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Abstract

Study of thelnfluence ofSubstrate Shapeand Roughnessn CoatingMicrostructure in

Suspension Plasma Spray

Fernanda Caio

Spragd coatings produced with submicron particles have unigueperties when compared to
10-100 micron particles. Suspension Plasma Spray XSP3ised to deposit coatings from
submicron particles. This process, whigla modification othe atmospheric plasma spray (APS)
process,usesa liquid carrier to inject thdine particles irio the plasma jet. However, this
technique is stilsubject of extensiveesearchefforts due to the complexity of the phenomena
related to the liquid stream ad the submicrorparticles incontact with the plasma jetThere is

a wide range of parameters that affect the properties and microstructure of the coatings sprayed
using SPS.

In this study, the influence of theubstrateshape on theresulting coating miostructure is
investigated. For this purposan yttria-stabilized zirconia (YSZ) suspensi@s sprayed offlat

and cuwred stainless steel substrates by SPi%e suspension was composed of 0% YSZ
particlesin ethanol.After spraying the morphologyof the coatings habeen characterizedby
scanning electromicroscoy (SEM)The results showed that theubstrate shape influences the
amount of coatingmaterial deposited and column growthThe amount of coatingnaterial
deposited was seen to decreasesathe radius of curvature decreased. Finally, roughness

influences the formatiomf columnar structure.
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1. Introduction

In the last decades, the interest of the industrytbgrmally sprayed coatings hasreased.
Coating are engineered solutions to modify and improve surface properties to desired téyels
for example, wearesistance, thermal protection, corrosigmsistance, etc Thermal spray
processes can be customized and used to produce coatings with a varretyuarements. The
applications of thermdy sprayed coatings range from medical to aerospace industry, including

printing, automotive, oil industries and moft].

Nowadays, thermal barrier coatings (TBCs) in the aerospacstiydare one of the main
applications for suspension plasma spray (SEfal)ings. TBCsare used to protect and insulate
metallic components from high operating temperaturagas turbines for aerospace and energy
generation applicationsThe thermal pragction provided by TBGsakes it possible to increase
combustion temperature and then the turbine efficiencyoMover, it helps to limit the oxidation
and to increase the component lifetime. TBCs are made from different materials inlayats

called band-coat layers and topcoat lay§2] [3].

The bondcoat layer acts as a protector from substrate oxidation and improves bonding with
the topcoat. This layer is usually made by an oxidatesistantmetal. The topcoat consists af
ceramic material with low thermal conductivjthigh coefficient of thermal expansion (CTR&),
addition to high nechanical and chemical stabilitiashigh temperatures. The topcoat insulates
the substrate from the heatuk to its low thermal conductivity along with the microstructural

voids, cracks and porgsesent[2] [3] [4] [5].

Yttria Stabilized Zircoai(Y SXis highly used as a ceramic topcoat because its properties are
suitable for topcoat requirements. YSZ melting point is around 2%X0D0and its thermal
conductivity is one of the lowest of all ceramics at high temperat{BgBernard et al[5] have
shown thermal conductivity of 0.7 W/mK at 119Q in SPS coatings. The coefficient of thermal
expansion of YSE& 11 x 16§ K! which it is high and close to the CTE of substrate safley
material typically used in TBCk4 x 16 K1 [6].

Figurel shows a multilayered TBC used in a turbine bld@¢[3] [4].
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Figurel - Schematic of a turbine blade and creestion of the TBC multyers[3]

Typically, two different methosl were used to produce TBCs: atmosph@tasmaspray
(APS) and electron beam physical vapor depositionP¥AB).APSuses direct current plasma
torch which forms a plasma jet from an electric arc and plasma gasesSioall particles are
injected to this plasma jet where they are accelerated anelted, firally impinging on the
substrate. On the other handBP\D is a low pressure process. The deposition occurs under
vacuum, where the coating is formed with the vapor of the coating material evaporated by

focused higkenergy electron beamf].

EBPVD produces coatings with columnar microstructure, which allows ntlegemal
expansion and contractiooompaing to APScoatings However, it isalsoa more expensive
process, and the coatings produced byPED are usually more thernhakonductive than the
others are. APS is a more flexible method and less costlyhbudoatings produced by APS are

likely to sinter, which reduces their mechanical and thermal propefdegs].

Recently, SPS started to be used to produce TEHES.ia modification of APS process, using
a liquid carrier to inject thenano-sized or submicron sizggarticlesinto the plasma jet SPS
process makes it possible to obtain coatings withtigal crack, columnaror very porous
structures A reduced amount of microracks can be observed $PSoatings when compared

to APS coatingd-{gure2). This happens because during the deposition in SPS, the splats are



thinner and the energy release rate during cooling tends to be lower. Thus, there is nalenou

energy for crack propagatid] [9].
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Figure2 - Micrographs of a TBC spension plasma sprayed (left) and amiconventional APS (rigti)

The microstructure of &PScoating is desirable for TBC production becaakés inter-
columnar gaps anBlecause of itr:ano-sized intracolumnar poresThosecharacteristics help
decreang significantly the thermal conductivity of the coatimgd reducing thermal stresses
during thermal cyclind10]. However, SPSs still the subject of many rearch due to the
complexity othe phenomena relateda the liquid stream and the sufmicronparticles in contact

with the plasma jet

Important information on iAflight particles size, temperature and velocity are still missing in
SPS. This rkas it harder to understand how the coatingjcrostructure is affected by changes
in the parameters involved in the process. In an attempt to understand better how the substrate

is influencing in the coating microstructure formation, the objective of this research was defined.

1.1 Objectiwe

The objectve ofthis researchd to investigate the effect of the substrate curvatuaed
roughnesson SP&oatings microstructurelTo do socoating bead depositedon flat and curved
substrates with different surface roughness were characterized. The beads wereddrom
multiple passages on the plasma torch on the same horizontal Tihe. importance of
understanding how a moreoenplex geometry can influendle coating microstructurevas the

driven force to perform this workThe plasma gases flow mightléol different trajectories



dependingon the shape of the substrate placed front of it, affecting also the particles
trajectories. As sen inFigurel, the geometry of a real part to be coated usually has a more
compex geometry than flat samples. Therefore, it is very important to understand how the

geometry of the substrate influences on the coatings.

1.2 Scope and limitations

This workwas performed with ceramic sufmicron particles(i.e. YSZ typically used to
produa TBCs. This material was chosen due to its high use laetbhepacendustry. However,

the work focused on the process 8PStself, and not in a specific application.

The scope of thisnvestigation is limited to the effects of the substrate featur@be
challengef this workare the complexity and sensibility of the proceggiditionally, the work
is focused on thepraying oftop coating. Therefore the bondcoats were not sprayedn the

substratessothe top coatings ee goplied directly tothe surface of the substrates

1.3 Thesis outline

This work was carerned with the effects of substrate characteristics (namely roughness
and geometry) on the microstructure of coatings producedSB\grocess. This thesis is divided
in 5 chapters. A brief desctipn of the chapters follows:

Chapter 1 presents the introduction to the work developed. The thesis is outlined and the
objectiveisintroduced. The scope and the limitations of this work are presented and explained.
Chapter 2 brings the literature reviesglated to the work done. FirsT;BCare presented. Then
SPSrocess is described, followed by the coating microstructure featurbs. last section of
Chapter 2 highliglstsome of the research done on this topic.

In Chapter 3the experimental procedures designed. The informatiamn the experimental
part of thework is detailed in this chaptelhe experimental work preparation and strategy are
described.Chapter 4 brings the results found with this work and discussion about the findings.
The analysesfdhe coatings and the data extracted are presented. Some observations are made.

Finally, he conclusions of the work and future research are stated in Chapter 5.



2. Literature Rview

This chaptemill describeSP$rocessandwill presentthe coatingsnicrostructure features
Additionally recent research on SPS parameters will be highligitadhermore this literature
review has been prepared in order to give an overview of the work done in SPS parameters,

comparing them with the respective results orethoating microstructure.

2.1 Suspension Plasma Sprapgess

2.1.1 Origin of SPS

Starting inthe miem dpcpn Qax Yl ye addzRASa KI @S 0SSy R2yS
finely structured coatings in the field of Hermal spray technology. The interest for
nanostuctured materials has increased since they can provide advantages in engineering
properties. The grain sizes are smaller than in mpadicles by almost two orders of magnitude
[11]. Moreover, studies have shown that withsmall grairsize it is possible to get highensity
nanostructured materials. For coating technology, this is very important e lring

advantages, mainly in plasmpray technique$12].

The traditional plasma spray teciguie produces coatings with particles sized between 10 to
100 um. These coatings can contain imperfections likenetted particles, pores and cracks.
These imperfectionsometimes are desired for improving the coating functifor,example as
in TBCsThe planar porosities, cracks and poor contact between lamellae in TBCs help to lower
the thermal conductivity iy SZbut alsomaydecrease the lé of the coating. Thus, thearticles
in the size range of 0.5 to 3 um can produce coatings with small pe®saitd less micro cracks
[12].

However, in the traditional plasma spray process it is not appropriate to inject powder with
less than 5 pum of diameter. To do so, it would be necessary to increase significantly the carrier
gasflow rate, which would perturb the plasma jet and the particles trajectory to the substrate.
Additionally, there is the problem of fine powder clogging within the injection syskafferent

ways have been usdd produce fine structured coatings ar&P3echnology is one of thenSPS



involves adding the suimicronsized particleso be sprayed in a liquid madhn, leading to the

formation ofa suspensiorthat is injected in the plasm@2].

2.1.2 Description of the process

Plasma spaying process comprises a high intip$Ccurrent arc between amnode and
cathode which generates a plasma jet within a plasaratt. The plasma gas injectedlire torch
is heated by the arc and exits the nozzle as a plasma jet with high temperatdineséocity[7].
This high velocity flow is necessary to accelerate the fine particles injedttethe plasma jetso
they can impinge on the substraf@3]. The injection of the particles can lsxial or radial,
through an internal or external injection systefhe schemat& of SPS proceswith radial
injectionis shown irFigure3 [14].

Suspension
injection

]| Sample holder
Substrate)
™,
Vi mm

Plasma spray E Rt c el
v A
torch s

RN -

Py,

/
Coating

\ A .\'\ R
N Ethanol Suspension

Nitrogen

Figure3 - Shematic of SPS procedd]
Different types of plasma torch can be used for SPS, ssidomventiongltriplex oraxial
injection torches Conventional plasma torches that use stigke cathodes, workn a power
range of20 to 60 kW with plasma gases mixtuidAr-Hz, ArHe or ArHz-He. This torch produces
a 40 to 50 mm plasma jet core length, and typically, with high voltage fluctuations. In order to

limit these fluctuations, none or a small content of$tiould be used12] [15].

Triplex torchedave three cathodes and three electric sources, producing three parallel arcs
attached to a single anodé&lsing an AHe gas mixture, it is possible to reach 100 to 120t4 wi
a plasma jet core of 55 to 60 mm of lengfurthermore, he axial injection torch has three

cathodes and three anodes operated by three independent power suppliesn@ae arc voltage



can be up to 120/ with the plasma jet converging within an intearigeable nozzle and the

suspension injected axialiy the middle of the three plasma jef$3] [15].

The distance between the torch and the substraging coateds called standoff distance.
Fordifferent applications or spray parameters adjustments, there is a different optimal standoff
distance.The sprayor surface speed is the relative speed between the torch gun and the

substrate being coatef¥] [16].

SPS$rocess comprises tlse steps: suspension preparation, injection of liquids into the jet,
plasmaliquid interaction and coating build yfa7]. The suspension may enter in the spray system
on the form of lguid jet or spray of drops. The injection can be done by pressurizing the liquid

with air or gas to enter in a tube that takes it to the injection locafib8].
The following physical phenomena are involved in SPS pr{ic@ss

- Injection of the liquid (sspension) into the plasma jet

- Primary fragmentation, or breakup, of the liquid stream and secondary breakup of the
droplets.

- Vaporization of the liquid.

- Accelerationheating and melting of the sulmicronsized particles.

- Potential agglomeration and/or occasional evaporation of the fine particles.

- Impact,spreading and solidification of the particles on the substrate.

These multiphase phenomena happen in a small spadea very short period of tim@ few

centimeters and a few millisecondd.9].

2.1.3 Suspension preparation

A suspension can be described as a heterogeneous mixture of liquids and[58Jidehe
principal component is the solventhich can be organior water. The most commonly useih
SPS arethanoland water[11]. Besides the liquid and the suhicronsized particles, some other
elements, as dispersing arstiabilizing agers, canalsobe added to thesuspensionThis isto
improve the rheological properties, avoid or reduce the agglomeraticgheparticles andheir

sedimentation[17] [20].



According to Pawlowskl7] there are some properties that have to be controltedspraya

suspension in the thermapsay system

- Dispersion and stabilitysuspension has to be dispersed and $afor the duration of
the processThe fine particles suspended should not aggoate.

- Sedimentation particlesshould notsediment in the bottom of the container due to
gravity during the processing time.

- Viscosity related to injection mechanism. Depends on injector and tube size.

- Interaction with jet/flame:solvent makes a differee in contact with plasma jet: water

cools it down and ethanol heats it §p7].

The suspension ha® be fed in a controlled waynd hasto be transported withno

interruptions to the torchthrough a calibrated nozz[@7].

2.1.4 Injection of liquid
There are two different ways to inject the liquid into the plasma flow: atomizatiofulbr
liquid jet, knownas mechanical injectiorf13]. Depemling a which systemis used the liquid

coud be enteredin the plasma flow in form dfquid stream, drops or dropletf21].

Atomizer systems produce droplets with an extensive size distribution and spray .afgkes
angle couldget up to 6C°. The external mnensions of the atomizers are around 20 orr8f,
whichcomplicates the injection of the droplets close to the torch nozzle exit. The size distribution
of the droplets should be as narrow as possible in order to control the interaction of the droplets
with the plasma jet. Additionally, it is necessary to adapt the droplet velocity for the penetration

into the hot gas jef13].

In mechanical injection, the suspension can be transported to the spray system by
pressurized vessel by peristaltic pumpThe suspension is stored in a pressurized reservoir and
forced through a stainless steel injector, with a nozzle of internal diameter varying from 50 to
300um. The suspensiopan be injectednto the plasmaplumeas a liquid jethat is atomizedby
the high-speedplasma,or it canbe atomized before the injectiorkigure4 shows the schematic

of the pressurized reservait1] [17][20].
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Suspension container

Figure4 - Schemat of liquid feedstock delivefy7]

Using the pressurized vessel systeinis possible to control the injection velocityy
controlling the pressurefdhe gas The massdw rate(m) is expressed as followEquation (1)),
where " jandv are, respectively, the liquid specific mass and average velocity at the injectpr exit

and d is the injector internal diametefl1].
a "0 — (1)

2.1.5 Plasmaliquid interaction
Within the plasma jet, there are three major areas: plasma jet core, plasma plume and

plasma fringe

Figure5 showsthe schenatic of these major areas, calledres 1, 2 and 3In the plasma jet
core (Zonel), the injectedliquid will cross the highest heat and momentum transfer area, with
temperatures above 8000 K. The plasma plu(@ene 2)is the area where the heat and
momentum transfer apabilities will be decreased whetomparing with plasma corelhe
temperature will varyirom 3000 to 6000 KL1] [15].

Finally, in the plasma fringgone 3)the momentum willbe hidh enough to fragment the
liquid stream but the heat treatment on the droplet will not be sufficiehtwould be idealfiall
the droplets of the suspensiarould be injected glectly irto the plasma core ared.herefore,it

is very important to inject théiquid as close as possible to the torch nozzle [@xi}.
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Figure5 - Schematic of plasma jet zongs]
When thesuspensn is injected ito the system, the droplets araccelerated in the plasma
jet and the liquid evaporates from the droplet. Thus, the fine particles get in direct contact with

the hot gasFigure6 shows the behavior of a droplet when interacts with the plasetgl7].

Aerodynamic breadown  Evaporation of liquid Sintering of Melting of Evaporation  Impact
some fine solids fine solids and from melt
sl agglomerates

N, e
feq & ® eéa
; "..... L 4 '.....'. L J ®
. raaaent L PY
e e

Figure6 - Evolution of a suspension droplet in the high temperature pladmp

The big droplets from the suspension enteto the high speed plasma jethe drag force
between them produces shear deformation in the dmsl This phenomenon is called
aerodynamic beakup, and it happens right after the injection of the droplet®ithe plasma jet
[17]. However, if the injedbn processfeedsthe liquidin a form of a liquid streama primary
breakupmay occurThis s caused by the plasma cross flowwus, thedroplets resulting from the

first breakupmay go through a second break({#i].

After the aendynamic beakup, the suspension liquid is evaporated from the small droplets
in the phase calledwaporation of liquid. Subsequently, the sintering process of fine particles
occurs with the agglomeration of fine particles into greater particles. Next eghtie fine
particles and thesintered agglomerate are melted@dme evaporation can occasionally occur.

Fnally, the particles impinge aime substrate[17].
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Furthermore, in the impact phase, the fine particles with low ireemtiill possibly be
advected by the flow, following trajectories parallel to the surface of the substrate, not impacting
on it. Unlike those fine particles, the ones with higher inertia will continue on their initial
trajectory and will impinge on the subyate [22]. These happens because of an impinging jet

system shown ifrigure? [23].

Nozzle exit Free jet ~tagnationregion

N S

= ~

Substrate

Figure7 - Schematic of a typical impinging gg systen23]

It is possible tgee inFigure? that in the stagnation region the flow turns and moves laterally
parallel to surface of the substrate. This is because the gas alaaity decreases and the static
pressure on the substrate increases, as the plasma gas gets closer to the sulfto#tss
number can be used to study the gaarticle interaction and the particles trajectory close to the

substrate. Stokes maber is give asfollows (Equation (2)23]:

YO 2)

Stokes number is the ratio of particles inertia and the fluid drag on the particle wheise

particle densityQ is particle diameterp isparticlevelocity,* is the gas viscosity ard is the
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thickness of the flow boundary layer in front of the substra®articles with low Stokes number
will follow the gases flowOn the other handparticles wih high Stokes number wiibllow their

trajectory to the substrate being less affected by the gases fi&{[23].

2.1.6 Coating formation
The sprayed particles getting to the substrateto the previously deposited coating layer

can be found on the substrate ane of the three following conditiond 1]

- Those that have been well treate@hese partites were fully molten and form
lamellze when impacting and spreading d¢ine substrate.

- Those that have traveled in the jet fringe area and are in a powdered state.

- Those that have beemolten and resolidified. These particles might be expelled
to plasma jet cooler areas when they are subjecteduoulence orthermophoresis
effect. Thermophoresiseffect takes place when fine particles come across high

temperature gradients durintheir trajectory[13].

untreated particles
well melted particles——

resolidified particles

Figure8 - Schematic of particle trajectories within the hatsgflow and the respective coatifit3]

Figure 8 shows the schematic of particle trajectories within the hot gas flow and the
respectiveresult n the coating[13]. The molten particles deform and solidify fast once they
impinge on the substrate, forming lamellae. The two main shapes of lamellas are: pancake, in the
form of a deformed disk, which are shaped from particles of low thermal and/or kinetic energy;

or flower, a splashed particle with a corona with dendrites aro[ir¥] [20].
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2.2 Coating microstructureharacteristics

As already described in the previous secti@PScoatings have lamellae, unmeh
particles, molten and raolidfied particles and voids. The features pile up layer by layer of
spray passefl7]. Studies have shown that SPS process can produce highly porous coatings, as

well as dense, columnar type wertical cracked coatingg4].

2.2.1 Coatingmorphology

According to Fauchais et §l.2], suspension plasma sprayed coating morphologies are
related to the fragmentation of the drops and the penetratiof droplets into the plasma jet.
Due tothe nature of the processn each bead depositethe center of the spraying jet is denser
and more adherent. However, in the fringes, the particles arerempgowdery and not so

adherent.

Therefore, with bead ovedpping, the powdery phase is covered with a densersgha
the next bead.Furthermore, some material might be vaporized andcomdensed when
impacting to the substrate, or previous coating layer, contributing to defects within the coating.

These phenomem occur in the entire coating build up, bead by bead, pass by[paks

VanEvery et a[25] categorized the spray deposition microstructure development in three
types: 1SD, 2SD and 3SD. Typpraysdeposition (1SD), forms coatings with irtixposit gaps
that produce columnar structures. This happens because of the inertia difference between
suspension droplets and plasma. This makes some droplets to be unable to follow the plasma
direction andimpact on the sides of the surface asperitiEggure9 (a) shows the schematic of

deposition characteristics for 1SD.

Type 2 of spray deposition (2SD) has more droplets than 1SD. These droplets follow
trajectoriesto impinge in substrate asperities shadowing the surroundings efas$perities as
suggestedn Figure9 (b). This behavior is calleshadowing effect Lastly, in type 3 of spray
deposition (3SD), the plasma dragces do not interfere in the deposition of the particles. Thus,
in 3SD the deposition occurs on the surface and asperities, without shagdwim the asperities
(Figure9 (c))[25].
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Figure9 ¢ Schematics of spray deposition characteristics with influence or not of substrate asp@)ii€D (b)2SDand (c)
3sD[25]

2.2.2 Coating ncrostructure

Depending on spray parameters amnesulting droplet size, velocity, temperature and
trajectory different coating microstructure are produced. For exampl@anvir et al. (2019p6]
haveidentified three different coatings (C1, C2 and CR)ese coatingaere produced by axial
SP&arying thespray parameters in order to get different microstructur@dl.the coatings were

sprayed with Axial 1ll plasma gun (ivest Mettech Corp., Canada).

The suspasion used was 25 v#oof 8YSih ethanol. YSZ particle sizistibution was [
=49 nm. Plasma gases Ar &hd N formed the gas flow usedrigurel0shows the cross section
and top view of coating C1. It is a porous coating with some column formation. Coatifig@2 (
11) showed a microstructure in a feathery columsgpe. Finally, coating C3 showed a

microstructure with vertical cracks and intpass porosity bands as shownFigurel2[26].

FigurelO- Coatirg C1 (a) cross sectiamd (b) top view[26]
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]

Figurel2- Coating C3a) cross section an(b) top view[26]

2.2.3 Coating characterization
By means of testing and characterization methods, it is possible to understand how the
coating is expected to behave in working conditions. Thermal, mechanical and adicesiesion

are examples of properties that can be identified by testing and characterization mefffijods

These methods are important to evaluatleet usefulness of the coatings. Research has
been done in order to understand and develop appropriate techniques for testing coatings. Even
though thermal sprayed coatings are different from processed bulk materials, some common
techniques have been imitate from other material science disciplines, for example,

metallography and image analy§&].
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Microstructure analyses can be done iretbrosssection of the coatings or on the surface
(top view). The crossection shows thenside of thecoating, for instancepores, cracks and
lamellae structures. The top view reveals the outside part of the coating. Metallographic

preparation of the substrate area of interest is done before image analysis obser{2@&jon

The first step in metallographic preparation is sectioning of sample. Following, the
sectioned sample is impregnated in a lowgcosity resin and cured. The last steps are grinding
and polishing the sample impregnated, in order to get a mirranedace. After the preparation,
the microstructure observation can be performed with Optical Microscopy (@M$canning

Electron Microscopy (SEM) for higher magnification, for exah2@g

Coating characterization is vemyportant to understand whahappensduring spraying.
Consequently, intensive research heeen done on comparing coatings produdeaim different
spray parametersSignificant researcleffort hasbeen putby both industry and academia
order to understad the relationship between spray parameters and coating microstructure. In

the following section some of these research will be highlighted.

2.3 SPS process parametaffects on coating microstructure

The propertiesand microstructureof the coatings produad by SPSdepend on a large
number of process parametersigurel3 shows a schematic of SPS process and parameters that

can influence the coating microstructure:
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Figurel3- Schematic of S process parameters (Adapted fridd])
As shown irFigurel3, for each component of the process, such as suspension or its injection,
spray system and substrate, there are many pagters that can be changed and play a role in
forming the microstructure of the coating. For each application, the parameters have to be

meticulously chosen and adjusted to produce the coating desired.

As mentioned before, one of the differences between ARG SPS is that in APS process the
coatings are built by micrometesized particles, while in SPS the cogsimre produced by sub
micron and nanometersized particles. Therefore, the mechanisms to control the coating
formation are different. In the plasenphase, due to their low inertia, the liquid feedstock and
the fine particles are very sensitive to the instantaneous characteristics of the plasma jet and

their variationg22].

The SPS process requires control of many parameind extensiveresearchhas been
dedicatedon understanding the relationship between them and the coating microstructure
Numerical modeling have been significantly helping in understanding the phenomena involved
in SPSSince methods of measuringiight particles velocity, temperature and diameter in SPS

are not completely developed until now, modeling results validated by the experimental ones
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have given a closer perspective of what is happening. This section will highlight the experimental

and numeical research done on SPS parameters.

2.3.1 Operating parameters

Several studies have been carried out on plasma spray operating parameters in the last
decades. The research done on spray parameters have tested different plasma guns, inputs on
power supply, dierent plasma gases and flow rates, spraying velocities and stHirtistances.
The findings include porosity as related to torch power and staiiiddistance, coating

microstructure with cracks related to plasma jet instability and substrate temperadureng

sprayng.

In the study carried out by Joulia et {22], different conditions were tested to spray YSZ
coatings with fully homogeneous microstructure by SPS. The results of this study showed that
the key points in ordeto achieve a fully homogeneous microstructure without vertical cracks
and particle stacking defects are the stability of the plasma jet, the control of the temperature of

the substrate during spray and control of the particles trajectories close to th&tisie.

Gas mixtures of argon and helium or argon with less than 5 vol. % hydrogen could be used
to get stable plasma jets. Additionally, an increase on the helium content resulted on an increase
on the plasma jet enthalpy and velocity which provides ddyeteat treatment for the particles

in the jet[22].

Furthermore, in the study performed by Macwan et[@P] YSZ coatings were sprayed with
three different standoff distances and three torch powdthe microstructure analysis of the
coatings showed pores, unmelted or partially melted particles and nu@oks. It was observed
that porosity is closely related to torch power and standoff distance. The coating with the highest
porosity was produced ith the lowest torch power. Moreover, the smaller the staofi

distance and the higher torch power, the denser the coating was.

Meillot et al. [30] performed a numerical analysis by modeling different plasma flows
interactions with liquid injection. The simulations showed different liquid trajectories and
breakup modesTheir results showed that thenteraction between fluids, i. e. plasma flow and
liquid jet, can be described by the Weber number. The Weber number of a desregip of the
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disrupting aerodynamic forces to the restorative surface tension fof¢e simulations were
validated by comparing results with breakup mechanisms for the same Weber number in the

plasma cros$low, at constant temperatur¢30].

2.3.2 Suspension parameters

Studieshave been done analyzing the effects of the suspension paramater s injection
on the coating microstructure and properties. The suspension parameters that have been studied
are, for example, the suspsion composition, comprising the powder that has been used, the
particle size of the powder, the solvent, and the solid load of powder in the suspension. The
injection of the suspension has also been object of study. Some of the conclusions showed that

the suspension composition is related to coating microstructure and performance.

Curry et al.[31] varied suspension parameters to understand the influence of the
suspensions on the coatings microstructure and mechanical progerfiee conclusion of this
study showed that one can produce particular coating microstructure and performance by
choosing the suspension composition. Suspensions with ethanol as sel®dgeen to banore
likely to form coatings with columnar microstruce when suspension viscosity is decreased.
This can bachieved by stronger atomization and consequently formation of smaller particles in

the plasma jet plum¢31].

They have also observed thathen using water as the suspeos solvent, the
microstructure havehangeal from columnar to verticalhcracked. Additionally, with water as the
solvent, theg/ observed that thesuspension haa higher surface tension. This alteratioras
found toincrease the thermal conductivity and cleases the thermayclic fatigue life. Finally,
they have concluded that themedian powder particle size in suspension does not have a direct
influence on the coating deposition type. In other words, the powder size itself is not enough to

define parametes for spraying the coating81].

Carpio et al.[32] studied the effect of the particle size distribution of the suspension
feedstock on the microstructure @PSYSZ coatings. The findings of ttisdy showed that all
the coatings presented a microstructure with two zones, one with fully melted areas (I) and the

other with sintered grain areas (Igsshowed in Figurel4.
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In the same study,tiwas observed that increasing the standoff distance, the porosity
increases as well as the paity melted areas. At constant spraying distance, the partially melted
areas increased as the suspension particle size changed fromisutin to nanosized particles.
The mechanical properties decreased as the stafidlistance increased. Finally, the moise of
nano and submicrosized particles in the suspension can give balanced results between

suspensiorprocessability and final coatirj§2].

A numerical study performed by Jabbari et[8B] found that the suspension penetration
depth depends on its injection velocity. Increasing fuspension injection velocityill lead toa
higher penetration depth, up to a certain point. After that point, a reduction in number of the
molten particles will ocur. Additionally, porosity was found to increase if the standoff distance
AYONBIlIaSas yR (KS LI NOAOfSaAaQ GSYLISNI GdzNB | yR
4 cm. Finally, the velocity and temperature of fine particles and the suspensmtrpgon depth
are higher when the injector is close to the nozzle exit and it is positioned towards the gun, as

shown inFigurel5[33].
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2.3.3 Substrate features

Studies have shown that substrate surface topography influences the microstructure of the
coating and the substrate shape interferes on the trapegtand velocity of the particles close to
it.

Curry et al.[34] studied the influence of the surface topography lménd coats on the
structure of SP8oatings. Some APS bond coats with modified surface roughness by polishing
and grit blasting, in addition to as sprayed APS and HVAF bond coats were sprayed by SPS. The
results showed that the surface topography of the substrate does influence in producing
columnar microstructure in SPS coatings. It was observed that as the dmatdroughness
increased, the columns formed in the SPS coating developed in a more asymmetrical way and
were wider.The authors suggestdtiat, in principle, controlling the surface topograpby the

substrate could partially design the SPS coating reionoture[34].

Sokolowski et al[35] [36] performed amore completestudy focused on the microscopic
Fylrfteaira FyR OKEFNIOGSNRIT I GA ZyDifferéht paranfet@rdaweger G K R
tested to better understand which are the most appropriate to produce each different coating
microstructure. Coatings were sprayed with two different plasma torches, the suspensions
composition had two different powders and ®al fractions of solid content, in addition to four

different surface preparation techniqué36].

Studies were carried out to characterize the coatings with different microstructures. The

conclusion of this study showed thabqsity and topography of coatings are related to the solid
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weight composition angowder particle size ithe suspensions. Lower concentration of powder
and smaller particle size produced coatings with columnar microstructure. Plasma torch also
influencesthe coating microstructure. Using different torches was possible to create different

microstructures, such as more homogeneous coatings or more flexibility to spray different
coatingg36].

Pourang et al[37] studied the effect of the substrate curvature on-fight particle
temperature, velocity and trajectory through a three dimensional euical analysisFigurel6

andFigurel7 showthe modelling results for plasma temperature and velocity.

D=4cm
BEs=— — |
(a)

(b)
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Figurel6 - Plasma velocity contours for (a) flat and (b) curved substrates at different-efadstance437]
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Figurel? - Plasma temperature contours for (a) flat and (b) curved substrates at different-efhdistanceg37]
After a quantitative analysis, they have observed that the particles impinge on the flat
subdrate about 2.2 times more often than on the curved, for a fixed time interval. With this
20ASNDFGA2Y T GKS ¢LINIAY REFTNIYB/RINDE@K GWISGH S1jdzr GA2Y

& ¢ &HEH O D > dp T )

The conclusion of this study showed that the substrate and its shape have an important
influence on the trajectory and the velocity of thaygicles close to the substrat&he catch rate
for the flat substrate was found much higher than on the curved one, which resulted also in a
lower amount of coating deposited on the curve substréttezas obgrved also, that the majority
of the particles reach the curved substrate at angles &fufoto 2, and above this value, the
particles will pass over the surface without impinging oifritrthermore, once again the standoff

distance was observed and lagster distance was shown to produce higher deposifidn).

As the research highlighted in this chapter shovg, $ensitivity of the processvery high.
Any changes in thparameters can produce different coatingehis resarch was also used as

benchmarkngin order to decide the parameters used in this work.

23



Furthermore there is nd much effort been put in understanding the effects of the shape of
the substrate. This was the motivation of tleork. As already showed?ourang et al.[37] did
some modelling on particles behavior having different substrate shapesrsimulation study
was the inspiration for this experimental work, observing the effects on the coatings

microstructure. In the nexthapter, the experimental procedures of this work will be explained.
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3. Experimental ®cedure
This chapter describas detailsthe experimental proceduréllowed in this workCoatings
were sprayedon substrates with different shapes. All the spray paeters used and the

experiments are explained in the following sections.

3.1 Substrate preparation

The substrate material of the samples used in this work was stainless steel 304¢eThr
different shapes were chosen in order to analyipsv the substrate curvaire affectsthe coating
microstructure Firstly, theflat squared sampléimensons 2.54 cm x 2.54 cm x 0.3 cm) and the
cylinder samplgdimensions 2.54 cm of length, 2.54 cm of extérdameter and 0.3 cm wall
size)were sprayed. After thathe rod sanple dimensions 15 cm of length and 0.8 cm of external

diameter) was added to the experimental wo(kigurel8).

Figurel8- Samples: a) flat; b) cylinder; and c) rod

The subgfates received thee different surface treatmentsThe substrates denominated
opolished were machined in order to have a roughness close to Ra = 0.1 um. For the three
shapes, the substrates were also grit blasted with aluminum oxid@®{Abroducing otler two
different surface roughness, R& um, denominated adfine¢; and Ra& 5 um, denominated as
ocoarsé&. The roughness was measured with a profilomgfditutoyo, Japanjn the center of

the samples, in the same orientation of the scanning of therpéasorch.
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All samples were cleaned in alcohol and dried by blowing compressefftar that, the

samples werdixed to the sample holderssshown inFigurel9.

a) Flat samples and holder b) Cylinder sampgand holder

¢) Rod sample and holder

Figurel9 - Fixtures with samples: a) flat; b) cylinder; and c) rod

Once the samples we placed on the sample holder, the latt@as fixed to he table inside

the spray booth, ready to bsprayed.

3.2 Suspension preparation

The suspension used in thigrk was maddy the author, in the Thermal Spragloratory
(TSL)with the characteristicshown inTablel. Those characteristics where chosen based
research done and the resources available in ldd®moratory. The powder wasYSZ Zhonglong
Chemical, China) witethanol as the solventin orderto get abetter deposition efficiencyThe
particle size distributn used was sulmicron size and theadid concentration of powder was

chosenbasedon the torch power available in th€SL
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Tablel ¢ Homemade gspension parameters

Solvent: Ethanol

Powder: Yttria Stabilized Zirconia (YSZ)
Particle size distribution: d(50) =400 m

YSZ solid content: 20 wt.%

Dispersant: Polyvinylpyrrolidone (PVP)
PVP solid content: 1wt.%

The sispension preparation started by drying the YSZ powder in a furnace &C0ing
one hour.Then theethanol was poured into a glass container ahd PVP gradually added to it.
The mix of ethanol and PVP wasgrsd by magnetic agitation, whichelped in dissolving the
particles in the solvent. After having a homogeneous mix of ethanol and PVP, the YSZ powder
was gradually added to the mix. In orderhelp particles suspend in the solvent and decrease
agglomeration, an ultrasonic agitator was used during this process. All the suspension
components were weighted with a high precision scale to have the accurate proportion of 80%

solvent and 20% powder.

Once all the powder was put into t®lvent the suspensionwas introduced to the injection
reservoir. The injection system consists of two sealed pressurized reservoirs. One contains the
suspension to be sprayed with a mechanical stirrer, and the atbetains water. A compressed
gas pressurizes the tanks and mechanically injects the suspension through the hoses up to the
injector into the plasma jet. In this work, the gas inserted was argon with a pressure of 50 psi and
the injector was made of stairds steel with an internal diameter of 150 um, having an injection

feed rate of around 21 mL/min.

The suspension particle size distribution was measuwvitd Spaytec device. The particles
measurement results were 1= 0.204pm, Do = 0.414pum and o = 0814 pm and the

distribution graphis shown inFigure20:
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Figure20- Homemade suspension particle size distribution

3.3 Spray process

The process parameters used to spray sheples in this work are describgdTable2. The
plasma gun used in the experiments was the 3MB (Oerlikon M&t&@. This gun has a water
cooled electrode, the anode, and a tungsten cathode, generating anuarent of 600 A, with
plasma forming gases: argon, as the primary gas, and helium, as the secondary gas. The power

used to spray the coatings was 24 kW and the velocity ofdteh spraywas 1 m/s.
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Table2 ¢ Plasmaspray parametes

Plasma gun 3MB (Oerlikon Metco)

Plasma gases: Argong 25 Lpm
Heliumg 25 Lpm

Current: 600 A

Voltage: 40V

Power: 24 kW

Standoff distance: 40 mm

Torch sprayelocity: 1m/s

The suspension injection was radial, external to the plasma gun witinjbetor oriented
15° towards the gun exit as shown kigure21. Thestandoff distance was kept constant for all

the experiments as 40 mm in front of the substrates.

Injection

Anode 150 Substrate

e

Standoff distance

Figure21 - Scheratic of the suspension injection into the plasma get
This work was performed in two parts. First, a preliminary study was performed spraying
three different standoff distances (30, 40 and 50 mm) and two shapes (flat and cylinder). After
the preliminary stdly, it was decided to keep only 40 mm as standoff distamzbadd one more
shape (od sample), in order to focus on the substrate shape and roughnEss width of the
coating footprint measured in the preliminary study was around 1 cm. In order to henevad

substrate smaller than the footprint of the coatings, the rod samples were added.

The spraying strategy used in this work was to spraysiraight line horizontally in front of
the substrate. The torch was positionedarwaythat its axis wascainedover a horizontal line
on the center ofsubstrate(Figure21). The torch waghen movedonly horizontally, completing

multiple passages (scang)front of the substrateThis strategy was chosen in order t@ke it
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simple to see the effect of the shape in one single bead. Moreover, spraying one straight line
would be useful to validate the numerical results from Pourang €3&l. and also for further

numerical modeling comparison

For this study, twoseriesof samples were sprayedh the frst batch,nine samples (three
shapes and three roughness) wesigrayed separatelyFifty scangn front of the substrats built
the coatings. After analyzing the results, a second batch opksmwas sprayed with double
number of €ans(one hundred sang, in order to build thicker coatings and observe a further

development of themicrostructures.

In the second batch of sampleébey were sprayed byshape. The three different roughness
were fixed side by side in the sample holder for each shape, and consequently, sprayed at the
same time with the sameexactconditions. These samplegere preheated totemperatures
close t0100°C monitored by an Infrared Camel&LIRSystens, USA, before the suspension
started to be injected. Theamples were sprayed with one hundrezhasof the torch in front of

them.

3.4 Design of experiments

In total, 18 types of samples were sprayed, combining the shapes, surface treatments and

number of gans The samples we labeledwith three characters:

1 The first character stands for the batofite means the firstseriesof samples with 50
scansand 4 cm of standoff distanc@nddTé stands for thicker coatings, the ones sprayed
with 100 £ansat 4 cm of standoff distance

1 Second character is for surface roughneéss:is for polished substrat &< means fine
grit blastingand & is for coarse grit blasting.

1 The third letter & means flat samples is for cylinder andi¥ for rod samples.

Table3 shows all the samples and parameters of sprayed samples:
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Table3 ¢ Designof experiments of samples sprayed

Sample # of passes Shape Roughness
4PF 50 Flat Polished
4FF 50 Flat Fine
ACF 50 Flat Coarse
4PC 50 Cylinder Polished
4FC 50 Cylinder Fine
4CC 50 Cylinder Coarse
4PR 50 Rod Polished
4FR 50 Rod Fine
4CR 50 Rod Coarse
TPF 100 Flat Polished
TFF 100 Flat Fine
TCF 100 Flat Coarse
TPC 100 Cylinder Polished
TFC 100 Cylinder Fine
TCC 100 Cylinder Coarse
TPR 100 Rod Polished
TFR 100 Rod Fine
TCR 100 Rod Coarse

After sprayed, the samplasere characterized and observed undeetS8EM

3.5 Coating characterization

Some measurements were takdrom the samples before, during and aftespraying.
Samples were weighedbefore and after spraying analso theroughnessvas measured with a
Profilometer Mitutoyo, Japahin the center of the substrate before and after sprayifipe
substratetemperature was monitoredduring sprayingvith an Infrared Cameré-LIRSystems,
USA. In addition microstructure observation was performed after sprayiAd. samplesvere

sectioned coldmounted, grinded and polished

The cutting, mounting and polishing instrumerasd consumablesvere from Struers

(Denmark).The first metallographiprocess was the sectioning. The samples were cut in a high
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precision cuoff machine, Secotom 15, in order to analyze the cssstion of the coatings. The
cut-off wheel used was 50A20 (Aluminum Oxide)jch wasselected according to the hardness

of the material. The cutting program was different for the different shapes of samples. Overall,
the rotation speed used was 2500 rpm and the feed speed of the moveable table between 0.02
and 0.05 mm/s.

After sectioned, the samples wermounted into room-temperature curingresin. The
sections of samples were placed into rubber molds and the mix of epoxy resin system were added
to it. The epoxy system used was EpoFix, a transparent epoxy resin and hardener, in the volume
ratio of 15 mL of resin to 2 mL of hardendn order to help forming a homogeneous
impregnation, the molds containing the samples and resin were put under vacuum during 15
minutes at a pressure of 12 kPa using the CitoVac. After the vaocupregnationprocess was

finished, the resins stayed curifigr about 10 hours.

Once the resin is cured, the mounted samples were grinded and polished iretramin
25 polishing systento obtain a polished surfacappropriate for metallurgical observatiamder
low and high magnifications. The process startetth\iking the mounted samples in the sample
holder. After that, the wet grinding of the samples was done with 3 different silicon carbide

grinding papers, grit 320, 500 and 800. Following grinding, other 4 steps of polishing were done.

First step of polising, the MDPIlan polishing clothwhich ismade of polyester was used as
a prepolishing along with a water based diamond suspension lubricant Di2D8@m. Second
polishing cloth used was MDac, a satin woven acetate with the water based diamond
suspersion lubricant DiaDu@, 3 um. After that, the MENap polishing cloth was used with the
water based diamond suspension lidant DiaDue2, 1 um.In the last stepof the processMD-
Chem polishing oth was used for final polisiith a nondrying colloidakilica suspension, G&

NonDry.

Oncemetallographic preparatiomas done the samples were observed under t8EM The
device used was a Hitadldiapan) S3400N. The mapping of thamples crosssections was done

with secondary electron (SE) detect&ereral pictures were taken from the coatings obseryed
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in order to perform image analysi$he mounted samples received a thin Au coating through

gold sputtering, in order to decrease charging effect in the SEM

The pictures recorded were taken with diffetemagnifications. Most of the pictures were
taken withmagnification ofx2k, x1k or xX500The image analysed all thesamples sprayedill
be presented in chapter &urther analysis and thesults of this work are described in the next

chapter.
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4. Reslts andDiscussion
As stated before, the aim of this work was to istigate theeffects of the substrate
curvature and roughness on the coating microstructurkis chapter will show the results of the

work, after sprayinghe coatings and analyzirigeir microstructureunderthe SEM.

4.1 Results

Images were recorded from SEM observation and analyzed with software ImageJ in a more
detailed way. Measure of thickness of the coatings and width of columns were performed. For
each point of interest in the coatinghe thickness was measured in a systematic way: every 30
UM, one measurement was recorded. The columeasurement waslone only where columns
were observed. The width of the columns was measured and recorded. A column was considered
as such ifts widthissmaller than the thickness in that point and its lengthat leastone half of

the thickness.

Shadow effects also present in most of the coatings. Shadow effect can be described as a
local thickness variatigrwhere it is possible to see a bump alawith a depression right beside.
All the images are presented in their locations along the axis of the samples. The position O is the
center of the sample, it is the location where the torch was aligned to scan the samples
horizontally. The negative sidé the samples means the bottom side of the sample during spray,
in other words, below the torch axis. Finally, the positive side of the samples is the top side of
the sample during spray, above the torch, and in the same side as the radial suspenstaninjec
Eachposition is represented by its distance (mahjngthe surface of the samplmeasured from

its center The information extracted from the images is presented in this section.

4.1.1 Thin fat samples

The first samples analyzed were the flat sampless Kimd ofcoupons are very often used
in researchFigure22 showsthe top and crossection views for the coarse flat thin sample (4CF).
The top view represents the surface of the coating, where the roughnessneasured after
sprayingln 4CF it is possible to observe that the highegtithess was in the center déposition

As it getsfarther from the center of the depositigrthe thickness decreases and the porosity
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increasesAdditionally, it is possible t@ee some shadow effect as it gets farther from the center

of deposition indicated bythe arrowin Figure22.

However, in the fine flasample (4FF){gure23) the shadoweffect is lesprominent. On

the other hand, the thickest part of the coating in 4FF is also observed to be in the center of the

deposition and the thickness decreases as it gets closer to the end of the footprint.

e T‘*\

Top view:

Cross-section:

. - I
T

-12.7 (Bottom) Center (Top) 12.7 (mm)

Figure22 - Thin Coarse Fl##tCFrosssection and top view SEkhages

When the surfaceof the sample was polishe@ample4PFin Figure24), it is evident that
delamination of the coating has occurreak indcated by the arrowlt is notpossible to identify
where the highest thickness whxcated since the coating did not stick to the substrate. Columns

are not present in this coating and the shadow effect is very small as well.
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Figure23- Thin Find-lat (4F)crosssectionSEM images
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Figure24 - Thin Polished Flat (EfcrosssectionSEM images

In all the thin flat samples sprayed, columnar structure was not observed. There was an
increase in the shadowing effect as the roughness was increased. Moreover, when the surface

was too smooth the coating did not adhere to the substrate.
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The thickness measured for the thin flat sampleshiswn inTable4.

Table4d ¢ Thicknes®f Thin Flat samples in different positions

THICKNESSmM)
4PF 4FF ACF
Mean | Std dev.| Mean | Std dev.| Mean | Std dev.
-4 14.7 3.43 23.2 2.08 19.4 8.14
-3 14.5 1.17 31.9 1.1 25 411
0 33.5 1.19 37. 5.45
4 11.5 3.3 20.5 1.68
5.7 11.1 1.95 7.7 1.11 13.9 2.13

Position

The graph irFigure25 a) shows the thickness of théree thin flat samples in the same
positions along the axis. In 4PF, as previosisbwed in the SEM images, delamination occurred
in the center of the substrate. For 4FF and 4CF, it is possible to see that thickness is bigger in the

center towards the bottom of the substrate.

a . b .
) Mean thickness ) SD thickness

40 10
—~ —~ 8
€30 E
? —8—4PF ? 5 ——4APF
220 4FF | 2 4FF
S oo g 4CF
=2 ACF -2
E10 : .\ :

0 0

8 6 -4 -2 0 2 4 6 8 8 6 -4 -2 0 2 4 6 8
Position (mm) Position (mm)

Figure25- a) Thickness meaured for Thin Flat samplesd b)variation of thickness for Thin Flat samples

Figure25b) shows the standard deviation of the thickness measured in each position. It is
possible to see that due to the shadowfesdt in the bottom side, as already pointed out in the
SEM images, there are some larggiation of the thicknesghus ahigher standard deviation.
Additionally, in the center of 4FF it is observed a low variation of the coating thickit@isscan
be exlained by the absence shadow effectdue toits smooth surface However, on the top
side of 4FF, where some shadow effect starts to appear, the variation of the thickness is also

higher.
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Substrate roughness waseasured before spraying, aradter spraying the roughness of

the coating was measured in different locatioRgyure26 shows the roughness measurbdfore
and after spraying for the thin flat samples.

8 Roughness

E

6 4FF
76 e=—r—— o
Q
c 4
< == = AFF bef
(o]
3 2 = = 4CF bef
8° ==t ==1

0

-8 -6 4 0 2 4 6 8

-2
Position (mm)

Figure26 - Roughnesseasured for Thin Flat samples

4.1.2 Thin glindersamples

Cylinder samples started to show different structures. In the thin coarse cylinder sample
(4CC)Kigure27), it is possible to see more shadow effect due to tbeghness and the geometry
of the sample. Additionally, the cylinder samples presented some colikarstructures, as
shown inFigure28 and Figure29, thin fine and thinpolished cylinder samples, respectively. The
orientation of the columns in 4FC is not very clear, but it seems to be perpendicular to the surface

of the substrate. Théine cylinder sample atsshowed a few vertical cracks.
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Figure27 - Thin Coarse CylindgtCC) crosssectionSEM images

The thinpolished sample presented walkfined tiny columns on the top side of the
substrate The polished cylinder sample had delamination, as it also happened to tipelished
sample. Delamination can ts®en inFigure29, wherethe coating is detached from the sample
in the center(indicated by the arrowgand it is also missing in other parts of the surfatke
columns obsered on the bottom side of this sample appear to have an orientation perpendicular
to the substrate. On the other hand, the columns present on 4PC top side show an orientation

parallel to the torch axis.
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Figure28- Thin FineCylinder (BC)crosssectionSEM images

The thin cylinder samples also formed the thicker part of the coating in the center of the
substrate, towards the bottom side dsble5 shows. IrnFigure30a), this is possible to see in 4FC
and 4CC. 4PC had delamination as the SEM images shbigate30 b) also shows the large
variation in the thickness measured in 4@ to the shadow effect. The columns and veltica

cracks present in 4FC also reatie thickness variatioimcrease.
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Figure29- Thin Polishe®€ylinder (BC)crosssectionSEM images

Table5 ¢ Thicknes®f Thin Cylinder samples in different positions

THICKNESS
Position 4PC 4FC 4CC
Mean Stdev | Mean| Stdev | Mean | Stdev
-9 8.5 2.95 225 4.19 7.9 2.65
-38 34.7 1.92 187 8.19
-1.7 13.6 1.29 43.8 3.08 28.3 1.88
0 13.2 1.08 441 4.42 28.3 3.75
2.3 8.2 0.16 21.3 2.87 14.9 4,52
3.4 13.1 291 7.5 458
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Figure30- a) Thickness measured Thin Cylinder samples, and b) variation of thickness for Thin Cylinder samples

For roughness measurementigure31a) shows that there is not very big variation in the
roughness measured before and after spraying. The end dioibtgrints for 4CC and 4FC show

more columns and shadow effect, consequently the roughhassalso increased those points.

A Roughness b) Columns Thin Cylinder
— €10
E o 2 o
? ________ @ 4EC % 5 ® @ 4PC
£4 E ° ®4FC
> acc £ *
=) b-‘“—.—z = 4CC
g 5
@]
0 OO0
8 6 -4 2 0 2 4 6 8 10 8 -6 4 2 0 2 4 6 8 10
Position (mm) Position (mm)

Figure31-a) Phughness measured for Thin Cylinder samples, and b) columns width measured for Thin Cylinder samples

Figure31 b) shows the widthof the columns measured. As previously seen in the SEM

images, 4PC had tiny columns while 4FC and 4CC presented some wider columns.

4.1.3 Thin od samples

The thin rod samples observed presented the same structure of fine columns, possibly in
more quantity, astican be seen ikigure 32 coarse rod sample (4CR). Clearly, the top side of the
sample has a denser coating and there are more columns in the bottom side of the substrate

than the top.
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Fgure32- Thin Coars®od(4(R) crosssectionSEM images

The thin fine rod sample, however, presented a slightly different structure when compared
to the other fine sample Onthe bottom side, 4FRresented a denser coating, wteeit is
possible to see some layers instead of colunfrigyre33). On the other hand, some columns
can be seen on the top side, closer to the end offtrwprint. For the polished rodample (4R),
the columns ae very well defined on théottom side of the sample, and delaminatigsalso

present in the center of the substrate, as shoinrrigure34.
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Figure33- Thin Fie Rod4FR crosssectionSEM images
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Figure34 - ThinPolishedRod (£R)crosssectionSEM images

Thin rod samples had delamination only in the poliskedace Table6 shows the thickness
measued for all the thin rod sampleé&sFigure35a) showsthe thicker part of the coatings 4FR
and 4CR are again in the center and bottom part of the coatings. It is pa$sblle coating in
4PR follows the same pattern, however, it cannot be affirmed at this gm@oause of coating
delamination Due to the high amount of columns on the bottom side of the sasple4PR and
4CRasFigure35b) shows, thee is somevariation on the thickness measured. 4FR, on the other

hand, has a higher variation of thickness on the top side, where columns are identified.
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Table6 ¢ Thicknes®f Thin Rod samples in differepositions

THICKNESS
Position 4PR 4FR 4CR
Mean St dev Mean St dev Mean St dev
-3.2 17.5 0.13 17.1 0.6 27.6 1.8
-2.6 22.8 1.33 20.1 1.11 26.1 0.34
-1.8 24.9 3.79 25.2 1.03 277 3.41
-0.8 26.9 0.2 263 1.8 29.2 2.54
0 21.8 0.36 31.7 0.36
1 14.8 2.76 24.6 2.91
1.4 18.3 0.4 16.7 3.39 234 1.84
1.8 16.3 1.28 8.4 0.71 20.2 3.4
a) Mean thickness b) SD thickness
35
.30 s
%25 =@ 4PR %3
2 20 7
o —e—4FR O 5
s P 4CR %
£ 10 'E 1
5
0
4 -3 2 1 0 1 2 3 4 _4 3 1 o 1 2
Position Position

—e—4PR
—e—4FR

4

Figure35-a) Thickness measured for Thin Rod samples, and b) variation of thickness for Thin Rod samples

The roughness measurdxkfore and after spraying showed kigure36 a), brings a bigger

difference in the roughness on the bottom side of the coatiriggs might have happened due

to the difficulties of gritblasting a curved substraend achieve the same roughness in the whole

surface. It seems that the surface before spraying was smoother on 4CR and codfder both

on the bottom side.
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Figure36- a) Poughness measured for Thin Rod samples rdlumns width measured for Thin Rod samples

The columns measurement for the thin rod samples shows that for 4PR and 4CR, the
column width decreases as it gets closer to the end of the footpFigiufe36 b)). As seen in the

SEM images, 4FR presented a different structure and columns only on the top side.

4.1.4 Thick flat samples

For the second batch of samples, they were sprayed with the same exact conddions
minimize uncontrollable parameter&or each shape, éthree samplesvith different roughness
were placed side by side in the sample holder. This means that they had the same number of
passes during prbeating and spraying, the same spray conditions and same suspension
composition. All the samples for thesnd batch were also sprayed in the same day, thus, the

same batch of homemade suspension was used to spray all the samples.

The thick samples were sprayed watouble number of passes: 100 passes. These samples
were also preheated at about 108C befoe starting spraying the suspension. As it carséen
in Figure37, Figure38 andFigure39, sampled CF, TFF and TPF respectjibb highest thickness
happened in the center of samples, towards the bottom side. No delamination is present in any

roughness (coarse, fine or polishddj flat samples
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Figure39 - Thick Polishe#lat (TPF)crosssectionSEM images
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It is possible to see strong shadowing effecthe coarse flat sampjand a light shadow
effect towards the end of the coating footprint in the fine and polished flat samples. Some tiny

columns can also be seen in the end of the coating footprints.

The thick flat samples revealed similar resutisthin flat samples.Table7 shows the

thickness measured for thdtee roughness:

Table7 ¢ Thicknes®f Thick Flat samples in different positions

THICKNESS
. TPF TFF TCF
Position Mean Std dev.| Mean Std dev.| Mean Std dev.

-6.8 22.3 3.33 18.9 1.75 27.4 4,72
-3 71.3 3.35 57.6 3.74 81.4 8.26
0 84 1.27 76.2 2.27 90.9 5.91
4 26.7 3.51 401 2.14 35.9 7.8
4.7 24.1 2.4 29.6 4.9 31.9 5.66
5.6 183 2.4 22.8 3.9 228 7.73

Likewise the tm flat samples, all the thick flat samples had the thicker part of the coating
in the center, towards the bottom side of the substrateéigure40 a)). Moreover, due to the
coarse surface of TCF and shadow effeespnt in the coating, the variation of the thickness in
each position is higher. The light shadow effect in thd ef the coating footprint in addition to

the small columns for TPF and TFF also made the variation increase on that positions, as shown

in Figure40b).

a) Mean thickness b) SD thickness

100 10
€ €
3 80 ——TPF 3 8 —e—TPF
g 60 T g ©
g \\ e , "
X~ 40 X
Q TCF  © r— TCF
< 20 £ 5 \//.\-o

0 0
8 6 -4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8

Position (mm) Position (mm)

Figure40- a) Thickness measured for diirlatsamples, and b) variation of thickness forckifilatsamples

The roughness measured for the thick flat samples is showfigure4l a). Roughness

changes are bigger in the end of coating footprint due to the shadow effect and columns. In the
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center of the substrate, the roughness after spray is very similar to the roughness kpfase
because the coating follows the substrate roughnesbhouit columns or shadow effect.

a)

b) .
Roughness Columns Thick Flat
6 g —@— TPF
20

=° TFF g .
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g, S === === - —TcF | 5

bef 8 0
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Figure41- a) Poughnessneasured for Thicklatsamples, and b) columns width measured focRRlatsamples

In Figure41b) the columns width measurements are presented. In all the thick flat samples

columns were obsengeon both top and bottom sides.

4.1.5 Thick cylinder samples

In the cylinder samples, delamination occuriadependently of thesubstrate roughness
As shown irFigure42, thick coarse cylinder (TCC), columns are present mostly in the bottom side
of the substrate, close to the end of the coating footprint. Also, it is possible to sed#uow
effect within the coating, in the top and bottom sides. The same also happened for the fine

cylinder sample (TFC), being the shadow effect less strong, dyothaé to the smoother surface
(Figure43).
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Figure42 - Thick Coars€ylinder (TQCrosssectionSEM images
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Figure43- ThickFine CylindefTFC)crosssectionSEM images

The polished cylinder sgple (TPC) indicated more delamination than the other cylinder
samples and some vertical cracks can be seen within the bottom side ob#timg(Figure44).
Columns are present in the end of the footprint in bdibttom and top side of the coating.

Shadow effect is less prominent in this coating.

52










































