is drawn into cracks in the test piece due to a combination of wall
adhesion and surface tsion[241]. After a dwell time, the excess penetrant on the surface is removed,
leaving only the penetrant in the cracks. Using a dgs&ipthe penetrant is then drawn out of the cracks
allowing the locations of the defect to be identified by theajgpearance of the penetrant. DPI is already
widely used in aeroengine manufacturing to check for cracks in a broad range of componentsgehowev

the technique is not sensitive to any physical property of white layers.

4.10 Magnetic particle inspection
Magnetic particle inspection (MPI) is based on the phenomenon of magnetic flux leakage around a

discontinuity, such as a crack, in a matefd2]. The discontinuity is detected by introducing small

75



magnetic particles such as iron filsignto the suface of a magneted test piece, the particles are then
attracted to the area of flux leakage, highlighting the flaw location. MPI has an advantage over dye
penetrant in that it can be used to detect both surface and slightly subsurface discontinudigsyér,

the technique is limited to ferromagnetic materials. The white layer is simply a region of different
microstructure, rather than a mechanically separated section of material, therefore, MPI could not be used

to detect white layers.

4.11 Thermography

Hea conduction in a solid material forms the basis of thermographic NDT methods. Anisotropy and
discontinuities in the material disturb the flow of heat into the surrounding material, therefore a non
uniform flow of heat can be used to indicate the presemmfean anomaly[243]. In another form of
thermography, the level of blackbody radiation emitted by a uniformly heated material can be used to

detect anomalous neasurface feature$244], as a higher temperature is recorded above a discontinuity.

Laser thermography has been used as a-destructive technique to identify surfadereaking defects

in aluminium and ste€244]. The inspection method consists of a pulsed laser used to heat a spot of
material. The consequent flow of heat, radially away from the spot as well as the temperature of the spot
are both monitored and used to infer the presence of dégeSimilar to DPI and MPI, thermography is
more suited to the detection of discontinuities, however, if the white layer possessed significantly different
thermal properties compared to a surface with no anomalous features, then it may be possible tateepar
between surfaces with and without white layer. It should be noted that significant temperature rises
caused by heating during thermography could be detrimental to the surface integrity of the workpiece,

due to the introduction of thermal Sl featurescduas residual stressg45].

4.12 Ranking the surface NDT methods

A critical analysis of all NDT methods discussed in this paper is presefitabléd.1. The techniques
have been assigned a usefulness sctebased on the sensitivity of the physical phenomenon behind
the technique to a physical property of the white layer. A technique based on a physical phenomenon that
is not sensitive to thghysical properties of white layers will score 1, whereas a technique with high
sensitivity to one or more properties of white layers will score highly (5). A practicality fosag also

assigned to each NDT method. This score was derived from théileg of using the technigue for a
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range of different materials and to carry out inspectionpiocess as part of a machining centre. A

technique which has no material restrictions and is not reliant on a vacuum or large equipment would

score highly (5)It should be noted that theJ and P scores are aimed at guiding an individual or

orgarnisation that does not already possess considerable expertise and equipment resources in one

particular field of NDT.

The product of thes&J and P scores were calculatednd used to provide a quick measure of the

potential of each technique in the application of white layer detectiofiP can be used to rank the

techniques and identify which methods should be investigated further.

Table4.1 ¢ A summary of NDT methods and their applicability to the detection of white layers. The techniques are ranked from most to
least appropriate according to their U*P score.

NDT Features Material U P U*P
Technique |detectable |limitations /5 /5 125
Ultrasonic Cracks, Grain|No limitations |5 4 20
SAW testing |size, grain This inherently neasurface|No material limitations and
orientation technique can be used to |due to the current automatiot
detect grain orientation, |of SRAS, SAW inspection m
differences in grain size arbe transferable to a machinir
dislocation density, all centre. Inspection depth can
useful for white layer be tailored using SAW
detection. frequency.
Xray Diffraction No limitatons |5 4 20
diffraction domain size, XRDcan be used to detect|No material limitations and
grain grain orientation and portable systems alreadyxest.
orientation differences in diffraction |Health and safety precaution
domain size, both useful fgthat would be required due tg
white layer detection. Xay |ionizing radiation limit a very
penetration depth is of the|high score.
order of white layer
thickness.
Barkhausen |Residual Ferromagnetiqs 3 15
noise stress, materials BN nay detect white layersBN is suitable only for some
inspection hardened through association with |steels. Iaprocess monitoring
surface layers large residual stresses, smmay be possible.
grain size, grain sizes and hardness |Improvements would be
grinding burn, changes. required in the resolution
white layer capability.

Table 4.1 continues on the next pag
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Table 4.1 continued

Paositron Lattice defect{No limitations |4 3 12
annihilation |such as PAS is very good for There are no mateal
spectroscopy |dislocations detecting severe plastic |limitations but there would be
and vacancies deformation which is difficulty implementing the
fundamental to one of the |technique due to the ionizing
formation mechanisms for|radiation produced and the
white layers. lack of lack of portability.

Eddy current |Cracks, Electrial 4 2 8

inspection Residual stregconductors  |[ECT can be used for the |Residual stress profiling is
changes, grail detection of extreme applicable only to superalloyy
texture, residual stresses, changesGrain texture measurements
conductivity conductivity and grain are only suited to titanium
changes texture. It has been shownalloys. Conductivity

that white layers often measurements can be carrie
possess extreme residual |out in all materials.

stresses and have a refineg/Pendration depth can be
grain structure. Further  |improved through higher
study is needd to frequencies but this adds
investigate a change in  |noise, particularly with rough
conductivity in the white |surfaces. Ifprocess

layer. monitoring may be possible.

Acoustic Laps, smeare{No limitations |2 4 8

emission material, AET may be able to d=tt |AET is an inherently4orocess

testing white layer* white layer formation from |inspection method but would
RMS measurements but |require calibration for every
there is difficulty in isolatinichange in tooling and cuttgn
other contributing factors t{parameters.
the measured signal.

Optical Roughness, |No limitations |1 5 5

scattering white layer* There is no clear direct linkNo material limitations and

methods to the physical properties (there is potential to
the white layer. implement in a machining
centre.

Thernography|Thermal No limitations |1 4 4
anisotropy, Limited evidence of a dire¢qNo material limitations and
discontinuities link to the physical the potential for onmachine

properties of the white inspection, although heating
layer. componentmay alter the Sl

Dyepenetrant|Surface Nonporous |1 4 4

inspection breaking materials The technique is only There are material limitations
cracks suitable for crack detectiorbut online inspection is

unlikely.

Magnetic Surface Ferromagnetiql 3 3

particle breaking and |materials The technique is only The techniqueslimited to

inspection slightly sub suitable for crack detectiorsteels and automated

surface cracks

inspection would be difficult.

* Only one study claiming the detection of a white layer with this method
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4.13 Summary

In this chaptethe NDT methodsuitablefor surface inpection wereintroducedand their underlying
physical phenomena outlined’he current stateof-the-art is limited as only a small number of studies
have investigatedhe non-destructive detection of white layers. However, aside from the Barkhausen
noise wak, these studies do not link results from inspection back to the physical properties of the white
layer. There is therefore a gap in the literatufer furthering the understanding of the link between the
physical phenomena behind NDT techniques and timgsggal properties ofvhite layers in titanium and

other aeroengine alloyand the subsequent development of an appropriate testing method.

Based on the physical properties of white layaiseady reportedin the literature, a preliminary
assessment of stace nondestructive evaluation methods has been made in this chapter. SAW, XRD and
Barkhausen noise methods appear to be the most suited to white layer deteamidrihe theory behind
these methods was discussed in more detdiwever, further charactasationwork, identified in Chapter
3, must first be undertaken to fully understand white layers, particularly in titanium, and make a more
informed prediction of a viable approach to implementing these three NDT metfidasnext chapter
describes the mdtods employed in the generation and charaddation of white layers in aeroengine

alloys to fill the gaps identified in the literature.
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5 Generatiomand charactdasationof machining induced white layers

This chapter describes the methods employed in teaegation and charactésation of machining
induced white layers in three aeroengine alloys6AF4V, IN-718 and SCMYselected based on their
relevance to aeroengine applicatiank washighlightedin the literature review that further work was
required to expand the understanding of the formation and physical properties of white layers in titanium
alloys. A nickel superalloy and a steel alloy have been investigated concurrently to produce samples to aid
the development of a nowlestructive testing metbd. It has already been identified that NDT techniques
will interact with these materials in different ways, most noticeably between ferromagnetic and
paramagnetic alloys, so it was necessary to investigate saliath different mechanical and physical

properties

5.1 Materials

5.1.1 Titaniumbased alloyf+6AF4V

Mill-annealed F6AHVin the formblocksall cut from the same crosslled platewas used for white
layer generation This alloy was selected due to its widespread use in aeroendmeasossrolling, &
opposed to unidirectional rolling, the material is rolled in one direction on the first pass, then on the
subsequent pass, the rolling direction is perpendicular to the first. This is repeated for the desired number
of rolling passes. The specimens fbe tmachining trials were sectioned so that their longest axis lay
parallel to the final roll direction (FRD), rather than the cragked direction (CRD), as showrHigure5.1
(a). The microstructure of the asceived material consisted of #0n >Y & A T SgRaind Nt Y I NB
NEAARdzZ f 3ANIAY 02 dBQRESNBECD S ¢ RS KIAKAZX S KEphiROwWay 2 y 2
estimated to be 1€20% using particlanalysis techniques on Fiji ImageJ softw@46]. The chemical

composition and mechanical pregies of Ti6AFYV are summarized ihable5.1 and Table5.2.
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Figure5.1 ¢ Schematic of the workpieces obtained from a cressled plate (a) amzl a crosssectlonal mlcrograph of theasreceived
material (b).
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Table5.1 - Minimum and maximum alloy additions in T8AF4V[11].

Element Al V Fe (0] C H N Y
W1t% 6 4 0.3 0.2 0.08 0.01 0.03 50ppm

Table5.2 ¢ Mechanical properties offi-6Al4YV, after [11].

UTS (MPa) d gp (MPa) Hardness (HV) Density (g/cn)
900-1160 830 340-360 4.33

To better understand the effect of initial texture on the formation of white laydatantum workpieces
with alternative crystallographic texturemcluding strongly textwed unidirectional (U/D) rolled platand
comparatively urtextured titanium produced from powder feedstock via fieddsisted sintering
technology (FAST247], were machinedin FAST direct currentis applied to the mould allowing rapid
heating of the powder which consolidates under high presshreugh diffusion bondingFigure5.2 (a)
and (b) ow the equiaxed grain structuref the U/D plate and the lamellar microstructure of tRAST
titanium, respectively Additional U/D material was also used toals investigatingtrain measurement

in machined surfaces.

Y !
FlgureS 2¢ Mlcrographs of the bulk microstructure in the (a) U/D plate and (b) FAST titanium.

5.1.2 IN-718

IN-718 a common aeroengine disc alloyas usedfor generating white layer samples inrgckel
superalloy The microstructug of the asreceived materiatonsisted of FCCQ | YR * QQ gA (0 KA
as shown irFigure5.3 (a). The orthorhombi¢ -phase was visible at the grain boundariébe chemical

composition and mechanical properties ofT8are summarized ifable5.3 and Table5.4.
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Flgure5 3 ¢ Micrographs of the bulk mlcrostructure in (aw 718and (b) SCMV.

Table5.3 ¢ Composition 0fiN-718, after[20].

Element Ni Fe Cr Nb Mo Al Ti C
wt% 52.5 18.5 19 5.1 3.0 0.5 1.01 0.08
Table5.4 ¢ Mechanical properties ofN-718, after [248].
UTS (MPa) d gp (MPa) Hardness (HV) Density (g/cnd)
1310 1110 332 8.19
5.1.3 SCMV

SCMMvas usedor white layer generation in a steel alldye to its application as an ae¥ngine shaft

alloy. Thetubesused in the machining trialwere all cut from a single lowpressure turbine shaft. The

microstructure of the aseceived material was martensitic, with high aspect ratio martensite laths

surrounded by retained austenite anlde presence of fine carbide precipitates, as showigure5.3 (b).

The chemical composition and mechanical properties of SCMV are summarizdaas.5 and Table5.6.

Table5.5 ¢ Composition of SCMV, aftd28].

Element

C Cr Mo Va Si Mg Fe

wit%

0.350.43 3.03.35 0.801.10 0.150.25 0.100.35 0.400.70 bal

Table5.6 ¢ Mechanical properties of SCMV, from MSRR6134].

UTS (MPa) g, (MPa) Hardness (HV) Density g/cmd)
14701670 12201370 450-520 7.8
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5.2 White layer generation

Machining trials were carried out to generate surfaces with a white layer in addition to surfaces that
would pass Sl inspection, to build a database of santhltscould be usedor characerisationof white
layers and development of an NDT method for their detectMilling was selected for the machining of
TH6AHYV and IN718sincea flat surface would make subsequent NDT measurements easier, as part access
and probe contact are morefficult for non-planar surfacefHowever, for the SCMV material, turning was
used as partamanufacturedfrom SCMV are used solely as shafts in aeroengines and therefore turning is
the only relevant choice. Additional orthogonal milling trials, for meagusinain in the machined surface
during white layer formatiomsing the micregrid method were carried out in-BiAF4V. Orthogonal milling
was selected for these trials to facilitate plain strain conditions for the plane othwvihe micregrids were

printed, this is explored further in sectidn2.3

5.2.1 Squareshoulder millindrials

TF6AF4V andN-718were milled on a MorBSeiki Nv50001 vertical machining centre using a Seco Tools
AB shouldemilling cutter (R217.62020.312-2AN) and coated tungsten carbide inserts (XOEX120408R
MO7 MS2050)Although the tool holder could hold two insertsjlg one cutting insert wafor the trial to
simplify the cutting force analysis and negate the effect of tootauh A Kistler 9139AA mtidomponent
force dynamometer was used to measure the forces during cutting at a sampling frequency of 1000 Hz
chosen to provide at least 10 measurement points during one tool rotakimcut 795B coolant was used

in these trials at a pressure of 6 bar.

A number of the inserts were ground, by Seco Tools AB, on their flank face to result in two different
levels of flank wear (VB = OBm and 0.85mm), as shown irFigure5.4 (a) and (b), to facilitate the
controlled generation of whe layers in both alloys. The artificial wear resulted in increased forces during
cutting, particularly in the thrust direction. Previous studies have shown that as a tool wears and a white
layer is formed, the forces increase, with the thrust force insheg the mosf{75, 249] It should be noted
that the wear on the ground inserts was beyond the 0.2 mm average flank wear criterion typically used to
define toollife in industry, however, the inserts were used estvely for generating samples with thick
white layers. The grinding was performed such that the resultant wear land would contact the workpiece
surface leading to frictional contact between the flank face and the workpiecew&kislesignedb cause
rubbing of the workpiece surface without chip formatiaturing the second half of the tool rotation, as
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shown inFigure5.5. After grinding, the inserts were #@oned to provide a nose radius of 86fth and a
cutting-edge radius of apximately 30>m, in line with the offthe-shelf inserts. The cuttingdge radius

was verified before the cutting trials using an Alicona InfiniteFocusSL microscope to ensure consistency
across all trials. Theposition of the tool in the machining centkgas corrected for the trials with worn
inserts, toguaranteea consistent depth of cut despite the removal of insert material during the production

of the wear land.

(a) Tool rotation /T00| holder
-
z M~ A y <—lz
X
y (@)
X
Ground o
Cutting insert wear land y ] ® ym

Figure5.4 ¢A schematic (aputlining the area on the cutting insert which has been ground to produce an artificially worn region and a
macrograph (b) of the ground wear land for a 0.5 mm worn insert.

Cutting with chip formation
Feed marks

Z? X
Y

Machined surface
Figure5.5 ¢ A schematic of thecutting operation highlighting the rubbing of the workpiece by the worn cutting insert which occurs
during the second half of the tool rotation.

%
Feed direction

Rubbing without chip formation

For both the titanium and nickel trials, a range of cutting speed=2(Dm/min) were imposed in an
attempt to achieve machining conditions with dominant thermal effects (higher speeds) and mechanical
effects (lower speed) on the workpiece material. These correspond to an increased likelihood of
generating white layers through the PT and SPD mechanisms, respediveeported byHosseini et al.

[250]. Slower cutting speeds were necessary when machining with tlifecemity worn inserts to reduce

their failure rate under the high temperatures and forces caused by the frictional contact of the artificial
wear regionson the workpiece. Full cutting conditions for all machining trials are given in the appendix,
however, key parameters are given when presenting any results from specific samples in the subsequent

chapters.
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A schematic of the designed cutting setup for squsieulder millingf TF6AF4V is shown ifrigure5.6
for the 200 x 66 x@mm workpiecesThe feedvas varied between 0.06 and 0.12 mm/tooth and thdial
depth of cutwas kept constant at6 mm Two levels, 2 mm and 0.5 mm, were implemented for the axial
depth of cut to represent roughing and finishing cuts respectively. cthieng trials with new cutting
inserts were conducted under both dry and wet conditions, wherein the coolant was applied under a
conventional floodcooling regime, to enhance and suppress thermal effects respectively. Theusiiads
ground inserts couladnly be carried out with coolant, due to excessive heating when machining dry that
led to tool failure. The workpieces were mounted directly to the force dynamometer using two M10 bolts

through predrilled holes.

Tool rotation

Dynamometer
frame-of-reference
Milling tool

Workpiece feed
Workpie

Cutting edges
Figure5.6 - Schematic of the square shoulder milling operation for the titanium workpieces.

Feed per tooth
Radial depth of cut

In the smaliscale effeciof-texture study in F6AHYV, a square shoulder milling operation was carried
out using identical cutting parameters to the whitayer generation trials but with a constant cutting
speed of 40 m/min. The workpieces were smaller than the previously described titanium trials, so the
cutting setup resembled that shown ifrigure5.7, with the workpiece(50 x20 x 20 mmeld on a
machinebed vice mounted on the dynamometeFhe unidirectional rolled workpieces were machined on
three different faces, rolling direction (RD), normal direction (ND) and transverse direction (TD), as these
each exhibit different tetures relative to the surface being machined. The FAST titanium was machined
on the axial face and the circumferential face, relative to the circular billet from which the workpieces

were sectioned. These orientations are highlighteéigure5.8.
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Tool rotation
X
Dynamometer
frame-of-reference

y
z

Machined surface sample

ﬁed

Figure5.7 ¢ Schematic of the square shoulder milling operation for srrsdiale effeciof-texture-study in titanium as well as machining
trials usingIN-718workpieces.

Cutting direction sample

Feed direction sample

(a) (b) (©)
ND ND
CRD ND
/ R1 /'TD
Axial workpiece ' yd ND workpiece
Cross-rolled workpiece RD
Radial workpiece RD workpiece

R2 TD workpiece

Figureb.8 ¢ Schematics of the workpiece orientations for the effeof-texture trials showing (a) the crosmlled plate, (b) the FAST
workpiece and (c) the U/D plate. Theurfaces machined fodifferent workpiece orientations are highlighted in red.

A similar cutting setip as shown irrigure5.7 was used for théN-718 machining trialswith a lower
feed, compared to A4V, of 0.03 mm/tooth and a single axial depth of cut & ®uim used, due to the
tendency for this superalloy to straimarden which led to tool failure at more aggressive cutting

conditions. After each cut, the workpieg5 x 25 x 25 mmyas rotated 90about the xaxis and machined

on a new face.

5.2.2 Turningtrials

Turning ofa SCMMube (127 OD x 105 ID x 137 mwgs carried out on a Cincinnati Hawk 300 lathe
using a PDINL2020K15JETL tool holder in combination with DNMG 150608 coated carbide inserts, both
provided by Seco Tools AB. A schematic oetterimental stup is shown irFigure5.9. Hocut 795B was
used as the metal working fluid and was delivered at a high pressure of approximately Tubarg
forces were recorded with a Kistler 9121 lathe dyno, mounted behind the tool hatlersampling rate
of 20,000 Hz. This sampling rate was selected to encapsulate anfréugiency dynamic effects during

machining, for example chatter, based on experiences during the milling trials.
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frame-of-reference Feed direction .
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——————Feed direction sample

hnlr\‘)l'achined surface sample

~ Workpiece rotation

Figure5.9 ¢ A schematic of the SCMV turning operation.

Similar to the milling trials, a number of the turning inserts were-gneund by Seco Tools AB to
introduce artificial wear at levels of 0.15 mm, 0.25 mm and 0.5 mm on the flank face, as shiéiguaran
5.10(a) and (b). Theacreased number ddrtificial wear level@mployedin these trials, compared to the
milling trials, were selected to encourage the generatidra broader spectrum othinner white layers
with different thidknesses, based on experience gained from the milling trials. To ensure the contact
between the ground wear land and the workpiece required for rubbing, the wear land was ground at an
angle greater than &rom the flank face as shown kigure5.10(c). Thus, when the insert was mounted
in the tool holder, which had a rake angle -6F, the ground wear land could still rub the surface,
accounting for any additional rotational deflection under the action of cutting forces and thiepreme
curvature. The Jposition of the tool in the machining centre was again adjusted for the trials with worn
inserts to ensure a consistent depth of cut across all trials. The cutting edges weoaed following
grinding to approximately 8Am and veified with measurement on an Alicona Infinite SL microscope. For
the trials, only inserts with cutting edge radii between82um were selected in an attempt to mmise
the effect of cutting edge radius on the results. To generate a broad spectrum rtecas for
charactersationand NDT, cutting speeds between-680 m/min and tool wear levels betweer(05 mm

were used. The depth of cut and feed were held constant at 0.5 mm and 0.15 mm/rev respectively.
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Figure5.10 ¢ Macrographs of (a) the insert in the tool holder with the ground wear land highlighted, (b) a 0.5 mm ground wear land and

(c) a schematic demonstrating the angle at which the artificial wear was ground into the flank fa@msure rubbing with the workpiece
surface.

5.2.3 Orthogonal milling

To measure the strain in the machined surface during white layer formation, orthogonal milling of Ti
6AL4V was carried out on a DMG Mori NVX5080 machining centre using a Seco Tools-B22D167
tool holder, modified for singkpoint milling, and TPUN160308 HX coated carbide indddsut 795B was
again used as the metalworking fluid and was delivered at 6%aumber of insertsvere ground by Seco
Tools AB, on their clearance faceptoduce an artificial 0.5 mm wear land with the cutting edgéomed
to 85 um in half of these inserts and left at 10 um for the remainder. Insert grinding was used as the
desired level of control over the tool geometry could not be achieved using rigtuvarn inserts. This
variation in cutting edge allowed a controlled investigation into its effect on surface integrity and strain as
the impact of cutting edge radius was purposely blocked in the machining trials described earlier in this
chapter. An inert worn naturally through repeated cutting wagsoused to facilitate a comparison with
the artificially worn insertsThe different insertsised in the trials are summiaed in Table5.7. Cutting
speeds were selected to mirrohdse from the previously described milling trials ir6AF4V. To ensure
variation in uncut chip thickness over the tool engagement, from smaller than, to larger than the cutting
edge radius, a feed of 0.5 mm per tooth was selected. This correspondednixiEnum uncut chip
thickness of 0.105 mm.

Table5.7 ¢ The cutting inserts used during the orthogonal milling trials.

Insert type Wear land  Cutting edgeradius

(mm) (um)
Unworn 0 30
Artificially worn 0.5 10-15
Artificially worn and rehoned 0.5 80-85
Naturally worn 0.265 137
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To allow orthogonal milling, i.e. milling on a single plane with the cutting edge perpendicular to the
cutting velocity a special workpiece jig was used to hold two 25.5 x 24.5 m4lates such that at the
interface between the two plates, the region on which grids were printed was under plane strain
conditions. The cutting setp is illustrated inFigure5.11 (a), (b) and (c). Both climb and conventional

milling were used to compare the effects of thitkthin and thinto-thick chip formation respectively.

Dynamometer
frame-of-reference
-_———

(b)

Feed

Feed

Instantaneous tool
rotation angle

| Conventional milling | ¢ gietion Climb milling
Figure5.11 - (a) The workpiece and jig mounted in the machining centBzhematts of the cutting operation in (b) the-g plane and (c)
the x-y plane.

5.2.4 Cutting force analysis

Cutting forces were recorded during all machining trials to help understand the results from destructive
charactersation, particularlychanges ircrystallograpic texture. By monitoring the cutting forces during
the full cut, the uniformity of the surface integrity could be predicted and used to aid the selection of
destructive cutups and NDT regions. When forces remained constant over the length of the cut,
subsequent optical microscopy indicatéldat the surface integrity was unchanged over the length of the
machinedsurface.Therefore, in this casdDT could be carried out at any point on the machined surface
and the region under inspection would be represédiva of the whole test piece. Measurement of the
out-of-plane forces during orthogonal milling could be ugedunsure plane strain conditionsvere

maintained

During turning, he dynamometer used to measure foragaslocated behind the tool holdemeanirg

cutting forces wee measured in the cutting tool framef-reference. By contrastin milling, the
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dynamometer wassituated beneath the workpiece so geometrical relationshigge used to convert
from the dynamometer framef-reference {OandO) to a cutting tool frameof-reference('Oand™0). A
cutting tool frameof-reference is beneficial as it more clearly shows the dependence of cutting forces on
the instantaneous immersion angle)(during milling. The dynamonter frame-of-reference and cutting

tool frame-of-reference are shown iRigure5.12. Both force pairsOand"Oas well asOand Olie on one

plane and are orthogonal so the relationship sthia Eq.5.1 applies.

Feed direction
Cutting edge
Tool rotation

Instantaneous
E, immersion angle

Figure5.12 ¢ Schematic of a squarshoulder milling operation highlighting the relationship between the cutting and radial forcesjch
have a cutting toofframe-of-reference, and the x and y forces measured by a dynamometer.

0 ‘0 "0 O 0 Eq.5.1
By using the instantaneous immersion angle, equations for forces in the cutting and radial directions
can be statedas inEq.5.2 and Eq.5.3. Note the minus signs arise due to the axis convention outlined in

Figureb.12.
O "Owéd O % Eq.5.2
O O " O0E Eq.53

From classical models for the mechanics of oblique cutting, equations for the prediction of cutting
forcesduring milling can be stated?], as inEqg.5.4, Eq.5.5andEq.5.6, as a function of the instantaneous

chip thicknes®, which is itself a function of the tool immersion angle

0s 0 GOy U O Eq.54
Ve 0 GO 0 O Eq55
Qe oi 0 Eq5.6
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0 andvu are cutting coefficients for shearing forces in the cutting and radial directipngand v
are the cuting coefficients for ploughing forces in the cutting and radial directions. Ploughing forces arise
due to the effect of a small chip thickness in relation to the cutting edge r4difis). With a smalb 7i a

chip does not form, instead, the wkpiece material is ploughed underneath the tool.

It can be seen fronkq.5.4, Eq.5.5 and Eq.5.6, that the cutting and radial forces are dependent only
on the immersion angle, egpt for small chip thicknesses. These cutting tool fraofieeference forces
are easier to visusethan the forces measured directly by a force dynamometer, which continuously vary

in magnitude and sign due to the curved cutting path on theptane. Thse differences are immediately

apparent in forcetime plots, as shown ifigure5.13 (a) and (b).

(a) (b)
100 4 100{ e

£ 50 < 507

£ 01 £ 07

e} o
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3 g

= 100 - —X-direction force = 100+ »=== Cutting force
=Y -direction force == Radial force

150 . . . I—Z-Idlrecltlon florce 150 . . . —ICon".npreslswe forc:e
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Tool rotation angle (°) Tool rotation angle (°)
Figure5.13 ¢ Cutting forces during one tool rotation from (a) the dgmometer-frame-of-reference and (b) the cutting tool framef-
reference.

5.2.5 Surface roughness

Surface roughness measurements were undertaken on all machined surfaces to allow the effect of
surface topography on NDT methods to be quantified. Measurementsg usiMitutoyo Surftest SJ10
portable surface roughness profilometer, were taken parallel to the feed directions for both the milled
and turned surfaces. A sampling length of 0.8 mm and an evaluation length of 4 mm were used in the
measurement of averagsurface roughness (Ra), the average deviation of the surface profile from the

centrelineaccording to the BS1134 standd@&b1]. On each surface, five measurements were taken and
averaged.
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5.3 Methods for machined surface charadsation

5.3.1 Sample preparation

Following machining, workpieces were sectioned into smaller samples to facilitate chavaiiter
work. Three types acdamples were obtained, machined surface, cutting direction (CD) and feed direction
(FD), as showpreviouslyin Figure5.6, Figure5.7 and Figure5.9 for each material. Cutting anfited
direction samples were used for charagsationof the crosssection,with both directionsbeingnecessary
to build a complete picture of surface integrity, which can vary across a surface. Machined surface samples
were used for the charactesation of the top surface. The -BAFV andIN-718 workpieces were
sectioned, in the first step, using a manually operated Buhler Abrasimet equipped with Silicon Carbide cut
off blades. Due to their larger size, the SCMV workpieces were initially sectionedwiieneglectrical
discharge machining to reduce the sample size. Following preliminary sectioning, all materials were
reduced to their final dimensions using a Struers Seceb@nprecision sectioning machine. A silicon
carbide cutoff wheel was used for -6AFHV andIN-718 whereas an aluminium oxide coff wheel was

used for SCMV, as per manufacturer recommendations.

Following sectioning, feed and cutting directisamples were mounted in PolyFast conductive resin
using a Buehler SimpliMet 3000 mountingegs. A conductive mounting medium was used so that all
samples could be examined in a SEM if needed. To produce a smooth surface for cisatamiesamples
were ground and polished using a Buehler Automet automatic polishing machine. Grinding using pape
with successively finer grits (P400, P800, P1200, P2500 all for 1 min) was undertaken to remove the
deformation introduced by sectioning. Samples were then polished using a Struers MD Chem polishing
pad in combination with colloidal silica suspension I6 minutes to achieve a mirror finish suitable for
microscopy. A final 2 minutes of polishing with water only, was used to clean the colloidal silica from the
polished surface. A separate polishing pad was used for each alloy and samples were tygish#yg jn

groups of four or six samples of the same material.

To reveal the microstructure for optical microscopy, polished samples in each material were etched
using a chemical etchant. For6Akn + > YNRf £ Q& NBIF ISy i ol ClLLg&@a9eml) g2f 0
was used as this reagent preferentially attacks the alpha phase, providing contrast between the two
LK &S&a Ay GAGEYAdzYd YNREEfQa NBFISYd A& LI NIAOAA |
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etchants, however, it is the dyn etchant which reliably etches titanium alloyklk-718 was etched using
YFHEEAY3IQa NBFIASYyd 602LIISNI 6LLO OKf2NRARS p3asz Si
Nital (HNQ (68%) 2 ml, Industrial methylated spirit 98 ml) was used toakthes grain structure in SCMV
steel. The SCMV aritl-718 samples had to be etched immediately following the final polishing step

otherwise a slow and inconsistent etch response was encountered.

In optical microscopy analysis and subsequent-destructive testing, a pass/fail system is used to

indicate:

1 Anomalous surfaces that would fail Sl inspection (i.e. the surface contains a white layer or critical
levels of swept grain?(

1 Surfaces that would pass Sl inspecti(n.

5.3.2 Heat treatmentfor white layer grai growth

A small subset of BAFYV samples were heat treated at 700 for 2 hours using a vacuum furnace.
This heat treatment was designed to grow the fine grain structure, typically encountered in the white
layer, to allow thé andi -phase content ofhe white layers to be inspected. A vacuum furnace was used
to prevent oxidation othe titanium and inhibit alphaase formation in the neasurface. A temperature

of 700°C was used as it lies below theransus temperature, so it prevents precipitatiént G KS | L.

5.3.3 Microscopymethods for microstructural observations

An Olympus BX51 microscope was used to capture optical micrographs of etched surfaces at 500
magnification, for consistency with industry inspection meth¢#i80]. The micrographs, as shown in
Figureb.14 (a), were decomposed into thredistinct sectios including, the white layerthe deformed
region beneath, termedhe swept grain region, anthe bulk, according to the criteria given by Puerta
Velasquez et a[65]. The white layer region was taken as the region in which the grain structure was not
resolvable for each dhe alloys. The swept grain region was deemed to finish at the depth beneath the

surface where grain distortion was indistinguishable from the bulk microstructure.
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Figure5.14 ¢ A aosssectional micrograph (a) of a BAF4V machined surface outlining the three distinct microstructure regions and
schematics that highlight (b) the measurement locations on a cresstional cutting direction sample and (c) the curved path of the
cutting edge during milling.

The white layer thickness was calculated as an average of 15 measurements across 3 micrographs taken
from different locations along each sample, as showfigure5.14 (b). Withineverymicrograph,each
thickness measurement was taken at the same 5 locations across the width of the image. To calculate the
average white layer thickness for a particular machined surface, the values across FD and CD samples from
the start and end of the cut were averaged. Dodlie curved tool path in milling, as showrFigure5.14
(c), the direction of grain distortion changes across the width of the machined shoulder. Therefore, all the
swept grain depth measurements were obtained from an averaggaheasurements at two locations
near the centre of the crossectional sample, as shownhigure5.14 (b). At these locations, the tool pass
direction and therefore the grain distortion was in the plane of the image. Simitarlyhe turned SCMV

surfaces, all swept grain measurements were carried out on CD samples, where grain distortion was again

in the plane of the image.

Highresolution microscopy was carried out on samples from each material using an Inspect F50 field
emisson gun SEM (FE&EM). Due to the poor etch response of the white layer, highlighted in the

literature review, FE®SEM imaging was carried out on polished butetthed samples using back

94



scattered electrons for A4V and SCMV. In these SEM imagiescontrast between different grains

of the same phase arises due to crystal orientation effects (channelling coriz&&{)and due to atomic
number contrast for different phaseR53]. In IN-718 imaging etched samples proved to be more
successful. A small spot size and an accelerating voltage of 10 kViseer¢éo enhance the resolution of

the ultrafine grains within white layers in all materials. By reducing the spot size, the size of the electron
beam incident on the sample surface is reduced. Similarly, using a 10 kV accelerating voltage rather tha
20 kV for example, reduces the energy of incident electrons, limiting their penetration into the sample.
The combined effects of a smaller accelerating voltage and probe size improve the resolution by reducing
the overall interaction volume from which electrerare detected. It should be noted that further
reductions of accelerating voltage and spot size lowered the signal from the sample, decreasing the signe

to noise ratio.

5.3.4 Nanoindentation measurements

To determine the hardness and elastic modulus varialielow the machined surface, cressctional
profiles were obtained for all three alloys using a Triboscope nanoindenter, through the Oliver & Pharr
method [254]. A plot of a typical loading cycle during nanoindentation is outlineBigure5.15 with

hardness is calculated usiigj.5.7.

N Load dwell

Loading curve

Indenter load P (mN)

v

Indenter displacement i (nm)
Figureb.15 ¢ A schematic of a typical loadisplacement plot used in the Oliver and Pharr method, affgb4].

0 Eq.5.7

In EQ.5.7 "Ois the nanohardness)  is the maximum indentation load aril is the projected area
of the indentation. For an indenter with a regular geometry, the pctge indentation area is a function

95



of the contact depth;Q. Due to the wear of the indenter tip, which will change its shape with use, a new

area function is calibrated regularly to ensure valid measurements.

Nanoindentation can also be used to maesthe elastic modulus by first calculating the stiffneys,
of the unloading portion of an indentation loading cycle, as showRigure5.15. The reduced elastic

modulus,O, can then be calculated usifk.5.8.

0 VI___Y Eq.5.8

¢ o
Where0 is the contact area of the indentation and, similarco, is a function of the contact depth

for a known indenter shape. To calciddhe elastic modulug), from'O, Eq.5.9is used.

P p i p Eq.5.9
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Figure5.16 (a). A mirro#finish was required due to the sensitivity of nanoindentation to variations in
surface height. A 48econd drift compensation measurement was carried out before every indentation.
Hardness and elastic modulus values were averaged for each of the five indentations at every depth
interval. An atomic force microscope (AFM) was used witjpm the indenter adjacent to the machined
surface edge. An AFM image of a machined surface;ipdentation, is shown ifrigureb5.16 (b), the top

edge of the sample (the machined surface) is easily identifiexldtgpchange in surface height, resulting

from the higher material removal rates in the PolyFast mount, relative to the metallic sample, during

polishing.
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Figure5.16 ¢ (a) A schematic dllining nanoindentation measurements in the crossection and on top of the machined surface. (b) An
AFM image of a nanoindentation array in the cresection of a T6AF4V sample.

Additional indentations to investigate the effect of crystallographicrtagon on hardness and elastic
modulus in the white layer in ‘BAFYV were undertaken using a 4 x 4 arraytbe machined surface,
following mirror polishingand averaged to obtain a single value. Similarly, bulk material hardness for all
alloyswas obtined by averaging indentations from a 4 x 4 array in theeasived material, at least 500
pm beneath the surface. In all indentations, the first indentation beneath the surface, as well as adjacent
indentations, were kept a distance of three indentatidiameters apart, as defined in ASTM EB335].

The indenter material constant§) andv , were taken as 1141 GPa and 0.07 respectively. Values of 0.34
[169], 0.29[256]and 0.305]8 SNBE dza SR | & G KS 6A4A/IN7284A0SCMUIsdmples T 2
respectively. Hardness armlastic modulus values were noriiseed with respect to the bulk material
hardness in each sample, to illustrate the trends of these properties with depth beneath the surface. The

white layer thickness in the vicinity of the indentation array was quantdiiéer indentation.

5.3.5 Xray diffraction phase analysis

To investigate whether phase transformation had occurred during white layer formation, phase analysis
was carried out usingsay diffraction by examining the location of the peaks in intensity in anpaRern,
which plots intensity against diffraction anglReaksn the diffraction patternarise duevhen. NJ 3 3,Qa f
shownin EQ.5.10, is met and theyxan be associated with a particular interatomic spaeitngch can be

used todetermine the corresponding phase from databases of known crystals.

CQi Q¢ ¢&_ Eq.5.10
A schematic of a typicalray diffractometer is shown ifrigure5.17, highlighting tle three main

components, the xay source, the beam optics and theay detector. Xays are generated in anray
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tube by accelerating electrons towards a target metal using high voltages. Electrons collide with the target
material and their decelerationauses the release ofrays, which then pass through the incident beam

optics to strike the sample. The diffractedrays then pass through the diffracted beam optics before
reaching the detector. Soller slits restrict the axial divergence of the bearelly reduce diffraction peak
asymmetry and divergence and astiatter slits are used to restrict the height divergence of the beam,
which determinesthe illumination area of the sample and reduces instrument peak broadening. A
monochromator is used to reove the K radiation, allowing only ' and K > radiation to pass through,

due to their similar wavelengths. KX g KA OK Kl a  RAFTFSNByYydG ¢l 9SSt Sy 3
out, it can be reasoned frofaq.5.10that there wouldbe additional peaks in the diffraction pattern, which

would provide no additional information. A chargeupled device or a hybrid pixel detector is used to

measure the intensity of the diffracted radiation.

------
-----

Soller slits
Diffraction/anti-

- scatter slits

Diffracted beam

/

v Sample 1
Figure5.17 ¢ A schematic of an XRD instrument in BraBgentano geometry.

-
-

Metallurgical phases ofhe machined surfaces were andyR dza Ay 3 |t 3sbrdyf @ G A C
diffractometer. The measurements were conducted at room temperature on machinedcsustamples
with and without white layers, as well as examples of theex®ived materialCopper K x-rays were
used and the xay penetration depths (90% beam attenuation) for the range of diffraction anglessed
in each material, were calculated ugi\bsorbDX softwarf257] and are summased in Tabk 5.8. The
range of diffraction angles used for each madéwas selected based on the diffraction angles over which
most highrintensity peaksare found[223]. The XRD measurements were carried out over an area of
approximately 8 mm x 4 mm on the machined surfaces. fostessing was used to correct for
background intensity before PBH Sleve+ indexing softwaj258] was used tdit empirical phase data
from the International Centre for Diffraction Daja23] to the diffraction patterns to allow identification

of different planes.
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Tabk 5.8 ¢ X-ray penetration depths over the range of diffraction angles used to obtain diffraction patterns in each aeroengine material.

Material Diffraction Penetration depth for
angle range (°) 90% attenuation(um)
TH6AHYV 3580 43972
IN-718 40-100 3.47.6
SCMV 40-100 1.7-3.9

5.3.6 Crystallographic texture measurement

XRD pole figure measurements were undertaken on machined surface samples to investigate the
effects of white layer formation on the resultaatystallographic texture of the material. A pole figure is a
2D representation of 3D crystallographic texture and to obtain a pole figure using XRD, a sample must b
rotated in three axes to measure the intensity ofays for a particular crystal planegi a constant
diffraction angle) at different sample orientations. By using a sufficient number of steps for each rotation
angle, and measuring the pole figure for three Auarallel planes, a full picture of the crystallographic
texture can be built upMeasurement on more than one negparallel plane is necessary to describe the
texture of a material, as a pole figure for a single plahews only the direction of the normal to this
particular planeand as sucliloes not contain any information on the rditan of the plane around this
normal axis. Consider a pole figure for the basal plane in a HCP crystal, as shégure®.18, the
orientation of prismatic planes, which are perpendicular to the basal plane, could only be deterfrom

additional pole figure measurements.

f (1010) pole

(1010) pole

, |
/ \ -
P e
\ /

(0002) pole

Figure5.18 ¢ Schematic highlighting the need for more than one pole figure to describe the crystallographic texture. In both images, the
pole is inthe same direction yet the pole is in different directions. So the pole could not be found from a pole
figure measurement using the plane.

XRD pole figure measurements require a special type of diffractometer equipgibda 4circle
goniometer. This allows for the rotation of the sample in 3 axd$oand] as well as changing of the

diffraction anglec—as shown schematically kgure5.19 (a).
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Figureb5.19 ¢ Schematics outlining the process behind XRD pole figure measurements; (a) A four circle goniometer required to rotate the
sample, (b) the sample framef-reference with pole figure angles outlined and (c) a polguie plot highlighting three individual
measurements at combinations of and 4.

The goniometer angles must be mapped to the sample frafreference, to enable plotting of the
data on a pole figure. The goniometer angteorresponds to the pole figuranglg , which describes the
rotation of the sample around an axisnpendicular to its surface. The anglgsand] , combine to give
the other pole figureanglg , which describes the tilt of the sample around an axis parallel to the plane of
its surface, as shown iRigure5.19 (b). In a full ple figure measurement, the sample is rotated ifféo
and] inthe path of an »xay beam at a set diffraction angle such thaty intensity measurement can be
obtained for a range of values |in(0-90°) andf (0-360°). The intensity measurements ansed to plot
the pole figure, a circular plot whereis plotted as the radius of the circle ahdas the rotation around

the circle, as shown iRigure5.19 (c).

There are two conventions for plotting a pole figure, eqaisda and equalangle projections. The
physical interpretations of these two projections are illustratedrigure5.20 (a) and (b) respectively. In
an equalarea projection, the sezof features in a pole figure [weserved regardlessf position, as shown

in Figure5.21 (b), thus for a material with a random texture, there will be a uniform distribution of points
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on the pole figure. By contrast, the eqtatgle projection (stereographic projection) preserves shape,

S0 a circular region of points appears circular no matter where it is situated in the pole figure, however it
will have a larger area towards the circumference of the pole figure, as showigime5.21 (b). A
randomly orentated crystal will have a greater density of points in the centre of a pole figure than at the
edges, for an equangle projection, distorting the impression of texture. Texture distribution is the

property of interest in this study, therefore, equatlea projections were¢he conventionused.

SO

-

(@)

atoms under
d investigatio

Projection plane

- —
d -
-~

- -

Normal to the
plane of atoms Plane of
at different & atoms under
and 8 investigation

Figure5.20 ¢ Schematics outlining the physical interpretation of (a) an eqtsaiba pole figure and (b) an equalngle pole figure.

@ (b)
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Figure5.21 ¢ Schematics outlining the effect of the projection on the size and shape of a circular region of pointajedquatarea and
(b) equatangle projections.

ABruker D8 Advancenay diffractometer equippd with copper K radiationwas used to obtain pole
figures for machined surfaces as well as theexeived material in each alloyhe area under investigation
in each case was 5 mm x 2 mm. For two machined surface sample§Ah4V, the white layer &s
mechanically polished away before pdigure measurements took plac® reveal the swept grain
material beneath and allow investigation of the texture of this regibmensure the white layer had been
removed, naterial removal was quantified using @gdal micrometer and croseeferenced against the
known white layer thickness in each sample fraptical microscopy measurement®\ reference

measurement was taken from a powder sample to correct the results for defocusing at high tilt angles and
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backgraind intensity. The MTEX MATALB toolbox, as describedBaghmann et al[259], wasused to
calculate the orientation distribution functions (ODF) from the corrected data and then plot recalculated
pole figures. By calculating an ODF, the full pole figure for any crystal orientation could be plotted and the
texture index (TI) calculated:he TI is the square integral of the ODF for a pole figure, as such, it is a
numerical indicator of preferential crystallographic orientation in a matealarger Tl indicates a

stronger texture.

5.3.7 Residual stress profiling

Profiles of residual stresgith depth in the neatsurface of machined surface samples were measured
through XRD using tfl@ E T method, with electropolishing used for material removal. Residual stresses
impart micrastrains on the crystal lattice, which change the interatorseparation,Q and, therefore,
alter the position of the peaks in intensity in a diffraction pattern. Tensile stresses shift the peak to lower

diffraction angles, whereas compressive residual stresses do the opposite.

Inthe OET method, as dscribed by Cullity146], an XRD pattern is obtained in the vicinity of a
particular crystallographic plane at different tilt anglesand the interatomic spacing determined at
each tilt angle from the peak position. Due to the small depth of penetrationrajsthat confines them
to a region close to the free surfaca condition ofbiaxial stresss assumedver the xray interaction
volume. Thigneans the gtess and strain perpendicular to the surfagee taken as zero, howevete
stress and strain parallel to the surface are proportional to the change in lattice spacing relative to the
unstressed sample. TRRE T method removes the need for calibrating with a strefsse sample of
every material, as would be required if only one tilt angle was uagdhe stress in a particular direction,
» IS proportional to the change in lattice spacing with changilh@ngle, as described dyq.5.11.

T Q O ., O Eq.5.11

” A -1 a - 1
TOET p # p ¥
Where Ois the Elastic modulus of the alloy when loading perpendicular tddtiee plane used to
measure the change in lattice spacidgh & t 2Aaa2yQa NI} (A2 27F dafhsSheYl GSI

gradient of aQvsOE | plot. A schematic of an XRD residual stress measurement is shdiguie
5.22. During the measurementhe range of diffraction angleg— used to obtain the diffractio pattern

for a particular peaks held constant and the sample is rotated through a series of tilt angles, positive and
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negative relative to the initigposition. At each location, the position of the peak in intensity associated
with the target crystallographic plane is recorded and converted to a lattice spacing. From tHixyshe

OET plot can be used to calculate the residual stress.

{ Tilt axis

Incident
x-ray beam

————————————————————— -+ - —— -—¢
........ i \

Normal to the
sample surface

Diffracted

: ] x-ray beam
¢ Sampletilts
Fgure5.22 ¢ A schematic of an XRD residual stress measurement. The diffraction angle kept constant while the tilt angle. , is
changed.

Residual streswas measuredor machined surface samples inet feed and ctiing directionusing a
Proto iXRD portable diffractometer with a coppkfr x-ray tube. Both cutting and feed direction
measurements were takeras residual stress can vary significantly between these diredi@@jsDepth
profiling measurementsvere achieved throughugscessive material removal using the electropolishing
technique with a salt and water electrolyte. Electatighing was used as it facilitates the removal of
material without altering the residual stress state through mechanical deformation, as could occur with
mechanical polishing. The material removal was quantified with a digital height gauge. 2thé isiehod
with 11 tilt angles {) between-19° and +19, was used to measure crystal lattice strain and, through
calculation, residual stress in the feed and cutting directjomgh the data captured from 2 xay
detectors Theh ¢ po peak and thé ¢ p peak were chosen for the measurements ir6FRiF4V and
SCMV respectively, due to their high Bragg angle (approximateR/ai#D155f [223]. Fitzpatrick et al.
[147] have shown that higher angles result imgar changes in diffraction angle for a given change in
lattice spacingDue to the prohibitively high cost of these measurements and the examples already

highlighted in the literature, residual stress measurements were not obtained @68\

Elastic castants used in the stress calculation for the o crystallographic plane in-6iAFYV were
"Y=-2.97 x 16 MPa' and"Y/2 = 11.89 x 16 MPa?, which correspond to an Elastic modulus of 112.1 GPa
FYR | t2A3aa2y Q& NI énksan SEMVY A ©.620x 2 PN W I= &.6ZNE &
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MPat corresponding tdO = 235 GPA and = 0.333, were used. Flat plate corrections were applied to
account for the stress relaxation effect of layer removal, as outlined by Sikf2éKieIn addition to stress
measurements, peak broadening measurements waitso obtained for each samplelhe peak
broadening was taken as the full width of the XRD peak at half of the maximum intensity (FYAWHM).
increase in peak breadth can be used as an indicator of a small grain size or inhomogeneous lattice strain

over the depth of inspectiofiL46].

5.3.8 Chemical profile analysis

Dynamic secondary ion mass spectrometry (DSIMS) was used to obtain chemical profiles T three
6AL4Vmachined surface samples at Loughboro@&yrface Analysis, two that contained a white layer and
one sample with good SI. Measurements were not carried out in steels and nickel due to the prohibitive
cost of these measurements and the EDXS research already published for these materials. BSIMS wa
selectedfor this investigation due to its extremely high sensitivity to most elements, which allows the
detection of elements present in only 10 parts per billja61]. This sensitivity is significantly greater than
that of other techniques sucas EDXS andray photoelectron spectroscopy which can only achieve 100
parts per million[262] and 1000 parts per milliof263] sensitivity respectively. EDXS issillted to the
detection of elements with low atomic numbers, e.g. C, N af@262], all of which were important to this
analysis due to thir " -T| stabilsationeffects. Additionally, the-xays detected during EDXS are generated

over a large volume compared to the size of the electron beam, resulting in low depth resolution.

Secondary ion mass spectrometry is a surface analysis techniquedh alhieam of primary ions is
focused onto the surface to be anadg. The interaction of these primary ions with the atoms in the test
piece causes secondary ions to be ejected from the surface. These secondary ions are accelerated through
a mass spectronter to determine the chemical composition of the surface. By varying the magnetic field
in the mass spectrometer, different atoms can be filtered out such that only ions of one element at a time

can reach the detector.

In DSIMS, the beam of primary ®econtinuously removes material from the test piece and as such
allows inspection at increasing deptf&61]. A typical DSIMS instrument is shown schematicalijigare
5.23. By measuring thénal depth of the crater createdby the ion beam using a Dektpkofilometer and

recording the time at which eaahass spectrometryneasurement point is taken, a chemical composition
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vs depth profile can be created. The depth reached beneath the surface during material removal is
proportional to time, as the material removal rate is assumed constant for a largely homogeneous material
[261]. This assumption would not be valid for a material constructed from layers of different materials
where each material is only several micromettégck, however, it is acceptable for the§a-6AFV
samples. It should be noted that data is only taken from the centralrf 60um of the crater, which

has an overall size of 2@Mn x 200um. This is to ensure that only ions ejected from the basbetrater

by the ion beam areetectedrather than ions ejected from the sides, which would come from a different
depth.

lon gun Magnet

Secondary /

ion beam

Exit slit Detector

Primary

ion beam | Extraction

electrode

Sample under
analysis

Figureb.23 ¢ A schematic of a DSIMS instrument highlighting the key features.

Dueto the continuous material removal, as well as the nature of the mass spectrometer, only a subset
of elements could be measured. This is because the magnetic field in the spectrometer has to be change
to detect each elementhenceonly a singleelement ca be detected at angivenpoint. The count rate
for the desired element is captured and then the field is changed to allow detection of the next element.
Consequently, the more elements selected for detection, the greater the interval in depth between
measurements for the same element, lowering the depth resolution of the technique. The elements
selected for analysis of the machined surface composition were Ti, Al and V, as they are the primary
elements in FBAF4V, in addition to O, C and N as these alghastabilizing elements, which readily
diffuse into titanium. Co and W were also selected for detection due to the composition of the tungsten

carbide cutting tool usetb form the surface being analgd.

The intensity of a particular element does najuate to the exact composition of the alloy, however,

it does allow the change in that element with depth to be quantified. To illustrate the change in total alpha
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stabilizing content, an aluminium equivalent intensity was calculated using the weightinbe well

known relationship for weight percent alumum equivalency32, 264] as shown irkEq.5.12.

680 Ba pm 6 b Fa.512

Where & is the count rate for elemendd. This is not a true aluminium equivalency, as the intensity
measured by DSIMS does not equate to cosifion, however it imdoptedin this study simply to illustrate
general trends. Following the DSIMS measurement, each sample was sectioned and the white layer

thickness near the crater was quantified.

5.4 Micro-grid strain measurement

To facilitate strain rmasurement in the orthogonal milling (OM) samples, migriols were patterned
onto the 25.5 x 24 mm OM workpieces using electron beam lithography (EBL) as highlighted schematically
in Figure5.24 (a). The workpieces were polisheal@ mirror finish on the face onto which the grid would
be printed. Due to the size of the workpieces and issues encountered with severeadging when
manual polishing, a custom adapter was designed and fabricated which allowed the samples tdleelpolis
using automated polishing machines. Following polishing, the samples were coatedP6RB0.13, an
electron sensitive resist. The samples were then transferred to an EBL machine where the resist on the
samples was exposed to an electron beam, whiahes the grid lines on the surface. The interaction of
the electron beam with the resist changes the solubility of the resist such that, when the sample is

subsequently immersed in a solvent, the exposed regions of resist (the grid lines) are removed.

In the next step, on one workpiece from each pair, thermal evaporation deposition was used to coat
the sample in a 10 nm layer of titanium and then a 90 nm layer of gold. The titanium deposition enhances
the adhesion between the gold and the titanium sulsér. During preliminary trials when using only
deposited grid workpieces, the grids peeled off, primarily due to a poor surface finish following polishing.
Consequently, on the other workpiece from each workpiece pair in the full trials, a 30 nm co#d wfago
sputtered onto the surface, in case the deposition method failed agzafd was used for the micrgrids
due to its large atomic number, which gives rise to a strong contrast on asgatiered electron SEM
image. Additionally, gold possesses ghhinelting point of 1064C[265], so it would only melif extreme
heating had occurred during machining. In thermal evaporation deposition, a metallic source is heated in

a vacuum to causthe vaporisationof the material. The vapour cloud produced, cools on contact with the
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substrate resulting in the depoin of a thin layer. Aacuum is used to ensure a more uniform layer is
produced by reducing collisions between the gold and other atoms when travelling between the source
and substrate. By contrast, in sputtering, gold is ejected from an electrode iasideEuum chamber

through bombardment with higlenergy ions and then condenses on the substrate forming a thin film

(@) (b)

15 um pitch, 10 pm pitch
10.5pm -1 pum width

Resist applied using Pattern formed in resist
a spin coater

Remaining resist
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. ’ a
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Electron beam traces
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6.

Gold dep05|ted /

Figure5.24¢ (a) A schematlc of the grid printing process and thicrographs of the final grids showing the four grid sizes used.

Following deposition and sputtering, the samples were submergeemethyl-2-pyrrolidone to lifeoff
the remaining resist. This process also {d@tEthe gold directly above the resist igag only the gold
deposited in the channels produced by EBL, i.e. the grid lines. For these experiments, four different micro
grid sizes were used to ensure deformation could be captured at different length scales as illustrated in
Figures.24(b). The grids were arranged as showhkigures.25 (a) with the final machined surface passing
through the grids as indicated Figure5.25 (b). Note that when sandwiched in a workpiecerpabxY
ANAR g2dzf R 0SS AWK ORNKRDICHMAA Ko a naaNBarIf dzi a 2 § K
YSIadaNBYSyia O02dxZ R 06S OF LJidzZNBRX Fa A INB&LR YRS G 2
RST2NXYIGA2Y AYRdzOSR 0@ YIOKAYyAYy3do®

@ | (b)

Final surface post-machining

Conventional

Figure5.25 ¢ Schematics of (a) the grid locations and (b) the final surface gosthining.
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Edge rounding of the workpieces, despite the use of a custom jig to facilitate automation of the
polishing proces used to prepare the surface for EBL, meant that when the finished workpieces were
mounted in pairs in the jig there was a gap between the plates, as shomiguine5.26 (a). To reach the
plane strain region, the workpiece paiadhto be machined using cleap passes. To reduce the amount
of material removal needed, an aluminium foil spacer was used to separate the plates at the rear of the
jig, the clamping forces then resulted in plate contact nearer the machined surfacejngdbe material
removal required before each trial, as highlighted=igure5.26 (b). Note the size of the spacer is greatly

exaggerated for illustration purposes.

() (b)
Surface to be machined . ) Plain strain region
. . Grid region
Grid region Plain strain region =
>( / ‘
———
y X Y X \
Material removal needed “? Material removal needed ? Spacer
z z

Figure5.26 ¢ Schematics of (a) the separation between the workpieces caused by edge rounding that necessitates considerable material
removal and (b) the reduced material removal when a spacer was used.

Following machiningthe strain in the orthogonally méd surface was calculated using the method
outlined by Allais et al[157] by comparing SEM ingas of deformed and undeformed grids. A full
description of the underlying mathematical relationships used during the calculation, the image analysis

process and validation of the MATALB strain measuremenmtssiprovided in the Appendix, sectidB.4.

5.5 Summary

In this chapter, the materials and machining methods employed in the generation of a set of surfaces
for characteisationand nondestructive testing of white layers have been described. The charsaten
methods usedo measure the physical properties of machininguced white layers have been detailed.
Theprocedures employed for theneasurement of the strain in a machined surface with a white layer
have alsdbeen introduced. The following chapter presents the resfilom the tests described in this
chapter and then discusses the key characteristics of white layers to guide the development of an NDT
method for their detection. The results of this charadsationwork in all three materials will be presented
in pardlel, in order to facilitatedirect comparison between the mechanical and microstructural properties

of the white layesin each material.
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6 The physical properties and mechanisms of white Ildgemation in

aeroengine alloys

The results from the charactisationof machininginduced white layers ithe three aeroengine alloys
are reported in this chapter, alongside quantitative strain analysis of orthogonally milled surfaces
containing a white layer. Results for each material are presented in parallelctiitate comparison.
Following this, a detailed discussion section will identify the key physical properties of the white layers in
each alloy angbropose formation mechanism®articular attention is given to-6AF4V, aghere is little
known about thecharacteristics and mechanisms of white layer formatiorthis alloy. Based on the
findings of the charactésationwork, viable NDT methods for detecting the white layers in each material

are suggested.

6.1 Results

6.1.1 Microstructural morphology

Quantitative analysis of crossectional micrographs was used to measure the size of the white layer
producedin Tt6AF4V, SMMV andN-718. It can be seen from the optical micrographgrigure6.1 that
surfaces with and without a white layerene produced in eaclalloy. The traffic lights represent the

pass/fail result from Sl inspection, as outlined previously.

L’I'l 6A| 4V iif 50 Mm ’ | Eied
Figure6.1¢ Mlcrographs of surfaces that Woulﬂass surface |ntegr|ty |nspect|0n (a)- Eb'AI 4V (20 m/m|n 0 mm VB) (b) HX18 (20
m/min, 0 mm VB), (c) SCMV (60 m/min, 0 mm VB) and surfaces which possess a white layer and would thus fail inspectiGAkd)/Ti
(20 m/min, 0.5 mm VB) (e) K18 (20 m/nin, 0.5 mm VB), (f) SCMV (60 m/min, 0.5 mm VB).
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White layers were only produced when machining with worn inserts-8AF4V and IN718, however
in SCMV a white layer was produced when machining with an unworn insert at high speed (180 m/min). A
summary @the surfaces generated in each alloy, according to the white layer thickness, is shballan

6.1.

Table6.1 ¢ The number of surfaces with a particular white layer thickness, qufiat through optical microscopy, in each material.

Number of samples

Material | No white <5pum 5-10 um 10-15 pm >15pum
layer white layer  white layer  white layer  white layer
Ti-6Al-4V 5 1 11 4 1
SCMV 4 9 9 1 0
IN-718 5 0 0 1 3

From optical inspection, as shownRigure6.1, the white layer appears amorphous, i.e. grain structure
cannot be resolved, however, higher resolution imaging shows this ndbetdhe case.FEGSEM
micrographs ofhe white layer and swept grain regiof@med during machining of a-6AF4V surface
with a 0.5 mm VB worn insedre shown inFigure6.2. The higher magnification micrograghown in
Figure6.2 (b) illustrates the difficuto-resolve ultrafine microstructure in the white layer, which is at the
resolution limit of the FEGEM equipment. The microstructure of the white layer is mordyassolved
in Figure6.2 (c), at the transition between the white layer and swept grain regions. It can be seen that the
white layer, in this location, consists of nascale equiaxed grains, with an averagemggze of the order
of 100 nm or smaller, measured using the Heyn lineal intercept method as described in ASTRBE[L12
However, grais are likely to be even smaller in the region shown kgure6.2 (b), butthis cannot be
quantified due to resolution limitatios. Thisub 100 nmgrain sizen the white layercontrassthe 1020

> Yh-phase grain size and the elongated grain boundairy the bulk microstructure.

In the white layer, it is apparent that any retaineéds indistinguishable from the primaty = 6 K S NB | 3
in the transition and swept grain regiorfSigure6.2 (c¢) and (d) respectively, thephase can be resolved
due to atomic number contrast in the micrograph, caused by the heavier elements thdiss#i® beta
phase. The grain sizes are larger in the swept grain region imtedielow the white layer, as shown in
Figure6.2 (d) but were still measured to be smaller than 500 nm. The grain size rapidly increases with

depth, through the region of the swept grain material immediately edpd to the white layer, to reach
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the bulk grain sizes. The white layerdNa718and SCMV were similarly found possess highly refined
grain structure, as highlighted Figure6.3.

Ti-6Al-4V white layer

White layer &

—_— — Y

z

S etgrain % 3

Refined a and B phase

Figure6.2 ¢ Crosssectional backscattered electron SEM images of aratiched Ti6AF4V machined surface (80 m/min, 0.5 mm VB),
sectioned perpendicular to the feed direction, showing the white layer and the swept grain region (a), and higher negiafi images
of the white layer (b), the transition region between white layer and swept grain (c) and the swept grain region (d).

1|
|

White layer

‘ﬂvwm SNEsY 20 pm
Figure6.3 ¢ Cross sectional backscattered electron SEM images ddifa)n-etched SCMV sample (60 m/min, 0.5 mm VB) and cross
sectional secondary electron images of (b) an etcHbd718sample (20 m/min, 0.5 mm VB).

To investigate the phase structure of the white layer i¥6Ak4V, asamplewas heattreated in a
vacuum funace at 700 °C for 2 hours to drive grain growth, with the corresponding micrograph presented

in Figure6.4. The heat treatment caused-Ti grains to grow to up to several micrometres in diameter
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