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GENERAL INTRODUCTION

In this PhD thesis several scientific issues regarding Suspension Plasma Sprayed (SPS)
zirconia coatings were stidied. The coatings were analyzed mainlyin terms of the

application as insulating top ... ‘' f— ‘~ St"efZ f""<t” ‘f—<o%oe -ie & S
layer coatings are applied onto the metallic parts of e.g. gas turbines to protect them

against high temperature bads caused by the hot exhaust gases. But the initial
assessment of thepossibility of the use of Suspension Plasma Spraying to produce
electrolyte layer in Solid Oxide Fuel Cellsvas done also. fe effe —' | F —St efe—

promising fuel cell typescurrently. (See Chapter-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 irreglar structure (called columnar-like) but also
very dense and homogeneous coatings with typical twaones microstructure. For this
purpose two zirconia powders were used: (i) fully yttriastabilized zirconia and (i)
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 W % were prepared and sprayed.
All suspensions were homeproduced. A very important concept of this work was the
use of four various, commerciallyavailable, plasma torches, namely: (i) S®00,
(i) TriplexPro-200, (iii) Axial Ill and (iv) WSRH 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 SPSuget the spray
process parameters were choserin 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 growthup mechanisms. The substrates wer@repared

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 itselfll (details are

described in Chapters-3)

In the next step the careful microsructure characterization was performed, starting
from the basic studies of thickness, porosity, phase and chemical composition. Then,
more advanced studies were performd like for example: the quantitative phase
analysis, crystal lattice parameters deternmation and the studies of grain size,
morphology and orientation. The analysis of coating fresurface was also performed.
The qualitative investigations of coating roughness and the observations of coating
topographies were carriedout. The studies enabkéd to analyze the formation
mechanisms of columnailike and two-zones coatings in Suspension Plasma Spraying.

(Please, see Chapter éuith the coating microstructure analysis

In the following part of studies the selected properties of various zirconiaaatings were
Tf—F"ecoettad St efce %o'fZ ™feo —* fofZsmt —St"efZ —"foee’ "= "7
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 analysithere 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
O"fe'feet ot-S't6a - —-Sit tet 7 t8 f cefe—fzZ ™' veq St "iZ
ef .. Sfec. fZ "t —cte  —e%ois o't—Z—e fot fU—_feeTHRf"ToF oo

results of the analysis of coating properties are described in Chapte}.6.2

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

collected in Chapter )

At the end of this PhD thesis theset of five articles is presented. These papersvere

prepared basedon the mentioned studies(See Appendix

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

Science and Technology (Poland) and University of Limoges (Franc&he studies were



supported by French Embassy in Warsaw (Poland) andere realized under joint PhD
"% " fed ofet-futeldbt.0fAe work was financed by the research grant provided by
f-cofZ octet Fe—"1 <o ‘Zfet <o —17e ‘UMO"fe-

2013/11/D/ST8/03400 ). The studies were performed in an international cooperation

with different research teams:

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

prof. Per Nylen and with help oEng.Stefan Bjorklund,

- spraying by WSPH500 was realized at Institute of Plasma Physics in a research

group of prof. Thomas Chraska and with help of Dr. Radekushlek,

- Electron Backscatter Diffraction studies were carriedout at Chemnitz University
of Technology in a research group of prof. Thomas Lampke and witkelp of

Dr. Dagmar Dietrich,

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

group of prof. Didier Chicot and help of Dr. laerto Meijas.
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CHAPTER 1INTRODUCTION

1.1. Gas turbines and Thermal Barrier Coating s

The gas turbineengines areinternal combustion units. They produce the energy from
fuel and then convertit into mechanical energyBut in fact, theair is used as a working

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

x the pressure and temperature ofair is mechanically increased by the

compressor (1),

x fuel and air are combusted in the combustion chambeand heat energy is

generated (2),

X hot gases moves thraigh the turbine section and spin theturbine blades.

Then the blades rotate the shaft and compressor bladeg),

X exhaust gasesre accelerated in a convergent nozzle and the jet thruptopel

e.g.the airplane forward (4).

The gas turbine enginesare usel 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].

Figure 1 The scheme of gas turbine main parts [2]



Based on the literature the gas turbine core power and its efficiency is directly
influenced by the temperature of gasesentering the turbine section (Figure 2) [3], [4].
These parameters areéimportant from the economical point of view, especially inthe
aviation industry. The increase in the energy effieincy improves the thrustto-weight
ratio. This causes that thecontinuous increase of gas turbine engines operating
temperature occurs.The operating temperature of turbines reachd currently the point
far above the melting temperature of materialsthat are used for parts fabrication
(mainly nickel superalloys) and exceeds evie swrrd sxrrt & ‘™if~f74 fe'-St”
problem is therapid changeof the temperature during the gasturbine service. While the
turbine starts or stops operating the greatdifference in the temperature occurs The
temperature can jump betweenr * fet sw+BeXrrlina very shorttimeand hence
the thermal stresses arisealso in the turbine elements.Therefore, there is a big need to
protect metallic parts placed insidethe hot sectionof gas turbine against high heat loads

At the same timethe high thermal shock resistanceshould beensured.

Figure 2 The influence of turbine inlet temperature on the turbine core power and
efficiency (Ta- turbine inlet temper ature) [3]

The turbine inlet temperature can be increased by theise ofinternal 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 Te. ie f”1 .. ‘e'systeins that protect the gas turbine parts

against heat, solidsand corrosives. To overcome mentioned loads the multilayer



structure of TBC <+ st ftfta St ...—""Fe—-7Z> —ett i e erfaimic top-e e <e—<* %o
L f - & —St"efZ7> %" ™e ‘Sctioe iecogt «(BCy. EachA&ker.. ‘<%
(as presented in Figure 3) has an important role in order to provide sufficient protection

of gas turbine parts. ThermalBarrier Coatingis one ofthe key technobgies related to

gas turbines - both in the aviation industry as well as power plants. Two different

reasons of their application can be distinguishedthe possibility to extend the turbine

lifetime at desired operating temperature and the need to increase operating

temperature and thus the turbine efficiencyasmentioned above

Figure 3 The Thermal Barrier Coating System > ‘e‘1*™eec fot f™]B[Yeec

St ..."«<—<...fZ ’ f unddubtediy theeexternal coating as it isdirectly exposed to
very complex loads (thermal, thermomechanical, mechanical, chemical etcThis layer
should provide sufficient thermal insulation and thus protect the internal materials. The
ceramic materials (usually zirconiabased) are mainly used to produce the top-coat
layer. So thehigh thermal shock resistanceis 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 hangdthe
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 bondoatlayer 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 iavoided and an aerodynamic design of the blades

is maintained also. However, this is one of the most expensive coating technologies



(in terms of setup investment and production as well) so the application of EBPVD is
usually limited to the critical and relatively small parts of the turbines. Thebigger and

less fragile parts are produced nowadays using welestablished powder plasma
spraying (PPS)method [7], [8] . The ceramic coatings produced bipPSare characterized

by brick-wall microstructure with horizontal ly oriented lamellas Furthermore, the

conventional PPS coatingconsist also of manygaps, pores and horizontal defects
between the splats This is beneficial inTBC applicationsfor the reduction of heat

transport and improving thermal insulation. The negative effect of suchamellar

structure is much lower thermal shock resistancavhen comparing to coatings produced
by EB-PVD.

Figure 4 The scheme of the microstructural featur es of EBPVD and APS zirconia coatings
Lo ‘et T™M e e ¢ feof fTM'|'[5W..<

The best compromise will be to join advantages of these two mentioned methodsd
coating microstructures (high thermal shock resigance of columnar-like EB-PVD
coatings and low thermal condictivity, high deposition rate, inexpensive manufacturing
of PPS coatingsto be produced in onesingle process(see Figure 4) In order to produce
such ceramic coatings folThermal Barrier Coatingsapplication the Suspension Plasma

Sprayingwas tested inthis PhD project.

1.2. Solid Oxide Fuel Cells

The other field, where the thermal spray processes arased more and more often, is the
productionof ‘Z<«t &<tis —1tZ7 1 Biasting withia short introduction of Solid
Oxides Fuel Celldechnology it shauld be mentioned thatthese are power devices that
can convert fuel into the electricity.They can be classified as highly efficientinits having

many different advantages over othertypes of fuel cells They use easily available fuels



(biomass, alohols o natural gaseg; instead of a typicalcombustion processthe energy
is produced in an electrochemical waythe emissions oftoxic gasesike CQG, NOx, SQ is
very limited and they have modular structure [9]. The operating principle of SOFC is
presented in Figure5 [5], [9]. In case of plasma sprayinghe most possible and
beneficial can be aproduction of dense electrolytes. This application will be discussed

here more in details.

Figure 5 The operating principle of Solid Oxide Fuel Cell (by Soe ‘1 ™eec feof
f ™1 ™P5«[9] , inspired by [9])

The core of Solid Oxide Fuel Cell is a gas tight electrolyte thptevents mixing of
oxidizing and reducing gasesThe chargeis transported by @ 4ons in electrolyte layer.
Sothe electrolyte shouldenable 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:

x depostion of thin electrolyte layers (the oxygen ions havereduced travelling

distanceand the electrolyte resistance can be reducegd

X 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 thehigh oxide ion conductivity of these
structures (according to van Gool criterion[10]). So amonghe most popular materials

yttria -stabilized zirconia (YSZ)scandiadoped zirconia(ScSZ) orrare earth-doped ceria



can be mentioned.The studies with perovskites and oxidescharacterized by hexagonal
structure are carried out currently also. Their ionic conductivity is high enoughto be
consideredfor Solid Oxide Fuel Cells applicationflL1]. However, the material change is
not considered in this work, so the material approach will benot discussed here in

details.

Many different technologies exist that allow producing of electrolyte « ~*” Teda

The most popular are:
X wet ceramic processing technique$l?],
X spray pyrolysis[13],
X vapor deposition methods (PVD, CVD, EVRY], [15],
X magnetron sputtering[16],
X powder plasma spraying (APS)17].

As can be easy seen the productioaf electrolytes by mentioned methodsis mostly
limited by the high manufacturing coss or difficulties in meeting the microstructural
requirements (like thickness, density @ strength) [18]. Therefore, the new
efe—"f..——"<s% +t-S'te [t -hmufacturing. The geal is toproduce
improved systems having higher performancend reduce the manufacturing costsit the
same time One of potential methods can be Suspension Rasma Spraying (SPS)

especially for zirconiabased electrolytes



CHAPTER 2SUSPENSION PLASMA
SPRAYING

Concerningthe limitations of vapor condensation processeglong deposition time, high
set-up costs etc.)many attempts were conducted in orderto produce nanometer
coatings by cheaper and more efféiwe thermal spraying processes. Theonventional
powder plasma spraying (PPS) was tested mainly for this purposeBut due to the
difficulties associated with feeding, injection and then transportationof fine powder
particles in a hot plasma jet, the studies did not bring the expected results. The main
problem is caused by thelow weight of fine powder particles. As a result theydo not
have enough momentum at the outlet of the injector tdully penetrate the hot region of
plasma jet[19], [20]. The first ideaproposed to solve this issue wado perform a pre-
treatment of nano-powders prior to the plasmaspraying. The additional step of powder
preparation was supposedto provide thermally spray able feedstock. Lima and Marple
[21] proposed the useof agglomerated nanostructured particles for powder plasma
spraying. Marcinauskas[22] granulated alumina nanopatrticles, dried in a furnace and
then sieved the powders to ki £’ "f"—<...ZFe eefZ7%” —Sfe wrAed Sce '*™F
well deposited by PPS process. Chen and Dirj@3] decided to perform spray drying of
zirconia nano-powder prior to spraying and thereby to preserve thé& fine grained
structure in a coating microstructure. Spray drying wasalso proposed by Shaw et al.,
who achieved composite AIOz-TiO> nano-coatings by powder plasma spraying[24].
In fact, a verynarrow parameter window is necessary to obtain nanostructured coatings
by thermal spraying of pre-processed nanepowders. Especially he in-flight particle
temperature should be controlled carefully to do not fully melt nanefeedstock.
The mixed structure, partially nanometer, can be achieved onlyf the powder particles

can be maintained in a semmolten stateduring spraying.



The other innovative idea was proposed by the research group from Sherbrook
University in Canadain 1997. Gitzhofer et al.[25] assumed that instead ofthe
micrometer-sized powders, the liquid feedstocks can be used in plasma spraying
As a result fine powders suspended in water, alcohol or their mixtuecan form droplets
having enough mass and momentum to be introduced into the plasmi@ame. The
transportation of liquid feedstock from feeder to theinjector is also easier than in case
of dry powders. Furthermore, the solvent provides the protection for fine powder
particles against the hotplasma gases and the melting of powder material takes place
after the evaporation ofsolvent from the suspensiondroplet. This approachallowed to
develop a new thermal spraying method, calledSuspension Plasma SprayingSPS)25].

This dynamically evolvingprocesswill 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 detalils.
Powder prepa ration

The quality of powder material directly influences the quality of deposited coating [26].

The two main ways that enables the preparation offine-grained powders for SPS
process can be mentioned (i) the production of submicrometer- or even nanasized

powders or (ii) the pre-processing(mainly by milling) of coarse powders designed for
conventional plasma spraying. In general, two well-known approaches cded:

(i) bottom-up and (ii) top-down are used for the powder preparation These two
approachesare usually classifiedin accordanceto the state of the precursor usedor

powder formulation (see Table 1).The precursors can be in gorm of: gas, liquidor solid

as well[27], [28].



In case of dottom-up dprocessing a coninuous progress can benoticed. Under this

approach there are manyvarious methods which allow producingthe fine powders. The
use of liquid precursors in powder manufacturing is commonly @ssified as quite simple
method. The powders can be precipitated in a norcomplicated chemical way usually

from a solution [29]. The @lcination of chemically precipitated precursors is used for
example by MEL Chemicals Inc. tproduce both: zirconia nano-powders and nanc

suspensions. Carpio et al.30] successfully deposited in his work mentionedzirconia

suspension and obt@ed finely-grained coatings But the dottom-up grocessingcan be
sometimes also very complex, often multistage. This takeplace 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]. Thiszirconia powder was alreadydeposited by SPS
"t St —tet 0 Z et § <32 and ThérmalBaiier Coating [33].

Table 1 The summary of bottom -up and top -down processing methods ,> ‘e‘1* ™ee¢
fet f™I‘™5]sinspired 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 millingt
Solid Top-down
Mechanochemical synthesis

Sonication
Combined Vapor liquid solid Bottom-up
In case of0 -+t ™ e " fhe.@wder preparation process is much differenf29].

It assumes a breakdown ofthe coarse, micrometer sized, powdersnto fine particles. As

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



a base materiaffor 0 —**f * ™ epgFocessingthe powders manufactured for other thermal
spraying processes (like APS, FS, HVOF, CS etc.) can be [0$dThe breakdown of
powder particles is realized mainly mechanically by using wellestablished baltmilling
method. Two most popular methods can be mentioneg called 0Z* ™ $$%0>6 fet 0S<% S
Tet”% >0 ocThéc<differ@nce between them is the amount of mechanical energy
transferred to the powder material and kinetic of the processas well [34]. Bothcan be
classified asefficient and low-cost methods, enablingthe production of nanostructured
powders at low temperatures These methods carbe usedto pre-process allkinds of
advanced materials éven veryductile, brittle or hard compounds)[35]. The ball milling
is very popular for the preparation of feedstock forSPS methodKassner et al.applied
ball-milling to pre-processalumina powders[36], Chen et alcrushedand mixedby ball-
milling the composite powder of Al-ZrQ; [37] & O f —« f used nfeghianicakmilling to
reduce the size of various zirconia powders [38], Jaworski et al.of hydroxyapatite

powders [39], whereas Berghaus et abf cermet WG-Co[40].

The mentioned methods can be used formechanical milling (MM), but there is also a
possibility to apply them for mechanial alloying (MA). MA process usually needs higher
temperature and kinetic energy than milling. This is necessaryto ensure high atomic
mobility [41]. Mechanically alloyed powders (like YSERIICrAlY, YSANi, N+Al etc.)[42]

[44] becometo 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 inthe suspension. It wa noticed in the literature that the amount of powder has
an important influence on the rheological properties of liquid feedstock [45].
Afterwards, the wscosity of suspension is one of key property affecting the droplet
formulation in the plasma jet[46]. The size of droplet and thealistribution of powder
inside single droplet influence the droplet heat treatment in the plasma jet [47].
According to the literature, the amount of thesolid particles in the suspension droplet
has an effect orcoating microstructural features, like:porosity, surface topographyand
morphology [33], [45], [47]. Furthermore, the suspension concentratiorcan bea crucial
parameter in case ofsuspension 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 meter©n the other handthe use of hghly



concentrated suspensionss in the interest of industry, as the higher solidoad is equal

togreater 0 —S«<...eefee "7 "feed "f <" <o f..—<...ta
Solvent

The suspension droplet consist ofjpowder particles that are surroundedby the solvent
The pure water, pure alcohol or the mixture of water and alcohol can beused 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 factorsgeits properties, economical
and environment aspects etcBut the characteristics of liquid feedstock is influenced

mainly by two properties of solvents, namelysurfacetension andevaporation time.

The influence of the surface tension on the spray proces was investigated by Rampon
et al. [48]. By using tensiometry method they showed that aqueous suspensin
is characterized byhas much higher surface tension tha ethanol basedsuspension
The authorssuggested also thathe surface tension preservdiquid feedstockagainst the
change of its surface area and is the main property thatfluence 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 agenbut only by the solventThe same
effect was observed by Toma et alf49]. It this work a faster and more efficient
fragmentation of ethanol basedliquid feedstock than aqueousone were observed also
due to the lower surface tension of ethanol when comparing to the wateAfterwards,
the size of droplet affects its velocity and residence time in the plasma jet, and its
temperature also (it can be estimated thatbig droplet = higher velocity = lower
temperature). This can have an influence on the coating microstructuref 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 andevaporation time in case ofSolution Precursor Plasma
Spraying (SPPSyvas discussedby Chen et al[50]. Theyreported that the evaporation
of solvent and formulation of solid particlesin the plasma jetcan be incomplete when
droplets have high surface tension and highboiling point. On the other hand,the

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



boiling point can be processed morerapidly. These dropletsundergo complete heat
treatment in the plasma jet. The issues related to the dropleevaporation were studied
T13'Z> <o =St ™. "~ [51}sTHeevapofafién time of droplets was calculated
using of the model considemg the latent and specific heatsThe dropletsof alcohol and
aqueous basedsuspensiors having various sizes were taken into account The studies
confirmed that water based dropletswere evaporated afternearly three-times longer
time in the plasma jet @s the vaporization enthalpy of water is almost three tmes
higher comparing to ethanol;2.3 x 1® Ji&g1 versus 0.8 x 106 J&y1 [52]).

The solvent type determines also the min. velocity of droplets that is necessaryto
penetrate the plasma jet by the feedstock (as discussed by Pawlowski [53]).
The aqueous suspensiosneedlower velocity to reach the core ofplasma jet.This isdue
to higher density of waterthan that of ethanol and should be consideredparticularly for

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

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

agents (so calleplasticizers). Their role is discussedin details later.

St f ' Z<...f=<'s " 0% "Tte -entidnededn the diterature also.The deionized
water is a solvent and a reagenhere. There is noneed to add stabilizers to ensure
suspension stability.As an example thenano-titania suspension wereprepared [54]. As
suggested by the authorsthe limitation of toxic organic solvents and chemical agents
should be consideredasthey can be wastefufor the environment. However, that kind of
suspension needsa dedicated powder production method (continuous hydrothermal
flow synthesis, CHF}[54].

The security, e.g. fire risk,should be corsidered also when alcohol based suspensions
are used. Furthermore, the economic reasonsuggestthat evena small replacement of

alcohol by watermakes thesuspensioncheaper ard more attractive for the industry .
Chemical agents

In order to provide stableand reproducible SPSprocess there is a demand to formulate

homogeneous and stablesuspension This becomes to beespecially important when



very fine powders are used as a solid fraction As denoted in the literature
the nanoparticles show a high reaavity and agglomerate easily, because of theihigh
specific area. [28]. The changeand control of rheological properties of suspensioncan

be done by the addition otchemical agents.

The rheology of suspensionis a complex function of physical properies of powders
(particle size, particle shape, density etc.) and interactionsccurring between powder
particles [55]. Wang et alanalyzedthe interplay between individual solid particles but
also the effectwhen liquid and solid phasesseparate(so called flocculation).This takes
place when the Van der Waals forcesovercome the electrostatic repulsion [56].
The detailed description of forces affecting the behavior of colloidswas presented by
Ring[57] & =+ fe+ 13f<’'Z% spParticle in water was given. The different forces
(electrical, Van der Waals attration 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 10) or equal to Brownian force. Finally, Larson[58] suggestedthat the
particle size have a significant influence on suspension stabilit{zollowing, the powder
particle size influence the approach thatshould be applied to formulate stable
suspension The gravitational force is dominant whencoarse powders are used. Br
fine (submicrometer sized and smaller) Brownian force overcoms the gravity force

effect.

As mentioned abovefo maintain the stability of fine grained suspensions the Brownian

motion approach can be used. The possible way to prevetiite particles against sticking

to each otheris to ensure inter-particle repulsion. This can be done by increasingf the

net value of so called zeta potential §. Zeta potential can be described athe difference

of potentials between thethin 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 Ccan 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 canalso *—"‘¢%.Z> *f% f—-3% —S3 "f"—<...Z%tei o—

and influences the formation of floccules(see Figure 6)[59].



Figure 6 The relationship between Zeta p otential and suspension behavio r [59]

The sedimentationof finely grained suspension is influenced also bigs viscosity, D The
sedimentation speed can bevaluatedby usingthe Stokes equation:
8L Gﬁ_UC) (1)

The Stokes equationsuggests thatthe sedimentation speed can bedecreased by:
(i) application of finer solids, g (ii) using dispersed and continuous paseshaving as
much comparable densitiesas possible so Ois small, (iii) increasing the “f Z—% *~
«Stf” “<eo.. eButimofactDthe low shear viscosity isvery often the only one Stoke's
variable and can bemodified by the application of viscosty enhancers (called thickeners
or plasticizers also). It is importantalso that the low shear viscositycan increasewhen
the zeta potential increases. fie control of both parameters isusually required. This was
discussed inthe studies of Waldbillig and Kesler. They tested various dispersants and
observed theirinfluence on the suspension rheologyAccording to their studies,the use
of optimal concentration of dispersant agentallows to obtain the lowest viscosity
of suspension Otherwise theeffect can be reversed and as a result theiscosity can be
changed strongly. Following, this can influences negatively the Suspension Plasma
Spraying efficiency and can cause clogging of the injector during sprayirfg0]. But in
such caseghe addition of plasticizers can preserve the propewiscosity of suspension

as mentioned abovd48].

C)Z‘TM



The other approach is needed whenthe submicrometer particles are used for
suspension formulation, especially powders characterized bynot fully monomodal

powder particle size distribution. In such situation, the gravitational forceexceedsthe

Brownian motion. Then, he suspension sedimentation can be preservealy approaching
anisoelectric point (IEP). So called IEP is defined as a statden the electrostatic forces

are equal to zerofor a specific pH value Afterwards, when electrostatic forces are
ecoecocettad —Ste —SE"F <o f Ttesc, «Ze—> = " t— L F f Oet.tetf7s
big enough the suspension can be defined as strong reversible flocculated network.
Furthermore, to decrea® 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 examplesof proper application of flocculating agents carbe find in
the literature, e.g. for zirconia suspensiong61] [63]. The comparison of well- and

poorly- stabilized zirconia suspension igpresentedin Figure 7 [5].

Figure 7 Two kinds of zirconia suspension: (a) well -stabilized suspension, (b) poorly -
stabilized suspension > ‘e‘l1*™oeec fot fT™M|B]Yeec

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

distinguished during the suspensionformulation:
1 preparation and characterizationof powder particles,

2 suspension formulation, homogenization, determination of rheological properties

and stabilization test,

3 suspension redispersion just prior to spraying.



There is a possibility to usecommercially available suspensionslso. They becomemore
popular nowadays because long and complex suspension preparation process can be
avoided and there is no need to prepare longerm laboratory tests to examine the
suspensbn properties. Thefeedstockis delivered in a premixed form with solvent and
chemical agents and there is only a need to well disperse the mixture prior
to spraying. However, there are two main reasons that limit the use of commercial
suspensiors: their cost and availability. The price ofa kilogram of 20 wt. % loaded
suspensionis comparable to price of a kilogram of powder material that was used
to formulate that suspension.So the price of commercial and housemade feedstock
is roughly 5:1, as he powder material is the most expensive component. Furthermore,
only suspensions that can be applied soon in the indtrg are available on the market.

The most popularonesare zirconia-based suspensios 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 feedstdc transportation from container to the injector is usually
provided by compressed air (presurized system) or mechanically (by using
of peristaltic pump). The transportation system should provide a constant flow
of slurry with a set value ofits feed rate (measured in ml x mirt or mg x min1). 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 ligd greater
than that of the plasma jet. This allowshe proper penetration of the jet by the slurry
[53]. Suspension injection is one of the key factors in Suspension Plasi@praying
asit influences the droplets formulation and then theheat treatment of theslurry . Inthe

following section thevarious types of injection modes will beanalyzed
Continuous stream injection vs . atomization

The mechanical injection, which is alled also a liquid stream injection, is probably the
most often used in Suspension Plasma Sprayindt can beperformed radially or axially
but also internally or externally with regard to the torch design In mechanical injection,

the feedstock is pushedthrough 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, Ike plasma jet velocity, plasma temperature, force of gravity, resistance
of surrounding gases etc. The mathematical approach tife fragmentation of slurry that
occurs in the plasmawas presented in details in the literature already (see e.g. the work
of f™]‘™[6d).

The other possibility of the feedstock injectionis its atomization (Figure 8) [65]. It
means that the formulation of droplets takes place before the feedstoatontacts the
plasma jet. Theatomization occurs usually in two steps: (i) first, lowvelocity slurry is
pre-injected to a nozzle, (ii) where by using obther 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 fragmentationf droplets is forced bythe
gas flow. In this casethe gases characterized by higlspecific mass (like for example
argon) are very often usedThetype of external energy defines the type of atomizer and
more information can be found here[64]. The droplet formulation is much more
complexthan in case of mechanical injection. lis influenced bythe design of atomizer,
external energy but alsoby the properties of liquid slurry. The phenomena were
discussed in the literature already. Furthermore the atomizers are usedusually only

with external or radial injection modes, eventually ceaxial atomization is possible also.

a

Figure 8 The comparison of liquid stream injection (a) and atomization (b) [65]



The influence of injection mode onthe coatings microstructurewas already studiedin
the literature. The comparison of two mentioned injection modes was done e.g. by
Kozerski et al.[66], [67]. In this study, the useof atomizer resulted in unifam, finely
grained microstructure. The splats were notdeformed and preserved spherical shape.
The molting and solidification of powder particles occurred before the solidsreached
and hit the substrate. Much more complex microstructure was observed when the
mechanical injection mode was usedSo called twezones microstructure was observed,
where well molten lamellas but also loosely bounded sintered particles were present.
The stronger deformation of grains was observed alsoby authors when mechanical

injection was used

The dfferent practical information regarding mentionedinjection systems can be found

in the literature. Theshort comparison ispresentedin the Table 2[5].

Table 2 The summary of mechanical and atomization injection modes based on the
literature > ‘e T ™eec fot fT™MIE[Yeec

Continuous stream injection Atomization

- avoids the plasma jet perturbation caused by - good control of the atanization,
the atomization gaseg68], [69], generation of high velocities of droplets at

L e ) _ low feeding rates[72],
- injection with fixed velocity, no dispersion of

droplet trajectories and sizeg[68] - atomization produces small, weHldefined
) o and uniform  droplets influencing
- through the use of a precise positioning _ _
- formation of fine splats[69],
system of the injector the droplets can bg

injected at the chosen location in plasmg - reduction of unmelted particles in the

plume [68], coating structure [36],
- droplets are more efectively injected into the | - possibility to design atomizer in a way
core of the plasma je{69], that limits the problems associated with
ce@Ef...—""Te . Z'%%o<*%o o

- higher thickness perpassratio [70], _ o
suspensions in injector/nozzle[73].

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

plasma [71].




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 ntroduced perpendicularly to the plasma jetaxis.
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 injectionin SPScan be realized by: (i) atomizeror, (ii)
mechanical injector. Ineachcase the slurryshould reach the high temperature core of
plasma jet. Otherwise tle heat treatment of feedstock material will be incomplete and
this will implicate different problems with the formation of good quality coating. The
problem becomescomplex when powder particles or suspension droplets are very
inhomogeneous in terms of th@ 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 away to find
compromise here, aghere are always: (i) particles that reach only the periphery of the
plasma jet (the ones being to lighbr having to low momentum), (ii) particles that goes
into the core of plasma (having optimal masand momentum) and (iii) particles that

pass throughthe plasmajet (to heavy particlesor the ones having to high momentumh

The plasma torch with axial injection mode becomes more and more popular currently.
The first trials with one -cathode torch having ceaxial injection were done. Butthe
millage point was the application of multi-cathode torch for this purpose (Axial 11l of
Mettech). In Axial Ill torch thee are three independent plasma jetsformed by three
electric arcs. Thefeedstock material is injectedjust inside the center of theplace, where
three plasma jets convergento one. That unique idea allowsalso 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 ofdroplets causes thatthe heat treatment offeedstock material
is uniform. But when using the axial injection mode, then the optimization of spray
parameters connected with suspension injection is limited. Thiocation of the injector is
fixed sothere are only few variables, like: injector diameter and injection pressure.The

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



torch construction) can implicate problems with backpressure or clogging during e.g.

spraying of highviscous suspensions.

The direct comparisons of plasma torches having radial and axial injections were
already done in the literature. Ozturk et al. used athematical modeling to prove that
big differences in the plasma temperature andvelocity fields occurred when using
different injection types in SPPSThe droplets introduced axially were heateelp much
faster and the precipitation of zirconia solution could be observed much earlier.
Afterwards, the solid grains formulated in plasmget were more homogeneousn case of
axial injection [74]. The experimental work in this topic was performedy Killinger et al.
[69]. The effectof the injection type (transverse and axial) on theSPPS sprayedoating
microstructure was studied. But a very smilar behavior of solution droplet processing
was observed.The use of axial injection modeallowed 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 tie design of
the plasma torch, similarly as in the case of axiafs. radial injection. There areplasma
torches (like SG100 of Praxair or Axial Ill of Mettech) thatgive the possibility to place
injector internally and externally alsa On the other hand, rany plasma torcheshave to
be used with external injection mode (Triplexand 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 @ internal injection is undoubtedly the fact that theslurry 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 ifchigh melting point
materials which need high temperature to be meltedbut the importance of this
parameter was already discussed in this chapter. Thiype of injection does not require
also long process of injection pointselection and the problems with instability of
injection are limited. However, there is no possibility to experimentally observe the first
step of feedstock injectionand fragmentation, which occurs inside the plasma torch.

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



is less sensitive for the nozzle clogging. The clogging of Axial torehjector 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 particlemside the torch. The

negative influence of internal irjection system onthe —*”...S Z< f—cef ™ fe "ot
and Atsuya when using acid solutiorf77]. The copper electrode waslightly dissolved

by the acidic slurry. This should be always consideredvhen 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, injectiomode can seriously limit

the operation time of the cathodes.

2.3. Commercially available plasma torches

Many aspectgegarding the plasma torchesdesignwere discussed above. In this section
a short comparison of plasma torches that are used widelfor the purpose of SPS
process is prepared. The plasma torches can be classified based on many different
aspects.Here, the torches were diwded 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 plasma spraying,s basically DC, gas
stabilized and one cathodeone anode construction. The properties of gastabilized
plasma are mainly influenced byplasma torch design, properties of plasma gases and
their flow rate and power input. Thegeneratedpower is usually less than50kW but this

is enough to generate the tmperature that can exceed 15000 TE Fetcoe%o ‘o
parameters). This is the temperature that allows spraying most of the engineering
materials. The main problem ofsuch simple construction is the instability of the arc.
The electrode life and thermal efficiency of plasmaet-up was found to be strongly
related to the nature of arc fluctuations.This was discussedextensively in the literature
[78]. The idea to limit fluctuations of the gasstabilized arc wasproposed 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 durgqhthe operation using
Triplex is similar or slightly higher than that of conventional plasma torches. However,

the injection point of feedstockshould be carefully optimized in accordance to the three



high-energy areas produced by Triplexthat arranged in a triangle [36], [79].
Alternatively, another multi-cathode design was proposed recently in the market.
Axial 11l torch is composed of three cathodes and three anodes. The operated power is
ensured by three independent power suppliers (eaclean generateup to 50 kW). Tomy
knowledge this is one of the most powerful gasstabilized torch designed for plasma
spraying currently. The higher power input influence the increase otemperature,
velocity of particles and the number of particles which can be moltem the plasma jet
This allows achieving higher deposition rates and higher praattivity. However, the
economics aspectshould be mentioned The multi-cathode systemstend to be bigger,
more complex and more expensive. They require much bigger gas flow rates also
Furthermore, the change of the cathodes iakes more time whencomparing 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 highpower plasma torch was achieved by the use of
socalled 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 dfie torch
against overheating.Oxygenhydrogen plasma is formed by the products of water vaex
vaporization and ionization. Plasma jet produced by water stabilized plasma torch
(WSP) thanks tothe 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 & km/s). Thermodynamic
and thermophysical properties ofwater vapor plasmaenableto increase alsothe heat
transfer to the feedstock material As a result highmolting 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 ofexternal - 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 WSPH500 torch) bases on both principles of arc
stabilization - by water vortex, as well as by the gas flow. An imptamt 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 WSH83], [84]. As a secondarplasma forminggas argon is mainly applied.
Due to its high mass the increase in plasma density is observed. But thiaplies

a decrease of the gas velocity the hybrid WSP[84]. The use of additional gas siplifies
also the operating of hybridWSP plasma gun comparing to conventional version of WSP.
Though many important advantages regardig thermophysical properties of plasma
produced by waterstabilized plasma torches the complex design and operating
principles of WSP and fibrid WSP torch still limit their application in the industry.
The large construction of torch cause also that the gfication possibilities are mainly

for big parts, where big area should be coated.

2.4. Physical phenomena at spraying

The application of liquid feedstock, instead ofusing of dry powder, causes a change of
the features of plasma deposition. The spray procesecomes much more complex than
the conventional powder plasma spraying. The phenomena, which occur in plasma jet
during SPS process, are well characterized alreadyhe following mechanisms take
place right after suspension is injected into the plasma plum (i) aerodynamic breakup

of suspension stream and formulation of droplets, (i) evaporation of solvent,
(ii) 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 substrateand 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; columnarlike or typical two-zone microstructure etc.) is quite
narrow. All process variables that can influence the microstructure of SPS coatingse

schematically shown on Figure 95].

Figure 9 The scheme presenting effective SPS process parameters ,> ‘e‘1*™eec fof
f ™1*™ {8k, inspired by [86])



CHAPTER 3.Materials

In this PhD project the attention is paid mostly on the modification ofhe microstructure

¢~ <"—Zf—<'%o ---:l:”f.(--- Zf)in (A |‘a ;TMi~¢ué _S:t n_é:tu f;yu‘
many researchers is to find new materials that can provide improved properties of
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thanks to its unique properties. It is also one of the materials, which is the most often

tested for Suspension Plasma Spraying. Usuallyn the industrial practice, a doped

zirconia is actually used. This is caused by the fact that pu&O, has three crystal

'Sfeted ofetZ> otet L Zcoc. A —F-"f%'fZ fol ...—,c...& ‘o' . Zcoc..
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[87]. The phase transformation between mentioned crystal structures is falved by the

volume change. The stresses are then generated in the material and the material
= —"% fe — "8 St ete— V<—<..fZ <o f "f'¢t N —"fee
change exceeds even more than %. But the doping of zirconia allows stabiliing

a desire structure in this material.

Many different oxides of rareearth 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 thernal conductivity [88]. In this work two materials were
tested: fully yttria-stabilized zirconia (8 mol. % of Y>0Q3) and ytrria-ceria-stabilized
zirconia (Zro; + 24 wt. % CeQ + 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 partiakyabilized by the

addition of 3-5 mol. % of Y203 (PS4. The zirconia powder having higher content (8 mol.



%) of Y20z was tested in this study. The contet of the yttrium oxide highly affect the

structure and properties of zirconia.

According to theZrO; - Y203 phase diagram (see Figure @) [89], [90], the doping ofZrO,
by Y-Os in concentrations higher than 8 mol.%, fully stabilizes YSZ structue in cubic
form. As mentioned by Scot{91], the lattice parameters of YSZ are also influenced by
the content of %Oz dopant. The Z#* ions are slightly smaller than ¥* (ionic radius of
0.82 %and 0.96 %respectively), so the increase in yttrium oxide causes the increase in

lattice volume.

Figure 10 The phase diagram of ZrO; - Y>0s; system (with detailed version up to 10 mol. %
of Y20s) [89], [90]

The higher content of ¥Os means that more big ¥+ ions is entrapped in the YSZ

structure. According to the studies of Gong et g92] the thermal conductivity decrease

when the interatomic distances in the YSZ structure are bigger. This means, that the
heightened implementation of big and heavy ¥+ (comparing to Zr**) ions can improve

the thermal transport properties of zirconia coatings. In the fullystabilized YSZ the

‘E>%ote “f .. fe..cte Tt fZet f e—""ccFe— <tec et — L —<T—
Furthermore, in case of fully stabilized YSZ th&ansition between cubic and nonoclinic

does not occur. FSZ is not subjected to high internal stresses associated with the phase

change and themicro-cracking whenworking in wide temperature range.



As mentioned above, the increase in ¥z causes that theadditional oxygen vacancies
are created in the YSZstructure. 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 resistancg93] .

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. he new materials are tested tha can replace conventional YSZ.
Among these materials the zirconia stabilized by otheeffective dopantsis tested. One of

the most promising materials is yttria -ceria-stabilized zirconia.

Figure 11 Isothermal section of CeO2-Y203- " t —f"e¢f "> e>e—Fe f—[84]wr?



The preparation and investigation of ternary systems (likeZrQ; - Y20z - CeQ) is more
complex issue than in case of binary systems. 8alled Gibbs phase diagrams are used
to describe the phase composition of systems composed of ternary mixtures.
In each @se, the Gibbs diagram is prepared for specified temperature and pressure.
The example of Gibbs diagram a&fr0G; - Y203 - CeQat stwri94] fet f—- sw9I5)ls

given in Figure 11 and Figure 12 respectively.

Figure 12 Isothermal section of CeO2-Y203- " t —f"e¢f "> e>e—te f—[85)rr?

The phase diagrams in two mentioned temperatures differ slightly. The solid solution
fields of T-ZrO,, FZrQy, and CY20z 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 théhomogeneityranges 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 oZrO; - Y203 - CeQ 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 Ce© ZrO; and Y203- ZrO; systems. The very useful
property of CeQ doped ZrO, materials is high stability, even under thermal and
chemical conditions[95]. This is in agreement to experimatal work [96], [97], where
the high corrosion resistance and high phase stabilityvas mentioned also The thermal
conductivity seems to be lower in case of YCeSZ also. This effect caadsociated with

the change of internal structure ofsuch stabilized zirconia. Caium atoms, which are



bigger and heavier than yttriuminfluence the material lattice. The interatomic distances
change andthe 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. Th&hould
provide improvement of thermal shock resistance[88]. Furthermore, the YCeSZ was

found to possess high fracture toughnesaccording to[95] .

On the other hand,ZrO, - CeQ systems are characterized by much lower ionic
conductivity and electronic conductivity (in reducing medias) thanZrQ; - Y>0s. So the

application of ZrO; - Y203 - CeQ systems «< o is <o ” fdulBous. The hardness of

YCeSZ is also lower than in case of YSZ. Due to the vaporization or reductio€e the
stoichiometry of the whole system can slightly change during the operatiorf98].

The material was selected for this study because of the perspective thermal transport

Ot _cfte fet —SE teec «Zi<—> 7 fUZc.f—<'e <o ied St ™Y

different morphology than YSZ, what is described in followinghapters.



CHAPTER 4THE AIM OF RESEARCH
WORK

The literature review of gas turbines technologyshowedthat there is a constant need to
increase the combustion temperature in the jet enginesThe higher inlet turbine
temperature increasethe efficiency of the engie. 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 Coatingsshould be improved

Based on these information, te research hypottesis of this workwas that:

Due to the appropriateselectionof SPSspray processparameters it is possible to modify
the zirconia coating microstructureand improve thermal transport properties of Thermal

Barrier Coatings

The useful goal of this work wado test the commercially available torches with zirconia
suspensions in view of possible applications as thermal barrigrst tZ+...-"*'Z>—% <o
(SG100, Triplex, Axial 1l and WSFH 500). The torches were different in the term of
plasma stabilization mode, electric power, feedstock injection etclt was necessaryto

find appropriate spray conditions for each torch in order to produce highquality
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 growttup mechanisms in Suspension Plasma Spraying metodvell
as the characterization of selected properties of SR8conia coatings deposited vith
different spray parameterswere a scientific goat of this PhD project. Finally, the
correlations between microstructure and properties of coatingswere investigated and

discussed also.

The methodology and scheme of performesdtudies are presented in Kjure 13.



Figure 13 The research metho dology used in this PhD project



CHAPTER SEXPERIMENTAL
PROCEDURES

5.1. Suspension manufacturing

5.1.1. Powder characteristics

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

were used for coating production Themain features of powderswere as follows:

YSZpowder

Figure 14 The morphology of YSZ powder produced by Tosoh (FEGSEM, SE]J99]

The submicrometer-sized powder produced by Tosoh (Tosoh T-BYS, Tokio, Japanyith
a chemical composition of Zr@+ 14 wt. % Y>0s. The powder is manufactured in a mult
step procedure, starting with hydrolysis of chemical precursors,followed by drying,
calcination, milling and finally spray drying[31]. The morphology of YSZpowder was
characterized using Scanning Electron Microscopequipped with Field Emission Gun

(JEOL SM 7400F, Tokyo, Japan) anghowed irregular microstructural features of YSZ



powder. The powder particles formed longitudinal and heterogeneous aggregates
(see Figurel4 [99]).

The powder particle sizewas measured bythe means of Dynamic Light &ttering (DL
technique using Zetasizer Nano Z§Malvern Instruments Ltd, Worcestershire, UK)
The methodallows to measure submicrometer or even nranometer-sized (even down to
1nm) particles. This method determines in fact the particles motion from the detected
fluctuations of scattered light. Then the particle motiorcan be convertedo the particles
size by the StokesEinstein relationship. According to the measurements lie powder
particles were equal todviotraux dw@:rawu Asdvf2ta{w Ahaiparticle size

distribution diagram s are presented in Figurel5.

a

Figure 15 YSZ pwder 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 XRay diffractometer Bruker D8 Advance



(Bruker, Billerica, MA, USA operating under Bragg "fe—fe+‘ %ot‘ef—"> ™S — =
radiation was used for this purpose. The measurements were carried outf — thgle

inthe range 15 strt ™ theStepsize of raruld St t< " f...— % "fee MI"F fefZ
dedicated Diffrac+ EVA Softwareand JCPD3CDD databaseln the case of YSZ powder

produced by Tosoh, he XRD studies showed thatpowder had fully cubic structure

(see Figurel6) [33]. The 01-078-5501 file (Yttrium Zirconium Oxide) of the JCPDS data

base was used to describe thehasecomposition of Tosoh powder.

® Cubic phase

Figure 16 The XRD diagram presenting the phase composition of YSZ powder in as -
produced state

YCeSZowder

The powder produced by Oerlikon Metco with a chemical composition of
Zro; + 24 wt. % CeQ + 2.5 wt. % Y03 (Metco 205NS,Winterthur, Switzerland).
The solid particles were prepared by spray drying and heat treatmentIn fact, the
powder was originally designed for conventional Powder Plasma Sprayinghe particles
were coarse,micrometer-sized, and spherical in the asproduced state (see Figurel?).

According to the product data sheet thepowder particle were in range of-stw 2ss.A-e

The particles were to coarse to be sprayed b8uspension Plasma Sprayinglherefore,

the powder was pretreated prior to the suspension formulation. The YCeSZ powder



underwent 3-hours mechanical milling performed by using agitator balmill moliNEx

system (Netzsch, Selb, Germany).

Figure 17 The morphology of YCeSZ powder produced by Oerlikon Metco (SEM, SE)

This high-energy methodenables to crushpowder materials having different hardness
and reduce their sizeeven up to submicromeer. In this case, he process was performed
in an ethanol bath and 2nm zirconia balls were used as a grinding mediunThe process
allowed to obtain fine and irregular YCeSZ powder particlesas show in Figure18.

The final powder particles were angularand non-agglomerated[100] .

Figure 18 The SEM micrograph of milled YCeSZ powder(SEM, SE)

The laserdiffraction 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 lightat 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



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 LA950 V2 (Horiba Ltd., Kyoto, Japan). The powder particle
size distribution of crushed powder showed monomodafeature but much wider than in
case of YSZ powdefsee Figure 19) The results of granulometry test were as follows:

dvioxravs dwd@trayw Acdvfsrsazr Aea
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Figure 19 YCeSZ powder particle size diagram: (a) volume -based patrticle 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 monoclinicomponents was observed also)

[33]. The XRDdiagram is presented in Figure20.



® Tetragonalphase
® Monoclinicphase

Cubic phase

Figure 20 The XRD diagram of YCeSZ powder ininitial stage

The phase composition of YESZ powderwas found to bea mixture of:

x tetragonal phase of Cerium Yttrium Zirconium Oxide (04€13-9723 file of the
JCPDS data base}his was a dominating phase

X monoclinic phase of Baddeleyite, ZrO2 (06037-1484 file of the JCPDS data base)

X cubic phase of Cerium Yttrium Oxide (04016-4629 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 amixture of powder material, solvent and dispersant agent.
The procedure of suspension formulation is presented in Figur2l. As a solid phase the
as-produced YSZ and balinilled YCeSZ powders were used. Three different amounts of

solid phase were used depending on the pdana torch and spray parameters:
x 2.5,5,10wt. % SG100;
x 5,10, 20 wt.% - Triplex;

x 10, 20, 30 wt.% Axial Ill and WSRH 500.



Figure 21 Suspension preparation procedure (powder pre -treatment applied if
necessary)

Afterwards, the powders were mixedwith a water/ethanol (50 vol. %/50 vol. %) based
solvent. Furthermore, the suspensions were homogenized anstabilized by the addition
of dispersant agent Thephosphate esteragent namely Beycostat C213GECA France
was used to @sure electrostatic stabilization of suspension The most important

features ofliquid feedstocksused for spraying are summarized in Tabl8.

Table 3 The characteristic of suspension used for spraying

. Powder Powder Powder Suspension .
Suspension . Solvent Chemical
details dvio dvso dveo concentration type agent

A A Ao (wt. % of solid)
2.5;5;10 (S€.00)
5;10; 20 water /
W ba§ed 0.36 0.53 0.95 (Triplex Pro-200) ethanal Beycostat
suspension 10:20: 30 (50:50) C213
(Axial 1ll; WSRH500)
2.5;5;10 (S€4.00)
5;10;20 water /
vCeSzbased 41 o975 1.0 (TriplexPro-200)  ethanol -cYoStt
suspension 10: 20 : 30 (50:50) C213

(Axial 1I; WSRH500)

5.1.3. Zeta potential

The formulation of suspensiors is a part of colbid chemistry and the main aim of this
process is toprepare a e—f ,Zf e—e'Feec'ed > —St effee T o _o'Foeecteje o
sedimentation rate should be minimized. In case of suspensions for SPS tparticle
dispersability should beimproved and rheologial properties should beenhancedalso.

The stability and dispersion of colloids can be preventedfor example by electrostatic



repulsion. The strength of this force can bedescribed by the Zeta potential (¢
The higheris the force better is the suspensim stability. The detailed information about
Zeta potential and suspension stabilizatiormethods were given in the part of literature

review (Chapter 2).

As mentionedin previous paragraph in order to prevent the powder particles against
agglomeration and sedimentation the dispersant agent was usedBeycostat C213)
The Zeta potential measurements were performed toptimize the liquid feedstock and
predict its behavior during spraying. The measurements were performed byZetasizer
Nano ZS (Malvern Instrumets Ltd, Worcestershire, UK).The best obtained values of

Zeta potential ( ¢for mentioned suspension were as follows:
X G82.5mV for the YSZsuspension

X G «42.9mV for YCeSZ suspension.

5.2. Substrate preparation

The substrate preparation is aone of thecrucial sub-processin 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 substrat®pography

on the coatingmicrostructure and mating growth-up mechanisms

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

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

(i) laser treatment. Grit-blasted substrates werethe most rough (Ra=5.57.8 A ¢ and



they had very irregular surface. The white corundum with the size of F36 (particles
between 500-xrrAs f .. .. ‘"t <o %FERA stéhdlards) was used for grblasting.
The lasertreated substrates were having medium roughness (Ra=329 A but the
surface peaks were distributed very regularly when comparing to grit-blasted
substrates. The laser textuing allowed creating offine grooveson the substrate surface
(one-dimensional linear pattern). The treatment was performed by usingDuetto
picosecond laser(Time-Bandwidth Products, 0”«¢...S& ™ «—-BmnallyZ thefginding
process was performed with 3D grit SiC abrasive paperThe grinded substrates wereat

the same timethe smoothest ones (Ra8.1-0.5 J+ a

Figure 23 The substrates profiles: (a) grit - blasted, (b) laser treated (c) and grinded

The 3D views of substrates topographies were prepared bgonfocal laser scanning
microscopy (Lext OLS4000Olympus, Tokyo, Japaj and are presented inFigure 22
The roughness measurements were made witlthe use of stylus profilometer FORM
TALYSURF 120LRank Taylor Hobson Ltd Leicester, UK The substrate profiles are

shown on Figure 23 and he roughness valueswvere as follows:



X Sandblasted substrate Ra=5.5/.8 A« & e +-wtAdMmA
X Laser treated substrate Ra=3.3.9 A*4 oo +-sxadyn,A
x Grinded substrate Ra=A-0.5 A«4a ce +ré&E{jmA

Two kinds of substrates were used. The coupons with the diameter of 25mm
manufactured from 2 mm thck 304L stainless steel were used for microstructural
characterization of coatings For the purpose of studies that were performedat
relatively high temperatures the temperature-resistant nickel super alloy (Inconel 600,
UNS NO06600)substrate were used alsoThe substrates were 2mm thickand 10x10mm

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

spraying.

5.3. Thermal spraying

5.3.1. Plasma torches and spray set-ups

The spray process was performed with the use ofour different plasma torches
They had different design, power, plasma stabilization mode feedstock injection etc.
Following, the plasma setups were also slightly different what influenced the
arrangement of the deposition process.The main characteristic of each plasma drch
and each setup is discussedbelow. The detailed discussionfocused onadvantages and
disadvantages of different types of plasma torches was presentedlready in the

literature review part.
SG100

The basic torch that vas used for coating productionhaving 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 optimizatio of feedstock injection
point was not necessary here. Th&G100 torch (Figure 24) was developed by Praxair
(Indianapolis, IN, USA]102].



Figure 24 SG100 plasma torch with internal injection  [102]

The SG100 plasma torch was mounted on an arm o%-axis industrial robot of ABB
(Zurich, Switzerland). The robot was used to movethe plasma torch and scan the
«— ,*—" Burfacé. The samples werenounted on the flat table which was connected to
the vacuum pump The vacuum system wasecessary to keepthe 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 sprayset up equipped with SGLO0 plasma torch is presented in
Figure 25b. The suspensbn 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 manmeter (Figure 25a).

a b

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



Triplex

The secondspray setup was equipped in more advanced TriplexPro-200 torch of
Oerlikon Metco (Wohlen, Switzerland) The torch is characterized by three parallel
cathodes and one anodeThe cathodes and anode are separated by electrically insulated
rings what prolongs and stabilizes the arqFigure 26a). The design of torch makes
impossible to use internal injection of feedstock materialThe injector was mounted
outside of the torch, radially to the plasma jet. The suspension injection point was set
based on the own experience of théaboratory. 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 theathodes and they are shown in dark gray in

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

a b

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

The whole ®t-up arrangement was slightly different then in case of SE0 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 ixture by the use of vacuum system (vacuum pump connected to the
fixture, similarly as in case of S@A00 set-up) or mechanicallyby screws.The rotation of
samples allowed more effective cooling of samples when comparing to the flat table
used in the prevously described setup. 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.



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

Axial Il

The next plasma torch applied for coating deposition wasnulti-cathode and multi-
anode gasstabilized Axial Il (Northwest Mettech Corp, North Vancouver, Canada)
Thanks to the use of threeandependent DC arcssupplied by three power sources the
torch can reach much higher electric power then in the case of otheyasstabilized
plasma units.The torch enables alsoan internal and fully axial injection of liquid slurry
(see Figure 28) Furthermore, in this patented solution, the feedstock isntroduced
directly in the hot center of three plasma jets, which joint in a exit nozZe of the torch
The material is entrapped in the hot plasma jet, sche optimization of the suspension

injection point was not necessaryfor Axial Ill.

The spray setup arrangement was semindustrial one in case of Axial Ill (in contrast to
typical laboratory set-ups equipped with SGL00 and Triplex torches).The configuration

of the spraysystemwas as follow: the torch was mounted on a-@xis industrial robot of

ABB (Zurich, Switzerland) and the substrates werefixed to the carousel. The carousel
was saewed to the thermal spray turntable. Therotation of the tablecorresponded to

the torch scan speed velocityAfterwards, the linear movement of the torch (up and

down) defined at the same time the scan ofet and the trajectory of the torch
(Figure 29Db).



Figure 28 Axial lll 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 peristaic pump and
Coriolis mass flowmeter, so the feed rate was measured and controlled dme during
spraying. The system allowed also to observe the injection baghressure valuein order
to eliminate any problems related to the feedstock introduction into lhe plasma jet.
Furthermore, the suspension was mixednside the suspension feedelby the internal

mechanical stirrer.

Figure 29 The SPS setup equipped with Axial lll plasmatorch;a  commercial NanoFeed
suspension injection system with peristaltic pump, b plasma torch and sample fixture
(University West & "‘ZZSij——f-



WSP-H500

The last of applied torches (Figure 30) [84] was ahybrid version of water stabilized
plasma torch (WSP) The torch operates in dual, gas and water,stabilization mode.
As a resultthe torch canuse a very low working gas flow rate (onlya few to a dozen
slpm of Ar). But the unit consumesalso a few liters of pure water (per hour). Thewater
is decomposed into hydrogen, oxygen and OH groumsd these gases fornmtogether
with working gasesthe plasma jet.At the same timethe torch provided also the highest
electric power among all units that were testedin this PhD project This resultedin the

higher temperature and enthalpy of plasmajet (when comparing to gas stabilized
torches).

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

The plagna torch was mounted on an arm of @xis 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, lte rotation of the carousel corresponded to the plasma torch scan

speed. The arrangement of spray seips is presented inFigure 31b.

The suspension transportation was realized using conventional pneumatic system
(similar as in case of SG00 and TriplexPro-200). Thecontainers 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 showin Figure 31a.



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

The optimization of appropriate injection angle and pressure was done buysing the
shadowvgraphy method. The diagnostic system was basing @prayCamcamera(Control
Vision Inc., SahuaritalJSA) andwas usedalso for a visualization of the liquid feedstock
stream breakup and droplets fragmentation in the plasma jet (Figire 32)[5].
The injection pressure was adjusted depending on the powder material and suspension

concentration.

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



Before starting of each sprayrun the plasma jet, solvent flow as well as appropriate
suspension flow were controlled also by conventional camera equipped with CMOS

image sensoras presented inFigure 33.

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

5.3.2. Spray process parameters

The very big differences betweenthe spray setups that were described in the previous
paragraph (and aresummarized in Table4)[5] caused that thespray parameters had to

be optimized for each plasma torctseparately.

Table 4 The summarized characteristic of plasma torches that were used for the coating
production > ‘e‘]‘™eec feot oWfSKI[5])

Iniection Electric Arc
Torch Injector {an le power  stabilization

9 (KW) mode
. Low

SG100 Internal Radial (40KW) Gas
i . Low

Triplex External Radial (45KW) Gas
Axial . High

I Internal Axial (120kW) Gas
WSP- High

H500 External Radial (150KW) Water




The detailed spray process parameters for each sep are collected in the Table5.
The two plasmatorches operated at relatively low electric power40-45kW (SG100 and
TriplexPro-200), whereas Axial Ill and WSH500 generated muh greater electric
power (120kW and 150kW, respectively). Furthermore, the working gas composition
and gas flow rates were much different for each torchThis influenced the standoff
distance (bigger power = bigger spray distance), spraying speed, plasiaach trajectory
(offset between the torch passes). Depending on the torch power, the suspension

injection feed rate could be optimized also (bigger power = biggesuspension flow rateg.

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

Torch SG100 TriplexPro -200 WSP-H 500 Axial Il
Process
parameters, Values Values Values Values
units
Electric power, N _
KW 40 45 150 120
: Ar + HO
RN d gases Ar+ H Ar decomposition Ar+Hx+ N
composition
products*
Total plasma 15 of Ar + HO
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 ) . . .
= system; system; system; pomp;
injection X X X :
continuous continuous continuous continuous
system . . . "
stream injector  stream injector stream injector  stream injector
Suspension
injection rate, 35 40 90-100** 45
ml/min

* Hz, O and OH groupsformed 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 standoff distancein 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 substrateor coating. In this study, each spray
setup was equipped with the temperature control system. The measurements were
conducted by the use of infrared pyrometer, thermocamera or thermocouplattached to
the substrate rear surface. Th selection of the equipment dependedn the setup
arrangement. The exampleof temperature history (WSP-H500, temperature measured

by thermocamera and thermocouple) is presented in Figurd4.

Figure 34 The example of the tempera ture history recorded during spraying (blue color -
substrate rear surface and red color - at the sample front face)

5.3.8. Spray process design

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

(i) suspension concentration (iii) substrate topography, and finally, (iv) plasma torch



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 wC201
YCeSZ LT 5 SC52 10 TC102 20 AC202 20 WC202
YCeSZ G 5 C53 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
suspensias. The full list of samples is collected in Tablé and the methodology of

samples labeing is shown in the Figure35.

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 crosgction of
samplesas shown in Figure 36 The samplesvere observed using thelight microscope
Nikon Eclipse LV100 (Nikon Instruments, Amsterdam, Netherlands) The mean
thickness of coathgs was found from B measurementsthat were taken in different
region of coatings five local measurements in three differentregions of each samplg.

As a result theaveragethicknessvalue and standard deviation were calculated

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

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

Scanning Electron Microscopy (SEM) isa well-known method that enables the
microstructural characterization of coatings at high magnifications. The method was
used in the study to investigate thenorphology of deposited coatingsThe micrographs
of the coatingsurface as well as of the coating crossection were taken. Different SEM

microscopes were used during studies:Philips XL30 Eindhoven, NetherlanjlsLeo



1455VP (Carl Zeiss GmbHOberkochen, Germanyand Neon 40ESB (Carl Zeiss GmbhH
Oberkochen, Germany. TheSEManalysis was madewith the use of secondary electrons

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

SEMmicrographs were used also 6r a calculation of the coating porosity. First, a few
images of each sample were taken at constant magnificatio(l600x). Then, he
micrographs were edited using ImageJfree software and total area of pores was
calculated (Figure 37). The porosity of coatings was analyzed in at leafive different

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

Figure 37 The example of porosity calculation s by image analysis method (SEM, SE
micrograph edited using ImageJ, sample WT101)

Afterwards, the energy-dispersive spectroscopy EDS studies were performed in order
to qualitatively evaluate chemical composition of depos$s. The investigations were
performed by using Philips XL30 microscope equipped witHNCA energy-dispersive
spectrometer (Oxford Instruments, Oxfordshire, UK) and.eo 1455VPmicroscope with

Metek EDS detectof EDAXInc., Mahwah, NJ, U$.

5.4.3. X-Ray Diffractio n (XRD) and Rietveld
refinement

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

Advance diffractometer (Billerica, MA, USAdperating under Bragg-Brentano geometry



(theta-2 theta). The — =s "ftcf—<'e fot f "fe%t ‘~ tE foe%okdre ""‘e sw?

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

Using XRDdata and Rietveld refinement methodthe quantitative analysis of YSZ and
YceSZ coatingsvas carried out. The method allowed to calculate the content of phases
that were defined usingDiffrac+ Eva software The lattice parametersof different phases
that were identified in the coating structures were calculated also. The studies were

carried out using TAPAS 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 quaitiative analysis of different microstructural
feature of crystalline materials. In this work, the EBSDstudies allowed to observe the
crystallographic orientation of grains. The shapesize 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 usuallyyrt & Ste —St $Zf.. -""¢
are scattered by the atoms that form the material structure andhey undergo different

interactions with single crystals.The electrons that were back scattered accordingly to

the well-e¢* ™o " f% % ie Zf™ .. feo T "1 -seéfditivé detedtat in.a foftr 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 notBragg scattered(and have

lower energy) produce abackground for Kikuchi patterns. In fact,EBSDis a technique

basing on the discovery of diffractions patterns observed together by Nishikawa and

Kikuchi in 1928 [106]. Those patterns we" $ ... fZZ 1t "<& > 00 f——f"ee ‘*~ —S]
~+—"_S <khetférination of Kikuchi lines can be observed in Figurgs [107].

In order to have a qualitativedata about the material,the sampleis scanned pointby
point with an adjusted step sizeThen thepoint 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 availablend the data acquisitiorfprocessing

systems are fast enouglo ensurereasonable time of analysis

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

The EBSDmethod requires a very careful metallographic preparation of samples
The sampleswere mounted in electrically conductive Bakelite resin together with the
carbon filler (Polyfast Struers). The samples were theground and carefully polished
with fine colloidal silica (OPS Struers)After cleaning in anethanol bath the samples

were coated with a very thin carbon layer.

Due to the fine grained microstructure of SPS coatings, the appropriate selection of
EBSDacquisition parameters was necessary in orderd ensure highresolution and high

guality of results. The parameters were agollows:

the proper test area was chosen based athe SEMobservations

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

beam voltageof 15kV ard aperture of 60 An

acquisition speedof about 6-10 points per second



The measurements were done usingEM NeomdOESB equipped withDigiView EBSD
camera (EDAX Inc,Mahwah, NJ, USA)Then, the recorded data were analyzed using
dedicated OIM Analysis 6.1 software. Th&BSDdata were filtered each time in orderto
minimize noises, which are unavoidable for thikind of analyss. The data filteringwas

performed by using oftwo types of filters - confidence index (Cl > 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 evaluatedby Laser Scanning Confocal Microscopy (LSQM).
The measurements were carried out using Olympus LEXT OLS40@lympus Co.Ltd.,
Tokyo, Japan)For each sample five measurements were performed. Then, the average
value and standard deviation of Ra and Rz roughness paraters were calculated and

compared.

The roughness was evaluatedualitatively 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 wasalyzed.

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 dour
local 2D images of theoating surfaceand well-known shadowing effect[108]. The local
SEM micrographsare taken by the symmetrically located BSD detears (see Figure 39
[99]).

The andysis was performed on Phenom G2 pro SEM microscopehenomWorld B.V,
Eindhoven,Netherlands). The 3Dmodels of the coatingfree-surfacesthat were obtained
by SFSmethod gave another insight on thecoating formation mechanisms, surface

profile and coating roughness



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

5.4.7. Density measurements

One of the key property, whichshould be knownin order to evaluatethermal diffusivity

and thermal conductivity isatrue density of material. In this study, the gas pycnometry
method was used (AccuPyc Il 1340 Pycnometer, MicromeriticsCorp, GA, USA) to
determine this property. In this gas displacement methodthe volume of material is
measured very precisely. This is possible by usinghelium as a working (caled also
replacement) gasand its small molecules size Then, basingon the well-known o fee —°
“tZ—eF06 "f—<' —SF theec—> T ef—F"<fZe . fe i . fZ..—Zf-1Ta

The closed porosity of materials canbe an important factorin pycnometry analysis.In

order to eliminate the effect ofinternal pores, the densities of:
X powdersin as-produced state
X powders after ballmilling (in case of Y@SZ)
X mechanically crushed coatings

were determined and compared. For each powder 10 measurements were performed
and then averagevalues were calculated. The density of Inconel 600which was used as
a substrate for hightemperature LFA test wasdetermined using the same procedure.

All materials were dried before pycnometry test.



Finally, based on true density determined by pycnhomey, the bulk density of each

coating was calculated by the following equation:

éL é4 &s- o (2)

5.4.8. Dilatometry (DIL)

Another property of coatings analyzed prior to the studies of thermal transport

properties was the thermal expansionof YSZ and YCeSZ deposithe well-known push-

rod dilatometry was used to masure dilatation and contraction of zirconia coatings
(Netzsch DIL 402 C,Selb, Germany). Thetemperature cycle was a follows: room

temperature RT strr 1 RT. The measurements werearried using argon as a
shielding gas The heating and cooling rates were both 21 <« 3&he correction values
for DIL 402 Cdilatometer were obtained by measuring alumina standard sampléirst.

The data were analyzed by usingt ¥ t<... f—%1t 7"‘—f—e: o' "-™f"1§

The main goal was to determine the value of thermal expansion and coattion 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 materialHowever, due to the limited
thickness of samples that was possible to obtain ithe laboratory and due to the high
adhesion of coatings this approach was not successfulTherefore, the coatings for
dilatometry test were sprayed by conventionalpowder plasma spraying method(and

SG100 plasma torch)and by using coarser powders.The powders were asdllows:

X YSZ- Metco 204NS with a composition of ZrO2 + 8 w6 of Y0z (powder had
slightly different composition the powder that was used for suspension spraying.
Unfortunately, YSZ powder containing 8 mol% of YOz dedicated for APS was

not available atthe moment on the market).

X YCeSZ Metco 205NS (the base powder that was used for batilling and the

preparation of submicrometer-sizedYCeSpowder for SPS).

The aimed thickness ofboth APS sprayed coatings wasqual 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)hen, the samples wereanalyzed



in two directions - in-plane (parallel to the substrate) andout-of-plane (perpendicular to
the substrate). This methodologyenabledto measure thermal expansion and distortion
with the same accuracyin two directions and to seeif there is any anisotropy of thermal
elongation in coatings deposited by plasma sprayind.he microstructure of coatingsand
the arrangement of dilatometry measurementsrelative to the coatingorientation can be
seen in Figire 40[109] (the example of YSZ coating is given onlyJhe powder plasma

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

a b

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) ,> ‘e'l*™eec THOP|Z4

But the accuracy of dilatometry test can be highly influenced by thength of the sample

Therefore,the 10 mm long samples wereneasuredalso in in-plane position to validate

the results (just one measurement directiondue to thelimited thickness of coatings).

The dilatometry test wascarried out also for Inconel 600 substrates wih 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 materidgst, the differential scanning calorimetry
method (DSC) wasused Two different calorimeters were used in the following

temperature ranges:

X ""fe vrito trrt > —ece% E8Y(SETARAM Instrumentation Caluire,

France). The machine uses a 3D Calvet sensor, which surrounds the crucible with



sample material. Ths causes that the accuracy of Cp measuremerngsvery high
for this kind of equipment. Furthermore, therelatively large-volume crucible is
another advantage influencing the precision of Setaram C80 equipment. It was
possible to measurefrom 10 to even 20g of the YSZ and YCeSxaterial with a

heatingrate ofrat ¥ e«<ea

x from urt —' wriby Q1000 calorimeter (TA Instruments, DE, USA).
The modulated DSGMDSC)mode was usedduring measurementsas it enhances
the sensitivity of measurements(due to the semration of material properties
from their thermal history). MDSCmode is recommended for evaluation of
complex materials [110]. The modulation of - s! $7f"> swas wused.
The conventional hermetic, alumina pan was usedThe pan allowedto measure

from 5 to 8 g of coating material

Both SPS sprayedirconia coatings (YSZ and ¥SZ) wereremoved from the substrates
and crushed.Then, the coating materials, having a form of powder, were able fidl well
DSC crucibles This procedureallowed to improve the heat flow through the analyzed
material. The materials were dried prior to the DSC experiments. Furthermordyoth

calorimeters were also calibrated prior tothe measurements byusing sapphire samples.

The DSC measurements allowedetermining Cp values in relatively low temperature.
The theoretical approach was used in order to calculatepscific heat capacity values of
YSZ and YCeS@&oatings inmuch higher temperature. The calculations were done using
e Zf™  eetT™Me f7ef feo 0" s@H ‘fer§-—e"3SF .. Stec..fZ

coatingsthe Cp values wereevaluatedusing the formula:

[
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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 wellestablished method that is widely used for a
characterization of thermal diffusivity and then for a calculation ofthermal conductivity
of coatings.In this technique theenergy pulse isgenerated by xenon lamp or laseand is
applied to the bottom side of the sample Then, the change othe 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 observedThe LFA has many important advantages, likesimple
operating rule, wide range of thermal diffusivities that can be detected by this method
(see Figure41[111]) etc.

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

But LFAdoes not investigate the thermal diffusivityand 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 accuracyAs mentioned in

previous paragraphs, alnecessarythermophysical 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 dowys is given in Figure42.



Figure 42 The methodology of thermal conductivity calculations in high  -temperature
"fe%t —' —' srrrt

Laser Flash Analysisvas performed usingNetzsch LFA 427(Netzsch, Selb, Germany).
In this high-temperature setup the laser pulse is used to generate the energy at the
substrate surface. The temperature change was observed the ceramic coating surface

The measurements were conducted witlthe following parameters:

X Inconel 600 substrate was investgated by using one layelCape & Lehmarmmodel
[112]. The model considers the heat logs during the measurement the finite
pulse duration and transient heat transfer also. The measurements wearried

i ok Srrrl

X The zirconia coatings were measured andonsidered as twolayer systens
(coating + substrate material) The two-layer model that included corrections
resulting from: heat lossesfinite pulse duration and did not considerthe thermal
contact resistance betweenmmentioned layers. The LFA test was performed up to
srrri <o . fef ‘7 v f=<2%oe fet —7 =" zrrl <o L fe} 7
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 phenomenonis still under investigation.

Prior to the experiments the both sides ofeach samplewere coated with the thin
graphite layer. This provides uniform heat distribution, increases the energy absorbed

from laser pulseandimprove the quality of temperature signal on the detecto side.

The analysis of very heterogeneous materials or multayer systems by LFA is still quite

complex issue. Thereforethe verification of thermal conductivity values was done.



The approach called response methodntroduced by Baba et al.[113] was used to
confirm the accuracy of thermal conductivityvalues obtained by laser flashanalysis
The method bases on the LFA signal obtained during the experimental work. Then the

following procedure is applied:

X normalization of the electrical signal value in a way that the max. value slways
A6 fet <oc—<fZ —1e 1" flnthisiwayediierént measurementscan be

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

x calculattRQ RI WKH *DUHDO KHDW @&I[114)VLRQ WLPH" VHH )L

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

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

thermophysical properties of coatings were usesl/aluatehermal conductivity:
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5.4.11. Instrumented Indentation Testing (lIT)

The investigations of basicmechanical properties (elastic modulus and hardness) of

zirconia coatings were performed by Instrumented Indentation Test (IIT).



The measurementswere carried-out by the use ofmicro-hardness tester CSM -207
(CSM Instruments,Peseux, Switzerlad). The equipment has”f¢‘Z ——<‘e *~ srr J "'
load measurement and 0.3 nm for indenter displacement measurement§he setup was
equipped with a diamond Berkovich indenter.The selectedsamples wereanalyzedin as-
sprayed condition (without any pre-treatment) and the measurenents were performed
at the free-surface of coatings. The measurements were ralized using multicycle

loading andunloading scheme (see Figurd4).

Figure 44 The multicycle nanoindentation test

The measurements were carrieebut in accordance withASTM E9282 [115] standard.

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

x loading rate (mN/min) was setas twice as the vaue of the maximum applied

load. Thisguaranteed that all cyclestook the sametime [116],

X increasing loading values in the range of200mN (first cycle) - 5000mN (last

cycle),
X increasingunloading value set a0 % of loadng value,

x dwell time of 15s used for each maximumminimum 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 andpplied the following
formula in order determinate the Emodulus:
SYE s S
g L=——r——
Ut y#%

-V,

But when consideringdifferent measurement conditions, thenmany various effects can
occur. During the years many different correction factors were proposednh order to

improve conventional methodology, for example:
X correction factor ( 3 for various geometriesof indenters [118] [120],

X 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 als¢121] [124],

X instrument compliance (G), when the displacement of indenter may be

overestimated due to the deflection of equipment parts
X geometrical correction factor (@ f e f "—e...—<c'e 7 fcoef o325 F " T e

As a result the following form ofOlivier and Pharrequation was used to evaluateelastic

modulus of coatings:

 SYRs s
ET 00t 3 %F %

Hardness by IIT

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

It can be calculated using following formula:

‘sz O

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

Berkovich indenter andtested material.



CHAPTER 6RESULTS AND DISCUSSION

6.1. Microstructure and growth -up mechanisms

6.1.1. Coating morphology

As mentioned in a previous chapter, due to the extensivexperiment design 72 different
coatings were produced(see Table 7) All of them were characterized in term ofthe
microstructure and they were used toanalyze the coating growthup mechanisms.

Table 7 The thickness and porosity o f coatings (red color - coatings having columnar -like
microstructure; * - coatings that were not deposited correctly)
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| st22 | - | - | 11582 | - | - | AT202 | - | - [wr102]| - [ - |
ST23 - TT53 - - AT103 - WT103 -
| ST51 | 82.6 [18.1| TT101 | 90.9 | 13.1| AT201 |1604| 16.1 | WT201 | 165.6 | 163|
ST52 - TT102 - - AT202 - WT202 -
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Four different setups were used for Suspension Plasma Sprayin&o the coating

morphology will be discussed for each torch separately.
SG100

The micrographs of YSZ coatings sprayed by SGLO0 plasma torch are collected in
Figure 45. It can be seen, that a we range of procesgparameters allowed producing
coatings characteized by contrasting microstructures. When the low concentrated
suspension was sprayed, then very irregular coatings were formulated. The coatings
were having columnarlike feature. On the other hand, much more dense and
homogeneous coatings were deposited by using suspensions contaigg more solid.
The porosity of YSZ coatings was in a range 1 up to 21%. The substrate preparation
had also an influence on the coating morphology. The coatingsvere more
heterogeneous whengreater the roughness of substrate waslThe YSZcoatings shaved

a limited number of defects in the structureand the interfaces between coatings and

substrateswas freeof any discontinuities.

YCeSzoatings were much more dense and homogeneous than YSZ coatings (see Figure
46). The coatings had typical twezones microstructure, which is composed of well
molten lamella and small unmelted or sintered powder particlesThe porosity was also
lower than in case of YSZ (13 to 1%) and depended on the suspension concentration.
However, the pores were greater and had tefency to form aggregatesThe substrate
preparation method did not have such great effect on the coating microstructure like in

the case of fine yttriastabilized powder.
TriplexPro -200

YSZ coatings that were sprayed byriplexPro-200 torch (Figure 45) were much denser
and homogeneous comparing to those deposited by SIB0 torch. The porositywas also
lower, in a range of 1216 %. Only the coatings that were sprayed onto lasetreated
substrates showed columnatlike features, but notin case, when themost concentrated
suspensionwere used (20 wt. % of powder). In that case much denser coatings were
obtained. Furthermore, the filling of lasertreated patterns by feedstock material was
not ideal and the pores at the substrate/coating interface were observedihe other

spraying conditions caused formulation ofdense two-zones structures. The coating



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

slightly bigger than in case of SG00.

Figure 45 The cross-sections of selected YSZ coatings deposited by SG100 and
TriplexPro -200 plasma torches (SEmode, 200x and 400x)

The spraying ofYCeSZ&uspensionsusing 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 thesuspension concentration The increase inthe amount of solid phase in

the suspensionresulted in the increase inYCeSZoating density. The coatings showed



also a single microcracks and pore aggregates. But based on SEM micrographs, the

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

Figure 46 The cross-sections of selected YCeSZ coatings deposited by SG100 and
TriplexPro -200 plasma torches (SE 200x and 400x)

Axial Il

All YSZ coatingghat were sprayed by Axial 1l werecharacterized by similar porosity
and morphology. The suspension preparation and substrate topography did not have a

big influence on the coating microstructure(Figure 47). The columnarlike morphology



was not obtained for Axial 1ll, even for fine YSpowder. Thecoatings had theporosity in
the range between 10 and 16 %. Furthermore, the pores were homogenously
distributed in the coating and were also very fine (hundreds of nanoméers).
The coatingsubstrate interface did not show any defects when grit-blasted substrates
were used Butwhen coatings were sprayed ontdaser treated or grinded substrates,
then coating alhesion was much lower. The careful metallographic preparation was

neededasYSZcoatings had a tendency to delaminatduring e.g. cutting

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



Figure 48 The cross-sections of selected YCeSZ coatings deposited by Axial Il and WSP-
H500 (SE, 200x and 400x)

The YCeSZ coatinggeposited by using Axial 11l torch were characterized by thehighest
density among all producedcoatings (Figure 48. These YCeSZ coatings were also the
most homogeneouswith porosity of around 5 % (Table 7). The singleand very fine
pores were mostly spherical anddid not create bigger aggregates like in case of fogr
plasma torches The effect of suspension and substrate preparation on the coating
morphology was not soobvious as in the caseof other plasma torches. The coatings

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



WSP-H500

Two various types of coatings were produced when spraying fine YSZ suspensiorby
WSRH500 torch (Figure 47). The columnarlike structures characterized by typical
intercolumnar voids were achieved for suspensiorwith the lowest content of powder
(10 wt. %). The height and width of single columns was not uniform.Furthermore, it
should be stressedthat these coatings were obtained for all kinds of substrate
topographies, including flat, grinded, substrate. he appropriate substrate interface
without any signs of delamination was also achievedfor all columnar-like coatings
On the other hand, wlen more concentrated YSZ suspensions werased, then the
produced coatings were nuch denserand had two-zones microstructure. The single
micro-cracks were observed alsoln case ofcoatings deposited using the most loaded
(30 wt. %) suspensiononto polished or laser treatedsubstrates a discontinuity at the
coating-substrate interface appeared The YSZcoatings had porosity ranging from 13 to
21 % depending on thecoating morphology. The single pores were fine, nanometric or

submicrometric, but the aggregatesreached the size ok fewmicrometers.
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Figure 49 The deposition rate (thickness/pass) values obtained during spraying

81



The YCeSZ coatings sprayed by WSHB00 torch had typical two-zones structure.
The coatings showed wellmelted lamellas with single powder aggregates The
columnar-like coatings were not achieved. The coatingsere characterized by various
porosity ranged from 13 to 14%. The porosity was laver for coatings sprayed by more
concentrated suspension, similarly as in case of YSIkhe single clusters of pores were
observed in the microstructure of coatings sprayed by 10 wt% suspension They did
not occur for 20 and 30wt. % suspension andpores seemed to be smaller i30. But the
single microcracksappeared at the same time, especially for grinded or laséreated

substrates.

The deposition rate (A Jpass) that was obtained using mentioned setps is also an
important infor mation about Suspension Plasma Sprayingxperiment. The deposition
rates were evaluated based on the griblasted samples that were carefully
characterized.As can be seein Figure 49, the deposition rates were differentfor each
torch. This was caused by the differencebetween set-up designsand plasma torch
features. I was not possible to use the samspray parameterseach time.Following, the

results of thickness per pass ratiogannot be compared directly (for example the offset

between plasma torch passesvas 3 mm in case of SA00 and 3 mm for WSRH 500).
The results do not consider also the coating porosity, which affexthe deposition rate
expressed asA Jpass. But, regardless to theplasma torch the deposition rates of a few
microns per pass were achievedThese results of deposibn rate clearly show that
Suspension Plasma Spraying method may be affective technology and can ba very

competitive processto other technologiesenabling production of fine-grained coatings

6.1.2. Coating free-surface

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

SEM analysis madat the coatingscross-sections.
Columnar -like coatings

It was clearly seen that themost irregular surface was a domain of columnailike

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



Another observations were performed by Shape From Shading (SFS) method. The 3D

models of the coating surfaces were reconstructed and insggated. This technique was

found to be a very useful tool in order to analyze columnalike coatings(see Figure50).

By using SFS, the column high and width were easily measured. The width of columns

™fe <o f T fe%t
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Figure 50 The 3D view s of columnar coatings surfaces reconstructed by Shape from

Shading method (a - ST23, b- WT103, c- ST52)

Two-zones microstructures

The surfaces of coatings charactezed 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 (likeYSZ coatings sprayed by Axial Ill) were very

smooth (see Figure51).

a

Figure 51 The 3D view s of two -zones coatings surfaces reconstructed by Shape from

Shading method (a - TC102, b- AT203)



Generally, he 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, substratesThe substrate topography had much greater influence

on YSZ coatings than on YCeSZ (for Axial Ill even negligilease of YCeSZ

Table 8 The roughness parameters of obtained coatings (red color - coatings having
columnar -like microstructure )
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ST21 10.7 1.6 TT51 6.9 1.1 AT101 45 05 WT101 141 1.6

| sT22 | 82 | 04 | T752 | 60 | 06 |AT102| 1.9 | 0.2 [wT102 | 64 | 0.8 |
ST23 79 15 TT53 29 04 AT103 20 03 WT103 9.7 0.3
| sT51 | 106 | 1.2 |TT101 | 6.1 | 0.8 [AT201 | 39 | 0.6 |[WT201 | 6.0 [ 0.4 |
ST52 7.4 0.9 TT102 65 1.3 AT202 18 02 WT202 39 0.4
| sT53 | 57 | 0.4 |[TT103 | 23 | 0.3 |AT203 | 16 | 0.1 |[wT203 | 3.7 | 04 |
ST101 7.2 07 TT201 51 1.0 AT301 31 05 WT301 39 0.6
| sT102| 59 | 06 [TT1202 | 35 | 0.8 |AT302 | 1.9 | 0.2 [wT302 | 33 | 0.2 |
ST103 39 07 TT203 22 03 AT303 17 02 WT303 42 04
| sc21| 83 | 08 | TCc51 | 38 | 0.6 |AC101| 2.4 | 0.4 |[wci101| 9.0 | 1.5 |
SC22 40 04 TC52 25 04 AC102 21 03 WC102 31 0.1
| sc23| 55 | 07 | Tc53 | 21 | 0.2 |AC103| 19 | 0.2 [wcC103| 6.2 | 0.6 |
SC51 68 07 TCl01 35 05 AC201 26 02 WC201 63 04
| sc52 | 37 | 06 |[TC102| 32 | 04 |AC202| 19 | 0.2 [|wc202| 35 | 05 |
SC53 42 07 TC103 29 03 AC203 18 03 WC203 49 1.1
| sc101| 6.7 | 0.7 [TC201| 35 | 0.7 |AC301| 25 | 0.4 |wc3o1| 6.7 | 0.7 |
SC102 3.6 06 TC202 24 01 AC302 20 02 WC302 31 04
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6.1.3. Coating phase and chemical composition

The results of XRD and EDS studies are presentied a few different coatingstogether in
a just one chart. here was no significant differencein the phase composition for

coatings deposited by variougplasmatorches.



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 RD
analysis, the YSZ coatings werstill characterized by fully-cubic structure. This phase

remained unchanged. The full XRD diagram is presented in Figure 52.

Figure 53 XRD diagram presenting phase composition of selected YCeSZ coatings

YCeSZ coatings crystalized in tetragonal lattice with aery small contribution of

monoclinic ZrQ& (Figure 53). Based on the qualitative analysis of -xay diffractogram the



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 Il and WSP -H 500

YSZcoatings

Sample Cubic phase
content, wt. % aa %

AT101 100 5.1396
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 shewin 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 Y CeSZ coatings sprayed by SG100 and TriplexPro -200
[33].

YCSZ coatings
Sample Tetragonal phase Monoclinic phase

content, wt. % ada % ca % content, wt. % a,bad 9 cad;%d !

sc21 97.45 3.6401 | 5.2133 2.55 5.1570 | 5.2590
52601 | 99.165

scs1 97.10 3.6406 | 5.2160 2.90 5.1532 | 5.2551
52719 | 99.064

sC101 97.30 3.6382 | 5.2097 2.70 5.1535 | 5.2574
5.2545 | 99.090

TC51 92.62 3.6351 | 5.2167 7.38 5.1884 | 5.2077
5.2783 | 98.799

TC101 96.02 3.6358 | 5.2146 3.98 5.1867 | 5.2033
5.2083 | 98.834

TC201 9454 3.6353 | 5.2161 5.46 5.1932 | 5.2046
5.2993 | 98.818
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Viazzi et al.[90], using this formula the accurate evaluation of tetragonal phase of
stabilized zirconia can be done (see Figer54).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 YCeSHe ratio was in range of 1.0131.015. So the tetragonal phase in
YCeSZ coatings was probably transformableBut the more advanced studies are

performed currently to confirm these results.

Figure 54 The different forms of stabili zed zirconia [90]

The qualitative EDS analysis of the samples sprag using suspensiorwas made in two
steps. First, the analysis of coatings deposited by lepower plasma torches (S&00 and
TriplexPro-200) was done, and then the evaluation of coatings sprayed by higimergy
plasma torches was performed (Axial 1l and WIBH500). The content of the elements

were as follows:
SG100 and TriplexPro-200:

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

X YCeSZ{(i) 5-6 wt. % of yttrium, (i) 15-18 wt. % of cerium, (iii) 56 -63wt. %

of zirconium and (iv) 18-23 wt. % of oxygen
Axial 11l and WSPH500:

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

X 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



andthe initial chemical composition of powder was:

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

zirconium;

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

(iv) 47 wt. % of zirconium.

The EDS studieshowed that the spraying did not introduce significantchangesto the
chemical compositionof coatings when comparing to the powder materials that were
used for suspension formulation. There was also no sigitant differences in the
chemical compositons between coatings The examples of EDS spectra of YSZ and YCeSZ

coatings are presented in Figte 55.

a b

Figure 55 The examples of EDS spectra of YSZ (a) and YCeSZ (Ijoatings

6.1.4. Formati on 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 micrograpts of selected

coatings having columna features are presented in Figre 56 [109].

First columnar-like coatings were obtained when rough (lasetreated in particular)
substrates were used. The mechanism of coatings growth can be associated to the
particles which follow the hot gas swirls and adheremainly to the peaks of substrate or
previous depositsand thenform columnar-like microstructure. The behavior of pavder

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



() Fo  drag force pushing fine solidstogether with plasma jet swirlsand (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 canadheredirectly to the substrate or move parallel to
its surface- depending on which ofthe force dominates. TheFa > Fp relation is valid for
coarser particles moving close to thecenter of plasma jet. But inside the coangs, the
fractions of fine, unmelted, grains were noticed also. By aregenerated bythe particles
moving in the external and much colder regions of plasma.And then, the balance of
forces changeand, consequentlyfp > Fa. Subsequentlythese particlesmove parallel to
the substrate surface and adheré¢o the substrate peak thatthey meetfirst (Figure 57)
[33]. So he effectis strengthened by morphology of substrate surface anthe size of

powder particles.

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



The concept of columns growth-up mechanisms wasinvestigated and confirmed by

EBSDanalysis. The testf "t f ™ fe ... S‘efe o f ™f5 _Sf_ _St @ ffoe

analyzed simultaneously (Figure 58). The analysis showed that the deposition
mechanismis not the same in the two analyzed regions of the sampl&he grainswhich
adheredjust above the substratepeak (seeFigure 58b), were rather spherical. Whereas,
the grainsthat were deposited between two peaks were deformed, i.e., thin andhore
perpendicular to the substrate The deformedgrains are the ones following the plasma
swirls. The analysis ofgrain size proved fine-grained feature of SPS coatings. e main
size ofgrains was of about 600 nm(see Figure58c). But many finer grains (with the size

of about 250-300 nm) were observed also.

a b

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 complexmechanismtakes place, whenthe columnar-like coatings are
formed on flat, e.g. grinded, substrate The growth of columns m the flat surface is
possible ¢ 7> <" ece%oZF <" fbaksd ré created ordthe substrate surfacefirst.
In this work, it was possible when lowest concentration of suspension was used.
Consequently, there was dow number of particles in the suspension dropletbeing
introduced into plasma.These particlesform mentioned peaks.Then the procedureis

the sameas in case of lasetreated substrate (see Figure 59)

fer



Figure 59 The growth of columns on the flat substrate (1,2,3 - subsequent stages of
columns formation) [99]

However, much more irregular columns areformed (see Figure60a). Furthermore, the
texture analysis was performed in case of columnar like coating$igure 60b). But in
each case the differences between grain orientations werevery big and it was not

possible to find any preferred directions of crystal growth

a b

Figure 60 EBSDanalysis of columnar -like ST23 sprayed onto grinded substrate
crystallographic orientat ion of grains (a), and texture analysis (b) [99]



6.1.5. Formation of two -zones coatings

The coatings characterized by twezones microstructure were obtained in most cases.

The detailed micrographs of this type otoatingsare presented in Figure61.

Figure 61 The coatings characterized by two -zones microstructure : WC101 (a) and AC203
(b) [109]

The formulation of typical two-zones coatings vas described in detailsby Kozerski et al.
[66]. The growth of complexlamellar microstructure results from the heat treatment of
powders in the plasmajet. Some ofpowder particles are well-melted and form lamellas
But there are also fine sinteredunmelted powders in the coating structure which

travelled in colder regions of plasmaThe mechanism is presentedh the Figure62 [66] .

Figure 62 The formation of conventi onal two -zone structure in Suspension Plasma
Spraying [66]



The lamellar microstructure was observedfor YSZ andY@SZ coatingssprayed by
suspensiors 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 ofcolumnar-like coatings. The EBSD investigatiorshowed that inside some
coatings (deposited by SE&00) the thin layer of columnar grainsappeared. This was
especiallyvisible near the substrateand 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 sizeinvestigations, that were carried out for TC102 sample,
enabled to find the main size of about 450im, and the main number grain size was

below 300 nm.

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

The EBSD studies confirmed@lso that sometwo-zones coatings were havingvery fine
grained and uniform structure, especially thecoatings deposited by Axial Il torch
The inverse pole figure (IPF) presented in Figre 64 showsthe 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 volumebased mean grain size was of abol800 nm (Figure 64¢) and number-based

mean size of aroundb70 nm.



Figure 64 EBSD analysis oftwo -zones AT102 coating: selection of test area (a), Inverse
Pole Figure (b) and grain size distribution (¢) [109]

A very dense coatings were obtained for Axial lltorch. Even the lasertreated substrate
had no influenceon the coating growthrup mechanisms The characteristic deformations
of grains observed in previous casewhen lasertreated substrates were usedsee 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 andlo not follow the plasma swirls. The formation

of very dense coatingsin case ofthe axial injection mode (Axial 1llI) in comparison to
radial injection can be explained by the Figur®&5. If the injection is realized fully axially
(as for Axial Il torch), then the suspension can be introduced exactly in the same
direction as the plasma flow occursThe dispersion angle of the particles travelhg in
the plasma jé is very narrow. Following, there is muchlesspowder particles travelling

in the plasma periphery, sahe particles flow together in a small space of narrow plasma
jet [86], [126]. As a result, the fragmentation ofiquid stream into fine droplets maybe
less effective than in the case of radial injection mode, wherenuch more pronounced
shearing of the liquid occurs. The mentioned phenomena cause thafine powders can
easily interact with one another in the plasma jet. Consequently, tiiecan form bigger

aggregates. Moreover, it &s presented already[33], [99] that the interactions between



powder particles and plasma jetbut also plasma particles and substrate are influenced
by the adhesion and drag forcesThe big particles travelling in the core of plasma jet
would have the balance of force&a>Fo. For smaller, moving in the plasma periphery the
relationship is reversed andFpo>Fa. In case of axial injectiorthe adhesion force seems to
be much greater than drag force. As a result, the molten particles havingarrow
distribution of temperature and velocity hit the substrate and form a dense and

homogeneous &ucture (in this study).

The key process parameters, which can enable the formation of columnar coatings by
using Axial Il 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 coatingd127]. 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 forceseem to bean important factor to

obtain columnar-like coatings.

a b

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, theelection of coatings

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



namely:

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

were chosen for further studies. Furthermore, only the samples sprayed onto gri
blasted substrates were selected for furthertests (the evaluation of selected coating
properties). This was caused by the fact that thisubstrate preparation technology is

widely used in the industrial practicecurrently .

6.2.1. Density

The first property necessary for thermal diffusivity and thermal comluctivity studies is
true (called alsotheoretical) density of material. By usingthis value the apparent ¢alled
also bulk) density in ambient temperature (@wo) can beevaluated 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 differenceoccurred for YCeSZmaterial. The coarse,as-produced, YCeSZ
powder had the smallest density (5.507 g/cn®). This is an effectof production method
(spray-drying followed by heat treatment) so the resulting Metco 205NS powder
particles are very often hollow inside. The hollows were openedduring milling and as a
result the density of fine pre-processedpowders was greater. Finaly, the porosity was
completely eliminated after spraying andthen crushing of coating. This way the true

density could beestimated by pycnometry method

The obtained values of true coating densitycorresponded wellto the values reported in
the literatur e, where the theoretical approach is very often usefll28]. The true density
of stabilized zirconia is influenced by the type of stabilizer, its content andusually is
estimated by the rule of mixtures. The theoretical density of Zr@is equal to 6200 kg/m?
(according to the Xray density from ASTM pattern 27997), of .0z is 5031 kg/ms3
(using Xray density from ASTM pattern 251200) and of Ce®@is equal to 7647 kg/m?

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



coating. In case of YCeSadatings,the theoretical values are higher. The crucial seems to
be the CeQ content having the greatest mass.But the approach considering also the
complex phase corposition and arrangement of atomsn the crystal structure should be

applied to evaluate theoreticalythe density ofcomplexYCeSZoatingsmore precisely.

Table 11 The results of density measure ments [131]

| dengy St

Material deviation
value lom 3

(g/cm 3] [g/cm =]
YSZ- powder as -produced 6.000 0.004
YSZ- crushed coating 2 6.099 0.005
YCeSZ powder as -produced 5.507 0.003
YCeSZ powder after milling 5.825 0.005
YCeSZ crushed coating 3 6.108 0.009
Inconel 600 8.415 0.003

6.2.2. Specific heat capacity

The specific heatcapacity of YSZ and YCeS@batings wasevaluated experimentally (in
low temperature range) and then also extrapolated for high temperatures by using
“ie Zf™a St ... Sf”bothcwafuksidgpresented in Figire 66 [131]. The DSC
measurement resultsand the “fZ—3%+ ', —f<eft ,> dreipreseft® together.
The difference between the results was not greater than 1®@%6. The specific heawalues
that were calculated by the rule of mixtures lies between the two curves obtained
experimentally by DSCIn case of YSZ coatinghe values " —e1 "7"‘e ‘'’ jewgrg ™
almost an averageof ¢, values measured with the two DSCexperimental setups.
The difference betveen the results of specific heat capacity that wereobtained using
two DSC seups can beexplained byvarious operational protocols and procedures but
also by different quantity of powdered coating materialsthat was measured. Barros et
al. [132] mentioned that the use of too lowsample mass reduces the precision af,
measurements using modulated DSCapproach There are many other factors that
influences theprecision of Differential Scanning Calorimetry methode.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 coatinglensity calculations of YCeSZ coatings



The structure of the materialcan slightly affects the value of specific heat capacity, e.qg.
grain size, crystallographic structure, dislocation density etd133]. Anyway, the results
were satisfactory,alsowhen comparingto the other literature data [134]. Finally, in the
view in all ¢, results, the conclusion isthat values of specific heat valuesthat were
i fZ.o.—Zf—%tT —eco% ‘' Tepréqis® tofbet used’ for%.BA So the values
determined by rule of mixture were used for thermal diffusivity and conductivity

evaluation.

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

6.2.3. Thermal expansion

The studies were followed bythermal expansion investigations. The coatings for
dilatometry wer e prepared by Powder Plasma Sprayingnstead of Suspension Plasma
Spraying The microstructure of SPS sprayed coatingsan besomehow comparable to

the PPS one especiallyfor dense structures[66]. Both types of coatings include lamellas



that are formed by molten solid particles and create a brick-wall structure of coating
The most important difference is the size ofsingle lamellas (theseare much greater in
case ofPPS) andthe coating morphology. Especially in case, whenolumnar-like was
produced by SPS. But thproposed approach seems to be more accurate thahe use of

literature data, wherethe bulk or sintered zirconia is measured usually

The anisotropy of values wasobservedin zirconia coatings (Figire 67). This effect
was reported in the literature for powder plasma sprayed coatings by e.g. Berndt et al.
[135] or llavsky et al.[136]. This phenomenon can beausedby 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 coatingscan have a slight effect alsfL38].

Both, YSZ and YCeSZpatings showed higher values of thermal expansion in a

horizontal direction (parallel to the substrate). The anisotropy of thermal expansionof

plasma sprayed coatings was not fully understood yet, sthe phenomena can be

analyzed based onother mechanical properties, like stiffness or elastic modulus.
Sevostianov and Kachanofd39] used the term ‘™ O0«<e" "¢t foce'—"""504 theetfee S,
values of elastic modulus and §ffness of deposits were higher in the perpendicular

direction accordingto the substrateas a result ofscattering of pores orientation in the

thermally sprayed coatings. Consequently, thiower thermal expansionis observed in

materials having higher stiffness [140]. But in other studies, it was observed that the

Young modulus may beeven two greater in the in-plane direction (parallel to the

coating surfac than in vertical direction (" 3" fet<...—Zf” —* =St .)[¥36k*%oie *—"
[137]. This phenomenonis still not fully understood and needs more studies to be
confirmed. In this work, the values that were estimated perpendicularly to the

substrate material (the lower values) were chosen forfurther LFA test. This was caused

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

The thermal expansion valueswere different during cooling and heating.As the

was found to beanisotropic, sothe dimensional changes were notiniform and the same
in the coating material. As a consequencte micro-stresses andmicro-cracks could
have keen generated during heatingand the thermal expansion during coolingcould

change This effect wasless visible in case olYyCeSZ samples, which are more fatigue



resistant than YSZThe very short length of the sample (only 2 mmYould influence also
the accuracy of measurementsand cause someinstabilities during measurements.
The measurements of 10mm long samplédone as a verification) did not show such

significant differencesof thermal expansionwhen samples were heated and cooled

Figure 67 The results of thermal expansion measurements of YSZ (a) and YC eSZ (b)
coatings [131]

The values obtaned by using dilatometry method were in a good agreement with
literature values of thermal expansion for both zirconiamaterials. Many studies suggest
that YCeSZ exhibits slightly greater expansion than YSkhis wasconfirmed, especially
when comparing te values determined perpendicularly to the substratg134], [141],
[142]. Furthermore, the results obtained for substrate material, Inconel 600, (in fact
only 10-15 % higher thanthat of YSZ and €& coatings were in an agreement with

the literature and values givenby the manufacturer.



6.2.4. Thermal transport properties

The thermal transport properties evaluation were started by the thermal diffusivity
measurements The following samples were selectedor this purpose. In case of YSZ
coatings, the samples having columndike microstructure and two-zones
microstructure were selected as well. The porosity of YSZ coatings selected for Lieat
was between 10.3 and 21.46 (Figure 68).

21.4% 10.3%

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

The columnarlike 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 15.50 (Figure 69)

155 % 52%

Figure 69 Figure 55 The YCeSZ samples selected for thermal transport propertie s studies
[131]

The obtained values of thermaMiffusivity allowed to calculate thermal conductivity of

coatings according to the mentioned methodology. Thermatonductivity values werein

f "fe%t ""'e raxu —" ra{{ «® "'7 ure TOAy addtbetwee 0.82 and
sauy *® <o =St .. fe7Futé70b}. Therm%bconductivity was influenced by
~-St ...‘f—ero%ityiand microstructure. The samples ST21 and WT101 had the

highest porosity and the lowest thermal conductivity values. In the case of YCeSZ



coatings the correlation was not that clear. Sample AC30lwas characterized bythe
smallest | values at low tenperatures. This samplewas characterized byvery low
porosity. On the other hand at high temperatures, the samplegith the highest porosity

had the lowest thermal conductivity.

Figure 70 Thermal conductivity values of YSZ (a) a nd YCeSZ (b) coatings[131]

YSZ coatings were characterized by lower thermal conductivity, especially in a low
temperature range. The differencebetween YSZ and YCeSZ becamech smaller in the
highest temperatures The preliminary studies (only —’ —* u A LFA equipped with
xenon lamp and presented in the Appendijxshowed the thermal conductivity values of
YSZ and YCeS&ere much more similar [100]. It should be mentioned thatin this
studies, the LFA machine was equipped with InSb detector, which is more precis¢
higher temperatures. Furthermore, the increase of thermal conductivity valuesof
porous sanples was observedat high temperatures This effect could have been caused

by the radiative heat transport mechanism at high temperature§l43].



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 characterizedlso by significantly better
thermal transport properties EB-PVD columnarlike 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 logitudinal pores which

may hamper the heat flow in the direction parallel to the substrat¢l45].

The low values of thermal conductivity of SPS coatingscan 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
e—...S Z'™t” _Sfe —Sf— " St F"fec... of—-1"<fA46].B88% 4 "' f
thermal conductivity of materials can be significantly decreasel by high porosity.
However, the shape, size, orientation and total volume of pores may also play an
important factor [147]. If the pores areoriented parallel according tothe 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
guantitative 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 methasl 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 phonephonon interactions and
depends on the (i) material grain size, (i) the scattering by defects and(iii) the
crystallographic disorder. As described in details in previous studies, botBuspension
sprayed YSZ and YCeSZ coatings have submicrometer grain size of approximatively 500
nm [99]. Some other studies focused on SPS method used nawgpensions, 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 thatthe structure of SPS coatings have a high number

of various defects that can scatter phonons and impede the heat flgd43]. 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 Zp&an decreasethermal

conductivity too [92].

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

Laser Flash Analysis is ma indirect method, quite sensitive and also having some

limitations. The analytical validation of results was performed using response fioction

method (see Figure 7). One example of each type of coating is presented full

temperature range The calculations were made for each sample in each temperature.

The difference bf — ™ ffe —SF"efZ .ot — . —<"<—> "fZ—1%e % dntheZZ> t<T
o fet T L =<2 %o srs fe1t Y%riaut M fhe letvest temperaturesonly.



Thermal conductivity of WT101 obtained bylaser flash method < srrt effeft —* %

too high, whereas the empirical data for AC301 seemed to be too low in the
—fe'f"f——"Fe f—™iFe srrt fet vrrl & —-oaihedbyfréspoase-ST "Fe—
method are very satisfactory and carbe an alternative to Finite Elements MethodFEM),

where the calculations take more time and the model computation needs sometimes

very high processing power. The response method is quite wekhown actually and was

applied to estimate thermal conductivity of different materials already. However, the

FEM analysis gives more possibiliés 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 modulusin accordance to the mentioned methodology the
inverse of the contact stiffness g.the inverse of the square root of the contact areaas
plotted (as shown a Figure 72). Afterwards, the Young modulusvalueswere calculated
using the method suggested by Olivier and Pharms described aboveThis was done

using the unloading part of the indentdion curve.

Figure 72 Examples of inverse of the contact stiffness versus reciprocal of the contact area
for coatings having various microstructures



The results of elastic moduluscalculations are presented in theFigure 73. The Young
modulus is strongly influenced by the coating microstructure, mainly porosity. YSZ and
YCeSZcoatings having the highest porosity and very irregular morphology (ST21,
WT101) show the lowest values ofelastic modulus. Whereas the samples that were
dense, uniform with a homogeneous distribution of poresin the structure present the
much higher values(AY301, AC201) of elastic modulus.

Figure 73 E-modulus vs . porosity for YSZ and YCeSZ coatings

As presentedand discussedalready, the slopeof the elastic moduluswas constant when
the indentation depth increases(Figure 72). It was observedin each measuring point
and eachpoint consists of 100 cycles. Thereforea very small standard deviation of
elastic modulusvalues was obsrved. The values of standard deviation adround 10 %
in each measuring pointsuggested alsdhat the indentation did not causeprobably any
local fracture of the coatingduring IIT testing. Butto confirm this, the analysis of the
load-displacement curvetogether with detailed microscopicstudies of the indentations

should becarried out.

The values of elastic modulus stronglyvary between different measuring points.
This can bean effect ofthe microstructural feature of plasma sprayed coatingsThey 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 als@arpio

et al. [30] observed also te bimodal distribution of mechanical properties of SPS
coatings thatwere determined by IIT method But these are only preliminary studies
that will be continued to deeply examineand understandthe mechanical properties of
SP&oatings.



Hardness

The values of HM hardness of coatingsare presented in the Figure 74. The catulated
values varybetween 0.04 and5.18 GPaA similar behavior as in case olvoungmodulus
was observed. The higher values of HM hardnessvere obtained for coatings having
more uniform microstructure . At the same timethe mostheterogeneouscoatings(in the
term of their morphology and porosity) exhibit much lower hardness.When analyzing
the hardness insingle measuring point then thestandard deviation isusually not greater
than 15 % (for 100 cycles). But the results varywhen different measuring ponts are
considered and analyzedand this is a result of the microstructure also, as discussed for

elastic modulus

The microhardness of homogeneous and dense coatings corresponds to th&ork
'mtete—tt > Of-{149]tFurthefmore, a very low valuesof hardness(obtained
for irregular and very porous coatings) may be also a result of very weak interfaces

between splatsas suggested by Lima et gl150].

Figure 74 Martens hardness vs . porosity for YSZ and YCeSZ coatings



CHAPTER 7CONCLUSIONS

7.1. Coatings microstructure

Microstructure modification

In these studies different variables were tested to producecoatings having different
microstructures by Suspension Plasma SprayingBased on the microstructural

characterization of coatings the folbwing findings can be mentioned:

X Suspension Plasma Spraying allows producing coatings \nag various
microstructures. Columnarlike coatings, as well agwo-zones microstructures
were obtained. The coatings were characterized also by different porosity,

starting from very densemicrostructures up to very porous.

X 87— %S —8F —ef 0t CEThe— Zfesf oUf> —t7 L

morphologies can be obtaned. The suspension injectiorangle (radial and axial
injection modes were used) was found to bene of the crucial in term of the

microstructure modification.

X The suspension preparation seems to be ather important factor that has an
effect on the coatng growth-up. The lower concentration of the suspensions,
then the coating microstructure and topography is more irregular also.
The lowest suspension concentration (2.5vt. %) allowed producing of columnar
like coatings onevena flat substrates.The reverse effectwas observed for high

concentrated suspensions.

x The powder particle size is also one of the key parameters in SRSvas observed
that the use of finegrained powder (YSZ) allowed obtaining coatings having

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

St

_'.



formation of dense two-zone microstructure. This is caused by the transportation

P CTM Y fr_( Tte <o 8% 'Zfeef Et-8a St eof27 ‘ofie Sf":
the plasma periphery, whereas the coarser ones neto the plasma coreThe fine

powders following the plasma swirls seem to be very important irformation of

columnar-like coatings

X The substrate topography influences also the coating growthp mechanisms,
especially for fine powder particles and low conentrated suspensions. This can
be explained by the shadowing effectwhich is more effective when rougher

substrates are usedluring spraying.

X Suspension Plasma Spraying method may be an effectigeating technology.
The obtained spray processdeposition rate (defined here asthickness per pass
ratio) was up to few microns/pass. This clearly showthat SPScan be a very
competitive process for other technologies enabling production of fingrained
coatings(like PVD or CVD).

Finally, using SPS process aoating microstructure can be, to a degree, designed for
specific application or desirable final property After the use of different plasma torches
and spray setups it can be stated that there are already sufficient tools that can be
applied in the industrial production. Especially the application of highpower plasma
torches seems to be possible in a near future. They provide enough power to well heat
the suspension inside the plasma flameevaporate the solvent and melt the solid phase.
High suspensioninjection rates can be used alsdBased on these studiesvio important

applications can be mentioned:
Application in Thermal Barrier Coatings

Based on the microstructural studies ca be stated that Suspension Plasma Spraying is a
promising method for Thermal Barrier Coatings applications.The method is currently
the best compromise between EBPVD and AP&oatings Using SPS it is possible to
deposit columnar-like coatings with a high deposition rate.Furthermore, the coatings
are characterized by finegrained 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 thecolumnar-like coatings that can be produced by Suspension



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

insulation, whicha” —St e‘e— <o’*"—foe— <¢o ied
Applications in Solid Oxide Fuel Cells

There are many advantages of SPS sprayed componentstfug purpose of T *when
comparing to other depositionprocesses The fne powders, which are used in SPan
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
0''"F ofece% 6 gnthpirierm heat treatment of coating, which is common # ie
practice. Furthermore, the microstructural control during spraying andthe possibility to
produce coatings in wide range of thicknesseare big advantages of SPS An important
issue is that coating produced by Suspension Plasma Sprayingre characterized by
relatively high mechanical properties.If needed @s in case ofSOFG electrolyte), the

process conditions can b@ptimized 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 complexformation 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:

X The density measurements showed that there is a need to investigate the coating
material itself. Any simplification and the use of powdeii «density can lead to a

big error, depending on the feedstock preparation method.

X Specific heat capacity measurements showed tha —S$ “'’ie Zf™ . fo
sufficient tool for the extrapolation of Cp values. However, the experiméal

verification is needed also, especially for complex materials.

x Thermal expansion measurements of SPS coatinggemain 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.

x Finally, the thermal conductivity of Suspension Plasma Sprayed zirconia coatings
seemsto be lower than that of EBPVD coatings or PPS coatings. The values far
,EZ'™ s «® ™1t ‘Theflowitheiimal conductivity of SPS coatings
can be explained by the higramount of fine pores in the coating structure but

also othermicrostructural effects, like finegrained structure.

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

properties of coatings.

7.3. Further works

In this work the two main research issues wereinvestigated: (i) the formation and
modification of coating microstructure in Suspension Plasma Sprayinghethod and
(i) the determination of thermal transport properties of produced zirconia coatings.
The studied samples were tweclayer systems of substrate and zirconia coating.

This allowed analyzing zirconia coatingswith higher accuracy.

But in accordance to the information presentedn the Introduction chapter, the typical
Thermal Barrier Coatingsis a three layer system wth zirconia coating as a topcoat.
After the optimization of zirconia coatings thestudies on the complete TBC systemaill

be undertaken. The thermomechanical and thermophysical properties, lig 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 zirconiacoating 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 thermatonduc-
tivity) of y ttria/ceria stabilized zirconia coatings. The coatings were deposited by suspension plasmsaraying meth-
od using S&EL00 torch. The commercial powder with a chemical composition ZrO2 + 24 wt.%@eO2 + 2.5 wt.% Y20:
was used and coatings were sprayed onto stdess steel substrates. The suspensiormnsisted of zirconia powder,
water, ethanol and small addition of dispersant. The design of spray experimeniscluded the following variable
process parameters: (i) spray distance; and (ii) torch scan linear speedhe microstructure of coatings was dete-
mined by scanning electron microscopy (SEM) and-bay diffraction (XRD).The phase composition and the crystallite
size of coatings were estimated by Rietveld method. The differentethods were used to find out thehermal proper-
ties values up to 573 K. Firstly, thermal diffusivity of YCS&oatingswas determined by using a commercial setug
and the obtained resultswere used to calculate the valuef thermal conductivity. Then, to check the validity
of the measurements and calculations, the simulations of laseflash experiment were made using COMSQWul-
tiphysics software. The least square method enabled to find theptimized value of thermal conductivity. Finally,
the use of another setup enabled to find out théhermal transport properties in the temperature up to 873 K.

Keywords: suspension plasma spraying, zirconia coatings, thermal barrier coatings, thermal diffusivity, thermal condu

tivity
1. Introduction

Thermal barrier coatings (TBC) are important et-
ments of gas turbine technology appliedmainly in avia-
tion industry [1,2]. Two different reasons of their appi-
cation can be distinguished. First is the possibility
of extending lifetime at the same operatig tempera-
tures. The secondone is the rise of the operating ten-
perature resulting in better turbine efficiency.

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

A part of themis research of newmaterial for overlay
coatingswhich includes the rare earth zirconates having
also additions of eéments like gadolinium, lanthanum,
ytterbium or cerium [5 7]. On the other handpew tech-

2. Experimental material

The comnercial powder Metco 205NS (YCSZ) pr
pared by spray drying and heat treatment was used
to produce coatings by SP#ethod. The initial volume-
surface mean diameter of this powder was equal
tods £ Uz Jed St *™MFE" ™f.
to decreasethe particles sizes. The mechanical ball ml
ing was realized with the use of moliNEx system
(NEZTSCH, Germany), the zirconia balls used grinding
medium and ethanol as cooling medium. Finally
the powders were sieved prior to suspension formué-
tion.

After milling process resulting powder had a mean
size equal—"' T7e %
bution. The distribution was measured with the use
of laser diffraction technique (ParticaLA-950V2, Horiba).
Moreover, SEM micrographs of the milled pmder (Fig.

nologies have been developed to produce the coatings 1) showed finely grained particles, confirming the gran-

with improved parameters. One of these technologies

is suspension plasmaspraying (SPS). The SPS process

may enable modifying the microstructure of coatings,
e.g. thickness, porosity, morphology, etc. [80].

The presented experiments are devoted to yttria
and ceria stabilized zirconia (YCSZ) coatings produced
by SPSmethod. The previous studieson this material
showed that YCSZ can work in higher temperatures
and is characterized by higher resistance to high te-
perature corrosion than YSZ [1113]. The present study
focuses on the thermal transportproperties of YCSZ
coatings.

lometry tests.

Fig. 1. SEM image (secondary electrons) of Metc
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 dispe-
sant agent, phosphate ester (Beycostat C21ZECA),
was added to prevent particles agglomeration. The zeta

potential measured using Zetasizer Nano ZS (Malvern,
England) of these suspensions™ f« 1“— f 2)6=2'nW. + images were taken f —

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 5axis IRB6 robot *~ 0"¢...S4
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 rateas of about 39
g/min. The suspension was introduced via internal inje-
tion mode wusing a continuousstream 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
™S f —Sc..esfee —' _* yr Jea St
parameters arecollected in Table 1.

Stainless steel 304L cylinders (diameter 25mmand
thickness about8 mm) were used as the substrate mat-
rial. They were sand blastedusing corundum grit (F36
according to the FEPA standards) under gressure

M- ORI

The morphology of obtainedceramic coatings YCSZ
was characterized with the scanning electron micio-
scope Philips 515 (Eindhoven, Netherlands) using
a secondary electron detector. The micrographsvere
made on the top of surfaces and on the crosections
of the coatings. To estimag the porosity of coatings SEM
STarrr - ef% < <...f—<'ed
the images were edited using Imagedree software
for the porosity calculations.

The phase composition was estimated by -ky dif-
fraction analysis using a D8Bruker apparatus (Bruker
AXS, Karlsruhe, Germany)with Cu- =s "ft<f—-<'*&
The measurements were made in the wide’ f* %t ‘= tE
fe%oZte ""'e swl —* strida St *Sfets
using Diffrac+Eva software. The quantitative analysis
of ting .composition was made with the use
el nfethod. In the same way the latticparame-
ters of coatings were determined.

3.3. Thermal diffusivity measurements

Thermal diffusivity of YCSZ coatings was determined
by using laserflash method. It is one of the most popular
methods that enable thermaldiffusivity characterization,
where the bottom side (the substrate) ofthe sample
is heated by energy pulse and the change of the temper
ture versus measurement time is collected by the dete
torsonthe tapy of thesgmple (the TBCcoating). The san-
ple is coated few times with the thingraphite layers
prior to measurements to increase signahoise ratio
and provide good quality of analysis.

During the research two devices LFA 447 and LFA
427 both of Netzsch, Germany, were used. THeFA 447

of 0.04 MPa and cleaned in ethanol before spray process. S€tup, equipped in a xenon lamp allowed analyzing

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 wass fd-
lows for each sample 3 regions were chosen
and in each region5 local thicknesses measurements
were made. Finally, the averagevalue for each region
and the average value for these 3 regions werealculat-
ed.

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

2 s
5 h'e w_ EF 0 7 <
§_. 2E ©Sgg 7] 2B g X
s 37 TE %.EB! €. L8=. >
& cE f3 588~ £” gE:” 8
s a = c 3o o
§= &5 TESH F E53 5
1 30 40 687B 53 29 215
2 50 4 5968 D 81 187
3 40 5 4368 78 16 203
4 30 60 4253 101 27 151
5 50 6 @ 3B44 8 11 206

the coatings up to 573 K. The usef LFA 427, which used
the laser as the heat source enabledbtaining the values
of thermal diffusivity in higher temperatures. Because
the measurements were madewith the use of the co#
ings attached directly to the substrates (without
the intermediate layer), the measurements in this case
were made up to 873 K to avoid thesffect of the diffe-
ence of linear expansion coefficients. The chosamange
of the temperaure did not require the use of shielding
gasor 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 nece
sary to prepare 25 mm discs andor LFA 427 10 mm
squares. Moreover the setups have installedhe same
kind of infrared detector InSb. Finally the 2layer nu-
merical model was developed to determine thermal
diffusivity of the coatings. The model included corre-
tions resulting from: (i) heat losses; (ii) pulseduration,
and (iii) contact resistance between substrateand zirco-
nia coating.

3.4. Thermal conductivity calculations

To calculate thermal conductivity of sprayed coa
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 obse
vation of the crosssection with the optical microscope.
The density values were corrected for porosity basing on
following expression:

™ITd

«t1
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where: @is the density of tetragonal phase Zrg) equal
to 6050 kg/m3 and Pis porosity.

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

k... ®,0 t

<tsS

where:

G 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 #rmal transport properties

In order to confirm the experimental data obtained
from thermal diffusivity and conductivity determinations
the authors used the numerical simulation. The simak
tion was made with the use of Comsol Multiphysics sbf
™ E fet AFE O"fee"170 o'tta
of—"50 e—et . fZ o' tEZ Ltet"eft f
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 determia-
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:

x heating of samples heat flux was imposed on

the back face of sample (side of substrate) ad
was determined by equation (3):
Fe ®@Fel ;L “4E S cvrF 3 U

where n is normal vector of the boundary pointing
out from the domain, FG @i6 conductive flux vector,qo
is heat flux from external source (xenon lamp), h is heat
transfer coefficient, T is currently temperature and final-
ly Textis an external temperature. In addition, it was also
assumed that the energy pulse of xenon lamp was ae
tangular with regard to time and of relatively short dura-
tion compared to the halfrise time during the measue-
ments of thermal diffusivity (pulse time tp<<tos). In this
experimenttpwas equal to 0.18 ms.

x cooling of samples was supposed to result
from natural convection. The heat exchangeoe
efficient equations for horizontal samples,
cooled in air, can be calculated from e.g. the
well-known ™ —¢ f @boling

Fig. 2. Schematic view of numerical model used in siot
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 dete
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 sofare 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.

St o4 Regults «>

sfe’Zf tertett
4.1.Microstructure description

The values of average coatings thicknesses, which
were obtained using optical microscope, are collected
<o f,2%t s& St “fZ—te ™i"f <o —St
srsA.a
were quite porous (porosity of about 20%). On the ni
crographs which were made on the top of surfaces
and on the crosssections of coatings by scanning ete
tron microscopy, it was possible to observe typical
for SPS methodwo-zonesmicrostructure (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 Zr@ with a small quantity of mono-
clinic phase. The use of Rietveld method enabled dete
mining the amount of these phases precisely and find
the lattice parameters of coatings (Table 2). Theesults
confirmed that in the coatings microstructure consisted
of only small amount of monoclinic phase (about 5%)
and the main phase is tetragonal Zr&Xabout 95%).

St <of%t fefZrece ¢S*™Mit _Sf_ _Si



a)

b)

Fig. 3. SEMmicrographs (secondary electrons) of cross
section (a) and surface (b) of YCSZoatings 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. YCSZ

StrefZ tT<""—ec"c—> ™Mfe o —SF "fe%t ‘T ratu -
[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 coaings if the porosity
was higher the thermal diffusivity was lower. Only
the samples sprayed in run no. 4 did not follow this ae
relation.

4.3.Thermal conductivity of coatings

With the use of thermal diffusivity measurements
the essential parameter- thermal conductivities of cod-
ings were calculated. The values of thermal conductivity
obtained for the temperature up to 573K were
<o =St "fe%t ""'e ravx —' sdary .
the calculations performed for the LFA 427 (up to 873K)
measurements showed the valas in the range from 0.51
© satt . <%oBW, & ‘™i"i" ™Si.
the values from both devices only up to 573K the diffe
ences were even smaller. For higher temperatures
the calculated values of thermal conductivity increased
faster because thee was a greater change of othemi-
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 mes-
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 Fi§. 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 sa-
ples. Values of thermal conductivity of YCSZ coatings
with values of the best fiting the experimental and sinu-
lated results are presented in Table 3. The values
of correlation coefficients (R) determined using least
squares method were very high, in the range
from 0.9777 to 0.9920.

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

Tetragonal zirconia Monodiinic zirconia
O sy cau DT g A8
950 36406 52172 50 5161 5284
rav{ sr 5246 9NPO4
YCSZ 9%1 36403 52168 39 5150 5281
2 5256 9906
YCSZ 959 36382 52159 41 5155 5333
3 5209 9914
YCSZ %4 36404 52176 46 5172 5280
4 5251 9903
YCSZ 959 36402 52166 41 5162 5279
5 5261 9906

The results of measurements carried out in higher
temperature with the use of LFA 427 equipment
are shown in Figdb. The correlation between porosity
and thermal diffusivity were the same as in low tempea-
ture measurements but the values of thermal diffusivity
for all coatings were generally a little bit higher.

St Z'™ife— “fZ—f ™ flm2sglatior SRT
and the samples sprayed in run no. 1 and the highest
"ff...Sft r@m¥s|srat higher temperatures
for sample sprayed in run no. 2.
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The microstructural investigations showed that

a) 0.6 the coatings were characterized by finely grained mia-
u‘) 0,5 —" ®YCSZ2 structure with some small lamella and a small amount
I 0.4 L4 ® mYCS73 of microcracks. Similar way of suspension plasma
. sprayed coatings microstructure formation was @-
.I 03 L r*w‘!— YCsza served by e.g. Kozerski et al. [16]. The interface between
¢ 02  e® XYCSZ5 substrate and coating did not show any discommuities
< eYCSZ1 and other defects. Furthermore, the SPS method allowed
w~ 01 producing coatings with different amount of pores,
T o0 which can also be controlled by spray parameters [14,
B 250 450 17].
Temperature [K] The studies devoted to thermal transport properties
” proved that YCSZ can be an gd alternative for typical
by ©8 YSZ coatings. The coatings were characterized by coap
o 05 —@ ® *YCSZ2 rable values of thermal diffusivity and conductivity
T 04 ¢ ¢ 7 3 I BYCS73 as the YSZ coatings produced also with SPS method with
" ' similar operational parameters [14], when Cao et al.
: 0,3 %—g—ﬁ—'—a—!— YCSZz4 reported that the zirconia coatings with the addition
< 0.2  e® O xYCSZ5 of CeQ can be characterized by even better thermal
s o1 oYCSZ1 tranqurt pr(.)pertiesf values than welkknown yttria stabi-
~N lized zirconia coatings [5]. For the most porous YCSZ
T 0 coatings the values of thermal conductivity were lower
W 250 450 -Sfe rayw . —’ —* zyu & St eefz7
e Temperature [K] of thermal conductivity are the result of the micre
Fig. 4. Thermal diffusivity of coatings determined porosity observed in the coatings. Raghavan et al. an
with the use of a) LFA 447 and b) LFA27 set ups. lyzed the relationship between the porosity and TBC

properties and confirmed the influence of micreporosity
on thermal conductivity values [18]. A small difference
of thermal diffusivity values measured with two con-
mercial setups can be explained by different energy
sources installed in the devices. The heat was generated
by xenon lamp in LFA 427 syem and LFA 447 used

pheric plasma spraying (APS) [15]. Thispaper shows the laser pulse. The laser system was much morela

that SPS method is also very interesting process for TBC van(t:ﬁ an_?f provtldelgAmor? stable mgazu(;gf;nent?. I;]/Iorne
[ Zc¢. f—ctoe "o % T E"Ee— —>04 ver efl_c(a[eyo. , yStems required ditfereént snapes

of thé samples. The dimensions of samples were very
carefully checked but it ould have a small influence
on the measurement also. Finally the numerical analysis
a) 06 made usingComsol softwareshowed that despite the use
B f some material ken from literature the mes-
Z 05 o o YCSZ7 of some material data taken from literature the mesa

5. Discussion

Ceramic thermal barrier coatings are currently po-
duced using physical vapor deposition method mainly
with high energetic electron beam (EBPVD) or atmcs-

structure and improved parameters in comparison
to conventional processes.

urements were consistent. Furthermore using numerical

L g . ; -urhe!
P04 _"—’_0_0_ mYCSZ3 methods it was possible quickly simulate real phenore-
Y03 % ; YCsza na with acceptable accuracy.
|  e® © al ! X YCSZ5

. 02 Table 3. Thermal conductivity of YCSZ with values of the
+ eYCSz1 o . .
~ 01 best fitting the experimental results and simulated ones
S0 R E— -
b 250 450 Temperature St ffZ ..._-T—...—< «—> *®
Temperature [K] TK] Correlation coeflicent
b; 06 YCSA YCS2 YCSB YCSZ YCSB
- 298 050 095 075 085 060
© 05 —o% *YCSZ2 R 098%6 09868 09878 09838 09878
|

~ 04 —"’—"—o—.— mYCSZ3 323 050 0% 070 08 065

Y03 4 N— R 09907 09870 09891 09853 09900
' %—Q—g—g—' ‘—g— 373 050 0% 070 08 065

| e® o a XYCSZ5

W) R 09919 09847 09859 09811 09830
e eYCSz1 423 055 1,00 0,75 090 065
N 01 R 09920 09831 09847 097% 09839
s 0 473 055 1,00 0,70 090 0,70
o 250 450 R 09906 09809 09839 09777 09851
Temperature [K] 523 060 095 070 080 065
Fig. 5. Thermal conductivity values for YCSZ coating: R 09914 0983% 0981 09794 09857
determined based onto measurement®f thermal diffu- 573 060 095 0,70 030 065
sivity made using LFA 447 (a) and LFA 427 (b). R 09909 09856 09870 09815 09870
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6. Conclusions

The studies were conducted to examine the miok
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 examia-
tion of spraying precursor. The soli phase in the ss-
':t-a(‘a TM(_S f -f(a Q(CE:!: o ua{ Ao
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 1521.5%. The mico-
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
“fZ—%e+ 17+« raw Furthermére the numerical
analysis was prepared usingComsol Multiphysicssoft-
ware to confirm the thermal transport properties meas-
urements.

However, the YCSZ coatings have to be characterized
using thermomechanical tests like thermal shock e-
sistance orhot corrosion resistance. These kinds of sti+
(i. TM(ZZ ,,i ..f""(:tT f—— (o
searches.
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THE KEY PROCESS PARAMERS INFLUENCING FRMATION OF COLUMNARIICROSTRUCTURE IN SJ
PENSION PLASMA SPRAD ZIRCONIA COATINGS

f™FT ‘et WeStefan Kozerskba 1...S [ ™ ARtlraej Ambroziakp

aSPCTS, UMR CNRS 7315, University of Limoges, 12, rue Atlantis, 87068 Limoges, France
b Faculty of Mechanics,”* ... Tf™ o™ F7ec—> 1 0S4 o%>™ —yibaitf "{a.{y ™Ma ‘Zfet

The paper discusses the screening of experimental variables leading to formation of a columnauicrostructure
in suspension plasma sprayed zirconia coatings. These variables tested in 12 experimental runs included: (i) 2 tyy
of zirconia powder; (ii) 4 concentration of solids in suspensions; (iii) 4 substrate preparationmethods; and (iv) z
plasma spray setups. Two different, commercially available, powders were used to formulate the suspensioristia
and ceria stabilized zirconia of composition ZrO2 24 wt.% CeO2 + 2.5 wt.% Y203 (YCSZ) was milled thecrease
the particles sizes. The yttria stabilized zirconia of composition ZrO2 + 14 wt.% Y203 (14YSZ) wased as received.
The coatings were deposited on 304L stainless steel substratediich had the suface preparedby: (i) grid blasting;
(i) grinding; (iii) turning; and (iv) laser treatment. The 3D topographies of substrates' surfacesvere characterized
and their roughnesseswere measured. The suspensions were plasma sprayed using tf@lowing plasma torches:
SG100 of Praixair and Triplex of SulzeiMetco. The microstructure of powders andcoatings was analyzed by optical
microscopy, scanning electron microscopy (SEM) and field emission scannialgctron microscopy (FESEM) as well
as by Xxray diffraction. The columnar microstructure was formed in coatingssprayed with both plasma setups
sprayed using finer 14YSZ powder suspensions. The substrate surfageeparation as well as low concentration
of solids in suspension promoted their formation. Rietval method was applied to determine the quantity of different
phases in the structure of coatings and to calculate the lattiqggarameters. The YCSZ coatings crystallized in mainl
tetragonal phasewith a small content of monoclinic phas@he 14YSZ crystallied in cubic phase. Finally, the thermal
diffusivity of coatings was characterized up to 523 Kuith the use of laser flash method and thermal conductivities
of coatings were determined. The conductivitiesvere in the range from 0.6 to 1.1 W/(mK) dependingon tempera-
ture for YCSZ and 14YSZ coatings.

Keywords: thermal barrier coatings suspension plasma sprayingpttria stabilized zirconia, eeria stabilized zirconia
columnar microstructure of coatings
1. Introduction of EBPVD processes is a capital cost of coatings'
equipment being many times greater than that of ss-
pension plasma spraying(SPS) equipment. This diffe
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 yearsago focused on: (i)
relationship between suspension formulation andthe
microstructure of YSZ coatings obtained by SPS [9]; (ii)
the effectof rare-earth additives on thermal transport
properties of zirconia coatings[10]; and more recently
(i), the formation of columnar structure in suspension
plasma sprayed MgAIl spinel coatings [11]. The pe-
sent study focuses on screening of key process paran
ters favorable to form the columnar microstructure.
Consequently, the SPS zirconia coatinggere suspen-
sion sprayed using different intial powders including
yttria and ceria as zirconia main stabilizers with two
different plasma spray setups.Moreover, the suspe-
sions were formulated using 4 different solid phase
concentrations ranging from 2.5 to 20 wt.% of solid.
Finally, the coatings were sprayed onto substrates
having surfaces ofdifferent morphology. Basing onto
the analysis of obtained results, asimplified descrip-
tion of the mechanism of columns formation wasnade.

The microstructure of suspension plasma sprayed
coatings results from the particularities of process
such as e.g. liquid feedstockwhich includes small,
nano- or submicrometric solids and, on the other hand,
from a very short spray distance. Typically, the cda
ings contain large lamellas formed from the solids
agglomerated inflight and small grains which re-
mained at the periphery of plasma jet and form a two
zone microstructure [1]. The small grainsmay sinter
due to the heat flux comingfrom plasma torch [2].
The coatings contain also usually a network offine
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 bestadapted microstructure to achieve this
specification is a columnar ondn which crystal grains
grow up perpendicularly to the interface. Suchmicro-
structure is formed in the films condensed from sat-
rated vapors e.g. in the process called electron beam
physical vapor deposition(EBPVD) which is described
in many references [68]. An important drawback



2. Experimental methods
2.1. Suspension formulation

The first of used powderwasMetco 205NS having
composition Zr&+24wt.% CeQ+2.5 wt.% %03 (YCSZ).
The granulometric tests of thepowder use the laser
diffraction setup of type LA950V2 of Horiba (Kyoto,
Japan). The volumemean diameters of the initial coarse
powder were equal to dvso = 39.6 Jn. The morphology
of the powder, characterizedusing SEM type Philips
XL30 (Eindhoven Netherlands), is presentedéh Fig. la.
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.he mean diameter
of powder particles decreased down tadvso = 696 nm
and themilled powder morphology is shown in Fig. 1b.
The secondused powder was yttria stabilized zironia
powder, Zr&:+14 wt.% Y203 (14YSZ) of Tosoh (Tokyo,
Japan). Thanean diameter was equal talvso= 398 nm
and its morphology observed using FESEM of JSM

7400F of Jeol (Tokyo, Japan) is shown in Fig. 2.

The XRD phaseanalysis made using Bruker D8 é-
vance setup (Billerica, MA, USA) enabletb find out
that 14YSZ powder crystallized as yttrium zirconium
oxide identified using file no. 02078-5501 of the JCPDS
database. Thephase composition of YCSZ powder
enabled to find three different phases identified with
the help of the JCPDS database:

a)

b)

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

—F—"f%'efZ 'Sfet T L fc—e s——Tc—e @
identified using file no.04-013-9723;

e'et . Zcoc... 'Sfet Bdddeleyite identified
using file no. 06037-1484;
. 'Sfet 7
file no. 04-016-4629.

The suspensions of water and ethanol in ratio 1:1
with different content of solid phasewere prepared,
in wt%: 2.5; 5; 10; and 20. Thedispersant agent
was added to suspension to prevent the agglomeration
and sedimentation. The zeta potential measurements
enabled to find the values of G= 82.5 mV for the ss-
pension with 14YSZ powder(the suspension had pH =
4.8) and G ®2.9 mV for YCSZ powdesuspension (pH

= 6.8).

Lilc—e >——"c—e ‘Sctt <Tfe-

e— <

2.2. Substrate preparation

Stainless steel 304L discs of diameter 25 and thie
nesses of 10 or of2 mm were used as substrates.
The substrates' surfaces were preparedising: (i) grid
blasting; (i) grinding; (iii) turning; and (iv) laser
treatment. White corundum with the particles size
ranging between 500and 600 Jn was used for grid
blasting of substrates. Grinding was performedwith
the use of SiC abrasive paper (grit siz820). The laser
treatment was realized using Duetto picosecond laser
of Time-Bandwidth "t —...—« 07¢...54 ™c—t"Zf-
The substrates were cleaned up in theltrasonic bath
of ethanol prior to spraying. The 3D views of do-
strates topographies were made cofocal 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) ard the results
were as follows:

%o “bldsting: Ra=5.500n, Rz = 32.4Jm;
%0 " <o T <% a JNIRZEOHIN;
Zfet” —"ff—etedii RN,
——"ece% d& JhiRZE.06m.

Fig. 2. FESEM micrograph (secondary electrons)
of Tosoh powder.



a)

c)

b)

d)

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. Thefirst one included the torch
SG100
of Praxair (Indianapolis, IN, USA)with an internal
injector, mounted on a 5axis robot as described
in details elsewhere [3]. The second installation used
was equipped in threecathode Triplex torch of Su-
zerMetco (Wohlen, Switzerland). The temperature
of coatings at spraying was controlled using a pyio-
eter IN 5 Plus of LumaSense Technologies (Santa
Clara, CA, USA). The operationgibray parameters are
collected in Table 1. The spma experiments were
designed with the use of the following variables: (i)
powder type; (i) concentration of solid in suspension;
and (iii) substrates' surfacepreparation. 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 EclipseLV100 of Nikon (To-
kyo, Japan). The mean thickness of the coatingsas
found from 18 measurements in different regions
of the coatings.The procedure of this measurement
was as follows: 3 regions werehosen for and in each
sample and 6 local thicknesses were measured each
region. Finally, a mean value was calculated. Thep
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 thghase anay-
sis was made using Bruker D8 diffractometer using
CuK-=l radiation in the range of 2Ef s %o Z t »
strta St 'S f.tidefietijusing Diffrac + Eva
software. The quantitative analysis ofcoatings was

carried out by the Rietveld method with the use of
TopasV4.1 software.

Table 1. Operational spray parameters.

Process parameters Torch SEI00  Torch Triplexof
of Praxair SulzerMetco

Electric power, KW 40 45

Workinggasescomposiion  Ar+H Ar

Working gases flow 45+5 70

rate, spm

Spray distance, mm 40 70

Torchspeed velocity, mmis 500 1000

Number of scans Depends on Dependson
expeimental  experimental run.
run. After each  When
scanthe coating's tempes-
spraying wes  ture
intemupted "ff.. Sttt w
untl tempera-  sprayingwas
ture interrupted unti
dropped down  temperature
—‘wvrt dropped

T ™e —* swr

Distance betweenthe 3 10

neighboring torch

passes,mm

Suspension inector type Nozze insde Nozze outside the
the torch torch

Nozze inector intemal 050 015

diameter, mm

Static pressureinsuspension 005 13

“"te sw!l —dontainer, MPa




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

Concentration of Thickness, Porosity
RUNMO Powder Sample & solid Typeof Substrate average; averageand
’ material scription insuspension plasmatorch preparation standard standard
it FE f—c's  deviaion,%

1 Y2 ST21 25 SGI0 Grtbasing
14YS7 sT2 25 SGL00 L"’Ben;f& 66,4 214,27

14Ys7 ST 25 SGL0 Giinding

2 14YS7 ST51 5 SGL0 Giitblasting
14Ys7 ) SGLO0 Lase m"‘e& 8,9 183,23

14Ys7 STS3 5 SGLO0 Giinding

3 14YS7 ST101 10 SGL0 Giitblasting
14Ys7 ST102 10 SGL0 Lase m"‘e& 116,14 15214

14Ys7 ST13 10 SGLO0 Giinding

4 YCSZ sc21 25 SGL0 Giitblasting
YCSZ sc2 25 SGL0 Tumed 55,3 190,22

YCSZ sc3 25 SGLO0 Giinding

5 YCSZ Scs1 5 SGL0 Giitblasting
YCSZ SCs2 5 SGI00 Tumed 105,4 15515

YCSZ SCs3 5 SGI00 Giinding

6 YCSZ sclo1 10 SGI00 Giithlasing
YCSZ SCl 10 SGI00 Tumed %,7 13209

YCSZ SC103 10 SGI00 Giinding

7 14YSZ TT51 Triglex Giithlasing
14YSZ TT52 Triplex Lase m”re& 805 160,10

14YSZ 753 5 Triglex Giinding

8 14YSZ TTi01 10 Triplex Giithlasing
14YSZ T2 10 Triplex Lase m”re& 77:2 131;08

14YSZ TT108 10 Triplex Giinding

9 14YS7 201 20 Triplex Giitblasting
14Ys7 T 20 Triplex Lase m"’e& 912 118,09

14Ys7 03 20 Triplex Giinding

10 YCSZ TC51 5 Triplex Giitblasting
YCSZ TC52 5 Triplex Tumed 74,2 180,22

YCSZ TC3 5 Triplex Grinded

1 YCSZ TC101 10 Triplex Giitblasting
YCSZ TC102 10 Triplex Tumed 912 159,16

YCSZ TC108 10 Triplex Grinded

7. YCSZ TC201 20 Triplex Giitblasting
YCSZ TC202 20 Triplex Tumed 148,7 12412

YCSZ TC208 20 Triplex Grinded

Finally, thermal diffusivity of 14YSZ and YCSZ dpa
ings wasmeasured by laser flash technique using setup
LFA 447 of Netzsch (SeldGermany). Both sides of sa-
ples were coated with graphite prior to the measure-
ments in order to provide better absorption and ems-
sion of radiative energy. The measurements were made
in the temperature range between room temperature
(RT) to 523 K. The measurementswere made
with the use of the coatings sprayed on the griblasted
substrates and the 2layer model was developed to d-
termine thermal diffusivity of the coatings. The corre-
tions resulting from: (i) heat losses;(ii) pulse duration,
and (iii) contact resistance were included in themodel
used for calculations. To calculate the thermal diffusivity

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

& 44l & Rs e, S

where @ is density in RT being equal to 6050 kg/rA
for dense tetragonalphase of Zr@ and to 5830 kg/m3
for dense cubic phase of Zr§){12,13]. The specific heat,
¢p(T), and thermal dilatation values, L/L (T),were taken
from literature separately for tetragonal and cubic Zr@

of ceramiccoatings, it was necessary to know the values [14 16], which were the main phases in YSZ and YCSZ



coatings (according to XRD analysiof phase compos
tion of coatings). The values of specific heat for alloys
or composites were recalculated from KopgNeumann
law. Finally, the data for calculating thermal diffusivity
of coatings are collected iriTable 3. The vlues of specific
heat, thermal dilatation and thermal diffusivity of stain-
less steel substrate were taken from literature [1719].
Thermal diffusivity of stainless steel 304L was also
measured directly using our experimental setup. Knev-
ing thermal diffusivity values,a(T), thermal conductivity,
I(T) was calculated following the equation:

€44

&6; L =6,%6— 44
SEUG: :6;

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 Spedic  Themmal Speciic  Themnal
heat G diatation heat G diatation
[JgK ] JgK 1
298 515 Zawtxy 427 uavrus
10% 108
323 540 tawxvx 441 tarwzu
104 104
373 580 xézzvr 465 wawytt
104 104
423 610 sastxt 485 {&szrv
108 104
473 630 saxw{z 501 satzyu
108 108
523 655 tartrx 514 SAxXXvVr
108 108
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 atoating 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 parameterof phases obtained
in all experimental runs (Table 4).

however, the columns aremuch less visiblewhile grind-
ed substrate was used. Finally, the increase of suspe
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 porosityf
coatings decreases from about 21% at lowest suspension
concentration of 2.5 wt.% down to alwut 15% at the
suspension concentration ofLO wt.% (see Table 2).

3.1.1.2. Torch TriplexThe coatings sprayed using s+
pension having10 wt.% of solid phase were generally
dense and the columnar microstructureis visible only
for the laser treated substrae (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 SG100 torch and decreases
from about 16% to about 12% with increasingsuspen-
sion concentration.

a)

b)

Fig. 4. X-ray diffraction diagram of typical coating
sprayed using: (a) sample TT102btained using 14YSZ
powder suspension containing cubic zirconia identified
using 00-030-1468 1484 file of the JCPDS data base; (k
sample TC202obtained usingYCSZ powder containing
suspension tetragonal and monoclinic zirconia iderit
fied using 04-013-9723 and 04004-4339 files
of the JCPDS data base.

3.1.2. Morphology of coating suspension formulated using
YCSZ powder

The application of suspen®n with the use of coarse
YCSZ powderresulted in coatings which do not have
a columnar structure independenton suspension co-

3.1.1. Morphology of coating suspension formulated usingcentration and torch type. The examplef microstruc-

14YSZ powder

3.1.1.1. Torch S®00. The coatings had a twezone
microstructure with large molten lamellas am fine un-
molten particles. The morphologiesof coatings sprayed
using suspension having a concentration of.5wt.%

tures obtained with torch SG100 and Triplex areshown
in Figs. 9 and 1Qrespectively. The increase in suspension
concentration results in the increase in coating density
and in fewer defectsand fewer pores (see Fig. 10).
The coating porosity is lower forcoatings sprayed using
suspension formulated using YCSZ powdethan that

of solid are shown in Fig. 5. The coatings sprayed have formulated using 14YSZ one and for that sprayed using

a columnar microstructure for all type of substrate su-
face preparation even includng polished substrate (see
Fig. 5¢). The columnar structure isvisible also for the
suspension of greater i.e. 5 wt.% concentratioliFig. 6);

Triplex torch than that sprayed using S&00 one (see
Table 2). Consequentlythe lowest porosity of about 12%
was reached for coatingssprayed using suspensionof
concentration 20 wt.%, YCSZ powdeand Triplex torch.



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

YCSZ coating_;s

14YSZ coatings

Sample Tetragonal phase Monoclinic phase Sample Cubic phase
Content, féa % ...a4a % Content, fa ,a ..a %i Content, féa %
wt.% wt.% wt.%
SC22 97.45 3.6401 5.2133 255 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
4. Discussion

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 conductivityis lower
for the coatings sprayed using SGO0O0 torch than that
sprayed using Triplex one and decreases with conceraf

tion of solid in suspension. Similar observations can be

made for the coatings madeising suspension formulated
using YCSZ powder. Finally, the thermaonductivity of

The thermal conductivity of tested samples was et
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.

coatings sprayed using suspension including 14YSz 11b). The conductivity values are comparable to those
powder is slightly lower than that sprayed using YCSz obtained for the suspensionsprayed 8YSZ described

powder suspension for similar suspension concenta-
tions.

Fig. 5. SEM (secondary electrons) micrographs
of crosssections (left side) and surfaces (right side)
of coatings suspension including 2.5 wt.% of 14YS
solid phase sprayed using SG00 torch onto substrates
prepared by: (a) sand blasting, sample ST21; (b)
laser treatment, sample ST22; (c) grinding, sample
ST23.

elsewhere [3]. The low values of conductivity results
from: (i) high porosity of coatings and, in particular,
from the presence of fine pores; (i) bad contacts &
tween the grains;and (iii) from the preserce of small,
unmolten grains being sinteredwith the other and dis-
cussed elsewhere [1,2].

Fig. 6. SEM (secondary electrons) micrographs
of crosssections (left side) and surface(right side)
of coatings suspension including 5 wt.% of 14YSZ soli
phase sprayed using SG100 torch onto substrates
prepared by: (a) sand blasting, sample ST51; (b)
laser treatment, sample ST52; (c) grinding, sample
ST53.



Fig. 7. SEM (secondary electrons) micrographs of cross
section (left side) and surfaces (right side) b coatings
suspension including 10 wt.% of 14YSZ solid phas
sprayed using SG100 torch onto substrates prepared
by: (a) sand blasting, sample ST101; (b) laser treat-
ment, sample ST102; (c) grinding, sample ST103.

The microstructure formed

columnar was

in the samples: ST228T23, ST52, ST102, and TT102. All

the samples were sprayed usingl4YSZ powder being
a finer one. Consequently, only fine powder formulated
suspension enabled formation of the columnar mia-
structure independent of the torch used. Thesubstrate
surface preparationsmethods resulting in the formation
of the columnar microstructure are as follows:

laser treated substrate coatedwith 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);

of . .Scett o—,o="f—1 ¢ f>FT —ece%o
with the SG100 torch (sample ST102 shown in Fig. 7b);

Yo" <o tTET o—
torch (sample 23 shown in Fig. 5c¢).

Finally, low concentration of fine solids in suspension
promoted the formation of the columnar microstructure.
The greatest concentrationamong the tested ones rest
ing in such microstructure was 10 wt.% ofolids suspe-
sion sprayed onto the laser treated sufitrate. The d-
tained experimental results enable a design of a simpl
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 aworking gas. The behs-
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 forcleFD, by the gas
moving radially; and (ii) force of adhesion,FA, keeping
the particle attached to the substrateThe dragforce can
be expressed undesimplified assumption that particles

A more realistic model should take into accotmg@rmophoe-
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 phas
sprayed usingTriplex torch onto substrates prepared by:
(@) sand blasting, sample TT101; (b) laser treatment,
sample TT102; (c) grinding, sample TT103.

moves in Stokes regime as follows:
(y,L uyN@: Ry&L; u

in which @3 is the viscosity of gas acting on particledp
is the particle diameter, vg is the velocity of gas equal
to vg = 600 m/s 2 and Vp is the particle velocity. Supps-
ing that the velocity of the particle is about ahalf
of the velocity of gasyp=0.5vq, what corresponds roughly
to the calculations made for fine hydroxygatite particles
in the numerical simulation presented elsewhere [20],
and that the viscosity, of workinggas composed of pls:
ma formi'ng_(jsée's' and products of suspension liquids

B (_mo_%egri?tfgqn s e_qgai to @+ x- %ikg/(ms), the drag

or different”parti cles diameters is represented
in Fig. 13. The adhesiororce, Fa, can be approximated
by a critical force measured at scratchest, i.e. the force
applied when indenter reaches the coating's interface
with the substrate. The values of critical force were
measured to be inthe range of 9 to more than 30 N
in suspension plasma sprayed 8YS&batings [3] and 10
to 17 N for suspension plasma sprayed TiOcoatings
[21]. The very rough comparison of two forces acting
on small particles shows that generally FaBp what
means that the particles adhere to thesubstrate at im-
pact. The explication of columnar microstructure fa-
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).

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 kWhbeing lower than that
used in the present studylore details are siwn in the study
[20].



Fig. 9. SEM (secondary electrons) micrographs of cross
section (left side) and surfaceg(right side) of coatings
suspension including 2.5 wt% of YCSZ solighase
sprayed using SG100 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 Fo > Fa and they move parallel to the growing
coating surface until they meet an irregularity
on this surface towhich they may adhere. Such irregula
ities 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, aquestion remains how was it pe-
sible to form a columnarstructure (sample ST23 shown
in Fig. 5 ¢) on a grinded substrate having a smootur-
face shown in Fig. 3b? The answer results from theus
perposition of many process parameters of the spray
processes synthesized graphicallin Fig. 16. The suspe-
sion used b spray this sample was having a smation-
centration of solids (2.5 wt.%) and was well stabilized
(zeta potential, G 82.5 mV) i.e. the fine solids were well
separated. Moreover the SG100 setup was having
a large diameter of injector (ID =0.5 mm) and he 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 sparated after evaporation
of liquid from the droplet. These gotmolten and accele-
ated in the plasma jet and impacted on the substrate and
adhered to it. The mechanism of adhesion of these small
splats could have beentheir 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 surfacegright side) of coa-
ings suspension including 10 wt.% of YCSZ solid phas
sprayedusing 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@r
cess parametersnfluencing the formation of the colun-
nar microstructure in zirconia coatingswas 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 sprayequipment. The powders included
yttria and ceria stabilized zirconiaof composition Z1O2 +
24 wt.% CeO2 + 2.5 wt.% Y203 and ZrO2 + 14 wt.%
Y203. The coatings were deposited on the 304L tsu
strates havingthe surface prepared by: (i) grid blasting;
(ii) grinding; (iii) turning; and (iv) laser treatment.
The plasma torches usedwere: SG100 and Triplex.
The microstructure of the coatings was analyzed using
scanning electron microscopy (SEM) and (FESEM)
as well as the Xay diffraction. Rietveld method
was applied and enabled to determine that thel4YSZ
samples crystallized as tetragonal ieconia and the YCSZ
included major tetragonal phase andmonoclinic zirconia
as the minor one. Finally,the thermal conductivity
of coatings was characterized up to 523 Kvith the use
of laser flash method and it was found to be in the range
of 0.6 to 11 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 suspensiogon-
centration. Lower concentration promoted, generally,
the formation of columns. The columnamicrostructure
when using coarse YCSZ powdewas formed only
with the laser treated substrate surface. The othesub-
strate surface preparations methods resulting in the
formation of the columnar microstructure were machn-
ing and turning. Surprisingly, it was found out that the
spraying of such low concentration suspensioras 2.5
wt.% of fine 14YSZ solids on a smooth, grinded substrate
resulted in the formation of columnar microstructure.



b)

Fig. 11. Thermal conductivity of coatings sprayed
using suspensions formulated with: (a) 14YSZ pev-
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 mechan
cal properties ofthe samples sprayed usingptimized

spray parameters should be alsearried out.

Fig. 12. Schematic representation of forces acting
on a particles arriving on substrate or onpreviously
deposited coating.

Fig. 13. Drag force vs. particles diameter for a simp!
fied model developed following the data from our
previous study [20].

a) b)

Fig. 14. Possible trajectories of droplets/particles
during plasma spraying with the use of: (a) internal,
injection (SG100 torch); (b) external injection (Triplex
torch).

Fig. 15. Mechanism of the columnar structure fo
mation at suspension spraying on the roughened &u
strate having surface with many irregularities (n-
spired by [9]).

Fig. 16. Mechanism of the columnar structure fo-

mation in sample ST23 having a grinded surface
as shown in Fig. 5c. The large droplet on the right sid:
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 suspens
plasma spraying technology: (i) columnar one; and, (ii) lamellar, twa@one microstructure. The optimization
of spray parameters was made and then the advanced microstructural studies were performed. The wo
was focused on zirconia stabilized by yttria (YSZ, ZrO2 + 14 wt. % Y203) and both by yttria and ceria (YCSZ, Zr
24 wt. % CeO2 + 2.5 wt. % Y203) whichreamost frequently used as thermal barrier coatings (TBC). Moreover, twc
types of microstructure were achieved using two different plasma torches, namely SKB0 of Praxair and Triplex
of Oerlikon Metco. The microstructure of prepared coatings was analyzagsing electron microscopy (SEM) after
optimization of the spray parameters. The conventional SEM microscope with secondary electrons detector (S
and back scattered electrons one (BSE) were used. The energy dispersive spectroscopy (EDS) was perfor
to analyze the chemical composition. By electron backscatter diffraction (EBSD) grain shape, size and crystalmori
tation were determined. The analysis enabled the dlscussmn of the coatings growth mechanism. Finally, the Sh'
From Shading (SFS) technique \is f''Z<tt —* "f.."3f -1 fet —=* fefZroed: u “cf™e "

Keywords: Yttria Stabilized Zirconia, YtriaCeria Stabilized Zirconia, Thermal Barrier Coatings, Suspension Plasma
Spraying, Columnar Microstructure, Twdone Microstructure, Elecon BackScatter Diffraction

and/or by appropriate preparation of the substrate
surface morphology. The effect of the comnar struc-
ture formulation was explained by the deviation of hot
gas trajectory near the substrate material. In the s+
ied cases thecolumnar like microstructure occurred
only in the coatings sprayed using suspension ©ce

1. Introduction

Suspension plasma spraying (SPS) is a moddic
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 procesparameters
is narrow. The changes in spray conditions results
<o Tt Ee— Lt f—<o%oei oS Z %ot
described the mechanism of formation oftwo-zone
microstructure, which is typical for suspension pla-
ma spraying process. The coatingsontained dense
zones with well melted lamellas and the zones with
irregularly distributed, more or less sintered small
particles can be observed. The formation afvo-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.

St ofef £ °F..— ™fe fSct Et >
for radially injected suspensions by changing
the amount of the solid phase in the suspension

taining very fine particles.

The mlumnar microstructure is useful for thermal
barrier coatings since it may improve the therme
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

oé]?"-- ?s{fnt aper focuses on the analysis
the mlcrostruc ure of the coatings and the manufe
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 diffe-
ent: (i) chemical composition; and (ii) particles size.
The YSZpowder was manufactured by Tosoh (Kyoto,
Japan) and had composition of Zr9+ 14 wt. % ¥%0s.

1" ™ie grablométdy te¥ts (DLS method, Zetasizer Nano

ZS, Malvern Instruments) showed that the volume
mean diameter was equal to gs0=398nm. The powder



was used as maufactured (Fig. 1). The second pe-
der, noted as YCSZ, had the trade name Metco205NS
and a composition of ZrQ+ 24 wt. % Ce@+ 2.5 wt. %
Y203 (YCSZ). The initial size of YCSZ powder was equal
to dvsox u{&dxJed SF MTE” ™[
cally using bal milling (moliNEx system, NETZSCH).
The mechanical treatment allowed decreasing
CiT™MtET e ecet <%od t &
method, Partica LA950V2, Horiba) showed that the
volume mean diameter was equal to @o= 696nm.

The suspensions incluthg 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 S&00 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 dispe
sant agent (Beycostat C213, CECA, France). The details
of feedstock prepaation are shown elsewhere [7, 12].

2.2.Spray Experiments

The zirconia coatings were produced using two
spray setups equipped with different plasma torches
(SG100 and Triplex) and the deposition parameters
were optimized separately for each torch [7]. Mceo-
ver, the influence of the substrate topography
‘o St L f—<2%oei ec..”" —...——0"f
pographies were generated with: (i) grit blasting; (ii)
grinding; (iii) turning; and (iv) laser treatment. All
substrates were cleaned in the ultrasonic b
in ethanol prior to spraying.

Finally, fours variables occurred in the spray »
periments: (i) type of powder; (ii) concentration
of solid phase in suspension and (iii) substrate topg-
raphy; (iv) torch type. As a result 12 spray exper
ments were performed for each torch type and 36
different coatings were sprayed (Table 1).

Fig. 1. SEM morphology (secondary electrons) of YS:
powder

Lr—eSTtt
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Fig. 2. SEM morphology (secondary electrons) of YCS
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 di
ferent microscopes: (i) Leo 1455VP (Carl Zeiss G
with Metek EDS detector of EDAX was used for SEM
bbsevationt 8nd BO'S measurements; (i) Neon 40ESB
(Carl Zeiss GmbH) with DigiView EBSD camera
was used for SEM and EBSD investigations.

St tEfoecef—c'e " St . f-cco%oei oc...
ture was made wit the following parameters:

- step size of 100nm;

-utfe T Z—f%F swe ™c—S fe fE"——"F xrJea

- scan speed of 610 points per second.

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

The coating topography was characterized
by Shape From Shadingnethod (Phenom G2 pro,
Eindhoven, The Netherlands). By using four different
local 2D images of the sample and weknown shad-
owing effect [13] the 3D views of coatings surfaces
were recovered. Then the topography profiles could
be observed and analyzed [Fig.3Finally the influence
of substrate topography and spray process parag:
ters on the coating substrate and roughness was
vestigated. In this case, noncontact laser confocal
microscopy method was applied (Olympus, LEXT
OLS4000 3D Laser Measuring MicroscopeTokyo,
Japan).



Table 1 Design of experiment and nomenclature of sprayed coatings (highlighted lines correspond to columnar like
coatings) [7]

Concentration of powder in

Run Powder material he on 4] Plasmatorch Substrate preparation Sample
YSZTosoh 25 SGI100 Girit-blasting ST21
1 YSZTosoh 25 SGI100 Laser treatment ST22
YSZTosoh 25 SGI100 Grinding ST23
YSZTosoh 5 SGL00 Grithlasting ST51
2 YSZTosoh 5 SGI100 Laser treatment ST52
YSZTosoh 5 SGL00 Grinding ST53
YSZTosoh 10 SGL00 Grithlasting ST101
3 YSZTosoh 10 SGI100 Laser treatment ST102
YSZTosoh 10 SGL00 Grinding ST103
YCSZ 25 SGL00 Grithlasting sc21
4 YCSZ 25 SGL00 Tuming SC2
YCSZ 25 SGL00 Grinding SC23
YCSZ 5 SGL00 Grithlasting SC51
5 YCSZ 5 SGEI00 Tuming SCB2
YCSZ 5 SGL00 Grinding SC53
YCsZ 10 SGL00 Girithlasting SC101
6 YCsZ 10 SG100 Tuming SC102
YCsZ 10 SG100 Grinding SC103
YSZTosoh 5 Triplex Girithlasting TT151
7 YSZTosoh 5 Triplex Lasertreatment TT52
YSZTosoh 5 Triplex Grinding TT53
YSZlosoh 10 Triplex Grithlasting TT101
8 YSZlosoh 10 Triplex Lasertreatment TT102
YSZlosoh 10 Triplex Grinding TT103
YSZlosoh 2 Triplex Grithlasting TT201
9 YSZlosoh 2 Triplex Lasertreatment TT202
YSZlosoh 2 Triplex Grinding TT203
YCsZ 5 Triplex Grithlasting TC51
10 YCSZ 5 Triplex Tuming TC52
YCsZ 5 Triplex Grinded TC53
YCsZ 10 Triplex Grithlasting TC101
n YCSZ 10 Triplex Tuming TC102
YCsz 10 Triplex Grinded TC103
YCSZ 2 Triplex Grithlasting TC201
12 YCSZ 2 Triplex Tuming TC202
YCSZ 20 Triplex Grinded TC203
a) b)

Fig. 3. Shape From Shadinggchnique: (a) reconstruction of coating surface, (b) 3D view of coating



b)

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 ga-
ples produced as shown in Table 1 contains &asic
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 usingssu
pension including YSZ powder showed that the spya
ing did not introduce the modification in the chemical
composition. The content of the elements in the coa
ing microstructure was as follows: (i) 2530 wt. % of
oxygen, (ii) 14-18 wt. % of yttrium; and (jii) 53-58 wit.
% of zirconium what corresponds to the initial can-
position of YSZTosoh powder used to prepare the
suspension
((i) 25 wt. % of oxygen; (ii) 11 wt. % of yttrium; and
(iii) 64 wt. % of zirconium).

The YCSZ coatings consisted of about: (i) 288 wt.
% of oxygen; (i) 1518 wt. % of cerium; (iii) 5-6 wt. %
of yttrium; and (iv) 56-63% of zirconium. This can-
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.ColumnarLike Coatings

Table 1 shows the process parameters resulting
in columnar like microstructures. The microstructure
was achieved for both plasma setips, different kinds
e e f—tei e —""f .
grained YSZ powder. A typical columnar like mio-
structure cross-section for ST23 coating is shown in
Fig. 4a. This sample was particularly interesting d
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 dw
strate did not include the delamination of coating
and any cracks (Fig. 4b). However, after having the cut
sample and pacing 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 possble to observe that finer grains -
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 dve
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 cey
tallite directions. The differences béween these oi-
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 numbe grain was of
300 nm and below, which was close to initial particle
powder size.

T =% f'Scte fot teZ> " "ot

Fig. 5. EBSD image (inverse pole figure) of ST23 1sa
ple



a)

b)

Fig. 6. Topography of coatings having columnar microstructure (SFS method): irregular, cauliflower like, surfac
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 Imand Rz = 51.2 Im was measuredf the
coating surface andRa = 0.1 Im and Rz = 0.6 Im for the
substrate, respectively.Another coating having colun-
nar microstructure was ST52 (Fig. 7a). The substrate
topography, achieved bylaser treatment, influenced
the coating morphology. Thecolumnar microstructure
was formed in the way that eachii’ 1 f 77
- f
pores were formed. The coatingsvere also denser than
sample ST23, because of the use tfo times greater
suspension concentratim. However, a big amount
of larger micropores was also observed. Nedhe 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 —St 1"t fee fof ~f Zahdlyasd sinditate-
ously (Fig. 8). The measurements showed that

a)

the growth mechanism of coating was not the same
in the two analyzedregions of the sample. Consequén
ly, the grains,which were deposited above the peaks
of the substrate (see no. 2 on Fig8a), were rather
spherical. On the otherhand, the grains solidified e-
tween the peaks were moredeformed, i.e., thin and
perpendicular to the substrate surface (see no. 1 on
Fig. 8a). The longitudinal shape othe grains may s@g-
gest that coatings have aexture. Because of these
differences in the grains morphology, an additional

"7t e et EBSD maps in these two regions of the sampleere
L tZ—ee fet .71 —tBetlongitdinAl: >« 77 analyzed (Fig. 8b). But the observed differencebe-

tween different grain orientations were in fact very
small and it was not posible 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 otherhand, a great number of small grains
with th e size of abou250-300 nm were found out (see
Fig. 9b). Moreover, thegrains which solidified above
the peaks of substrate, haglightly smaller size.

b)

Fig. 7. SEM microstructure (back scattered electrons) of ST52 coatings with magnification of 500x (a) and 5000x (k



a)

b)

Fig. 8. EBSD map showing the grains of ST52 dea
ing and their crystallographic orientation (a), and
texture analysisperformed in area 2 (b)

SFS enabled to find the cauliflowelike surface
morphology in samples with columnarlike structure.
The coatings sprayed onto lasetreated 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 chaca
terized by Ra = 7.4m 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, i.e.,
for YCSZ coatings prepared using Triplex torch and
suspension having 10 wt.% of solid phase. The mior
structure of these coatings was much denser than
in columnar-like coatings (Fig. 10a).

a)

b)

Fig. 9. The volume (a) and number (b) distribution
of the grainsize in ST52 coating microstructure

The presence of ceriumcould be noticedas bright
fields in Fig. 10(b). Finally, it was foundhat the sub-
strate preparation process did not influencethis type
of coating microstructure. The EBSD investigation
visualized the thin columnsinside the lamellas, esp-
cially near the substrate (Fig. 11)The grain size exan-
ination, carried out for the TC102sample, enabld to
find the main size of about 450 nm, andhe number
distribution was less than 300 nm (see Fig. 12and b).

Fig. 10. SEM micrographs (back scattered electrons) of the TC102 sample with 500x (a) and 5000x magnification (b;

150



Fig. 11. EBSD map (inverse pole figure) of TC10:
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 YSZpowder (Fig. 13). The single peaks
on the surface profile could also be observed
as a result of coarser particles thatare present
on coating surface. The SEM observationsere con-
firmed by roughness measurements. The surface
of TC102 sample was characterized by-R 3.2 Im and
R, = 23.2 Im. Furthermore, a decrease of roughness
parameters with an increase in suspension concerdr
tion could be observed, especially for Triplex torch.

a)

a)

b)

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 bé
ter understand the formation of the columnar
and lamellar microstructures of suspension plasma
sprayed zirconia coatings but also to observe main
differences betweenthese microstructures. The co&
<o %osi %" ™ _S «fin. SP> precess were also
investigated (Ref 1416).

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

b)

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

Thesedifferences were caused by the hot gas ftu
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 ofsubstrate or previous deposits forming
columnar-like microstructure. The effect was strendh-
ened by morphologyof substrate surface and fine size
of powder particles Fig. 14 (Ref 6, 7). The EBSD maps
confirmed previous analyses and explanations. Anbt

er issue related to thebehaviour of powder particles
that came into a contact withsubstrate resulted from
equilibrium of forces (Ref 7, 17):(i) Fo drag force
pushing fine solids and (ii) adhesionforce Fa keeping
the particles on the substrate surfaceConsequently,
the particles could stick directly to the substrate
or move parallel to it depending on which ofthese
forces dominated. The relationFa > 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 suspensionand 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 isingle irregulari-
—<Fe 17 e
Then the procedure will be similar as in thecase
of lasertreated substrate but as the result, muchmore
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).

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

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 reg
lar columnar structure using SPS similato 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 greaterthan the atoms or moe-
cules forming islands which becomeéhe columns du-
ing PVD processes.

The growth of lamellar microstructure resulted
from  suspension injection into the plasma
and the phenomenaoccurring thereafter in the plasma
jet Fig. 17 (Ref 5). Thidype of coating occurred mainly
when the suspension hadl0-20 wt.% of solid phase.
As the injection systems in twoplasma torches were
different, there were some differencesn morphologies
of obtained coatings. The smalleand more conce-
trated droplets were injected into the plasma flux
in Triplex setup, and as a result, morehomogeneous
coating was formed.

‘e —St e— o_Dhf crhated-""f ..t ™cZ7

Fig. 16. The schematic illustration of columns fo-
mation on smooth surfaces for suspension containing
low concentration of solid phase: 1 irregularly dis-
—,——Ft eco%Zt o’ Zf—e .. idrfeldmns;
2 particle trajectory depending on FA andFD (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, complet
ly randomly oriented lamellae and surrounding them
micropores inside all columnarlike coatings. Furher-
more, thin and longitudinal (columnar-like) grains
inside big, flattened, lamella were observed, when
analyzing coatingshaving lamellar microstructure like
TC102.



Fig. 17. The mechanism of formation conventional twezone lamellar structure using Suspension Plasma Sprayin

method (Ref 5)
5. Conclusions

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

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

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

The EDSanalysis proved that the spray process did
not influence the chemical composition of coatings.
The concentration of the elements in coatings mioo-
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 laseftreated substrates.
The analysis of the crystal grain size of coatigs
showed that their size iscomparable or smaller than
that of initial powders.

The SFS technique was used to recreate andana-
lyse 3D views of coatings_ topographies. The investg
tions showed that the suspension composition, powder
particle size, andsubstrate preparation can be anm-
portant factor influencing coating topography.
The roughness analysiswas carried by noncontact

laser confocal microscopy angroved correlations that
were observed with the use oSFS method.

In future work, the studies of thermal and therno-
mechanicalproperties will be realized in order to veri-
fy what kind of coating microstructure is more benef
cial for TBC_s applications. For some applications,
especially as thermal barrier coatings, the coatings
having columnar microstructure seem to be more
advantageous. The mainbenefit is high resistance
for thermal shocks, which improvesthe sprayed co#
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 orther-
mal conductivity was discussed previously (Ref 12, 22,
23). Therefore, the selection of adequate coatingsi-
crostructure for desired application has to be a cm-
promise.

Acknowledgments

This research received support from the Grant &
nata, UMO2013/11/D/ST8/03400, awarded
to the Faculty of Mechanical Engineering
at the Wroclaw University of Technology by the M-

tional Sciene Centre (Poland). French Embassy
in Poland enabled the «—f> "~ f™f] fe'lt™eec
at University of Limoges in""fef% ‘°~ E'<e— -S 17"

———%Z27Z%i7 " %" fe+ ™ Sin.cdbperation peZ < ce T T
tween France and Poland. ThePolonium program
attributed by the French Embassy inPoland helped

in financing the visits of Polish researcher#n France.

References

[l & <«-eS*"t"a & ‘—>f’a fot &aa '—Z'«a 11 —
Zfeef ""frce%iia f—fe— waxr{a{tsa u '~ s{{y
[2] 2. P. Fauchais, R. EtchaBalas, V. Rat, J.€oudert, N.
Caron, and K. Wittmann $2¢31® o4 f"frf-1"-
trolling Liquid Plasma Spraying: Solutions, Sols or
Suspensions, J. Therngpray Technol., 2008, 17, p 31
59
[B] ua & fétea & féef’a & f—1" - fzZaa —
Plasma Spraying: Process Charactstics and Applia-
tions, J. ThermSpray Technol., 2010, 19, p 23925



VA 4 ‘ef’eecd A4 [™['™eeca & f™
and F. Petit, Two Zones Microstructure of Suspension
Plasma Sprayed Hydroxyapatite Coatings, Suioat.
Technol., 2010, 204, p 180-1387
wWa 4 ‘eet"es<d 4 Of-+fa a
Petit, C. Pierlot, H. Podlesak, and J.P. Laval, Preliminary
Study on Suspension Plasma Sprayed ZrO2 + 8 wt.%
Y203 Coatings, J. Eur. Ceram. Soc., 2011, 31, p 2089
2098
6. K. VanEvery, M.J.Mr&be, R.W. Trice, H. Wang, W.
Porter, M. Besser, D. Sordelet, J. llavsky, and J. Almer,
Column Formation in Suspension Plasm&prayed
Coatings and Resulting Thermal Properties, J. Therm.
Spray Technol., 2011, 20(4), p 81:828
ya a4 ‘' ™eeca A & Ooff™Md¢Meeca nfiet
broziak, The Key Process Parameters Influencing Fo
mation of Columnar Microstructure in Suspension
Plasma Sprayed Zirconia Coatings, Su@oat. Technol.,
2014, 260(15), p 97106
zd a féfted & —'& fet & -""%"4
Properties of Segmented Thermal Barrier Coatings,
Proceedings of the 29th International Cocoa Beach
Conference & Exposition, D. Zhu, W.M. Kriven, Ed., Jan
23-28, 2005 (Cocoa Beach, FL), Ceramic Engineering
and Science Proceedings, Vol 26(38), p 360
9. N.Curry, K. VanEvery, T. Snyder, and N. Markocsan,
Thermal Conductivity Analysis and Lifetime Testing of
Suspension Plasmprayed Thermal Barrier Coatings,
Coatings, 2014, 4(3), p 63®50
10. E. Garcia, P. Miranzo, R. Soltani, and T.W. Coyle,
Microstructur e and Thermal Behavior of Thermal Ba
rier Coatings, J. ThermSpray Technol., 2008, 17(4), p
478-485
11. B. NaitAli, K. Haberko, H. Vesteghem, J. Absi, and
D.S. Smith, Thermal Conductivity of Highly PorousrZi
conia, J. EurCeram. Soc., 2006, 26(16), p 83-3574
Std &4 ‘e'[*™Meecad & Of-+fa a
ak, S. Kozerski, and B. Nakli, Characterization of M-
crostructure and Thermal Properties of YCSZ Coatings
Obtained by Suspension Plasma Spraying, Su@foat.
Technol., 2015, 268(25), p 147152
sua aaa ‘"ea 11 Sf't "¢ Sftce%a
Obtaining the Shape of a Smooth Opaque Object from
ef <«t™ATT S& & —Steced feof..S—
Technology, 1970
[14] 14. H. Kassner, R. Siegert, D. Hathiramani, R. Vassen,
and D. Stoever, Applicationof Suspension Plasma

(4]

fTM'|'!TM.

(5]

6]

(7]

(8]

B

(10]

(11]

(12]

(13]

fMT ™eecq

"eecd Zprayifig (SRS)Xfar Manufacture of Ceramic Coatings, J.
Therm. Spray Technol., 2008, 17(1), p 11823
[15] swa & Of—-+fa &aa ‘">f..Sf"a a ‘cei”+e<a
and T. Lampke, Buildup Mechanisms of Suspension
& Plgsima-Spraygd ZrOa + 8 wt.%203 Coatings, The
mal Spray 2011: Proceedings of the International
Thermal Spray Conference and Exposition, Sept 2B,
2011 (Hamburg, Germany), DVS Media, 2012, p. 104
109
[16] 16. Z. Tang, H. Kim, I. Yaroslavski, G. Masindo, Z. Celler,
and D. Ellsworth, Noel Thermal Barrier Coatings Po-
duced by
[17] Axial Suspension Plasma Spray, Thermal Spray 2011:
Proceedings of International Thermal Spray Confe
ence and Exposition, Sept 229, 2011 (Hamburg,
Germany), DVS Media, 2012, p 57376
[18] sya & f-1>"'«a & NfCalVeMGsbélluc, and
A. Denoirjean, Modeling of phenomena occurring in
plasma jet during suspension spraying of hydroxyga:
fe—"f atite—edatings; 1Surf.Coat. Technol., 2013, 214(15), p
86-90
[19] sz4 & f—1f4a & ‘+'f..S4a & '—'64 ft
cess conditions ad microstructures of ceramic co&
ings by gas phase deposition based on plasma spra
ing, J. ThermSpray Technol., 2013, 22(38), p 83-89
[20] 19. A. Guignard, Development of Thermal Spray ¢
oFeefe ™St ffte—t.ecd "o S—e%oece
lich GmbH Zentrdbibliothek, Verlag, Energie & th-
welt/Energy & Environment, Vol 141, 2012
[21] 20. U. Schulz, K. Fritscher, and M. Peters, -EBD
Y203 and CeO2/Y203Stabilized Zirconia Thermal
Barrier CoatingsCrystal Habit and Phase Composition,
Surf.Coat. Technol., 1996,8 p 259269
[22] 21. W.A. Kaysser, M. Peters, K. Fritscher, and U. Schulz,
Characterization and Testing of EBPVD Thermal Ba
rier Coatings, AGARD Report 823, Thermal Barrier
EoatingSoDATO NeuillysuSeine, Paris, AGARD, 1998
[23] 22. P. Carpio, Q. Blochet, B. Paté'ea & f ™1 ™seca
M.D. Salvador, A. Borrell, and E. Sanchez, Correlation of
Thermal Conductivity of Suspension Plasma Sprayed
Yttria Stabilized Zirconia Coatings with Some Mior
t — Sttuctutar Effects, Mater Lett., 2013, 107, p 376373
[24] 23. D.S. Smith, A. A, J. Bourret, B. NaiAli, F. Pa-
et ——« nee,-N.TessidDoyen, K. Otsu, H. Matsubara, P. Elser,
and U.T. Gonzenbach, Thermal Conductivity of Porous
Materials, J. MaterRes., 2013, 28(17), p 2262272

(RS

P

a fet

154



PAPER 4

The microstructural studies of suspension plasma sprayed zirconia coatings

with the use of high -energy plasma torches

ALETRERT PP
PCLTF™ et rec—s 0 18 2 %vda L Tf™MA CZfeta ecTETec—> T <ot %
Per Nylen

(University West, ”*ZZSj——f+&) ™zt tte

Radek Musalek
(Institute of Plasma Physics CAS, Prague, Czech Repliblic

:toCE:I:o Of_ofé_ _:t’\fo ‘@:I:”oo(
PCTF™ et Tec—s 0 1. 80 72 %A "L If™A ‘Zfet

Dagmar Dietrich, Thomas Lampke

(Chemnitz University of Technology, ChemnitZGermany)

.S f™T ™aeag

(University of Limoges, Limonges, Frange

Under review in Surface and Coatings Technology

Printed with permission



Surface and Coatings Technologynder review)

THE MICROSTRUCTURAL T®DIES OF SUSPENSIONPLASMA SPRAYED ZIRQOA COATINGS
WITH THE USE OF HIGHENERGY PLASMA TORCIE
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The presented studies are focused on the microstructure characterization of zirconlzased coatings deposited
by two types of highenergy plasma torches: (i) Axial Ill; and, (ii) hybrid version of WateiStabilized Plasma (WSP)
torch. The suspensions were formulated using solid dispersed phase of: (i) zirconia stabilized with 14 wt.% ofO¢

and (ii) zirconia stabilized with 24 wt.% of CeQ + 2.5 wt.% of ¥Os and continuous phase of water with ethanol.
The spray process parameters were optimized for each plasma sgp individually. The in-flight observations

(shadowgraphy) were performed to optimize the injection of the iquid feedstock into the plasma jet. Then
St L f—<o%oie 'S 7 %> fot .. f—<o%o o—,o—"f—% <o—%""f..F ™Mi": _Sf"f
and scanning electron microscopy (SEM). The results showed that through the change of deposition meaers

various coatings microstructures could be obtained, in particular columnar and twaones structures.
The EDS/EDX and XRD studies showed that there was no significant change in chemical/phase composi
of zirconia material before and after sprayng. Electron Backscatter Diffraction (EBSD) method allowed to analyz
the grain size in the coating microstructure as well as crystallographic orientation of individual grains. The result
showed that coatings were characterized by submicrometric microsticture what corresponded to the size
of powder particles used to formulate suspension. No texture was observed in the coatings microstructur
The surface topography analysis which was performed by confocal scanning laser microscopy (CSLM) and St
From Shading (SFS) technique proved the great influence of suspension concentration on the coating structure.

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

1. Introduction 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 manymportant deposition
"frfef—1"e —Sf— . fe <ot Z—te.t L f-<o%ole ec.
The latter can be influenced by:
X torch position and dynamics (spray distance, scan
speed, scan offet — e—— Tttt ,> @BPN-f t— fZ4&
X suspension injection (injection mode, injectdn
angle, feed rate etd9,10);

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 interactons 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 X suspension properties (powder size and rheolg-
process[4]. That is why Thermal Barrier Coating sg- ical properties of suspension investigated
—tes o fUF <o .tests —ef <o —8% f7cf—cbYgQtRampon etall]);
try. The main reason why the coating industry X  Substrate prepa_ratlon and temperature [12,13];
has been growing very fast in recent decades results x  plasma properties related to type of torch that
from the economic considerations. In accordance are presented in this study;
to analysis by Matthews[5], the UK coating |ndustry and many (_)thers. o
™fe M E “ir (graz,ed —-— f-f1—51 {.IQ aug « previousf works [12,14] the application
"ttt =871 vt — . —e Ltce%o TM 8~ tof lowsgnergy plasma torches (S@00 and Triplex)
wards, thermal spraying and powder coatings the- for Suspension Plasma Spraying was presented
selvee ™Mt"f "¢ttt "t" | s,ea Sco .. 7% fadis@issed indgiails. In this work, the two different
coating industry is an important part of the production high-energy plasma spray torches (called Axial Ill and
worldwide. WSRH 500) were tested for a production of stabilized
One of the latest and extensive|y studied Coating zirconia coatings haVing various microstructures.

methods is the Suspension Plasma Spraying (SPS). The present paper is focused on micrdsuctural fea-
This process is derived from conventioal powder



tures and zirconiabased coating formation mech-
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:

X YSZ- the submicrometer-sized powder produced
by Tosoh (Tosoh TZYS, Tokio, Japamnd having

a chemical composition of Zr@ + 14 wt.% Y.Cs.

The powder had fully cubic structure according to

the XRD and Rietveld analysj$2]. The powder

particle size (Zetasizer Nano ZS, Malvern Instr
ments Ltd, Worcestershire, UK) waswdotraux Asa

Table 1 The characteristic of liquid feedstock used
for SPS

Susper
Sgen Pow Pow Pow  sion Chem
pen der der der concer  Sohent cal
sion dvo dvo dvo tration type
detsis  Ae  As  Ae (W% o agent
sold)
YSZ
based 1020 W& Bey-
stppen 036 053 095 0 777 terethan  costat
per+ o(5050) C213
sion
YCeSZ
based 1020 - wa- Bey-
sspen 041 075 180 0 777 teethan  costat
per+ o(5050) C213
son

dvsoxrawu Aecavperafw A.a St
analysis performed by scanning electron micross
py showed irregular microstructural features
of YSZ powder. The powder grains formed longit
dinal and heterogeneous aggregates (the SEMi-m
crographs of YSZ powder pdicles showed els-

where [14]).

X YCeSZ the powder produced by Oerlikon Metco
having a chemical composition of Zr®+ 24 wt.%
CeQ + 2.5 wt% ¥Os (Metco 205NS, Oerlikon
Metco, Switzerland). The XRD studies showed that
powder had complex phase composition(mostly
tetragonal but the appearance of cubic and man
clinic components was observed alsg)2]. In fact,
the powder was originally designed for conve-
tional Powder Plasma Spraying, so the particles
were micrometer-sized and spherical in the as
produced stte. For the purpose of Suspension
Plasma Spraying the powder was préreated ac-
cording to previously established methodology.
The 3hours mechanical balmilling process
(moliNEx, Netzsch, Selb, Germany), performed
in an ethanol bath, allowed to obtain sbmicrome-
ter-sized YCeSZ powder particles. The laser gran
lometry of crushed powder showed monomodal
size distribution, where dvioxravs Aws=0i75
Aed foevoofséazr Ae o, f 950V, f
Kyoto, Japan). The final powder particles werera
gular but non-agglomerated (see YCeSZ powder
SEM micrographs herg15]).

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, ® and 30 wt.%).
As a result six various mixtures were tested for spra
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 C23 (CECA, La Garenre
Colombes, France) was added. The whole procedure
of suspension preparation was similar as showed
in the previous studies, where less concentrated su
pensions (2.5, 5, 10 wt.% of solid) were sprayed
by using lowenergy plasma torchefl2]. The most
important features of precursors used for spraying
are summarized in Table 1.

00 7

2.2.Substrate preparation

Besides thesuspension concentration, another va
iable in the coating preparation process was a $u
strate topography. Three different procedures
were applied in order to create surfaces having diffie
ent roughness and features. Grblasted substrates

™1t éf~<°%o —SF S<%Ste— " —%Setee fx
and very irregular surface. Laseitreated substrates
™METE e 77 Sfco% ehtc—e "'—%Setee  fii

but the surface peaks were this time distributed very

regularly (see Fig. 1b). The laser prereatment

was used to create fine grooves at the steel substrate
(one-dimensional linear pattern). The grinded sib-

e—"f—fe ™Mi "t _St e _Ste_ ‘efs b-frraw Je &
strates were manufactured from 2mm thick 304L

stainless steel coupons. The surface profiles (Form

Talysurf 120l, Taylor Hobson Ltd, Leicester, UK)

are showed in Fig. 1.

a)

b)

0)

ne__ gy

Fig. 1. St e—, e—"f—Fei e«—""f . %
grit-blasted, (b) lasertreated (c) and grinded



2.3.Spray process description

The spray process was realized with the use of two
different high-energy plasma torches called Axial Il
(Mettech, North Vancouver, Canada) and WS# 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
WSPRH 500 ard Axial lll plasma torches and are p&-
sented in Tab. 2. The optimized deposition parameters
were similar for all suspensions concentrations.

Fig. 2. The configuration of spray setups (example
for WSRH 500 plasma torch)

As mentioned previously, the presented studies
were a continuation of wider research plan. The mi@-
structural features of zirconia coatings sprayed by two
low-energy plasma torches can be found herd2,14].
In this work another two different and high-power
plasma torches were aplied. The detailed characters-
tics (summarized in Table 2) of both seups

Table 2 Details of spray processes performed by using
WSRH 500 and Axial Il plasma torches

Torch WSPHS00 Axlll were as follows:
Process  parameters,
units Vales vales XWSRH 500 plasma torch- the latest hybrid version
Electric power, KW ~150 ~120 of water stabilized plasma torch (WSP) operating
Working gases an  Ar + HO decomp- Ar+HHN with dual (both gas and water) stabilization modes.
position sition products* It uses avery low working gas flow rate (only 15
15 of Ar + HO slpm of Ar). In addition, the torch consumes about 2
Tﬂc;./\t?jraleplaslm;)mn gases decomposition 245 liters of water per hour of torch operation. The water
’ products* is partially decomposed into hydrogen, oxygen and
Standoffdisiance, mm 100 Ie) OH groups and these gases form also the plasma jet.
Relative torch  scan 500 1000 But the torch provides at the same time a high arc
speed velociy, mmvs power (150 kW) resulting in much higher tempesa-
Offset between plasma 0 5 ture and enthalpy of plasma than in gas stabilized
torch passes, mm units [16]. The partial stabilization with Ar also pio-
Nozzke inector intemeal 035 050 vides a benefit of increased plasma density when
diameter, mm ' compared to the previous WSP torches without k-
Suspension_ iniecion Pneumanc System; Pensialnc pomp; brid stabilization, which may be also used for s&
coninuous  sfream  continuous ~ stream pension spraying [17]. This is expected to provide
Syste injector injector more effective momentum transfer on the fragmet
Suspension  injection 90100¢ 45 ed liquid.
rate, mifmin The suspension transportation was realized using
Nozze outside te Nozze insde the conventional pneumatic system. The feeder
Infector type torch, inection  torch, inection was equipped with magnetic stirrer also. The slurry
realized radially reglized axially was introduced to the plasma jet by the externaln-
jection mode. The optimization of appropriate inje-
* Hydrogen, oxygen and OH groups were formed tion angle and pressure was_d_one by applica;ion
from the water vortex ionization during the torch of SprayCam systen{Control Vision Inc., Sahuarita,
operation (the torch consumed 23 liters of water per USA). The shadowgraphy method was also used
hour of torch operation) 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 dependig on the powder material

and suspension preparation. This corresponded
to the suspension flow rate of 90 to 100 ml/min.

** Depending on the optimized feeding pressure

The configuration of both spray set ups was as fo
low: the plasma torch was mounted on an arm of-@xis
industrial robot, whereas the substrates were mounted
on a rotational carousel. The linear movement a) b)
of the robot arm determined the spraying path and the
offset between consecutive plasma torch passe#\f-
terwards, the rotation of the carousel corresponded
to the plasma torch scan speed. The arrangement
of spray setups is presented in Fig. 2.

Fig. 3. The optimization of suspension injection
pressure by using shadowgraphy (SprayCam)



x Axial 1l plasma torch - the multi-cathode
and gasstabilized plasma torch. During the coa
ing deposition, the total arc power of 120 kW
(40kW per each cathodeanode pair) was used.
The plasma gases of Ar + 4+ N were chosen
as a mixture providing hightemperature 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 Ill.
The system was equipped withperistaltic pump
and mass flow controller. The suspension ing
tion rate was set as 45ml/min. The suspension
was mixed during spraying by internal mechan
cal stirrer. Moreover, Axial Ill 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 suchdesign.

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 crosssection (15 values
at all) were taken to calculate the average thickness.
The aimed thickness of both kinds of zirconia coatings
™ fe swrAed

Then, the SEM and EDS studies were performed-u
ing Philips XL30 microscope (Eindhoven, Netherlands)
equipped with energy-dispersive spectometer (Oxford
Instruments, Oxfordshire, UK). Scanning Electron iM
croscopy observations allowed to analyze the nre
phology of coatings. The surface and crossectional
observations were performed as well. The SEM mior
graphs were used also to calculate thporosity of coa-
ings. The image editing made by Image J software
was done in at least five different regions of each cta
ing (for coatings deposited onto gritblasted sib-
strates, Table 3). The energylispersive spectroscopy
studies were done in order toqualitatively evaluate
the chemical composition of the coatings.

The phase composition analysis of deposited cta
ings was performed by the XRD method using Bruker
D8 Advance diffractometer (Billerica, MA, USA).
The measurements were carried out under Brgg

"fe—fel YoF'et—"> M-S — =5 "ft«f
the range 15 str? ™«—§ o—_%' raruta Sff
fractograms were analyzed with dedicated Diffrac+
EVA Software using reference patterns from JCPDS
ICDD database.

The  microstructural-crystallographic  studies
were followed by the electron backscattered 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, USAJhe coating
crosssection was measured with a step size
in the range of 100150nm 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 # EBSD mét-
od, the detailed orientation of grains, grain shape
and grain size was investigated.

Finally, the analysis of the coating surface topogr
phy was performed. The roughness of the samples
was evaluated with noncontact confocal laser saa
ning microscopy (Olympus LEXT OLS4000, Tokyo,
Japan). The freesurface of the coatings was also inwe
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 aot
matically due to the assembling of four local SEMim
crographs which were taken by symmetrically located
BSD detectors (Phenom G2 pro, PheneWorld B.V.,
Eindhoven, The Netherlands). The other information
about SFS procedurare given in[14].

3. Results
3.1.Coatings sprayed by WS 500 plasma
3.1.1.Morphology of coatings

Ysz

The thickness of YSZ coatings sprayed by the-h
brid water-stabilized plasma torch was measured
tobe ,t—™3%te syr fet szr Aea St o
rosity ranging from 13 to 21% depending on the coa
ing morphology (Table 3). Two different types of i
crostructures were observed when spraying subm
crometer YSZ suspension. The first one was columnar
like structure with typical vertical (intercolumnar)
voids. The width of separated columns was not un
form, usually having a few tenths of micrometers.
The columnarlike coatings were having also the hig-
est closed porosity among all produced samples.
The single poes 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
Of—Z2<Z ™My "0 «—""f . 1 <% 8 ulik¢ &
coatings were achieved only for the fine grained YSZ

_(‘po deir nd ls penS|0n having the lowest content

f% olid 10 wt.%). Those coatings were pr
duced for al three kinds of substrate topographieshat
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 alscany signs of e-
lamination.

‘f—('%o'
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Fig. 4. The morphology of columnarlike YSZ coatings sprayed by WSIR500 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 (230 wt.% concentration) were
characterized by much denser and so calletivo-zones
microstructures. The coatings had porosity
in the range of 13 to 16% and the porosity decreased
when the wspension concentration increased. The
size of closed pores was similar as in case of coiu
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 coatisg
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. Howeverthe 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.% concentraed suspensions.

a)

b)

YCeSZ

St f
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 withthe 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 sh-
strate surface (see Fig. 5a). The use of more conee
trated suspensions (30 wt.% & 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 delamia-
tion was formed also & the coating-substrate inter-
face.

/1

/

Fig. 5. The example of dense YSZ structures sprayed by WHF500 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 W8P500 torch: (a) WC101 sample sprayed onto griblasted
substrate, (b) WC301 sample sprayed onto griblasted substrate

But despite the wider distribution of powder particles
size than in case of YSZ, the YCe8d&atings seemed
to be much more homogeneous and better hedteated
in a plasma jet. All coatings showed welinelted 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 finegrained structure of YCeSZ cda
ings.

3.1.2 Electron backscatter diffraction analysis

The electron backscatter diffraction method was
used as anadvanced 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 columnalike
coatings (coating WT102 from Fig. 6 & wastaken as a
representative sample), the orientation of the grains was
very random. Moreove, the coating consisted of two
different types of grains. The first ones were more sphe
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 columnaidike coatings
were characterized by the highest numbr of porosity.
The pores were also visible on the EBSD mater filter-
ing of the data. Furhermore, the EBSD analysis showed
that the analyzed coating consisted mostly of grains
“* f.'—— réazx A-e-baseti-andlysis, see Fig. 6c).
But at the sametime, there were many very fine grains in
the coating structure having the mean diameter of 0.43
A+ « . Hdsed analysis). The results corresponded
well to the particle size of asproduced YSZ powder used

of the coating consisted of fine spherical grains.

But several larger crystals could be seen also. Thisrre-

sponded to the grain size plots. According to the volume

based distribution, the medium size of grains was equal

raxw Aed o« —St ‘—St” S fbabéd diftiE c—-, 1"
bution suggested that coating was built mainly by finer
grains having a diameter of rauy Ae& Sce X-f-
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.

=1 F

Fig. 7. The EBSD analysis of columndike WT102
sample sprayed by WS 500 torch: (a) selection

for SPS spraying.The EBSD analysis of YCeSZ coating of area, (b) crystallographic orientation map and (c)

deposited by WSPH 500 torch showed much more b-
mogeneous structure than YSZ coatings. The shape
of grains was much more uniform. A substantial area

grain size distribution (volume-based)

161



b)
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Fig. 8. The EBSD analysis of dense WC301 sample sprayed by WSB00 torch: (a) selection of area, (b) EBSD ma
and (c) volume grain size distribution

coating surface. Moreover, the substrate preparation
was another important parameter affecting the coating
The results of roughness measurements that were structure. The highest Ra values of the coating surfaces
carried by confocal scanning laser microscopy (CSLM) were observed for the nost irregular, grit-blasted, sib-
confirmed the previously observed microstructural —strates. The coating roughness of coatings sprayed onto
features of the coatings. The most irregular surface was laser treated or grinded substrates was comparable.
a domain of columnatlike coatings, which had gen two Another observations were performed by Shape
times greater roughness than the other samples (see From Shading (SFS) method. The 3D models of the toa
Table 3). Following, the coating roughness was highly ing surfaces were reconstructed and investigated.
influenced by the suspension concentration prepared This technique was found to be a very useful tool
for spraying. This phenomenon was observed for YSZ in order to analyze columnarlike coatings. By using SFS,
and YCeSZ powders as well. The highamount of solid the column high and width were easily measured.
in suspension resulted in smoother and more uniform S ™«<t-5 7 . fZ—eee ™fo <o f "feXot T yr - {1

a) b)

3.1.3.Topography analysis

Fig. 9. The reconstruction of WT103 coating surface made by Shape From Shading technique: (a) 3D mo
(b) the example of column width analysis
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Fig. 10. The example of dense YSZ structures sprayed by Axial Il plasma torch: (a) AT101 sample sprayed onte ¢
blasted substrate, (b) AT301 sample sprayed onto griblasted substrate

3.2.Coatings sprayed by Axial Ill plasma torch the coating structure and porosity (Table 3). Erther-
more, the substrate preparation did not influence

3.2.1Morphology of coatings the coating morphology at all. The coating surface was
wavy and confirmed a fine grained nature of YSZ cba

YS7 ings. The coatingsubstrate interface was free of defects.

But in case of laser treated or gnded substrates,
the bonding was much weaker. The coatings had arnte
dency to delaminate and much more careful metalt
graphic preparation was needed. Finally, the columnar
like microstructure was not achieved for Axial Il torch
even when spraying finerYSZ powder.

In an opposition to WSPH 500 plasma torch, the YSZ
coatings sprayed by using Axial Ill 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 Il 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 ax ) .
nometers) and they were homogenously distributed The YCeSZ coatings sprayed by Axial 1l were the most
in the whole coating structure (see Fig.9). The pores did densé and homogeneous among all produced layers
not create bigger aggregates as in the case of coatings(F19-10). The porosity was around 5 % only (Table 3).
sprayed by the hybrid waterstabilized plasma torch. The single pores were very fine, spherical and were not

Moreover, the suspension concentration did not affect interconnected.

YCeSz

a)

/

b)

Fig. 11. The example of dense YCeSZ structures sprayed by Axial Ill plasma torch: (a) AC101 sample sprayed
onto grit-blasted substrate, (b) AC303 sample sprayed onto grinded substrate



Table 3 The details of spray process performed by using WS 500 and Axial Ill plasma torches

WSRHS00orch Alllioch
Suspenson WSRH . Roughness . . Roughness
Ponder  coceriet. St 50 T Rasdw. ol PRV RaiStde
% sampe A A
Y 1 GB Wil 210 141,16 ATIOL 103 45,05
YsZ 10 T wne - 64;08 ATI02 : 19,02
YsZ 10 G W - 97,03 ATI03 : 20:03
YsZ 20 GB WDl 163 60;04 ATOL 161 39;06
YsZ 20 T owe - 39;04 AT : 18,02
YsZ 20 G Wi - 37:04 AT203 : 16,01
YsZ D B  wm 11 39;06 ATOL 158 31;05
YsZ D T wme - 33;02 AT : 19,02
YsZ D G Wrs - 42;04 AT203 : 17,02
YCesz 10 GB  wowl 13 9015 ACIOL 52 24;04
YCesz 10 LT wewe - 31;01 Ac12 - 21:03
YCesz 10 G weis - 62;06 ACIB - 19,02
YCesz 20 GB  woamL 122 63:04 ACOL B2 26;02
YCesz 20 LT wexe - 35,05 AR - 19,02
YCesz 20 G wexs - 4911 A - 18,03
YCesz D GB  wcm 79 67,07 ACHL 56 25,04
YCesz D LT weae - 31;04 AR - 20;02
YCesz 20 G Weas - 3305 ACB - 20:03

*GB- grit-blasted, LT- laser treated, G grinded

The singlevertical cracks in YCeSZ coating stod
ture (AC101, labelled by arrow on Fig. 10a) were also
observed. But the coatings adhered to the laser tréa
ed and grinded substrates much better than in case
of YSZ coatings (Fig.10b). The coatirgubstrate inter-
face was found to be a defedree. The influence
of the feedstock and substrate preparation on the
coating structure was observed to be not so o~
nounced as in the case of hybrid watestabilized
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 backscatter diffraction analysis

The EBSD studies confirmed that YSZ coatinge-d
posited by Axial Ill 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 treatedisu
strates did not affect the grain morphology. The long
tudinal grains (as in the columnarlike coatings
for sample WT1@®) were not observed. The volume

JfoET eife %" fce scoef ™fe " f ' razr Ae
Sttt

and number-, fefT et fe ecoet ‘7 rawy rAsa
ence was not that significant as for WSPI, which
also suggest much more uniform grain size. Furthme
more, the pores sie and pores number was too small
to be revealed by the electron baclscatter diffraction
analysis with a step size of 100 nm.

A similar results of EBSD analysis were obtained
for coatings sprayed using YCeSZ powders. The toa

ings were very dense and homogneous, 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: dsotréazs Ae fudtrhu{ A+a
But as stated previously for hybridWSP 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 poros
ty of coatings was not revealed on EBSD maps.

a) b)

©)

<%od ST...

Fig. 12. The EBSD analysis of dense AT102 samp
sprayed by Axial Il torch: (a) selection of area,
(b) grains orientation map and (c) grain size distritu-
tion



b)

Fig. 13. The EBSD analysis of dense AC202 samf
sprayed by Axial lll torch: (a) selection of area, (b) cisr
tallographic orientation map and (c) grain size distritu-
tion

3.2.3.Topography analysis

The coatings sprayed by Axial Ill system were much

ence in the chemical composition of coatings. The o
tent of elements in the coating structure was as follows:
For YSZ coatings: (i) 137 wt.% of yttrium; (ii)

56-60 wt.% of zirconium and (iii) 23-28 wt.%
of oxygen,

For YCeSZ coatings: (i)-3 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 powde
materials. The percentage chemical composition of raw
YSZ and YCeSZ powders was calculated agidcussed
previously here[14].

4. Discussion

The use of two highenergy plasma torches for ss-
pension spraying allowed to successfully produce YSZ
and YCeSZoatings as well. However, the WSH 500
and Axial lll plasma torches enabled to obtain much
various coatings in terms of their microstructures. A-
cording to the presented study, the substantial diffe
ences in the coating morphology, porosity and surface
topography were achieved.

During spraying by hybrid water-stabilized plasma

more homogeneous in comparison to those produced torch, there was a possibility to obtain coatings cham
by WSRH 500 plasma torch. It was clearly visible also terized by different microstructures - starting from co-
when comparing the surface roughness of both sets lumnar up to very dense twoezones structures.
of coatings produced by two torches. In the casef YSZ On the other hand, thecoatings deposited by the Axial lll
coatings produced by Axial Ill, the roughness was even system were very homogeneous with much lower pors-
up to 3 times lower, whereas for YCeSZ coatings usually ity, especially in the case of YCeSZ. At the same time,

up to 2 times lower.

For YSZ coatings, an influence of the substrate prap
ration on the surface roughness was observed. The dea
ings sprayed onto grit-blasted substrates were chare-
terized by almost two times greater Ra value than coa
ings deposited on lasettreated or grinded substrate.
On the other hand, the effect of substrate preparation
and suspension concentration on the coating rougtess
was negligible in the case of YCeSZ coatings. The diffe
ence in roughness was very low. All YCeSZ coatings were
LSEf =T ceET > f <o "fe%t T séaz

Shape From Shading method was not applied
for coatings sprayed by Axial lll. There ws no need
to reconstruct 3D models by SFS method because
the coatings had almost flat surface with negligible &
perities.

3.3. Phase and chemical composition of the coatings
sprayed by WSIMH 500 and Axial 11l torches

The results of XRD and EDS studiese presented b-
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 andysis, the YSZ coatings were characte
ized by fully-cubic structure, whereas YCeSZ coatings
crystalized in tetragonal lattice with a small contribution
of monoclinic Zr&. The XRD plots were not presented
as they were very similar as in case of samples syed
by low-energy plasma torches and can be seen hdf].
The analysis performed by Energy Dispersive Spe
troscopy method also did not show any importandiffer-

none of the deposition conditions used for the Axial Il
torch resulted in deposition of columnarlike coatings.
The explanation of this difference seems to be the diffe
ence in the design and operation principles of both sy
tems:
X plasma characteristics: the dual stabilization mode
in WSRH 500 torch enables producing of plasma
jet having much higher power, enthalpy tempera-
ture and velocity when comparing to conventional
; gasstabilized torches [18]. This means, that
A+ -thé genkdated\ Ydoplets of liquid feedstock can
be well heattreated. The fragmentation of droplets
in the plasma jet is also effective. However,
the suspension was injected radially at the distance
of 30mm 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 coatinys,
injection mode: if the injection is realized fully ax
ally (as for Axial Il torch), then the suspension can
be introduced exactly in the same direction
as the plasma flow occurs. Furthermore, the di
persion angle of the particles travelling in the
plasma jest is very narrow. This means also that
there is much smaller number of particles trave
ling in the plasma periphery. Additionally, the pa-
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 drg-
lets maybe less intensive than in the case of radial
injection mode with much more pronounced shea
ing of the liquid. Afterwards, all those phenomena
cause that powder particles can easily interact



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 particlesand substrate are n-
fluenced bythe adhesion and drag forces (called &~
and Forespectively). For bigger particles travelling
in the core of plasma jet B>Fp and for smaller mov-
ing in the plasma periphery lb>Fa. For the outlined
conditions, the adhesion force seems to be much
bigger than drag force. As a result, the molten pa
ticles having narrower distribution of temperature
and velocity hit the substrate and formulate dense
and homogeneous structures (see Fig. 12).

Moreover, the columnarlike coatings were not d-
served for Axial Ill evenfor the lasertreated substrate.
The regular peaks of these substrates significantly pr
mote the growth of columns as they intensify the shi
owing effect. This was observed in our previous studies
[12] and discussed in details by VanEvery et aj21].
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 Ill torch. This proves that the particles
travel mostly in the hot regions of plasma andlid not
follow the plasma swirls.

The key process parameter, which can be especially
important in the case of Axial Ill torch, is the powder
particle size. As presented by Curry et a[22], the ce-
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 SPScoatings growth-up
mechanisms. The suspension optimization and selection
of the appropriate dispersant agent was done based
on zeta potential measurement412]. But this is not the
only one parameter, which gives the information about
the colloid behavior. Another phenomena, like sedime-
tation velocity or viscosity may play a substantial role
in the spray process. Furthermore, the two used exper
mental setups had two different suspension transpora-

rate is in both cases influenced by the suspension prap
ration and powder material. Coatings are formed much
faster when more concentrated suspensions were used.
The dependency between the deposition rate and st
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,tiseems
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&ery competitive with other
technologies, like for example vapor deposition methods.

a) b)

Fig. 14. The coating formation for: (a) axial injection
(case of Axial Ill) and (b) radial injection (case of WSP
H 500) (inspired by [14,20,21])

a)

b)

tion and mixing systems. So the suspension could be also Fig. 15. The deposition rate for both spraying platforms

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 do
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 WSIP torch
than for the Axial Il 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 depositbn rate of up to 2Ae "fee
was achievable. It can be clearly seen that the deposition

when spraying (a) YSZ and (b) YCeSZ coatings

5. Conclusions

In this study the application of two highenergy
plasma torches (called Axial 1l and WS 500)
for Suspension Plasma Sprayingvas analyzed and -
cussed. The application of both spraying seips allowed
deposition of YSZ and YCeSZ coatings from ethanol
water mixture-based suspensions. The deposition
of coatings with various microstructures was achieved:
the coating characterizedby the columnarlike morphol-
ogy and the porous lamellar structures as well as cta
ings with very dense microstructure.

The microstructural studies showed an important n-
fluence of selected spray variables on the coating miof



structure. The suspension conentration was one
of the crucial parameters affecting the coating morphle
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The paper describes a production of various ceramic top coats of ThermBarrier Coatings (TBC) by Suspe
sion Plasma Spraying (SPS). The spray process realized with different plasma torches allowed obtaining coati
Sf co%o T< " Fo— ec . "o ——"FeA St ec..t'e—"— ——"Ffe o 7 —te tT -

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
The spray processes were realized wht the use of three different plasma spray torches: (i) S®00; (i) Axial 11l
and (iii) hybrid WSP torch. The deposition parameters were designed for each plasma torch separately. The mic
structure of coatings was then analyzed using Optical and ScanniBgctron Microscopy i.e. OM and SEM, respe
tively. The thermophysical properties of the coatings such as density, specific heat and thermal dilatatic
were measured using gas pycnometry, calorimetry and dilatometry methods respectively. The collected da
were used, together with thermal diffusivity found with the use of Laser Flash Analysis (LFA) method, to calcula
the thermal conductivity of the deposits. Thermal conductivity values were validated values with the us
of a so called response functiomethod.

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-Z f>1” e tE 3721 <o
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
magnesiaalumina-silicate (QVAS) attack behavior,
thermal shock and hot corrosion resistances, etc. That
makes the TBC system liféime difficult to predict
[5.6].

Another unresolved and very important issue @-
—f7ecece% —St tTI EZVefe— 7
nology is the possibility to achieve high thermal ins-
lation properties associated with high fatigue e-
sistance [7]. Both properties are highly influenced
by the microstructure of ceramic topcoat layer.
The heat conduction through the solid materials,
whichisthe key'”*"$"—> <o =St ... fetf *°
is limited by the porosity of coating. The size of pores
and its distribution as well as their shape need
to vbe known and controlled also. Furthermore,
-S¥
may dso significantly reduce heat flow through
the coating[8,9]. On the other hand, the requirements

L fmco%oel <o—tTef7 TEF..—ed o— ..

concerning the microstructure of coatings having high
cyclic fatigue resistance are very different. The e
lumnar microstructure resulting in low in-plane elas-
tic modulus would be recommended in this case.
This kind of microstructure allows and easy acowm-

8t 7f r_ngdagi?g pf strains generated during cyclic comprs-

sion and tension of TBC system. The main source
of strains is the thermal expansion mismatch between
metallic bondcoat and ceramic top coat. This rai
match can be slightly reduced by porosity and brick
wall microstructure of plasma sprayed coatingg10
12].

Suspension Plasma Spraying enables obtaining
the coatings with microstructure useful for both men-
tioned " F"—<cfe 7 iea
combines the most valuable features of vapor deps
ited films, e.g. using EB’VD and of atmospheric pls-

«_F—Zf>tMa spfayegi(APS) coatings using coarse powders.

Firstly, the obtaining of columnarlike microstructure
with controlled width is possible [13]. On the other
hand, the SPS coatings are very porous and pores size
is submicrometer or even nanometef{14].

In this work, the careful analysis of thermal

__»» 4tiansport; properties of Suspension Plasma Sprayed

zirconia codings having various microstructures
was carried out. Two coatings morphologies were
identified, namely, columnar-like and two-zones mico-
srueture a,ad“_ lelated ~ 1+ the spray conditions.
The thermophysical properties of the coatings having
these microstrudures were evaluated.

e “f..—4 —-8F ec..



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:

x yttria fully stabilized zirconia, YSZ, powder
(ZrOz2 + 14 wt.% Y03, TZ8YS, Tosoh, Japan)
having main particle sizedvso vrr ee feoti- ...
bic structure;

x both vyttria/ceria stabilized zirconia, YCeSZz,
(Zroz + 24 wt.% Ce@ + 2.5 wt.% Y03, Metco
205NS, Oerlikon Metco, Switzerland) having

main particle sizedwso  yrr ee feot o<&FT -

tragonal-monoclinic-cubic structure.
YSZ powder was used aproduced whereas comme-
cial YCeSZ powder was designed for conventional
powder plasma spraying and the powderparticles
were to coarse for SPS. Therefore, Metco 205NSwso
der was mechanically crushed in order to obtain dor
micrometer powder particles. Weltknown ball-
milling method was used to decrease the size of pe
ders. The final morphology of both powders is pe-
sented in Fig. 1.

Afterwards, the powders were formulated in a va-
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. Suspe-
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, mo-
phology analysis) and suspesion formulation method
are shown elsewherg[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, se¢l6,17]
to know more details about spraying and plasma
torches characteristics). The modification of: (i) pav-
der material; (ii) suspension concentration; (iii) sub-
strate topography; and finally, (iv) plasma torch e-
sulted in spraying of coatings having very different
microstructures. In total, 72 different spray runs were
carried out using YSZ and YCeSZ based seispions.
The selection was carried out and the coatings having
opposite microstructural features, namely:

X columnar-like or lamellar;

X homogeneous or heterogeneous;

X dense or very porous microstructure,
were selected for thermophysical properties chara-
terization. The key spray process variables are pr
sented in Table 1.

Due to the fact that the investigations were pe
formed at relatively high temperatures, all coatings
were sprayed onto temperatureresistant nickel super
alloy (Inconel 600, UNS NO0660Q) The substrates
were 2mm thick and were sandblasted and cleaned
in ultrasonic bath in ethanol prior to the spraying.

Table 1 The key process parameters used to produce

coatings
) Inec-  Electic Arc Plasma
e RS ion  poner  sehiza foming
ange Kw] tionmode gases
SG  Inter ' Low
100 nal Radial ) Gas Ar+hb
. High
Al et el a2k Gas AN
[ nal
W)
i Ar+HO
WSP High | .
H E’:; Radal  (150k Water fon producss
500 W) 3
a)
b)

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 morpho
ogy was characterized by Scanning Electron Micse
copy (Philips XL30, Amsterdam, Netherlands) using
the detectors of secondary electrons (SE) and back
scattered ones (BSD). The observations were carried
out on the crosssections of coatings and on their
surfaces. The porosity of coatings was determined
basing on SEM riecrographs. The total area of pores
was calculated in the ImageJ software using at least

3Hydrogen, oxygen and OH groupsa producs of decan-
position of water vortex inside a toraluring the torch
operation



five coating micrographs taken in the different regions
of samples (see Table 2). More advanced microstru
tural studies of YSZ and YCeSZ zirconia coatings,
which were sprayed according to the design of expe
iments ( DoE) are shown elsewher§l6,17].

Table 2 Thickness and porosity measurementsa-
gether with the samples description (coatings selected
for thermophysical properties investigations)

swe Tees (IO ooy (T
name < <
As As ) )
S121 66.1 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 %5 75 132 09
AC201 1686 45 52 08
AC301 1866 51 56 01
WC101 1454 113 102 12

2.3.Density measurements

The gas pycnometer method was applied (AccuPyc
I 1340 Pycnometer, Micromeritics, USA) to determine
the coatings densities. This technique enables measu
ing very precisely volume of materials. Then, after
having found the mass of samples, the density ofan
terials was calculated. The internal porosity of mat-
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) bal
milled powders (YCeSZ); and, (iii) mechanically
crushed coatings, were determined and compared.
Helium was used as a working gas in pychometric
measurements. For each powder 10 measurements
were performed andthen average value was calcuta
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 i 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:

X "fe%t ""'e vrt —' —(Setamam C80,

France). The use of 3D Calvet sensor in form

of a ring, which surrounds the whole sample, la
lowed determining ¢p value with the highest level
of accuracy here. An increased capacity of thewer
cible enabled to measure between 10 to even 20 g
of the coating material. The heating rate was set

feratt eced
X "fe%t "U"'e urt —' —' wrrt? se—"—ete_
Q1000, USA). The measurements were performed
in  modulated DSC mode (called MDSC,
where the modulf —<'e ™ fe - sl 71”5 srr o

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 hermé
ic, crimped, alumina pan was used. With this kind

of crucible it was possible to measure from5to 8 g

of coating material in a form of powder. The sg-

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 ofc, 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 ¢y investigations. All powders were
dried prior to the measuements.

In order to know specific heat capacity values
Lt f—<o%oe <o S<% St —fefrf_—7

e ™o f7e¢ fo 0" —7F " oc§——"1%6
on the chemical composition of coatings the, values
were calculated using the following formua:

a

%:6; L1 %y6; & 's;

Uas

Where ¢pi is specific heat of the ith compound
“tvece% fZZ's>  fi défaotes the mass or atomic
fraction the i-th constituent [%], and n - the total
number of constituents []. The general chart was
plotted with ¢p values determined using both DSC
measurements and theoretical values obtained
Lo ie Zf™a Sted —S% L FSfTCIT
uated in order to see if there is any correlabn be-
tween the results.

2.5.Thermal dilatation determination

The thermal expansion elongation of coating &
terial was measured. First, the coating was attempted
to be removed from the substrate and then cut
into the desired sample shape from the coatinghate-
rial. However, due to the small thickness of the coa
ings sprayed by SPS and their high adhesion
to the substrate, this approach was not succeeded.
Consequently, the coatings for the dilatometric mea
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 Oz 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 mes-
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 dva
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 1&m 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.

a)

b)

Fig. 2. The example of APS sprayed coating (YSZ) ust
for thermal expansion measurements: microstructure
(@) and the configuration of the dilatometry mea-
urements according to the coating (b)

The measurements were performed using push
rod dilatometer (Netzsch DL 402 C, Germany).
The thermal expansion was measured during heating
and cooling as well. The temperature cycle
was as follows: room temperature (RT) strr 1
RT. The measurements were performed in the argon
atmosphere. Both heating and cooling rate are equal
-t 1 eced SF —fe—<e% . ft—"%
determination of correction values for dilatometer by
measuring alumina standard sample, (ii) appropriate
measurements of zirconia coatings and determination
of thermal elongation by dedicatet
ware.

2.6. Thermal diffusivity and thermal conductivity -
termination

Laser flash analysis (LFA) using seip of Netzsch
LFA 427 (Germany) was applied to measure thermal

TMf
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diffusivity of the substrate and of selected zirconia
coatings. The seup 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 camic
coating surface. The measurements were carried out
e—f"—<o% ""'e —' =" srrrt?
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and were done in argon atmosphere. The samples
were coated with the graphite aerosol spray prior
to measurements to improve emission and absqp-
tion properties of samples, avoid reflectivity of met&
lic substrate and finally increase the signahoise 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 twdayer
system. The diffusivity of coating material was found
using the model by taking into account the corretions
resulting from heat losses, pulse duration. The the
mal contact resistance between the coating and bu
strate was not considered.

Afterwards, having thermal diffusivity values,
thermal conductivity of coatings was calculated using
following formula:

N Q- /,, R
| LU.G,@Q.G,W it

where =(T) is thermal diffusivity [m2/s], Guo
is apparent density in ambient temperature [kg/m8],
and A/L(T) is thermal expansion.

e %
e

Fig. 3. Graphical interpretation of areal heat diffusion
time based on LFA signal curves andyt (half time)
used for analysis of Inconel substrate using Cowal
model

As the measurement by laser flash method of nhu

ti-layer systems may lead to many errors, theerifica-

tion of obtained thermal conductivity values is useful.
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The method bases on the signal curve obtained

from LFA measurements. In this study the signal

dutves ddreMaorthalized first: the initial temperature
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was calculated. The size of this aa 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 da

culated using proposed equgion [21]:
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Where A is the surface area corresponding
to thermal diffusion time (see Fig. 3),d1, d> are
the substrate and coatingliicknesses [m], 1 is ther-
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and the subscripts 1 corresponds to substrate and 2
to coating.

Finally, the values of thermal conductivity ®-
tained experimentally and analytically were con-
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 therno-
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-m
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 porousolum-
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 coa
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 lowerand upper-
limit values of porosity of coatings were obtained
with the lowest and highest suspension concentration,
respectively. Some more discussion about the mior
structure of coatings can be found elsewhere
[16,17].The microstructure of YCeSZ samples is @r
sented in Fig. 5. Thecolumnar-microstructure could
be not created, due to the greater size of powder pa
ticles used for suspension preparation (more details
are shown elsewhere[16]). Only coatings with fine
lamellar structure were obtained. The observedpo-
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 l®
served mostly when the highpower plasma torches
were used (as Axialll or WSRH 500).

Fig. 4. Micrographs of YSZ coatings selected for thermal transport properties measurements. From the left: ST:
WT101, WT201, AT101, WT301 (the order according to the decrease in porosity)

Fig. 5. Micrographs of YCeSZ coatings selected for thermal transport properties measurements. From the left: SC
WC101, SC101, AC201, AC301 (the order according to the porosity decrease)



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
( @oo) can be calculated. The pycnometric measer
mie—e oS ™Mit —Sf- —SF “fZ—%f+ *°
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 dens
ty (5.507 g/cm3) was recorded for the coarse,as
produced, YCeSZ powder. Metco 205NS powder
is produced by spraydrying 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 da-
sity of stabilized zrconia was influenced by the type
of stabilizer and by its content. The density can be
approximated by the rule of mixtures. The density
of ZrQ is equal to 6200 kg/m? (according to the Xray
density of the cubic phase found from the elementary
... 1 Z Ariensibn and mass using ASTM pattern 27
997), of Y20z is 5031 kg/m3 (using Xray density
of cubic phase ASTM pattern 23200)
and that of CeQ is equal to 7647 kg/me [23,24].
This assumption was in agreement with measured
YSZ coating density but the theoretical value
for YCeSZ would be higher due to the Ce©ontent
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

[gem?] [gemd

YSZpowder asprocuced 6000 0004
YSZarushed coating 6099 0005
YCeSzponder asproduced 5507 0003
YCeSZowder after miling 5825 0005
YCeSztushed coating? 6108 0009
Inconel 600 8415 0003

The specific heat of coatings was investigatedre
pirically (in low temperatures) and extrapolated for
Sc%S —Fe 't "f——"%e f.. .. "tce% A
eral chart presenting ¢, values of YSZ and YCeS2&-d
termined using both DSC measurements and values
Co-fesEt > ie Zf™ <o "iete—it
The important point was to observe tle trend of all
curves and difference inc¢y values. The difference

4 this value was taken for apparent coating density Galcul
tions, wherelzpo= (1- 3 AP being porosity
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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 wagarticularly

true for YSZ coatings, where the value found

Cie e Zf™  tee_c———FT fZe'e— fo [fTE"f%
between the ¢, values measured different expei-

... ' f mentw, Sptupp. Jdhe (diference between the values

obtained using two calorimeters can be associat
with e.g. various operational procedures and the di
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 og
values found usingmodulated DSC setip. The pred-
sion of measurements get lower with decreasing
ofe’Ztei ofeed — oS —7t1 f efe—_c'eft Stvf
that there is many other factors that can affect DSC
measurements precision (e.g. related to the instr
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, especibl
when comparing to the literature data found in Ref.
[27]. Finally, it was concluded in the view in allcp
results, that specific heat values calculated using

e ZFf™ fri vt cef fe'—%SA ‘eeft—Fe-7

values were used for thermal diffusivity am conduc-
tivity evaluation at high temperatures.

Another thermophysical property examined
in this study was thermal dilatation of coatings pe-
pared by plasma spraying of powder instead of |4
pension. The microstructure of SPS sprayed coatings
is comparableto 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) anathe columnar-like microstructure of some
coatings is produced by SPS. But the approach seems
to be much more accurate than measuring the therai
dilatation of bulk zirconia.

The measurable anisotropy of /L values
was found in zirconia coatings (Fig.7). Thigffect was
observed previously in powder plasma sprayed cda
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:

x brick-wall like structure i.e. lamellarlayered struc-
ture combined with the complex network of voids
and pores preferentially oriented according
to the spraying conditions[31];

X multiphase composition of coatingg32].
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