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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].



?Superal!oy ! Bond- | 710, i Ct_mli_ug—
Thermal-Barrier- Substrate i Coat | Top-Coat ; . Air Film
Coated Temp. i~100 pmi 100-400 pm |

Turbine Blade J,‘

Distance

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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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].

10



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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Figurell- Coating CZa)cross section an¢b)top view[26]

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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