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Abstract

Ceramic coatingBnd application in avariety of fields ranging frombiomedicalimplantsto
high temperature coatings for aerospace engir@sgall the coating techniques and
processes, plasma sprags proven to be one of the mosgérsatileand reliable For

instance plasmasprayed ceramic coatings ai@und throughoutmodernaerospacegas
turbinesengines Within the hottest sections of these turbines, ceramics are begintang
replace metallic superalloys in a variety of components. These ceramics fgoe un
difficulties when operating in such extreme environments and require protective coatings,
known as environmental barrier coatinfSBCs)Abradable EBCs are used to reduce
clearances between blades and casings, increasing the overall efficiency of the turbine,
however, research into thprocessing angerformance of such coatings is limitdd.this
context, theaim of this thesiswill be to gudy the processing and performance of plasma

sprayedabradableEBCgor use in the latest generation of gas turbine engines

Initially, a parametric study was undertaken to demonstrate how processing parameters
usinganatmospheric plasma spraying (APS) torch affect the phase composition,
microstructure andbasicmechanical properties dhe EBCEBCsvere deposited using
ytterbium disilicate(YlSpO; or YbDS) powder artisets of spray parameters, varying the
spray power from 12 to 24 kW. The phases present in these coatings were quantified using
x-ray diffraction with Rietveld refinement, and the level of porosity was meskudsing

this data, the relationship between processing parameters and phase composition and
microstructure was examined. Using the optimum process parameter window determined
in this work, abradabl&BCsvere deposited using polyestéPE¥eedstock additions as a

pore forming phase. Two differefElevels were addednd compared to the coating
containing no PEThis createcibradable EBCs withree distinct porosity levelsihe
mechanical performance amésistance to corrosion by species and enviremts found in

gas turbine hot sectionwas analysed in the subsequent studies.

Research into the mechanical performanceatiradable EBGs limited. The aim of this
subsequentvork was to better understand the relationship between microstructure and
erosion and wear performance in abradable EBCsabhedableEBCsvere characterised in

numerous ways; the porosity was quantified, the thermal conductivity was measured, the
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superficial hardness and erosion resistance were measured, and finally, the coatings were
subjected to a rig test designed to simulatesirvice cutting mechanisms againstesamic
tipped turbine blade. Tis showedthat increasing the level of porosity via increasing the
amount of pore forming phase in the feedstock, led to reduced erosion resistance and

improved cutting by a turbine blade.

Finally, the performance of the abradable EBfsen exposed to corrosive envimments
typically found within the hot section of gas turbinegas investigatedThefirst part of this
of this study was to better understand hqeorousabradableEBCgerform when exposed
to molten calcium magnesium alumirsilicates (CMAS), one of the key challenges facing
current EBC desigand how this exposure affects the mechanical properties of the
abradable coatingsTheabradable EBGsere exposed to CMAS at high termatures for 0.5
hr, 4 hrs and 100 hr§.his showedhat increasing the overall level of porosity had minimal
impact on the degree of CMAS infiltration am&chanism of corrosigrand CMA®ading,
and exposure timéad the largest impact on the penetration deptReaction with the
CMAS occurred by a dissolutiprecipitation mechanism, with a reprecipitated ytterbium
disilicate phase and Yépatite (CaYhk(SiQ)sO,) crystals noted as the only reaction
products. After 100 hrs CMAS exposure, the erosiontaasie of the coatings was
investigated. For all the coatings, ductile failure was the main erosion mechanism. The
change in phase composition and microstructure after CMAS exposure led to an increase in

erosion resistance for all the coatings.

Thesecond part ofhis study was to better understand how abradable coatings perform
when exposed teteam,and combined steam and CM#&Stry and replicate, on a
laboratory scale, the extreme environments experienced by EBCs in s@eeoatings
were exposed teteamand combined steam and CMAEL1350 °Gor 100 hrs. The results
show that increasing the overall level of porosity had minimal impact on the degree of
steam orCMAS iteraction. Exposure to steam caused the formation of a thin ytterbium
monosilicate YSiQ or YbMS) reaction layeAfter the combined exposuréhe CMAS
infiltration depth was higher than that observed in standalone CMAS expoAise, an
increased amount of ¥apatite formation was observed within witiibMS reaction layer,

and an ytterbium aluminium garne¥§sAlsOr2 or YbAG) phase was also observed.
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Importantly, neithedong term exposure teteamnor CMAS corrosioat high temperature

led to falure of the abradable EBC.

The work presented in this thesis provides the foundations for further work into abradable
EBCshoth in terms of processing and performanees the potential efficiencgains that

can be realised by their implementation within gas turbines are signifiedst, this work
drives towards more realistic testing of EB&tempting to replicate theextreme

environment anccorrosivespecies they will encounter in gas turbine hot sections more

closely.

22



List of publications presented in this thesis

A. Lynam, A. Rincon Romero, F. Xu, G.J. Brewster, G. Pattinson, T. Hussain, Atmospheric
plasma spraying of ytterbium disilicate for abradable and environmental barrier coatings: A
story of processingnicrostructure relationships, Ceramics International|lWioe 49, Issue

13, 2023, Pages 22232243 ,https://doi.org/10.1016/j.ceramint.2023.04.053

A. Lynam, A. Rincon Romero, F. Xu, A. Baillieu, M. Marshall, G.J. Brewster, G. Pattinson, T.
Hussain, An investigation into the erosion and wear mechanisms observed in abradable
ytterbium disilicate environmental barrier coatings, Journal of the Europeaandc

Society, Volume 44, Issue 12, 2024, Pages-7324,
https://doi.org/10.1016/j.jeurceramsoc.2024.05.008

A.Lynam A.Rincon Romerd. Zhang S.LokachariF.Xu,G.Pattinson,G.JBrewster andr .
Hussain, Abradabigterbium disilicateenvironmentalbarrier coatings: Astory of CMASand

combinedCMASerosionperformance Manuscript submitted for publication.

A.Lynam A.Rincon Romerd. Zhang E.B. Owusu;. Xu,G. Pattinson,G.JBrewster andr.
HussainAbradable ytterbium disilicate environmental barrier coatings: A study of steam,

CMAS and combined stea@MAS corrosiarManuscript submitted for publication.

List of publications related to this thesis

A.Lynam A.Rincon RomerdR.G. Wellman and. HussainThermal Spraying of Ultidigh
Temperature Ceramics: A Review on Processing Routes and Perforamcel of
Thermal Spray Technology, VoluBiE Issue 42022, Pageg45¢779,
https://doi.org/10.1007/s11666022-01381-5

23


https://doi.org/10.1016/j.ceramint.2023.04.053
https://doi.org/10.1016/j.jeurceramsoc.2024.05.008
https://doi.org/10.1007/s11666-022-01381-5

Chapter 1: Introduction

1.1. Gas Turbines

For decades, gas turbines have been ubiquitous within aerospaoering the vast
majority of aircraft flying todayTheir development has significantly shaped the evolution of
modern aviation, enabling faster, more efficient air travgistorengine aircraft dominated
aviation from its beginnings with the Wright brothers' flight in 1903umgil the end of
World War 1] however, they had limitations in terms of speed, altitude performance, and
efficiency. As a result, gas turbine engigeadually replaced them, allowing for the
development of faster, highditying, and more powerful aircrafAlthough specific designs
Oly @FNESX GKS dzy RSNI @Ay 3 LINRA Yy GluckJisopeegbang i KS A NJ
andblovte ® LYAGAFEf&8Z AN SYGdSNA GKS GdzZNDAYS | yR
to a high pressureatomised fuel is then injected into the compressed amd the mixture is
subsequently ignited in the combustion chamber. Combustion produces a high
temperature, high pessure gas, which, as it expands, driveshigdpressureturbine (HPT,)
in turn driving the compressoFinally, the remaining energy in the hot gas stream is used to
drive another turbinecompressor set (lovpressure turbine or LPand thenit is expanded
and accelerated through the nozzaMhichprovidesthrust. The highest temperatures within
the gas turbine are found in the hot section, which comprises the combustotrendPT
vanes, blades and shroudehe temperature between the combustor and th@His known
as the turbineentry temperature TEJ) andis ameasureof how hot the exhaust gases are as
they leave the combustion chamber and enter the turbilremodern gas turbine and any
increase iNTETdirectly correlates to an increase in thigermal efficiency of the gas turbine.
Given this, the materials required for hot section components need to be able to operate in
an extreme environment. Historically, and even in the majority of gas turbine engines found
on-wing today, nickel (Ni) based supéogis have proven to be up to the task. Even as the
TEThas exceeded the melting point of thesaperlloys the use of low thermal
conductivity ceramic coatings applied to the surfakeown as a thermal barrier coating
(TBC)has maintained safe operating conditions for the metallic superalloy compofignts
A schematiof a gas turbine with some TBC coated hot section components is shown in
Figurel. But as furthetthermal efficiency gains are sought, and more feéicient aircraft
are designedthe TETin the latest generatiomgasturbines can baip to 1500 °C, beyond the
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capability of even these superalloy based syst¢hsThus, even more sophisticated

material solutions are required

HOT SECTION PARTS
Combustor HPT Vane HPT Blade

—

TBC
Applied

Figurel. A schematic of a gas turbine engine an@mples of some coated hot section

components and their location within the turbifgj.

One such solution is the use of ceramic matrix composites (CMCs), specifically silicon
carbide (SiC) CMCs. SiC CMCs are made upfitifr€&sGurrounded by a SiC matrix and

exhibit excellent highemperature properties and have a higher strengthweight ratio

relative to the Nibased superalloyd, 2, 4] Despite apparent suitability for the next

generation of hot section components, SiC CMCs are not without drawbacks. The most
pressing of which is their susceptibility to oxidati@tession in water vapour containing
environments, which is a groduct ofthe combustion process. In dry air, SiC will oxidise
forming a protective silica scale, preventing further oxidation. In the presence of water
vapour, this protective scale will react, forming a gaseous product, exposing the SiC beneath

to oxidation andeading to rapid recession of the materj&a]. Hot section components are
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also vulnerable to corrosion by molten ash and sand, ingested into the turswith the
Ni-based superalloys, ceramic coatings have been developed to protect the CMCs and
ensure ther safe operationThese coatings are known as environmental barrier coatings
(EBCs)and due to its similar coefficient of thermal expansion (CTE) relative to SiC and phase
stability at hightemperature, ytterbium disilicate (¥8O; or YbDS) isne ofthe most

promising EBC materg&4, 5], these requirements are outlined Figure2. In fact,

manufacturers are already producing gas turbine engines containing SiC CMC components
protected with EBCg3he General Electric GE9X contains CMC HPT shroud and nozzles as
well as combustor linings, while the CFM Internation LEAP contains CMC turbine gBrouds

7]. Nevertheless, in 201an EBC failure on a CMC shroud in the LEAP engine led to overhaul
of8inda SNIWAOS Sy3aAySa IyR F LRGSyaGaansy Ozaid 27

demonstrating the need for robust research and development of the CMC/EBC system.
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Figure2. A schematic showing the main requirements required of af@gBC
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1.2. Thermal spray

While many of the materials properties are determined by Ik, the surface also plays

an important role in determining the use and lifespan of the material. Surface engineering
allows modification of the mechanical, chemical, electronic, corrosion resistant and wear
resistant properties of a materials surfaceseming the material is robust for the
environment in which it will be used. Surface engineering processes include mechanical
(shot blasting, peening), surface transformation (heat treatment), surface composition
changes (thermochemical processes such ag&limig) and coating (where a new material is

deposited on top of the substrat¢}0].

Thermal spraying is one form of surface engineering in which coatings are deposited on to a
substrate. In the most basic terms, thermal spraying uses a gun to melt the coating material
or feedstock and accelerate it towards the componewere the molten particles impact,
solidify and a coating is built up. Thermal spraying techniques can be categorised into four
main subgroups. These are plasma spraying, flame spraying (including high veloeityebxy

or HVOF-detonation and warm spraying), wire arc aping and cold sprayirf@1]. Plasma

and wire arc spraying use electrical means to heat the feedstock material to a molten or
semimolten state, whereas flame spraying uses a chemical method. The molter/semi
molten feedstock particles are then accelerated towards the substrate irsjdeor flame.

Upon impact with the substrate the particles deform to create a splat which adheres to the
surface of the substrate. As the spraying process continues, these splats solidify and build up
layer by layer to form the coatind1]. While the cold spray process is classed as a thermal
spray technique, it is a sol&gtate process that relies on high kinetic energy. In cold spraying
the feedstock is accelerated in a compressed gas stream, causing plastic deformation and
bonding uponinpact with the substrate. The process takes place at temperatures below

that of the melting point of the feedstock as opposed to the other thermal spray processes
where a heat source is used to melt the feedstfic. Figure3 shows the particle

temperatures and velocities associated with various thermal spraying techniques. Various
feedstock materials can be employed in the thermal spray process including ceramics,
metals and metal alloys, polymers and composites. These feekistan also take various

forms including powder, wire, liquid and suspension.
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Figure3. Comparison of various thermal spray processes in terms of particle temperature

and velocity{12].

Compared to other surface coating techniquesiely employed iraerospace applications
such as physical vapour deposition (PVD) and chemical vapour deposition (CVD) thermal
spray processes are typically able to deposit thicker coatings (thermal spray coatings can be
of the millimetre order) at quicker deposition rates and are significantly che§pe}

However, this does not mean thermal spraying processes are without drawbacks, the
magnitude of which is largely determined by the thermal spray process being employed.
Due to the high temperatures of the feedstock material during the spraying process, it
interact with the surrounding atmosphere-ftight, forming oxideswhich will inevitably be
present in the microstructure of the coating. The presence of oxide impurities within a
coating can be controlled by spraying in a controlled atmosphere @rura; however, this
adds significant cost to the procelds3]. Porosity is inherent in virtually all thermal spray
coatings and, depending on the application requirement of the coating can be beneficial or
detrimental. Pores within the coating can be formed by one or a combination of the
following mechanisms: soliitation shrinkage, gas entrapment and/or the presence of
unmolten particles within the coatinfd.4]. Residual stresses within the coating can lead to
defects such as cracking or delamination. As the coating is deposited, thermal cycling,

thermal shock effects, and solidification shrinkage create residual stresses between the
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coating and substrate. As the coating process continues and further layers are deposited,
these residual stresses are superimposed until the bond strength or cohesive strength is

potentially exceededl1].

Arguably the most versatile thermal spray process is atmospheric plasma spraying (APS).
APS uses a radio frequency or, more commonly, direct currenbateseen a pair of
electrodesto ionise process gasggeating a plasma jet. As these unstable plasma ions
reform into their gaseous states, a large amount of thermal energy is released, creating
extremely high temperatures, up to 14,000 K, within the plasma jet. Process gases typically
used in APS are arg¢ar), hydrogen(H), nitrogen(Nz), helium(He)or a combination

thereof. Feedstock particles are injected into the gas stream, where particle velocities can
be between 20 and 500 mm/s depending on the size of the paftdle The extreme
temperatures associated with APS mean a wide variety of feedstock materials, including
refractory ceramics, can be readily melted. The relatively high particle velocity and high jet
temperatures mean APS can produce coatings with low levgderosity, high densities and
good bond strengths relatively cheaph]. It is thanks to this versatility that APS coatings
are employed throughout gasrbines and are widely used to deposit the range of ceramic

coatings used to protect hot section componefi$].

1.3.Abradable coatings

Aircraft gas turbines are exposed to extreme temperatures, high pressures, and corrosive
environments hence a variety of coatings are used throughthg turbine. TBCs and EBCs
are used to protect components from the extreme environments found in the hottest
sections of the turbinegorrosion, oxidation and wear resistant coatings are also employed
in various forms throughout the turbin€oatings are also uséar clearance contrglthese

are known as abradable coatingsbradable coatings are a type tfermal spray coating

that are employed on engine casing walls and allow clearances between rotating
components such as fins and blades to be minimised, leading to an increase in efficiency and
a reduction in fuel consumptiofi6]. By reducing the clearances between rotating
components, efficiency gains within gas turbines can be realiaddct, in a HPT, reducing
the blade tip clearance by 25 poould lead to a 0.1 Yeductionin specific fuel

consumption and 4 °C reduction in exhaust gas temperat{t&]. Furthermore, when

using an abradable seabatingin the HPTpower and efficiencgains of over 3 %or the
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HPT stagean be achieved when compared to a design witheudh coatingsindthe

inherent larger blade tiglearancg18].

Abradablecoatings are designed in such a way that when the rotating component strikes
them, they will easily wear away rather than damaging the blade, thus creatiagla
between the two.ldeally, abradable coatings wiWhen cut, produce brittle fracture failure,
leaving behind a smooth, uniform wear track and without any damage to the pl&je

Any undesirable failure mechanisms in the abradable coating or wear to the blade could
lead tooversizingdn increase in the blade tip clearanoe even catastrophic failure of the
system[19]. Good cuttings achieved by creating a porous coating (usually through the
addition of a fugitive polymer), sometimes with the addition of dislocators and/or solid
lubricants such aBexagonaboron nitride (hBN), graphite or bentonité& wide range of
metallic and ceramic materials are used for abradable coatings, usually selected based on
their temperature capabilityFigure4 demonstrates the range of operating temperatures

appropriate for each abradable coating and blade material.
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. Ceramics

Abradable materials Blade materials

w
W
o

N

al
o

Blade Materials
0. Fiber-reinforced polymer

500 v b. Titanium o
Compressor b ¢. Steel
d. Superalloys

e. Directionaily solidified blades
w E f. Single crystal blades
0 g. Oxide dispersion-

Technology level strengthened superalioys

Operating Temperature, °C

Tipped blade - coating blade tip with abrasive coatings

Figured. The relationship betweeoperating temperature and abradable coating/blade

material technology levgL5].

In the fan and compressor stageduminiumsilicon Al-Sj) based alloys are widely usefis

the temperature increases in tHatter regions of the compressdti-based alloysnd

30



MCTrAIlY which has base metal (M) of Ni or Cobalt (Co) combined with chromium (Cr),
aluminum (Al), and Yttrium (é)je preferred.Ceramics are useskclusively in the hot
section, with yttria stabilised zirconia (Y 8a) magnesa alumima spinelthe most common
materials.However, as thdETincreases and theperating temperature of the abradable
coating increases, attention has turned to YbDS based abradable co@umg$o the
inherent hardness of ceramic abradable coatingader than conventional turbie blade
materials, abrasive coatings must be applied to the blggleto prevent blade wear and
promote good cutting of the abradabl®ue to itshigh hardness and thermal stability cubic

boron nitride (cBN) is theurrent bladetip material of choice.

1.4. Thesis Structure

This thesis is submitted inTnesis by Publication formathereby:

1 Chapter lintroducesthe context behind the thesis, withn overview of gas turbines,
thermal spraying andbradable coatings

1 Chapter Zorovides arextensive literature review of the areas of research contained
within this thesisFirst, areview of thetestingof abradable coatings, primarily
ceramic coatingsn gas turbines is presente8econdly, the current state of EBC
research is critically interrogatethcluding materialssteam corrosion, CMAS
corrosion and mechanical and tribological properties. This section ends with a
summary of the current landscape and gaps in the literatureegiverand finallythe
aims and objedves of the thesis are also presented.

1 Chapter Jrovides detail on the experimental methods used throughout this thesis,
details of which were notaptured in the published work.

1 Chapterdis an experimental study whereby a variety of APy parameters are
used to produce YbDS coatin@eanning electron microscop$EN), x-ray
diffraction XRD and porosty analysis are used to characterise the coatings. Using
the optimised spray parameterabradableYbDSoatings with three porosity levels
are produced by addition of PE pore former to the feedstddlese abradable EBCs
where then further characterised again using SEM, XRD and porosity analysis.

1 Chapters examineghe erosion and wear performance of the abradalgleDS

coatings produced in the previous chapt&he wear of the coatings was tested
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using a specially designed rig at the University of Sheffighich allows for

replication of inservice blade incursion conditions.

Chapter6 studies the interaction betweethe abradable YbDS coatings and molten
CMASTNhe effects of porosity level on the infiltration of CMAS ardosure time

were investigatedThe microstructural and compositional changes were
characterised.Finally, the erosion resistance of the abradable coatings after CMAS
exposure wasested and compared to their asprayed counterparts.

Chapter7 assess the performance tife abradable YbDS coatings when exposed to
high temperature water vapouiThe effects of porosity level on tle®rrosion
resistance were investigatednd the microstructural and compositional changes
were characterisedAdditionally, subsequent tests were carried out whereby the
coatings were subjected to both molten CMAS and high temperature water vapour
simultaneously. Again, the effects of porosity level on the corrosion resistance were
investigated and the microstaiural and compositional changes were characterised.
Chapter8 summarises the published experimental workstlines the conclusions

and its contribution to the scientific fieldt also provides suggestions for future work

within the field that could advancepon the foundations laid within this thesis.

32



Chapter 2: Literature review

Thischapter presents a critical appraisal of the current statehe-art, preceding the
experimental work conducted in this thesiaitially, a review of ceramic abradable coatings,
their propertiesandperformanceare presented however much of this literature is focussed
on abradable TBQsninimal public domain work has thus far been undertaken concerning
abradable EBCsJphis is followed by a short history of EBC developmarterms of
materialselectionandthe deposition of EBC#élext, a detailed review of the performance of
EBCs isffered, includinghe main corrosion mechanisms faced by EB&eiice, namely
steam and CMAS corrosioas well as mechanical and tribological performarieeally, a

summary of the gaps in literature regarding abradable EBCs is outlined.

2.1.Abradable ceramic coatings

While much of the published research into abradable coatings has focusattallic or
metallic/ceramic composite coatinggese are not appropriate for use at the extreme
temperatures found in the hot section of a gas turbihethe lowest temperature sections
of the turbine, the fan and lovpressure compressor staged;Sicontaining a pore former
such agolyester(PB or solid lubricanti{BN or graphitehave been widely research¢20-
32] as well as Nbased coatings containing graph[#4, 3336]. As temperatures increase in
the highpressure compresspMCrAlYbased coatings are employedgain containin@E,
hBN or bentonitg37-42]. Finally, in theéhottest section of the gas turbine,here
temperatures are above 750 °C, ceramic abradabbgings are requiredsuch coatings
gSNBE 0SAy3 Ay@Said A Id ShHs habaen BrgeNdasedlodTBA K S
materials, designed to protect Miased superalloy componentsypically,TBCs are made

from zirconia (Z40,) stabilised with a rare earth oxide, usually yttriad®y to form yttria

stabilised zirconia (YS&Apwever other rare earth oxides have also been employed, such as

dysprosiaDy:0s) and ytterbia (Y#0s), forming dysprosia stabilisedrconia (DySZ) and
ytterbia stabilised zirconia (YbSZ) respectivéb/with metallic abradable coatings,
additions of PE and/or hBN are typically made to abradable [FB&EgH. Another abradable
TBC material that has been explored is magnesia alumina spinel, due to its higher

temperature capabilities relative t§S455-57]. However, as th&ETincreases further and

the demand for SiC CM@sgas turbine hot sections increases, new abradable materials will
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need to be developedresearchers have started to explore abradable EBCading
barium strontium aluminesilicate(BaOSrOALC:-SiQ or BSASB8] and YbD$9-62],
again typically with additions &E or hBN to the feedstod®n top of thispatents are also
starting tomaterialise indicating gas turbine manufacturesse investing significant effort
into the research ofbradableEBCs outside of the public dom§@3, 64]

2.1.1.Measurement of abradability

Given the complexity of the blaebradable rub interactiomumerous test methodologies
have been developedtquantify the abradability of theoating materialsThe simplest of
these is surface hardness testing. This is done usinRdo&well superficial scale, whereby
asmall load (typically 15, 30 or 45 kgf) is applied tiamond (N) or ball (Y) indent&etter
abradability has typically been linked with lower hardnfs 65] Thenext technique in
terms of complexityis erosion testing specificallthe GE ES0TF121CL erosion {ét 66]

In this test the abradable coating is held at 28xid at a distance of 100 mm relativeda
air-jet. 600 g of alumina are then fed through the-gt, eroding the surface of the
abradable coatingThe maximum depth of the erosion pitngeasuredand the erosion rate
can be calculatd, this is defined as the time taken for 25.4 um of the coating to be eroded
is described by the unit s/mé@nd is known as the GE erosion numiWhile the abradable
coatings must beesistant to damage by foreign bodigsnust alsowear easily against the
blade, not causing any damage. Given this, a rangebdb &/mil) is considereguitablefor

abradable coatingfL6, 55]

Finally, the wear of abradable coatings can be quantifi®dg, using either pton-disk
tribometers or specially designed abradable test rifyhile tribometers aravidely used to
guantify thewear and friction of two surfaces in contact, even going aa$éo represent

harsh environmental conditionsuch as high temperature and the presence of corrosive
species, when testing abradakbdéade rub interactions they are somewhat limitélhis is

due to the extreme speeds at which the blade is moving, tiwatribometer couldreplicate.
Because of this, specific test rigs have been designed, more closely representing the in
service conditions the abradable coating and blade tip would face. such rig has been
designed by Oerlikon Metco. The rig features a high velocity flame which can heat ceramic
abradable coatings to 1200 °C, can accommodate real or dummy turbine blades rotating on

a spindle that can achieve tip velocities of up to 508,m stepper motor moves the
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abradable coating towards the rotating blade at an incursion rate of up to 2000 pm/s,
somewhat replicating the conditions hot section abradable coatings will be expo$éd,to
68], the rig itself is shown iRigure5. A similarrig has been designed at the University of
Sheffield, this rig operates in much the same manbat without heating,and is equipped
with two stroboscopic imaging systerafiowingimages of the blade, both froran and
side-on, to be capturedafter each rotation if the spindlellowingthe change in blade profile

to be monitored duringhe test[27, 29, 30]

high velocity flame genarator Blade tip velocity: 1 to 500 m/s

4
cutting blade or knife (3 to 1640 ft/s)
Incursion rate: 2 to 2000 pm/s

(7.87 E-05 to 0.787 in/s)

high velocity gas stream
empty blade slot Shroud temp.: 25 to 1200 °C

(77 °F to 2192 °F))

flame guide

balancing blade
or knife
(does not cut)

abradable specimen

thermocouple

cooling plate

PLC stepper motor

dynamemeter

incursion depth sensor

Figure5. Schematic diagram of the Oerlikon Metco abradable teq6iig 68]

2.12. Abradableceramiccoatingproperties

The properties that are required for abradable ceramic coatfogsise in the hot section
can prove complewhen it comes to theimanufacture. Firstly, themust exhibitgood
bondingand adhesion to the sugrate, even under thermal cycliraf extreme
temperaturesand offer suitableéhermal/environmentalprotection to the substrateOn top
of this, the coating must be able to withstaretosion by any particlethat are ingested by
the turbine but at the same timé& must be able to be cut efficiently by the turbine blade.
To understandchow coatings can be cut effectively it is important to understand the

mechanisms at play.
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The wear mechanisms observed in abradable coatings (from analysis of parts that had been
in service) was first described by Borel e{80]. Three main mechanisms were identified:
cutting, adhesion and deformation. Cutting is similar to a turning process, where the blade
tip acts as the cutting tool, and material is removed in a brittle manner, even in ductile
material, and is the most effient mechanisnj19]. Adhesion and deformation were noted

as being undesirable mechanisms. Adhesion involves the transfer of the abradable material
to the blade or vice versa and is associated with overheating of the system and the creation
of an undesirable hard transfer ley Deformation can refer to either the plastic flow of the
abradable material on the surface or a compaction/densification of the porosity in the radial
direction. Compaction is particularly detrimental as the densification of the abradable

means it is Iss likely to give way during future blade impgdt8, 23]

For abradable ceramic coatingle ideal cutting mechanism has been described by Sporer,
et al.[47]and is showrnn Figure6. As the blade impacts the coatinglasticenergy is
transferred to the coatingurfaceparticles and they are pushed away from the blade
incursion particlesi and ii inFigure6), the stored elastic energy from this interaction then
pushes the particles back towards the surface (particles iii andhgje, if the elastic

energy is high enough to overcome the bond strength between particles wihinoating,

it will be released as debris (particle.vi)
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Figure6. Schematic showing the ideal cutting mechanism of an abradable ceramic coating

(blue), containing a fugitive pore forming phase (green) and a dislocator phas@(#e@P]

To improve the cutting of the abradable ceramic coating, it follows that the energy required
for particle detachment must be reducethis can be achieved through control of the

coating microstructurevia the feedstocknaterialand the parameters used during
deposition.It is generally understood that increased levels of porogiad to improved

cutting of the abradable coatind6, 65] To achieve thigugitive phases, typically PE which

is burnt out during subsequent heat treatmeletaving large pores behindre added to the
feedstocks of abradable TB[dg-47, 49, 51and EBCES8-60, 62] In fact, TejerdMartin, et
al.[59] found that including-1.5 wt.%PE to the feedstock @ YbDS EBC increased the
porosity from 2.4 % to 21.3 %hen the coatings were deposited using the same plasma
spray torch Similarly Guo, et al[58] added4 and 8 wt.% PE to a BSAS abradable EBC and
found the porosity increased fro®.0, 11.9 and 29.3 for BSAS, BSAS + 4 wt.% PE and BSAS +

8 wt.% PEcoatings respectivel\Aswell as increasg porosity the addition of the PE was
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also found to reduce the superficial hardness of the abradable (ke PE was
increasedthe hardness was reduced fro89.0 HR45Yp 69.0 HR45¥nd57.7HR45Y
Additionally,dislocator/solid lubricant phases have also been added to the feedstb&kté
[44, 46, 53, 61 ]lanthanum phosphateL@PQ) [50, 54]and even MAX phasgspecifically
TBAIG [70] and TeSIG [54], have all been added to abradable TBCs/EB@#er the wear
performance of the coating$Specifically, hBN additisnwere found to reduce the
superficial hardness of abradable YbDS E&JsAn addition of 15 wt.% hBN was found to
reducethe hardness ofhe abradable EBC from 83.5 HR45Y to 68.0 HR45Y

The other way by whichbradable coating microstructu@nd propertiescan be controlled

is through the careful selection of spray parameters used irddmosition process.
Abradable ceramic coatings are universally deposited usingak®@Zontrol of the ionising
arc current, process gases aneithrespectivelow rates the standoff distance (distance
from torch exitto substrate) and a host of other parameters is imperative when considering
optimisedabradable coating microstructureand as such press parametes have been
explored by many researcheiBy altering the arc current betwee380, 450 and 625 #
create low, medium and high power deposition conditio8porer, et al[46] found that the
properties of abradable Y$duld be drastically altered\s the spray power was increased,
the particle velocity and temperatures that were measuredlight also increased.
Subsequently, the porosity measured in the deposited coatings was found to have an
inverse relationship with the spray powelecreasing as the spray power increas€de
erosion resistancéGE erosion numbenf the coatings was also found ifacrease as the
spray power increasedyith the erosion resistance of the abradable coatings being a good

indicatorof their abradability.

This is in agreement witbubsequent work, whereby the effect of arc current, Ar and H

flow rate and stanebff distance weresystematically changed between high and low values
when depositing abradable YSZ coatifdfy. Increasing the arc current was found to
decrease the number and size of the pgresducing the stanaff distance and increasing

the Ar flow rate was also found to decrease the number and size of the pgeeshicing the

arc current, H2 flow and increasing the stamifl distance werdound to reduce the erosion
resistance of the YSZ abradable coatings. Interestingly, changing the spray parameters did

not illicit any changes in the superficial hardn@df15Y) of the abradable coatings.
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similar study has also been conducted on abradable magnesia alumina Bp@§H5]. In

this study, arc current, Ar flow rate, staindf distanceand feedstock powder feed rate were
changed between low medium and high levels anflight particlecharacteristicsanda
variety of coating properties were recorde@enerallyhardness and porosity of the
abradable coatings showed an inverse cornelatand were primarily impacted byr flow
rate and arc currentwhereby increases to either would result in decreased porosity and

increased hardness

More recently, similar studies havegunto emerge regarding abradable EBXs, et al.

[62] considered the effect of arc current on PE conitanYbDS coating$hree abradable
EBCs were deposited usiage currents o800, 400 and 500 Athe subsequent coatings had
porosity35.5 %, 28.4 % and 23.3réspectively and the microstructures are shown in
Figure7. While hardness ranged froifv.9 HR15Y for the coating deposited80 A to

82.5 HR15Y for the abradable coating deposited at 500 A.

300A

400A

500A

P 1y
< ‘5
';; RN -

- 4
e
&

Figure7. Microstructures of abradable YbDS EBCs, deposited using three different arc
current parametersWhere ac) shows lowmagnification and €f) highrmagnification
surface morphologieg-i) low-magnification and-l) high-magnification crossection

morphologied62].
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2.1.3. Abradableceramiccoatingweartesting

Beyond measuring the hardness and erosion resistance of abradable ceramic coatings, the
most effective way t@uantify the abradability is through tribological testing, usaither
pin-on-disktribometers or specially designed abradable test rigach of the contemporary
testing ofceramicabradable coatings has been conducted u$in§ NI A | 2 yibraaldblé 02 Q a
test rig[67]. In some of the first testing using this rig, a variety of TBC materials were
analysed44]. A commercially available abradable YSZ was compamavie DySZ and
YbSZoatings All the coatings contained 5 wt.% PE addition were produced using APS and
subjected to a variety of tests to characterise their abradable performance. The YSZ, DySZ
and YbSZ abradable coatings were found to have porosity levels of 26.6, 29.3 and.2§.6 vol
respectively, superficial hardness values of 92, 89 and 85 HRddp¢ctively and GE

erosion numbers of 0.89, 2.17 and 1.33 s/mekpectivelyThe coatings were tésd on the
abradable test rigat a temperature of 1100 °@cursion rates of 5 and 500 pm/andblade

tip speeds of 250 and 410 m/an intermediate condition d0 pm/s incursion rate and 350
m/s blade tip speed was also testethe abradable coatings were tested againsbnel 718
blades with a cBN abrasive tignder all the conditionghe YSZ abradabtmatingshowed

slight blade wearwhile the DySZ and YbSZ abradable coatings showed a combination of
bladewear and material transfer from the abradable coating to the blade. Nevertheless, the
authors concluded that all the coatinggere comparable and could be easily cut by ¢iN
tipped bladesGood cutting obther abradableceramicTBC materials against cBN tipped
blades has also subsequently been reported in further studies using the alanagable test

rig [47, 48] in fact it has been shown the efficient cutting abradable TBC materials by

cBN tipped blade is largely dependent on the overall porosity level cilhedable coating

[47]. Sporer, et al[47] examined the YSZ abradable coatings with porosity levels @113,

and 27 % under the same conditions as described previddslyardless of the test

conditions, the 13 % porosity coating showed se\wegle wear and material transfento

the abradable coatingWhile the two more porous coatings cut well under all conditions.

Whilethe cutting of ceramic abradable coatinggh cBN tipped blades can be efficient, the
use of thesdipped blades presents two problem@7] The first of these iBmited oxidation
resistance of cBN above 900 °C, meaning that while the blades may cut effectively during

initial startup rubs, over time their performance will redusdnen used in the HPT.
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Secondly, thaise of tipped bladeandtime and costsn the production process, so the use
of untipped metallic blades would bereferred To examine this, aubsequent study was
conducted on the same rig, using the satest parameters and similar coatings, this time
examining the cutting of abradable coatings bytipped Inconel 71&lades[45, 46] YSZ
and DySZ abradable coatinggh porosity levels o24 and 30 %respectivelywere tested
along with another YSZ abradable coatitigs time containing 436 porosity Against the
un-tipped blade, the24 % porosity YSZ coating did not prosdéable abradabilityunder

all the tested conditions severeoating rupture blade wear and transfer of the blade
material to the abradable coatingexe observed However, when the porosity was
increased ta13 %, the coating was found to cut well under all conditj@tisof the worn
surfaces of the YSZ abradable coatings are showigure8. The DySZ abradable coating
exhibited good cutting ahigh blade tip speedfiowever, when this was reduced, significant

transfer of the blade material onto the abradable coatimgs seen.
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Figure8. YSZ coatings after testing on thleradabletest rigagainst untipped Inconel 718
blades with the test conditions shown in the blue boxes and blade wear as a percentage of
total incursiondepth shown in the white boxes. The YSZ abradable coating with 24 %
porosity, which cut poorly, with coating rupture and blade transfer visildeshown in a),

while b) shows the coating wid3 % porositywhich cut well under all conditiof#5].
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The authors used the results of this testing to create the wear maps shokigune9;

however, reference to the material of the abradable coating was made, only to the overall

500 ' 500

50

porosity level45, 47, 67]

o
[=]
o

Incursion Rate (um/s)
o
(=]
Incursion Rate (um/s)
(%]
(=]
Incursion Rate (um/s

5 5 5
250 350 410 250 350 410 250 350 410

Blade Tip Speed (m/s)

M coating rupture and transfer; W transfer; transfer; cutting;
= 60 % blade wear = B0% blade wear 20— 30% blade wear < 5% blade wear

Figure9. Wear maps of theeramic abradable coatings with different porosity levels,
showing the affect incursion rate and blade sipeed have on the wear mechanism when

rubbed against udipped Inconel 718 blad¢47, 67]

Finally, thesameauthors made a direct comparistretween both untipped and cBN

tipped Inconel718 blades and abradable YSZ coat[#§% This time, two YSZ coatings

containing a blend of hBN and PE were prepared using APS. One YSZ abradable coating had
a porosity of 15 %a hardness of 95 HR15Y and a GE erosion number of 3.20 s/mil. The
second YSZ abradable coatountained a porosity of 31 %, a hardness of 85 HR15Y and a

GE erosion number of 0.73 s/mil. The harder, less porous coating was tested dyaicBN

tipped blades, while the softer, more porous coating was tested against thigpped

Inconel 718 bladeg:or this series dksts, the temperature was reduced to 850,°the

incursion rate was fixed at 50 um/s and blade tip speeds of 250, 350 and 410 m/s were

used. Against theBN tipped blade, the harder YSZ coating cut well under all conditions

while against the utiipped bladethe softer, { 2 O2 Ay 3 Q& 6SI NJ YSOKI y)
on the blade tip speed. At 250 méhd 350 m/ssevere blade material transfer was

observed, while at 410 m/blade wear was reducetiowever, coating rupturewas

prominent. This series of work using the Oerlikon Metco abradable testatgshown that

while abradable ceramic TBC materials can be cut well with cBN tipped hilagles,
effectivenesf un-tipped bladess very mucldependenton the coating microstructure

and the parameters under which treating is being worn.
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While YS¥ a widely used TBC material,ofgeration above 1200 °C is limitddore

recently, research has focused on magnedianinaspinel TBCs, and abradable TREs

use at higher temperaturesSteinke, et al[55] tested a variety ofnagnesiaaluminaspinel
abradable coatings depositdry varying APS spray parametestso using the Oerlikon
Metco abradable test rigGenerally speakinghe abradablecoatings with the lowest
hardness (~HV400) and highest poro$H30 %) cut welvhile the harder (>600HV) and less
porous(>15 %}xoatingsexhibited high blade weaRollsRoyce haalso tested magnesia
aluminaspinel abradable coatingggainst cBN tipped bladesing the Oerlikon Metco
abradable test rig56]. Despitdimited information regarding the test conditions and results,

the authors suggestthat the coating cut well with minimabear to the blade.

While the studyof abradable TBC materials is somewhat mature, researclaimadable
EBCsespecially when considering wear/abradability performaisckémited.In one of the

only studieson such coatings;uo, et al[58] tested BSAS EBCs contairdngt.% and 8

wt.% PE against untippdD6 single crystal superalloy blades. An uncoated SiC CMC was
also tested as a controlhe rig at theBeijing General Researbidit ute of Mining and
Metallurgy, was similar to the setups described previoustygrametersof blade tip speed of
450m/s, temperature of 1100C, incursionrate of 38 Yk a < YR FAESR Ay OdzNA
of 380> Ywere used.To quantify the abradaility, the blade wear as a percentage of total
incursion depth was calculated. Higher valtmsthis parameteiindicate minimal cutting of

the abradable and severe blade wear, while low values indicate good cutting behaviour and
minimal blade wearfor the uncoated CMC this value was 86.1 % and material transfer from
the blade was observed on the surfagiethe CMCThe abradableoatingcontaining 4 wt.%

PE reduced this figut® 69.2 %, and the 8 wt.% PE coating reduced this even further to 22.4
%.This value is still relatively high, and the worn surfaces of the CMC and abradable EBCs

shown inFigurel0, exhibit signs of material transfer and pozuttting.
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2.2. Environmental barrier coatings

While abradable coatings are typically designed to be highly porous, the design
considerations foEBCs are significantly different. They must provide aigasseal above
the SIGCMC components, protecting them from the extreme enviremts and corrosive
species found in gas turbine hot sectioiibe CMCs themselves are advantageous when
compared to Nbased superalloydue to their superior high temperature strengémd
strengthto -weight ratiorelative to Nibased superalloy&s can be seen ifigurell), their
implementation is not straightforwarf]. The primary concern being the recession of the
SiC by steam corrosion. While in the presence of air at high temperature, SiC will form a
protective Si@scale limiting further oxidatiorof the SiG71]. if water vapour (a

combustion product found in the gas turbine) is introduced into the environment, this will

react with Si@, leading to recession of the ceramic, as per Equatipf2]L
3 E ¢(/ CO 3E( C (Equationl)

Under typical turbine operating conditions, it has been estimated that recession could be as
high as 1 pum/under normal turbine operating conditiojg3, 74] an unacceptable
number considering theomponents would be expected twithstand 30,000hoursof

service without maintenancp]. To combat this, protectiv&BCéavehad to bedeveloped.
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based superalloys, oxide CMCs and various SiC/SiC CMCs. The point on the right-is the 300

hour rupture strength2].

As well as resistance to silica volatilisation, the EBC must also exhibit a coefficient of thermal
expansion (CTE) similar to that of the CMC, SiC itself has a CT5.6<4.6° °C[4]. Due to

the repetitive heating to extreme temperature and then cooling the CMC system will

undergo, a large difference in CTE will lead to a huylaf thermally induced stresses and
eventually cracking and failure of the EBC. The first generation of EBCs, produced in the
19905, were based on mullitg’5]. While it exhibited a CTE similar to that of, 385

x10° °C[4]), at temperatures above 1000 °C metastable amorphous mullite, which itself
formed during the rapid cooling associated with plasma spray deposition, crystallised and
formed cracks in the coating@6]. Mullite was also found to have a high silica activity when

exposed to high temperature water vapopt7].

With this in mind, EBCs must also show phase stability across the working temperature
range, as any phase changes will also be accompanied by an associated volume change,
which could also lead to cracking of the coating, as seen with mullite EBCs. The next
iteration of EBCw/asbased around BSAS, which had lower silica activity in water vapour
than mullite, as well as a CTE &5 #10*° °C[4]. Above 1400 °C, a reaction occurs between
BSAS and silica formed from oxidation of the Si bond coat used to improve adhesion
between the EBC and CNIEB]. This reaction formed a glass phase that was molten at 1300
°C and could be blown away by the high velocity gas in the turbine, leading to rapid
recession of the EBC. Interfacial porosity was also formed due to theddi8ASeaction,
leading to spallabn of the coating. This limited the use of BSAS EBCs to environments
where the temperature did not exceed 1300 °C. This discovery led to a further requirement

for EBCs, chemical compatibility with the bond coat and substrate.

Given the now more welllefined requirements for EBCs, in the late 1990s and early 2000s,
NASA embarked on the Ultraefficient Engine Technology Program (UEET) to develop EBCs
that could withstandemperatures of 4500 °C and sustal300 °C EBC/substrate
temperatures forthousands of hour§]. Initially, due totheir low silica activity in water

vapour, rare earth momsilicates (RIESIQ where REs rare earth were investigated

specificallythe program identified ytterbium monosilicate (33Q or YbMS) as a candidate
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for EBCsHowever, despite excellent resistance to silica volatilisatioth phase stability, the
CTE of YoME.1-7.4x10* °C[79]) proved problematic and led to through cracking during
thermal cycling irthe presence of water vapoUy80]. Subsequently, attention turned to
ytterbium disilicate (Y45pO; or YbDS)which despite showing higher silica activity than
YbMShad a CTE very similar to that of 8®-4.5x10¢ °C[81, 82). Unlike other rare earth
disilicates, YbDS does not undemase changepreseninga single polymorph over the
operating temperature rangeéAs such¥bDS has becamthe material of choice in the

current generation of EBCs.

2.2.1. Plasma spraying of environmental barrier coatings

Due to the success of thermal spranpcessesparticularly APS3n reliably applying TBC®

gas turbinesthis techniquehasalso been wideladoptedfor the deposition of EBGswell.
Despite this, plasma spraying of EBCs, specificas EBCs, is not without drawbacks. This
is largely due to the extreme temperatures found within the plasimducing phase
changeswithin the feedstock materiaDuring the APS procesgbDSvasfound to
transforminto YbMSRichards et a[83] proposed this was due to the higher vapour
pressure of the Si bearing species leading to its preferential volatilisation at elevated
temperatures above ~1000 °C, resulting in the formation of YobMS. Between 1300 and 2500
°C the vapour pressure of the Sineg species was ~4fimes larger than the vapour
pressure of the Yb bearing spec|88]. On top of this, the extreme cooling rates
experienced by the molten particles they impinge the substrate leatb the formation of
metastable and amorphous phas@$is meangare earth silicate EBCs typically require
post-spray heat treatment to form fully crystalline coating® this end, many studies have

been undertakemegarding the optimisation of YbDS deposition.

In an effort to reduce the cooling rates experiedds/ the molten particlesEBCs have been
deposited on to substrates thare held at high temperature withinfarnaceduring the
deposition processWork by Richrds, et al[83] found thatwhen deposited onto substrates
heated to 1200 °C, asprayed YbDS coatings showed almost no amorphous phase content
Despite this, a metastable YbMS phaB2X/g was detected, upon post spray heat
treatment at 1300 °C for 20 hrs, this phase had transforinéalthe stablel2/a phase.This
work was expanded by Huang, et[&84], who investigated the effect of deposition

temperature on the phase composition and microstructure of YbDS EB6strates were
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heated to 500, 900, 1000 and 1100 °C and YbDS coatings were deposited. The degree of
crystallinity increased fror84.4 % for the 500 °C coatings to 94.8 % for the 1100 °C samples.
Contrary to this, therbMS secondary phase content increased with substrate temperature,
from 40.3 wt.% to 60.5 wt.% for the 500 and 1100 °C samples respectively. Interestingly, a
bimodal porosity distribution was observed in all the coatings, regardless of substrate
temperature. For thes00°C coatings aiv porosity regiorwas brmed towards thecoating
substrate interface While for the 900, 1000 and 1100 éGatings.a high porosity region

was formed towards the interface, and a lowmrosity region towards the surfac@s the
substrate temperature increased, the thickness of this low porosity region decreased.
Despite thebenefits in terms bphase crystallinity, depositing EBCs ofutmace heated

substrates is unlikely to be feasible when considering component spedging.

The influence of the process parameters used during plasma spray deposition is also
understood to be key in determining the phase composition and microstructure of YbDS
EBCsRichards, et B3] changed the spray power by systematically varying the arc current
and the secondarprocesgyas (in this case2Hflow. As the spray power increased, so did

the amount of precipitated YbMS phasecreasing from-9vol.% fora coatingdeposited

using D.6kWto ~24vol.% for thel3.3 kWcoating.Increasing the spray power also led to
increased splat aspect ratios, indicating higher particle temperatures and velocities, as well
as increasing the microcrack densithis was followed by a similar study Ggcia et al.

[85] wherebyYbDS EBCs were also deposited with varied spray powers by adjustment of the
secondary process gés) flow. Gas flows 08, 4.5, 6 and $SLMwere usedresulting in

spray powers of 30.7, 32.0, 34.2 aB@l.4 kW respectivelyl his time, inflight measurements

of the particle velocity and temperature were taken using a Tecnar DPV 2000 diagnostic
sensor.While the particle velocity remainestable between 165 and 1681/s, regardless of
spray poweyan increase in particle temperatumth increasing spray power was observed,
with the particle temperatires being measured 4f768,1955, 1966 and 2058 7C

respectively for the increasing spray powdrgreasing spray powéed to an increase in

silica volatilisation and the formation afsecondary YbMS phasehich also led to the CTE

of the coating increasingrhe coating deposited at the lowest spray power exhibited high

porosity (L4 %) while porosity for the coatings deposited at the higher powesrgvall low
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(2, 3 and 4 % respectivelilhe microstructures and XRD patterns of the coatings produced

using the lowest and highest spray powers are showFiguarel2.

500 um

O
N

L ®Yb,Si,0, 25-1345
o X$i0, 821403
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20 % 0 5 50 70 20 30 0 59 50 60 70

Figurel2. Microstructures of the YbDS EBEgosited onto SiC substrates with an Si bond
coatproduced using a low and high spray poy&5]. Where a) and b) show the
microstructure and c) shows the XRD pattern of the coating produced using low pdwer,
d) and e) show the microstructure and f) shows the XRD pattern of the coating produced
usinghigh power.The higher degree of porosity is visible in the microstructure while the
increased level of crystallinity can be seeKRRD pattern of the coating produced using low

power.

The findings of this study were largely confirmed by subsequent st{@ie87] Following a
similar methodologyChen, et al[88] used three discrete spray parameter configurations to
deposit YbDS EBCs under low, medium and high enthalpy conditibieved by reducing

the Ar/H flow ratio. Again, increasing the enthalpy was found to increase patrticle
temperatures inflight (1962, 2156 and 2330 °C for the low, medium and high enthalpy

conditions respectivelyjncrease the YbMS phase content in the deposited coa(B@$,
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41.2 and65.3vol.%)and increase the CTdE the coatings%.01x10*¢ °Cfor the low enthalpy
condition and6.37x10*® °Cfor the highenthalpy). Another similar study was conducted by
Li, et al[89], whereby YbDS EBCs were deposited usingy powers 086.0,39.0,42.3 and
45.5 kW As the spray power increased, the degreegfstallinity in theassprayed coatings
decreased Smilarly, after heat treatment the amount of YbMS was found to be much
higher in the coatings deposited using the highest spray povireierestingly the spray
power was found to have a minimiahpact on the porosity of the coatingwjth all the
coatings presenting a porosity of between 4 and S/¥hile thespray power, andherefore
particle temperature has been shown to bastrumental in the phase composition and
microstructure of APS YbDS EBCs, the effect of particle velocity has also been investigated.
Valden, et alf90] created high velocity plasma conditiobg increasing the primary process
gas (Ar) flow and reducing the diameter of the torch exit noZzzbe the high velocity
conditions, the asprayed coatings contained 4 wt.% YbMS, w@h% crystallinity. While
the conventional APS conditionentained5 wt.% YbM&nd50 wt.% or less crystallinity
Despite the low YbMS phase content and high degree of crystallinity, the high velocity
coatingshad a porousnicrostructure(>15 %,)unsuitable for use as agastight EBC.The
same authors also deposited YbDS using i@\vpressure plasma spray (RBRS)in a
controlled atmospherdg91, 92] This technique produceahighly crystallineZ wt.%
amorphous contentEBC with minimal YbM&condary phasé wt.%) A dense
microstructure with3.6 % porosityhat wasfree from cracksvas also achieved his was
attributed to the ability to maintain the substrateemperatureatmn nn ¢/ LINRA 2 NJ G 2
and the use of the plasma flame to reduce the pdeposition cooling ratéiowever the
ecanomics and size limitations of tlwontrolled atmospherehamberwould likely prevent

this techniquefrom becaning widely adopted in industry.

In an attempt toreduce the occurrence of the secondary Ybdli&ng APSnodified YbDS
feedstocks have also beémvestigated.This involves using a silica rich feedstock to
counteractthe silica volatilisatiofrom YbDS during the spray proceGsarcia, et al[85]
used a feedstock powder containing 27.8 mol.%40¢land 72.2 mol.% SpQwith YbDS
containing33.3 mol.%¥' 0z and 66.6 mol.% S#pand found that by controlling the spray
power, a coating containing 99 mol.% YbDS could be achi®€@@uversely, the same

authors leveragethis phenomenorin the opposite direction, taking advantage of the

52



inherent silica volatilisation to deliberately produce a mixed phase, composite coating
containing 53 vol.% YbDS atitlvol.% YbM8om a YbDS feedsto¢@3]. Upon heat
treatment, the coatingwas found to haverack healing properties, due to the
transformation of metastable YbDS and YbMS phasesriety of Yb silicate compositions
were deposited byhu, et al[94] who also found that silica rich feedstocks colgdd to
reduced YbMS phase content in the EB&vever, this did result in increased coating
porosity.Highly crystalliné&/bDS EBCs have also been achieved through the use of

suspension95, 96]and solution precursor feedstockd7].

2.2.2.Steam corrosion of environmental barrier coatings

The primary role of EBCs is to provide a gas tight peatecting the CMC componefrom

the harsh environment found within the turbine hot sectiatichcould lead to recession
and failure Because of this, the research effort in YoDS EBQarigady been focused on
their performance in the presence of high temperature, flowing water vap®averal

studies have investigated the effects of high temperature steam corrosion on YbDS, both
sinteredpellets[98-100]and plasma sprayed coatinff, 96, 101106]. Typically, in the
presence of high temperature water vapour, YbDS will form a gaseous silicon hydroxide,

leaving behind a porous YbMS scale, as shown in Equation 2.
9 A3 E ¢(/ CO 9A3/E 3 E( C (Equation?)

Despite undergoing a similar corrosion process, the recession rates of YbDS are much lower
than SiC, and the remaining YbMS layer still offers a level of proteégahematic
demonstrating this mechanism is showrFigurel3. Instead of YbMS formation, some
researchers have reported YbDS enrichment of the suffé@el05] Typically, YbDS EBCs
are applied by APS; howevess previously explainedhis leads to some silica volatilisation,
leading to a mixed Y¥&ilicate phase composition. It is this YbMS, formed during the
deposition process, that is depleted during high temperature water vapour exposure,
forming a YbDS rich surface layer. Thismecsm has tentatively been attributed to
alumina impurities present, usually occurring from the furnace tubes used for the steam
exposure tesf60, 105] In fact, the presence of alumina, either within the coating or as an
impurity fromthe furnacehas beershown to be beneficial and preventisgica

volatilisation.The reaction withYbMShas been shown téorm a protectiveytterbium
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aluminium garnetYbsAlO12 or YbAG)ayer on the surface of the coatintpus preventing
the YbMS rich reaction layer from formif@, 105] Paksoy, et a[98] have shown that
YbAGs very effective at preventing steam corrosiohYbDS based EB@é&minating the

volatilisation of silica during high temperature steam expoga84.

Another challenge affecting EBC systems at high temperatsitbe growth of a silica layer,
known as a thermally grown oxide (TG@) the interface between the coating and Si bond
coat. Diffusion of oxidisetfirough the EBC during high temperature exposure can lead to
the formation of the TGO. Whilermed and stablet high temperature, this silica layer
dzy RSNH2Sa | LI aS-ONRIay & Haridtivbiditeat 2220 @peR ¥ i
cooling Associated with this phase change is a volume shrankée4.5 %, which can lead
to crack formation and spallation of the EBC at the-B&@I coat interface. The process of
TGO formation is also shownkigurel3[80, 101][107].
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bond coat TGO formatioof a YbDS EBC exposed to high temperature sfg@ip
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Despite the amount of research that has gone into this tajbiere is no cledy defined
protocol to enable direct comparison of resul®his is due to variations in methods of
sample production, the process parameters used within these methtbdsnicrostructure
and phase composition of the tested samples &gting setups andctonditions.Typically
these rigs feature a furnace in which samples are held at high temperahisecan either
be isothermal or cycling between low and high temperaflaesgarate furnace to generate
steam anda compressed air line to generate the high velocity steArsummary of various
YbDS high temperature steam exposure testing is showalitel. Thepreparation method
(coating or sintered pellet) is reported, as well as the test conditiphase composition and
porosity (if known) before the test. The phasempositionafter the test is also reported,
along with where data was availabl&he volatilisation(mass loss per unit surface ares)

the volatilisation rate.

Early work on the steam corrosion testing of EB&terialsshowed that YbMS showed
lower silica activity, thus offering better protection tha&rbD34, 108] however much of

this work was conducted usingintered pellets as opposed to thermal spray coatijeen
YbMS was applied as a coatingyd crackingdue to thermomechanical incompatibility of
the systemsled to the formation of diffusion/volatilisation pathways through the coating
leading to rapid oxidisation of the bond caatd fracturing of the TGO duritigermal
cyclingand delamination of theoating[107]. Subsequently much wodn the steam
corrosion of EBCs has focused on Yhefosited using AP®/hile differences in materials
and testing protocol remain, some studies are worth highlightiigen considering
sinteredYbD%ellets, Ridleyand Opild100] determinedthe silica volatilisation showed
parabolic kineticswith volatilisation increasing with exposure time and temperatUiiee

rate ofvolatilisation was slowed by the formation of a YbMS reaction layer which, at high
temperatures(>1300 °Cand steam velocitie€>100 m/s) densified acting as a barrier to
gas transport. The effects of steam velocity was also investigated by Owusy9éi;al.
however, in this caseincreasedsteam velocitiegs m/s vs. 1 m/syvere found to increase
the rate of recession due to an erosion phenomenlae added porosity of abradable EBCs
was considered by TejeMartin, et al.[60], who observed the formation of a protective

YbAG layer rather than silica volatilisatiénybDSnriched layer wasormed towards the
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surface of the coatingshe thickness of this layer increased for the more porous abradable
EBCs.
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Tablel. Summary of the processing and testing conditions of various YbD&XpB&=d to high temperature water vapour. The maximum
volatilisation and/or volatilisation rate is shown where datas available.

Deposition Testing conditions Phase Porosity Phase Recession Recession | Reference
method composition composition rate
(after high
temperature
steam
exposure)
Hot pressing at Temperature: 1500 °C. | YbDS, trace - YbDS, trace -0.2t0-0.4 - [4]
1500 °C and 27.6| Flow velocity: 4.4 cm/s. YbMS YbMS, trace | mg/cn¥ after
MPa invacuum | Composition: 50 %i®/10 YIBAIO12 100 hrs
% Q. Testing up to 100
hrs
Cold Temperature: 1500 °C. - - - - -0.75 [108]
LINE & & A y 3 | Flow velocity: 0.046 cm/s mg/cnrh
I & wmc n A Composition: 30 %@/70
% Q. Testing up to 100
hrs
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>99 wt.%

<5%

-0.616

[109]

Cold pressing +
sintering at 1400
1600 °C

Temperature: 1500 °C.

Flow velocity: 13 cm/s.
Composition: 30 %AD/70

% air 0.3 barsteam
pressure Testing up to
310 hrs

YbDS

>97 % YbDS

4%

YbDS, YbMS,

mg/cn? after
310 hrs

-0.008 [100]

Spark plasma
sintering at 1550
°C and 65 MPa

Temperature: 1200 °C.
Flow velocity: up to 242
m/s. Composition: 1 atm
steam pressure. Testing
up to 250 hrs

Temperature: 1300 °C.
Flow velocity: up to 242
m/s. Composition: 1 atm
steam pressure. Testing

up to 250 hrs

Temperature: 1400 °C.
Flow velocity: up to 242
m/s. Composition: 1 atm

Y03, YRAIO:2

mg?/cm*h

-0.022
mg?/cm*h

-0.042

mg?/cm*h
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steam pressure. Testing

up to 250 hrs

Cold pressing + Temperature: 1350 °C. YbDS 7% 52 % YbDS, 47 | -12.6 mg/cni [98]
sintering at 1450 | Flow velocity: 19 cm/min, YbMS after 40 hrs
°C Composition: 5 %40/95 | YbDS, 3 wt.? 0% 95 % YbDS, 59 0 mg/cn?
% air. Testing up to 40 hn ALOs and YIzAO12 after 40 hrs
trace
YAEO:2
APS on Siond Temperature: 1350 °C. | YbDS, YbMS - YbDS, YbMS, | 0.3 % weight [110]
coat and SiC CM(  Flow velocity100 m/s YIBAIOr12 gain after
substrate Composition: 5 % 40/95 750 hrs
% argon. Testing up to 75
hrs
APS on Sibond| Temperature: 1316 °C.| YbDS, YbMS - YbDS, YbMS - [101]

coat and SiC

substrate

Flow velocity: 4.4 cm/s.
Composition: 90 %4D/10
% Q. Testing up to 2000

hrs
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APS on Sibond | Temperature: 1425 °C. 54 wt.% 5.3% >99 wt.% YbDY -0.71 mg/cnd [105, 106]
coat and SiC Flow velocity: 15 cm/s. YbDS, 46 after 100 hrs
substrate Composition: 100 %28. | wt.% YbMS
Testing up to 100 hrs
APS on Sibond | Temperature: 1200 °C. 62 wt.% 2% 32 wt.% YbDS, - [111]
coat and SiC Flow velocity: 100 m/s. YbDS, 38 68 wt.% YbMS
substrate Composition: 0.15 atm | wt.% YbMS
steam pressure. Testing
up to 200 hrs
APS on Sibond| Temperature: 1400 °C. 70 wt.% 7% 5 wt.% YbDS, 9! -0.3mg/cn? [112]
coat and SiC Flow velocity: 90 m/s. YbDS, 30 wt.% YbMS | after 200 hrs
substrate Composition: 0.2 atm wt.% YbMS
steam pressure. Testing
up to 200 hrs
APS on Sibond| Temperature: 1316 °C. 74 wt.% - 30 wt.% YbDS, - [104]
coat and SiC Flow velocity: 4.4 cm/s. YbDS, 26 70 wt.% YbMS
substrate Composition: 90 %4/10 | wt.% YbMS

% Q. Testing up to 2000

hrs
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APS freestanding | Temperature: 1350 °C. 71 wt.% 2.4% | 86 wt.% YbDS, | [60]
coatings Flow velocity: 100 mm/s.| YbDS, 29 wt.% YbMS, 7
Composition: 90 %20/10 | wt.% YbMS wt.% YBAIsO12
% Q. Testing up to 96rs
Temperature: 1400 °C. 79 wt.% YbDS,
Flow velocity: 100 mm/s. wt.% YbMS, 17
Composition: 90 %48/10 wt.% YBAIsO12
% Q. Testing up to 96 hrs
Temperature: 1350 °C. 70 wt.% 21.3% | 87wt.% YbDS,
Flow velocity: 100 mm/s.| YbDS, 30 13wt.% YbMS
Composition: 90 %48/10 | wt.% YbMS
% Q. Testing up to 96 hrs
Temperature: 1400 °C. 85wt.% YbDS,
Flow velocity: 100 mm/s. 13wt.% YbMS,
Composition: 90 %28/10 2wt.%
% Q. Testing up to 96 hrg YIeAlsO12
APS freestanding Temperature: 1400 °C. YbDS - YbDS, YbMS, [103]
coating Flow velocity: 2.5 x 10"4 YIeAl5O12

m/s. Composition: 90 %

62




H>0/10 % Q. Testing up to

200 hrs

SPS on Si bond
coat and SiC

substrate

Temperature: 1400 °C.
Flow velocity: 1 m/s.
Composition: 90 %28/10
% Q. Testing up to 96 hrs

Temperature: 1400 °C.
Flow velocity: 5 m/s.
Composition: 90 %28/10
% Q. Testing up to 96 hrs

86 wt.%
YbDS, 14
wt.% YbMS

11 %

27 wt.% YbDS,
73 wt.% YbMS

-0.045
mg/cny after
96 hrs

56 wt.% YbDS,
44 wt.% YbMS

-22 mg/cn®
after 96 hrs

[96]
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2.2.3.CMAS corrosion @nvironmental barrier coatings

While providing protection fronmsteam recessiors imperative, EBCdso need to be

resistant to attackmolten corrosive species such as CMBBAS is an umbrella term for
combinations of CaO, MgO 8 and SiQoriginating from airborne sand or ash ingested by
the turbine, which then, due to the operating temperatures of the turbine (>1200 °C), melts
and adheres to the EBC surfd@@3-116]. Typical CMAS buHdip on gas turbine

components is shown iRigurel4. Perhaps the mosnfamous examplés the eruption of

the Icelandic volcani&yjafjallajokull which groundedhir travel in 2010 due to the potential
damage the ash cloud could cauBesearchers have studied the interaction between a

variety of CMAS compositions with YbDS (both sintered pellets and thermal spray coatings)

under a variety of fluxes, exposure times and temperattds].

Figureld. Typical CMAS builth on g blade and b) vang.18].

When observing sintered YbDS pellets, a minimal reaction between YbDS and CMAS has
typically been described with penetration of the CMAS into the sintered body driven largely
by grain boundary diffusiofi15, 119121]. However, when considering plasma sprayed
coatings, the picture becomes more compl&dissolution and reprecipitation process
between YbDS antie CMAS melis understood to be the primary corrosion mechanism
[122]. Thermal spray coatings aadsolikely to contain at least some degree of porosity,
through which CMAS may penetrdte9]. In addition, silica (S¥pvolatilisation caused by

the chemistry and temperature of the plasma during coating deposition leads to a mixed
phase coating of YbDS and YbMS. Unlike YbDS, YbMS will tend to react with molten CMAS,
given a high enough concentration of CaO in the melfptm a ytterbium oxgpatite
(CaYh(SiQ)sOz labelled Ykapatite henceforth). The higher reactivity of YoMS can be
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explained by the theory of optical basicity, as described by Nieto ftl8]and Padture et
al.[123]. The reactivity between an oxide glass and crystalline oxide will increase as the
difference in optical basicity between the two increases. As YbMS has a larger optical
basicity difference to CMAS than YbDS, YbMS is seen to be more reactive and hence more
likely to form Ykapatite. The formation of Ydapatiteis also dependant on the Ca:Siioeof

the CMAS itselfLl24]. At low Ca:Si ratiofelow a certain threshold dependant on

composition and temperatureybapatiteis unlikely to form, instead the dissolution of the
Ybsilicates is driven by the solubility linwithin the melt, with recession of the ¥dlicate

only ceasing when this value is reachathigh Ca:Si ratio¥,bapatite will form, consuming

CaO from the mejtreducing the Ca:Si ratio until equilibrium is reached and the reaction

stops.

In one of the first studies investigating the interaction of CMAS with plasma sprayed EBCs,
Zhao et al[125] showed that both YbDS and YbMS coatings were dissolved by molten CMAS
and precipitated the same Ydpatite phase. While in the YbMS coating thatite phase

formed a dense layer at the reaction fromhdthe YbDS coating formed a porous,
discontinuous Yiapatite layer. Ybapatite crystals precipitated preferentially around YoMS

rich splats, formed during APS deposition of YbDS.EB@g0 thelamellar structure of the

splats, the formation of the ¥hapatite penetrated deep into the coating, leavihghind

peninsulas of unreacted YbDS

When examining the effect CaO content of CMAS, Zhou, [gt28] found that the reaction
between CMAS and YbDS rich or YbMS rich EBCs was dependent on the CaO concentration.
When exposed to CaO rich CMAS (33 mol% CaO) both coatings formed a dense reaction
layer, preventing further CMAS infiltration. While in the presenf CaO lean CMAS (19

mol% CaO), only reprecipitated YbDS crystals were observed, and CMAS rapidly infiltrated
through grain boundaries. Zhong, et[dl27]demonstrated that relative to YbMS rich

coatings, YbDS coatings showed an inability to prevent CMAS induced recession of the EBC.
While a Ykapatite phase was produced, it was porous and did not prevent further CMAS
infiltration. While the reaction of YbDS and CMAS consumed CaO from the melt, it also
produced a similar amount of SiHencethe dissolution precipitation process continues

until all the CaO in the CMAS melt is consumed. A papastelayer that was unable to

prevent CMAS infiltration waalso observed by Liu et §1.28]. After 50 hours of exposure
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at 1350 °C and 25 hours at 1400 °C, this led to residual CMAS on the surface of the

(thermally grown oxide) TG©@ausing the accelerated failure of the EBC system.

While EBCs typically exhibit low levels of porosity, abradable EBCs are porous bytklissign
makes the infiltration of CMAS a much bigger problem. Tdyadin et al.[59] showed that
abradable EBCs were completely infiltrated with CMAS after 48 hrs exposure but that the
high porosity of the abradable coatings may be useful for accommodating the strains
associated with CMAS infiltration and reaction. Also of interest, ealheevhen projecting
conditions experienced by EBCs in service, is the combined effects of CMAS and other
degradation mechanisms. Harder et [d29]found that in the presence of CMAS and
steam, TGO growth could beparessed, while exposure to CMAS has been found to

increase the erosion resistance of EBCs when tested simultang®@6ly131]

Similarly to high temperature steam testing of YbDS E&@%yarisons of the CMAS testing
of such coatingare also difficultdue to differences in sample preparation, CMAS
composition exposure times and temperatures. While much of the researtthCMAS
corrosion of YbDS EBCs has focusesimiered pellets, work has also been done to
characterise the effects on thermal spray coatirgevertheless, a summary of
experimental CMAS corrosion testing of YoDS EBCs is presemtduled, where the
processing/deposition methods, CMAS compositions, test conditions and observed

corrosion mechanisms are shown
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Table2. Summary of YbDS EBMIAS testing, showing processing/deposition methods, CMAS compositions, test conditminseaved

corrosion mechanisms.

SiC substrate

mol.%MgO-13 mol.%
AbOz-45 mol.% Si©

1300 °C for 1 min250

hrsin air

preferentialformation of discontinuous ¥b

apatiteat YbMS splats

DepositionMethod CMAS composition Test conditions Corrosion mechanism Reference
Cold pressed and 33 mol.% Ca® 0.314 g/cniat 1400 °C Dissolution of YbDS and formation of a [114]
sintered at 1500 °C mol.%MgO-13 mol.% for 10 hrs in flowing porous reaction zone
AkQOs-45 mol.% Si® steam
Cold pressed and 33 mol.% Ca® 35 mg/cntat 1300 °C for CMAS penetration along grain boundariey  [115]
sintered at 1300 °C mol.%MgO-13 mol.% 1 min- 96 hrsin air slow dissolution of YbDS
ALOs-45 mol.% Si©
APS on to mullite, Si 33 mol.% Ca® 36 mg/cnt at 1300 °C fol CMAS interaction with YbDS led to change|  [132]
SiC CMC substrate| mol.%Mg0-13 mol.% 1 min- 96 hrsin air lattice spacing, alterations of the ambient
AkQOs-45 mol.% Si© temperature stresses, and large cracks in {
CMAS that extend through the topcoat
APS on to mullite, Si 33 mol.% Ca® 30-35 mg CMAS pellet § Inward diffusion of Ca, dissolution of YbD{  [125]
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Spark plasma
sintering at 1600 °C
and 75 MPa

39.2 mol.% Ca6.2
mol.%MgO-4.1 mol.%
AlLO3-51.5 mol.% Si©

15 mg/cnt at 1500 °C for
1- 24 hrsin air

CMAS penetration along grain boundaries
causing blister crack damage, slow
dissolution of YbDS and precipitation ot Y

apatite

[121]

YbDS powder mixed
with CMAS powder a
50:50 mol.%

30.67 mol.% Ca8.25
mol.%Mg0-12.81 mol.%
ALQOs-48.27 mol.% SiO

24.82 mol.% Ca0.08
mol.%MgO-14.24 mol.%
AbOs-51.86 mol.% SiO

6.74 mol.% Ca®.89
mol.%Mg0O-14.23 mol.%
AbO3-70.14 mol.% SO

YbDS and CMAS powd(
blend heated to 1200,
1300 and 1400 °C for 1

hrin air

Dissolution of YbDS amdecipitation of Yb
apatite, as the CaO content of the CMAS
reduced YbDS became the main reactior

product

[119]

Hot pressed at 1550
°C and 30 MPa

33 mol.% Ca®
mol.%MgO-13 mol.%
AkOs-45 mol.% Si®

30 mg/cnt at 1300 and
1500 °C for 50 hiig air

At 1300 °C dissolution of YbDS and
precipitation of Ykapatite, at 1500 °C
vigorous penetration of CMAS and formatic

of blister cracks

[133]

Spark plasma sintere
YbDS containing 0, 1
20 and 30 vol.% YbM

33 mol.% Ca®
mol.%MgO-13 mol.%
AbOs-45 mol.% Si®

35-45 mg/cnt at 1300 °C
for 1-200 hrsin air

Dissolution of YbDS amecipitation of Yb
apatite, YbMS fractions over 20 vol.% show

improved resistance to CMAS due to

[134]
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21 mol.% Ca®
mol.%MgO-13 mol.%
ALO3-57 mol.% Si®

increased Ydapatite formation, a higher
degree of CMAS infiltration wadbservedn
the higher CaO CMAS

PSPVD on to SiC

substrate

23.3 mol.%Ca06.4
mol.%Mg0-3.1 mol.%
ALOz-62.5 mol.% SigéA.1
mol.% NaO-0.5 mol.%
K20-0.04 mol.% F3

29 mg/cnt at 1300 °C fol
1-10 hrs and 1400 °C f(

1 hrin air

Coatings exposed at 1300 °C for 10 hrs a
1400 °C for 1 hr were fully infiltrated by
CMAS. Dissolution of YbDS followed by

precipitation of cyclosilicate, silicocarte,

and YbD&t 1300 °C and Yb@§1400 °C
enabled CMAS to effectively infiltrate top

coats

[135]

Hot pressed at 1500
°C

23.3 mol.% Ca®.4
mol.%Mg0O-3.1 mol.%
AbOGz-62.5 mol.% SigA.1
mol.% NaO-0.5 mol.%
K20-0.04 mol.% F£s

35 mg/cnt at 1200,
1300, 1400 and 1500 °(

for 1-50 hrsin air

Dissolution and reprecipitation of YbDS ar
grain boundary penetration of CMAS at

higher temperatures

[120]

Hot pressed at 1500
°C and 50 MPa

38 mol.% Cab
mol.%MgO-4 mol.%
ALOs-50 mol.% Siel
mol.% NaO-1 mol.% KO-
1 mol.% Fg0s

20 mg/cnt at 1400 °C fol

8 hrsin air

Dissolution of YbDS and precipitation of Y

apatite

[136]
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APS freestanding

coatings

35 mol.% CaQo0
mol.%MgO-7 mol.%
AlOs-48 mol.% Si®

15 mg/cnt at 1350 °C for

1 and 48 hrg$n air

Porous abradable EBCs show increase(
infiltration of CMAS through intesplat pores
after 1 hr,preferentialdissolutionof YbMS to

form Ybapatite, after 48 hrs all coatings

completely infiltrated with CMAS

[59]

APS freestanding

coatings

33 mol.% CaQo0
mol.%MgO-13 mol.%
AlLOsz-44 mol.% Si©

35 mg/cnt at 1400 °C fol
25 and 50 hrgn air

Dissolution of YbDS and precipitation of &
loose corrosion layer girecipitated Yb

apatite

[127]

APS YbM®&p coaton
YbDS and Si
interlayers and SiC

substrate

33 mol.% CaQo0
mol.%MgO-13 mol.%
AlkOs-44 mol.% Si®

35 mg/cnt at 1300, 1350
and 1400 °C for 25 and

50 hrsin air

Dissolution of YbMS top coat and
precipitation of Ykbgarnet and Yiapatite
phases, precipitation of coarse -épatite

crystals in YbDS interlayer

[128]

Spark plasma sintere
at 1700 °C and 75
MPa

39.2 mol.% CaB.2
mol.%MgO-4.1 mol.%
AbOz-51.5 mol.% Si©

15 mg/cnt at 1500 °C for
2 hrsin air, water

quenched

CMAS penetration along grain boundarie
and dissolution of YbDS, secondahase

inclusions agrain boundaries (YBMS and
Yb203) are filled with ¥¢ontaining CMAS
glass and distributed throughout the EBC

[137, 138]

APS on to Si bond

coat and SiC substrat

30.67 mol.% Ca®.25
mol.%Mg0-12.81 mol.%
AbQO3-48.27 mol.% SO

2 mg/cnt at 1316 °C for

300 hrs in flowing stean

CMAS reduced TGO thickness, lower Ca

content CMAS resulted ihinnest oxide

[129]
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24.82 mol.% Ca0.08
mol.%MgO-114.24 mol.%
ALOs-51.86 mol.% SiO

however CMAS exposure led to prematur

coating delamination

APS on to Si bond

coat and SiC substrat

33 mol.% Ca®
mol.%MgO-13 mol.%
AQOs-45 mol.% Si®

19 mol.% Ca@
mol.%MgO-15 mol.%
AOs-58 mol.% Si®

20 mg/cnt at 1300 °C fol
25 and 50 hrgn air

CaO rich CMAS precigied Ybapatite, while
CaO lean CMAS penetrated graoundaries

with limited reaction

[126]

APS on to Si bond

coat and SiC substrat

30.67 mol.% Ca®.25
mol.%Mg0O-12.81 mol.%
AbO3-48.27 mol.% SO

2 and 4 mg/crhat 1316

°C for 4 hrsn air

Dissolution of YbDS and precipitation of Y
apatite, erosion resistance increased with

CMAS loading

[131]
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2.3. Gaps in literature

While current generation of YbDEBCs can be considered somewhat mature as a research
topic, the samecannotbe said for abradable EB@ven thedrastic differences in
properties required of an EBC compared to an abradebting signficant gaps in

literature exist when considering the development of abradable EBCs.

While studies into theleposition of EBAsave been conductedbradable EBCs require
completely different microstructures and propertiebhe processing of EBCs has been
tailored towards producingoatings with minimal porosityto provide a gasight seal
protecting the SIC CMC componenhe opposite is true of abradable coatings, which are
designed to be highly porousgw feedstocks and degsition conditions will need to be
understood to optimise the required microstructirfeatures such as porosityna phase

composition.

How the increased level of porosity affects tlesistance of the abradable EBC to corrosive
species such as molten CMAS and water vapour will also need to be studiedth&hile
performance ofEBCs have been examindke porosity of an abradable EBC will likelyd

to a high degree of penetratioof these corrosive specieb order for the lifetims of
abradable EBCs to be adequate it is crucial to understand mbahanisms and reactions
lead to corrosion of the coatings and how severe this corrosiorhislaboratorytesting of
EBCslso needs improvementypical thermaechemical testings isothermal and usually
features only oneorrosive species, while much of the limited mechanical testing has been
performedat room temperature. Abradable EBCs willrbquired to operate in extreme
environments featuring many potentially damagirspecies, andindergoingmanythermal
cycles to extremely high temperaturddew testing regimes, featuringpmbined corrosion
and thermal cycling should be developed to better represent thgeirvice conditions found

with the gas turbine.

A balance betweenbradabilityand durability needs to be establishedbradable EBCs

need to be soft enough to be easily cut be a turbine blade, yet hard enough to resist erosion
by foreign bodies ingested by the turbirRepresentative testingf the bladeabradable

coating interactionsisingabradable test rigare also yet to be studied, these are crucial for

understanding and developing abradable EBCs.

72



2.4. Aims and objectives

The aim of this thesis was to investigate the processiigyostructureperformance

relationships of abradable YbDS EBCs. To achieve this, abradable YbDS EBCs were deposited
using APS under a variety of conditions. The resultant coatings were subsequently
characterised using a variety of analytical techniques, such as scanning electron microscopy
(SEM), Xay diffraction (XRD) and porosity measurement. Once the deposition parameters
had been optimised, coatings were produced and subjected to a varietyriafrpence

tests. The erosion and wear of the abradable EBCs was examined using specially designed
test rigs. While abradable coatings have been used in gas turbines for decades, publicly
accessible research into ceramic abradable coatings, especiallyadbeaeBCs, is minimal.
Finally, the resistance of the abradable EBCs to a variety of corrosive species commonly
encountered under normal operation was investigated. These included exposure to high
temperature steam and calcimimagnesiurraluminosilicates CMAS). Combined corrosion

and corrosioAwear studies were also conducted to observe any effects of combined
degradation mechanisms on the abradable EBCs. Many researchers have conducted steam
and CMAS corrosion studies of EBCs however, what is less detstood, is the effect the
increased porosity levels of an abradable coating have on the protective requirements of an
EBC. While most of these previous studies have investigated one corrosion mechanism in
isolation, what is more representative ofgenice conditions, is a combination of

degradation mechanisms taking place simultaneously. Given this, four key objectives were

defined as the goals for this thesis:

1 To deposit abradable EBCs with a variety of porosity levels using APS and to
subsequently understand the relationship between processing, microstructure,
phase composition and performance (both mechanical and corrosid) spray
parameters affecting the temperature and velocity of the feedstock particles in flight
will be systematically adjusted, and the effect on porosity and microhardness
examined.

1 To understand how the porosity level of an abradable coating effects the wear and
mechanics under blade tip rub conditions, in an effort to optimise performance and

efficiency. This will be achieved by producing abradabEBCsvith three distinct
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porosity levelsand investigating their comparative abradbaility using a specially
designed test rig.

To understand how the porosity level of an abradable coating effects the high
temperature steam and CMAS corrosion resistaf&sistance to these corrosive
species is instrumental for EBC longevity in servibe.dradable EBCs will be
exposed to highlemperature isothermalcorrosion testswhereby the corrosion
mechanisms and resulting changes in the coatings will be analysedierstand its
suitability for use in HPJections.

To understand how combined corrosive test methodologies, more closely related to
in-service conditions create synergies and/or discordant effects which have
previously been understudiedhe abradable EBCs will &eposed to high
temperature, isothermatombinedcorrosion testand any changes in corrosion
mechanismand coating composition and microstructure will be characterised and

compared to the results afolated steam and CMAS exposure.
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Chapter 3. Experimental methods

This chapter covers the principles and theories behind the experimental and
characterisation techniques used throughout this work. More detailed explanation of
specific parameters, measurements and materials are given in the materials and methods

section d each chapter individually.

3.1. Coating deposition

ThePraxairSG100 plasma spray torcfiPraxair Surface Technology, US4 high
performance thermal spray system used to apply coatings to materials by projecting molten
particles at high velocities onto alsstrate. It operates on the principle of plasma spraying,
which is part of the thermal spray familik.combination of gase#) this caseargonand
hydrogenflow through the torch A highvoltage electrical arc is struck between a cathode
(tungsten) and an anode (copper) inside the torch. This aizesrthe gas, transforming it
into a hightemperature plasmaThe coating material, in the form of fine powder, is fed into
the plasma jetadially. The powder particles aracceleratedheated and melted as they
travel through the plasma jef he velocity and temperature depend on the gas mixture, arc
current, andother operating parametersThe highvelocity molten particles are projected
onto the substrateWhen they hit the surface, they flatten and cool rapidly, forming a
coating layer. This processrépeated as more particles accumulate to create a dense; well

adhered coatingThe torch is controlled by a saxis robot, operating in a raster pattern.

0 [:) /—{; ) «— Powder IN
~ = Carrier Gas

Cathode

Arc Water OUT &

/ DC Power (-)

Water
Passages >
(20 holes) | «—— Plasma Gases
: Water IN &

: ¢ DC Power (+)

Figurel5. Images of the Praxair SIB0 plasma spray torch used throughout this work,
where a) shows the torch mounted on the-axxs robot, and b) shows a diagram of the

torch internal desigfl139].
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The S@GLOO0 torch uses an array of anode and cathode desagiisgeometrieslepending on

the material to be deposited. Throughout this study the torch was fitted with a 020&3
anode, 02083120 cathodeanda 03083112 gas injectofall Praxair Surface Technology,

USA) these are shown iRigurel6. These designs are known as samnic configurations

and are specially designed for the deposition of ceramic materials. Theosub refers to

the particle velocity achieved during the deposition process, slower particle velocities mean
the feedstock pwder spends longer in the plasma, which helps to fully melt ceramic

materials which may have relatively high melting points.
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Figurel6. Schematics of the a) electrode and gas injector configuration, b) anode, c) cathode
and d) gas injector used in this styd$9]. For referencgthe anode is-70 mmwaslength,

while the cathode is ~50 mm in length.

The feedstock powder is fed using a Praxair 1264 powder feeder (Praxair Surface
Technology, USA). The powder is stored in a sealed and heated hopper. An inert carrier gas,
in this case nitrogen, enters the feeder and helps transport the powder to the plagpnay
torch. The hopper contains a rotating feed disc with evenly spaced holes that hold an
amount of powder. As the disc rotates, it picks up powder from the hopper in these slots.
The rotation of the wheel ensures that the powder is delivered consilstén the outlet. As
the powdekfilled pockets pass over the gas inlet, the carrier gas picks up the powder and
transports it out of the feeder throughf@edtube to the torch.The pressure and flow rate

of the carrier gasind rotational speed of the feed diace controlled to ensure stable
powder flow to the torchPowders used for APS coatings typically have a size rad§e; of
125 um.

The substrates used in this thesis are showhigurel?7. They are 25 mm diameter reaction
bonded SiC disc (JAI Engineering, UK) used in Chapter 4 teidléss steel test plates 50 x

50 mm and 5 mm thick, designed to be fixed into the abradable tesised in Chapter 5

and graphite platd GPE Scientific Ltd., UK), 60 mm x 20 mm x 5 mm thickness, were used to
create the freestanding coatinggh Chapters 6 and 7. The substrates were mounted on a
clamping rail, with built in compressed air lines, to control substrate temperature during
heating, shown ifrigurel8. To reduce anypatchto-batchvariation all the coatings

analysed withirthis work were @positedin a single spray run after the initial parametric

studypresented in Chapter 4.
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Figurel?. The substrates used throughout this thesis, 25 mm diameter reaction bonded SiC
disc, stainless steel test plates 50 x 50 mm and 5 mm thick, designed to be fixed into the
abradable test rig and graphite plate (GPE Scientific Ltd., UK), 60 mm x 20 mm x 5 m

thickness are shown from left to right.

Figurel8. The substrate clamps amttegratedcooling channeld-or referencethe beam to

which the clamps are mounted is 100 mm in length.
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3.2. Characterisation

3.2.1. Xray diffraction

X-ray Diffraction (XRD) is a technique used to study the atomic structure of crystalline

materials. When a beam of monochromatigays strikes a crystalline sample, theays

are scattered in specific directions. This scattering occurs because thel'srgsdans cause

the Xrays to interfere constructively or destructively, depending on their spacing and

arrangement, a schematic of the basic principles of XRD is shdvigurel9. The

relationship between the wavelength of therXys and the angles at which they are

RAFFNI O0SR Aa RSAONAOGSR o6& . NIX3I3AQa [ ¢
¢ _ ¢QOEF (Equation 3)

Where:

1 nis aninteger, often referred to as the order of the reflection

1 < Aa GKS gl @&$ Sy3aidkK 2F (GKS

1 disthe lattice spacing

¢ ¢ Aa GKS ly3tsS 2F AYyOARSyOS

By measuring the angles and intensities of the diffractedys, XRD can determine the

crystal structure, lattice parameters, and atomic spacing. The resulting diffraction pattern (a

series of peaks) is unique to the material's structure, allowing ideatibn of phases,

crystallinity, and sometimes even stresses or defects in the material.
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Figurel9. Schematic showing the diffraction of incidentays in XRIDL40].

Rietveld refinement focuses on fitting a model of a crystal structure to a collected diffraction
pattern, enabling thequantification of different phases present in a materigthis model
includes parameters such as atomic positions, thermal vibrations, and unit cell dimensions
of the phases present in the material, obtained from crystallographic information files (CIF).
The observed diffraction pattern is compared with the calculated pattern derived from the
initial model.The refinement involves adjustimgodel parameters iteratively to minimize

the difference between the observed and calculated patterns. This is done using least
squares fitting techniqued.he key parameters that are refined include lattice parameters
(depending on the crystal structure of the phase) and peak shape parameters. The peak
shape is influenced by the crystallite sizenédler crystallite sizes lead to broader peaks due
to increased strain and reduced coherence lengthd the microstrain (dtortions in the

crystal lattice carrause peak broadenifgA pseudeVoigt function (combination of

Lorentzian and Gaussian functions) was used to refine the contribution of these

characteristics.

Throughout this workKRDwas conductedising a D8 Advance (Bruker, WKih Bragg
Brentano geometrif N2 Y wmn G2 ync H' X dzaAy3d /[/dz Yh NI RALF
step size and 0.2 s per step using BrBggntano geometry. Phase identification in the

coatings was completed using EVA software (Bruker, UK) supported by data from tBe PDF
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database (ICDIPDF). Phase quantification (in wt. % according to Hill and Hq#4td) was
performed using Rietveld refinement in TOPAS V5 (Bruker, UK) with reference to the
guidelines outlined by McCusker et @l42]. Rather than measuring a sample without any
broadening effects, the instrumental broadening was accounted for by employing a
fundamental parameters approackhereby the details of the experimental sep

(radiation source, slits, detector, etc.) are udedinstrumental function calculationid43].

For all the phases observed, standard structures were taken from the Crystallography Open

Database and used in the refinements.

3.2.2. Scanning electron microscopy

A Scanning Electron Microscope (SEM) works by directing a focused beam-eféigi
electrons onto the surface ofsample These electrons interact with the atoms in the
sample, generating signals like secondary electrons, backscattered electronsyaysd X
The SEM detects these signals to create detailed-t@gblution images of the sample's
surface topography, texture, and compositighischematic of a typical SEM and its

detectors is shown ikigure20.

Topographical images are produced using asdaryelectron (SE) detectoiThisworks by
collecting lowenergy electrons that are emitted from the surface of gemplewhen it is

hit by the primary electron beam. These secondary electrons are generated very close to the
surface, making them ideal for capturing fine details and topographical informaftlen SE
detector is often positioned to the side of tlsample and it attracts the secondary

electrons using an electric field. Because secondary elezfpoovide high surface

sensitivity, the resulting images offer excellent detail and depth, revealing the texture and
FAYS FSIFGdzNBa 2F GKS &F YLX SQ& &adz2NFIF OSo

Abackscatterecelectron (BSE) detector works by capturing hagtergy electrons that are
scattered back from theampleafter interacting with the primary electron beaand is

used to provide compositional images of the samfleese backscattered electrons

originate from deeper within the sample and have higher energy compared to secondary
electrons.The BSE detector is typically placed above the sample to detect these electrons.
Since the intensity of backscattered electrons depends on the atomic nuaofilbee

elements in the sample, the BSE detector can provide compositional cqral@astents with
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higher atomic numbers appear brighter, while those with lower atomic numbers appear

darker in the resulting image.

Energy Dispersivergy Spectroscopy (EDX or EDS) works by detecting the characteristic X
rays emitted from a sample when it is bombardadtheelectron beamWhen the electron
beam hits the atoms in the sample, it can displace irstezll electrons. Electrons from

higher energy levels then drop down to fill these vacancies, releasing energy in the form of
X-rays. The energy of theserXys is specific to the enents in the sampleAn EDX detector
measures the energy of theserays, allowing the systenotidentify the elements present

in the sample and their relative concentrations, providing elemental composition and

chemical analysis.

Throughout this work, SEM analysis was conducted using a FEI XL30 (Phillips FEI,
Netherlands) operated in secondary electron (SE) and backscattered electron (BSE) modes,
using an accelerating voltage of 20 kV, spot size of 5 nm and working distance of. 10 m

The SEM was equipped with enerdjgpersive xay spectroscopy (EDX) (Oxford

Instruments, UK) which was used to perform elemental analidgsitification of possible

phases was achieved by comparing the elemental stoichiometry of the pliksdified

previously by XRg the composition of the feature analysed using EDX.
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Figure20. Schematic of an SEM, with the SE, BSE and EDX detectors and respective

interaction volumes showii44].
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3.2.3. Electron backscatter diffraction

Electron Backscatter Diffraction (EBSD) is a microstructural analysis technique used primarily
in a SEM to determine the crystallographic orientatjgmnain sizeandphase distributiorof
materials.As with other SEM techniquesf@cused electron beam from the SEM is directed
onto the surface of a crystalline materfald at a shallow angle (typically 708pme of the
high-energy electrons are scattered back from the surface. As they interact with the crystal
lattice, they can generate diffraction pattes. These patterns are known &skuchibands,
which are characteristic of the crystal structure and orientatiddetector captures these
patterns,the detector itself is made up of a phosphor screen, which is highly sensitive to
capture the weak signal of the backscattered electrons, acklasgecoupled camera,

which captures the light signal emitted by the phosphor screen and converts it to a digital
image. $ftware analyses the resulting datesing information from the CIF of the phases
within the sample and produces maps showing the location and orientation of the phases

within the material. A typical EBSD configuration is showfignre21.

In this work EBSD analysis was conducted using a JEOL 7100F field emission gun SEM (JEOL,
Japan) using a spot size of 4 and a working distance mini.0The SEM was equipped with

energy dispersive-Ky spectroscopy (EDSméax 150, Oxford Instruments, U)d

electron backscatter diffraction (Oxford Instruments, UK) detectors. EBSD was used with an
accelerating voltage of 1BV on the~70° tiled specimen. EBSD data acquisition was

performed at a step size of 0.0285 pum. Crystallographic information Gl¢3 (vere used to

identify the suspected phases present in the coatings. AZtec Crystal (Oxford Instruments,

UK) was used to analyse the EBSD data.
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Figure21l. Schematic showing EBSD detection geometry and a typical EBSD d&tésjtor

3.2.4. Xray computed tomography

X-ray Computed Tomography (CT) is a«destructive imaging technique that creates

RSGUIFIAf SR 05 AYlI 3ISa 27 AhxyayBdureeenits@beam ofilyS NI/ I £ &
that passes through theamplebeing examinedAs the Xrays penetrate the object, some

are absorbed while others pass throudepending on the materials density and

composition A detector captures the-kays that emerge from the other sidéhe Xray

source and detector rotate around the object, capturing multiple 2D images (slices) from

different anglesThese slices are processesing algorithms to reconstruct them into a 3D

model of thesamplesnternal structure.

3.2.5. Thermal conductivity

Laser Flash Analysis (LFA) is a technique used to measure the thermal properties of
materials, particularly their thermal diffusivity, specific heat, and thermal conductivity. A
short pulse of laser light is directed onto the surface of the sample. Thpleasncoated in

graphite to improve the absorption of the laser energy. The laser heats the surface very
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quickly (in microseconds). As the heated surface of the sample begins to cool, the heat
diffuses through the material. The opposite side of the sample is monitored with an infrared
detector to measure the temperature change over time. The temperatureomse

unheated side is recorded as a function of time. The resulting data is then analysed to
calculate thermal diffusivity using mathematical models based on Fourier's law of heat
conduction. This value can then be used to calculate the thermal condyaithe sample

using the following equation:

~

Q | "6 (Equationd)
Where:
1 kis thermal conductivity
T h Aa GKSNXYIf RAFFdzAAOAGER
1 Ad RSyaArdGe
1 Geis specific heat capacity

The specific heat capacity can be calculated from the constituent oxides using the
NeumannKopp ruleg[146] (whereby the value for the bulk material is a weighted sum of its

constituents)

3.3. Mechanical properties testing

3.3.1. Hardness

Hardness testing enables quantification of a materials strength and ductliitiers

hardness is a method of measuring a material's hardness by determining its resistance to
indentation. In the Vickers test, a diamostiaped pyramid indenter with a square base is
pressed into the material's surface under a specific load. The tthe indentation is

measured, and the Vickers Hardness Number (HV) is calculated using the applied load and

the surface area of the indentatioithe formula used is:

'O ——  (Equationb)
where:

1 Fis the applied force
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1 dis the diagonal length of the indentation

Rockwell Superficial Hardness is a variation of the Rockwell hardness test used for soft or
thin materials with smalihdentations. It follows the same principle as the standard

Rockwell test, whereby an indenter is pressed into the material under a specific minor load,
followed by a major load. In the superficial test, lighter loads (usually 15, 30, or 45 kgf) are
used ompared to the standard Rockwell test. The hardness value is determined based on

the depth of penetration of the indenter after applying both loads, given by:

0Y 6 GO (Equationd)

HR is the Rockwell hardness value
N is the load applied (in kgf)
d is the depth of the indentation (in mm)

D is a geometric factor depending on the scale and indenter used

The different scales use different indenter materials and geometries, the most commonly
used are the N scale which uses a diamond cone with a 120° angle and the Y scale which
dzaSa | oé¢ RAFYSGSNI adSSt olftfo

The microhardness of the coatings was assessed in Chapter 4 while the superficial hardness

was assesedin Chapter 5.

3.3.2. Abradable test rig

The abradability of the coatings producedtlis thesis was examined using an abradable
test rig at University of Sheffield. In this rig the cutting of an abradable coating by a turbine
blade is simulated. In this rigwb blades, oe that cuts the abradable and one dummy blade
(positioned 180° from the test blade) to ensure balance during rotatwe mounted on a

high frequency grindingpindle(GMN Paul Muller Industrie GmbBermany. The speed at
which the spindle rotates controls the tip speed of the bladenaximum blade tip speed of
200 m/scan be achievedrhis is far higher than can be achieved with typical baldpirdisc
tribometers and is designed to replicate the blade speeds found in gas turfiihes.
abradable coating itsel§ deposited onto a steel backing plate whicmisunted on a

motorised singleaxis movable stage, which moves the abradable into the cutting blade at a
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defined speed or incursion raténcursion rates from 0.02 2000 um/s can be achieve@he
stage is connected to a dynamometer which measures the magnitude of the forces (normal
and tangential to the wear direction) exerted on the abradable coating. The test is
completed when a desired incursion depth is reachedchematiof the rigis presented in
Figure22. While the test rig itself is not actively heatetthe temperature on the surface of
the abradable is measured using a single wavelength pyroni@ioSigma, Japan)

pointing at the centre of the wear scar. The pyrometer has a spectral response at 2.3 pm.
Images of the blade, both frordn and sideon, are captured during the test to allow the
change in blade profile to be monitored. This is achieved using two stropiasicnaging
systemqGardasoft, UK\vhereby LEDs are used to illuminate the blaaléight gate is used

to trigger the camera antinages of the blade are captured after a certain delay every
rotation [29, 30]

Cutting
blade

Spindle Spindle rotates to
~—~ {\ j control blade tip
- . speed and moves

down to control
incursion rate

Balancing
blade

«— Abradable coating

«—___ Substrate backing
plate

Figure22. A schematic oftte abradabilitytest rigat the University of Sheffiglavith the key
components labellef25].
3.4. Corrosion testing

3.4.1. CMAS testing

CMAS powder with a nominal composition of 35 GaD MgO¢ 7 AbOz ¢ 48 SiGmol. %
(Oerlikon Metco AG, Switzerland) was usieaughout this thesisgiving a Ca:Si ratio of
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0.73.The melting point of the CMAS powder was obtained using direct scanning

calorimetry, this was found to be 1217 °C, this is showFigare23.

T, ~1217°C

Heat Flow (W/g)

-1 ! | |
600 800 1000

| | |
200 400 1200

Temperature(°C)

Figure23. DSC results of tH@MAS used throughout this thesis, with the glass transition and
melting temperatures shan (analysis conducted previously Ggntre of Excellence in

Coatings & Surface Engineering group at the University of Nottingham).

To apply the CMAS to the coating surface, @dAS powder was mixed with deionised

water at a 1:9 ratio by weight and mixed using a magnetic stirrer to ensure homogeneity.
The CMAS slurry was applied via an airbrush to XbBt8gs at a standff distance of 150

mm. The coatingbad been placed on a hotplate at ~100 °C to promote the evaporation of
water from the CMASIurry. The process of applying a layer of CMAS slurry and drying was
repeated until a mass representing the desired concentration had apglied to the

surface of the sample#\ schematic oftte airbrush, hot plate and stirrer are shown in
Figure24. Subsequently the CMAS coated samples were heated in a box furnace (Elite

Thermal Systems, Uk) to the desired temperature, for the desired duration.
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Figure24. A schematic of th€MAS applicatioprocessshowing a coated sample on a hot

plate, CMAS slurrghe magnetic stirrer and the airbrush.

3.4.2. Steam testing

To examine the effects of steam exposure on tlhatingsan isothermal steam test was
conducted. A steam rig consisting of two interconnected tube furnaces (Elite Thermal
Systems Ltd., UK), mass flow controller (Omega Engineering Inc, UK), 120S peristaltic pump
(WatsonMarlow Ltd., UK) and eaxial zirconia tubs (Almath Crucibles Ltd., UK) was

employed for the testing. The first furnace was used to produce the steam by boiling
deionised water and was set to 400 °C. The second furnace was used to hebatatialde

EBCs to 1350 °C at a rate of 2.5 °C/min. The samples sat in the middle of a 25 mm diameter
by 750 mm long zirconia tube placed in the centre of the furnace, this tube was placed in an

alumina tube with a 52 mm diametefhe other end of the furnace was kept open to
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maintain atmospheric pressure. Once this temperature was reached, the pump was turned
on, flowing at 5 ml/min and the steam was mixed with compressed air, itself flowing at 0.8
SLM. The steam and air flow created an atmosphere of 90 vel3/A Bivol.% air with a gas
velocity of 1 m/s. A smaller zirconia tube (7 mm diameter by 400 mm length) was used to
transport the airsteam mixture to the hot zone of the furnacihe samples were places 100
mm away from the outlet of this steam injector tub€&he use offte zirconia tubes

prevented any alumina contamination which would promote YbAG formation within the

coatings.A schematic of this rig is shownRigure25.

el flow
FUnace ey steam

v 'c
peristalti . air flow
pumP

o mm —¥
- al e
=228 s injecto’ b

-

Figure25. Schematic showing the high temperature steam rig used in this 0d96]
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Chapter 4Atmospherigplasmaspraying ofytterbium disilicate for
abradable ancenvironmentalbarrier coatings: Astory of processing
microstructurerelationships

Thischapteris reproduced from the paper:

A. Lynam, A. Rincon Romero, F. Xu, G.J. Brewster, G. Pattinson, T. Hussain, Atmospheric
plasma spraying of ytterbium disilicate for abradable and environmental barrier coatings: A
story of processingnicrostructure relationships, Ceramics International|Wiee 49, Issue

13, 2023, Pages 22232243 ,https://doi.org/10.1016/j.ceramint.2023.04.053

Abstract

Environmental barrier coatings (EBCs) are required to protect SiC based composites in high
temperature, steam containing combustion environments found in the latest generation of
high efficiency gas turbine aeroengines. Ytterbium disilicate (YbDS) has phmwise as an
environmental barrier coating, showing excellent phase stability at high temperatures and a
coefficient of thermal expansion close to that of SiC however its performance is dependent
on the conditions under which the coating was depositiedhis work, a parametric study

was undertaken to demonstrate how processing parameters using a widely used Praxair SG
100 atmospheric plasma spraying (APS) torch affect the phase compaosition, microstructure
and mechanical properties of ytterbium disilieaYtterbium disilicate coatings were

deposited using 4 sets of spray parameters, varying the spray power from 12 to 24 kW. The
phases present in these coatings were quantified ustrayxdiffraction with Rietveld

refinement, and the level of porosity waneasured. Using this data, the relationship

between processing parameters and phase composition and microstructure was examined.
Using the optimum process parameter window determined in this work, abradable YbDS
coatings were deposited using polyesteefistock additions as a pore forming phase. Two

different polyester levels were added to create coatings with two different porosity levels.
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4.1.Introduction

As performance and efficiency gains in gas turbines are constantly sought, the temperatures
under which Nibased superalloys must operate are approaching their limit. Thermal barrier
coatings (TBCs) have allowed turbine inlet temperatures of ~1500°C Mm@ribrust

outputs, thermal efficiency and reducing harmful emissifjsEven with the use of TBCs,

the in-service temperature such components are exposed to is now approaching the melting
point of the Ni alloys, so it is clear that new material solutions must be sought. One such
solution is using SiC/SiC ceramic matrix cositpe (CMCs). CMCs show excellent high
temperature mechanical properties, have a temperature limit ~200 °C higher than Ni based
superalloys and have a lower density than their metallic counterparts (improving thrust to
weight ratios)[147]. Nevertheless, SiC/SiC CMCs are not without drawbacks. At high
temperatures in oxidising environments, SiC will form a protective I8y@r however in the
presence of steam, as found in gas turbines, the usually protectiveri@rm volatile

silicon hydroxide (Si(OH) resulting in a recession of $12].

Naturally, Sicbased CMCs must be protected from such environments; one approach to do
this is through coating the CMC, known as an environmental barrier coating (EBC). Similar to
how thermal barrier coatings have been employed to protect nickel supegaftoyn high
temperatures, EBCs can be used to protect CMCs from steam recession. To be effective, the
EBC must have; low silicon volatilisation, a coefficient of thermal expansion (CTE) similar to
that of the CMC, chemical compatibility with the CMC andgghstability over the range of
operating temperature$148]. For over 30 years, silicates have been investigated for use as
EBCs due to their combination of properties and the ease with which they can be deposited
using thermal spray techniques, primarily atmospheric plasma spraying [G8P3D7]

More recently, rareearth silicates, specifically ytterbium monosilicate B or YbMS)

and ytterbium disilicate (Y807 or YbDS), are considered staikthe-art due to their low

CTE (7.5 x10K?, measured over a range of 471673 K and 4.1 x¥K?, measured over a

range of 3081873 K respectively), excellent phase stability and the fact they present a

single polymorph over the operating temperature rangdile YoMS may provide better
protection against steam recession, tBdE mismatch means YbDS is preferred for BBCs

82, 149, 15Q]
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Beyond higher operating temperatures, another practical way in which the efficiency of gas
turbines can be increased is to reduce leakages that occur during the compression and
turbine stagesThis can be achieved by reducing the clearances between the moving parts
within the turbine, for example, between the blades and the casing. Due to the high
operating temperatures within the turbine, the blades will expand and contact the casing if
the clearance is too low, high loads and large vibrations could atbthe blade to impact

the casing. To get around this, abradable seal coatings can be employed. Such coatings are
soft enough to be worn away by the turbine blade tip (without damaging the tip itself),
allowing for tighter clearances to be used, limitiegkages and increasing efficiency, whilst

still (in the case of an abradable EBC) providing protection of the CMC substrate from steam
recession. Abradable seals are typically made up of a matrix phase to which pore forming
phases (e.g. polyester) and/solid lubricants (e.g. hBN or Lafp@re added to provide
abradability[16, 59] While research into abradable EBCs is still in its infancy, studies have
been conducted into a hBN containing YbDS APS deposited EBCs, and within industry
patents regarding polyester and solid lubricant containing EBCs have been géhtéa,

64].

Many studies have been undertaken regarding the optimisation of YbDS dep¢8&idil,

107, 111] In particular, Richards et §83] used a Praxair SB00, a widely used plasma

spray torch similar to the type used in this study, to obtain a dense YbDS coating with
relatively low YbMS phase content while exploring a range of spray parameters. In order to
obtain a crystallineoating,the spray was conducted inside a furnace, a setup up not

feasible for high volume coating production. Despite this, the requirements of an abradable
coating are vastly different to that of an EBC. To prevent the ingress of steam, EBCs must
provide a gadight seal over the CMC substrate, whereas porosity is inherent in abradable
coatings. While Qin et gb1] have investigated the wear resistance of hBN containing YbDS
abradable coatings and TejeMartin et al.[59] have determined the resistance of

abradable YbDS coatings to CMAS attack, no fundamental study has been conducted on the
deposition of abradable YbDS coatings. If abradable EBCs are to be considered for the next
generation of gas turbines, their deposiimeeds to be better understood. The aim of this
study was to determine an optimum deposition condition for an abradable YbDS system

maximising the level of porosity. Bearing this in mind, a parametric investigation was
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undertaken to optimise a YbDS coating deposited by APS. The effect of spray power and
standoff distance were investigated, the phase composition, microstructure and level of
porosity were characterised for all the coatings. Finally, polyester actingp@asedormer,

was added to the feedstock and these coatings characterised.

4.2 .Materials and methods

4.2.1. Materials

EBC and abradable EBC systems were deposited using APS. The coating system is comprised
of a reaction bonded SiC substrate (JAI Engineers, UK), an intermediate Si boaddayer
YbDS as a protective top layer. Commercially available Si (Metco 4810) and YbDS (Metco
6157) (both Oerlikon Metco AG, Switzerland) were used as feedstocks for the respective
layers. The Si powder had a nominal size range -gf51sm and contained < 1y8t. % Si@

and a balance of Si. The YbDS powder had a nominal size rang8fifrl, contained a
maximum of 5vol. % of unreacted ¥0sz and YbMS. Prior to spraying, the powders were
treated at 80 °C for 12 hours using a box furnace (Elite Thermal Sydi&nt remove any
moisture. Finally, Metco 600NS (Oerlikon Metco AG, Switzerland), a polyester (PE) powder,
was mixed with the YbDS powder at 1.5 and 4.5 wt. %. The pore former was a crystalline
aromatic polyester powder with a nominal size range ofl25 um. The mixture was

homogenised using a Labram acoustic mixer (Resodyn Acoustic Mixers, USA).

Reaction bonded SiC discs with a diameter of 25 mm and thickness of 10 mm, were used as
the substrates. These were grit blasted using a blast cleaner (Guyson, UK) with SiC (220
mesh) particles at a pressure of 9 bar. After grit blasting the surface rosgh@ of the

SiC discs was found to be 3.1 £ 0.1 um (average of 3 grit blasted discs). Following surface
preparation, the substrates were sonicated in industrial methylated spirit (IMS) using a FB
505 ultrasound probe (Fischer Scientific, UK) in pulséentd s pulse every 2 s) at 60%

amplitude. Finally, the substrates were dried using compressed air.

4.2.2. Coating Deposition

An SEL00 plasma spray system (Praxair Surface Technology, USA) was used to deposit the
coatings. The spray gun was fitted with a 0209% anode, 0208320 cathode and a

03083112 gas injector. Ar was used as the primary gas, anehbkl used as the secondary

gas.
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The Si bond coat was deposited using a spray power of 27 kW, a current of 600 A, primary
gas (Ar) pressure of 85 psi (equivalent to a flow rate of 75 SLM), a secondary)gas (H
pressure of 35 psi (2.5 SLM), a starffidistance of 125 mm, a powder feed rate of 30 g/min
and the robot speed was 1000 mm/s over 6 passes. These conditions were optimised prior

to this study.

The YbDS spraying parameters are showrainle3. A parametric study was conducted

varying spray power to assess how this affected YbDS phase retention and porosity in the
coating. To vary the spray power, arc current and secondary gas pressure were adjusted to
provide four distinct power levels, 12, 18) and 24 kW (sprays¢l4). Following this, a

similar study was conducted with fixed spray power of 12 kW as the sifirttistance was
reduced from 150 mm down to 125 and 100 mm (sprag¥’h Coatings containing 1.5 and

4.5 wt. % polyester powder mixento the YbDS feedstock were also deposited using 12 kW
spray power (sprays 10 and 11). Initially;I0® pm coatings were deposited to conduct

basic characterisation, for spraysl& a target thickness of 3500 um was desired for

more indepth charactesation. Initially (sprays-I) a robot scanning speed of 610 mm/s

was used; however, when attempting to deposit thicker coatings this was found to induce
deboning of the bond coat and EBC from the SiC substrate likely due to deposition rate
residual stres effects, to eliminate this the robot speed was increased to 1000 mm/s in
subsequent coating trials (spraysl&). Due to the highly amorphous nature of the as

sprayed coatings, a crystallization heat treatment was conducted to form crystalline phases
[151]. This was done at 1200 °C (Elite Thermal Systems Ltd., UK) for two hours, with heating
and cooling rates of 5 °C/min in §9, 60] Prior to the crystallisation heat treatment, the
polyester containing coatings underwent a bwoat heat treatment at 500 °C for 3.5 h with

a heating rate of 5 °C/min, to burn off any remaining organic material.
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Table3. YbDS APS parameters for all 11 spray runs with coating thickness

Spray Power (kW) | Current (A) | Ar(psi/SLM) | H: (psi/SLM) | Standoff Robot Feedstock | Number of
Number Distance Scanning Passes
(mm) Speed (Thickness
(mm/s) pm)
Effect of Spray Power
1 12 400 95/85 30/2 150 610 YbDS 2 (70 £ 10)
2 16 300 95/85 40/3 150 610 YbDS 2(81+8)
3 20 400 95/85 40/3 150 610 YbDS 2(90x7)
4 24 500 95/85 40/3 150 610 YbDS 2 (96 £8)
Effect of Stanebff Distance
5 12 400 95/85 30/2 100 610 YbDS 10 (322  22)
6 12 400 95/85 30/2 125 610 YbDS 10 (313 = 20)
7 12 400 95/85 30/2 150 610 YbDS 10 (247 = 30)
Effect of PE Addition
8 24 500 95/85 40/3 150 1000 YbDS 20 (350 = 40)
9 12 400 95/85 30/2 125 1000 YbDS 25 (385 £ 34)
10 12 400 95/85 30/2 125 1000 YbDS + 1.5| 25 (397 £ 36)
wt.% PE

98




11

12

400

95/85

30/2

125

1000

YbDS + 4.5
wt.% PE

35 (410 + 25)

99




The temperature and velocity of both the Si and YbDS feedstock particles were measured
using a Tecnar Accuraspray 4 (Tecnar, Canada) in order to better understand the condition
of the particles as they impacted the substrates. The Accuraspray has a leagenement
volume of 750 mm(3 mm x 25 mm x 10 mm) allowing for temperature and velocity data as
an average of all of the particles passing through the measurement volume to be measured
[152]. As particles pass through the focal plane of the Accurapsray system, pulses are
generated by two slits in the sensor; knowing the time between the pulses and the distance
0SG6SSyYy GKS atAda GKS LI NIAOEft SaQ @usimairie
two-colour pyrometer. The accuracy of the readings is 3 % for the particle temperature
measurements and 2% for the particle velocity measurements. The signal amplification
factor and exposure time settings were different for the different spraygmeters and

stand-off distances but were comprised in the range ofZDtimes and 1€!1 ms,

respectively. The response time was set to 1 s. Before the data was acquired, a period of 60
s was allowed for flame stabilisation. A series of 60 measuremesits acquired over a

time frame of 60 s, and then averaged to give the resulting values.

4.2.3. Sampl@reparation and Characterisation

Coated samples were sectioned using a Qcut 200 precision cutting machine (Metprep, UK)
and abrasive diamond cutff wheels (Metprep, UK) with a cutting speed of 0.025 mm/s.
Samples in Section 3.1.1. were thendnobunted using conductonount (Metprep, UK).
Subsequently, the coated substrates were mounted with EpoFix resin and hardener (15:2
volumetric ratio) (Struers, @€mark) and then sectioned. The cresections were mounted

again using EpoFix resin and hardener (Struers, Denmark). The mounted samples were then
ground using a 200 grit diamond lapping disc (DK Holdings Ltd, UK). Lastly, the ground
samples were polishedza A Y3 RAI Y2y R LRfAAKAY3 LI Ra (2

The morphology of the YbDS powder, the microstructure of the coating and the surface

topography of the coating were characterised using a FEI XL30 scanning electron microscope

(SEM) (Phillips FEI, Netherlands) operated in secondary electron (SE) andtbereldsc

electron (BSE) modes, using an accelerating voltage of 20 kV, spot size of 5 nm and working
distance of ~10 mm. The SEM was equipped with enrdigpersive xay spectroscopy

(EDX) (Oxford Instruments, UK) which was used to perform elemental isndlys level of

porosity was measured using ImageJ image processing software (National Institute of
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Health, USA). BSE images taken at 1000 times magnification, covering around?@#0 pm

the crosssection, were converted into black and white maps upon setting a threshold,

which was kept constant for all coatings. Then the area percentage of the image covered by
porosity was measured, returning an overall value per image. An averdlge pbrosity

across the five images of each coating was calculated and the standard deviation was
presented as the error associated with each measurement. The ImageJ measitre

function was used to measure the thickness of the coatings. One measurement was taken
from five BSE images taken at 250 times magnification per coating, the average and

standard deviation of the five results were calculated.

Microhardness measurements were performed using a Vickers hardness indenter (Buehler,
USA), an average of 5 indents was reported. A load of 100 gf was applied to the samples,
testing under this load did not form cracks, and hence the only form of enesgipdtion

was due to the indent itself.

4.2.4. Xray Diffraction

The phase analysis on the feedstock powder andmayed coating was conducted by XRD
dZaAy3 F 5y ! RGFryOS 6. NHZl SNE ! YO FNRBY wmn G2 vy
wavelength), a 0.02° step size and 0.2 s per step using Braggano geometry. Phase
identification in the coatings was completed using EVA software (Bruker, UK) supported by
data from the PDR database (ICDBDF). Phase quantification (in wt. % according to Hill

and Howard141]) was performed using Rietveld refinement in TOPAS V5 (Bruker, UK) with
reference to the guidelines outlined by McCusker efl42]. Rather than measuring a

sample without any broadening effects, the instrumental broadening was accounted for by
employing a fundamental parameters approaghereby the details of the experimental

setup (radiation source, slits, detector, etc.) are usedinstrumental function calculations
[143]. For all the phases observed, standard structures were taken from the Crystallography

Open Database and used in the refinements.

4.3.Results

4.3.1. Powder Characterisation

SEM analysis was carried out on the YbDS and PE powders used in this study in order to

understand their morphology, micrographs of the powder particles can be sdagune26.
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The YbDS powder exhibits a spherical morphology with some internal pores visible from the

surface, typical of agglomerated and sintered powders.

AccVY SpotMagn Det WD —— 20um AccV SpotMagn Det WD pb———+ 20um
200K/ 50 2000x SE 94 200kv 50 2000x SE 9.0

Figure26. SE SEM image of (a) YbDS and (b) PE powder showing sintered and agglomerated

structure with some porosity.

XRD of the powder is shownhkigure27, the composition of the powder was mainly
monoclinic YbDS (C2/m,-8234) with small amounts of monoclinic YoMS (12/a0386).
The phase composition of the powder was quantified using Rietveld refinement, the powder

was found to contain 95.1 wt. % Yba®l 4.9 wt. % YbMS.

102



YbDS powder

S
L
=
‘»
C
b
=
——-—-—._AIAJUJ} | - w : : - | -
10 20 30 40 50 60

20 (deg.)

‘ YtterTium disilicate (PDF 82-0734)
T O T T T T

Ytterbium monosilicate (PDF 40-0386)

H . ‘ in | ‘I\, |‘ }n ”| ||.l|||.|.|||‘ M‘.‘..h ol

Figure27. Diffractogram of Metco 6157 powder showing predominantly YbDS and minor
YbMS peaks
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4.3.2. Effect of Spray Power

To investigate the effect spray power had on the phase composition and microstructure, 75
¢ 100 um thick coatings were deposited. The spray powers used were 12, 16, 20 and 24 kW,
these were selected to capture data from a broad processing window encompassi

variety of particle conditions in terms of temperature and velodiigure28 shows BSE SEM
images of the microstructures of the coatings deposited using the four spray powers after
heat treatment. The coating deposited using 12 kW spray power was highly porous (~10 %)
after heat treatment due to the presence of partially meltecdaim-melted particles. The
microhardness of the hedteated coatings was measured as well as the porosity, this is
shown inTable4. Generally, porositgecreasedand microhardness increased with

increasing spray power in the heeated coatings. The deposition rate also increased with
spray power, and althoughwasnot measured directly and it can be inferred that the
deposition efficiency would also increase, given the spray time/number of passes, powder

feed rate and carrier gas flow were constant for all four of the sprays.

The patrticle velocity and temperature measured at a staffdlistance of 150 mm are

shown inFigure29, in order to understand the condition of the particles as they impacted

the substrate. Both particle velocity and surface temperature increased as the spray power
was increased. In this study, in order to increase the spray power, the arc current and
secadary gas pressure were increased. Increasing the arc current increases the velocity and
length of the plasma jet, resulting in higher particle temperatures and velo¢it&s.

Compared to Ar, thas increased thermal conductivity and specific heat capacity leading to
higher arc voltages, so the higher proportion afifithe plasma gas, the more energetic the
plasma[153]. Generally, higher spray powers result in a higher proportion of fully molten
material (as more thermal energy is available to be transferred to the particles in the
plasma), which when it impacts the substrate has the appropriate kinetic and thermal
energy to form coherent, welflattened splats, which will result in a less porous coating. The
particle temperature exceeded the melting temperature of YbDS (1850.8&)for all of

the tested spray parameters except 12 kW, which caused a large volumenoéited

particles to be visible within the coating, causing increased porosity. While this ensures that
the feedstock will be molten as it impacts the substrate, worlRiishards e8l. [83] has

shown that at high temperatures (10€8D00 °C), the high vapour pressure of 3&d to its
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depletion from the molten material, resulting in the formation of YbMS angd¥phases in

the YbDS coating.

Increasing the spray power also had a drastic effect on the phase composition of the
coatings. The hedtreated microstructures of all the YbDS coatings depositdtignre28

exhibit a multiphase structure, one appearing lighter in colour indicating it is rich in heavier
elements, while the other has a darker contrast indicating a greater fraction of lighter
elements. XRD analysis of the coatingBigure31identified these two phases to be YbDS
and YbMS. Previous works have shown that these bands do not represent distinct
equilibrium phases but, in fact, combinations of equilibrium phases, in this case, YbDS and

YbMS, with the contrast coming from the pragion of each within the ban¢B3, 85]

Diffractograms of the asprayed and heatreated coatings are shown Figure30 and

Figure31. The assprayed coatings contain mainly amorphous phases as expected in APS
EBCs. Due to the high cooling rate of the particles, after they have impacted the substrate
during APS, amorphous structures are fornji@sl, 92, 110]In all of the diffractograms, two
broad amorphous humps are visible between ~288° and ~40260°; however, some

crystalline peaks can be detected in the coatings produced with 12 and 24 kW spray powers.
FromFigure30, the 12 kW coating contained peaks corresponding to monoclinic YbDS
(C2/m, 820734), a further indication of a high volume of-oelted material. Meanwhile, in

the 24 kKW coating, one prominent peak can be identified at ~29°. This peak likely
correspondsa cubic YBOs (1213, 741981) (222), indicating excessive Si3s when using

this spray power as no ¥z was detected in the feedstock powder.

Heat treatment prompted crystallisation of the phases in the coatings, the diffractograms of
the heattreated coatings can be seenkiigure31. Monoclinic YbDS (C2/m,082-0734)
and monoclinic YbMS (12/a, 44B86) phases were identified in all the coatings. This two
phase structure can be seen clearlyFigure32 along with EDX analysis of the two phases.
EDX analysis of the phases showed the darker phases to be Si and O rich compared to the
lighter phase. While the limitations of measuring oxygen with EDX due to it being a light
element are understood, the atompercentages were close to the stoichiometry of the
indicated phasesFigure33 shows the composition of a suspected:@particle in the
coating deposited using 24 kW after heat treatment. The EDX analysis of the particle shows
it to be almost Si free, containing only 1.2 at. % Si.
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The phase composition of the hetaeated coatings was quantified by Rietveld refinement.
The respective phase compositions of all the coatings are shoWwabile5. The phase
composition of the coating is sensitive to the spraying parameters used in its deposition. In
every coating except the one deposited using 12 kW, the amount of YbMS was greater than
the amount of YbDS. Increasing the arc current and the amout iof the plasma gas
composition increased the spray power, which led to increased particle temperatures, in
turn leading to a higher rate of Si®@ss and a shift towards more Yich compositions

[154].
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Figure28. BSE SEM images of hétatated YbDS coating microstructures deposited using the
four sets of spraying parameters with (a) corresponding to a spray power of 12, (b) 16, (c) 20

and (d) 24 kw.
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Table4. Porosity and microhardness measurements for coatings deposited using the four spray powers.

Spray Number

Spray Power

Deposition Rate

Porosity (heat

Microhardness

Particle Velocity

Particle

(kW) (um/pass) treated) (% area)| (heat-treated) (ms?) Temperature {C)
(HVO0.1)
1 12 35 98+1.1 463.4 + 90.9 89z+1 1687 + 43
2 16 41 83x1.1 686.7 + 77.3 1001 1889 + 8
3 20 45 7.2%+0.9 718.4 +81.9 114+ 1 2014 £ 11
4 24 48 5605 736.2 £ 51.5 129+1 2095 + 13
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Figure29. A graph showing particle velocity vs particle temperature, measured with a Tecnar

Accuraspray 4, for the four different spray powers.
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Figure30. XRD diffractograms for the aprayed coatings sprayed at 12, 16, 20 and 24 kW.
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Table5. YbDS, YbMS and-®bcontent for coatings deposited using the four spray powers.

Spray Spray Power | YbDS Content| YbMS Content | YrOs Content
Number (kW) (wt. %) (wt. %) (wt. %)
1 12 87.0+0.2 13.0+0.2 -
2 16 60.1+0.3 39.9+0.3 -
3 20 48.7 £ 0.2 51.3+0.2 -
4 24 43.2+0.2 52.0+0.2 48+0.1

T
Spectrum 1

+Spectrum 2

: +Speotrum 3

+Spectrum 4

10pm Electron Image 1

Figure32. A high magnification SEM image of a hé@iated YbDS coating microstructure,
deposited using 24 kW parameters (spray 1). The greyscale costiags the presence of

multiple phaseskor referencgthe EDX spot analysis was ~1 um in size.
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Table6. EDX results from the Skage shown irrigure32. Spectrumd and 3 show EDX
analysis of a brighter appearing phase while spectrums 2 and 4 show EDX analysis of a

darker phase. Compared to the lighter phase the darker phase is Yb rich and Si depleted.

Element (at. %) Yb Si O
Spectrum 1 27 11 62
Spectrum 2 21 16 63
Spectrum 3 27 11 62
Spectrum 4 22 15 63

¥ J"-“‘. ."g-b "
-'_f 3G 70 s '

?

§iSpectrum 18

T\

10pm Electron Image 1

Figure33. EDX analysis of a suspectedOélparticle in the coating deposited using 24 kW
(spray 1) after heat treatment, spectrum 1 contained 35.1 at. % Yb, 1.2 at. % Si and 63.7 at.
% O.
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4.3.2. Effect of Standff Distance

While the level of porosity achieved using 12 kW spray power was desirable for an
abradable coating, the microhardness of the coating was relatively low when compared to
the other coatings produced. In an effort to increase the microhardness of the cedtiag
effect of standoff distance was investigated while the other spray parameters remained
constant. The heatreated microstructures of the coatings deposited at 12 kW using three
different standoff distances can be seenkigure34. Despite the stanaff distance being
altered, the microstructures appear largely similar. All of the coatings exhibit large pores
and a combination of fully, partially and umelted particles. Froritable7, it can be seen

that for all of the coatings, the level of porosity remains largely constant irrespective of the
standoff distance used in the spraying process. Despite the level of porosity remaining
relatively stable the microhardness values, againnshon Table7, increased as the stard

off distance was shortened. Increasing the starfddistance also reduces the deposition

rate and, effectively, the deposition efficiency, as explained in the previous section.

Figure35shows a graph of particle velocity vs particle temperature for the three stdhd
distances, measured using an Accuraspray 4. As the-sifdlistance is reduced the

particle velocity and temperature increase, leading to the increase in microhardness
observed in the coatings. The particle temperature was still lower than the YbDS melting
point when the particles impact the substrate meaning similar microstructures and levels of
porosity were retained due to the presence of-melted and partially meltegharticles. The
particles at shorter standff distances impacted the substrate with higher velocities, which
led to an increase in deformation of the particles, and created bditarded splats, which

in turn increased the microhardness of the coatinggviRius work on the effect plasma
parameters have on coating properties has shown the relationship between reducing stand
off distance and increasing hardng485, 156] Particularly, work by Sarikaya has shown

that, when spraying alumina, by increasing starffddistance changes in hardness can be
achieved without significant changes in porosity |§t&b]. No difference in phase
composition was detected using XRD and Rietveld refinement when the-efadistance

was changed, given all the coatings were deposited using the same spray parameters, it is
likely the majority ofthe S 2t | GAT A&l GA2Yy 200dzZNNBR S| NI A SNJ

the substrate, in the highest temperature part of the plasma (< 100 mm).
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Figure34. BSE SEM images of hétatlated YbDS coating microstructures deposited using 12
KW spray power at various stasudf distances with (a) corresponding to a steoffldistance

of 100 mm, (b) 125 and (c) 150 mm.
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Table7. Porosity, taken using ImageJ, and microhardness measurements for coatings deposited using the thoéedshaaces.

Spray Number

Standoff

Deposition Rate

Porosity (heat

Microhardness

Particle Velocity

Particle

Distance (mm) (um/pass) treated) (% area) (HVvO0.1) (ms?) Temperature {C)
5 100 32 124 +0.5 735+ 79 108+ 1 1738 + 17
6 125 31 10.7+0.4 605+ 113 103+ 1 1702 + 14
7 150 25 124+24 511 £ 132 891 1687 + 43
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Figure35. A graph showing particle velocity vs. particle temperature, measured with a

Tecnar Accuraspray 4, for the three different starfiodistances.

4.3.3. Effect of PE Addition

Based on the work presented so far, a relatively dense YbDS EBC was deposited using 24 kW
spray power at a standff distance of 150 mm (referred to as EBC), while a porous

abradable EBC was deposited using 12 kW spray power at adffagidtance of 12%nm

(referred to as ABR). These conditions were selected to maximise the hardness of the

coating and the YbDS phase. The staffdlistance of 100 mm produced highly stressed

coatings with occasional delamination between the SiC substrate and the Si band co
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reduce this 125 mm was selected as the optimum stafidlistance while the robot

scanning speed was increased to 1000 mm/s. To increase the level of porosity further,
feedstocks with 1.5 wt. % and 4.5 wt. % PE addition to YbDS were also deposited using 12
kW spray power (referred to as ABR + 1.5 wt. % PE and ABR + 4.5 wt. % PE respectively). The
assprayed microstructures of these four coatings are showkigure36, while the heat

treated microstructures are shown Figure37. In its assprayed state, the EBC

microstructure has some porosity and microcracking; however, uponneatment these
microcracks have healed. ABR shows a highly porous structure causedrgitad and

partially melted particles previously seen in seas 3.1.1 and 3.1.2. The addition of the PE
has caused further large pores in addition to the smaller pores and-spiet pores caused

by the low spray power, as can be seelffrigure37c and d. The increased level of porosity
caused by the addition of PE was quantified and is present@dbie8. The porosity values

for EBC and ABR are similar to what has been reported previously in sections 3.1.1 and
3.1.2; however, the addition of 1.5 and 4.5 wt. % greatly increases the level of measured
porosity in the coating to 14.4 and 18.9 %, respectivEhe addition of the PE did not cause

any change in phase composition from the ABR coating, this was verified using XRD.
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Figure36. BSE SEM images ofsgsayed YbDS coating microstructures deposited using

various feedstocks, spray powers and stafffddistances with (a) corresponding to a

relatively dense YbDS EBfposited using 24 kW spray power at a stafiidistance of 150

mm (EBC), (b) a porous abradable YbDS EBC deposited using 12 kW spray power-at a stand
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