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GENERAL INTRODUCTION

In this PhD thesis several scientific issues regarding Suspension Plasma Sprayed (SPS)
zirconia coatings were studied. The coatings were analyzed mainly in terms of the
application as insulating top-coat of Thermal Barrier Coatings (TBC’s). These multi-
layer coatings are applied onto the metallic parts of e.g. gas turbines to protect them
against high temperature loads caused by the hot exhaust gases. But the initial
assessment of the possibility of the use of Suspension Plasma Spraying to produce
electrolyte layer in Solid Oxide Fuel Cells was done also. SOFC’s seem to be the most

promising fuel cell types currently. (See Chapter 1-2 with the literature review)

The first important research goal was to analyze the possibility of producing coatings
being various in terms of the microstructure. The main aim was to obtain coatings
characterized by very porous and irregular structure (called columnar-like) but also
very dense and homogeneous coatings with typical two-zones microstructure. For this
purpose two zirconia powders were used: (i) fully yttria-stabilized zirconia and (ii)
ytrria-ceria-stabilized zirconia. The powders had different chemical composition,
particle size and morphology. These powders were used for a suspension formulation.
The other variable in the spray process was suspension concentration. The suspension
with a solid content in range of 2.5 and 30 wt. % were prepared and sprayed.
All suspensions were home-produced. A very important concept of this work was the
use of four various, commercially-available, plasma torches, namely: (i) SG-100,
(ii) TriplexPro-200, (iii) Axial III and (iv) WSP-H 500. The torches were different in
terms of design, electric power, plasma stabilization mode and the suspension injection
angle. Due to the big differences between plasma torches and SPS set-ups the spray
process parameters were chosen in each case individually. The last variable in the
experiment design was the topography and roughness of substrate in order to evaluate
its influence on the coatings growth-up mechanisms. The substrates were prepared

prior to spraying by: (i) grit-blasting, (ii) laser-treatment and by (iii) grinding. The wide



spray experiment allowed complex analysis of SPS coatings microstructure, coatings
growth-up mechanisms and the development of SPS process itself. (All details are

described in Chapters 3-4)

In the next step the careful microstructure characterization was performed, starting
from the basic studies of thickness, porosity, phase and chemical composition. Then,
more advanced studies were performed like for example: the quantitative phase
analysis, crystal lattice parameters determination and the studies of grain size,
morphology and orientation. The analysis of coating free-surface was also performed.
The qualitative investigations of coating roughness and the observations of coating
topographies were carried-out. The studies enabled to analyze the formation
mechanisms of columnar-like and two-zones coatings in Suspension Plasma Spraying.

(Please, see Chapter 6.1 with the coating microstructure analysis)

In the following part of studies the selected properties of various zirconia coatings were
determined. The main goal was to analyze thermal transport properties as these one’s
are one of the most important in case of Thermal Barrier Coatings. The studies were
performed by indirect laser flash method (LFA). But in case of LFA analysis there is
a need to specify many different material properties prior to the measurements. In this
work all necessary thermophysical properties (density, specific heat capacity and
thermal dilatation) were determined experimentally for the purpose of LFA. The
thermal transport properties were also verified by the use of analytical method called
“response method”. At the end of experimental work, the preliminary analysis of
mechanical properties (Young’s modulus and Martens hardness) was performed. (The

results of the analysis of coating properties are described in Chapter 6.2).

The studies allowed to analyze the influence of spray parameters on the coating
microstructure. The correlation of coating properties and coating microstructure was
also possible. Finally, the ideas for further works were proposed. (Conclusions are

collected in Chapter 7).

At the end of this PhD thesis the set of five articles is presented. These papers were

prepared based on the mentioned studies. (See Appendix).

The presented PhD thesis is a result of collaboration between Wroclaw University of

Science and Technology (Poland) and University of Limoges (France). The studies were



supported by French Embassy in Warsaw (Poland) and were realized under joint PhD
program, namely “co-tutelle”. The work was financed by the research grant provided by
National Science Centre in Poland in term of Grant “Sonata” (UMO-
2013/11/D/ST8/03400). The studies were performed in an international cooperation

with different research teams:

spraying by Axial III was performed at the University West in a research group of

prof. Per Nylen and with help of Eng. Stefan Bjorklund,

- spraying by WSP-H500 was realized at Institute of Plasma Physics in a research
group of prof. Thomas Chraska and with help of Dr. Radek Musalek,

- Electron Backscatter Diffraction studies were carried-out at Chemnitz University
of Technology in a research group of prof. Thomas Lampke and with help of

Dr. Dagmar Dietrich,

- Instrumental Indentation Testing was done at University of Lille in a research

group of prof. Didier Chicot and help of Dr. Alberto Meijas.



WPROWADZENIE

W rozprawie doktorskiej podjeto kilka istotnych probleméw badawczych dotyczacych
powtok ceramicznych wytwarzanych metoda natryskiwania plazmowego z zawiesin
(Suspension Plasma Spraying, SPS). Obiektem badan byly powloki na bazie
stabilizowanego tlenku cyrkonu, ktére analizowane byty gtéwnie pod katem
zastosowania ich jako zewnetrznej warstwy izolacyjnej w powlokowych barierach
cieplnych. Te wielowarstwowe systemy uzywane sg w turbinach gazowych, gtéwnie do
ochrony elementéw metalicznych przed dziataniem wysokiej temperatury powstajacej
w czasie procesu spalania. Wykonano tez wstepng ocene mozliwosci zastosowania

powtok jako elektrolitu w statotlenkowych ogniwach paliwowych. (Rozdziat 1-2)

Pierwszym z podjetych zagadnien badawczych byto okresSlenie mozliwosci
modyfikowania mikrostruktury powlok poprzez zastosowanie réznych parametrow
w procesie natryskiwania. Glowny cel stanowito osiggniecie powtok zréznicowanych
pod wzgledem budowy wewnetrznej w poréwnaniu do klasycznej, dwustrefowej,
struktury. W tym celu wykorzystano dwa rdzne rodzaje proszkow stabilizowanego
tlenku cyrkonu. Uzyte proszki to: (i) tlenek cyrkonu stabilizowany tlenkiem itru oraz (ii)
tlenek cyrkonu stabilizowany tlenkiem itru oraz tlenkiem ceru. Proszki roznity sie
skltadem chemicznym, wielko$cia oraz morfologia czasteczek. Na bazie opisanych
proszkéw przygotowano zawiesiny. Jako Kkolejny parametr w procesie przyjeto
zawarto$¢ fazy statej w zawiesinie. W procesie SPS zostaty uzyte zawiesiny
o koncentracji od 2.5 do 30 % wag. Zawiesiny zostaty przygotowane indywidualnie
w laboratorium. Bardzo istotnym zaloZeniem projektu byto wykorzystanie czterech
réznych palnikow plazmowych, tj. SG-100, TriplexPro-200, Axial III oraz WSP-H 500.
Palniki te rd6zniag sie konstrukcja, generowanga mocga elektryczng, rodzajem stabilizacji
tuku plazmowego, a takze sposobem wstrzeliwania zawiesiny w strumien plazmy.
W zwiazku z r6zna konfiguracja stanowisk oraz réznicami w budowie wspomnianych

palnikow konieczne byto dobranie odpowiednich parametréw procesu indywidualnie



dla kazdego stanowiska. Ostatnim parametrem w procesie byto zastosowanie podiozy
charakteryzujgcych sie r6zna topografiag powierzchni oraz chropowatoscig w celu oceny
ich wptywu na formowanie struktury powtoki. Wykorzystano podtoza stalowe, ktore
przed procesem natryskiwania zostaly oddane obrdbce: (i) strumieniowo-Sciernej,
(ii) szlifowaniu, (iii) mikroobrdébce laserowej. Szeroki plan eksperymentu umozliwit
kompleksowa ocene mikrostruktury powtok, mechanizmu formowania powlok oraz

mozliwosci rozwoju metody natryskiwania plazmowego z zawiesin (SPS). (Rozdziat 3-5)

W dalszej czesci wykonano badania mikrostruktury natryskanych powtok, poczawszy
od podstawowych wtasno$ci m.in. grubosci, porowatosci, morfologii, sktadu fazowego,
czy sktadu chemicznego. W dalszej kolejnosci przeprowadzono zaawansowang analize,
m. in. iloSciowa analize fazowa, okreSlenie parametréow komorek elementarnych,
wielkoSci, czy orientacji ziaren w strukturze powtok. Dodatkowo wykonane zostaty
badania topografii powierzchni oraz jakoSciowa ocena chropowatosci powtok. Badania
te postuzyty do analizy osadzania sie czasteczek proszku na powierzchni podtoza oraz
oceny mechanizméw formowania réznych typéw powtok w procesie natryskiwania

plazmowego z zawiesin (SPS). (Rozdziat 6.1)

Kolejnym punktem badan byto okreSlenie wybranych wtasnosci powtok
o zrOoznicowanej budowie wewnetrznej. Najwazniejszym elementem byta analiza
dyfuzyjnosci i przewodnictwa cieplnego powtok. Badania te zostaty wykonane
z uzyciem pos$redniej laserowej metody impulsowej (Laser Flash Analysis, LFA). Metoda
ta wymaga okreSlenia wielu danych materiatowych. W celu mozliwie dokltadnego
okreslenia witasnosci cieplnych wykonano szereg badan wtasnosci termofizycznych,
tj. analiza gestosci powtok, pomiary pojemnosci cieplnej, czy liniowej rozszerzalnosci
cieplnej. Otrzymane wyniki wtasnosci cieplnych zostaty zweryfikowane rowniez
analitycznie z uzyciem tzw. response method. W koncowej fazie prac wykonano takze
badania wybranych wtasno$ci mechanicznych powtok, tj. twardosSci oraz modutu
Younga, ktére sa uzupetnieniem wiedzy na temat powtokowych barier cieplnych

wytwarzanych metoda SPS. (Rozdziat 6.2)

Przeprowadzenie badan pozwolito na okres$lenie wptywu budowy wspomnianych
powtok na ich wtasnosci uzytkowe, a takze ocene potencjatu aplikacyjnego metody SPS

oraz proponowanych rozwigzan w przemysle. (Rozdziat 7)



Prace konczy zbior artykutéw, ktore zostaly przygotowane oraz opublikowane

na podstawie przeprowadzonych badan. (Zataczniki)

Niniejsza praca zostata zrealizowana we wspélpracy pomiedzy Politechnika
Wroctawska, a Uniwersytetem Limoges we Francji. Cato$¢ praca realizowana byta pod
opieka Ambasady Francji w Warszawie w ramach programu podwdéjnego dyplomowania
»Co-tutelle”. Prace byty finansowane z projektu “Sonata” (UM0-2013/11/D/ST8/03400)
przyznanego przez Narodowe Centrum Nauki. Badania byly realizowane

w miedzynarodowej wspotpracy z ré6znymi zespotami badawczymi:

- natryskiwanie z uzyciem palnika Axial III odbyto sie na University West w grupie

badawczej prof. Pera Nylena oraz z pomocg inz. Stefana Bjorklunda,

- natryskiwanie z uzyciem palnika WSP-H 500 odbyto sie w Institute of Plasma

Physics w grupie badawczej prof. Thamasa Chraski z pomocg dr Radka Musalka,

- badania metoda dyfrakcji elektrondw wstecznie rozproszonych (EBSD)
przeprowadzone zostaly na Chemnitz University of Technology w grupie

badawczej prof. Thomasa Lampke z pomocg dr Dagmar Dietrich,

- badania z wykorzystaniem metody nanoindentacji zostaty przeprowadzone na
University of Lille w grupie badawczej prof. Didiera Chicot z pomoca

dr Alberto Meijasa.



RESUME

Dans cette these plusieurs questions scientifiques concernant la projection plasma
de suspensions (SPS) revétements de zircone ont été étudiées. Les revétements ont été
analysées principalement en termes de l'application comme isolant top-coat
des revétements de barriére thermique (TBC). Ces revétements multicouches sont
appliqués sur les parties métalliques par exemple, Les turbines a gaz pour les protéger
contre les charges thermiques élevées provoquées par les gaz d'échappement chauds.
Mais 1'évaluation initiale de la possibilit¢é de 1'utilisation de la projection plasma
de suspensions pour produire la couche d'électrolyte en pile a combustible a oxyde
solide (SOFC) a été fait aussi. SOFC semblent étre les types de piles a combustible

les plus prometteurs actuellement. (Voir le chapitre 1-2 de la revue de la littérature).

Le premier objectif de recherche important était d'analyser la possibilité de produire
des revétements étant différents en termes de la microstructure. L'objectif principal
était d'obtenir des revétements caractérisés par une structure tres poreuse
et irréguliere (appelé colonnaires-like), mais aussi des revétements tres denses
et homogenes avec typique, deux zones microstructure. A cet effet, les deux poudres
de zircone ont été utilisées: (i) 'oxyde de zirconium entierement stabilisé a 1'yttria
et (ii) de la zircone yttria-oxyde de cérium stabilisé. Les poudres ont des compositions
chimiques différentes, la taille des particules et leur morphologie. Ces poudres ont été
utilisées pour une formulation de suspension. L'autre variable dans le procédé
de pulvérisation est la concentration de la suspension. La suspension avec une teneur en
matieres solides dans la gamme de 2,5 et 30 en poids % ont été préparées et projetée.
Toutes les suspensions ont été produites au laboratoire. Un concept tres important de ce
travail est l'utilisation de quatre différents, disponibles dans le commerce, des torches
a plasma, a savoir: (i) SG-100, (ii) TriplexPro-200, (iii) Axial III et (iv) WSP-H 500. Les
torches étaient différentes en termes de conception, I'énergie électrique, le mode

de stabilisation du plasma et l'angle d'injection de suspension. En raison des grandes



différences entre les torches a plasma et SPS set-ups les parametres du procédé
de pulvérisation ont été choisis dans chaque cas individuellement. La derniere variable
dans la conception de I'expérience était la topographie et la rugosité du substrat afin
d'évaluer son influence sur les revétements des mécanismes de croissance-up.
Les substrats ont été préparés avant la projection par: (i) le grenaillage, (ii) le traitement
au laser et par (iii) le broyage. L'expérience de projection large a permis une analyse
complexe de SPS revétements microstructure, des mécanismes de croissance
des revétements et le développement de processus SPS lui-méme. (Tous les détails sont

décrits dans les chapitres 3-4)

Dans 1'étape suivante, la caractérisation de la microstructure minutieuse a été réalisée
a partir des études de base d'épaisseur, la porosité, la phase et la composition chimique.
Ensuite, des études plus poussées ont été réalisées comme par exemple: 1'analyse
quantitative de phase, les parametres de maille cristalline de détermination et les études
de la taille des grains, de la morphologie et l'orientation. L'analyse du revétement
de surface libre a également été réalisée. Les enquétes qualitatives de la rugosité
du revétement et les observations des topographies de revétement ont été-out.
Les études ont permis d'analyser les mécanismes de formation des revétements
colonnaires-like et-deux zones en suspension pulvérisation de plasma. (S'il vous plait,

voir le chapitre 6.1 avec I'analyse de la microstructure de revétement)

Dans la suite des études des propriétés sélectionnées de divers revétements de zircone
ont été déterminées. L'objectif principal était d'analyser les propriétés de transport
thermiques ces ses sont I'un des plus importants dans le cas des revétements de barriere
thermique. Les études ont été réalisées par la méthode flash laser indirecte (LFA). Mais
dans le cas de l'analyse LFA, il est nécessaire de préciser de nombreuses différentes
propriétés des matériaux avant les mesures. Dans ce travail, toutes les propriétés
thermodynamiques nécessaires (densité, capacité thermique spécifique et dilatation
thermique) ont été déterminées expérimentalement dans le but de LFA. Les propriétés
de transport thermique ont également été vérifiées par l'utilisation de la méthode
d'analyse dite «méthode de réponse." A la fin du travail expérimental, l'analyse
préliminaire des propriétés mécaniques (le module d'élasticité de Young et de dureté
Martens) a été réalisée. (Les résultats de l'analyse des propriétés de revétement sont

décrits dans le chapitre 6.2).



Les études ont permis d'analyser l'influence des parametres de pulvérisation sur
la microstructure du revétement. La corrélation de revétement des propriétés
et le revétement microstructure est également possible. Enfin, les idées pour d'autres

travaux ont été proposées. (Conclusion sont collectées au chapitre 7).

A la fin de cette these I'ensemble des cinq articles est présenté. Ces documents ont été

préparés sur la base des études mentionnées. (Voir 1'annexe).

La these de doctorat présentée est le résultat d'une collaboration entre 1'Université
de Wroclaw de Science et Technologie (Pologne) et de I'Université de Limoges (France).
Les études ont été réalisées sous la supervision de 1'ambassade frangaise a Varsovie
(Pologne) et le programme de doctorat conjoint, a savoir “co-tutelle”. Le travail
a été financé par la subvention de recherche fourni par le Centre national de la science
en Pologne en terme de Grant "Sonata" (UMO 2013/11 / D / ST8 / 03400). Les études
ont été réalisées dans une coopération internationale avec les différentes équipes

de recherche:

- Pulvérisation par Axial III a été réalisée a 1'Université de 1'Ouest dans un groupe

de recherché de prof Per Nylen et avec l'aide de Stefan Bjorklund,

- Pulvérisation par WSP-H500 a été réalisée a I'Institut de physique des plasmas dans

un groupe de recherché de prof Thomas Chraska et avec I'aide du Dr Radek Musalek,

- Etudes Electron rétrodiffusion Diffraction ont été réalisées-out a 1'Université
de Technologie de Chemnitz dans un groupe de recherché de prof Thomas Lampke et

avec l'aide du Dr Dagmar Dietrich,

- Instrumental Test indentation a été fait a 1'Université de Lille dans un groupe

de recherché de prof Didier Chicot et aide du Dr Alberto Meijas.
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CHAPTER 1.INTRODUCTION

1.1. Gas turbines and Thermal Barrier Coatings

The gas turbine engines are internal combustion units. They produce the energy from
fuel and then convert it into mechanical energy. But in fact, the air is used as a working

fluid to drive the engine. The working cycle [1] is as follows:

e the pressure and temperature of air is mechanically increased by the

compressor (1),

e fuel and air are combusted in the combustion chamber and heat energy is

generated (2),

e hot gases moves through the turbine section and spin the turbine blades.

Then the blades rotate the shaft and compressor blades (3),

e exhaust gases are accelerated in a convergent nozzle and the jet thrust propel

e.g. the airplane forward (4).

The gas turbine engines are used in transportation (mostly aviation) and energy sectors
as well. The scheme of a typical gas turbine engine used in aviation industry is presented

in Figure 1 [2].

Combustion

chamber T
@ i & "—@/
® W, ®
:> Compressor ST =] Turbine :>
Air intake \ F;l::(u:l

Figure 1 The scheme of gas turbine main parts [2]
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Based on the literature the gas turbine core power and its efficiency is directly
influenced by the temperature of gases entering the turbine section (Figure 2) [3], [4].
These parameters are important from the economical point of view, especially in the
aviation industry. The increase in the energy efficiency improves the thrust-to-weight
ratio. This causes that the continuous increase of gas turbine engines operating
temperature occurs. The operating temperature of turbines reached currently the point
far above the melting temperature of materials that are used for parts fabrication
(mainly nickel superalloys) and exceeds even 1500°C - 1600°C. However, another
problem is the rapid change of the temperature during the gas turbine service. While the
turbine starts or stops operating the great difference in the temperature occurs. The
temperature can jump between 0 °C and 1500°C - 1600°C in a very short time and hence
the thermal stresses arise also in the turbine elements. Therefore, there is a big need to
protect metallic parts placed inside the hot section of gas turbine against high heat loads.

At the same time the high thermal shock resistance should be ensured.
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Figure 2 The influence of turbine inlet temperature on the turbine core power and
efficiency (T4 - turbine inlet temperature) [3]

The turbine inlet temperature can be increased by the use of internal cooling systems
(for example cooling of turbine blades). But this solution influences negatively the gas
turbine engine efficiency (see Figure 2). The other approach is the use of Thermal
Barrier Coatings (TBC’s). TBC’s are complex, systems that protect the gas turbine parts

against heat, solids and corrosives. To overcome mentioned loads the multilayer
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structure of TBC is needed. The currently used TBC’s are consisting from: ceramic top-
coat (TC), thermally grown oxides (TGO’s) and metallic bond-coat (BC). Each layer
(as presented in Figure 3) has an important role in order to provide sufficient protection
of gas turbine parts. Thermal Barrier Coating is one of the key technologies related to
gas turbines - both in the aviation industry as well as power plants. Two different
reasons of their application can be distinguished: the possibility to extend the turbine
lifetime at desired operating temperature and the need to increase operating

temperature and thus the turbine efficiency as mentioned above.

(2]

(AL

TGO 5ot :
Heat transfer
Bond Coat ;
Super alloy [Substrate |
substrate et e, Dat W, 10y ‘

ANAAANA

Figure 3 The Thermal Barrier Coating System (by Sokotowski and PawlowskKi [5])

The critical part of TBC’s is undoubtedly the external coating, as it is directly exposed to
very complex loads (thermal, thermomechanical, mechanical, chemical etc.). This layer
should provide sufficient thermal insulation and thus protect the internal materials. The
ceramic materials (usually zirconia-based) are mainly used to produce the top-coat
layer. So the high thermal shock resistance is another key property in case of ceramic
top-coat. Unfortunately, with existing technology it is difficult to produce described
ceramic coatings having both beneficial characteristics in one. On the one hand, the
Electron Beam Physical Vapor Deposition (EB-PVD) method enables producing
columnar microstructure. The strain accommodation in columnar coatings occurs
during cyclic temperature change because they are characterized by low in-plane
modulus. Afterwards, the thermal expansion mismatch between bond coat layer and top
coat layer can be reduced [6]. Furthermore, EB-PVD technology enables to obtain
coatings having controlled, desired, properties. The free-surface of such coating
is smooth, the cooling holes closure is avoided and an aerodynamic design of the blades

is maintained also. However, this is one of the most expensive coating technologies
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(in terms of set-up investment and production as well), so the application of EB-PVD is
usually limited to the critical and relatively small parts of the turbines. The bigger and
less fragile parts are produced nowadays using well-established powder plasma
spraying (PPS) method [7], [8]. The ceramic coatings produced by PPS are characterized
by brick-wall microstructure with horizontally oriented lamellas. Furthermore, the
conventional PPS coating consist also of many gaps, pores and horizontal defects
between the splats. This is beneficial in TBC applications for the reduction of heat

transport and improving thermal insulation. The negative effect of such lamellar

structure is much lower thermal shock resistance when comparing to coatings produced

HTE

by EB-PVD.

| Improved fatigue resistance | I Improved thermal protection

Figure 4 The scheme of the microstructural features of EB-PVD and APS zirconia coatings
(by Sokotowski and PawlowskKi [5])

The best compromise will be to join advantages of these two mentioned methods and
coating microstructures (high thermal shock resistance of columnar-like EB-PVD
coatings and low thermal conductivity, high deposition rate, inexpensive manufacturing
of PPS coatings) to be produced in one single process (see Figure 4). In order to produce
such ceramic coatings for Thermal Barrier Coatings application the Suspension Plasma

Spraying was tested in this PhD project.

1.2. Solid Oxide Fuel Cells

The other field, where the thermal spray processes are used more and more often, is the
production of Solid Oxides Fuel Cells (SOFC’s). Starting with a short introduction of Solid
Oxides Fuel Cells technology it should be mentioned that these are power devices that
can convert fuel into the electricity. They can be classified as highly efficient units having

many different advantages over other types of fuel cells. They use easily available fuels
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(biomass, alcohols or natural gases); instead of a typical combustion process the energy
is produced in an electrochemical way; the emissions of toxic gases like COx, NOx, SOz is
very limited and they have modular structure [9]. The operating principle of SOFC is
presented in Figure 5 [5], [9]. In case of plasma spraying the most possible and
beneficial can be a production of dense electrolytes. This application will be discussed

here more in details.
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Figure 5 The operating principle of Solid Oxide Fuel Cell (by Sokotowski and
Pawlowski[5], [9], inspired by [9])

The core of Solid Oxide Fuel Cell is a gas tight electrolyte that prevents mixing of
oxidizing and reducing gases. The charge is transported by Oz-ions in electrolyte layer.
So the electrolyte should enable high ionic conductivity and low electronic conductivity
also. The mentioned properties can be improved by changing the electrolyte
microstructure or by the development of new electrolyte materials. In case of

microstructure the following trends can be distinguished:

e deposition of thin electrolyte layers (the oxygen ions have reduced travelling

distance and the electrolyte resistance can be reduced),

e production of fine grained structures (they seem to be less resistance and have

higher strength also).

In case of material selection the ones having fluorite structure are preferred for
electrolyte production. This is caused by the high oxide ion conductivity of these
structures (according to van Gool criterion [10]). So among the most popular materials

yttria-stabilized zirconia (YSZ), scandia-doped zirconia (ScSZ) or rare earth-doped ceria



can be mentioned. The studies with perovskites and oxides characterized by hexagonal
structure are carried out currently also. Their ionic conductivity is high enough to be
considered for Solid Oxide Fuel Cells applications [11]. However, the material change is
not considered in this work, so the material approach will be not discussed here in

details.

Many different technologies exist that allow producing of electrolytes for SOFC'’s.

The most popular are:
e wet ceramic processing techniques [12],
e spray pyrolysis [13],
e vapor deposition methods (PVD, CVD, EVD) [14], [15],
e magnetron sputtering [16],
e powder plasma spraying (APS) [17].

As can be easy seen the production of electrolytes by mentioned methods is mostly
limited by the high manufacturing costs or difficulties in meeting the microstructural
requirements (like thickness, density or strength) [18]. Therefore, the new
manufacturing methods are tested for SOFC’s manufacturing. The goal is to produce
improved systems having higher performance and reduce the manufacturing costs at the
same time. One of potential methods can be Suspension Plasma Spraying (SPS),

especially for zirconia-based electrolytes.



CHAPTER 2.SUSPENSION PLASMA
SPRAYING

Concerning the limitations of vapor condensation processes (long deposition time, high
set-up costs etc.) many attempts were conducted in order to produce nanometer
coatings by cheaper and more effective thermal spraying processes. The conventional
powder plasma spraying (PPS) was tested mainly for this purpose. But due to the
difficulties associated with feeding, injection and then transportation of fine powder
particles in a hot plasma jet, the studies did not bring the expected results. The main
problem is caused by the low weight of fine powder particles. As a result they do not
have enough momentum at the outlet of the injector to fully penetrate the hot region of
plasma jet [19], [20]. The first idea proposed to solve this issue was to perform a pre-
treatment of nano-powders prior to the plasma spraying. The additional step of powder
preparation was supposed to provide thermally spray able feedstock. Lima and Marple
[21] proposed the use of agglomerated nanostructured particles for powder plasma
spraying. Marcinauskas [22] granulated alumina nanoparticles, dried in a furnace and
then sieved the powders to keep particles smaller than 50pum. This powder was then
well deposited by PPS process. Chen and Ding [23] decided to perform spray drying of
zirconia nano-powder prior to spraying and thereby to preserve their fine grained
structure in a coating microstructure. Spray drying was also proposed by Shaw et al,,
who achieved composite Al;03-TiO2 nano-coatings by powder plasma spraying [24].
In fact, a very narrow parameter window is necessary to obtain nanostructured coatings
by thermal spraying of pre-processed nano-powders. Especially the in-flight particle
temperature should be controlled carefully to do not fully melt nano-feedstock.
The mixed structure, partially nanometer, can be achieved only if the powder particles

can be maintained in a semi-molten state during spraying.



The other innovative idea was proposed by the research group from Sherbrook
University in Canada in 1997. Gitzhofer et al. [25] assumed that instead of the
micrometer-sized powders, the liquid feedstocks can be used in plasma spraying.
As aresult fine powders suspended in water, alcohol or their mixtures can form droplets
having enough mass and momentum to be introduced into the plasma flame. The
transportation of liquid feedstock from feeder to the injector is also easier than in case
of dry powders. Furthermore, the solvent provides the protection for fine powder
particles against the hot plasma gases and the melting of powder material takes place
after the evaporation of solvent from the suspension droplet. This approach allowed to
develop a new thermal spraying method, called Suspension Plasma Spraying (SPS)[25].

This dynamically evolving process will be discussed in details in this chapter.

2.1. Powders and suspensions

When analyzing the suspension preparation for SPS method it should be emphasized
at the beginning that this process is not only limited to a mixing of a solid powder with
liquid solvent. This multistep process requires the knowledge about the colloid
chemistry. Furthermore, the suspension preparation can highly influence the spray
process and coating microstructure, so each component of suspension will be discussed

in details.
Powder preparation

The quality of powder material directly influences the quality of deposited coating [26].
The two main ways that enables the preparation of fine-grained powders for SPS
process can be mentioned: (i) the production of submicrometer- or even nano-sized
powders or (ii) the pre-processing (mainly by milling) of coarse powders designed for
conventional plasma spraying. In general, two well-known approaches called:
(i) bottom-up and (ii) top-down are used for the powder preparation. These two
approaches are usually classified in accordance to the state of the precursor used for
powder formulation (see Table 1). The precursors can be in a form of: gas, liquid or solid

as well [27], [28].



In case of “bottom-up” processing a continuous progress can be noticed. Under this
approach there are many various methods which allow producing the fine powders. The
use of liquid precursors in powder manufacturing is commonly classified as quite simple
method. The powders can be precipitated in a non-complicated chemical way, usually
from a solution [29]. The calcination of chemically precipitated precursors is used for
example by MEL Chemicals Inc. to produce both: zirconia nano-powders and nano-
suspensions. Carpio et al. [30] successfully deposited in his work mentioned zirconia
suspension and obtained finely-grained coatings. But the “bottom-up” processing can be
sometimes also very complex, often multistage. This takes place of submicrometer
zirconia powders manufactured by Tosoh Corp. The following stages can be
distinguished in their procedure: hydrolysis of chemical precursors, drying, calcination,
milling and finally spray drying [31]. This zirconia powder was already deposited by SPS
for the purpose of Solid Oxide Fuel Cell’s [32] and Thermal Barrier Coatings [33].

Table 1 The summary of bottom-up and top-down processing methods (by Sokotowski
and PawlowskKi [5], inspired by [28])

Precursor Processing Approach

Physical vapor deposition

Gas Chemical vapor deposition Bottom-up

Aerosol processing

Sol-gel process
Liquid Bottom-up
Wet chemical synthesis

Mechanical alloying
Mechanical milling?!
Solid Top-down
Mechanochemical synthesis

Sonication

Combined Vapor-liquid-solid Bottom-up

In case of “top-down” approach, the powder preparation process is much different [29].

It assumes a breakdown of the coarse, micrometer sized, powders into fine particles. As

1 The most popular process nowadays for a preparation of powders for Suspension Plasma Spraying



a base material for “top-down” processing the powders manufactured for other thermal
spraying processes (like APS, FS, HVOF, CS etc.) can be used [19]. The breakdown of
powder particles is realized mainly mechanically - by using well-established ball-milling
method. Two most popular methods can be mentioned, called “low energy” and “high
energy” milling. The difference between them is the amount of mechanical energy
transferred to the powder material and kinetic of the process as well [34]. Both can be
classified as efficient and low-cost methods, enabling the production of nanostructured
powders at low temperatures. These methods can be used to pre-process all kinds of
advanced materials (even very ductile, brittle or hard compounds) [35]. The ball milling
is very popular for the preparation of feedstock for SPS method. Kassner et al. applied
ball-milling to pre-process alumina powders [36], Chen et al. crushed and mixed by ball-
milling the composite powder of Al-ZrO; [37], Latka et al. used mechanical-milling to
reduce the size of various zirconia powders [38], Jaworski et al. of hydroxyapatite

powders [39], whereas Berghaus et al. of cermet WC-Co [40].

The mentioned methods can be used for mechanical milling (MM), but there is also a
possibility to apply them for mechanical alloying (MA). MA process usually needs higher
temperature and kinetic energy than milling. This is necessary to ensure high atomic
mobility [41]. Mechanically alloyed powders (like YSZ-NiCrAlY, YSZ-Ni, Ni-Al etc.) [42]-

[44] become to be an interesting option for the use in liquid feedstock spraying.
Solid content

Beside the powder preparation, the important parameter is also the content of solid
phase in the suspension. It was noticed in the literature that the amount of powder has
an important influence on the rheological properties of liquid feedstock [45].
Afterwards, the viscosity of suspension is one of key property affecting the droplet
formulation in the plasma jet [46]. The size of droplet and the distribution of powder
inside single droplet influence the droplet heat treatment in the plasma jet [47].
According to the literature, the amount of the solid particles in the suspension droplet
has an effect on coating microstructural features, like: porosity, surface topography and
morphology [33], [45], [47]. Furthermore, the suspension concentration can be a crucial
parameter in case of suspension transport from feeder to the plasma torch. In the
industrial practice the feeder is placed usually outside of the spray booth, so the total

length of the installation can exceed several meters. On the other hand, the use of highly



concentrated suspensions is in the interest of industry, as the higher solid load is equal

to greater “thickness per pass” ratio in SPS practice.
Solvent

The suspension droplet consist of powder particles that are surrounded by the solvent.
The pure water, pure alcohol or the mixture of water and alcohol can be used for the
suspension formulation. The ethanol is primarily used among alcohols. But other kinds
of alcohols like: methanol, methylethylketone (MEK, butanone) [48] were also

investigated for the purpose of Suspension Plasma Spraying.

The selection of solvent can be influenced by few factors, e.g. its properties, economical
and environment aspects etc. But the characteristics of liquid feedstock is influenced

mainly by two properties of solvents, namely surface tension and evaporation time.

The influence of the surface tension on the spray process was investigated by Rampon
et al. [48]. By using tensiometry method they showed that aqueous suspension
is characterized by has much higher surface tension than ethanol based suspension.
The authors suggested also that the surface tension preserve liquid feedstock against the
change of its surface area and is the main property that influence the break-up and size
of suspension droplets. Furthermore, it was shown that the change of surface tension
cannot be achieved by the addition of chemical agents but only by the solvent. The same
effect was observed by Toma et al. [49]. It this work a faster and more efficient
fragmentation of ethanol based liquid feedstock than aqueous one were observed also
due to the lower surface tension of ethanol when comparing to the water. Afterwards,
the size of droplet affects its velocity and residence time in the plasma jet, and its
temperature also (it can be estimated that big droplet = higher velocity = lower
temperature). This can have an influence on the coating microstructure. If the particles
have a high speed and kinetic energy during the impact on the substrate they will tend

to form denser microstructures.

The role of surface tension and evaporation time in case of Solution Precursor Plasma
Spraying (SPPS) was discussed by Chen et al. [50]. They reported that the evaporation
of solvent and formulation of solid particles in the plasma jet can be incomplete when
droplets have high surface tension and high boiling point. On the other hand, the

solution droplets that are formed by solvent characterized by lower surface tension and



boiling point can be processed more rapidly. These droplets undergo complete heat
treatment in the plasma jet. The issues related to the droplet evaporation were studied
deeply in the work of Kaf3ner et al. [51]. The evaporation time of droplets was calculated
using of the model considering the latent and specific heats. The droplets of alcohol and
aqueous based suspensions having various sizes were taken into account. The studies
confirmed that water based droplets were evaporated after nearly three-times longer
time in the plasma jet (as the vaporization enthalpy of water is almost three times

higher comparing to ethanol; 2.3 x 10° ]J-kg-1 versus 0.8 x 10 ]J-kg-1 [52]).

The solvent type determines also the min. velocity of droplets that is necessary to
penetrate the plasma jet by the feedstock (as discussed by Pawlowski [53]).
The aqueous suspensions need lower velocity to reach the core of plasma jet. This is due
to higher density of water than that of ethanol and should be considered particularly for

torches operating with radial injection. They need a careful optimization of injection.

The viscosity of suspension is another property that can be also influenced by the
solvent type. This is caused by the difference in viscosity rate between alcohols
and water. However, this can be controlled more easily by the addition of chemical

agents (so called plasticizers). Their role is discussed in details later.

The application of “green suspensions” is mentioned in the literature also. The deionized
water is a solvent and a reagent here. There is no need to add stabilizers to ensure
suspension stability. As an example the nano-titania suspension were prepared [54]. As
suggested by the authors, the limitation of toxic organic solvents and chemical agents
should be considered as they can be wasteful for the environment. However, that kind of
suspension needs a dedicated powder production method (continuous hydrothermal

flow synthesis, CHFS) [54].

The security, e.g. fire risk, should be considered also when alcohol based suspensions
are used. Furthermore, the economic reasons suggest that even a small replacement of

alcohol by water makes the suspension cheaper and more attractive for the industry.
Chemical agents

In order to provide stable and reproducible SPS process, there is a demand to formulate

homogeneous and stable suspension. This becomes to be especially important when



very fine powders are used as a solid fraction. As denoted in the literature,
the nanoparticles show a high reactivity and agglomerate easily, because of their high
specific areas. [28]. The change and control of rheological properties of suspension can

be done by the addition of chemical agents.

The rheology of suspension is a complex function of physical properties of powders
(particle size, particle shape, density etc.) and interactions occurring between powder
particles [55]. Wang et al. analyzed the interplay between individual solid particles but
also the effect when liquid and solid phases separate (so called flocculation). This takes
place when the Van der Waals forces overcome the electrostatic repulsion [56].
The detailed description of forces affecting the behavior of colloids was presented by
Ring [57]. As an example 1um TiO2 particle in water was given. The different forces
(electrical, Van der Waals attraction force, viscous, gravitational and inertial force) were
referred to the Brownian force that was used as a denominator. All forces excluding
inertial force showed impact higher (the ratio between electrical force and Brownian
force was even 103) or equal to Brownian force. Finally, Larson [58] suggested that the
particle size have a significant influence on suspension stability. Following, the powder
particle size influence the approach that should be applied to formulate stable
suspension. The gravitational force is dominant when coarser powders are used. For
fine (submicrometer sized and smaller) Brownian force overcomes the gravity force

effect.

As mentioned above, to maintain the stability of fine grained suspensions the Brownian
motion approach can be used. The possible way to prevent the particles against sticking
to each other is to ensure inter-particle repulsion. This can be done by increasing of the
net value of so called zeta potential ({). Zeta potential can be described as the difference
of potentials between the thin layer of solvent surrounding the particle and its eternal
slipping plane. To ensure suspension stability { should be over the values of +/- 30mV.
The change of ¢ can be achieved by the addition of dispersant agents (called also
flocculating agents). Finely grained suspension should be optimized in a way to ensure a
long range electrostatic repulsion. But the addition of the flocculating agent should be
controlled carefully. Dispersant can also strongly negate the particles’ surface charge

and influences the formation of floccules (see Figure 6) [59].
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Figure 6 The relationship between Zeta potential and suspension behavior [59]

The sedimentation of finely grained suspension is influenced also by its viscosity, 1. The

sedimentation speed can be evaluated by using the Stokes equation:

__ 24pga?
=

4 (1)

The Stokes equation suggests that the sedimentation speed can be decreased by:
(i) application of finer solids, a, (ii) using dispersed and continuous phases having as
much comparable densities as possible, so Ap is small, (iii) increasing the value of “low
shear viscosity”, n. But in fact, the low shear viscosity is very often the only one Stoke's
variable and can be modified by the application of viscosity enhancers (called thickeners
or plasticizers also). It is important also that the low shear viscosity can increase when
the zeta potential increases. The control of both parameters is usually required. This was
discussed in the studies of Waldbillig and Kesler. They tested various dispersants and
observed their influence on the suspension rheology. According to their studies, the use
of optimal concentration of dispersant agent allows to obtain the lowest viscosity
of suspension. Otherwise the effect can be reversed and as a result the viscosity can be
changed strongly. Following, this can influences negatively the Suspension Plasma
Spraying efficiency and can cause clogging of the injector during spraying [60]. But in
such cases the addition of plasticizers can preserve the proper viscosity of suspension,

as mentioned above [48].
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The other approach is needed when the submicrometer particles are used for
suspension formulation, especially powders characterized by not fully monomodal
powder particle size distribution. In such situation, the gravitational force exceeds the
Brownian motion. Then, the suspension sedimentation can be preserved by approaching
an isoelectric point (IEP). So called IEP is defined as a state when the electrostatic forces
are equal to zero for a specific pH value. Afterwards, when electrostatic forces are
minimized, then there is a possibility to produce a “secondary minimum”. If its value is
big enough the suspension can be defined as strong reversible flocculated network.
Furthermore, to decrease the sedimentation rate of micrometer sized suspension the
idea suggesting increasing of low shear viscosity can be applied also as suggested for

finely grained suspensions.

Finally, the practical examples of proper application of flocculating agents can be find in
the literature, e.g. for zirconia suspensions [61]-[63]. The comparison of well- and

poorly- stabilized zirconia suspension is presented in Figure 7 [5].

particles

Initially prepared Suspensions
suspensions after 1 hour

Figure 7 Two Kinds of zirconia suspension: (a) well-stabilized suspension, (b) poorly-
stabilized suspension (by Sokotowski and PawlowskKi [5])

Based on the information presented in this chapter the three main steps can be

distinguished during the suspension formulation:
1 - preparation and characterization of powder particles,

2 - suspension formulation, homogenization, determination of rheological properties

and stabilization test,

3 - suspension re-dispersion just prior to spraying.
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There is a possibility to use commercially available suspensions also. They become more
popular nowadays, because long and complex suspension preparation process can be
avoided and there is no need to prepare long-term laboratory tests to examine the
suspension properties. The feedstock is delivered in a premixed form - with solvent and
chemical agents and there is only a need to well re-disperse the mixture prior
to spraying. However, there are two main reasons that limit the use of commercial
suspensions: their cost and availability. The price of a kilogram of 20 wt. % loaded
suspension is comparable to price of a kilogram of powder material that was used
to formulate that suspension. So the price of commercial and house-made feedstock
is roughly 5:1, as the powder material is the most expensive component. Furthermore,
only suspensions that can be applied soon in the industry are available on the market.

The most popular ones are zirconia-based suspensions at this moment.

2.2. Modes of suspension injection

When liquid slurry is prepared and well-optimized there is a need to transport it to the
plasma torch. The feedstock transportation from container to the injector is usually
provided by compressed air (pressurized system) or mechanically (by using
of peristaltic pump). The transportation system should provide a constant flow
of slurry with a set value of its feed rate (measured in ml x min-! or mg x min-1). Then,
the injection of liquid feedstock to the plasma takes place. The basic role of
transportation and injection systems is to ensure dynamic pressure of a liquid greater
than that of the plasma jet. This allows the proper penetration of the jet by the slurry
[53]. Suspension injection is one of the key factors in Suspension Plasma Spraying
as it influences the droplets formulation and then the heat treatment of the slurry. In the

following section the various types of injection modes will be analyzed.
Continuous stream injection vs. atomization

The mechanical injection, which is called also a liquid stream injection, is probably the
most often used in Suspension Plasma Spraying. It can be performed radially or axially
but also internally or externally with regard to the torch design. In mechanical injection,

the feedstock is pushed through a nozzle having fixed diameter and shape. Another



characteristic appearance for mechanical injection is that the atomization of the slurry
takes place only in the plasma jet. The fragmentation of slurry is caused by the various
external factors, like plasma jet velocity, plasma temperature, force of gravity, resistance
of surrounding gases etc. The mathematical approach of the fragmentation of slurry that
occurs in the plasma was presented in details in the literature already (see e.g. the work

of Pawtowski [64]).

The other possibility of the feedstock injection is its atomization (Figure 8) [65]. It
means that the formulation of droplets takes place before the feedstock contacts the
plasma jet. The atomization occurs usually in two steps: (i) first, low velocity slurry is
pre-injected to a nozzle, (ii) where by using of other external energy (flow of gas or
other fluid, kinetic energy, acoustic energy) is fragmented into droplets. In SPS practice
usually simple atomizers are used, where the fragmentation of droplets is forced by the
gas flow. In this case, the gases characterized by high specific mass (like for example
argon) are very often used. The type of external energy defines the type of atomizer and
more information can be found here [64]. The droplet formulation is much more
complex than in case of mechanical injection. It is influenced by the design of atomizer,
external energy but also by the properties of liquid slurry. The phenomena were
discussed in the literature already. Furthermore, the atomizers are used usually only

with external or radial injection modes, eventually co-axial atomization is possible also.

a Tdrch
Nozzle
D
b
Torch

Figure 8 The comparison of liquid stream injection (a) and atomization (b) [65]
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The influence of injection mode on the coatings microstructure was already studied in
the literature. The comparison of two mentioned injection modes was done e.g. by
Kozerski et al. [66], [67]. In this study, the use of atomizer resulted in uniform, finely
grained microstructure. The splats were not deformed and preserved spherical shape.
The molting and solidification of powder particles occurred before the solids reached
and hit the substrate. Much more complex microstructure was observed when the
mechanical injection mode was used. So called two-zones microstructure was observed,
where well molten lamellas but also loosely bounded sintered particles were present.
The stronger deformation of grains was observed also by authors when mechanical

injection was used.

The different practical information regarding mentioned injection systems can be found

in the literature. The short comparison is presented in the Table 2 [5].

Table 2 The summary of mechanical and atomization injection modes based on the
literature (by Sokotowski and PawlowskKi [5])

Continuous stream injection Atomization

- avoids the plasma jet perturbation caused by | - good control of the atomization,

the atomization gases [68], [69], generation of high velocities of droplets at

low feeding rates [72],
- injection with fixed velocity, no dispersion of

droplet trajectories and sizes [68] - atomization produces small, well-defined
and uniform  droplets influencing
- through the use of a precise positioning
formation of fine splats [69],
system of the injector the droplets can be
injected at the chosen location in plasma | - reduction of unmelted particles in the

plume [68],

droplets are more effectively injected into the

core of the plasma jet [69],
higher thickness per pass ratio [70],

the use of ink jet printer as injector allows
the formulation of uniform and small
droplets with constant spacing of droplets in

plasma [71].

coating structure [36],

possibility to design atomizer in a way
that limits the problems associated with
injector’s clogging and agglomeration of

suspensions in injector/nozzle [73].




Radial injection vs. axial injection

The discussion on the use of radial or axial injection mode is very common nowadays.

However the choice is in this case defined by the design of the plasma torch itself.

In radial injection the feedstock is introduced perpendicularly to the plasma jet axis.
This kind of introducing feedstock material is still the most popular in the plasma
spraying practice. This is caused by the fact that the construction of plasma torches
usually do not allow to install injector axially. Concerning the information presented in
previous paragraphs, the radial injection in SPS can be realized by: (i) atomizer or, (ii)
mechanical injector. In each case the slurry should reach the high temperature core of
plasma jet. Otherwise the heat treatment of feedstock material will be incomplete and
this will implicate different problems with the formation of good quality coating. The
problem becomes complex when powder particles or suspension droplets are very
inhomogeneous in terms of their size. After they are introduced into the plasma jet, the
difference of size and mass of particles implicates their momentums and influence the
possibility of penetration the plasma jet. The injection optimization is a way to find
compromise here, as there are always: (i) particles that reach only the periphery of the
plasma jet (the ones being to light or having to low momentum), (ii) particles that goes
into the core of plasma (having optimal mass and momentum) and (iii) particles that

pass through the plasma jet (to heavy particles or the ones having to high momentum).

The plasma torch with axial injection mode becomes more and more popular currently.
The first trials with one-cathode torch having co-axial injection were done. But the
millage point was the application of multi-cathode torch for this purpose (Axial III of
Mettech). In Axial III torch there are three independent plasma jets formed by three
electric arcs. The feedstock material is injected just inside the center of the place, where
three plasma jets converge into one. That unique idea allows also introducing slurry
exactly in the same direction as the plasma flow occurs. Comparing to the radial
injection there is no problem with the adjustment of powder/droplet trajectory. A very
narrow dispersion angle of droplets causes that the heat treatment of feedstock material
is uniform. But when using the axial injection mode, then the optimization of spray
parameters connected with suspension injection is limited. The location of the injector is
fixed so there are only few variables, like: injector diameter and injection pressure. The

injector is long and has usually small internal diameter (such design is caused by the



torch construction) can implicate problems with back-pressure or clogging during e.g.

spraying of high-viscous suspensions.

The direct comparisons of plasma torches having radial and axial injections were
already done in the literature. Ozturk et al. used mathematical modeling to prove that
big differences in the plasma temperature and velocity fields occurred when using
different injection types in SPPS. The droplets introduced axially were heated-up much
faster and the precipitation of zirconia solution could be observed much earlier.
Afterwards, the solid grains formulated in plasma jet were more homogeneous in case of
axial injection [74]. The experimental work in this topic was performed by Killinger et al.
[69]. The effect of the injection type (transverse and axial) on the SPPS sprayed coating
microstructure was studied. But a very similar behavior of solution droplet processing
was observed. The use of axial injection mode allowed the formulation of fine droplets
that underwent rapid heat treatment in plasma. Furthermore, full pyrolysis of droplets

allowed creating uniform coating microstructure.
External injection mode vs. internal injection mode

The choice of external or internal injection mode is influenced mainly by the design of
the plasma torch, similarly as in the case of axial vs. radial injection. There are plasma
torches (like SG-100 of Praxair or Axial III of Mettech) that give the possibility to place
injector internally and externally also. On the other hand, many plasma torches have to
be used with external injection mode (Triplex and F4 of Oerlikon). Furthermore, it is
possible to find few practical information in the literature discussing advantages and

disadvantages of both injection modes.

The advantage of internal injection is undoubtedly the fact that the slurry can be
introduced directly into the hottest zones of plasma flame. A good heat treatment of
particles is in this case ensured. This is especially important for high melting point
materials which need high temperature to be melted but the importance of this
parameter was already discussed in this chapter. This type of injection does not require
also long process of injection point selection and the problems with instability of
injection are limited. However, there is no possibility to experimentally observe the first
step of feedstock injection and fragmentation, which occurs inside the plasma torch.

Etchart-Salas et al. [75] recommended the use of external transverse injection mode as it



is less sensitive for the nozzle clogging. The clogging of Axial torch injector was
discussed in [76] for APS process. The authors suggested also that the erosion of hot
cathode can occur as a result of injection of powder particles inside the torch. The
negative influence of internal injection system on the torch lifetime was found by Gotd
and Atsuya when using acid solution [77]. The copper electrode was slightly dissolved
by the acidic slurry. This should be always considered when using acids for suspension
stabilization or in case of SPPS method, where acids are commonly used to prepare
various solutions. The use of internal, especially axial, injection mode can seriously limit

the operation time of the cathodes.

2.3. Commercially available plasma torches

Many aspects regarding the plasma torches design were discussed above. In this section
a short comparison of plasma torches that are used widely for the purpose of SPS
process is prepared. The plasma torches can be classified based on many different
aspects. Here, the torches were divided into two groups, depending on the electric

power that torch generates and the mode of plasma stabilization.

The main group of plasma torches, which is used in plasma spraying, is basically DC, gas-
stabilized and one cathode-one anode construction. The properties of gas-stabilized
plasma are mainly influenced by plasma torch design, properties of plasma gases and
their flow rate and power input. The generated power is usually less than 50kW but this
is enough to generate the temperature that can exceed 15000°C (depending on
parameters). This is the temperature that allows spraying most of the engineering
materials. The main problem of such simple construction is the instability of the arc.
The electrode life and thermal efficiency of plasma set-up was found to be strongly
related to the nature of arc fluctuations. This was discussed extensively in the literature
[78]. The idea to limit fluctuations of the gas-stabilized arc was proposed in Triplex
torch, where three cathodes (supplied separately) create three arcs striking one single
anode. These long arcs having high voltage allow reducing significantly fluctuations
comparing to conventional plasma torches. The power level during the operation using
Triplex is similar or slightly higher than that of conventional plasma torches. However,

the injection point of feedstock should be carefully optimized in accordance to the three



high-energy areas produced by Triplex that arranged in a triangle [36], [79].
Alternatively, another multi-cathode design was proposed recently in the market.
Axial III torch is composed of three cathodes and three anodes. The operated power is
ensured by three independent power suppliers (each can generate up to 50 kW). To my
knowledge this is one of the most powerful gas-stabilized torch designed for plasma
spraying currently. The higher power input influence the increase of temperature,
velocity of particles and the number of particles which can be molten in the plasma jet.
This allows achieving higher deposition rates and higher productivity. However, the
economics aspect should be mentioned. The multi-cathode systems tend to be bigger,
more complex and more expensive. They require much bigger gas flow rates also.
Furthermore, the change of the cathodes is takes more time when comparing to single
cathode torches and there is often a need to change all cathodes at the same time to keep

uniform and stable arc [76].

Alternative idea to design high-power plasma torch was achieved by the use of
so called Gerdien arc principle, so basically by the change of the arc stabilization method.
In this development a water channel inside plasma torch is burnt by the electric arc.
The vapors stabilize the arc, whereas the water flow protects internal parts of the torch
against overheating. Oxygen-hydrogen plasma is formed by the products of water vortex
vaporization and ionization. Plasma jet produced by water stabilized plasma torch
(WSP) thanks to the high arc power and low mass flow rate is characterized by very high
enthalpy (even 10 times higher than for conventional plasma torches), increased value
of the temperature (up to 30000 K) and gas velocity (even 5-7 km/s). Thermodynamic
and thermophysical properties of water vapor plasma enable to increase also the heat
transfer to the feedstock material. As a result high-molting point materials can be
sprayed (including refractory materials) but also higher process rates can be achieved
(hundreds of grams of powders per minute or more than hundred milliliters of
suspension per minute). But the interaction of plasma jet with surrounding atmosphere
and high turbulences, which occur due to the high velocity of gases and low plasma
density [80], [81]. Furthermore, the use of external - rotational anode impedes the
operating (the turning on of the plasma) and can causes the plasma asymmetry also

[82].



As an upgrade version a new type of torch with mixed stabilization mode has been
designed also. Hybrid WSP (WSPH-500 torch) bases on both principles of arc
stabilization - by water vortex, as well as by the gas flow. An important advantage of the
new, hybrid, version is the possibility to regulate the plasma jet properties by changing
the flow rate and kind of secondary plasma gas, which was unobtainable for
conventional WSP [83], [84]. As a secondary plasma forming gas argon is mainly applied.
Due to its high mass the increase in plasma density is observed. But this implies
a decrease of the gas velocity in the hybrid WSP [84]. The use of additional gas simplifies
also the operating of hybrid WSP plasma gun comparing to conventional version of WSP.
Though many important advantages regarding thermophysical properties of plasma
produced by water-stabilized plasma torches the complex design and operating
principles of WSP and hybrid WSP torch still limit their application in the industry.
The large construction of torch cause also that the application possibilities are mainly

for big parts, where big area should be coated.

2.4. Physical phenomena at spraying

The application of liquid feedstock, instead of using of dry powder, causes a change of
the features of plasma deposition. The spray process becomes much more complex than
the conventional powder plasma spraying. The phenomena, which occur in plasma jet
during SPS process, are well characterized already. The following mechanisms take
place right after suspension is injected into the plasma plume: (i) aerodynamic break-up
of suspension stream and formulation of droplets, (ii) evaporation of solvent,
(iii) sintering of very fine powders, (iv) melting of fine powders, sintered solids and
powder agglomerates, (v) the evaporation of very fine particles and (vi) deposition of

molten powder particles on the substrate and formulation of coating [65], [85].

2.5. Key process parameters

Although Suspension Plasma Spraying was successfully applied for various types of

engineering materials, the deposition parameters selection is a complex issue.



Furthermore, the spray process parameter window for desired microstructure type

(dense or porous; columnar-like or typical two-zone microstructure etc.) is quite

narrow. All process variables that can influence the microstructure of SPS coatings are

schematically shown on Figure 9 [5].
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CHAPTER 3. Materials

In this PhD project the attention is paid mostly on the modification of the microstructure
of insulating ceramic layer of TBC’s. However, the other approach that is studied by
many researchers is to find new materials that can provide improved properties of
TBC’s. The stabilized zirconia is one of the most popular studied ceramic materials
thanks to its unique properties. It is also one of the materials, which is the most often
tested for Suspension Plasma Spraying. Usually, in the industrial practice, a doped
zirconia is actually used. This is caused by the fact that pure ZrO; has three crystal
phases, namely monoclinic, tetragonal and cubic. Monoclinic (M) is stable below 1170°C,
tetragonal (T) is stable between 1170 and 2370°C and cubic (C) is stable above 2370°C
[87]. The phase transformation between mentioned crystal structures is followed by the
volume change. The stresses are then generated in the material and the material
fracture can occur. The most critical is a rapid T — M transformation, where the volume
change exceeds even more than 4 %. But the doping of zirconia allows stabilizing

a desire structure in this material.

Many different oxides of rare-earth elements (like Gd, Yt, Ce, La etc.) are tested in order
to replace conventional 8 wt. % yttria-stabilized zirconia in the industrial practice,
mainly because of their low thermal conductivity [88]. In this work two materials were
tested: fully yttria-stabilized zirconia (8 mol. % of Y203) and ytrria-ceria-stabilized
zirconia (ZrOz + 24 wt. % CeO2 + 2.5 wt. % Y203). A short theoretical background about

these two materials is given in this chapter.

3.1. Fully yttria-stabilized zirconia

The conventional TBC topcoat is usually composed of zirconia partially stabilized by the

addition of 3-5 mol. % of Y203 (PSZ). The zirconia powder having higher content (8 mol.



%) of Y203 was tested in this study. The content of the yttrium oxide highly affect the

structure and properties of zirconia.

According to the ZrO; - Y203 phase diagram (see Figure 10) [89], [90], the doping of ZrO>
by Y203 in concentrations higher than 8 mol. %, fully stabilizes YSZ structure in cubic
form. As mentioned by Scott [91], the lattice parameters of YSZ are also influenced by
the content of Y203 dopant. The Zr#* ions are slightly smaller than Y3* (ionic radius of
0.82 A and 0.96 A respectively), so the increase in yttrium oxide causes the increase in

lattice volume.
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Figure 10 The phase diagram of Zr0O; - Y>03 system (with detailed version up to 10 mol. %
of Y203) [89], [90]

The higher content of Y203 means that more big Y3* ions is entrapped in the YSZ
structure. According to the studies of Gong et al. [92] the thermal conductivity decrease
when the interatomic distances in the YSZ structure are bigger. This means, that the
heightened implementation of big and heavy Y3+ (comparing to Zr#+) ions can improve
the thermal transport properties of zirconia coatings. In the fully-stabilized YSZ the
oxygen vacancies provide also a sufficient ionic conductivity, which is import in SOFC’s.
Furthermore, in case of fully stabilized YSZ the transition between cubic and monoclinic
does not occur. FSZ is not subjected to high internal stresses associated with the phase

change and the micro-cracking when working in wide temperature range.



As mentioned above, the increase in Y203 causes that the additional oxygen vacancies
are created in the YSZ structure. This means that the oxygen transport through the
ceramic TBC layer can be more effective and can cause higher oxidation of metallic bond
coat. Moreover, the fully stabilization of zirconia causes that the strengthening
mechanism, which is common for partially stabilized zirconia, disappears. The more
monoclinic phase is created in front of the propagating crack, then the higher the
compressive stresses are. As a result the high strain energy can arrest the propagating

crack and provide better thermal shock resistance [93].

The choice of 8 mol. % YSZ was also caused mainly by the potentially better thermal
transport properties and high ionic conductivity. The interesting feature of powder,
which was used for spraying, was also important. This is described in details in the

following chapters.

3.2. Yttria-ceria-stabilized zirconia

The yttria-stabilized zirconia is used in the aviation industry for longer than
30-40 years. The new materials are tested that can replace conventional YSZ.
Among these materials the zirconia stabilized by other effective dopants is tested. One of

the most promising materials is yttria-ceria-stabilized zirconia.
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Figure 11 Isothermal section of Ce02-Y203-ZrO2 ternary system at 1250°C [94]
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The preparation and investigation of ternary systems (like ZrOz - Y203 - CeO2) is more
complex issue than in case of binary systems. So-called Gibbs phase diagrams are used
to describe the phase composition of systems composed of ternary mixtures.
In each case, the Gibbs diagram is prepared for specified temperature and pressure.
The example of Gibbs diagram of ZrOz - Y203 - CeOz at 1250°C [94] and at 1500°C [95] is

given in Figure 11 and Figure 12 respectively.

CeC, 10 20 30 40 50 60 70 80 90 Y,0,
mole%

Figure 12 Isothermal section of Ce02-Y203-Zr02 ternary system at 1500°C [95]

The phase diagrams in two mentioned temperatures differ slightly. The solid solution
fields of T-ZrO, F-ZrO2, and C-Y203 were observed in two temperatures. But these fields
vary in mentioned temperatures, the same as homogeneity fields of other phases.
It can be observed also that for lower temperature the homogeneity ranges of tetragonal
and fluorite phases decrease. At the same time the ranges of two or even three phases

increase [94].

The zirconia having a composition of ZrOz - Y203 - CeO2 was not studied very intensively
yet. But its properties can be evaluated basing on the first initial research or analyzing
the studies focused on binary CeOz- ZrO; and Y:03- ZrO; systems. The very useful
property of CeO:z doped ZrO: materials is high stability, even under thermal and
chemical conditions [95]. This is in agreement to experimental work [96], [97], where
the high corrosion resistance and high phase stability was mentioned also. The thermal
conductivity seems to be lower in case of YCeSZ also. This effect can be associated with

the change of internal structure of such stabilized zirconia. Cerium atoms, which are



bigger and heavier than yttrium influence the material lattice. The interatomic distances
change and the transport of heat can be limited. The improvement of thermal transport
properties of 56.6 % when compared to conventional YSZ coating was obtained in the
study [92]. But it should be mentioned also, that YCeSZ material was characterized by
much finer microstructure than YSZ in mentioned work. YCeSZ is characterized also by
slightly higher thermal expansion when comparing to conventional YSZ. This should
provide improvement of thermal shock resistance [88]. Furthermore, the YCeSZ was

found to possess high fracture toughness according to [95].

On the other hand, ZrO; - CeO: systems are characterized by much lower ionic
conductivity and electronic conductivity (in reducing medias) than ZrO - Y203. So the
application of ZrOz - Y203 - CeO2 systems in SOFC'’s is rather dubious. The hardness of
YCeSZ is also lower than in case of YSZ. Due to the vaporization or reduction of CeO; the
stoichiometry of the whole system can slightly change during the operation [98].
The material was selected for this study because of the perspective thermal transport
properties and the possibility of application in TBC’s. The powder had completely
different morphology than YSZ, what is described in following chapters.



CHAPTER 4. THE AIM OF RESEARCH
WORK

The literature review of gas turbines technology showed that there is a constant need to
increase the combustion temperature in the jet engines. The higher inlet turbine
temperature increase the efficiency of the engine. The amount of toxic substances in the
exhaust gases can be decreased also. But together with the increase of combustion
temperature the insulating properties of Thermal Barrier Coatings should be improved.

Based on these information, the research hypothesis of this work was that:

Due to the appropriate selection of SPS spray process parameters it is possible to modify
the zirconia coating microstructure and improve thermal transport properties of Thermal

Barrier Coatings.

The useful goal of this work was to test the commercially available torches with zirconia
suspensions in view of possible applications as thermal barriers and electrolyte in SOFC’s
(SG-100, Triplex, Axial III and WSP-H 500). The torches were different in the term of
plasma stabilization mode, electric power, feedstock injection etc. It was necessary to
find appropriate spray conditions for each torch in order to produce high-quality
coatings. The idea was to prepare coatings very different in the term of their
morphology (namely columnar coatings or two-zones coatings) with varied content of

pores in the coating structure.

The analysis of the growth-up mechanisms in Suspension Plasma Spraying method as well
as the characterization of selected properties of SPS zirconia coatings deposited with
different spray parameters were a scientific goals of this PhD project. Finally, the
correlations between microstructure and properties of coatings were investigated and

discussed also.

The methodology and scheme of performed studies are presented in Figure 13.
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Figure 13 The research methodology used in this PhD project



CHAPTER 5. EXPERIMENTAL
PROCEDURES

5.1. Suspension manufacturing

5.1.1. Powder characteristics

Yttria-stabilized zirconia (YSZ) and yttria/ceria-stabilized zirconia (YCeSZ) powders

were used for coating production. The main features of powders were as follows:

YSZ powder

Figure 14 The morphology of YSZ powder produced by Tosoh (FEG-SEM, SE) [99]

The submicrometer-sized powder produced by Tosoh (Tosoh TZ-8YS, Tokio, Japan) with
a chemical composition of ZrO; + 14 wt. % Y203. The powder is manufactured in a multi-
step procedure, starting with hydrolysis of chemical precursors, followed by drying,
calcination, milling and finally spray drying [31]. The morphology of YSZ powder was
characterized using Scanning Electron Microscope equipped with Field Emission Gun

(JEOL JSM 7400F, Tokyo, Japan) and showed irregular microstructural features of YSZ

[ a1




powder. The powder particles formed longitudinal and heterogeneous aggregates

(see Figure 14 [99]).

The powder particle size was measured by the means of Dynamic Light Scattering (DLS)
technique using Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK).
The method allows to measure submicrometer- or even nanometer-sized (even down to
1nm) particles. This method determines in fact the particles motion from the detected
fluctuations of scattered light. Then the particle motion can be converted to the particles
size by the Stokes-Einstein relationship. According to the measurements the powder
particles were equal to dvi19=0.36 pum, dvsp=0.53 pm, and dv9p=0.95 um. The particle size

distribution diagrams are presented in Figure 15.
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Figure 15 YSZ powder particle size diagram: (a) volume-based particle size distribution
and (b) number-based particle size distribution

The XRD measurements were prepared to verify the phase composition of powders used

for spraying process. The conventional powder X-Ray diffractometer Bruker D8 Advance



(Bruker, Billerica, MA, USA) operating under Bragg-Brentano geometry with Cu Kal
radiation was used for this purpose. The measurements were carried out at 26 angle
in the range 15-120° with the step size of 0.03°. The diffractograms were analyzed with
dedicated Diffrac+ EVA Software and JCPDS-ICDD database. In the case of YSZ powder
produced by Tosoh, the XRD studies showed that powder had fully cubic structure
(see Figure 16) [33]. The 01-078-5501 file (Yttrium Zirconium Oxide) of the JCPDS data

base was used to describe the phase composition of Tosoh powder.
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Figure 16 The XRD diagram presenting the phase composition of YSZ powder in as-
produced state

YCeSZ powder

The powder produced by Oerlikon Metco with a chemical composition of
ZrO; + 24 wt. % CeOz + 2.5 wt. % Y203 (Metco 205NS, Winterthur, Switzerland).
The solid particles were prepared by spray drying and heat treatment. In fact, the
powder was originally designed for conventional Powder Plasma Spraying. The particles
were coarse, micrometer-sized, and spherical in the as-produced state (see Figure 17).

According to the product data sheet the powder particle were in range of -125 +11 pm.

The particles were to coarse to be sprayed by Suspension Plasma Spraying. Therefore,

the powder was pre-treated prior to the suspension formulation. The YCeSZ powder
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underwent 3-hours mechanical milling performed by using agitator ball-mill moliNEx

system (Netzsch, Selb, Germany).
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Figure 17 The morphology of YCeSZ powder produced by Oerlikon Metco (SEM, SE)

This high-energy method enables to crush powder materials having different hardness
and reduce their size even up to submicrometer. In this case, the process was performed
in an ethanol bath and 2 mm zirconia balls were used as a grinding medium. The process
allowed to obtain fine and irregular YCeSZ powder particles as show in Figure 18.

The final powder particles were angular and non-agglomerated [100].
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Figure 18 The SEM micrograph of milled YCeSZ powder (SEM, SE)

The laser diffraction method was applied in order to evaluate the YCeSZ powder particle
size. In this case, the variation in the intensity of light being scattered by powder
particles in a function of scattering angles is measured. The particles having different
size scatter the light at different angles, e.g. the bigger particle, the lower is the angle.

The particle size is a direct function of the scattered light and scattering angle and can be
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calculated using the Mie theory [101]. In comparison to DLS method, the laser
diffraction technique is dedicated for slightly coarser powders, starting from
micrometer-sized powders up to subicrometer ones. The granulometry test was
performed by Horiba Partica LA-950 V2 (Horiba Ltd., Kyoto, Japan). The powder particle
size distribution of crushed powder showed monomodal feature but much wider than in
case of YSZ powder (see Figure 19). The results of granulometry test were as follows:

dvip=0.41 um, dvsp=0.75 um, and dvgp=1.80 pm.
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Figure 19 YCeSZ powder particle size diagram: (a) volume-based particle size distribution
and (b) number-based particle size distribution

The XRD studies showed that powder had complex phase composition (mostly
tetragonal but the appearance of cubic and monoclinic components was observed also)

[33]. The XRD diagram is presented in Figure 20.
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Figure 20 The XRD diagram of YCeSZ powder in initial stage

The phase composition of YCeSZ powder was found to be a mixture of:

e tetragonal phase of Cerium Yttrium Zirconium Oxide (04-013-9723 file of the
JCPDS data base) - this was a dominating phase;

¢ monoclinic phase of Baddeleyite, ZrO2 (00-037-1484 file of the JCPDS data base);

e cubic phase of Cerium Yttrium Oxide (04-016-46209 file of the JCPDS data base).

5.1.2. Suspension formulation

After the characterization of zirconia powders the suspensions were prepared.
The liquid feedstock was a mixture of powder material, solvent and dispersant agent.
The procedure of suspension formulation is presented in Figure 21. As a solid phase the
as-produced YSZ and ball-milled YCeSZ powders were used. Three different amounts of

solid phase were used depending on the plasma torch and spray parameters:
e 2.5,5,10wt. % -SG-100;
e 5,10,20 wt. % - Triplex;

e 10, 20,30 wt. % - Axial IIT and WSP-H 500.
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Figure 21 Suspension preparation procedure (powder pre-treatment applied if
necessary)

Afterwards, the powders were mixed with a water/ethanol (50 vol. %/50 vol. %) based
solvent. Furthermore, the suspensions were homogenized and stabilized by the addition
of dispersant agent. The phosphate ester agent namely Beycostat C213 (CECA, France)
was used to ensure electrostatic stabilization of suspension. The most important

features of liquid feedstocks used for spraying are summarized in Table 3.

Table 3 The characteristic of suspension used for spraying

. Powder Powder Powder Suspension .
Suspension . Solvent Chemical
details dvie dvse dvgg concentratl?n type agent

(num) (nm) (m) (wt. % of solid)
2.5;5;10(SG-100)
5;10; 20 water /
YSZbased 36 053 095 (TriplexPro-200)  ethanol Yo"
suspension 102030 (50:50) C213
(Axial I1I; WSP-H500)
2.5;5;10 (SG-100)
5;10; 20 water /
YCeSZbased 44 0.75 1.80 (TriplexPro-200) ethanol  Deyeostat
suspension 10;20; 30 Gos0) O3
(Axial 11I; WSP-H500)
5.1.3. Zeta potential

The formulation of suspensions is a part of colloid chemistry and the main aim of this
process is to prepare a stable suspension. By the means of suspension’s stability the
sedimentation rate should be minimized. In case of suspensions for SPS the particle
dispersability should be improved and rheological properties should be enhanced also.

The stability and dispersion of colloids can be prevented for example by electrostatic

Y




repulsion. The strength of this force can be described by the Zeta potential ({).
The higher is the force better is the suspension stability. The detailed information about
Zeta potential and suspension stabilization methods were given in the part of literature

review (Chapter 2).

As mentioned in previous paragraph, in order to prevent the powder particles against
agglomeration and sedimentation the dispersant agent was used (Beycostat C213).
The Zeta potential measurements were performed to optimize the liquid feedstock and
predict its behavior during spraying. The measurements were performed by Zetasizer
Nano ZS (Malvern Instruments Ltd, Worcestershire, UK). The best obtained values of

Zeta potential ({) for mentioned suspension were as follows:
e (=82.5mV for the YSZ suspension,

e (=-12.9 mV for YCeSZ suspension.

5.2. Substrate preparation

The substrate preparation is a one of the crucial sub-process in the coating technology.
This substrate pre-treatment strongly influence the quality and adhesion of deposited
coating. But in this study the idea was to check the influence of the substrate topography

on the coating microstructure and coating growth-up mechanisms.

Figure 22 The 3D substrate topography view after: grit-blasting (a), laser treatment (b)
and grinding (c)

For this purpose three different technologies were applied to form the substrate
surfaces having different roughness and features: (i) grit- blasting, (ii) grinding,

(iii) laser treatment. Grit-blasted substrates were the most rough (Ra=5.5-7.8 um) and



they had very irregular surface. The white corundum with the size of F36 (particles
between 500-600um according to the FEPA standards) was used for grit-blasting.
The laser-treated substrates were having medium roughness (Ra=3.2-3.9 um) but the
surface peaks were distributed very regularly when comparing to grit-blasted
substrates. The laser texturing allowed creating of fine grooves on the substrate surface
(one-dimensional linear pattern). The treatment was performed by using Duetto
picosecond laser (Time-Bandwidth Products, Zirich, Switzerland). Finally, the grinding
process was performed with 320 grit SiC abrasive paper. The grinded substrates were at

the same time the smoothest ones (Ra=0.1-0.5 um).
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Figure 23 The substrates profiles: (a) grit- blasted, (b) laser treated (c) and grinded

The 3D views of substrates topographies were prepared by confocal laser scanning
microscopy (Lext OLS4000, Olympus, Tokyo, Japan) and are presented in Figure 22.
The roughness measurements were made with the use of stylus profilometer FORM
TALYSURF 120L (Rank Taylor Hobson Ltd, Leicester, UK). The substrate profiles are

shown on Figure 23 and the roughness values were as follows:
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e Sand-blasted substrate Ra=5.5-7.8 um, Rz=32.4-38.9 um,
e Laser treated substrate Ra=3.2-3.9 um, Rz=16.7-18.6 um,
e Grinded substrate Ra=0.1-0.5 pm, Rz=0.5-0.9 pm.

Two Kkinds of substrates were used. The coupons with the diameter of 25mm
manufactured from 2 mm thick 304L stainless steel were used for microstructural
characterization of coatings. For the purpose of studies that were performed at
relatively high temperatures the temperature-resistant nickel super alloy (Inconel 600,
UNS N06600) substrate were used also. The substrates were 2mm thick and 10x10mm

square-shaped. All substrates were cleaned in the ultrasonic bath in ethanol prior to

spraying.

5.3. Thermal spraying

5.3.1. Plasma torches and spray set-ups

The spray process was performed with the use of four different plasma torches.
They had different design, power, plasma stabilization mode, feedstock injection etc.
Following, the plasma set-ups were also slightly different what influenced the
arrangement of the deposition process. The main characteristic of each plasma torch
and each set-up is discussed below. The detailed discussion focused on advantages and
disadvantages of different types of plasma torches was presented already in the

literature review part.
SG-100

The basic torch that was used for coating production having simple stick-type (called
also rod-shaped) cathode design and conical anode. The internal suspension injection
mode together with the continuous-stream injector were used during spraying.
The injector was mounted inside the anode so the optimization of feedstock injection
point was not necessary here. The SG-100 torch (Figure 24) was developed by Praxair

(Indianapolis, IN, USA) [102].
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Figure 24 SG-100 plasma torch with internal injection [102]

The SG-100 plasma torch was mounted on an arm of 5-axis industrial robot of ABB
(Zurich, Switzerland). The robot was used to move the plasma torch and scan the
substrates’ surface. The samples were mounted on the flat table which was connected to
the vacuum pump. The vacuum system was necessary to keep the substrates in one
position on the table during spraying. This kind of sample fixture enabled to use
substrates having various shape and size without the need to design different samples
holders. The whole spray-set up equipped with SG-100 plasma torch is presented in
Figure 25b. The suspension transportation was ensured by the pneumatic system.
The liquid was mixed in the pressurized container by the magnetic stirrer in order to
prevent particle sedimentation. The feedstock injection pressure was controlled during

spraying by the analog manometer (Figure 25a).

a

CONTAINER WITH CONTAINER WITH
SUSPENSION WATER

S PYROMETER

MAGNETIC STIRRER

COOLING INJECTOR  $G-100 PLASMA ~ SAMPLES HOLDER
SYSTEM TORCH (PNEUMETIC SYSTEM)

Figure 25 The SPS set-up equipped with SG-100 plasma torch; a - pneumatic system for
suspension injection, b - plasma torch and sample fixture (University of Limoges)
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Triplex

The second spray set-up was equipped in more advanced TriplexPro-200 torch of
Oerlikon Metco (Wohlen, Switzerland). The torch is characterized by three parallel
cathodes and one anode. The cathodes and anode are separated by electrically insulated
rings what prolongs and stabilizes the arc (Figure 26a). The design of torch makes
impossible to use internal injection of feedstock material. The injector was mounted
outside of the torch, radially to the plasma jet. The suspension injection point was set
based on the own experience of the laboratory. The feedstock was injected using one
continuous liquid stream injector. The angle was set in a way, that the injected liquid
could go through the one of the plasma peaks (in term of plasma temperature, enthalpy
etc.). The peaks are generated by the cathodes and they are shown in dark gray in

Figure 26b. The injection pressure was high enough in order to penetrate the plasma jet.

3 SEPARATED CATHODES
a A [ NEUTRODES b
~ SUSPENSION INJECTION
|
ANODE
&t
WATER OUT AND : WATER IN & DC POWER
DC POWER

PLASMA GASES

Figure 26 TriplexPro-200 plasma torch design [103] (a) and the feedstock injection
optimization of materials having high-melting point [104] (b)

The whole set-up arrangement was slightly different then in case of SG-100 plasma
torch. The plasma torch was fixed and the movement of substrates was realized by the
reciprocating and rotating sample fixture (Figure 27b). The substrates were mounted
on the sample fixture by the use of vacuum system (vacuum pump connected to the
fixture, similarly as in case of SG-100 set-up) or mechanically by screws. The rotation of
samples allowed more effective cooling of samples when comparing to the flat table
used in the previously described set-up. The pressurized system was used for the
suspension injection (Figure 27a). The containers with the feedstock material were

equipped with the magnetic stirring system and pressure control system also.
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SYSTEM (PNEUMATIC SYSTEM)
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TRIPLEXPLASMA INJECTOR ~ SAMPLES HOLDER COOLING
TORCH (PNEUMETIC SYSTEM) SYSTEM

PRESSURIZED CONTAINERS

Figure 27 The SPS set-up equipped with TriplexPro-200 plasma torch; a - pneumatic
system for suspension injection, b - plasma torch and sample fixture (University of
Limoges)

Axial II1

The next plasma torch applied for coating deposition was multi-cathode and multi-
anode gas-stabilized Axial III (Northwest Mettech Corp., North Vancouver, Canada).
Thanks to the use of three independent DC arcs supplied by three power sources, the
torch can reach much higher electric power then in the case of other gas-stabilized
plasma units. The torch enables also an internal and fully axial injection of liquid slurry
(see Figure 28). Furthermore, in this patented solution, the feedstock is introduced
directly in the hot center of three plasma jets, which joint in an exit nozzle of the torch.
The material is entrapped in the hot plasma jet, so the optimization of the suspension

injection point was not necessary for Axial III.

The spray set-up arrangement was semi-industrial one in case of Axial III (in contrast to
typical laboratory set-ups equipped with SG-100 and Triplex torches). The configuration
of the spray system was as follow: the torch was mounted on a 6-axis industrial robot of
ABB (Zurich, Switzerland) and the substrates were fixed to the carousel. The carousel
was screwed to the thermal spray turntable. The rotation of the table corresponded to
the torch scan speed velocity. Afterwards, the linear movement of the torch (up and
down) defined at the same time the scan off-set and the trajectory of the torch

(Figure 29b).

[ 53



3 SEPARATED CATHODES

GASES,
DC POWER,
WATER

Figure 28 Axial III plasma torch with axial injection [105]

The suspension transportation was realized by the NanoFeed system dedicated for Axial
[l plasma torch (Figure 29a). The system was equipped with peristaltic pump and
Coriolis mass flow meter, so the feed rate was measured and controlled on-line during
spraying. The system allowed also to observe the injection back-pressure value in order
to eliminate any problems related to the feedstock introduction into the plasma jet.
Furthermore, the suspension was mixed inside the suspension feeder by the internal

mechanical stirrer.
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Figure 29 The SPS set-up equipped with Axial IIl plasma torch; a - commercial NanoFeed
suspension injection system with peristaltic pump, b - plasma torch and sample fixture
(University West, Trollhittan)
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WSP-H500

The last of applied torches (Figure 30) [84] was a hybrid version of water stabilized
plasma torch (WSP). The torch operates in dual, gas and water, stabilization mode.
As a result the torch can use a very low working gas flow rate (only a few to a dozen
slpm of Ar). But the unit consumes also a few liters of pure water (per hour). The water
is decomposed into hydrogen, oxygen and OH groups and these gases form together
with working gases the plasma jet. At the same time the torch provided also the highest
electric power among all units that were tested in this PhD project. This resulted in the
higher temperature and enthalpy of plasma jet (when comparing to gas stabilized

torches).

water + water vapour
cathode tangential water

I inlets water out calculation domain

l I | exit nozzle
) }A“a jet
| /
I

1
————————————————————————— 4 r
¢ arc column I—".

nozzle

anode
attachment

cathode Rotating disc

anode d
cooling anode

Figure 30 WSP-H 500 plasma torch operating principle [84]

The plasma torch was mounted on an arm of 6-axis industrial robot, whereas the
substrates were mounted on a rotational carousel. The linear movement of the robot
arm determined the spraying path and the offset between consecutive plasma torch
passes. Afterwards, the rotation of the carousel corresponded to the plasma torch scan

speed. The arrangement of spray set-ups is presented in Figure 31b.

The suspension transportation was realized using conventional pneumatic system
(similar as in case of SG-100 and TriplexPro-200). The containers were equipped with
magnetic stirrer and sonotrode. The slurry was introduced to the plasma jet by the

external injection mode. The suspension injection system is shown in Figure 31a.



u CAROUSEL  COOLING INDUSTRIAL ROBOT

SONOTRODE CONTAINERS SPRAY-CAM SYSTEM WSP-H 500 PLASMA TORCH
MAGNETIC STIRRER

Figure 31 The SPS set-up equipped with WSP-H 500 plasma torch; a - pneumatic system
for suspension injection, b - plasma torch and sample fixture (Institute of Plasma Physics
CAS, Prague)

The optimization of appropriate injection angle and pressure was done by using the
shadowgraphy method. The diagnostic system was basing on SprayCam camera (Control
Vision Inc., Sahuarita, USA) and was used also for a visualization of the liquid feedstock
stream break-up and droplets fragmentation in the plasma jet (Figure 32)[5].
The injection pressure was adjusted depending on the powder material and suspension

concentration.

| 2.8 bar I

3.2 bar

Figure 32 The optimization of radial injection point by changing the injection pressure
(by shadowgraphy): (a) 2.8 bars, (b) 3.0 bars, (c) 3.2 bars
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Before starting of each spray run the plasma jet, solvent flow, as well as appropriate
suspension flow were controlled also by conventional camera equipped with CMOS

image sensor as presented in Figure 33.

Jet only

S—

Suspension

Figure 33 The control of plasma jet, solvent flow and suspension injection

5.3.2. Spray process parameters

The very big differences between the spray set-ups that were described in the previous
paragraph (and are summarized in Table 4)[5] caused that the spray parameters had to
be optimized for each plasma torch separately.

Table 4 The summarized characteristic of plasma torches that were used for the coating
production (by Sokotowski and PawlowskKi [5])

Iniection Electric Arc
Torch Injector :1 nele power stabilization
g (kW) mode
. Low
SG-100 Internal Radial (40kW) Gas
. . Low
Triplex External Radial (45kW) Gas
Axial . High
- Internal Axial (120kW) Gas
WSP- External Radial High Water

H500 (150kW)




The detailed spray process parameters for each set-up are collected in the Table 5.
The two plasma torches operated at relatively low electric power 40-45kW (SG-100 and
TriplexPro-200), whereas Axial III and WSP-H500 generated much greater electric
power (120kW and 150kW, respectively). Furthermore, the working gas composition
and gas flow rates were much different for each torch. This influenced the stand-off
distance (bigger power = bigger spray distance), spraying speed, plasma torch trajectory
(offset between the torch passes). Depending on the torch power, the suspension

injection feed rate could be optimized also (bigger power = bigger suspension flow rate).

Table 5 The detailed list of spray process parameters used for the coating production

Torch SG-100 TriplexPro-200 WSP-H 500 Axial II1
Process
parameters, Values Values Values Values
units
Electric power, 40 45 ~150 ~120
kw
. Ar + HzO
W AL gases Ar + H; Ar decomposition Ar + H2+ N3
composition "
products
Total plasma 15 of Ar + H,0
gases flow rate, 50 70 decomposition 245
slpm products*
Stand-off 40 70 100 75

distance, mm
Relative torch

scan speed 500 1000 ~900 ~1000
velocity, mm/s
Offset between
plasma torch 3 10 30 5

passes, mm
Nozzle injector

internal 0.50 0.15 0.35 0.50
diameter, mm

. Pneumatic Pneumatic Pneumatic Peristaltic
Suspension
. r .. system; system; system; pomp;
injection . : . ;
continuous continuous continuous continuous
system .. .. .. ..
stream injector  stream injector stream injector  stream injector
Suspension
injection rate, 35 40 90-100** 45
ml/min

* Hz, Oz and OH groups formed from the water vortex ionization (the torch consumed

2-3 liters of water per hour)

** Depending on the feeding pressure optimized by SprayCam system



The stand-off distance in Suspension Plasma Spraying is much shorter when comparing
to conventional Powder Plasma Spraying. This causes that the temperature control is a
very important element in SPS manufacturing. The sample temperature should be
controlled in order to avoid overheating of substrate or coating. In this study, each spray
set-up was equipped with the temperature control system. The measurements were
conducted by the use of infrared pyrometer, thermocamera or thermocouple attached to
the substrate rear surface. The selection of the equipment depended on the set-up
arrangement. The example of temperature history (WSP-H500, temperature measured

by thermocamera and thermocouple) is presented in Figure 34.
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Figure 34 The example of the temperature history recorded during spraying (blue color -
substrate rear surface and red color - at the sample front face)

5.3.3. Spray process design

The coatings were prepared in a multi-parameter spray process experiment. The key
process parameters were selected based on the preliminary tests. These parameters
seemed to have a great influence on the internal microstructure and the build-up
mechanism of coatings. Based on the information mentioned in previous paragraphs, the
spray variables were as follows: (i) powder material (size and morphology),

(ii) suspension concentration, (iii) substrate topography, and finally, (iv) plasma torch.
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Table 6 The design of experiment and coating nomenclature
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YSZ GB 2.5 ST21 5 TT51 10 AT101 10 WT101
YSZ LT 2.5 ST22 5 TT52 10 AT102 10 WT102
YSZ G 2.5 ST23 5 TT53 10 AT103 10 WT103
YSZ GB 5 ST51 10 TT101 20 AT201 20 WT201
YSZ LT 5 ST52 10 TT102 20 AT202 20 WT202
YSZ G 5 ST53 10 TT103 20 AT203 20 WT203

YSZ GB 10 ST101 20 TT201 30 AT301 30 WT301
YSZ LT 10 ST102 20 TT202 30 AT302 30 WT302
YSZ G 10 ST103 20 TT203 30 AT303 30 WT303

YCeSZ GB 2.5 SC21 5 TC51 10 AC101 10 WC101
YCeSZ LT 2.5 SC22 5 TC52 10 AC102 10 WC102
YCeSZ G 2.5 SC23 5 TC53 10 AC103 10 WC103
YCeSZ GB 5 SC51 10 TC101 20 AC201 20 WCz01
YCeSZ LT 5 SC52 10 TC102 20 AC202 20 WC202
YCeSZ G 5 SC53 10 TC103 20 AC203 20 WC203

YCeSZ GB 10 SC101 20 TC201 30 AC301 30 WC301
YCeSZ LT 10 SC102 20 TC202 30 AC302 30 WC302
YCeSZ G 10 SC103 20 TC203 30 AC303 30 WC303

In total, 72 different spray runs were carried out using YSZ and YCeSZ based
suspensions. The full list of samples is collected in Table 6 and the methodology of

samples labeling is shown in the Figure 35.

110
S —SG-100 C-YCeSZ 2 - 2.5% of solid 1 — grit-blasted
T - TriplexPro-200 T-YSZ-Tosoh ... 2 — laser treated
A — Axial 1ll 30 — 30% of solid 3 — grinded

W - WSP-H 500

Figure 35 The methodology of samples labeling



5.4. Characterization of coatings

5.4.1. Light microscopy (LM)

The thickness of coatings was estimated on metallographically prepared cross-section of
samples as shown in Figure 36. The samples were observed using the light microscope
Nikon Eclipse LV100 (Nikon Instruments, Amsterdam, Netherlands). The mean
thickness of coatings was found from 15 measurements that were taken in different
region of coatings (five local measurements in three different regions of each sample).

As aresult the average thickness value and standard deviation were calculated.

Length = 81,50 pm Length = 83,07 ym

T

Figure 36 The example of coating thickness measured by the light microscopy (only one
region of sample)

5.4.2. Scanning Electron Microscopy and Energy
Dispersive X-Ray Spectrometry (SEM/EDS)

Scanning Electron Microscopy (SEM) is a well-known method that enables the
microstructural characterization of coatings at high magnifications. The method was
used in the study to investigate the morphology of deposited coatings. The micrographs
of the coating surface as well as of the coating cross-section were taken. Different SEM

microscopes were used during studies: Philips XL30 (Eindhoven, Netherlands), Leo
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1455VP (Carl Zeiss GmbH, Oberkochen, Germany) and Neon 40ESB (Carl Zeiss GmbH,
Oberkochen, Germany). The SEM analysis was made with the use of secondary electrons

(SE) detector and backscattered electrons (BSE) detector also.

SEM micrographs were used also for a calculation of the coating porosity. First, a few
images of each sample were taken at constant magnification (1600x). Then, the
micrographs were edited using Image] free software and total area of pores was
calculated (Figure 37). The porosity of coatings was analyzed in at least five different

regions of samples and then the average value and standard deviation were calculated.

Det WD
SE_99

Figure 37 The example of porosity calculations by image analysis method (SEM, SE
micrograph edited using Image], sample WT101)

Afterwards, the energy-dispersive spectroscopy (EDS) studies were performed in order
to qualitatively evaluate chemical composition of deposits. The investigations were
performed by using Philips XL30 microscope equipped with INCA energy-dispersive
spectrometer (Oxford Instruments, Oxfordshire, UK) and Leo 1455VP microscope with

Metek EDS detector ( EDAX Inc., Mahwah, NJ, USA).

5.4.3. X-Ray Diffraction (XRD) and Rietveld
refinement

The qualitative analysis of the phase composition of coatings was determined with X-ray
Diffraction (XRD) method. The measurements were performed by using Bruker D8

Advance diffractometer (Billerica, MA, USA) operating under Bragg-Brentano geometry



(theta-2 theta). The CuKal radiation and a range of 26 angles from 15° to 120° were

used. The phases were identified using Diffrac+ Eva software using JCPDS database.

Using XRD data and Rietveld refinement method the quantitative analysis of YSZ and
YceSZ coatings was carried out. The method allowed to calculate the content of phases
that were defined using Diffrac+ Eva software. The lattice parameters of different phases
that were identified in the coating structures were calculated also. The studies were

carried out using TOPAS V4.1 software.

5.4.4. Electron Backscatter Diffraction (EBSD)

The microstructural-crystallographic analysis was followed by the electron back-
scattered diffraction (EBSD) studies. EBSD is conducted in scanning electron
microscopes. The method enables a quantitative analysis of different microstructural
feature of crystalline materials. In this work, the EBSD studies allowed to observe the
crystallographic orientation of grains. The shape, size and boundaries of grains were

investigated also.

In this method the electron beam is directed at the surface of highly tilted sample
(the angle between the beam and sample surface is usually ~70°). Then the electrons
are scattered by the atoms that form the material structure and they undergo different
interactions with single crystals. The electrons that were back scattered accordingly to
the well-known Bragg’s law can be recorded on electron-sensitive detector in a form of
strong lines. These lines are called Kikuchi patterns and they are associated with the
crystal plane from which they arise. The ones that were not Bragg scattered (and have
lower energy) produce a background for Kikuchi patterns. In fact, EBSD is a technique
basing on the discovery of diffractions patterns observed together by Nishikawa and
Kikuchi in 1928 [106]. Those patterns were called firstly “p-type” or “patterns of the
fourth kind”. The formation of Kikuchi lines can be observed in Figure 38 [107].

In order to have a qualitative data about the material, the sample is scanned point by
point with an adjusted step size. Then the point results are combined and presented in a

form of map of the tested area. The method became very useful since the high-



performance SEM microscopes are available and the data acquisition/processing

systems are fast enough to ensure reasonable time of analysis.

Electron
beam

EBSP (202)

Silicon
unit cell

Figure 38 The interaction between the electron beam and polycrystalline material in
EBSD method [107]

The EBSD method requires a very careful metallographic preparation of samples.
The samples were mounted in electrically conductive Bakelite resin together with the
carbon filler (Polyfast Struers). The samples were then ground and carefully polished
with fine colloidal silica (OPS Struers). After cleaning in an ethanol bath the samples

were coated with a very thin carbon layer.

Due to the fine grained microstructure of SPS coatings, the appropriate selection of
EBSD acquisition parameters was necessary in order to ensure high resolution and high

quality of results. The parameters were as follows:

the proper test area was chosen based on the SEM observations

- step size of about 100nm (max. of 150nm for biggest test areas)

beam voltage of 15kV and aperture of 60pm

acquisition speed of about 6-10 points per second
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The measurements were done using SEM Neon 40ESB equipped with DigiView EBSD
camera (EDAX Inc, Mahwah, NJ, USA). Then, the recorded data were analyzed using
dedicated OIM Analysis 6.1 software. The EBSD data were filtered each time in order to
minimize noises, which are unavoidable for this kind of analysis. The data filtering was

performed by using of two types of filters - confidence index (CI > 0.12) or image quality

(1Q).

5.4.5. Laser Scanning Confocal Microscopy (LSCM)

Then, the analysis of the coating surface topography was performed. The roughness of
the samples was evaluated by Laser Scanning Confocal Microscopy (LSCM).
The measurements were carried out using Olympus LEXT OLS4000 (Olympus Co. Ltd.,
Tokyo, Japan). For each sample five measurements were performed. Then, the average
value and standard deviation of Ra and Rz roughness parameters were calculated and

compared.

The roughness was evaluated qualitatively only - the coatings were compared between
each other. Finally, the influence of the substrate roughness and SPS deposition

parameters on the surface roughness of the coatings was analyzed.

5.4.6. Shape From Shading (SFS)

The coating free-surface topography was also characterized by Shape From Shading
(SFS) method. The way to build 3D model of coating results from the assembling of four
local 2D images of the coating surface and well-known shadowing effect [108]. The local

SEM micrographs are taken by the symmetrically located BSD detectors (see Figure 39
[99]).

The analysis was performed on Phenom G2 pro SEM microscope (Phenom-World B.V.,
Eindhoven, Netherlands). The 3D models of the coating free-surfaces that were obtained
by SFS method gave another insight on the coating formation mechanisms, surface

profile and coating roughness.



(b)

(a)

Figure 39 Shape From Shading technique: the procedure to reconstruct coating surface
(a), 3D model of coating (b) (by SokolowskKi et. al [99])

5.4.7. Density measurements

One of the key property, which should be known in order to evaluate thermal diffusivity
and thermal conductivity is a true density of material. In this study, the gas pycnometry
method was used (AccuPyc Il 1340 Pycnometer, Micromeritics Corp., GA, USA) to
determine this property. In this gas displacement method, the volume of material is
measured very precisely. This is possible by using helium as a working (called also
replacement) gas and its small molecules size. Then, basing on the well-known “mass to

volume” ratio the density of materials can be calculated.

The closed porosity of materials can be an important factor in pycnometry analysis. In

order to eliminate the effect of internal pores, the densities of:
e powders in as-produced state,
e powders after ball-milling (in case of YCeSZ),
¢ mechanically crushed coatings

were determined and compared. For each powder 10 measurements were performed
and then average values were calculated. The density of Inconel 600, which was used as
a substrate for high-temperature LFA test was determined using the same procedure.

All materials were dried before pycnometry test.
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Finally, based on true density determined by pycnometry, the bulk density of each

coating was calculated by the following equation:

p=po-(1-P) (2)

5.4.8. Dilatometry (DIL)

Another property of coatings analyzed prior to the studies of thermal transport
properties was the thermal expansion of YSZ and YCeSZ deposits. The well-known push-
rod dilatometry was used to measure dilatation and contraction of zirconia coatings
(Netzsch DIL 402 C, Selb, Germany). The temperature cycle was as follows: room
temperature RT - 1200 °C - RT. The measurements were carried using argon as a
shielding gas. The heating and cooling rates were both 2°C/min. The correction values
for DIL 402 C dilatometer were obtained by measuring alumina standard sample first.

The data were analyzed by using dedicated Proteus® software.

The main goal was to determine the value of thermal expansion and contraction of SPS
coating itself. It means that there was a need to separate the coating from the substrate
and then cut a rigid sample from the coating material. However, due to the limited
thickness of samples that was possible to obtain in the laboratory and due to the high
adhesion of coatings, this approach was not successful. Therefore, the coatings for
dilatometry test were sprayed by conventional powder plasma spraying method (and

SG-100 plasma torch) and by using coarser powders. The powders were as follows:

e YSZ - Metco 204NS with a composition of ZrO2 + 8 wt. % of Y203 (powder had
slightly different composition the powder that was used for suspension spraying.
Unfortunately, YSZ powder containing 8 mol. % of Y203 dedicated for APS was

not available at the moment on the market).

e YCeSZ - Metco 205NS (the base powder that was used for ball-milling and the

preparation of submicrometer-sized YCeSZ powder for SPS).

The aimed thickness of both APS sprayed coatings was equal to 2mm. This allowed to
cut cubic samples having the diameter 2x2x2mm for dilatometry measurements (the

size of cubes was limited by the thickness of coatings). Then, the samples were analyzed



in two directions - in-plane (parallel to the substrate) and out-of-plane (perpendicular to
the substrate). This methodology enabled to measure thermal expansion and distortion
with the same accuracy in two directions and to see if there is any anisotropy of thermal
elongation in coatings deposited by plasma spraying. The microstructure of coatings and
the arrangement of dilatometry measurements relative to the coating orientation can be
seen in Figure 40[109] (the example of YSZ coating is given only). The powder plasma

sprayed coatings were used only for the purpose of dilatometry test.

X 2
Spot Magn  Det WD Exp 1 20um AccV Spot Magn Det WD Exp F—— 500um
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Figure 40 The microstructure of YSZ powder plasma sprayed coating used for thermal
expansion analysis (a) and the arrangement of measurements relative to the coating
microstructure (b) (by Sokotowski et al. [109])

But the accuracy of dilatometry test can be highly influenced by the length of the sample.
Therefore, the 10 mm long samples were measured also in in-plane position to validate

the results (just one measurement direction due to the limited thickness of coatings).

The dilatometry test was carried out also for Inconel 600 substrates with the same test

conditions.

5.4.9. Differential Scanning Calorimetry (DSC)

Two methods (experimental and theoretical) were applied to examine specific heat
capacity of YSZ and YCeSZ coating materials. First, the differential scanning calorimetry
method (DSC) was used. Two different calorimeters were used in the following

temperature ranges:

e from 40°C to 200°C by using Setaram C80 (SETARAM Instrumentation, Caluire,

France). The machine uses a 3D Calvet sensor, which surrounds the crucible with
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sample material. This causes that the accuracy of Cp measurements is very high
for this kind of equipment. Furthermore, the relatively large-volume crucible is
another advantage influencing the precision of Setaram C80 equipment. It was
possible to measure from 10 to even 20 g of the YSZ and YCeSZ material with a

heating rate of 0.2 °C/min;

e from 30°C to 500°C by Q1000 calorimeter (TA Instruments, DE, USA).
The modulated DSC (MDSC) mode was used during measurements as it enhances
the sensitivity of measurements (due to the separation of material properties
from their thermal history). MDSC mode is recommended for evaluation of
complex materials [110]. The modulation of * 1°C every 100 s was used.
The conventional hermetic, alumina pan was used. The pan allowed to measure

from 5 to 8 g of coating material.

Both SPS sprayed zirconia coatings (YSZ and YCeSZ) were removed from the substrates
and crushed. Then, the coating materials, having a form of powder, were able to fill well
DSC crucibles. This procedure allowed to improve the heat flow through the analyzed
material. The materials were dried prior to the DSC experiments. Furthermore, both

calorimeters were also calibrated prior to the measurements by using sapphire samples.

The DSC measurements allowed determining Cp values in relatively low temperature.
The theoretical approach was used in order to calculate specific heat capacity values of
YSZ and YCeSZ coatings in much higher temperature. The calculations were done using
Kopp’s law (known also as “rule of mixtures”). Based on the chemical composition of

coatings the Cp values were evaluated using the formula:

n

M=) M- ()

i=1

Finally, the general chart presenting Cp that were evaluated experimentally and

theoretically was plotted for comparison.



5.4.10. Laser Flash Analysis (LFA)

Laser Flash method is a well-established method that is widely used for a
characterization of thermal diffusivity and then for a calculation of thermal conductivity
of coatings. In this technique the energy pulse is generated by xenon lamp or laser and is
applied to the bottom side of the sample. Then, the change of the temperature in a
function of time is detected on the top side by the infrared detector (in a form of electric
signal). The higher the thermal diffusivity of material is, the faster the change of
temperature can be observed. The LFA has many important advantages, like: simple
operating rule, wide range of thermal diffusivities that can be detected by this method

(see Figure 41 [111]) etc.

N
W/m-K
1000
100
—
v -
Vv W
10 o ) 7
@ Q
S .§ E @
v =]
S 5 & 2 3
. = =
0.1 & = £
w ——
T - 3
0.01 " = K=
et — :
1]
1]
0.001 s o
——

Figure 41 The application range of Laser Flash method [111]

But LFA does not investigate the thermal diffusivity and thermal conductivity directly, as
this is an indirect measurement method. Moreover, there is a need to determine many
different material properties in order to obtain a satisfying accuracy. As mentioned in
previous paragraphs, all necessary thermophysical properties of substrates and coatings
were evaluated experimentally. The properties were then used to measure thermal
diffusivity by LFA and calculate thermal conductivity by the equation given below.
The chart presenting the whole procedure used to investigate thermal transport

properties of YSZ and YCeSZ coatings is given in Figure 42.
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Figure 42 The methodology of thermal conductivity calculations in high-temperature

range (up to 1000°C)

Laser Flash Analysis was performed using Netzsch LFA 427 (Netzsch, Selb, Germany).

In this high-temperature set-up the laser pulse is used to generate the energy at the

substrate surface. The temperature change was observed on the ceramic coating surface.

The measurements were conducted with the following parameters:

Inconel 600 substrate was investigated by using one layer Cape & Lehman model
[112]. The model considers the heat losses during the measurement, the finite
pulse duration and transient heat transfer also. The measurements were carried

out up to 1000°C;

The zirconia coatings were measured and considered as two-layer systems
(coating + substrate material). The two-layer model that included corrections
resulting from: heat losses, finite pulse duration and did not consider the thermal
contact resistance between mentioned layers. The LFA test was performed up to
1000°C in case of YSZ coatings and up to 800°C in case of YCeSZ coatings.
The difference was caused by the fact that YCeSZ coatings reacted together with
graphite layer and alumina crucibles of the equipment. In order to avoid the
pollution of expensive alumina parts the temperature was limited.

This phenomenon is still under investigation.

Prior to the experiments the both sides of each sample were coated with the thin

graphite layer. This provides uniform heat distribution, increases the energy absorbed

from laser pulse and improve the quality of temperature signal on the detector side.

The analysis of very heterogeneous materials or multi-layer systems by LFA is still quite

complex issue. Therefore, the verification of thermal conductivity values was done.
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The approach called response method introduced by Baba et al. [113] was used to
confirm the accuracy of thermal conductivity values obtained by laser flash analysis.
The method bases on the LFA signal obtained during the experimental work. Then the

following procedure is applied:

e normalization of the electrical signal value in a way that the max. value is always
“1” and initial temperature is “0”. In this way different measurements can be

compared;
¢ finding the max value (=1 on the Y scale after the normalization);

e calculation of the “areal heat diffusion time” (see Figure 43 [114])

Normalized temp. rise
(converted signal value)
(=
|

’lrIIEKI—IIIIIIIIIIII"!III

Time [ms]

[=1
=

Figure 43 The interpretation of areal heat diffusion time used in response method that
bases on LFA signal [114]

Then, using the following formula, the thermal conductivity value can be calculated.
Similarly as in case of LFA method the exact (experimentally obtained) values of

thermophysical properties of coatings were used to evaluate thermal conductivity:

_ d%Cp2p2(3dlcp1p1 +d, szpz)
64, (d1cp1,01 + dchzpz) - d%Cplpl(dlcplpl + 3dchzpz)//11

Az

5.4.11. Instrumented Indentation Testing (IIT)

The investigations of basic mechanical properties (elastic modulus and hardness) of

zirconia coatings were performed by Instrumented Indentation Test (IIT).
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The measurements were carried-out by the use of micro-hardness tester CSM 2-107
(CSM Instruments, Peseux, Switzerland). The equipment has resolution of 100 uN for
load measurement and 0.3 nm for indenter displacement measurements. The set-up was
equipped with a diamond Berkovich indenter. The selected samples were analyzed in as-
sprayed condition (without any pre-treatment) and the measurements were performed
at the free-surface of coatings. The measurements were realized using multicycle

loading and unloading scheme (see Figure 44).
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Figure 44 The multicycle nanoindentation test

The measurements were carried-out in accordance with ASTM E92-82 [115] standard.

The parameters were as follows:
¢ 100 loading/unloading cycles per one test,

e Joading rate (mN/min) was set as twice as the value of the maximum applied

load. This guaranteed that all cycles took the same time [116],

e increasing loading values in the range of 200mN (first cycle) - 5000mN (last
cycle),

¢ increasing unloading value, set as20 % of loading value,

e dwell time of 15s used for each maximum/minimum load.



Elastic Modulus by IIT

The method of using IIT for evaluation of reduced elastic modulus was given by Olivier
and Pharr [117]. They used the unloading part of the IIT curve and applied the following

formula in order determinate the E-modulus:

Ep=Zo = 0

But when considering different measurement conditions, then many various effects can
occur. During the years many different correction factors were proposed in order to

improve conventional methodology, for example:
e correction factor (3) for various geometries of indenters [118]-[120],

e contact area (A) influenced by the indentation depth, type of the indenter and tip
deformation/defect. The deformation around the indentation (so called sinking-

in or piling-up) should be took into account also [121]-[124],

e instrument compliance (Cf), when the displacement of indenter may be

overestimated due to the deflection of equipment parts,
e geometrical correction factor (y) as a function of Poisson’s coefficient [125].

As a result the following form of Olivier and Pharr equation was used to evaluate elastic

modulus of coatings:

1ve 1 1

Eg :ﬁ_y7\/_ZC——Cf ©)

Hardness by IIT

The Martens hardness (HM) was used to describe the hardness of zirconia coatings.

It can be calculated using following formula:

HM = —— (6)

" 26.43h2

HM was expressed as the ratio of applied load value and the contact area between

Berkovich indenter and tested material.



CHAPTER 6.RESULTS AND DISCUSSION

6.1. Microstructure and growth-up mechanisms

6.1.1. Coating morphology

As mentioned in a previous chapter, due to the extensive experiment design 72 different
coatings were produced (see Table 7). All of them were characterized in term of the
microstructure and they were used to analyze the coating growth-up mechanisms.

Table 7 The thickness and porosity of coatings (red color - coatings having columnar-like
microstructure; * - coatings that were not deposited correctly)

E = 3 FE E T o E =
= X N = X = X = X
2 3 % £2 ¢ % E2 3 % B2 9 3
TE ¢ F £ ¢ £ 3§ ¢ £ =Tg o§ oz
s £ ¢ 2% £ ¢ g £ ° g% £ ¢
= o = = o = o = = o
= =% [ = =% = =% = (=
= [l = = [
ST21 661 214 TT51 774 160 AT101 1395 103 WT101 176.0 21.0
lst22 | - | - |T1rs2 | - | - |AT102 ] - | - [wr102] - [ - |
ST23 - - TT53 - - AT103 - WT103 -
| ST51 | 82.6 [ 18.1 [ TT101 | 90.9 [ 13.1 | AT201 | 160.4 | 16.1 | WT201 | 165.6 | 16.3 |
ST52 ] - TT102 - - AT202 - - WT202
lst53 | - | - |TT103| - | - | AT203 | - | - [wT203|] - | - |
ST101 1159 152 TT201 1395 11.8 AT301 166.1 158 WT301 179.2 13.1
Ist102| - | - |TT202| - | - |AT302*] - | - [wr302] - [ - |
ST103 - - TT203 - - AT303* - - _WT303 -
| sc21 | 549 [ 19.0] TC51 | 74.0 | 18.0 | AC101 | 161.7 | 5.2 | WC101 | 1454 | 113|
SC22 - - TC52 - - AC102 - - _WC102
lsc23 | - | - | 153 | - | - | Ac03 | - | - |[wcio3]| - | - |
SC51 105.2 155 TC101 91.2 159 AC201 1686 52 WC201 152.1 122
1sc52 | - | - [Tcr02| - [ - [Ac202 | - [ - [wc202] - | - |
SC53 - TC103 - - AC203* - - _WC203 -
| sC101 | 965 | 13.2 | TC201 | 1479 | 12.4 | AC301 | 186.6 | 5.6 | WC301 | 186.4 | 7.9 |
SC102 - - TC202 - - AC302 - - WC302

lsc103| - | - [Tc203| - | - |[Ac303*| - | - |wc303| - | - |




Four different set-ups were used for Suspension Plasma Spraying. So the coating

morphology will be discussed for each torch separately.
SG-100

The micrographs of YSZ coatings sprayed by SG-100 plasma torch are collected in
Figure 45. It can be seen, that a wide range of process parameters allowed producing
coatings characterized by contrasting microstructures. When the low concentrated
suspension was sprayed, then very irregular coatings were formulated. The coatings
were having columnar-like feature. On the other hand, much more dense and
homogeneous coatings were deposited by using suspensions containing more solid.
The porosity of YSZ coatings was in a range of 15 up to 21 %. The substrate preparation
had also an influence on the coating morphology. The coatings were more
heterogeneous when greater the roughness of substrate was. The YSZ coatings showed
a limited number of defects in the structure and the interfaces between coatings and

substrates was free of any discontinuities.

YCeSZ coatings were much more dense and homogeneous than YSZ coatings (see Figure
46). The coatings had typical two-zones microstructure, which is composed of well
molten lamella and small unmelted or sintered powder particles. The porosity was also
lower than in case of YSZ (13 to 19 %) and depended on the suspension concentration.
However, the pores were greater and had tendency to form aggregates. The substrate
preparation method did not have such great effect on the coating microstructure like in

the case of fine yttria-stabilized powder.
TriplexPro-200

YSZ coatings that were sprayed by TriplexPro-200 torch (Figure 45) were much denser
and homogeneous comparing to those deposited by SG-100 torch. The porosity was also
lower, in a range of 12-16 %. Only the coatings that were sprayed onto laser-treated
substrates showed columnar-like features, but not in case, when the most concentrated
suspension were used (20 wt. % of powder). In that case much denser coatings were
obtained. Furthermore, the filling of laser-treated patterns by feedstock material was
not ideal and the pores at the substrate/coating interface were observed. The other

spraying conditions caused formulation of dense, two-zones, structures. The coating



density was then influenced by the suspension concentration. The pores seemed to be

slightly bigger than in case of SG-100.

Triplex

A S$G-100

20

5-10

Suspension concentration (wt.%)

2.5

Substrate roughness

Figure 45 The cross-sections of selected YSZ coatings deposited by SG-100 and
TriplexPro-200 plasma torches (SE mode, 200x and 400x)

The spraying of YCeSZ suspensions using TriplexPro-200 (Figure 46) allowed producing
only two-zones coatings and with various porosity. The most dense deposits had
porosity of 12 % and the most porous of 18 %. The coating density was also highly
affected by the suspension concentration. The increase in the amount of solid phase in

the suspension resulted in the increase in YCeSZ coating density. The coatings showed
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also a single microcracks and pore aggregates. But based on SEM micrographs, the

bonding of coatings was proper with no defects at the interface.

A $G-100
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Figure 46 The cross-sections of selected YCeSZ coatings deposited by SG-100 and
TriplexPro-200 plasma torches (SE, 200x and 400x)

Axial III
All YSZ coatings that were sprayed by Axial Il were characterized by similar porosity

and morphology. The suspension preparation and substrate topography did not have a

big influence on the coating microstructure (Figure 47). The columnar-like morphology
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was not obtained for Axial III, even for fine YSZ powder. The coatings had the porosity in
the range between 10 and 16 %. Furthermore, the pores were homogenously
distributed in the coating and were also very fine (hundreds of nanometers).
The coating-substrate interface did not show any defects when grit-blasted substrates
were used. But when coatings were sprayed onto laser treated or grinded substrates,
then coating adhesion was much lower. The careful metallographic preparation was

needed as YSZ coatings had a tendency to delaminate during e.g. cutting.

A WSP-H500

Axial 11l

30

20

Suspension concentration (wt.%)

10

Substrate roughness

Figure 47 The cross-sections of selected YSZ coatings deposited by Axial III
and WSP-H500 plasma torches (SE, 200x and 400x)
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Figure 48 The cross-sections of selected YCeSZ coatings deposited by Axial IIIl and WSP-
H500 (SE, 200x and 400x)

The YCeSZ coatings deposited by using Axial III torch were characterized by the highest
density among all produced coatings (Figure 48). These YCeSZ coatings were also the
most homogeneous with porosity of around 5 % (Table 7). The single and very fine
pores were mostly spherical and did not create bigger aggregates like in case of other
plasma torches. The effect of suspension and substrate preparation on the coating
morphology was not so obvious as in the case of other plasma torches. The coatings

were well-deposited, the interface was free of defects.
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WSP-H500

Two various types of coatings were produced when spraying fine YSZ suspension by
WSP-H500 torch (Figure 47). The columnar-like structures characterized by typical
intercolumnar voids were achieved for suspension with the lowest content of powder
(10 wt. %). The height and width of single columns was not uniform. Furthermore, it
should be stressed that these coatings were obtained for all kinds of substrate
topographies, including flat, grinded, substrate. The appropriate substrate interface,
without any signs of delamination, was also achieved for all columnar-like coatings.
On the other hand, when more concentrated YSZ suspensions were used, then the
produced coatings were much denser and had two-zones microstructure. The single
micro-cracks were observed also. In case of coatings deposited using the most loaded
(30 wt. %) suspension onto polished or laser treated substrates a discontinuity at the
coating-substrate interface appeared. The YSZ coatings had porosity ranging from 13 to
21 % depending on the coating morphology. The single pores were fine, nanometric or

submicrometric, but the aggregates reached the size of a few micrometers.
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Figure 49 The deposition rate (thickness/pass) values obtained during spraying
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The YCeSZ coatings sprayed by WSP-H500 torch had typical two-zones structure.
The coatings showed well-melted lamellas with single powder aggregates. The
columnar-like coatings were not achieved. The coatings were characterized by various
porosity ranged from 13 to 14 %. The porosity was lower for coatings sprayed by more
concentrated suspension, similarly as in case of YSZ. The single clusters of pores were
observed in the microstructure of coatings sprayed by 10 wt. % suspension. They did
not occur for 20 and 30 wt. % suspension and pores seemed to be smaller also. But the
single microcracks appeared at the same time, especially for grinded or laser-treated

substrates.

The deposition rate (um/pass) that was obtained using mentioned set-ups is also an
important information about Suspension Plasma Spraying experiment. The deposition
rates were evaluated based on the grit-blasted samples that were carefully
characterized. As can be seen in Figure 49, the deposition rates were different for each
torch. This was caused by the differences between set-up designs and plasma torch
features. It was not possible to use the same spray parameters each time. Following, the

results of thickness per pass ratios cannot be compared directly (for example the offset

between plasma torch passes was 3 mm in case of SG-100 and 30 mm for WSP-H 500).
The results do not consider also the coating porosity, which affects the deposition rate
expressed as um/pass. But, regardless to the plasma torch, the deposition rates of a few
microns per pass were achieved. These results of deposition rate clearly show that
Suspension Plasma Spraying method may be an effective technology and can be a very

competitive process to other technologies enabling production of fine-grained coatings.

6.1.2. Coating free-surface

The analysis of coating free-surfaces is presented for columnar-like and two-zones
microstructures separately. These two different morphologies were identified based on

SEM analysis made at the coatings cross-sections.
Columnar-like coatings

It was clearly seen that the most irregular surface was a domain of columnar-like

coatings, which had even two times greater roughness than the other coatings (Table 8).



Another observations were performed by Shape From Shading (SFS) method. The 3D
models of the coating surfaces were reconstructed and investigated. This technique was
found to be a very useful tool in order to analyze columnar-like coatings (see Figure 50).
By using SFS, the column high and width were easily measured. The width of columns

was in a range of 70 to 90 pm.

-21.89um

° 248.01pm 5 98.19pm o 248.90um

Figure 50 The 3D views of columnar coatings surfaces reconstructed by Shape from
Shading method (a-ST23,b-WT103,c-ST52)

Two-zones microstructures

The surfaces of coatings characterized by two-zones microstructure corresponded to the
coating morphology. When the porosity was relatively high and coating structure was
not very homogeneous, then the surface was also irregular. But on the other hand, the
surfaces of very dense structures (like YSZ coatings sprayed by Axial III) were very

smooth (see Figure 51).

d

34.11pm 12.34pm

-12.34pm
[1] 214.92pm 1] 314.14pm

Figure 51 The 3D views of two-zones coatings surfaces reconstructed by Shape from
Shading method (a-TC102,b - AT203)
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Generally, the coating roughness was highly influenced by the suspension concentration.

This phenomenon was observed for YSZ and YCeSZ powders as well. The higher amount

of solid in suspension resulted in smoother and more uniform coating surface.

The substrate preparation was another important parameter affecting the coating

structure. The highest Ra values of the coating surfaces were observed for the most

irregular, grit-blasted, substrates. The substrate topography had much greater influence

on YSZ coatings than on YCeSZ (for Axial III even negligible in case of YCeSZ).

Table 8 The roughness parameters of obtained coatings (red color - coatings having
columnar-like microstructure)
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ST21 107 16 TT51 69 11 AT101 45 05 WT101 141 1.6
| sT22 | 82 | 04 | TT52 | 6.0 | 0.6 |AT102| 19 | 02 |wT102| 64 | 0.8
ST23 79 15 TT53 29 04 AT103 2.0 03 WT103 97 03
| ST51 | 106 | 1.2 |TT101| 6.1 | 08 [AT201| 39 | 06 |WT201| 60 | 04
ST52 74 09 TT102 65 13 AT202 1.8 02 WT202 39 04
| sT53 | 57 | 04 [TT103| 23 | 03 |AT203| 1.6 | 0.1 |[wT203| 3.7 | 04
ST101 72 07 TT201 51 1.0 AT301 31 05 WT301 39 06
|sT102 | 59 | 0.6 |TT202| 35 | 08 |AT302| 19 | 02 |[|wT302]| 33 [ 0.2
ST103 39 0.7 TT203 22 03 AT303 17 02 WT303 42 04
| sc21 | 83 | 08 | TC51 | 38 | 0.6 |AC101| 24 | 04 |wcC101]| 9.0 | 15
SC22 40 04 TC52 25 04 AC102 21 03 WC102 31 0.1
| sc23 | 55 | 07 | T€c53 | 2.1 | 02 |Ac103| 19 | 02 |wc103| 62 | 0.6
SC51 68 07 TC101 35 05 AC201 26 02 WC201 63 04
| sc52 | 37 | 06 |[TCc102| 3.2 | 04 |Ac202| 19 | 02 |wc202]| 35 | 05
SC53 42 0.7 TC103 29 03 AC203 18 03 WC203 49 11
|sc101 | 67 | 07 |TC201| 35 | 07 |AC301] 25 | 04 |wcC301| 67 | 07
SC102 36 0.6 TC202 24 01 AC302 20 02 WC302 31 04
|sc103 | 42 | 05 |TC203| 2.7 | 04 |AC303| 2.0 | 03 |wc303| 33 | 05

6.1.3. Coating phase and chemical composition

The results of XRD and EDS studies are presented for a few different coatings together in

a just one chart. There was no significant difference in the phase composition for

coatings deposited by various plasma torches.
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Figure 52 XRD diagram presenting phase composition of selected YSZ coatings

The phase composition of YSZ and YCeSZ coatings was almost not changing when
comparing to the raw powder material and deposited coatings. According to XRD
analysis, the YSZ coatings were still characterized by fully-cubic structure. This phase

remained unchanged. The full XRD diagram is presented in Figure 52.
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Figure 53 XRD diagram presenting phase composition of selected YCeSZ coatings

YCeSZ coatings crystalized in tetragonal lattice with a very small contribution of

monoclinic ZrO; (Figure 53). Based on the qualitative analysis of X-ray diffractogram the
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cubic phase was not distinguished. It means there was a small phase change of YCeSZ

during spraying.

Table 9 The lattice parameters of YSZ coatings sprayed by Axial IIl and WSP-H 500

YSZ coatings

Sample Cubic phase
content, wt. % qa, A

AT101 100 51396
AT201 100 5.1398
AT301 100 5.1390
WT101 100 5.1409
WT201 100 5.1414
WT301 100 5.1406

The Rietveld refinement method was used to evaluate more precisely the phase
composition of coatings. The content of each phase is showed in Figure 52 and Figure
53. The lattice parameters were calculated also and the results are presented in Table 9

and Table 10 [33].

Table 10 The lattice parameters of YCeSZ coatings sprayed by SG-100 and TriplexPro-200

[33].
YCSZ coatings
Sample Tetragonal phase Monoclinic phase
content, wt. % a, A ¢,A | content,wt.% | a b, A Ay, °
sc21 97.45 3.6401 | 5.2133 2.55 51570 | 5.2590
52601 | 99.165
SC51 97.10 3.6406 | 5.2160 2.90 51532 | 5.2551
52719 | 99.064
5C101 97.30 3.6382 | 5.2097 2.70 51535 | 5.2574
5.2545 | 99.090
TC51 92.62 3.6351 | 5.2167 7.38 51884 | 5.2077
52783 | 98.799
TC101 96.02 3.6358 | 5.2146 3.98 51867 | 5.2033
52983 | 98.834
TC201 94.54 3.6353 | 5.2161 5.46 51932 | 52046
52993 | 98.818




Based on the lattice parameters the calculation of ¢/aVv2 ratio was done. As suggested by
Viazzi et al. [90], using this formula the accurate evaluation of tetragonal phase of
stabilized zirconia can be done (see Figure 54). The ratio could be directly calculated for
YCeSZ coatings. In case of YSZ coatings the fitting of XRD data with tetragonal phase was
done also. In case of YSZ the ratio was nearly 1. This means that the coatings were cubic
in fact. In case of YCeSZ the ratio was in range of 1.013-1.015. So the tetragonal phase in
YCeSZ coatings was probably transformable. But the more advanced studies are

performed currently to confirm these results.
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Figure 54 The different forms of stabilized zirconia [90]

The qualitative EDS analysis of the samples sprayed using suspension was made in two
steps. First, the analysis of coatings deposited by low-power plasma torches (SG-100 and
TriplexPro-200) was done, and then the evaluation of coatings sprayed by high-energy
plasma torches was performed (Axial III and WSP-H500). The contents of the elements

were as follows:
SG-100 and TriplexPro-200:

e YSZ: (i) 14-18wt. % of yttrium, (ii) 53-58 wt. % of zirconium and
(iii) 25-30 wt. % of oxygen;

e YCeSZ: (i) 5-6 wt. % of yttrium, (ii) 15-18 wt. % of cerium, (iii) 56-63wt. %

of zirconium and (iv) 18-23 wt. % of oxygen;
Axial III and WSP-H500:

o YSZ: (i) 13-17 wt. % of yttrium, (ii) 56-60 wt. % of zirconium and
(iii) 23-28 wt. % of oxygen;

e YCeSZ: (i) 3-5 wt. % of yttrium, (ii) 16-20 wt. % of cerium, (iii) 58-63 wt. % of

zirconium and (iv) 20-22 wt. % of oxygen;



and the initial chemical composition of powder was:

e YSZ: (i) 25 wt. % of oxygen, (ii) 11 wt. % of yttrium and (iii) 64 wt. % of

zirconium,;

o YCeSZ: (i) 21 wt. % of oxygen, (ii) 20 wt. % of cerium, (iii) 2 wt. % of yttrium and

(iv) 47 wt. % of zirconium.

The EDS studies showed that the spraying did not introduce significant changes to the
chemical composition of coatings when comparing to the powder materials that were
used for suspension formulation. There was also no significant differences in the
chemical compositions between coatings. The examples of EDS spectra of YSZ and YCeSZ

coatings are presented in Figure 55.
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Figure 55 The examples of EDS spectra of YSZ (a) and YCeSZ (b) coatings

6.1.4. Formation of columnar-like coatings

As mentioned in the previous paragraphs, some of the process parameters caused the
growth of columnar-like microstructures. The more detailed micrographs of selected

coatings having columnar features are presented in Figure 56 [109].

First columnar-like coatings were obtained when rough (laser-treated in particular)
substrates were used. The mechanism of coatings growth can be associated to the
particles which follow the hot gas swirls and adhere mainly to the peaks of substrate or
previous deposits and then form columnar-like microstructure. The behavior of powder

particles that came into a contact with substrate resulted from equilibrium of forces:



(i) Fp — drag force pushing fine solids together with plasma jet swirls and (ii) adhesion

force Fa keeping the particles on the substrate surface.

Figure 56 The columnar-like coatings: WT101 (a) and WT103 (b) [109]

Afterwards, the powder particles can adhere directly to the substrate or move parallel to
its surface - depending on which of the force dominates. The Fa > Fp relation is valid for
coarser particles moving close to the center of plasma jet. But inside the coatings, the
fractions of fine, unmelted, grains were noticed also. They are generated by the particles
moving in the external and much colder regions of plasma. And then, the balance of
forces change and, consequently, Fp > Fa. Subsequently, these particles move parallel to
the substrate surface and adhere to the substrate peak that they meet first (Figure 57)
[33]. So the effect is strengthened by morphology of substrate surface and the size of

powder particles.
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Figure 57 The forces acting particle at the plasma jet/substrate interface (a), mechanism
of columnar-like coating growth at rough substrate (b) [33]

[ 89



The concept of columns growth-up mechanisms was investigated and confirmed by
EBSD analysis. The test area was chosen in a way that the “peaks and valleys” were
analyzed simultaneously (Figure 58). The analysis showed that the deposition
mechanism is not the same in the two analyzed regions of the sample. The grains which
adhered just above the substrate peak (see Figure 58b), were rather spherical. Whereas,
the grains that were deposited between two peaks were deformed, i.e., thin and more
perpendicular to the substrate. The deformed grains are the ones following the plasma
swirls. The analysis of grain size proved fine-grained feature of SPS coatings. The main

size of grains was of about 600 nm (see Figure 58c). But many finer grains (with the size

of about 250-300 nm) were observed also.

1
Grain Sce (Diameter) ricrons)

Figure 58 The EBSD analysis of columnar-like ST52 sample sprayed onto laser-treated
substrate: (a) selection of area, (b) detailed crystallographic orientation map and (c)
grain size distribution (volume-based) [99]

A slightly more complex mechanism takes place, when the columnar-like coatings are
formed on flat, e.g. grinded, substrate. The growth of columns on the flat surface is
possible only if single irregularities (“peaks”) are created on the substrate surface first.
In this work, it was possible when lowest concentration of suspension was used.
Consequently, there was a low number of particles in the suspension droplet being
introduced into plasma. These particles form mentioned peaks. Then the procedure is

the same as in case of laser-treated substrate (see Figure 59).
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Figure 59 The growth of columns on the flat substrate (1,2,3 - subsequent stages of
columns formation) [99]

However, much more irregular columns are formed (see Figure 60a). Furthermore, the
texture analysis was performed in case of columnar like coatings (Figure 60b). But in
each case the differences between grain orientations were very big and it was not

possible to find any preferred directions of crystal growth.

Figure 60 EBSD analysis of columnar-like ST23 sprayed onto grinded substrate
crystallographic orientation of grains (a), and texture analysis (b) [99]
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6.1.5. Formation of two-zones coatings

The coatings characterized by two-zones microstructure were obtained in most cases.

The detailed micrographs of this type of coatings are presented in Figure 61.
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Figure 61 The coatings characterized by two-zones microstructure: WC101 (a) and AC203
(b) [109]

The formulation of typical two-zones coatings was described in details by Kozerski et al.
[66]. The growth of complex lamellar microstructure results from the heat treatment of
powders in the plasma jet. Some of powder particles are well-melted and form lamellas.
But there are also fine sintered/unmelted powders in the coating structure which
travelled in colder regions of plasma. The mechanism is presented in the Figure 62 [66].
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Figure 62 The formation of conventional two-zone structure in Suspension Plasma
Spraying [66]
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The lamellar microstructure was observed for YSZ and YCeSZ coatings sprayed by
suspensions having higher concentration of solid phase, mainly when the suspension
had 20-30 wt. % of solid phase. The microstructure of these coatings was much denser
than in case of columnar-like coatings. The EBSD investigation showed that inside some
coatings (deposited by SG-100) the thin layer of columnar grains appeared. This was
especially visible near the substrate and was caused probably by the low temperature of
substrate during first passes (Figure 63b). The substrate was only slightly preheated
prior to spraying. The grain size investigations, that were carried out for TC102 sample,
enabled to find the main size of about 450 nm, and the main number grain size was

below 300 nm.

01 1 10
Grain Size (Diameter) [microns]

Figure 63 EBSD analysis of two-zones TC102 coating: selection of test area (a), Inverse
Pole Figure (b) and grain size distribution (c) [99]

The EBSD studies confirmed also that some two-zones coatings were having very fine
grained and uniform structure, especially the coatings deposited by Axial III torch.
The inverse pole figure (IPF) presented in Figure 64 shows the homogeneous shape and
size of grains. Even the use of laser treated substrates did not affect the grain
morphology. Only the fine, spherical grains can be noticed in the coating microstructure.
The volume-based mean grain size was of about 800 nm (Figure 64c) and number-based

mean size of around 570 nm.
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Figure 64 EBSD analysis of two-zones AT102 coating: selection of test area (a), Inverse
Pole Figure (b) and grain size distribution (c) [109]

A very dense coatings were obtained for Axial III torch. Even the laser-treated substrate
had no influence on the coating growth-up mechanisms. The characteristic deformations
of grains observed in previous cases when laser-treated substrates were used (see for
example sample ST52 and longitudinal grains in the coating structure) did not occur in
coatings sprayed with axial suspension injection. This proves that the particles travel
mostly in the hot regions of plasma and do not follow the plasma swirls. The formation
of very dense coatings in case of the axial injection mode (Axial III) in comparison to
radial injection can be explained by the Figure 65. If the injection is realized fully axially
(as for Axial IIl torch), then the suspension can be introduced exactly in the same
direction as the plasma flow occurs. The dispersion angle of the particles travelling in
the plasma jet is very narrow. Following, there is much less powder particles travelling
in the plasma periphery, so the particles flow together in a small space of narrow plasma
jet [86], [126]. As a result, the fragmentation of liquid stream into fine droplets may be
less effective than in the case of radial injection mode, where much more pronounced
shearing of the liquid occurs. The mentioned phenomena cause that fine powders can
easily interact with one another in the plasma jet. Consequently, they can form bigger

aggregates. Moreover, it was presented already [33], [99] that the interactions between
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powder particles and plasma jet but also plasma particles and substrate are influenced
by the adhesion and drag forces. The big particles travelling in the core of plasma jet
would have the balance of forces Fa>Fp. For smaller, moving in the plasma periphery, the
relationship is reversed and Fp>Fa. In case of axial injection the adhesion force seems to
be much greater than drag force. As a result, the molten particles having narrow
distribution of temperature and velocity hit the substrate and form a dense and

homogeneous structure (in this study).

The key process parameters, which can enable the formation of columnar coatings by
using Axial III torch, seem to be the powder particle size and the powder size
distribution. As presented by Curry et al. [45], the decrease in the powder particle size
promotes the growth of the columnar coatings [127]. The smaller the particles are, the
harder for them to keep the trajectory in the core of plasma jet. The particles that travel
in the plasma periphery and then follow the drag force seem to be an important factor to

obtain columnar-like coatings.
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Figure 65 The influence of the injection angle on the coating growth-up mechanism [109]

6.2. Properties of coatings

After spraying and characterization of coating microstructures, the selection of coatings

was carried out. The coatings with strongly contrasting microstructural features,
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namely:

o columnar-like or lamellar;
. homogeneous or heterogeneous;
. dense or very porous microstructure,

were chosen for further studies. Furthermore, only the samples sprayed onto grit-
blasted substrates were selected for further tests (the evaluation of selected coating
properties). This was caused by the fact that this substrate preparation technology is

widely used in the industrial practice currently.

6.2.1. Density

The first property necessary for thermal diffusivity and thermal conductivity studies is
true (called also theoretical) density of material. By using this value the apparent (called
also bulk) density in ambient temperature (p3o0) can be evaluated. The measurements
carried-out by pycnometry method showed that the densities of coatings were
significantly higher than that of initial powders that were used for spraying (Table 11).
The greatest difference occurred for YCeSZ material. The coarse, as-produced, YCeSZ
powder had the smallest density (5.507 g/cm3). This is an effect of production method
(spray-drying followed by heat treatment) so the resulting Metco 205NS powder
particles are very often hollow inside. The hollows were opened during milling and as a
result the density of fine pre-processed powders was greater. Finally, the porosity was
completely eliminated after spraying and then crushing of coating. This way the true

density could be estimated by pycnometry method.

The obtained values of true coating density corresponded well to the values reported in
the literature, where the theoretical approach is very often used [128]. The true density
of stabilized zirconia is influenced by the type of stabilizer, its content and usually is
estimated by the rule of mixtures. The theoretical density of ZrO: is equal to 6200 kg/m?3
(according to the X-ray density from ASTM pattern 27-997), of Y203 is 5031 kg/m3
(using X-ray density from ASTM pattern 25-1200) and of CeO: is equal to 7647 kg/m3

[129], [130]. The literature values are in agreement with obtained densities of YSZ



coating. In case of YCeSZ coatings, the theoretical values are higher. The crucial seems to
be the CeO2 content having the greatest mass. But the approach considering also the
complex phase composition and arrangement of atoms in the crystal structure should be

applied to evaluate theoreticaly the density of complex YCeSZ coatings more precisely.

Table 11 The results of density measurements [131]

i\i‘;:lijtg; Standard
Material deviation
value [g/cm?]
[g/cm3]
YSZ - powder as-produced 6.000 0.004
YSZ - crushed coating? 6.099 0.005
YCeSZ - powder as-produced 5.507 0.003
YCeSZ - powder after milling 5.825 0.005
YCeSZ - crushed coating3 6.108 0.009
Inconel 600 8.415 0.003

6.2.2. Specific heat capacity

The specific heat capacity of YSZ and YCeSZ coatings was evaluated experimentally (in
low temperature range) and then also extrapolated for high temperatures by using
Kopp’s law. The chart comparing both cp, values is presented in Figure 66 [131]. The DSC
measurement results and the values obtained by Kopp’s law are presented together.
The difference between the results was not greater than 10 %. The specific heat values
that were calculated by the rule of mixtures lies between the two curves obtained
experimentally by DSC. In case of YSZ coatings the values found from Kopp’s law were
almost an average of cp values measured with the two DSC experimental set-ups.
The difference between the results of specific heat capacity that were obtained using
two DSC set-ups can be explained by various operational protocols and procedures but
also by different quantity of powdered coating materials that was measured. Barros et
al. [132] mentioned that the use of too low sample mass reduces the precision of cp
measurements using modulated DSC approach. There are many other factors that
influences the precision of Differential Scanning Calorimetry method (e.g. related to the

instrument itself, sample characteristics, calibration method and standard material etc.).

2 this value was taken for apparent coating density calculations of YSZ coatings
3 this value was taken for apparent coating density calculations of YCeSZ coatings



The structure of the material can slightly affects the value of specific heat capacity, e.g.
grain size, crystallographic structure, dislocation density etc. [133]. Anyway, the results
were satisfactory, also when comparing to the other literature data [134]. Finally, in the
view in all ¢p results, the conclusion is that values of specific heat values that were
calculated using Kopp’s law are enough precise to be used for LFA. So the values
determined by rule of mixture were used for thermal diffusivity and conductivity

evaluation.
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Figure 66 The evaluation of specific heat capacity values of YSZ(a), YCeSZ (b) [131]

6.2.3. Thermal expansion

The studies were followed by thermal expansion investigations. The coatings for
dilatometry were prepared by Powder Plasma Spraying instead of Suspension Plasma
Spraying. The microstructure of SPS sprayed coatings can be somehow comparable to

the PPS one, especially for dense structures [66]. Both types of coatings include lamellas
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that are formed by molten solid particles and create a brick-wall structure of coating.
The most important difference is the size of single lamellas (these are much greater in
case of PPS) and the coating morphology. Especially in case, when columnar-like was
produced by SPS. But the proposed approach seems to be more accurate than the use of

literature data, where the bulk or sintered zirconia is measured usually.

The anisotropy of AL/L values was observed in zirconia coatings (Figure 67). This effect
was reported in the literature for powder plasma sprayed coatings by e.g. Berndt et al.
[135] or Ilavsky et al. [136]. This phenomenon can be caused by many different factors.
The brick-wall like structure i.e. lamellar structure combined with the extensive
network of cracks, voids and pores preferentially oriented according to the spraying
direction can highly influence thermal dilatation of coating [137]. Furthermore the

multiphase composition of coatings can have a slight effect also [138].

Both, YSZ and YCeSZ, coatings showed higher values of thermal expansion in a
horizontal direction (parallel to the substrate). The anisotropy of thermal expansion of
plasma sprayed coatings was not fully understood yet, so the phenomena can be
analyzed based on other mechanical properties, like stiffness or elastic modulus.
Sevostianov and Kachanov [139] used the term of “inverse anisotropy”. It means that the
values of elastic modulus and stiffness of deposits were higher in the perpendicular
direction according to the substrate as a result of scattering of pores orientation in the
thermally sprayed coatings. Consequently, the lower thermal expansion is observed in
materials having higher stiffness [140]. But in other studies, it was observed that the
Young modulus may be even two greater in the in-plane direction (parallel to the
coating surface) than in vertical direction (perpendicular to the coating’s surface) [136],
[137]. This phenomenon is still not fully understood and needs more studies to be
confirmed. In this work, the AL/L values that were estimated perpendicularly to the
substrate material (the lower values) were chosen for further LFA test. This was caused

by the fact, that the heat flow direction was the same.

The thermal expansion values were different during cooling and heating. As the AL/L
was found to be anisotropic, so the dimensional changes were not uniform and the same
in the coating material. As a consequence the micro-stresses and micro-cracks could
have been generated during heating and the thermal expansion during cooling could

change. This effect was less visible in case of YCeSZ samples, which are more fatigue-



resistant than YSZ. The very short length of the sample (only 2 mm) could influence also
the accuracy of measurements and cause some instabilities during measurements.
The measurements of 10mm long sample (done as a verification) did not show such

significant differences of thermal expansion when samples were heated and cooled.
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Figure 67 The results of thermal expansion measurements of YSZ (a) and YCeSZ (b)
coatings [131]

The values obtained by using dilatometry method were in a good agreement with
literature values of thermal expansion for both zirconia materials. Many studies suggest
that YCeSZ exhibits slightly greater expansion than YSZ. This was confirmed, especially
when comparing the values determined perpendicularly to the substrate [134], [141],
[142]. Furthermore, the results obtained for substrate material, Inconel 600, (in fact
only 10-15 % higher than that of YSZ and YCeSZ coatings) were in an agreement with

the literature and values given by the manufacturer.
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6.2.4. Thermal transport properties

The thermal transport properties evaluation were started by the thermal diffusivity
measurements. The following samples were selected for this purpose. In case of YSZ
coatings, the samples having columnar-like microstructure and two-zones
microstructure were selected as well. The porosity of YSZ coatings selected for LFA test

was between 10.3 and 21.4 % (Figure 68).

POROSITY DECREASE 10.3 %

v

ST21 WT101 WT201 AT101 WT301

Figure 68 The YSZ samples selected for thermal transport properties studies [131]

The columnar-like coatings were not obtained for YCeSZ powder. So the samples were

selected based on the porosity that was in range of 5.2 up to 15.5 % (Figure 69)

o5 POROSITY DECREASE 5 2%
T o

v
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Figure 69 Figure 55 The YCeSZ samples selected for thermal transport properties studies
[131]

The obtained values of thermal diffusivity allowed to calculate thermal conductivity of
coatings according to the mentioned methodology. Thermal conductivity values were in
a range from 0.63 to 0.99 [W/m-K] for YSZ samples (Figure 70a) and between 0.82 and
1.37 [W/m-K] in the case of YCeSZ (Figure 70b). Thermal conductivity was influenced by
the coatings’ porosity and microstructure. The samples ST21 and WT101 had the

highest porosity and the lowest thermal conductivity values. In the case of YCeSZ
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coatings the correlation was not that clear. Sample AC301 was characterized by the
smallest A values at low temperatures. This sample was characterized by very low

porosity. On the other hand at high temperatures, the samples with the highest porosity

had the lowest thermal conductivity.
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Figure 70 Thermal conductivity values of YSZ (a) and YCeSZ (b) coatings [131]

YSZ coatings were characterized by lower thermal conductivity, especially in a low
temperature range. The difference between YSZ and YCeSZ became much smaller in the
highest temperatures. The preliminary studies (only up to 300°C by LFA equipped with
xenon lamp and presented in the Appendix) showed the thermal conductivity values of
YSZ and YCeSZ were much more similar [100]. It should be mentioned that in this
studies, the LFA machine was equipped with InSb detector, which is more precise at
higher temperatures. Furthermore, the increase of thermal conductivity values of
porous samples was observed at high temperatures. This effect could have been caused

by the radiative heat transport mechanism at high temperatures [143].
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When analyzing the thermal transport properties of YSZ and YCeSZ coatings it should be
stated first that thermal conductivity values are much lower than in case of bulk
zirconia. This is typical for thermally sprayed coatings and was mentioned already in the
literature [144]. But the SPS coatings are characterized also by significantly better
thermal transport properties EB-PVD columnar-like zirconia coatings or dense APS
coatings. The coatings produced by vapor deposition methods have more homogenous
and uniform microstructure but, on the other hand, they have longitudinal pores which

may hamper the heat flow in the direction parallel to the substrate [145].

The low values of thermal conductivity of SPS coatings can be explained by
microstructural features of these coatings, mainly: (i) porosity and (ii) fine grained

microstructure.

The porosity is an important factor when analyzing thermal transport properties.
Thermal conductivity of gases (which fill in fact pores trapped in coating structure) is
much lower than that of the ceramic materials (e.g. for air is 0.026W/m-K)[146]. So
thermal conductivity of materials can be significantly decreased by high porosity.
However, the shape, size, orientation and total volume of pores may also play an
important factor [147]. If the pores are oriented parallel according to the heat flow, then
they can hamper the transport of thermal flux. If the pores have some preferential
orientation then thermal conductivity can be also anisotropic [139]. However, the
quantitative analysis of pores morphology is difficult. The existing methods of direct
porosity measurements, such as mercury intrusion porosimetry, are useful to find open
porosity of coating. On the other hand, image analysis method is limited to a few cross-

sections of one sample.

Another factors influencing thermal transport properties are microstructural effects.
The mean free path of heat carriers is controlled by phonon-phonon interactions and
depends on the: (i) material grain size, (ii) the scattering by defects and (iii) the
crystallographic disorder. As described in details in previous studies, both suspension
sprayed YSZ and YCeSZ coatings have submicrometer grain size of approximatively 500
nm [99]. Some other studies focused on SPS method used nano-suspensions, e.g. the
work of Carpio et al. [148]. The size of grains would have the greatest effect on the heat
flow if their size were similar size to the mean free path of phonon scattering.

Consequently, thermal conductivity of such coatings would be drastically decreased



[92]. It should be mentioned also that the structure of SPS coatings have a high number
of various defects that can scatter phonons and impede the heat flow [143]. Moreover,
YSZ and YCeSZ ceramics have internal point defects being oxygen vacancies resulting
from incorporation of yttria or ceria into zirconia lattice. Finally, the implementation of
big and heavy atoms (like Y or Ce) into the structure of ZrO: can decrease thermal

conductivity too [92].
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Figure 71 Analytical validation of thermal conductivity values. The example of YSZ (a) and
YCeSZ (b) coating [131]

Laser Flash Analysis is an indirect method, quite sensitive and also having some
limitations. The analytical validation of results was performed using response function
method (see Figure 71). One example of each type of coating is presented in full
temperature range. The calculations were made for each sample in each temperature.
The difference between thermal conductivity values usually did not exceed £15 %. In the

case of coating WT101 and AC301 was *20 % but in the lowest temperatures only.
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Thermal conductivity of WT101 obtained by laser flash method in 100°C seemed to be
too high, whereas the empirical data for AC301 seemed to be too low in the
temperatures between 100°C and 400°C. But generally, the results obtained by response
method are very satisfactory and can be an alternative to Finite Elements Method (FEM),
where the calculations take more time and the model computation needs sometimes
very high processing power. The response method is quite well-known actually and was
applied to estimate thermal conductivity of different materials already. However, the
FEM analysis gives more possibilities and more complex data, as in the case of previous

analysis [100].

6.2.5. Hardness and Young modulus

Elastic modulus

In order to determine elastic modulus in accordance to the mentioned methodology the
inverse of the contact stiffness vs. the inverse of the square root of the contact area was
plotted (as shown on Figure 72). Afterwards, the Young modulus values were calculated
using the method suggested by Olivier and Pharr as described above. This was done

using the unloading part of the indentation curve.
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Figure 72 Examples of inverse of the contact stiffness versus reciprocal of the contact area
for coatings having various microstructures



The results of elastic modulus calculations are presented in the Figure 73. The Young
modulus is strongly influenced by the coating microstructure, mainly porosity. YSZ and
YCeSZ coatings having the highest porosity and very irregular morphology (ST21,
WT101) show the lowest values of elastic modulus. Whereas the samples that were
dense, uniform with a homogeneous distribution of pores in the structure present the

much higher values (AY301, AC201) of elastic modulus.
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Figure 73 E-modulus vs. porosity for YSZ and YCeSZ coatings

As presented and discussed already, the slope of the elastic modulus was constant when
the indentation depth increases (Figure 72). It was observed in each measuring point
and each point consists of 100 cycles. Therefore, a very small standard deviation of
elastic modulus values was observed. The values of standard deviation of around 10 %
in each measuring point suggested also that the indentation did not cause probably any
local fracture of the coating during IIT testing. But to confirm this, the analysis of the
load-displacement curve together with detailed microscopic studies of the indentations

should be carried out.

The values of elastic modulus strongly vary between different measuring points.
This can be an effect of the microstructural feature of plasma sprayed coatings. They are
highly disordered in the term of their microstructures. The splats have different size,
orientation. The coatings consist of sintered or not properly melted particles also. Carpio
et al. [30] observed also the bimodal distribution of mechanical properties of SPS
coatings that were determined by IIT method. But these are only preliminary studies
that will be continued to deeply examine and understand the mechanical properties of

SPS coatings.
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Hardness

The values of HM hardness of coatings are presented in the Figure 74. The calculated
values vary between 0.04 and 5.18 GPa. A similar behavior as in case of Young modulus
was observed. The higher values of HM hardness were obtained for coatings having
more uniform microstructure. At the same time, the most heterogeneous coatings (in the
term of their morphology and porosity) exhibit much lower hardness. When analyzing
the hardness in single measuring point then the standard deviation is usually not greater
than 15 % (for 100 cycles). But the results vary when different measuring points are
considered and analyzed and this is a result of the microstructure also, as discussed for

elastic modulus.

The microhardness of homogeneous and dense coatings corresponds to the work
presented by Latka et al. [149]. Furthermore, a very low values of hardness (obtained
for irregular and very porous coatings) may be also a result of very weak interfaces

between splats as suggested by Lima et al. [150].
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Figure 74 Martens hardness vs. porosity for YSZ and YCeSZ coatings
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CHAPTER 7.CONCLUSIONS

7.1. Coatings microstructure

Microstructure modification

In these studies different variables were tested to produce coatings having different
microstructures by Suspension Plasma Spraying. Based on the microstructural

characterization of coatings the following findings can be mentioned:

e Suspension Plasma Spraying allows producing coatings having various
microstructures. Columnar-like coatings, as well as two-zones microstructures
were obtained. The coatings were characterized also by different porosity,

starting from very dense microstructures up to very porous.

e Through the use of different plasma spray torches different coatings’
morphologies can be obtained. The suspension injection angle (radial and axial
injection modes were used) was found to be one of the crucial in term of the

microstructure modification.

e The suspension preparation seems to be another important factor that has an
effect on the coating growth-up. The lower concentration of the suspension is,
then the coating microstructure and topography is more irregular also.
The lowest suspension concentration (2.5 wt. %) allowed producing of columnar-
like coatings on even a flat substrates. The reverse effect was observed for high-

concentrated suspensions.

e The powder particle size is also one of the key parameters in SPS. It was observed
that the use of fine-grained powder (YSZ) allowed obtaining coatings having

columnar-like microstructure, whereas the coarser powder (YCeSZ) influenced



formation of dense two-zone microstructure. This is caused by the transportation
of powder particles in the plasma jet. The small one’s have a tendency to travel in
the plasma periphery, whereas the coarser ones near to the plasma core. The fine
powders following the plasma swirls seem to be very important in formation of

columnar-like coatings.

e The substrate topography influences also the coating growth-up mechanisms,
especially for fine powder particles and low concentrated suspensions. This can
be explained by the shadowing effect, which is more effective when rougher

substrates are used during spraying.

e Suspension Plasma Spraying method may be an effective coating technology.
The obtained spray process deposition rate (defined here as thickness per pass
ratio) was up to few microns/pass. This clearly shows that SPS can be a very
competitive process for other technologies enabling production of fine-grained

coatings (like PVD or CVD).

Finally, using SPS process a coating microstructure can be, to a degree, designed for
specific application or desirable final property. After the use of different plasma torches
and spray set-ups it can be stated that there are already sufficient tools that can be
applied in the industrial production. Especially the application of high-power plasma
torches seems to be possible in a near future. They provide enough power to well heat
the suspension inside the plasma flame - evaporate the solvent and melt the solid phase.
High suspension injection rates can be used also. Based on these studies two important

applications can be mentioned:
Application in Thermal Barrier Coatings

Based on the microstructural studies can be stated that Suspension Plasma Spraying is a
promising method for Thermal Barrier Coatings applications. The method is currently
the best compromise between EB-PVD and APS coatings. Using SPS it is possible to
deposit columnar-like coatings with a high deposition rate. Furthermore, the coatings
are characterized by fine-grained microstructure with a high closed porosity. The fine,
spherical, pores that are trapped in the coating structure can be an effective barrier for

heat transport. So the columnar-like coatings that can be produced by Suspension



Plasma Spraying seem to join high thermal shock resistance and effective thermal

insulation, which are the most important in TBC'’s.
Applications in Solid Oxide Fuel Cells

There are many advantages of SPS sprayed components for the purpose of SOFC’s when
comparing to other deposition processes. The fine powders, which are used in SPS, can
produce smaller splats in the coatings. This leads to the formation of fine grained
microstructure having controlled pore distribution. Afterwards, there is no need to use
“pore making” agents and perform heat treatment of coating, which is common in SOFC’s
practice. Furthermore, the microstructural control during spraying and the possibility to
produce coatings in wide range of thicknesses are big advantages of SPS. An important
issue is that coatings produced by Suspension Plasma Spraying are characterized by
relatively high mechanical properties. If needed (as in case of SOFC’s electrolyte), the

process conditions can be optimized in a way to produce very dense coatings.

7.2. Coatings properties

In this study the Thermal Barrier Coating application was prioritized. The experimental
methods were selected in order to get a complex information about thermal transport
properties of YSZ and YCeSZ coatings. The most important idea was to obtain
experimentally all thermophysical properties that are necessary for the determination

of thermal conductivity by laser flash method:

e The density measurements showed that there is a need to investigate the coating
material itself. Any simplification and the use of powder’s density can lead to a

big error, depending on the feedstock preparation method.

e Specific heat capacity measurements showed that the Kopp’s law can be a
sufficient tool for the extrapolation of Cp values. However, the experimental

verification is needed also, especially for complex materials.

e Thermal expansion measurements of SPS coatings remain still unsolved
problem. In this study the thick Powder Plasma Sprayed coatings were deposited

and measured. SPS and PPS coatings exhibit many similarities in terms of the



microstructure. The obtained values should provide more accurate values than
in case of literature data that are usually obtained for bulk or sintered zirconia.
The coatings showed also anisotropy of thermal dilatation, which was much

more visible for YSZ coatings then in case of YCeSZ.

¢ Finally, the thermal conductivity of Suspension Plasma Sprayed zirconia coatings
seems to be lower than that of EB-PVD coatings or PPS coatings. The values far
below 1[W/m‘K] were obtained. The low thermal conductivity of SPS coatings
can be explained by the high amount of fine pores in the coating structure but

also other microstructural effects, like fine-grained structure.

e The basic evaluation of mechanical properties showed that there is a correlation
between coating porosity and Young modulus and Martens Hardness.
As expected, the increase in the porosity causes the decrease in mechanical

properties of coatings.

7.3. Further works

In this work the two main research issues were investigated: (i) the formation and
modification of coating microstructure in Suspension Plasma Spraying method and
(ii) the determination of thermal transport properties of produced zirconia coatings.
The studied samples were two-layer systems of substrate and zirconia coating.

This allowed analyzing zirconia coatings with higher accuracy.

But in accordance to the information presented in the Introduction chapter, the typical
Thermal Barrier Coatings is a three layer system with zirconia coating as a topcoat.
After the optimization of zirconia coatings, the studies on the complete TBC systems will
be undertaken. The thermomechanical and thermophysical properties, like thermal
shock resistance, isothermal oxidation or CMAS attack resistance seem to be crucial in

term of TBC lifetime prediction.

The dense coatings that were obtained in this study will be tested for the purpose of

Solid Oxide Fuel Cell application.



The laser pre-treatment gave many interesting results in this work. The studies focused
on the modification of zirconia coating microstructure by using laser treatment will be

continued also.
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The paper describes the procedure of determination of thermal properties (thermal diffusivity and thermal conduc-
tivity) of yttria/ceria stabilized zirconia coatings. The coatings were deposited by suspension plasma spraying meth-
od using SG-100 torch. The commercial powder with a chemical composition ZrO2 + 24 wt.% Ce02 + 2.5 wt.% Y203
was used and coatings were sprayed onto stainless steel substrates. The suspensions consisted of zirconia powder,
water, ethanol and small addition of dispersant. The design of spray experiments included the following variable
process parameters: (i) spray distance; and (ii) torch scan linear speed. The microstructure of coatings was deter-
mined by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The phase composition and the crystallite
size of coatings were estimated by Rietveld method. The different methods were used to find out the thermal proper-
ties values up to 573 K. Firstly, thermal diffusivity of YCSZ coatings was determined by using a commercial setup
and the obtained results were used to calculate the values of thermal conductivity. Then, to check the validity
of the measurements and calculations, the simulations of laser flash experiment were made using COMSOL Mul-
tiphysics software. The least square method enabled to find the optimized value of thermal conductivity. Finally,
the use of another setup enabled to find out the thermal transport properties in the temperature up to 873 K.

Keywords: suspension plasma spraying, zirconia coatings, thermal barrier coatings, thermal diffusivity, thermal conduc-

tivity

1. Introduction

Thermal barrier coatings (TBC) are important ele-
ments of gas turbine technology applied mainly in avia-
tion industry [1,2]. Two different reasons of their appli-
cation can be distinguished. First is the possibility
of extending lifetime at the same operating tempera-
tures. The second one is the rise of the operating tem-
perature resulting in better turbine efficiency.

The turbine blades work in demanding conditions
and increasing of temperature inside gas turbine causes
further increasing of requirements for TBC's materials
[3]- Consequently, the research of new deposition tech-
nologies and new materials has been continuing [4].

A part of them is research of new material for overlay
coatings which includes the rare earth zirconates having
also additions of elements like gadolinium, lanthanum,
ytterbium or cerium [5-7]. On the other hand, new tech-
nologies have been developed to produce the coatings
with improved parameters. One of these technologies
is suspension plasma spraying (SPS). The SPS process
may enable modifying the microstructure of coatings,
e.g. thickness, porosity, morphology, etc. [8-10].

The presented experiments are devoted to yttria
and ceria stabilized zirconia (YCSZ) coatings produced
by SPS method. The previous studies on this material
showed that YCSZ can work in higher temperatures
and is characterized by higher resistance to high tem-
perature corrosion than YSZ [11-13]. The present study
focuses on the thermal transport properties of YCSZ
coatings.

2. Experimental material

The commercial powder Metco 205NS (YCSZ) pre-
pared by spray drying and heat treatment was used
to produce coatings by SPS method. The initial volume-
surface mean diameter of this powder was equal
to dvs = 38 um. The powder was crushed mechanically
to decrease the particles sizes. The mechanical ball mill-
ing was realized with the use of moliNEx system
(NEZTSCH, Germany), the zirconia balls used as grinding
medium and ethanol as cooling medium. Finally
the powders were sieved prior to suspension formula-
tion.

After milling process resulting powder had a mean
size equal to dvs = 3.91 um and monomodal sizes' distri-
bution. The distribution was measured with the use
of laser diffraction technique (Partica LA-950V2, Horiba).
Moreover, SEM micrographs of the milled powder (Fig.
1) showed finely grained particles, confirming the granu-
lometry tests.
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Fig. 1. SEM image (secondary electrons) of Metco
205NS powder after milling process.
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The suspension used to spray experiments consisted
of 20 wt.% of milled zirconia powder with 40 wt.%
of distillated water and 40 wt.% of ethanol. The disper-
sant agent, phosphate ester (Beycostat C213, CECA),
was added to prevent particles agglomeration. The zeta
potential measured using Zetasizer Nano ZS (Malvern,
England) of these suspensions was equal to { = —6.2 mV.
The value is relatively low.

3. Experimental methods
3.1. Spray process

Plasma spraying process was performed using a SG-
100 torch (Praxair S.T., Indianapolis, In, USA) installed
on a 5-axis IRB-6 robot of ABB (Ziirich, Switzerland).
The working gas mixture of Ar + H2 (45+5 slpm)
and electric power of 40kWwere used. The experiments
were made using 2k (k=2) full factorial design, where the
variable parameters were robot scan speed (from 300
mm/s and 500 mm/s) and spray distance (from 40 mm
and 60 mm). The suspension feed rate was of about 39
g/min. The suspension was introduced via internal injec-
tion mode wusing a continuous-stream injector
(with an internal diameter of 0.5 mm) installed inside
the anode-nozzle of the plasma torch. The suspension
spraying was performed in order to obtain coatings
with a thickness up to 70 pm. The operational spray
parameters are collected in Table 1.

Stainless steel 304L cylinders (diameter 25mmand
thickness about 8 mm) were used as the substrate mate-
rial. They were sand blasted using corundum grit (F36
according to the FEPA standards) under a pressure
of 0.04 MPa and cleaned in ethanol before spray process.
Furthermore the thickness of substrates was controlled
before and after spraying to ensure the same deposition
conditions for all samples and finally of thermal
transport properties measurements also.

3.2. Coating characterization

The basic characterization of coatings, including
the determination of their thicknesses, was made with
the use of the light microscopy (Nikon Eclipse LV100).
The procedure of thickness measurement was as fol-
lows—for each sample 3 regions were chosen
and in each region 5 local thicknesses measurements
were made. Finally, the average value for each region
and the average value for these 3 regions were calculat-
ed.

Table 1. Variable spray parameters and the values
of thickness and porosity of coatings

2 , = R=) - <
Sz 4f s s i, fzE. ©

E S 5- BEgs HEE ETEE 2
£ ;E Eg 53s8 22 % 552 B
= a £ = = =

§- %5 ®FRg = EFE

1 300 40 668-736 53 29 215
2 500 40 509-643 90 81 187
3 400 50 453-603 78 16 203
4 300 60 422-563 101 27 151
5 500 60 393-474 88 11 206

The morphology of obtained ceramic coatings YCSZ
was characterized with the scanning electron micro-
scope Philips 515 (Eindhoven, Netherlands) using
a secondary electron detector. The micrographs were
made on the top of surfaces and on the cross-sections
of the coatings. To estimate the porosity of coatings SEM
images were taken at 10,000 x magnification. Then,
the images were edited using Image] free software
for the porosity calculations.

The phase composition was estimated by X-ray dif-
fraction analysis using a D8-Bruker apparatus (Bruker
AXS, Karlsruhe, Germany) with Cu-Kal radiation.
The measurements were made in the wide range of 26
angles from 15° to 120°. The phases were identified
using Diffrac+Eva software. The quantitative analysis
of coating composition was made with the use
of Rietveld method. In the same way the lattice parame-
ters of coatings were determined.

3.3. Thermal diffusivity measurements

Thermal diffusivity of YCSZ coatings was determined
by using laser flash method. It is one of the most popular
methods that enable thermal diffusivity characterization,
where the bottom side (the substrate) of the sample
is heated by energy pulse and the change of the tempera-
ture versus measurement time is collected by the detec-
tor on the top of the sample (the TBC coating). The sam-
ple is coated few times with the thin graphite layers
prior to measurements to increase signal-noise ratio
and provide good quality of analysis.

During the research two devices LFA 447 and LFA
427 both of Netzsch, Germany, were used. The LFA 447
setup, equipped in a xenon lamp allowed analyzing
the coatings up to 573 K. The use of LFA 427, which used
the laser as the heat source enabled obtaining the values
of thermal diffusivity in higher temperatures. Because
the measurements were made with the use of the coat-
ings attached directly to the substrates (without
the intermediate layer), the measurements in this case
were made up to 873 K to avoid the effect of the differ-
ence of linear expansion coefficients. The chosen range
of the temperature did not require the use of shielding
gas or vacuum—the measurements were made in the air
in both cases. The two measuring systems required also
two different sample shapes, for LFA 447 it was neces-
sary to prepare 25 mm discs and for LFA 427 10 mm
squares. Moreover the setups have installed the same
kind of infrared detector—InSb. Finally the 2-layer nu-
merical model was developed to determine thermal
diffusivity of the coatings. The model included correc-
tions resulting from: (i) heat losses; (ii) pulse duration,
and (iii) contact resistance between substrate and zirco-
nia coating.

3.4. Thermal conductivity calculations

To calculate thermal conductivity of sprayed coat-
ings, it was necessary to determine the values of: (i)
thickness, (ii) density, (iii) specific heat, (iv) thermal
dilatation, and (v) thermal diffusivity for each layer
of material.

The thickness of coatings was found in using obser-
vation of the cross-section with the optical microscope.
The density values were corrected for porosity basing on
following expression:
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p=po-(1-P) 1

where: po is the density of tetragonal phase ZrO, equal
to 6050 kg/m3 and P is porosity.

Specific heat for alloys or composites was calculated
from Kopp-Neumann law, which has the following form:

n
Cp= Z(Cpi )
i=1

where:

(2)

cpi — specific heat of compound forming alloy;
fi — atomic fraction of molecule

Finally, thermal diffusivity values were found
from the LFA measurements. More details about the
description of thermal conductivity calculations
and material data are reported elsewhere [14].

3.5. Numerical analysis of thermal transport properties

In order to confirm the experimental data obtained
from thermal diffusivity and conductivity determinations
the authors used the numerical simulation. The simula-
tion was made with the use of Comsol Multiphysics soft-
ware and the “Heat transfer” mode. The “axial sym-
metry” numerical model concerned a sample composed
of 2 layers, including substrate and coating and one
additional virtual layer corresponding to TCR (thermal
contact resistance) layer (Fig. 2). The model simulated
the experiment of laser flash leading to the determina-
tion of thermal diffusivity. The temperature - time re-
sponse, being a result of simulation, was collected
in a point on the top of coating surface.

The most important conditions, which were used
to simulate the conditions of real measurements made
by laser flash method, were divided in the following
stages:

e  heating of samples - heat flux was imposed on
the back face of sample (side of substrate) ad
was determined by equation (3):

—n (=kVT) = qo + h(Texe — T) (3)

where n is normal vector of the boundary pointing
out from the domain, —kVT is conductive flux vector, qo
is heat flux from external source (xenon lamp), h is heat
transfer coefficient, T is currently temperature and final-
ly Text is an external temperature. In addition, it was also
assumed that the energy pulse of xenon lamp was rec-
tangular with regard to time and of relatively short dura-
tion compared to the half-rise time during the measure-
ments of thermal diffusivity (pulse time ty<<ts.5). In this
experiment t, was equal to 0.18 ms.

e cooling of samples - was supposed to result
from natural convection. The heat exchange co-
efficient equations for horizontal samples,
cooled in air, can be calculated from e.g. the
well-known Newton’s Law for Cooling.

Coating
TCR Layer
Substrate
10
10
0
x10*
Heat flux 0 ao?
i 10

Fig. 2. Schematic view of numerical model used in simu-
lation in Comsol Multiphysics.

Finally, the least square method was used
to fit the temperature - time curves obtained from simu-
lation, to the experimental ones. The latter were
the voltage evolutions collected by InSb infrared detec-
tor. When the best fitting was sought by the method
of least squares the variable parameter was thermal
conductivity of coating. The thermal conductivity values
were change for each coating in the Comsol software as
long as the highest correlation coefficients were found.
The differences between experimental and theoretical
values were calculated for all experimental points
of diffusivity device in the range up to 10 t50 for each
sample.

4. Results
4.1. Microstructure description

The values of average coatings thicknesses, which
were obtained using optical microscope, are collected
in Table 1. The values were in the range from 53pm
to 101pum. The image analysis showed that the coatings
were quite porous (porosity of about 20%). On the mi-
crographs which were made on the top of surfaces
and on the cross-sections of coatings by scanning elec-
tron microscopy, it was possible to observe typical
for SPS method two-zones microstructure (Fig.3). It con-
sisted of more or less molten large lamellas and small
sintered particles of powder. Furthermore, the coatings
were characterized by small number of microcracks.
The interface between substrate and coatings did not
show any discontinuities and other defects.

X-ray diffraction diagrams showed that the major
phase is tetragonal ZrOz with a small quantity of mono-
clinic phase. The use of Rietveld method enabled deter-
mining the amount of these phases precisely and find
the lattice parameters of coatings (Table 2). The results
confirmed that in the coatings microstructure consisted
of only small amount of monoclinic phase (about 5%)
and the main phase is tetragonal ZrO2 (about 95%).
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Fig. 3. SEM micrographs(secondary electrons) of cross-
section (a) and surface (b) of YCSZ coatings sprayed
in run no.3.

4.2. Thermal diffusivity of coatings

The results of thermal diffusivity for YCSZ coatings
made using the LFA 447 set up are shown in Fig. 4a.
Thermal diffusivity was in the range of 0.23 to 0.49-10-6
[m2/s] depending on the spray run. As it can be seen,
the samples sprayed in the run no. 2 have the greatest
diffusivity, whereas the samples sprayed in the run no. 1
have the lowest one. The values of thermal diffusivity
were related to the porosity of coatings - if the porosity
was higher the thermal diffusivity was lower. Only
the samples sprayed in run no. 4 did not follow this cor-
relation.

The results of measurements carried out in higher
temperature with the use of LFA 427 equipment
are shown in Fig.4b. The correlation between porosity
and thermal diffusivity were the same as in low tempera-
ture measurements but the values of thermal diffusivity
for all coatings were generally a little bit higher.
The lowest value was 0.25:106 [m2/s] for RT
and the samples sprayed in run no. 1 and the highest
reached 0.47-10-6[m?/s] at higher temperatures
for sample sprayed in run no. 2.

4.3. Thermal conductivity of coatings

With the use of thermal diffusivity measurements
the essential parameter - thermal conductivities of coat-
ings were calculated. The values of thermal conductivity
obtained for the temperature up to 573K were
in the range from 0.46 to 1.07 W/(m-K) (Fig.5a). While
the calculations performed for the LFA 427 (up to 873K)
measurements showed the values in the range from 0.51
to 1.22 W/(m-K) (Fig.5b). However when comparing
the values from both devices only up to 573K the differ-
ences were even smaller. For higher temperatures
the calculated values of thermal conductivity increased
faster because there was a greater change of other im-
portant thermal parameters like specific heat, thermal
dilatation etc. But it was possible to see the same trend
like in thermal diffusivity diagrams - the values strongly
depended on the porosity of the coatings.

4.4. Verification of thermal transport properties meas-
urements

The numerical verification of thermal transport
properties of YCSZ coatings were made based on the LFA
447 measurements. The comparison of experimental
and numerical signal curves is showed on Fig. 6. We can
observe that the experimental and numerical signal
curves are very similar, the differences can be observed
only in the part of curve related to the cooling of sam-
ples. Values of thermal conductivity of YCSZ coatings
with values of the best fitting the experimental and simu-
lated results are presented in Table 3. The values
of correlation coefficients (R2) determined using least
squares method were very high, in the range
from 0.9777 to 0.9920.

Table 2. Results of quantitative analysis and lattice pa-
rameters using Rietveld refinement

Tetragonal zirconia Monodiniczirconia

Sample  conter 2 2 conten . chy
wt%t af  cA wt%t abh o7

YCSZ- 950 36406 52172 50 5161 5284
1 5246 9904
YCSZ- 9.1 36403 52168 39 5150 5281
2 5256 9906
YCSZ- 959 36382 52159 41 5155 5333
3 5209 9914
YCSZ- 954 36404 52176 46 5172 5280
4 5251 9903
YCSZ- 959 36402 52166 41 5162 5279
5 5261 9906
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Fig. 4. Thermal diffusivity of coatings determined
with the use of a) LFA 447 and b) LFA 427 set ups.

5. Discussion

Ceramic thermal barrier coatings are currently pro-
duced using physical vapor deposition method mainly
with high energetic electron beam (EB-PVD) or atmos-
pheric plasma spraying (APS) [15]. This paper shows
that SPS method is also very interesting process for TBC
applications offering different type of coatings’ micro-
structure and improved parameters in comparison
to conventional processes.
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Fig. 5. Thermal conductivity values for YCSZ coatings
determined based onto measurements of thermal diffu-
sivity made using LFA 447 (a) and LFA 427 (b).

The microstructural investigations showed that
the coatings were characterized by finely grained micro-
structure with some small lamella and a small amount
of microcracks. Similar way of suspension plasma
sprayed coatings microstructure formation was ob-
served by e.g. Kozerski et al. [16]. The interface between
substrate and coating did not show any discontinuities
and other defects. Furthermore, the SPS method allowed
producing coatings with different amount of pores,
which can also be controlled by spray parameters [14,
17].

The studies devoted to thermal transport properties
proved that YCSZ can be an good alternative for typical
YSZ coatings. The coatings were characterized by compa-
rable values of thermal diffusivity and conductivity
as the YSZ coatings produced also with SPS method with
similar operational parameters [14], when Cao et al.
reported that the zirconia coatings with the addition
of CeOz can be characterized by even better thermal
transport properties values than well-known yttria stabi-
lized zirconia coatings [5]. For the most porous YCSZ
coatings the values of thermal conductivity were lower
than 0.75 W/(m‘K) up to 873K. The small values
of thermal conductivity are the result of the micro-
porosity observed in the coatings. Raghavan et al. ana-
lyzed the relationship between the porosity and TBC
properties and confirmed the influence of micro-porosity
on thermal conductivity values [18]. A small difference
of thermal diffusivity values measured with two com-
mercial set-ups can be explained by different energy
sources installed in the devices. The heat was generated
by xenon lamp in LFA 427 system and LFA 447 used
the laser pulse. The laser system was much more ad-
vance and provided more stable measurements. Moreo-
ver the different LFA systems required different shapes
of the samples. The dimensions of samples were very
carefully checked but it could have a small influence
on the measurement also. Finally the numerical analysis
made using Comsol software showed that despite the use
of some material data taken from literature the meas-
urements were consistent. Furthermore using numerical
methods it was possible quickly simulate real phenome-
na with acceptable accuracy.

Table 3. Thermal conductivity of YCSZ with values of the
best fitting the experimental results and simulated ones

Temperature  Thermal condudtivity [W/mrK]
TIK] Correlation coefficient 2

YCSZ-1 YOSZ2  YCSZ3 YOS74 YOSZ-5
298 050 095 075 085 060
R 0989 09868 09878 09838 09878
323 050 095 070 080 065
R 09907 09870 09891 09853 09900
373 050 095 070 085 065
R 09919 09847 09859 09811 09830
423 055 1,00 075 090 065
R 09920 09831 09847 09795 09889
473 055 1,00 070 090 070
R 09906 09809 09839 09777 09851
523 060 095 070 080 065
R 09914 09835 09861 09794 09857
573 060 095 070 080 065
R 09909 0985 09870 09815 09870
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6. Conclusions

The studies were conducted to examine the micro-
structure and thermal transport properties of relatively
new kind of zirconia coatings (yttria/ceria stabilized
zirconia) deposited by suspension plasma spraying
method.

The research started from preparation and examina-
tion of spraying precursor. The solid phase in the sus-
pension with a main size of 3.9 um was obtained
by milling coarse Metco 205NS powder. The liquid phase
in the suspension was a mixture of distilled water
and ethanol, in 1:1 ratio. The plasma spray parameters
were optimized by varying the spray distance and torch
scan linear speed.

Thanks to use of various spraying parameters
it was possible to achieve microstructure of coatings
with different porosity. The porosity of the samples
was found to be in the range of 15-21.5%. The micro-
structural investigations allowed finding typical for SPS
coatings' manufacturing method two-zones microstruc-
ture with a small amount of microcracks and without any
other defects.

The essential properties of thermal barrier coatings,
so thermal diffusivity and thermal conductivity was
measured and analyzed with the use of commercial
NanoFlash systems, in two temperature ranges, from RT
up to 573K and from RT up to 873K. The coatings
were characterized by very low thermal conductivity
values (even 0.5W/(m:K)). Furthermore the numerical
analysis was prepared using Comsol Multiphysics soft-
ware to confirm the thermal transport properties meas-
urements.

However, the YCSZ coatings have to be characterized
using thermomechanical tests like thermal shock re-
sistance or hot corrosion resistance. These kinds of stud-
ies will be carried out in the next part of authors’ re-
searches.
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The paper discusses the screening of experimental variables leading to formation of a columnar microstructure
in suspension plasma sprayed zirconia coatings. These variables tested in 12 experimental runs included: (i) 2 types
of zirconia powder; (ii) 4 concentration of solids in suspensions; (iii) 4 substrate preparationmethods; and (iv) 2
plasma spray setups. Two different, commercially available, powders were used to formulate the suspensions. Yttria
and ceria stabilized zirconia of composition ZrO2 + 24 wt.% CeO02 + 2.5 wt.% Y203 (YCSZ) was milled the decrease
the particles sizes. The yttria stabilized zirconia of composition ZrO2 + 14 wt.% Y203 (14YSZ) was used as received.
The coatings were deposited on 304L stainless steel substrates which had the surface prepared by: (i) grid blasting;
(ii) grinding; (iii) turning; and (iv) laser treatment. The 3D topographies of substrates' surfaces were characterized
and their roughnesses were measured. The suspensions were plasma sprayed using the following plasma torches:
SG-100 of Praixair and Triplex of Sulzer-Metco. The microstructure of powders and coatings was analyzed by optical
microscopy, scanning electron microscopy (SEM) and field emission scanning electron microscopy (FE-SEM) as well
as by X-ray diffraction. The columnar microstructure was formed in coatings sprayed with both plasma setups
sprayed using finer 14YSZ powder suspensions. The substrate surface preparation as well as low concentration
of solids in suspension promoted their formation. Rietveld method was applied to determine the quantity of different
phases in the structure of coatings and to calculate the lattice parameters. The YCSZ coatings crystallized in mainly
tetragonal phasewith a small content of monoclinic phase. The 14YSZ crystallized in cubic phase. Finally, the thermal
diffusivity of coatings was characterized up to 523 K with the use of laser flash method and thermal conductivities
of coatings were determined. The conductivities were in the range from 0.6 to 1.1 W/(mK) depending on tempera-
ture for YCSZ and 14YSZ coatings.

Keywords: thermal barrier coatings, suspension plasma spraying, yttria stabilized zirconia, ceria stabilized zirconia,
columnar microstructure of coatings

of EBPVD processes is a capital cost of coatings'
equipment being many times greater than that of sus-
pension plasma spraying (SPS) equipment. This differ-
ence in the capital cost was one of the motivations
to realize the research on the columnar structure
in stabilized zirconia coatings using SPS processes.
The studies initiated a few years ago focused on: (i)
relationship between suspension formulation and the
microstructure of YSZ coatings obtained by SPS [9]; (ii)
the effect of rare-earth additives on thermal transport
properties of zirconia coatings [10]; and more recently
(iii), the formation of columnar structure in suspension
plasma sprayed Mg-Al-spinel coatings [11]. The pre-
sent study focuses on screening of key process parame-
ters favorable to form the columnar microstructure.
Consequently, the SPS zirconia coatings were suspen-
sion sprayed using different initial powders including
yttria and ceria as zirconia main stabilizers with two
different plasma spray setups. Moreover, the suspen-
sions were formulated using 4 different solid phase

1. Introduction

The microstructure of suspension plasma sprayed
coatings results from the particularities of process
such as e.g. liquid feedstock which includes small,
nano- or submicrometric solids and, on the other hand,
from a very short spray distance. Typically, the coat-
ings contain large lamellas formed from the solids
agglomerated in-flight and small grains which re-
mained at the periphery of plasma jet and form a two-
zone microstructure [1]. The small grains may sinter
due to the heat flux coming from plasma torch [2].
The coatings contain also usually a network of fine
pores which may reduce their thermal conductivity [3-
5]. Low thermal conductivity is an important ad-
vantage in the application of stabilized zirconia
as thermal barrier coatings (TBC). The TBCs must
however withstand many thermal shocks in service
and the best adapted microstructure to achieve this
specification is a columnar one in which crystal grains

grow up perpendicularly to the interface. Such micro-
structure is formed in the films condensed from satu-
rated vapors e.g. in the process called electron beam
physical vapor deposition (EBPVD) which is described
in many references [6-8]. An important drawback

concentrations ranging from 2.5 to 20 wt.% of solid.
Finally, the coatings were sprayed onto substrates
having surfaces of different morphology. Basing onto
the analysis of obtained results, a simplified descrip-
tion of the mechanism of columns formation was made.
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2. Experimental methods
2.1. Suspension formulation

The first of used powderwasMetco 205NS having
composition ZrOz2+24wt.% Ce02+2.5 wt.% Y203 (YCSZ).
The granulometric tests of the powder use the laser
diffraction setup of type LA-950V2 of Horiba (Kyoto,
Japan). The volumemean diameters of the initial coarse
powder were equal to dvso = 39.6 pm. The morphology
of the powder, characterized using SEM type Philips
XL30 (Eindhoven Netherlands), is presented in Fig. 1a.
The initial powder was milled up using the MoliNEx
setup of Netzsch (Selb, Germany) using zirconia balls
having a 2mmdiameter, ethanol as cooling medium
and Beycostat C123 as dispersant. The mean diameter
of powder particles decreased down to dvso = 696 nm
and the milled powder morphology is shown in Fig. 1b.
The second used powder was yttria stabilized zirconia
powder, ZrOz+14 wt.% Y203 (14YSZ) of Tosoh (Tokyo,
Japan). The mean diameter was equal to dvso = 398 nm
and its morphology observed using FE-SEM of JSM-
7400F of Jeol (Tokyo, Japan) is shown in Fig. 2.
The XRD phase analysis made using Bruker D8 Ad-
vance setup (Billerica, MA, USA) enabled to find out
that 14YSZ powder crystallized as yttrium zirconium
oxide identified using file no. 01-078-5501 of the JCPDS
database. The phase composition of YCSZ powder
enabled to find three different phases identified with
the help of the JCPDS database:

Det WD Exp H
SE 100 0
oA

AccV  Spot Magn Det WD Exp FH—
150kV 40 4000x SE 100 0

5 um

Fig. 1. SEM micrographs (secondary electrons)
of 205NS Metco powder: (a)—initial powder; (b)—
powder after milling (b).

e tetragonal phase of cerium yttrium zirconium oxide
identified using file no. 04-013-9723;

¢ monoclinic phase of ZrO2-Baddeleyite identified
using file no. 00-037-1484;

¢ cubic phase of cerium yttrium oxide identified using
file no. 04-016-4629.

The suspensions of water and ethanol in ratio 1:1
with different content of solid phase were prepared,
in wt.%: 2.5; 5; 10; and 20. The dispersant agent
was added to suspension to prevent the agglomeration
and sedimentation. The zeta potential measurements
enabled to find the values of { = 82.5 mV for the sus-
pension with 14YSZ powder (the suspension had pH =
4.8) and {=-12.9 mV for YCSZ powder suspension (pH
=6.8).

2.2. Substrate preparation

Stainless steel 304L discs of diameter 25 and thick-
nesses of 10 or of 2 mm were used as substrates.
The substrates' surfaces were prepared using: (i) grid
blasting; (ii) grinding; (iii) turning; and (iv) laser
treatment. White corundum with the particles size
ranging between 500 and 600 um was used for grid
blasting of substrates. Grinding was performed with
the use of SiC abrasive paper (grit size 320). The laser
treatment was realized using Duetto picosecond laser
of Time-Bandwidth Products (Zirich, Switzerland).
The substrates were cleaned up in the ultrasonic bath
of ethanol prior to spraying. The 3D views of sub-
strates topographies were made confocal microscope
type Lext OLS4000 of OLYMPUS (Tokyo, Japan)
and are presented in Fig. 3. Finally, the roughness
of the substrate surfaces was measured with the use
of the profilometer type FormTalysurf 120L of Rank
Taylor Hobson (Leicester, England) and the results
were as follows:

e grid-blasting: Ra=5.50 pm, Rz = 32.4 um;
e grinding: Ra=0.07 pm, Rz=0.6 um;
« laser treatment: Ra=3.6 pm, Rz=17.6 pm;
e turning: Ra=0.54 um, Rz=3.06 pm.

of Tosoh powder.

135



AT

Fig. 3. Topography of substrates used to deposit coatings: (a)—grid-blasted; (b)—grinded, (c)—laser treated;

(d)—turned.
2.3. Plasma spraying

The coatings were plasma sprayed using two
spray installations. The first one included the torch
SG-100
of Praxair (Indianapolis, IN, USA) with an internal
injector, mounted on a 5-axis robot as described
in details elsewhere [3]. The second installation used
was equipped in three cathode Triplex torch of Sul-
zerMetco (Wohlen, Switzerland). The temperature
of coatings at spraying was controlled using a pyrom-
eter IN 5 Plus of LumaSense Technologies (Santa
Clara, CA, USA). The operational spray parameters are
collected in Table 1. The spray experiments were
designed with the use of the following variables: (i)
powder type; (ii) concentration of solid in suspension;
and (iii) substrates' surface preparation. The detailed
design is shown in Table 2.

2.4. Coating characterizations

The thickness of the coatings was estimated using
metallographic cross-sections of samples observed
with optical microscope Eclipse LV100 of Nikon (To-
kyo, Japan). The mean thickness of the coatings was
found from 18 measurements in different regions
of the coatings. The procedure of this measurement
was as follows: 3 regions were chosen for and in each
sample and 6 local thicknesses were measured in each
region. Finally, a mean value was calculated. The po-
rosity was estimated with the use of software Image ]J.
The morphology of the coating surface and sections
were observed using SEM XL 30 and the phase analy-
sis was made using Bruker D8 diffractometer using
CuKal radiation in the range of 26 angles from 15° to
120°. The phases were identified using Diffrac + Eva
software. The quantitative analysis of coatings was

carried out by the Rietveld method with the use of
Topas V4.1 software.

Table 1. Operational spray parameters.

Processparameters Torch SG-100  Torch Triplexof
of Praxair Sulzer-Metoo

Electricpower, KW 40 45

Workinggasescomposition ~ Ar+H Ar

Workinggasesflow 45+5 70

rate,slpm

Spray distance, mm 40 70

Torchspeed velocity, mm/s 500 1000

Numberofscans Depends on Dependson
experimental experimental run.
run. After eaxch  When
scanthe coating's tempera-
Spraying was ture
interrupted reached 500°Cthe
untl tempera-  sprayingwas
ture interrupted until
dropped down  temperature
t040°C dropped

downto150°C

Distancebetweenthe 3 10

neighboringtorch

passes,mm

Suspensioninjector type NozzZe inside NozZe outside the
thetorch torch

NozzZleinjector internal 050 015

diameter, mm

Staticpressureinsuspension 005 13

container,MPa




Table 2. Design of spray experiments and thickness and porosity of coatings.

Concentrationof Thickness, Porosity
Runro. Powder Samplede- solid Typeof Substrate average; averageand
material scription insuspension plasmatorch preparation standard standard
[wt%] deviation, um deviation, %
1 14YSZ ST21 25 SG-100 Gritblasting
14YSZ ST22 25 SG-100 Ias;retrr:at 66,4 21427
14YSZ ST23 25 SG-100 Grinding
2 14YSZ ST51 5 SG-100 Gritblasting
14YSZ ST52 5 SG-100 Lasertreat: 83,9 183,23
ment
14YSZ ST53 5 SG-100 Grinding
3 14YSZ ST101 10 SG-100 Gritblasting
14YSZ ST102 10 SG-100 Ias;retrr:at 116,14 152,14
14YSZ ST103 10 SG-100 Grinding
4 YCSZ Sc21 25 SG-100 Gritblasting
YCSZ SC22 25 SG-100 Turmed 55;3 190;22
YCSZ Sc23 25 SG-100 Grinding
5 YCSZ SC51 5 SG-100 Gritblasting
YCSZ SC52 5 SG-100 Tumed 105;4 15515
YCSZ SC53 5 SG-100 Grinding
6 YCSZ SC101 10 SG-100 Gritblasting
YCSZ SC102 10 SG-100 Tumed 96;7 132,09
YCSZ SC103 10 SG-100 Grinding
7 14YSZ TT51 5 Triplex Gritblasting
14YSZ TTS2 5 Triplex Lasertreat 80,5 160,10
ment
14YSZ TT53 5 Triplex Grinding
8 14YSZ TT101 10 Triplex Gritblasting
14YSZ TT102 10 Triplex Lasertreat 77;2 131,08
ment
14YSZ TT103 10 Triplex Grinding
9 14YSZ TT201 20 Triplex Gritblasting
14YSZ TT202 20 Triplex Lasertreat: 91,2 118,09
ment
14YSZ TT203 20 Triplex Grinding
10 YCSZ TC51 5 Triplex Gritblasting
YCSZ TC52 5 Triplex Turmed 74;2 180;22
YCSZ TC53 5 Triplex Grinded
1 YCSZ TC101 10 Triplex Gritblasting
YCSZ TC102 10 Triplex Turmed 91,2 159,16
YCSZ TC103 10 Triplex Grinded
12 YCSZ TC201 20 Triplex Gritblasting
YCSZ TC202 20 Triplex Turmed 148,7 124,12
YCSZ TC203 20 Triplex Grinded

Finally, thermal diffusivity of 14YSZ and YCSZ coat-
ings was measured by laser flash technique using setup
LFA 447 of Netzsch (Selb, Germany). Both sides of sam-
ples were coated with graphite prior to the measure-
ments in order to provide better absorption and emis-
sion of radiative energy. The measurements were made
in the temperature range between room temperature
(RT) to 523 K. The measurements were made
with the use of the coatings sprayed on the grit-blasted
substrates and the 2-layer model was developed to de-
termine thermal diffusivity of the coatings. The correc-
tions resulting from: (i) heat losses; (ii) pulse duration,
and (iii) contact resistance were included in the model
used for calculations. To calculate the thermal diffusivity
of ceramic coatings, it was necessary to know the values

of their thicknesses as well as the thermal diffusivity
values of the steel. Such material data as density in RT,
as well as thermal dilatation and specific heat in all tem-
peratures used in measurements had to be known
for substrate (stainless steel 304L) and ceramic coatings.
The porosity of ceramic coatings, P, was used to correct
the density following the expression:

P300 = Po - (1-P) (1)

where po is density in RT being equal to 6050 kg/m3
for dense tetragonal phase of ZrOz and to 5830 kg/m3
for dense cubic phase of ZrO: [12,13]. The specific heat,
¢p(T), and thermal dilatation values, AL/L (T), were taken
from literature separately for tetragonal and cubic ZrO:
[14-16], which were the main phases in YSZ and YCSZ



coatings (according to XRD analysis of phase composi-
tion of coatings). The values of specific heat for alloys
or composites were recalculated from Kopp-Neumann
law. Finally, the data for calculating thermal diffusivity
of coatings are collected in Table 3. The values of specific
heat, thermal dilatation and thermal diffusivity of stain-
less steel substrate were taken from literature [17-19].
Thermal diffusivity of stainless steel 304L was also
measured directly using our experimental setup. Know-
ing thermal diffusivity values, a(T), thermal conductivity,
A(T) was calculated following the equation:

P300
— - (@
1+3- T(T)

A(T) = a(T)c, (T)

Table 3. Thermal dilatation and specific heat values used
in calculations of thermal diffusivity of 14YSZ and YCSZ
coatings [14-16].

Temperature ~ 14YSZ YCSZ
K] Specific ~ Thermal Specific  Thermal
heat ¢ diatation heat ¢ diatation
J/(keK)] AL/L[] [/(keK)] AL/L[]
298 515 85267 x 427 34031 x
105 105
323 540 25646  x 441 20583 x
10+ 104
373 580 68840 x 465 55722 x
104 104
423 610 11262 x 485 91804 x
103 104
473 630 16598  x 501 12873 x
103 103
523 655 20206 x 514 16640 x
103 103
3. Results

3.1. Microstructural characterization

The phase analysis in the coatings sprayed using
14YSZ powder indicates only cubic zirconia (Fig. 4a).
This phase remains unchanged at coating deposition.
The YCSZ coatings were modified at spraying
and the cubic phase present in initial powder was not
detected in obtained coatings (Fig. 4b). The Rietveld
analysis shows the lattice parameters of phases obtained
in all experimental runs (Table 4).

3.1.1. Morphology of coating suspension formulated using
14YSZ powder

3.1.1.1. Torch SG-100. The coatings had a two-zone-
microstructure with large molten lamellas and fine un-
molten particles. The morphologies of coatings sprayed
using suspension having a concentration of 2.5wt%
of solid are shown in Fig. 5. The coatings sprayed have
a columnar microstructure for all type of substrate sur-
face preparation even including polished substrate (see
Fig. 5¢). The columnar structure is visible also for the
suspension of greater i.e. 5 wt.% concentration (Fig. 6);

however, the columns are much less visible while grind-
ed substrate was used. Finally, the increase of suspen-
sion concentration up to 10 wt.% resulted in formation
of the columnar microstructure only in coatings sprayed
onto the laser treated surface (Fig. 7 b). The porosity of
coatings decreases from about 21% at lowest suspension
concentration of 2.5 wt.% down to about 15% at the
suspension concentration of 10 wt.% (see Table 2).

3.1.1.2. Torch Triplex. The coatings sprayed using sus-
pension having 10 wt.% of solid phase were generally
dense and the columnar microstructure is visible only
for the laser treated substrate (Fig. 8b). The coatings
sprayed using 20 wt.% suspension did not indicate any
columnar structure. The porosity of the coatings is lower
than that sprayed using SG-100 torch and decreases
from about 16% to about 12% with increasing suspen-
sion concentration.
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Fig. 4. X-ray diffraction diagram of typical coating
sprayed using: (a) sample TT102 obtained using 14YSZ
powder suspension containing cubic zirconia identified
using 00-030-1468 1484 file of the JCPDS data base; (b)
sample TC202 obtained using YCSZ powder containing
suspension tetragonal and monoclinic zirconia identi-
fied using 04-013-9723 and 04-004-4339 files
of the JCPDS data base.

3.1.2. Morphology of coating suspension formulated using
YCSZ powder

The application of suspension with the use of coarse
YCSZ powder resulted in coatings which do not have
a columnar structure independent on suspension con-
centration and torch type. The examples of microstruc-
tures obtained with torch SG-100 and Triplex are shown
in Figs. 9 and 10 respectively. The increase in suspension
concentration results in the increase in coating density
and in fewer defects and fewer pores (see Fig. 10).
The coating porosity is lower for coatings sprayed using
suspension formulated using YCSZ powder than that
formulated using 14YSZ one and for that sprayed using
Triplex torch than that sprayed using SG-100 one (see
Table 2). Consequently, the lowest porosity of about 12%
was reached for coatings sprayed using suspension of
concentration 20 wt.%, YCSZ powder and Triplex torch.

138



Table 4. Rietveld analyses of phase's content and lattice parameters in coatings sprayed in all experimental runs

YCSZ coatings 14YSZ coatings
Sample Tetragonal phase Monoclinic phase Sample Cubic phase
Content, a, A c, A Content, a, b, A c, Z\; Y, ° Content, a, A
wt.% wt.% wt.%
SC22 97.45 3.6401 5.2133 2.55 5.1570 5.2590 ST22 100 5.1404
5.2601 99.165
SC52 97.10 3.6406 5.2160 2.90 5.1532 5.2551 ST52 100 5.1409
5.2719 99.064
SC102 97.30 3.6382 5.2097 2.70 5.1535 5.2574 ST102 100 5.1410
5.2545 99.090
TC52 92.62 3.6351 5.2167 7.38 5.1884 5.2077 TT52 100 5.1413
5.2783 98.799
TC102 96.02 3.6358 5.2146 3.98 5.1867 5.2033 TT102 100 5.1427
5.2983 98.834
TC202 94.54 3.6353 5.2161 5.46 5.1932 5.2046 TT202 100 5.1434
5.2993 98.818

3.2. Thermal conductivity of sprayed coatings

The thermal conductivity of coatings sprayed using
suspension formulated using fine 14YSZ powder
is shown in Fig. 1la. The conductivity is lower
for the coatings sprayed using SG-100 torch than that
sprayed using Triplex one and decreases with concentra-
tion of solid in suspension. Similar observations can be
made for the coatings made using suspension formulated
using YCSZ powder. Finally, the thermal conductivity of
coatings sprayed using suspension including 14YSZ
powder is slightly lower than that sprayed using YCSZ
powder suspension for similar suspension concentra-
tions.
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Fig. 5. SEM (secondary electrons) micrographs
of cross-sections (left side) and surfaces (right side)
of coatings suspension including 2.5 wt.% of 14YSZ
solid phase sprayed using SG-100 torch onto substrates
prepared by: (a)—sand blasting, sample ST21; (b)—
laser treatment, sample ST22; (c)—grinding, sample
ST23.

4. Discussion

The thermal conductivity of tested samples was de-
termined to be in the range of 0.6 to 1.1 W/(mK).
The lowest conductivity values were obtained
for the samples sprayed using well stabilized suspension
having small concentration of 14YSZ powder using SG-
100 torch obtained in the spray run ST22 (Fig. 11a).
Similar conductivity values were obtained for YCSZ
sprayed using Triplex torch in spray run TC52 (see Fig.
11b). The conductivity values are comparable to those
obtained for the suspension sprayed 8YSZ described
elsewhere [3]. The low values of conductivity results
from: (i) high porosity of coatings and, in particular,
from the presence of fine pores; (ii) bad contacts be-
tween the grains; and (iii) from the presence of small,
unmolten grains being sintered with the other and dis-
cussed elsewhere [1,2].

Fig. 6. SEM (secondary electrons) micrographs
of cross-sections (left side) and surface (right side)
of coatings suspension including 5 wt.% of 14YSZ solid
phase sprayed using SG-100 torch onto substrates
prepared by: (a)—sand blasting, sample ST51; (b)—
laser treatment, sample ST52; (c)—grinding, sample
ST53.
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Fig. 7. SEM (secondary electrons) micrographs of cross-
section (left side) and surfaces (right side) of coatings
suspension including 10 wt% of 14YSZ solid phase
sprayed using SG-100 torch onto substrates prepared
by: (a)—sand blasting, sample ST101; (b)—Ilaser treat-
ment, sample ST102; (c)—grinding, sample ST103.

The columnar microstructure was formed
in the samples: ST22, ST23, ST52, ST102, and TT102. All
the samples were sprayed using 14YSZ powder being
a finer one. Consequently, only fine powder formulated
suspension enabled formation of the columnar micro-
structure independent of the torch used. The substrate
surface preparations methods resulting in the formation
of the columnar microstructure are as follows:

* laser treated substrate coated with the help of the SG-
100 torch (ST22 and ST52 shown in Figs. 5b and 6b
respectively) and with the help of the Triplex torch
(sample TT102 shown in Fig. 8b);

* machined substrate sprayed using 14YSZ suspension
with the SG-100 torch (sample ST102 shown in Fig. 7b);

e grinded substrate coated with the help of the SG-100
torch (sample 23 shown in Fig. 5c).

Finally, low concentration of fine solids in suspension
promoted the formation of the columnar microstructure.
The greatest concentration among the tested ones result-
ing in such microstructure was 10 wt.% of solids suspen-
sion sprayed onto the laser treated substrate. The ob-
tained experimental results enable a design of a simpli-
fied a mechanism of formation of the columnar micro-
structure.

The fine solid particles arriving on the substrate may
adhere to the substrate or move radially parallel
to the substrate suspended in a working gas. The behav-
ior of particles results from the equilibrium of two forces
shown in Fig. 12, i.e.: (i) the force acting on a particle
which can be assumed to be drag force,1 Fp, by the gas
moving radially; and (ii) force of adhesion, FA, keeping
the particle attached to the substrate. The drag force can
be expressed under simplified assumption that particles

1A more realistic model should take into account thermophore-
sis force [20].

Fig. 8. SEM (secondary electrons) micrographs of cross-
section (left side) and surfaces (right side) of coatings
suspension including 10 wt% of 14YSZ solid phase
sprayed using Triplex torch onto substrates prepared by:
(a)—sand blasting, sample TT101; (b)—laser treatment,
sample TT102; (c)—grinding, sample TT103.

moves in Stokes regime as follows:

Fp=3n,4md,(vg-vp) 3

in which 7y is the viscosity of gas acting on particle, dp
is the particle diameter, vg is the velocity of gas equal
to vg = 600 m/s 2 and vp is the particle velocity. Suppos-
ing that the velocity of the particle is about a half
of the velocity of gas, v,=0.5v45, what corresponds roughly
to the calculations made for fine hydroxyapatite particles
in the numerical simulation presented elsewhere [20],
and that the viscosity of working gas composed of plas-
ma forming gases and products of suspension liquids
evaporation is equal to ng= 6x 105 kg/(ms), the drag
force for different particles diameters is represented
in Fig. 13. The adhesion force, F4, can be approximated
by a critical force measured at scratch test, i.e. the force
applied when indenter reaches the coating's interface
with the substrate. The values of critical force were
measured to be in the range of 9 to more than 30 N
in suspension plasma sprayed 8YSZ coatings [3] and 10
to 17 N for suspension plasma sprayed TiO: coatings
[21]. The very rough comparison of two forces acting
on small particles shows that generally Fa>Fp what
means that the particles adhere to the substrate at im-
pact. The explication of columnar microstructure for-
mation may be given by the presence of small unmolten
particles which remain on the periphery of the jet
and arrive on the substrate with much lower velocity
than the particles which has the trajectory in the middle
of the jet (Fig. 14).

2 The value corresponds to the working gas temperature of 3000
K calculated in the jet axis at the spray distance 40mm and at
the power input to the gas of 30 kWheing lower than that
used in the present study. More details are shown in the study
[20].
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Fig. 9. SEM (secondary electrons) micrographs of cross-
section (left side) and surfaces (right side) of coatings
suspension including 2.5 wt% of YCSZ solid phase
sprayed using SG-100 torch onto substrates prepared
by: (a)—sand blasting, sample SC21; (b)—machining,
sample SC22; (c)—grinding, sample SC23.

These slow particles may be easily accelerated
by the working gas moving radially with regard
to the torch axis, parallel to the substrate. For these
particles Fp > Fa and they move parallel to the growing
coating surface until they meet an irregularity
on this surface to which they may adhere. Such irregular-
itles were formed at substrate preparation by laser
treatment, sand blasting or machining. The following
torch passes bring new charge of particles contributing
in forming the islands growing as the columns as shown
in Fig. 15. However, a question remains how was it pos-
sible to form a columnar structure (sample ST23 shown
in Fig. 5 ¢) on a grinded substrate having a smooth sur-
face shown in Fig. 3b? The answer results from the su-
perposition of many process parameters of the spray
processes synthesized graphically in Fig. 16. The suspen-
sion used to spray this sample was having a small con-
centration of solids (2.5 wt.%) and was well stabilized
(zeta potential, { = 82.5 mV) i.e. the fine solids were well
separated. Moreover the SG-100 setup was having
a large diameter of injector (ID = 0.5 mm) and the drop-
lets issuing from the injector were large too. These two
factors may be synthesized by showing a large droplet
with a few solids inside as shows it the right side of Fig.
16. The fine solids in large droplets were distant
and some of them remain separated after evaporation
of liquid from the droplet. These got molten and acceler-
ated in the plasma jet and impacted on the substrate and
adhered to it. The mechanism of adhesion of these small
splats could have been their mechanical anchorage
to the nano-irregularities of the smooth substrate. In that
way the irregularities on the grinded surface became
greater and greater. Finally, their size was great enough
to start the mechanism of columnar growth shown in Fig.
15.

Fig. 10. SEM (secondary electrons) micrographs of
cross-section (left side) and surfaces (right side) of coat-
ings suspension including 10 wt.% of YCSZ solid phase
sprayed using Triplex torch onto substrates prepared by:
(@)—sand blasting, sample TC101; (b)—machining,
sample TC102; (c)—grinding, sample TC103.

5. Conclusion

The screening of some suspension plasma spraying pro-
cess parameters influencing the formation of the colum-
nar microstructure in zirconia coatings was carried out.
The following experimental variables were used in 12
experimental runs: (i) powders in suspensions and their
concentration; (ii), substrate preparation methods;
and (iii) plasma spray equipment. The powders included
yttria and ceria stabilized zirconia of composition ZrO2 +
24 wt% CeO2 + 2.5 wt.% Y203 and ZrO2 + 14 wt%
Y203. The coatings were deposited on the 304L sub-
strates having the surface prepared by: (i) grid blasting;
(ii) grinding; (iii) turning; and (iv) laser treatment.
The plasma torches used were: SG-100 and Triplex.
The microstructure of the coatings was analyzed using
scanning electron microscopy (SEM) and (FE-SEM)
as well as the X-ray diffraction. Rietveld method
was applied and enabled to determine that the 14YSZ
samples crystallized as tetragonal zirconia and the YCSZ
included major tetragonal phase and monoclinic zirconia
as the minor one. Finally, the thermal conductivity
of coatings was characterized up to 523 K with the use
of laser flash method and it was found to be in the range
of 0.6 to 1.1 W/(mK). The columnar microstructure was
formed in the samples with both spray setups. Such
microstructure was possible to form using fine 14YSZ
powder suspension depending on the suspension con-
centration. Lower concentration promoted, generally,
the formation of columns. The columnar microstructure
when using coarse YCSZ powder was formed only
with the laser treated substrate surface. The other sub-
strate surface preparations methods resulting in the
formation of the columnar microstructure were machin-
ing and turning. Surprisingly, it was found out that the
spraying of such low concentration suspension as 2.5
wt.% of fine 14YSZ solids on a smooth, grinded substrate
resulted in the formation of columnar microstructure.
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Thermal conductivity of 14YSZ coatings
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Fig. 11. Thermal conductivity of coatings sprayed
using suspensions formulated with: (a)—14YSZ pow-
der; (b)—YCSZ powder.

The simple model explaining the formation
of the columnar microstructure was described.
The future studies will concern the creation of more
precise numerical model of interaction of fine solids
with the working gas moving parallel to the substrate.
The measurements of thermal conductivity at higher
temperatures, thermal shock resistance and mechani-
cal properties of the samples sprayed using optimized
spray parameters should be also carried out.
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Fig. 12. Schematic representation of forces acting
on a particles arriving on substrate or on previously
deposited coating.
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Fig. 13. Drag force vs. particles diameter for a simpli-
fied model developed following the data from our
previous study [20].

Fig. 14. Possible trajectories of droplets/particles
during plasma spraying with the use of: (a) internal,
injection (SG-100 torch); (b) external injection (Triplex
torch).

Spray direction

Substrate

Fig. 15. Mechanism of the columnar structure for-
mation at suspension spraying on the roughened sub-
strate having surface with many irregularities (in-
spired by [9]).
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Fig. 16. Mechanism of the columnar structure for-
mation in sample ST23 having a grinded surface
as shown in Fig. 5c. The large droplet on the right side
of the figure corresponds to the low concentration
of a stable suspension (having great zeta potential).
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The main goal of the paper is to study the differences of two microstructures that can be obtained using suspension
plasma spraying technology: (i) columnar one; and, (ii) lamellar, two-zone microstructure. The optimization
of spray parameters was made and then the advanced microstructural studies were performed. The work
was focused on zirconia stabilized by yttria (YSZ, ZrO2 + 14 wt. % Y203) and both by yttria and ceria (YCSZ, ZrO2 +
24 wt. % Ce02 + 2.5 wt. % Y203) which are most frequently used as thermal barrier coatings (TBC). Moreover, two
types of microstructure were achieved using two different plasma torches, namely SG-100 of Praxair and Triplex
of Oerlikon Metco. The microstructure of prepared coatings was analyzed using electron microscopy (SEM) after
optimization of the spray parameters. The conventional SEM microscope with secondary electrons detector (SE)
and back scattered electrons one (BSE) were used. The energy dispersive spectroscopy (EDS) was performed
to analyze the chemical composition. By electron backscatter diffraction (EBSD) grain shape, size and crystal orien-
tation were determined. The analysis enabled the discussion of the coatings growth mechanism. Finally, the Shape

From Shading (SFS) technique was applied to recreate and to analyze 3D views of coatings’ topographies.

Keywords: Yttria Stabilized Zirconia, Ytria-Ceria Stabilized Zirconia, Thermal Barrier Coatings, Suspension Plasma
Spraying, Columnar Microstructure, Two-Zone Microstructure, Electron Back-Scatter Diffraction

1. Introduction

Suspension plasma spraying (SPS) is a modifica-
tion of atmospheric plasma spraying (APS) processes.
The complexity of SPS results from the necessity
of controlling the phenomena related to the use
of liquid suspension instead of dry powder [1, 2].
Thanks to the use of suspension, the submicrometric
or nanometric size solids can be introduced
to the plasma jet. The resulting coatings are very
finely grained [3, 4].

The window of optimal SPS process parameters
is narrow. The changes in spray conditions results
in different coatings’ morphologies. Kozerski et al. [5]
described the mechanism of formation of two-zone
microstructure, which is typical for suspension plas-
ma spraying process. The coatings contained dense
zones with well melted lamellas and the zones with
irregularly distributed, more or less sintered small
particles can be observed. The formation of two-zone
microstructure resulted from the small sizes of solid
and from different trajectories in plasma jet. More
recently, many researches were conducted to analyze
the possibilities of producing columnar like micro-
structure using SPS technology. VanEvery et al. [6]
proved that using axial injection of precursor
the columnar microstructure can be produced.
The same effect was achieved by Sokotowski et al. [7]
for radially injected suspensions by changing
the amount of the solid phase in the suspension

and/or by appropriate preparation of the substrate
surface morphology. The effect of the columnar struc-
ture formulation was explained by the deviation of hot
gas trajectory near the substrate material. In the stud-
ied cases the columnar like microstructure occurred
only in the coatings sprayed using suspension con-
taining very fine particles.

The columnar microstructure is useful for thermal
barrier coatings since it may improve the thermo-
mechanical properties and, in particular, thermal
shock resistance [8, 9]. On the other hand, the fine
grained lamellar microstructure containing a great
number of submicrometer and nanometer pores can
significantly decrease thermal conductivity of coatings
[10, 11]. The present paper focuses on the analysis
of the microstructure of the coatings and the manufac-
turing technology aiming production of columnar like
microstructures as well as lamellar ones.

2. Experimental procedure

2.1. Feedstock Preparation

The suspensions used in the spray process were
prepared using two zirconia powders having differ-
ent: (i) chemical composition; and (ii) particles size.
The YSZ powder was manufactured by Tosoh (Kyoto,
Japan) and had composition of ZrOz + 14 wt. % Y20s.
The granulometry tests (DLS method, Zetasizer Nano-
ZS, Malvern Instruments) showed that the volume
mean diameter was equal to dvso=398nm. The powder
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was used as manufactured (Fig. 1). The second pow-
der, noted as YCSZ, had the trade name Metco205NS
and a composition of ZrOz + 24 wt. % CeO2z + 2.5 wt. %
Y203 (YCSZ). The initial size of YCSZ powder was equal
to dvsp= 39.6pm. The powder was crushed mechani-
cally using ball milling (moliNEx system, NETZSCH).
The mechanical treatment allowed decreasing
of powder’s size (Fig. 2). The granulometry tests (DLS
method, Partica LA-950V2, Horiba) showed that the
volume mean diameter was equal to dvso= 696nm.

The suspensions including YSZ and YCSZ were
formulated with different fractions of solid phase
were prepared. The fractions were torch specific: 2.5
wt. %, 5 wt. %, 10 wt. % of powder for SG-100 torch
and 5 wt. %, 10 wt. % and 20 wt. % of powder
for Triplex torch. The greater concentration of solid
resulted from higher electric power input to Triplex
torch. The liquid phase in suspension included water
and ethanol in ratio 1:1 and small quantity of disper-
sant agent (Beycostat C213, CECA, France). The details
of feedstock preparation are shown elsewhere [7, 12].

2.2. Spray Experiments

The zirconia coatings were produced using two
spray set-ups equipped with different plasma torches
(SG-100 and Triplex) and the deposition parameters
were optimized separately for each torch [7]. Moreo-
ver, the influence of the substrate topography
on the coatings’ microstructure was tested. The to-
pographies were generated with: (i) grit blasting; (ii)
grinding; (iii) turning; and (iv) laser treatment. All
substrates were cleaned in the ultrasonic bath
in ethanol prior to spraying.

Finally, fours variables occurred in the spray ex-
periments: (i) type of powder; (ii) concentration
of solid phase in suspension and (iii) substrate topog-
raphy; (iv) torch type. As a result 12 spray experi-
ments were performed for each torch type and 36
different coatings were sprayed (Table 1).
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Fig. 1. SEM morphology (secondary electrons) of YSZ
powder
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Fig. 2. SEM morphology (secondary electrons) of YCSZ
powder particles after milling

2.3. Microstructure Characterization

The metallographic preparation of specimens
for advanced microscopic studies was carried out
using the conductive bakelite resin with carbon filler
(Polyfast Struers). The samples were then grinded
and polished - also with the final polishing with col-
loidal silica oxides (OPS Struers). The samples
were cleaned in ethanol, dried and coated with very
thin layer of a carbon layer.

The observations were carried out using two dif-
ferent microscopes: (i) Leo 1455VP (Carl Zeiss GmbH)
with Metek EDS detector of EDAX was used for SEM
observations and EDS measurements; (ii) Neon 40ESB
(Carl Zeiss GmbH) with DigiView EBSD camera
was used for SEM and EBSD investigations.

The EBSD examination of the coatings’ microstruc-
ture was made with the following parameters:

- step size of 100nm;

- beam voltage 15kV with an aperture 60pum;

- scan speed of 6-10 points per second.

The obtained data were then analyzed using OIM
Analysis 6.1 software. The filtering of the data to min-
imize the effect of some noises, which are unavoidable
for this type of analysis, was made based on two types
of filters - confidence index (CI>0.12) or image quality
(1Q).

The coating topography was characterized
by Shape From Shading method (Phenom G2 pro,
Eindhoven, The Netherlands). By using four different
local 2D images of the sample and well-known shad-
owing effect [13] the 3D views of coatings surfaces
were recovered. Then the topography profiles could
be observed and analyzed [Fig.3]. Finally the influence
of substrate topography and spray process parame-
ters on the coating substrate and roughness was in-
vestigated. In this case, non-contact laser confocal
microscopy method was applied (Olympus, LEXT
OLS4000 3D Laser Measuring Microscope, Tokyo,
Japan).
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Table 1 Design of experiment and nomenclature of sprayed coatings (highlighted lines correspond to columnar like

coatings) [7]

Concentration of powder in

Run Powdermaterial thesuspension[%] Plasmatorch Substrate preparation Sample
YSZ-Tosoh 25 SG-100 Grit-blasting ST21
1 YSZ-Tosoh 25 SG-100 Lasertreatment ST22
YSZ-Tosoh 25 SG-100 Grinding ST23
YSZ-Tosoh 5 SG-100 Gritblasting ST51
2 YSZ-Tosoh 5 SG-100 Lasertreatment ST52
YSZ-Tosoh 5 SG-100 Grinding ST53
YSZ-Tosoh 10 SG-100 Gritblasting ST101
3 YSZ-Tosoh 10 SG-100 Lasertreatment ST102
YSZ-Tosoh 10 SG-100 Grinding ST103
YCSZ 25 SG-100 Gritblasting Sc21
4 YCSZ 25 SG-100 Turning SC22
YCSZ 25 SG-100 Grinding Sc23
YCSZ 5 SG-100 Gritblasting SC51
5 YCSZ 5 SG-100 Turning SC52
YCSZ 5 SG-100 Grinding SC53
YCSZ 10 SG-100 Gritblasting SC101
6 YCSZ 10 SG-100 Turning SC102
YCSZ 10 SG-100 Grinding SC103
YSZ-Tosoh 5 Triplex Gritblasting TT51
7 YSZ-Tosoh 5 Triplex Lasertreatment TT52
YSZ-Tosoh 5 Triplex Grinding TT53
YSZ-Tosoh 10 Triplex Gritblasting TT101
8 YSZ-Tosoh 10 Triplex Lasertreatment TT102
YSZ-Tosoh 10 Triplex Grinding TT103
YSZ-Tosoh 20 Triplex Gritblasting TT201
9 YSZ-Tosoh 20 Triplex Lasertreatment TT202
YSZ-Tosoh 20 Triplex Grinding TT203
YCSZ 5 Triplex Gritblasting TC51
10 YCSZ 5 Triplex Tuming TC52
YCSZ 5 Triplex Grinded TC53
YCSZ 10 Triplex Gritblasting TC101
11 YCSZ 10 Triplex Turning TC102
YCSZ 10 Triplex Grinded TC103
YCSZ 20 Triplex Gritblasting TC201
12 YCSZ 20 Triplex Turning TC202
YCSZ 20 Triplex Grinded TC203

Fig. 3. Shape From Shading technique: (a) reconstruction of coating surface, (b) 3D view of coating
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Fig. 4. SEM microstructure (backscattered electrons) of ST23 coatings under magnification of 2509 (a) and 50009 (b)

3. Results

3.1. EDS Chemical Analysis

The first part of a larger study done on the sam-
ples produced as shown in Table 1 contains a basic
microstructure characterization and is presented
elsewhere (Ref 7). Consequently, to complete the
previous studies, the chemical analysis of coatings
using Energy Dispersive Spectroscopy was carried
out.

The EDS analysis of samples sprayed using sus-
pension including YSZ powder showed that the spray-
ing did not introduce the modification in the chemical
composition. The content of the elements in the coat-
ing microstructure was as follows: (i) 25-30 wt. % of
oxygen, (ii) 14-18 wt. % of yttrium; and (iii) 53-58 wt.
% of zirconium what corresponds to the initial com-
position of YSZ-Tosoh powder used to prepare the
suspension
((1) 25 wt. % of oxygen; (ii) 11 wt. % of yttrium; and
(iii) 64 wt. % of zirconium).

The YCSZ coatings consisted of about: (i) 18-23 wt.
% of oxygen; (ii) 15-18 wt. % of cerium; (iii) 5-6 wt. %
of yttrium; and (iv) 56-63% of zirconium. This com-
position is similar to the initial one which corresponds
to (i) 21 wt. % of oxygen; (ii) 20 wt. % of cerium; (iii)
2 wt. % of yttrium; and (iv) 47% of zirconium.

3.2. Columnar-Like Coatings

Table 1 shows the process parameters resulting
in columnar like microstructures. The microstructure
was achieved for both plasma set-ups, different kinds
of substrates’ surface topographies and only for fine
grained YSZ powder. A typical columnar like micro-
structure cross-section for ST23 coating is shown in
Fig. 4a. This sample was particularly interesting be-
cause of numerous perpendicular columns having
irregular shape, size and height which were created
onto smooth, grinded, substrate surface. The size of
pores was nanometric to submicrometric.

The interface between coating and grinded sub-
strate did not include the delamination of coating
and any cracks (Fig. 4b). However, after having the cut
sample and placing it into conductive resin, some
single discontinuities could have been observed.

The orientation and size of crystal grains in the
ST23 coatings were tested using EBSD analysis. The
sample had very finely grained microstructure (Fig.

5). It was possible to observe that finer grains oc-
curred near
to the substrate. The top of the coatings consisted
of a few very big grains which were very different
comparing to the rest of the coating microstructure.
These grains could have been formed by a few drop-
lets

of the suspension which leaked out from the injector
and fell at the top of a hot sample at the end of the
spray process. Three different pole figures {001},
{011}

and {111} were composed to observe the main crys-
tallite directions. The differences between these ori-
entations were very small and it was not possible to
distinguish any preferred directions of columns
growth. The main volume grain size was near 600 nm
- almost two times bigger than the initial powder
particle size. However, the main number grain was of
300 nm and below, which was close to initial particle
powder size.

001 101"

T e~ WL o
Fig. 5. EBSD image (inverse pole figure) of ST23 sam-
ple
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Fig. 6. Topography of coatings having columnar microstructure (SFS method): irregular, cauliflower like, surface
of ST23 coatings created at grinded surface (a) and very regular coating ST52 created at laser treated substrate

The coatings surface topography analysis enabled
to find out that ST23 coating was the roughest one
when taking into account the small initial roughness
of substrate surface (Fig. 6a). Consequently, the value
of Ra = 7.9 Im and Rz = 51.2 Im was measured for the
coating surface and Ra = 0.1 Im and Rz = 0.6 Im for the
substrate, respectively. Another coating having colum-
nar microstructure was ST52 (Fig. 7a). The substrate
topography, achieved by laser treatment, influenced
the coating morphology. The columnar microstructure
was formed in the way that each “peak” corresponded
to a column and above the “valleys” the longitudinal
pores were formed. The coatings were also denser than
sample ST23, because of the use of two times greater
suspension concentration. However, a big amount
of larger micropores was also observed. Near the top
of the coating, the microstructure was very fine
grained as observed with the SEM (Fig. 7b).

The EBSD measurement area was chosen in a way
that the “peaks and valleys” were analyzed simultane-
ously (Fig. 8). The measurements showed that

500KV

QBsD 0% WO= 80mm Iw_u‘m

the growth mechanism of coating was not the same
in the two analyzed regions of the sample. Consequent-
ly, the grains, which were deposited above the peaks
of the substrate (see no. 2 on Fig. 8a), were rather
spherical. On the other hand, the grains solidified be-
tween the peaks were more deformed, i.e., thin and
perpendicular to the substrate surface (see no. 1 on
Fig. 8a). The longitudinal shape of the grains may sug-
gest that coatings have a texture. Because of these
differences in the grains morphology, an additional
EBSD maps in these two regions of the sample were
analyzed (Fig. 8b). But the observed differences be-
tween different grain orientations were in fact very
small and it was not possible to find any preferred
directions of crystal growth. The grain size distribution
showed that the grains with the size of about 600 nm
covered the largest area fraction of samples (see Fig.
9a). On the other hand, a great number of small grains
with the size of about 250-300 nm were found out (see
Fig. 9b). Moreover, the grains which solidified above
the peaks of substrate, had slightly smaller size.

8

aBso

S F

500KV 600KX  WD= 80mm

Fig. 7. SEM microstructure (back scattered electrons) of ST52 cdatings with magnification of 500x (a) and 5000x (b)
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Fig. 8. EBSD map showing the grains of ST52 coat-
ing and their crystallographic orientation (a), and
texture analysis performed in area 2 (b)

SFS enabled to find the cauliflower-like surface
morphology in samples with columnar-like structure.
The coatings sprayed onto laser-treated substrates had
very regular surface. The coating profile was very
similar to that of the substrate prior to spraying (Fig.
6b). However, the roughness of coating can be charac-
terized by Ra = 7.4 Im and Rz = 43.5 Im, which was still
around two times bigger than that measured on the
laser-treated substrate prior to spraying (Ra = 3.6 Im
and Rz =17.6 Im).

3.3. Lamellar Coatings

The lamellar microstructure was observed, ie.,
for YCSZ coatings prepared using Triplex torch and
suspension having 10 wt.% of solid phase. The micro-
structure of these coatings was much denser than
in columnar-like coatings (Fig. 10a).

WD = 99 mm
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Fig. 9. The volume (a) and number (b) distribution
of the grain size in ST52 coating microstructure

The presence of cerium could be noticed as bright
fields in Fig. 10(b). Finally, it was found that the sub-
strate preparation process did not influence this type
of coating microstructure. The EBSD investigation
visualized the thin columns inside the lamellas, espe-
cially near the substrate (Fig. 11). The grain size exam-
ination, carried out for the TC102 sample, enabled to
find the main size of about 450 nm, and the number
distribution was less than 300 nm (see Fig. 12a and b).

Fig. 10. SEM micrographs (back scattered electrons) of the TC102 sample with 500x (a) and 5000x magnification (b)
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]
Fig. 11. EBSD map (inverse pole figure) of TC102

coating

The coatings surface was much smoother comparing
to the coatings having columnar structure but also
smoother with regard to other samples deposited
using fine YSZ powder (Fig. 13). The single peaks
on the surface profile could also be observed
as a result of coarser particles that are present
on coating surface. The SEM observations were con-
firmed by roughness measurements. The surface
of TC102 sample was characterized by Ra = 3.2 Im and
2 = 23.2 Im. Furthermore, a decrease of roughness
parameters with an increase in suspension concentra-
tion could be observed, especially for Triplex torch.
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Fig. 12. The volume (a) and number (b) crystal grain
size distribution of lamellar (TC102) sample

4. Discussion

The experiments were carried out in order to bet-
ter understand the formation of the columnar
and lamellar microstructures of suspension plasma-
sprayed zirconia coatings but also to observe main
differences between these microstructures. The coat-
ings’ growth mechanisms in SPS process were also
investigated (Ref 14-16).

The coatings having columns were heterogeneous
in terms of porosity, shape and size of grains,
and the surface topography. Contrarily, the coatings
with lamellas had fine-grained microstructure, regu-
lar distribution of micropores, and smooth surface.

0 214.92pm

Fig. 13. Shape From Shading method applied to sample TC102: 3D view (a) and topography profile (b)

These differences were caused by the hot gas fluc-
tuations in contact with the substrate surface.

The irregular columns could be created by the particles
which followed the hot gas swirls and adhered mainly



to the peaks of substrate or previous deposits forming
columnar-like microstructure. The effect was strength-
ened by morphology of substrate surface and fine size
of powder particles Fig. 14 (Ref 6, 7). The EBSD maps
confirmed previous analyses and explanations. Anoth-
er issue related to the behaviour of powder particles
that came into a contact with substrate resulted from
equilibrium of forces (Ref 7, 17): (i) Fp—drag force
pushing fine solids and (ii) adhesion force F4 keeping
the particles on the substrate surface. Consequently,
the particles could stick directly to the substrate
or move parallel to it depending on which of these
forces dominated. The relation F4 > Fp is valid for larg-
er particles transported close to the axis of plasma jet.
But inside the coatings, the fractions of fine, unmelted,
grains were noticed also. These zones were generated
by particles that moved in external and colder regions
of plasma. For these particles, the balance of forces
changed and, consequently, FD > FA. Subsequently,
they moved perpendicular to jet axis and adhered
to an irregularity they meet on their way (Fig. 15). This
mechanism connected with small amount of solid
phase in the suspension, and low number of particles
in the suspension droplet coming from the injector
allows columns growing even when the substrate
is smooth. This will be possible only if single irregulari-
ties (“roots”) on the substrate surface will be created.
Then the procedure will be similar as in the case
of laser-treated substrate but as the result, much more
irregular coatings will be formed (Fig. 16). Finally,
the mechanism of columnar growth may be related
to shadowing effect discussed elsewhere (Ref 6, 18).
The growth of coating was rather an effect of intense
accumulation of powder particles on surface peaks,
than on its shadowed parts. This resulted in formation
of columns or long, perpendicular to the substrate,
pores, respectively (Fig. 14).

Spray direction

Substrate

Fig. 14. Growth-up mechanism of columnar like coat-
ings through plasma fluctuations and shadowing effect
(inspired by [6, 7])

Plasma jet flow

Fo>Fx  Fa>Fp, Fp>Fy

| I
Q
Incoming particle @ | 1© Incoming particle

FA
Fig. 15. The behavior of powder particles that come
into a contact with substrate or previous deposits
(inspired by [7])

However, it should be stressed up that despite
many attempts, it was not possible to achieve so regu-
lar columnar structure using SPS similar to that ob-

tained with the physical vapour deposition (PVD)
technology (Ref 19, 20). This can be explained by the
fact that the particles used in SPS have a size many
orders of magnitude greater than the atoms or mole-
cules forming islands which become the columns dur-
ing PVD processes.

The growth of lamellar microstructure resulted
from suspension injection into the plasma
and the phenomena occurring thereafter in the plasma
jet Fig. 17 (Ref 5). This type of coating occurred mainly
when the suspension had 10-20 wt.% of solid phase.
As the injection systems in two plasma torches were
different, there were some differences in morphologies
of obtained coatings. The smaller and more concen-
trated droplets were injected into the plasma flux
in Triplex setup, and as a result, more homogeneous
coating was formed.

1 Plasma jet flow
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Fig. 16. The schematic illustration of columns for-
mation on smooth surfaces for suspension containing
low concentration of solid phase: 1—irregularly dis-
tributed single splats create single “roots” for columns;
2—particle trajectory depending on FA and FD (FD >
FA preferred because of particle size); 3—continuous
growth of columns supported by shadowing effect

On the other hand, all mentioned coatings were
formed using the same process—SPS—so among many
differences, they showed also many similarities. Firstly,
it was possible to observe, smaller or larger, complete-
ly randomly oriented lamellae and surrounding them
micropores inside all columnar-like coatings. Further-
more, thin and longitudinal (columnar-like) grains
inside big, flattened, lamella were observed, when
analyzing coatings having lamellar microstructure like
TC102.
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Fig. 17. The mechanism of formation conventional two-zone lamellar structure using Suspension Plasma Spraying

method (Ref 5)
5. Conclusions

Advanced microstructural studies using scanning
electron microscopy (SEM), energy dispersive x-ray
diffraction
(EDS), electron beam scattering diffraction (EBSD),
and finally SFS method were used to characterize sus-
pension plasma-sprayed zirconia coatings having dif-
ferent microstructures.

The research showed that the amount of solid
phase used during suspension formulation had im-
portant influence on the microstructure of coatings,
especially on porosity and topography of the coating
surface. When using small amount, the porous
and rough coatings were achieved. With the increase
of solid phase amount, the porosity of coatings
was decreasing. A similar effect was observed when
the particles of powders with different size
were used.

The differences in coating microstructure were ob-
served also depending on which plasma torch
was used during spray process. SG-100 of Praxair
seemed to give more possibilities in producing coatings
having different microstructures. At the same time,
coatings deposited by Triplex of Oerlikon Metco
were much more homogenous in term of porosity and
coating topography.

The EDS analysis proved that the spray process did
not influence the chemical composition of coatings.
The concentration of the elements in coatings micro-
structure was close to that observed in initial powders.

The EBSD analysis proved that the suspension
plasma sprayed coatings were composed of grains
with random crystal orientation. The effect was related
to the topography of the coatings as could be observed
for coatings deposited on the laser-treated substrates.
The analysis of the crystal grain size of coatings
showed that their size is comparable or smaller than
that of initial powders.

The SFS technique was used to recreate and to ana-
lyse 3D views of coatings_ topographies. The investiga-
tions showed that the suspension composition, powder
particle size, and substrate preparation can be an im-
portant factor influencing coating topography.
The roughness analysis was carried by non-contact

laser confocal microscopy and proved correlations that
were observed with the use of SFS method.

In future work, the studies of thermal and thermo-
mechanical properties will be realized in order to veri-
fy what kind of coating microstructure is more benefi-
cial for TBC_s applications. For some applications,
especially as thermal barrier coatings, the coatings
having columnar microstructure seem to be more
advantageous. The main benefit is high resistance
for thermal shocks, which improves the sprayed coat-
ing in-service time (Ref 21). However, due to the fine-
grained microstructure with the regular distributed
micropores in the lamellar coating microstructure,
the thermal transport is significantly reduced.
The influence of the coatings microstructure on ther-
mal conductivity was discussed previously (Ref 12, 22,
23). Therefore, the selection of adequate coatings mi-
crostructure for desired application has to be a com-
promise.
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The presented studies are focused on the microstructure characterization of zirconia-based coatings deposited
by two types of high-energy plasma torches: (i) Axial III; and, (ii) hybrid version of Water-Stabilized Plasma (WSP)
torch. The suspensions were formulated using solid dispersed phase of: (i) zirconia stabilized with 14 wt.% of Y203
and (ii) zirconia stabilized with 24 wt.% of CeO2 + 2.5 wt.% of Y203 and continuous phase of water with ethanol.
The spray process parameters were optimized for each plasma set-up individually. The in-flight observations
(shadowgraphy) were performed to optimize the injection of the liquid feedstock into the plasma jet. Then
the coating’s morphology and coating/substrate interface were characterized using conventional light microscopy
and scanning electron microscopy (SEM). The results showed that through the change of deposition parameters
various coatings microstructures could be obtained, in particular columnar and two-zones structures.
The EDS/EDX and XRD studies showed that there was no significant change in chemical/phase composition
of zirconia material before and after spraying. Electron Backscatter Diffraction (EBSD) method allowed to analyze
the grain size in the coating microstructure as well as crystallographic orientation of individual grains. The results
showed that coatings were characterized by submicrometric microstructure what corresponded to the size
of powder particles used to formulate suspension. No texture was observed in the coatings microstructure.
The surface topography analysis which was performed by confocal scanning laser microscopy (CSLM) and Shape
From Shading (SFS) technique proved the great influence of suspension concentration on the coating structure.

Keywords: water-stabilized plasma (WSP), gas-stabilized plasma (GSP), suspension injection, columnar microstructure,
two-zones microstructure, electron backscatter diffraction

plasma spraying and was invented in order to deposit
fine grained feedstock that cannot be applied by APS
[6,7]. Currently, Suspension Plasma Spraying seems
to be one of the most versatile methods among thermal
spray processes. It includes many important deposition
parameters that can influence coating’s microstructure.
The latter can be influenced by:

e  torch position and dynamics (spray distance, scan

speed, scan off-set studied by Latka et al. [8]);
e suspension injection (injection mode, injection

1. Introduction

The surface of an object plays a major role
in the engineering. The surface is the place exposed
to the stresses resulting from mechanical, thermal
or tribological interactions. Such interactions occur
in many industries such as automotive, aerospace,
power or machinery etc. [1-3]. For example the power
and fuel efficiency of gas turbines are currently limited
by the properties of materials that are used for parts

fabrication, especially by the insufficient resistance
to high temperatures caused by the fuel combustion
process [4]. That is why Thermal Barrier Coating sys-
tems (TBC’s) are in common use in the aviation indus-
try. The main reason why the coating industry
has been growing very fast in recent decades results
from the economic considerations. In accordance
to analysis by Matthews [5], the UK coating industry
was worth over £ 10.8bn. But at the same time it af-
fected the products being worth over £ 140bn. After-
wards, thermal spraying and powder coatings them-
selves were priced over £ 1bn. This clearly shows that
coating industry is an important part of the production
worldwide.

One of the latest and extensively studied coating
methods is the Suspension Plasma Spraying (SPS).
This process is derived from conventional powder

angle, feed rate etc. [9,10);

e suspension properties (powder size and rheolog-
ical properties of suspension investigated
by e.g. Rampon et al. [11]);

e  substrate preparation and temperature [12,13];
plasma properties related to type of torch that
are presented in this study;

e and many others.

In our previous works [12,14] the application
of low-energy plasma torches (SG-100 and Triplex)
for Suspension Plasma Spraying was presented
and discussed in details. In this work, the two different
high-energy plasma spray torches (called Axial III and
WSP-H 500) were tested for a production of stabilized
zirconia coatings having various microstructures.
The present paper is focused on microstructural fea-
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tures and zirconia-based coating formation mecha-
nisms in Suspension Plasma Spraying.

2. Materials and methods
2.1. Powders and suspensions characterization

Yttria-stabilized zirconia (YSZ) and yttria/ceria-
stabilized zirconia (YCeSZ) powders were used
for suspension formulation. The properties of solid
phase were as follows:

e YSZ - the submicrometer-sized powder produced
by Tosoh (Tosoh TZ-8YS, Tokio, Japan) and having
a chemical composition of ZrOz + 14 wt.% Y20s.
The powder had fully cubic structure according to
the XRD and Rietveld analysis[12]. The powder
particle size (Zetasizer Nano ZS, Malvern Instru-
ments Ltd, Worcestershire, UK) was dvi9=0.36 pm,
dvs0=0.53 pm, and dv9=0.95 pm. The morphology
analysis performed by scanning electron microsco-
py showed irregular microstructural features
of YSZ powder. The powder grains formed longitu-
dinal and heterogeneous aggregates (the SEM mi-
crographs of YSZ powder particles showed else-
where [14]).

e YCeSZ - the powder produced by Oerlikon Metco
having a chemical composition of ZrOz + 24 wt.%
CeOz + 2.5 wt% Y203 (Metco 205NS, Oerlikon
Metco, Switzerland). The XRD studies showed that
powder had complex phase composition (mostly
tetragonal but the appearance of cubic and mono-
clinic components was observed also)[12]. In fact,
the powder was originally designed for conven-
tional Powder Plasma Spraying, so the particles
were micrometer-sized and spherical in the as-
produced state. For the purpose of Suspension
Plasma Spraying the powder was pre-treated ac-
cording to previously established methodology.
The 3-hours mechanical ball-milling process
(moliNEx, Netzsch, Selb, Germany), performed
in an ethanol bath, allowed to obtain submicrome-
ter-sized YCeSZ powder particles. The laser granu-
lometry of crushed powder showed monomodal
size distribution, where dvip=0.41 pum, dvso=0.75
pm, and dvep=1.80 pm (Horiba Partica LA-950V,
Kyoto, Japan). The final powder particles were an-
gular but non-agglomerated (see YCeSZ powder
SEM micrographs here [15]).

Each formulated suspension was a mixture of: (i)
solid particles, (ii) solvent and (iii) surfactant. Three
different loads of YSZ and YCeSZ powders were used
for a suspension formulation (10, 20 and 30 wt.%).
As a result six various mixtures were tested for spray-
ing. Ethanol and water were mixed in ratio 1:1
and used as a solvent each time. In order to stabilize
suspensions and increase their rheological properties,
the surfactant Beycostat C213 (CECA, La Garenne-
Colombes, France) was added. The whole procedure
of suspension preparation was similar as showed
in the previous studies, where less concentrated sus-
pensions (2.5, 5, 10 wt.% of solid) were sprayed
by using low-energy plasma torches[12]. The most
important features of precursors used for spraying
are summarized in Table 1.

Table 1 The characteristic of liquid feedstock used
for SPS

Suspen-
Suspen Pow Pow Pow  sion Chem
pen- der der der ooncen-  Solvent il
sion dvio dvw dvy  tration type !
detls  (um) () (um) (W% of et
solid)
YSZ
based 10;20; Bey-
suspen 036 053 095 30’ ’ ter/fethan  costat
pen- ol(5050) (213
sion
YCeSZ
based 10;20; % Bey-
suspen 041 075 180 30' ’ terfethan costat
pen- ol(5050) (213
sion

2.2. Substrate preparation

Besides the suspension concentration, another var-
iable in the coating preparation process was a sub-
strate topography. Three different procedures
were applied in order to create surfaces having differ-
ent roughness and features. Grit-blasted substrates
were having the highest roughness (Ra=7.8 pm)
and very irregular surface. Laser-treated substrates
were still having medium roughness (Ra=3.2 pm)
but the surface peaks were this time distributed very
regularly (see Fig. 1b). The laser pre-treatment
was used to create fine grooves at the steel substrate
(one-dimensional linear pattern). The grinded sub-
strates were the smoothest ones (Ra=0.5 um). All sub-
strates were manufactured from 2 mm thick 304L
stainless steel coupons. The surface profiles (Form
Talysurf 1201, Taylor Hobson Ltd, Leicester, UK)
are showed in Fig. 1.
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Fig. 1. The substrates’ surface roughness profiles: (a)
grit-blasted, (b) laser-treated (c) and grinded
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2.3. Spray process description

The spray process was realized with the use of two
different high-energy plasma torches called Axial III
(Mettech, North Vancouver, Canada) and WSP-H 500
(ProjectSoft HK a.s., Hradec Kralove, Czech Republic
together with the Institute of Plasma Physics CAS,
Prague, Czech Republic). Both plasma torches
were much different in the term of their constructions,
operating rules, feedstock injection etc. Consequently,
all spray parameters had to be set individually for
WSP-H 500 and Axial III plasma torches and are pre-
sented in Tab. 2. The optimized deposition parameters
were similar for all suspensions concentrations.

Table 2 Details of spray processes performed by using
WSP-H 500 and Axial Il plasma torches

Torch WSP-H500 Axiallll
Process  parameters,
mis Values Values
Electricpower, KW ~150 ~120
Working gases com-  Ar + H20 decompo-
position sition products* Ar+l+Ne
15 of Ar + H0

Eggratg]asl;rr: s decomposition 245

i produdts*
Stand-offdistance mm 100 75
Relative torch scan
speedvelocity, mm/s ~00 ~1000
Offsetbetween plasma 30 5
torchpasses, mm
Nozze injector internal
i rmm 035 050

. s Pneumatic system;  Peristaltic pomp;
Suspemnﬂon Injection continuous  stream  continuous ~ stream
Syste injector injector
Suspension  injection
rate m/min 90-100# 45

Nozze outside the Nozde inside the
Injectortype torch, injection  torch, injection
lized radiall lized axiall

* Hydrogen, oxygen and OH groups were formed
from the water vortex ionization during the torch
operation (the torch consumed 2-3 liters of water per
hour of torch operation)

** Depending on the optimized feeding pressure

The configuration of both spray set ups was as fol-
low: the plasma torch was mounted on an arm of 6-axis
industrial robot, whereas the substrates were mounted
on a rotational carousel. The linear movement
of the robot arm determined the spraying path and the
offset between consecutive plasma torch passes. Af-
terwards, the rotation of the carousel corresponded
to the plasma torch scan speed. The arrangement
of spray set-ups is presented in Fig. 2.

Rotation of carousel with samples

Robot travel
70 m

Fig. 2. The configuration of spray set-ups (example
for WSP-H 500 plasma torch)

As mentioned previously, the presented studies
were a continuation of wider research plan. The micro-
structural features of zirconia coatings sprayed by two
low-energy plasma torches can be found here [12,14].
In this work another two different and high-power
plasma torches were applied. The detailed characteris-
tics (summarized in Table 2) of both set-ups
were as follows:

e WSP-H 500 plasma torch - the latest hybrid version

of water stabilized plasma torch (WSP) operating
with dual (both gas and water) stabilization modes.
It uses a very low working gas flow rate (only 15
slpm of Ar). In addition, the torch consumes about 2
liters of water per hour of torch operation. The water
is partially decomposed into hydrogen, oxygen and
OH groups and these gases form also the plasma jet.
But the torch provides at the same time a high arc
power (150 kW) resulting in much higher tempera-
ture and enthalpy of plasma than in gas stabilized
units [16]. The partial stabilization with Ar also pro-
vides a benefit of increased plasma density when
compared to the previous WSP torches without hy-
brid stabilization, which may be also used for sus-
pension spraying [17]. This is expected to provide
more effective momentum transfer on the fragment-
ed liquid.
The suspension transportation was realized using
conventional pneumatic system. The feeder
was equipped with magnetic stirrer also. The slurry
was introduced to the plasma jet by the external in-
jection mode. The optimization of appropriate injec-
tion angle and pressure was done by application
of SprayCam system (Control Vision Inc., Sahuarita,
USA). The shadow graphy method was also used
for a visualization of the liquid feedstock stream
break-up and drop fragmentation in the plasma jet.
The injection pressure was adjusted in the range of 3
to 3.2 bars depending on the powder material
and suspension preparation. This corresponded
to the suspension flow rate of 90 to 100 ml/min.

Optimized - 3 bars

Optimized - 3.2 bars

Fig. 3. The optimization of suspension injection
pressure by using shadowgraphy (SprayCam)
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e Axial Il plasma torch - the multi-cathode

and gas-stabilized plasma torch. During the coat-
ing deposition, the total arc power of 120 kW
(40kW per each cathode-anode pair) was used.
The plasma gases of Ar + Hz + N2 were chosen
as a mixture providing high temperature and en-
thalpy of plasma jet, which is important when
spraying refractory materials. The total gas flow
was 245 slpm.
The suspension transportation was realized
by the NanoFeed system dedicated for Axial III.
The system was equipped with peristaltic pump
and mass flow controller. The suspension injec-
tion rate was set as 45ml/min. The suspension
was mixed during spraying by internal mechani-
cal stirrer. Moreover, Axial Il enabled fully axial
suspension injection so the optimization
of the injection point was not necessary here.
The liquid slurry was introduced directly
in the center of three separated plasma jets,
which joint into one in a common exit nozzle
of the torch. This is the only one commercially
available plasma torch with such design.

2.4. Coating microstructure characterization

The characterization of zirconia coatings was made
by light-microscopy observation (Nikon  Eclipse
LV100, Tokyo, Japan), which was used to measure the
thickness of coatings. Five measurements in three
different parts of coating cross-section (15 values
at all) were taken to calculate the average thickness.
The aimed thickness of both kinds of zirconia coatings
was 150um.

Then, the SEM and EDS studies were performed us-
ing Philips XL30 microscope (Eindhoven, Netherlands)
equipped with energy-dispersive spectrometer (Oxford
Instruments, Oxfordshire, UK). Scanning Electron Mi-
croscopy observations allowed to analyze the mor-
phology of coatings. The surface and cross-sectional
observations were performed as well. The SEM micro-
graphs were used also to calculate the porosity of coat-
ings. The image editing made by Image ] software
was done in at least five different regions of each coat-
ing (for coatings deposited onto grit-blasted sub-
strates, Table 3). The energy-dispersive spectroscopy
studies were done in order to qualitatively evaluate
the chemical composition of the coatings.

The phase composition analysis of deposited coat-
ings was performed by the XRD method using Bruker
D8 Advance diffractometer (Billerica, MA, USA).
The measurements were carried out under Bragg-
Brentano geometry with Cu Ka1 radiation and at 26 in
the range 15-120° with step 0.03°. The collected dif-
fractograms were analyzed with dedicated Diffrac+
EVA Software using reference patterns from JCPDS-
ICDD database.

The  microstructural-crystallographic  studies
were followed by the electron back-scattered diffrac-
tion analysis. First, the selection of appropriate coating
area was done under SEM Neon 40ESB (Carl Zeiss

GmbH). Then, the area was scanned by DigiView EBSD
camera (EDAX Inc, New Jersey, USA). The coating
cross-section was measured with a step size
in the range of 100-150nm and scan speed of 6 to 10
points per second depending on the test area. The data
collection and analysis was done by OIM Analysis 6.1
software provided by EDAX. By using the EBSD meth-
od, the detailed orientation of grains, grain shape
and grain size was investigated.

Finally, the analysis of the coating surface topogra-
phy was performed. The roughness of the samples
was evaluated with non-contact confocal laser scan-
ning microscopy (Olympus LEXT OLS4000, Tokyo,
Japan). The free-surface of the coatings was also inves-
tigated by using Shape From Shading method. The 3D
views of the coating surfaces reconstructed
by SFS gave another insight on the surface profile
and morphology. The 3D models were created auto-
matically due to the assembling of four local SEM mi-
crographs which were taken by symmetrically located
BSD detectors (Phenom G2 pro, Phenom-World B.V.,,
Eindhoven, The Netherlands). The other information
about SFS procedure are given in [14].

3. Results
3.1. Coatings sprayed by WSP-H 500 plasma
3.1.1. Morphology of coatings

YSZ

The thickness of YSZ coatings sprayed by the hy-
brid water-stabilized plasma torch was measured
to be between 170 and 180 pum. The coatings had po-
rosity ranging from 13 to 21% depending on the coat-
ing morphology (Table 3). Two different types of mi-
crostructures were observed when spraying submi-
crometer YSZ suspension. The first one was columnar-
like structure with typical vertical (intercolumnar)
voids. The width of separated columns was not uni-
form, usually having a few tenths of micrometers.
The columnar-like coatings were having also the high-
est closed porosity among all produced samples.
The single pores were usually rounded and irregularly
distributed in the coating structure. The typical size
of the single pores was submicrometric, whereas
the clusters of pores reached the total size of several
micrometers. Those coatings were having also typical
“cauliflower” surface (Fig. 3 a, b). The columnar-like
coatings were achieved only for the fine grained YSZ
powder and suspension having the lowest content
of solid phase (10 wt.%). Those coatings were pro-
duced for all three kinds of substrate topographies that
were prepared. Furthermore, it should be stressed that
the columnar-like coatings were successfully achieved
also on flat, grinded, substrate. In this case the coating-
substrate interface did not show also any signs of de-
lamination.
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Fig. 4. The morphology of columnar-like YSZ coatings spr:

4 e g
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ayed by WSP-H500 torch: (a) WT101 sample sprayed

onto grit-blasted substrate, (b) WT103 sample sprayed onto grinded substrate

The coatings sprayed by using more concentrated
YSZ suspensions (20-30 wt.% concentration) were
characterized by much denser and so called two-zones
microstructures. The coatings had porosity
in the range of 13 to 16% and the porosity decreased
when the suspension concentration increased. The
size of closed pores was similar as in case of colum-
nar-like YSZ coatings. The single vertical cracks were
observed also within the coating structure, especially
for grit-blasted substrates. In the case of the coatings
sprayed onto polished or laser treated steel coupons,
the single delamination began to occur at the coating-
substrate interface. But the coatings were much more
homogeneous. The majority of the coating structure
consisted of well melted lamellas. However, the single
aggregations of fine, sintered or unmelted, powder
particles occurred (marked by arrows on Fig. 4 a, b).
The coating surface was also smoother than in case of
columnar-like coatings. This was observed especially
when spraying 30 wt.% concentrated suspensions.

YCeSZ

The YCeSZ coatings were 145 to 186 um thick de-

pending on the spray run. Afterwards, the calculated
average porosity of coatings ranged from 13 to 14%
only. Similarly, as in the case of YSZ coatings, the
number of pores decreased with the increase in the
solid content in the suspension. The coatings sprayed
using 10 wt.% suspension showed single clusters of
pores, which were almost perpendicular to the sub-
strate surface (see Fig. 5a). The use of more concen-
trated suspensions (30 wt.% of powder) caused that
pores seemed to become more separated and much
finer.
But at the same time, single microcracks appeared
as well. This was observed especially for grinded or
laser treated substrates, in which the local delamina-
tion was formed also at the coating-substrate inter-
face.

Fig. 5. The example of dense YSZ structures sprayed by WSP-H 500 torch: (a) WT201 sample sprayed onto grit-
blasted substrate, (b) WT302 sample sprayed onto laser treated substrate
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Fig. 6. The dense YCeSZ structures sprayed by WSP-H 500 torch: (a) WC101 sample sprayed ono grit-blasted
substrate, (b) WC301 sample sprayed onto grit-blasted substrate

But despite the wider distribution of powder particles
size than in case of YSZ, the YCeSZ coatings seemed
to be much more homogeneous and better heat-treated
in a plasma jet. All coatings showed well-melted lamellar
microstructure. The single powder aggregates
were observed only on the coating surface (marked
by arrows on Fig. 5 a, b). The surface micrographs
showed also the fine-grained structure of YCeSZ coat-
ings.

3.1.2. Electron back-scatter diffraction analysis

The electron back-scatter diffraction method was
used as an advanced method for the microstructural
effects investigations. Thanks to the application of EBSD
it was possible to see the orientation and shape of grains
in the coating structure. In the case of columnar-like
coatings (coating WT102 from Fig. 6 a-c was taken as a
representative sample), the orientation of the grains was
very random. Moreover, the coating consisted of two
different types of grains. The first ones were more spher-
ical and were deposited above the substrate peaks.
Those peaks were formed by the laser treatment. The
other grains had deformed shape and were no longer
rounded. Those grains were more longitudinal (labelled
by arrows on Fig. 6 b) and were formed between
the substrate patterns. The columnar coatings sprayed
onto grit-blasted or grinded substrates did not show the
mentioned dual nature of crystals - all of them were
nearly rounded. Moreover, the columnar-like coatings
were characterized by the highest number of porosity.
The pores were also visible on the EBSD map after filter-
ing of the data. Furthermore, the EBSD analysis showed
that the analyzed coating consisted mostly of grains
of about 0.86 um (volume-based analysis, see Fig. 6c).
But at the same time, there were many very fine grains in
the coating structure having the mean diameter of 0.43
um (number-based analysis). The results corresponded
well to the particle size of as-produced YSZ powder used
for SPS spraying. The EBSD analysis of YCeSZ coating
deposited by WSP-H 500 torch showed much more ho-
mogeneous structure than YSZ coatings. The shape
of grains was much more uniform. A substantial area

of the coating consisted of fine spherical grains.
But several larger crystals could be seen also. This corre-
sponded to the grain size plots. According to the volume-
based distribution, the medium size of grains was equal
to 0.65 pm. On the other hand, the number-based distri-
bution suggested that coating was built mainly by finer
grains having a diameter of 0.37 um. This can be ex-
plained by the powder preparation method. The YCeSZ
was milled prior to spraying, so many very fine powder
particles were created. At the same time, some coarser
powders were not milled properly (see powder size
distribution in Table 1). Similarly as in case of columnar
coatings, no preferred plane of crystal growth was found.
The pore size was also significantly lower but the pore
clusters were still detectable by EBSD after appropriate
data filtering.

&

Grain Szo (dameter)

c) 0.09

01 1
Gran size (Oieeter) [micrces)

Fig. 7. The EBSD analysis of columnar-like WT102
sample sprayed by WSP-H 500 torch: (a) selection
of area, (b) crystallographic orientation map and (c)
grain size distribution (volume-based)
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Fig. 8. The EBSD analysis of dense WC301 sample sprayed by WSP-H 500 torch: (a) selection of area, (b) EBSD map

and (c) volume grain size distribution

3.1.3. Topography analysis

The results of roughness measurements that were
carried by confocal scanning laser microscopy (CSLM)
confirmed the previously observed microstructural
features of the coatings. The most irregular surface was
a domain of columnar-like coatings, which had even two
times greater roughness than the other samples (see
Table 3). Following, the coating roughness was highly
influenced by the suspension concentration prepared
for spraying. This phenomenon was observed for YSZ
and YCeSZ powders as well. The higher amount of solid
in suspension resulted in smoother and more uniform

coating surface. Moreover, the substrate preparation
was another important parameter affecting the coating
structure. The highest Ra values of the coating surfaces
were observed for the most irregular, grit-blasted, sub-
strates. The coating roughness of coatings sprayed onto
laser treated or grinded substrates was comparable.

Another observations were performed by Shape
From Shading (SFS) method. The 3D models of the coat-
ing surfaces were reconstructed and investigated.
This technique was found to be a very useful tool
in order to analyze columnar-like coatings. By using SFS,
the column high and width were easily measured.
The width of columns was in a range of 70 to 90 um.

b)

93.19 ym

Fig. 9. The reconstruction of WT103 coating surface made by Shape From Shading technique: (a) 3D model,

(b) the example of column width analysis
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Fig. 10. The example of dense YSZ structures sprayed by Axial III plasma torch: (a) AT101 sample sprayed oto grit-

blasted substrate, (b) AT301 sample sprayed onto grit-blasted substrate

3.2. Coatings sprayed by Axial 1l plasma torch
3.2.1. Morphology of coatings
YSZ

In an opposition to WSP-H 500 plasma torch, the YSZ
coatings sprayed by using Axial III plasma torch were
very similar in the term of porosity and morphology
regardless to the deposition conditions. The columnar
like microstructure was not achieved for Axial III torch
even when spraying fine YSZ powder. The porosity
of coatings was in the range of 10 to 16%. However,
the pores had a very small diameter (hundreds of na-
nometers) and they were homogenously distributed
in the whole coating structure (see Fig.9). The pores did
not create bigger aggregates as in the case of coatings
sprayed by the hybrid water-stabilized plasma torch.
Moreover, the suspension concentration did not affect

=

5
ot Magn  Det WD —————— 100 um
H100kv40 200« SE 99 100 kv 40 1600x SE 9.8

Fig. 11. The example of dense YCeSZ structures sprayed by Axial III plasma torch: (a) AC101 sample sprayed

the coating structure and porosity (Table 3). Further-
more, the substrate preparation did not influence
the coating morphology at all. The coating surface was
wavy and confirmed a fine grained nature of YSZ coat-
ings. The coating-substrate interface was free of defects.
But in case of laser treated or grinded substrates,
the bonding was much weaker. The coatings had a ten-
dency to delaminate and much more careful metallo-
graphic preparation was needed. Finally, the columnar
like microstructure was not achieved for Axial III torch
even when spraying finer YSZ powder.

YCeSZ

The YCeSZ coatings sprayed by Axial III were the most
dense and homogeneous among all produced layers
(Fig.10). The porosity was around 5 % only (Table 3).
The single pores were very fine, spherical and were not
interconnected.

AccV SpotMagn Det Wb 1 zoum

onto grit-blasted substrate, (b) AC303 sample sprayed onto grinded substrate
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Table 3 The details of spray process performed by using WSP-H 500 and Axial III plasma torches

WSP-H500torch AxialllTtorch

Suspension WSP-H . Roughness . . Roughness

Powder  concentrat  Substrate* 500 P"[‘;:]‘ty Ra;Stdev. ﬁﬂ P"[‘;:]‘ty Ra;Stdev.
[%] sample [um] [um]
YSZ 10 B WTI01 210 141,16 ATI01 103 4505
Yz 10 LT WT102 - 64:08 ATI02 - 19;02
Yz 10 G WT103 ; 97:03 ATI03 . 20,03
Yz 20 B WT201 163 60;04 AT201 161 39:06
Yz 20 LT WT202 - 39:04 AT202 - 18;02
Yz 20 G WT203 ; 37:04 AT203 . 16;01
Yz 30 B WT301 131 39:06 AT301 158 31,05
Yz 30 LT WT302 ] 33,02 AT302 i 19,02
Yz 30 G WT303 ; 42:04 AT303 . 17;02
YCeSz 10 B WC101 113 90;15 ACI01 52 24:04
YCeSz 10 LT WC102 - 31,01 ACI02 ] 21,03
YCeSZ 10 G WC103 - 62:06 AC103 . 19;02
YCeSZ 20 GB w201 122 63:04 AC201 52 26:02
YCeSZ 20 LT WC202 - 35,05 AC202 ; 19,02
YCeSZ 20 G WC203 . 4911 AC03 . 18;03
YCeSZ 30 GB WC301 79 67:07 AG301 56 25:04
YCeSZ 30 LT WC302 . 31,04 AG302 - 20,02
YCeSZ 30 G WC303 . 33,05 AG03 . 20,03

*GB - grit-blasted, LT - laser treated, G - grinded

The single vertical cracks in YCeSZ coating struc-
ture (AC101, labelled by arrow on Fig. 10a) were also
observed. But the coatings adhered to the laser treat-
ed and grinded substrates much better than in case
of YSZ coatings (Fig.10b). The coating-substrate inter-
face was found to be a defect-free. The influence
of the feedstock and substrate preparation on the
coating structure was observed to be not so pro-
nounced as in the case of hybrid water-stabilized
plasma torch. Furthermore, the surface investigations
showed that the coatings were very smooth (almost
flat, see Fig. 10a, c) and fine grained.

3.2.2. Electron back-scatter diffraction analysis

The EBSD studies confirmed that YSZ coatings de-
posited by Axial III torch had a very fine grained
and uniform structure. The inverse pole figure (IPF)
presented in Fig. 10b showed the homogeneous shape
and size of grains. Even the use of laser treated sub-
strates did not affect the grain morphology. The longi-
tudinal grains (as in the columnar-like coatings
for sample WT102) were not observed. The volume-
based mean grain size was of about 0.80 um (Fig. 10c)
and number-based mean size of 0.57 pm. The differ-
ence was not that significant as for WSP-H, which
also suggest much more uniform grain size. Further-
more, the pores size and pores number was too small
to be revealed by the electron back-scatter diffraction
analysis with a step size of 100 nm.

A similar results of EBSD analysis were obtained
for coatings sprayed using YCeSZ powders. The coat-

ings were very dense and homogeneous, which could
be seen on the grains orientation map. Only a slight
dispersion in the grain size and grain morphology
appeared. The results of grain size measurements
were as follows: dvs0=0.81 pm and dn5=0.39 um.
But as stated previously for hybrid WSP coating, this
wider distribution was a consequence of powder
milling needed for suspension preparation. Similarly
as in the case of dense YSZ coatings, a very fine porosi-
ty of coatings was not revealed on EBSD maps.
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Fig. 12. The EBSD analysis of dense AT102 sample
sprayed by Axial III torch: (a) selection of area,
(b) grains orientation map and (c) grain size distribu-
tion
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3.2.3. Topography analysis

The coatings sprayed by Axial IIl system were much
more homogeneous in comparison to those produced
by WSP-H 500 plasma torch. It was clearly visible also
when comparing the surface roughness of both sets
of coatings produced by two torches. In the case of YSZ
coatings produced by Axial III, the roughness was even
up to 3 times lower, whereas for YCeSZ coatings usually
up to 2 times lower.

For YSZ coatings, an influence of the substrate prepa-
ration on the surface roughness was observed. The coat-
ings sprayed onto grit-blasted substrates were charac-
terized by almost two times greater Ra value than coat-
ings deposited on laser-treated or grinded substrate.
On the other hand, the effect of substrate preparation
and suspension concentration on the coating roughness
was negligible in the case of YCeSZ coatings. The differ-
ence in roughness was very low. All YCeSZ coatings were
characterized by Ra in range of 1.8 um up to 2.6 um.

Shape From Shading method was not applied
for coatings sprayed by Axial III. There was no need
to reconstruct 3D models by SFS method because
the coatings had almost flat surface with negligible as-
perities.

3.3. Phase and chemical composition of the coatings
sprayed by WSP-H 500 and Axial 11I torches

The results of XRD and EDS studies are presented to-
gether as there was no significant difference between
both torches.

The phase composition of YSZ and YCeSZ coatings
was almost not changing when comparing to the raw
powder material and deposited coatings. According to X-
Ray diffraction analysis, the YSZ coatings were character-
ized by fully-cubic structure, whereas YCeSZ coatings
crystalized in tetragonal lattice with a small contribution
of monoclinic ZrO2. The XRD plots were not presented
as they were very similar as in case of samples sprayed
by low-energy plasma torches and can be seen here [12].

The analysis performed by Energy Dispersive Spec-
troscopy method also did not show any important differ-

ence in the chemical composition of coatings. The con-
tent of elements in the coating structure was as follows:

- For YSZ coatings: (i) 13-17 wt.% of yttrium; (ii)
56-60 wt.% of zirconium and (iii) 23-28 wt.%
of oxygen,

- For YCeSZ coatings: (i) 3-5 wt.% of yttrium; (ii)
16-20 wt.% of cerium; (iii) 58-63 wt.% of zir-
conium and (iv) 20-22 wt.% of oxygen.

The results of EDS studies were very similar
for all studied coatings. The composition of coatings
corresponded also to the composition of initial powder
materials. The percentage chemical composition of raw
YSZ and YCeSZ powders was calculated and discussed
previously here [14].

4. Discussion

The use of two high-energy plasma torches for sus-
pension spraying allowed to successfully produce YSZ
and YCeSZ coatings as well. However, the WSP-H 500
and Axial III plasma torches enabled to obtain much
various coatings in terms of their microstructures. Ac-
cording to the presented study, the substantial differ-
ences in the coating morphology, porosity and surface
topography were achieved.

During spraying by hybrid water-stabilized plasma
torch, there was a possibility to obtain coatings charac-
terized by different microstructures - starting from co-
lumnar up to very dense two-zones structures.
On the other hand, the coatings deposited by the Axial III
system were very homogeneous with much lower poros-
ity, especially in the case of YCeSZ. At the same time,
none of the deposition conditions used for the Axial III
torch resulted in deposition of columnar-like coatings.
The explanation of this difference seems to be the differ-
ence in the design and operation principles of both sys-
tems:

e plasma characteristics: the dual stabilization mode
in WSP-H 500 torch enables producing of plasma
jet having much higher power, enthalpy, tempera-
ture and velocity when comparing to conventional
gas-stabilized torches [18]. This means, that
the generated droplets of liquid feedstock can
be well heat-treated. The fragmentation of droplets
in the plasma jet is also effective. However,
the suspension was injected radially at the distance
of 30 mm downstream from the torch nozzle,
where the plasma flow is more turbulent due to its
interaction with surrounding atmosphere, which
can explain more heterogeneous morphology
of the deposited coatings,

e injection mode: if the injection is realized fully axi-
ally (as for Axial III torch), then the suspension can
be introduced exactly in the same direction
as the plasma flow occurs. Furthermore, the dis-
persion angle of the particles travelling in the
plasma jest is very narrow. This means also that
there is much smaller number of particles travel-
ling in the plasma periphery. Additionally, the par-
ticles flow together in a small space of narrow
plasma jet [19,20]. As a result, the mechanism
of fragmentation of injected stream into fine drop-
lets maybe less intensive than in the case of radial
injection mode with much more pronounced shear-
ing of the liquid. Afterwards, all those phenomena
cause that powder particles can easily interact
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with one another in the plasma jet. Consequently,
the particles can form bigger aggregates. Moreover,
it was presented already [12,14] that the interac-
tions between: (i) powder particles and plasma jet
as well as (ii) plasma particles and substrate are in-
fluenced by the adhesion and drag forces (called Fa
and Fp respectively). For bigger particles travelling
in the core of plasma jet Fa>Fp and for smaller mov-
ing in the plasma periphery Fp>Fa. For the outlined
conditions, the adhesion force seems to be much
bigger than drag force. As a result, the molten par-
ticles having narrower distribution of temperature
and velocity hit the substrate and formulate dense
and homogeneous structures (see Fig. 12).

Moreover, the columnar-like coatings were not ob-
served for Axial IIl even for the laser-treated substrate.
The regular peaks of these substrates significantly pro-
mote the growth of columns as they intensify the shad-
owing effect. This was observed in our previous studies
[12] and discussed in details by VanEvery et al. [21].
But the characteristic deformations of grains (see
for example sample WT102 and longitudinal grains
in the coating structure) did not occur in coatings
sprayed by Axial III torch. This proves that the particles
travel mostly in the hot regions of plasma and did not
follow the plasma swirls.

The key process parameter, which can be especially
important in the case of Axial III torch, is the powder
particle size. As presented by Curry et al. [22], the de-
crease in the powder particle size promotes the growth
of the columnar coatings. The smaller the particles are,
the harder for them to maintain the trajectory
in the center of plasma jet. The particles travelling
in the plasma periphery seem to be therefore needed
for a deposition of columnar coatings. In this study
the both powders were submicrometer ones. They seem
to be to coarse, especially for axial injection mode,
as the particles cannot reach the plasma periphery
and follow the plasma swirls.

The feedstock preparation can be another important
point when discussing the SPS coatings growth-up
mechanisms. The suspension optimization and selection
of the appropriate dispersant agent was done based
on zeta potential measurements [12]. But this is not the
only one parameter, which gives the information about
the colloid behavior. Another phenomena, like sedimen-
tation velocity or viscosity may play a substantial role
in the spray process. Furthermore, the two used experi-
mental set-ups had two different suspension transporta-
tion and mixing systems. So the suspension could be also
subjected to various phenomena before being injected
to the plasma flame. So the influence of suspension
transportation should be considered also.

Another interesting issue is the deposition rate dur-
ing the spray process depending on the powder material
but also on the suspension preparation (content
of the solid phase). The results for the presented study
are showed on Fig. 13. Please note that different sample-
torch trajectories had to be used for the WSP-H torch
than for the Axial Ill in order to prevent overheating
of the samples and the sample holder. As the result,
the deposition rates in terms of thickness increase per
deposition pass are only informatory and not mutually
comparable for both torches. However, regardless
to the setup, the deposition rate of up to 2 um/pass
was achievable. It can be clearly seen that the deposition

rate is in both cases influenced by the suspension prepa-
ration and powder material. Coatings are formed much
faster when more concentrated suspensions were used.
The dependency between the deposition rate and sus-
pension concentration is almost linear. The results also
show that there are differences in the deposition rate
when powders having various morphologies and part
icle size distributions are sprayed. Furthermore, it seems
that axial injection mode is less sensitive to the
differences in powder particle size (see Fig. 13b). Finally,
the deposition efficiency plot proves that SPS may
be a very effective technology for a production of fine-
grained coatings and can be very competitive with other
technologies, like for example vapor deposition methods.
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Fig. 14. The coating formation for: (a) axial injection
(case of Axial III) and (b) radial injection (case of WSP-
H 500) (inspired by [14,20,21])
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Fig. 15. The deposition rate for both spraying platforms
when spraying (a) YSZ and (b) YCeSZ coatings

5. Conclusions

In this study the application of two high-energy
plasma torches (called Axial III and WSP-H 500)
for Suspension Plasma Spraying was analyzed and dis-
cussed. The application of both spraying set-ups allowed
deposition of YSZ and YCeSZ coatings from ethanol-
water mixture-based suspensions. The deposition
of coatings with various microstructures was achieved:
the coating characterized by the columnar-like morphol-
ogy and the porous lamellar structures as well as coat-
ings with very dense microstructure.

The microstructural studies showed an important in-
fluence of selected spray variables on the coating micro-
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structure. The suspension concentration was one
of the crucial parameters affecting the coating morphol-
ogy and the surface topography. The lower the solid load
content was, the coatings were more heterogeneous
and their surface more rough. Furthermore, only
the lowest concentration of YSZ powder allowed produc-
ing columnar coatings. The suspensions with greater
powder particles created more dense and homogeneous
structures. EBSD studies confirmed also a strong correla-
tion between the feedstock particle size and grain size
in the coating structures. The fine-grained microstruc-
tures of zirconia-based coatings were also revealed using
back-scatter electron diffraction. Laser confocal scanning
microscopy (CSLM) showed that there was also strong
correlation between the substrate preparation
and the coating roughness. Finally, the Shape From Shad-
ing was found to be a sufficient method for the quantita-
tive analysis of coatings having columnar-like structure.

The findings in this study shed light on the applica-
tion of high-power plasma torches for the purpose
of Suspension Plasma Spraying. In order to deeply un-
derstand the coating growth-up mechanisms another
tests are planned. The use of less viscous ethanol sus-
pensions and the application of nanometer-sized pow-
ders are the most important ones. This allows better
understand the dependences between the coating micro-
structure and spraying conditions.
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The paper describes a production of various ceramic top coats of Thermal Barrier Coatings (TBC) by Suspen-
sion Plasma Spraying (SPS). The spray process realized with different plasma torches allowed obtaining coatings
having different microstructures. The microstructures influenced the thermal transport properties of TBC's.

The study analyses the thermal transport properties of yttria and yttria with ceria stabilized zirconia coatings,
i.e. YSZ and YCeSZ, respectively. The powders used to formulate the suspension were submicrometric in size.
The spray processes were realized with the use of three different plasma spray torches: (i) SG-100; (ii) Axial III
and (iii) hybrid WSP torch. The deposition parameters were designed for each plasma torch separately. The micro-
structure of coatings was then analyzed using Optical and Scanning Electron Microscopy i.e. OM and SEM, respec-
tively. The thermophysical properties of the coatings such as density, specific heat and thermal dilatation
were measured using gas pycnometry, calorimetry and dilatometry methods respectively. The collected data
were used, together with thermal diffusivity found with the use of Laser Flash Analysis (LFA) method, to calculate
the thermal conductivity of the deposits. Thermal conductivity values were validated values with the use

of a so called response function method.

Keywords: Thermal Barrier Coatings (TBC), Suspension Plasma Spraying, thermal conductivity, specific heat, thermal

dilatation, response function method

1. Introduction

The important element of gas turbines quality
and efficiency are Thermal Barrier Coatings mostly
used in the aviation industry. Still, commonly used
are still two-layer TBC’s developed in the late 1970-
ties [1,2]. This type of TBC includes oxidation resistant
metallic bondcoat and thermally insulating ceramic
topcoat [3,4]. The complex structure of multilayer
systems and severe working condition in gas turbines
causes many operational and material problems such
as thermally grown oxides (TGO) layer control, calcia-
magnesia-alumina-silicate (CMAS) attack behavior,
thermal shock and hot corrosion resistances, etc. That
makes the TBC system life-time difficult to predict
[5,6].

Another unresolved and very important issue de-
termining the development of multilayer TBC’s tech-
nology is the possibility to achieve high thermal insu-
lation properties associated with high fatigue re-
sistance [7]. Both properties are highly influenced
by the microstructure of ceramic topcoat layer.
The heat conduction through the solid materials,
which is the key property in the case of current TBC'’s,
is limited by the porosity of coating. The size of pores
and its distribution as well as their shape need
to be known and controlled also. Furthermore,
the coatings’ internal defects, such as cracks or voids,
may also significantly reduce heat flow through
the coating [8,9]. On the other hand, the requirements

concerning the microstructure of coatings having high
cyclic fatigue resistance are very different. The co-
lumnar microstructure resulting in low in-plane elas-
tic modulus would be recommended in this case.
This kind of microstructure allows and easy accom-
modation of strains generated during cyclic compres-
sion and tension of TBC system. The main source
of strains is the thermal expansion mismatch between
metallic bondcoat and ceramic top coat. This mis-
match can be slightly reduced by porosity and brick-
wall microstructure of plasma sprayed coatings [10-
12].

Suspension Plasma Spraying enables obtaining
the coatings with microstructure useful for both men-
tioned properties of TBC’s. In fact, the microstructure
combines the most valuable features of vapor depos-
ited films, e.g. using EB-PVD and of atmospheric plas-
ma sprayed (APS) coatings using coarse powders.
Firstly, the obtaining of columnar-like microstructure
with controlled width is possible [13]. On the other
hand, the SPS coatings are very porous and pores size
is submicrometer or even nanometer [14].

In this work, the careful analysis of thermal
transport properties of Suspension Plasma Sprayed
zirconia coatings having various microstructures
was carried out. Two coatings morphologies were
identified, namely, columnar-like and two-zones micro-
structure and related to the spray conditions.
The thermophysical properties of the coatings having
these microstructures were evaluated.
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2. Materials and methods

2.1. Spray process description

Two different powders (having different chemical
composition and particle size) were used to formulate
suspension for spray processes:

e yttria fully stabilized zirconia, YSZ, powder
(ZrOz + 14 wt% Y203, TZ-8YS, Tosoh, Japan)
having main particle size dvso = 400 nm and cu-
bic structure;

e both yttria/ceria stabilized zirconia, YCeSZ,
(ZrOz + 24 wt.% CeO2 + 2.5 wt.% Y203, Metco
205NS, Oerlikon Metco, Switzerland) having
main particle size dvso = 700 nm and mixed te-
tragonal-monoclinic-cubic structure.

YSZ powder was used as-produced whereas commer-
cial YCeSZ powder was designed for conventional
powder plasma spraying and the powder particles
were to coarse for SPS. Therefore, Metco 205NS pow-
der was mechanically crushed in order to obtain sub-
micrometer powder particles. Well-known ball-
milling method was used to decrease the size of pow-
ders. The final morphology of both powders is pre-
sented in Fig. 1.

Afterwards, the powders were formulated in a wa-
ter/ethanol (50 vol. %/50 vol. %) based suspensions.
The suspensions had various content of solid being
in the range of 2.5 up to 30 wt. %, depending on type
of torch and operational spray parameters. Suspen-
sions were homogenized, stabilized by the addition
of dispersant agent (Beycostat C213, CECA). All details
regarding powder characterization (powder particle
size distribution, chemical/phase composition, mor-
phology analysis) and suspension formulation method
are shown elsewhere [15].

The coatings were prepared in multiple-
parameters spray process experiments
in which the influence of important spray parameters
on internal microstructure and build-up mechanism
of coatings was investigated (please, see [16,17]
to know more details about spraying and plasma
torches characteristics). The modification of: (i) pow-
der material; (ii) suspension concentration; (iii) sub-
strate topography; and finally, (iv) plasma torch re-
sulted in spraying of coatings having very different
microstructures. In total, 72 different spray runs were
carried out using YSZ and YCeSZ based suspensions.
The selection was carried out and the coatings having
opposite microstructural features, namely:

e  columnar-like or lamellar;

e homogeneous or heterogeneous;

e dense or very porous microstructure,

were selected for thermophysical properties charac-
terization. The key spray process variables are pre-
sented in Table 1.

Due to the fact that the investigations were per-
formed at relatively high temperatures, all coatings
were sprayed onto temperature-resistant nickel super
alloy (Inconel 600, UNS N06600). The substrates
were 2mm thick and were sand-blasted and cleaned
in ultrasonic bath in ethanol prior to the spraying.

Table 1 The key process parameters used to produce

coatings
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Fig. 1. Yttria stabilized zirconia (a) and yttria/ceria
stabilized zirconia (b) powder used for spraying

2.2. Microstructure characterization

The microstructure of zirconia coatings selected
for thermophysical properties investigations was
carefully characterized. Thickness of coatings was
determined with the use of the metallographic cross-
sections with the help of light microscope (Nikon
Eclipse LV100, Tokyo, Japan), whereas their morphol-
ogy was characterized by Scanning Electron Micros-
copy (Philips XL30, Amsterdam, Netherlands) using
the detectors of secondary electrons (SE) and back-
scattered ones (BSD). The observations were carried
out on the cross-sections of coatings and on their
surfaces. The porosity of coatings was determined
basing on SEM micrographs. The total area of pores
was calculated in the Image] software using at least

3Hydrogen, oxygen and OH groups as a products of decom-
position of water vortex inside a torch during the torch
operation
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five coating micrographs taken in the different regions
of samples (see Table 2). More advanced microstruc-
tural studies of YSZ and YCeSZ zirconia coatings,
which were sprayed according to the design of exper-
iments ( DoE) are shown elsewhere [16,17].

Table 2 Thickness and porosity measurements to-
gether with the samples description (coatings selected
for thermophysical properties investigations)

Sample Thidkness (Sit;n;isoli;l Porosity Zt:wnadtit)g
name
[pm] [pm] (%] (%]
ST21 661 37 214 27
AT101 1390 25 103 17
WT101 1760 308 210 32
WT201 1656 99 163 36
WT301 1792 100 131 16
SC51 1052 38 155 15
SC101 965 75 132 09
AC201 1686 45 52 08
AC301 1866 51 56 01
WC101 1454 113 102 12

</A/AT1(<-\)

A—Axiallll C-YCeSZ 2-2.5% of solid 1 - grid-blasted
W—-h-WSP T- Tosoh
S -5G-100 30 -30% of solid

2.3. Density measurements

The gas pycnometer method was applied (AccuPyc
I1 1340 Pycnometer, Micromeritics, USA) to determine
the coatings densities. This technique enables measur-
ing very precisely volume of materials. Then, after
having found the mass of samples, the density of ma-
terials was calculated. The internal porosity of mate-
rials may influence the values of volume measured
by a pycnometer. To estimate the effect of closed
porosity, the densities of: (i) raw powders, (ii) ball-
milled powders (YCeSZ); and, (iii) mechanically
crushed coatings, were determined and compared.
Helium was used as a working gas in pycnometric
measurements. For each powder 10 measurements
were performed and then average value was calculat-
ed (see Table 3). The powders were dried before
pycnometer test. The density of Inconel 600 substrate
was determined using the same procedure.

2.4. Specific heat capacity investigations

Two different approaches were used in order
to examine specific heat of coating materials. Firstly,
differential scanning calorimetry (DSC) was applied.
The measurements were carried out in the following
different temperature ranges using with different set-
ups:

e range from 40°C up to 200°C (Setaram C80,

France). The use of 3D Calvet sensor in form

of a ring, which surrounds the whole sample, al-

lowed determining cp value with the highest level

of accuracy here. An increased capacity of the cru-

cible enabled to measure between 10 to even 20 g

of the coating material. The heating rate was set

as 0.2 °C/min;

e range from 30°C up to 500°C (TA Instruments
Q1000, USA). The measurements were performed
in modulated DSC mode (called MDSC,
where the modulation was * 1°C every 100 s)
as it enhances the sensitivity of measurements
and separates properties of material from its
thermal history. This mode is often used also
for complex materials [18]. The standard hermet-
ic, crimped, alumina pan was used. With this kind
of crucible it was possible to measure from 5to 8 g
of coating material in a form of powder. The spe-
cific heat of Inconel 600 was measured using this
set-up also. In the case of nickel super alloy a small
cube was inserted in alumina pan. Furthermore,
nitrogen was used as a cell purge gas here.

For the purpose of ¢, measurements both zirconia
coatings (YSZ and YCeSZ) were delaminated
and crushed. This allows good filling of DSC crucibles
and improved heat flow through the material. Both
calorimeters were also calibrated using sapphire
samples prior to c¢p investigations. All powders were
dried prior to the measurements.

In order to know specific heat capacity values
of coatings in higher temperature range Kopp’s law
(known also as “rule of mixture”) was applied. Based
on the chemical composition of coatings the ¢, values
were calculated using the following formula:

n

&) =Y M) f; )
i=1

Where cpi is specific heat of the i-th compound
forming alloy [J/(kg-K)], fi denotes the mass or atomic
fraction the i-th constituent [%], and n - the total
number of constituents [-]. The general chart was
plotted with cp values determined using both DSC
measurements and theoretical values obtained
by Kopp’s law. Then, the behavior of curves was eval-
uated in order to see if there is any correlation be-
tween the results.

2.5. Thermal dilatation determination

The thermal expansion elongation of coating ma-
terial was measured. First, the coating was attempted
to be removed from the substrate and then cut
into the desired sample shape from the coating mate-
rial. However, due to the small thickness of the coat-
ings sprayed by SPS and their high adhesion
to the substrate, this approach was not succeeded.
Consequently, the coatings for the dilatometric meas-
urements were sprayed by conventional APS method
using coarse powders. YCeSZ had the same chemical
composition as the powder used for SPS. The YSZ
powder used for APS had lower Y203 content (8 wt. %
instead of 8 mol. %). The thickness of APS sprayed
coatings was about 2 mm and they were sprayed
onto coupons having the diameter of 25 mm. Their
microstructure is shown in Fig. 2a. Dilatometry meas-
urements were performed first on 2 mm samples.
The size of samples was limited by the thickness
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of coatings. The thermal expansion was investigated
in two different configurations - horizontally (parallel
to the substrate) and vertically (perpendicular
to the surface) as shows it Fig. 2b. It was done to eval-
uate the expected anisotropy of thermal expansion
in the coatings. It must be however underlined
that length of the sample influences the accuracy
of CTE measurements. So the 10 mm long samples
were prepared also and measured in order to validate
obtained values (measurements were conducted only
in horizontal position here due to the dimensions
of coatings). The dilatometry test was also performed
for Inconel 600. The 10 mm long substrate samples
were investigated and the procedure was the same
as in the case of zirconia coatings.

& :
AccV Spot Magn Det WD Exp
20.0kv 3.0 1000x SE g(') 0

S

AccV  Spot Magn Det WD Exp F——— 500 um
200KV 3.0 40x SE 100 0

Fig. 2. The example of APS sprayed coating (YSZ) used
for thermal expansion measurements: microstructure
(a) and the configuration of the dilatometry meas-
urements according to the coating (b)

The measurements were performed using push-
rod dilatometer (Netzsch DIL 402 C, Germany).
The thermal expansion was measured during heating
and cooling as well. The temperature cycle
was as follows: room temperature (RT) - 1200 °C -
RT. The measurements were performed in the argon
atmosphere. Both heating and cooling rate were equal
to 2 °C/min. The testing procedure was as follows: (i)
determination of correction values for dilatometer by
measuring alumina standard sample, (ii) appropriate
measurements of zirconia coatings and determination
of thermal elongation by dedicated Proteus® soft-
ware.

2.6. Thermal diffusivity and thermal conductivity de-
termination

Laser flash analysis (LFA) using set-up of Netzsch
LFA 427 (Germany) was applied to measure thermal

diffusivity of the substrate and of selected zirconia
coatings. The set-up was equipped with laser source
that generated the heat impulse applied to the rear
sample side (metallic substrate) and an InSb detector
to observe the temperature change on the ceramic
coating surface. The measurements were carried out
starting from RT up to 1000°C (YSZ coatings
and Inconel 600) or up to 800°C (YCeSZ coatings)
and were done in argon atmosphere. The samples
were coated with the graphite aerosol spray prior
to measurements to improve emission and absorp-
tion properties of samples, avoid reflectivity of metal-
lic substrate and finally increase the signal-noise ratio.

Thermal diffusivity of Inconel 600 was found
with the use of Cowan model (see Fig. 3) [19].
The diffusivity value was helpful in analyzing thermal
diffusivity of zirconia coatings. The sample composed
of coating with substrate was considered as two-layer
system. The diffusivity of coating material was found
using the model by taking into account the corrections
resulting from heat losses, pulse duration. The ther-
mal contact resistance between the coating and sub-
strate was not considered.

Afterwards, having thermal diffusivity values,
thermal conductivity of coatings was calculated using
following formula:

A=) 1) - @

where a (T) is thermal diffusivity [m2/s], p3oo
is apparent density in ambient temperature [kg/m3],
and AL/L(T) is thermal expansion.
1
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Fig. 3. Graphical interpretation of areal heat diffusion
time based on LFA signal curves and ti/2 (half time)
used for analysis of Inconel substrate using Cowan
model

As the measurement by laser flash method of mul-
ti-layer systems may lead to many errors, the verifica-
tion of obtained thermal conductivity values is useful.
An approach, chosen in this study, is called ,response
method” and was proposed firstly by Baba et al. [20].
The method bases on the signal curve obtained
from LFA measurements. In this study, the signal
curves were normalized first: the initial temperature
was defined as “0” and the maximum temperature
was “1”. This allowed comparing all signal curves.
Afterwards the “areal heat diffusion time” (see Fig. 3)
was calculated. The size of this area is influenced
by the thermophysical properties of the system which
is subjected to the heat flux. Finally, having exact
properties of substrate and both zirconia coatings
as well, thermal conductivity of the coatings was cal-
culated using proposed equation [21]:
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/12 =
d5Cp2p2(3d1Cp1P1+d2Cp2p2)
642(d1Cp1p1+d2Cp2p2)—dFCp101(d1Cp1P1+3d2Cp2p2)/ A1

3)

Where Az is the surface area corresponding
to thermal diffusion time (see Fig. 3), di, d2 are
the substrate and coating thicknesses [m], A1 is ther-
mal  conductivity  of  substrate [W/(m-K)]
and the subscripts 1 corresponds to substrate and 2 -
to coating.

Finally, the values of thermal conductivity ob-
tained experimentally and analytically were com-
pared and analyzed.

3. Results and discussion
3.1. Microstructure of coatings

Ten of the most distinctive samples of YSZ
and YCeSZ from the extensive spraying plan (72
spraying conditions) were selected for the thermo-
physical properties measurements. The criterion
of choice was to the samples having different porosity
level, internal microstructure and surface topography.

YSZ coatings, presented in Fig. 4, had different mi-
crostructure and porosity. The use of the suspension
formulated with finely grained powders and different
solid phase content associated with various spray set-
ups allowed obtaining coatings having porous colum-
nar microstructure and, on the other hand, very dense
microstructure. The coatings porosity varied between

21.4% (ST21) and 13.1% (WT301). But the size
of pores and their distribution varied in all YSZ coat-
ings. Dense coatings (like AT101 and WT301) were
characterized by regularly distributed pores
in the coating structure. The porosity in the coatings
ST21 and WT101 is heterogeneous and the pores
distribution is very random. Some of the coatings,
namely that obtained in run WT201, exhibited vertical
cracks. It should be added that the lower- and upper-
limit values of porosity of coatings were obtained
with the lowest and highest suspension concentration,
respectively. Some more discussion about the micro-
structure of coatings can be found elsewhere
[16,17].The microstructure of YCeSZ samples is pre-
sented in Fig. 5. The columnar-microstructure could
be not created, due to the greater size of powder par-
ticles used for suspension preparation (more details
are shown elsewhere [16]). Only coatings with fine
lamellar structure were obtained. The observed po-
rosities were very different starting from 15.5%
for sample SC51 up to 5.2% for sample AC201.
The porosity and distribution of pores and their size
were again strongly influenced by the suspension
concentration used for spraying. The shape and size
of pores was more heterogeneous when the total
porosity was greater (samples SC51 and WC101).
The pores were more regular and homogeneously
distributed for dense coatings. This effect was ob-
served mostly when the high-power plasma torches
were used (as Axial III or WSP-H 500).

Porosity 1

ST21 WT101

WT201

AT101 WT301

Fig. 4. Micrographs of YSZ coatings selected for thermal transport properties measurements. From the left: ST21,
WT101, WT201, AT101, WT301 (the order according to the decrease in porosity)

Porosity 1

SC51 WC101

SC101

AC301

AC201

Fig. 5. Micrographs of YCeSZ coatings selected for thermal transport properties measurements. From the left: SC51,
WC101, SC101, AC201, AC301 (the order according to the porosity decrease)
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3.2. Thermophysical properties

One of the key properties necessary for thermal
diffusivity and thermal conductivity investigations
is the value of bulk density of coating. Based on this
value the apparent density in ambient temperature
(p300) can be calculated. The pycnometric measure-
ments showed that the values of coatings’ densities
were significantly higher than the density of powders
that were used for spraying. The greatest difference
was observed in the case of YCeSZ. The smallest densi-
ty (5.507 g/cm3) was recorded for the coarse, as-
produced, YCeSZ powder. Metco 205NS powder
is produced by spray-drying followed by heat treat-
ment and the resulting powder particles are often
hollow inside. After milling the hollows could have
been opened and the density of fine powder
was greater. Finally, after spraying and crushing
of coating, the porosity even more reduced
and the bulk density was estimated. The measured
values of bulk coating density were very similar
to the values reported in the literature [22]. The den-
sity of stabilized zirconia was influenced by the type
of stabilizer and by its content. The density can be
approximated by the rule of mixtures. The density
of ZrOz2 is equal to 6200 kg/m3 (according to the X-ray
density of the cubic phase found from the elementary
cell's dimension and mass using ASTM pattern 27-
997), of Y203 is 5031 kg/m3 (using X-ray density
of cubic phase ASTM pattern 25-1200)
and that of CeO: is equal to 7647 kg/m3 [23,24].
This assumption was in agreement with measured
YSZ coating density but the theoretical value
for YCeSZ would be higher due to the CeO2 content
having greater mass. However, more precise approach
taking into account the complex phase composition
and atomic arrangements in the crystal structure
should be used to define theoretical density of YCeSZ
more precisely.

Table 3 The results of density measurements

Average Standard

densityvalue deviation

[g/avd] [g/av?]
YSZ-powderas-produced 6000 0004
YSZ-arushed coating” 6099 0005
YCeSZ-powderas-produced 5507 0003
YCeSZ-powderaftermilling 5825 0005
YCeSZ-crushed coating* 6108 0009
Inconel600 8415 0003

The specific heat of coatings was investigated em-
pirically (in low temperatures) and extrapolated for
high temperatures according to Kopp’s law. The gen-
eral chart presenting cp values of YSZ and YCeSZ de-
termined using both DSC measurements and values
obtained by Kopp’s law is presented in Fig. 6.
The important point was to observe the trend of all
curves and difference in c¢p values. The difference

4 this value was taken for apparent coating density calcula-
tions, where pso0 = (1-P)- p, P being porosity

between the obtained results was not greater
than 10%. The curve of specific heat vs. temperature
calculated by the rule of mixtures was between two
curves obtained experimentally. This was particularly
true for YSZ coatings, where the value found
from Kopp’s law constituted almost an average value
between the ¢p values measured different experi-
mental set-ups. The difference between the values
obtained using two calorimeters can be associated
with e.g. various operational procedures and the dif-
ference in quantity of materials that was measured.
The study of de Barros et al. [25] indicates
that the sample mass has a significant effect on cp
values found using modulated DSC set-up. The preci-
sion of measurements get lower with decreasing
samples’ mass. It should be mentioned here also,
that there is many other factors that can affect DSC
measurements precision (e.g. related to the instru-
ment itself, sample characteristics, calibration method
and standard material etc). A slight effect can
be assigned also to the structure of the material, like
grain size, crystallographic structure, dislocation
density etc. [26]. Due to the high sensitivity of DSC
method the results was satisfactory, especially
when comparing to the literature data found in Ref.
[27]. Finally, it was concluded in the view in all ¢
results, that specific heat values calculated using
Kopp’s law are precise enough. Consequently, these
values were used for thermal diffusivity and conduc-
tivity evaluation at high temperatures.

Another thermophysical property examined
in this study was thermal dilatation of coatings pre-
pared by plasma spraying of powder instead of sus-
pension. The microstructure of SPS sprayed coatings
is comparable to the APS ones for dense structures
[28]. Both types of coatings include many lamellas
formed by molten powder particles creating brick-
wall structure. The biggest difference concerns
the size of lamellas (that are much greater in case
of APS) and the columnar-like microstructure of some
coatings is produced by SPS. But the approach seems
to be much more accurate than measuring the thermal
dilatation of bulk zirconia.

The measurable anisotropy of AL/L values
was found in zirconia coatings (Fig.7). This effect was
observed previously in powder plasma sprayed coat-
ings by e.g. Berndt et al. [29]or Ilavsky et al. [30].
This phenomenon can be influenced by a few factors,
the most important among them are as follows:

e brick-wall like structure i.e. lamellar layered struc-
ture combined with the complex network of voids
and pores preferentially oriented according
to the spraying conditions [31];

e multiphase composition of coatings [32].

174



<5}
—r

YSZ - Cp

2 7000
=]
K e VYV VYYYY Y YT X2 Adibdddstanannnand

g 600,0 ““,,000000000000

S 5000 | weiaTt

= M 4000 °o® * Tosoh - Kopp's
O X ’ law

T = 300,0

é'—' ’ YSZ-TA

b 200,0 Instruments
2 1000

w

0,0
0 100 200 300 400 500 600 700 800 900 1000
Temperature [°C]
b)
YCeSZ - Cp

% 7000

i)

E 600,0 ---.-.........lllliilllllm

2 5000 a=®

§ 400,0 = = YCSZ Kopp's law

S 3000

‘g 200,0 x YCSZ-TA

T 1000 Instruments

U )

£ 0,0

g 0 100 200 300 400 500 600 700 800 900 1000

wn

Temperature [°C]

Fig. 6. Specific heat capacity values of YSZ (a), YCeSZ (b)

Based on the results, both coatings showed lower
values of thermal expansion in a vertical direction
(according to the spraying direction). As there
was not that many studies focused on anisotropy
of thermal expansion of plasma sprayed coatings,
the phenomena can be analyzed based on mechanical
properties, like stiffness or elastic modulus.
Sevostianov and Kachanov [33] proposed the expres-
sion of “inverse anisotropy”, where the elastic modu-
lus and stiffness of coatings were higher in normal
direction to the substrate material. This was explained
by the scattering of pores orientation in the thermally
sprayed coatings. Consequently, the materials having
higher stiffness present a lower thermal expansion
coefficient [34]. On the other hand, there is many
studies, was observed that the elastic modulus may
be even two times bigger in horizontal direction,
parallel to the coating surface than in the direction
perpendicular to the coating’s surface [30,31].
This phenomenon still needs more studies to be fully
understood. Finally, the AL/L values that were meas-
ured perpendicularly to the substrate material were
taken for thermal transport properties investigations
in our study (according to the heat flux flow).

The difference in thermal dilatation values during
cooling and heating cycle was also observed.
As the AL/L was anisotropic, consequently the dimen-
sional changes were not distributed in a uniform way
in the coating material. As a consequence micro-
cracks could have been generated during heating
and the thermal dilatation values during cooling
changed. This effect was very strong for YCeSZ sam-
ples, which are more fatigue-resistant than YSZ. An-
other reason of the differences could have been asso-
ciated to the very short length of the sample (only 2
mm) and to the instabilities during measurements.
This observation is confirmed by the fact that
the measurements of 10mm long sample did not show
so big differences in thermal dilatation.

The measured values were in a good agreement
with literature values of thermal expansion for both
zirconia systems. The results of many studies suggest-
ing that YCeSZ exhibits slightly bigger expansion than
YSZ were also confirmed, especially when comparing
the values determined perpendicularly to the sub-
strate [27,35,36]. Furthermore, the data obtained for
Inconel 600 (only 10-15% higher than YSZ and YSZ)
were in good agreement with the literature data and
values given by the nickel super alloy manufacturer.
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Fig. 7. Thermal expansion values of YSZ (a) and YCeSZ
(b)

3.3. Thermal transport properties

The obtained values of thermal conductivity were
in a range of 0.63 and 0.99 [W/mK] for YSZ samples
and between 0.82 and 1.37 [W/m'K] in the case
of YCeSZ. Thermal conductivity was influenced by the
coatings’ porosity and their microstructure. The sam-
ples ST21 and WT101 had the highest porosity
and the lowest thermal conductivity values.
In the case of YCeSZ coatings the correlation is less
apparent. The mallest A values had sample AC301
at low temperatures. This sample had very low meas-
ured porosity. Low conductivity can be attributed
to very fine pores. On the other hand and at high tem-
peratures, the samples having highest porosity had
the lowest thermal conductivity as well.

It was clearly visible that ytrria stabilized zirconia
coatings showed much lower thermal conductivity
in a whole range of temperatures comparing to yttria
with ceria stabilized ones. Our previous studies
showed the thermal conductivity values of YSZ
and YCeSZ much more similar [37]. It should be men-
tioned that the coatings presented in this study were
produced on Inconel substrates and that many
of them were deposited by different plasma spray
torches (Axial III and WSP-H 500). Moreover,
the increase of thermal conductivity values at high
temperatures, especially samples characterized
by high porosity, was observed for a few samples
as e.g. ST21 or WT101. This effect could have been
caused by the radiative heat transport mechanism
at high temperatures [38].

The values of thermal conductivity were much
lower than that of bulk zirconia. This is typical
for thermally sprayed coatings and was mentioned
already in the literature [39]. But the values were also
significantly lower than the reported values of EB-
PVD columnar-like zirconia coatings. The coatings
produced by vapor deposition methods have more
homogenous and uniform microstructure but,

on the other hand, they have longitudinal pores which
may hamper the heat flow in the direction parallel
to the substrate [40].
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Fig. 8. Thermal conductivity values of YSZ (a)
and YCeSZ coatings (b)

The following observations can be made with re-
gard to the most important factors influencing low
thermal conductivity values of SPS coatings:

e  Porosity - thermal conductivity of gases is much
lower than that of the ceramic materials
(e.g. for air is 0.026W/m'K)[41]. So the pores
can significantly decrease thermal conductivity
of materials. But the shape, size, orientation
and total volume of pores may also play an im-
portant here [9]. The pores parallel to the heat
flow influence less thermal flux that the ones
perpendicular to the flow. Furthermore,
if the pores have some preferential orientation
then thermal conductivity can be also aniso-
tropic [33]. However, the quantitative analysis
of pores morphology is difficult. The existing
methods of direct porosity measurements, such
as mercury intrusion porosimetry, are useful
to find open porosity of coating. On the other
hand, image analysis method is limited to a few
cross-sections of one sample.

e Finely grained structure and scale effects -
the mean free path of heat carriers is controlled
by phonon-phonon interactions and depends
on the material grain size, on the scattering
by defects and on the crystallographic disorder.
As described in details in our previous studies,
both YSZ and YCeSZ coatings have submicrome-
ter grain size of approximatively 500 nm [16].
Some other studies focused on SPS method used
nano-suspensions, e.g. the work of Carpio et al.
[42]. The size of grains would have the greatest
effect on the heat flow if their size were similar
size to the mean free path at phonon scattering.
Consequently, thermal conductivity of such coat-
ing would drastically decreased [43]. The SPS
sprayed coatings have high number of various
defects that can scatter phonons and impede
the heat flow[38]. Moreover, YSZ and YCeSZ ce-
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ramics have internal point defects being oxygen
vacancies resulting from incorporation of yttria
or ceria into zirconia lattice. Finally, the imple-
mentation of big and heavy atoms (like Y or Ce)
into the structure of ZrO:z can influence thermal
conductivity too [43].
The laser flash analysis (LFA) is a non-direct method
of determining thermal diffusivity and has some limi-
tations. That is why; the validation of results was
made using response function method (see Fig. 9).
One example of each type of coating is presented here
in order to keep clarity of data. But the calculations
were made for each sample in each temperature.
The difference between thermal conductivity values
usually did not exceed #15%. In the case of coating
WT101 and AC301, the difference was about +20%
in the lowest temperatures only. Thermal conductivity
of WT101 obtained by LFA in 100°C seemed to be too
high, whereas the empirical data for AC301 seemed
to be too low in the temperatures between 100°C
and 400°C. But generally, the results are very satisfac-
tory and can provide an alternative to the verification
of laser flash experiment by numerical simulation
by finite elements method (FEM) in which the imple-
mentation of exact measurements conditions takes
more time and the computations need long time.
The response method is quite well-known actually
and was applied to estimate thermal conductivity
of different materials already. However, the FEM
analysis gives more possibilities and more complex
data, as in the case of our previous analysis [37].
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4. Conclusion

The main aim of the study was to characterize
thermal transport properties of yttria stabilized zir-
conia and yttria/ceria stabilized zirconia coatings
having various microstructures. The coatings had
different porosity and morphology with columnar-like
and two-zones microstructures. Furthermore, coatings
were produced by Suspension Plasma Spraying using

different spray set-ups (SG-100, Axial Il and WSP-H
500).

In order to estimate thermal diffusivity and ther-
mal conductivity of the coatings, their essential ther-
mophysical properties were characterized and dis-
cussed first. The investigations of density showed that
there is a significant difference between the values
obtained for as-produced powders and crushed coat-
ings. The analysis of specific heat capacity by DSC
and rule of mixture proved that Kopp’s law can
be a sufficient method to evaluate Cp values in a wide
temperature range. Whereas thermal expansion
of coatings showed anisotropic appearance
as the measurements were conducted in vertical
and horizontal configuration. Then, thermal transport
properties of zirconia coatings were analyzed using
well-established LFA method. The thermal diffusivity
and thermal conductivity values of the prepared SPS
coatings were found to be strongly dependent
on the porosity and the coating microstructure, which
may be in a wide range controlled by the deposition
conditions. It may be therefore expected that optimi-
zation of deposition conditions (including choice
of plasma torch) may be used for tailoring of zirconia-
based top coats for various potential applications.
Finally, thermal conductivity values were successfully
validated by the use of a so called response method,
which can be an alternative for complex FEM meth-
ods.
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