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Abstract

During aereengine operation, rotor misalignment, thermal and centrifugal
dilatations,and unbalanced partsad tocontact between the rotating blade and the
abradable lining of theurroundingcasirg. Observation ofaereengineservicehas
highlighted undesirable issues and relative wear mechanisat have created
problems duringpperation with significant reductiosiin aereengine performance.
Examples of issues observed were adhesive tranefeabradable material tthe

blade tip,along with blade wear. Thesbservatios havehighlightedthe final result

of the contactbetween the blade and abradabi®wever the complexity of
introducing instruments to the aeeagine hasled to a gapin knowledge with
respect tothe parametershat influence these wear mechanisiibis issue has
provided the motivation for this research, where wear mechanism beawigeAl-

4V rotating blade and abradable material AiBIN has been investigated on a scaled
test platform. AIShBN has been chosen as it represents rtiest common
technology used in the compresstage of theengine. Alternative approaches that
characterised the wear mechanism in real time were introduced in order to try to
explore the naturef the contact. The introduction of an innovative stroboscopic
imaging techniqueallowed the progression @dhesive transfer / blade wear be
investigatedin real time duringa test, revealing that the standard practioef
performing analysis of adhatematerial at the end of a test does not necessarily
characterise the overall mechanics of adhesive transfer satisfactorily. In addition, the
measurement of contact force and the calculation of the efficiency of cut and force
ratio, highlighted different raterial behaviour in relation tthe incursion rate and
hardness. It was shown that it was difficult to dislocate the maggrial incursion
rate,with consolidation evident, whereas at higher incursion rates the material was
well fractured.The measument of the coating temperature highlighted the heat
generated in the contaalong with the effect of changing coating hardness on the
thermal properties of the abradable, leading to markedly different thermal behaviour
at low hardness, and in particulat low incursion rateThe wear mechanissn
observed, adhesive transfer, blade wear and cuttwege mainly incursion rate
dependent, witha thermal wear mechanism at low incursion rate amwdell cut

mechanism at high incursion rate. At low incursrate different wear mechanisms
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were observed in relation to the hardness, with adéésansfer on the blade tip

from the hard coating and blade wear in the test peddragainst the soft coating,

with similar results observedt all blade speesl A wea map was generated in
relation to the input parameters, such as the incursion rate, speed and coating
hardnessand also theeflected different thermal properties of the coating. This
indicatal that it is better to have a high theripalonductivitycoaing; therefore the

use of a hard AIShBN is a better option, because less thermal damage was
observed. The wear map withe highlighted wear regimes is a useful design tool
with respect to planning running and handling manoeuvres for the engine, tmere t
manufacturer has the option to control incursion parameters. As these represent the

most significant incursion performed, this finding is of particular benefit.
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Nomenclature and Symbas

AlSi-polyester

Aluminium Silicon Polyester

AlSi-hBN Aluminium Silicon hexagonal Boron Nitride

AlSi Aluminium Silicon

hBN Hexagonal Boron Nitride

Ti-6Al-4V Titanium 6wt% Aluminium 4 wt%
Vanadium

NiCrAl Nickel ChromeAluminium

PLC Programmable Logic Controller

SANS Small angle neutron scattering

SEM Scanning electron microscope

tio [s] Time to reach half of the maximum
temperature

S [m] Sample thickness

U [m?sY] Thermal diffusivity

M 320 Metco 320(AISi-hBN)

P Intermediate pressure

HP High pressure

R15Y Rockwell 15Y Hardness

Al,03 Aluminium oxide

V [m s} Blade impact speed
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lp [ e m B a Incursion per pass

Is [ enl] s Incursion speed

R [m] Rotor radius at blade tip

L(t) [m] Theoretical Rub Length

t [S] Time

EDXRF Energy dispersive Xay fluorescence

FRF Frequency response function

FRF(. ) Fourier transform of the frequency respons
function

FFT Fast Fourier Transform

FG- ) Fourier transform of the dynamomesgggnal

H(- ) Fourier transform of input impulse

[FRF]" Hermiatian matrix of the FRF

{F ayno} Fourier transform of dynamometer signal
(matrix)

{F compensateh Fourier transform of signal compensated
(matrix)

{B} Matrix for support calculation

{A} Matrix for support calculation

"0Y'O Conjugate of FRF

Fayndj- ) Fourier transform of the dynamometer sign

M; [kq] Inertia mass matrix
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I:(:ompensated accelerometric

[m s7]

Acceleration of the system

Accelerometric force compensation

Fcompensated Force compensated with FRF
M [kq] Plate mass
C [N'sm} Damping coefficient
K [N m? Stiffness
X1 [m] Displacement of plate
0 [m s} Velocity of plate
() [ms? Acceleration of the plate
X2 [m] Displacement obase plate
o [msh Velocity of base plate
() [ms? Acceleration of the plate
Xireevibration [m] Displacement of the freebration
Xo [m] Static displacement
G Damping factor

n [rad $'] Natural frequency ofibration

[rad] Phase of the displacement

Xrorced [m] Displacement of the forced phase
X20 [m] Static displacement
A [rad '] Frequency of force

1 [rad] Phase of displacement 1
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Ao12345 [m?] Area underlying the initial bladength

A1234 [m?] Area underlying the blade profile after the
test

S [m] Variable value of rub length

E [m] Variable value of rub length

P1 [mm m?] Fitting coefficient

P2 [mm mY] Fitting coefficient

R Coefficient ofdetermination

n The number of points analysed

fi Interpolation data

SSot Total sum of squares

SSes Total sum of squares of residual

Fi [N] Force at defined incursion rate

Fnormal [N] Average normal force

Ftangential [N] Average tangentidbrce

Fill pass [ N pa’$ Force per unit of incursion rate

Pe Peclet number

Vin feed [ms? Velocity of in feed

Pénodified Modified Peclet number

(Co)blade [Jkg'K?  Specific heat capacity of the blade

( biake [kg m?] Density blade
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( @nade [Wm™K?  Thermal conductivity blade

(Co)coating [J kg K]  Specific heat capacity of the coating
( kodting [kg m™] Density coating
( @aing [WmtK?®  Thermal conductivity coating
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1. Introduction

Blades and Linings of
compressor stages

Blade and Linings of
Turbine stages

Combustion
chamber

Figure 1.1 Aero-enginewith highlighted compressor and turbine blades and corresponding

linings (Image provided by Rolls Royce Surface Engineering Group).

The aereengine as shown in Figure 1.1 is composedof a fan, compressor stages,
combustion chamber and turbine stagdstadablemateriab have been useds linings for

the casing wallfor aboutthe last 50 yearsAbradablelinings allow tip clearances
between the rotating blades and the casing wall to be minimised. This helps to obtain

improvements in efficiency and stallangin, and also reduces fuel consumption.
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During engine operation, rotor misalignment, thermal and centrifugal dilatations, and
unbalanced partsan causéehe rotating blades to strike the wall of the surrounding
casing. Introducing an abradable material that is characterised by good abradability
and erosion resistance improves the efficiency of an@egme, as the coating will

wear in preference to thdalle, which will result in only a local clearance increase.
Otherwise, without an abradable material present on the casing wall, the blade tip
will wear, resulting in an overall increase in clearance and an overall decrease in
performance. Previous invegditiors anal ysed t he abradabl e ma t
mechanisms with different approaches. Typically these involved experimental
analyses, where the wear mechanics were reproduced with an experimental platform
or test, although in some cases analytical models werdopedeIn this studythe

wear mechanissof abradable liningsverearalysed and investigated using a scaled
experimentatest platform capable of reproducing the wear mechanism observed in
aeragengines. Additionally, a series of techniguegre developed,capable of
recording the dynamic response during the contact, in order to understand the nature
of the mechanism. Finally, a wear magas generated in relation to the key
parametersin order to understand and analyse the different wear mecharaaohs

this wear map could be used to influence the design of the abradable material. This
chapter presents an overview of abradable linings, with blasic function, prpetty,
composition and wear mechantstailed

1.1. Abradable material

Abradable materialare composite materials-gl, used in, for example, rotor path
linings, low, intermediate and high pressure compressor seals and high pressure
turbine seals. These materials minimise the blade tip clearances, which improves the
efficiency of the aer@ngine and increases the stalangins of the compressor.
Compressor stallsi a particularly bad occurrence, whishould be avoided as it
generates a periodic stress on the blhadecan lead to fatigue failure. The use of
abradable materials increases the efficiency and minimisefsieheonsumption of

the aereengine, resulting in a fuel cost savirkigure 12 shows a schematic of the
system, with a section of a compressor stage showing the location of the abradable
seal. A typical sealing system, with an-simrouded blade, is whetlee blade tip cuts

directly into an abradable material counterpart that is attached to a fan, compressor or
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turbine casingThe unshrouded blade has significant savings in terms of efficiency
and maintenangédecause it weighs less and is subjected wodentrifugal stresses
on the blade7].

Casing segment

Abradable Seal

Blade

Blade Root

Disc

Figure 1.2. Crosssection of a compressor stage showing the rotating blade and the location

of the abradable seal.

During aereengine operation, contact between the rotating blade and the coating of
the casing isa consequence of misalignment, thermal and centrifugal dilations and
unbalanced parts, common in flight phase, with low incursion of the blade on the
coating at every pass8][ A high incursion interaction of the blade every pass
represents the running édimandling phase of ¢éhjet engine [910]. This phaseq] is

made using an abradable material removal tool, consisting of a blade with a curved
profile thatcan be positioned between adjacent leading and trailing blades, to remove
the abradable material brder tofollow the contour / curvature of the blade housing
and improve the sealingBefore the use of abradable materials, when the rotating
blades impinged the inner wall of the casing linings, wear occurred on the blade tips,
generating an overall €rance increase between the blade tips and the inner wall,
with a decrease of efficiency due to fluid leakage around the aerofoil. With the
introduction of the abradable material, the wear location was changed and it occurred
locally on the abradable ling, thus avoiding a significant leakage increase or
reduction in performance3]. Figure 13 shows a schematic rotor with blades
shrouded by a casing. The figure highlights the evolution of rotor clearance during
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the rub interaction: in the first case wle@n abradable material was used, and in the
second case without an abradable material. The figure highlights three phases: pre
rubbing (Figure Ba), interaction (Figure 3b), and clearance after rub interaction
(Figure 13c).

Abradable Linings Locally increase gap ! Il Abradable Linings

[ Non Abradable
Linings

Gap

Overall increase gap

Rotor/blades :

a) Pre Rubbing b) Interaction ¢) Clearance after rub

Figure 1.3. Evolutionof rotor clearance during the rub interaction in three phas€sea)
rubbing; b)Rub interaction; clearance after rub interaction. Tddeal abradable
interaction; Bottom: Nosmbradable interaction.

In the case without an abradable material, a rediietf rotor diameter increased the
clearance between the blade tip and the roésylting in a decrease in performance

and an increase in fuel consumption of the @#gine.
1.2 Composition and working range

The abradabl e materi al is a composite mater:i
a good abradability, but also édhardd enough
flow at high speed, and be resistantaxidation, corrosion and therméhilure.

Typically, abradable materials are composed of three structural compof&hts [

metal matrix, a solid lubricant and porosifyhe metal matrix givestrength as well

asoxidation and hetorrosion resistance, while the pores or voids enable the energy

from the blade incursion to be transferred to the metal matrixufmag the inter

particle bondsThe solid lubricant, also callethe dislocator phases designed to
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shear easily, and minimises the ca@atingod:

of the debrisgnsuringthat abradable debris sufficiently smallso asnot to block

cooling holes, caws erosion downstrearor create problems in the combuet
chamber.The ideal behaviour of the abradable material during the interaction
between therotating blade and the coating should be such as not to damage the
blade, with wear localised on the abradable material and with the surface remaining
smooth after the wear in order to reduce aerodynamic losses. The common roughness
of the abradable mafal after service is aroun@0 O €[6). Figure 14 highlights the
technology used for the abradable material and blade in relation to the temperature of

operation of the compressor of the aermine.

Temperature Abradable material Stage Compressor Blade
650 °C S —— e -
NiCrAl-Bentonite Inconel / Tipped
450 °C -- - - - High Pressure Compressor- - -
AlSi-hBN
350 °C S """t

AlSi-Polyester | Intermediate Pressure Compressor Titanium alloy

Polymer Fan
0°C S Y

Figure 14. Technologyof abradable material and respective blade in relatitime gas path

temperature imnaereenginecompressar

In the fan and intermediate pressure compressor, where the peak temperatures are
around 350 °C, the most common abradable material ispaligester, in which the

metal matrix is an aluminium alloy with a polyester dislocator phase which improves
the abradability and helps to reduce the adhesive transfer to the blagle Figr [the
intermediate and high pressure compressor, operating at heghperatures up to

450 °C, the most common abradable coating used is-h8Si [4], in which an
aluminium alloy, Aluminium Silicon (AlSi), is the metal matrix and hexajdroron

nitride (hBN) is the solid lubricant phadegure 15 shows themicrostructure of an

abradable coating.
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Figure 1.5. Microstructure of the AIShBN coating.

The AISFhBN abradable coating is a suitable material for rubbing against titanium

alloy blades; a typical alloy is HAI-4V [7, 11]. For higher temperature sée

above 900 °C, NiCrAl is the metallic phase and bentonite acts as the dislocator
phase; it is used to disjoint the metallic phase and makes the coating sufficiently
friable so that it can wear during rubbing against mainly nickel alloy blades. In the

next section, the wear mechanics observed on-aegmnes will be described.
1.3. Contad mechanics and wear mechanisms

Abradable materialsuch a&\ISi-hBN [12, 13], whichwasanalysed in this research

and is themost common abradable coating in compressor s{dgd], are thermally
sprayed using a plasma gumM]lVarious parameters influence the thermal spray
process andherefore the pragties of the coating, which in turn influence the
performance of the agengine, and will be explained in detail in ChapterA2.
highlighted in Section 1.1, during operation of an amigine the rotating blades
make contact with the casing lining, and the introduction of an abradable material
used on the inner wall of thaisounding casing improves the overall compressor
efficiency. The abradable material should have a good abradability, but also a good
erosion, oxidation, corrosion and thermal resistance. Therefore, depending on the

contact conditions, different wear meoisans are triggered. Observation of the
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service data from the aeemgine highlights undesirable issues and relative wear
mechanics that have created problems during operatwth an associated
significant reduction of the aeengine performance. An exgle of issues observed

in aereengines is the adhesive transfer of abradable material on the bla@ertip [
11, 15-17], occurring when heat generated during the contact is sufficient to melt the
abradable material, transferring it to the blade and $gihdj on it. Figure 16 shows

the blade tip and the relative abradable surface when adhesive transfer was observed.

b) Adhesive transfer

Figure 1.6. Adhesive transfer oanaereengine: ajGrooving on the abradabgurface b)
Adhesive pick up on the blade f{ip7].

An adhesive transfer on the blade tip leads to a grooved surface on the coating, as
shown inFigure 16a, with a reduction in aerodynamic performance and sealing
efficiency. Also, the hard deposits of the material on the blade subsequently fracture
off, generating small amounts debris that could block the cooling holes of the
combustion chamber or cause erosion. This wear mechanism is common in a light
rub condition, during the climb stage of the flight cycle, where the rub contact is
insufficient tocut or abrade the coatingut is enougtio causehigh friction in the
contact and adhesive transfer. Additionally, a more problematic isswbeen the
overall clearance increases with blade wear due to overhe@}ingith consequent

air leakage and arastic reduction in performance. Additionally, delamination of the
coating or coating loss §1 17] caused by poor bond strength of the coating, which is
correlated to inadequatsurface preparation in the spray process, increases the
clearance gap consiagly and the delaminated material could damage different
parts of the engine with a catastrophic reskigjure 17 shows an example of a
coating that had suffered from a delamination failure.
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Delaminate
Coating

Figure 1.7. Abradable coating héng suffered a delamination failufé7].

Furthermore, during the contaglastic deformation of the coating][could form a
strnated surface as shown in Figure 1.8.

- — -

Figure 1.8.Microscope image of the striated surface of an Al&stic coating subjectead

deformation [6].

The plastic déformation is due to the bladebbing on the surface insteaficutting,
and plasticallydeformingthe coating. As the incursion procegiti® deformation a&n
increase, leading to progressive hardening of the coatingtrasdmakesfuture
interactions more violent.

Other failures of the abradable coating could occur without contact between blade
and coating, for example: erosion, corrosiand thermal shock cracking 7L

Erosion, corrosion and oxidation are mechanisms detected without rub interaction.
Erosion is caused by the gas stream and particles, often of sand and salt, which flow

over the abradable surface. This mechanism is a less common failure mechanism and
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is a consequence of the coating being sprayed too Bafure 19 shows an
abradable coating which sauffered from erosion damage, with a dramatic effect on

engine performance.

Indentation and extruded lip

Lips removeddue

25 mm Micro-cuttin
— 9 successive impact

Figure 1.9. Erosion damage on abradable coating Aj&iphite [T7].

As shown in the figure, the coatingshsufferedfrom erosion due tdhe impact of
abrasive particles. A normal impact of the abragadiclesproduces indentations

and extruded lips, where some lips fall off doesuccessive impagt Additionally,
abrasive patrticles that impact aow angle generated mici@utting and plowing
traces and curled par@ndthen successive impactan easily bek these deformed
regions[17]. Corrosion of the abradable material happens when exposure to moisture
generates a galvangell between the coating and the substrate. Advanced corrosion
may result in delamination of the coating, with an increase of tlie lgjap Thermal

shock cracking canlsobe observed on the abradable surfa& ]T]: this is due to

the difference of thermal expansion coefficients between the coating and the
substrate. The engine cycle can generate a state of stress in the coateaylthtn a
crack on the surface which alters the clearance gap, and also to material loss with a
dramatic effect on the engin@bservation of the abradable linings and biaitem
service [B, 17] highlighted different issues and problematic we&chanisms where

the abradable material did not work properly. Theref@e abradable material
should wear with a smooth surface, without blade tip damage and with no material
transfer.This wouldprovide desirable wear mechaniswhere the blade tip acés a
cutting tool when it interacts with the abradable coating, with a smooth surface
(bel ow 20 0 eRghandaoshiny hppeamarsce of the rub surface.
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The problems observeldighlighted the need to understand the behaviour of the
abradable materiaha to analyse and identify the reasons that lead to the undesirable
mechanisms in order to improve the performance of theea®gme.Observation of

blade and abradable linings from service highlighted the final result of the contact,
but the complexity ad difficulties of applyinginstrumens tothe aereengineled toa

gap in knowledge between the influencing parameters and the wear mechanics
output. Therefore, the need to understand the reasons and the influencing parameters
that can lead to issues likadhesive transfer drove this research to reproduce the
wear mechanicsising an experimental test platform and develop a series of
experimental techniques in order to monitor the wear mechanics during the contact.
Hence, this research presentsrarestigation of the wear mechanics of the abradable
linings on a scaled test platform, and successive developmerdisiding
instrumentation capable of recording the dynamic response dhemgntact, were

made in order to investigate the influenciragtbs behind each wear mechanism

observed.
1.4. Project scope

The aim of this research isuestigate the wear mechanisim an aereengine
between the rotating blade and the abradable coatiagnacrcelevel, to develop a

range of techniques capable aléstigating transfer conditions during the contact
and to understand the fundamental principles and influencing factors behind each
macrolevel wear mechanisnobserved The wear mechanismsvere therefore
investigated on a scaled test platform, capable of recreating the wear mechanisms
observed between rotating blade tips and abradable coating that occur in-an aero
engine compressor. The research focuses on the wear mechanism of an Aluminium
Silicon hexagonal Boron Nitride (AI$IBN) abradable coating and a titanium alloy
(Ti-6Al-4V) blade, which is the most common technologgveloped for the
compressor stage, and is a point of interest of Rolls Royce Surface Engineering

Group.
The objectives ofhe workwere as follows:

1 Identify the large scalewear mechaniserand key measurements and

technigues required to investigate the abradable contact.
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1 Update an existing experimental test platform to include instrumentation

capable of recording dynamic pemse during the contact.

1 Characterise wear mechanics for a range of abradable conditions and material

hardness and investigate the relative material response.

1 Consider how the test inputs are linked to the wear mechanisms and how they
could be connectetb abrasion behaviour, and how the input parameters can

be used to influence the material response, and therefore the wear mechanics.
1.5. Thesis layout

Chapter 1 gives an introduction to the research, with the focus on wheragnes

use abradable matals, their functionality, and the relative improvement obtained
when these materials are used. Then the abradable material composition and the
common technology used in the a@mgine compressor are discussed. Finally, the
wear mechanism observed in tbempressor after engine operation is highlighted.

Additionally, the aim and the objectives of this research are presented.

Chapter 2 presents experimental analyses made previously on abradableamiaterial

is divided mainly into: experimental tests, ty to analyse and replicate the wear
mechanisma and evaluate the abradability and erosion of the coating; material based
tests, based on mechanical property, microstructure analysis, thermal analysis and
material process to manufacture the abradable materials; and numerical modelling of

the contact bywumerical simulation of the contact mechanics.

Chapter 3 presents an observation of the sample material tested during the research,
and also the experimental test platform and the instrumentation introduced in this

study

Chapter 4 presents the methodolagythis research. Firstly the input parameters of
the experimental test are presented. Then the test protocol of the experimental
platform is introduced. Finally, the petgst analysis of the samples and the analysis

during the contact are presented.

Chapter 5 presents the analysis of the test sampletpsistbased on the visual

analysis of the blade and coating, with identification of the different wear
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mechanisms in relation to the input parameters, and a quantitative analysis based on
blade length ah weight change recorded before and after the test. Finally, a
spectrometric analysis of the material transfer was made, in order to characterise the
composition of the transferred material.

Chapter 6 introduces a novel approach for monitoring the wedranes during the
test. A stroboscopic technique is used that is capable of investigating the nature of
the blade tip strike, and the change of the blade tip length is monitored during a

number of constant strikes.

Chapter 7 presents the measurement ottimtact force, and also a relative analysis

of the contact force.

Chapter 8 introduces an analysis of the material response based on a section of the
material sample posést. The coating temperature measurements durengahtact

and the thermal prapty analysis of the sample are also presented.

Chapter 9 presents a discussion where all results and techniques developed during
this research are analysed in order to understand the influence of the input parameters
on the abrasion behaviour.

Finally, conclusionsand references are presented through Chapferand 11

respectively.
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2. Literature Review

In this chapter, the previous investigatioos abradable coatings are presented.
Previous investigations on abradable materials can be grouped into three main
categories: experimental studies that try to replicate the wear mechanism and
evaluate the abraddity and erosion of the coating, matertzsed testsand
numerical modelling of the contact. The chapter will present the current saglies
regards abradhlity results that havdeen obtained using a range of experimental
platforms and the approaches taken in order to characterise the wear mechanisms,

highlighting the positive andispects and the relative limitations. The material
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characterisations from rtexialtbased tests and studies using numerical models that
simulated the contact between the blade and the abradable material will also be

presented
2.1. Testing ofabradable materials

2.1.1. Abradability tests

One approach frequently followed is itovestigatethe different wear mechanisms

experimentallyin order to gather more information to support modelling activity

Borel [6] analysed the wear mechanism observed in -aegine from the
interaction between the rotating blade and the abradabtengowith a focus on
Aluminium Silicon polyesteabradablesUsing a full test rigo reproduce the wear
mechanism, the ainwas to understand the correlation between the structural
parameters and the coating behavidinis research generated a correlatlmetween

the coating roughness, blade weight variation and the relative wear mechanism, as

shownin Figure 2.1.
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Adhesive transfer was observed from the coatinthédblade (duminium transfer)

with a very roughsurface, and also transfer from the blade to the coditagigm
transfer). Acutting mechanism and melting blade weiso highlighted. In this
researclthe wear mechanissrwere presented in relatido the blade impact speed
and the incursion conditien where major changes to the wear mechanism were
highlighted at different incursiorates. A a low incursiorrate,adhesive transfer was
observed, and a high incursion rate a cutting wear mechanism was observed, and
when the speed increased the region of the cutting phase increased. Also the analysis
of abradable sampdewith different plastic melting points highlighted different
adhesive transferOn the sample wth lower plastic melting poinith respecto the
testing temperaturef 350C, an adhesive transfer was obsenatdalmostall
incursion rats. This indicated a correlation between the organic phase and the
adhesive transfer from the coatittgthe blade. Additionally, the analysis generated a
wear maghatfocusedon the outpubf the different wear mechanissrobserved, but

with limited datapoints

As highlighted in work by Borel [6]and Chapter 1 whereaercenginein-service
issues weraliscussedthe main wear mechanisms were obseraszgl known to be
incursion rate dependent. At low incursiorsratihesive transfer from the coating to
the blade tip was observed, with a grabgerfacepresent on the abradabWith an
increase of the ingsion rate a cutting mechanism was observed where the blade
ackedlike acutting tool fracturing and removing the materi&xperimentalanalysis

of machining process has provided a large body of research with respettteto
interactionbetween tool ad the workpiece andthe chip formation mechanics of this
process. Of particular relevance are studies undertake@ribgsik, Zorev, Shaw,
Hofy and Iska 18 i 22] where the energy required to removeurdt volume of
material are analysedA low energy requirement was shown to represent a high
efficiency of cutwith the material shearing effectively, whilehagh energy required
representegoor chip formation

Additionally, Sun, Astakhov an@rzesik P37 25] used the force ratio, namelge
ratio between the tangential and normal contarces, in order to evaluathe
material behaviourThey highlighted that a low force ratio implied a deformation of
the material, whee the incursionof the toolis smaller than the minimum wun

deformed tip, asillustratedin Figure 2.2. With anincrease of the incursioithe
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tool stars to shear the material and genesd chip with somedeformation of the
materal still occurring (Figure 2.®). Oncethe incursionis higher than the un
deformed chipa high force rat prevails and the entire depth of cagtremovedasa

chip (Figure 2.2).

a) b) 0
Blade
N -
h — . = ! —
/ h<hpin, | B = B 1> Binin
Coating —— Elastic deformation Removed material —

Figure 2.2 Schematic of chip formation: a) Elastic deformation; b) Elastic deformation and

chip formation; c) Material removed.

These studieprovidea useful approach to analysetting process, and therefore will
be further investigated in the analysis of the blade/abradable contact made during this

research.

In terms of experimental investigation of abradable matsyitile investigations of
Sporerand Wilson B, 7] analysed different technologies of abradable material
applied to the compressor stage and in the turbine stage, and the abradability of the
coating was studied with a full scale test rig. From the test performed with an AlSi
hBN abradablesample, adhesive transfer that decreased with speed was observed at
l ow i ncursion rate, and witharutilgncur si on
mechanism was observed. Also, at an intermediate condition, blade wear was
observed. In general, this resgamwas based on the observation of samples and the
blade wear was evaluated in percentage terms in relation to thepeotahtage of
incursion depth as a function of different incursion speeds and blade impact speeds.
Additionally, it highlighted a diffeent erosion resistance in relation to the superficial
hardness, but did not emphasisbetherdifferent hardnesses generated different

wear mechanisms.
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Also, the researcbonducted byBounazef [b] usedthe same fulkcale test rigis the
previously menbned researchFigure 23 shows the Sulzer Metco abradability test

rig [3, 7, 11, 15] that reoroduca the conditiols observed in aaercengine.

| : Rotor

2 : Abradable material coating
: Thermocouple

4 : Electrical stepper motor

5 : Cutting force sensor

6 : Blade

Figure 2.3. Schematic picture of full test rig 1.

The study produced a wear map, which showed the changegth of the blade as a
result of the incursion, and the percentage of material transfer. Figusb@®vs the
transfer in relatiorto the incursion speed and the blade velocity, while Figuse 2.
shows a wear map where the different mechas@mmhighlighted in relatiorto the

same input parameter.
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Figure 24. Wear mag transfer thickness in relatida the incursion and blade velocity
[15].
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Figure 2.5 Wear map different wear mechanism in relation of the incursion and blade

velocity [15].

It was concluded that the material transfer was minimised by high blade speed and
incursion velocities for AIShBN abradable coatings, but the study failed to consider
the nature of the adhesion and the manner in which it propagattsherefore the

wea map highlighted onlya change of the blade from the condition recorded before
and after the test. Als@a limited data set was analysed awith no insight into the
transition of the wear mechanismvhile other investigations witla similar test rig

werefocused on measuring the force of a blade strike as well as the temperature.
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Therefore, Padova2p, 27 28] in his research developed a full test rig, and fedus

on the analysis of the contact force presdrior a range of incursion conditions
betwesn an Inconel blade and a steel casing and also with an abradable material. In
this test rig, the interaction between the blade and the concave lining was initiated by
a misalignment of the stator, while in the previous research a simplified contact
betwea a rotating blade and a flat coating was used in order to analyse the contact.
Figure 26 shows the experimental test rig with the stator, the rotor and an overview
of the platform.
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Figure 2.6. Experimental test platforn2p].

During these studies the contact fortlee temperature and the stress theblade
were measured. The study did not consider rdmulting wear mechanismend
analysed the interaction between blade and coating or steel without syetiky
abradable sapie tested. The research was more fedws large incursion rates and
analysis of the contact force. Therefaaerelation between the cutting force and the
incursion ratavasdeterminedThe research highlighted a linear relationship between
the load andhe incursion rate for low interference between blade and coating; a non
linear transition region athe incursion rate increased, followed by an asymptotic
region where load showed minimal increase with incursion rate. The influence of
blade tip speed vgaalso considered, arttie studyhighlighted a decrease the
amount of material removed radially with a decrease of the blade spékda

corresponding increase in the region where a linear relationship between incursion
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rate and load was present. Aldee introduction ofa coatingon the casing surface
reduced the contact force and the blade stresses campdhethe contact withan
untreated steel casinggditionally, a dynamic analysis of the system was performed

in order to calculate the contaatrée, and to remove the vibration component
implied due to the large dimension of the stator where the dynamometer was located.
However, overall the data set was relatively small, and the force measurements were
not linked to wear, meaninthat little insight was attainednto the behaviour of

abradable materials.

Thestudyby Baiz [29] analysed the dynamic contact and the wear between a flexible
blade and abradable coating. Figuré ghows the experimental test rig used in the

research.

 Induction heating |

Figure 2.7. Experimental test rig with different views and the instrumentatio®s3[@.

The piezoelectric actuator incurred the flexible bladeaowoated cylinder, and
different parameterssuch asincursion speed, number of blade corgaceal
geometry and material removal, normal force and blade displacement, were
monitored using high speed videography and force transducers, with thef aim
monitoling the interaction between the blade ahe abradable seal. This study
highlighted the ifluence of the incursion depth and incursion speed on the amplitude
of blade deflection. The study also showed that surface roughness influenced the
degree of the blade deflection. Whilst providing a useful insight, the results were
limited by the verylow blade tip speed (18 s') at which tests ere performed.
Therefore Mandard s s[30jumcs/ performed a blade sped of 92n s* where

the contact forcewere measured and also estted from indirect measuremenher

force was correlated with the wegarofile of the abradableeal where wear lobes

were in phase with the estimated force. But overall the data set was relatively small
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and the convex design of the abradable liniags the oppositeof aereengine

representavie concave contact geometries

The research conducted bfhrens B1] evaluated the contact force during the
rubbing phaseand also the relation with friction and the dependenoeraating
speed.This research highlighted that the friction coefficient depends not only on
sliding speedbut also on the loadthe amount of data was relatiyesmall, but

otherwise a useful insighto thedynamic analysis of the force signal was performed.

A different application bthe analysis of cutting force was madeSutted s r esear c |
[32]. Sutterusedan experimental pneumatic gun in order to achieve high speed
orthogonal cuttingwhich simulated the contact between the blade and the coating in

an impact testThe study analysed the cutting force against test parameters such as

the velocity of imct. A proportional increase of the force was measured with the
increase of interaction depth, and also an increase of the edge of the blade increased

the force, highlighting the influence of the blade tip geometry on the applied
interaction. Unfortunatelythis meant that the study was unable to consider the cyclic

nature of an abrasion and the heat generated.

In the study conducted by Lavert8d, the rub mechanism and rub energy was
studied between rotating blade and a fibermetal lining, in relatiomctosion rate,

blade speeds, incursion depth, blade thickness, blade material (nickel and titanium
alloys) and number of blades. A regression analysis of the data was performed
between rub energy and independent wear variables, and analysed and compared i
terms of regression coefficient. In this analysis, the incursion rate was found to be the
most important parameter influencing the rub energy and the wear mechanism, while
blade speed and blade thickness showed moderate influence and the incursion depth
had a low effect. Otherwise, change in blade material did not produce significant
change in wear mechanism in the contact with the fibermetal; additionally the testing
with multiple blades produced higher total rub energy than the test performed with a
single blade, with reduction of the heat load per blade, but the wear results were not

significantly different.

Overall, in this research, the complexity of the test rig led to small data sets and
issues with the level of instrumentation that could be sutdsapplied; also the

wear mechanism was characterised only from assessment of the change of blade
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length and weight before and after the test without highlighting the nature of the

mechanism.
2.1.2. Wear ratel scratch testing

Alternative analysesoncening abradabilityhave focused on wear rate34, 35,

defined as the volume lost from the wearing surface per unit sliding distance. The
wear rate depends on different parameters such as normal load, the sliding speed, the
initial temperature, as well as the thermal, mechanical, and chemical propetties of
materials in contact. Due to the influence of all of these parameters on the wear
mechanics, it is often difficult to predict the wear rdte.the research done by
Maozhong Yi B6], in order to analyse the relationship between sliding wear volume
andthe load and hardness of the coating, a pin on disc teagtigpdwas used. Tis

showed that the abradability decreases when the hardness of the coating is increased.
Also, scratch testing was use®l7], where a sharp tip was drawn across the coated
surface under constant, incremental or progressive load. Indeed the test showed that
abradability and progressive abradability hardr{#sH), namely energy per unit of
volume of material abradetiad dependence on thest conditionsSpecifically; it

was foum that abradability and PAH changed with groove length dwe
densification ahead of the slider. Therefore, when the groove length and indentation
depth increased, this impligtat more material neextl to be abrad# requiring a
greaterenergy input, andherefore an increased scratching resistamae recorded

due to the densificatiothrough compressioaf the softabradableBut overall, the

work did not reproduce the condition of the contact between the blade tip and the
coating and it is stilinconclusive as to how well the results correlate to actual

abradable performance.

2.1.3. Erosion resistance

Another area of focus for testing is the erosion resistance of the abradable material.
Abradablemat er i al s n emugh tb bavebgeodabradakility,0but also

0 h aendugh to withstand the erosion force of the air flow at high speed and also
from solid particls presentin the flow Therefore erosionresistanceepresents an
essential propgy that abradable coatisgneed to havén orde to avoid erosion
damage during engine operation. The erosion resistance is obtained in accordance
with the specification GE E50TF121€A [38], and expressd by an erosion number
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asa function of the test time and the depth of erosid®].[The erosion nmber is
expressedinsmiland represents the time in secon
the coating thickness. A higher erosion number means better erosion resistdnce, a
researchhas establisked that the erosion limit of 2mil* representsthe lower
acceptable limit for abradabb®atingg13, 40]. Figure 28 shows the erosion number

for differert abradable materigln relationto the hardness of the coating.
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Figure 2.8 Erosion resistance of abradable material against the hardhess [

As shown in the figure, an increase of the hardness highlighted an increase of the
erosion resistance. However, going backhmabradability testno one has explored

the role of hardness on the abradability of the coating and thereforeirchtiues
abradable coating based on maximig the erosion performance sacrifices the
abradability of the coating. Als&, i 6 s  r [é1kpeeaentedna study of erosion of
abradable coatirggusing an experimental vacuum sand erosion machine. Figire 2.

shows a diagraraf the erosion tester.
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Figure 2.9. Schematic diagram of erosion machidé]]

The test was made wittD0 meshabrasive partickeat different impact angle§0°,
60° and 90°. This research highlighted a linear relationship between erosion time and
mass loss, and observed higher erosion with impact angle of 60°, and also explained

a mechanism of erosion in relatitmthe impact angle.
2.2 Material processingand material properties

In this section the basic knowledge of the abradable material processing and the
influendng parametesin the process will be analysed. Rhys Jod&s 43] analysed

the thermal spray coating process used in-aagne andits application.Abradable
coatings like aluminium silicon hexagonal boron nitride (AIBBN) analysedn this
research, are thermally sprayed using a plasma guympl 43]. As highlighted in

the work of Rhys Jone#l?, 43, thethermal spray process is ehnique where the
material intheform of powdelris introduced into a plasma streamd sprayed onto a
surface with a gun. The plasma gun consists of a cathode, usually made of tungsten
and a hollow anoder a nozzle made from coppemwd electrodegrom the power
supply connected to the cathode and nozzle genanatdectric ardetween them.

This produce the dissociation and ionisation of the gas introduced into the gun
chamber, with the formation of a high temperature thermal plasdja The arc
gererates a rapid increase of gas temperature, while the nozzle genhexate
expansionand thisgenerate a plasma withhigh thermal and kinetic eneeg The

gun is always water cooled to protect the components from the high energy plasma.
The material to & sprayed is injected into the plasma stréutihe form of powder

by a feeder unit, where the powdsrcarried in an inert gas stream. The partidg
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the powder, after beingemimelted and aaderated in the plasma, impact the
substrate and generdtee coating. Figure 20 shows a thermal spray process, with a
section of a plasma gun, with the water inlet for cooling down the component, the

gas inlet, the anode and cathode.

4?1]0:1& Water Powder Inlet

[/ Cont
\

-|: |_ J \ Plasma Steam

Twa“fr Gas T Water Gas Substrate
Inlet Inlet Inlet Cathode
Figure 2.10. Sectionof plasma gun.

2.2.1. Thermal spray parameters

Different parametersuch asarc current, velocity of particland primary gas flow,
influence the thermal spray processl therefore the progess of the coating H].

The researcldone byVardelle and Fauchaist4] examineddifferent influenéng
parametesin the thermal spray process in order to diagravgl control the process.
Especially, an increase of the arc current increased the particle temperature and
velocity. Additionally,it was found that small percemigeof a secondary gas like
hydrogen helps to increase the arc current and increasqdatraa enthalpyand

reduces oxidation.

Furthermore, Dorfmains  W4b|rakalysed the influence of thermal spray process
parametes like particle velocity antemperature of the coatingy order b increase

the documentationoncerningparametesinfluendng the final coating property. The
focus was especially omickelbased abradable coating, where an increase of
deposition efficiencywas observedwith an increase of particle velocity and
tempergure Additionally the highest erosion resistance was observédte &iighest
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temperature and particle speed, as wslltensile strength and hardness change in

relationto particle speed and temperature.

Additionally, as highlighted by Pawlowski 4], an important parameter is the arc
voltage of the gun that generated the gas ionization amdgieerated the plasma.
This dependon the geometry of the anode and cathode, and a greater distance
between themincreass the arc voltage. Furthermorethis wok showedthat the
position and the orientation where the powder is injected into the plaséha [1
determined a thermal gradient and gas velocity variations. Therefore, most of the
systems introduced the powder and injected it in a radial direction intordequire

the highest temperature and forward momentum of the plasma. Additionally, another
influencing aspect is the spray distancé][ivhich influences the particle speed and
temperature, a decrease of particle speed and temperature occurring wdrease

in the spray distance.

Another important parameter in the thermal spray process is the primary gas flow
rate, which is a critical parameter to modify the hardness of the coaing5146],
and will be analysed in the next section.

However, a dfined value of each parameter analysed permits the thermal spray

technique to spray different coatings from different powder patrticles.
2.2.2. Hardness of AIShBN in relation to the primary gas flow

The researchonducted byOerlikon Metco and Lugscheidfl3, 46] highlightedthat

the coating hardness of thertyasprayed AlISi-hBN is primarily dependent on the
deposition ratewhich is a function of the powder flow rate, the current input and
associated ionisation temperature of the gas, spray distance and the primary gas flow.
Lugscheided s r e[46pwas fached on the analysis of the input parameters that
influence the coatinpardness. Therefore, it was highlighted that an increatieeof
primary gas flow ledo a decreasef the particle temperature amdcooling of the
flow. Conversely, anncreaseof the flow ratedetermined a higher particle velocity
and therefore an increed deposition rate. Cold particles were less dgnse
distributed andhereforea softer coating was madandthe superficial hardness of
the coating decreased. Also, Lugscheid highlighted the input current dsing

an important parameter thatfluences the coating hardness;fact an increase
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determines an increase of plasma temperature, so the hot pdemiito a harder
coating. The same consideration could be made for thegealhd the power applied

to the spray gun.

In particular,the esearclconductedoy Oerlikon Metco [B] asillustratedin Figure

2.11, shows with summarisg graphs the relation between hardness and primary gas
flow (Figure 2.1la), plasma plume intensity against hardness (Figufeld, and the
hardness changes wiplarticle velocity (Figure 21Lc).
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Figure 2.11. Parameteyinfluendng coating hardness: a) Primary flow; b) Plasma intensity;

c) Particle velocity [3].

CME 5033 isthe Rolls Royce specification for the preparation techniques of-AlSi
hBN abradableoating [47]. Additionally, with regardto the abradable AlIShBN,
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Table 2.1 summarisehe nominal weight percéageof the chemical composition of

the powder commaw used in the thermal spray procesg|[1

Weight [%0]

Al Si Boron Organic
Nitride Binder
AlSi-hBN Balance 8 20 8

Table 2.1.Weight percetageof the powder of AIShBN.

Furthermore, Oerlikon Metco B highlighted different percentageof the
constituend in the microstructure of AISaBN with different hardness Also, the
differenthardnesssimplied different concentratiaof residual binder. The binder is
used in the manufactimg processto agglomerate AISi and hBN and help to
minimize the hBN loss during the plasma spray process, where the concentration

increased with the hardness.

2.3. Material analysis

Another way to analyse abradable matsrialfrom the determination of material

properies for example the mechanical and thermal mntips.

Johnston ] presented a mechanical assessment of-ABN, NiCrAl-Bentonite,

and NiCrAlBentonite, typical abradable samplesedin the compressor stagas
mentionedm thelntroduction chaptetJsing a novel methodf manufacturea self
supporting freestanding sampdé abradable materigd8] was sprayed in aould
material made from a dissolvable polymer that was able to withstaed
temperature of thermal spray operationThis methodproduced a freestanding
coating for a tensile test; this compared favourably to the standard test method for
thermal spray coating 9§, in which a coated sample is sprayed in a cylindrical
sample and then glued to another cylindrical sample, where thesiaehcould
penetrate the porosity of the materi al
[5, 48] produced a repeatable method to evaluate the mechamagadrty of the
freestanding abradable material. During this research the ultimate tensss, str
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Young snoduls and the mean strain to failureeve calculated for a series of

abradable materials. Figure 2.8hows the tensile stress vs straurve for AlSi-

hBN.
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Figure 2.12. Tensile stress vs strain for AISBN [5].

During this research ivas f ound that th

e

ul

ti mat e

modulus of the AIShBN was superior to the Niased coating; conversely, the strain

to failure of AISthBN was significantly lower, and the different levels of porosity

between the systems was Milighted as responsible for the difference. Therefore,

this research fully characterised the mechanical response of freestanding abradable
materials, avoiding the influence of substrate or adhesive that could alter the

microstructure of a coating with higgorosity.

Additionally, differences in the coating hardness were reflected in different tensile

strengths and bond strengths of the components of88i [12, 13], as shown in

Figure 2.B.
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Figure 2.13. Tensile and bond strength vs hardness of abraddBlenBN [13].
2.4. Material preparation

In this section the previous research on material preparation will be analysed and a
series of techniques used to characterise the constituent compositions will be

investigated.

A series of contributions from Blanand VanderVoort [50-53] highlighted the
recommended preparation in order to observe the material with a microscope, with
the aim of maintaimg the original features of the material without introducing
cracks. The first step represented the sectioninghef thermal spray coatingnd
therefore the sample nemtito be cut witha diamond blade as highlighted lbiye
material guide $4] where in general the selection of the blade is in relabathe
substrate materiabp|, where the blade needto cut irto the coating towards the
substrate to avoid delamination. The second step as highlighted by Blann and Vander
Voortd s 5863k represented the mounting of the sample, protecting the sample
during the process of grinding and polishing of the surfd@eterest. As highlighted
during thesestudies for a dense coating a suitable process is thermosetting
consising of a compression moulding.o@versely for coating with a poraus type

of abradable material or friable specimanorder to preserve thategrity, a vacuum

impregnation of the pores by epoxy is suggess&il [vhere thehigh pressure of the
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thermosetting process could change the structura bfable coating.Vacuum
impregnation $1] permits the epoxy to enter inside the pores of the coatit a
correct filling to allow retention of the porosity in the structure and clearly
distinguish between the different features of the coating. Additionally, the third step
is represented by the grindirphase that is used to remove damage introduced by
sectioning, and produced a flat surface, followed by a polishing phase carried out in
order to have a clean scratithe surface. Additionally, a series of technical material
guides PO, 54, 55 provided instructions for each step in ordé&y prepare the

material to be observed with the microscope.

The preparation step as highlighted above was used by different ressararder

to analyse the microstructure in order to determine the composition sdnide.

The analysis of the image of the sample is a useful technique for analysing the
composition of the sample. Faraouh $6] developed an image analysis procedure

to quantify the different components of the abradable coating in relation to shape,
size and orientation. In this stud¥,[56], a construction of equivalent images was
made by replacing each particle in the microstrudyra corresponding ellipgbat

fitted the particlegeometrically and enablethe volume fractions of metal matrix,
porosity and solid lubricant phase be obtainedFigure 2.13 shows the equivalent
image ofan AlSi-hBN sample andh NiCrAl-bentonitesample generated with the
complete procedurel56].
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Porosity

Bentonit

Figure 2.14. Equivalent image generation for: a) NiCtdé&ntonite, ble particle bentonite,
black particle porosity; b) AIShBN, black particle hBN4].

The image analysis of AI$iBN showed that it was characterised by 40% of hBN
particles and 5% of porosity constituted of elongated pores at intersplat boundaries;
the image analysis of NiCrAlentonite highlighted a volume with 30% of porosity
and 25% obentonite. Additionally the equivalent image was used in a finite element

analysis in order to determine the mechanical propdggs

Matejicekd s r e [$# highlgited the use of different technigquike image
analyss, electron probe microanalysiad Xray diffraction in order to determine the
composition and different techniques to determine the porosity. The research
indicatedthatit wasdifficult to discriminate hBN and porosity in abradable material
like AISi-hBN using image analysigjoweve an epoxy impregnation of the pores
permitted a clear distinction of the pores under UV light. Overall, the image analysis
provided the phase composition in relatimnthe optical reflectivity, the electron
probe microanalysis provided the elemental cosipn, and the Xray diffraction

the phase composition.awever whilst the latter is nosensitive to minor chemical

variation, the electron probe microanalysis is more sensitive and provided location
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information of the element, buwith less ability toprovide composition fora
heterogeneous sample. Overall, thesults from thethree technique were
complementary if converted to the same units. Additionally, the different techniques
usedto evaluate the porosityike mercury intrusion porosimetry, water immersion
and helium pycnometry, provided a higher value arfogity than the image analysis
dueto the ultrafine pores inside the hBMt being individuateen the image, and
also the influenceof surface roughrss, where surface depressions are counted as

pores.

As highlighted above, it is difficult to identify the hexagonal boron nitride (hBN)
from the porosity in the abradable coating. However, the analysis by Sulzer Metco
[58] indicated that by using polariséigiht, the hBN appeared light in colour and
shiny, and permitted the hBN to be identified from porosity.

Furthermore, the study by Deshpand®][based on image analysis, small angle
neutron scattering (SANS) and migmmography, evaluated the porositiytbermal

spray coatings in order to highlight that image analysis represented a reliable method
for characterisation of porosity of coatings. The fraction of porosity measured by
image analysis differed by a factor of 2 compared with techniques such\& 8t

using an SEM, with better depth resolution compared to that of an optical
microscope, reduced the difference to approximately 1.25. The difference between
image analysis and SANS on the globular porosity of arou% Wwas due to the
different sengivity to different ranges of pore size, whe8ANS had a higher
resolution of 1nm while image analysis with a zoom of 200X could detect pores with
diameters 5 € m, but SANS did notiSadm.t ede v e@rotrlees|
the analysis based on th@aulation of the porosity in relation to the particle size and
powder type indicated the same trend measured with different techniques, and

authenticated the validity of the image analysis.

2.5. Thermal analysis

Another important analysis represented rtieasurement adhermal conductivity of
the abradable material, presentacthe research of Sporerl]l where the thermal
conductivity and diffusivity wre calculated for different abradable coasndhe
thermal diffusivity was measured using a la#&sh method 60, 61], anda specific

heatcapacity was calculatedsing a dfferential scanning calorimetethe thermal

N. Fois Chapter 2: Literature Review Page33



conductivity was determined by multifphg the densityby the specific heaandthe

thermal diffusivity.

The laser flash metho®()] consisted bgenerang an energy pulse on the sample

surface at predetermined temperature. The pulsises the sample temperature. A

high speed infrared detectaabove the surfaceadetects the time dependent

temperature on the sample surface, and iaticel to the time (1,2) to reachhalf of

the maximum temperature and in relatiemthe sample thickness (ghe thermal

di ffusivity (U) counHyuatiog2.llet er mi ned, as show

v

)
8 SOy (2.1)

Unlike the previous research, ttemperature and thermal analysis vp&sformed

mainly with numerical analysis for abradable sample

Therefore, m the work of Bolot and TargR, 63], in order to understand the material
behaviour of abraable materials, the thermal pesfy of the coatig was predicted
through a numerical model and compared with experimental measuseitaoiugh

a microscopy image of the coating microstructure a finite element mesh was
generated in order to quantify the heaixflin the coating and determirtbe
numericd value of thermal conductivity of the thermal spray coating. Bokt mo d e |
[62] was focusd on the abradable coating AtSolyester, and two finite element
packagedwerecompared. The different numerical vaduibtained vereattributed to

the different discretisation methedhowever, it was difficult to establish which was
the better method. Also, the model generated a value that differed from the
experimental value by a factor of 1112, and therefore the techniques need further

development

Tands 68 was Ifocugd on different thermal spray coatisdike yttria-
stabilized zirconia. Through an image analyaiénite element model wasade and,
as observedin Bolotd s s [64d), daylarge variation between numerical and
experimental vales was observed.hE reasorior the difference could be correldte
from the image magnification and resolution, bigo because dhe simplification

of a two dimensional modednd therefore further development was required.
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Wang b4, 65] developed a trmal model that analysed the influence of temperature
in the contact. The model was also validated with a limited set of experimental data.
The modelshowed maximum temperatures for a titanium blade striking a NiCrAl
coating with respect tavhen the titanium blade strigan AlSi coating.It examined
how the elastic modulus would be expectectihange due to the temperaiuaed
introduced criteria wherat anytime thatthe modulus of the coating is higher than
that of the blade, thatomic bonds are broken at the tip of the blade, and it is worn,
andthis happes in the contact between titanium blade and NiCrAl coatigen

the titanium blade contaad an AlSicoating, the modulus of the blade was always
higher than that of the coatingnplying that the blade could rub the coating without
excessive wear occurringlowever,the modelling approach was limited, due to the

lack of detailed experimental data to validiate

2.6. Modelling of the contact

Another analysis of the contact betwetke rotating blade and abradable material
was made through a numerical model that simulated the contastwbhk by
Legrand and Pierred6] generated a numerical model of a contact betveeklade
and the casing. The contact was simulabgdassuming a temperature gradient
equivalent toa multi-harmonic load that distorted the casing. The sitedl@ontact

assumed a uakial cutting, in a quasstatic compression, as shownFigure 2.5.

casing

abradable

profile
blade tip |
—_— geometry
rotation B i -

abradable coating
plastic bar element

Figure 2.15. Model of the contactdg)].

Additionally, the wear of the coating was evated from the abradable profile.

Therefore this analysis shoed limited resuls, and also did not consider the
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heterogeneous nature of abradableemal, and finally therewas no comparison

with ary experimental data.

Peyraub s r e[67#% presented a model dhe contact between blade and the
abradable coating, with simplification of sliding contact, and analysed the contact

stress and temperature. Figuregxshows the finite element model.

AN

AFH 15 2004
1z:07:22

ELEMENTS

Vth Vil"iC

Coating

Figure 2.16. Model ofthe contact§7].

The numerical result was compared wiitte experimental result and the stress and
temperature were plotted against the peamgmmbf wear. This represented a step
forward with respect toprevious work but lacled in comparingthe stress result
obtained fromthe contact model with an experimental force measurement.
Additionally, Peyraut ¢8] developeda finite element model of the hardness
measurement odn abradable material in order to identify the plastic parameters of
the material, and a correlation between hardness and coating thickness was
determined, with a decrease of the hardmétdsa decrease of the thickness. Finally,

the comparison between experimental and numemethodconfirmed the validity

of the model.

However, in general the numerical analysis had limitasidoe to thesimplification

applied and alsbecause othe small number of dafintspresented.
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2.7. Conclusions

The overall work performed on abradable materials was divided into tests with an
experimental test platform, material analysis and modelliihg.experimental test
werefocused only on the analysis of the wear mechanism based on the observation
of the sarple after the test without focusing on the nature of the mecha@geanall,

the mechanism was quantifiddr adhesie transferand blade wear in tesnof
percentage variation before and after the test, producing a small amount of data
points with a lotof scatterthatmade it hard to draw a firm conclusion. Additionally

the material analysis of the coating provided material characterisation ia @érm
mechanical and thmal properties, gimng useful informationon the basic material
knowledge . The numergal approach had limitations dtaethe simplification applied

and alsca small number ofdata points were presented and were not cordpaité
experimental results. Finally, reseammh themachining process gives approaches to
analyse the material behaviour. However, ovesadlliprevious work lacks a complete
analysis of the wear mechanisms with an explanation of what drivdsetaiour

observed

Therefore the aim of this researavasto gofurther and deepénto the analysis of

the wear mechasmin order to understand the nature of the wear mechanism, with a
real time monitor of different parameters, using a scaled test rig. This reseagch aim
to identify the wear mechanism obsenggtthe compressor stage, between a rotating
titanium alloy blade and abradable material of aluminium silicon hexagonal boron
nitride. This researctvasthe firstto try to explore the nature of the wear mechanism
through a series of alternative approachdsch characterigethe wear mechanism

in real time during the test. Therefpan evolution of blade length change, contact
force and temperaturerere measuredand addtionally a material responswas
analysed in order talentify the main parameter ilnfendng the wear mechanism,
andto generate a wear map thaould highlight the different wear mechanisnin
relation tothe parameter. Tinfinally a wear map could besad in the design phase

of a new material in order to obtain a desirable wear mechanism.
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3. Apparatus and Samples

In this chapter the samples used during this research and the experimental platform
are presented. The first part of the chapter analyses the samples that were used and
characterise their properties. The later part of the chapter presents the basic
expermental platform as it existed at the start of the project and then explains the
successive developments and instrumentation that were introduced in the course of

this study.

As highlighted in the introduction chapter, during an eemmgi ne 6 s perati on,

rotating blades may strike the wall of the surrounding casing of abradable material.
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The wear mechanisms observed between the blade tip and the abradable material
werereproduced andhvestigated on a scaled test platform [1]. The experimental test
rig was designed at The University of Sheffield (Figure 3riljhis study, successive
design developments were made in order to improve the analysis of the wear
mechanism The test rig is capable of generating the wear conditions observed for
abradable lining in an aereéengine compressdf], with the aim being to increase
information regarding the behaviour of abradable linings anduelol@a wear map.

The abradable material testeas AlSi-hBN (see Metco 320), where AlSi is the
metal matrix and hBN (hexagal boron nitride) is the solid lubricant pha3éis
abradable material is operated in an amrgine at temperatures up to 450 °C, in
intermediatepressurecompressor (IP) and higiressureeompressor (HP) casings. In
these stages of the compressor tbating blade is manufactured from titanium.
Figure 3.1 shows the experimental platform used during this research to investigate

the wear mechanics between the rotating blade and the abradable material.

Rotating
Blade

Disc

Rotating
speed

Abradable
Material

Figure 3.1.Experimental platfornfil].
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3.1. Test Samples

3.1.1. Abradable material

The abradable material tested was AIBN (Aluminium Silicon hexagonal Boron
Nitride), Metco 320 [2]. The coating consists of a metal matixAlSi (aluminium
silicon), solid lubricant phase of hBN (hexagonal boron nitride) and porosity. The
material is used in aemengines and has good abradability and erosion resistance, and
operates at temperatures up to 450 °C. Typically,-ABN abradable @aterials used

in aereengine compressors are manufactured with hardness in the range 45 to 75
[13, 47] when measured using a Rockwell R15Y hardness indenter. In this study,
coatings with different hardnessesere tested in order tacharacterisehe wear
mechanics in the typical range used in aemgines: high hardness R15Y 72.3
intermediate hardness R15Y 63 and R15Y 59.6, and for theédosiness R15Y 54.6
was chosen because a softer coating implied a low erosion resisaforgg,with

poor resistance tmxidation, corrosion and thermal failure3]1 The coatings were

thermally sprayed.
3.1.2 Thermal spray equipment and process

The coating was produced using thermal spray equipment. The equipment comprised
a spray gun, a controller and a material feedée $pray gun was a plasma gun
Sulzer Metco F4 (Sulzer Metco, Switzerland), which is operated with a maximum
rated power of 55kW and is typically used in the ammgine industry [8]. Figure

3.2 shows the Sulzer Metco F4 MBBBL which was used to thermglispray the

coating.

Figure 3.2. Sulzer Metco gun F4 MB9BL [69].
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The model used was rigangled, thus the angle of spray was 90°; it operated with
combinations of argon and hydrogen, which were used for the primary and secondary

gas flowsrespectively. Table 3.1 summarises the main spray gun specifications.

Spray gun specifications
Power [kW] 55
Nozzle [mm] 6
Diameter [mm] 2
Injector
Distance [mm] 6
Amperage [A] 500
Deposit Efficiency [%] 507 80 %
Spray rate [g/min] 40- 80

Table 3.1.Spray gun Sulzer Metco F4 MBO9(L specifications.

The material, sprayed from the spray gun in powdered form, was injected into the
plasma stream via a feeder unit which carried the powder in an inert gas stream. The
feeder unit is a volumetric thermgpray feeder for atmospheric plasma (Twin 120

A, Sulzer Metco) T0]. Figure 3.3 shows a picture of the feeder unit and a schematic
picture of the functional principle.
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Figure 3.3. Feeder unit: aYnit; b) Functional principlg7Q].

The material in powder form was located inside a powder hopper. The powder feed
rate was controlled volumetrically by the rotation of the powder disc. The carrier gas
conveyed the spray powder to the spray gun. The carrier gas and all parameters
needed to seahe thermal spray system in order to make the coating are controlled by
a PLC system (Sulzer Metco 9M()]]. The coating property is primarily dependent

on the deposition rate 4], which is a function of the powder flow rate, the current

input and associated ionisation temperature of the gas, the spray distance and the

primary gas flow, as highlighted in ChapterThe ame powdetype (Sulzer Metco

320) [12] was used to spray the coatifigble 32 summarises the thermal spray
specificatons, given by Rolls Royce Surface Engineering group, used to make the

samplstested.
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Hardness Hardness Hardness Hardness
R15Y 54.6 R15Y 59.6 R15Y 630 R15Y 72.3
Plasmagun F4 F4 7 mb F4
Nozzle [mm] 6 6 GH 6
Powderinjector 2mm (105°) 2mm (105°) 2mm (105°)
Carrie[rS glaaslzvl (]Argon) 8 6 8 8
Primar[)é Es:‘ﬂ %Argon) 80 50 93 50
Seconda[églg;s N(I;-|ydrogen) 10 8 6 10
Current [A/s] 600 500 400 600
Volt 77 70 83 73
Power [kW] 46.2 35.5 32.6 42.8
Powder flow [g/min] 55 30 65 55
Spray distance [mm] 140 120 150 140
Powder batch W84062 W82877 W79605 W82877
oeractum | OB | OgEiper | ossper | 0otpm

*N.B. This set of samples was made with a different thermal spray gun by Rolls Royce Plc;

therefore different parameters neeedto be set in order to obtain a specific hardness value 3L

Table 32. Spray gun parameters.

As highlighted in the table, two samples tested had similar values of hardness R15Y
59.6 and 63This was because the sample vitirdness R15Y 63 was tested at an

early phase of this research, and the instrumentation of the test platform was
developed through the project and was therefore not identical for all samples tested.
The samples with hardness R15Y .®3was initially testd using only the
stroboscopic technique, without dynamometer and pyromé&tesrefore, another
sample of similar hardness was sprayed, and hardness of R15Y 59.6 was obtained
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due to the variability of the thermal spray process, and the second sample was

investigated with all the instrumentation.
3.1.3. Hardnessmeasurements ofibradable samples

The abradable coating was sprayed onto a stainless steel plate (80 x 80 x 3mm) in
order to fit the coating onto the-rdicroscope stage with the attachment hole, as

shown in Figure 3.4.

Figure 34. AISi-hBN abradable coating spray on stainless steel plate.

Each sample with thickness 3mm was lightly ground with 320Ai5D; grinding

paper to remove any surface imperfections and generatadazes profile of less

than 400um [72]; this is a typical surface roughness of abradable linings. The
abradable coating hardness was measured with a superficial Rockwell hardness scale
R15Y used for soft and thin materidld. The hardness test consistefdindenting

the abradable coating with a steel ball indenter. An average of ten indentations was
calculated. A 1/ 20 diameter steel bal l i nden
was forced into the material under a preliminary minor load (Figuré®Base A) of

3kgf. The machine then applied an additional major load of 12kgf (Figure 3.5, Phase
B) and increased the penetration of the indenter. When equilibrium was reached the
major load was removed (Figure 3.5, Phase C), and this reduced the depth of

penetration. The permanent increase in depth of penetration (e) was used to calculate
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the hardness value. The difference between a constant of 100 units (E) and the
permanent increase in depth represented the value of hardness. Figure 3.5

summarises the perficial Rockwell principle.

A B C
Minor Load FO Minor Load FO Minor Load FO
Plus

Major load F1

N 7

T Material Surface

Figure 35. Superficial Rockwell R15Y principle.

This research will analyse four different samples, each with a different hardness
value: A) Hard, B) Intermediate 1, C) Intermediate 2, and D) Sadble 3.3
summarises the avage hardness and the relative standard deviation over 10

measurements taken on the experimental samples.

Hardness

[R15Y]
A) Hard 72.3+22
B) Intermediate 1 63.0£21
C) Intermediate 2 59.6+ 3.1
D) Soft 546+25

Table 33. Rockwell R15Y hardness ¢éstedabradable sample.
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3.1.4. Alradable sample characterisation

In order to charactse the abradable material microstructutee samples were
sectioned and mountednd inserted ito a vacuum beljar for impregnation with
epoxy resin. Podtpregnation the samples were placed inside an oven for two
hours at 50 °C in order to solidify the resin, then the surfadeetanalysd was
ground and polisheth order to obtain a cleasmoothsurface to aalyse on the
optical micrscope. hie phase of grinding and polisg is highlighted in the
methodology chapter. The microstructures of the costwere analysed using a
Nikon EclipseLV150 microscope with magnification ratios of x5 and x10. Figure
3.6a shows the microstructuretbe abradable coating. The metal phase aluminium
silicon is white, the solid lubricant phase hexagonal boron nitride is dark grey, and
the porosity present in the coating is black. A higher magnification of the
microstructure (Figure 3.6b) highlights thexagonal boron nitride as dark grey with

a lamellar structure.

) s
o

S 2

hBN

Figure 3.6. a) Microstructure of AIShBN; b) Magnification highlighting the lamellar

hexagonal boron nitride and the presence of the dark ptadsity.
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Figure 3.7 shows the microstructure of the coating with hardness R15Y 54.6 (Figure
3.7a) and the harder R15Y 7ZRgure 3.7b) AISihBN coatings.

Figure 3.7 Microstructure of AISihBN for different hardness: a) Soft coating hardness
R15Y 54.6 + 2.5; bHard coating hardness R15Y 72.3 +.2.2

Figure 3.7 shows clear differences in the microstructure between the softer coating
(Figure 3.7a) and the harder coatiffggure 3.7b). The image shows different phase
contents, especially for the concentration of hexagonal boron nitride and porosity,
where low hardness shows higher levels of hexagonal boron nitride and less metal
(AISi) phase [B]. However, as highlighteth the figuresthe distinction between
porosity and hexagonal boron nitride is not clear, and it is therefore difficult to make
clear judgments with respect to how the microstructure has changadler to give

a quantitative distinction of the matermdmposition with different hardnesses, the
microscope images of the coating structure were investigated using a segmentation of
the image acquiredd| 54]. The first step consistl of applying a binary threshold to

the images in order to highlight the Aluminidfgilicon phase.The second step
consisted of applying polarised lightg5with the microscope on the sample; this
allowed the hBN to be separated from the porosity on theostracture of the
coating. Under the polarised light the hBN appeared light in colour and shiny, while

the porosity was black, as shown in Figure 3.8.
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Figure 3.8. Microstructure of harder AlSiBN under: aNormal light; b)Polarized light.

The sgmentation of the microstructure images of the RBE&Y6+ 2.5 coating are

shown in Figure 3.9.
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Figure 3.9. Segmentation of mrostructure image of R15Y 54462.5hardness sample: a)

Original microscope image; Binary image; cJmage with polasgedlight.

Using the software IMAGE J7H], the volume fractions of the different constituent
phases were analysed using these images. Using the-bewmmnent image (Figure
3.9b) the volume fraction of ABi was determined, while the volume fraction of hBN
was determined using the polarised light image (Figure 3.9c), and finally the residual
volume fraction was considered as porosity. Table 3.4 shows the analysis of the

volume fractions of the constituent phases for the abradable sample tested.
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R15Y R15Y R15Y R15Y
54.6+ 2.5 59.6+ 3.0 63.0+ 2.1 72.3+22

Metal matrix [%)] 41.7+2.66 | 50.23+7.73 | 51.39+1.22 54.44+ 2.42

Porosity [%] 425+0.68 | 2.11+£0.84 2.26+0.24 2.67+041

hBN particles 54.05+251| 48.12+7.38 | 46.35+1.32 42.89+ 2.66
[%]

Table 34. Volume fraction of the constituent phases of ABIN coating.

As shown in the table, a low hardness shows a higher level of hBN and a reduced
metal phase. Conversely, an increase of the hardness coating corresponds to an
increase of thenetal phase, and a decrease of the solid lubricant phasestudy

will analysethe influence of the coatingardness on the wear mechanics.
3.2. Blade sample

The blade was manufacturadrom titanium alloy, a material used in the compressor
stage ofthe aereengine p]. The flat titanium blades were manufactured by a wire
erosion process from a 2mm thick flat plate of6Ail-4V at Promact8D Ltd.

(Derby). The blade was manufactured flat in order to simplify the contact. This
approach generated two éa components during the contact, rather than three like a
twisted contour blade. However, as previously discussed, the wear mechanics
obtained between the blade and abradable coating were the same as those evaluated
on the aereengine during operation armwh other fullscale test platforms[ 15, 16].

Figure 3.10 shows the drawing with the dimensions of the blade used, as designed by

the RollsRoyce Surface Engineering group.
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Figure 3.1Q Design of the T6AI-4V blade.

The nominal length is 25mm, thi a square edge. The material used was Grade 5,

and Table 3.5 summarises the composition by weight of titanium, aluminium and
vanadium.

(Ti) (Al) (V)

Weight [%] 90.06 + 0.04 5.96 + 0.16 4.04+0.6

Table 35. Composition of the F6AI-4V blade.

The hardness was measured using a Vickarsro-hardness tester (Mitutoyo,
HM101 Series 810) with a load of dkapplied over a dwell time of 10§ he
hardness valuewas 38N 2. 6 HV. The Youngdés mostlul us
3.3GPa, calculated using manoindentation machiner¥. Figure 3.11 showsa
titanium blade used during the research.
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Figure 3.11. Flat titanium blade.
3.3. Testrig

In this sectiontest rigis presented. The rig had been previously developed at The
University of Sheffield [], andin this studya series of developmenivere made
along with the addition of furtheinstrumentationin order to study the contact
between rotating blade and coatifihe test rig was able to raise an abradable
sample into the rotating blade, and nahuced the contact observed in an aero
engine. The rotating portion of the rig comprised two blades coupled to a disc. The
disc was in turn coupled ta spindle, which was under the control af inverter
controller, allowing setting of the rotation speed stage, on which an abradable
sample could be placed, was present under the disc. This was an eleetrgsl Z
microscope stage connected with a programmable stage controller. The whole rig
was mounted on a bench, which was fixed to the floor in otdereduce the
vibration of the test rig during the test. Figure 3.12 shows the front view (Figure

3.12a) and side view (Figure 3.12b) of the experimental test rig.
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Figure 3.12. Test Rig: a) Front image of the test rig; b) Lateral image ofetbterig.

The horizontally orientated spindle was a GM HSP 120g high frequency grinding
spindle (GMN PauMd{ller Industrie GmbH& Co., K.G, Germany) with permanent
grease lubrication. Table 3.6 summarises the spindle specifications.

Rotation Tool Power specification
speed interface
(rom] Torque Power At speed
(Nm] [kw] [rom]
21000 HSK-C40 6.9 13 18000

Table 3.6. Spindle specifications
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An inverter controller allowed the setting of the rotating speed of the spindle. The
metal disc was designed to be fitted onto an HSK tool (Coventry Engineering
Group Ltd, Coventry UK), coupled with the tool interface of the spindle. The disc
was madewith two holes 180° opposed for balance, where each contained two
clamps. Each set of clamps were capable of holding one blade. For each test a single
active blade was loaded into the clamps with a shorter dummy blade also loaded for
balance, as shown indtre 3.13. The disc was fixed using a screwdriver, after being

coupled with the tool interface of the spindle.

Clamp Blade Disc

Dummy Blade HSK-40C Tool

Figure 3.13. Disc of test riga) Frontal Image of the disc; b) Lateral image of the.disc

The previous design of the clamp system had theessilhouette as the blade, in

order to hold the blade specimen, and was inserted inside the hole on the dat with

interferencefit between the clamp and the h¢lg. In this study, the clamp system

was redesigned with a different locking systemjn order to avoid clamp

disassembly, making it possible to use different blade shapes, by changing the
clamps. The new blade clamps had two Orecess
the blade, as shown in Figure 3.14a. Additionally, two threadess waére made on

the outer circumferential edge of the disc in order to insert two grub screws through

the disc (Figure 3.14b) and to apply pressure on the surface of one clamp in order to

lock it. The orientation of the screw was at 45° with respect tbldde position, in

the opposite direction to the disc rotation in order to apply an opposing force to the
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normal and tangential force applied on the blade tip during the contact, thus avoiding

the disassembly of the screw during the contact betweenatie ahd the coating.

Area where the scre\
applies pressure Clamped Blade

Locking Screws

Blade Clamps
Figure 3.14. Blade Lock System: a) Bladtamps; b) Lock system

Only one removable blade specimen contacted the abradable coating; tH#autber
was a dummy blade 180° opposed to it for balancing. The metaliisa rotor
radius at blade tip of 0.0925mas coupled with the spindle, which was capable of

rotating the blade with an impact velocity of up to 208ms

In order to reproduce th&ear contact between the rotating blade and the abradable
lining on an aer@ngine, a Zaxis microscope stage allowed movement of the
abradable material fitted on it and reproduced the blade incursion on the abradable
material. The Zmicroscope stage, lotal below the blade, was fixed on a steel plate
parallel to the bench plate and connected with it through two vertical plates. A hole
was made on the bench plate in order to allow the microscope stage to be beneath the
blade. Figure 3.15 shows thenZicroxope stage position on the test rig, and the

plate where it was connected.

N. Fois ChapppaBatds and Samples Pageb5



Disc
Bench
Plate

Z-Microscope

Stage
Plate
Support
Abradable
Sample
Dynamometer
Case

Bench
Plate

Figure 3.15. Z-axis microscope position, a) Frontal view; b) Top view.

The Zaxis stage was an OptoSigma SGSRBHBF motorized stage (Laser 2000
(UK) Ltd., Northants, UK) connected to a programmable stage controller, which
allowedincursions between 02000pums" at intervals of 0.1pmSto occur between

the blade and coating; Table 3.7 summarises the stage specifications.
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Model Travel Load Positional Sensibility Maximum
distance | capacity repeatability travel travel
[mm] [Ka] [mm] speed speed
[um/s] [um/s]
SGSP8R0ZF 20 15 <0.01 0.1 2000

Table 3.7. Z-axis microscope stage specificason

During the test, the load applied on the microscope stage was bigger than the load
capacity, but as it was periodic and rmntinuous, this allowed the stage to work
correctly during the tests. The programmable stage controller SHQT
(OptoSigma, Laser 2000 (UK) Ltd., Northants, UK), connected withn@icfoscope

stage with DMINIS cable (OptoSigmaaser 2000 (UK) Ltd., Northants, UK),
enabled the user to control tvement of the Z axis. The controller was connected

to a Personal Computer with an RS232C interface, and allowed a series of
movements to be programmed. Figure 3.16 shows {méciscope stage connected

to the stage controller.

Stage controller SHOT-202

Z-microscope stage

Figure 3.16. Z-microsope stage and stage controller.

The abradable sample was mounted onto a case fixed onherascope stage,
which wasdesigned during this research to hold a dynamometeich was not

presenin the previous desigas shown in Figure 3.17.
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Abradable Sampl

Case Dynamometer Case
Figure 3.17. Sample support: a) Sample support and dynamometer case; b) Zoom of the

sample case mounted onto the stage.

In the tess made in the first application of the experimental test rig [i§ *
microscope stagevas controlled usingoftware developed by SIGMKOKI Co.,

Ltd, (Tokyo, JP), but in this projedtwas controlled with LabVIEW76] (National
Instruments, LabVIEW 20Q9n order to synchronise the stage movement with the
measurements recordedLabVIEW is an interface software that enables
communication with different machineghe decision to use it was made in order to
synchronise the movement of thendcroscope stagwith the output data from all
instruments with the aim of characterising the wear mechanics in real time. The
software developed wilbe analysed in Sectio.5. Therefore, the test platform
reproduced the contact observed in an -&egine, through th&-microscope that
wasable to raise the abradable coating into the rotating blade. The platforthamas
instrumented in order to investigate the mechanics of the abrasion process.

3.4. Testplatform instrumentation

Previous research, highlighted in thigerature review chapter, focused on the
analysis of the wear mechanics between the blade tip and the coating, based mainly
on the analysis of the blade tip and the coating before and after the test, generating a
wear map in relation to blade length charmy weight changeduring this research a
stroboscopic imaging technique was used, capable of investigating the nature of the
blade tip during the test. The camera was located on the top head of the disc, instead

of in the contact area where it was lochten the basic test platform [1]. Also, a
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dynamometer plate was added to measure the contact force assodiatacblade

strike, and a laser pyrometer was introduced to measure the temperature of the
coating during the test. During each test, the neutipnof the camera allowed the
stroboscopic technique to continuously capture a side profile of the blade tip after a
constant number of strikes, and successive image processing allowed the blade
length change during the test to be determined. Figure shit/s a schematic

diagram of the test rig.

Dummy Blade Strobe Controller

CCD Camera and Lens \
r LED Strobe I

Light Gate —
Arm / |
Blade
Temperature measure point

/ Abradable Substrate Spindle
Pyrometer

> 4-—:

N = .
Charge Amplifiers Picoscope
Microscope Stage Dynamometer
Stage Controller

Figure 3.18 Block diagram of the test rig.
3.4.1 Stroboscopidmaging technique

The stroboscopic imaging technique enabled the state of the blade tye
monitoredafter a number of strikeand both the adhesive transfer of material to the
blade tip and the blade wear during the test to be investigated. The stroboseopic set
up was composed of an LED, LED strobe controller, lighe gaad CMOS camera

with a macrezoom lens. The LED (LUMEX SSLX100TI23UPGC, Premier
Farnell UK Ltd., Leeds, UK) was located at the top dead centre position, with a
plastic support, as shown in Figure 3.19. Table 3.8 summarises the LED specification

and Figure 3.20 shows the main dimensions of the LED.

N. Fois ChapppaBatds and Samples Page59



LED

Blade

Figure 3.19 LED position.

(safe limit) [W]

Min Typical Max
Forward voltage [V] 35 4.0
Reversevoltage [V] 5
Steadycurrent 350
(safe limit) [mA]
Power dissipation 1.4

Table 3.8. LED specification.
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Figure 3.20 LED dimensiors.

The LED was powered by an LED strobe controller (Gardasoft RT200F
Stemmer Imaging Ltd., Surrey, UK), which produced a pulse with an appropriate
delay triggered by a light gate, providing the energy to produce a burshofrbg

the LED and allowing the camera to capture a side of the blade profile after a
constant number of strikes. The controller was configured to output pulses based on

an external trigger signal receivedt t he controll erds input
output in relation to the set parameters. Table 3.9 summarises the controller

specification.
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Controller Specification

From 0 mA to 20A in steps of 5 mA.

Output current .
P Up to 3A per channel continuous or 20 A pulse

Output power Max 30 W per channel

Timing From 1 ps to 99%nsin step of 1 ps/100 ps

Delay from trigger to

From 3 us to 999nsin steps of 1 us/100 ps
pulse H p K H

Delay + Pulse up to 10 ms: 0.1 pus for pulse wi

Timing repeatabilit
grep y and 2 us for delay. Otherwise 106

Output voltage OVto47V

Table 3.9. LED Strobe controller specifications

The trigger pulse was supplied by means of a light gate (Op#R916B, RS
Components Ltd., Northants., UK). A rigid metal arm was mounted onto the disc and
positioned in a way such that the light gate was interrupted during the rotation of the
disc and the trigger pulse was generated. Figure 3.21 shows the rigicdametand

the light gate.
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Light
Gate

LED

Metal
Arm

Figure 3.21 Rigid metal arm and light gate.

The trigger pulse was then used, after an appropriate set delay, to send a high energy
(40V, 20A) short dur at i otime LEDL Thes puse wWlas h) e |
beyond the maximum rating of the LED (Table 3.8), but because of the very low

duty cycle (between 0.020.05%) in relation to the low pulse width, no damage was

caused to the LED. The energy burst of light from the pulse illundniie blade

and allows the image to be captured on camera. The short duration of the LED flash
enabled sid®n images of the moving blade to be captured with minimal motion

blur. Figure 3.22 shows a schematic block of the LED lighting system.
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Figure 3.22. Schematic block of LEDLED strobe and light gate.

In order to capture a side of the blade profile after a sitikeasnecessaryo set an

appropriate delay on the strobe controller. The evaifithe delay was in relation to

the linear speed of the blade tip. The determination of the correct value was made in

relationto the relative angular distance between the light gate and the position where

the blade profilavasacquired. Tabl&.10 summariseshe valus of the delay fothe

differentblade speedsvestigated

Blade tip speed Delay
[m/s] [us]
100 96
150 61
200 45

Table 3.10. Values of delay in relatiorto the blade tip speed

A CMOS camera (PixelinlPL-B741U, Scorpion Vision Ltd., Hants., UK) with a
macro zoom lens (Computar MEEDxX, Scorpion Vision Ltd., Hants, UK) was

positioned orthogonal to the spindle. In the previous design, the camera was
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connected to the test platforiuring this study,his was redesigned with a support
connected to the floor and without piga connection to the test rig order to
avoid any motion of the camera from the spindle vibration during the test. A green
filter (HMC filter multi-coated) was added in order tadil the green colour of the

LED from the image acquisition. Figure 3.23 shows the camera position.

.
!

Camera

Figure 3.23. Camera position.

The CMOS camera had a 1.3 megapixel sensor with image resolution of 1280 x 1024
pixels and a frame rate of 27 frames per second. This allowed the blade shape after a
number of constant strikes to be acquired, and the nature of the wear mechanics of
the blade tip to be determined, together with the blade length change during the test.
The acquired image from the camera was analysed during this research via
LabVIEW [76]. The software was capable of recording approximately 13 pictures
every second, and saved these images with a naming convention based on the time
when a given image waskin. Using this approach, it was possible to understand
how the blade length changed during a test. Figure 3.24 shows a blade tip image

recorded from the stroboscopic imaging technique.
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Figure 3.24. Acquired image of the blade.

The camera was focused on the near side of the blade, with the depth of focus ending
prior to the far edge. The camera with malenas had a focal length of 23.33mm.

The far edge of the blade was at a distance of 210 mm from the camera; therefore the
distance between the nearest and furthest objects in a scene thatedpgeaptably

sharp in an image (depth of field7) was 5.88mm from the far edge, compared
with the 20mm of blade depth observedotwithstanding this, theechnique
quantified the imageand heledto understand the trend of the blade length change.
The postprocessing of the pictures alledithe length change of the blade after a
number of constant strikes to be determin@salysis of the images will be

examined in Chapter 4.

The stroboscopic imaging technigue allowed blade length change oveluii .t

be acquired. The sensitly was obtained from the comparison of the minimum
variation of the blade length reachieeitween a series of images acquired during the
test, where 184um correspondd to 1 pixel of an image of 1280 x 1024 pixels

resolution.Further details will be presented in Section 4.2.3.
3.4.2 Forcemeasurement

In this research a dynamometer was added in order to measure the contact force
between the strike blade antiet abradable material. It used a piezoelectric
dynamometer (Kistler Instruments Ltd., Hook, UK, Type 9347 C), connected to a
charge amplifier (Kistler Instruments Ltd., Hook, UK, Type 5070A), and a digital
oscilloscope (Pico Technology, Cambridge, UK, 3@@0ies, PicoScope 3404 B).
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The dynamometer measured the contact force using a quartz piezoelectric force link.
The three component force sensor was manufactured under preload between two
plates The dynamometewas able to measure along all three cartesirections,

two components along the plane of the coating and one component normal to it.
During the contact between the rotating blade and the coating, only the components
along the direction of the rotag blade (Tangential Force) and normal to thatow
(Normal Force) were different from zero. Figure 3.25 shows the force direction in the

experimental platform.

Normal
Force

Dynamometer

Figure 3.25. Direction of the force.

The dynamometer was mounted over the microscope atadjdelow the coating,
inside a case designed not to compress it. The 80mm x 80mm plate where the coating
was fixed was connected with the dynamometer, and the support was 1mm smaller
than the dynamometer to avoid compression of the dynamometer wherratws s
were fastened. Figure 3.26 shows the design system where the dynamometer was

inserted.
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1 mm

Dynamometer

Z-microscope
stage

Figure 3.26. Dynamometer case

The piezoelectric dynamometer had a normal ¢
and a longitudinal force range bbkN to +5kN, and allowed an overload of 10%.

The dynamometer was a piezoel ectlmidc sensor

1 7 . 8 @dpectively for the normal and longitudinal axes. Additionally, the

dynamometer had a high rigidity of the sensor fahldirections (Table 3.11), and

natural frequencies of 3.6kHz and 10kHz respectively for the longitudinal and

normal axes, characterising its dynamic response. The dynamic response of the
dynamometer will be further investigated in Chapter 4. Table 3.dlmsuises the

main dynamometer specifications.
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Dynamometer specification

Normal range [N] -30 36
Longitudinal range [N] 5 é 5
Overload [%] 10

a-3.7 (Normal axis)
Sensitivity [pC/N]
a-7.8 (Longitudinal axis)

1300 (Normal axis)
Rigidity [N/um]
500 (Longitudinal axis)

10 (Normal axis)
Natural frequency [kHz]
3.6 (Longitudinal axis)

Table 3.11. Dynamometer technical data.

The dynamometer works in accordance to a piezoelectric principle; it produces an
electrical signal proportional to the appliéorce. The signal was conducted via an
electrode to the-pole connector connected to a charge amplifier that amplified the

signal, which was recorded using the digital oscilloscope.

The charge amplifier (Type 5070A 4 channel) converted the elebtisige produced

by the dynamometer into a scaled voltage (voltage output £10V). Prior to the test, the
relation between the voltage (V) and the force (N) was set at 800N/V for the normal
axis and at 500N/V for the longitudinal axis. Table 3.12 summarmsesethnical

data of the charge amplifier.
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Charge amplifier specification

Number of channek 4
Connector type BNC neg.
Measuring range FS [pC] N 200 ¢é 2

Error (0 é50 AC <+03/<%1

Frequency range (2&pp) [kHz] ao é > /4
Output voltage [V] +10
Output current [mA] <2

Table 312 Charge amplifier technical dat

The digital oscilloscope, which captured the voltage signal from the charge amplifier,
was able to sample at a rate of 1GHz per channel. The sample ratebedadt/ed

with two channels and would be a quarter with three or four channels, with time
bases ranging from 2nsdivto 200sdiv’. The data acquisition could have been
controlled with the software PicoScope 6, but instead LabVIEW was again used to
synchrmise data sets. Table 3.13 summarises the technical data of the digital

oscilloscope; Figure 3.27 summarises the contact force acquisition signal.
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Digital oscilloscope technical data

Channel

Bandwidth (-3dB) [MHZz] 60
Resolution (vertical) [bit] 8
4

Max sampling rate

1GHz (1 channel),
500Hz(2 channels),
250Hz (3 or 4 channels)

Buffer memory [Mega sample]

DC accuracy

+ 3 % of full scale

Time base ranges [s/div]

210 200

Table 3.13. Digital oscilloscope technical data.

Normal Force

~~ Longitudinal
& * Force

Dynamometer

Foree [N]

200

00
0 0005 001 0015 002 0025 003 0035 004 0.045
Time [s)

Normal or Longitudinal Force

Force electric
signal

—

Charge amplifier

Force
+10V

\

Pico-scope

Figure 3.27. Force measurement system.
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As shown in Figure 3.27, when a force was applied on the dynamometer, it produced
an electric signal proportional to the force applied; the charge amplifier converted
then electric signal to a scaled voltage, withlbrated correlation 800N/V for the
normal force and 500N/V for the longitudinal force. A digital oscilloscope controlled
by a program developed in LabVIEW allowed the acquisition of the signal at known
times during the test. More details of the synchrditieaof data acquisition will be

given in Section 3.5 and Appendix 1.
3.4.3 Temperature measurement

The test rig was instrumented with a pyrometer (CTRNLCF3C3, Micro-Epsilon,
Koenigbacher, Germany/8]) in order to measure the temperature of the coating.
The pyrometer was a naontact infrared sensor, with a spectral range of 2.3um,
and was capable of measuring temperatures from 150 °C to 1000 °C. The sensor had
two laser beams that converged to aafopoint before broadening at longer
distances, and the two laser spots that were produced, indicated the diameter of the
outer circumference where tiemperature was measured. The optical resolution of
the sensor was 300:1, and therefore the spot semegek in relation to the position

of the sensorHigure 3.28.

T

Spot Size 20 15.2 103 5.6 0.7 58 111 21.2 31.5 41.8 52.1 [mm]

Distance ¢ 50 100 150 200 250 300 400 500 600 700  [mm]

Figure 3.28. Optical resolution of the sensor.

In relation to the optical resolution, the temperature sensor was mounted separately
from the test rig on a tripod with a measuring spot sizé.28mmon the coating

where the blade would strike. Figure 3.29 shows the sensor, the position on the
experimental platform and the point on the surface where the temperature was

measured. Table 3.14 summari ses the pyromete
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Camera Measurement Locatiol

Abradable Material Pyrometer

Figure 3.29. Temperature sensor: ayl@meter position; b) Measurement location.

Pyrometer specification
Optical resolution 3001
Temperature range [°C] 150 to 1000
Spectral range [um] 23
System accuracy * (0.3 % of reading + 2 °C)
Temperature resolution (digital) [°C] +0.1
Emissivity/gain 01ltol1
Response time [ms] 1 (90%)
Outputs 0/4 to 20 mA, 0 to 5/10 V,
thermocouple J,K

Table 3.14. Pyrometer technical specification.

Emissivity [52] was an important parameter. The pyrometer had a single spectral
length, that measured the temperature in relation to the radiation emitted, and the

emissivity was a parameter correlated to thiy [@]; therefore, it was necessary to
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set the emissivity on thénstrument before starting the test. The value of the
emissivity was determined by experimem9,[ 80, 81], and is analysed in the

following paragraph.

The determination of the emissivity of the abradable material was made aising
calibrated contact thermocouple type KIJ connected to a digital thermometer
(Tenma, 727712, Farnell, Leeds, UK), the pyrometer and an oven. The abradable
sample was heated inside theenand the surface temperature was measured using a
thermocouplehat shoved the temperature of the coatingnd with the pyrometer
sensor that measwr¢he temperature in relation to the value of the emissigly [

81]. The emissivity of the pyrometer senswais changedintil the pyrometer sensor
showed the same tempéure as measured by the contact sensor. Figure 3.30 shows a
schematic diagram of the system.

Pyrometer Oven

Thermocouple K

257 °C
Digital
o Thermometer
d |

Figure 3.30. Schematic diagmm of the system for determinitige emissivity.

The type K thermocoupl&vasa bl e t o measure the temperatur
+1372 °C with an accuracy af0.8 °C, andvas connected to a digital thermometer

with display resolution of 0.1 °C. The value of emissivity that allows the pyrometer

to measure the same temperature ashieriocouple was 0.98his was determined

in a testbetween 150 °C and 400 °C (typical temperature range measured during the
experimental test) in thieeating phase, aralso in the cooling phase, when the oven

was switched off. During this process the pamature was read every 2 minutes with
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both sensors. Figure 3.31 shows the temperature measured on the coating by the two
sensors.

a) 400 "
sente
350 5"
® ]
%) eeen""
= LN ] ® P ——
@ 300; b m N " | @ Pyrometer
= mm B |
£ | ® Thermocouple |
o
£ 250/
v
&
200+
150
2 4 6 8 10 12 14 16
Measure
b)4o0 : : :
@ Pyrometer
B Thermocouple
350+
S o=
2 300+
E ®.
=
SR
£ 250/
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=
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200+
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150 .
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Figure 3.31. Temperature measutavith pyrometer and thermocouple: a) Heating phase; b)

Cooling phase.

Figure 3.31 showsightly different temperatures measured by the pyrometer and the
thermocouple. This is because the pyrometer had a faster time response than the
thermocouple: the time response for the pyrometer was 1ms, while the thermal
inertia of the thermocouple was ara 2.25978, 82]. In the cooling phase, where

the oven temperature dropped down slowly, the different time response between the
two sensors was negligibl@verall, the similar trend of the temperatures measured

by the pyrometer and the thermocouplghlighted that the value of the emissivity

set on the pyrometer was correct, and did not change in the temperature range
measured.

In order to record the temperature measured during the test, the emissivity was set at

0.96 and the temperature was recdrdsing software developed in LabVIEW.
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3.5. Data acquisition and synchronisation

In this work, a LabVIEW program was developed to control the experimental test
platform and to acquire all data from the devices used; hence, it was able to control
the Zaxis microscope stage, and acquire the images using the camera, as well as the
contact force and the coating temperature. The program was developed instead of
using the software of each device, in order to synchronise the data acquisition and
save all datat&known times during the test. It was developed step by step in order to
control each device, and each single program was integrated with the aim of
synchronising the control and data acquisitiinwas therefore divided into four
parts: Zmicroscope stag control, the acquisition of data from the camera, and the
acquisition of data from the dynamometer and pyrometer. Each of these programs is
analysed in detail in Appendix 1Each acquisition and control program
communicated independently with its respextinstrument, and in order to
synchronise the acquisition, each program was inserted into a case structure. This
initialised the acquisition of the data and the movement of the Z microscope stage
after a 0St ar t Al ddtawere saved bganre with kreowndiches in

order to synchronise the data acquirédure 3.32 shows the block diagram of the

experimental test platform control program, with the single programs highlighted.

= T" | <—( Image acquisition ‘

o] BIAEEIE I H | 7] contor

Initialisation I' T f == [— N - ' :']_'l-l:‘li - — T Normal
Pico-scope — == im S
] “ﬁ_(:,"] -hfl I Longitudinal 1 H Force acquisition
e

Longitudinal 2

P -
Bl ;:‘-J'. ! r"r—] ‘ ‘ Temperature acquisition ‘

¢,

JL E— SURBU—

Figure 3.32 Block diagram of the LAWEW program.
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In Figure 3.32, the different programs that allowed control and synchronisation of the
equipment introduced in this research were highlighted in different coloured boxes.
The orange box highlights the initialisa
was located: this allowed the initialisation of all single programs connected with it
through a case structure O6Trued and OFal
program that acquired and saved the images from the camera. The blue box
represents # program to control the-zhicroscope, and the yellow and green boxes

respectively represent the program for force and temperature acquisition.

Before each test, the first step was to run the program, initialise thesdipe, and

t hen to ctld clkkuttthen o6#Sdhasama time the itmage, toreesand.
temperature acquisitions skt andthe microscope stage mal/en relation tothe
previously setparameters. In order to synchronise the acquisition tiofethe
different programs, thectivation was connected with a case structure controlled by

t he 6 St aArtilmeddeldywastintraduced in order to synchronise all structures.
In addition, in order to have more accuracy in the time synchronisation, all data were
saved with a name cwantion based on the time when they were acquired. Figures
3.33 and 3.34 show a front panel of the LabVIEW program.

Camera Control Stage Control Temperature Contro

i
Set-up Temperature Set.up PICOSCL
| P S S S S P G PP S p— &= Mirascope % Ty .g:
g maes ' —— —— ——— -——-—-"""’ 5 - —
2L Se—— e e
= — o
- __:___I
e ot s bt v o W A— :;,'
— S5
hafanand
o) e
s y
| ‘ o ba Npean a2
~Lamprsars | = /I | | —
- ! :
Image Acquisition Force Acquisition

Figure 3.33 Front panel of LabVIEWprogram.
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Figure 3.34 Front panel of La¥IEW program.

Before the test started, i n 0Camera control o
the port device of the camera needed to be found in ordemonunicate with the

program; then the path where the i mage woul
control 6, highlighted i n Figure 3.33 with
incursion depth were set in relation to the test conditions, which wotatlisd the

movement of the Znicroscope stage. The green box in Figure 3.33 indicates the
OTemperature control 6, where the communicat:i
saving path seRegardingg o t he OForce acquisitheond setti
0 P kscope Seti p where the sample acquisition of the signal was set at 10us, with

the range for each channel set at 10V; finally the saving path also needed to be set.

The sample acquisition represented the resolution of the signal acquired. For

example, during the test the frequency of strike was 172Hz or 344Hz if the blade

speed was 100risor 200m& respectively, so with a sample interval of 10ys,

around 580 points of the signal between contact strikes at low blade speed could be
obtained.This represented a good value in order to analyse the force contact strike,

obtained by the minimum possible sample interval set on the softdddéionally,

the correlation between voltage and force on the charge amplifier was 800N/V, so
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the program couleasily acquire a force up to 8000N. If the force was higher, the
calibration correlation between force and voltage could be changed on the charge

amplifier.
3.6. Chapter summary

1 AISi-hBN abradable materials with hardnesses R15Y 54.6, 59.6,a68l
72.3 ad a titanium blade were characterised for material properties. The
microstructure analysis of the coating highlighted clear differences between
the softer coating when comparedth the harder coating, were a so#r
coating showd a higher leel of hBN and a reduced metal phase, and a

harder coating showed a lower level of hBN and an increased metal phase.

1 An experimental test rig that reproduced the contact between the rotating
blade and the casing of the compressor was analysed and improved in order
to monitor, in real time, the wear mechanics of the blade and the abradable

coating.

1 A stroboscopic imaging technique was introduced on the test platform in
order to monitor the nature of the wear mechanics and capture the blade

profile during the test.

1 A dynamometer was introduced on the test platform in order to measure the

contact force during the test.

1 A laser pyrometer was introduced in order to measure the coating

temperature.

1 The test protocol and data acquisition were made with a program developed
in LabVIEW. The program enabled the acquisition, at known times, of image,
force and temperature data, and allowed the input of test conditions
(incursion speed and incursion depth) to be set.
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4. Methodology

This chapter presents the methodology of the experimental test between the rotating
blade and the abradable material. The first section introduces the parameters of the
experimental test followed by analysis of the test protocol of the experimentafjtest ri
that reproduced the wear mechanisms observed between the blade tip and the
abradable material. In the later section of the chapter, thetgmisanalysis is
introduced in order to characterise the wear mechanics. The first part of this section
consistsof the analysis of the sample before and after the test was perfoFimed.

blade length and weight change were recorded, the blade tip profile was captured,
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and the abradable wear surface was observed. The abradable surface and blade tip
were analysed usinan energy dispersive-pvay fluorescence spectrometer, with the

aim of analysing the chemical composition of the wear mechanics. The second part
consists of the analysis of data obtained from the instrumentation of the test rig, the
analysis of the strolscopic imaging in order to obtain the blade length change after

a constantnumber of strikes, the contact force and the temperature of the coating.
Finally, a methodology is introduced for mounting the abradable sample in order to
analyse the microstructaiof the coating. It was used to control sampleggseand

also a selected sample of interest fiest.

4.1. Test parameters

4.1.1. Test input parameters

In the tests performethe input parameters were:
1. Blade impact speed
2. Incursion per passihcursion speed
3. Incursion depth;
4. Hardness of the abradable sample.

The blade impact spee(V) is the linear velocity of the rotating blade tip; it is set
using the inverter controller of the spindle. During the test the arc of the contact
continuously chages in relation to the incursion depth; therefore, the speed vector
angle of the first contact changes. Further consideration will be made when the other
incursion parameters are introduced. Figure 4.1 shows the vector of the blade impact

speed along theotating trajectory of the blade tip.
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Figure 4.1 Blade impact speed

The experimental setup was capable of rotating the blade with an impact
velocity of up to 200m’S In this series of tests the blade impact speed was varied
between100 and 200m Sto allow the wear mechanics of the aerwine to be
reproduced [16, 7, 15, 16, 17]. Previous researches had highlighted that different
impact velocities produced similar wear mechanisms and the minimum speed tested

produced a similar véa mechanism to those observed in the-aagine [16, 15].

Theincursion per pas$l,) is defined as the axial depth of the material removed by
the rotating blade during a single strike of the coating.ifitwersion speedlspm s%)

is the rate thathie microscope stage advances the abradable surface inattis Z
direction. It is a combination dhcursion per pass, (UM pasd), rotor radius at
blade tip R(0.0925m) andlade impact speed {n s%), and is calculated as shown
in Equation (4.1).

L =9y 4.1)

The microscope stage is able to incur at speeds between 0.1 and 200Gim s

intervals of 0.1um 8. In the tests performed the incursion speed varied between
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3.4um s and 344im s. These test parameters were selected as thdybhen
previously identified as generating similar wear mechanisms to those observed in
aeroeengines [16, 1, 11], and were the same incursion conditions as obtained on the
Sulzer test rig3, 7, 11, 15]. The main aim of using this parameter was to tiest
abradable coating and reproduce the wear mechanics observedangiexes and to

study extreme conditions of contact, one with a low incursion speed and one with a
high incursion speed, in order to investigate the key factors and the properties that
influenced the wear mechanics. The low incursion rate represented the interaction of
the flight phase §] generated from thermal and centrifugal dilatations and
unbalanced parts, while the high incursion rate represented the handling phase of the
jet engire [9, 10]. In addition, it showed how the material responded between low
and high incursion rates in relation to the size of the particles of the abradable

material [H].

Theincursion depths the final cutting depth of the test. It was kept constant at 2mm

in relation to the limitation of the coating thickness of around 3raleg, the
incursion depth was chosen based on previous results and observations of maximum
wear depths of the abradalbiining in aereengines between 1 and 2.4méy 11, 15,

16]. Figure 4.2 shows the incursion depth on the coating.

Coating

Figure 4.2. Schematic diagram of the abraded test samigldightingthe incursion depth.

A combination of the blade impact speed, inmnspeed and blade tip radius allows
calculation of another parameter, the theoretical rub lehgth(tn)). The theoretical

rub lengthL(t) is the sum of the lengths of the rub during the test. This parameter is
limited by the thickness of the coating and is a combination of the input parameters
analysed before, namelgcursion speeds (m s?), timet (s), radius at blade tiR
(0.0925m)and the theoretical number of strikes and is calculated as shown in
Equation(4.2).
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(4.2)
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Figure 4.3 shows the rub | ength at ©6éi 6 pass
the rub length at the end of the test.

Rub Length at
number of passes
equal to ‘i’

Rub Length at
the end of the test

Figure 43Theor et i cal r pabs;bAethegndbfthet@st. At 061 06

The theoretical rub length is a parameter that shows the total length of rub and it will
be analysed later. The increase of the incursion depth determined an increase of the
arc of contact, as shown in Figure 4.3, and therefore this determined a continuous
increase of the speed vector angle when the blade first contacted the abradable as the

number of passes increased.

The hardness of the coatinig the superficial Rockwell hdness of the abradable
sample and its measurement was described in the previous chapter. Microstructure
analysis of the sample highlighted clear differences between the softer coating and
the harder coating, with different compositions of hBN and porosity

The wear mechanics between the rotating blade tip and abradable sample were
investigated in relation to input parameters of impact blade speed, incursion speed,
incursion depth and coating hardness.
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4.1.2. Test parameters of the experimental platform

The wear mechanics were investigated in relation to the input parameters, as
highlighted in the previous section. The samples were tested with different incursions
per pass, hardness and blade speed, and constant incursion depth. Previous work
highlightedthat the incursion per pass / incursion speed is a dominant parameter with
respect to the wear mechanics 316, 15, 26, 33]. The incursion rates were chosen

in relation to previous studies that reproduced the wear mechanics observed in the
aeraengine,e.g. adhesive transfer, melting, blade wear and cutting][1During

engine operation, rotor misalignment, thermal and centrifugal dilatations and
unbalanced parts determine a contact between the rotating blade and abradable
coating, and a low incursiospeed represented these interactions in the flight phase.
An example of blade and coating interaction is on warm restart: this occurs when the
engine is running at steady state and is shut down, it then cools down and is restarted.
The disc remains hot drexpands radially, while the abradable shroud ring cools and
retracts; therefore, the clearance is reduced and contact oc@urdMdile, high

incursion rate condition represents the handling phase of the jet engine.

Previous research [B, 6, 15, 26, 33] highlighted a common low incursion rate of
0.02emnm, pand high i ncur s’ ohere diffetere wearf 2 ¢
mechanics were observefl].[ Additionally on the remaining samples intermediate
incursion rate values were tested in order to exploeeransition of the mechanics.
The incursion depth was kept constant at 2mm in relation to the limitation of the
coating thickness of around 3mmIlsA the incursion depth was chosen based on
previous results and observations of maximum wear depths abthdable linings
between finm and 2.4mm [6, 11, 15, 16{Coating thicknesss greater than 3mm
were not considered, as these are known to increaseiseeptibility of the coating

to crack and spalformation during the contact between the blade and dlaéing,

due to the thermal expansion coefficient mismatch between coating and casing
duringaflight cycle andalso dudo residual stress[16, 17].

Previous research [13, 6, 33 highlighted that an increase of the blade speed
produced similar wear mechanics, highlighting less influence on wear mechanics
with different speedsTherefore the primary focus of the research was on the

influence of the incursion rate. However, thduehce of the blade speed was still
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analysed, especially at low and high incursion rates, and in relation to the sample

availability also at intermediate incursion rates.

The analysis of the microstructure of samples with different hardnesses showed
different compositions of hBN and porosity, as highlighted in Section 3.1.4., and
implied different abradabilities, tensile strength and erosion resistargle [1
Therefore the hardnesses of the samples were chosen based on Rolls Royce
specification in the winde of hardness between R15Y 45 and 74.[1In this range,

the abradabl e materi al should be 6softdé enolt
Oharddé enough t As highlightedih Sectdn 3elrl,ottssi research
analysed coatirgwith hardnesR15Y 72.3, R15Y 63®, R15Y 59.6 and R15Y 54.6.

The softer coating was chosen, with hardness R15Y 54.6, because a softer coating
implied a low erosion resistance, along with poor resistance to oxidation, corrosion
and thermal failure [3]. Table 4.1 highghts the tests performed in relation to the
incursion rate per pass for different hardness samples and in relation to the blade

speed.
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Blade speed

@ wom¢
® 15o0m¢
® 200
Incursion R15Y R15Y R15Y R15Y
rate per pass 54.6 59.6 63.0 72.3
[um]
2 900000000000
0.04 o o ®
0.06 00 00
0.08 (]
2 900 00000 6
0.14 ®
2 0000 00 00
03 @ 000
0.4 ®
06 | @ 00
1 [ 000000 00
2 000000000 000

Table 4.1. Test parameters.
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4.1.3. Test protocol

In the experimental platform the contact between the rotating blade and the abradable
linings was recreated by controlling the movement of thmidoscope stage with a
defined speed of incursion on the blade. Before the start téshehe Zmicroscope

stage with abradable material fixed on top was moved 5mm below the blade tip. The
distance of 5mm was chosen as a reasonable distance to avoid any contact between
the rotating blade and the coating before the test started. Theespamdtol set the
desired rotating speed, and therefore the blade impact speed. When the spindle
reached the desired rotating speed, thei@oscope stage with the abradable
coating was raised and the blade tip engaged with the substrate matettas

point, the coating incurred on the rotating blade tip at a constant speed/inate.a

depth of 2mm was reached (distance travelled of the Z microscope stage) the coating
was withdrawn from the blade tip to the initial position 5mm below the blade tip.
Figure 4.4 shows a schematic frontal view of the relative position between the blade
tip and microscope stage (Figure 4.4a) and during the test when the microscope stage

with the coating incurring on the blade tip at a constant speed (Figure 4.4b).

a) b)
Disc
Rotating
speed\\ \
Coating

w_Smm
' Distance
Z-microscope Stage Travelled
stage Movement
20 mm
'_'

Figure 4.4. Test rig hcurring phase: a) Microscope stage raising; b) Contact between blade

tip and coating atonstanincursion speed.
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After the test, the blade length, weight change, and blade profile were recorded.
Because instrumentations of the test plaif were developed during this research,
not all of the instrumentation was available for all the samples tested. During the test,
the blade tip profile was measured with a stroboscopic imaging technique, the force
measurement and temperature were acquespectively with a dynamometer and
pyrometer, and also the blade tip and the substrate was analyséeshddbwever,

for example, the samples with hardness R15Y 63 were tested in the initial phase of
the research and only the stroboscopic technique applied; therefore a sample
with similar hardness, R15Y 59.6, was tested in order to investigate that hardness

with all instrumentation.
4.2. Analysis of theexperimental test

The analysis of the wear mechanics between the blade and the coating ided div
into two main parts: analysis of the sample gest and analysis during the test. In

the first part, the samples were analysed and observedegbsh order to identify

the different wear mechanics. Blade length and weight were recorded before and
after every test in order to monitor the mechanics of the contact. An image of the
blade captured with a light box allowed the blade profile to be determined. The
chemical composition of the material transfer was analysed with an EDXRF
machine. In the send part, the data analysis obtained from the instrumentation of
the test platform was evaluated. Finally, the material response was analysed by

sectioning the sample and observing it with an optical microscope.
4.2.1 Analysispost-test

The length andveight of the blade sample were recorded before and after the test in
order to quantify the change in the contact mechanics on successive analyses. The
first step in the analysis petst was the visual analysis of the abradable sample and
the blade in ater to observe the difference compared with the sample before the test
and identify the wear mechanics, such as adhesive transfer on the blade tip, thermal
damage, blade wear, melt transfer, cutting or grooving. Figure 4.5 shows the
abradable and blade splas before and after the test, where the visual analysis

highlighted the wear mechanism.
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Figure 4.5.Blade (a, b) and abradable (c, d) saraplkefore and after the test, for the test
performed at incursion rate of 002  p'abkde speed 100s’ and coating ardness
R15Y 72.3

As shown in the figure, the sample observation shows the change on the blade tip
and abradable coating, highlightinhe wear mechanican this case adhesive
transfer, groovinga dark layer on the coatingnd blade wear. Theext step was a
guantitative analysis of the blade, using the blade length and weight change
previously recordedIn this way, the blade lengtmd the weight were recorded
before and after every test. Thdade length was measureging a micrometre
(resolution £0.001mm) and the blade weight by using an electronic balance
(Sartorius electronic analytical balance bASiBP210D, resolutiort0.000Lg). The
images of the blade and the coating were recorded using a DSLR camera (Nikon
D3100, zoom lens 185mm Nikon, Japan) connected on a tripod and positioned
above a light box (Quasar A4 Lightbox, Scientific Laboratory Supplies Ltd.,
Yorkshire, UK). Trke image of the blade acquired on the light box allows the blade
profile to be determined. Figure 4.6a shows the experimentapsetith Figure 4.6b

showing an example of a captured blade image.
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Figure 4.6. Image system acquisition: Bxperimental setip; b)Image acquired.

The image of the blade, Figure 4.6b, was analysed using IMAGE J in order to obtain
the blade profile. The image was segmented from the rest of picture, anlemas
de-speckled, converted to binary, and the profile of the blade determined. A program
developed in MATLAB analysed the blade profile and calculated the average blade
length and the maximum blade length. Figure 4.7 shows the profile of the blade
obtainal with IMAGE J (Figure 4.7a), and the blade tip profile with a dashed line
that represents the initial length, the average blade length and the maximum length.
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Figure 4.7. Blade profile analysisf test 2um pass 200m &, R15Y 72.3 a) Blade edge; b)
Blade tip profile.

This analysis provided information on the wear mechanics between the blade tip and
the abradable coating, by obtaining the average length of the blade tip and evaluating
the blade length change between the final lengthtlamgreviously recorded initial
length. However, this approach did not analyse the nature of the blade tip strike on
the abradable material, but only the condition before and after the test, so it provided
no insight into the process of adhesive transfée adhesion / melt transfer were

then analysed by -Xay analysis in order to obtain their chemical composition.
4.22. Analysisof chemical composition of sample

The abradable sample surfaces and blade tip were analysed using an energy
dispersive Xray fluorescence spectrometer (EDXRF, FischerscogeAX XAN

250, Lymington, UK) in order to examine the chemical composition of the material
transfer from the blade tip to the coating and wieesa. Figure 4.8a shows the
EDXRF machine and Figure 4.8b the dé&beccollimator where the sample was
located, while Figure 4.8c presents an example of an area of analysis of the material
transfer on the blade tip.
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Figure 4.8. X-ray fluorescence spectrometer: a) MachineX{say fluorescence
spectrometer, c¢c) Example of 4dyrle0mscisYanal ysi
72.3.

4.2.3. Analysis of stroboscopic imaging technique data

The stroboscopic imaging technique was capable of investigating the nature of the
blade tip strike on the abradable material, and in particular the adhesive transfer
during the testThe image of the blade tip acquired with the stroboscopic technique
was pocessed in order to obtain the length change of the blade after a number of
constant strikes. lorder to do this, it was necessary to determine the profile of the
blade edge in a Cartesian coordinate system. This image analysis was done using
IMAGE J, ascientific image processing software package. As a first step, the blade
image was segmented from the rest of the picture. This involved drawing a circle or
rectangle on the image captured by the camera (Figure 4.9), in the correct position so
as to isolas the image of the blade.
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Figure 4.9. Image of the blade acquired t&st m b #06ns &, R15Y 72.3

Figure 4.9 shows the blade tip imaged at top dead centre after striking the abradable
coating. In the picture a rectangle highlightittge region of interest for image
processing was included. The blade image was then segmented using the rectangle,

as shown in Figure 4.10.

o

E

Figure 4.10 Image of the blade segmented.

After the image was segmented, it wasspeckled. A filterwas used to remove

small defects due to dust, since small dots can influence the image analysis, and then
the image was converted in binary form in order to obtain a blade profile, as shown
in Figure 4.11.
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Figure 4.11 Image of the blade aftelear outside / depeckle / convert in binary form.

From the image obtained in Figure 4.10, a function was used to find the edges of the
blade, and finally save the x, y coordinates of the blade edge (Figure 4.11). The
coordinates were recorded in a téaran system with the origin at the bottom left
hand corner of the segmented image.

1 mm
—

Figure 4.12 Edge of the blade.

The maximum length of the blade and the tip profile were measured by comparing
the profile of the blade to a control image that represented the blade profile captured
before the contact between the blade and coating. In relation to the incursion
parametersthe number of images recorded in a test can vary from 100 to 9000;
therefore, a macro program was developed for IMAGE automatically process all

the images. This program processed all of the images from a test, and wrote the
coordinates of the edgéd the blade to a text file in each case (see Appendix 2). The
text file containing the coordinates of the blade profile was analysed in MATLAB.
The MATLAB program that was developed extracted the maximum length of the
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blade, and returned a vectalengMAXd containing this information; it then
calculated its change with respect to the initial measurement recordéssipend
returned a vectod|d containing the change in length of the blade at each time step
that an image was acquired. Figure 4.13 shoseyias of blade profile images where

the current blade length and the relative maximum adhesion observed are
highlighted.

a) b) c) — Profile
- - - - Initial Length
1 mm - - - Current Max Lengt
— Current Max
Current Maxf ~ ~ "~ Adhesion
_—— - _Adhesion_ AN N S U -

Figure 4.13. Blade profile for theest at incursion rate of 0.82m p'ebkade speed of
100m s, coating hardnesR15Y 72.3, captured at time: a) Os; b) 66.4s; c) 2%t.55

As shown in the figure, the analysis of the blade profile with respect to the initial
blade length allowed this research to measure the blade length change during the
evolution of the test. Thiechnique allowed the blade tip profile to be quantified as a
rough surface, with a sensitivity of 1144. In order to obtain the sensitivity of the
technique, a series of blade tip images was analysed with IMAGE J. The process was
the same as for the pieusly mentioned blade analysis, with the image being
segmented, dspeckled and converted into binary form and then the edge was found.
However, in this case a series of two consecutive images was analysed before the test
started and the blade length iaéion was calculated in order to obtain the minimum
variation of blade length that the stroboscopic imaging system was able to measure.
The minimum variation of blade length was measured from how many pixels
difference was observed between two consecuiages. The value obtained was 1
pixel of an image of 1280 x 1024 pixels, which corresponds to a sensitivity of 11.44

~

N O. 46¢& m.
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The blade length change could be plotted against the incursion depth and the time of

the test or theoretical rub length cald¢athin relation to the time that the image was

acquired.
4.2.4 Analysis of forcemeasurement

A piezoelectric dynamometer was mounted below the abradable coating in order to
measure the contact force, as discussed in Section 3.4.2. During the test, the
dynamometer produced an electric signal proportional to the force produced from the
contact between the rotating blade tip and the coating. The electric signal was
amplified and converted into a scaled voltage by the charge amplifier, and it was
recorded ®ming the digital oscilloscope. Everything was controlled by LabVIEW
software. Figure 4.14 shows a typical f ol
1 and 100m § with coating hardness R15Y 53 ®r a series of blade strikes on the

abradable mateiiat known times.

2000

Free vibration —_ ' Contact force
1500 - |
1000

500

Force [N]
=

-500 -

-1000 - a

-1500 1

_2000 1 1 | 1 1 I 1
0 0.005 0.01 0.015 0.02 0.025 003 0.035 0.04 0.045

Time [s]

Figure 4.14 Force measuremendrmalcomponent) recorded for multiple blade strikes
(Test2pum pass- and 100 m $with coating R15Y 546

As shown in the figure, the force signal had a major peak representing the blade

strike and thus the contact force, followed by a period of free vibration (grey area)
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prior to the blade rstriking the abradable coating. Figure 4.15 shows a single force

strike of the blade tip on the coating.

2000 . I ! !
T Contact Period
1500 ' ] Peak Contact Forcel|
n Vibration Period
1000+ n i

NN |
Ml |

-1500

Force [N]

T
—
1

_2000 | 1 1 | 1
0.0254 0.0264 0.0274 0.0284 0.0294 0.0304 0.0311

Time [s]
Figure 4.15 Force measurement for a singlekst recorded at time of 0.0284Test2um

pas$ and 100m 3 with coating R15Y 546

As shown in thdigure, the azure area represents the expected contact time based on
the blade speed and length of the contact arc at this point in the incursion, while the
light red area represents the vibration period. The cutting process is a dynamic
process where agpiodic contact of the blade onto the coating in relation to the blade
speed generates a periodic force, as highlighted in Figure 4.14. Therefore, the
dynamometer along with the entire test platform exhibited a dynamic resi@3hse [

as illustrated in Figes 4.14 and 4.15. Therefore, if the periodic force is in the
proximity of the natural frequency of the system, this generally leads to signal
distortion, with amplification of the force signal and vibrati®d][ and the value of

the force measured doe®stnrepresent the real value of the contact force. It is
important to know the natural frequencies of the system in order to be able to
determine the frequency working range of the dynamometer and understand if the
dynamometer is measuring the real contacte; if not, it will be necessary to apply

a relative correction to the signal.
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Therefore the first step was to demonstrate that the maximum peak of the force in the
contact period represented the contact force between the rotating blade and the
coating, and to understand if the free vibration interacted with the contact force peak,
or not. In order to analyse the contact force, a comparison was made between the
contat¢ duration measured at different points in the incursion and the theoretical
value previously calculated. The theoretical value was the ratio between the length of
the contact arc and the blade tip speed. The length of the contact arc was a
combination ofincursion speedradius at blade ti@nd blade tip speed. Equation

(4.3) shows the theoretical value of the contact time.

E
S PP B L S A S
m

T

where the lengtlof contact arc is a combination of radius at bladeR)p ibcursion

per passl}, time ¢), and blade speedY.

Figure 4.16 shows the correlation between the measured and the calculated contact
time values for the test at an incursion rate of 2umbassl a blade tip speed of
100m & and coating hardness R15Y 54.6.

3.5

2.5 m BN

1.5 [] |

Measured Contact Time [s]

0.5

0 1 1 1
0 1 2 3 4 5

Calculated Contact Time [s] <107

Figure 4.16.Measured contact times calculatedcontacttime (Test 2um pas§ 100 m &,
R15Y 54.6).
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As shownin Figure 4.16, a linear correlation was observed between the measured
contacttime and the theoreticalalculatedcontacttime, which indicated that the
blade strike was correctly identified during the test, and highlighted that the free
vibration period dichot interact with the contact period. This approach has been used
previously and analysed by Ahrer&l] in order to confirm whatever vibration of the
dynamometer influences the measured contact force.

As mentioned above, the natural frequency of the system and the relative frequency
working range needed to be determimedrder to know if the signal measured from

the dynamometer was amplified and distorted or not. Therefore, a modal analysis of
the system was performed to determine the frequency response function (FRF) of the
system, which enabled the natural frequencybe determined8p, 86]. If the
analysis of the frequency response highlighted a modal frequency close to the
working range, the signal would be amplified and the phase distorted: in this case, in
order to obtain the real value of the contact force,atilel be necessary to apply a
compensation to the signal. The FRF represented the relation between the real value
of the cutting force and the value measured by the dynamometer; therefore a

correction to the signal could be applied using an F®F |

Sectbn 4.2.4.1 describes how a modal analysis was performed and the FRF function
determined, and the need for compensation was investigated. Section 4.2.4.2 explains
how an accelerometric compensati@7][was made in order to analyse the inertia

effect of thesystem and the free vibration of the force components.
4.2.4.1.Dynamic analysis of thesystem and dynamic compensation

A modal analysis was performed in order to determine the natural frequencies of the
dynamometer, anthe FRF function was then determined. Next, the FRF was used in
order to correct the force signal and to understand if compensation of the signal was
required. The modal analysis was performed using an impulse hammer (PCB
086C01, sensitivity 11.65m%/ PCB Pieotronic, Inc. USA), an acceleromet@QB
352B10, senstivity 1.02mV/m/¢, PCB Piezotronic, Inc. US9Aand a National
Instruments data acquisition systemdl (USB-4431, 24 bit resolution The test
consisted of locating the accelerometer on the dynamoipleterin one direction of

the system, for example the normal direction, with the impulse hammer hitting the

plate. Then the hammer input pulse force, the accelerometer output signal and the
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dynamometer output force response were acquired for each direaftidhe
dynamometer (normal and two tangential directions on the plane). Figure 4.17 shows

a schematic diagram of the modal analysis test of the system.

NI data acquisition USB-4431

Dummy Blade Strobe Controller

CCD Carnars and Lans \ —-—-)q
ﬂ r LED Strobe

Abradable Substrate

|
Impulse Hammer PCB 086C01 Oynamometes Charge Amplifier

_E‘_ ——

Picoscope

i

Accelerometer PCB 352B10

Figure 4.17. Schematic diagram of the modal analysis test of the system.

Figure 4.18 shows the input forcettme time domain applied with the hammer and

the relative output recorded with the dynamometer.
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Figure 4.18 Force in time domain: a) Hammer input; b) Dynamometer output.

The FRF 85] of the system was calculated mgithe hammer force input and both

the dynamometer and accelerometer outputs, in order to compare the two
approaches. The FRF was given by the ratio between the output force from the
dynamometer or acceleration from the accelerometer and the input foncelfe
hammer, with both signals in the frequency domd&6].[As a first step, a Fast
Fourier Transform (FFT) of the signals was appli@€, [83. Equation (4.4) shows

the FRF expression.

(4.4)

where the output variabl&(j. ) is the Fourier transform of the response signal
produced by the dynamometer, and the input varidhlej isrthe Fourier transform

of the excitation impulse generated by the hammer.
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The FRF calculation was made with a program developed in MATLAB, ubimg t
functi on 09 90etsat daloukatedetbe FRFB from the input and output
signals. The natural frequency of the system was 8.3kHz in the normal direction and
2.7kHz in the tangential direction; these were below the freestanding frequency of
the d/namometer 91]. This was because of the mounting configuration of the
dynamometer when it was inserted on the test platféime. high natural frequency

of the system meant a wide range of working frequencies where the force signal was
not amplified or ditorted.

However, in order to verify if the signal measured was amplified and if correction of
the signal was necessary, a compensation to the signal was made using the FRF to
apply the dynamic compensation to the measured signal. During the test, tihg rota
blade contacted the abradable coating and generated a contact force measured by the
dynamometer. Using this measured force and the FRF previously calculated in the
modal analysis, the force applied on the dynamometer was determined, as shown in

the stematic diagram in Figure 4.19.

Force applied Force measured

B | oyamomerer | IR

Force measured

FRF = Force Applied

Figure 4.19 Schematic diagram of the force analysis

In order to apply the dynamic compensation to the measured force 26n88],

the applied signal force was calculated, which represented the dynamically
compensatetbrce. In order to calculate the dynamically compensated force, the FRF

function needed to be inversed, but as the matrix was rectangular it could not be
inversed directly 86]. Therefore, as it was complex, the FRF was multiplied by the

Hermitian transpse of the FRF ([FRF), as shown in Equation (4.5).
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19 F07m.. 5490999094 g v (4.5)

The Hermitian matrix is the transpose of the conjugate of the matrix. The two

following matrices were then introduced:
| 349 09m... (4.6)

= 3999947 (4.7)

In the next step the matrix [A] was inverted and the compensated fyagehsateh

was calculatedsingthe Equation (4.8).

be g vEag® O (4.8)

r

Additionally [86] direct inverse of Equation (4.4) was also performed in order to

calculate the compensated force.

¢ 0 Bt i (4.9)
ENE&ENE

EHl 11 H T HY HH

where’OY '© the conjugate of thERF, andFqayndj- ) is the fast Fourier transform of

the dynamometer force measurement.

The first step in this latter approach was to calculate the conjugate of the FRF and
then the FFT of the measured force signal;, subsequently using Equation (4.9) the
compensated force wecalculated in the frequency domain.order to obtain the
dynamically compensated force in the time domain, an inverse fast Fourier transform
was applied. Figure 4.20 shows the components of measurements representing the
blade contact, the dynamicallpmpensated force and the force measured by the

dynamometer (thwompensated force).
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Figure 4.20 Dynamically compensated and-aompensated force measuremdatsa
single stike recorded at time of 0.0254Test2pum pass and 100m $ with coating
R15Y 54.61)

The force components representing the contact between the blade and the coating did
not change within the accuracy of the FRF with the compensation applied.
Additionally, the frequency of blade strike during the test was bet@@&2riz and

344Hz in relation to the blade speeds respectively of 108narsl 200m 3.
However, these frequencieembelow the modal frequency of the dynamic system,
more than three times of the frequency bandwidth of the FRF of the sy&8km [

therefoe the measured cutting force represented the cutting force.

The analysis of the time of contact, the modal analysis and the compensation of the
force signal highlighted that the maximum peak of the force represented the actual
force, and the free vibratioobserved was due to the mass inertia of the system and
did not interact with the contact phase. However, in order to perform a complete
analysis and highlight the individual strikes, an accelerometric compensation was
made and this is presented in thatreection.
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4.2.42. Accelerometric compensation

An accelerometric compensatidsi/[ 92, 93, 94 was applied to the system, with the
specific aim of analysing the inertial effects on the blade contact and the free
vibration components of the foreeeasurements. In order to avoid the effect of the
free vibration, the acceleration force of the system was subtracted from the
compensated force, as shown in Equation (4.10).

oo mms Vil m e Ol G v+ <m®OF (4.10)

wheMé o6s the inertia mass, which represents
top of the dynamomete87], and6 asithe acceleration of the system.

During the contact, the system was excited by an impulse force with the correct
frequency in relation to the rotating blade speed. Figure 4.21 shows the free body

diagram of the system.

Feo mpensated

Plate |- --
J L X1

Dynamometer

_____ - Base Plate
X; | |

Figure 4.21 Free diagram of the dynamometer.

The plate responded with a displacement, calculated from the differential equation of
motion of thesystem, as shown in Equation (4.187][

N. Fois Chapter 4: Methodology Pagel06



I o FOe e Loe e Tl [ g * ¥ (4.11)

where6 Mié the plate mas®, Ci$the damping coefficien§y Ki$the stiffnesso 0 |,
w§ & are the displacement, velocity and

ando ¥ @d are the displ debaseplate. and velocity

Assumi ng Ctwbe itsernnegd i gi bl e in compari son
and where the terrd K A-X,)Xi& equal to the force measured from the dynamometer
(Fmeasured, the equation becomes:

120 FOe o ptvo g Dy V4 <m (4.12)

The solution of Equation (4.12) allowed the dynamically compensated force to be
determined after determining the acceleration components of the system.

The acceleration was not calculated using an instrument during the test, but was
calculated in an andigal way from the hypothesis that the system had a single
degree of freedom and that the force applied on the dynamometer plate was a
harmonic force with a frequency in relation to the blade tip sp82d9f3]. The

differential equation of the free boaas:
1o fo Lo g vp Qe (4.13)

whermnd @&s the frequency of the compensate
plate.

The force signal, as shown in Figure 4.14, is characterised by a contact period and
free-vibration periodput, as can be seen in Figure 4.15, the dynamometer measured
the contact force, then in the time between one strike and the next the system
vibrated, and the vibration reduced before the blade again strikes on the coating.
Therefore, in order to apply thaccelerometric compensation of the signal, the
acceleration component obtained in the free vibration condition was applied to
compensate the fregbration phase, and the acceleration component from the

external force was applied to compensate the foromatact phase9p]. The
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acceleration of the freeibration was the solution of the homogeneous equation of
Equation (4.13), while the acceleration force was the particular integral of Equation

(4.13). The displacement solutions are shown in Equations, @ 1%).

At i wone iff OH 1O T 1 O 3l (4.14)

I n Equat Xelbraiod4 .11s4 )t hee di spivabementXdofphakbe, f O
is the static displacement$2.910°'m) , 666 i s @GesdamPpR2dGOLpAct 6r

is the natural frequency of vibration £ 15217rad3)  a r(x$ the phase of the

displacement (= 0.04548raji

g »ag® JFc MO« w (4.15)

I n Equat Xgdd (id. tSh)e &i s pl ac e Hgdisthe static t he f or c
displacement (%= 1.32 10m) A6 6i s t he f r efg G08Mmradydatof f or ce
100m & bl ade tip gQpsetbed phasea of dhe displacement; =

0.00315455rad).

The acceleration components were calculdteth the second ot differential of
Equatiors (4.14, 4.15). Then the inertial force was obtained tltiplying the
inertial mass (M = 0.6@) by the acceleration components. UsiBguation ¢.10)
the dynamometer force was dynamically compensated. Fig2® shows the
compasated force aftethe dynamic compensation of the FRF and the acceleration

measurements, and the-compensated force measurements.
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Figure 4.23. Dynamically compensated and-oampensated force measurements.

The peak contact force after ttwmpensation was reduced by less than 9%;
however, this signal reduction did not prejudice the force measmteanalysis.
Therefore, a linear trend between the measured d¢ihedntact and the theoretical
contact (Figure 4.16) indicates that the bladiestwas correctly identified and the

free vibration period did not influence the contact period. In general, the components
of the measurement representing the blade contact did not change (within the
accuracy of the FRF and acceleration compensations .18dB [B6]) with
compensation applied, indicating that it was not required in this Cagall, the

signal force was analysed in order to validate the force measurement and verify if the
dynamometer measured the contact force without amplification dortibs.
Summarising the analysis, it showed that the contact time did not interact with the
free vibration phase, and the modal analysis showed a high frequency response of the
system. However, a compensation was made to the signal in order to obskeve if
signal changed and by how much. Additionally, an accelerometric compensation was
performed in order to remove the free vibration phase, and a single strike was
observed without the free vibration signal. Overall, the component of the force did
not chaige even after compensation of the force signal, and therefore the

compensation was not necessary.

The measurements recorded for the tangential force were similar in nature, and the
blade contact was clearly evident. In the tests performed, both normtreyohtial
components of the contact force were measured directly for each strike, and

uncompensated values were recorded in the investigation.
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4.2.5 Analysis of émperature data

The temperature of the coating was measured during the test using theeteyrom

The measurement was made at a single point on the surface of the abradable material
where the blade strikes, as shown in Figure 4.24. Using the software developed in
LabVIEW, the coating temperature was acquired at a known time. This was used to
syndironise the temperature measured with the blade length change and force
measurement, in order to know the trend of the parameter measurement during the

incursion phase.

Measureme
Location

Abradable
Coating

Pyrometer

Figure 4.24 Location of temperature measurement
4.2.6.Analysis of material response

The material response represented the response of tteidabe of the abradable
material as observed through the microstructure of the sampleder to achieve it,
a setion of the abradable sample was taken. The section was taken before

performing the test in order to highlight the material structure and then after the test
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for different incursion conditions, with the aim of characterising the material
response. The sangs were sectioned in areas where differences were observed, for
example, grooving or material transfer. The section was made in longitudinal and
transverse directions with respect to the direction of the blade strike on the coating.
The longitudinal seabin highlighted the material structure along the blade direction
for all rub surfaces, while a transversal section could highlight different material
responses, for example on a grooved surface. Figure 4.25 shows the longitudinal and
transverse sections \Wwitespect to the direction of the blade strike.

SectionB-B

Section A-A

b) A (A-A) ¢) (B-B)

Figure 4.25 Section of abradabimaterial:a) Coating;b) Longitudinal gction;c)

Transverse section

The sectioning was made using abrasiveccitf wheel s 0. 030 (0.
Al O3 for the abrasive material (Buehler Ltd., USA;4207010), using a precision
cutting machine (IsoM& 5000, Buehler Ltd., USA). The samples were inserted in

a mould and placed in a vacuum chamber (Vacuum Impregnation equipment I, No.
20-1382160 Buehlen_td., USA) for resin impregnation. As shown in the literature
review, the vacuum impregnation using epoxy resins (EpBthiEpoxy resin 20
3440032, Buehler Ltd., USA) and epoxy hardener (EpdthirEpoxy hardener 20
3442016, Buehler Ltd., USAjs the pocedure recommended for the preparation of
porous and friable coatings, such as thermally sprayed coaddg®]f The vacuum

impregnation removes air from pores, crevices and cracks, thus permitting the epoxy
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to enter them, and a perfect filling of tperous areas allows a correct retention of
the pore structure in order to clearly distinguish between the different features of the

coating b1, 57]. Figure 4.26 shows the vacuum impregnation equipment.

Pump
Vacuum Epoxy Resin
Chamber and
Hardener
Samples

Figure 4.26 Vacuum impregnation equipment.

After the vacuum impregnation, the samples were placed inside an oven for two

hours at 50 °C in order to solidify the resin.

The next phase was the grinding phase, which is airggrtant phased0i 55] of

the sample preparation sequence because it removes damage introduced by
sectioning, and also removes the initial depth of deformation from the cutting phase,
producing a flat surface. The surface of the sample to be prepared was abraded using
a gradedsequence of abrasive papers, starting with a coarse abrasive followed by
progressively graded finer ones. The damage on the sample produced by each
preparation step must be removed by the subsequent step. To minimise heat
generated damage and to maxingsmding paper life, water was used to lubricate

the process. The grinding phase was carried out using a grinding / polishing machine
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(Automet 250, Buehler Ltd., USA). The grinding steps and the grades of silicon

carbide abrasive paper used are shown bieT4.2.

Grinding Phase Steps
Step SiC Paper Lubricant Single Head Base Time
Grit Force Speed Speed [s]
[N] [rpm] [rpm]
1 120 Water 20 60 150 120
2 180 Water 20 60 150 120
3 240 Water 20 60 150 120
4 360 Water 20 60 150 120
5 600 Water 20 60 150 120
6 1200 Water 20 60 150 120

Table 4.2 Grinding phase steps.

The first step needed to be repeated until the sample surface was flat. Then, in the

next step, the grade of the abrasive paper was increased, as shown in Table 4.2, for 2

minutes, until thdast grinding step where a finer abrasive paper was used. The next

phase was the polishing phase, which was required in order to have a-Beeatch

surface with high reflectivity, so that the structure of the sample could be observed

using the microscopé&able 4.3 summarises the polishing steps.
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Polishing Phase Steps
Step Abrasive Cloth Single Head Base Time
Force Speed Speed [s]
[N] [rpm] [rpm]
1 6um diamond | MD DAC 20 60 150 360
2 1um diamond | MD DAC 20 60 150 260
3 OPS MD Chem 20 60 150 60

Table 4.3 Polishing steps.

In the first step othe polishing phasean abrasive cloth (MD DAC, Struers) made
with satin woven acetate was usad,conjunctionwith a diamond suspension of
6um (Struers Ltd.), for 6 minutes. After cleaning the sample cgjrfiae second step

was made using a 1um diamond suspension. Then the final step used a colloidal
silica suspension (OPS, Struers Ltah)arder to have a clean scrafitbe surface.

The samples were analysed using an optical microsétigen Eclipse LV1®) with

magnification ratios of x5 and x10.
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4.3.Chapter summary

1 The input parameters of the test, which reproduced the contact between the
rotating blade and the abradable material, were: blade tip speed, incursion
speed, and incursion depth. Additionally, a combination of these parameters
determined the theoreticallrdength that represented the total length of the
rub surface. Furthermore the superficial hardness of the coating represented

another input parameter.

1 The contact between the blade and the coating was recreated by controlling
the movement of the-khicroxope stage with a defined speed of incursion on
the blade.

1 The methodology of the wear mechanics analysis was divided into two parts:
analysis of the sample before and after the test, and analysis during the test
using astroboscopic imaging technique,rée measwement, temperature

measurement and material sectioning.

1 For analysis of the sample pdsst, the blade length and weight were
recorded before and after the téstorder to quantify the change in the
contact mechanics. Additionally, the chemicaimposition of the material

transfer was analysed with an EDXRF machine.

1 The wear mechanics were analysed using a stroboscopic imaging technique
capable of investigating the nature of the blade tip, and in particular the
adhesive transfer and blade wefanalysis of the image analysis provided the

blade length change during the test.

1 The analysis of the force signal obtained from the dynamometer and the
relative compensation applied to the signal highlighted the high frequency
response of the system, andee with application of compensation to the
signal no significant change was observed, therefore, the force measured

represented the contact force.
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1 Finally, the pyrometer measured the temperature of the coating during the
test, and then the material respenwas analysed using a section of the

sample postest.
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5. Wear Mechanisms

Input parameters

* Incursion rate
* Speed
* Hardness coating

=

Material
behaviour

' 4

) Y

Output

Wear Mechanism

Force

Temperature

Figure 5.1. Overviewf wear mechanism

As highlighted in the figurethe weartess broadly indicated the input conditions
that influencethe wear mechanism, and presumably result in differing forces and
temperaturesin this chapter the wear mechansmill be analysed, then in the
following chaptersthe wear mechanism will be analysed in relatiorthe force,
temperature anthaterial response.his chapter presents the results obtained during
the tests performed with a titanium {GAI-4V) rotating bhde and AIShBN
abradable materiah relation tothe input parametsr The analysis of the contact
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between blade and coating, as mentioned previously in Chapter 3 (Section 3.4.3) was
performed with four different hardnesses (soft, intermediate with ®vdnlesses,

and hard) of the coating in relation to the aengine specification, with different
incursion conditions (Chapter 4, Section 4.1.2). The wear mechanisms observed
were detailed with images of the blade tip and coating surface. Additionally, the
blades were analysed and the blade length and the weight change were measured
before and after the test in order to highlight the main changes and correlate them
with the wear mechanics. The main mechanisms observed were adhesive transfer
from the coatingo the blade, characterised by grooving ondbeadable material,

blade wear and relative blade transfer to the abradable surface, and cutting wear
indicated by good dislocation of the abradable sample. The experimental tests
showed different wear mechas between softer and harder coatings, especially at

low incursion rates, where the wear mechanism was found to be hardness dependent.

5.1. Wear mechanics

The wear mechanisms were detailed from the images of the blade and the coating
captured after theest, in relation to the incursion parameters and sample hardnesses
listed in Table 4.1 in Section 4.1.2.

5.1.1. Wear mechanics of sample with hardness R152.3

Figure 52 showsthe blade and thabradable sample at the end of the test performed
at a blade speed of 100rit,s an i ncursi on “raadabradabfe 0. 02¢em
coating hardness R15Y 72.3.

Adhesion and Discoloratiol Dark grey layer
a) W oo .

Figure 5.2. Sampleposttest for an incursio rate of 0.0@m pass at 100n s* blade speed
and abradble sample hardness R15Y 72.3: a) Blade; b) Coating.
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Figure 52 shows adhesive transfer to the blade tip, with-aoifiorm transfer and
different degrees of adhesion across the blade profile. The coating was characterised
by a groovd surface, with the hollow surface corresponding to the location of the
adhesive transfer on the blade tip, and the major peak of the grooved surface
corresponding to the location of thermal damage on the blade tip, highlighted by a
discoloration of the tanium (Figure 2a). Also, a dark grey layer was observed on

the top of the groove. Overall, the main wear mechanism observed was adhesive
transfer on the blade tip, but also blade wear corresponding to the location of the
thermal damage. Further investigpn of the composition of the adhesive transfer
and dark grey layer will be made in Section 5.3. FiguBshows the blade and
abradable material peste st at an i nc u'rvsth abradablessanple o f 2 ¢
hardness R15Y 72.3 and a blade speeD6n §'.

Figure 5.3. Sampleposttest for an incursion rate ofith pass at 100n s* blade speed and
abradble sample hardness R15Y 72.3: a) Blade; b) Coating.

The blade was observed to cut the abradable material well, with a smooth surface
(lightly grooved) that had a dull appearance in comparison to the surface observed at
the low incursion rate. There was no thermal damage on the blade, with minimal
blade wear. These results highlighted a different wear mechanism between low and
high incursion rate, where the mechanism started from adhesive transfer and ended
in cutting wear. The different mechanisms with respect to incursion rate were also
highlighted from the analysis of the blade and coating after the test, with a gradual
increase of the incumsn rate from low to high, for a blade speed 100hasd
coating hardness R15Y 72.3, as shown in Figute 5.
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Figure 54. Image of the blade and coating ptesit at 100mSblade speed with abradable
sample hardness R15Y 72. 3:apBade,b)iCoatti sgonOr @dtem 0.
pasS: c)Blade,d)Co at i ng; 0:e)Blade,HCoptmg0s0E m phagsBsade, h)
Coating; 0.2 m p-d)Blade, ) Coating; 1¢ m p-eksBtade, )Coating; 2 m pam s
Blade, n)Coating.
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As shown in the figure, a gradual change of the wear mechanism was observed with
increasing incursion rate. At a low incursion rate there was an adhesive transfer on
the blade tip and grooved surface (Figure%ba, b and b, c), and with a gradual
increase of the incursion rate, a clean cutting medu As shown in Figure %1, |, k,

[, m, n, a negligible adhesive transfer / blade wear or thermal damage was observed.
From observing th substrates postst, the transition of the mechanism was
observed to occur at an incursion rate of 0.06pum-bagsen a well-cut surface
began to be seen, withe corresponding test samples shown in Figutes, f. The
observation of the sample pdstt highlighted a significant influence of the
incursion rate on the wear mechanism, with a gradual transition of the wear
mechanism with an increasing incursion rate. In the next section, the influence of the

blade speed on the wear mechanism will be analysed.

5.1.2. Wear mechanics of sample with hardness R15Y 72.3 at

different blade speeds

The samples pogést with hardness R15Y 72.3 were observed at the same incursion
rate but different blade speeds, in ordeunderstand the influence of the speed on
the wear mechanism. FiguréoShows the blade and abradable samplestpstat a

| ow i ncur si on™ fordifferent(bl@de 8p2edsr(10p, 450,200 s

N. Fois Chapter 5: Wear Mechanisms Pagel2l



Figure 55. Image of the blade and coating pt=dt for abradable hardness R15Y 7&.an
incursion rate of 0.02m pasg and blade speed:dd- b) 100n s*; ¢c- d) 150n s*; e- f)
200m s*.

As shown in the figure, the dominant wear mechanism was adhesive rriantfe

blade tip, with different levels of adhesion across the blade profile, and thermal
damage on the blade tip and grooving on the surface. Observation of the blade tip
revealed a reduction of adhesive transfer and thermal damage with increasing blade
speed Additionally, an increase in speed led to a surface with less grooving on the
abradable (Figure 5.b, d, f). Figure 56 shows the blade and the abradable sample

(R15Y 72.3) at a hi ghhand differantbiadespeeds @@0e ( 2em p
150, 200m §&).
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Pitting / Fracture appearant

Figure 5.6. Image of the blade and coating ptestt for abradable hardness R15Y 72rsd
incursion rate oPum pasg, at blade speed: 100r:s) Blade,b) Coating 150m s™: ¢)
Blade, d) Coating200m §": e) Blade, f) Coating.

As shown inFigure 5.6, at a high incursion rate the dominant wear mechanism was
cutting of the abradable surface for all the different speeds. The blade was
characterised by minimal blade wear or negligible adhesawesfer, with no thermal
damage on the blade tip and a dull appearance of the rubbed abradable surface. At
increasing speeds, fracture of the coating was evident from the dull appearance of the
surface and pulbut of the abradable was observed from titkeng / cracking on the
surface, especially at the middle and high speeds (Figare, 3). The increase in

the speed did not highlight a significant change in the wear mechanics, but in general
a reduction of adhesion was observed at a low incursion rate with the increase of

speed, suggesting an increase of the efficiency of cut. Olisena the samples

N. Fois Chapter 5: Wear Mechanisms Pagel23



