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Introduction and objectives

This doctoral thesis is the result of three yedrsesearches and experiments performed at
University of Calabria and related to the fieldMé&chanical Engineering. The theme of this
experimental work concerns “Surface and Coatingghiielogy” for high-temperature
applications in aerospace and energy conversiarsing

In particular, this work is focused on the studye tlevelopment and the characterization of
advanced metallic and ceramic coatings fabricayedibPlasma Spraying (APS) for thermal
barrier coating (TBC) applications. These coatiags typically used for protection of Ni-
based hot section components of aircraft and lasedb turbine engines from heat, oxidation,
thermal fatigue and hot corrosion.

In the last decades, the refinement of superalboysposition, as well as the development of
superalloys with directional grain growth and sengirystal superalloys, have provided
significant improvements to the resistance anddimebility of turbine metal components.
However, the presence of oxygen and molten saltsombustion environment, such as
sulphates, chlorides and vanadates, involves maghre operating conditions and usually
leads to a rapid degradation of their surface, eedutheir durability and increasing the costs
for maintenance or substitution.

To this purpose, the application of a protectivato can substantially enhance the lifetime
of metal components as well as their functionalpproes. Indeed, a ceramic coating is
typically able to maintain the temperature of tbenponent surface low enough to retain the
starting properties within acceptable bounds dul@ng-term service. Moreover, at the end of
coating service life, produced by spallation, timelerlying component is reusable. Indeed, it
can be easily recovered, cleaned and recoatedjriholving a significant economic saving.
Actually, the full potential of thermal barrier dogys is only partially exploited. However,

further new applications are expected in the netré. Indeed, there is a constant demand



for increased performance, energy saving and redexceironmental impact. To this purpose,
four-generation turbine engines will operate at geratures higher than those actually
experienced in actual ones (approximately in tmgeabetween 900 °C and 1100 °C). Such
temperatures are above the capability of metal corapts.

Therefore, the application of an upper ceramic ingatepresents the best technological
solution in order to increase the engine efficienttyough an increase of the inlet gas
temperature or a significant reduction of the auplir flow from the compressor. As known,
metal components as turbine blades are typicaliyecbby an internal air cooling system (see
Fig. 1) and this involves considerable servicesdsbwer fuel consumption and emissions of
NOy and carbon monoxide into the atmosphere are alpected by the application of a
ceramic TBC on metallic component surface.

In this context, intense and detailed researchestatew materials and coatings are needed,
as well as a comprehensive knowledge of the miarcistral, thermal and mechanical
properties of conventional thermal barrier coatiagsl the study of their evolution during

high-temperature exposure in harsh operating enmigmnts.

air cooling

Figure 1 — Some examples of coated and uncoated ime blades.



Air Plasma Spraying is a cost-effective techniqoethe fabrication of metal coatings and
porous ceramic thermal barrier coatings with uniguierostructure and well-determined
functional properties. This technology uses a ptagas stream to melt and accelerate powder
particles toward a substrate where they impactsatidify, thus gradually forming a coating.
The present work is focused on the study and theldpment of metallic and ceramic
coatings which can have a high valence in shortindastrial applications. To this purpose,
commercially available materials have been procksseorder to fabricate coatings with
enhanced microstructural, thermal and mechanicgdgsties.

So, Air Plasma Spraying has been employed to fateri€oNiCrAlY metallic coatings with
reduced porosity and low degree of oxidation. Cali€ coatings are commonly used to
protect metal hot section components of turbineiresyfrom oxidation and hot corrosion,
frequently in conjunction with an upper ceramicrthal barrier coating (TBC). When used as
an intermediate layer, CoNiCrAlY coating plays grsiicant role on the durability of the
same TBC. Firstly, it allows to reduce the mismatoétween the thermal expansion
coefficient values of the substrate and the TB@g¢esia too large gap can generate high
interfacial shear stresses during thermal cyclmgducing the nucleation and the propagation
of cracks and accelerating TBC spallation. Secqntliyreeps at high temperature, so that it is
able to accommodate thermal strains and to redoiezfacial shear stresses. Thirdly, it
provides higher resistance to oxidation and hotoston to the substrate, since most ceramic
TBCs are transparent to the oxygen and permeableobgsive agents, due to their open
porosity. The propagation of oxygen during high{emature exposure promotes the
formation of a thermally grown oxide (TGO) layer @#e thickness grows with increasing the
exposure time and can induce TBC delamination aiharé.

It should be noted that metal coatings are commamyufactured by using other thermal

spraying processes, such as Vacuum Plasma Sprayingigh-Velocity Oxygen Fuel



Spraying. Vacuum Plasma Spraying allows to redbheeinteraction between the sprayed
metal particles and the surrounding oxygen, dueexy low oxygen content in the pre-
evacuated spraying chamber, thus reducing in-flggticles oxidation during processing. In
turn, HVOF involves higher velocity of depositiaeducing the residence time of the sprayed
particles in the flame prior to their impact on tt@d substrate and leading to coatings with
very low porosity and high bonding strength. Howevbkese systems are less flexible and
more expensive than Air Plasma Spray. A few woikgehbeen published about CoNiCrAlY
coatings fabricated by APS.

To this purpose, CoNiCrAlY coatings with enhancedcrostructural and mechanical
properties were fabricated by APS. The evolutiorthair microstructural and mechanical
properties has been investigated after early-stagk-temperature oxidation. It is worth
noting that in literature the mechanical propertiésas-sprayed MCrAlY (M = Co, Ni)
coatings are marginally reported and mainly refkteeas-produced coatings, while oxidation
tests have been mainly performed with the purpossudy the phase changes promoted by
high-temperature exposure. As better discussedhennext sections, early-stage oxidation
produced a partial densification of the microstmoet thus improving the mechanical
properties (hardness and elastic modulus), whéeottidation mainly occurred at the coating
top-surface. So, this densification is desirableabse makes the coatings more resistant to
oxygen penetration.

Yttria partially stabilized zirconia (YSZ) was stad as reference material for TBCs, in
addition to new alternative materials such as egtréa co-stabilized zirconia (CYSZ) and
nanostructured YSZ. This choice can be easily exgth Indeed, at the moment, zirconia-
based materials offer the best compromise betweentost relevant microstructural and
thermo-mechanical properties demanded to TBC nadderiThe use of rare earth oxides

(ceria) to stabilize zirconia in the tetragonal cubic form represents an important



technological solution and, therefore, the propsrof CYSZ coatings have been extensively
investigated and compared to those of YSZ ones. ditre of these experiments was to
fabricate coatings with improved microstructurdiermal and mechanical properties, to
analyze in detail some aspects not well-investajaiditerature and to study the evolution of
the functional properties using advanced methodedogf testing and characterization. So,
the most important features which affect coatingsearvice performance, such as elastic
modulus, hardness, thermal expansion coefficieME)CGand heat capacity, were extensively
investigated. To this purpose, porosity and elasitclulus play an important role on the heat
transfer to the substrate and on the strain toberaof the TBC, respectively. Static
(Nanoindentation) and dynamic techniques were eyapldor the determination of the elastic
properties of plasma sprayed coatings; a resonattiad, known as the Impulse Excitation
Technique (IET), was used to measure the Young'dulig in conjunction with a bi-layer
specimen configuration (substrate and coating). khewledge of thermal expansion
coefficient is fundamental for TBCs designers, lseaa high CTE mismatch between
coating and substrate can induce crack formatiod propagation, leading to TBC
delamination and failure. Heat capacity, togetbahe thermal diffusivity and density, in turn
influences the thermal conductivity and the rat¢hefmal heat transfer from coating surface
to the substrate.

As described in the next sections, CYSZ and YSZiega with high hardness, low elastic
modulus, well-determined porosity (~10-12 %) antiaced thermal properties (high CTE
and low heat capacity) were obtained.

In this context, on the basis of the direct experge of any famous industrial turbine
manufacturers and users, the main mechanisms ¢watrg TBC degradation during service
have been extensively investigated and thus théugwo of the microstructural and the

mechanical properties has been studied after legipérature post-treatments. Therefore,



free-standing YSZ and CYSZ TBCs were thermally agiettmperature higher than 1300 °C
for different times.

To this purpose, high-temperature phase changesiateting phenomena are known as the
main factors which affect the durability of therntarrier coatings and have to be extensively
investigated by TBC designers in order to obtaghfreliability data which can be rapidly
transferred to the industrial field.

For example, it is worth noting that upon slow @oglfrom service conditions to room
temperature, some phase transitions may occurdorga-based TBC system. As an example,
the monoclinic transformation is notoriously accemied by a volume change (from 4 to 9
%) and can promote TBC cracking and lifetime reigunct

Moreover, high-temperature exposure can produceltdseire of finer pores and microcracks
embedded in TBC microstructure, leading to theigladensification of the same porous
microstructure and to a corresponding increase oang’'s modulus and, according to the
level of stiffening, to a reduction of the stramlerance. Sintering also affects the thermal
transport properties of a ceramic thermal barrgatiog, increasing the thermal conductivity.
It should be noted that in literature the sinterkigetics of state-of-the-art yttria partially
stabilized zirconia (YSZ) coatings has been mainlyestigated, but many aspects about the
evolution of coatings properties have not been llggted. So, the sintering behaviour of
YSZ and CYSZ coatings has been investigated. $ngtegroduced a decrease of porosity
volume and a corresponding increase of hardnesglastic modulus. Moreover, it has been
generally reported that CTE and heat capacity ateafiiected by high-temperature sintering.
On the contrary, significant changes were notioedoth YSZ and CYSZ coatings. As
annealing time increased an increase in heat dgpa&as noticed for YSZ coatings, while a

decrease was noticed for CYSZ ones.



Due to the increasing interest in nanostructurecarogE materials, some preliminary
experiments about nanostructured zirconia coathegse been also performed in order to
study their basic microstructural features and iloglat future studies and research projects.
Based on these preliminary investigations, furérgreriments will be performed in order to
optimize the most important plasma spraying pararsewhich influence the final properties
of nanostructured coatings. Indeed, their procgssequires an accurate control, in the
purpose to fabricate coatings with well-determing@drostructural and mechanical properties.
The nanostructured powders are typically compos$gubimus agglomerates of nanoparticles,
which can be partially or totally melted during eessing, thus producing a unique
microstructure characterized by both well-melted gartially melted areas. If the powder
particles are totally melted the coating behavea ascrostructured one. So, differently from
microstructured powders, the melting degree of stanotured powders becomes a key factor
to be controlled, even if this is not easy as wslit is not easy to measure quantitatively the
differences in microstructure and mechanical pripefor these coatings.

The work described in this thesis was carried oltepartment of Mechanical Engineering of
Calabria University and ENEA Brindisi Research @enin particular, the Air Plasma Spray
(APS) equipment installed at ENEA Brindisi Reseatamntre was used for spraying trials and
coatings fabrication. The microstructural charaztgion was carried out at ENEA, using
various techniqgues such as X-ray Diffraction (XR@ptical Microscopy and Scansion
Electron Microscopy (SEM), Image Analysis (IA), Theal Analysis, Dilatometry,
Differential Scanning Calorimetry (DSC) and otheschniques and equipments for
preparation, testing and characterization of cgatimnd materials, available at ENEA
National Centres. An experimental set-up, arrarajddlepartment of Mechanical Engineering
of University of Calabria, has been studied andotethfor determining the elastic properties

of as-sprayed coatings by Impulse Excitation Teqiai(IET). A cooperation with National



Centre of Advanced Tribology of Southampton (nCATs initiated and allowed to
perform Nanoindentation (NI) tests on samples avatings. The results demonstrated that
this advanced and unique testing methodology iy weeful to study the evolution of
mechanical properties of plasma sprayed coatirtgs lailgh-temperature treatments.

In order to help the reader, this work has beerddd/in four chapters, so that the structure
can be summarized as follows.

Chapter 1 reports a bibliographic study about tmepleyment of Thermal Spraying
technology to produce coatings for multi-functiorsgdplications. This technology is very
cost-effective and flexible, since it allows to pess a wide variety of materials, such as
metals, ceramics and composites. For completea#she commercially available Thermal
Spray methods are presented, as well as the maraatbristics of the coatings which can be
fabricated and used in several industrial fieldsea® attention is obviously focused on
ceramic thermal barrier coatings produced by AiasRla Spraying, so that detailed
information about standard and novel materialsTlBCs are given. It should be noted that
many studies about advanced materials (often pextiat laboratory scale) are not definitive
and, thus, further investigations are needed. Tharacteristics of Air Plasma Spray
processing and the mechanism of coatings formadi@n also presented, as well as the
methodologies commonly used for their mechanicabting and microstructural
characterization.

Chapter 2 describes the experimental proceduréswied for the development, fabrication
and testing of metallic and ceramic coatings. Téeits about APS equipment employed for
coatings fabrication and the properties of raw mte are reported, as well as the
experimental conditions at which the coatings wateicated and tested and the technical

data of the apparatus employed.
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Chapter 3 reports the main results about the niierasiral, mechanical and thermal
properties of plasma sprayed metallic and cerawatiings, in as-sprayed conditions and after
high-temperature exposure. The results obtaineddm®ussed and compared to the data
available in literature.

In Chapter 4 the most significant experimental ltesdiscussed in the previous chapter are
summarized and validated. A comparative analysizden the experimental results and the
corresponding data reported in literature is cdrdat, taking into consideration applications,
materials and equipments. Some interesting ideasoiming researches and experiments are

also reported.
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1. Thermally Sprayed Coatings for Engineering Applcations: Status of the

Art

1.1 Industrial Demand for Surface Coatings

Surface coatings are commonly used to protect & watiety of engineering components
from high temperature, oxidation, corrosion and nvead to tailor their surface functional
properties for a lot of industrial applications. Ksown, the outer surface of mechanical
components may be subjected to damaging or degpadahen operating in severe service
conditions, due to the interaction with other comgats or harsh environments. These
particular conditions may be responsible for unetge component failure and reduced
lifetime. The demand for more performant compone&righ are suitable to operate for long
times in severe environments, implies the developineé advanced materials characterized
by enhanced strenght, toughness, hardness ankle ataime time, the development and the
validation of new processes of manufacturing. &ut be noted that, in any applications, the
use of structural materials with enhanced physacal mechanical properties may result very
expensive and, sometimes, technically unsatisfactés an example, solid advanced
ceramics represent an attractive solution to falbgiccomponents for high temperature
applications, such as gas turbine blades and vaimsever, actually, their brittleness and
their unreliable behaviour involve significant liaiions and, thus, further studies are required
in order to validate their use in real applicatioMeanwhile, other available technological
solutions have to be carefully considered and eyauloTo this purpose, the application of
surface coatings represents a technologically ldeitand cost-effective solution, since it
allows to tailor the component surface to withstandarsh environments, by enhancing of its
capability, and to extend the lifetime, without qmeomising the original characteristics.
Thermal Spraying is an attractive, easy, relialleé eost-effective technique to fabricate high

quality coatings with unique design, well-deterngimeicrostructural and mechanical features
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and with thicknesses typically ranging from tensnatrometers to some millimetres [1].
Several typologies of materials can be processddrio coatings, such as ceramics, metals
and ceramic-metals (cermet) composites. The rapmbsition rates typically involve low
processing costs. An other significant advantageilshbe highlighted. It is well-known that
the end of the coating lifetime is determined kg fiilure, produced by partial or total
delamination from the substrate. The replacemettetnderlying component is not always
required. Indeed, the damaged coating can be sttipff from the component surface; this
last surface may be re-prepared and re-coated filyiag of a new coating. Otherwise, if the
coating has been partially delaminated, Thermah@pg can be used to restore the starting
dimensions of the mechanical component (esped@ilynetallic coatings).

In Thermal Spraying a heat source is used to leastarting material, in form of powder,
wire or rod, above its melting point. The molterdatomized particles are then accelerated
toward a substrate and, on impact, their solidiiea produces the gradual formation of a
coating. Powder particles can show various shamepimology and size, depending on the
corresponding process manufacturing (fused andhedys spray-dried, sintered, etx).
Moreover, they can be spherical, hollow spherigahmgular. Their intrinsic characteristics
influence their flowability and their melting degrevhich affects the microstructural and the
mechanical properties of the final coatings [1].

Thermal spray processes are commonly used for & wadiety of applications in many
industrial fields, such as in aerospace, automptp@ver generation, biomedical, glass
manufacturing, corrosion of marine and land-basddhstructures, fabrication of electronic
devices, petrochemical and paper industry. Thegt@ interest implies future researches
about new typologies of coatings, as well as nalrtgjues for coatings deposition and new

methods for characterization and testing.
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1.2 Thermal Spray History

Thermal Spraying processes have been firstly usedepairing and dimensional restoration
of worn or damaged machine components. The firgrmll Spray equipment was patented
by Schoop between 1882 and 1889. A modified oxyydeee welding torch was used as heat
source. The powder particles were caught up inhibie expanding jet flow, heated and
accelerated toward the substrate. The molten dsopigact the substrate surface, spread and
solidified, promoting the build up of a solid cosgi[1].

Around 1908 Schoop patented an Electric Arc Spyayesn for deposition of metal coatings.
Schoop introduced some improvements in the equipn@m in process control in
comparison with the previous system. During the M/@ear I, the cylinders of radial piston
engines in military aircrafts had typically coatedth aluminium by Combustion Wire
Spraying [1].

However, only around 1940s the introduction of fingt Plasma Spray by Reinecke gave a
significant improvement to the technology. Thern&raying allowed to melt various
materials by means of a plasma jet, which yieldedigher temperature and higher particle
speed than those achieved through the previousmsgstHowever, Thermal Spray industry
had not a great diffusion until the late 1950s.;hehad a significant growth, by means of
the great contribute of the aircraft and dieselimm@pplications. Its gradual growth has been
determined by means of the development and theduattion of new systems such as
Detonation Gun and High Velocity Oxygen Fuel (HVORgw process control equipments
and new feedstock materials. The first ceramicingaised as thermal barrier coating (TBC)
has been a coating of calcia stabilized zirconia960s, applied on turbine components and

compressor blades and vanes [1].
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1.3 Coatings Engineered for Industrial Applications

By means of their intrinsic characteristics, thellyngprayed coatings are very promising for
functional applications in many industrial fields.

Metals, ceramics (metal oxides or not oxides), rmegallics (TiAl, NiAl), thermoplastic
polymers, composite and cermets can be sprayedibyg different Thermal Spray processes.
The microstructural, thermo-mechanical and antirwpeoperties of thermally sprayed
coatings may be tailored on the basis of giveniegibns, by an accurate selection of the
starting materials and of the most appropriatentlaérspray process. Typical applications
include thermal barrier coatings (TBCs) for airtrédnd based gas turbine engines and diesel
engines, abradable and abrasive coatings for haponents of gas turbines, anti-corrosion
coatings used in chemical industry, biomedical iogat for implant prostheses, electrical
conductive or insulating coatings and wear resistamatings for protection of steel
mechanical components against abrasive and adh&sateand erosion [1].

The main characteristics of these coatings willreported in the next sections. To this
purpose, the attention will be mainly focused om ttoatings which can be successfully
fabricated by Plasma Spraying process. Obviously,other applications there are more
proper manufacturing processes. As an examplemtibr sprayed coatings can commonly
show anisotropic properties and may show lower bandtrenght, loading capacity and
impact resistance than other coatings depositedsing different techniques and processes.
However, their quality is very high and the benebst ratio is very high when compared to

other technological processes.
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1.3.1 Microstructured Coatings

1.3.1.1 Thermal Barrier Coatings

Thermal Barrier Coatings (TBCs) represent the nmsimising industrial application of
thermally sprayed coatings. Ni-based super-allays currently used for manufacturing of
hot-sections components of aircrafts and land-basedturbine engines, such as first-stage
turbine blades and vanes, transition pieces anduastion chamber tiles. During their service
these components are notoriuosly exposed to higpdeature and operate in highly oxidizing
and corrosive environments. In the actual turbities temperatures on the metal surface are
in the range from 900 °C to 1100 °C. The hot gaspratures may exceed the temperature
capability of Ni-based superalloys, especially foext generation gas turbine engines.
Moreover, these components are addressed to operdtarsh environments, where high
temperature and oxidation can provide significardbfems. In addition, the presence of
aggressive agents, such as sulphates, chloridesamadiates, often contained in low grade
fuels, may enable much severe hot corrosion, cerdidly reducing the resistance and the
lifetime of metal components. From 1950, Ni-basepesalloys have been used in different
form and chemical compositions, in the purpose rtgorove their respective thermo-
mechanical and anti-corrosion properties. Figufieillustrates the temperature capability of
gas turbine engine components versus year, by densgy the evolution of Ni-superalloys
and the benefit associated to the application ®B&. The first wrought superalloys have
been replaced by cast materials characterized dfyehicreep and oxidation resistance, and
then by directionally solidified materials. Recgngingle crystal alloys have been considered
as promising candidates for manufacturing of lastegation turbine blades and vanes. The
addition of rhenium in the composition of Ni-basegeralloys allows to increase their creep
strength [2]. Further improvements have been obthin the design of the internal cooling

channels into the blades. However, above 1100 ®CNhsuperalloys have to be protect
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against oxidation and high temperature. Therefoe®; concepts in materials and components

manufacturing have been identified and developed.
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Figure 1.1 — Historical evolution of materials anddesign for turbine engines hot components.

Ceramic materials notoriously show high resistaatcéigh temperatures, as well as other
interesting thermo-mechanical properties. Howewgemictural ceramics show not reliable
properties, thus their use for fabrication of coexplurbine components is currently object of
accurate studies. Indeed, it is well-known thatoecs are very brittle and liable to fracture
by mechanical and thermal shocks. Current studiesnainly addressed to enhance their
toughness. However, the properties of metals arahtes can be properly combined by the
development of TBCs, giving them the most propesigiefor a given application. Indeed, the
application of a protective porous ceramic layeralde to thermally insulate component
surface, by a reduction of the heat transfer frandases to the underlying material, and to
improve the temperature capability and durabilityis strongly suggested when severe in-

service conditions are expected. Today, thermatidsacoatings are generally applied to
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respond to this demand. However, the growing demfandenergy reduction, less fuel
consumption and less environmental impact, resuitiness emissions of G@nd NQ into

the atmosphere, require higher performance for ramba turbines of next generation and,
therefore, a significant increase of their opeatemperature, in a range between 150 °C and
200 °C, and correspondingly in their efficiency. fdover, it is well known that gas turbine
components are currently cooled by an internal ingosystem or a film cooling, which
reduce metal surface temperature by up to about@s5@nfortunately, this cooling system

results very expensive and thus more cheap andrpaaht alternatives should be developed.
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Figure 1.2 — Design of a thermal barrier coating aplied on a turbine blade.

To this purpose, the application of a TBC wouldwllto reduce the requirements for the
cooling system, in terms of lower cooling air flaand higher efficiency or, at constant
cooling air flow, lower metal surface temperatured aconsequently higher lifetime. The
TBCs operate under a temperature gradient by apolmdeed, the application of a TBC
allows to tolerate AT through the thickness, maintaining the underlyéogiponent at lower

temperature. The TBCs may be developed and engitha@ar order to accommodate high

temperature gradients and, to this purpose, tharkidr coatingsj.e. with thickness higher
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than 1 mm, can be applied, especially in the cdsmbustion chamber components and
diesel engine components. This is an importantipiiisg even if a higher thickness reflects
in higher stresses during deposition and duringicer The formation of significant cracks
can increase the probability of a premature spafiaand failure of the TBC. Moreover, the
geometrical and dimensional requirements for tregembcomponent can limit the thickness of
the protective layer. As an example, the totalkiss of a TBC applied on a stationary
turbine blade is generally around 500 or less. Figure 1.2 shows a typical thermal barri
coating applied on an turbine blade. The TBC is posed of a dual layer, an inner metal
layer, deposited by High Velocity Oxygen Fuel om superalloy substrate, and an upper
ceramic layer deposited by Electron Beam VapourdSgjon (EB-PVD).

In diesel engines TBCs are used to protect pistealses and piston fire decks from heat,
high-temperature oxidation, corrosion against igitaminants and thermal shocks. They are
applied with the purpose to improve the fuel eéfi@y or to allow the use of heavier grade
fuel oils [3]. The application of a TBC providesMer peak combustion temperatures and a
decrease of the emissions (\Ndd CO) and of particulate.

It is worth noting that in diesel engines the maximservice temperature is of about 800 °C
and the cycle lasts only a fraction of a secondhe@tise, aircraft turbines exhibit thermal
cycles of several hours at higher temperatures5@~1®000 °C). The thermal cycles of the
stationary turbines last from several hours forkgead up to 1 year at base-load operation.
Thereby, the corresponding mechanisms of degradafithe TBC can be different.

Several techniques are suitable to manufacture TBGsma Spraying (PS) and Electron-
Beam Physical Vapor Deposition (EB-PVD) are widedgd to this purpose.

TBCs began to be studied since 1960s. In the lastsythe researches have been mainly
focused on the study and on testing of promisintenes for TBCs which could substitute

and improve the in-service performance and theldlitsaof typical 7-8 wt.% yttria-partially
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stabilized zirconia (YSZ). YSZ TBCs have been u$ed more than 30 years in many
industrial fields, since they offer a satisfactpgrformance and a good combination between
the main requirements that a TBC has to satisfg iot of high-temperature applications.
Zirconia is notoriously characterized by high thafnexpansion coefficient, low thermal
conductivity, phase stability to relatively highmtperature, high strength, high thermal shock
resistance and high fracture toughness. Firstlye mirconia had been proposed as TBC
material. Unfortunately, it shows a phase transitiich is deleterious for the durability of a
TBC. It should be remembered that the equilibrivonmf of zirconia is monoclinic at
temperature less than 1170 °C. Between 1170 °Qand °C it is tetragonal, while it is cubic

at temperatures higher 2370 °C [4,5].
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Figure 1.2 - Phase diagram for ZrQ-Y ,O3; compositions.
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It has been demonstrated that the addition of snmare stabilizer oxides to pure zirconia
allows to stabilize this last one in its cubic etragonal form. The introduction of a stabilizer
implies the introduction of several vacancies wittiie original structure. It has been reported
that yttria fully stabilized zirconia coatings ekttilower lifetime under thermal cycling than
partially stabilized zirconia ones [6]. Therebye tamount of the stabilizer oxide has to be
properly optimized, in order to allow a controll@thase change during high-temperature
exposure. Indeed, the monoclinic transition is notsly accompanied by a volume change
and can promote the formation of significant cradkarious zirconia stabilizer oxides, such
as CaO, MgO, ¥0O3, CeQ are currently used. Figure 1.3 shows the binapspldiagram for
Zirconia-Yttria compositions.

It should be noted that the materials candidate§ BCs development have to satisfy some
basic requirements, such bmsv thermal conductivity, a thermal expansion coefficient
close to that of metal substratégh melting point and temperature capability, phase
stability between room temperature and operating temperadaudosv Young’'s modulus a
chemical compatibility with substrate aadow sintering rate of the porous microstructure
at high temperature. Thermal conductivity is a basoperties, because it influences the heat
transfer from the coating surface to the substrEte. thermal expansion coefficient (CTE) is
an other important thermophysical property, becdledifetime of the TBC is highly related
to the strain level and, then, to the differenceGNE values of the overlapped layers.
Microstructural and mechanical properties, suchiessity (< 7.5 gci) and hardness (> 6
GPa) are in turn important. The elastic modulukiarices the residual stresses level and the
strain tolerance capacity. A porous microstructypecally possesses a low Young’s modulus
and high strain tolerance. The hardness is strorejted to wear and abrasion resistance.
The density and the deposited thickness can infli¢ime weight of the component. Thereby,

in aircraft engines thin coatings with low thernsahductivity are preferable, whereas thicker
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coatings are more suitable for land-based turbppi@ations. The coating thickness may be
set on the basis of the geometrical requirementsiarthe purpose to obtain the desired
thermal insulation. The choice of the material ahthe design for a thermal barrier coating is
strongly related to the real application it is afded to. As above reported, yttria partially
stabilized zirconia (YSZ) is the most common maieused for TBCs. However, it can show
an insufficient performance, mainly in land-basecdbine and diesel engines, where low-
quality fuels are typically used. The contaminaiNs,SQ,, V,0s) make notably severe the
operating environment and are able to produce agitge failure of the TBC by hot-
corrosion. Therefore, alternative solutions andhierr investigations are needed, in order to
process and analyze new advanced materials witlerlalvermal conductivity, high hot-
corrosion resistance, high phase stability and-kemign thermal cycling resistance.

Since a few data about alternative thermally sptayBCs are reported in literature, the
selection of alternative materials is generally evdy considering the properties of bulk
materials showing the same chemical compositioe. dffect of thermal spray processing on
the resulting coatings properties have to be clyahvestigated

The TBCs are commonly engineered following a welbAkn design. In diesel engines, the
ceramic layer is directly applied on metal substrathereas in the turbine engine components
an intermediate metallic bond coat is applied ketmramic thermal barrier coating.

This metallic coating (MCrALY, where M = Ni, Co) &ato exhibit a high chemical
compatibility with the substrate material. It haseb demonstrated that it may play an
important role on the lifetime of the TBC. Firsti{s application provides a rough surface for
mechanical bonding of the upper TBC and, thus)ataases the interfacial adhesion between
the substrate and the same TBC, since these lastawa notoriuously characterized by a high
mismatch between their respective thermal expansi@fficient values. A large gap would

be able to produce high interfacial shear streskgsg in-service thermal cycling, thus
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promoting the growth and the propagation of craghgh lead to the spallation and, finally,
to the TBC failure [7,8,9]. As known, the failureaTBC is involved by delamination, which
in turn results from nucleation and propagatiorcraicks at the interface. Secondly, the bond
coat protects the substrate, since it provides hégilstance to oxidation and hot-corrosion,
because the ceramic materials used for TBCs arergigntransparent to oxygen and, since
they were characterized by both open and closeosjims, they result permeable by oxygen
and other aggressive agents. The intermediate ngpasi usually deposited by thermal
spraying. The spraying in atmospheric environmert mduce increased oxidation of the
powder particles surface and result in the preseateoxides within the coating
microstructure. Thereby, it would be better to gpnaetallic powders by using Vacuum
Plasma Spraying (VPS) or High Velocity Oxy Fuel (BIF) systems, which better insulate
the sprayed particles from oxygen or reduce thes tohinteraction between particles and
surrounding air, respectively. The effect of oxidatmay be controlled and reduced in both
cases. HVOF system allows to fabricate denser rogstibeing this result more appreciated,
since a denser coating represents a better bawieoxygen and other contaminants.
Detonation Gun and Cold Spraying represent otherasting technical options. However, in
many cases, Plasma Spraying may be successfulty tosdeposit high quality metal and
cermet (ceramic-metal) coatings by a proper cofdbe spraying parameters or by arranging
simple shrouding devices in order to reduce thecefbf oxidation and decarburization,

respectively [10].

1.3.1.2 Environmental Barrier Coatings (EBCs)
Silicon-based ceramic matrix composites (CMC) &e most promising materials for hot
section structural components in advanced and toigston turbine engines, due to their high

oxidation resistance. However, it has been fouiad ttie volatilization of the protective silica
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layer in water vapour environments produces a fggmt drop in their performance,
correspondingly reducing their service life. Acdogl to recent studies, Environmental
Barrier Coatings (EBCs) represent an attractivéartetogical solution to protect the outer
surface of these components and to extend the tatope capability of CMC liners and
vanes in combustion environments [11]. Mullite ipramising material for EBCs, due to its
thermal expansion coefficient close to that ofc®ii Carbide (SiC) substrates, resulting in
high thermal cycling lifetime [12]. Plasma sprayedllite coatings show low porosity, but
typically contain a large amount of amorphous phdise to the high cooling rate of the
melted particles during deposition. The in-servieerystallization of amorphous mullite can
promote the development of cracks within the caatidue to the volume contraction
associated to the phase transition. The amounttlaadsize of these cracks can strongly
influence the coating performance. Moreover, mailiiso suffers high temperature silica
volatilization in water vapour environments. Tostlpurpose, the development of more

appropriate multilayered environmental barrier o seem to be the best future solution.

1.3.1.3 Anti-wear Coatings

Several types of friction and wear modes are knamah therefore, functional coatings can be
developed and fabricated in order to respond td-aetbrmined industrial demands. To this
aim, thermally sprayed coatings can be applieddtept the surfaces of machine components
from abrasive wear, adhesive wear and surfaceutatigear.

Abrasive wear occurs when hard particles, such etalndebris or dust, entrapped between
the rubbing surfaces, promotes enhanced abrasitire glame surfaces. This phenomenon can
occur at relatively high temperature. Alumina 4@&d), Chromia (C§O3) and Tungsten

Carbide-Cobalt (WC-Co) coatings are usually appleedhis type of applications [13,14].
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Adhesive wear occurs when two solid surfaces sigi@nst each other during their relative
motion, producing the removal of material from osweface. So, the detached fragments
adhere to the other surface. This wear mode commonoturs in many mechanical
components, such as piston guides and bronze bpear@specially when the lubrication
between the surfaces is inadequate. To this purosebearing coatings can be applied to
embed abrasive fragments and to allow the defoomdtr alignment of bearing surfaces.
These coatings are usually applied to babbitt bhgariand piston guides. Otherwise, hard
bearing coatings are more resistant to adhesiver vaed are used for more severe
applications, such as in piston rings and fuel puatprs. Alumina-Titania (AOs-TiO,) and
Tungsten Carbide-Cobalt coatings (WC-Co) are tylyi@adressed to these applications.
Surface fatigue wear is produced by repeated Igaditd unloading cycles, which promote
high stresses on a surface and, without a constambval of particles, can generate cracks
and large fractures. The detachment of large fragereduces the lifetime of the component.
Fretting is an example of fatigue wear between sumofaces in contact, determined by
repeated cyclic stresses. Fretting commonly ocaursoth lower and higher temperature
sections of turbine engines. Components exposadhttemperature are typically subjected
to severe wear, because their surfaces can natbbedted. The wear generates particulate
debris. The erosion is promoted by the interadbietween the surface and the particles which
impact at high velocity.

Cermet coatings combine wear resistance and theroperties and their application in both
hot and cold sections of engines can extend thgoaent life to several months or years.
Chromium Carbide in a matrix of Nickel Chromium {C#NiCr) and Tungsten Carbide-
Cobalt are commonly applied to enhance the ero@sistance of rocker arms, piston rings,
cylinder lines, compressor air seals, exhaust éantsvalve seats. The former is used in hot

sections, whereas the latter in cold sections (& B4), because its properties drop as the
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temperature increases. In cermets, the hardne$§fgrains and the ductility of metal
binder, which cements the brittle phases avoidimgghrittle fracture, are properly combined
and provide high wear resistance. TiC is an othemmet materials, suitable for high-
temperature applications, due to its high hardaesgdow friction coefficient.

Atmospheric plasma spraying of carbide-based cgsititypically produces increased
decarburization. High temperature and oxidizing cgphere promote the growth of brittle
crystalline and amorphous phases along primary W@, to the carbide dissolution in the
metal binder and decarburization. This leads teduction of their wear resistance [15].
Therefore, carbides are preferably deposited by, \HREF or Detonation Gun, where lower
temperature, high particles velocity and the sprggnvironment are able to reduce carbides
dissolution [13,14]. However, recent studies haemdnstrated that by a proper choice of the
spraying parameters (plasma gas mixture, standsetartte and plasma enthalpy), high-
performance plasma sprayed WC-Co coatings may @eessfully fabricated, since they are
characterized by hardness, toughness and weatarestiscomparable to the same coatings

deposited by VPS or HVOF [10].

1.3.1.4 Anti-corrosion Coatings

Corrosion may be divided in hot corrosion betweaseg and solid surfaces and atmospheric
corrosion.

Hot corrosion commonly affects hot components f yabines and diesel engines. To the
purpose, MCrAlY and ceramic coatings are usuallyliag. Further details will be discussed
later, since hot corrosion has to be carefully mered in the development of thermal barrier
coatings.

Otherwise, several infrastructures have to be ptete against atmospheric and water

corrosion, such as electrical conduits, bridges Bblds and tanks, ship pylons, storage tanks

26



for oils and fuels, antennae, wind towers, offsheteictures, petrochemical pumps and
valves. To the purpose, thermally sprayed coathye been used since the 1930s in U.S.
and then they have had a gradual growth. Thernsaligyed coatings are able to substitute
traditional metal paints or organic coatings, duehieir higher effectiveness and lower cost,
predictable life and higher abrasion resistanceuid@t coatings that can be applied include
metal coatings made of aluminium, aluminium metaki® composites, zinc, molybdenum
and nickel-chromium, chemically inert ceramics @atiymers [1]. A significant factor has to
be remarked with respect to both hot and cold swro Indeed, some microstructural
features observable in thermally sprayed coatisigsh as pores and splat boundaries, play an
important role on their corrosion resistance, all asethe chemical inertness of the material
to the operating environment. Coming from this pah view, HVOF coatings would be
preferable, due their very low porosity. Howevesealant could be used to close the open
porosity of plasma sprayed coatings, in order ttiebansulate the surface of the coated
component. This sealant, organic or not organicy b applied by using other deposition
techniques, such as Sol-Gel, Impregnation or SlGo&ting.

Severe corrosion can be promoted by molten glagglass industry, where TBCs can be

deposited on combustion chambers, heat exchangerstier hot components.

1.3.1.5 Abradable Coatings

Abradable seals coatings are applied on the sudfe@craft turbine engine components, in
the purpose to reduce bypass flow of hot combugjases or cold compressor gases through
the spaces between the rotating blade tips andstdter. These coatings provide a good
sealing of the gas path and, therefore, can notaipyove the efficiency of the engine [1].
Obviously, the abradable coatings have to satisiyies basic requirements, in order to

accommodate high-speed blade tip rubs, inducedgldhe start-up and the next operating
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conditions, and to provide wear protection to bethtionary and rotating components.
Thereby, they have to resist to abrasion and gmailauring rubbing. However, they have
not to be too harder, because they could damagbldde tips promoting accelerated wear.
To this aim, polymers, soft metals and abradablearce coatings with particular

compositions are usually applied.

1.3.1.6 Biomedical Coatings

Biomedical coatings are usually divided in bioagtand biocompatible coatings, which are
used for implant prostheses, orthopaedic devicdsiantal implants.

Biocompatible coatings are porous titanium coatiogspatible with the human bone and
they are usually applied on titanium alloys prosése

Bioactive coatings, including tricalcium phosphaad hydroxyapatite GgPOu)s(OH),
coatings are usually applied to the implant betbeeimplantation in the human body. They
are dynamic interfaces between titanium alloy imfdaand osteoblast cells. These coatings
exhibit characteristics similar to those of theunak bone and their strong activity with the
bone tissue promotes a good bonding. So, many intgp&ae put in the human body and here
fixed without any adhesive, allowing the bone tes$a grow into the open porosity of the
biocompatible coating. Both biocompatible and biva&c coatings allow a faster patient

recovery and extend the implant life. High purgyequired for these particular applications.

1.3.1.7 Other Coatings and Applications
Electrically insulating coatings are commonly usecdelectronic devices for high frequency
applications. It should be also mentioned thatrtfadlly sprayed porous coatings are suitable

for fabrication of power generation components,camponents of solid oxide fuel cells.
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Electromagnetic coatings can be found in capagcitimductors, resistors, automotive

electronics and waveguide devices for microwavdiegmons.

1.3.2 Nanostructured Coatings

The above reported coatings, which herein are ifilshtas “conventional”, are usually
deposited starting from micronsized powder parsiclowever, nanosized particles could be
thermally processed to manufacture “nanostructupseditings having the same composition
of the conventional ones. Nanostructured mateagdsan attractive solution for a wide range
of functional applications, by means of their ertehmechanical properties associated to the
reduction of the grain size. Plasma spray is slgtidy fabrication of nanostructured coatings,
because the thermal effects may be contained byacmurate choice of the spraying
parameters during deposition and correspondinglgagt a part of the starting nanostructure
can be retained in the final coatings. Due to thew mass, nanoparticles possess low
flowability and can not be successfully carriedebgas stream. Indeed, a low mass implies a
low momentum. Therefore, they are commonly agglateer in micronsized particles by
spray drying and then sintered. In order to presettve original nanostructure these
agglomerates have to be not fully melted duringsmla spraying. Their melting degree
influences the amount of retained nanosized aredsnwthe coating. By controlling the
amount of retained nanostructures or nanozones dgarbein the coating microstructure,
nanostructured ceramic coatings can be engineered fiven application, as described in
detail in a recent paper [16]. It should be noteat & low melting degree can also lead to
coatings characterized by low cohesive strengthe Tmelting degree depends on the
temperature of the particles into the plasma jitsiRa temperature and enthalpy have to be
carefully controlled, in order to melt only the eusurface of the agglomerated particles, thus

leaving their core unmelted.
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A few nanostructured agglomerated powders for taéspraying are commercially available
(ZrO,-7Y 203, Al,03-13TiO,, TiO,, WC-Co). The first ones were introduced in comradrc
the early 2000s. Actually, these products are predun small quantities, thus yielding to
high manufacturing costs. Further researches cfudtify higher production volume and
make their manufacturing very cost-effective, egglbcif the expected superior performance
of nanostructured coatings should be demonstratedmparison with the conventional ones
having the same composition.

These coatings can show a typical bimodal microgire, characterized by fully melted areas
which surround and cement partially or unmeltecasyrevhich resemble the morphology of
the powder feedstock. The thermal effects assatitdeplasma spraying can determine a
controlled grain growth. Otherwise, when feedstogpérrticles are fully melted, the
nanostructure is destroyed and the coating tendshiave as a conventional one.

As mentioned above, nanostructured coatings caenggneered for several applications.
Firstly, nanostructured materials are potential ddvanced thermal barrier coatings. Their
thermo-mechanical properties have been studied revigqus works, even if a few
investigations have been made and further studeesh@n requiredit has been found that
nanostructured zirconia coatings show higher cragpthan the conventional ones, implying
more rapid stress relaxation at high temperatui§. [However, nanostructured coatings
exhibit higher fracture toughness and, much prohalolwer elastic modulus due to the
presence of retained nanoparticles. These factomngie lower tendency to crack
propagation and a better stresses accommodatiomgdurigh temperature service,
respectively. Nanostructured YSZ coatings show drigiermal shock resistance than the
conventional ones, in terms of number of cyclefatinire [18,19]. This enhancement can be
associated to their high porosity. Indeed, the stnotured areas embedded in coating

microstructure retain the intrinsic porosity of tHeedstock. It has been found that
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nanostructured and conventional coatings approeiypaexhibit similar hardness. The
bimodal microstructure of nanostructured coatingsla or not could result in a bimodal
distribution of the mechanical properties, depegdion the melting degree of the
agglomerated particles and on the indentation loadd during mechanical tests [13,20].
Long term exposures at temperatures higher tha® 1@0can promote the sintering of the
porous microstructure and the growth of the grana.d.imaet al. [21] have recently reported
that nanostructured coatings can be properly eegdgeto counteract the sintering effects,
due to their bimodal microstructure characterizgdakeas with different sintering rate. The
results reported in literature are preliminary &mdher investigations are needed, in order to
achieve a good control on the spraying process amdthe final properties of the
nanostructured coatings.

Moreover, nanostructured alumina-titania coatings promising candidates for anti-wear
applications, due to their high abrasion and sfjdirear resistance, substantially higher than
those of the conventional ones [16]. The high wearstance can be related to higher crack
propagation resistance, since retained porous aeszact as a barrier to crack propagation.
Nanostructured Tungsten Carbide-Cobalt coatingse Hasen also proposed for anti-wear
applications, due to their high fracture toughnasd wear resistance. They are commonly
sprayed by VPS or HVOF, because Atmospheric.PlaSpraying can yield to enhanced
decarburization, thus resulting in lower wear rtasise [22,23].

Due to their unique microstructure, nanostructungghly friable coatings can be fabricated
by retaining a high content of nanostructured araad, therefore, they are particularly
promising as abradable coatings for high tempegapplications in turbine engines.

Again, the distribution and the amount of the naémamtured areas within the coating

microstructure can also favour the bioactivity lesebiomedical coatings via biomimetism.
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1.4 Thermal Spraying Equipments for Coatings Fabriation

As reported, Thermal Spraying is widely used in ynandustrial fields for several
applications. Thermally sprayed coatings may beelbgped and fabricated by means of
different Thermal Spraying processes. In the carmgark, the attention will be mainly
focused on TBCs, and thus other alternative teclasidor coatings deposition will be briefly
mentioned in this section, such as Electron BeaysiPal Vapour Deposition (EB-PVD) and
Chemical Vapour Deposition (CVD). It should be mbténat these last technologies are
usually used to apply thin coatings, whereas The®mpmaying is more suitable for rapid
deposition of thicker coatings on mechanical congods with complex shape and large size.
The thickness can approximately vary from tens mifometers to some millimeters.

Thermal Spraying has been widely used since 1960faliricate TBCs on combustion
chamber components. Thermal Spraying is an easycasideffective process to fabricate
coatings of a wide variety of materials without gwoing high thermal distortion of the
underlying substrate and without changing the meichhproperties of its original surface.
Many different thermal spraying equipments are cemumally available, such as Flame
Spray, Electric Arc Spray and Plasma Spraying, déipg on the heat source, input energy,
feedstock type (powder, wire or rod) and sprayingirenment. Each process possesses its
own characteristics and can be addressed to witrdmed industrial applications, since it
yields to different materials as well as microstuues tailored for particular operating

conditions.

1.4.1 Flame Spraying Process
Flame Spray includes Flame Spray, Wire Flame, Higocity Oxy-Fuel (HVOF) and
Detonation Gun (D-Gun). Flame Spray and Wire Flare similar and only differ in the

starting material they are able to processpowders or wires.
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In Wire Flame, an oxy-fuel flame is employed asths@urce in order to melt the starting
material. As illustrated in Figure 1.4, the wireasially introduced through the rear of the
nozzle into the flame at the nozzle exit, atomibgdan expanding air stream and propelled
toward the substrate. Fuel-oxygen ratio and tadal f(pw rate have to be adjusted to achieve
the desired thermal energy level. This adjustmboiva to make the flame either oxidizing or
reducing, depending on the feedstock material tprbeessed. Low melting point feedstock
materials, such as some metals and polymers, capraged by using this equipment. Wire
Flame is a cheap system, which achieves moderatesiien rates. Howewer, both low
particle velocities, typically less than 200 m/s\dalow temperatures result in coatings

characterized by relatively low bond strength aiggh fporosity [1].

Coating
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Spray stream of molten atomised particles

Figure 1.4 — Wire Flame Spraying.

HVOF (High Velocity Oxy Fuel) was invented in 1958 Union Carbide (Praxair Surface
Technologies, Inc.). However, it became availabtel @ommercially significant only in
1980s. An oxy-fuel burner with an advanced nozasigh technology is used to accellerate

the gas-particle stream in order to achieve a qartielocity around 600 m/s. An internal
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combustion jet is generated by reaction betweem@xyand a gas fuel at temperatures from
2500 to 3000 °C. Propylene, propane or hydrogencareently used as gas fuels. The
combustion occurs inside a high pressure chambegreva supersonic flame gas stream of
approximately 2000 m/s is generated through a nedficooled convergent-divergent nozzle.
As schematized in Figure 1.5, the powder partiaes injected into the gas jet and here

heated and propelled toward the substrate [1].
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Figure 1.5 — High Velocity Oxygen Fuel (HVOF) Spraing.

HVOF coatings typically show high bond strength &ngh density, since their porosity can
result less than 1%. The system allows to obtaghér particle velocity and lower particle
temperature those achieved in common plasma spgrayinus providing lower particle
overheating and preventing increased oxidation exatburization, which can take place
during spraying of metal and cermet patrticles, eeSpely. Thereby, denser coatings can be
easily manufactured. The noise levels are very 80 db) and the deposition rates are
moderate. The system is not appropriate to depms@émic coatings for TBCs. On the

contrary, coatings with reduced porosity are dealdle for anti-wear and anti-corrosion
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applications. Compared to Flame Spray, higher émghaf HVOF results in higher thermal
stresses and higher oxidation of gun componenisbastion chamber and nozzle.

Detonation Gun produces high thermal and kinetergy jets, by confining the combustion
between oxygen and fuel (acetylene) within a baa®illustrated in Figure 1.6. A spark plug
is used for the ignition of the gas mixture, pradgca controlled explosion that propagates
down the length of the barrel where the powderigag are injected [1]. High temperature
and pressure are used to melt and accelerate waepparticles, giving them high speed and
kinetic energy, thus resulting in denser and hambatings characterized by low oxidation
level and enhanced wear resistance. Nitrogen i@ tsspurge the barrel, between successive

detonations. The cycle of purging, injection antbdation is repeated at the frequency from

3 to 6 Hz.
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Figure 1.6 - Detonation Gun Sparying.

The frequency and noise levels (145 dB) associtetktonation spraying require that this
equipment has to be confined through acousticdlosaes. Detonation gun is particularly

used to spray carbide coatings, due to the redumiimgpsphere of the confined combustion
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zone in the barrel and due to the shorter dweletwh the sprayed particles in the hottest
flame zone.
HVOF is similar to Detonation Gun. Indeed it haseastended internal-confined combustion

chamber. Unlike Detonation Gun, HVOF operates oardinuous steady-state basis.

1.4.2 Wire Arc Spraying Process

It was developed by M.Schoop in 1910, but the mecdid not gain wide commercial
acceptance until the early 1960s.

As shown in Figure 1.7, two consumable metal wiexteodes connected to a high direct-
current power source are fed into the gun and nestablishing an electric arc in the gap
between the wire tips as the wire tips are contisbpofed together. The wires are melted
directly by the arc, so the thermal efficiency &nel deposition rate are noticeably higher than
those of other thermal spraying processes. A higlocity air jet located behind the
intersection of the wires shears away the moltetalhibkat continuously forms as the wires
are fed into the arc and melted. The air jet atesithe material into fine droplets which are
propelled toward the substrate, where they imgkatten and solidify [1]. It should be noted
that the droplets are already molten when the nadtisr picked up and entrained in the jet
and, unlike other Thermal Spraying processes, éntcfes begin to cool after leaving the arc
region. The substrate heating is rather limited, éinerefore, the process is much suitable to
deposit coatings on low melting point substratasg;hsas polymers and glasses. Short
distances and high air flows have to be used tacedhe in-flight oxidation of the sprayed
particles. Alternatively, an inert gas may be us@édre Arc Spray is often limited to
conductive materials that may be formed into witegs more appropriate for the deposition
of any typologies of metal coatings, such as alwmi) copper, steel and zinc, used for

protection of building structures from atmosphensea-water corrosion.

36



L
Alr =l
) Secondary Air Coating
\‘_J Wire

Contact Tube
+

Prmary .-ﬂlormsmg Adr —hl

ii{
-l
L
¥
.

Yoy Wy

Spray stream of molten afofised; patticles

f‘-ﬂ) Wire

VE
Contact Tube

Figure 1.7 — Wire Arc Spraying.

1.4.3 Plasma Spraying Process

Plasma Spraying include Atmospheric Plasma Spgaf#PS), Vacuum Plasma Spraying
(VPS) and Radio-Frequency Plasma Spraying, whi@ldyto coatings characterized by
different microstructure and functional properties.

The plasma is produced by transferring energy amoinert gas until the energy level is
sufficient to ionize the gas, allowing the elecsoand ions to act independently of one
another. The plasma state is achieved when, undeglectric field, arc current can be
sustained as the free electrons move through thzed gas. Once the energy input is
removed, the electrons and the ions recombinegsiglg heat energy. This process, illustrated
in Figure 1.8, is accompanied by high enthalpydihect current plasma arc spray, the plasma
gun combines an axially aligned thoriated tungsithode and a water-cooled copper anode-
nozzle, which constricts and spatially stabilizes &rc and accelerates the expanding super-
heated gases at temperature up to 12000 °C. Thedmatelies on conduction and the high
melting point of tungsten to survive the high-temgppaere arc. Water cooling prevents melting

and minimizes cathode and nozzle erosion. Plasmairig gas mixture is introduced through
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the gun and enters the arc chamber through a gaadnthat imparts a spin or vortex flow.
The vortex stabilizes the arc at the cathode tithenlow-pressure region of the vortex and
rotates the arc root at the anode. The arc gase®dreated as they pass around and through
the arc. Then they expand radially and axially,etsrating as they expand and exit through
the nozzle. The powder particles are fed by art ig@s and injected by an external injector in
the plasma jet. The hot gas jet entrains the powdeicles which are heated to molten or
semimolten state and accellerated toward the subsWhen they impact the substrate, they
are flattened and form splats which solidify atthapoling rate and thus produce the build up
of a coating with lamellar structure. Within lanaal columnar grains can be detected,
typically smaller than those commonly observed B-F/D coatings. Coarser particles,
especially for high melting point materials, can artially melted, whereas very small
particles, characterized by much lower momentum,ncd penetrate the jet.

The substrate temperature can be controlled bymaptig the plasma temperature and
enthalpy and by arranging an appropriate coolirgjesy. When metal powders have to be
processed, an inert gas shrouding may be also tsegrovide an inert atmosphere
surrounding the jet at the exit of the gun andeiduce the interaction between the plasma jet
and the air environment, and thus the oxidatiomdfight droplet surface. Both temperature
and velocity of the sprayed particles, as well les stand-off distance between the plasma
torch and the substrate, can influence the levekafation.

High-melting point materials can be deposited datineely high velocity (200-400 m/s),
leading to coatings with good bonding strength [1].

Plasma spraying is suitable to spray less or memseal coatings, by modifying particle
temperature and velocity. Plasma spraying may tenged and optimized for fabrication of
coatings with high porosity and, consequently, hgfhain tolerance and low thermal

conductivity with respect to EB-PVD coatings. Therimal conductivity is strongly related to
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both intrinsic porosity and thermal conductivity thfe starting powder, depending on the
chemical composition, and to the main microstrwdtieatures of as-sprayed coatings, such
as pores and microcracks, which act as a barr@nsigthe heat transfer through the coating

thickness.

PLASMA SPRAY PROCESS
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Figure 1.8 — Mechanism of coating formation in Atmepheric Plasma Spraying.

From 1960s to 1980s high attention has been focoisé¢de development of spraying systems
operating in controlled atmosphere, in the purpmseninimize the detrimental effects of
oxidation and decarburization occurring during thar spraying of metals and cermets,
respectively.

VPS or LPPS (Vacuum Plasma Spraying or Low-PresBlasma Spraying) was introduced
in 1974. Unlike most common plasma spraying praegsshis process uses a modified
plasma torch which operates in a chamber at lowspire in the range between 0.1 and 0.5
atm, involving an increased plasma expansion. Toexethe plasma jet is broader and
extended than in air plasma spray, resulting iargd and uniform spray pattern. The use of a
convergent-divergent nozzle provides higher gascisi [1]. Higher particle speed implies

shorter residence time of the sprayed particléaba@rplasma jet and, together to better plasma
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jet insulation from surrounding environment, reduttee effect of oxidation of metal particles
in comparison with atmospheric plasma spraying. @&mser coatings can be fabricated,
characterized by lower content of oxides and higizdresive strenght. The residual stresses
are also lower than in atmospheric plasma sprayarmgl a higher substrate preheating
capability is obtained. Oxygen contamination cah v totally avoided, even if the oxygen
content is more related to surface oxides on thedpo particles than to the partial pressure of
oxygen in the low-pressure environment of the chenmbhe oxidation can be further reduced
by spraying larger particles, since larger sizeliespa reduced surface-area-to-volume ratio.
VPS process is less indicated for spraying of cargaowders, due to their shorter dwell time
and less degradation than in atmospheric plasmayisgr. To this purpose, ceramic
feedstocks with smaller particles should be marufad and this would be very expensive.
VPS system is more expensive, less versatile afidiest than APS and, thus, it is
recommended only when the benefits in coating perdmce outweight the price
disadvantage. Therefore, in the last years alteamore cost-effective systems have been
employed. As an example, an inert-chamber plasmaydpas been proposed in order to
combine many of the benefits of APS and VPS, bygsan inert gas environment at
atmospheric pressure.

Radiofrequency (RF) Plasma Spray is an other plaspraying system. It has been
commercially available since the 1960s, but did se# much commercial exposure until the
1990s. RF torch uses an induction coil to produt®szillating RF field in the range from
450 kHz to 4 MHz in a reactor tube, which coupleshd inductively heats the plasma arc
gas stream. The RF energy initially creates a glagharge within the coil, which quickly
cascades to an elongated toroidal electrodelesy/@ecdischarge. The arc is confined by a
water-cooled quartz reactor. Arc gas or gas mixtanme fed into the reactor to create a

discharge that does not touch the quartz tube.Rfdeld and boundary layer also help to
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keep the arc from contacting and melting the quaktater-cooled powder injector tubes are
required to penetrate the plasma wall, because @opalticles do not have enough inertia to
penetrate the plasma [1]. Once injected, the pestiare heated in the plasma jet and
propelled toward the exit. This equipment is motgtable to melt coarser particle in

atmospheric environment by means of higher dwelés.

1.4.4 Cold Spraying Process

The cold spraying system has been developed arehtpdtin 1990s by Alkimowt al.
[24,25,26]. This process shows unique charactesistnd it can be explained as follows. The
process gas is introduced in a manifold systemadoing a gas heater and a powder feeder, as

shown in Figure 1.9.
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Figure 1.9 — Cold Spraying Process.

The pressurized gas is heated to a given temperaygically up to 700 °C, by using a coil of
an electrically resistance-heated tube. The gasnigeis addressed to produce a higher sonic

flow speed. The high pressure gas is introduces antonverging-diverging nozzle, where it
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is firstly accellerated to supersonic speed and thexpands. The gas cools as it expands in
the spray nozzle and, consequently, its temperatutbe exit of the spray gun is usually
below ambient temperature. The powder particlesrewreduced into the high-pressure side of
the nozzle and accelerated to high speed, rangorg 80 to 1200 m/s. More recently, a
downstream injection has been also employed [27].

Both gas and particles temperatures are much |olaer those achieved in other thermal
spraying processes. As a consequence, some deginedfects, such as high temperature
particle oxidation and evaporation are rather mingd, as well as the amount of the residual
stresses in the as-sprayed coatings.

Cold spraying is a technology developed for paldicapplications and mainly for spraying of
high purity materials, such as pure metals, cerrants composites. Cold sprayed coatings
show properties strongly dependent on feedstoclpepties and commonly possess low

ductility.

1.4.5 Other Techniques for Coatings Deposition

Electron Beam Physical Vapour Deposition (EB-PVR} lbeen used starting from 1980s. It
is particularly suitable for deposition of TBCs mtating components of aircraft engines as
high pressure turbine blades. The coating surfaseniooth and has not to be polished before
its use, unlike plasma sprayed coatings. EB-PVD 3Bkow a columnar structure with high
strain tolerance, thermal shock resistance andligghme under thermal cycling [28].

In EB-PVD process, a ceramic source ingot is medtadl evaporated in a vacuum chamber at
pressure in the range from 13.33 to 1.33 %E&, by a high energy electron beam, as
illustrated in Figure 1.10. The ingot is bottom-fedo the crucible to ensure continuous
growth of the coating. The metal substrates arehpeged and positioned in the vapour cloud.

The evaporated atoms undergo an essentially avlless line-of-sight transport prior to
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condensing on the surface of the substrate. Thes rat evaporation and deposition are
influenced by vapour pressure of the starting neltand the ambient pressure.

EB-PVD process shows any shortcomings in comparisidh Plasma Spraying. Firstly,
lower deposition rate yields to much smaller cantihickness. Especially for very thick
coatings, the operating times can be much higlaer ith Plasma Spraying and, subsequentely,
the cost of manufacturing may become very highaddition, some large components with
complicated shape and geometry, such as bladegsaa@s of stationary turbines, can not be
coated due to the limited dimension of the vaculrantber. Deep holes and bores can not
easily be coated. The current researches are fciseptimize the processing and to
outweight the actual and technical limitations.sila Spraying is a more reliable and cost-
effective technique for a lot of industrial apptioas. Recently, other alternative processes

have been proposed, such as Chemical Vapour Depoaitd Slurry-Coating.
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Figure 1.10 — EB-PVD process.

Chemical Vapour Deposition (CVD) is a high temperatprocess (1000 °C) used to deposit
coatings with high density, uniformity and high llamg strength, since the bonding is

guaranteed by the diffusion of coating materiaht® substrate and the interfacial stresses are
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very low. Inside a vacuum chamber a gaseous pracissthermally decomposed and its
reaction at the substrate surface forms a coafing.high temperature implies any limitations
regarding the substrate material. Complicated gé&esecan be coated, because the process
is omni-directional.

Otherwise, Plasma Enhanced Chemical Vapour Depos{fECVD) uses a plasma which
decomposes the gas at low temperature.

Finally, Chemical Formed Processes (CFP) allowd#gosition of coatings up to 1Q0n.

The substrate is covered by precursor materialrbdieating to temperature between 350 °C
and 600 °C, at which the desired chemical readiades place and thus a thin coating is
formed. The coatings are chemically bonded to thistsate and, as they are fully dense, are

particularly suitable for anti-corrosion applicats
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1.5 Plasma Spraying Processing and Coatings Micrastcture

As previously explained, in Plasma Spraying, thevgher particles are heated up above their
melting point and melted by a plasma jet. The tesylmolten droplets are accelerated
toward the substrate in a hot gas stream. Theydtitha substrate with high temperature and
kinetic energy. On impact their flattening produties formation of splats which adhere to the
substrate and rapidly solidify at room temperatym@mmoting the build-up of a uniform
coating characterized by lamellar structure wiih thyers or lamellae parallel to the coating-
substrate interface. The high solidification ratf$en promote the retention of high-
temperature non equilibrium phases at room temperasuch as amorphous or metastable
phases, resulting in anisotropic structures, agreatized in Figure 11. Thermally sprayed
coatings show a unique microstructure and typidalestructural defects, such as pores with
different shape and size, interlamellar or horiabmhicrocracks and vertical microcracks.
Porosity can originate from entrapped unmeltedastialy melted particles, voids not filled
by the spreading particles, poor wetting onto aghjasplats, as well as by intrinsic porosity,
size and morphology of the feedstock particleseéat] the molten splats, when impact the
substrate, are flattened and spread over andh@llunderlying interstices. The anisotropic
features are also related to the degree of meltiatgrmined by the temperature distribution
in the plasma jet. The melting degree influencesdbhesive strength, the porosity fraction
and all the coating properties.

Indeed, the temperature typically decreases frarcémtre to the periphery of the plasma jet.
In a few millimeters a gradient of several thousantidegrees may be appreciated and may
affect both gas velocity and viscosity values.

As general remark, the powder particles injectethatinner side of the plasma jet are heated
at higher temperature and totally melted, wherdas gowder particles injected at the

periphery are only partially melted or sometimesa@ unmelted, thus generating large pores
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in the coating or remaining trapped as unmeltetighes. Moreover, some particles could be
superheated and other molten particles could khfieti during their flight before impacting
the substrate, thus reducing the cohesive strdragirteen the deposited splats.

Interlamellar cracks, perpendicular to the spraydirgction, are produced by rapid cooling
and thus affect the cohesive strenght betweenatimellae. Vertical microcracks are formed
due to solidification, thermal stresses and relaradf tensile quenching stresses.

The rapid solidification generates residual stresmed their progressive accumulation can
promote a spontaneous coating debonding duringingpdio room temperature. This
phenomenon is more probable when a very thick wgas deposited on metal substrate and
can be ascribed to the different thermal expansaefficients between the same coating and
the substrate.

Increased porosity is recommended in coatings iigin-temperature applications, because it
provides higher strain tolerance, higher thermatktand thermal cycling resistance. Porosity
is also desired for medical implant prosthesesabee it allows bone tissue to grow into the
coating, accelerating patients healing and reduthed recovery time. On the other hand,
denser coatings are more appropriate for enhanead and corrosion resistance.

During spraying of metal particles, the interactlmtween the outer particle surface and the
oxygen in atmosphere can promote increased oxidakiigh temperature and long dwell
times are able to enhance this effect. As a coresexp) metal oxides can clearly appear as
elongated dark stringers within the coating miawegture, as schematized in Figure 1.11.
These phases reveal to be very hard and also vigtie, lso they can influence the cohesive
strenght and anti-wear properties of the coatinge @egree of oxidation depends on the
spraying parameters and on the spraying environmedeéed, it is generally increased in
Atmospheric Plasma Spraying and more contained anouMm Plasma Spraying and High

Velocity Oxy Fuel Spraying. In HVOF spraying proseshe powder particles are
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characterized by lower temperature and higher spiesa those experienced in Air Plasma
Spraying. However, by optimizing the spraying pagtems and, in particular, the plasma gas
mixture and the total gas flow rate, results corapke to those obtained by VPS or HVOF
may be achieved. Oxidation can be controlled byiced) the temperature of the sprayed
particles, by increasing their speed, by usingrawhgas, by reducing stand-off distance, by
using feedstocks composed by coarse particles oedwycing the temperature at the interface

between substrate and coating.
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Figure 1.11 — Microstructure of plasma sprayed coang.

Therefore, the most significant spraying parametars be adjusted to obtain a well-known
microstructure and to guarantee the reproducibilftgoatings properties. This last is a basic
requirement in the purpose to transfer the mosinmiog results of experimental researches

to the real applications. To this aim, ceramic g require a statistical approach in the
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evaluation of the experimental data, because #regotropic features can determine a large
scatter in their thermo-mechanical properties.

Plasma Spraying parameters include torch type amtheder nozzle, arc current intensity,
plasma power, process gas or gas mixture, procassflow rate, carrier gas flow rate,
standoff distance between torch and substrate, oingector diameter, powder feed rate and
traverse speed.

These parameters can determine the coating prepexdifollows.

As arc current increases as plasma power increamksorrespondingly the temperature and
the velocity of the sprayed particles, promotingtdrebonding between the deposited splats,
as well as lower porosity volume. Oxidation is faked by high plasma temperature and
enthalpy. An increase in total gas flow rate yieldsan increase in accelleration of powder
particles and in their kinetic energy. At the saimee the temperature of the particles slightly
decreases. High gas flow rate may be used to iseréee momentum of the sprayed particles
and to protect their surface from oxidation. Argerusually used as pure process gas or in
mixture with Hydrogen and/or Helium. Pure Argon geates a relatively low-energy plasma.
Hydrogen provides high energy and enthalpy, inéngashe temperature of the sprayed
particles. Helium increases the thermal condugtisftthe plasma stream at temperature over
10000 °C, increasing plasma heating capability.

Helium is able to better entrain particles corgieeglly for metal and carbide particles
characterized by intrinsic porosity, reducing timre of oxygen and the effect of oxidation
within the plasma core. However, pure Helium possesmall mass flow and, thus, imparts
lower momentum to the sprayed particles. Therefibie,commonly used as secondary gas,

in conjunction with Argon.
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As spray distance increases as the interaction degtvthe droplets and the surrounding
atmosphere increases. The particles impact thetratdsat lower temperature and speed,
generally producing lower bonding and higher pdyosi

Injector diameter and carrier gas flow rate infloethe powder feed rate which has to be set
in order to provide a good melting of the sprayadiples and control the final microstructure
(thickness and uniformity).

Also the substrate temperature should be monit@ed controlled to avoid substrate
degradation and other problems associated to pessiating debonding. If necessary, the
substrates may be cooled by using air cooling jets.

The process parameters affect deposition effici€bdy), which measures the percentage of
particles injected in the plasma jet that are diépd®n the substrate. The process parameters
have to be choosen to provide high depositioniefiy, because low efficiency increases the
operating times and accordingly the cost of marnufaw.

Feedstock properties can also play an importaetanlthe final microstructure. They include
particles size, defined by the upper and lowertinuf the powder size distribution, their
shape and morphology (angular, rounded, elliptieglliaxed, hollow spherical), their size
distribution in terms of average and skew, theithmod of manufacturing and, finally, their
intrinsic porosity, which influences their interaet with the plasma gas stream. The spherical
particles commonly show higher flowability and aféected by lower in-flight oxidation due
to their lower surface area to volume ratio.

In order to fabricate high quality coatings, seVstaps have to be observed.

The substrates have to be properly prepared, adeémeremove any contaminants and
degreased. Then, they are grit blasted to give tlenough surface for mechanical
interlocking with the coating. Dry alumina abraseegular particles are commonly used for

steel and Ni-superalloys. These particles are plexpéoward the substrate at high velocity,
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where they induce a plastic deformation of the amef producing visible asperities. This
deformation is a function of the angularity, sizel dardness of the particles.

Ultrasonic cleaning is then performed in order limmate further contaminants, as residual
entrapped grit after grit blasting in confined adden areas. All these last steps have to be
carefully followed to provide better adhesion bedwehe substrate and the sprayed particles,
i.e. better metallurgical interaction, increased swefacea for contact, better mechanical
interlocking and lower in-plane stresses by indgdoids in the coating.

Preheating can be carried out to heat substrataceuand, consequently, to allow its pre-
expanding so that it shrinks with the coating, mdg the residual stresses generated during
fast cooling. However, preheating can determiree firmation of an oxide film on metal
substrates which can degrade at relatively low tratpre.

The application of a bond coat is recommended bef®C deposition. This metal coating is
often self-bonding. It adheres to the surface lagtiag with the substrate to form microscopic
alloy layers. This adhesion differs from mechanicaériocking promoted by grit blasting.
However, it may be enhanced by a finely grit blagtr a preheating. At higher temperatures,
a solid state diffusion may also occur.

It should be noted that Plasma Spray coated conm®ee usually ground and polished to

remove surface roughness before they are put amntacs.
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1.6 Thermal Barrier Coatings

In section 1.3.1, some details have been reporeditatypical industrial applications of
thermally sprayed coatings as thermal barrier ngatin hot components of gas turbine and
diesel engines. Now, the attention will be focusadhe study of advanced materials, as well
as on the processing, characterization and testinttpermal barrier coatings. Firstly, it is
useful to make some considerations about the &inechanism of a TBC during service.
These consideration are fundamental for the dewedop of high-performance TBCs and the

development of useful prediction models.

1.6.1 Failure Mechanism of Thermal Barrier Coatings

The failure of a TBC is produced by cracking anthaeénation, as it has been deduced by
analyzing the components removed from the engl®emll cracks extend and coalesce along
the delamination planes located either within tH8CTor at the interface between the
thermally grown oxide (TGO) and the bond coat, padg the spallation of small or large
coating fractions. This mechanism is associatethéo high-temperature development and
evolution of residual stresses in the tri-layergstesm composed by ceramic top coat, metal
bond coat and substrate. The interaction betwebstrstie, bond coat and top coat has to be
carefully investigated. Indeed, these layers ateriausly characterized by different thermal
expansion coefficients. In order to develop rekaplediction models, it is fundamental to
study the complex damaging mechanism of TBCs dutir@y service and under a wide
variety of operating conditions. According to Clagk al. [29] a prevailing failure mechanism
is characterized by buckling nucleated from theeedfjthe sample, followed by spallation.
This failure mode is associated to the presenamwipressive stresses arisen from different
CTEs of coating and substrate. To this purposey tescribe the effect based on the

interfacial cracking. The failure of a TBC usuatlgpends on several factors, such as phase
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stability, microstructural changes induced by higimperature sintering, bond coat oxidation,
evolution of the residual stresses and strain aottion by cycling and hot corrosion.

All these aspects have to be carefully considerat inavestigated in order to manufacture
TBCs with high performance and, thus, to trandfer achieved knowledge to the industrial
field.

Actually, the full potential of TBCs is not well-kwn and further researches are addressed to
the development of new advanced materials, syrghiesihniques and new designs. The
future researches have to be addressed to develiaple models for lifetime prediction,
innovative techniques for monitoring during servaned validation of experimental results
under various operating conditions. Indeed, TBCgehaot often considered as integrated
parts of hot components, but appear as potentialicos to reduce their surface temperature
and to improve their durability. The demand forthgerformance implies a change in current
opinion and new concepts regarding the potentialityhermal barrier coatings.

The influence of the process parameters on theostrurctural and thermo-mechanical
properties of plsma sprayed coatings should beeplp@mnalyzed , in order to promote a
significant enhancement in the reliability, lifeemand performance of thermally sprayed
TBCs and to overcome the current limitations [30].

Phase transformations, occurring at high temperattan generate significant stresses within
the coating, the growth and propagation of cradks.an example, plasma sprayed YSZ
coatings are mainly composed of metastable t' miecphase, due to the high cooling rate of
molten splats during deposition. It has been fouhdt during coatings annealing at
temperature higher than 1200 °C, the metastahbiddse decomposes into tetragonal t and
cubic ¢ phases. Then, on slow cooling to room teatpee, the low-yttria tetragonal phase
may transform to the monoclinic phase, whereasifle-yttria cubic phase may be retained

or it may transform to tetragonal phase. Monoclirtransformation is notoriously
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accompanied by a volume change which promotes ppeasance of crack networks. The
amount of these microstructural defects can infteethe high-temperature lifetime of the
coating.

Moreover, high-temperature sintering produces @f plorous coating produces significant
changes in microstructure and mechanical propertiesthe closure of fine pores and
microcracks with a consequent partial densificatminthe porous structure. The crack
morphology changes and between adjacent crack eslgessing necks are formed, thus
partially or completely closing pores and micro&sacThis yields to the reduction of the
porosity volume and to an increase of the elastclutus, reducing the strain tolerance and
increasing the amount of the stresses in the qgmafi8il]. Therefore, the sintering behaviour
affects the durability of TBCs during thermal cygi Different powder morphologies can
produce different microstructures with differenetimo-mechanical behaviour and different
sintering rate during long-term exposures. Moreptieg sintering rate is strongly related to
the operating temperature and is affected by th€ TBsign. A significant difference has
been found between annealed free-standing cerawatings and multilayered TBCs,
constituted by substrate, bond coat and top cas,td the different stress state within the
coatings [32]. For the entire TBC system, the singeof the ceramic coating increases the
residual stress level and the driving force foratebng at the interface with the metal bond
coat and thus promotes the spallation. The preseht®e metallic substrate can reduce the
stiffening rate of the ceramic layer and the sintgrate. The higher CTE of the substrate
generates tensile stresses in the coating durgigteimperature exposure and acts as a barrier
for the healing of pores and finer microcracks [32]

During processing, and more probably during highgerature service exposures, a thin
thermally grown oxide (TGO) layer is produced byface oxidation at the interface between

bond coat and top coat. Most ceramic materialSTBECs are transparent to the oxygen, as
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well as stabilized zirconia. Indeed, these materstiow a high amount of oxygen ion
vacancies which allow oxygen transport and propagahrough coating thickness. At high
temperature, ®ions diffuse in the coating through its open pared are transported through
the pores and cracks of the ceramic layer, prorgdtie oxidation of the bond coat surface
and the formation of the TGO.

A TGO composed of pure AD; thin layer might improve the in-service duratidraclBC by
improving the thermal insulation between upper ecaop coat and metal bond coat. This
enhancement may be related to the chemical conilfgtibetween the TGO and bond coat
materials. Unfortunately, the TGO thickness evoldesing long-term exposure at high
temperature and increases up to a critical valigyzing significant compressive stresses at
the interface. These last ones, together to thidualsstresses generated by different CTE
values, are responsible for the strain energy seleatej.e. global driving force. When this
last becomes higher than the fracture energy ainteeface, a spontaneous debonding of the
ceramic layer occurs, followed by the final spatiat{33]. Therefore, spallation is affected by
the changes in the stress state and by the redusfttoughness at the interface.

TGO thickness has to be related to operating teatpers and times, in order to investigate
the adhesion degree and to predict the spallatiohtlae failure of the TBC. The formation
and the evolution of the TGO should be taken imagmeccount to chose TBC material,
focusing the attention on materials thermodynaryicampatible with alumina. However, as
above discussed, the failure of a TBC can not dg attributed to the formation and the
evolution of TGO, because it depends on many isittifactors [29].

In addition, extended creep occurs in the bond absmperature of about 600 °C. The creep
reduces tensile stress within the coating duringtihng and generates compressive stress

during cooling.
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The surface of the ceramic coating is also sulgetdethe action of hot gases, which can
produce a gradual delamination of the coating, thugeasing the temperature on the metal
substrate. During service, gas turbines are paadigl started and stopped. The temperature
gradients promote a redistribution of the interstitksses and induce thermo-mechanical
fatigue and crack growth. In particular, the presemf tensile stresses can reduce the
interfacial adhesion. The evolution of cracks (fatibn or closure) promotes significant
change in elastic modulus values.

In addition, hot-corrosion usually characterizesdipased turbines, where low quality fuels
are commonly used. The salts combine with fuel ammants and impurities, such as
Vanadium and Sulphur, producing mixtures of sodauifates and, mainly, vanadates with
low melting points (3S@ and \W0Os). It is known that these deposits react withOY
contained in yttria partially stabilized zirconidome chemical reactions take place,
promoting a significant reduction of yttria stabdr content and destabilizing the tetragonal t’

zirconia phase in monoclinic:

Y03 +35Q-Y> (804)3 (11)

Y o035 + V05 — 2YVO, (12)

It has been found that ceria-yttria co-stabilizaccania (CYSZ) coatings show better
resistance to hot-corrosion. Also scandia,(Bf stabilized zirconia coatings exhibit high
resistance to hot corrosion from salts. Above thredensation point of salts (950 °C) the hot
corrosion could not affect the hot surfaces. Howeiecould destabilize colder surfaces. In
addition, other extrinsic factors, such as theierosxduced by impact of foreign particles or

objects and the damage induced by penetration @osits of calcium-magnesium-
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aluminosilicates formed from the entrainment irtie engine of sand and dust which are in

atmosphere [34,35,36,37].

1.6.2 Current and New Materials for TBCs
The coating material is designed according to gimeservice conditions and taking in a great

account the expected life of the component.

1.6.2.1 Yttria Partially Stabilized Zirconia (YSZ)patings

Plasma sprayed yttria-stabilized zirconia coatimgge been commonly used for protection of
gas turbine engine components from many yearsr goed thermo-physical and mechanical
properties have been measured and can be hergeepr follows: CTE = 10-11 foK™;
thermal conductivity <=2 W*al'’K ™%, fracture toughness 2 MPa*h

However, YSZ coatings seem to be limited to “cléael” engines, because yttria stabilizer
reacts with the contaminants contained in low-gragks which are commonly used in
industrial turbine or diesel engines, as previousscribed. In this case, zirconia phase
transformation may occur at relatively low temperes,i.e. 700-900 °C. Indeed, the yttria
stabilizer reacts with molten salts, which weregimated through coating thickness, and the
depletion of the stabilizer can promote the momicliransition and a significant cracking.
The thermal shocks also produce the spallatioramfel fractions from coating surface up to
final delamination.

As above reported, during exposure at high tempesat significant microstructural changes
may occur within the TBC. These modifications lesaghificant changes in the mechanical
properties. Sintering causes an increase of tlgi@l@odulus and, as a consequence, a lower
strain tolerance [38]. YSZ thermal barrier coatirage characterized by insufficient phase

stability and accelerated sintering during longrtegxposures at temperatures higher than
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1200 °C. Thereby, alternative materials or altemeastabilizers for zirconia have to be
studied, in order to improve the durability of fhiBCs and to develop TBCs with outstanding
properties for advanced turbines of next generation

Several ceramic materials showing interesting ptasehave been studied and proposed as
alternatives to YSZ for TBCs development and martufeng. They have typically one or
two properties better than YSZ. However, some @s¢hdata are often referred to bulk
materials and not to plasma sprayed coatings. is@tlrpose, it should be noted that YSZ has
been studied and used for about 30 years. Bothrimat®mposition and processing have
been optimized. The corresponding properties haen binvestigated and the coatings have
been tested at in-service conditions. Howeverhtirrinvestigations are required in order to

have a better knowledge of the YSZ TBCs performatd¢egh temperature.

1.6.2.2 Ceria-Yttria co-Stabilized Zirconia (CYSZpatings

Rare earth oxides can be used as stabilizers 43e®0;, S¢O;, Ta0Os) for tetragonal or
cubic zirconia [39,40,41,42]. Rare earth oxidesehkower thermal conductivity and higher
CTE than yttria partially stabilized zirconia coms. However, the experiments about these
materials are rare. It should be noted that most pare earth oxides are unstable at high
temperature, due to their polymorphism, and thisuldidoe detrimental for their thermo-
mechanical behaviour.

Cerium oxide (Ceg) represents an interesting alternative as stabifar tetragonal zirconia.
Ceria and yttria co-stabilized zirconia coatinge amore suitable when severe in-service
conditions are expected, since they seem to shaverldhermal conductivity at room
temperature than YSZ [43]. CYSZ deposits show higitese stability, higher resistance to
thermal cycling and higher lifetime during longsfterexposures than YSZ ones [38]. A

comparison between YSZ and CYSZ has been perforoyedioon et al. [44] in their
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experimental studies. Free-standing coatings weeateld at high temperature for 100 h and
then cooled to room temperature using differentingaates. The monoclinic transformation
was retarded or prevented for CYSZ TBCs with resfie¥ SZ TBCs.

Moreover, CYSZ shows higher resistance to hot-goro than YSZ in terms of much
improved phase stability and reduced damage indbgethe molten salts [45]. Ceria is a
more acidic stabilizer and it is more resistanch@mical attacks by molten salts, since it
possesses lower solubility than yttria. So, CYSZemsommended when low quality fuels are
used. Indeed, the condensation of sulfates anddesesm and their fused salts are extremely
corrosive. The monoclinic transformation and theamsion of the damaged area are much
retarded. The stabilizer depletion behaviours oZ¥®d CYSZ are quite different [45]. The
structural defects, such as pores and microcragkserate a path for penetration of molten
salts. The reduction of the porosity might be ukse&fact as a barrier. However, a more dense
TBC would have higher thermal conductivity and lowsé&ain tolerance. Further researches

about high-temperature behaviour of CYSZ TBCs aexied.

1.6.2.3 Alumina Coatings

Alumina (Al,O3) has been firstly used as TBC material, due tonitsresting physical and
mechanical properties. However, alumina shows higiiermal conductivity than YSZ and
lower CTE. In addition, plasma spraying of alumpwvder produces some unstable phases,
such asy-Al,03 and 6-Al,03, which during thermal cycling transform inteAl,Os. This
transition is accompanied by a volume change otibhb %, resulting in the formation and
propagation of cracks in the coating microstructd@]. Alumina can be added to YSZ to
enhance its hardness and thermal cycling lifetidi§.[Moreover, alumina may be partially

stabilized ina-phase by addition of Ti§in order to improve its toughness. Anyway, plasma
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sprayed pure alumina and alumina-titania coatingsn@ore suitable for anti-wear coatings,

due to their enhanced hardness and wear resistance.

1.6.2.4 Mullite Coatings

Plasma sprayed mullite (3A&0:-2Si0,) coatings typically show a part of amorphous
structure. They exhibit high thermal stability, ldlermal conductivity, but higher than YSZ,
and interesting thermo-mechanical properties. They not oxygen transparent and are
suitable to be used in diesel engines, where tlaeee lower temperatures than those
experienced in gas turbines [48]. Indeed, at aB80t°C amorphous mullite crystallizes with
a volume contraction which can promote the fornmamd the propagation of cracks. The
amount and distribution of the microcracks canuefice the lifetime of plasma sprayed
mullite coatings during their service. At highemigeratures, their thermal shock resistance is
less than YSZ [49]. Mullite coatings show a low GTEery close to that of SiC-based
composites. Thereby, they are particularly prongisfor protection of these composite

materials as EBCs [50].

1.6.2.5 Lanthanum Zirconate (LZ) Coatings

Rare earth zirconates Mr,0O; (M=La, Gd, Nd, Sm) have been recently proposeahaierials
for TBCs. Among these materials, lanthanum zirceria&Zr,0-) is the most known. This is
very significant, because a few works have beerfopaed on these new materials.
Lanthanum zirconate shows a cubic pyrochlore strecand promising thermal and physical
properties. It shows no phase transitions up tonrb#ing point (2300 °C). Previous studies
have marked the thermal stability of plasma spragethanum zirconate coatings during

long-term exposures at 1400 °C [51].
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Moreover, lanthanum zirconate possesses lower #deranductivity than YSZ (1.56 W*m
K™ versus 2.1-2.2 W*mM K™, bulk materials). For sintered materials the @asiodulus of
LZ is lower than that of YSZ and so the fracturagioness [52]. Lanthanum zirconates has
low ionic conductivity (9.2 + 0.3 x IQ™ cm* at 1000 °C in air) and it is more oxygen
resistant than YSZ which has higher ionic condistiv0.1 Q* cm* at 1000 °C in air).
Therefore, a better insulation against oxygen geeted, since the oxygen diffuses from the
coating surface to the substrate through the panelscracks and the crystal lattice of the
coating material. However, the CTE measured forcbatings is lower than that reported for
YSZ ones (9.1-9.7*18K ™ against 10.5-11.5*19K ™), resulting in higher stresses in the TBC
system. Lower lifetime has been found in comparisein YSZ coatings during thermal
cycling at 1250 °C [51]. Some dopants, as ceriumdexcould be used with the purpose to
increase the CTE value. Alternatively, lanthanumcanate coatings can be used for
protection of zirconia coatings at extreme tempees, realizing a double ceramic coating, as
discussed in the next sections. Indeed, lanthanueorate seems particularly suitable for
extreme temperature applications. It is a candidaéterial for TBCs and EBCs for gas
turbine ceramic matrix composite (CMC) combustoplaations, due to its low thermal
conductivity and high temperature capability. Laukiat other not well-known zirconates,
Maloney reports a thermal conductivity of about WBm™K™ (at 700 °C) for bulk
GdZr,07 and a temperature-indipendent thermal conductieftybout 1.0 W*ril*K ™ for
porous EB-PVD GgZr,O; TBC.[53] Other results are reported in recent patg54,55].
Further experimental studies are expected in theé pears in order to better know the

properties of these materials and to investigate potentiality as thermal barrier coatings.
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1.6.2.6 Other Ceramic Materials for Thermal Bar@Geatings

Looking at some recent preliminary studies, soméerie@s seem to be promising for TBC
manufacturing, even if there is a lack in the krexdge of their thermo-mechanical properties
and then further investigations have to be perfotm&mong these materials Yttrium-
Aluminium Garnet (YAG), having the chemical compmsi Y3Al,(AlO4)s, should be
mentioned. It has been found that garnets showneeldathermo-mechanical properties, high
phase stability and low thermal conductivity. Inddin, they are more resistant to oxygen
and thus could be retard the TGO formation. Howetregy show lower thermal expansion
coefficient (~9*10°K™) than YSZ [56,57].

Hexaaluminates could be other candidates for TB®liGgiions. They possess a
magnetoplumbite structure. Lanthanum aluminate (§AM,O,9) coatings has been recently
studied. They show a large amount of amorphousephasociated to the thermal effects of
plasma spraying, low thermal conductivity (in te@ge from 1.2 to 2.6 WAK™), high phase
stability up to melting point (> 2000 °C) and lIow&TE than YSZ (~9*18K™) [57,58].

Some typologies of silicates, as Zrgi@ould be also included in the list of TBC matksia
They are more resistant to the oxygen and othéicaacontaminants and thus could be used as
intermediate layer between metal bond coat andiertop coat, to prevent the formation
and the rapid evolution of the TGO. Unfortunatehgir CTE is much lower than those of
bond coat and top coat materials. In addition rttiermal conductivity is higher than that of
YSZ. During spraying, zircon decomposes at 167&A@ the coatings are composed of a
mixture of crystalline zirconia and amorphous silic

Other compositions include NZP materials {B&riPs5Sios024), Spinell (MgALQO,),
Perovskites (BaZr¢) and Metal-Glass composites. Among them, desheé& tow sintering
rate, perovskite coatings show lower CTE and shdifietime than YSZ ones, as well as

partial dissolution in HCI [52,57]. Finally, Met&ass composites can be fabricated by a co-
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deposition of metal and glass raw materials. Thegnsto show higher thermal conductivity
and higher CTE than YSZ ones, as well as higherntak cycling lifetime and higher
resistance to oxidation and corrosion [57]. It dddae noted that the results concerning the
above mentioned materials are partial and not csha. A few reports have been published
about them and further experimental studies ara tequired. In addition, many of these
materials are not commercially available as thersmky powders. Powders with these
chemical compositions are often produced in ligilantity in research laboratories and then

they can differ about their morphology and othérimsic properties.
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1.7 Characterization and Testing
Thermal sprayed barrier coatings have to be chenaetl about their phase composition,

microstructure, mechanical properties, hardnesshaidtemperature behaviour.

1.7.1 Phase Analysis

XRD analysis may be performed on the as-sprayeglesmvithout any preparation, in order
to determine the phase composition, since the thleefiects related to plasma processing
may involve some modifications in phase compositbthe powder feedstock. Thereby, it is
fundamental to make a comparison between startowgders and final coatings. As an
example, thermally sprayed metallic or cermet pawdeffer oxidation and decarburization,
respectively, especially when plasma spraying idopmed in air atmosphere. Therefore,
several oxides and secondary phases, crystalliremmrphous, which were absent in the
original feedstock, can be detected in as-spraysting. The phase composition of as-
sprayed coatings may be a powerful tool to preitietdurability of thermal barrier coatings
during service. During high-temperature exposuaekjgh phase stability is required, since
phase transformations may be detrimental for TB&Tithe.

During deposition of yttria-stabilized zirconia togs, the high cooling rate of quenched
molten particles can avoid the monoclinic transfation, producing a metastable tetragonal t’
phase [5,59]. The same result has been found feP¥B YSZ coatings [60]. During high-
temperature annealing, the metastable t' zircomase decomposes into tetragonal t and
cubic c zirconia phases. Then, on slow coolingotnt temperature, the low-yttria tetragonal
phase may transform to the monoclinic phase, whketlea high-yttria cubic phase may be
retained or it may transform to a high-yttria tgvaal t' phase. This behaviour has been
found for YSZ coatings annealed at different terapges (between 1200 °C and 1600 °C)

and for different times [61]. A high cooling rate 60 °C*s') avoids the monoclinic
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transformation which is accompanied by high stress®l volume expansion. This volume
change may provide the formation or the propagadioaracks, leading to the failure of the
TBC. The macroscopic stress state may also infliéme phase transformation. Azzopaetdi
al. [62] have found that in EB-PVD YSZ coatings anndadé temperature in the range from
1100 °C and 1500 °C, the t' phase decomposes awg/ttria tetragonal phase, a high-yttria
tetragonal phase and a high-yttria cubic phase.

The yttria concentration of the tetragonal phasaisndicator of the destabilization degree of
the tetragonal phase and, consequentely, of TBe §8]. Coated components should be

inspected during service for routine control of pdatability.

1.7.2 Microstructural Characterization

The analysis of the morphological and microstruatégatures of both feedstock and coatings
is typically performed by using optical and Scagniglectron Microscopy (SEM), in the
purpose to detect some microstructural featuresh sas pores, microcracks and splat
boundaries.

Fractured surface can be analyzed in as-sprayttstatudy the splat morphology. Fracture
cross section are obtained by mechanical breakiegtting. Polished cross sections are more
suitable for the investigation of the typical mistmctural features of plasma sprayed
coatings. In SEM observations scattered and baattesed electrons (SE and BSE) are
usually used to study morphological and microstmadt features, respectively. When
different phases are within the coating, differgigy levels can be appreciated, corresponding
to different atomic weight. Generally, brighter asedenote heavier elements and compounds,
whereas darker areas mark lighter elements or congso To this purpose, Electron

Dispersive Spectroscopy (EDS) may be used to paréor elemental analysis.
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It should be noted that long-term exposure of psrogramic coatings at high temperature
involves significant changes in their microstrueture. a sintering effect that, by the gradual
annihilation of finer pores and microcracks, caducee the porosity volume of the coatings
and thus increases their thermal conductivity, telasiodulus and hardness [38]. SEM
micrographs are useful tools to appreciate thesmy effects.

The preparation of plasma sprayed coatings for afletiraphy may be very difficult. Cross

sections are obtained by sectioning the as-spragatings. They were usually cold-mounted
in vacuum in a two-part epoxy resin. Grinding aralighing of coating cross section are

commonly performed before SEM observations.

1.7.3 Image Analysis (IA)

In the last years, image analysis (IA) has beegelgrused to investigate the complex
microstructure of porous plasma sprayed coatinges@& last ones differ from bulk materials
due to their anisotropy and typical microstructuedtures, such as pores and microcracks,
which surely affect their functional propertiescluas elastic modulus, hardness, thermal
conductivity, thermal cycling resistance and caonsesistance. Image analysis is a powerful
investigation tool because, starting from opticalSEM grey-scale micrographs of coating
cross section, allows a quantitative and qualiéatinalysis of the microstructure. So, using
IA, the evolution of the microstructure during sSeev may be easily analyzed. Other
techniques, such as computer microtomography (CBIJ small-angle neutron scattering
(SANS) have been used to this purpose. Image asglgssesses many advantages, due to its
reliability and low cost. Friigt al. [64] have developed IA techniques for the investan of

the microstructural features of thermally sprayemhtings. By using Image Analysis,
Deshpandet al. [65] have studied the microstructural propertieshermally sprayed YSZ

and alumina coatings, produced by different feetkst@nd thermal spraying processes. Also,
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Finally, Kulkarniet al. [66,67] have developed IA technigues to estimatding porosity and
thermal conductivity and for property modeling loétmally sprayed coatings.

IA measures both open and closed porosity, du@ddigh degree of contrast between the
dark pores and the more highly reflective materiabre size distribution and pore

morphology.

1.7.4 Mechanical properties

Hardness and elastic modulus are the most commeahanieal properties to be investigated
in plasma sprayed coatings. Hardness may be mehsurédoth as-sprayed surfaces and
polished cross-section by using indentation tealesg A great number of measurements is
generally performed to obtain an average hardnessevfor porous coatings. The
microhardness average is not enough to charactdr&zenal sprayed coatings, due to their
anysotropy and microstructural defects, such aggpehowing different shape and size,
microcracks and splat boundaries. Moreover, thentations can take place on many splats
characterized by different morphological featufdanoindentation (NI) is more suitable to
study the local properties of plasma sprayed cgatidue to very small indentation loads and
size. The hardness measured by NI becomes similtrat of bulk material with the same
composition. However, it is generally lower, due tttee presence of finer voids and
microcracks along coating thickness.

High indentation loads can promote the formatiod propagation of cracks, and, therefore,
can be applied in order to compute the fracturghoess of plasma sprayed coatings. To this
aim, several models are available in literaturgeteling on the shape of the imprint and the
dimension of the crack induced by indenter. Anywiaiys not easy to obtain reliable results

on porous coatings, due to the complex crackinghaug@sm.
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Young's modulus measurement is a fundamental stepgdiality evaluation and lifetime

prediction of a TBC, as well as the study of itghitemperature evolution. Indeed, the
mechanism of brittle failure is strongly relatedtb@ in-plane coating elastic properties. To
this purpose, the evolution of Young’s modulus ofTBC is often investigated during

isothermal heat treatments or thermal cycling. Titse¢ step consists in the measurement of
the elastic modulus of as-sprayed coating at raampéerature. Indeed, the Young's modulus
affects the thermal stress distribution in the TB@d the thermal fatigue behaviour

accordingly. A low modulus may play an importanieron the thermo-mechanical behaviour
of the coating. Young’'s modulus of plasma sprayedtings has been measured using
different methods, including static, quasi-staticl @ynamic methods. Static methods include
three or four points Bending Tests (BT) which measthe apparent elastic modulus,

representative of the macro-elastic coating progge@nd much lower than the same value
obtained for bulk material, due to the presencearés and cracks along coating thickness.
As an example, the value of the elastic modulusdemise YSZ is about 200 GPa, whereas
some investigators have measured an elastic moddéilabout 25 GPa by using four-point

bending test [68,69] However, a broad range of eslis reported in literature and these
differences may be attributed to the anisotropicrastructural features of thermally sprayed
coatings as well as to their different microstruetuand testing parameters [70,71] Sintering
of porous microstructure of plasma-sprayed YSZ ingat induced by isothermal post-

treatment, can produce the increase of Young’s magdand the corresponding reduction of
the strain tolerance [32,72]. Ahressal. [73] have evaluated the mechanical properties of
plasma sprayed TBCs with different microstructuwesg three-points bending test at room
temperature. After annealing at 1200 °C for 1G8dy have found an increase by a factor of

more than two.
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On the other hand, in thermally cycled free-staggilasma sprayed YSZ coatings it has been
observed that as thermal cycles increase as elastttulus decreases. In this experiment
three-points bending test was used for the measmnewf the elastic modulus on YSZ
coatings treated at 1120 °C [74]. During thermatliog the thermal strains induce the
formation and the propagation of cracks within teeamic coating and reduce the cohesive
strength between the lamellae, thus decreasinydbeg’s modulus.

Indentation techniques allow to measure both th#ness and the hardness by load-
displacement curves by using Vickers or Rockwalkimers. A mean value is not adequate to
completely characterize the mechanical propertfeplasma sprayed coatings due to their
anisotropic microstructural properties. The presenaf pores with different sizes,
interlamellar and intralamellar microcracks may tesponsible of large scatter in the
mechanical properties and may cause a broad disbrbof the experimental data. So, their
distribution is currently analyzed by Weibull sstits. The Young’'s modulus of plasma
sprayed coatings is much lower than that measundalitk materials with the same chemical
composition and, therefore, involves higher stiailerance. Indentation techniques lead to
higher values of the elastic properties in compariwith the macroscopic techniques. The
elastic modulus decreases with increasing the tatien load [71]. Higher loads provide an
increase of deformation areas, because the nunmoetha weight of pores and cracks and
their influence on the measurements increase. Heryeigher loads are preferable to provide
more reliable results, because larger pores woaldaken in account. Marsha al. [75]
have also used Knoop indentation to determinevtheng’s modulus of plasma sprayed
coatings.

However, NI can be considered as a powerful toolthe evaluation of the local coating
properties and their variations by high-temperasingering,i.e. the closure of fine pores and

microcracks and the following partial densificatioh the microstructure. The values are
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much higher than the global values and slightlydothan that of fully dense material due to
the presence of fine porosities. The NI measurasbeaalso considered as a baseline for the
determination of the elastic properties of plasmpaaged coatings by using theoretical
micromechanical methods, such as Spriggs’ metheghii-Hasselmann method and Zhao
method. These theoretical methods have been deklap relate the microstructural and
mechanical properties of porous structures, whosee prolume has been previously
measured. Spriggs’ model hypothizes a uniform ithstion of spherical pores and allows to
calculate the elastic modulus starting from coatpogosity and elastic modulus of bulk
material having the same composition, through apoe&ntial relationship [76]. Also,
Hashin-Hasselmann method takes into consideratienwteight of pores, cracks and splat
boundaries [77,78]. Finally, Zhao model takes intonsideration the anysotropic
microstructure and, assuming the same aspect faatiall the elliptical pores, provides two
equations to calculate elastic modulus in both ikoiignal and transverse directions [79].
However, it should be noted that these methodsadaconsider pores with different aspect
ratio and, therefore, they often provide valuesdotihan those measured by macromechanical
methods, such as BT or resonant techniques [80¢ 3Jdatter can be ascribed to the
morphology and size distribution of pores and csacéince the porosity value can be
estimated with accuracy using various techniquegh sas image analysis, mercury
porosimetry and Archimedes’ method.

More recently, dynamic resonance techniques hawn lapplied to measure the elastic
properties of porous TBCs. The first investigatltas been made by Chatial. [81] which
have measured the elastic modulus of coating-;atbsttomposites. Impulse Excitation
Technique (IET) has been recently developed aniong@d in order to evaluate the elastic
modulus and Poisson ratio responses of a by-layabs{rate and coating). The system

employed and the results will be discussed inildet#his work. IET is a very promising test
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for on-line monitoring of plasma sprayed coatingscause it provides reproducible results
about the global mechanical properties of plasmaysga coatings. In addition, IET involves

a very low cost and produces no distortion, withaegtroying the sample during the test.

1.7.5 Thermal Aging Tests

Thermo-mechanical tests can be arranged in a vasy &ay. In order to study high-
temperature evolution of microstructural and medatamroperties, the as-sprayed coatings
can be addressed to heat treatments at well-knewpdratures and for different times.
Thermal cycling tests are simple and reliable mashaehich better simulate the operating
conditions in turbine engines. In the past, dueadéck of reliable testing methodologies,
many technical studies have not been transferredalcapplications. A burner rig is the most
appropriate equipment for TBC testing, since otilg puter surface of the same TBC is
directly exposed to high temperature, whereasdhweérature on the substrate is maintained
much lower. The substrates are commonly cooledrégspirized air.

Isothermal tests are easier to be performed andrmareh useful to analyze the thermo-
mechanical behaviour of thermal barrier coatingstHermal tests can be devoted to the study
of the sintering kinetics in ceramic coatings adlvas to the study of high-temperature
oxidation. The properties of treated coatings himvée compared with those of as-sprayed
coatings.

Obviously, the substrate should be preferably ebateeach side, due to the different thermal
expansion coefficients of substrate and coatings Tifference usually reflects in much
different high-temperature shrinkages, which redineeinterfacial adhesion and favour the
debonding. If the coatings were applied on each, sily the external surface of the TBC
would experience the highest temperature. Howates, not easy to coat each side of the

substrate.
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Then, it may be necessary to test free-standingings even if the thermo-mechanical
behaviour of a free-standing ceramic layer diffecsn that of a layered TBC. The coatings
are heated to high temperature, hold to this teatpes for different times and cooled down
to room temperature. The heating rate, the maxirremperature and the cooling rate may
influence the thermo-mechanical performance anditinability of a TBC.

Finally, thermal shock tests consist of rapid heatnd cooling cycles. The specimens are
commonly cooled down in air or quenched to roomperature in a water bath. The cycles
are repeated more times. The thermal shock tedupes severe thermal stresses which lead
to the growth of visible crack networks. The progi@an of these cracks or pre-existing
cracks within the coating leads to the detachmétdrge coating fractions from the surface

up to the final delamination.
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1.8 Future and Perspectives

The current and future researches are focusedasnlseg for new materials with optimized
chemical and phase composition, low thermal condtyctat high temperature, low sintering
rate and high resistance to oxidation and hot soyro The goal is to realize interesting
solutions, for a wide variety of operating condisp temperatures and environments. The
development of lifetime prediction models is a basquirement for these applications, as
well as the development of new advanced mateK@tiser promising TBC systems should be
studied, developed and realized, as well as impravethodologies for non-destructive
testing and analysis of in-service behaviour of 8BS&bout TBC materials, some guidelines
have been indicated in previous sections, as threls®f better stabilizers for zirconia and the
use of nanostructured materials.

Functional graded materials (FMG) and multi-layetbérmal barrier coatings represent
further and interesting technological solutions.

There are a few investigations on FMG coatingsna¥ehey were developed in the early
1970s and are currently used to protect some teid@mponents and burner nozzles, and they
could be also promising for advanced fuel cellstdoees and biomedical applications. FMG
coatings could be manufactured with a graded chednsiemposition through the thickness
(from the bond coat to the top coat), in order toimize the thermal expansion mismatch
between these adjacent layers and the substraiegialty for very high thicknesses. As the
number of layers with the same thickness increasethe bond strength of FMG coating is
improved. This leads to a significant reductiontieérmal and mechanical stresses during
service [82]. The properties of metal and ceramatemals are combined to manufacture
coatings with enhanced and unique properties mdesf thermal conductivity and oxidation
resistance. All the microstructural, thermal ancchamical properties change gradually along

the thickness. In the conventional coatings dudogling the significant residual stresses near
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the interface can promote cracking and spallatietwben bond coat and top coat. The
application of a thicker coating surely allows anrease of the operating temperature, by an
increase of the TBC capability. However, the sessmiay be much higher within a thicker
coating and this can influence its thermal cyclifetime. For fabrication of FMG coatings,
powders with different chemical compositions cancbesprayed using two injectors at the
same time, gradually varying their rates duringdeposition. Alternatively, the feedstocks
can be mixed before spraying. Obviously, the powdeve to possess similar particles size,
melting point and deposition efficiency. Therefdieir processing can result not easy.

In alternative, multi-layered TBCs, composed of temo more ceramic layers, might be
developed to better accommodate the stress stale ientire TBC system [83]. This design
has been recently proposed, taking into considerdtiat no single material seems to satisfy
all the requirements for a TBC. The concept of ifaylered TBCs is effective for the
enhancement of their thermo-mechanical propertieEB&s [84,85]. Both FMG and multi-
layered TBCs, and especially this last ones, hhwgs higher lifetime than YSZ coatings in
burner rig at temperatures higher than 1300 °C8§3,However, a few experiments have
been performed and further investigations are reb@derder to confirm these preliminary

results..
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2. Experimental Procedure

2.1 Introduction

This Chapter describes the experimental procediod®ved for fabrication, testing and
characterization of metallic and ceramic plasmaygu coatings, focusing the attention on
the apparatus and the techniques employed, asawe@lh the properties of the raw materials
and the conditions at which the coatings were predutested and characterized.

Four different raw materials were processed to faoatings,i.e. a metallic CoNiCrAlY
powder feedstock and three ceramic powder feedstalo microstructured powders, CYSZ
and YSZ, and a nanostructured powder, YSZ).

So, Air Plasma Spraying was employed to fabricatdNiCrAlY coatings with reduced
porosity and low degree of oxidation. The microstsal and the mechanical properties of
overlay CoNICrAlY coatings were investigated insgwayed conditions and after early-stage
high-temperature oxidation. As an example, bothicstand dynamic techniques were
employed for the determination of the elastic props of plasma sprayed coatings; a
resonant method, known as the Impulse Excitatiazhiigue (IET), was used to measure the
Young’'s modulus in conjunction with a bi-layer speen configuration (substrate and as-
sprayed coating).

Partially yttria stabilized zirconia (YSZ) was sted as reference material for ceramic TBCs,
in addition to the above mentioned CYSZ and nanosired YSZ. The most significant
microstructural, thermal and mechanical propertighich affect coatings in-service
performance, such as porosity, elastic modulugjriesms, thermal expansion coefficient and
heat capacity, were determined.

Both YSZ and CYSZ coatings were thermally agedeatperature higher than 1300 °C for
different times, in order to study the evolution thieir microstructural and mechanical

properties and the main mechanisms that influenaeérgy degradation during service. To this
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purpose, high-temperature phase changes and smteghenomena are known as the main
factors which affect phase stability, strain tolex® delamination and thermal transport
properties.

Due to the increasing interest in nanostructureterisds for the development of advanced
TBCs, some preliminary studies about nanostructuriedonia coatings have been also
performed in order to study their feasibility, a®lwas their basic microstructural and

mechanical features.
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2.2 APS (Air Plasma Spray) Equipment

An APS (Air Plasma Spray) Multicoat equipment, atletd at ENEA Brindisi Research
Centre, was employed for the fabrication of metal eeramic coatings. This system is able to
deposit coatings with thickness approximately ie tange from tens of microns to any
millimetres.

The system is equipped with a F4-MB plasma torcth\ai 6 mm internal diameter nozzle
(Sulzer Metco, Wolhen, Switzerland). As shown igufe 2.1, the plasma gun is moved by an
industrial robot (model IRB 2400 M98A, ABB Ltd, 4ah, Switzerland) with six external
axes, while the samples to be coated are fixed turrdable with two external axes. The
combination of these two motions allows to coatsstates with complex geometry and
different sizes. The motions of the plasma torc ahthe turntable are controlled by the

operator.

F4-MB plasmaprch

\injector

Figure 2.1 — APS system installed at ENEA BrindisResearch Centre.
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Figure 2.2 — Operator’s desk.

An operator’s desk (see Fig. 2.2) allows the operat set the process parameters, to save the

recipes for each material to be processed and dwalte all the steps of the deposition
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process. A process control center (PCC) controts raonitors the entire plasma spraying
process.

The system is equipped with a PT-820E power so83® A, 100 V). The electric
components of the APS system include a direct nuiiec) power supply, a high frequency
RF spark ignition source and the electric contfolsarc current and voltage. The plasma gun
includes two electrodes: a cathode, made of coptera point of a special tungsten alloy,
and an anode nozzle which is made of copper withngsten insert and is water-cooled.
Plasma forming gas flows around the cathode armlgtr the anode which is shaped as a
constricting nozzle. The plasma is started by é-igjtage discharge which produces a
localized ionization and a conductive path for a &€ to form between the electrodes. The
resistance heating from the arc causes the ga&abh high temperature, dissociate and ionize
to form a high-energy plasma.

The plasma exits the anode nozzle as a free orahgupiasma frame. When the plasma
parameters are established and the system is feadgraying, the electric arc extends down
the nozzle instead of shorting out to the neardge ef the anode nozzle. This stretching of
the arc is due to a thermal pinch effect. Coldayasind the surface of the water-cooled anode
nozzle being electrically non-conductive constritts plasma arc, raising its temperature and
velocity. Figure 2.3 shows any components of tlsmla torch, such as the electrodes and the
powder injectors.

Gas management center controls the flow of the gg®@ases, mixes the same gases in
accordance with the parameters set by the opeaatbiroutes the mixture to the Jam-Box.
The current, the process gas and the cooling veagejoined in the Jam-Box: from there the
operating media are routed to the gun. The JamrBeasures and monitors the parameters of
the cooling water circuit (water temperature, wéliawv and water conductivity). Gas supply,

gas flow controls, hoses and regulators are usedrtol the flow rate of plasma gas mixture
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and powder carrier gas. Indeed, proper gas mixanesised to generate and to stabilize high-
temperature plasma, depending on the intrinsic adtaristics of powder feedstocks
(morphology, chemical composition and melting ppirfthey are usually composed of a

primary inert gas (argon) and a secondary gas @uir or helium).

Figure 2.3 — A view of some plasma torch components

The plasma is always started up using a pure afigon Argon is a noble gas and is
completely inert to all the sprayable materialsgdr is less aggressive toward electrode and
nozzle hardware than other gases. However, theotigire argon gas mixture typically
generates a relatively low-energy plasma. So, atheondary gases are commonly added to
argon to form a proper process gas mixture, inrotdencrease both plasma energy and
temperature and to properly process high-meltingtpmaterials such as ceramic powder
particles. The addition of hydrogen affects heandfer properties and modifies plasma
characteristics, since it increases both plasmadeature and enthalpy and, consequently, the
temperature and the melting degree of the spragétties. Hydrogen is used as one control
for setting plasma voltage and energy. Helium isngletely inert to all the sprayable
materials and is used with argon when hydrogem@nk to produce deleterious effects on

the spraying of well-determined typologies of maler Indeed, oxidation and
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decarburization phenomena can take place duringsgtheric plasma spraying of metal and
cermet powder particles, respectively. Helium inpgood heat transfer properties and gives
high sensitivity for the control of plasma enerdfyis commonly used together to argon to
increase plasma velocity and particles speed aneldicce the interaction between the surface
of the sprayed particles and the surrounding enwikent. As an example, helium can be
added to argon or a mixture of argon and hydrogjams forming a proper gas mixture in
order to fabricate high-quality cermet coatingsgdtr-helium mixtures are able to reduce the
air entrainment in the plasma jet core. They bedtdrain cermet particles, giving them faster
velocity and reducing their residence time into theme, and thus the degree of
decarburization.

The starting material is typically composed of raiesized or nano-sized powder particles
which have to be heated and partially or totallyitetkto form a coating. A part from their
chemical composition, plasma spray powder feedstoak be characterized in terms of their
size distribution, shape and morphology as well iasterms of the corresponding
manufacturing process (produced by sintering andhing, spray drying, etx.). Their size is
defined by the upper and lower limits of the sizgribution. The particles can be angular,
blocky, spherical or quasi spherical, dense or y&rdSpherical particles show higher
flowability and are preferred in order to avoid réfggcant drawbacks associated to their
transport and melting. Porous particles with arinstc porosity involve low heat transfer and
are more prone to be well-melted. Denser partiees less prone to oxidize in high-
temperature plasma environment, due to their lcsueface-to-volume ratio. However, they
are usually only partially melted, reducing the tiowg strength of the final coating.

The powder particles are placed in a powder feéahed. Twin-120-A, see Fig. 2.4) and
herein they are stirred by a stirrer vibrator, lsat they may precipitate on the upper surface of

a rotating disk where they are collected by antigas (argon) and carried through a carrier
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tube up to the injector which is placed near thedannozzle exit (the distance between the

centre of the injector and the exit of anode noizkrjual to 5 mm).

Twin-120-aA N

Owder Feeder

SULZER METCO

Figure 2.4 — Plasma spray powder feeder.

They are then injected into high-temperature pladlame, where they are superheated,
partially or totally melted, then accelerated aghhitemperature and kinetic energy and
propelled toward a cold substrate where they imsacthat they are flattened and are rapidly
cooled down to room temperature (quenching), tmampting the deposition of irregular thin
lamellae named splats. The deposition of overlappplats during successive torch passes on

the substrate or previously deposited material ypced the gradual build-up of a thick coating
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with a splat-like microstructure characterized stworks of pores and microcracks. This
unique porous microstructure typically implies badtv thermal conductivity and stiffness in

comparison with bulk materials having the same c¢baihcomposition.

2.3 Processing

Before deposition, the substrates were properlypged in order to increase the surface
roughness and to achieve a proper adhesion beteagm coating and the corresponding
substrate. The conditions for better metallurgin&raction can be obtained by an increased
contact surface area, a better mechanical intarigaknd lower in-plane stresses by inducing
folds in the coating. To this purpose, metal swies were grit-blasted by using an industrial
blasting machine (mod. S8011, Norblast, BolognalyJtand an alumina abrasive powder

(Metcolite F, Sulzer Metco, Westbury, NY, U.S.),

Figure 2.5 — Substrate surface before and after grblasting.

Dry abrasive angular particles were propelled ghhipeed toward substrate surface, where
they impact and induce a plastic deformation, pcoty visible asperities. Grit blasting was
carried out at a pressure of 4.5 bar for a dwelletiof 15 s, with an angle of impact
approximately equal to 45° and at a distance otiah®60 mm from substrate surface. These

parameters have been set on the basis of previpasiments in order to guarantee a surface
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roughness higher than 2 um. Figure 2.5 shows thHacguof a stainless steel substrate before

and after grit-blasting, respectively.

Feedstock Supplier Chemical composition Morpholaggt
granulometry
Amdry 995C Sulzer Metco, 38C0-32Ni-21Cr-8Al-0.5Y Gas atomized
(CoNICrAlY) | Westbury, NY, U.S. 45-75 um
Metco 204 Sulzer Metco, ZrO2-8 wt. % Y,03 HOSP
NS (YSZ) Westbury, NY, U.S. 11-125 um
Metco 205 Sulzer Metco, Zr0Oy-25 wt. % Ce®@-2.5 wt. HOSP
NS (CYSZ) | Westbury, NY, U.S. %Y,03 10-110 ym
Nanox S4007 Inframat Advanced ZrOx-7 wt. % Y,03 Agglomerated
(NYSZ2) Materials LLC, 15-150 pm
Manchester, CT, U.S

Table 2.1 — Powder feedstocks used for plasma sprdgposition.

The substrates were then ultrasonically cleanesthanol for 10 min to remove the residual
entrapped within surface asperities after gritdotgs dried in a oven at 100 °C and finally
mechanically fixed to the turntable in front of tpéasma torch which, in turn, traversed

vertically.

Elements wt. %
Al 7.84
C 0.01
Co 38.05
Cr 21.20
Ni 32.28
Y 0.5

T.A.O <0.1
Ho < 0.005
O, 0.017
N> 0.005

Table 2.2 — Chemical composition of CoNiCrAlY powde

The area scanned by the plasma torch was adjugtsdftovare in order to uniformly coat the

substrate surface.
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Elements wt. %
Al,0O3 <0.01
FeOs 0.02
HfO, 1.59
MgO 0.02
SiIO, 0.08
TiO, 0.11
Y03 7.52
yd(®)} 92.08
CaO 0.01
T.A.O 0.14

U&Th <0.01

Moisture 0.02

Table 2.3 — Chemical composition of YSZ powder.

For fabrication of metal and ceramic coatings comuia#ly available feedstocks were used.
Their chemical compositions, morphologies and plrtidistributions are summarized in
Table 2.1, while the detailed chemical compositiohghe same powders are reported in

Tables 2.2, 2.3, 2.4 and 2.5, respectively.

Elements wt. %
Al,O3 <0.01
HfO, 1.2
MgO <0.01
SiO, 0.04
TiO, 0.1
Y03 2.4
ZrO, 70.84
CaO 0.03
T.A.O 0.0

U&Th 0.01
CeO 25.28

Table 2.4 — Chemical composition of CYSZ powder.

Elements wt. %
Z2rO, 93.0
Y,03 7.0

Table 2.5 — Chemical composition of NYSZ powder.
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As specified by the manufacturer, Amdry 995C feeclstwas produced by gas atomization,
while YSZ and CYSZ powders possess an HOSP morgho(bollow oven spherical
particles). Spherical hollow particles typicallyagantee good flowability and good deposition
efficiency. Indeed, they experience a more uniformalting when injected in the plasma
plume and are particularly suitable to fabricateope ceramic thermal barrier coatings, due
to their lower density with respect to similar pees produced by other manufacturing
methods (sintering and crushing).

Plasma spray parameters typically include arc otirrgensity, voltage, process gas flow
rates, powder feed rate, gun speed, turntable spedtand-off distance.

Arc voltage is an output value automatically pr@ddy plasma power supply, so that plasma
energy and enthalpy mainly depend on the valuehefdrc current intensity set by the
operator. Higher current intensity involves highemperature and velocity of the sprayed
particles and generally leads to coatings with loperosity and higher bonding strength.
Indeed, the melting degree of the sprayed partidegends on the plasma energy and
temperature.

Plasma gas flow rate has to be high enough to gtesgaa good deposition efficiendy.. to
transport a sufficient amount of molten or semimolparticles from the plasma core to the
substrate. On the contrary, a great part of sprpaticles would be dispersed into the
atmosphere and not deposited, thus implying lovegss efficiency and not sustainable costs.
It is generally accepted that an increase in plagasaflow rate increases the velocity of the
sprayed particles and slightly decreases their ¢zatpre.

Carrier gas flow rate, injector diameter, powdexdier stirrer vibrator and disk speeds were
adjusted before deposition in order to guarantele good flowability of powder particles and

good powder feed rate. Powder feed rate was mehsisréhe powder weight injected in the
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plasma plume per minute, by using a digital balawith a resolution of 0.01 g (model
Europe 1700, Gibertini, Milan, Italy).

Gun velocity and turntable speed were set to wetieionined values in the range imposed by
the process controller.

Stand-off distance was also adjusted in a wellrdateed range, in order to guarantee a good
powder flow rate and to avoid such detrimental @ffen the metal substrates, such as high-
temperature surface oxidation, metallurgical charaged distortions. An increase of the spray
distance reduces both temperature and velocithekprayed particles which impact on the
substrate.

An air cooling system was arranged during the déipasprocess, in order to increase the
qguenching rate of the molten droplets and to agome detrimental phase changes which can
occur during slow cooling to room temperature @gtmal-to-monoclinic transformation for
YSZ). Indeed, it is an important key issue to preseat room temperature the same
crystalline phases formed at high temperature. debrair cooling allows to reduce the
substrate temperature and it was performed by twjeta attached to the plasma gun and two
additional air jets positioned near the turntalblee pressure of the cooling air was equal to 5
bar.

Plasma sprayed YSZ and CYSZ coatings were depositedtainless steel (Aisi 310S,
25x25x4 mm) and Ni-superalloys substrates (IN788= 25 mm, thickness = 5 mm) with a
final thickness of 450 um. An intermediate layeror( coat) with a thickness of
approximately 160 um was previously applied ondiestrate, using metal powder feedstock
mentioned above (Amdry 995C). The adhesion of thadlcoat is favoured by the chemical
reactions which take place at the interface andnfamicroscopic alloy layers. At higher
temperature, a solid state diffusion may occur. &suabstrates were only coated with 160 pm

thick CoNiCrAlY coating, in order to investigateetmicrostructural and thermo-mechanical
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properties of this metal coating. Figure 2.6 shease plasma sprayed CoNiCrAlY coatings
deposited on IN738 superalloy substrates. In thigure 2.7 and 2.8 show some examples of
YSZ and CYSZ coatings deposited on stainless stdmdtrates, respectively. Finally, Figure

2.9 shows some examples of nanostructured zircmafngs.

Figure 2.6 — Plasma sprayed CoNiCrAlY coatings orN738 substrates.

Figure 2.7 — Plasma sprayed YSZ coatings on staiske steel substrates.
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Figure 2.8 — Plasma sprayed CYSZ coatings on sta@ds steel substrates.

Figure 2.9 — Plasma sprayed NYSZ coatings on sta@ds steel substrates.

For thermo-physical characterizations, YSZ and CX82tings were deposited with a final
thickness of about 2 mm, because lower thicknesses not enough to provide reliable and
accurate data. Obviously, it should be noted thaktthermal barrier coatings are more
suitable for thermal protection of metal combustthamber components in turbine and diesel
engines rather than for thermal insulation of tnebblades and vanes. The mechanism of
degradation of a thick coating can be differenthwiéspect to a thin coating (up to 400-450
pum). We have previously discussed about the phaseges and high-temperature sintering

phenomena, which occur at operating conditionsaddition, the failure of a thin coating is

97



also affected by high-temperature oxidation whigadss to the formation of the TGO at the
interface between the top coat and the bond caath® contrary, the mismatch between the
thermal expansion coefficients of coating and sabstaffects the duration of a thick coating
at higher extent, together to hot corrosion andhaeical loads. A thick coating is able to
tolerate higher thermal gradients through the tieds, but higher stresses are expected
during high-temperature exposure. The evolutiontldrmal stresses within the TBC
influences the service life and it is strongly tethto high-temperature phase changes, grain
growth and sintering of the porous microstructuras important to highlight these detalils,
even if they are outside the objectives of the gmesvork, because they can be only studied
during very long-term thermal exposures in realieeg) (for months or years).

For mechanical characterization (by Impulse Exicita echnique) the deposited thicknesses
were 300 um for CYSZ and YSZ coatings and 350 umCfNiCrAlY coatings. Fe360 plates
(100x25x3 mr) were coated. These values have been chosen obaslie of previous
numerical calculations. Figure 2.10 shows some @kasrof plasma sprayed CYSZ coatings

deposited on steel plates.

Figure 2.10 — CYSZ coatings on Fe 360 steel subgea for mechanical characterization.
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Plasma Spraying parameters for CoNiCrAlY coatinggenchosen following an empirical
method based on previous experiments performedritaboratories or elsewhere, as well as
for YSZ and CYSZ coatings. Plasma spraying paramsetsed in this work are summarized
in Table 2.6. We also took into consideration teeommendations provided by powders
manufacturer.

For CoNICrAlY coatings deposition, the carrier dbsv rate, the rotation speed of powder
feeder stirrer and disk and the injector diametarehbeen set with the purpose to achieve a

powder feed rate of about 50 g/min and to depasiaeerage thickness per torch pass of

about 18 pum.
Parameter CoNICrAlY| YSZ CYSZ NYSZ
Arc current [A] 600 600 600 600
Voltage [V] 71.4 64.3 70 68.8
Turntable velocity [rpm]* 50 100 100 150
Substrate tangential speed [mm/s] 1041 2083 2083 24 31
Gun velocity [mm/s] 4 4 4 4
Primary gas Ar flow rate [slpm]** 55 33 38 40
Secondary gas Hlow rate [slpm]** | 11 10 11 12
Stand-off distance [mm] 120 100 120 100
Carrier gas Ar flow rate [slpm]** 3 2.6 2.6 2.8
Powder feed rate [g/min] 49.7 42.6 44 28.5
Injector diameter [mm] 1.8 1.8 1.8 1.8
Injector angle [°] 90 90 90 90
Distance torch-injector [mm] 6 6 6 5

Table 2.6 — Plasma spraying parameters used in thigork for fabrication of metal and ceramic coatings
*rpm: rotations per minute. **slpm: standard litres per minute.

For YSZ and CYSZ, the same parameters were settdtpurpose to achieve a powder feed
rate of about 40-50 g/min and to deposit an avethg&ness per torch pass higher than 12
um. YSZ coatings were produced at high and lowtsatestemperature, respectively, to study
the effect of the cooling rate on the phase contipmsand the evolution of zirconia phases
during re-heating. Two air jets attached to theipla gun were used for forced air cooling. In

this case, the tangential speed was three timéghiban that used for slowly cooled coatings
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(300 and 100 rpm, respectively). Substrate tangkespieed was calculated from the turntable
velocity and the turntable radius (199 mm), takingp consideration the thickness of the
substrate. For plasma spraying of YSZ and CYSZ dime#ts we chose plasma spraying
parameters in order to fabricate coatings with egity volume close to 10 %, which is the
value usually recommended by turbine manufacturetiseir technical specifications for real
TBC applications.

For each material the deposition efficiency waswated from the ratio between the coating
mass and the total feedstock mass delivered tpl#sena torch, which was determined from
the powder feed rate and the spraying time on thesteate. The deposition rate of
CoNiCrAlY powder,i.e. the average thickness per torch pass, was meabyreddigital
micrometer with a resolution of @dm (Digitrix 1l, Nsk, Osaka, Japan) and was equal&ol
pum (standard deviation = 1.7 um), while the averdgmosition efficiency was equal to 80.1
% (standard deviation = 6.3 %).

For slowly cooled YSZ coatings, produced at 10@troh/min, the deposition rate was equal
to 14.4 um with a standard deviation of 0.2 untuhm, the deposition efficiency was equal to
53.5 %, with a standard deviation of 0.8 %. At ¢ans coatings thickness, with increasing
the substrate rotation up to 300 rpm, the depositate decreased to 12.7 um (standard
deviation = 0.1 um), while the deposition efficigraecreased to 47.1 % (standard deviation
= 0.4 %). The deposition rate for CYSZ was 12.9(gtandard deviation = 1.0 um), while the
deposition efficiency was 47.5 % (standard deviatic8.78 %).

For nanostructured coatings the deposition rate @4 pm (standard deviation = 0.21 pum),
while the deposition efficiency was 47.2 % (staddadeviation = 1.04 %).

After deposition the coated samples were ultrastiyicleaned in ethanol for 10 min and
dried at 100 °C in oven. Their weight was measurgdising an analytical balance with a

resolution of 0.02 mg (mod. AA200DS, Denver Instamt)y Arvada, CO, U.S.) and their
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thickness was measured by using a digital multimetth a resolution of 1 um (Digitrix I,
NSK, Osaka, Japan). Standard and optimized metalpbgc procedures were performed for

characterization purposes.
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2.4 Microstructural Characterization

2.4.1 Phase Analysis

Phase composition of powder feedstocks, as-spragddheat-treated metallic and ceramic
coatings was investigated by using an X-ray Powd#gfractometer (PW1880, Philips,
Almelo, Netherlands) operating with CuKadiation { = 0.154186 nm) produced at 40 kV
and 40 mA. The analyzed range of the diffractioglar® was between 20° and 90° with a
step width of 0.02° and a time per step equal & XRD analysis was performed on the
surface of metal and ceramic coatings without amyfase preparation. The phase
composition of all the plasma sprayed coatings eaditatively investigated and compared
to that of the starting powder feedstocks, to aralihe thermal effects associated to high-
temperature plasma spraying process.

Quantitative structural analysis was carried outasfsprayed and annealed YSZ and CYSZ
coatings, by using the Rietveld technique and tiee-8omain Maud software (Material
Analysis Using Diffraction, version 2.074, Luca tarbtti, University of Trento, Italy, 2009),

in order to study high-temperature evolution otania phases after thermal aging. Due to the
coexistence of several zirconia phases whose pa@kgartially or totally overlapped, the
Rietveld refinement can result very difficult anedious, so that the best solution was to
analyze the coating structure in well-determin@d&hges, where the various zirconia phases
were well observable and their contents were gfiabli with precision. The (200) and (400)
reflections were the most suitable peaks for qtethte analysis of zirconia phases. To this
purpose, the (400) crystalline peaks were decotedland analyzed in the range 72-75°.
This range was considered for the calculation ef rislative proportions of tetragonal and
cubic zirconia phases in as-sprayed and annealathgs. The range 27-32° and the (100)

crystalline peaks were in turn considered to cakeuthe percentage monoclinic phase.
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The peak shape was fitted with a pseudo-Voigt fonctonvoluted with an asymmetric
function, whereas the background was adjusted fiwegparameter polynomial function. The
instrumental parameters, including three Cagliatemeters for Full Width at Half-Maximum
(FWHM), two asymmetry factors and two parameters@Gaussian content of peak profiles,
were fixed to the values obtained for standard riredteised for the determination of the
instrumental broadening.

The lattice parameters, the crystallite size aredrtm.s. microstrains were refined for both
tetragonal and cubic zirconia phases, as well @dréittional z coordinate of the*Gnion in
the tetragonal asymmetric unit. The Parameter, representative of fitting goodness, was
calculated after removing the background contrdyutilt should be noted that surface
roughness may generate a microabsorption effexta reduction of the peak intensity,
especially at low angles. B-factors (isotropic tempure factors) were fixed for each
chemical element to standard values, without maatifyhe quality of the fit.

The lattice parameters of zirconia phases deperttleonontent of the stabilizer. In particular,
for a standard YSZ system, a metastable t' phaséeadistinguished from a stable t phase
due to its smaller c/a lattice parameter ratm higher stabilizer content.

The yttria content in both tetragonal zirconia msasvas quantified by using the formula

reported by llavsky [1]:

(L0225 ——)

Y203 (mol. %) = ————=% (2.1)

0.001e

where a [A] and ¢ [A] are the lattice parametersefach tetragonal phase.

In turn, the yttria content of the cubic phase walsulated from [2]:

(@—5.1159%
0.001547

Y203 (mol. %) = (2.2)
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where a [A] is the lattice parameter of the culliage.

2.4.2 Morphology and Microstructure of Plasma Spragd Coatings

The metallographic preparation of plasma sprayetimgs is an important step which can
strongly affect their final properties. Coating feige may be generally observed without any
preparation, as well as the fractured cross sedtibith may be obtained by mechanical
breaking or cutting. However, in order to bettealsme all the microstructural features of
plasma sprayed coatings, such as pores, splat Boesdand microcracks, coating cross
section has to be properly prepared. Grinding avlislpng steps are needed to produce a
cross section suitable for SEM observation at bmthand high magnifications.

In this work, the cross sections were obtained égtisning the coatings by low-speed
precision saw (Isomet, Buelher Ltd, Lake Bluff,inbis, U.S.), equipped with diamond
wafering blades recommended for precise and aewattioning of thermally sprayed
coatings (see Fig. 2.11).

Then they were cleaned and cold-mounted in vacuuantwo-part epoxy polymer, composed
of resin and hardener, respectively. The specimeare evacuated in a vacuum dessiccator
(Vacuum Impregnation Pump, Buelher, Lake Bluffinlis, U.S.), as well as the mounting
material which might penetrate and fill the opengsoand the microcracks. The filling is
recommended in order to preserve the startingasidethe shape of the pores and to minimize
the pull-out effect which may occur during grindiagd polishing steps. Moreover, it allows a
high definition of all the microstructural featurégring SEM observations.

The cross sections were ground by using a grindestger machine (Motopol 2000, Buelher
Ltd, Lake Bluff, lllinois, U.S.) and SiC abrasiveyers with grain size of 35 and 26 um, and
special diamond discs (20 and fifh). Running water was used as lubricant in order to

remove and to flush the abrasion debris from thrasabn track.
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Figure 2.11 - Low speed saw used for coating seating.

R\

Figure 2.12 — Consumables for grinding and polishig procedures.

After each step the specimens were ultrasonicédigned in demineralized water. Then, they
were polished in order to remove the damages pextldaring the previous steps. Texmet
cloths were used in conjunction with diamond alwegastes and suspensionsu(, 3 um
and 1um, respectively). Finally, they were finished up @G@5 um by using an alumina

suspension. A suspension composed of ethanol dndasi used for cooling and surface
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lubrication during polishing. The contact pressame the rotation speed were set on the basis
of the recommendations provided by Buehler mamalbfermally sprayed coatings, in order
to reduce coating damaging. It is well known tadypical pull-out effect can occur during
polishing, thus modifying the final microstructuténmelted or partially melted hard ceramic
particles can be pull-out from the coating crosdise, producing large pores that lead to an
overestimation of the porosity volume. Figure 2sh®dws some grinding papers and Texmet
cloths used for grinding and polishing as well @&mbnd coated blades used for coating

sectioning.

Figure 2.13 — Polished coatings cross sections.

The polished cross sections were ultrasonicallgrede in ethanol and dried at 100 °C in oven
(Ghibli Plus, Carlo Erba Reagenti, Milano). Fig@xd3 shows some polished coating cross
sections (metal substrate is observable), whilairiéi@.14 shows polished cross sections of
free-standing CYSZ coatings after aging tests abI& for different times.

Preliminary observations were performed by usingoptical microscopy (Olympus Vanox

AHMT3, Olympus Europe GmbH, Hamburg, Germany). Ayvihin gold film (thickness ~
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20 nm) was sputter-deposited on each polished @esson to prevent surface charging
during SEM observations. The feedstock morphology #&e microstructure of plasma
sprayed coatings were analyzed by using Scanniegtieh Microscopy (SEM) equipped
with energy-dispersive spectroscopy (EDS) for asialyf elements and compounds. The
following microscopes have been used: SEM XL40/ip¥) Eindhoven, Netherlands; SEM
Evo 40, Carl Zeiss, Oberkochen, Germany. Both S&E BSE detectors were employed to

investigate the morphology and the microstructdreoating cross section, respectively.

Figure 2.14 — Polished cross sections of annealedd-standing CYSZ coatings.

Several micrographs at various magnifications (40080x, 900x, 1000x, 1200x, 2000kx,
3000x) were acquired in order to cover large amasoating cross-section and to better
appreciate all the microstructural features. In s@ases fractured surfaces and cross sections

of as-sprayed and annealed coatings were alsozataly
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2.4.3 Image Analysis

In this work, image analysis (IA) was used for ditative and qualitative analysis of coating
microstructure, to study both morphology and sizenwrostructural defects and to calculate
the porosity volume. Grey-scale SEM images at warimagnifications were processed by
using a free image analysis software (Image J,oNatilnstitutes of Health, Bethesda, MD,
U.S.). Image Analysis measures both open and clpseasity, due to the high degree of
contrast between the dark pores and the highlgetfle material. A numerical value, ranging
from 0 to 255 for 8-bit images, was automaticalbgigned by the software to each pixel
depending on the brightness.

The software associated a grey-scale histogramat erea selected by the operator,
computing the number of pixels for each grey levEhe images were automatically
thresholded and transformed in binary-images (blacl white), taking into account the
significant light scattering. So, the microstruetwas considered as a two-phase composite
material, composed of ceramic and air. The cunudatiumber of dark pixels versus total
pixels (bright and dark) provided the porosity okt

Simple binary operations were performed on greyesgaages in order to highlight and to
distinguish all the typical microstructural featsiref plasma sprayed coatings, such as
globular pores, interlamellar and intralamellar maracks. The globular pores can be more
or less homogeneously distributed. They includessaores with spherical shape and finer
pores, produced by incomplete filling between thpasited splats. Microcracks include finer
interlamellar pores resulting from the incompletatact between the overlapping lamellae
during coating formation (when a splat is depositbd previously deposited material is just
solidified) and vertical microcracks, resultingftaelaxation of thermal stresses within each

deposited splat during rapid cooling to room terapee. Obviously, the final microstructure
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of the as-sprayed coatings is strongly related raxgssing parameters and to the thermal
history of the sprayed particleése. their temperature and velocity.

To this purpose, an opening operation was perforomedach starting binary image, so that a
layer of pixels was removed from the peripheryaxdteobject (pore or microcrack) and then a
layer of pixels was added to the perimeter of e&chaining object. Therefore, the thinnest
objects were deleted, whereas the objects showiryg area-perimeter ratio were retained.
By subtracting this last image to the starting bynenage, a picture for only microcracks was
obtained. These cracks were classified as horizontzertical, depending on their angle with
coating-substrate interface.

Otherwise, as discussed in detail in the next sestimetal coatings were denser than ceramic
ones and their microstructure was mainly composedltbular pores and oxides produced
by high-temperature in-flight oxidation of the espd surface of the molten sprayed particles
during deposition. These oxides appeared as dank teat run approximately parallel to the
coating-substrate interface. So, they could bengjsished from the globular spherical pores
due to their elongated shape (different aspeat)taiihereby, their amount was quantified. It
should be noted that tens of SEM images at diftemeagnifications have been considered for

an accurate estimation of the porosity volume fbtha coatings.
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2.5 Mechanical properties

2.5.1 Impulse Excitation Technique

The knowledge of Young's modulus is of concern biseait has a significant effect on the
strain tolerance and the stress level and, hemcé&edurability of plasma sprayed coatings.
The knowledge of the stiffness enables the detextioin of additional mechanical properties,
such as fracture toughness, using the barb sh&taptdt can be adopted, in conjunction with
the porosity level, to predict the residual strdsgribution using micromechanical models
and/or object-oriented finite element method. Ladiinformations can be found in literature
concerning some mechanical properties of plasmaysgdrcoatings. The data published in
literature about Young’s modulus are mainly reférte YSZ coatings and they have been
obtained by mainly resorting to instrumented ind&oh [3,4] or standard static bending
techniques [5,6,7]. Indentation techniques prowaal values of Young’s modulus and, as a
consequence, these last ones can be significaifiiéresht from those provided by bending
tests which, on the contrary, are macroscopic walue averaged over the sample volume
[8]. Bending tests provide the in-plane elastic mlad as the tangent of the stress-strain curve
corresponding to the coating. However, it has dmmonstrated that bending tests could be
problematic for APS coatings, their inherent pdsodeading to material crushing near
loading pins during testing [8]. Owing to splat bdary sliding and propagation of cracks,
inelastic deformations occur during testing. As aternative, vibration-based iterative
procedures have been recently proposed for thécetdmracterization of APS YSZ coatings
[9,10,11]. The common thread is the applicatiomweérse finite element routines to estimate
the elastic properties (and the damping factothefcoatings from the measured experimental
frequencies of vibration. In [9,10] the damping af& Young's modulus of APS YSZ

coatings have been investigated as a function rainsemplitude using coated cantilever-
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beam specimens, whereas in [11] beam-shaped samiplefree boundary conditions have
been employed for elastic properties calculation.

These dynamic techniques have the advantage of lsemple, fast and accurate. Moreover,
they require an inexpensive experimental equipnaet can be used for rapid production
process monitoring. In addition, dynamic technigaklsw to determine the elastic modulus
subjecting the specimen to lower strains, so they fire measured nearly at the origin of the
stress-strain curve, thus preventing fracture awdlimear material response.

In this study, a macroscopic value of Young’'s maduior CoNiCrAlY and CYSZ coatings
was measured using a resonant method known asrieise excitation technique (IET)
[12,13,14], in conjunction with a bi-layer specimeanfiguration. The IET is a resonant-
based method for measuring the elastic properfies solid. It can be applied if a proper
frequency equation, relating the stiffness to ttegural frequencies, the mass and the
geometrical properties of the specimens, is giverthis work, the specimens adopted for
stiffness measurements were beam-shaped steelQ)Fsdstrates (100 x 25 x 3 Mncoated
with a nominal 300 um thick CYSZ coating. Indeed,arder to simplify the calculation
procedure, the bond coat was not applied. Moreawer,macroscopic elastic modulus of
CoNiICrAlY coatings was also measured, taking inbosideration the same substrates, but
coated with a 350 um thick CoNIiCrAlY coating. Fiestperimental trails were performed to
study the feasibility and to optimize the experitaéprocedure. In both cases, each layer is
considered to be homogeneous, isotropic and withear elastic behaviour. In addition, a
perfect bonding at the interface between the cgadimd the substrate was assumed. For such
a composite beam, a proper frequency equation maxpressed, neglecting shear and rotary

inertia, as follows [15]:

K, \/B(ECIC+ESIS) 2.3)

ComL? m
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wherek,, in the case of flexural vibration and free edgeaditions, are the solutions to the
characteristic equation 1 + cagcoshk,) = 0; I is the moment of inertia about the centroidal
axis of the beamm is the mass per unit length of the coated santpig;specimen lengttB

is specimen widthf is the fundamental flexural frequency of free aifon; E is Young's
modulus; finally, the subscriptsands denote the coating and the substrate, respectiVaky
detailed procedure followed for the determinatidnttee frequency equation is reported in
Appendix I.

It is worth noting that in Eq. (2.3) all the lamiaaconstituent materials were assumed to be
homogeneous and dense. This implies that coatingsjiy is taken in account indirectly by
reducing the elastic properties.

Young’s modulus of the substrates was determinéardeoating deposition, resorting to the
standard procedures and the recommendations of ASIdhdards for the elastic
characterization of isotropic materials [16]. Inrtpaular, Es was determined using the

following equation:
2 13 2
E. =0.946 mngs % {1+ 6.585(%) } (2.4)

where,m is the mass of the test beaigithe fundamental natural frequency of vibration and
hs represents the substrate thickness. Thereforeeldmtic modulus of the coating was
obtained inverting Eq. (2.3) for:H the corresponding experimental variables weperly
measured.

In particular, for the system examined herein, assi@ity analysis showed that the
experimental variables which greatly contributemieasurement uncertainty were substrate

thickness lfy) as well as frequency)(measurements. A digital micrometer (+ 0.001 mng a
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a digital calliper (z 0.01 mm) were employed to swa the thickness and the in-plane
dimensions, respectively. Mass measurement waedaut using a precision digital balance
(£ 0.019).

Finally, frequency measurements were carried oatnon-contact way out using a previously
developedad hoc apparatus [13,14] which allows resolutions up .tb 19z to be obtained. A

schematic depiction of the experimental set-ug®rted in Fig. 2.15.

Microfono
(Trust Me200) 7 Analizzatore di Spettro

(MATLAB)
\Djl—x § ~
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g
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L
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d=0.224 L

Figure 2.15 — Experimental set-up employed for IETmeasurements.

In order to accommodate the free boundary conddestribed by Eq. (2.3), each sample was
supported on direct contact supports made of safteral, i.e. soft sponge, showing a
minimal contact area with the specimen. The sugpedre placed in location (nodal lines)
which allowed the beam to oscillate resembling fseendary conditions,e. 0.224 L from
specimen edges. In fact, specimens suspensioncigtiodl concern in order to achieve good
quality frequency measurement. The procedure addpeeein required specimens with all
the edges free in order to accommodate free boyrdaditions.

Impact excitation was imparted lightly hitting tbeam and the resulting vibration was then
picked up using a microphone (Trust MC200, freqydmendwidth from 50 Hz to 14000 Hz)
placed near the surface of the sample. The acosgmal was then analyzed and post-

processed by a suitable program written in MATLUABenvironment (MATLAB, The
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Mathworks Inc., 1994-2007), in order to extract thumdamental flexural frequency of
vibration (f). It transformed the sampled time ftiogs into a frequency spectrum by a Fast
Fourier Transform (FFT) algorithm allowing the idification of the fundamental natural
frequency. The resolution of the measurement sysiepended on the time length) @f the
signal acquired. In this work, each measurement s@gased out using an acquisition time
equal to 10 s. The tests were carried out usirgngke frequency of 44100 Hz. A resolution
up toAf = 1/At = 0.1 Hz was achieved. The advantage of using lficundary conditions is
usually represented by a higher reproducibilitglded, no significant deviation was observed
among the values of repeated measurements. Iniagdihe average signal obtained by
impacting the specimen three times was considareatder to mitigate the environmental
noise and to better illustrate the peaks of theueacy spectrum.

It should be noted that the presence of pores amcks in plasma sprayed coatings has a
severe impact on the mechanical properties asnitimduce an anisotropic behaviour. In
particular, inter-lamellar cracks and pores afteet in-plane stiffness, while the out-of-plane
stiffness is affected by the intra-lamellar cracks.a consequence, it is necessary to consider
the measurement direction in determining the elastidulus of the deposit or comparing the
results provided by different techniques.

The results obtained have been then discussed @&nolsa-check on their consistency was
carried out by resorting to a micromechanical mpaeldescribed in the next sections.

Since Nanoindentation (NI) was also used for meiclaaicharacterization of plasma sprayed
coatings, it should be noted that Impulse Excitatitechnique and NI provide different
results, because they typically measure the mechlaproperties of the same coatings at
different scales. NI probes the microstructurepdatsevel, then the corresponding values of
Young’'s modulus should be regarded as a local mahteroperty. On the other hand, IET

works at the macroscopic levele. it provides material properties averaged over samp
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volume. As a consequence, a direct comparison tdoenmade. However, the local values of
Young's modulus as well as the porosity level caratlopted as inputs in a micromechanical
model in order to get a rough estimation of coatiiapal stiffness (E*). Such values can be
compared with the values provided by the IET, thueviding a cross-check on the
consistency among the various results obtainedmRtus standpoint, various theoretical
models have been proposed in the literature: thghideHasselman model [17,18] is widely

employed. Young’s modulus is given as follows:

. Alp
E =E, EEHM} (2.5)

where A = -33.4 [19], p is the volume fraction dfthe pores, cracks and interfaces, agasE
the elastic modulus of the dense material. ThesBais ratio { = 0.22) reported in [20] was

considered for calculations.

2.5.2 Microhardness

The mechanical characterization of plasma spragatirggs is commonly performed by using
indentation tests. In this work, microhardness mesasents were carried out on the polished
cross sections of as-sprayed and heat-treated @68hgs. These tests are destructive, but
several indentations can be performed on very ssaatiples.

To this purpose, a Vickers microindenter (Matsuza®eiki MHT-1) was employed. The
measurements were performed at room temperatwuai using a load of 300 gf and a dwell

time of 15 s. The Vickers microhardness was caledlasing the following equation [21]:
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2Psin(j P
HV=— \2) _1g5a3 (2.6)
d’ d’

where P is the applied loaélthe angle between the opposite faces of the pgammdenter
(136°) and d the mean diagonal of the indentatiéor each sample, the average was
measured from the mean of at least 15 indentatindghe spacing between each of them was
kept at least thrice the diagonal to avoid furteesses induced by mutual influence of
consecutive indentations.

For as-sprayed CoONICrAlY coatings a load of 200wgHs used, while for as-sprayed
nanostructured YSZ coatings a load of 100 gf wasdubecause higher indentation loads
typically induced significant cracks in these cogs.

To this purpose, it is worth noting that plasmaagpd porous coatings are commonly
characterized by several microstructural defeatsh s pores with different size and shape,
vertical microcracks and splat boundaries. Theatufes are responsible of a large scatter in
the distribution of hardness values. So, a Gaus$istribution can be less useful to analyze
the mechanical properties. On the contrary, Weibtdtistical analysis is more suitable for
this purpose and, therefore, the experimental datained during the mechanical tests were

presented by means of Weibull statistical analysis.

2.5.3 Nanoindentation

Nanoindentation is increasingly employed for meagurthe mechanical properties of
thermally sprayed coatings, because it offers ssigr@ficant advantages in comparison with
other techniques. Indeed, it allows to perform Ipldttests on a single specimen and to
obtain reliable data about some basic mechanicaepties, such as Young's modulus and

hardness
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In this work, depth-sensing nanoindentation testsewperformed to calculate both local
elastic properties and hardness of as-sprayed aad-tteated CYSZ and CoNiCrAlY
coatings, in order to study the evolution of thesschanical properties as a function of the
aging time. Single-cycle NI tests were carried @utcoating cross sections using a Nano-Test
Platform 2 (Micromaterials Ltd, Wrexham, UK) empiog a Berkovich tip (radius < 100
nm). For such a test, the selected samples wepag@ by using the same procedure as that
adopted for SEM observations. A microscope allowieel user to select the indentation
location on coating cross section. The hardnessthadreduced Young's modulus were
determined from the analysis of the data corresjpgnith the unloading segment of the load-
penetration (P-h) curves, following the procedunedlined by Oliver and Pharr [3,22]. A
typical P-h curve is presented in Fig. 2.16. Fig@&7 illustrates some characteristic
parameters which come into play in the determimatibthe mechanical properties and which
are introduced in what follows.

In particular, the hardness of the coatings carexyjgessed as the ratio of the maximum

applied load Raxto the projected indentation area, As follows:

= % (2.7)
where
A. =245 (2.8)
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in the ideal case. In our case, the diamond areatitn of the Berkovich indenter was

calibrated by indentations to different depth iatcalibration standard of fused quartz (load

range: 0.5-20 mN) and was found toAe= 25.2n + 5779.2h,.

(a)

ZrOZ—ZSCeO 2—2.5Y 2OS/Berkovich

Q.:\ | Loading rate: 0.3 mN/s / Unloadlmg
-g Maximum load (P ): 100 mN :

=)

—t

Loading

Dwell time @ P :10's

h T
Depth, &

Figure 2.16 — Typical load-penetration (P-h) curvebtained from a Nanoindentation test on as-sprayed

CYSZ coating.

The plastic or contact depth before unloading can be estimated from the P-hecusing the

following equation:

he = hmx—g% (2.9)

~

wheree = 0.72 is a constant depending on the geometrigevfrtdenter an® = dP/dh is the

slope of the unloading curve.
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(b)

P
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: Undeformed surface
/
h,_ Surface profile after
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i maximum load

Figure 2.17 — Geometrical parameters related to kegxperimental quantities.

Assuming that the contact area remains constanhglunitial unloading, the reduced

Young’'s modulugs, can be expressed as follows:

E=_1 E[Ej (2.10)
28h | A\ dh

with

2 2
El =1 E" +1E"i (2.11)

whereE; = 1141 GPa and = 0.07 are Young’s modulus and Poisson’s ratichefdiamond
indenter, E is the Young’s modulus of the coating B is dimensionless parameter which
varies with indenter shape (1.012 << 1.034). The later value has been adopted for
instrumented indentation testing with Berkovich @nter in [22]. In order to assess the
influence of the loading rate on the hardness &edYtoung’s modulus, the first tests were

carried out at 0.3, 3 and 10 mN, sespectively. Holding time and the maximum loatgh
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the tests were set to 10 s and 100 mN, respectiVbbn, the loading rate was set equal to 0.3
mN/s for CYSZ coatings and 3.0 mN/s for CoNiCrAl¥atings.

The dwell time for CoNiCrAlY coatings was selectedaccount for creep issues during the
experiments. In particular, for a constant loaddp#riod, the indentation depth may increase
with time. It follows that creep effects can leadat net increase of indentation depth during
the early stages of unloading thereby affecting ekestic modulus determined using Eg.
(2.10). An extensive study on this subject wasiedrout in [23], it was shown that the
maximum load should held constant for a time irdeim the range 10-60 s to make creep
effects negligible. In the present work a holdimget of 60 s was then selected. An array of 5
x 10 indents was made for each condition and tlseltse were presented using Weibull
statistics.

A total number of almost twenty indentations wagied out for each sample to obtain an
average value; the distance between the indentati@s equal to 40 um to avoid a mutual

influence of consecutive responses.
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2.6 Thermal Properties

As mentioned in the previous sections, for therrhgsgcal characterization the thickness of
the ceramic TBCs was of about 2 mm, because lohiekrtesses were not suitable for a
reliable and an accurate determination of the théproperties. Indeed, it is rather difficult to
measure thermal properties of thin coatings.

Various measurement techniques were employed éodé¢termination of the thermo-physical
properties of as-sprayed and annealed YSZ and GX&#ngs. For the measurement of the
thermal expansion, the samples were analyzed wibtasch dilatometer (Model TMA 402,
Netzsch-Geratebau GmbH, Selb, Germany). The sys&memployed is mounted vertically
and consists of a linear variable displacemensttacer (LVDT) with thermo-stated housing.
Changes in length of a sample caused by expansishrimkage move the quartz pushrod on
the ferrite core of LVDT and cause an electricghal in its coil. This electrical signal is
amplified and recorded as a change in length. €hgérature of the sample was measured
and recorded by a thermocouple. Thermal expansegsorements were carried out in static
air on free-standing samples 8 mm long and 2 moktlat 10 °C/min heating rate and up to
900 °C. Three consecutive scans were collecteddoh sample and both in-plane and out-of-
plane thermal expansions were measured. To checldturacy of the push-rod dilatometer
three measurements in the same conditions wenedamut on a synthetic sapphire (NS SRM
732) from room temperature to 900°C. The calculabedn linear expansion coefficient was
compared with the mean value of the standard nahtexported in literature (9.2 x P&K™).
The accuracy was equal to 3 %.

For the determination of specific heat capacity &mdDSC analysis of YSZ and CYSZ
samples, the Simultaneous Thermal Analyzer (Modeh 829, Netzsch-Geratebau GmbH,

Selb, Germany) equipped with a sample holder ferintial scanning calorimetry (tyf
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sensor) was used. Eq. (2.12) constitutes the ragthod and was used to determine the

specific heat of the ceramic coating directly frima STA data [24]:

Cps= Cpstd (MstdMs)(ATS/ATstq) (2.12)

The subscripstd indicates the sapphire standasdndicates the sampl&T are the ordinate

deflections from the sample, standard and basediném indicates the mass. DSC samples
were approximately cut to 3x3x2 mimThe sample weight used for Cp and DSC
measurements was approximately 120 mg, and theumsgasnts were done in static air using
Pt crucibles with lids, at 10 °C/min heating rai¢éhe measurements were performed from
room temperature up to 1250 °C. As standard reéerematerial a synthetic sapphire disc was
used (Cp of sapphire at 20 °C: 0.775 J/g*K — NB®rditure value). Three consecutive
measurements cycles were performed for each saifipteevolution of the above mentioned
thermal properties was investigated for YSZ and ZWBermal barrier coatings during

thermal aging, in order to study their high-tempam sintering behaviour.
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2.7 High-temperature Aging Tests

Plasma sprayed metal and ceramic coatings have tatefully characterized and tested in
order to predict their behaviour at in-service dbads.

It can be rather difficult to reproduce in laborgtthe same operating conditions experienced
during service. However, isothermal tests can banged. Indeed, in order to study the
evolution of the microstructural and mechanical pgrbies at high temperature and in

oxidizing atmosphere, the coatings can be exposddgh temperatures and for different

times.

2.7.1 Early-Stage Oxidation Behaviour of CoNiCrAlYCoatings

CoNiICrAY coatings were isothermally heat treate@infurnace at 1030 °C and 1110 °C for
2 and 24 h at heating rate of 6 °C/min, in ordesttaly the effects of first-stage oxidation on
the phase composition, the microstructural andntieehanical properties. Fig. 2.18 shows
some examples of as-sprayed and oxidized CoNiCradatings. It should be noted that the
coated components are commonly exposed for mudpetatimes in real environments, but
the oxidation rate is higher in the first 10-20 t®of thermal exposure and it has a strong
effect on the oxidation rate of the following stgedate oxidation stage. Instead, the study of
medium and long-term oxidation resistance is ouhefobjectives of this work.

After isothermal oxidation tests, the coatings wedressed to XRD analysis, SEM
observations and NI measurements, using the expetahprocedures previously described.
Phase analysis and oxide scale characterizatioa peformed by using X-Ray Diffraction
(XRD). The study of high-temperature phase changes important key issue. Indeed, as
known, a ceramic top coat can be also applied enstirface of CoNiCrAlY coating to
guarantee a further thermal protection. During énsge high-temperature exposure, a

thermally grown oxide (TGO) layer typically grows dhe top-surface of CoNiCrAlY
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coating. An uniform and dense TGO, composed of pug®; and with a slow growth rate,

may provide further protection against oxygen armldase the component lifetime [25,26].

Figure 2.18 — As-sprayed and oxidized CoNiCrAlY cadings.

On the contrary, a rapid oxide growth rate indulmEslized stress concentrations at the

interface, accelerating cracking and leading to Tp@llation.

2.7.2 Aging Tests on Micron-Sized Zirconia-Based TBs: Study of Phase Stability and

Sintering Behaviour

Isothermal tests can be also performed in ordestudy the sintering behaviour of ceramic
coatings during high-temperature exposure. The gtigs of heat-treated coatings were
compared to those of as-sprayed ones, in ordertudy sthe phase stability and high-
temperature sintering kinetics of the porous mitcumsure, i.e. the evolution of the
microstructural properties (porosity), mechanicalperties (hardness and Young's modulus)
and thermal properties (CTE and heat capacity).

Before heat treatment, YSZ and CYSZ coatings werete the desired dimensions and

stripped off from their substrates by chemical gtghby using a 50/50 (vol. %) HCI-B®
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solution. The acid attacked the interface betwéenbiond coat and the top coat. Then, the
detached ceramic coatings were cleaned by rinsmiafiltration of water, acetone and
ethanol to remove acid residue and other contartsndfree-standing coatings were then
isothermally annealed at 1315 °C in an air furriace2, 10, 20 and 50 h, at heating rate of 6
°C/min and then slowly furnace cooled down to rommperature (mod. B.E. 35, Bicasa,
Milano, lItaly). In fact, the overall effects of timeal aging on the microstructure are
emphasized within the first 25-50 hours of heaattreent and then they slow down as the
coating is partially sintered.

The specimens were studied in free-standing s&tause the temperature chosen for the tests
was above the capability of the metal substratés Thoice was also made to avoid high-
temperature diffusion of elements at the interfaegveen bond coat and top coat. Moreover,
it has been reported that the thermal stressesajedeby the mismatch in thermal expansion
coefficients between coating and substrate canehiadd retard sintering effects [27]. For
this reason, comparative analyses are often peeroonsidering free-standing specimens
[27,28,29]. Thermal residual stresses can alsoctaffiedentation responses and, as a
consequence, hardness and Young’s modulus detdroma0,31,32,33].

In particular, since the sintering behaviour of Y®&xrmal barrier coatings have been
reported in previously published works, the at@mtivas mainly focused on CYSZ coatings.
The evolution of the phase composition has beediesluby means of X-ray Diffraction,
whereas Scanning Electron Microscopy was employ@dstudy the evolution of the
microstructure with increasing the aging time. Tweosity was evaluated on SEM pictures
by using Image Analysis. High-temperature evolutminthe mechanical properties was

investigated by performing NI measurements.
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Appendix |

The frequency equation can be generally obtainexhtegration of the equation of motion in
accordance with the prescribed boundary conditios.example, an exact solution of the
three-dimensional form of the differential equatminmotion was obtained for the axial and
the torsional vibration of an infinite length isopic circular bar with free edge conditions
[34]. For finite length isotropic bars (circular mctangular cross sections) and other simple
geometries, such as circular thick plates, onlyregmate numerical solutions exist
[35,36,37,38,39] and these approximate numerichitisos are recommended in ASTM
standards for the elastic characterization of cgotr materials [16,40]. Nevertheless, different
geometries could be also used if the corresponftieguency equations are known. For
example, a procedure that extends resonant meth@mtropic samples in the form of thin
rectangular plates was proposed in [12] and thevadg applied to a free-standing diamond
coating in [13,14]. However, the methodologies nud above are not suited for coated
samples,i.e. coating-substrate systems. Therefore, it is nacgst develop a proper
frequency equation. To this aim, let consider a posite beam consisting of two
homogeneous, isotropic, linear elastic layers withstant cross section. Neglecting shear and
rotary inertia effect and assuming a perfect bomdat the interface, the transverse, i.e.

flexural, vibration is described by the followingeirknown Bernoulli-Euler equation:

P (oa+pA) oY (2.1

_(ECIC+ESIS) atz

where | is the moment of inertia about the centtbakis of the beam, w (x,t) is the transverse
displacement, A is the cross sectional ageas the mass density, E is the modulus of
elasticity while the subscripts ¢ and s denotedbating and the substrate, respectively. A

schematic depiction of the resulting composite bearaported in Fig. 2.19.
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Figure 2.19 — Schematic representation of a bi-matial beam.

In order to solve Eq. (2.13), one can resort tonle¢hod of separation of variables. Therefore,

considering harmonic free vibrations, the transyelisplacements can be written as:

w(x,t) = W(x) e“ (2.14)

whereo is the frequency of vibration and W (x) is a mad@ape function. Substituting this

solution in EqQ. (2.13) and rearranging yields thiéofving:

AW _ s wix) =0 (2.15)
dx
where
‘ {pcAﬁPSAS wz} (2.16)
EI+E

A suitable shape function for solving Eq. (2.15% tize following form:

W(x) = C,sin(kx) + C, coskx) + (2.17)
+C, sinh(kx) + C, coshkx) '

where the Care integer constants which depend on the boundangitions. From the

experimentalist point of view it is advisable taolse free ends condition, because it is easier
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to reproduce and affects less the frequency memsmts if compared, for instance, with
clamped configuration. As a consequence, for affiee beam, since the bending moments
and the shear forces are zero at both free endshbdbndary conditions of the transverse
vibration are given by W = 0, Wy« = 0 at both x = 0 and x =L. Imposing the boundary
conditions it is possible to obtain & C; and G = C,. The remaining equations give rise to
system which solved for nontrivial solutions of &d G leads to the eigenvalue equation for

the undamped free flexural vibration of a compokgam with free ends:
coskL)[coshkL)-1=0 (2.18)

It has an infinite number of solutionglk where the subscript n refers to the mode number.
The eigenvalues corresponding to the first four esodf vibration are easily found using the
software package Mathematica (Stephen WolframMathematica Book, 2 ed., Wolfram
Media-Cambridge University Press, 2006) [41]. Imticalar, kL = 4.73004, k. = 7.8532,

ksL = 10.9956 and . = 14.1372. Substituting the eigenvalues in thinden of k, i.e. EQ.

(2.16), and using the relationship= 2xf, it is possible to obtain the frequency equation:

f =(knL)2 ECIC+ESIS "
" 2T[L2 pcAc +psAs

(2.19)

The in-plane elastic modulus of the coating cathine be obtained.
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3. Results and Discussion

3.1 Plasma sprayed CoNICrAlY coatings

3.1.1 Phase composition of as-sprayed and oxidizedatings

Fig. 3.1 shows the phase composition of CoNiCrAbfvder and as-sprayed coating, while
Fig. 3.2 shows the phase composition of CoNiCrAbatings oxidized at 1110 °C for 2 and

24 h, respectively.
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Figure 3.3 - XRD patterns of (a) CoNiCrAlY powder edstock and (b) CoNiCrAlY as-sprayed coating.

As shown in Fig. 3.1, CoNiCrAlY alloy feedstockaemposed of a mixture gf(Ni,Co,Cr)

andy’-(Ni,Co,Cr)s;Al phases, with smaller contents {Ni,Co)Al and AICk phases. The as-
sprayed coating is mainly composed w{Ni,Co,Cr) andy’-(Ni,Co,Cr);Al phases. The
intensity off3-(Ni,Co)Al decreases, suggesting a correspondidgatgon in the content of this

crystalline phase. Very small peaks é6Al,O3; phase are detectable. Alumina-type oxides are
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formed during plasma spray deposition, since Altigher affinity for oxygen than the other
feedstock constituents, but the degree of oxidateems to be rather low. It is worth noting
that an increased oxidation would be able to askestformation of undesired spinel-type
oxides during plasma spraying; this feature has laeady reported by other investigators
for as-produced HVOF (High Velocity Oxygen FuelddafPS (Air Plasma Spray) coatings
[1,2]. The experimental results herein discussedragood agreement with those obtained for

similar coatings fabricated by VPS (Vacuum Plasmpa$) or HVOF processes [3,4].

Ar-NLY-NLAL @NIALO, - o) oyidized (1110°C, 2h)

V(CoNDAI O CoALO, | ) oxidized (1110°C, 24h)
Vo-ALO, NCrO,
>Cr,0 W CoCr O,
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Om o:oD
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Figure 3.2 — XRD patterns of CoNiCrAlY coatings oxilized at 1110 °C for 2 and 24 h, respectively.

As shown in Fig. 3.2, with increasing the agingdithe peak intensity for-(Ni,Co,Cr) and
v-(Ni,Co,Cr)sAl phases significantly decreases, whereas the aappee of new peaks
suggests the formation of other crystalline phasesording to Joint Committee on Powder
Diffraction Standards (JCPDS), available at Inteéomal Centre for Diffraction Data (ICDD),

high-temperature oxidation produces the formatibseveral oxides, such asAl,0O3, CrO3

135



and spinels (NiAIOs, CoALO,, NiCr,04 and CoCyOs). These last can be addressed to
chemical reactions or diffusion phenomena occurimdghe coating. Indeed, Al depletion
occurs near the coating surface, while the diffad Ni and Cr through the alumina layer
and their reaction with the same, @} lead to the formation of spinel-type phases. In
addition, the formation of GD; phase occurs at the interface between oxide anal pleases
[5].

It should be noted that the peak intensity of baitimina and spinel phases increases with
increasing the aging time, suggesting a gradualease in their content on the coating
surface. In particular, the amount of spinel-tygeges increases more rapidly than that of
other oxides, due to higher growth rate.

The results are in good agreement with those regdar CoNiCrAlY and NiCrAlY coatings
deposited by APS, VPS and HVOF and oxidized at X@and 1100 °C [6,7].

Otherwise, Richeet al. [2] have found a significant content of NiO withime oxide scale in
addition to spinels after 5 h of isothermal oxidatat 1000 °C, which implies a low oxidation
resistance. An enhanced oxidation has been alsenaas by Brandit al. [1] for HVOF
CoNiCrAlY coatings treated at 950 °C for 50 and h00 he low oxidation resistance of these
coatings can be explained in terms of higher degfezxidation during processing. Indeed,
the degree of oxidation of as-sprayed coatings beagonsidered as a baseline in order to
predict their performance during high-temperatuxposure [1,2]. In order to compare the
various results reported in literature, it shoulel fmoted that the oxidation behaviour of
CoNICrAlY coatings,i.e. the oxide scale composition and the correspongiogth rate, can
be affected by the deposition technique employsdyall as by the parameters used in the

oxidation tests (temperature and time).
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3.1.2 Microstructure

Figure 3.3 shows the morphology of gas atomized iCoNY powder, composed of

spherical particles with uniform size distributifrom 15 to 45 pum).

0 pm

Figure 3.3 - SEM image showing the spherical morpHogy of gas atomized CoNiCrAlY particles (SE).

The cross section of the APS CoNICrAlY coating,aed in Fig. 3.4, shows a typical
lamellar microstructure rich of globular pores aoxide stringers o-Al.O3). The oxide
stringers are typically located at splat boundasied appear as dark grey segmented streaks
running approximately parallel to the coating-stdust interface. Indeed, the high plasma
temperature and the oxidizing environment prombeedxidation of the exposed surface of
the molten particles in the plasma jet, whereas tb@e does not suffer oxidation. The
oxidation of metal particles starts in the plasrmee@nd continues during their flight prior to

their impact on the substrate. It is worth notihgttthe large particle size and the high gas
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mixture flow rate employed herein allowed us toiech a relatively low degree of oxidation.
Within the coating microstructure, areas chararteriby two different grey contrasts can be

observed; they are associated to different Al quste

o - -—-\.. 5 ‘,‘. ’ i}' /
Figure 3.4 - Microstructure of as-sprayed CoNiCrAlY coating cross section showing pores and oxide
stringers (BSE).

Some unmelted particles which resemble the feeklstomrphology are also observable, as
shown in Fig. 3.5. In this case, the dark greyaegiwhich are well-detectable within the
light grey matrix are composed of retained (Co,Np#recipitates.

Several SEM pictures at various magnifications hbeen processed and transformed in
binary images by software. The globular pores amel lbng-shaped oxides have been
classified by their aspect ratio, so that theiresponding fractions could be calculated.
Figure 3.6 illustrates the procedure followed tstidguish the microstructural defects such as
pores and oxides. The image shows the microsteiatfiras-sprayed CoNiCrAlY coating

cross section near the top-surface. Small poreb wirface area lower than @’ are

138



homogeneously distributed in the coating microstme; these pores originate from gas

entrapped in the molten droplets.

: i
Figure 3.5 - SEM cross section of an unmelted CoNi&lY particle embedded in coating microstructure
(BSE).

On the other hand, circular and elliptical poreshveiurface area higher thanuén? derive
from pull-out of unmelted or partially melted patéis during grinding and polishing steps, as
well observable in Fig. 3.4.

The average porosity volume is about 3.3 % (stahdkviation = 1.2 %), whereas the
percentage of alumina oxides in the coating micuosire is approximately 4.5 % (standard
deviation = 1.7 %). Interestingly, these values slightly lower than those measured on
similar CoNIiCrAlY coatings deposited by Plasma $prg and HVOF [2,8]. For a better
comprehension, a comparison between the presetingsaand other coatings studied in
literature is shown in Table 3.1. It is worth ngfithat the coatings herein produced show very

interesting properties (relatively low porosity)yea if denser coatings have been also
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obtained by using HVOF and HFPD methods [10,11khibuld be noted that the coating
porosity could be overestimated, due to the pulledwnmelted particles during grinding and

polishing procedures.

Sample Average porosity Processing
[%0]
~ Thiswork 33x12 APS
""""""" Ref.[2] @~ 5305 APS
""""""" Ref.[8] @ 51x07  APS
""""""" Ref.[8] @~ 4615  HVOF
""""""" Ref9) @ ~65 APS
""""""" Ref9) @~ ~5  LPPS*
~ Ref.[10] = ~1  HVOF
- Ref[11] 08+02 HFPD

Table 3.1 — Porosity of as-sprayed CoNiCrAlY coatigs.*LPPS. Low Pressure Plasma Spray.

The SEM micrographs in Fig. 3.7 illustrate the etioin of the oxide scale on the coating top-
surface after 2 h and 24 h of isothermal exposurEl20 °C, respectively. A duplex oxide
scale is observed and it is composed of an inngidanse layer ai-Al,O5; (darker layer) and
an upper layer composed of spinels angogi(brighter layer). The upper layer is generally
not uniform and has low density; moreover, it exibiregular protrusions.

The total thickness of surface oxide layer is galtyetower than 2 um after 2 h of isothermal
exposure at 1110 °C, whereas it increases up tuBrdfter 24 h (the oxide scale tends to
become continuous). Therefore, a first transientlation stage is followed by steady-state

oxidation, characterized by lower rate of oxidevgita

140



L

Figure 3.6 - Image analysis procedure for separatmcoating microstructural defects: (a) starting SEM
micrograph of as-sprayed coating cross section, (bjnary image, (c) pores and (d) oxide stringers.

Spinels, Cr,O
: Spinels, Cr,0; ALO
3

i Ll

Figure 3.7 - SEM images showing the top-surface okidized CoNiCrAlY coatings: (a) coating oxidized &
1110 °C for 2 h and (b) coating oxidized at 1110 °for 24 h. A duplex oxide scale gradually grows wit
increasing the aging time (BSE).

SEM observations demonstrate that the formatiorthef upper spinel layer follows the

formation of the alumina layer but does not prewbetgradual growth of the same alumina
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layer by Al diffusion from the CoNiCrAlY coating.he formation of a continuous alumina
layer is beneficial for the oxidation resistanceplailsma sprayed CoNiCrAlY coating, because
it is able to reduce and retard oxygen penetra®well as the diffusion of any elements and
the subsequent growth of spinel-type oxides onctheing top-surface, which are typically
characterized by faster growth rate [6].

It is interesting to compare the results hereirtubsed with those reported in literature for
similar coatings fabricated by various depositi@ehniques. Tangt al. [4] reported a
different oxide scale kinetics for HVOF sprayed ostructured CoNICrAlY coatings
oxidized at 1000 °C for 24 h. Indeed, the authownd that the formation of the subscale
alumina layer occurred only after the formatiortted upper spinel oxide layer which rapidly
grew after 1 h of isothermal exposure [4,9]. Inithveork, a dual oxide layer was observed
after 24 h. A dual oxide layer has been also detebty Saeidget al. [6] on the surface of
CoNiICrAlY coatings deposited by VPS and HVOF aften of thermal exposure at 1100 °C.
The same authors have also found a significantargment of the oxidation resistance for
coatings previously heat treated in vacuum fora8 100 °C. It was pointed out that a short
heat treatment in vacuum induces the formation stfahle thin alumina layer which in turn
acts as a barrier during the subsequent oxidatsits.t In addition, the heat treatment
promotes the densification of the coating micradtite and improves the adhesion to the
substrate by means of interdiffusion phenomena.eller, it has been already reported that
for High-Frequency Pulse Detonation CoNiCrAlY cogs the first 6-8 hours of oxidation at
1000 °C provide a significant internal oxidatiomedto the diffusion of oxygen through the
pores near coating surface; however, for increaagigg time, the oxidation rate stabilized to
lower values owing to the formation of a unifornaraina layer [11]. However, the formation

of this alumina layer did not circumvent the ragrdwth of an upper spinel-type oxide layer
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[11]. The same behaviour has been detected for H¥aEngs oxidized at 950 °C for 50-100

h as well as for APS coatings oxidized at 1000TQ][

Sample Average porosity Standard deviation

[%] [%6]
"""""" As-sprayed 33 12
~ Oxidized (1110°C,2h) 24 02
Oxidized (1110°C,24h) 21 02

Table 3.2 — Porosity average and standard deviatioof as-sprayed and oxidized CoNiCrAlY coatings.

To this purpose, it should be noted that the olodadbehaviour is also affected by the coating

porosity, since open pores may act as paths fagexypropagation.

Figure 3.8 — SEM cross sectional microstructure d€oNiCrAlY coating oxidized for 24 h, showing a
partial densification of the same microstructure (BBE).
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However, in this work the heat treatment did naidoice significant internal oxidation. To
this purpose, Fig. 3.8 shows an example of thescsestional microstructure of a CoNiCrAlY
coating oxidized at 1110 °C for 24 h. It can benst®at after thermal exposure some thin
interfaces and fine pores tend to disappear, priognoa partial densification of the
microstructure and leading to a decrease of thed fmirosity, as shown in Table 3.2. This
partial densification occurs after a very shortasyre time (2 h) and allows to reduce the

effective surface area subjected to the next oxidattage.

3.1.3 Determination of elastic properties by IET

As discussed in section 2.5.1 (Chapter 2), thetielmsodulus of as-sprayed CoNiCrAlY
coatings has been measured by IET, using a bi-@y&figuration (substrate and coating). Fe
360 plates (100 x 25 x 3 mijnwere used as substrates. With the exceptionaifraptype, the
specimens were similar to those shown in Fig. thisection 2.3.

The mass and dimensional properties of the spes@ensummarized in Table 3.3. The table
contains, for each experimental variable, the medime ofn measurements. In particular, the
sample thickness was measured in two steps. Ifirdtestep the thickness of the uncoated
substrates was measured, and in the second stefhitheess of the coated plates was
measured. It was observed a difference among thebtaned coating thickness and the
nominal value. On the average, the thickness oCibiCrAlY coating was 348 + 8m. The
elastic modulus of the steel substrates was equ#l@ GPa (standard deviation = 0.4 %).
The fundamental frequency of vibration of coateahgles and the corresponding value&pf
are reported in Table 3.4. The mean value is eqoab6.5 GPa and the associated
experimental uncertainty is found to be 10 % [IPhe mean value obtained herein is
somewhat higher with respect to those reportedtieroworks for an APS bond-coat of

similar composition and obtained using vibratiorsdxh iterative procedures [13,14,15].
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However, it is worth to point out that the porosiével for the coatings reported in these
works was almost three-four times higher with resp® that of the present coating

[13,14,15].

Specimen n Si S2 S3 S4 S5
"""""" length,L [mm] ~ 4100.05 99.8699.67 98.57 98.97
"""""" width, B[mm] 6 25.06 25.01 25.01 25.00 25.03

substrate thicknesg[mm] 9 2.986 2.986 2.998 2.978 2.990

coating thicknesgd; [mm] 9 0.359 0.344 0.342 0.352 0.341

sample massn [g] 363.028 62.519 62.685 61.823 62.049

Table 3.3 — Dimensional and mass properties of trgpecimens.

Specimen no. S1 S2 S3 S4 S5

Fundamental frequenciy[Hz] 1558.4 1569.4 1573.2 1604.5 1607.5

Coating elastic modulug; [GPa] 62.8 67.4 625 66.7 73.1

Table 3.4 - Fundamental frequencies of coated sangsd and corresponding Young’s modulus of
CoNICrAlY coatings.

3.1.4 Microhardness of as-sprayed and oxidized coags

Vickers microindentation was carried out on thessrgection of as-sprayed CoNiCrAlY
coatings to measure their microhardness. Hardnessumement is often a difficult task due
to the heterogeneous microstructure of the coatilgch is characterized by the presence of

microcracks, pores, splat boundaries and unmeHeiit|es.
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Accurate Vickers microhardness measurements relyisnal resolution of the residual
indentation; however, the diagonal of the indeotatil, can be difficult to resolve, indeed the
load should be low enough to avoid cracking, whoterwise occurs within the indentation
site [16]. Then an accurate choice of the applastImust be done. So, some preliminary
tests were carried out and indicated that a loa@Q08f gf avoids cracking and retains the
resolution of the residual indentation.

As the heterogeneous microstructure of an APSmmgpatn lead to scattered data, a minimum
of 20 indentations was performed on each coatiogscsection.

The results have been in turn presented by meak¥edfull statistics, because a Gaussian
distribution is generally not adequate to desctiteevariation of mechanical data for plasma
sprayed coatings, due to their microstructural cefesuch as pores with different size, splat
boundaries and microcracks. Indeed, during micihiess tests the indentations can take

place on many splats characterized by differenfpmalogical and structural properties.

In (-In (1-P))

‘ O as-sprayed CoNiCrAlY coating ‘

150 200 250 300 350 400
HV

Figure 3.9 — Weibull distribution of microhardnessdata for as-sprayed CoNiCrAlY coatings.
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In particular, the experimental data have beeredart ascending order and the cumulative
density function of probability, defined as Pi=0(5)/N, was assigned to each hardness and
elastic modulus data.

The Weibull plots corresponding to the microhardndsta are reported in Fig. 3.9 (we report
the hardness values in HV for a better compreheaisio

The mean value of the hardness is representedebintérsection of x-axis (y = 0) and the
Weibull plot. On the other hand, information rethte the experimental scatter are provided
by the Weibull modulusm, i.e. the slope of the line in the plot; in particularhigher
modulus represents low experimental scatter. Therage microhardness of as-sprayed
CoNiICrAlY coating is 267.9 HV (standard deviationdZ.3 HV). The Weibull modulus of
microhardness data is 7.06.

Microhardness measurements were then carried oatsesprayed and oxidized samples at
different indentation loads (100 gf and 300 ¢f) diod a dwell time of 20 s. Twenty

indentations were performed for each sample.

Sample Load HV SD My
[of]
"""""" As-sprayed 100 307 49  7.05
"""""" As-sprayed 300 285 40 = 7.72
~ Oxidized (1110°C,2h) 100 425 74 6.95
~ Oxidized (1110°C,2h) 300 423 40 11.9
Oxidized (1110°C,24h) 100 461 93 5.1
Oxidized (1110°C,24h) 300 316 42 8.5

Table 3.5 - Weibull parameters for microhardness de of as-sprayed and oxidized CoNiCrAlY coatings.
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The data were processed by using Weibull statisfioe results are summarized in Table 3.5.
It should be noted that the values obtained atgf@de more scattered than those obtained at
300 gf: their higher Weibull modulus is higher. Tlhardness tends to decrease with
increasing the indentation load and with increadimg aging time. However, lower values
have been observed at 300 gf for the coating osaet 1110 °C for 24 h. To this purpose,
the imprints have been observed by 3D optical jmofeter: significant pile-up has been
detected only on this sample and can explain thisabiour. The corresponding penetration

depth-distance curves are not herein reportechiosake of brevity.

3.1.5 Nanoindentation

A typical set of nanoindentation load—depth curiegresented in Fig. 3.10. It can be
observed that the maximum penetration depth deeseagh increasing aging time; on the
other hand, the slope of the curves tends to asereThis behaviour can be attributed to the
partial densification of the coating microstructuvehich occurs after a few hours of heat
treatment.

Note that the distance between the indentationskepst equal to 3@m to avoid a mutual
influence of consecutive responses. Moreover, Xd dalated to indentations performed near
visible pores have been not considered in the asalyFigures 3.11 and 3.12 show the
Weibull plots corresponding to hardness and Youmgislulus data for as-sprayed and heat
treated CoNICrAlY coatings, respectively. The mostaningful data provided by the plots
are the mean values Bif andE; as well as the Weibull parametee. the slopany (Weibull
modulus).

The latter is directly related to the measuremeatter; in particular, steeper lines mean

reduced experimental scatter.
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Figure 3.10 — Typical load-displacement (P-h) cunsobtained during Nanoindentation tests for as-
sprayed and annealed plasma sprayed CoNiCrAlY coatgs.
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Figure 3.11 - Weibull plots for Young’s modulus daa of as-sprayed and oxidized CoNiCrAlY coatings.
The Weibull curves shift toward higher Young’s moduus values with increasing the aging time.

149



B as-sprayed
2H e oxidized (1110 °C, 2h)
oxidized (1110 °C, 24 h)
1k
A Of----rmmmmmmmmeo e
‘L -
=
\l/ L
c -2r

4 R
- [
-5 : ] : ] : ] : ] :
0.0 0.5 1.0 1.5 20 2.5
In (H)

Figure 3.12 - Weibull plots for hardness data of asprayed and oxidized CoNiCrAlY coatings. The
Weibull curves shift toward higher hardness valuesvith increasing the aging time.

The scatter in the mechanical properties is relttetie presence of fine pores embedded in
the coating microstructure, as well as to the pres@f interphase boundaries near the indent.
With increasing the annealing time both hardness elastic modulus increase, due to the
partial healing of coating porosttyand the partial disappearance of splat boundanieish
provide a better insulation from the diffusion ofygen and of corrosive agents from the
coating surface to the substrate. The precipitatidnintermetallic phases within the
microstructure also increases the coating hardn&ssshown in Figs. 3.11 and 3.12, the
Weibull curves shift towards higher values of haskh and Young's modulus. The
corresponding Weibull parameters (mean value andluine) are reported in Table 3.6.

The lowest Weibull modulus is found for CoNiCrANoatings treated for 24 h; apparently,

the denser microstructure provided reduced schitdrardness and Young’s modulus, since

! this point can be addressed to diffusion phenoroenarring during the heat treatment.
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the effect of finer pores and splat boundariesoisserably reduced, while the large pores
and the retained internal oxide stringers stilluehce the global mechanical properties. The
mean value of the reduced elastic modulus is 1&P8 for as-sprayed CoNiCrAlY coating

and increases with increasing the aging time upO@8 GPa after 24 h at 1110 °C. In turn,

the average hardness for as-sprayed coating isGP@band increases up to 5.69 GPa after 24

hat 1110 °C.
Sample H my E Mg,
[GPa] [GPa]
- As-sprayed 395 62 1478 72
- Oxidized (1110 °C,2h) 524 66 1971 106
Oxidized (1110 °C, 24h) 569 3.66 2008 6.0

Table 3.6 - Weibull parameters for hardness and efic modulus data of as-sprayed and oxidized
CoNICrAlY coatings.
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Figure 3.13 - The graph shows the average Young'sadulus and the average hardness of CoNiCrAlY
coatings as functions of the aging time. The oxidamn rate is higher in the first hours of heat treament
and then significantly decreases.

The increase in Young’s modulus and hardness #nerraharp; indeed, after 2 h at 1110 °C
the increase in Young’s modulus is of about 33 %ijenit achieves 36 % after 24 h. In turn,
the increase in hardness is around 33 % after Risothermal exposure and achieves 44 %
after 24 h of thermal aging. So, it is worth notthgt a strong correlation exists between the
changes occurring in microstructure and the mechaamproperties during early-stage high-
temperature oxidation.

In Fig. 3.13, both the Young’s modulus and the hasd of plasma sprayed CoNiCrAlY
coatings are reported as a function of the oxiddiime. The oxidation mechanism affects the
mechanical properties in two stages, charactetgedifferent oxidation rates. Indeed, in the
first hours of isothermal exposure the main mieragtiral modifications described in the
previous section induce significant variations be tmechanical propertiese. a rapid
increase of both hardness and elastic modulus. ratee of oxidation then decreases with
increasing the aging time. The average elastic hgdof as-sprayed CoNiCrAlY coating is
much higher than that reported by Kwenhal. [17] for similar coatings deposited by air
plasma spraying (90 GPa) and very close to thatddor the same coatings fabricated by
HVOF (155 GPa). In both cases the hardness has fneasured by the Nanoindentation
technique.

The average values of hardness reported by the aathers were 3.2 GPa and 5.0 GPa for
coatings produced by APS and HVOF, respectivele iflproved mechanical properties of
our air plasma sprayed CoNiICrAlY coatings can bkelyi related to their denser

microstructure and lower degree of oxidation. Unfpately, in the above mentioned studies,
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the effect of high-temperature oxidation on the naggcal properties was not investigated
and therefore a comparison is not feasible.

It is worth noting that Zotoet al. [18] have reported an average elastic modulu$6fGPa
and an average nanohardness of 5.5 GPa for CoNYCcAhtings deposited by Electron
Beam Physical Vapour Deposition (EB-PVD). Obvioydlye different microstructures of
plasma sprayed and EB-PVD coatings can easily exgte differences in their mechanical
properties. After annealing at 1000 °C the Youngadulus of EB-PVD coatings increased
up to 100 h and then decreased, whereas their éesdincreased up to 50 h and then
decreased. At constant oxidation time the coatipgmiuced in the present work exhibit
higher Young’s modulus and the same hardness tmamrcdrresponding values reported by
Zotov et al. [18] for EB-PVD coatings. However, it should beeuwbthat the aging tests herein
discussed have been performed at higher temperétad®d °C against 1000 °C) and the
number of nanoindentation measurements performedach coating cross section was 5-8
times higher than that performed on EB-PVD coatings

The local values of Young’s modulus measured omspagyed CoNiCrAlY coatings, as
determined using NI, in conjunction with porosigvél have then been adopted as inputs into
a micromechanical model in order to get a roughmedge on the global stiffness of the
coating E). Such value can be compared to the value provigeithe IET, thus providing a
cross-check on the consistency among the variadtseobtained. This approach has been
used only for as-sprayed coatings, because thératdssused for IET measurements were not
suitable to be exposed at 1110 °C. The Hashin-Haasemodel has been adopted to the
purpose [19,20].

In particular, Young’s modulus is given as follows:

. Alp
E =E EEHW} (3.1)
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where A = -33.4p is the volume fraction of all pores, cracks antkrifaces, and is the
elastic modulus of the dense material [21].

Given inputs for as-sprayed CoNIiCrAlY coating sashthe estimated porosity fraction (3.3
%), the mean value of the reduced Young’s moduéisrchined using NI and Poisson’s ratio
provided in literaturey( = 0.30), Eq. 3.1 estimates an average Young's sdof about
65.43 GPa [22]. So, the theoretical prediction ofifg’s modulus are very close to the global
value measured using the IET.

Multistep indentations were also performed to asghe variation of elastic modulus and
hardness with the indentation load. The indentdtand was varied in the range between 100

and 500 mN, by step of 100 mN.

o0 Multistep Indentation Curve
0
500
400 cycle 1
=
E 300 cycle 2
(=
200 cycle 3
100 oycle 4
cycle 5
]
0 1000 2000 3000
h (nm)

Figure 3.14 — Typical multistep indentation curven CoNiCrAlY coating.

The typical multistep indentation curves are regainh Fig. 3.14. It can be seen that for each

cycle the unloading stage reaches 30 % of the maxiftoad associated with the same cycle.
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The results obtained are reported in Figs. 3.153h6. Both elastic modulus and hardness
decrease with increasing the maximum load. It ssfide to conclude that they are dependent
on the applied load at relatively low loads. However increasing load this effect becomes

smaller and it is usually accepted to consider ¢heresponding materials properties as

representative of the mechanical behaviour.

This behaviour may be related to the accuracy aelién the determination of the contact

area at low loads. Indeed, at lower load the cératgea is usually underestimated. Moreover,
problems associated with the “pile-up” or “sink-iof the material on the edges of the indent

during the indentation process could affect thesuesd values.

400
| B as-sprayed

350_‘ I ® oxidized, 2 h
—_ A oxidized, 24 h
g 300 |
Py 250 +
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.§ 200_— | I 1
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Figure 3.14 — Evolution of Young’s modulus as a furtion of the maximum indentation load.

To this purpose, as shown in Fig. 3.17, no sigaificpile-up or sink-in is observed.
Moreover, Figs. 3.15 and 3.16 confirm that Youngedulus and nanohardness increase with

increasing the aging time. A sharp increase iscedtiduring the first hours of high-
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temperature exposure and then it tends to stabilihe mean value of reduced Young's
modulus, measured at 500 mN, is 131.4 GPa for i@s/s@ coating and increases up to 216.3
GPa after 24 h at 1110 °C. In turn, the averagdress is 3.53 GPa for as-sprayed coating

and increases with increasing the aging time Up3d4 GPa after 24 h at 1110 °C.

12
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Figure 3.15 - Evolution of nanohardness as a funan of the maximum indentation load.

Figure 3.16 — SEM images showing indents within ctiag microstructure.
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3.2 Plasma sprayed CYSZ coatings

3.2.1 Phase composition and high-temperature phaseability

X-ray diffraction patterns of CYSZ powder and asaged coatings are shown in Fig. 3.18. It
can be seen that the phase composition is quitpleamThe feedstock is mainly composed
of tetragonal t' and cubic ¢ Zgphases, according to Joint Committee on Powddration
Standards (JCPDS) for tetragonal t-Zr@CPDS 81-1544) and cubic c-ZrQICPDS 49-
1642), available at International Centre for Diffian Data (ICDD). Other lower peaks were
also detected, as representative of small amounitsoaoclinic m ZrQ and cubic ¢ Ce®

stabilizer, according to m-ZgJJCPDS 37-1484) and cubic c-Ge@CPDS 81-0792).

Intensity (arb. units)

Figure 3.18 — X-ray diffraction patterns of (a) CY&Z powder and (b) CYSZ as-sprayed coating.

The as-sprayed coating shows a polycrystallinecsira composed of non-equilibrium t'-

ZrO, and cubic c-Zr@ phases. The peaks for cubic c-Zr@e not clearly detectable due to

157



the overlapping between the diffraction peaks & Hame cubic ¢ and the tetragonal t
zirconia phases. Therefore, the (111) c-Za@d (400) c-Zr@have been only localized in the
pattern. The Miller indices (hkl) denote the crylsta planes of zirconia. As an example, a
profile fit of the (400) type reflections in thegien 2 = 72-75° is plotted in Fig. 3.19, where
both tetragonal t' and cubic c zirconia phasesdatectable. After plasma spraying, m-ZrO

disappeared, because it was transferred to théransformable t'-Zr@phase. A weight loss

of CeQ also occurs, since this last one is partially evaied in the plasma plume, thereby

leading to a stoichiometric variation with respecthe starting phase composition.

(400) t'-ZrO,

(004) t -ZrO,

Intensity (arb. units)

20 (deg)

Figure 3.19 - XRD pattern of CYSZ coating in the ange 72-75°.

The tetragonal t' phase arose from high quenchatg of molten droplets upon impact on the
substrate. During plasma spraying, part of highperature cubic phase is transferred to

metastable tetragonal t' phase by a fast diffusissmtransformation, without any composition
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change. The remaining part of high-temperature ccabzirconia phase is retained at room
temperature.

It should be noted that some chemical reactiong fallace during deposition of CYSZ
coatings. High temperature processes commonly pmoanges in valence state, tle
reduction of C& ions to C&" ions. However, during spraying a partial re-oxiotatof C&*
ions to C&" ions occurs at the coating surface and it resultthe decrease of oxygen
vacancies and cubic phase content. After plasmaysyw, the light-gray colour of the
feedstock changes in yellow, which is the typiaabar of a ZrQ-CeQ-Y,0; solution. C&*
cation and the resulting oxygen vacancies playngportant role in the stabilization of the
cubic phase, whereas Teons are able to stabilize zirconia in the tetrmjoform, as
described by Chatt al. in a previous work [23,24].

The addition of Ce@stabilizer to zirconia produces a distortion effanod an increase in
lattice parameters for both tetragonal and cubiasph. Indeed, the peak positions shift
towards small angles in comparison with standatthgenal and cubic zirconia phases.
Indeed, the lattice parameters of CYSZ are loch&deen the correspondent values of YSZ
and pure Ce@(a = 5.4113 A).

The whole XRD spectra in the range between 20° &0l of as-sprayed and annealed
coatings are shown in Fig. 3.20.

Figure 3.21 shows the low-angle 27-32° range of XRilerns, whereas Fig. 3.22 shows the
high-angle 71-75° range, where the (004) and (4@@ks for tetragonal t’ zirconia and the
(400) peak for cubic zirconia are detectable.

It should be noted that the (400) peaks for cubmd #etragonal zirconia are partially
overlapped and their separation was automaticadifopmed by software. As mentioned
above, as-sprayed coatings are composed of a migtfutetragonal t' and cubic ¢ zirconia

phases.
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Figure 3.20 - XRD spectra in the range between 2@hd 80° of as-sprayed and annealed CYSZ coatings.

a) as-sprayed
b) annealed 1315°C, 2h
. ¢) annealed 1315°C, 10h (111) &-210,
@ d) annealed 1315°C, 50h / (101) t-ZrQ,
c
=
e}
[
&
Z |9
(2]
c
5 |o \__
i
£
b)
a)
1 | 1 | 1 | 1 | 1
27 28 29 30 31 32

20 (deg)

Figure 3.21 - Low-angle region of XRD patterns.
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The overlapping between the tetragonal and cubcozia peaks may make rather difficult
their deconvolution and their separation is auticafly performed by software.
Therefore, the (400) reflections in the range betw@&l° and 75° have been considered for

quantitative analysis. The volume fractions for icub and tetragonal t' zirconia phases,

calculated by Rietveld analysis, are 16 % and 84e%pectively (c+t' = 100 %).

a) as-sprayed
b) annealed 1315°C, 2h
¢) annealed 1315°C, 10h

_-.2 d) annealed 1315°C, 50h
c
=
: 400) t'-ZrO
2 | (004)t-zro, (400) t-210,
S \ “00cz0, A p
AN
2 \,/ \
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c / \\ 7 N
3 d) M
: o~ Tt tea A A AN N
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| 1 | 1 |
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Figure 3.22 - High-angle region of XRD patterns.
c-Zro, c t'-ZrO; a c Re
Sample
(%] (Al (%] (Al (Al
As-sprayed 16 5.1912 84 3.6549 5.2355 9.13
Annealed
1315°C. 2 h 14 5.1717 86 3.6427 5.2253 9.01
Annealed
1315 °C, 10 h 14 5.1656 86 3.6373 5.2186 8.38
Annealed
1315 °C, 50 h 8 5.1923 92 3.6553 5.2466 9.21

Table 3.7 - Lattice parameters and volume fractiodor tetragonal and cubic zirconia phases in as-spsged

and annealed coatings.
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Table 3.7 shows the lattice parameters and theegponding volume fractions for both
tetragonal t' and cubic c zirconia phases, as nbthfrom Rietveld analysis.

XRD results show no phase decomposition after &athl annealing. Indeed, looking at the
27-32° range, no monoclinic phase is detectable.t&tragonal to monoclinic transformation
is notoriously promoted by crystallite growth analyooccurs when the grain size becomes
higher than a critical value [25].

Slight changes can be observed in the 71-75° rasgepnsequence of crystallite size growth
and microstrains’ evolution. Part of the cubic frac is transferred to tetragonal t' phase. The
volume fraction of cubic zirconia decreases witbréasing the annealing time, due to a
diffusionless of cubic to tetragonat’ zirconia, and it is equal to 8 % after 50 h loétmal
aging (t' phase = 92 %). This transformation i®sgly related to the local microstructure of
each coating,e. the content of stabilizer oxides (ceria and y}tria

Figure 3.23 illustrates the r.m.s (root mean sguarerostrains versus annealing time for
tetragonal and cubic phases. The fluctuation ofl#tiéce parameters from grain to grain,
associated to the presence of a distribution obilstar content inside the crystallites,
produces the microstrains. These microstrains amget in as-sprayed conditions, due to
higher lattice distortion, and then they are péytieeleased during thermal aging, due to
lattice stress relaxation. In many works, an insee@n microstrain for t' phase has been
noticed in annealed YSZ coatings, as a consequattee diffusion of the yttria stabilizer,
the reduction of the tetragonal t’ zirconia phase e increase of other phases, such as cubic
phase and low-yttria tetragonal phase. It has ladsm reported that the microstrain level in
cubic YSZ phase decreases. For CYSZ coatings, dohamism seems to be different, at least
in the first 50 h of thermal exposure, due to thduction of the cubic phase. These values of

microstrains are not high enough to allow crackfation and propagation.
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Figure 3.23 - Microstrains versus annealing time fotetragonal and cubic zirconia phases.
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Figure 3.24 shows the relationship between crysgaflize and annealing time for both

zirconia phases. The grain size increases withamgetime due to the thermal aging, even if
this increase is not particularly large. It shob&lnoted that the crystallites are much smaller
than columnar grains, typically observed within thmellae. Structural changes can be also

related to sintering and crystal lattice scale.

3.2.2 Microstructure
As shown in Fig. 3.25, the powder particles areesiphl. Their size is in the range between
10 and 11Qum. As shown in Fig. 3.26, within the agglomerates particles are nanosized,

even if the powder herein employed can be considasemicronsized..

Figure 3.25 — External surface of spherical CYSZ pgicle (SE).

164



Figure 3.27 - Surface morphology of as-sprayed CYS&oating (SE).
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Plasma sprayed CYSZ coatings show a complex mraciste composed of splats (or
lamellae) generated by the rapid solidification weéll-melted and/or partially-melted
feedstock particles. A SEM image of CYSZ fractuoeating surface is shown in Fig. 3.27.
Surface morphology shows different areas whichassociated with partially melted (white
arrows) and well-melted (black arrows) zones. Surfaicrocracks are also observed.

Figure 3.28 shows a SEM micrograph of the entir€TBomposed of metal substrate, bond
coat and thick CYSZ top coat. A SEM image of TBGsw section is reported in Fig. 3.29. As
clearly shown, the stacking sequence (from theobttis as follows: Ni-based superalloy
substrate, CoNiCrAlY bond coat and CYSZ top coatlusions and/or un-bonded area are
not observed at top-coat/bond-coat and bond-cdmfsate interfaces, denoting the

achievement of a good interfacial adhesion.

Figure 3.28 - Microstructure of thick CYSZ thermal barrier coating (BSE).
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CoNiCrAlY

200 pm

Figure 3.29 - SEM image of TBC cross section (BSE).

The typical microstructural features of CYSZ cogtare shown in Fig. 3.30. The overlapping
of rapidly quenched splats leads to the formatibra dheterogeneous and lamellar porous
microstructure, consisting of irregular thin lanaellparallel to the coating-substrate interface
and embedded in a network of microcracks and voitiese lamellae are thicker at their
center and thinner at their periphery and theckihess is approximately from 0.5 to 4u®.
Moreover, both inter-splat microcracks and intrasmicrocracks can be noticed. Inter-splat
cracks originate during deposition process fromknearizontal splat boundaries and they are
typical in plasma sprayed coatings. Intra-splatksanitiate from the splat boundaries as a
consequence of stress relaxation during coolimgdm temperature.

The former cause a reduction in the cohesive dtinebgtween the lamellae. The latter

contribute to a reduction in thermal conductivitydao an increased thermal shock resistance.
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However, intra-splat cracks can also allow corresiagents to penetrate inside the coating,

promoting a premature failure [26,27].

intra-splat crack

CeO,-rich splats

20 pm

Figure 3.26 - SEM image of CYSZ coating crosigguét)i showing inter-lamellar and intra-lamellar cracks
Different areas characterized by different greyt@sis can be observed in the coating,
denoting elements and compounds with different atoneight. In particular, due to the
higher scattering intensity of heavier atoms, danlegions correspond to elements and
compounds with lower atomic weight whereas brightegions correspond to elements
characterized by higher atomic weight. Energy Disipe Spectroscopy (EDS) analysis
showed these brighter areas to be more Gébilizer-rich; however, it does not allow us to

gain a quantitative and accurate estimation ottrent of each element in the coating.
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Figure 3.31 - Image analysis procedure for separatg microstructural defects, (a) original greyscale
image, (b) binary image showing total porosity, (cimage with globular porosity, (d) inter-lamellar and
intra-lamellar cracks.

In order to study the topology and the volume @& tipical porosities detected within as-
sprayed CYSZ coating, several SEM micrographs (61820 pixels, 103 x 7@m) were
processed using Image Analysis (IA). Each greysicadgye is thresholded depending on the
different contrast between the dense material hagores, so that within each binary image
all the microstructural defectsge. pores and microcracks, may be identified and iflads
about their size and shape. To this purpose, esx@rbimage was processed by means of
binary operations. As an example, Fig. 3.31 repbegletails related SEM image processing.
The sequence illustrates: (a) original grey-scaleragraph, (b) binary image obtained by
tresholding, (c) globular porosity and (d) micramks

The microstructure contains globular pores, insenéllar and intra-lamellar microcracks.

Globular porosity includes large circular or eligai pores (d > 8m) and more fine pores (d
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< 3um). The latter are homogeneously distributed. ThHiegepores derive by gas entrapped
under the liquid droplets, while the coarse poresenassociated with filling defects in the
coating microstructure, caused by unmelted or sapiten particles. Some irregular large
pores, not equally distributed were determined by-qut of unmelted particles during
polishing and were discarded for quantitative messents, as they may provide an over-
estimation of the porosity volume. Moreover, in@mellar and intra-lamellar microcracks
can be also identified. The former with size fromd @©o 3 um derive from an imperfect
bonding between the splats during the coating bhuyglddue to high impact velocity of the
molten droplets and the corresponding rapid satigliion. The latter have a thickness ranging
from 0.01 to 0.5um and result from relaxation of stresses genetayeuigh cooling rate. The
average of 45 measurements provides a porosityidra@approximately equal to 10.2 %
(standard deviation 2.0 %), which is the desirelievdor TBC industrial applications and
much lower than that reported in a previous workeke optical micrographs were processed
for porosity calculation [28]. Such value guarastee good compromise in terms of low
elastic modulus, high strain tolerance, low therm@hductivity and satisfactory protection
against the entrainment of corrosive agents. Simédéues have been obtained by Petrkl.

for their CYSZ coatings sprayed using Detonatiom G¥]. It has been observed that spatial
resolution and image contrast have a reduced imfli@n the results obtained using Image
Analysis.

After annealing, a partial sintering of the porougrostructure is observed. A comparison
between the microstructures of annealed CYSZ ocgaimreported in Fig. 3.32. It is apparent
that the size and the distribution of both microcksaand globular pores are affected by
thermal aging and a progressive closure of fineep@and microcracks can be observed with

the progression of the thermal aging.
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In particular, Fig. 3.32(d) shows the microstruetof CYSZ coating annealed at 1315 °C for
50 h at higher magnification. The coating is ndtyfsintered after heat treatment, indeed
pores and inter-splat microcracks (approximatelypgedicular to spraying direction) are
partially retained. The intra-lamellar microcrackapproximately parallel to spraying
direction) are still observable within the coatadter the first hours of heat treatment but tend
to disappear with increasing the aging time. MoezpvFig. 3.32(c) shows that the
densification which follows the heat treatment etifeonly to a lesser extent the size and the

distribution of the large globular pores.

20 pm

= —

Figure 3.32 — Microstructure of annealed CYSZ coatigs after (a) 2 h, (b) 10 h and (c-d) 50 h. (Sprayg
direction from the top to the bottom).

It is worth noting that the nature of pores anceifaces plays an important role in the

sintering behaviour of plasma sprayed coatingsceSthe first hours of heat treatment, the
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formation of sintering necks between the lamelladuces the interlamellar porosity. In
particular, after heat treatment it is difficultdestinguish the original lamellar microstructure
of the as-sprayed coatings. This feature was diserged in a previous study carried out on
air plasma sprayed YSZ coatings [29].

SEM secondary electron images reported in Fig®, 334 and 3.35 show the fractured cross
sections for as-sprayed and annealed coatingsataagly.

The as-sprayed CYSZ coating shows a lamellar strectcomposed of lamellae
approximately parallel to coating-substrate integfaseparated by splat boundaries and
embedded in a network of cracks and voids. Withoitem splats we can observe columnar
grains with size lower than 1 pm (some hundredsaobmeters), oriented from the bottom to

the top of each splat.

Figure 3.33 - Fractured cross section of as-spraye@lYSZ coating, showing columnar grains within the
molten splats (SE).
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They possess a preferential direction, since theyaented from the bottom to the top of the
splats. The thickness of each lamella increasels wwitreasing the annealing time, by the

gradual growth of these columnar grains across bplandaries.

Figure 3.34 - Fractured cross section of CYSZ coat§ annealed for 10 h at 1315 °C (SE).

After 50 h, grain rotation among neighboring gramesurs, producing a coherent grain-grain
interface, the disappearance of grain boundaries eonsequently, grain coalescence. A
similar behaviour has been appreciated for plagraysed nanostructured YSZ coatings [30].
The grain orientation changes and some equiaxeidsggrow and replace the columnar
structure that tends to disappear. Moreover, atgganular fracture is observed in the CYSZ

coatings after high-temperature exposure.
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Figure 3.35 - Fractured cross section of CYSZ coat§ annealed for 50 h at 1315 °C (SE).

3.2.3 Determination of elastic properties by IET

The elastic modulus of CYSZ coating was determungdg IET as previously described.
Before plasma spraying, the elastic modulus of eatistrate was determined according to
the ASTM standard [31].

The so-obtained elastic modulus is equal to 190 GRadard deviation = 0.4 %). The results
present a reduced scatter and are in agreementhgitommon values reported for steel. The
mass density of the steel substrates has beemuleger from the plate volume and mass. The
value obtained for the substrates is 7.78 g/chimne measured mass density of as-sprayed
CYSZ coating is 5.4 g/cfn

Firstly, three specimens have been tested. Themrticedure has been improved, and further
five samples with lower thickness (~285 pm agair380 pm) have been measured. The

dimensional and mass properties of the coated smmge shown in Tables 3.8 and 3.9,
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respectively, while the corresponding values fardamental frequency vibration and elastic

modulus are reported in Tables 3.10 and 3.11.

So, the results shown in Tables 3.8 and 3.10 hawe tconsidered as preliminary, while the

results reported in Tables 3.9 and 3.11 can beideresl as the real properties of the samples.
Table 3.11 contains, for each experimental varjatle mean value of measurements.

Young's modulus of CYSZ coating is determined udiug 2.4.

Specimen no. N P1 P2 P3
length,L [mm] 2 100.53 100.5599.73
width, B [mm] 4 25.08 25.09 24.92

substrate thicknesg[mm] 5 3.986 4.021 4.027

coating thicknesd; [mm] 5 0.362 0.357 0.367

Table 3.8 - Dimensional and mass properties of tHest set of specimens (preliminary measurements).

Specimen no. N S1 S2 S3 S4 S5
length,L[nm] 4 99.3099.82 99.78 99.62 100.14
width, B[mm] 6 24.9724.97 24.99 24.99 24.94

sample massn [g] 3 61.2161.11 61.46 61.49 61.99

Table 3.9 - Dimensional and mass properties of theecond set of specimens (final measurements).
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The mean value of elastic modulus for as-spraye®Z¥oating is equal to 29.2 GPa and the

associated experimental uncertainty was found & %e[12].

Specimen no. P1 P2 P3

Fundamental frequenci/[Hz] 2092.0 2094.7 2134.1

Coating elastic modulug. [GPa] 25.1 255 234

Table 3.10 — Fundamental natural frequencies and emesponding Young’s modulus of CYSZ coatings
(preliminary measurements).

Specimen no. S1 S2 S3 S4 S5

Fundamental frequenci/[Hz] 1544.2 1534.9 1519.0 1519.4 1516.6

Coating elastic modulug. [GPa] 32.0 26.9 314 26.9 29.1

Table 3.11 - Fundamental frequencies of coated sameg and corresponding Young’'s modulus of CYSZ
coatings (final measurements).

The mean value obtained herein is somewhat higt@ef4) with respect to those reported in
[13,14,15] for APS YSZ coatings obtained using &ilom-based iterative procedures. This
result could be addressed to the different feeétstomrphology and coating microstructure.

On the other hand, by using IET technique botht@irgcand non linear material response are
prevented because the sample is subjected to lmwmst nearly at the origin of the stress-
strain curve. However, sensitivity issues may ansieg IET. A careful choice of coating to
substrate thicknesses ratig/t)) should be made. A very thin substrate would iaseethe
sensitivity,i.e. a larger shift in the fundamental frequency dafration could be observed after
coating deposition. However, the development ofittad residual stresses may lead to sample
distortion and, as a consequence, may induce &rges onE; measurements. This drawback

actually restricts the choice of substrate thicknes series of finite element analyses, not
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reported herein for the sake of brevity, was cdroat in order to select the ratigt; which
provides negligible sample curvature after fabrawatthe analyses showed that the frequency
shift related to the ratio herein employeadt{10) provides an error on elastic modulus

calculation less than 1 %.

3.2.4 Microhardness

The heat treatment affects the microstructure ofSZYcoating. In order to assess the
corresponding influence on hardness, Vickers mictentation was carried out. Hardness
measurement is often a difficult task due to thieltegeneous microstructure of the coating,
which is characterized by the presence of micrd,apores, splat boundaries and unmelted
particles.

Accurate Vickers microhardness measurements relyisaal resolution of the residual
indentation; however, the diagonal of the indentatil, can be difficult to resolve, indeed the
load should be low enough to avoid cracking, whotherwise occurs within the indentation
site [16]. Preliminary indentation tests indicatbdt a load of 300 gf avoided cracking and
retained the resolution of the residual indentation

As the heterogeneous microstructure of plasma sdragatings can lead to scattered data, a
minimum of 20 indentations was performed on eaddting cross section. The results have
been in turn presented by means of Weibull stasistas a Gaussian distribution is not
adequate to describe the variation of the mechbdata for plasma sprayed porous ceramic
coatings.

In particular, the experimental data have beeredart ascending order and the cumulative
density function of probability, defined as= (i-0.5)/N, was assigned to each hardness data.
The Weibull plots corresponding to the microhardndata are reported in Fig. 3.36. The

mean value of the hardness is represented by this@ction of x-axis (y = 0) and the Weibull
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plot. On the other hand, information related te &xperimental scatter are provided by the
Weibull modulus,m, i.e. the slope of the line in the plot; in particularhigher modulus
represents low experimental scatter. Table 3.1shbe values of the Weibull parameters
pertaining to Vickers microhardness data obtainedas-produced and annealed CYSZ
samples.

An increase in Vickers microhardness for increasingealing time is observed, indeed the
plots in Fig. 3.36 shift toward higher hardnessifmreasing the aging time. This effect can
be attributed to the partial sintering of the pa@ooicrostructure and is in agreement with the
microstructural observations (Fig. 3.28). Similahhviour has also been observed on heat
treated YSZ coatings [32]. In particular, the irage in microhardness is found to be 7 % after
2 h, and it reaches 31 % after 50 h of isotherrgaiga Besides, there is not a clear trend in

the Weibull modulus of microhardness data, as showrable 3.12.
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Figure 3.36 - Weibull plots of Vickers microhardnes data.
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Hardness m

[HV]
""""""" Assprayed 654 191
~ Annealed, 1315°C,2h 700 124
""" Annealed, 1315°C, 10h 793 246
""" Annealed, 1315°C,50h 857 149

Table 3.12 - Microhardness of annealed CYSZ coatisg
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Figure 3.37 — Evolution of porosity level and micrbardness as a function of the annealing time.

This feature could be attributed to the presenceglobular porosity which has not fully
recovered during the heat treatment; during thes tkee indenter tip can impinge on these
pores by leading to pronounced scatter in the exgertal data.

The initial porosity fraction of the coating is allo-10 %. However, as shown in Fig. 3.37,

after 50 h at 1315 °C the porosity decreases t%~5
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It is worth noting that the total porosity of theating includes the contribution of globular
porosity as well as the porosity derived from mécexks and splat boundaries.

The evolution of microhardness with annealing tinse also reported in Fig. 3.37.

Microhardness mean values progressively rise witiealing time. As expected, the graph
shows a correlation between porosity and microhessinin particular, in the inset in Fig.

3.33 a linear relationship between microhardnedspanosity fraction can be observed.

3.2.5 Nanoindentation
Similarly, consistent hardness measurements camalbe obtained with depth-sensing
nanoindentation technique using low loads with widence of cracking. The first tests have

been performed on as-sprayed CYSZ coatings.
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Figure 3.38 - Typical nano-indentation responses fdhe TBC examined.
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The hardness as well as the reduced Young's modofu€YSZ coatings have been
determined. Typical indentation load-displacemeuntves, obtained on coating polished
cross-section, are reported in Fig. 3.38.

A total of N = 20 indentation was carried out f@ck measurement. The distance between
each indentation was equal to 25 um so that itossiple to avoid a mutual influence of
consecutive responses. Three loading rates havedopted in the tests. The corresponding

two-parameters Weibull plots fét andE; are reported in Fig. 3.39.
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Figure 3.39 - Weibull hardness and Young'’s moduluplots for CYSZ coating.

In particular, the experimental data have beeredart ascending order and the corresponding
the cumulative density function of probability, ohefd as P =i{0.5)/N, was assigned to each
hardness and elastic modulus data. The most mdahutata provided by the plot are the

mean values oH andE; as well as the Weibull parametee. the slopemy. The latter is
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directly related to the measurement scatter, intiquaar steeper lines mean reduced
experimental scatter. It is worth mentioning thdtddta related to indentations performed
near visible microcracks and pores have been nwidered for calculation purposes. The
results were found to be essentially independenthenloading rate; for this reason, the
Weibull parameters reported in Fig. 3.39 are refito NI tests carried out at 0.3 mN/s.
Young's modulus obtained using NI is much highentiihat measured by IET (five time
greater). Obviously, the difference in the resutian be attributed to the different
measurement scale associated with the techniqup®sd. NI probes the microstructure at
splat level, then the corresponding values of Yé&ungodulus should be regarded as a local
material property. On the other hand, IET worksh&t macroscopic level,e. it provides
material properties averaged over sample volumeaA®nsequence, a direct comparison
cannot be made.

However, in order to provide a cross-check on thesistency among the results obtained
using NI and IET, a micromechanical method, knowrHashin-Hasselman model [19,20],
has been applied. Given inputs for CYSZ coatindvaagthe measured porosity fraction (10.2
%), the reduced Young’'s modulus determined usin@m Poisson’s ratio provided in [22]
(v = 0.22), Eg. 3.1 (see section 3.1.3) estimatesoany’'s modulus of 33.7 GPa. So, the
theoretical prediction of Young's modulus is simileo that provided using the IET.
Moreover, the elastic modulus as obtained using HEbws reduced scatter and high
reproducibility as opposed to NI. Indeed, NI measents are very sensitive to local surface
conditions and anisotropies. Under the circumstandeere indent falls at a pore/solid edge
in CYSZ coating, there might be slip of the inderttp thereby leading to scattered results.
Then the Nanoindentation technique has been apfdistudy high-temperature sintering of

the porous microstructure of plasma sprayed CYSAigs. To this purpose, in the present
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work, the nanoindentation tests were carried outgua maximum load of 100 mN. The
reduced Young's modulu& of the coating was obtained by means of Eq. 2.10.

A total number of 30 indentations was carried autdach sample obtained under different
conditions. In particular, three sets of 10 indeates have been made in the through-
thickness direction and the distance between eathem was equal to 40 um so that it is
possible to avoid a mutual influence of consecuiindentations. Selected load-depth curves

are reported in Fig. 3.40.
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Figure 3.40 — Selected load-depth curves obtainedidng NI tests carried out on as produced and heat-
treated samples.

It can be observed that the maximum penetratiorthdép..y) decreases with increasing
annealing time, whereas the slope of the unloadimrge increases. This behaviour can be
attributed to the progressive densification of ¢bating and results in increasing value$iof

and E;, and it is clearly shown by the Weibull plots img$: 3.41 and 3.42, where the
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cumulative density function of probability is madkasa. In particular, a shift of the Weibull
curves toward higher values ldfandE; can be observed for increasing aging time.

The corresponding Welibull parameters are reportedTable 3.13. The increase in
nanohardness is rather sharp, indeed, Table Bd®&ssthatH increases from 7.00 GPa to
9.45 GPa (+ 35 %) after 2 h and steps to 11 GP&0(%) after 10 h. However, for longer
aging time no further increase is observed.

These features are also illustrated in Fig. 3.4%r&H andE; are reported as a function of
the aging time. The inset in Fig. 3.43 also shdwet & non-linear relationship between the

mechanical properties and the porosity seems tihdhis case.
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Figure 3.41 - Weibull plots of hardness data, detemined by nanoindentation testing with a Berkovich
indenter.
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Figure 3.42 — Weibull plots of reduced Young’s modus data, determined by nanoindentation testing wh
a Berkovich indenter.

H My E Mg
[GPa] [GPa]

As sprayed 7.0 5.2 152.7 6.9
Annealed, 1315°C, 2 h 9.4 8.2 181.8 9.3
Annealed, 1315°C, 10 h 11.2 10.0 190.7 15.0
Annealed, 1315°C, 50 h 11.0 7.2 192.8 11.8

Table 3.13 — Hardness and reduced Young’s modulu$ annealed CYSZ coatings.

Regarding the hardness, it is apparent that aftér df isothermal aging a plateau in the curve

is reached. This point can be explained in termsahtion of the porosity fraction. Although
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large globular pores are not fully recovered aftiermal aging the fine scale porositye.
microcracks and poor inter-splat contact), largedgponsible for low stiffness and low
conductivity, tends to be partially removed sinte ftfirst hours of the heat treatment
[29,32,33,34].

As the size-scale at which nanoindentations artopeed is comparable to the fine porosity
observed in the coatings, it follows that NI data mostly sensitive to these microstructural

features, therefore the hardness shows a plate@udater aging times.
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Figure 3.43 — Evolution ofE, and H as a function of annealing time (the inset showke variation of E,
and H with porosity).

Moreover, it is worth noting that, comparing theulks reported in Tables 3.10 and 3.11, a
good agreement among nanohardness and microhandiiess can be observed.
From Fig. 3.43, it is also possible to appreciagnailar trend for the Young moduluk],

however, the increase i after 10 h was lower and equal to 25 %.

2 Globular porosity is not fully recovered after imal aging because grain-growth across splats laoiesdo require the
splats to be in a fairly intimate contact [29].
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A similar behaviour has been reported for APS Y®atings in [29,33]. In particular, the
initial increase in the mechanical properties (dmeh the high sintering rate) was therein
addressed to the improved bonding and coherenossatite splat boundaries. The subsequent
step was characterized by a lower increase imes# and was addressed to the repair of
microcracks. However, it is worth mentioning that29,33] the stiffness of the coating was
determined by means of static bending and a resdrzesed method. Moreover, the deviation
of mechanical properties in the through-thicknessction is not significant, as illustrated in
Fig. 3.44. So, the high-temperature sintering ofSZYcoating is uniform along coating
thickness.

It is important to underline th&, andH measured by nanoindentation could be affected by

thermal residual stresses in the samples [35].
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Figure 3.44 —Variation ofE, and H in the through-thickness direction (sample heat-teated for 50h).
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It has been demonstrated that this is an artefaesex] by indenter-to-sample contact area
variation due to the presence of thermal stressdsadoich is not taken into account for the
analysis procedure [36,37]. However, these stressanly arise as a consequence of the
thermal mismatch between the top-coat (ceramic)thadunderlying layers (bond-coat and
substrate). Unsupported (free-standing) ceramiectats are relatively unstressed and then
the load-displacement curves obtained during Nd (anturn the mechanical properties) are

unaffected by the standard data analysis procqad8ie

3.2.6 Thermal expansion

The in-plane and through-thickness thermal expassod as-sprayed, 10 h and 50 h annealed

CYSZ coatings are shown in Fig. 3.45 and Fig. 3rd$§pectively.
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Figure 3.45 - In-plane thermal expansion of as-spsged and annealed CYSZ coatings.
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Figure 3.46 - Out-of-plane thermal expansion of asprayed and annealed CYSZ coatings.

In-plane and out-of-plane thermal expansions armsi linear between 50 °C and 900 °C for
both as-sprayed and annealed coatings. No in-gitarsig occurs up 900 °C. It should be
noted that the presence of small impurities insttaeting feedstock and then in as-sprayed and
heat treated coatings is not observable by XRDyarmsl however, it can surely affect the
thermal expansion of the samples during heating. thiermal expansion coefficients in 50-
900 °C range are summarized in Table 3.14. Thenhleexpansion coefficient is sensitive to
the thermal aging in the out-of-plane direction amdes from 10.1 x 10to 12.5 x 16 K™.
Otherwise, the thermal expansion coefficient ib@atonstant in plane direction (~ 12-12.6 x
10° K™). It should be noted that the out-of-plane CTEafected by inter-lamellar
microcracks which run between coating lamellae, r@ae the in-plane CTE is affected by

vertical microcracks. High-temperature sinteringoquces the closure of interlamellar
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porosity and mainly affects out-of-plane shrinkag&hout providing significant changes in
plane direction. Moreover, the distribution of wveat microcracks and pores within the CYSZ

coating is rather uniform and yields to similar lriigmperature features along orthogonal

directions.
Coating ax (50-900 °C) az (50-900 °C)
[10°K™] [10°K™]
As-sprayed 12.62 10.13
Annealed, 1315°C 10 h 12.14 12.45
Annealed, 1315°C 50 h 12.64 10.69

Table 3.14 - In-plane and out-of-plane thermal expasion coefficients for as-sprayed and annealed
coatings.

The in-plane CTE of CYSZ coatings is larger thaat thf YSZ coatings reported in literature
and calculated using the same procedure. This eeh@nt can be explained in terms of
different structurej.e. the presence of cubic structure and higher cdratgon of oxygen
vacancies. Indeed, changes in crystal structurevafehce state can influence the thermal
expansion, also explaining the slight differenae<CiTE of as-sprayed and annealed CYSZ
coatings. Gucet al. [39] have reported a value of 11.2 x®1R™ in plane direction for as-
sprayed and annealed YSZ coatings between roometatope and 1200 °C, since the
thermal expansion coefficient was not affected dgting microstructure in their experiments.
However, it should be noted that their coatingsenmly heat treated at 1200 °C for 10 h.
The same coatings showed high segmentation craokitge even if their porosity was
comparable to that found for our coatings. Moreptiee values measured in this work are

higher than those reported in literature for CY®atmgs [40]. As an example, Ahmanieehi
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al. [41] have measured a CTE of 10.8X1K™ in plane direction between 50 and 1000 °C for
similar CYSZ coatings.

The results herein discussed are notably promisinge a larger CTE is surely able to reduce
the stresses arising from the thermal expansiomatsh between top coat and bond coat,

thus increasing the lifetime of TBC during therrogtling.

3.2.7 Heat capacity

The averages of specific heat capacity measuremeards-sprayed and thermally aged CYSZ

coatings are illustrated in Fig. 3.47.
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Figure 3.47 - Specific heat capacity of as-sprayethd annealed CYSZ coatings.

Cy(T) curves are calculated as a mean value of ttwasecutive measurement cycles. It can

be seen that the specific heat increases gradaslthe temperature increases. At any given
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temperature, below 600 °C, there appears to bestioat difference of specific heat between
as-sprayed and thermally aged CYSZ coatings. Tkeifgp heat capacity curves up 600 °C
clearly show a sensitive variation between as-gatagnd annealed coatings, which may be
associated to grain growth, high-temperature smgemland densification of the porous
microstructure, since all these effects affect tieat transmission mechanism through the
anisotropic microstructure. Until now, it has beeported that €is not sensitive to the
coating microstructure. For as-sprayed coatingsis@round 0.44 J*R*g™* at 100 °C and
0.71 J*K**g™ at 1150 °C. This values are almost similar to ¢hfmund for other plasma-

sprayed YSZ coatings [42].
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Figure 3.48 - DSC curves of as-sprayed and anneal&¥ SZ coatings.

However, high-temperature specific heat capacityrebses for heat treated coatings. This

variation is in the range between 11 and 13.5 % ddjing time seems not to influence the
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heat capacity, suggesting very close microstructme thermal properties for coatings aged
up to 50 h. Thereby, high-temperature aging redtiveseat capacity of CYSZ coatings by
sintering of the porous microstructure. The forimatof sintering necks between the lamellae
and/or the disappearance of splat boundaries riesaltlecrease of interlamellar porosity and
a better contact between the same lamellae, thiwemting the thermal transport properties
[43]. In conclusion, the CYSZ coatings show a re&y contained high-temperature

sintering. No phase transformations are detecialdl&SC curves, as shown in Fig. 3.48.
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3.3 Plasma sprayed YSZ coatings

3.3.1 Phase composition and high-temperature phasability

The whole XRD patterns of YSZ feedstock, as-spragmd annealed coatings are reported in
Fig. 3.49. The as-sprayed coatings are mainly ceegof tetragonal t’ zirconia phase, with
smaller amounts of stable tetragonal t, cubic crandoclinic m zirconia phases, according to
JCPDS (no. 81-1544 for tetragonal, no. 49-1642ctdyic and no. 37-1484 for monoclinic
zirconia) available at the International Centre Riffraction Data (ICDD). Shift in peak
positions can be related to microstrains and diffettria contents in each zirconia phase, as

discussed later.

O t'+t+c zirconia

O & monoclinic zirconia
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Figure 3.49 - XRD patterns of YSZ feedstock and cdiags: a) feedstock; b) as-sprayed - rapidly cooled)
as-sprayed - slowly cooled; d) annealed for 2 h; @nnealed for 10 h; f) annealed for 50 h.

Figures 3.50 and 3.51 show low-angle (27-32°) aigh-Angle (72-75°) regions of XRD

patterns, respectively.
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Figure 3.50 — Low-angle range of the diffraction pterns for YSZ coatings: a) as-sprayed — rapidly
cooled; b) as-sprayed — slowly cooled; c) annealéat 2 h; d) annealed for 10 h; e) annealed for 50.h
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Figure 3.51 - High-angle range of the diffraction ptterns for YSZ coatings: a) as-sprayed — rapidly
cooled; b) as-sprayed — slowly cooled; c) annealéat 2 h; d) annealed for 10 h; e) annealed for 50.h
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Figure 3.50 shows the (111) peak for (t'+t+c) zimeoand the (1l)1and (111) peaks for
monoclinic zirconia. In Fig. 3.51 the (004) and @#@eaks for both t' and t zirconia phases
are detectable, as well as the (004) peak for cph&se. A qualitative example of peak
deconvolution is illustrated for YSZ coating aged 50 h.

Different cooling rates employed during plasma gim@g or thermal treatment of YSZ
coatings can promote remarkable chemical and pdlyssactions, such as reduction to lower
valence states, stabilizing oxide depletion oramment, formation of zirconium and yttrium
sub-oxides and impurity segregation phenomena [24].

More precisely, when the samples are forced aitecbduring deposition the molten splats
are rapidly quenched and, therefore, the high axygecancies formed at high temperature
tend to be retained at room temperature, suppigestie tetragonal to monoclinic
transformation. The coating is mainly composed efastable tetragonal t' phase (~ 92.9 %),
with small traces of cubic ¢ and monoclinic m plsasghile stable tetragonal t phase is
absent.

Otherwise, a slow cooling rate reduces the levebxafgen vacancies and can promote the
transformation of tetragonal to monoclinic phasenpoting possible compressive stresses in
as-produced coatings. However, in our experimehéscontent of monoclinic phase found in
slowly cooled coatings is slightly higher than tfaind in rapidly cooled onege. 4.2 % and

5 %, respectively. Therefore, it can be supposeatl tte monoclinic phase is substantially
associated to unmelted or partially melted pasidebedded in coating microstructure. To
this purpose, it should be noted that the feedsheckin employed is characterized by a large
amount of monoclinic phase (m = 36.8 % and t' =26%). Moreover, slowly cooled coatings
contain a little amount of stable tetragonal phaseal to 1.9 %.

As shown in Table 3.15, the content of monoclin@age tends to gradually increase with

increasing the aging time up to 13.8 % after 50He peaks for monoclinic zirconia are rather
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broad, suggesting a very low grain size, and thesir twidth slightly decreases with
increasing the aging time. The presence of relgtilaage amount of monoclinic phase at
room temperature has been also noticed in YSZ mgmiannealed or thermally shocked at

1300 °C (up to 20 %) [44,45].

Sample c-Zro, c Yttria t'-Zro , a c Yttria t-ZrO , a c Yttria m-ZrO , Rp
content content content
(%) Al (%) (%) Al Al (%) (%) (Al Al (%) (%)
" "Feedstock ST ST 632~ 3.6126 51600  7.82 ST ST ST &6. 103~
"""Assprayed - 29751450 1881 929 36251 51810 744 ST ST ST 247 118
(rapidly cooled)
""Assprayed 35 51430 1752 89.6 36259 51785  7.89 19 % 3.6165.1922 452 50 106

(slowly cooled)

Annealed 6.2 51393 1513 704 7736193 51747  7.20 158" 'B6075.1882 353 76 109
1315°C, 2 h

" Annealed 135 51388 1480 434 7" "36168 51702 731 : 332 4860 5.1857 325 99 107
1315°C, 10 h

" Annealed, 161 51405 1590 355 36178 51682  7.73  : 346  7B60 51902  3.28 138 108
1315°C, 50 h

Table 3.15 - Relative percentages, lattice parameteand yttria contents for zirconia phases in as-spyed
and annealed YSZ coatings (Rietveld analysis).

It should be noted that the shape of the peak3Q°~depends on the relative proportions of
cubic and tetragonal phases and the correspondang gjze.

To calculate their relative proportions, the higigle (72-75°) range has been considered. As
shown in Fig. 3.51, the metastable t' phase isalohstduring high-temperature exposure and
decomposes into low-yttria tetragonal phase ant-fitsia cubic phase, due to the gradual
diffusion of yttria stabilizer. In particular, thexcess of yttria allows the nucleation and
growth of cubic zirconia grains. The peak intemsitior stable tetragonal t and cubic ¢ phases
increase with increasing the aging time, as wellttesr amounts, while the content of
metastable t' phase decreases. During slow cotdimgom temperature the cubic phase may

be retained or may transform to tetragonal phasereas low-yttria tetragonal phase may
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transform to monoclinic, depending on the grainwglo The transformation of tetragonal to
monoclinic zirconia is noticed prior to the full @mmposition of t' phase. Therefore, t', t,
and m zirconia phases coexist in annealed YSZ rogmtiThe small grain size of the t phase
(the corresponding peaks are broader than thosespmnding to the t' phase) and the
retained amount of yttria in the same phase redime extent of the monoclinic
transformation.

The calculated percentages of zirconia phases,eisaw their unit cell dimensions and the
corresponding contents of yttria stabilizer are suamzed in Table 3.15. The,Rarameters,
representative of the quality of the fit, are ateported. After 50 h of heat treatment, a
significant amount of the metastable t' phase (35)5s still present, together to the cubic ¢
phase and the stable tetragonal t phases (16.1d9846 %, respectively). Therefore, long-
term exposures are needed to promote the totahgmugition of t’ phase. It should be noted
that the lattice constants increase with increatiiegyttria content. The yttria content in the
cubic phase is higher in as-sprayed coatings. Witneasing the aging time, it firstly
decreases and then increases up to 15.9 %. Tlee gatrtent in t' phase is in the range from
7.2 % to 7.9 %, while the yttria content in t phasdetween 3.2 % and 4.5 %. The rapid
diffusion of yttria generates low and high-yttriagions, so that no zirconia phases with
intermediate stabilizer contents are observed. pifese stability can be affected by spraying
parameters, as well as by microstructural featundsch can locally change due to yttria
fluctuations from grain to grain.

It is worth noting that high-temperature phase etfoh of plasma sprayed YSZ coatings is
substantially different from that found for ceritirfia co-stabilized zirconia (CYSZ) coatings
and, therefore, strongly depends on the naturetl@dmount of the oxides used as zirconia

stabilizers. On the basis of quantitative XRD asslyCYSZ coatings possess higher high-
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temperature phase stability than YSZ coatings @ckat the same experimental conditions.

Indeed, they showed no monoclinic phase after takeaging.

3.3.2 Microstructure

Figure 3.52 shows YSZ powder particles: they areespal and their size distribution is
approximately in the range between 11 and 125 pme. size and the morphology of YSZ
particles are similar to those of CYSZ ones: batlvger particles show HOSP morphology.
As shown in Fig. 3.53, some particles within thglamerates are nanosized, as also observed

in the case of CYSZ patrticles.

Figure 3.52 — SEM image showing YSZ particles witHOSP morphology (SE).
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Figure 3.54 — SEM image of TBC cross section (BSH)he TBC is composed of three different layers
(substrate, bond coat and top coat).
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Figure 3.54 shows the cross sectional microstractirthe entire TBC, composed of Ni-
based superalloy substrate, CoNiCrAlY bond coat ¥8d& top coat (from the bottom). A
good qualitative interface adhesion is observaldevéen substrate and bond coat and
between bond coat and top coat. Figure 3.55 shbescitoss section of as-sprayed YSZ
coating, characterized by porous microstructurén iaimellae parallel to the substrate and
embedded in a network of globular pores, inter-llan@nd intra-lamellar microcracks. The
pore morphology is similar to that observed in CY&atings. The average porosity is 12.2
% with a standard deviation equal to 1.5 %. Sopthresity of YSZ coatings is slightly higher

than that measured on CYSZ coatings and lowertthetrobtained in [28].

Figure 3.55 — SEM image of as-sprayed YSZ coatingswing a lamellar microstructure rich of pores and
microcracks (BSE).

After annealing, a partial sintering of the porougrostructure is observed. A comparison

between the microstructures of annealed CYSZ cgsimreported in Fig. 3.56. It is apparent
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that the size and the distribution of both micrekeand globular pores are affected by
thermal aging and a progressive closure of fineep@and microcracks can be observed with
the progression of the thermal aging. In particuiag. 3.56(d) shows the microstructure of
YSZ coating annealed at 1315 °C for 50 h at highagnification. The coating is not fully
sintered after heat treatment, indeed pores aner-&plat microcracks (approximately
perpendicular to spraying direction) are partiaigtained. The intra-lamellar microcracks
(approximately parallel to spraying direction) at#l observable within the coating after the
first hours of heat treatment but tend to disappétr increasing the aging time. Moreover,
Fig. 3.526¢) shows that the densification whicHofek the heat treatment affects only to a

lesser extent the size and the distribution ofdhge globular pores.

direction from the top to the bottom).

202



It is worth noting that the nature of pores anceiifeices plays an important role in the
sintering behaviour of plasma sprayed coatingsceSihe first hours of the heat treatment, the
formation of sintering necks between the lamelladuces the inter-lamellar porosity. In
particular, after the heat treatment it is difficub distinguish the original lamellar

microstructure of the as-sprayed coatings.
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Figure 3.57 — Evolution of porosity level as a furtion of the annealing time.

The mechanism is similar to that observed for C¥®4tings, even if the as-sprayed YSZ
coatings are slightly more porous than CYSZ ones2% against 10 %). Figure 3.57 shows
the evolution of coating porosity during thermalrag the porosity rapidly decreases during
the first hours of heat treatment and then tendgabilize as the coating is partially sintered.

After 50 h of isothermal exposure, the coating piyodecreases up to ~ 5 %.
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3.3.3 Microhardness of as-sprayed coatings

Microhardness measurements have been performed-sprayed YSZ coatings. Accurate
Vickers microhardness measurements rely on visesblution of the residual indentation;
however, the diagonal of the indentatidncan be difficult to resolve, indeed the load dtou
be low enough to avoid cracking, which otherwiseurs within the indentation site [16].
Then an accurate choice of the applied load musibbe. Preliminary tests carried out by the
authors indicated that a load of 300 gf avoids ldrer and retains the resolution of the
residual indentation.

As the heterogeneous microstructure of an APSgatn lead to scattered data, a minimum
of 20 indentations was performed on each coatingscsection. The results have been in turn
presented by means of Weibull statistics, as a $ausdistribution is not adequate to
describe the variation of mechanical data for pesprayed porous ceramic coatings.

In particular, the experimental data have beeredart ascending order and the cumulative
density function of probability, defined as Pi=0(5)/N, was assigned to each hardness data.
The Weibull plots corresponding to the microhardneksta are reported in Fig. 3.58
(cumulative density function of probability verduardness).

The mean value of the hardness is representedebintérsection of x-axis (y = 0) and the
Weibull plot. On the other hand, information rethte the experimental scatter are provided
by the Weibull modulusm, i.e. the slope of the line in the plot; in particularhigher
modulus represents low experimental scatter. Tleeage microhardness of as-sprayed YSZ
coating is 601.45 HV (standard deviation = 80.62 )JHWhe Weibull modulus of
microhardness data is 9.46. It is worth noting tssprayed YSZ coatings are less harder
than CYSZ coatings, since the average microhardofabese last ones, measured at the same

indentation load, is 654 HV.
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Figure 3.58 — Weibull distribution of microhardnessdata for as-sprayed YSZ coatings.

3.3.4 Thermal expansion

Thermal expansion curves of as-sprayed and ann¥&g&dcoatings are plotted in Figs. 3.59 and
3.60. Figure 3.59 shows in-plane thermal expansioas-sprayed and annealed YSZ samples
between 50 °C and 900 °C. It can clearly be seantkiermal expansion increases linearly over
the entire temperature range and the shrinkagedesprayed and annealed YSZ coatings is
approximately 0.93-0.94 %.

The out-of-plane thermal expansion curves of asyguat and annealed YSZ coatings are
shown in Fig. 3.60. The values of the shrinkageirdtaenced by the annealing time and are

in the range between 0.82 % and 0.94 %. YSZ coatampealed for 10 h show the highest
thermal expansion, while the corresponding valoes$-sprayed and 50 h annealed coatings

are ~ 13 % smaller.
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Figure 3.59 - In-plane thermal expansion curves foas-sprayed and annealed YSZ coatings.
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Figure 3.60 — Out-of-plane thermal expansion curvefor as-sprayed and annealed YSZ coatings.
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Therefore, we can deduce that high-temperaturersigt of the porous microstructure is more
sensitive to the formation of sintering necks daispoundaries rather than to the closure of
intra-lamellar microcracks which are of lower sizs also observed for plasma sprayed
CYSZ coatings.

The mean values of thermal expansion coefficientsas-sprayed and heat-treated YSZ
coatings are given in Table 3.16. The in-plane G§Bpproximately 10.7 x 10K™ for as-
sprayed and annealed YSZ coatings between 50 °@@@dC. This value is higher than
those reported in any previous works [41,46] andremclose to the results found by

Schwingelet al. for plasma sprayed YSZ coatings [47].

Coating ay (50-900 °C) a7 (50-300 °C) a7 (300-900 °C)
[10° K [10° K™ [10° K
As-sprayed 10.73 12.33 9.17
Annealed, 1315 °C, 10 h  10.94 10.25 11.13
Annealed, 1315 °C,50 h  10.67 13.42 8.16

Table 3.16 - In-plane §,) and out-of-plane @, ) thermal expansion coefficients for as-sprayed ah
annealed YSZ coatings.

On the contrary, the out-of-plane CTE is more demsto the thermal aging. A single linear
fit of the experimental points between 50 °C an@ 9CG provides CTE values in the range
between 9.49 x I0K™ and 10.82 x 18 K (the lowest value is found for the coating aged
for 50 h). However, if we carefully observe therthal expansion curves, we can see that at
temperatures higher than 300 °C a change in tlegpescan be noticed and a corresponding
decrease of the thermal expansion coefficient, mxé@& YSZ coatings treated for 10 h.

Taking into consideration this behaviour, CTE valvary from 12.3 x 10 K™*to 13.4 x 1¢
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K™ between 50 °C and 300 °C and from 9.2 ¥ ¥0'to 8.2 x 1 K™ between 300 °C and
900 °C.

To this purpose, it should be noted that the CT&rangly related to the crystal structure of
the coating and to some phase transitions whickdaoecur during heating. Indeed, at about
300 °C part of the tetragonal phase may transformdnoclinic, while at temperature higher
than 600 °C the monoclinic phase may transfornméotétragonal one. These transformations
have been already noticed for annealed or thermshltgked YSZ coatings [45,48].

Moreover, the microstructural properties can lgcahry within each coating, as well as the
concentration of yttria from grain to grain or witha grain. In addition, the shrinkage and the
sintering characteristics can be strongly influehdsy the presence of relatively small
impurities within the coating. These impurities canhance the diffusion rates for grain
boundaries, lattice and surface diffusion [49,50].

In particular, the possible formation of a glastyage at grain boundaries plays a significant
role on the grain growth and, therefore, on theesing rate [24]. All these aspects may be
responsible for the fluctuations in CTE values. édifise, we can surely argue that no
sintering occurs during measurements up to 900 °C.

In-plane CTE of YSZ coatings is lower than that@fSZ ones (~ 12.6 x 10K™ for as-
produced CYSZ coating), due to the different amooh oxygen vacancies. The CTE
generally increases with increasing the oxygen naes, even if Hayashet al. [51] have
reported that it decreases with increasing théyttvntent for sintered YSZ samples.

To the purpose, it is worth noting that, when aangc TBC is applied on a metal substrate,
the thermal expansion mismatch can promote tessisses and then the formation and the

propagation of cracks within the same TBC, redudivegsintering effect.
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3.3.5 Heat capacity

In Fig. 3.61 the specific heat curves of as-spraged thermally aged YSZ coatings are
plotted as a function of temperaturg,(1 curves were calculated as a mean value of three
consecutive measurement cycles. For as-producdshgedwo different curves are reported.
The former corresponds to the first heating cyalhile the latter is the average of three
successive measurement cycles. Indeed, it is wartihg that the first heating provides some
irreversible changes, such as first-stage sinteaimd) stress relaxation, and a corresponding
increase of heat capacity at high temperature, @dseno deviations were observed in the next
runs. Changes at crystal lattice scale may alse laasignificant effect on LCvalues, since
during heating a decrease of structural defectocaur. The specific heat increases gradually

as the temperature increases.
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Figure 3.61 - Specific heat capacity of as-sprayexhd annealed YSZ coatings as a function of tempenate.
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For as-sprayed YSZ coating>@alue is found to be 0.49 J*kg™ at 100 °C and 0.52 J*K
xgtat 1250 °C. These values are lower than those texpbyy other authors for YSZ sintered
samples and plasma sprayed coatings [42,52]. Fdings exposed for 50 h,&alue is found

to be 0.55 J*K*g™ at 100 °C and 0.66 J*Kg™tat 1250 °C.

Therefore, the specific heat capacity increasel witreasing the aging time, due to high-
temperature sintering of the porous microstructgrajn growth and decomposition of the
metastable t' phase. The healing of vertical miaoks as well as an enhanced bonding at
splat boundaries promoted by grain growth and morercks closure produce a partial
densification of the porous microstructure, redgdime porosity volume and correspondingly
increasing the elastic modulus [33.50].

Therefore, the TBC becomes less strain toleraninami@é heat conductive. As a consequence,
the thermal insulation could be notably reduceeérafing-term high-temperature exposure,
even if the main changes typically occur after treddy short times and then the sintering
activity tends to stabilize.

In conclusion, thermal annealing of YSZ coatingedouices an increase of specific heat
capacity, while a slight decrease has been obsdore@YSZ coatings treated at the same
conditions. The different evolution of thermophygiproperties of these zirconia-based TBC
systems can be explained in terms of different @l@snpositions and sintering behaviour.
However, the g values measured at the highest temperature (125@re comparable and

we can deduce that they have the same influentieeattiermal conductivity.
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3.4 Plasma sprayed nanostructured YSZ coatings

3.4.1 Phase composition of as-sprayed coatings

X-Ray diffraction patterns of both powder and asagpd coating are shown in Fig. 3.62. The
feedstock is mainly composed of tetragonal t zilgpowith a smaller amount of cubic ¢ and

monoclinic m zirconia phases, which are then tremefl to tetragonal t' phase during thermal

spraying.
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Figure 3.62 — XRD patterns of nanostructured YSZ pader and as-sprayed coatings.

Thereby, the coating is composed of a mixture oftmasformable tetragonal t' and tetragonal
t zirconia phases, as illustrated in the 72-75°geanf the diffraction pattern, where an
example for the profile fit of the (400) reflect®rs shown. The metastable tetragonal t' phase
arises from the quenching of molten droplets ahréemperature, while the tetragonal t phase

Is associated to retained unmelted particles endzkd coating microstructure. The high

211



cooling rate (1610 K/s) prevents the typical and detrimental transfation to monoclinic

m zirconia which is usually accompanied by volurhange and crack formation [53]. It is
worth noting that the structure of as-sprayed cotiseal YSZ coatings were mainly
composed of t' phase with relatively low amountscabic c, tetragonal t and monoclinic

phases.

3.4.2 Microstructure

Figure 3.63 shows the morphology of spray-driedl@ggrated particles. Their size is
between 15 and 150m, as reported by the manufacturer. The insetilitiss the morphology
of YSZ nanoparticles, whose grain size is in thegea between 30 and 200 nm. The
agglomeration of the nanoparticles becomes negedsmause they do not possess a high
flowability and, due to their too low mass, they amable to be carried in a moving gas
stream and deposited on a substrate [54].

The intrinsic porosity formed by the agglomeratmnanoparticles may play an important
role on the microstructural properties of the amgtiindeed, during plasma spraying, the hot
gas can penetrate inside agglomerated particlesretidtheir surface. Due to the heating of
the gas herein entrapped, the same particles essyized and eventually destroyed, blowing
up into several smaller ones, prior to impact talwvdre substrate [55]. Their internal cores
remain unmelted, reducing the grain growth and grx@sg the starting nanostructure. The
short residence time of the sprayed particles énpllasma jet, the low heat transfer associated
to their intrinsic porosity and their high coolingte play an important role on this mechanism
[56]. As clearly displayed in Fig. 3.64, the cogtirshows two different kinds of
microstructure. The details inserted at the oppositrners of the picture illustrate a poorly

consolidated structure and a well-melted splapeesvely.
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Figure 3.63 — Surface of agglomerated nanoparticle¥he inset shows the morphology of YSZ
nanoparticles (SE).

Figure 3.64 — Surface morphology of as-sprayed naswuctured YSZ coatings showing unmelted and
totally melted particles (SE).
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The former is composed by fine loose patrticles Wwhesemble the feedstock morphology. In
these regions the starting nanostructure can lgellaretained,i.e. the grain growth is
avoided or is not significant. The latter showsrasth surface and is formed by means of the
impact of well-melted particles on the substrateese particles are heated at lower rate and
are more sensible to grain growth. To this purpasshould be noted that, during plasma
spraying, the powder particles are commonly charedd by different thermal history, due
to the temperature distribution in the plasma ljetleed, the temperature rapidly decreases
from the centre to the periphery of the plasmagetthat the particles injected in the centre
typically experience the highest temperature arel generally totally melted, while the

particles injected at the periphery of the plashouae are just partially melted [57].

Figure 3.65 — Cross sectional SEM image showing ypical lamellar microstructure containing columnar
and equiaxed grains (SE).

Fig. 3.65 shows the cross sectional microstructifreas-sprayed nanostructured coating,

composed of thin lamellae with thickness rangimgri0.5 to 4um. The gradual solidification
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of the deposited splats may provide a thin interdbar porosity, reducing the cohesive
strenght between the lamellae. Columnar grainsbeanbserved within the lamellae (black
arrows). They are oriented along the direction maiirg growth, as also observed for plasma
sprayed CYSZ coatings. Their diameter is in thegeabetween 0.04 to 0ifn), while their
morphology can be related to their heterogeneowseation at splat boundary and their
growth into the molten splat, promoted by the Hieat rate released by the crystallization of
previously deposited material [58,59]. Howeverthié heat loss promoted by cooling at the
substrate interface is higher than the heat rete&sethe crystallization a homogeneous
nucleation occurs, leading to the formation of egad grains, denoted in Fig. 3.65 by white
arrows.

Fig. 3.66 shows the polished cross section of asysd nanostructured YSZ coating, where
unmelted or partially melted areas are cementeddliymelted areas. It should be noted that
it is very difficult to resolve the retained narmei zones and their intrinsic fine porosity by
Image Analysis. The measured percentage of retaaemsized areas is equal to 22 %
(standard deviation = 1.15). Higher percentage rohelted particles embedded in coating
microstructure probably could involve lower pagi@ddhesion and cohesion and it would be
more suitable for the fabrication of a more friabtating (abradable coating).

The coating shows pores of heterogeneous sizeemsdad microcracks, which arise from the
residual stresses induced by high cooling rate. toted porosity is of about 22 % (standard
deviation = 2.5 %), much higher than that found@¥SZ and YSZ coatings (~10 % and 12
%, respectively), due to the contribution of thetrinsic porosity of nanoparticles
agglomerates, which are partially melted and atainmed in coating microstructure. High
porosity can be useful for TBC applications, beeaitsis able to reduce the thermal
conductivity and the elastic modulus. However aih @lso involve lower hardness and lower

resistance to the penetration of oxygen and careasgents. Anyway, it should be noted that
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the porosity of nanostructured coatings could berestimated, due to the pull-out of
unmelted particles during grinding and polishingpst This effect could be emphasized by

the high content of unmelted particles in coatirigrostructure.

Figure 3.66 — Coating cross section showing well-tted and partially melted regions (SE).

3.4.3 Microhardness of as-sprayed coatings

Accurate Vickers microhardness measurements relyisnal resolution of the residual
indentation; however, the diagonal of the indeotatil, can be difficult to resolve, indeed the
load should be low enough to avoid cracking, whoterwise occurs within the indentation
site [16]. Then an accurate choice of the apploedi Imust be done. Preliminary tests carried
out by the authors indicated that a load of 10@wgfids cracking and retains the resolution of

the residual indentation.
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The average microhardness of as-sprayed nanos&dc¥SZ coating is 536 HV (standard
deviation = 107 HV). It is worth noting that as-@ped nanostructured YSZ coatings are less
harder than conventional ones, due to the presehoemelted nanoparticles, as well as to
higher coatings porosity. These factors also detexra large scatter in data distribution.

The results have been in turn presented by meaWedbull statistics. In particular, the
experimental data have been sorted in ascendireg ardl the cumulative density function of
probability, defined as P 3-0.5)/N, was assigned to each hardness data. Thigullvelots
corresponding to the microhardness data are reparteFig. 3.67 (cumulative density

function of probability versus hardness).
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Figure 3.67 — Weibull distribution of microhardnessdata for as-sprayed nanostructured YSZ coatings.

On the other hand, information related to the expental scatter are provided by the Weibull
modulus,m, i.e. the slope of the line in the plot; in particulahigher modulus represents low

experimental scatter. It is worth noting that a @il distribution of microhardness data can

217



be appreciated,e. two different values of Weibull modulus, due te thresence of a bimodal
microstructure, composed of well-melted and unndeftarticles, respectively. Well-melted
regions possess higher hardness, while lower hasdoen be associated to partially melted
regions. The results about plasma sprayed nantstegiccoatings have to be considered as
preliminary, due to their unique microstructuradamechanical properties, but make them
very interesting for multi-functional applicationsuch as TBCs, abradable and anti-wear

coatings.
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4. Validation of coatings properties and perspecties

In this work, Air Plasma Spraying (APS) was usethtricate advanced metallic and ceramic
coatings for thermal barrier coatings applicatiofifiese coatings are addressed to the
protection of metallic hot section components obitte engines from heat, oxidation and hot
corrosion, with the purpose to increase their dilitpland the turbine efficiency as well as to
reduce the emissions into the atmosphere.

The microstructural, thermal and mechanical progerof microstructured plasma sprayed
coatings were investigated in as-sprayed conditiand after isothermal exposure at
temperatures higher than those commonly experientdle actual turbines, focusing the
attention on the main mechanisms that lead to mgatiegradation: high-temperature
oxidation for metallic coatings, phase transitiang sintering phenomena for ceramic TBCs.
In particular, CoNiCrAlY overlay coatings were sassfully deposited by APS. A relatively

low porosity (3.3 %) as well as a relatively longdee of oxidation were achieved.

Coating Average porosity Processing
[%0]
~ Thiswork 33x12 APS
""""""" Ref.[3] = 5305  APS
""""""" Ref.4] @ 51x07  APS
""""""" Ref.[4] @~ 4615  HVOF
""""""" Ref.[5] = ~  ~65 APS
""""""" Ref.[5] = ~~5  LPPS
""""""" Ref.6] @ ~1  HVOF
""""""" Ref.[77 08202  HFPD

Table 4.1 — Porosity of as-sprayed CoNiCrAlY coatigs fabricated using different thermal spraying
methods.
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The results were comparable to those obtained UusMiQF spraying and LPPS (or VPS)
methods, which are notoriously less flexible anderexpensive processes, respectively [1,2].
Table 4.1 shows a comparison between the resulgsnheeported and some data available in
literature for similar coatings fabricated by varsothermal spraying processes. It is worth
noting that a metallic coating has to possess lomwgity, in order to protect the underlying
component from the penetration of oxygen and heegaHVOF, VPS and Detonation Gun
technologies are often used in industry for faltitceof dense coatings with low content of
oxides.

In turn, the mechanical properties (hardness arastiel modulus) of plasma sprayed
CoNiICrAlY coatings were better than those reportedliterature for similar coatings
deposited using APS and similar to those obtainaihgu HVYOF and EB-PVD.
Nanoindentation (NI) was successfully employed e fpurpose. Table 4.2 reports a
comparison between the mechanical properties of IC@NY coatings fabricated using
different manufacturing processes.

The influence of early-stage high-temperature diotiaat 1110 °C on coating properties was
also investigated, since the first stage of oxafatis fundamental to evaluate the coating
performance. During thermal exposure, a double e¥ayer (alumina + spinels) gradually
grew on coating top-surface, while a partial decatfon of the microstructure occurred, thus
leading to a significant increase in both hardreass elastic modulus. The results of phase
analyses are in good agreement with those repéote@oNiCrAlY and NiCrAlY coatings
deposited by APS, VPS and HVOF and oxidized at T@and 1100 °C [8,9].

Otherwise, Richeet al. [3] have found a significant content of NiO withime oxide scale in

addition to spinels after 5 h of isothermal oxidatat 1000 °C, which implies a low oxidation
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resistance. An enhanced oxidation has been alsenas by Brandkt al. [10] for HVOF
CoNiICrAlY coatings treated at 950 °C for 50 and Hh00

The evolution of the mechanical properties of plassprayed CoNiCrAlY coatings due to
high-temperature oxidation has been studied. Itukhbe noted that the investigations about

the mechanical properties of thermally sprayed MErfM=Ni, Co) coatings are rare in

literature.
Coating Average hardnessAverage Young's modulus Processing
[GPa] [GPa]
"""""" Thiswork 395 147 APS
"""""" Thiswork 569 2008  APS
(after24hat 1110 °C) ]
Ref. [11] 3.2 90 APS
"""""" Ref.[11] @~ 50 155  HVOF
T Ref.[120 55 166 EB-PVD

Table 4.2 — Mechanical properties of as-sprayed Ca@rAlY coatings fabricated using different
manufacturing methods.

It should be noted that Zotoet al. [12] have used the same maximum load during
Nanoindentation tests, while Kwaat al. [11] used continuous stiffness measurements with
hmax = 2000 nm. Zotowet al. [12] have also reported some diagrams showingetfeets of
high-temperature annealing (at 1000 °C for diffetemes) on the mechanical properties of
EB-PVD coatings.

We also employed Impulse Excitation Technique (IEd) measuring the global elastic
modulus of as-sprayed CoNiCrAlY coatings, by usangovel set-up arranged and optimized
at University of Calabria (Department of MechaniEalgineering) in a bi-layer configuration

(substrate and coating). The mean value obtainegirhes somewhat higher with respect to
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those reported in other works for APS coatings withilar composition and obtained using
vibration-based iterative procedures [14,15]. TWasue is comparable to that measured by
Choi et al. [13] on similar coatings by using tilted indentatitechnique. Micromechanical
methods were employed to check the consistenogsoilts obtained by NI and IET.

So, APS CoNICrAlY coatings exhibited very promisipgpperties and, to this purpose, it
would be interesting to evaluate their performamging long-term exposures in real
environments, especially in thermal cycling cormis. In our opinion, a high-temperature
pre-treatment (a few hours) or a surface remeltingacuum after plasma spraying are able to
further enhance the anti-oxidation properties ekthcoatings.

In this work, two different zirconia-based porotgrmal barrier coatings were deposited by
APS, i.e. ceria-yttria co-stabilized zirconia coatings (CYSahd yttria stabilized zirconia
coatings (YSZ). YSZ is the material currently admpin some industrial applications.

CYSZ coatings showed very good thermal and mechhpimperties compared to typical
YSZ coatings, in terms of higher phase stabilitighkr microhardness, higher thermal
expansion coefficient and similar high-temperatuzat capacity.

The evolution of phase composition was differen€CMSZ and YSZ systems. Indeed, during
thermal aging of YSZ coatings at 1315 °C a gradiemlomposition of metastable t' phase
occurred and a corresponding increase in the anmafuetragonal t, cubic ¢ and monoclinic
m phases was noticed. However, after 50 h of meatrhent a high percentage of t' phase was
also present. On the contrary, in CYSZ coatings, gresence of cubic phase in as-sprayed
state provided very strong phase stability. Indeedmonoclinic phase was found after 50 h
of isothermal exposure. The different starting ghesmpositions of CYSZ and YSZ systems
had a great influence on their high-temperatureatelir. The presence of relatively large
amount of monoclinic phase at room temperature lheen previously noticed in YSZ

coatings annealed or thermally shocked at 130Qupadq 20 %) [16,17]. Table 4.3 shows the
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values of total porosity measured by Image Analgsidifferent CYSZ and YSZ coatings.
The end-users typically require that the coatinggity is of about 10 %. Indeed, the ceramic
TBCs have to possess a proper value of porosityder to reduce the heat transfer from the
coating surface to the metallic substrate.

The microstructural properties of CYSZ and YSZ ougg changed during high-temperature
isothermal exposure, due to the partial sinterihthe porous microstructureg. the closure

of fine pores and microcracks. After 50 h at 1305 €YSZ and YSZ coatings showed
similar porosity values, even if it should be notledt the as-sprayed YSZ coatings were more
porous than CYSZ ones (12.2 % against 10.2 %) &hibiged a sharper sintering rate in the

first hours of thermal aging.

Coating Average porosity
[%]
CYSZ, this study 10.2
YSZ, this study 12.2
YSZ, Ref. [18] 10.8
CYSZ and YSZ, Ref. [19] 7-9
YSZ, Ref. [20] 15
YSZ, Ref. [21] 12
YSZ, Ref. [22] 15
CYSZ, Ref. [23] 18.4
YSZ, Ref. [23] 20.7

Table 4.3 — Average porosity of various plasma spyad CYSZ and YSZ coating.

The sintering effect tended to stabilize with iragiag the aging time.

230



The thermal expansion coefficient values (in-plam& out-of-plane) obtained for CYSZ
coatings were higher than those reported in liteeatthus involving a lower mismatch
between the CTE values of substrate and coatinig Wie values measured for YSZ coatings
were comparable to those reported in literaturebld@.4 shows the values of in-plane
thermal expansion coefficients for various plasmpraged CYSZ and YSZ coatings.

In turn, the heat capacity of YSZ coatings was lothan that reported in previous published
works. The G value is found to be 0.49 J*kg™at 100 °C and 0.52 J*Kg™ at 1250 °C. As
mentioned above, these values are lower than theserted by other authors for YSZ
sintered samples and plasma sprayed coatings [2F@8as-sprayed CYSZ coatings, the C

value is around 0.44 J*Kg™ at 100 °C and 0.71 J*kg™* at 1150 °C.

Coating ax (50-900 °C)
[10°K™
""" CYSz, thiswork 126
"""" YSz, thiswork 107
~YSz Ref.[24] 1.2
- CYSZ,Ref.[25] 10.8
~ YSZ,Ref.[25) 929
~YSz,Ref.[22] 10-10.5
~ YSZ,Ref.[26) 10.87

Table 4.4 - In-plane thermal expansion coefficient®or CYSZ and YSZ coatings.

To this purpose, it has been found that heat cgpacid out-of-plane thermal expansion
coefficient are affected by high-temperature sintgof the porous microstructure, while in-

plane thermal expansion coefficient kept constaftér athermal aging. Heat capacity

231



decreased with increasing the annealing time ircéise of CYSZ coatings, while it increased
in the case of YSZ coatings.

On the basis of these experimental results, CYSxnhl barrier coatings seem to be
preferable to YSZ ones, especially for extremeisergonditions. However, both the coatings
possess enhanced thermal and mechanical propentissms of low elastic modulus, high
strain tolerance, high thermal expansion coeffigidgh-temperature stability, low thermal
conductivity and satisfactory protection againg éntrainment of corrosive agents. To this
purpose, it would be interesting to study their @abur during long-term tests in real
environments, where the coated components are ctabjeéo thermal cycling and thermal
shocks.

Moreover, further innovative TBC systems can belist and developed. As an example, the
development of multilayered TBCs can represent légrrative and novel solution. This
solution would imply a ceramic TBC composed of aildle layer: (a) an intermediate layer
able to reduce the mismatch in CTE values betwkeroverlapped layers and (b) an upper
layer which should be more resistant to high termjpee and to the penetration of oxygen and
molten salts. A multilayered TBC is expected totdreaccommodate the thermal stresses,
which notoriously promote TBC delamination. Howevbeefore developing multilayered
systems, it is necessary to study the propertiéiseo$ingle layers.

Anyway, as mentioned above, it would be interestmgerform in-service long-term tests,
especially for a TBC system composed of a substeteetallic bond coat and an upper
ceramic coating. Unfortunately, this cannot be qrenked in research laboratories, due to
some limitations of equipments as well as to thengetry of the samples. Test apparatus
where only the upper surface of the ceramic coasirexposed to heat and oxygen should be

arranged.
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In addition, preliminary investigations about plassprayed nanostructured YSZ coatings
were also performed and revealed that these csashgwed unique microstructural and
mechanical properties. Indeed, the heterogeneodsngef nanoparticles agglomerates
produced a very porous microstructure (about 20c&thposed of well-melted splats and
unmelted or partially melted regions, respectivélg.a consequence, a bimodal distribution
of mechanical properties was noticed. Previous wikve reported lower values of porosity
for similar coatingsi.e. in the range from 7 % and 9 % [20, 21, 29]. Theslees have been
measured by Image Analysis, but the authors prgbabéd only low magnifications to
acquire coatings micrographies. Low magnificatiare surely representative of large regions
of coating microstructure, but are not probablyathle to appreciate the fine intrinsic porosity
of these unique coatings. Anyway, the values meaistor coating porosity are higher than
those obtained on microstructured coatings with ilaimcomposition and, therefore,
nanostructured coatings are less harder.

On the basis of these first experiments, we capasgpthat the properties of nanostructured
coatings can be tailored for multi-functional apptions, by controlling the degree of melting
of nanostructured agglomerates and the densityeofihal coating. Indeed, these coatings are
promising to be applied as TBCs as well as abradedditings. To this purpose, in the next,
we are going to perform further experiments, ineortb optimize the main plasma spraying
parameters (plasma energy and spraying distancehwhn have a significant influence on
the final properties. A Design of Experiment (DO&)uld be a useful tool for process
optimization.

It is evident that the research topic is ratherenathd the constant advancements in this field
provide new ideas and guidelines for the choical@rnative materials, their processing, the
development and the characterization of coatings.tAis purpose, new investments in

research and development activities are neededelaas further studies and new contributes.
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