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Abstract

Silicon-based ceramics and ceramic matrix comessgi[CMCs)such as silicon carbide
(SiC) fiber reinforcediC, are promising candidates for hot section components in next
generation turbine engines. Environmental barrier coat{fEBCs) are essential for
implementing these componeiis theyinsulate ad protectthe substrate from reaction with
water vapor in the engine environmeBBCs are typically deposited via atmospheric plasma
spraying (APS) andrpparing theeomponensufaces through cleaning and roughening prior to
coating is a vital step tameure sufftient coating adhesioithe adhesion of a plasma sprayed
coating to the underlying component is one of the most important properties as the component
will not be proteatd if the coating is not well adhere&lirface roughening of metallic
comporentsvia grt blastingis well documented and understood, but much less is known about
preparing ceramic anteramic compositeurfaces for thermal spray coatirgilicon coatings are
often used as a bond coating betweent&€ed components and EBC topelis but he
adhesion strength of plasma sprayed Si on these subsBiaspsat formatiomnd the factors that

affectcoatng formation and adhesidrave not been well studied.

The effects of automated grit blasting process parameters on surface ssughde
mateial loss ofa reaction bonded SiC (rb SiC) composiere evaluatedSurface roughness
before and after grit blasg was evaluated with a confocal laser scanning microsdtee.
differences anddvantages of automated grit blastaogmparedo manual gri blastingwere
observed. Most notably was the level of control at high nozzle traverse speeds resulting in
reducton of material losandconsistency of rougheningt high nozzle traverse speeds, the
amount of material loss decreased greaity & smalleffect on induced surface roughness. The
degree of grit blasting induced roughness and material loss was fooadbigely dependent on
the nature othe composite matrix and reinforcement, as well as blast nozzle traverse speed. A
statistichmodel wasdeveloped to predict the substrate thickness loss and induced average

roughness based on nozzle traverse speetllastpressure for automated grit blasting.



Additionally, laserablation was used to create controlled, regularly patternedsurfa
textureon rb SiCsubstrates to further investigate the role of texture parameters in Si coating
adhesionSi was plasma sprayed onto rb SiC substrates to deposit both thick coatings to evaluate
adhesion strength and single splats to study splat fam&urfacegoughnes/texture, substrate
preheat temperature and mean Si particle size were vanégsima spray coatingkperiments
to observe their role in coating adhesion strength. Si adhesion strength was found to be related to
all three factors and statisttal modelas developed to predict adhesion strength based on
them. Substrate preheat temperature had a significant effect on both Si adhesion strength and Si

splat formation on rb SiC.

Singlesplatformationduring plasmasprayingof Si on SiC wassimulaedwith software
calledSimDrop.Simulationsof Si dropletimpact,spreadingandsolidificationduring plasma
sprayingon smoothandtexturedSiC surfacesvereusedto investigatehe effectsof relevant
procesgparametersn splatformation.Experimentaly observe Si splatson smoothsubstrateat
differenttemperatureduring depositiorwerematchedwith simulatedsplatswith the same
sprayingparametersA changan thermalcontactresistancavith changingsubstratgreheat
temperaturevasconfirmedby the simulationresults.Therole of surfacetextureparameteror a

regularlypatternedsurfacetexturein splatformationwasdemonstratethroughsimulation.

This dissertatiorinvestigatesnethodsof rougheningandpreparinga SiC composite
substratefor plasmaspraycoating,aswell asfactorswhich affectthe adhesiorstrengthandsplat
formationof plasmasprayedSi throughexperiment@andsimulation.The observationsnade
providevaluableinsightfor understandingndoptimizingthe manufaturing processesitilized
to depositstronglyadheredcoatingsonto SiC-basedcompositesin addition,areasof interestin

thisfield for future studyandfurtherinvestigationareintroducedandsuggested.
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General AudienceAbstract

Silicon-based ceramics and ceramic matrix composites (CMCs), ssilitas carbide
(SiC) fiber reinforced SiC, are promising candidates farskeotion components in next
generation turbine engines. Environmental barrier coatings (EBCs) are essential for
implementing these components as they insulate and protect theufysin reaction with
water vapor in the engine environment. EBCs aree&yly deposited via atmospheric plasma
spraying (APS) and preparing the component surfaces through cleaning and roughening prior to
coating is a vital step to ensure sufficienttewpadhesion. The adhesion of a plasma sprayed
coating to the underlyingocnponent is one of the most important properties as the component
will not be protected if the coating is not well adhered. Silicon coatings are often used as a bond
coating betweeiC-based components and EBC top layers, but the adhesion strengthra plas
sprayed Si on these substrates, Si splat formation and the factors that affect coating formation
and adhesion have not been well studied. This dissertation investigates métoodsening
and preparing a SiC composite substrate for plasma spragg,cadiwell as factors which affect
the adhesion strength and splat formation of plasma sprayed Si through experiments and
simulation. The observations made provide valuable infaghinderstanding and optimizing the
manufacturing processes utilized &posit strongly adhered coatings onto-B#3ed
composites. In addition, areas of interest in this field for future study and further investigation

are introduced and suggested.
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1 Introduction

As improved performancandefficiency is constantly desired imyaengineering field,
new technologiearise,and different materials and processes are utilized to solve problems.
Specifically,in the aerospace industthe demand for high@ngineoperating temperatures
engine weht reductionand longer componenteé span pushes the development of new material
systems, coatings and coating methddhe use of ceramic materials, particuleBiZ/SiC
ceramic matrix composites (CMCs), for components in high temperatutegmgressure
sectionsf aerospace propulsiengines has recently been of strong interest for engine
manufacturersThe low density, high temperature capability and resistance to oxidation and
corrosion makes these materi@sal for hot section componts Utilizing these materials
would greatlyreduce engine weight and the need for cooling during operétomever, there
are still challenges to be faced with implementing CMCs because they are a relatively new
material systenmand the vast amount of &wledge associated with metal materials canno
necessarily be applied to these compos{@ese such challenge is optimizing the coatings which
must be applied to CMCs for use in jet engines, and this includes optimizing surface preparation

prior to coating

Coatings have been used in a variety otistdes for ages to improweveralproperties
of the underlying materialn more recent yeardyermal spray coatings are commonly used on
components implemented in harsh environments to improveregatance, corrosion resistance
and maintain overaiurface and mechanical properti€gatings for aerospace applications are
typically deposited via atmospheric plasma spraying (AR®)imary challenge in this area
currentlyis adhesion othe plasmasprayed coatingddequate adhesion of the coating to
substratecomponents required for proper coating performance. Substrate surface preparation
prior to coating is critical to coating buildup during spraying and coating adHés8pnlt is
well knownthat a clean, rough surface is vital for coating adire A roughened surface has a
surface profile which facilitates a mechanical interlocking of the coating with the substrate. Prior
to coating, surfaces are typically cleaned and then roughened withagting although there
area variety of surfacerpparation methodssedfor the purpose of surface roughening

including high-pressure water jet, dry ice blasting, laser surface texturing and ithers



While it is fully accepted thaturface cleanliness and roughness are important for coating
adhesiao strength there is no strong agreement about the nature of roughness or topography
which optimizes adhesicstrength Rais often reported to be related to the important property,
coatingadhesiori2, 4, 5], but some studies theliterature also repothat R.is not necessarily
indicative of adhesion strengjB, 6, 7]. The nature of coating buildup during spraying ultimately
determines coating adhesion/cohesion, but the ib@ling droplet impacts, or splats, on the
substrate surface is especialttyportant for generating a strong bond between coating and part.
Many factors can affect the behavior of coating droplets during plasma spraying, including
substrate surface propes, sprayed particle properties and parametettse actual plasma
sprayprocess. Understanding the role of surface texture and state in the initial droplet impact

during coating is one large piece of the puzzle of optimizing coating adhesion and pederm

This research looks to explore methods of preparing SiC surfagea$onaspray
coating, as well as toetter understand amgtimizethe adhesiostrengthof a plasmasprayed
Si coating.Of particular interest ithe roleof various surface roughness parameieating
behavior and adhesi@trength As grit blastings the primary techniquesed for preparing parts
before coating, the ability to control the resulting surface through grit blasting is greatly desired.
Howe\er, almost no workhas been reportazh the effects ofyrit blasting of SiCneither the
materialthickness loss due to grit blastingr the adhesiorstrengthof plasma sprayed Si
coatings This work shows how different grit blasting process parameters can be adjusted to alter
surface roughnesnd/or thickness logaducedon reaction bonded silicararbide (rb SiC)
Laserablationwas also used to generat@rface texture patterios rb SC andto study the role
of surface texturparametere plasma sprayed 8patingadhesiorstrength The effect of Si
mean particle size antd SiCsubstrate pre¢ating on coating adhesistrengthwas also
investigated, along with the effect of substrate temperature on plasma sprayed Si single splat
formation. Finally, the impact, spreading and solidification of a plasma sprayed Si droplet on a
SiC surface was stiied via simulation by varying impaparameters based on experimental
measurements of plasma spraying process parameters, and experimental observations were
compared with simulation resulfBhe effect of patterned surface texture on Si splat formation
was also modelled by utilizing simukd surface texture similar to that created on substrates by

laser ablation.



2 Theoretical Background

2.1 Ceramic Matrix Composites(CMCs) and Environmental Barrier Coatings
(EBCs)

The use of nickebased superall@yfor some engine components has begun to be a
limiting factor in improving efficiency as operating temperatures have reached their maximum
for this material CMCs, whichconsist of a ceramic matrix and a reinforcemergawhe kind,
such as SiC fibers in®C matrix,are of interest foimplementation in aircratindareplanned
for use inthe next generation engin&C/SICCMCs provide the benefit of low density, higher
temperature capability and oxidation resistaaog, are of strongest interest tare
manufacturers because of these properties which allow for higher engine operating temperatures
and a significant redtion in weight.However these materials are still vulnerable to reaction
with water vapor in the engine environm§g®®]. Environmaental barrier coatings (EBCs) are
required for implementation of CMCs as fs&iction components in aircraft propulsion elegin
and these coatings are typically deposited via atmospheric plasma sprayingT#é>S).
substantial advantage in terms of tempesatapability which both the use of SiC/SiC CMCs
and EBCs provide is clearly illustratediigure 1 The novelty of CMCsdr these applications
in aerospace means that not much is known about how to optimize the coating application and
substrate surfacagparation processes for the specific materials invol/kd.adhesiostrength
of these EBCs and any associated bond mgasi of primary concern arttlere is much room for

improving overall understanding this area.
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Figure 1. The impact of the implementation of SiC/SiC CM&&l plasma sprayed
environmental barrier coatings (EBCs) on engimepterature capabilit}8]

2.2 Atmospheric Plasma Spraying

Thermal spray coatings are commonly used on components implemented in harsh
environments to improve wear resistance, corrosion resistance and maintain overall surface and
mechanical propertie&PSis onetype of thermal spraying in which tldesired coatig
materia] typically in powder formis melted and accelerated towards the substrate via a plasma
torchin open air A high intensity direct current arc between an anode eathode nozzle is
generated as a mixture of gases, usually hydrogen and #ayamthrough to create the high
energy plasmalhe plasma jet can reach temperatures well above 7000°C, which allows for
melting and coating generation with almost any matgtjalndividual particles of the desired
coating materialravel towards theubstrate at high velocity after being melted, impact a usually
roughened substrate surface, spread on the surface and solidify to createTaespliaticess of
plasma sprayingnd a few of the many variables involved are illustratg-igure 2 The
buildup and layering of splats during this process results in a full codtintihese splats are the
building blocks of the whole coating, understandimg behavior of individualgats during
spraying and the role of process parameters which may affebetiasior is of great
importanceThe adhesion of the coating to timederlying material is caused by mechanical



interlocking with the substrate surface features after solitifizaand the first splats to impact

during coatingarelikely to determinetie adhesiostrengthat this interfacél].
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Figure 2. Schematic of the major components of the plasma sp
procesg1]

2.2.1Thermal Spraying of Silicon

Silicon coatings are often used as a bond coating betweenaS&l components and
EBCtop layers because it can serve as a protective layer as it readily forms an oxiddniclyer
helps prevent oxidation of the underlying substfa@13]. The Si bond coas alsoused to
improve the adhesion between the substrate and upper coatingofageting as an intermediate
in terms of thermal expansion coeffici¢h#l,15] Depositng Si coatings via APS is more cost
effective than techniques like physical or chemical vapor deposition (PVD or CVD), and APS is
also used for depositing EBCEhermal spraying oBi coatings has been fairly well studigd,
16-19], especially for electmic applicationd20, 22-30]. However, only a few studies have
focused orthermal spraying of Sinto SiGbased substrates with the use as a bond coating in
mind[10,19] For electrical applications, Kharas et[@D] used a noitommercial plasma torch
to depsit Si with a mean particle size of 13.8 um on thermally oxidized Si wafer substrates to
characterize the morphology and microstructure of splats and deposited\filnet.al.[18]
deposited Si on titanium substrates via APS and characterizeontipegtion and
microstructure of the sprayed coatid®PS was used to coat a titanium alloy with Si and the Si

powder size was varied to study the effect oflight particle properties, splat morphology and



coating microstructure and propert[@Z]. It was bund that iAflight particle velocity,
temperature andxidation increased with decreasing particle diistal et al[10] produced
dense coatings of Si on Sghbstrates via flame spraying (FS), which reaches a much lower
flame temperature and paté velocity compared to APS, and characterized the deposited

coating material and thermal properties.

One of the most important properties of a coating, especially in extreme and harsh
environments, is how well it stays attached to the underlying sidsthich is often
charaterized by théoonding or adhesion strength, because it must be well adhdfes to
substrate to protect it. Only one of the studigqg on thermal spraying of $eported the
resulting coating bonding strength on Ti alloy sudtsts, however effects of preparation or spray
parametersn bond strength were not reported. The meaduwading strength was reported to
be 20.6 £ 1.9 MPa, or 2988 + 275 psi. As Si is heavily considered as a bond coating for EBCs,
evaluating its bondingtrength on relevant substrates and the factors that affect it is vital for

optimizing these bond coatiagnd EBC systems.

2.3 Substrate Surface Preparation

The cleanliness, roughness and overall state of the substrate sutfacsoateds
extremelyimportant as thesictorswill ultimately affect the adhesion of any plasma sprayed
coating.This is where substrate surface preparation prior to coating plays a key role. Many
different methods are used to clean and/or roughen a surface, such asespilediestting
ultrasonic teaning, dry ice blasting, grit blasting and laser treatment. The appropriate cleaning
and roughening method to be used will depend on the coating and substrate materials, but a

clean, rough surface is ideal for ensuring a sttwngd between coating andlstrate.
2.3.1Substrate Preheating

The role of substrate preheating and temperature in plasma sprayed coating formation and
adhesiorstrengthhas been well studied for a range of coating and substrate maaiiaksrily
metalsubstrate$31-44]. As most surfaces exposed to atmosphere will have an adsorbate

condensate presence, particularly when an oxide layer exists on the Elirfandheating the



substrate can act to clean the surface by evaporating and desbdadgorbed species.
Additionally, preheating substrates will affect the formation of an oxide layer on surfaces which
an oxide forms like metals and Sithe method used to preheat sultgts whetherthe

atmosphere is controlled, the rate and evenness tihp@ad exposure to the flame/plasma jet,
will also play a role in oxide layer formation and surface effgtjitswhile oxide growth and

surface effects of heating of many matenaésconventional methodsas been well studied,

only a few studiesn meal substratekave beeronductedn the effects gplasma jet

preheating on oxidation and surface compositio45-48].

Bianchi et al[31] reported thathe adhesiomtohesion values of plasma sprayed ytria
stabilized zirconia (YSZ) coatings were thriames higher on stainless steel substrates preheated
to 300 °Cby a radiative heating systetompared to nopreheated substrates regardless -of in
flight particle parameterdt was also found that coating adhesamhesion initially increased
with preheating time before reaching a maximum and then decreasing for longer preheat times
when the oxide layer was likely too thicknother authof44] reported orplasma sprayed nickel
coatings on stainless steel substrates preheated to various temperaidsck heateand
found that the coating adhesion strength increased significantly with substrate temperature, going
from 10 MPa at 25 °C to 74 MPa at 650 Tating porosity was also seen to decrease with
increasing substrate temperature. Substrateedaiger thicknesses increased with increasing
preheat temperatusnd correspondei greater adhesion strengtiowever when stainless steel
substrates wereeated to 650 °C, held for 2 mtim form a thick oxideand then allowed to cool
before being coatk the average adhesion strength was only 14 MPa. In addition, cobalt alloy
substrates much less susceptible to oxidation were coated with varied prehesat@m@nd
coating adhesion strength increased from 16 MPa at room temperature to 55 MP&atT30¢ °
likely indicates that the substrate being held at elevated temperature during coating deposition is

important for improving adhesion and cannot bekatted to the formed oxide layer.

Fukumoto et al[36] also reported thahe adhesion strengtf nickel coatings plasma
sprayedon AlSI304 stainless steel substrates increased with substrate preleatasg.
observedn another study32] that increasing substrate temperature during plasma spraying of
molybdenunon steel, molybdenum and glasdsinates resulted in improved coating
mechanical properties, porosity and thermal conductiVigyg et al[38] found that tle



adhesion strength and hardness of plasma sprayed copper coatings on stainless steel substrates
increased when the substrate temgpure was increased via longer preheating times with the

plasma torch prior to coating.

2.3.2Surface Roughnessand Coating Adhesion

Thetopic of therelationshipbetweersurfaceroughnessndplasmasprayedcoating
adhesions acomplexone.lt is geneally acceptedhataroughenedubstrateshowsimproved
coatingadhesiorascomparedo a smoothsubstratealthough,asmentionedpreviously,there
havebeenmixedreportsof the effectof averagesurfaceroughnes®n plasmasprayedcoating
adhesiorstrergth. Dueto the complexityof boththetopographyof a surfaceandthe plasma
spraycoatingprocessit is challengimg to isolateandstudythevariableswhich play arolein
coatingadhesionOnly afew authorshavebeenableto find anindicationof arelationship
betweerroughnesparametersf grit blastedsubstrate®eyondRa andplasmasprayedcoating
adhesiorstrength[6, 49-50]. Bahbouetal. [49] andBobzinetal. [6] reportecthatthe parameter
Rnq, Which describedboth amplitudeandspacingpropetiesof a surfaceprofile with the slopeof
roughnesshada strongemelationshipwith coatingadhesiorstrengththanRa. In adifferent
study,Bahbouetal. [51] investigatedherelationshipbetweerfractaldimensionof grit blasted
substratesndplasnasprayedcoatingadhesionalongwith Rs, andfounda poorcorrelation
betweerfractaldimensionandadhesiorstrength A muchstrongercorrelationwasfound
betweenRa andadhesiorstrengthin this study.Griffiths etal. [50] alsoshowedresultsindicaing
thereis arelationshipbetweernthe peakslopeandcoatingadhesiorstrength Therewasalsoseen
to bearelationbetweerpeakspacingandadhesiorin which theadhesiorstrengthincreased
with peakspacingup to anoptimumaround200 um anddecrease thereafterintuitively, this
makessenseasit would be expectedhatsurfaceasperitiesnustbe packedcloseenoughto allow
astronginterlocking,but alsomug not be spacedocloselythatthecoatingc a rpénétratehe
roughsurface However,all of thesestudieswereperformedon metalsubstratesndno known
work hasbeendoneto repeator confirm thefindings.

A few authorshavestudiedthe effectsof surfacetexturegeneratedia lasersurface
texturingtechniqueon coatingadhesiorandbehavor [52-55]. Theresultsof thesestudies
indicatethatthe sizeof surfacetexturefeatureglay alargerole in coatingadhesiorandthe
substrate/coatinmterface,especiallyin relationto the sizeof theimpactingdropletsduring

coating.Threedifferenttexturepatternsa groove,squareandhexagonapattern weregenerated
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via lasertexturingandit wasfoundthatthe plain or untreatedareain betweeriasergenerated
surfacetexturewasdetrimentako the adhesiorstrengthof a plasmasprayedcoaing [54]. Tanet
al. [53] generatedlimple patternswith varyingdimple diametersaanddistance®on steé
substratesandsubsequentlgoatedthemwith a nickel coatingvia APS. Thedimple distancenas
seento havea moresignificanteffecton coatingadhesbon strengththandimple diameterand
adhesiorstrengthtendedto increasawith increasingdiametesto-distanceratio. Thesample
texturewith the highestdiameterto-distanceratio andcoatingadhesiorstrengthconsistef
simply peaks/posten the surface dueto the high dimple distancewhich likely correspond$o
reducedplain areaon the surfacecompaedto othertexturesKromeretal. [56] foundthatNi-Al
coatingsplasmasprayedontolasertexturedaluminumalloy substrategxhibitedstronger
adheson thancoatingson substratesvhich weregrit blastedvia conventionamethods.
Optimizingthelasergeneratedhole volumefor the sizeof sprayedoarticlesallowedfor the
elevationof the coating/substratadherenceA flame sprayedaluminacoatingwasdepositecbn
a SiC/SiCCMC previouslylasertreatedto generatgpeakson the surface[57]. Thelaser
treatmenimodifiedthe surfacetextureaswell asthe surfacechemistryenhancingheadherence
of thealuminacoating.

2.3.3Grit Blasting

Substrate @wface preparation prior to coating is critical to coating adhegremgth and
adequate adhesion is required for proper coating perfornpancarit blasting is the most
commonly used method foougheninga surface before coatingnd t produces a caplex
surface topography which can be difficult to fully descrDering ths process, abrasive
particlesare accelerated towards the substrate via either a suction or pressure type blast machine
The abrasive grit media used is typically a hard cerakealumina, silica or silicon carbide,
andupon high speed impact of the particles with substrate, roughness is generated due to
material removal via cuttindrittle fractureand plastic deformain. The grit to be used will be
determined by the propess of the material being grit blasfes this will affect material
removal, along with desired roughneshis surface roughening increases overall surface contact
area and creates prominent adpesion the surface that allow the coating to penetratdoak

into, improving adhesiostrength The type and degree of roughness for promoting adhesian



plasma spray coating still debated, and there is still substantial room for improved

undersandingof this topic.

Grit blasting is primarily done manlly, without strict control over blast parameters.
These blast parameters, such as pressure, angle, grit mass flow rate, standoff distance, nozzle
traverse speedrit materialand grit size are known to affect the resulting roughness of the
blasted sudce[1-3, 6, 51, 58] Figure 3 shows a diagram of a standard grit blasting setup
whether automated or manual, with the blast angle relative to the substrate surface and standoff
distance measured from nozzle exit to substidie.capabilities and diffeneesassociated with

the use of an automated robot during blasting are much less documentedtimrigpinterest

stand-off distance

/\ blasting angle
'
P

substrate

Figure 3. Typical experimental setup for grit btang [6]

for improving the consistency of the process.

Much is known about how the grit blasting process parameters affect metallic substrates
in terms of roughnesK. -6, 4951, 5861], but there is still a lack of knowledge relatedhe
effects of grit blasting on ceramic and ceramic matrix composite materials (QMEY) the
recentrise ininterest in coating and implementing these mateedshere is a strong interest in
utilizing ceramicbased composites increasinglyhigh temperature and corrosive environments
it is vital to understand every step of the process of preparing and coating these miatsrials.
possible thathe effects ofyrit blasting parameters on the induced roughness of a SiC surface
will be similar to that of metallic substrates, but it is important to perform experiments to obtain

a complete and confident understandifige grit blasting process has many variablepatars
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which all affect the final surface, and the results will fkalways depend on the materials being
used. Thus, there can always be improvements made to the process in general, and for a specific
material and desired surface topogragtsw authorhave reportednethods of controlling

roughness parameters beyondakerage height roughnessd independent of RThe ability

to manipulate the size of surface asperities based on the size of the impacting coating particles
would be of tremendous beidit in order to facilitate the penetration of the coating into the
surface.This is an area which requires further study in order to realize the capabilities grit

blasting may provide for optimizing coating adhesstnength

A concern associated with rgliening a surface via grit blasting is the effect it may have
on the surface and mechanical properties of the subsb@tdlasting can remove a relatively
large amount of material, and this must be planned for when pregasurface for coating.
Redwcing material removal and the effects on surface/mechanical properties while creating a
surface which promotes mechanical interlocking during thermal spray coaitiieglisT he effect
of grit blasting and specific grit blasgrparameters on degree of er&l removal is rarely ever
reported in literature, but this is important to consider, especially for parts that have tight

dimensioml tolerances, have a protective top surface layer or are more sensitive to grit blasting.

2.3.4Laser Ablation

Anothersurfacepreparatiormethodwhich s of stronginterestin theworld of thermal
spraycoatingis laserablation.In this processthe substratanaterialis irradiatedwith a high-
powerlaserfor ashortduration,resultingin vaporizationmelting and/orejection of material
nearthesurfacg62]. Thistechniquds thusvery usefulfor surfacepreparatiorthatcouldinclude
cleaning heatingor generatiorof surfacetexturebeforecoating.Dependingon the substrate
material,thelasersystemusedandthe desred resultfrom laserablation,procesgparameters
suchaslaserpower,pulse duration,wavelengthspotsizeandnumberof pulsescanbevariedto
affectthe surfacen differentways[56]. Cleaningor heatingthe surfacefor examplewill likely
requiredifferentlasertreatmenparametergshanremovingmaterialto createa desred surface
topographyor texture.An advantagef laserablationoveramethodlike grit blastingis greater
controloverthefinal surface A smallspotsizeallowsfor very smal areasof a surfaceto be
treated andlasersystemsanbe programmedo generatespecificpatternson the surfaceand

createmuchmorecontrolledroughnessT his makesstudyingthe effectsof surfaceroughness

11



andspecifictopographicafeatureanucheasiercomparedo the chaoticandrandomroughness
generatedavith grit blasing. Figure4 illustratesthe capabilitylaserablationprovidesfor
obtainingtexturepatternson to-be-coatedsurfacesBeyondsimplehole patterndike thatof
Figure4 andtheability to strictly controlholedimensiondike diameterdepthandspacinglaser
ablationcanbe usedto createangledtexture,groovepatternsandanyvariety of surfacefeatures
which may be usedto alterthe degreeof mechanicainterlockingobtainedbetweerthe coating

andthesubstrate.
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2.3.5Roughness Parameters

Characterization of the surface state and topography after grit blasting is important for
understanding the nature of coating adheaiwththe coating/substrate interfaGadelmawla et
al. [63] presents in detail the measurement and definition of 2D roughness paraimgtiesly,
only a few roughness parameters, or simply the average roughness &sed to describe a grit
blasted surface. & sn6t a suf fi ci etoppgaghg sspeciallpwhenatcomesf s ur f
to surfacecoating interactiof49]. Ra provides a generic description of the average roughness of
a surface and is therefore most commonly used. However, it is not able to capture the intricate
details of the surfacsuch a if there are deep valleys, sharp peaks or large spaces between

peaks, which could all affect coating behavior and adhesioRa/sjust an averagewb
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surface profiles could have the savadue ofaverageoughness bute extremely different ia
vastnumber of waysas seen in Figurg Using only R to evaluate roughness will not capture
these differences that can exist in surface profiles, especially after grit blégisgften

reported to be related to the important property, coatingsadn[2, 4-5], but some studies the
literature also report thatafs not necessarily indicative of adhesion stren@ié-7]. Roughness
parameters beyond.Bive a more complete deription of surface topography but have not been
studied in depth inelation to coating adhesionhe height of peaks grand depth of valleys

(Rv) likely play a significant role in how deep a coating penetrates into the surface and affect the
guality d mechanical anchorind].Other parameters, such as peak spaciag) (Beak slope

(Rpq and reduced valley depth R have been studied by other researchers and found to affect
coating adherence on metal substriied9-50]. The shape and size sdirface asperities, peaks
and valleys described by these fiRRyparameters must also bensidered in relation to the size

of particles of coating materidgriffiths et al. [50] found that the optimum peak spacing for
plasma sprayed alumina coating adbestrength depended on sprayed patrticle size

Kromer et al. [52] reported similamidings.

Surface Profile R,

2 |-
|-

Figure 5. Two very different surface profiles with the same aver
roughness R64]

Ra (arithmetic mean height deviation) describes the average height roughness of the
profile and is the most commonly reported parameter when describing the roughness of a
surface. R(average peak to valley distance) is a measure of the cesbatween thikighest

peak and lowest valley within each sampling length and is averaged from all sampling lengths.
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Rv (maximum valley depth) describes the average depth of the lowest valley from all sampling
lengths and R(maximum peak height) gives theerage of thighest peaks from each

sampling length. B, (mean width of profile elementspeak spacing) describes the spacing
between profile elements or peak spacing and likely plays a large role in the ability for coating
material to penetrate intbe valleys andbetween peaks of the surface,Jgoot mean square

slopei surface slope) describes the average slope of the profile, and therefore profiles both
amplitude and spacing information. These 2D roughness parameters are reported and defined
acording to EN I1® 4287[65] as:

Yoo—dqooQoo

where | is the measurement length and z is the surface height.
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Where n is the number of sampling lengths.
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Where Xs is the width of profile elements or space between peaks.
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Figure 7. Definition of the mean width of profile elements or peak spacing

(99)
dz(x)
ax dz(x) dz(x) dzd(")
N . OX ax :

Figure 8. The slopes of a profile used to calculate Rt8j

|
o)
8‘

YrE IYQn %

15



2.4 Splat Formation in PlasmaSpraying

2.4.1Effect of ProcessVariables

Any thermalspraycoating processconsistof the acceleratiorof moltenor semimolten
particlestowardsa substrateandthe subsequenmpact,spreadingandsolidification of those
individual dropletson the surfaceto form splats.Thefinal coatingis madeup of manyof these
solidified splatseachhavingtheir ownimpactandspreadingventsthatdetermineheresulting
coatingpropertiesTherearealargenumberof variablesassociateavith anythermalspraying
procesghatplay arolein splatformation.The substrateral coating material properties,
substrate and particle temperature, particle velocity, impact angle, substrate and patrticle
oxidation, the presence of adsorbaiesondensates on the substrate surface and the thermal
contact resistance between impactiagticle and substrate will all affect the splat formation.

Bianchi et al[31] reported that plasma sprayed YSZ splats on stainless steel were more
lenticular at lower impact velocities, however splat shape also depended on substrate
temperaturelt was aso found that splat thickness increased with decreasing impact velocity and
increasing particle diametéfhe YSZ splat cooling rate increased with increasing particle
impact velocity and temperature, however a lower temperature or oxidized substrifiye grea
reduced the cooling rate in all casesger et al[67] observed similar éhavior as the cooling
rates of zirconia splats increased with particle temperature and ve@lbggrvations by Li et al.
[68-69] showed that splat splashing increased wittigla kinetic energy, represented by the
Reynolds number, even when the sudistwvas sufficiently preheatefesearcherg0-71]
showed that the substrate transition temperature required to form disc splats was dependent on
substrate and spray materias, well as substrate thermal conductivitiie transition
temperature increas@dth increasing substrate thermal conductivitystal et al[10] reported
thatthelower adhesiostrengthof flame sprayed Si on SiC was related to reduced patrticle
temperatire and velocity at a greater standoff distafite oxidation of thermally spyed
particles, especially with the high temperatures associated with plasma spraying, is important to
consider as it relates to splat formation and coating propgtiieStudes|[10, 17, 20]pointed
out that oxidation of Si particles during thermal spraying likely affect splat to substrate and inter

splat bonding.
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2.4.2Effect of Roughness

The buildup of a coating during tipl|asmaspray processoating propertieand
ultimately coating adhesiatrengthgreatly depends on the initial interaction between the
particles being sprayed and the substrate, which is affected by the surface topography and
morphology[50, 52] The spreading of a molten partidieefilling of surfacevoidsand
interfacial contact areapon impact will be partially controlled by the frictional forces on the
surface created by the roughness, and more specifically by the amplitude and spacing of peaks
[72], as illustrated ifrigure 9 Two primay typesof coating splat morphologies have been
found to be associated with both coating adhesion and substrate surface topography. Disc splats
are favorable and correspond to higher adhesti@mgth while splash splats are not favorable
and correspontb morevoids at the interface between coating and substrate, and thus lower
adhesiorstrengthvalues[50]. The topography and morphology of the surface where the splat
formsarevery importantn determining which type of splat will form. When peak/valley
spacings not optimized for particle size, a higher number of splash splats will likely be
observed, resulting in less contact area at the interface between substrate andaooating,
decreamg adhesion strengtRoughness is known to result in reduced sprepairsplats
compared to a smooth surface, but the question of the optimum nature of roughness for improved

contact area and adhesistnengthis still to be answered.

Substrate Substrate Substrate
surface peak surface peak surface

Figure 9. Diagram showing the surface filling and interfacial contact ar
splats on surfaces with varied peak s{dgs

Bianchi et al[31] observed a reduction in YSZ splat flattening degmee increase
splat thicknessvith increased substrate surface roughnglss.splat cooling rate also decreased
with increased roughness due to the increased splat thickness and reduced splattuiisirate
Similar results were found for molybdenum splats depdsin glass and molybdenum
substrate$73] as increased surface roughness reduced splat flattening and flattening time.

Shinoda et al.74] plasma sprayed alumina onto migratterned quartgubstrates and observed
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the effect of surface texture on splategmling and morphology. Concave and convex surface
patterns resulted in splat fingering and air entrapment under depositedvsatsen for all

texture patterns.

In addition to surfacepographymanyother factors affedhe behavior of splats upampact

which must be considered when studying these phenormeparticular, adsorbatesd

condensates on the surface, as well as the thermal contact resistance have been seen to play a
significant role in the type of splats which form. Preheating nsetadtrates above a critical
temperature prior to coating is considered to result imglm®val of adsorbates and condensates

on the substrate surface, ultimatelgreasing the generation of disc splats as opposed to splash

splats during spraying.

2.4.3Effect of Substrate Temperature, Adsorbatesand Condensates

Many studies have lookedtp and observed the significant effect of substrate
temperature on plasma sprayed splat formd8am4, 70, 7%. A few explanations have been
given for the splat trasition behavior from splashed and distorted splats to coherent, disc splats
that also orresponds to increased adhesion strength when substrate temperature is elevated
during plasma spraying. Slowing of splat cooling due to higher substrate temperdtareaan
thermally grown oxide layer which increases thermal contact resistance, inconedisdulity
and nanoscale roughness due to oxide formation and the removal of adsorbates and condensates
from the surface have all been proposed as the reasonimg fefféct of substrate temperature
on splat behavior. It is very possible that a comtioneof these factors contributes to the
observed behavior and that variations in the substrate and coating materials, as well as in the
spray process parameters, pdasole.

Tran et al[43] observed that the presence of hydroxide on the surface of an aluminum
substrate was related to plasma sprayed NiCr splat breakup. When the role of preheating and
surface treatment in surface roughness variation and splat belvasgistudied42], no
signficant differercein roughness was observed for preheated anegpretmeated aluminum
substrates on which NiCr was plasma sprayed, though splat morphology improved with substrate
preheating. This suggests that splat formatiorsttiam is not caused byanhange in surface
roughness with preheating. When substrates were preheated, the formation of disc splats was
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enhanced, and this corresponded to the conversion of hydroxide to oxide and removal of water
vapor from the surface prido spraying. Fukumoto al. [36] varied stainless steel substrate
temperature and ambient pressure independently during plasma spraying of Ni and found that
splat transition behavior was similar for increasing substrate temperature and decreasing ambien
pressure. Substrates wekept at room temperature while ambient pressure was varied and the
sprayed splats still transitioned from splash to-disgped when pressure was reduced,

indicating that a change in the surface state caused by reducing apnegsutre or increasing
sulstrate temperature was responsible. In addition, the splat cooling rate was reduced with both
increasing substrate temperature and decreasing ambient pressure. This strongly points to the
removal of adsorbed gases, water or otiogttaminants on the suriacausing the change in

splat behavior. The results shared by Pershin gt4jlin which plasma sprayed coating
adhesiorstrengthwas significantly increased when substrate temperature was elevated during
spraying but not whereé substrate was heatechigh temperature to form a surface oxide and
then cooled before coating deposition also seems to indicate that the improved deposition
behavior is more linked to removal of adsorbed species on the surface than to oxide layer
preence. The improvement iplat morphology was observed when the coating method was
changed from APS to vacuum plasma spraying by Sampath&3,d6], which also suggests an

effect of surface adsorbates/condensates.

2.4.4Simulation of Splat Formation

Many authorg77-84] have utilized models to study droplet impact and splat formation
during thermal spraying, but few have looked at a rough surface. Parif88&}(alF) used
SimDrop softwargwhich is based on the models developed by Bussmané®jahnd
Pasandidelfrard et al[82] to simulate the impact and solidification of liquid nickel and zirconia
on textured silicon substratéolving the full NavieiStokesequation, including heatansfer
and phase change, the computational fluid dynanoit&/are also utilizes a volume of fluid
(VOF) algorithm to track the droplétee surface. The simulations showed the effect of surface
texture pattern parameters as well as thermal contadiarestand solidification on splat
behavior upon impact. Suda texture was seen to affect the coating/substrate contact area,

porosity and the nature of spreading of the splat. Experiments showed good agreement with the
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simulation results in terms of splaehavior, splat size and presence of porositg spreadig

of plasma sprayed YSZ particles on concave, dirpplterned substrates was studied

numerically and experimental[86]. The concave texture patterns on quartz substrates caused
fingering and plashing of the impacting particles and the numerical sinoula¢vealed that
fingering and splashing occurred when the droplet viscosity was reduced. It was also observed
that air between the dimples atieéimpacting droplet affected the spreadiRgesi et al.[87]
simulated plasma spraying of alumina on amaha substrate with a smooth surface and
regularly spaced, cubshaped surface peaks of varying size. They reported that solidification
played an important role in splat shape and changes pattern peak size affected droplet

spreading.

2.5 Simulent Software

A softwareproductmadeby Simulent Inc. wasidentifiedasa modelingsoftwareof
interestfor simulatingdropletimpact,spreadingandsolidificationduringthethermalspray
processalongwith coatingbuild up andpropertiesSimDropis capableof modellingtextured
surfacesmultiple dropletimpactandmanuallysettingmaterialpropertied88].

The 3D free surfacecodeof SimDropcandeterminethefate of single/multipleparticlesonthe
substrateluring plasmaspraying find out the shapeof the splat,solidification,andwhether
thereis anysplashingor not. Themaininputsto this codeareinitial size,temperaturend
velocity of themoltendroplets.This informationcanbe obtainedirom experiment®r desired
values canbeused Theuser canalsodefinethe materialpropertiesof the substrateandthe
dropletsto matchthe specificmaterialsystemof interest but droplettemperatur@andstate as
in solid or liquid, areassumedo be uniform just beforeimpactwith the substrateDroplet
velocitiesup to 400 m/s canbe modeledwith the software whichis well abovethevelocities
usedin thermalsprayingof currentcoatingsof interest.SimDropcanmodeltheimpactof
multiple dropletswhich areeitherrandomlygeneatedby the softwareor manuallysetby the
user.Thisis of interestto gainanunderstandingf the dropletbehaviorwhenimpactinga
previouslyformedsplatandhow the coatingis built up via individual splats,in additionto

simply the surfaceof the substrateThe softwareallowsfor simulationof atexturedsurfacen
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which peakto-valley height,peakto-peakdistanceandpeakwidth canbe setto observehe
effectof thistextureon dropletimpactandsolidification. While the simulatedsurfacemay not
haverandomsurfacetexturelike thatof a grit blastedsample yery similar parametersanbe
implementedandstudiedwith the software.In addition,laserablationwill allow for generating

comparabléextureon the surfaceof specimenswhich canbe coatedandcomparedo boththe
modelandgrit blastedsurfaces.

1. Please specify the geometry of the Help ?
surface : =

f Flat " Inclined

2. Ifthe surface is inclined, please give the angle of
inclination, Phi. To determine the value of Phi,
please click on Help.

Phi[degree] |00

3. Is the substrate smooth or rough? 5. Isthe substrate rotating?
® Smooth " Rough T ¥Yes ®* No
4. Please give the roughness parameters 6. Direction of rotation when looking from the top of
{click on Help for more information): the substrate:
® Clockwise ™ Counter Clockwise

4.1. Peakto valley, microns | 6.1. Rotational speed, rpm on

42, Peak o prak, microns ‘0_0

4.3. Width, microns 0.0

6.2. X- position of center of rotation, m | 0.0

6.3. Y- position of center of rotation, m | g 0

Figure 10. The SimDropnterface in which surface texture parameters peak to valley distance, peak to
peak distance and peak width can be set for droplet impact simu&gjon

Peak to Peak

e

Peak to
Valley
'Width

Figure 11. Schematic of the simulation capability of SimDrop for droplet impact on a textured surface
[88]
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Figure 12. A splat generated after simulated droplet impact on a textured surface using Sjgfprop

3 Experimental Resultsand Discussion

3.1Grit Blasting of ReactionBondedSiC

A substantiabmountof the experimentaivork hasbeendedicatedo grit blastingaswell
asplasmaspraycoatingof rb SiC with a Si bondcoatingto gaina betterundersandingof this
methodof generatingoughnes®n this material the natureof the sufaceroughnessreatedand
its relationto theadhesiorstrengthof the plasmasprayedcoating.This initial work laid the
foundationfor andled to therealizationof the needfor theremainderof thework.

3.1.1Process and Methods
Blast Equipment

Grit blasting was performed using a pressype system with a nozzle attached to a
FANUC M-10A 6-axis robotarm with R30iB controller. A boron carbide nozzle with bore
diameter of 6mm was used. The samples were fixed to metal structuresandsassting cabinet
using double sided tape. The nozzle, robot and setup for automated grit blasting can be seen in
Fig. 13a. Nozzle angle and standoff distance relative to the substisatvell as traverse speed
and blast pressure, were all set via the controller. Grit mass flow rate was controlled via a valve
which adjusts the size of the inlet opening between pressure aesshose. This was measured
prior to blasting experimentg/binserting the nozzle into an opening of a large bucket and
measuring the amount of grit which filled the bucket in thirty seconds. The robot was
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programmed such that the nozzle traversed cetelyl beyond the sample with each traverse to
allow the nozzldo reach the desired speed, and with a step size of 10mm to ensure full and even
blasting of the surface. The time required for the nozzle to complete a full traverse was measured

to verify traverse speed.

(b) ‘

A
\ 4 >

=2

S

_<
<>
\ 4

Y > \ ,
Figure 13. (a) Image of robot arm inside of blast cabinet and (b) diagram ofasthgdt blasting

traverse pattern and step size

Substrate and Grit Material

Substrags were round, high purity, reaction bonded silicon carbide (rb SiC) buttons (M
Cubed Technologies, Newark, DE, USA) with diameter of 25mm, thickness of 4.5mm, average
asreceived roughness {Rof 0.353 + 0.05 um and Knoop hardness of 1k@dnn?. The
buttons were cleaned with ethanol prior to grit blasting. Black 220 grit SiC (63um) (Detroit

Abrasives) was used as the blast media for all blasting trials.
3.1.2Blast Parameter Study

Based on manual grit blasting experience, preliminary sorgérials andeported
studies on grit blasting of metals-$3, a standoff distance and grit mass flow rate were seen to
have little effect on induced roughness and therefore were maintained at 150mm and 0.5 kg/min,
respectively, for all trials as ligleén Table 1. nitially, nozzle traverse speed was varied (300,
600, 800, 1000, 1500 mm/s) at different blast pressures (50, 75 psi) to observe the effect of

traverse speed on.Ras well as other roughness parameters) and thickness loss. Results from
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the initial expemments led to the use of 800 and 2000 mm/s nozzle traverse speeds for the

subsequent experiments.

Therepeatabilityof the processat baselineblastingparameter¢50 psi, 85°,800mm/s)
wasevaluatedy blastingthreeseparateetsof five RB SiC buttons,measuringheir average
roughnessisingthe confocalmicroscopemethoddetailedabove averagingheir Ra valuesand
comparingthesevaluesfor eachset. The processvasseeno bevery repeatabl@sshownin
Figure14, with avery smallstandardieviation of 0.011um betweertheaverageoughness
values(eachbar)for thethreesets Likewise the standardieviationfor R, within eachset,
shownby theerrorbars,wasstill small,butin therangeof 0.07-0.1 um. Thevariationwithin
eachsamplewassimilar. In addition,the variationof the measuremennethoditself was
observedvith a standarddeviationof 0.015um from threemeasurementsf R, alongthe same

line onasample.

3
2.5 I e 1
—_ 2
E
~ 1.5
©
o
1
0.5
0
Baseline Baseline BC Baseline w/ US
Cleaning
Figure 14. Plot of the average.for three separate sets of five rb SiGtbos blasted at baseline
parameters

As shownin Figure15, changingpressurdrom 25 to 50 psiatboth800mm/sand2000
mm/sincreasedverageRaby 1.27um. Changingpressurdrom 50 psito 75 psi at both
traversespeedsncreasedRaby about0.7 um. This indicatesthatchangesn blastpressurewill
increaseor decreasaverageoughnesdy the sameamountregardles®f thenozzletraverse
speed.
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A very similar resultwasobservedor the effectof changng traverseat different
pressuresR, decreasd by aboutthe sameamountwhenthetraversespeedvasincreasedrom
800 mm/sto 2000mm/sregardles®f the blastpressuraised.Thisindicateshatroughnesgan
likely becontrolledandpredictedby manipulating blastpressureandtraversespeed

independently.

25 psi
—e—50 psi
75 psi

800 2000
Traverse Speed (mm/s)

Figure 15. The effect of pressure and high traverse speeds on R

Blast parameters used are showiiable 1 The bold values indicate the baseline value
for that blast parameter. To stutihe individual effects of each parameter, the otiver
parameters were kept at the baseline value while the parameter of interest was varied. In
addition, both traverse speeds were used at blast pressures of 25, 50 and 75 psi to further study
the effectof these parameters. Five samples were grit blastdaharacterized for each set of

blast parameters to observe the effect on surface roughness.

Table 1. Parameters varied in grit blasting trials

Blasting Parameters Parameter Value
Blast pressure 25,50, 75, 100 psi
Blast andg 45°, 65°,85°
Travese speed 800, 2000 mm/s
SiC grit size 220 grit

Grit mass flow rate 0.5 kg/min
Standoff distance 150 mm
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Roughness Characterization

Characterization of the substrate surface topography before and after grit blasting was
accompished using a®@lympus LEXT OLS4100confocallaser scanning digital microscape
Two-dimensional roughness parameter values were averaged after three segarate lin
measurements on each sample, and each line measurement consisted of five sampling lengths.
Measured roughness values initial traverse speed trials, seen in Figures 2 and 3, were from
one sample. All other reported roughness values were averagefiieasamples grit blasted at
the same time and under the same conditions. Evaluation lengthbsataff values used wer
based on the standard EN ISO 42880].

Material Loss Measurement

To evaluate the material loss due to grit blasting, a Mitutoyonizigc MDG1 6 M X
micrometer with a flat, carbide tipped anvil was used to measure button tlidlefese and
after blasing. A single measurement for sample thickness was taken to be representative of a
sample set and measurements were found to be remeaittiih thel pmresolution of the
micrometer.The weight loss after grit blasting was alseasured for some sampkasd was
found to be consistent with thickness loss values. Thickness loss is used to describe the material
loss in this study.

3.1.3Results and Discussion

The Olympus OLS4100 microscope was used to obtain images of the suhsfiate
after grit blaing. These micrographs allowed for observation of the surface morphology in
addition to the nature of the generated roughniéss typical morphology and topography of the
rb SiC surface before and after grit blasting can be seeigure 16
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Figure 16. Optical micrographs and 3D surface maps of an a,c) as received 1
surface prior to grit blastingnd b,d) after grit blasting

Initial trials were dedicated to studying the effect of a wide range of nozzle traverse
speeds (30A500 mm/s) on roughness and thickness loss, but also informed traverse speeds of
interest for subsequent studies. Utilizing traverse spagtsr than whahas prgiously been
reported for automated grit blastif#p] showed that Rdecreased slightly with increasing
traverse speed, as seen inufggl7 The error bars correspond to + one standard deviation.

When increased from 300 to 1500 sk, decreased by 0Jdm at 75 psi and by 0.3 um at 50

psi. It is also clear from these results thatriRreases with increasing blast pressure.
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Figure 17. Plot of R, versus nozzle traverse speed

Table 2 provides the average Ra and thickness lossgwen blast pressueand traverse
speed, anéigure 18illustrates the measured thickness loss for these trials. The change in
thickness loss was much greater compared to the changa#tiRverse speed was increased.

The measured thickness loss @@ 3nm/s and 75 psi wadserved to be about 40 times larg

than the thickness loss at 1500 mm/s. At 50 psi, the thickness loss was reduced from 21 pym to 1
pMm upon increasing traverse speed from 300 to 800 mm/s. At 300 and 600 mm/s with a blast
pressure of5 psi, thickness losgas seen to be about twice thisamples when a pressure of

50 psi was used, and the higher pressure typically resulted in quite higher thickness loss. At a
1500 mm/ s traverse speed, thi ckadteedimitsdfthes s wa s
micrometer) at 50 and 75 psi. Thessults indicate that slow traverse speeds cause a large

amount of material removal, and that material loss can be substantially reduced while

maintaining high surface roughness by utilizing highdrag speeds dugrblaging.

Table 2. Average Ra antihickness Loss of rb Si@fter automated grit blasting with varied pressure

traverse speed
raverse Speed (mn/s)

Pressure (psi) 300 600 800 1000 1500
50 Average Ra (um) 2.56 + 0.1 2.37 £ 0.052.35 + 0.042.23 £ 0.142.28 + 0.0
Thickness Loss (um) 21 8 1 1 1
75 Average Ra (um) 3.42 +0.11.3.12 £ 0.233.01 + 0.092.74 £ 0.01.2.74 = 0.1«
Thickness Loss (um) 39 14 8 3 1
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Based on the resulthewn in Table 2, empirical relatiofsr both thickness loss andR
were developed as a function of nozzle traverse speed and blast pressure when the nozzle
standoff distance is 150 mm, blast angI85S§, step size is 10 mand 220 SiC grit is used. The
responses can be predicted by these equations:

Thickness Losgum) = 10.487- 0.0276(Traverse Speed) + 0.26(Pressure)
- 0.00055(Traverse Speed*Pressure)300036(Traverse Spedd

Ra(um) = 1.384i 0.00048(Traverse Speed) + 0.026(Pressure) + 0.00000049(Travers® Bpeed
0.0000142(Traverse Speed*Pressure)

The statistical model for thickness loss has a highaRie of 0.98 and an adjusted R
value of 0.96indicating that the maal agres well with the actual valuemnd only 26 of the
total variation is not explained by the empirical relationship based.ofh@ p value of 0.0003
for themodel of thickness losas well as the p values for each factobalhg <0.02jndicates
the high significance of the model and the factors. The statistical model for Ra also hag high R
and adjusted Rvalues of 0.99 and 0.98, respectivédnly 1% of the total variation in Ra is not
explained by the empirical relatidrip based oiR?. Theagreement between the? Bnd adjusted
R?, as well as the model p value of <0.0001 and factor/interaction p values <0.02, indicates the

significance of the modelnd the empirical relationship.

—4—"50 psi 75 psi

Thickness Loss (um)
P RN N W W b~ M
ol o (¢} o (61 o (6] o (6]
1 1 1 1 1 1 1 1

0 T T T .
300 600 800 1000 1500
Traverse Speed (mm/s)

Figure 18. Plot of thickness loss versusazzle traverse speed
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The effects of blast pressure, angle and nozzle traverse speed on surface roughness are
discussed below. Plotted values are averaged from five samplesr@andars correspond to +

one standard deviation.
Blast Pressure

Blast pressur was found to have arghg correlation with most 2D roughness parameters
of interest. R Ry, R;, RimandRypqall increased with increasing pressure, as illustrated uré&sg
19-23. Blast pressure exhibited the highest linear correlation wjtimBreasing from 1.24 um at
25psi to 3.76 um at 100 psi. The linear correlation between pressure,dRgdaRdRpqwas also
relatively high, while an Rvalue of 0.66 was observed fogRIn the case of R plotted in
Figure 2Q increasing pressure fro75 to 100 psi did not resuit & further increase in the valley
depth, possibly due to greater material removelraauced valley size.sRincreased
substantially from ~113 um to ~368 um when pressure was increased from 25 to 50 psi but

showed littlechange with the increase to 751®0 psi.

R2 =0.9604

O T T T T
0 25 50 75 100 125

Blast Pressure (psi)

Figure 19. Plot of R versus blast pressure
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Figure 20. Plot of R versus blast pressure
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Figure 21. Plot of R versus blast pressure
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Figure 22. Plot of RmVversus blast pressure
R? = 0.8862
0 25 50 75 100 125

Blast Pressure (psi)

Figure 23. Plot of Ryqversus blast pressure

Blast angle was observed to have a lower linear correlation with each roughness
parameter of interest. The linear correlation was highest between blast anglgveitit d R
value of 0.89, shown in Fige 24 Figures 2428illustrate that increasing blast angle from 45° to
65° resulted in an increase in each roughness parameter, R Rsm andRqp(Figures25-28),

increasing angle from 65° to 85° resulted in either dlsiearease or a leveling off, whilesR
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showed a small increasRa was the only parameter which was significantly different between a
65° and 85° blast angle, p<0.001, whileadher roughness parameters showed no significant
difference between these two angles, p>0.05. FoORRand Ryq both85° and 65° were
significantly different from 45° blast angle, p<0.05, but#&s only significantly different

between 65° and 45°, p=@6. Rmwas not statistically different between any of the three blast
angles, p>0.1Though blast angle may be useadntrol roughness paramees, the relationship
between angle and these parameters is not necessarily linear for the range of aad)estest

with blast angles between 65° and 85°, other blast parameters must be used to control roughness.

R2=0.8946
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Figure 24. Pot of R, versus blast agle
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Figure 26. Plot of R versus blast angle
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Figure 27. Plot of RmVversus blast angle
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Figure 28. Plot of Ryqversus blast angle

Traverse Speed

High nozzle traverse speeds of 80@ 2000 mm/s were used to more closely study the
achievable roughness at these speeds while minimizing thicknedsitosasing blastorzle
traverse speed from 800 to 2000 mm/s resulted in a small decrease in thealmearf each

roughness parametefiaoterest, however the difference was only statistically significant for R
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p<0.05(Figures29-33). Compared to blast pressure and angbzzle traverse speed has a much

smaller effect on induced roughness.
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Figure 29. Plot of R versus nozzle traverspeed
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Figure 30. Plot of R versus nozzle traverse speed
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Figure 31. Plot of R versus nozzle traverse speed
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Figure 32. Plot of RmVversus nozzle traverse speed
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Figure 33. Plot of Ryqversus nozzle traverse speed

Despite the small effect of trange speed on surface roughness, it was observed once
again to play a dramatic role in the thickness loss after grit blasting, even evhparing two
relatively high traverse speeds, 800 2000 mm/s. Figre 34a shows the measured thickness
loss values &ér grit blasting with various pressures and traverse speeds. The decrease in
thickness loss upon increasing traverse speed to 2000fram/800 mm/s was substantial,
especially for blast pressures of 50 an@3b Thickness loss was shown to be abaimngs
higher at 800 mm/s for both 50 and 75 psi. In B&.thickness loss andaRalues are included
for an rb SiC sample which was maatly grit blasted at 50 psi, an approximately 70° blast
angle, 100 mm/gaverse speed and six inch standoff distand¢e/o orthogonal passes with the
same grit media for comparison with those blasted in this study using an automated setup. From
Figure34a, it is clear that the high traverse speed capability of automatedahglgstatly
reduces the measured thicknessloompared to that of manual grit blasting and slower traverse
speeds. In addition, induced Yalues are similar or higher than thatloé manually blasted
sample despite the greatly reduced thickness lagsp@ring the standard deviations of average
Rafor automated and manual grit blasting, it can be seen that they are similar, however the
standard deviation remains consistent foomated blasting across multiple runs with varied
par amet er s xpeatet forananual Islasting. The advantagetitizing high nozzle

traverse speeds was clearly seearaaverage £of 2.87 um was obtained with a measured
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thickness loss less th&um when blasted at 75 psi, 85° and 2000 mm/s, while standard manual
grit blasting resulted in an averaged® 2.21um and a thickness loss of 17 pas seen in

Figure 34. Values for samples blasted at 100 psi, 800 mm/s and with the standard manual
blaging procedure are included in kg 34 for comparison, however, no sareplwere blasted

at 100 psi and 2000 mm/s oanually at 2000 mm/s, and these values are not plotted.
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4.5
(a) 4| (b)
35
.0 T
3 2.5
I
o
& 2
1.5
1 I
I 0.5
- | 0
25 psi 50 psi 75 psi 100 psi  Manual 25 psi 50 psi 75 psi 100 psi  Manual
Blasting Blasting

Figure 34. Plot of (a) measured thickness loss values and (b) avesagduBs for samples grit blasted at different blast

pressures and traverse speeds

3.1.4Role of Substrate Material in Induced Roughness and Thickness Loss

The effects of iiferences insubstrate material arsibstrate reinforcement particle size,
which can be clearly obsexd in theFigure35, onthe degree of induced roughness Ra and
thickness loss from grit blastivgere also studiedrhe major differencan induced roughness
bet ween mat e rhenaiglerblag modzle travdrse speedsvare used but is very
evident upon slowing down traverse speed during blasasgeen ifrigure36. All samples
were subject to the same grit blasting processtagted at the same time, with blast pressure
kept d@ 50 psi, blast angle at 85° and the nozzle traverse speed vdrg@D and 400 mm/s, the
induced roughness remained similar for all materials. Upon decreasing the traverse speed to 100
mm/s, a major ifference in the induced roughness of the three handgerials with less free

silicon and larger reinforcement paléis, 702, 903 and BZ51, was observed. These materials
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had significantly higher induced Ra values compared to theFE58ubstratat lower traverse
speeds, despite the S&G having a higér induced Ra than the other three samples when
traverse speed w&90 mm/s Interestingly, when comparing the amount of thickness loss
observed for these samples under the same grit blasting paranfié&@ssi blast pressure, 85°
blast angle and 100 menfraverse rata Figure37, it was significantly lower for théntee
substrates with the higher induced roughness. It is likely thafréaer amourdndsize of SiC
or B4C in the samples resultedlgss removal of these materials and mostly remdval near
the surfaceleading to a rougher final surfabat little change in thicknes$he SSGEFG still
experienced substantial removal of SiC and the removal of both Si and SiC resulted in the
obsered greater overall thickness loss and the lower noesgiThis makes clear that the
induced roughness and material cefal depends greatly on the material and the nature of the
surface to be grit blasted. The traverse speed used during grit blastirgsobstselected

based on the substrate material, desired roughness and tolerable material removal.

Figure 35. SEM micrographs showing the microstructure of a) S8&; reaction bonded silicon carbide w
30% free Sib) 702, reaction bonded boron carbide, ¢) 988, reaction bonded silicon carbide with 2C
free Si, d) BG751, reaction bonded borearbide
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Figure 36. Plot of average Rnduced on silicon carbide (FG and 903) and boron carbide (702 and |
substrates at an 85° blast angle, 50 psi and 800, 400 and 100 mm/s traverse speed
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Figure 37. Plot of average Rnduced orsilicon carbide (FG an8l03) and boron carbide (702 aB@)
substrates at an 85° blast angle, 50 psi and 100 mm/s traverse speed

3.1.5Summary

This study observed the effect of the grit blast pressure, angdl&averse speed on
various surface roughness parametessRR Rz, RimandRgg, as well as the measured
thickness loss after automated grit blasting of rb SiC. The effect of changing these parameters on

induced roughness of the ceramic substratefewasd to exhibit similar trends to what has been
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reported for metal substrateiélachievable roughness for this rb SiC substrate blasted with 220
SiC grit and the range of studied blast process parameters was demoristegading blast
pressure redted in an increase in each roughness parameter of interest and had the strongest
effect on roughness. Pressure also had the highest linear correlation with roughness parameters
of interest. The average peak spacing [tateaued as blast pressure incrdag®ve 50 psi and
average Rplateaued above 75 p3ihe highest average.f 3.76 um was achieved at the

highest pressure, 100 psi, an 85° blast angle and 800 mm/s nozzle traversiemaesiing

blast angle from 45° to 65° resulted in a clear ine@@ashe average of each roughness
parameter, while, from 65° to 85°, averageRly slightly increased and the average of other
roughness parameters either remained the same or decreased €llianiyes in blast angle
between 65° and 85° have veryléteffect on surface roughness, while smaller blast angles
below 65° camesult ina noticeable reduction in roughnelgreasing nozzle traverse speed
caused a slight decrease in the average value of each roughness parameter but resulted in a
substantial reduction in thickness loss. Higher traverse speeds can be utilized to minimize
material removal and thickness loss without greatly affecting roughhesgerse speed and
thickness loss have an asymptotic relationship in which the magnitticke cfiange in thickness
loss decreases and approaches zero with increasing traverse spsech Achanges in traverse
speed at slower spee@@®00 mm/s)will have a greater effect on thickness loss than changes at
higher speed6>600 mm/s)

The effectof substrate materiaghmount of free Si and microstructure on grit blasting
induced roughnesand material/thickness loss was evaluated. Reaction bonded boron carbide
(702 and BC) and silicon carbide with less free Si (903) and larger SiC particleDwailed
behave differently relative to the SSG reaction bonded silicon carbide used irotier
experiments. The 702, BC and 903 substrates had roughness values which increased substantially
with reduced traverse speed but saw very little thicknesg4&gim), while the SSEG
experienced very little increase in roughness with a significanuat of thickness loss
(>40pm)
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3.2Plasma SprayedSi Coating Adhesion onGrit Blasted RB SiC

3.2.1Process and Methods

Substrates were round, highrity, reaction bonded silicon carbide (rb SiC) buttons (M

Cubed Technologies, Newark, DE, USA) witlamdeter of 25mm, thickness of 4.5mm, average
asreceived roughness §Rof 0.353 + 0.05 um and Knoop hardness of 1080 kgirime
buttons were cleaned thiethanol prior to grit blasting. To study the effect of surface preparation

and roughness on plasmarayed Si coating adhesigtrength rb SiC substrates were treated via

polishing, automated or manual grit blasting (GB) or left in theneasived cadition and only

cleaned

wi t h

et hanol

t o

gener at e

rreacmsgte o f

of five buttons is shown iffable3. The blast nozzle, standoff distance (from nozzle opening to

sample surface), blast angle (relative to sample surface) and grit media remained constant for all

automated grit blasting, and all blasting parargetised, variable or not, are listedable4.

During blasting, the nozzle traversed well beyond the samples to ensure full coverage and that

target speed was reached. Sample set 6 was grit blasted in two steps, first at 50 psi and 800

mm/s, and then agn at 20 psi and 1600 mm/s. Manual grit bfesivas performed using a

separate machine with the same grit media, blast pressure of 50 psi and angle of approximately

70°.
Table 3. Varied surface treatment and grit blasting parametersafth sample set
Sample Set Treatment Blast Pressure Traverse Speed Step Size
(psi) (mm/s) (mm)

1 Smooth Polished - - -

2 As Received - - -

3 GB 25 1600 10

4 GB 25 800 10

5 GB 50 15 10

6 GB 50, 20 800, 1600 10

7 GB 50 800 3

8 GB 75 800 10

9 GB 75 200 10
10 GB 50 Manual Manual
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Table 4. Automated grit blasting parameters to generate a range of surface roughness

Grit Blasting Parameter Values

Grit media 220 silicon carbide (~63 pm)
Blast pressure 25, 50, 75 psi

Blast angle 85°

Nozzle traverse speed 200, 8@, 1600 mm/s
Standoff distance 150 mm

Step size 3,10 mm

Substrates were grit blasted approximately one week before coating. In a previous
experiment, grit lasting samples a few hours before coafiBgseline BCyesulted in the same
average roughms and coating adhesistrengthas those blasted a week prior to coating
(Baseline) seen irFigure38. This indicates that time between blasting and coating on the order
of a few hours to a week has little effect @ating adhesiostrength However, saples blasted
using the same parameters and the same average roughness but cleaned via ultrasonic bath
directly prior to coatingBaseline w/ US Cleaninghowed quite a significant increase in
adhesiorstrength indicaing the effect that substrate cleaelkss and contamination has on the
ability for the coating to adhere to the surface.
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Figure 38. Plot of the average coating adhesion strengt8ianrb SiC buttons grit blasted using baselii
automatedlastng parameters, but witharied surface preparation before coating
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To characterize the treated surfa@sOlympus LEXT OLS4100 confocal laser
scanning microscope was used to obtain 2D and 3D images of the substrate surface, measure
surface roughngs and 2D surface profilesigure39 shows a 3D topographical map and image
of a smooth polished rb SiC surface. The microstructure is seen to consist of SiC particles (dark
grey) and free residual Si (light grey). Laseanning microscopenages and 3Burface maps
of the surfaces after different treatments are shoviiigare 40 R, values were averaged after
three separate line measurements on each sample, and each line measurement consisted of five
sampling lengths. All reported roughseslues were averaged from three out of five samples
grit blasted at the same time and undergame conditions. All 3D roughness parameters were
measured in three different locations on the sample surface using a 50x objective lens with a scan
areaof 80x260 Om and cutoff value, @a&ac, of 800 Om
Detailed descriptions of 3D rougéss parameters are provided in ISO 25178
specifications and by Deltombe et [89-90]. Parameters of interest are the amplitude
parameters Sthe arithmetic rean height, $the maximum surface height, angl, Skewness,
the functional parametek 3hecore roughness depth, and the hybrid paramateth®
developed interfacial area ratia. [Bovides a general measure of the average roughness of a
surface snilar to the commonly used parameter & is a measure of the distance between the
highest pela and deepest valley in the measurement area, whitkeScribes the symmetry of a
surface and gives an idea of whether the surface is dominated by peadlsysr Gais a
measure of the Acore roughnesso alleysaemsvedt f ac e
Sur provides a measure of the amount of additional surface area contributed by the surface texture

compared to a smooth surface.
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Figure 40. 3D surface maps and confocal microscope images of a,bjraneaged surface,d) a surface
blasted ab0 psi and 800 mm/s and e,f) a surface blasted at 75 psi and 200 mm/s



The differences in the 2D surface profiles with surface treatment and grit blasting
parameters can be seerFigure4l. The yaxis minimum and maximum is 0 and 40 pum,

respectively, for all profiles.
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Figure 41. 2D surface profiles for rb SiC substrates after surface treatmer
smooth polished b) a®ceived and wiped with anol, c) grit blasted at 25 p:
and 800 mm/s, d) 50 psi and 800 mm/s and e) 75 psi and 200 ¥he{is goes

from 0 to 40 um for all pfiles

3.2.2Effects of Grit Blasting on 3D Surface Rughness Parameters
The effects of blast pressure, traverse speed and step size on the mean of 3D surface
roughness parameters S,, &, Sirand Sk are shown irFigures42, 43 and 44in each case, the
blast parameter of interest was the only parameteed while all others were held constant.
Each roughness parameter increased with blast pressure, and the increase was most substantial

when pressure increased from 25 to 50 psi.ditierence in each parameter was less dramatic
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when pressure was incssd to 75 psi, ands&did not increase. Interestingly, blasting at higher

pressures of 50 and 75 psi resulteddrv8lues closer to 0, meaning surfaces consisted of a

balanced amount of peaks and valleys.
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Figure 42. The effect of blast pressure on 3D roughness parameters
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The effect of both blast pressure and travepsed can be seenkigure43. Each parameter

tends to decrease slightly with increasing traverse speed, except for Sdr when traverse speed is
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Figure 43. The effet of blast pressure noeztraverse speed on 3D roughne
parameters
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increased from 200 to 800 mm/s at 75 psi. Otherwise, it is clear that increasing blast pressure

from 25 to 75 pi has a significantfiect on each roughness parameter. Varying step size was not

seen to significantly impact roughness parameters except for Sdr as Begmed4. Increasing

step size from 3 to 10 mm decreased average Sdr from 42 to 36.6.
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Figure 44. The effect of nozzle step size on 3D roughness paramete
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Prior todepositing the Si coating via APS, samples were preheated via two traverses of
the plasma torch without powder with a standoff distance of 130 mm and traverse rate of 500
mm/s. Based on previous measurements utilizing the same preheating procedure veamaples
expected to be between 140 and 150 °C when coating began. The spraying powder used was
pure silicon, HA 91972 from HAI Advanced Material Specialists, with a meartipke size of
71 um. Five samples per surface/grit blasting treatment were prelasatedated
simultaneously to keep spray parameters consistent for all samples. Substrates were coated via
11 total passes of the plasma torch to reach a coating thiakinez30 pum.A typical cross
sectionof an rb SiC sample with a plasma sprayed silicoating is shown in Figure 458pray
parameters are shownTable5 and the spraying setup inside the plasma spray booth at the

Commonwealth Center for Advanced Manufacturing (CCAM) is showrigare 4%.

Table 5. Plasma spray parameters for depogitsi coating on rb SiC

Spraying Parameter Value
Spray Gun FAMB-XL (Oerlikon Metco)
Current, A 507
Voltage, V 74.2

Argon gas flow, NLPM 57
Hydrogen gas flow, NLPM 9
Powder gas flow, NLPM 7
Powder feed rate, g/min 29
Traverse rate, mm/s 500
Standof distance, mm 130
Particle temperature, °C 2370
Particle velocity, m/s 344
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Figure 45. (a) Plasma spraying setup used to coat substrates at GwNb) confocal microscope image of cre
secton of plasmasprayed dicon coatingon rb SiC

The adhesiostrengthof Si coating on rb SiGubstrates was measured via tensile test
according to ASTM C631]. The cylindrical rb SiC buttons were joined to grit bdakstensile
test bars using FM1000 epoxy, which were cured at 192 °C for 3.25 hours. The bottom, non
coated side of samples wendt dplasted prior to attachment with 220 SiC grit to help ensure
sufficient epoxy adhesion. Tensile adhesion tests were @¢auitewith a head rate of 1 mm/min

and five coated samples per sample set were tested and results averaged.

3.2.3Resultsand Discussion

The average coating adhesion strength measured from five samples for each sample set,
including samples manually ghbtasted (MB) directly prior to spraying for comparison, is
plotted as a function of average roughnesmRigure 46 with errorbars representing plus or
minus one standard deviatiohkdhesionstrengthincreases with increasing,Barticularly when
Raincreases above 1 um and then seems to plateau weadRes about 1.4 um and average
adhesion strength is just below 7000 psi, indicating that the adrstseaigthmay not be
increased by further increasing Iieyond about 1.4 um. Increasing averamgghness beyond
the range observed in this study widllh answer this question. However, it is important to note
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that the highest average Was achieved using a much slower traverse speed during grit blasting
compared to the rest of the samples. It issgige that this slow traverse rate, while increasing

the average roughness, affects the surface in a way that is detrimental to the adhesion of the
sprayed coating. When considering the results without that data point, the data shows a strong

positive lirear correlation between.Bnd adhesiostrength
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Figure 46. Si coating adhesion strength as a function of average Ra

Sais seen to have a very similar relationship with adhesion strength as shown in
Figure47. This makes sense agfBovides a similar measure of roughness, just over an area
instead of a ling@rofile, but it is valuable to know these two parameters show the same relation
with coating adhesiostrength S, plotted inFigure48, also shows a similar increasing
relatiorship with adhesiostrength indicating that generating taller peaks and deegakeys in a
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surface via grit blasting results in stronger mechanical interlocking between coating and

substratethough a plateauing tendency is also seen onpoeaghes a value of about 14 um.
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Adhesion strength increases with increasing core reeggh$ and interfacial area ratio
Sar as shown irFigures49 and 50Similar to other measured roughness parametersa$
maximized when the substrate was grit blasted at 75 psi and a very slow traverse speed of 200
mm/s, however a drop in adhessimengthwas observed. Without this data point, adhesion
strength shows a strong, positive linear relationship witfl 8e substrates grit blasted at a
traverse speed of 200 mm/s did show a change in trend with8wn inFigure50, as average
Sur was redeed fa these substrates indicating less additional surface area created by the texture.
This could explain the decrease in adhesion strength observed for these substrates despite other
roughness parameters being maximized, anis 8kely a strong indiator d plasmasprayed

silicon coating adhesion on grit blasted rb SiC substrates.
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Figure51 shows adhesion strength as a function of the surface skewge3$esdata
points in red represent substrates which were not treated with grit blastngp coating, but
rather were either left in their-asceived state after machining or smoothgh@d. For the grit
blasted samples, adhesion strength tended to increagdragéased. In this case, an increasing
Ssk corresponds with the surfabecoming more symmetrical as it approaches zero, at which
point neither peaks nor valleys dominate the surface. All surfaces had a negative skewness value
indicating more valleys than peaks on the surface, but coating adk#eiogth increased and
was maimized for Sk values closest to zero. Figus2 shows the relationship betweeg &d
adhesion strength for the same grit blasted substrates as well as laser textured substrates. The
laser textured substrates tended to lpoative Sk values indicatig a greater amount of surface
peaks and valleys. A similar trend to the grit blasted surfaces was observed, however, as the
average coating adhesion strength increased as the skewness approached zero and adhesion was
maximizedon the surface with thesSvalue closest to zero for the laser textured surfaces. These
results indicate that a symmetrical surface with a balance of peaks and valleys, giverkby an S
value close to zero, is ideal for optimizing plasspaayed coatingdesion strength on grit

blastd and laser textured surfaces.
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3.2.4Summary

A range of surface roughness was generated on rb SiC substrates via automated grit
blasting by varying blast pressure, traverse speed and step size while minimizing
material/thickness loss based on presieMperiments. Samples in theirraseived state (not
grit blastedSa ~ 0.3 pm) and smooth polished te<$0.1 um were included as well. The effect
of the various surface treatments on 3D surface roughness parameters was evaluated. Roughness
parameterincreased most substantially when blast pressure increased from 25 to 50 psi, less so
from 50 to 75 psi. Nimbly, the skewnessgSwas negative for all samples but increased most
with increasing pressure, approaching a3 where the surface has ddrace of peaks and
valleys. Increasing grit blasting intensity (i.e. higher pressure, slower traversg igsesd in
greater average roughness but also a skewness closer to zero. Varying step size only resulted in a

significant change in the parameter & it decreased with increasing step size.

As Si is heavily considered as a bond coating for EBCsyatmag its bonding strength
on relevant substrates and the factors that affect it is vital for optimizing these bond coatings and
EBC systemsThe adhesion strength of plasnsprayed Si on these grit blasted rb SiC substrates
was evaluated. Adhesion stréinganged fronl896 psi for smoother substrates to 9495 psi for
rougher substrates, and quite higher values of adhssmmgthwere found than thenly other
known study[16] of plasmasprayed Si adhesiam aTi alloy substratén which the measured
bording strength was reported to be 2988 + 275Measured adhesiatrengthvaluestended
to increase with increasing roughness parameter valuegveowne set of substrates grit
blasted at a much lower traverse speed, 200 noovspared to albthershad higher roughness
values but lower measured coating adhestoength The highest measured coating adhesion
strengthwas observed for the substmatgit blasted with a small step size of 3mm, and these

samples had an average skewness valuestlts O indicating a symmetrical surface.
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3.3Laser Ablation and Si Coating Adhesion on RB SiC

One way to generate surface texture while maintainimgat gleal of control over the
final surface topography is via a method called laser ablation, or laser surface texturing. While
this method is more time consuming, expensive and less establishedh#atechniques like
grit blasting, it provides a sigigant amount of control over the patterns generated on a substrate
surface. The increased control this method provides has created interest in fields where surface
topography is important and allovic® more controlled studies of surface texture/coating

relationships.
3.3.1Process and Methods

Substrates were round, high purity, reaction bonded silicon carbide (rb SiC) buttons (M
Cubed Technologies, Newark, DE, USA) with diameter of 25thiokness of 4.5mm, average
asreceived roughness £Rof 0.353 + 005 pm and Knoop hardness of 1080 kgfmiihe
buttons were cleaned with ethanol prior to laser surface texturing. To study the effect of surface
texture parameters on plasma sprayed Sirmpaidhesiorstrength a regular pattern of peaks,
similar to the pttern shown in thEigure 53 with varying peak heights, widths and spacing was
generated on the rb SiC substrates via pulsed laser texturing. The combination of peak heights,
widths and pacings to be generated on each substrate set is provitiadle6. For ease of
discussion, a texture pattern may be referred to as khgpgltngwidth, so 1530-15 corresponds
to surface with peak height of 15 um, peak spacing of 30 um and peak Wwidihum. Peak

spacings were measured from the outer edge of theutfgce of peaks.
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Figure 53 Simulated geometry of texture pattern generated via laser ablal
substrate surfaces

Table 6. Peak parameters for each sample laser texpagern

Sample Pattern Set Peak Height (um) Peak Spacing (um) Peak Width (um)
1 15 30 15
2 15 30 30
3 30 30 15
4 30 30 30
5 15 45 15
6 15 45 30
7 30 45 15
8 30 45 30

Laser surface texturing was performed by GF Machining Solutions (Lincolnshire, IL,

USA) using an AgieCharmilles Laser P 400 U machine with a 30W Ytterbium nano pulsed fiber

laser. The laser parameters are showraiple7. The change in sample appeararitera

texturing and the variation in appearance with differing peak pattern parameters can be seen in

Figure 54

Table 7. Laser parameters used for generating surface texture

Laser Parameter Value
Power 14 %
Frequency 40 kHz
Line Speed 600 mm/s
Pulse Duration 50 ns
Focal Lens 100 mm
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Figure 54. Photographs of rb SiButtonsa) before and after lastexturing anc
b) variation in surface appearance with texture pattern

To characterize the textured surfaaes Olympus LEXT OLS4100 confocal laser
scanning microscope was used to obtain 2D and 3D images of the suthsfeate, measure 3D
surface roughness and 2D surface profiles. L.asaming microscope images and 3D surface
maps of the generated patterns for each sample set are sheggarsn55and 57, respectively,
and clearly illustrate the differences betweemttxture patterns. Texture parameters, peak
height, width and spacingiere measured on one sample from each sample set. Three to four
measurements of each parameter were taken in three different locations on the sample surface
and means and standard denins were calculated from ten measurements total, as shown in
Table8. Mean peak dimensions are also plotted for compariséigure56. Measured 3D
surface roughness values, along with peak height to spacing ratios, for each sample pattern set
are giva in Table9. All roughness parameters were measured in three diffiettons on the
sample surface using a 50x objective | ens wit

of 800 um and then averaged.

Detailed descriptions of 3D roughness parameters axéded in ISO 25178
specifications and by Deltombe et [89-90]. Parameters of interest are the amplitude
parameters Sthe arithmetic mean height, ang, Skewness, the functional parametgrtBe
core roughness depth, and the hybrid parameteth€ developed interfacial area ratia. S
provides a general @asure of the average roughness of a surface similar to the commonly used
parameter B while Sk describes the symmetry of a surface and gives an idea of whether the
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surface is dominated by peaisvalleys. i s a measur e of t hriaceicor e
with the tallest peaks and deepest valleys remowge@r&ides a measure of the amount of

additional surface area contributed by the surface texture compared to a smooth surface.
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Figure 55. Laser scanning microscope images of surface texture for each :
pattern: a) 180-15, b) 1530-30, ¢) 3030-15, d) 3030-30, €) 154515, f) 15
45-30, g) 3045-15, h)30-45-30
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Table 8. Measured means and standard deviations of gieansions for each texture pattern

Sample Set Peak Height Peak Spacing Peak Width

1 (Mean) 18.17 30.61 14.5
(15-30-15) (SD) 1.38 1.34 1.03

2 15.88 29.83 30.5
(15-30-30) 0.95 1.24 1.16

3 29.83 28.84 15.77
(30-30-15) 3.08 1.7 0.92

4 29.33 3132 29.03
(30-30-30) 0.9 1.25 0.93

5 16.25 44.73 14.86
(15-45-15) 1.06 1.4 0.5

6 17.09 44.32 30.28
(15-45-30) 0.94 1.59 1.5

7 33.91 44.63 15.03
(30-45-15) 2.45 1.1 1.07

8 30.59 43.42 31.18
(30-45-30) 1.18 2.08 1.86
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Figure 56. Average peak dimensions for each sample pattern along with st
deviations represented by error bars
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Figure 57. Laser scanninguicroscope generated 3Bpographical maps of
surface texture for each sample pattern: a3@45, b) 1530-30, c) 3030-15, d)
30-30-30, e) 1545-15, f) 1545-30, g) 3045-15, h) 3645-30
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Table 9. Average 3D surface roughness parameterstardlard deviations for each texture pattern

Sample Set Squm] Ssk  Sku  Sp[pm]  Sv[um] Sz[um]  Sa[um]

1 (Mean) 516 0.95 2.99 20.50 9.83 30.33 4.25

(SD) 0.22 0.10 0.34 3.20 0.59 2.64 0.26

2 575 0.70 2.09 13.96 10.48 24.44 4.99

0.06 0.04 0.06 0.77 0.41 1.19 0.07

3 9.75 0.31 219 26.82 21.63 48.46 8.17

0.06 0.02 0.03 0.64 0.66 1.30 0.07

4 10.00 0.09 1.70 19.13 20.94 40.07 8.74

0.12 0.04 0.03 0.27 0.73 0.84 0.14

5 423 149 4.60 18.49 8.67 2716 3.19

0.16 0.16 0.34 1.32 1.56 2.76 0.15

6 512 151 4.07 17.37 8.64 26.01 3.98

0.06 0.03 0.10 0.29 0.61 0.64 0.07

7 9.70 0.99 285 29.09 15.65 44.75 8.11

0.10 0.01 o0.01 1.17 0.54 1.68 0.09

8 9.33 1.18 3.18 27.02 13.55 40.57 7.66

0.09 0.02 0.06 1.16 0.83 0.34 0.11

Manually GB 1.26 -1.15 4.69 4.30 7.85 12.14 0.99

0.34 0.15 0.78 0.20 1.07 0.96 0.28

Sample Set Skfum]  Spk[um]  Svk[um] Sal[um]  Str Sdr Height/Spacing Ratio

1 (Mean) 7.60 9.93 1.14 12.16 0.78 189.00 0.5
(SD) 0.11 0.42 0.06 0.25 0.03 18.63

2 6.91 12.23 1.39 18.98 0.93 96.66 0.5
0.53 0.41 0.20 0.13 0.01 557

3 28.48 7.67 2.21 12.47 0.34 232.30 1
1.63 0.57 0.33 0.09 032 755

4 30.07 2.86 1.88 17.76  0.67 369.60 1
1.67 1.65 0.21 0.13 0.03 46.70

5 5.04 10.49 1.34 16.93 0.90 82.20 0.33
0.91 0.11 0.28 0.72 0.02 452

6 3.72 14.07 1.08 2250 0.96 82.80 0.33
0.06 0.13 0.16 0.39 0.00 2.26

7 8.74 21.58 1.81 17.94 0.83 236.16 0.66
0.20 0.35 0.19 0.19 0.02 3258

8 6.89 22.77 1.85 22.12 0.85 14686 0.66
0.38 0.55 0.15 0.32 0.01 4.02
Manually GB 2.56 0.38 2.09 16.34 0.84 23.20
0.90 0.04 0.41 448 0.08 1.50

65



Prior to depositing the Si coating via APS, samples were preheated via two traverses of
the plasma torch without powder with a staffdlistance of 130 mm and traverse rate of 500
mm/s. Based on previous measurements utilizing the same preheating proszupies were
expected to be between 140 and 150 °C when coating began. The spraying powder used was
pure silicon, HA 91972 from HAI Advanced Material Specialists, with a mean particle size of
71 um. Three samples per texture pattern were preheatedated simultaneously to keep
spray parameters consistent for all samples. Substrates were coated via 11 total passes of the
plasma drch to reach a coating thickness of 200 um. Spray parameters are shiafatei®and
the spraying setup inside the plasspaay booth at the Commonwealth Center for Advanced
Manufacturing (CCAM) is shown iRigure 58

Table 10. Plasma spray parameteseufor depositing silicon coating

Spraying Parameter Value
Spray Gun FAMB-XL (Oerlikon Metco)
Current, A 506
Voltage, V 73.5

Argon gas flow, NLPM 57
Hydrogen gas flow, NLPM 9
Powder gas flow, NLPM 7
Powder feed rate, g/min 29
Traverse rate, mm/s 500
Standoff distance, mm 130
Particle temperature, °C 2508
Particle velocity, m/s 330

Figure 58 Plasma spraying setup used at CCAM
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The adhesiostrengthof Si coating on rb SiC substrates was measured via tensile test
according to ASTM C63®1]. The cylindrical rb Sidbuttons were joined to gritlasted tensile
test bars using FM1000 epoxy, which were cured at 192 °C for 3.25 hours. The bottom, non
coated side of samples were grit blasted prior to attachment with 220 SiC grit to help ensure
sufficient epoxy adhesion.ehsile adhesion tests wererged out with a head rate of 1 mm/min

and three coated samples per sample set were tested and results averaged.

3.3.2Resultsand Discussion

The average coating adhesion strength for each sample set, including samplely manual
grit blasted (MB) directlyprior to spraying for comparison, is plottedrigure 59 with error
bars representing plus or minus one standard deviation. The highest average coating adhesion
strength was observed for the-30-15 and 3630-30 texture pdérns and average adhesion
strength on the manually grit blasted substrates was close to that of the laser textured substrates
with a high variation between samples. Interestingly, the smallest variation in adhesion strength

values was seen for the samgpét with the highest averag)-30-30.

14000
2 12000 (30-30-15) (30-30-30)
I
5 10000 |(1530-15) (1545-15) (30-45-15)
i (15-45-30)
i (30-45-30)
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[7p]
& 6000
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L
T 4000
[a)
<
2000
0
1 2 3 4 5 6 7 8 MB

SAMPLE SET

Figure 59. Average plasma sprayed silicon coating adhesion strength for
surface texture patterhabels correspond to (peak heiglgak spacingeak
width)
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ADHESION STRENGTH (PSI)

The plots inFigure60 show the effect of each individual texture parameter on coating
adhesiorstrengthwhen the other two parameters are held constafiglmre603 average
adhesion strength is seen to increase with peak height itasehwith the most significant
differences seen for samples where the peak spacing was 30 um. Differences in adhesion
strengthwith changing peak width, shown igure60hb, were much less substantial. The
average adhesion strength increased with pedthwihen the spacing was 30 um, deceeas
with peak width when the spacing was 45 um and the most significant change was observed
when peak height was 30 um and spacing was 45 pm and peak width was increased. A possible

explanation for this is the increaiseplain area on the surface with ieased width, along with

(a) @15 pm Height @30 pm Height (b) m 15 pm Width @30 pm Width
12000 & 12000
T
10000 '(3 10000
4
]
8000 & 8000
6000 ¥ 6000
5
4000 o 4000
w
2000 3 2000
<
0 0
15 um Width, 30 um Width, 15 pm Width, 30 pm Width, 15 pum Height, 30 pm Height, 15 pm Height, 30 um Height,
30 pm Spacin@0 pm Spacingt5 pm Spacingt5 pm Spacing 30 pm Spacin@0 pm Spacingl5 um Spacingl5 um Spacing
WIDTH, SPACING HEIGHT, SPACING
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4000
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0
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ADHESION STRENGTH (PSI)

Figure 60. Plots showinghe effect of a) peak height, b) peak width and c)
spacing on the average coating adhesion strength for each surface texture
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greater plain area present with higher spacing reducing the degree of interlocking between
coating and substrate. The effect of peak spacing is shokigune60cand the differences in

adheson strengthwith varying spacing are ngubstantial considering the variation, except for

when peak height and width were both 30 um. This, once again, could be related to the increased
plain area realized when spacing is increased, reducing mechatedalcking, along with

increased intedcking likely with tall, closelyspaced peaks of the -30-30 texture, hinting at

the possible role of the peak height to spacing ratio.

The ratio of texture height to spacing is plotted with average coating adhesio
strength for each texture patternFigure61. The patterns with the highest height/spacing ratio
of 1, patterns 3 (3@0-15) and 4 (3B0-30), also have the highest average adhesion strength.
The pattern with the third highest average adhesion strguatiern 7 (3815-15), had a
height/sp@cing ratio of 0.66, one step below a ratio of 1 for this set of samples. The average
adhesion strength as a function of height/spacing ratio is plott&dune62. While no
difference in average adhesion strengtbbserved between a 0.33 and 0.5 hésghcing ratio,
it is seen to increase for height/spacing ratios of 0.66 and 1. Average adhesion strength increased

substantially when height/spacing ratio increased to 1.

I Adhesion ==@==H/S Ratio
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Figure 61 The average coating adhesion strength plotted with the corresp
peak height to spagy ratio for each texte pattern set
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Figure 62 The average coating adhesion strength as a function of peak he
spacing ratio

Figure63 shows average adhesion sgth and average:$lotted together for
each texture pattern allowing for comparison between sets and observation of trends within
samples with the same height/spacing ratio or texture parameters. The three sample sets with the
highest average adhesionesigth corresponded with the texture patterns with the highest
average § With the exception of samples with the smallest height/spacing ratio of 0.33, sets 5
and 6, average adhesion strength increased withr Samples wittthe same height/spacing
ratio. The average.9f the manually grit blasted samples was quite lower than that of the laser
textured samples, but the adhesion strength was similar between grit blasted and laser textured
surfaces. This is likely due to the very different nature of tinlases and theiffierences in the
the plain area on the surface of grit blasted and pattern textured substrates as suggested by others
[54]. Adhesion strength is plotted as a function inS-igure64. For the laser textured samples,
Sa and adhesion singth look to beinrelated at lower values of,Svhich also correspond to
lower height/spacing ratios. At higher values ga&d height/spacing ratios, adhesion strength

increases with SOnce again, the likely increase in plain area and decreaseuretaxea for
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medianical interlocking at lower height/spacing ratios could contribute detrimentally to coating

adhesion despite the average roughness, S

1 Adhesion ==@==Sa
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Figure 63 The average coatiraglhesion strengthqited with the correspualing
average 3D roughnessf8r each texture pattern set
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Figure 64. The average coating adhesion strength as a functian of S

The average adhesion strength of a plasprayed Si coating on rb SiC

substrates as a functioh S: is plotted for grit blasted and laser texturetdtates irFigure65.
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Safor the grit blasted substrates is considerably lower than the textured samples and adhesion
strength increases drastically wheyiriereases above 1 pum from around 0.6 pri.8pum.

Adhesion strength then seems to plateaw@scEases, even for lasextured samples, until it
reaches close to 8 um when adhestyangthincreases with Sagain to the maximum observed

value.
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Figure 65. The average coating adhesion strength as a functiarfaf @it blasted
and laser textured substrates

Average coating adhesi@trengthis plottedwith average Sfor each pattern in
Figure66 and as a function ofc$n Figure67. Very high values of Sare observed for sample
patterns 3 (3(B0-15) and 4 (3€B0-30), which also correspond to the highesgh#spacing ratio
and average adhesion stréngalues. It is clear that the dramatic increase ico&esponds with
a dramatic increase in adhesion strength as well for these samples. For samples with lower
measured adhesi@trengthvalues, %is similar just as the average adhesion strengths are
between this group, but changes in adhestmengthtend to correspond to changes in this
roughness parameter. High values pfil&ly indicate a surface which promotes a high degree of

interlocking between coating and substrate.
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Figure 66. The average coating adhesion strength plottieh the correspondir
average gfor each texture pattern set
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Figure 67. The average coating adhesion strength as a functian of S
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Similar to otker parameters, the highest measured value of Sdr conesjo the highest

measured adhesion strength for the laser textured substrates asFsgerest8 and 69

Adhesi on

strength

shows

an

i ncreasing ajssendenc

correspond to changes in average adhesion strength. As Sdr represents the additional surface area

contributed by texture, it is expected to relate to the dagjreentact between a substrate and
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Figure 68 The average coating adhesion stremgpitted with the corregmding
average Sdr for each texture pattern set
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Figure 69. The average coating adhesion strength as a function of
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sprayed coating, however these results seem to sudggesfactors, like cooling rates, could

contribute to coating adhesion strength.

Adhesion strength is plotted as a function of the skewness paramdtar S
lasertextured and previously grit blasted and coated rb SiC substratesHigtine70. Sk tends
to be positive, indicating a greater amount of surface peaks than valleys, for the laser textured
surfaces and negative, indicating more valleys than peakgjtfbiagted surfaces. Coating
adhesiorstrengthis seen to increase as the skewness appesazero for both types of surface
treatment, indicating that a surface which is more balanced in terms of the amount of peaks and
valleys is ideal for improving thadhesion of a plasrprayed coating. A good balance of
surface peaks and valleys on whachoating is plasma sprayed will likely promote mixedde
failure of the coating and improve the coating adherence, as suggested by KronjB2geb6).
92-93].
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Figure 70. The average coating adhesion strength as a function for &aser
textured and grit blasted rb SiC coated with plasma sprayed silicon
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3.3.3Summary

A laser ablation technique was utilized to generate regularly patteaxeire on rb SiC
substrates. The patterns consisted of peaks/posts on the surface with varying height, spacing
between peaks and width. Each of these peak parameters were variedeaktsiin order to
investigate their effect on the adhessirengthof a plasmesprayed Si coating. Vverage
adhesionstrengthvalues for these laser textured substrates were all higher than rb SiC substrates
with an R < 1 umfrom the previous study of Si coating adhesstnengthon grit blasted
samples and had a minimuralue of 6206 psi. Adhesiairengthon laser textured siaces
tended to be similar to that of grit blasted substrates blasted at 50 psi and higher, though a
notable increase in adhesisinengthfrom the grit blasted substrates was observed for the two
laser ablated sets with the highest average adhssemdh values. Height/spacing ratio of the
texture patterns was observed to be an indicator of coating adsesiogth as well as $ S,

Sarand Sk. The amount of plain area time laser texturedurfaces likely was a factor in coating
adhesion as well. tlike the grit blasted substrates, the laser textured surfaces all had positive
skewness valuesgShowever, like the grit blasted substrates, coating adhssiemgth

increased as skewness ag@mhed 0. A balanced, symmetrical but still rough surfaogéributes

to increased adhesiatrengthof plasma sprayed Si on a rb SiC substrate.

3.4 Si Particle Size and Substrate Preheating Effect on Si Adhesion and Splats

3.4.1Process and Methods
3.4.11 Si Particle Size

The effect of Si powder mean particle size on plasprayed coating adhesion strength
was studied by varying the particle size distribution of sprayed Si coatings on grit blasted rb SiC
substrates. Agseceived Si powder with a mean fiele size of 71.3 m was sieved to generate
the three different powder particle size distributions showsigare 71 The sets of sieved Si
powder had mean particle diameters of 56, 73 and 94 pum.
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Figure 71. Particle size distribidns of three sets of powdersieved to mean particl
diameters of 56, 73 and 94 um

Substrates were all grit blasted via the same methddblasting parameters in order to
generate comparable surface roughness. Substrates sprayed with Si with mean patrticle size of 56,
73 and 94 ynhad averagea¥alues of 1.98 + 0.072 pm, 2.16 £ 0.16 um and 2.11 + 0.18 pm,
average & values of 37.2 + 1.436.06 + 0.52, 36.6 + 1.07 and averagevalues 0f0.085 *
0.075,-0.11 £ 0.35 and0.08 + 0.15, respectively. Prior to depositing the Si coating via APS,
samples were preheated via two traverses of the plasma torch without powder. A set of five
samplesat a time were preheated and coated ganebusly for each particle size distribution,
and all plasma spray operating conditions besides particle size were kept constant to observe its
effect on coating adhesion strengtiable11 provides the operatingaditions and measured-in

flight particleparameters for plasma spraying of Si for each mean patrticle size.

Table 11. Spray parameters for plasma spraying Si with varied mean patrticle size

Spraying Parameter 56 um 73 um 94 um
Spray Gun FAMB-XL (Oerlikon Metco)
Current, A 506 507 506
Voltage, V 74.3 73.8 74
Argon gas flow, NLPM 57 57 57
Hydrogen gas flow, NLPM 9 9 9
Powder gas flow, NLPM 7 7 7
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Powder feed rate, g/min 29 29 29

Traverse rate, mm/s 500 500 500
Standoff distance, mm 130 130 130
Paticle temperature, °C 2321 2359 2466

Particle velocity, m/s 368 342 329

3.4.1.2Substrate Preheating

Three levels of preheating and corresponding substrate temperature were used to observe
the effect of preheated substrate temperature on Si coatingi@usteength The number of
preheat passes prior to coating and corresponding measured substrate temperature is shown in
Table 2.

Table 12. Number of passes of plasma torch and corresponding substrate temperature for each preheat

level
# of Preheat Pass Substrate Temperature
0 32°C
2 115° C
30 350° C

One set of samples underwent no preheating and were coated directly at ambient
temperature around 32°C. The second and third set of samples underwent two and thirty preheat
passes of the plasnarch reaching approximately 115°C and 350°C respectively just before
coating began. Prior to depositing the Si coating via APS, the plasmaRayahe(720) without
powder was traversed across the substrates with a varying number of total passesat® gene
different substrate temperatures and levels of preheating. Five samples at a time were preheated
and coated simultaneously at each preheat level. Substrate temperature was measured during the
preheating and coating process via a K type thermocougdediin the back of a single samples
as seen ifrigure72a. The measured substrate temperature during preheating and coating for
each sample s& plottedin Figures 7375. The temperature of the other four samples were
assumed to be the same as eachdtépe process and time in between was consistent. In
addition, one sample for each temperature was preheated individually and not coated for
subsequent-xay photoelectron spectroscopy (XPS) analysiag a PHI Quantera SXM for
guantitative analysis dhe bp few nanometers of the sample surfaaalowing preheating,

these samples were stored together until XPS could be performed.
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Figure 72 Photo of a) thermocouple placement within samplddr and b)
the plasmapray gun used for preheating and coating samples

350
300
250
£ 200
>
w 150
'_
100
50
ol
O0OTNDOOSNEOMMOSTNMNO®NOS N © O ©
douu~nCoatTOododowNodoaT2N o
NTFOo T OuLN~NONMOOOPNITITRKodYo~
dAddd N NN® HOmO< < <
TIME(S)

Figure 73. Plot of measured substrate temperature over time during coe
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Figure 74. Plot of measured substrate fgemature over time dumn
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Figure 75. Plot of measured substrate temperature over time du
preheating via thirty passes of ghiasma torch and subsequent coa

Substrates were all grit blasted via the same method and blasting parameters in order to
generate coparable surface roughness and roughness parameters were measured prior to
preheating and coating. Mean values gffRmand Rpqfor substrates at each cesponding
preheat temperature are plottedrigures 7678. Table13 displays means and standard

deviations of measured roughness parameters for substrates at each preheat level.
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Figure 76. Average Ra of substrates coated at different prehe
temperature
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Table 13. 2D and 3D roughness parameters of substrates coatifistnt preheat temperature

Sub.
# of preheats Temp Rp[um] Rv[um] Rz[um] Rc[um] Rt[um] Ra[um]
No Preheat 32°C Mean 13.130 11.036 24.166 12.645 40.013 2.224
SD 6.017 0.718 5.319 0.124 16.146 0.062
Two Preheats 115°C Mean 21.593 10.238 31.830 13.002 86.952 2.211
SD 14527 0.303 14.461 0.242 72.931 0.043
Thirty
Preheats 350°C Mean 8.899 16.989 25.888 14.123 52.804 2.356
SD 0.403 6.001 6.052 1.582 26.866 0.093
# of preheats Sub. Temp Rgum] Rsk Rku Rsmum] wnlj w1 Ow Rmr[%] Rzjis[um]
No Preheat  32°C  Mean 2.83 0.27 6.45 306.79 53.56 459 100.00 16.65
SD 0.06 0.30 5.05 2022 1.32 0.21 0.00

82




Two Preheats 115°C Mean 2.85 0.88 54.96 33254 57.13 4.66 100.00 16.74
SD 0.10 2.05 85.90 24.36 5.37 0.14 0.00 0.83
Thirty -
Preheats 350°C Mean 299 050 6.82 34556 55.55 4.90 100.00 17.80
SD 0.18 0.42 3.99 57.95 1.05 0.08 0.00 2.36
# of Sub.
preheats Temp Sq[um] Ssk  Sku Sp[um] Sv[um] Sz[um] Sa[um] SK[um] Spk[um] Svk[um]
No Prehed 32°C Mean 2.179 0.817 3.615 5.459 9.950 15.409 1.724 5.163 0.863 3.182
SD 0.201 0.161 0.230 0.703 1.384 1882 0.169 0.674 0.167 0.170
Two -
Preheats 115°C Mean 2.585 0.120 2.715 7.707 9.070 16.777 2.086 6.594 1.824 2.634
SD 0.062 0.169 0.125 1.263 0.329 0.941 0.055 0.263 0.373 0.612
Thirty -
Preheats 350°C Mean 2.530 0.113 2.733 7.629 9.080 16.709 2.038 6.630 1.888 2.512
SD 0.117 0.073 0.388 0.680 1543 2.187 0.050 0.498 0.576 0.830
Sub.
Temp SMr1[%] SMr2[%] Sxp[pum] Vvv[um3/pm?] Sal[um] Str Sdr
No Preheat  32°C Mean 5445 85.065 4.216 0.335 21.309 0.707 32.466
SD 0.714 1.962 0.547 0.011 2.598 0.309 1.143
TwoPreheats 115°C Mean 10.190 89.044 5.564 0.307 25.794 0.775 36.978
SD 1.950 2.448 0.287 0.047 1.423 0.040 0.455
Thirty
Preheats 350°C Mean 9.491 90.143 5435 0.296 28.833 0.822 36.080
SD 2.105 2.683 0.287 0.057 3.342 0.113 0.467
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Spray parameter®f plasma spray coating at each corresponding substrate temperature
are shown immable 4. Particle temperature and velocity were measured with a Tecnar

Accuraspraysystem for each run directly prior to deposition.

Table 14. Spraying parameters for coaginf substrates with varied preheat temperature

Spraying Parameter 32°C 115°C 350°C
Spray Gun FAMB-XL (Oerlikon Metco)
Current, A 506 505 505
Voltage, V 74.5 74.7 74.7
Argon gas flow, NLPM 57 57 57
Hydrogen gas flow, NLPM 9 9 9
Powder gas flowiNLPM 7 7 7
Powder feed rate, g/min 29 29 29
Traverse rate, mm/s 500 500 500
Standoff distance, mm 130 130 130
Particle temperature, °C 2342 2352 2359
Particle velocity, m/s 349 347 344

3.4.2Resultsand Discussion
3.4.2.1Si Coating Adhesion and Mea SprayedSi Particle Size

Table 1 provides the spray parameters including measured particle temperature and
velocity for spraying of Si with varied mean particle sizetlight particle temperature increased
and particle velocity decreased with incregsmean particle size. The trenddefcreasing
particle velocity with increasing particle size corresponds to what Niu[@Zabbserved when
plasma spraying Si, however they observed decrease in particle temperature with increasing size,
the opposite owhat was observed here. Thesdat#nces in ifflight particle properties likely
played a role in deposited coating adhesitmangth

Figure79 shows the average adhesion strength for each mean Si particle size. The lowest
value of coating adhesiatrengthwas seen for the smallest mean particle size of 56 pm while
the highest adhesistrengthwas seen for the medium mean size of 73 um, abétween was
the largest mean particle size of 94 um. Samples coated with as received, unsieved Si powder

with mean patrticle size of 71.3 um had an average adhesion strength of 6537 psi, while an
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average adhesion strength of 6428 psi was seen for samated woth sieved Si powder and

mean particle size of 73 um. These results indicate that mean Si powdde paéaffects the
adhesion strength of the APS coating. There are a few things that likely contribute to this
observed effeciThe high velocityand lower temperature of the smallest particksdisted in

Table 1, may have resulted in greater brealkungl/or splashing of droplets upon impacting the
substrate, degrading the quality of the substrate/coating contact and adhesion. The high
temperéure of the large particles possibly resulted in increased spreading or undesirable breakup
of splats upon impa, reducing coating adhesistrengthcompared to the medium sized
particles, but didndét negati vel yelocityrgnchlmaver c o at i
temperature droplets of the smallest mean particle size powder. Also, as pointed ouhby Kro

et al.[52], the size of the sprayed patrticles relative to the nature and size of the surface asperities
and topography likely play a role the mechanical interlocking of the coating with the substrate.
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Figure 79. Average adhesion strength with varying mean Si particle siz

3.4.2.2Si Coating Adhesion and Substrate Prebat Temperature

The average adhesion strength (expressed as Max Stress in psi) for each sample set with
different preheat temperature is plottedrigure 80 with the error bars representing plus or
minus one standard deviation. The mean coating adhssenrgth for thesamples preheated to

~115°C via two torch passes was seen to be more than triple that of the samples not preheated
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prior to coating. Further increasing substrate temperature to ~350°C via thirty passes resulted in
an adhesion strength nbadouble that bthe lower temperature substrate and a significant six

fold increase in adhesion strength compared to the ambient temperature substrate.
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Figure 80. Average adhesion strength with varying level of preheating

Plotted inFigure81is the coating adhesion strength as a function of the average grit
blasting indiced surface roughness, Bnd substrate temperature. The samples at 147° C were a
large batch of samples all preheated via two passes of the plasma torch and coated
simultaneously. Though the samples preheated to 115° C were also preheated with svof passe
the torch, the largdratch of samples required a longer total preheat time which resulted in
greater elevation of the temperature of the structure holding the samples and thus kept the
samples at elevated temperature until spraying began. The tkednvisy fromFigure81lis the
effect of preheat temperature on adhesion strength despite surface roughness. When average R
was 2.22 um but samples were not preheated, the average adhesion strength was the same as that
of preheated substrates with andR0.55 um and lower, includg smooth polished samples.

Upon increasing substrate temperature to 115° C, adhesion strength was seen to be very close to
samples with similar values ok the large batch. Further increase to 350° C resulted in the
largest tserved value of adhesistrength, 10,950 psi, which was close to the strength of the

epoxy used to test the adhesstrengthof coatings, 11,586 psi. These results have made clear
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that both surface roughness and substrate preheat temperature arenimfigogtasuring strong
coaing adhesion. Even if a surface is sufficiently rough, if it is not sufficiently preheated, a

plasma sprayed coating will not strongly adhere to it.
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Figure 81 Coating adhesion strengthafinction R and substrate preheat temperature

Based on thexperimental resulignempirical relationwasdevelopedor the plasma
sprayed Si coating adhesion strengivb SiCas a function ofubstrate temperature, Si mean
particle size and roughness parameféing adhesion strength can be predicted by the following
eqguation:

Adhesion Strength =10556.66 + 109.3F{eanParticle Size) 11.82(MeanParticle Siz}) +

35.72(SubtrateTemperaturg i 0.082(SubstrateTemperaturej) + 139.33(Sdr) + 6.07(SYri
272(SK)

The statistical model for adhesion strength has’araRe of 0.95 and an adjusted R
value of 0.91, indiating that the model agrees well with the actual value®a%aof the
adhesion strength value can be predicted using the above relati@ebeoating adhesion
strength, roughness parameters, substrate temperature and Si mean particle size Ba3bé on R
modelp value 0/<0.000L, as well as the p values for each factor all being5s@ndicates the

high significance of the model and tfaetors.
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A model for adhesion strength as a function of only substrate temperature and the

commonly measured suriacoughness parametes\Ras also developed:

Adhesion Strength £1598.18 + 1711.58(R&)918.36(R4) + 37.14(SubtrateTemperaturg i
0.11(SulstrateTemperaturé)

The R value of 0.91, adjusted’Ralue of 0.86 and model p value of 0.00@8ect the
significance of the model and agreement between predicted and actual respb#sesthe
adhesion strength value can be predicted usiegbove relation between coating adhesion
strength, Ra and substrate temperature based. @l Ractors were found tde significant with

p values <0.05
Surface Chemistry

Change in surface chemistry with varying preheat treatment was characterized using
XPS.Table15 shows the surface composition of samples preheated to different temperatures by
varying the number of pheat passes of the plasma torch. The change in atomic % of O, Si and
C with preheat temperature is plotted along with the coating adhesion strergibrsn82 The
amount of oxygen present near the surface increased substantially with increasing teeyperat
while the amount of carbon and silicon decreased. As an oxide layer readily forms on SiC even
at room temperature, the observed change in suctanposition likely corresponds to growth of
a silica layer with increasing number of preheat passesutstiate temperature. This silica
layer, along with other factors like evaporation of adsorbates and adsorbed gases as suggested by
other researchef84-36, 4244], may affect the interaction and contact between plasma sprayed
droplets and the substrat@face.

Table 15. Surface composition of rb SiC substrates with varying preheat treatment

Preheat Temp, °C # of preheat passe: O, atomic % Si, atomic% C, atomic %

32 0 25.4 36 38.6
115 2 37.2 34.1 28.7
350 30 46 31.7 22.3
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Figure 82 Change in atomic percentage of O, Si, C at the surface and corresp
coating adhesion with substrate preheat temperature

3.4.3Si Single Splats orRB SiC

Single splats ofi were also sprayedontorb SSCu bst r ates with a rang:¢
after varying levels of preheating to observe the effects of preheating on splat behavior. Single
splats were obtained by traversing the plasma spray gunapdhyracross the substrates and
otherwise spraying noratly. The splat behavior on smooth polished rb SiC surfaces with
varying amounts of preheating was of primary interest and polished samples were included at
every level of preheating. Pure silicomagng powder was sieved to a narrow size distribution
with mean particle size of 56 um and standard deviation of 4 um. As before, prior to depositing
silicon splats via APS, the plasma torch without powder was traversed across the substrates with
a varyirg number of total passes to generate different substraggeratures and levels of
preheating. Substrate temperature was monitored via a K type thermocouple placed on the back
of a single sample and the time between the end of preheating and sprayappmagnately
30 seconds. The temperature of the otherdes being sprayed simultaneously was assumed to
be the same as the material, each step of the process and time in between was consistent. The
number of preheat passes prior to splat depositiom@mdsponding measured substrate

temperature upon splethpact is shown iTable 5.
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Table 16. Number of preheat passes and corresponding substrate temperature during single splat

deposition
Number of preheat passes Value
0 28°C
2 72° C
6 140° C
30 256° C

Smooth polished substrates on which splats were deposited had an average roughness S

between 0.04 and 0.08 pum. Images and 3D surface maps of the polished surface are shown in

Figure 83

100 pm v 3 % 50 pm

Figure 83.Laser scanning microscope images

of polish

b) 50x magnification and c) 3D surface map

Spray parameters for single splat deposition for eaglegmonding substrate

ed rb SiC suatal 20x magnification

temperature are shownTrable I7. Particle temperature and velocity were measured with a

Tecnar Accuraspray system for each run directly prior to deposition.

Table 17. Spray parameters for single splat deposition at each corresponding substrate tempe

Spraying Parameter 28° C 72°C 140°C 256°C
Spray Gun F4MB-XL (Oerlikon Metco)
Current, A 507 507 508 507
Voltage, V 74.2 72.6 76 74.5
Argon gas flow, NLPM 57 57 57 57
Hydrogen gas flow, NLPM 9 9 9 9
Powder gas flow, NLPM 7 7 7 7
Powder feed rate, g/min 29 29 29 29
Traverse rate, mm/s 500 500 500 500
Standoff distane, mm 130 130 130 130
Particle temperature, °C 2371 2339 2339 2336
Particle velocity, m/s 354 356 356 353
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3.4.3.1Effects of Substrate Preheating on Si Splat Formation

Figure84 shows images of splats on polished surfaces with varying amounts oageibstr
preheating. It can be seen that fewer splats remained adhered to the surface of the colder
substratedrigure84a and hwith a very small amount adhering to the surface whiat mot
preheatedi-igure84a. The splats on substrates preheated to 14@a6UC shown irFigure84c
and dwere more numerous and showed little to no signs of splat removal after impact, unlike
that of splats on the room temperature and 72° C substragase85 shows higher

magnification images of splats on the room tempeeafFigure85a and b and 72° QFigure

o . ¢
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Figure 84. Laser scanning microscope images of Si splats sprayed on smooth polishet
with varying preheat temperature: a) 28°C (RT), b) 72°C, c) 140°C and d) 256°C
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remnants of deposited splats remained onuhiace of the substrate which was not preheated.
In Figure85¢c and d a grater amount of weltliefined splats remained adhered to the preheated
surface, however there are clearly impact marks and remnants of splats that did not stay adhered

to the surfacevhich is not observed for the higher temperature substrafégure84c and d

=4

L bR , : ; ;
Figure 85. Laser scanning microscope images showing impact marks anifysch®&i splats
sprayed on smooth polished rb SiC at low preheat temperature: a,b) 28°C and c,d) 72°C
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The splat morphology was also seen to be affected by the substrate preheat tegnperatu
Figure86 shows high magnification images of typical splats on substrates with varying
temperature at deposition. As previously mentioned, few well defplatssemained on the
room temperature substrate and only splat remnants primarily remaiseenasiFigure86a, so
splat morphology could not be evaluated for these samples because so few stayed adhered.
Figure86b shows a typical splat on the smootlhstiate preheated to 72° C which has a flewer
like shape with fingers at the outer edges. Adglsplat on the substrate preheated to 140° C is
shown inFigure86c and also has a flowdike shape but with smaller fingers compared to the
splat inFigure86b. On the hottest substrate, splats were typically more round anghdiped as

seen inFigure 86d These disc splats also had very thin fingers at the outer edges.

XYZ fine scan

[pixels]i1024X1024
fom}: 269258

) 2
J ; g y & X 7 ; 3 -
’ "l s . ) "4 \ / .
e - ) N ¥ :
> . . 3 L/ ~ s
50 ym , X R | :
L o ClS g P v ﬁ o

Figure 86. Laser scanning microscope images of Si splats sprayed on smooth polishec
with varying preheat temperature: a) 28RT), b) 72°C, c) 140°C and d) 256°C 03
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Additional images of typical splats on the three substrates wtech preheated before
splat deposition are shown kigure87. ImageJ software was used to measure the circularity and
solidity of splats. Plotted iRigure88is the average splat circulriand solidity as a function of
substrate preheat temperaturenglavith the average measured coating adhesr@mgthas a
function of substrate temperature. Note that the preheat temperatures of the substrates which
were coated for adhesion testinffetied slightly from the temperatures of the substrates on
which sngle splats were deposited, however the effect of preheat temperature on both splat
morphology and adhesion strength can still be observed. The splat circularity, solidity and
coating adheaen strength all increase with increasing substrate preheat tenmeerehe most
substantial increase in splat circularity and solidity was seen when the substrate temperature was
increased to its highest value from 140 to 256° C, and for adhesion Istvémgt the
temperature was increased from 115 to 350° C. Thesksresuespond well with whditas been
observed for different substrate and coating materials when substrate preheat temperature is
elevated. Increasing preheat temperature results in eoutidelike splats on smooth surfaces

and greater coating to sutze adhesion.
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(@) (b)

Figure 87. Laser scanning microscope images showing typical morphology of Si splats ¢
on smooth polished rb SiC with varying preheat temperature: a,b) 72°C, c,d) 140°C andgf)
256C
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