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Abstract

Microstructure, mechanical, and tribological evaluation of carbidebased weasresistant coatings

for aerospace applications

Oluwadamilola Ogunmola

Thermaly sprayed tribological coatings are extensively employed in aerospace applications to
addresgritical issues including corrosioarosion, oxidationabrasive weamnd fatigue undedifferent
service conditionsBesides addressing these difficulties, these coatings are essential for improving the
efficiency of gas turbine engines, thereby decreasing fuel consumption and emissions.

High Velocity Air-Fuel (HVAF) thermal spraying hdésecomea promisingmethodfor producing
carbidebased tribological coatings, offering significant advantages ater techniques such Agr
Plasma Spray (AP$rocesslts higher particle velocity and lower flame temperature result in denser
coatings with reduced oxide content and enhanced hardness. These properties make HVAF an ideal
method for developing advanced coatings that can effectively resist surface degreaasied by wear,
corrosion, and @sion, even under extreme temperatures.

The obj eutre sewoodhks i nwestthegatei bol ogitdalr mpt bp
Sspr ay e db asaeoda it diempgoss iptl e pleaenyd hi gh v ele@oist y i @inr pfr
This work consists ofempMoashieseeaf thestcedbésdepbes
APS and HNARJdemthent (i . e., pure carbide and ce
mechanical, and tribol ogi-lcaad e db echamastoiom gt se fraphedh a © o
450. AThe seicona it aldiymsvnaalrly®twensr &ir ¢ dpiamt @ c$ iulr iec om
coatings deposited byrsowcsempesnsi on plasma sprayi:r

The tribological testwas performed using a batin-flat tribometer and the wear profiles were
obtainedusing a laser confocal microscofée Ex-situ characterization of thasdepositedcoatings
wereperformed using scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X
ray diffraction (XRD), image analysis, atitk Vickers microhardness testas performed on the cress
sections of the coatingd roomtemperature. The HYF sprayedCrsC>-25NiCr coatingdepositedvith
the4L4 nozzleexhibitsthe lowest friction and improved wear resistancempared tall the testeddAPS
coatingsat room temperature ab0°C.Moreover, h s ecehddylemas st rpautreed SihG

pu)
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pu)



coasi ngn beuspicnogdpuecnagsdh ®gma ay ( SPE&@hadmperat éfvanut ur e
devel opcneernatmaitcewhiat are prone to decomposition.
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Organi nfihée®ins

Chapter 1 presents the introduction along with the motivation and scope of the thesis.

Chapter 2presentsbackgroundinformation onthe concepts ofribology and thermal spray
processesAdditionally, the existinditerature review onribological coatings with emphasis on
chromium and silicon carbideasedcoatingswerediscussed in detail

Chapter 3 presents theompar ati ve

mechani

c al

and

study

tribological

of chr omi
properties

Chapter 4 presents the suspension plasma spraying of pure silicon carbide coatings.

Chapter 5 highlights the overall conclusions and the future work on thermally speaipete

basedcoatings.
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Chapter

1. | NTRODUCTI ON & SCOPE

Il n this chaptereé

The motivation and brief introduc.tion to the tt



1.1 I ntroduction

Engi nenarcihnsgue$h as @agdatreer busneed i n numed awds nig
aviation, power gener &bgreonne r aatnidi gnmampashean nii pinjt lyin ¢ a |
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thermally sprayddasehr cmiae inp gadidiadeshsa | nl uermegreosu sa s ¢
wi whar of <cri tiincgrngtfeéighonent s
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Si-lCasceodat i ngs with high deposition ra¢epesirtl dem
based coatings d&pmelnidrceadouniormehnee nstpse, c iifniccl udi ng t h
of the coating, base materi al considerations, &

1.2 Thesis objectives

Thmaiommj ect hive pE&siesadrecohe lvoopr Kk he next gener-ati on
based coatainngosp etrtad tev derd i g¢ cspok v @ ghee C 0 n siengpuireangt | y
tribol ogi calhaperhf cernwBhreoef nedm tmdwji enqgt iswdisd enmatviefr ibeace

this thesi s:

T Examine the effect of deposition processes
mi crostructubasefl tbetcagbi de

T Evaluate the frictpiearf oaonich nogaeralsieddee soat ange a
el evated temperatures.

1T Perform analysis of the worn surf acebsastead i |
coatings in various environments.

T Provide recommaemndasteisems ctho ctohmemuni ty regardi

devel opmenhaodeéd cao oti idreg s .
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Chapter

2 . BASI C CONCEPTS & BACKGR

I n this chapteré
A briefintroduction tothe concept dfribology includingfriction, wear and lubricatiorwerediscussed

Also, different typesf thermal spraying tectiqueswidely used for depositirtgbological coatings have

been presented.
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2.1 Birstedry of Tribology

The term tribologystemsrom the Greek word "tribosjhdicatingrubbing or attrition. Tribology
was established in 1966 by the British tribologist Peter[Jdsl] was subsequently defined in 1967 by
a committee of the Organization for Economic Cooperation and Development (OECD) in the United
Kingdom[ 2The commi ttee madevaemhest cgoeantedb gbtéd dt eh ei nd u
i f tribol ogiapalli inerdihneciirpit cedgsendaentgiyd meei tslkci ence and
ofmat smgf aces i n Fringluatei 2e I1motlilaurst rates the thre
include fri ct i onDuring eteraction, fodces lane bonvieyed meécloanical energy is
transformed, and both the physical and chemical properties, including the surface topography of the
interactng components, are modified. The impact of surface interactions governs friction, wear, and

lubrication characteristids 3 |

Trlbology

brcaton

Fi gaSec hematic of t[r4d]bol ogical trian

Tri bology has gained recognition and signi

o]

erospace, automotiS5fbegeaingn mamumachium&ngomwad e dytei
tridoyoboenhance their péebflNlowmdayx®olamgi dtug albt i i
techniques such as ma>xa mtishcen pbye heanvd i omenaoiefi m p gl ¢ ou

o

o

i f fepemabndgt2Uonder st amammlige x hreel ati onsnategs i axis
| ubricants, and machine operating conditions i ¢

associated wihtehnmgrélfhel opjealkti ve of tribology r

resulting from friction and wear at al | |l evel s
performance, andostaivieu dnalitoggywndeéseanchl |l y evol ve
seek innovative methods to enhance machi h@é] per f

N N



2.1.2 Friction

Friction is desrceagdtilhsetd maog n @ e fsoufricfieencdelsaainmn ¢ o n
ocsun the regions adjacenft 8Moor eaomNde mg eswwrefeanc esso | i
move relati vdet o desaidch ii cotophi dore, e wsauernfiancges convert s
into Emhermgtt iFon i s an i mpdret.anFtora s pnesctda nudfe rehdd m
wal ki mgstlwii g gi ngb eotrwef ean |tiimgedbe tawede nr oneedcsh,ani cal pa
toget Horwever, friction i smanhiktses ade ei f bOsIEDsS
| eadionglegnadatheonnt er aantdi nsp dac ee/eimiacditleancy of t
[ 9Basi ¢ dlelre, are t wavhficremsaatmedc Kirmeti omfctcohoapp
the onset of relative motion, while Kkineteidc op]|
The coefficiegst 0§ wsgwalilcy fhiigheront hasgk tHoewewerf
both static and kinetic COFs [dle@pjeanalr doinnga tpoaiFi
tangentkrali Sorequithedetd ati ve motion between t-
bynar makFece Suchr € bec eferdiscttoiwhns cfho ricteor ey ®eir c®eane t h
frictikn ofpoprgose, mot i or/Fn=8She t i coEfficHewdv erf, ¢
tomai nt ai n tthweo nbootdiioana ogiovengs!|l i di ng 9 e adtqoua rtee
counteract the .knnehis ¢€RE/etekiosh etflpeatemef fi ci en:
dynamic) 1fidi cti on

Fgur eScz2h.e2Zmat i cs dieasgergauti rb ® mbeef bwo bodi es in
definition of coefffrcicdampmedp il bomti c and

On the other hand, friction t akesanpd antaey doucec
bynateri al def ormation, asperity interactions,
[ L.F])i guriel 2u.s3t r at esendfiddiealenphenomena that freq!l

N



The fricbody amabr asobon is wusually high due to t
softer coulnnt eacpmtrrtasst, friction between smooth
adhetsaloesb etl vdeheEn t e rpaacjtrignrgn t he surfaces are rou.
involvingishumdakbbdgbeapbaseoticichimtsh within the pa
athsd idnhegsr fAemrsi ty grmay edd we lach@ spolt alfeas, sandr
vari elsi nneoar | y with density. I n rolling contact

fludditwwewarhsesi dnthgt hacepughnesssurdfactef-e atnedo it rhgeh i
i's the ratio tohteompomi t @i sunkEBlset ooughness

Friction with abrasion Friction during sliding

rpm, ¥ rpm,

Third-body layers Rolling with slip

Figure 2.3 Common interfachkrailctcioommdilhy omar d nadpe
smooth sliding with or without an interfacial
particles (| owenrderefrtol,l ianngd WiBtihc tsiloinp (1| o

2.1.3 Wear

We ar oitdieatnegr al par t tohfaitntiismalt edfy i ca mbe@@tl t r
andagccur when two surfacddhiemcwetracdik at iewme st @ loe a
of material from[d@ddreatsiumd acel idda mawref wace mat er i
one or both of twbatioV[ée7dmiernir @aste sme thad dri cc acuwsne
damage such as defroersmualtmaonng raimd o reaniokvsanegalrérb rfi sr n
which accumul ates with[ X.4]md, icf tweorm tihn meawrdtaimgena rn
of metallicoclompamedngpeoae®ssoil c cannsdlhmp ®f o n
component mephacemeeaet Ultimatahd, the oeseuvmfes el
the systemmuTdhered Os5éeheésmissuelad be[ M3 ni mi zed

NO



Wear can occur in anfilkedcsndiftosr ob gdejpteiaitsi ltnugd i
t he typestorfleedvseddhe eanVempemahbthpereopearntdi es of t he
[ 1.F) gure 2.4 shows the schhAdla¢sicse owd dhre mmoawncy |
of gdlaise wél dinh@r act i[nlgAldlhue diawcec wmd biyng e b vaanar
usually char dcti et iwnad dblgdtHeas glme ar p h e n ofmemiolni tiast
by cl ean owwrnfdazenn,g rcomdiotsitornusc,t uarnad cshiemilcaarli t i €
sur flalc@sen t wo matiem iraelsatjinaeepmetr omes he softer
end to wedrheawdayewmrgltdegsatt ianrge neaqtuedrih iast fic ansaet, e rbi

—+

ndewegaor , wi th mo-pacul ebeantemngrTphdelr lagatenftdr €eact
enemgat edataptplea ainaa eesvéeanc emor e sur face &deadi hgrt
i gve araf BEAdhesi verwesaitnacramasgthness and protrusi

QO o «Q <

bove the original surfapgreocéas$ eing edtatnoda anmsanyg a bef

—+

o del amixniadtiizoend oot fea heer vgnder | yitnlyebalck emat agi ahe
f stadmgseihh asi ve wear resul ts bfyraoad penseliindgenso v
gai nst a gionfgtes iotnh emumle yd woglk7s) The hard partic

- o O

rom t he noart efrricanh ciaunretlefr acti 3y sé$ @dhfpa caess vwei twheian

—+

WO main categor i-eemsd -owhd geeha B mézdidgresbt av®i on i s ¢
rotuberances or particles mchbvadyy an etas stende bcyo uf

o ©

t oose abraprieeesemtant ecl @ci alt hel maneinh g] 2D@ja evee o p ¢

the abovementi oned tbhbéeomaimatb 0re Abpedhyd nnoebcaasa it s ma

o

eeply into the workpiece -maderalataswbeyetaei at
take etxitraemdeuwtti ng i nto tla ymatbe raisa lowo ries esreavfred e
resuweéear iwmatcehBriese t i mes t ¢ rbenadhyea h & rhidsarhelheame | o0 a
condif RilFgant i gue i s associated with [22Riteude | Was
indsoeface and subsurface cracks which afitrer a
the form of | arge framgmmeme soran@ P@n cheatragregrpa dksf la
i nitiated, eeaxcthd rdosaldy, angloalg o h et, h cewgehy ctlhiec ns ene s $
i bel ow the nor mal strengt h. The stress could b
surface Mmasbhwgesvadeduri ng repegalt erde srppelch|iOugd leayn
wear pr ocesosrerensiiwmwedodcewdire ht o combined effect o
chemical [d24Exrdoastaioge d sby t he i mpact of s[od,5]d pe

N I



whiflreetotcicmg s -sicrmlsemalsici | | at ory motion between tw
wear and s Jyr2fégce damage

Adhesive Wear Abrasive Wear
=
A 8 eo
¥
— —
Third- Body Wear Fatigue Wear

Figure 2.4 Common;twapdbédesolvewaa ebroddéymaagoe ra sli esfet )w,e
rightppdyhemebeasi ve wear (|l ower [I2e/f]t), and

Agprevinewmstliyoned, wear has mitggheen pae rmfag roma mpa @ bd f
componeha sreduce wesasrenda mad e nait dwir@alb| appesipgn at
angr opdrot ineisni snti zeasctehsag on it and empl oy prot

mi ni mi ze t[hkeB]wear r at e

2.1.4 Lubrication

Mechani cal systgmesarssa ciha alsi me acommenent a ar e
di fferent ways, such as slidih3dhandntef&cnhgonn
mat ismgfaces occwmdsaaeta twhda chedls i nfluenced by

prope[rlt6i]le s r esiudtteamagcti ons produce high frictio
temperatures and expose fLiér mnerachawmsed!| t ey it B mB
(resulting from vibrations) and we2a9] Lafb amealma
i ntroduced eb estarefeamwlnndgaanadt f r i cti inthm dlihtef osgucret me et me
subsequenagxtyerhce |l tmee blainfie adbf components anfnd.0fedu

Lubricants canl egqgesdpeasbheumoom omf neral oil s,

NP



est,emwhi l e the commonly e &agr asphitde | ulbbexagqonas| il
H:BQ[ 29].Li[qd]d | ubricants can be applied on movi
epatrTeahteegyd.are selected for application based on
f t he whubcrhi ciasntt o b eSol a pdt | aitbar phpclraiinohasimt. foienmde wo r k

ondi tions wheairflesicl oendv etnbthiasoeradl ow shear strength

S
0
c
adhesion thermal stabil.[Howevaeamd ochemi esl hiaver tsin
conditions of manyl bwborchngh ntaEampbnr eotru md, setxt r
pres[sur]jeMor eover, the environment al concerns po
tribological applications. For instance, | iquioc

additives present are t ok8.%hseentda Inlodin tplemevo fir @enenaern t

=

esistant materials with good fricti3d3nal proper

2.2 Ther mal Spray Technol ogy

Ther mal Spray processes wWheakheata setr od ico
feedstocks in the form of powdaemo, twinr epaon i cbe
projected towards a readily prepared substrate
on the subdt rmaatde butihe@y upgqo particle by particle
It is an adaptable procedure for depositing var
any substrate making it a very robust techniqu

protect gas turbine componenfi 84thred mahhampocayt hae
provides the opportunity to coat a diverse rar

encountering thickness cfornisamrdliinntesss,| tamd ftelres q

repair woed eopartdamagmpared to traditional pr o
deposition, and physical/ chemical coating met h
expenses, di mi ni shed deposition edlfliyi daecnar dat

produid]sFi gure 2.5 presents the classification

energy used in-tgeemperatiuneg! amelt i ghhs str eam.

N 2



Classification of thermal spray processes
according to various type of energy source

I
1 [ | [ |

Energy from Energy from
,Egﬁ;?,y""ﬁ?é combustion Kinetic energy electric fmlfl"'i?:m -
g of gases discharge
| [ ! [ | I—]
_ - High Cold Laser
Liquid Flame Detonation velocity Kinetic Plasma Arc spraying
spraying spraying spraying spraying spraying spraying spraying (cladding)
J [ l 1 }—|
High High L High
Powder Wire velocity velocity velocity e Shrouded
(lame) (flame) oxy-gas oxy-liquid air fuel sofawn arc
spraying spraying | |fuel spraying | |fuel spraying| | spraying ﬁvg'kcg spraying
HVOF HVOF HVAF
I [ | [ I 1
Plasma Water
Plasma spraying in thy Shrouded slabilized Induction Powder
Fused . velocity plasma
: spraying chamber plasma plasma plasma
corkings in air at high or plasina spraying spraying spraying wanckred
low P spraying Wsp arc PTA
Figure 2.5 Classification of thermal spray coz¢
proda8sy
This thesis utilized atmospheri d HVIAFI mpr opgrea

for the depositi-basefi wbaomiemi sbabt deoati-ngs.
based coating was deposited by suspension plas

each ther mal spdeaycmpirmedsisn hmasr & esda@tcdiilonisn t he

2.2.1 Plasma spray process

Pl asma 6P&fryBanger satidle@ ostheecihonail g usep rwvahyi ch use
arc to generate a higtC)t dmpemeaetlur e@ g( rmnrde stph ary i &
The schematic of a gli.ggstma Pobraesmaiias plpoavs sapondotie @ s is It
me t hfoadre pio scgotat i nhgisg hwii skhraeensd fdreonns itthye hrai anraa[r307 ]J]s ¢ a |
Moreoveadvarnt ag@gess of hihghg hfelcagnyec etne mipaetgileotiuo redi n g
l ower dil uti anhldiogh tdep acs0idttdi8rig | eafsfmac ijeencsysa mg @ar
inert gas |l i ke argon or nitrogen, c 0 mbghaesaedse wi t
heated by the electric arc created between cath
t hmeat eri al tios bien degqtdémdptm@adnred heated by means of
hi gh tempepaihierod taemd or part i alelpognnmanati exn sd rzep Ipe!
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araeccelteowdregsisr t aee of suhswwphackdefreramealnd deposit
t he s[u39%Jace

PLASMA SPRAY PROCESS Powder .
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SRR
Cathode

Water ArH, Water

Molten Particle

FigurSec hz.mlatic di agy apr md.6 pd asma spr

At mospheric(pP@&3 ma cspopmwagnti onal t her mal Spr
used especially in industries such as deposiptaicre
a wide range of materials, i nc léwdiamge anre t rad s1i, S tC;
corrosion resistance, t hermadf bangi ee sr,.iTragh dc ort
process allows the deposition of powmhet ® Wbt
| amel lianegi coastofuoctiwcrreomet er thickness and di ame
mi crometers. However, theofmaoane dsiarwd ac&dame tt dhiec

di fficulty injplcajmmig htelyerh eindt d ot Hfeor m b & otghker ag
injectaond peaeth[l «FlJuht bat nbbeeresulting APS coati
l amel |l ar structure duenotl d phad @ ensgs edvesf aglantps A g e ante |
mel t ed p arstjitoplneds ,wtepadkt a me lbleawebaoandiphn@ts t hat C

coating6s afndn otviecgrmdlli tsye#2]jce performance

Suspension (pPSPASImavehpr agrmaspha@adima sprtalyatpr o
all ows t hesdmbiporsameatorni cofor nhaetowedmnm i £) @ 4.8 nTi hcab e S
procemasakabsot posshiinl ec otad iancghsi eovfe t hi @mkwn e shen er an
mi crostrucdam@adr & att aa r terde&d hAeP S rcoocaetsisn guss es t he bz«
conventi omal tphecfdespetrececlkilge mseraalsloy veatter , , et ha
at a certain rat[idod]e op f espuasrpeednsn j@gmetneasd oinnt o t he

wheruvuendetrgoes at omi z astoildimed gToedf dring uvi edr yf rfoirm et he «
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antdhe fine powder @gpaarrtoircalfeusl |c amelun degr gaoond emay
mel t ed ipmpnigiac Beheda e f orm a f i nd 45t T yetblPrSe ¢ oad a tn
exhiabotumnar or merrtoisd alu cd maoakgsl sypymidefhen d pr ay p:

such as feed rate of I|liquids[,46hanidojfécdi eh amac e
a cruci al role in achievingshdaows deasrn irmald ecsoraj & a
injecting feedstock slurry. Radi al I nj eicithe n a

direction ody tehre e@XNtaessrmmal] eitnj ect or. pdowecées sma
pass throujghtitdadiphgsma | ess efficient heating
negatively affeWhet @das coimi anpsdaplreid nejalyg otiiitnaetcd | y
pl asma f laoxw ably, iat jhceos te dolryo nagl el ro wii ensgh d e ntheengpheirnaet ur e

of the plasma jet, | eadingofopmo4.®ejcuesform and
(a) | /§uspcn5'un injector (b) :xh:‘nz?r:;m q
Plasma g ;,,as —— ' 5 |

: e®
(AriHe) Calhndc’. S
N o9

Flow cnnlrnl valve
Substrate
Sample holder
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4+ Compressed air
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Plasma & ey E :
Atomizing gases ——
Plssma jet Coating
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Suspension break up evaporation &a I ratio particles
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Figure 2.di Sgo{azmadiixl §daihal feedi[nig7]Jof f eeds
2. 2. 2VeHiogchi ty Air Fuel ( HVAF)

HVAFatilser mad o astpirrmagy ttheadh mciagnuebe empl oyed for g
with minimal oXidat vehocWUHWOP &« ptgHe\BASFf wesbensp rae s s e C
air instead ofwbxkxygheneflocesprhgbopgparaéeésoaf and
carbide. plahd icéleast i veewmpéeéoat pPIWAIE e p s 0O 0O grsest aailns ot h
soisitdht e n gtaurtd ecd tefstd B ¢ d

Fiuge. 2.8 shows the schehpartoicce sosf iHWidIsvweepdu abyt
fuelcoampdr as s edoomhbhihet i on chambebhi gal pemgecat ur e
The | ower oxydomwedacsonnchenstérnyptaboant uaéel ows t he ef fi
accel er aatxiioanl loy aitrhfeecd feessluper soni ¢ st attérearsd btsh &
where they undergo plastic def dromant. it Adpoaantthi negld é
temperatures amea ptaynpeiiccd lel wield oovwedi it c telsblag ebogwhent i
HVOF sppraoydehgd . [ 50]
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Coating  Subst

Fi gu8&Sec hZz.nda taigorth\WAF s pr ay S5plrJocesses

HVAEFEechni sfome hadv amnttdiges combprseed®unspaayhig
vel ociltow dnd&éme wthd mphe rreetswrled s i npobemnse tgyoa§dadg ow
i HVOF proeptaciesi hey H¥YAFwhincdodaselsan hes oXi gatrit o rc
resul ting i mpcoaeidng@ hwistehhoruett eanntyi obho n e g v A Fnait $ ¢
| ooovoak t ertnhaatti viean produce dense coati ngst antdhei

HVOF process

2.3 Wear resistant coatings

The interfacial contact | ayer plays a sighni
sliding concdeiftfieanrss cdtuince atroabiedthsavi or. This | ayer,
bet ween two shlaisdi @V esruarlf aicmmportant effects t h

performance|[ 52] t he system

Genertddedbryt acting interfaces in gas toobinel e
and tribol odFiugael shiaodtseeohbaes. | gaatitamd Cheanrangcae
control refers t o dsiyrsetcetnsy, iawmhidhobdesubdraasd bpbatteht e d b r a
k nitefdege. s ®h ltbrei tdilentgeircrifachicled dse boot i nterfaces, b
These contact interf ac edse garraed aetxitoreeandebl gyp asdebntst i btai v
moving compaibeseigufeanindiuyrneshoehi ner y. I n adaoiftitdhe,s e
compocemriessulitna measned number whichngipgacfeaadbdw
mai nt eerasxtiacsm i r ¢ 58f tHo[wedv]ér t he contact area 1S 1 ¢

be exmeadt ed,s can only be acHi5&2ye using wear r

Wear recoattiamgnp | @yperdo ttea t me d hami ccaalt apamtop hi
resulting from wear events. These coatings are

durability of dtsrfbdct ur al component s
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PW4000
Cross-section

e e

Clearance control
@ Rub interfaces: abradables, abrasives, knife-edge etc.
> Erosive jet impingement

Tribological interfaces
@® Wear control: blade root interfaces, bearings, gears, dynamic and static seals
QO Friction tailoring: elevated-temperature fasteners/snaps

Figure -2e®t Consef the cont[abcdt] | ocations

Several weaatrepgsshmpnéepydemany ndé¢ hadtemidtuisgarti ee
wearaphpyl ng ttoheanme surface of componewdar adeg rtaodod
under harsh op[led@hte ngommoni toansngs mafter i wéar
resicsaatnitng consi sk omjad e doyabsawddi, 0l iedsa rialmhielse s due t o
hardness and pweprerteesst damesex crealtleen tal s hasandiscoa |
oxi dati omarke nigs ttehreare sui t-alkl at &€ dricnk pseeeveehrgee sewevair
[ 57]Thi s thesis focused mainl-yaohi daradndkesasledto

coatings.

2.3.1 Performance of pl-msasnad spo atyiedgs hr omi um c ¢

2.3.1.1 Microstructure and mechanical propert.ie

Pl asma CgpNayYedcprd vrinejssisst ance against abrasi
coef ffircoomntoom temperature upstab850tACanduext
[ 58 he micr odt pdatsumrae s pr ayed car bildaemeclolaari nngisc rac
unmol ten particles, weakcdeas irfd®ds|éEs gane 2oil@sp
typmcakostructur e Cglh-NipGra somadtisigpnrgahyceaniss nign h o mo g e n ¢
mi crostructurmechlCrcmatrriiz d( e rdatfddcreypnA)gakedyv i
arreicihn Cr andCgGphaedsies stohleved i n theimaedricarbidegef
regions, denbéeespdmiseBdi ds (bl ack crae dii ares ,p ad d n ¢
di stributed within the coating, @invitmg rnitdhert d
hi gh energy | evel and | ower particle velocity

pri ntagCp haserso secondarCyC:p h@sfepsh assuecsh, axsi dati on |

N



formati-aphaeé®upbiend Hl¢ported the Cdplhanp® siG:nti @ nc
andeephadde.C{dphaseboadsglecar burdgavthii o€ pfra weerse
for medelcy pitati on mechanism during themecoolmiahg
amourCtsOsphawese presenttuentohepcaging.giSi minleart <
by Maetanatheported t:@cangOpharseces afn @rac GsCaNi [Clr a s me
coating, indicating that deCgrpbhuaspez[ax8]dn amnsd wx
mentioning thavethhesserpmasaadi wahr goaenpeas tcde &€ ©
or i CigGrph as6eDpspi te this I[imitation, some avail a
chromi umbasaadi dfef er s i mpr ov e@h hmedetrhaantit cuadly preervfeaar
pl asma GgpgMNayed cerhhbgber hardnessenfgitbghedeherd
frle@d)i haielpoor i emgproked microhardness and Ch®-nd st
25Ni Cr @awmadtti mgsi mpr ovaedc  rprbemerttoi eshewgpsowder fee
did not show -mbéetpdepewderopauni-these| | pb.2PpIDpEb:
et.[®Meported that super-GgriaciocatplInagsma xshp rba ted Nir
(mi-baeoddepositi oboedi ngaesdlcygntgitdh modlull bsver por «
t han ¢&VY®FIi ng.

?BEU rOXEZ, 8eBe. 18xm

Figure 2s.elcOt i@rnososf vacueCHNipCra saj@adsipmay ed C

Whil e sever al studi es have shown that pl as
decomppocsoiattiionng i sl € b e ®iodfs nogahr baisde grains due to r
lowem plasma sprapengat hapr agi algihgehe cvedisogod etsyp s @& ¢
proeg 5]



2.3.1.2 Friction and wear properties

Il n general , t herteh atr ee xofnmhiiya teai of pre@ra hsdt ravipldi eersem a
spr aCg@di CQroati ngs especially at elevated temper
mainly on studying the wear beWianieotnpaif & p @rotme d
t hmlta€plaNi Coati ngpoaxlirbiptr f orgm@pC-Mi Chani Wiger eas
Mi skt d&lirhveasti iom reveal ed CeCarMit CIip b aesxigisbsipe ra yferdi c |
coefficient and higher wear radambisdé amper atowrpwea.r e’
frictasartioastdhe f or mataiton hoef sd X iddvdm iglcduoede mfead e ¢
bet ween surfaces, while the i mproved wear res
mi crostructure abidt.ieo68]easedi ¢thicdmeas d fwedra shreal
spray@tli Cr agacionastti nTgi Gat di ff er e.ntA sdleicd ifemagses p ena
coef fand eintcr eas f® H esmaraacyoeadhd |8 gt pheee d s sa nidn clrceaads e d ,
repofhedwear mechahi tomwewadhohb e ddgupleardetafror mat i o
and s headronfirmmactteusr @ Ot rh elro assd s.d.y &Y mpsa he wear Dbeh
of MNMig@roatdengesd i by supersonic plasmafogpraye sige |
The results accordBRf toafFuwmgomtionsHHow tshatgl e
smooth compared to that of HVOF coatings.
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Mor edveer mass | oss of SPS coatings is | ower |
| oad. The i mproved friction and wear propertie
mi ni mal coating defects Tbhephirgtd templ¥O&t croat w
sprag@tli Cr copt PeglfagiB ¢ vealCgh-Ni Raotat i ngs demonst
friction and i mpatbedCewveramairiesrn sdafahezeihtded!| aygelt
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beareHswever, the incr BODACAn tioheé nce mpesrat dreécd
to thermal psefct epnitagi andof car bi des Tfhreo m etshud t ts
indication that tlke amzrednespeard o BeG-mgs ed r@acad tvie
may decrease at hi gher temperatures an-dutthien g,x

thereby exposing the bh&98¢ materials to wear dar

2.3.2 Performance of HWAdFs esdragetdi cdhhs omi um car k

2.3.2.1 Microstructure and mechanical propert.ie

Chromiumbasetdhi deati ngs-vdkepobstyeprbygedhsgh of
resi stance c osnppraaryeedd tcoo gptliansgsa, due t o the enhan
higkl ocity|[7.6thmegaaesoatings are widely used ir
wear protection ard-fdonrpreasaitounr ef &ShidiitrggdmcxéerHhuoes! i t y
(HVOF) ©processes are Cxvmamed! yYoamphgyed hfoowe vEr ,
i nvoil wetdhe prsoaoescarchauorsiezdaitsisoonl uti on odnrCegoaiph et
also takelsnipl dhaes | ed to theVelnacce Etag etANi(dd¥VAPp) 1 pn
which mitigates grlaaatmoki n§ charbhi gdeetierabl e al
met hjo@EBliug2e. 12 presents off kG NMICc r edodaptaisnigtua e by HYV
HVAF processes. The HVOF coating (Fig. 2.12a) wu
by the white arrows, while the carbides in HVAF
individual catibi e imainat aiamg utl me mporpgersod wgegd B
HVOF process I(arivgheecn2mpla2rced atroe t he ( RVYAFE . Tshperl ghyd )gcho
porosity comteaeéss ni H\I@myd eusnilruabbrliec aftoebde cvaeuasre a ptp

act as acctriaveek siintiet ifaotri on and propagation unde

q
D

si Jt7allfcee hartdhesmalolfy sprayead!| go atenpregnshs t oo c t
eatur es, phase constAtubhoogh asdudioasoshaye coh
oughnes sCg@&pP2 5NMO@ORtIi ng are comparable to that s
orosity c¢ ogCdNmtCroianf isHovgilIFhgrataeedness t han HVOF s
7
0

p

[ 714K dness can be béoeimadiean i@mrtdend mwygdh esingn bet
cont acti ongdssluirdfiancge swetahet el i dhviye e, mlajg e |h utsh, e
propptamiofn t her mal psapraanglt gyscaskey role in en
reteandowmefects free coatings, besdaletri g aii ms ti
corr.osion
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2.3.2.2 Friction and wear properties

Several research on thesgplkiaOg@dlg Cweda h anbgesh a e n ¢
studined ome deatmpirle,laeshesdiswsdmetnie sl i ding wsprabeda
CgCo-Ni Cr coating[s6.Bsliet.if#l8xlaimminteedt he tribol ogi
and cCx@2sMi 20Cr powders deposited bylmeamas ofpl
that HVAF coatings exbibitfimne bheedpweak dpeswih
resitsot anhehanr tthseeo wadleie t o matwcampe d ewrc dthieaw i loaame |l | ae
sprayiMaggaderld ] udeyveal s td€aNi CHVAcFo alri ngs wundergo
| ow wear resistandel ami natweoh mMeofa db wdiubeatt ohi gher
HVAF coatings demonstrate superi offl hwe a angea ittehda
t heear r eosfi shtiaghhcevel oci ty aiCs-NifGQrel c ofaHMAarFdgosNiPpy a y
empl ohyyibnrgi d appr a@bhCrn(wbwder Cr and GiNrPa g lsaursg emas
ar eaxionah| gcrtdeld t was nroe pdoerceadragbrutbrhiakte swased i n all
sprayed. cdWMat éheegecro,eftf i ci ent of fat esliomeerra nfdo rs pG
i ncorporated caatei twRtt iGAhdBp a meda ntod her study by
chr omi um ¢Car bsiudsepva(sGdiceapno svii tt édnd a n6 2 5n -6(@QI®BN |  puosw dnegr
HVAF prnocasposit i mproved wearTledslIciodirrog i wearr
clear |l y diemporneme e da t realshiysbtra ndc ecoooaptairnegd® rt e r théed m a |
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coatimbe I mproved wear resistance was attribut
pro¢adpti kati.np@Bjudi ed the high temper £+2u5Ni Grl.i d
The resul t BHEVAKFeGLY S Ni@@®rat i ngs démamkesiticat ent ce@eff
si gnil fyimpaeswte ar r etshiasnt atnhceeC2 % Qlic@@rta h@G TA®. sur f ac
state of the wear tracks following sl i dHWAF tes
sprayed coatadregss emasitmtucitueedeaevk it mgpuwhi ch enabl e
st atbrliexoldaeyer on t hasweaownr a okHV @F sC&.5MN3cad.ra tWhregr ¢

e xbhiit ed s ubs urafuasceed cbrya cskiinnugs oi d al | oadi ngFicgcl e
2. 18bch subsurface cracki ng-opildaswalfeijseghtee ume mo V §
materi al to oTxheasad isotnu caineds weaawve al so demonstr at

to fabricat e-basreadmicowmtdanrglsi dv@ t h a dense coati ng
and without any subsurface crackirnngat itobnr eokfv e K |
| ayemr t he wéean twiddk provide i mproved wear and o

i n gas tu[réb9]ne engi ne

Figure 2. 325HEMCofc€atings wear track 78dposit

2.3.3 Performance of t Hersmal Icyoagprmagysed silicon
2.3.3.1 Microstructure and mechanical propert.ie
Ther mal sprayi ngexotfr emd lfiycowm!| tc ad be dteo ieisih$ ot er

gas at e | e v a Nenvddays, esiticpnecarbides areetlsermally sprayed as a ceramic matrix

composite (CMC) through edeposition withoxide binders such a&l>Os and YOz to minimize

oxidationand improve deposition efficien§y6]. Figure 2.14a shows the cressction of silicon carbide

coating contaimg 30wt.% of nanefilm YAG binder produced byigh-frequency pulse detonation

(HFPD)method.Thecoating is characterized lsynall pores formed during spraying and some grirding
=2



polishing artefactaerevisiblein thedarkest spoteegion The hgher magnification image of the coating

in Fig. 214breveals nordeformed SiC particles (dark grains) embedded in a bright region of YAG
binder.The inherent pores in the coating originated from trapped gases which also contributed to a low
hardness value of 48447 HVo1[77]. Acacioet al [78] produce SIi€EYAG coatingsby suspension

HVOF thermal spraynethod The results showed th&iC particles were protected from oxidation by

the @mpletdy meltedYAG, and that the coating containdow degree of porosity (0.6 = 0.2%) and

higher microhardness values

Polymer mounting

re 2.14 SEM i mageascdfi ea3p rCafycemdst s i+l @ sceodn) ccCaardbsi
nd (b) Silicon carbide particles e[fihedded i

Recent advances have shown that warstpensx pino
for the depositi dowebVerSj Caclniadv mtgsi lhhwtmogr ne b u &
suspehse dateamak ns a[ 7cOhaMolreermogvee 1 , research work
mechani cal and wear performance of suspensi on
Avail abl e st uedty. adnieMbmaeeb&ds including mechan
preci pand tadlrdd€te t hH @wd d & hbeivreder i nto the SiThesusp
results show that, while the coating obtained &
crystalline method producedt hthe rceosaaudlitnign gvvi®h & h
Thulse dtudy has shown that deeoae iqitunafii d Ve nda nCt sc oian

suspension route.

2.3.3.2 Friction and wear properties

The tribehagiodlul k silicon carbide materi al
conditions have .oVuera rewk deell nyv erseag@rattéedns compar
performance of St 6ec amatdiegg sdpryay e8d 5 wt. % NaCl S0

( PAO) |.ubTrhiecame © u IFii sgg -B2ond b & at e utbhratc aRAeG sl i di n
=T



| owest coefficient of frictionhi(gOQes$t aab taa isnteeda ¢
coatings .% Ma&l 3 sl wt iaomd 0.e&&,hedaelbdp@Oedtt eet gedc |
fluct.Hotwieohwes ,drty sl i ding tests on the Si C coat.i
of appr ox itOmat3e |l ywix.h20sl i ght vari at i onisnt esrusgagcees
partiallly7Tjubricated

a

. 12
LPS SiC PAO sliding

11 ==LPS SiC Dry sliding

1 TS SiC
09 09

§ 5
-« 08
EUH E |
= 07 < or
k] °
L3 o
S 05 1 S 05 ‘ ey

3
04 % 04
“

LPS SiC 3.5w1% NaCl sliding

03 03

02 M'HMMW'HMMMM. 02

01 1 mrL
. ' ' 0 R R + .

ol e i s :
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

Sliding distance (meter) Sliding distance (meter)

Figure 2.15 Coefficient of

fric
materials against Al SI 440C

ti onSiod b(ual)k t h
bal[l7s7]t est ed i

The wear irmitg. e2BEBbiss mi |l ar trend Tahe tdEev fCr i
obser vPAdD uborri cati on | ed to theohtmagceo uwvhehadne r at «
comparison to the LRSIC material, the SiC coating exhibits a higher specific wear rate. The wear rate
of the SiC in dry slidingonditionis significantly lower than that of bulk LPSIC material. The most
significant wear rates are seen in a 3.3aacCl solution for the SiC coating and under dry conditions
for the bulk LPSSIC. The experiments conducted in NaGlutionconsistently yield théighestwear
rate onthe balldue totribo-corrosion process affecting the stainteteel balls, which accelerates wear
due to corrosionAnother study by Venturi et al. reported the wear performance of SiC/YAG composite
coatings producelly high velocity oxygen liquidfuel (HVOLF) underdifferentappliedloadsof 10, 20,

30 and 4(N. The results show th#te coatingexhibit lower coefficient of frictionand improved wear
performanceat | ow | a @&he reguldis dnGndiddtjon that St@atingcanperform betteand

more suitabldor low load applications, under 20[6].
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Chapter

I NFLUENCE OF DEPOSI TI ON PROCE
CONTENT ON THE TRI BOLOGI CAL B
CHROMI UM CABBSEDBD COATI NGS: /

COMPARI SON BETWEEN APS AND HV/¥

I n this chapteré

The tribological studies between two differeampositions othromium carbidgpowders sprayed

with atmospheric plasma spray (APS) drigh velocityair-fuel (HVAF) technique have been provided.
The testing, characterization and dataalysis vere performed tassesshe friction and wear behavior
of the assprayed coatingat room and elevatetémperatureconditions
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31Abstract
Chromiumbaaethi deatoimmepsn | lyafbere nt ruiskeal o gliucea It oa p
their hardness, i mproved corrosion and oxidat.
on the influence of depositbomdembertséBb.vesi , ep
cemented cacbatmiphgmoonsettrioe t b a nti rciad g | oagni dcaatrl o opmi 0 p €
t empe rRaitamrde 40 cAGstructur al analysis reveal ed
a uniafimdle ms e swhriulcAtPubrhee,osaita wmeglghesi pgr amCcbawent C
due to carbide dissol ut i dr,e ideoclargh urailz att @ sotns s
sprag@doating (high power condition) had the h
due to their high TphdertVASi tsyCrs@ig & Nb Cirt cload n edtydr by
nozghewérde | owest fri dtoitdinr@mwad arednMeSroas sir &t

Keywo€dsbides, Ther mal Spray, APS, HVAF, Tribol
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3.12nt roducti on

Recent advances in mechanical systems in tt}

pl aced increasingly demanding operating[ ZXlloondi t

>

i gh temperature envir onenxepnetrsijegichet s e amtt i welhogi ©
mpact s ptamed Isitfaebi | ity of the oweeald| t 9¢ slitea mll e A

coatings that can withstand these har[s2]4dbmedi t i
focus is on innovative solutions that i mprove w
nd |l ongevity of dcermatnidc anlg pgsdempabfemtns nisnt anc e,

prayed coatings are effective for providing a
omponents withhe @ogtdiongmsarntmetime n t he required
ngi nlecswatghe friction betweteact wandupfameset wua
ompoidédns has donseqguewilnygg i nterest 4dgrnehat de
ar fbiadeed matagegrn ingl s capabl e of wit hsotnatnadcitn gc oenxdti
61. [7]

— 0O o @ (@] (7] QD

Ther mal | @g¢Csbparsaeyde dc oat i ngs are-rwisdesltyneé mglodo we
cold section of jet engine9prepautecclbamplreswbdbth
regions, to mitigate wear i scsounepso la@ipdt eseset erodch tti ma
renowned for their enhanced wear resi s[t8a]n,c e[, 9 ]e
CgCr-based coatings are typicall y -dperpoocse stsieodr awsi t d
chr onmpiiunnl e €§C-2B8li Cr ). This combi nagdwu ona fifdatcyes) v ¢ | t
effective |l oad distribution beliWe®Sor ¢ heerc,ar e m
chromium carbides possess good corfrifotsri oms daads o
environa®eln,Hewkvler, research Cekakphasdscdiedolthati
matrix during spraying, l eading to t hel.9fhoersneat i
phases are known to red@@re ttthe dhbdhnepte@espsa rotfi ctlhee:
pose a chall endguee dtuor itnhgeisrprianytirmpdna s tci d atl dfnels ma &
coat i ngpHowielvde r , t he possibbinddiet eG sCa @8 h afgeeb rb ean
demonstrated by sever al ot her aBrhepbset h@2alg d
successf ula yt hdiecgko séigire@eart i tinfgeeldynml as ma a y:0dvi € h
met ha@mret ai nMfihreg cgpems.r ngcomE t ursiecdr oopfeC.9usf &€ce | ay e
consider abfCeOs mhmosuenshai ns ulneadivegstudd i ci ent . carb

|l nvesti Gated o2l monst r@Giecd attbatgsbe abthighverc| by
oY



suspension flame ¥Ybhahti a@lgi ¢ i@ Bt uadhgCopar ti cl e
occur duritnhge sepxrcaeysisngo,xygen favorslnhtercmatofgt
behaUmasheaernke2ikl udireodom htee mper at ur e wearOdmenldavi a
CgCccoatings wundencgoddffepopast ITbCxOc e asdenngo nshtorwa tt eh
best wear dpueer ftodr maoweporosity abBat reabepy2bd/iewdd ymi c
reveal edhethaamnalhrkasi ves woiddaentcoen at i € gC csopa tavyaegis
inferiorcadamvaeénnigEn®if sprayed coati ngst.helhceh eniacs
i nt er aCgCiponvd eaf wi tclo mploen eandt ést aofa ttihoen product dur
l ed to foomadsiomesodtohaet ionxgysgean and Thar @ nr dteimp e
sliding and erosion wear bC@gxwiadwenaptsp e u sgphdandseg o M
et .[a2l5TlThe I mprobedegi oamaantcter itvimustreeed hani calofpr op
nanostructured feedstocks, includindgihgbglgedmels 31
The available studilkisnithemesg: ciramdeamgdscs ated byphapl s
met hod exhibit i mproved slidin¢gowedddegpteaiflog mafn
sliding wear behavior and oweradiamsecimlsln ilJaicsks gnihge I i
reseiag cmée ed aeckrvoecbdogpic oattimagts can be compatrael iws h
CgC-2Bli Cr coatings.

Based on the ,prtltmdopir gtsh@aenski ewass t ai |l or @eé t ow
mi crostructur e, mechani cal profpe€ehbemsat iamgls .t rR |
spray process was e mgEgCopyaerdt ifcolre st hdeu ed etpoo stihtei ohni o«
chromium car b2 1&q apsnpraed dat o ot her tlhaesrrmaa |s psrpa
met hcoadns gener ate extremely high temperatures (e
refractory mater i gl2stHusk,e icthriosmiamt iccairppatdeed t ha
wi || enGgparthates are suffiopendbgsmeint eodfd rce
t hdeepospbpaéelmgdapo €gthceodat i ngs wer & h e cemspt bar b& gCoswhi et dh
25Ni Cr powdkyYP8epodi HPAFP cEhsesmyd .i ool ehe compari
provide understanding of how different spray t
properties and perfobmaededMoi&tecoives mi HMAEapbbnde s
because it is widely Ca@28bNit €Ed dpucew ditolee dempeir A
hi gher particle velocities which results in co
[ 12], [ 16The [QBd T d 191 cotmproassid phases, as wel |l
sl i diwegr e ecshtar acteri zed using hi ghyr ad dllfuetai odena oen

oo



me c hamits msobeoomp eraatdured evated temper ata ead nveelryes iasn.
Fi nanhe yobser vatiwsddasualf yemst were correlated to th
behavior.

3.BE3x peri ment al met hod

3.3.1 Feedstock materi al

The powders used in the sbtBudyewedepoa®emerac
powdemrmabkggl omerated and si mCb5dNdsCegmleineé @ dby alPbax
Technol ogy, USA. The nomi wa¥d Emofwapudt Beaemeri d moam nt
whi |l e ctehmeto he@fd mi um c&5 bOm/e+MlosOame anal ysis of th
size distribution was-reerefi vrerde @ olwyd ediss p ear piumr g
particle G6fpeaywmnadyz®al vern Panalytical, UK) e

The results are presented in (section 3.1).

3.2Z%oating deposition

The ApBaying was i pMertfaoercnhe dAx i al |l IT(Nopt hwens t
Mettech Cqorp.Th@anveda 6clkeeguoconwasgvhn g hp lasakmaw!| jt en
i njececemamiodd er directly at t ©iBeDFauenthex maffr eti nqael
of fers stoHpartoibd asmst amraitstee mphtemng t o penetrate th
particl eg Bolrhedrdeplostis uoead phoamep reagisehgpwmoThbp e
31 A®E8nd i B2 THNAEBEWO spr ays pdaersa nigéntaptoende Masgsnd L ow

poweRwer e fuwtskea sApPrSapyrn am@e sses. | nv es i@l eetpiotr t aetdy |
defects such as interlamellar cracks, oxide ph
was I ncr 8iamielda-d i yt, . [a@hsatnugdeyv eal ed t hat coatings

mi crostructure and properties to those deposit
| opvower spBayedoomhthe initial set of 2t rdib5%,s,H a
10%) was used fexp23NMpOsOfEmdJuAaARStGe chances of

[ 4.
On the ohbedehpas@t2i50Nn Caf pOrwder was perfor me
M3 HVAF torchTe(cbbmiod wegdc east LLC, USA) , equi-pped

di vergent De Laval nozzles (4L2 and 4L4). Thes
empl oykadv ely. [&B&f or t he successibuwuls ede xasitotirima s .go fA

R\
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particles, as
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andage bometfhpeuesi ounsl y

Tabl APS. har ameter s

nozzlI e

mel t i

achi evi

used

ng
geomeitwerlighernotmi €y bt
confugedatwi blottwenr &iimgoft he

ng

Wbl i shed

and swehddeaqguemtt

heat a

ng

we ldli s |tuhb @ orne awnldt idreg ad brilriszeat p roa

tDe ¢ aodif éhsei rneodz zcl ¢

articl e

f ofbademo ciotaitn qrgshr

Deposition

paramet Spray

condition

Hi gh power Low power
Tot al pl asma gas f 150 150
Current (A) 230 180
Power (kW) 112 73
Ar . ( %) 0 50
No. (%) 80 20
Ha2( %) 20 30
Carrier (1 / min) 8 12
Feed rate (g/ min) 150 150
Spray Distance (mm100 100
Touch transverse s1000 1000
Number of passes 5 5

Tabl elVBAp&r amet er s

used fo

dbapesi tciomdg i algr. o

Deposition paramet Nozzl e
4 L 2 4L 4
Fuel type Propyl ene Propyl ene
Air prpegsisur e ( 96 96
Air Flow rate (NLP7878 55814
Fuel 1 pressure (p82 86
Fuel 1 flow rate (393 359
Fuel 2 pressure (p82 8 2
Fuel 2 flow rate (287 266

MN



Powder feed rate (105 105

Carrier gas (L/ miné45 45
Torch traverse spel000 1000
Spray Distance (mm300 300
Number of passes 8 8

The powder s werz04deposaeldesowm athe di noefnsi o
(25.4 1 25.4 1T 4.3 mm). Thbel astte@lg usu nsgtlruantien as u
partiicde®rsedase t he ashaoimpc e svaesu gulsneadsesnov e f gomt t he:
sur fTehcee.eat her substrates debef prehsptadhapebhoeéd

the coatings[3]Jo the substrates

3. 3Characterization

The microstructural features of the chromiuil
El ectron Microscopy (SEM) (SuU8230, Hitachi, Jarg
The powder and coatings werbkelpgepphed pcepadahc
The coating thicknesses wer-ge cothitoan niemha gfersom A h
mi croscope (Ol ympus LEXT 4000, USA) was wused t
readings wer e ottcmkemnat adidf fas’reeratgeld t o det er mi n
and carbide retention were obttacbhaekis ovat het end g8 H
at 2.00 k mamgnsdalcetbham) (i2®0 di fferent | ocati ons
E21-09 pr[agti ce

The phase analysis of powder and coatirmys Ww:
di ffractometer system (MAradiantPanalgtiepabj z¥dK)
2 as ec ,lj.,540Bannigng Ra&8Agan?d 90A) was used and

and 40 mA. The obtained diffractograms were a

software built with the XRD system.

The Vickers microhardnesss&aasi mpasgsireg -anMiac
MCP?( Anton Paar, Switzerland) accordingo)sowehe |
selected with a dwel/l ti me of 10 s. For each |

average the microhardness of coatings.

3
Il



3. 8Tri bol ogy ttesi nghamactpesitzati on

The AKS( HR), BRSNCICr (LP) ,sCaBNi ENVNAF 4 0me)r ec oa:
selected for trdbeoltogichéi msselsamewneél y dense m
porosity and highhm oweahant eses snatal i@ sBnadr ¢ hper ed
wear t ecsotnsd uxcetreed wi t i orhreae hihepatbinthigomgs wer e s
testiog@g@&t AC) and el evati @dyt sangred istgitdcresu¢ 4 501 AE€)
coati nagt os urrefpalovecralt e o.cmad ietcii @m socrfalttartni gb ebmeel (| Ant on
Tri TeSwiStAz er | andt)h evassieiadsienige s a antgl mogf s atvheer age we a
and the standard deviation were determined by c
up of ealchhe parpopfliileed 10 N | oad was chosen to enh
action (accelerated ¢ onRurttihognr)mdoaoere atlhuemi mm@a tcionugn
selected becauséd eanfpeirtagd uraer drneads ,| [Biygh and chem

Priorhitghtthempar ataeasatar chghse mi na dlo uth.me3 Jowaal sl
heat ed 50pHXGoe ver , the measured temperature on t
34ACThi s it Mee&drmsts was performed under room temj
i Bi gnihfeiactantoss at the tAptcti ale off tthree éh eradm enagt
avertahgee fvalcue .onidleumwefilro he t ewa se da ncaokayam gadg 8 f 0 ¢ a
| aser microscope (OlLyYmpruess dtEadTa gtt@irocOn o stSOp)e ( SE N
enerdyg pespeicst@oopy ( EDS) weneetelppewegaed gwrface mo
identi fy tfher metdhlemnsauydraxce of .tRlmemawe areasuaelkngn
performed on the worn surface using a Vilm a@&mpect

Atftl aser source.

Tabl &@8h8 friction test parameters of the

Tribology testing parameters Val ues
ApplieMd | oad 10
Track,mnengt h 10
Frequkacy 1

Total sliding cycle 2500

Tot al sli,hi ng di stance 50

Counter 208)oddyi a(. Almm 6. 35

Test tem@eratures ( 25 and 450

no



34Resul t s

3. F£ekdstock

The

i Fi gl

i rr epaurltairc| e
with a
25Nip@mrticl es

of

The
d. The
t o Ilsme,

respectivel y.

appesriedgdht | vy

| ar gqenr

, I es pdesdlrewder

commer ci

and coati characteristics

ng
m @€z p & © gC2 YN ii aBfr condi tion
(BighaBatagpri zed by
shapeBh@a2n>dNig@@éeso mp o sepdhd emo cathol ogy
C3Cx-1 b . A

charact

powder t@hreec anisv e d

angu
consi demrgarba neu | aama sipnasrhomskint iyint Fi g .
sthomwaevdntghcke gwa brionudiedricrng 1 s a
gr ade paogvgletrBBkr at ed nt ered

a l and si

particl e

sdCxaa deChT Nii drutp cowm@g e s&alt @es i n F
(5¢C
e rarcd@,ls 4
ressChasNiwdrt hp arhtoi
d hgilsto mea rat eaC §CHR2f{5eNirGrd ptahratti c | e
tththgEp ao t.i cl e s

particle
&ms

sG:pewdeéestfi batjobvofld®he Qv
areoch, 4@hi | es3Ct2hba\ti Ca f

Comparing these

pOrwdra,r

Si z

~ CryC,-25NiCr 4

303

804

g -z =
E Dv (10) = 7.75 2 b
5 75 pm g £ g
3 01 Dv(50)= 184 um 16 £ 2601 Dv(0)-2163um £
o Dv (90) = 39.7 um E Dv (50) = 34.15 pm g
2 [ Dv (90) = 53.56 pm =
E 404 14 = £ 4 -
= = g
Z 204 12 £ E 204 =
5]
0- 0 0 ,
1 10 100 1 10 100

Particle Diameter (um) Logarithmic Scale

Particle Diameter (um) Logarithmic Scale

Fig3r® SEM morphol ogy and parti cibaseidz @o-cduidstrr, i
CgC,, -dDEC25Nj[Mv: medi an for. volume distr
The XRD diffraAPSi cowmapahgsirnarBidfgpmle bk echoPaA&d ng s,

di ffractcioomepep&ik@®@and:Oappewheds€di f f rpeatkveonm t
Mnri



det eAltedl,e det petakd | MARB LEASYNTI Cr ( L P}C-2amNi @QrP S( KR
coatwaaxgygsl ower compared t o Tthheer eif oirtei,ali tf ecéadns eboec
transformati on agCdp hdaescec mpos nt APS obaCrngs.

The XRD di ff rVAHR ocno aptaitntgesrnna F@ebj.peepbatsedc omp
of HVAF (cioadlamdgamdzz| es) c oafpergdksse croaitn@dsandi ng
F.C.C NiCr, whiCliampd&ge orswchh oanss@)m weri e erso t( Cird
This can be T atéerAHpa todk\&alxlys dtehoea I b 8 s0ixzi adtaitoino no rc o i
t o APS, dpweo ctebsesmpnegeHhad werveesr , a broad peak bet weel
for bothddoat omghbledAhet iIRo @rniGnf racti on peddkwatsowar
al so obser ved 4&n dt hparno ndobhudndcsepd taigin e f d Lleet ths® @oa cewsre n c

| ar@rersol uitne tahteo mse[tla8l]l i ¢ phase
e -Cr3zCy +-Cr7C3 « -Cr3C
a +-NiCr = -Cry05 b « -NiCr
Yy e WNMM
*
- APS Cr3Ch (HP) o~
= =
£ \ £ ,
‘?’ . . s APS CryCy-25NiCr (HP) 5 HVAF Cr3C»2-25NiCr (4L2)
& £ .
E Cr3Cs Powder E
. . Cr3C»s-25NiCr Cr3C2-25NiCr
* Powder T Powder
30 35 40 45 50 55 60 30 35 40 45 50 55 60
2Theta (°) 2Theta (°)

Fi guaXeRD3 .di ffraction pat-based Déedbtowmbsmpeddsb
coatings (a) APS, (b) HVAF

The srcsamdh EDE&me nptpa lmym& s pcroaaytevmdntgls hi gh an.
powerpreaersee rrti 8 a.iThe mi cr ostr ucaatriengofexahlilbiAPS a
structur e boh gproaotsd rcirzecddeasve € n i nt @ hept ht cskuargfsascn
roughness, deposition effTablldAmygnghtpat 0o Nigsy 4
spraw@dLP) coating exhibit a higher poOGfCo(sHPt)y c
coating. Wh e rCg@-2 5 Nim@mad i hARBRS prt dGg€®2 5 Ni(AQrR)oat i ng
demonstrated the | owest pAPESHr2yYNiHPocoOani n@i) ., e a:
as exhhibghestthet hi c & nddespsqg s irtoiuggnhreeafsfs,lcli etnlcey APS s ¢

Whil e other APS coatings demonstrate complete |

npe



of carbide phasefsl.measodr.ed® thP BRE-2 BXNaGE®Ppati mg a
Sshowhi nc and tabwBUatedsi woTdhl enenti oning that
APS <coatings <could not be deAtlesromi neldl dtuhee tAOP Ss
charact er i zceodn tbryalsdtisiChCGe( BAP)S a@sl(AHPS coatings, t
contrast otompmriosne di m, cawvhbdre, teawred | axygpengoegd co
chromium and carbon[ Z8IhhAmMBEC-2 HNiIHALr@ )N AR E£gG-n
25Ni(HCAcoatings, the dar kestFig§3ecyo mmprnitseads tgf noohsrt
carbon without hyeda ckr€d@&@p phads ezsst if orgund (Fn gxdRTh e n al
i ght grey contcrharsotmi ivcsaa coobnmplb & @ diersdd rsts @ lav éd d e s
upersaturated rMi38HeThe3S3®HDS8 mwmapwli hPtnlsee verae €enc
hromi um, caobon| |l oARP§enoalst-2§ NjcOeartd nmgisc k ellh ef @r
xygen agrees wid0dwhtihceh fhoarsmaatlisoon boefe nGri 2 p.por [ 28]

o O un

_— S g ) R
g m’scnc2 - ™Y arsonG BT A
j(Low I‘m\er) f % e R

Fi gu3Cea o8%ecti onal SEM i mages and el emen(taa)tCoQmap
(LP) ,sC{(HP)CrBCL25NICr ( ECRASNi(Cr) (CHP) .

Ther essesc tainodn SEDS el emehVAEFp maDp@® B icoati ngs w
41L2 and 4L4 nozzlFeg..addrBeot ir ecseeanhtiaghdydse ms e mi cr os
characteriCz&phodlyeshched mat rNixCrbi nder indicating
carbide particles. Moreover, carbide adrsaclod swirt
i both HVAFT teoa ti immggs,k newrsf ace roughness, deposit
presemabBddB8ion h HVAF spray coat i ngrso usghhonwe scso, mpaanrda b
efficiency. HowevieRVAEBE€5N0Chb28)t gpcampteadting i
t han t ICegC>-BEYNKAOr4) csopatdifinreg dar k grey contrast i s
carbon which r eprz€spehmtsse st hwehi prei marey 1Grght gr ey

nz



chromium, carbon and nCsCk ed| NwiCi{clmade e 3 e tag e
XRD finé&i 8yls. iMeanwhil e, the whirtie hc ormetgri asats brn &
content ffoprcayalt ipdrgéssseinst e3ld Tihre Tecahbrloemi um car bi de
CgCo-25Nri C(4L2) @sCd25HM@AIIr4) coatings were measur e
respedtti wenlow.l d be reminded t h@gi tcloenmed@ ®igCerd! v o
25Ni Cr powder i s[ 1la7fh.Thb[zgdF enorby 7B %can be infer:
Sspr &w@&a85NicGrati ngs exthec dnttendtowtewharCrt he initial
mapping results revealed the distribhbutEDSsr @3 ul
are indha®AFme/nisod pm ond umial dogxhitd af i ¢ @prabritd erhpeasr e d
to AmMEEhod.

P IS e D Rl (T TR iy w 3 Lo Lo S R S
AF Cr,C,-25NiCr _ % !hh _ S HVAF CrsCz-ZSNiCr]E
]

1B

)

Fi gu4Cea 08esct i onal SEM i mages and el emen2alNi @Grap
coat,(amagsd4L2 nozzle, (b) 4L4 nozzl e

Tabl i 8rdstructur al par ameter s, carbidéeaadadr cha
deviati on)

Sample desigThick RoughrDE Porosi Carbi (Matri x

(Om) (Om) ( %) ( %) (vol . C(vo%).
APSCerLP) 265 N9 N 0.54 11.7 Nb b
APSCE(rHP) 245 N8 N 0.57 10.3 KNb b

nT



APS3Ce25Ni Cr 350 N15 N 287 2.5 N 1@8®N11 78.2 N
APSC825Ni Cr 250 N10 N (62 7.1 N b b

HVAFCE5Ni Cr 315 N8 N 0.39 2.7 N 538N02 4N 1.
HVAF,C€&x5Ni Cr 320 N7 N 0.35 1.8 RN 529N08 438N 1.

The average microhardiire §5 ThveaR & s€s( Laer)oea tpi rnegs ehn:
| ower microhartdme s Y dRoas | hligave APLIE Co-2 B BlI(TCrP)
coati ng rhiasr dhh grhcerre AP £¥Ca2 INiIsCric lo@idnmgen demonst |
the highmistr akar dyged\s)amolnePtshec s@n i nige oHWAHR ha
CgC-25 M ri(dL)£oatdiemgpnstramesrahhr dhnte\BASE €12 & mIri(t4he2 )
coat ihiegi dhraad dnes sHWAR §G€2 5 @rii(4 L)4& o a ti isnogwtelr a th | t he AI
sprayed coAPE&ECY(SL R)x camdat iervgen | ower btyh aont htehro saeu t
with similar chédamijcal 18 mposition

1200

1000 4

800 -
600 -
400 -

200 -

Average Microhardness (HV 3)

Figure 3.5 VickegCsan@ig®2dKNia€Cdnesat iofmgs at r oo

ny



34.21 i ding wear behavior

3.4Fi gdtion coefficient and wear vol ume

The friction coefficient fwe RIthees ftshees enratingpde ri n
36al.he coefficient Co(fHHA)r iccaatoinngofi PAcPrSe aCsred fr om
250 sliding cyltdrremsb ®.ndS drsoeppeantsieyd, & gtadntrma i iol i~z 4
gradually at around ~ 0.68 wup till the e®tire
25Ni Cr (LP) CGG2SNIHVAF( £ 4) coatingnshegi met ewntaha
sliding cycl es. The #Cs25cNii @drn (cloRe)f fd ad teint g oif n CArPe
0.52, while CHBINIi €r KMAHM )Crcoating i nBBotdasedtin

att al nceodnp ar ashilaet estfeeadcyt i on at around ~ 0. 48.

Fi g8 @or esents the friction coefficient vers
at HT. 1t can be-sabasteer veed itnteatwatsheatsttad andeyd af t e
compared to RT. The fai(HtPi)or oad e fnfgi dinemte acsfe dA S
0. 78 and subsegasd remldybdaecr @d66dwt bh a fluctuat
throughout the test daCx28btNii oCrr . (SiPmi | caora tyi inflga t t Al
decreased sharply from a peak of ~ 0.62 to ~ O
the end of the test 3CONNIit@Gre (04 lhe)y daatdi,n HVRA&Y €
which increasedstsdtighne yi me tahastt evwaaryi es bet weer
sliding test.

1.0 1.0
— APS Cr,C, (HP) N — APS Cr,C, (HP)
a .
os —— APS Cr,C,-25NiCr (LP) os —— APS Cr,C,-25NiCr (LP)
E ’ —— HVAF Cr;C,-25NiCr (4L4) E ’ — HVAF Cr;C,-25NiCr (4L4)
g I ] L 2
E 0.6- I g 06
o @
@ I @
<o [¥]
p=} =
2] %]
2 2
= 0.2 = 024
0.0 T T T T T T T T T 0.0 T T T T
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Number of cycles Number of cycles

Figure 3.6 Variation of friction coeffi-cie
(

nt
sprayed chr omi uat c(aar)b irdoeo nt otaetmpnegrsat ur e b)
The specviofliyrmeavte daelskk ceadta th gRper e s e nirti @d The wear

vol umess for all tested coRaoit ntgls eCi(AHPR) o@aso aa i dnegs, C
naeo



vol ume wadmmf,2. whilcHOi s thr ¢ &feRtS 36@2s5 NH iCg b e(alLt Fit)m @
(4. 22md),a0ai ght ti metshe¥A g5 N hCarre ¢ & t(1i8H g-1nond) .

For the high t enrnpee rvaetaurr ev cclonnde tlioosnss ,was hi gh
APS302(rHP) coating vd&mmmewlhiash 1i4s 038 % @6 MNeée CrhéhP

coating ?mifP, lahd1l8&l most three tis@@SNhiCghe¢dLdhan
(4. 62mnf) 10

20

B 25°C
B 450°C

—
(@)}
1

—
[S]
1

Wear volume (10° x mm’)
[029]

Figure 3. 7v8padieesfpiscaywedarchr-bomsath caabi dgs

343Exsi tu anal ysi s
34. ot n surface morphol ogi es

The SEM micrographs of t cheea t\v@anrgns oo unr ft aearep efr @
present 88laTheFBEBM i meogen @B GtHPe csauartfiancgel nshheor weendt
por es, del aminated | ayewhi amdprexpg a&qateadd sacrf ase
Similarly, theCwwed5mMNiLur f(ddP§ i §obaA®IIsg irreveal ed s
regions as well as del aminated TheyeHCAGRBANI €d b
(4L4) coating WM8mxhsbrnftace hmmbigehegpwysclsanrdate
smeared | ayer, pull out, and plastically deform

t hat t he dar k -oputasseurdmctehe fwaoarln tested coatin
P M



formati oooxiode. THreayowor n sur 3G ¢ ePpf a ABGAESI Cr (LP
coatings had higher ox3g2enNicCont(edntd)t.han t he HV/

- s B, X T L W FT LR S I

¥ '\, M APS Cr,C, *N o | APS Cr,C,25NICr R THVAF Cr,C,-25NICr 14
(High Power) | Clmmgs (Low Power) 2

i gure 3.8 SEM worn surface mor phoQCgGdqiHPY d1d
APE§C25Ni Cr ( LPOSC2ENI KVAR 4L 4) at RT

Similarly, the SEM micrographs of the worn s
i Fi gBIa®It can be A&PSelyEHBR)NAMRE C2Z5 NI Crc o(alt B Figss.
39%b)undesriggoni fi cant hawearatd®&®&magBot h sduerlfaantiensa taerde
extended sur fhaogeh orodakrnengpfandfdagmenngdt weaentdeb
Wher eas tOg€-2 MNAEBIL4) woetudngfiakcie§9 ce x hif leiatt ur es
embedded debanids p(laadshteisciaolnl)y def ovrinseivde hoea opti itaies i n
debris particl esormpptoissu du -0 dvieenrbeie dlee! bsyoll hdeb sSeErM/ eEdD S
mapping presented showed homogeneous distribut
hi gh amount of oxygen content. The higher oxyge

t hat significantatoxd dtaga mper atccrue sc athped ed t o r o

P N



3 ol WP o
APS Cr3C2—25NlCr g qHVAF CryC,-25NICr ]

(Low Power) i » (4L4)

Figure 3.9 SEM worn s face mor phoQgBd iHPY dmdd ¢
APEEC25Ni Cr ( LPOSC2ENIi VAR 4L 4) at HT

3.4R@madn analysi s

Raman s pefcalrloswionpgy t he sl 0c@ang ¢ Bat@alatmhAs RT a
observed, t Ipe adkdsatrhaec tveas @™, wr ¥ 4m8a ed4dB8mMcorrespond
Cs0;, whheepeaklcaotrr@spbonmds t.p 4.8 nbdh e hiontse ICgiOt 'y of
for both APS coatings is higher comp&uedheombh
characteristic broaerieamdsoofobgrrayeidtndacniaddbdds c o
1580Mat RTOe&hd.gphRamarsalss comfaitr medii xed composi
oX itdreif b dwnass f or med on Wthh e hwasrump pawmit fea deh le | EDS p«
obser vataibd.es

-
Il
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[ a | L APS Cr,C, B APS Cr,C,-25NiCr B HVAF Cr;C,-25NiCr
xide \a)fer (High Power) Oxide layer (Low Power) (4L4)
"2 25°C. S The g " Oxide layer 25°C

v B;ok_m fé{ib'i

Iﬁ;nr‘n 10 pm y S pm
B Oxide layer SRS HVAF (i;ﬁ)—ZSNiCr

s (High Power)
. — Oxide layer 450 °C

) ©,

e kd 4 5 um - 5 pm !
- - L] - A = - -

.11 SEMewtaonsratkbdb@masems cmadcamlygisdat R
ons (G@&(HRY, bjc ABRGAETN) CAPBLE), ansL- (e an
25Ni Cr. (4L4)

3.4SBiding counterface

The SEM micrographs of the alumina counterhb
coatings at RT andFié4&l0af AC &Tghpmarsaemdfadir itho t h
counterparts was € HPr)v ed aft dlrrograh éd/nfeRa® a@ br saenrsvf eed
on t he ;CAPSNIQr (Ledurtoarnvhmilgl e t025NVAF QCrdL4) C
counterparts exhibit thesdomeasdt martea. aAt t43a0hs
amount of transferred materials was evident on
materials are relatively smooth with REG®vserrauplt,u
t hAeP S 3C&(rHP) coating had the highest material tr
concentric contact Ca2®Mi Grol ( loRv)e dc dwyn tAePrSb adr| . 0]
CgC-25Ni Cr (4L4) counterball displayed the | owes

PM



S APS Cr,C;2snicr [l e HVAF Cr,C;-25NiCr
] (Low Power) (4L4)

25°C BN 250°C

" APS Cr,C, U APS Cr;C,-25NiCr HVAF Cr;C,-25NiCr
(High Power) < g | (Low Power) (4L4)

Figurk®8EM.ilmages of the alumina countbears ebdalclosatsil
at RT and 450 AC cOsdiHPi)gn g ,c GaBr-dabrld ClA)P BAFPS , an
f) HWUELF25NiIi Cr. (4L4)

Tabl pré&skeaethemical Cc 0 mpaotswa i dinfof cearive notbls u minn & h
counterball. El ememtnd adlundesmedheoadumipger ar e
wel | aGgCMi5 Nficdtrrat.Asngtshe Cr content increases, th
coatings e&x@&epNicBMARE ngs, when tenpxt aehleh si ncr
observation can be conergpgercaklde bymaulwret fafctch mha

el evated temperatures than at room temperature.

Tabl €hdmbcal composition ( ave3ladyeet)e romi nseed ehcyt el

El e me APS3sCe(rHP) APS:0825Ni Cr HVAEsC25 Ni4C0)4
RT HT RT HT RT HT

C 5.0 4.0 35 37 12 2 7

o) 50 40 35 2 8 46 2 4

Al 20 5 6 4 11 7

Cr 25 51 18 2 4 21 22

N i - - 6 7 10 20

3.06i scussions

3. Mici'sd ructur e, Characterizati on, and Microhard

The higher porosity dcCagGteat( iBGaahd )AWPRms pr
comparerce $AEPrSaCys@-2@ 5 Nri Cc 0 §Riign.gs3. 3csaadcBisBgwi foca
PP



amount of unmolten par CeCedeast wogarmaT tdar ARSt IiSE
weak bobhtdse wutr houndi prge smallntuemg r paurst ii onltees spl at z
by oxide | ayers, mifAdoOci deks agedshzonkebpal eoit €y
t o itnhcer ease o f oAMS@EIta&w@&@doati ngs. Mor eover, previ .
CgCparticles are sensitive todaitro ab@adr maatarcielme nrt
car hgdeher BRRSpr aCyp@@ 5 Nric® at (i igos. 3. 3aaeamiai .l yd)don
by molten and flattenedusptatshwophefhdiv@€iblrpir e
Tlemet aplhlascg ypi c gl11l, 6 9@e |0 laNe GfdloTr hree s urhd |i Mger we't
and i cohews ®me cphhbhtsldeerseblyhéiimbcdg created by t
part,i cwheisl e r edupcd rnags itthyel . Odbvpetreanl £l IC¢Ce a md:0LQrh as e s
observed for all APS codthiahgs APSI gqadd®c@abuirs za
and oxi@@giphhanseofdue to high processing temperat
[ 11P,0n 3t he obbeh HYAR,6 s Fay--bcoc@andpanigsski gher con
partdaf by med/ €CegGdped rotrimelde s wh ecno actoinmpgasr &pdt St dpurdodede b
This | mppVAEss p h@gCi2ndhi Godi nhygyer goes pl ansittihc ndenfionr
degr addémi onmal car bi deatdtergirbaudtased atna ibvetyiect bheidd H o w e
particle temperatsrewhncHVAEdpcesesdhe chances
combusti pa5]f,] amgid@KRDr[edsdu]lFtisg2bal so confirmed th
compos iHVAGBmpYy e@C-2 5 NicOrat (i hlgxs armwdrsdilmi)l @ao mmamids e d
mi ni mal oxi dat iThetdadaplkeakiszatbisenved bet ween 4:
indicate the formation of amorphous or nanocrys
proc@Sismi |l ar results have BhlebdIn} Trheew o rodse rdtydnytbsod vhe
HVAF c osactaimnmigess $hey reéveal stntfegpgroea @ sclaa madirpdie ki g .
31bFi 84a a3nb4 respacbdenaddynegt ypi cal characteri st
sint eC28 NpOwdeoredarthen paritngehsessumptrate at high
fragmentatr bwomcer fi] @pTahcet gener al | oss of <carbide
| argel y déarpemadwsndinng of poor $t §ldeghtoisvie@ d opamd i qla
carbide Witlsiohut he hfrhie8thlal I[i3c phase

The microhardnieBs@bmemadsdcadme tstpg R 5 Ni( CrP)
c oatwiarsghtamalt of the ATMEcshamtdnegs i s attributed
features oHFi rtiftel yo, it mMnged par adneerssedefer t o
of t h €gCA2PSSN i (QArP ) coating resulted iIin good inte
P



compared to ot hken A®6t casat paghkaldg g hA RSnoumraaay f  p -
decohesiopdwheshcoating density, | owers the e
di stri but[ildBle soifd elso atdhse pefrfoe € t#Cyph @ €aenaotteh etrh ek e y

hdeter mimaer dWwheSosng t he ARBIe¢m2ab Nin(grP,) cdoi ast pi | nagy

et enCiCoprh acsfe as confirmed by Tthhees eX B caomadl@ay syidsp h
ol i d solution strend®hletniinsg!| gf tthlae <& dfet | HidE@mt
n areas of the naphalesdirreq gtt d einpe8df7HHNsAEICh arr d n
25Ni(4dn4 oatail d@monsitmpartbease dnempar ed t o the 4L2 coa
porosity conshamtdineldmoheeene rc,o mptar €dC>-2 DNi{ @) APSat i
The microhardness bleahragve folrue mc eédhibsy ctomd téedibdiu rst

hathitgthlee oxi de content, f{R&8]higher the microhe:a

U)WI—F

—+

3. %r2ction and Wear Behavior

At RT, al | the teste@dFiB§adiuirnignsg etxhheairbinntgstt aagl
possi btl@l cdauneo unt of adhegiacrn i and bet ween the s
count pg.Hoawwever, the COF i ncr eas,esanadsP SthGagt H®) i d i
coatdiemg nsa rhaityéhfelran t he ot h.erThee sstueddd esma nmpn cerse as
be att hi lgitee dragdshuel stiionrng from i nteractions betwee
[H,as wel lougsing formation due t[0l.8]hSe brg H eamaksdo o wn
reported for HWRYCh schBwyerdp dMCease i n the amount
in higMer e@Ehe high dwrnrf ara gk NNnE€EBsBs(LP) coat
contributes to the himar tainduluarsitya hdnersi€Cradg etohoef errtul
teseflbughmegse hecemsdsnt abet weea the mating surface
t haesper it i[d&@sThentudr eecseéthydldrc g3i[llal so reveaadlcad otn
coefficient tdmds etassref acne efracsslelgdwnierbg .t hi s i niti a
a sharp decrease in the OO0F odbeseOdses momre apdona
for APS coatings and | eSBepdeaoneased COF dH&¥AFdc
of adhesion in the contact interfaces due to tt
previously genéloweedr wewh datetbihgglsiess reached a
strain becam«iltdeperrheiagkiidd wisihfTeBi s phenomenon | ed t

t he fCOOF all thast ¢steed easnvda pervoegnsteudaeld vy r each.ed th
At 450 AC, the frictimambheh®7Viwrthohl|l owweBi gi ai
3. 6tbowever, all the testetdatcteat e g afdiesi & m®ddind

PT



the contabfdThetetfdcaeg test proceetdlseampti Rsanei
While a sharp decrease-sitrat@OF egn dne sawla s e apabastratrnvge
| owes't COF was observed for HVAF. This | ow COF

interacting surfaces during sliding because of

[ &.

Based eowmittiheanahgsips oposed wear meCfCaaand m o
CgCo-Ni Cr carad il ugdFrn &136AdRT)the APS GC> (HP) coatingexhibits the highest
wear rate, likely due to its high porosity, low density and poorly bonded par#éiaégionally, low
hardness and brittle behavior of the coattogld contribute to high weaResearchers found that high
porosity and high brittleness are assumed to promote crack propagation during repeated loading,
promoting removal o€arbide particles andelamination of the triboxide film (Fig.3.8a),leading to
increased weal5 D , 7].[AlSo, the significanttransferof materialsto the counterfacé F i3@¢2a ) ,
correlaed wellwith the reduced hardness amdhwear of APSC §C> (HP) coatingOn the other hand,
t PAeP E8C-25Ni Cr (LP) c anutcihn gveemelfirniétédod | @wer ) comp
t AeP E5Co( HR )Y atTihneg.i mpr oved wear resistance i s asc
high h&r.dmess .( Whil echaeawbewni Baad kisedaannd nat ed
oxi de | &8hbe)rt G&igount ewf arcavlad eea@dirmpl b d & CAEEC.E HP)
coat(ifFmng. 3.12c), whi ch c o[ud. Te Ibvewear due tothigh hardness hi g
was observedy Sikorskiet al.[ & where they showed that tharder materials exhibitlaw adhesion
between the trib@ontactsMor eover , t he high temperatures de
car bmade i x cohesi on OgC2BiNn Ctchoéalt I? gnnge lalnade hiemc e, |
resi $ HoMhee eas the high velocitCt@e2epNsE@Lidodncpradd

all owed the production of denser coatings with
l eading to | ow porosity. T h e sree gclhiagriabcltel ew esabriveas|
materi al transfemrtaoagf{ h®&] dAodudgi 6tgiro ntad Il ly , the ©pr
smeared surface caused the | pH.dsaéanwkar mvtbruiblme c a

film for mat isounr foénc &8 \hAEEF2INiIi Cirnd 44 pl.&Broead U Intged i n
wear volume when coAPS8r edlay ommnadeie meétchiregc otnwoa c t K
coating and [t%h©n cbhbhaet et thiiceamhmaonudn,t of shiphpsrsed
faci lbiyt aHtVAdF progoedshseas wi t hc onatt stii dx uitt reopur gohvneeds swe a r
by providing a barrier agai st smatbesriralatr emov s
previously pbutdu dkedsBilesul t s

PY



At 45t0hmed@p | ume all 6sd esft ed coat i n(grsi3@,.tsh asn gtnh d
room temperatur e conndaitteiro nase d tévdatnhsefiesio & Inlag it f & ees
coatindgs gheemat higher temper abusate ¢RFIBED 812d mp ar ¢
andlzf The wear A/PS s@efeHRQofat i ng i ncreased slightly
formation of -laubbrraisciivoeu sa npexn dd@Br dur.ieng <Llriddi ng a
3. 1Bdr iestowveelp otritaetd i tgthe wear -f atee ohr bnciodasri cdagrebw adse
t o ftorematfi dor€ 104 pt N sefoedMo r e olvaecrk, of binder coul d ha
coating's high brittotulgd¢hmess , a md klicoiwpwa fi & E®Wicea at i
spal [ §tSiiam | arrd duwedgdea f or MaPrSc:@&z2 & Ni Crc o(allaRt)n @ | ev at
t emper at uartetsr inbauyt ebde tnoe toaklildiade r @lne wdt e¢Shiemielmgpre r rad 3
werreeported by 3 .dhemadatioraolthenNeCbinder leads to the formation of a brittle
oxide layer characterized by low fracture toughness. The brittle oxide layes emaatkdelaminags
during sliding wearleadingto increased weaFurthermore, binder oxidation reduces sipdat bonding
resulting in carbide pubut during sliding and exacerbating wear through increased debris generation
and surface roughening®d.On t he ot her hand, the high wear vo
ibinked to thacdirbdsadlutpihasesf in the matrix, wh
toughness and reduUudesei ted f we d st hped sdsa bl jlydt enecoaskiew
ds | odgda maclddi deugir aghBsil g .ddin3dg%Sc)gni f intaatnetr itthséa n s f
counterpart atFihggh3ttBiieweabaneRAt hi ghCtlemper ¢
25Ni Crco(atR)ng still showed hi &£h(eHR)uvee atro rtetse sprae
bi ndree . HCAR-25Ni Cr (4L4) coating demonstrates th
tested coatings, attributed to the forfa3lilédn of
Additionally, the | ow€s(th-2 5nv¢iaCr v(o4 lwdnea od a ttihefy eHv.
|l ow oxidation of coating produced by the HVAF
bet ween the splats due to the presence of bind

and el evate[dl.2Z]lemper atur es

Po



3

> 9 N ™ O N O O

—+

(0]
a
c

d

[

Wi

Delamination

RT

‘Wear track
cross sections

Delamination

i

&

450 °C

Slias
‘%
On

‘Wear track
cross sections

APS Cr,C, (HP)

Highest material transfer

Highest material transfer

Tribe-film

P APS Cr,C,-25NiCr (LP)

Low material transfer
uin

r/
\ - Crack

i
Loose debris

Low material transfer

Delamination

P HVAF Cr,C,-25NiCr (4L4)

Lower material transfer

Wi e’
.. Smeared layer

Carbide crack
Jear pit

Slig;
1dmg dirﬂctj
on

Lower material transfer

L e

Adhesion
Carbide crack

it

FiguBdcBematic of wear mechhasethsAPSracdr dYAR m
RT and. 450 AC

.@onclusion

This study =evalwuated the tribologCscal aper f
emented chr «CgG-8 INic@Gr pi depgsi ted via APS and F
|l evated temperatures. While both met ho@Ggl-pr od
5Ni Cr LP) had higher po€glsadrnt etnhta nwatsV-alpo vaepra d ii
oatings due to carbide dissolution andCexi dat i
HP) coatings had higher friction and wWeGr at
5Ni Cr (4L4) doewersdtctlheoanAP $ hlevat s hgwed hi gher
mbi ent and el evated temperatures due to its br
and, the HVAF sprayed coating outperformed t he
he prdoeamad iom of a smeared, Bmowtd rmrasdedmudbdmi:
n opti mizi ngCgB\N2ANIidCrp ocseiatteydhgg bhie binder comp«
nd i mproving wear resi st anictei mnw,eri mv @ atnigga toif n g
ompositions and testing performance undemr mmor
urability.

2 M



Ref erences

[
[

[

[

[

[

[

[

[

1]E. A. Baskhar one-Tuii bnneoRtrnigr dn.e 8T, wbrBor ddraas chhi .n gA i
Engi,ne@$, 2010, doi: 10.1017/cbo978051161684F¢
2]R. E. Chupp, R. C. Hendricks, S. B. Latti me,
J. Propyl yolPoi#B&lr9,pR.003%13 Avail abl e:

https:// api.semanticscholar.org/ Corpusl D: 109
3]1P. Stoyanov, K. M. Harrington, and A. Frye,
Based Coatings Under EXamemd .CarRt a2ultd®.7C & n2d0ixmi.
doi 1 0. 10020074/0s8171 8 3 7

4]1K. Hol mberg, A. Matt hews, an@Goht a®Rbnkmachani s
sur f aceTrdielsdlg.n plon 33 1 ,p ph201,071998, doi : 10. 101
679X(989.00013

5]A Roy ahFriction and wear behavior of suspen
at el evat edSurefmp eCama tyir egosl OT edcbh2n,olp.. 129097, 2
https://doi.org/10.1016/j.surfcoat. 2022.1290

6]A. Pauzi, M. Ghazali, W. F. H. W Zamri, and
and Hardf ace Coatings-Ai Re@dMetwwabvrobi.ikUQApOMA.C ,a
doi 10. 3390/ met10091171.

7]A. Khitab, Z. U. Abdi AThdr. malh merds u laantdi o’n &Kfar
cl assical materi aRscamtd Adw ama ¢l =orrii-daadl Mdudiotd ima |
Cementitioys MCohkmabhsnatreasn, F. Shaikh, and G. Y
Publishing,i3@®22, pp. 277

8]G. Houdkovsg§, Z. Les8nek, .-T8mperahouvuge WedrF
Oxi dati on Beraas\eldorHV(DfFJCCroG’ihlemgnS,("-Bplvay Teadhnaol
pp. 1119759, 2018, doD10&®B7 1007/ s11666

9]M. Yang, Y. Liang, T. Huang, Q. Jin, D. Kong
properties of <car bbased eammyp s irtea G& wataierdd Nt a
2024, doi: https://doi.org/10.1016/j.ceramin

10N. Vashishtha, R. K. Khatirkar, and S. G. Sa
WC12Co,-10M8Cr and Cr 3C21 Z5Nib@d .vcoalatt ii®®@5s,, dOA.7 .

11R. Rubi no, D. Merino, A. T. Silvestri, C. Mu
optimizatitNdnCrofco@rt3i Qs produced byucdmpact
Coatings WVedhndale5, p. 129570, 2023, doi :

https://doi.org/10.1016/j.surfcoat. 2023.1295

12§3. Mahade, A. Mulone, S. Bj°rklund,- U. Kl eme
dependent Wear Behavior and-NDE€gradationgs Méehp
HVAF and JHVODR,ter . ,Re9D.21Technol
https://api.semanticscholar. org/ Corpusl D: 239

133. Mahade, A. Mulone, S. Bj°rklund, U. Kl eme
i ncorporate-pbataphetrtsprnandbldWAGEr3 Gc2oat i ngs f or s
perfordhandMBeésr . Techonol iB3A,2,pR.02498 doi
https://doi.org/10.1016/j).jmrt.2021.04.096.

2N



[

[

149.
Me

pPp.

15R.
h e
cCo
ht

16YV.
we

Matt hews, B. James, and M. Hyl and, AThe E
chani sm of Bl eeNdEé€d ColwdiehlgerB.C2Sprvay . Tadhn

71112179, 2010, do0093&11007/s11666

J. Alroy, M. Kamaraj, and G. Sivakpmay K i
at treatment on the triboflogl capr f4p&d CCmMaa@
at iSugd, 0 Coat,i nvgosl .T ed4c6h3n, o Ip.. 129498, 2023, d
tps://doi.org/10.1016/j.surfcoat. 2023.12914

Mati kai nen, G. Bol el |l i, H. Koi vul uot o, P.
ar behaviour of HVOFbaasnedd H\WWeR i supgrikh,§&3d8 §Cp .3 C

SV 1, 2017, doi : 10.1016/j .wear . 2017.04.001.

17YV.
Mi
20

18G.
N |

10.

198.
me
Co
ht

2 01] .
Co
do

N N
N [
O X" O=S = <

N N
I w
N0 TOOXR PTI~= SOUW

—_ -

2593.
Su
VO

2 6N .
V O

Mat ekaBhA&nSt udBa soefd CaWBERPHYAFayed Coatings:
crostructure add Chebimde SRet@d¢ n Tiedh Nalb.6 , 6,
17, doi: -0003®®7/s11666

BeltelalhiiS| i di ng and abr as-ane wWe/pArrapedaCr 83GCGP2
Cr hardmeWadr ¢coiBt55i98 85,00 2216, doi
1016/j.wear . 2016.03.034.

Garibol di, L. Rovatti, N . Leci s, L. Mondo
chani cal beMNawirourheafmaCrl yCxZprayed Swmrat i ngs
atings WVedhnd®@®, 2WA.6,83o0i :

tps://doi.org/10.1016/j.surfcoat. 2016.07.0

S. Batraev, V. Y. Ulianitsky, A. A. Shter
mposite Coatings dur i ngl.DeQoompaotsi.wInS cSp.,r arya .n
i: 10.3390/jcs7020071.

ews, fnNDevelopment of higilNicar lziodhd i
ded p3uwrsfma Ga taiynvgos , 10ed®d®@)q [p.20 1 8,8 6d
doi .org/10.1016/j).surfcoat. 2014.07. O
u

pbacher, D-R.ZhRahnigm, VD. M. B\acgh-tea, a¥h.

d1
0

r
ntS pafaykRlda Cma& O owmittah nMentgh aGmes f o-r Conv
CJr3CTZheorm Spvay . Tedhinmeodd.9,8  20d/md., doi3

0 5@314686 6

7.
F°erg, M. Bl um, A. Ki
i-cdher omi um car bi de co
atings WVedhndlba6, pdpo0
tps://doi.org/10.1

0
U. L, T. P . Bhar at
i
4

l i nger, J. A. Mor eno
i ngs via highSuwrefl.oci
1 i

h, B. R. B, and S. R
3C2 Coatings Deposi . oJn. LEonwe ngga.lr bSochi(.,S t Eeregl
2022, doi: 10.359 i jese.d2524.0310422.

Mahade, K. Narayan, S. Govindarajan, S. B
spension Pl asma SResiydtnagntt oC DxkdptoeseitLlddetairB &
l. 12, 2019, doi: 10.3390/ mal2152344.

V. Keotb,earinOhkr o mi um Ca frReisd esg ainnR Wogad s Enoggs. , OR ¢
l . 40, nid0O01¥%2, 2PpR.0,1@®H3 : 10.3103/S1068798>

I
[
a ;
/'j.surfcoat. 2018.07.0
S
d
[

>



[

[

[

[

[

[

[

2 7R.

FauchaiSsal aRs.,

AiPar ameters

Bvit.c hRaartt,

Controlling

J.

Li qui d

F . CoT®mrerze,

N . C.

Pl ak.maT ISegrrm.y i

Spray Tewgbhol 1717590 0.200,8,p@.0i-@AII1IR21 007/ s1166 ¢
28Y. Mati kainen, H. Koivuluot#®wasendWVOFHAVYAFIi st
sprayed coatings: Abrasion, dry paWNetaircvioel .er o
44847, p. 203188, 2020, doi https://doi.org

29). Janka, J. Norpot h-M. RBeT ga<amedii HV\FFalyieel e,
Cr 3-8RPCr Coatings Deposited from Feedstock Po
Mi crostructur e -Ftorremas i omr asnidv eHi W€ ) (ReBh esrt ra.n
Spray Tewgbhol 26,11wW8.1,7 20Ay., W6ADT61A0L. 1007/ s 1:

30F. Ar hami and SprBgerdEHigailly, Ciisxstalline Yb2
Coatings (EBCs) by Atmo3dphEhecmPl|l @pmay SP8aaKN
2023, doi: -00Q219®6/ s11666

314. Tang, H. Kim, 1. Yaroslavski, G. Masindo,
Barrier Coatings Produced DheAmi aSpiSagp2dslo
I nt. Therm. vSoplr.ay8 3Goussf,,. @11 57doi: 10.31399/ ¢

323. Rotich, -IN. LKinglk iar@uiie,'5, T .AEffect of Varying
Temperature AppSpcayednsdl 6f 5Eb&s AvmNie2 Tiad .s5 C
(Baselkpl 15, p. 7198, 2022, doi: 10. 3390/ ma

33¢J. Li and B. Sun, fnEffects of spray par amet
coatings sprayed by a | ow power Thias®a,l itdr &h
vV ol 450, 1289, 2204, @&®&2: https:// doi.org/ 10

3 4N. Lo-Bafimel os, A. Dzaz, D. Rodr2guez, I I
Al nfluence of Atmospheric Pl asma Spray-Pararr
Al Coatings on AluMebhamsA(BageSlihst mate dq 2C
10.3390/ met11040612.

35. Torkashvand, M. Gupta, S. Bj°rklund, F. \Y
nozzl e conflguratlon and particle size on ch
sprayedCWC courifn.,gsCaat,i nvgosl .T ed4c2h3n,o Ip.. 127585,
https://doi.org/10.1016/j.surfcoat. 2021.1275

36V. Mati kai nen, H. Koivuluot o, P. Vwuoristo, J
Geometry on the Microst fSpatayred0 @eCHCPramper€n 2

25Ni Cr

10.

374ASTM,

ChbatTmhagrsm.o

100 70 5@711676 6

t her mal
0O1R21.

Bi dente sdafkMi cr ostr

38Q.

Coatings
2335, 20

3 9H.
spr
v o |

Ot sub
ayed
9,

iASTAMM ESt andar d

sprayed

23,

o,

by
0

H.
h
4

coatings,

d o0 2:3 116@6.51

[
4

E
gh
, 2

uctu

Deposited. bhe
00

Ki

ra, K.

power -fpuleals npar Joacnedshskersgpho $

PPO, 40
>0

r
P
7

a
8.
/
S

Spvay . Tedhaad.

Test

S
hi

10.

for

t hod
vV0199®4,dmic.

Mechani-Albla,s
fpv ayWOF8®&hh o
1666

tdNk€r a@amed meét

1007/ BF0260

201 ®p.d®&i8:0

det er
R@ab

eand
o . 8,

Uola
prayi
8553



[

[

[

[

[

[

[

[

[

[

[

[

4 0Y.
spr
htt

4 1N.
Par
by
10.

4 2A .

ZhanghHiegnperature tribologiealethebapens ocr
ayeeNi @Cr3 Clantti.ngls., oORefr act voMet 95Hapd WMatcd
ps://doi.org/10.212016/j.ijrmhm.2020.105456

Mohammadt aheri, Q. -GYamreg,, Wi.Thlei . Efdred t] .ofCd
ameters on the Structure and Mechanical P
Reactive MagQedtriomgae3 put8t,ermiong,3¢ 2018, doi
3390/ coatings8030111.

Ranj an, A | sl am, M. Pat hak, M. K. Khan,

coatings for improved suMdauwwrmahd mé8hapi cabb

doi

4 3N,
Ma t
r ou
htt

4 4@,

charact er inotdii dd eadf mudilNa GodabdbaCr 8¢2 KRpwvay
Adv . 1

4 5N.

Pl asmdas,ed man

Pub
460 .

Tec
4 7H-B.

Cr 7-

The

4 8R .
me c
v ol

4 9Y .

https://doi.org/10.12016/j).vacuum. 2019.1

Mahajan, S. Rajpoot, and O. P. Pandey, il
erdisalts Isynthesis of chromium c arrebd weet i(oCr G
Remhom vol . BA9,pR01B13 Availabl e:

p://dx.doi.org/10.1016/j .1ijJjrmhm.2014.1

Shi, S. Liu, l rfan, Q. Gong, H. Wang,

Mat evro.l .Sc6il.i5d, 2A022dp.d&i260D4210.

e

5

L. Fauchai s, and J. V. R.
ray Fundament £lham: FISpmi Phgw
1, pp. 57

A Babu, P . Pat hak, A . El ki n

| . Boul os,

S
l i shi ngi8320
Dzhurinskiy

e

iy,
wear properties -9pr ayendNs@m2CDamppls&simd co@0 ani

hnovlo.l . 428, p. 127904, 2021, doi: https:,

Zhu, J. Shen, F. Gao, Y. Yu, and C. Li,
cBi,Cr)3(AlI ,Cr) Coating Deposited 8rom Cr
rm. SprayvyoTecRoogRtOd, 201 pp.dRBBGL4A8 1007/ s

Schwingenschl °gl, P. Ni ederhofer, and M.
hani sms within hot stamping consWdeaering t
14226 p3p8.9,3728019, doi: https://doi.org/ 10.

Liu, G. Yang, Z. Hang, H. Fu, N. Xi, and

Ce0O2 modi#1f2iCeod cWXat iRmg 0 E@lrt h37 ,i6 h®, BQ1Pp.ddi

htt

5 0A.
sl i
Ma t

51N.
on
pp.

52D0.
Beh
65,

53] .

ps://doi.org/10.12016/j.jre.2018.121.007.

R. Govande, S. Tailor, B. R. Sunil, and R
ding wear behavi odr2Cof ctdlmat i.m\gQPO Repfrraaycetd. W

ervol . 111, p. 106109, 2023, doi: https:/

Federici, C. Menapace, A. Moscatelli, S.
the wear behavior of HVOF coaWeangwvodry 3$6IE
1333246, 2016. https://api.semanticschol ar . ol

Feng, M. Shen, X. Peng, and X. Me n g, ASur
aviour ofBuAadylori Ruibber ( NBR)r ibmdewnw da@itlt
no. 1 p. 10, -0210®17683 doi : 10. 1007/ s11249

H. W. Siu and L. K. Y. Li, AANn 1T nvestigat

2 I



[
[

[

thickness on the friction anndetwelarc obaethianvg oounr

stewWdédarvol . 237128wWqg. 20,00pp .do2838(09 IWXOABI D 0 4 =

54T . F. J. Quinn, AReview of oxidati omalbowear :
I nt . vol . 16,i2hb, 5983Pp.dRi57 htb6F9IX(BEHOLOOBEG/ 1

55N. Vardavoul i as, AThe role of hard second ph
i ghpheedbasdsedkI madearivaolls, d 7371 1mMg. 1©94pp.doliQd>b
ttps:// doi .-D64H8 1D43)1DADBED043

5 6N. E. Sikorski, ACorrelation of the Coeffici
echanical ProperBasgsbovmiEnylS8thagikimo RI6Pp.dai7:€
0.1115/1.3656577.

57Y. Liu, T E Fischer, and A.-sDreaayte d Aalounpiarmra
oatdimgg ostructure, mechanicalSupfop€&€ntaite ngatr
echnovlo.l . 167476 no20A3, pgoi 68htt B97RNORI)N.001B Y/

58 Asuquo, R. B. Nai r , M. Fotoohinezhadkhal e
Tribological BehaviSpmr agftldAtCnad p m@ise omP| &9 ma

o
©

o
o
=< NWVWDJ PN P =2 0 P22 5T

(o]
=

o o -

oo~

r

echno2024, doi :-029801.8448B07/ s11666

Rukhande, W. S. Rat hod, and DbaBbds&batii
-He gher at ur eTAppbI cvadln.dnf2B,8,pR.02247 doi

. 24874/ ti.945.08.20.11.

S. Bori sov, Y. G. Tkachenko, | . N . Gor bat

shin, AWear -bphayedra:dnn‘tblmdbmmmaatlngs at te

100086y 0 Powder Met avloll.. Me7t,.i8rk,r aln®,7 8pp .d 080

.1007/BF0O00796371.

o T -
N S

eRu aREf fects of SiC on Microstructure and
ayi n-giSCrC2®@dwdeTherm. Spwvay.T8RhNMais.1,5, pp
3, doi : -0Q2QB19H/F/ s11666

6 2 G. Tkachenko, A. P. £pik, A. P. Garda, I .
det ondaetpioosni t e dc acrhiimds@® uceno at i ngs &lt0 0 CeBithyedr at ur e
Powder Met al,l .voMet .1 7Ciradm. B9 7®p.d&il9 10. 100

6 3N . Beher a, M. R. Rames h, and M. R. Rahman, f
perfor mafmoeCrd fMoW@n/ANIWCr / Me6 Adld/a tadMaala,ro. ,Char a
v o | 215, p . 114207, 2024, doi : https:// doi

2 P



Chapter

4 SUSPENSI ON PLASMA SPRAYI NG OF
CARBI DE COATI NGS

Il n this chaptereé
Themicrostructural studyf pure silicon arbide (SiC) powders sprayedith suspensioplasma spray
(SPS)technique have been provided. Thsting, characterization and dagaalysis was performed to

understand theoating structure
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4.1 Abstract

Si | icaordiacd@eSlicCoati ngs have become pgoetnmgpretriaalur
tri bodpplicaatti lmeisr dhuieg hsdcrhueenti wcrddd s asadadh dris ybel i e
coatings cannot be pdreopcbes®istilesdc obnyp o shiemrgmanl a tsuprrea ya t
Howeves, stbhdy achi ewead etct®aa ICil g ss ibtyi drowofpower (
(HP) suspension pl aMintar ossptrrauyc t(uSPaS) opbrsoecrevsast.i on s
exhibited -ahapeeseoldwmmaaarr asctt rewevizegs hbitylye t he HP
exhibited a feathery col u-mphumstar uptwda mnmdr gal
Al t hough the EDS analysi gomonenealxedathatn, Sit@epadr
effective in producing SiC azwmadi hgstwet HR ms Br &
expected that this preliminary study will open

Keywo 8dkiacrobniSdaessp,e n s i on Tphlear spreah ysopcrea§/a s t ur bi ne e
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4.2 I ntroducti on

S licon casbiadeef @8mCr seusna rgibalsitclad s pogdwpBad i €
t her mal astabhkemtgal hi gh str enagnldo,w hciogeh ftilce rema
exparnfslDoe to these excevildentwdp mgp enspilpée 0,4 teXid @ vies
i numenoawest i ncl udi ng tahaedr onspptancuet ik aefdfe pAfl & ]
Mor e oSvie@a,t er irad sonameended $wheraeppllawademwmsni ty and

capabilitile4] are required

Despite the attracnawkekd pBio@ emaitsesshalhph@es mag nn
astendsubtloa@ad @® COQunder atsnoprsphemd,ict maki ng depo
chall gnpJjMopg &]Jo v exri,d akthiteoens onfat @ir € a |l si nafrleu emssuea r Dy
facsom@at ut dsewodist r at e, enovisn apraaetnitg | thesi z e, an
addi ti veRecuaspepdr opcav épar S§i €desco hp @snr i in g nusspuraal yliyn
involvaelepbsi t onetl adat hcear ami ¢ binders to facilit.
all owing Si C composit98ocoians na@init@®@bhkaeadepasi yedses
a funcgrnadad!| $i C/ Cu met al bmyultad mamestphrwaoysi t ¢4 o WM
results deltowp otshidti on of the Si C and thermal exry
rapi d soobc dAirfri eethdalialdlnh v e s tripga tt ieap @ar desagthwe nth poor
contact between the spl atep ocsfi taeldu miynif.Mmbreea t6lpS iac
all Sjt udew eabhs t heoff ad®ar@pcoastiitoens ytotartii inmg sa lulsminmu m ¢
as si ntcirdmee tah tdhsdo mo gdeinsetiorobsb it de bi nder bet ween
As a resohtsngthbhbtained were characterized by
cohesive strengt h, shtirguhc tpuorreo smatkyi, n ga ntdh ep ocwodegtriyn g
Mubarok andf 8spal rapgased the successfulbsidegos
t her mal spray detHommzlwéeeoqoatichmagi ggiews | ack of si
fimeres for med dmet ardgp lpipoo a g Ewigwig arle port ed t he d
of compact and homogeneous coating with a | ow
carbide deposited WMWhifpgkbbcemnerstprgiyalbhbedepbsistuicar
coatings weralkrepbet endt, h otdhse satvaati @ dddedl bowée snidriendg
expect aiidcoerr samditoces.r i a l

Recogni zi mg stetpaxcatbloe eps essvemlhopessi bel ity of

pure Si Clocotahtei nagust.hor s knowl edgper,odpwmcreee se dann clonh
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coat Susgse.pd iaema( SsPpY)aweass empl oyed fornthepdeposi
Pl asma ppoag damwlgr ant ages such absethtiegrh cdoehpeos® ifotni oant
the coatisngbswirtait ghhesempeeme ugne kdeamgsitthy s pr oces
pr oduceinesgat[i hdet asulspensi on plasma sprayiagr (SP
pl asmaAB® rmryo deersasis ltstpmeay i ng of finb ©Omeds[alodek e
Mor eotvheer ,SPS pr ocfeis@e d ade msoeh iceeooasttiorfiugew utr erst hs t a
hundreds of nmdcacatdifddg,sTdisk4tgamijic@ambhano or microns s
into the coemperfat hmeve hjlg&spsarrijaediehkast meét ed and
towards the subsfrn&tfes[tl&]form a coating

| n t he prdeespeonsti ts tond goaft i pnugreeh weiv@d using | ow |
hi gh pBWwesp(alyhemaedhddt er, akmadmisc rwes teu spicehhgerogrhme d
resolution el ectrraoyn dni.fEhrrossccporpeyhiamidnaxX y study wi

future research and optimization in this area.

4 . Bxperi ment al met hod

4. 3.1 Feedstock materi al

The coating feedstock pewtdiemsawzsedsi hi ¢dn sca
powder, supplied by ShanghaThdupamiPmodly mgo wderc h
suppwasrmlla-house analysis of the powder partic
di spersieaget hedatploavs®@ingi a particle size analyze

UK) equipped with aTwetrdssapéessbopldpcesssbeyd. ir

4. 3.2 Suspension preparation

The present work wutilizedsehrmiamrod meatsr it ef d &
pl asmlahg edeci sion to use ethanol as a soltvent i
required to vaporize et handl ktehateMdetread v eorf - ott thee
ups of suspension droplets ar e a(chli8ewveeodnpfoassitte ro
of the Si C | oadiwa@ iwt .t¥hei ss ucsopnepnosgibobrsl o v If 9 ©¢ s i t
producg malelusempensi ¢ri,4daoglsi hfelr owab281ii ttyhe sAuspen
polwcrylic acid sodium salt) dispersant with a
UK) waandsadded obDhowtBe fr a hga cloihe \dd B b | ed isslpuerrrsyi oc
of particles by el-®tcemios $[raztP Joock cslid dsrd @iad Imotny & wea cetdr
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and the sedimentation Fiantael lwa s tned sstuursgpdeosstiddEP \
sedi ment ati onafltoewarsl tshied e clt edmabl £eh eAUat pern seéskd e b |
the colloidal stahelopyj msasvgowsseperpgismpathidnol
t hcear bi dewapsowgdreardual |y di . dper sne &k sitn €ir malls s eblys b u e
magneti(cThdrimakirsher a%aoenc(edsioonn chSA)USA )Y ad m®mio
beore sphreeyaifripgeire p arheed s d epetnhpeit @pm@asuri zed cont
amechanically powered propeller for theto oanvtaind

sedi meot adagohomet &aki sl i d particles

4. 3.3 Coating deposition

The s ussppernasyiionng was iMegrtfeoccrhmeAdk i al I KN o rptlhawsensat
Mettech Corp.Th@éaneda 6clkeeguoeconwasgvhng hp lasakmaw| jt en
injeccieoapmowder directly at the¢2.&Fprmt dretrrowira@lh e
i njecftfiems stoHdeufif ocsl toeattbapftaantyess emlwehema r adi
fimarticl ed 2drh ed rdoepploestist used phoamsepeagragtabuha
i n TdAwe sprayidgsc gmdaiwewems( h Rgpb weenrd ( HP) wer e ¢
for the deposition pbwddemmilahdiee Si CavewspBbasmka
power causes moderate melting of sud@eMosrieoonv edrr,c
hi gh pl asmdienpcorweebra e€sma hal py, whipalo perr it a mpgpersh ntdH ee
adhewi blhhe s | RdHthrearteef aué  dzlif hgegr ent spraying condi
better wunderdsitfa segireama mdyii tnidevruse nce t he misandst buc
identify the opti mal condi t iTdhres sfidri coap acsirtbii rd
deposi3tOddd sdmasitndeelssodamenc2d5n4 I 25.4 1T 4.3 mm)
sur f acesblwesrtee2Ggmiisti ng@l umi na akrcasiawse pairet asaudr g sa c
comprewasdiuaiedemovef gomtt hessdhblrdr@adfehesnusdlacter a

preheat edC ubpe ftoor e1 5s0Opr aghegehoeeaoahanhe ¢@&fings
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Tabl 8P&. pbarameters used for depositing s

Deposition paramet Spray mode

Low power Hi gh power

Totlhadsma dAwm) hl ow 245 210
Solid |l oading (wt. 20 20

Sol vent Et hanol Et hanol
Power (kW) 92. 3 111. 3
Enthal py (kJ/ 1) 8 13.5
At %) ( 75 45

N2 (%) 10 45

H2 (%) 15 10
Suspension feed ra4b5 45
Spray distance (mm75 75
Numbepasosfes 70 35

4. 3.4 Characterization

Thmi crostrucofsi €@bwl edmtewre nyscneendnel agtmr onoscopy
(SEmMBU8230, Hi tachi, Japan) built Whpbwearr gnc
coat wenrgesr e p &dmoeucht ed, , asrefcatliipsaleadd r di ng t o standar
preparati onT h(eASalvM rEa0g3e) caat deget mi okdeasdwrepor
cresescti onT hiemapgheass.e analnys ic®o addeentgesnugeiPdigli | | ps XOF
PrXr ay d iofnfestyasctMearh vier n Panal yj i waKlr abthil @vdearem sUK ¢
0.®2ti me pero &t B8p06sCasebpf cEdgveas2 used and op
apower of 40.Tkh\e aorbd ad nendA di f f raancdt oi gnrdaenxse dw eursei nagn
anal yticlhtuwbstb hXRMh eseyRBRamanpememaaur ements were per
|l nVimectrometer (Renishaw, UK)T. lAeinsopwas alis end ct

excitatiens=Irdadb &8t bean am nAld aser source.
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4. 4 Resul ts
4. 4.1 Feedstock powder and coating

The powder amar plaolt o gy eo &ii & ep odw dsErhreeic lsaustv iead n ¢ o n
arperesentedd i nThFre gSi C powder 4Inmmompoi sgg o0h &Qgg
particles of random shapes (praoruts dcd eessbbreatnwgeeemng n d i
tens of nanometedSheopartewl ai sddIne tkes s rDivb (t1i09 n
and Dwa@éaj3ur €Od 6m3d . B, anln2 respGamparilnyg t hese
wi tdiseé hprovi ded nbys dichBEagsiunepaobhisemihes oRiegCar tfiocrine s

aggl osvefr aamefceswsninz e

b

(o]
o
L

Dv (10) = 0.63 pm
4 Dv (50)=1.06 pm
Dv (90) = 1.92 pm

P D
o o
L

Cummulati\"e Volume (%)

N
=}

o - N W A O o N ©
Volume Frequency (%)

ik
o}

0.1 1

Particle Diameter (um) Logarithmic Scale

Figure 4.1 SphpMwidmagenoofph®il ©gy (a), and partic
powder (b)

Th®EMT'r essesc $ainodn m®dEBpo BigCo atwintghs | ow power (LP)
(HP)pragsent é2hb. T hleBEiogt i nsge cctriodis) e( xFhi egb. d &l o syeeh a p e d
or bumpy microstructure which i s sinsi[l2&r] ,t d 2t7
Whereas the HRiPd2teoxahiimigt ian feat hery col uinmtaer st
columnari gep&uandr whorcdhs were al so [rz®loreedeby
can be obsehvedB ameweHtiBe clbat omgshe crests of the
indicating that the cooant gmhges mmoéoapheloggp2Bpbeonogf
avertahgae kabdwa coatings produecoadividPmomassu biéd e pd ay
20 Om and 33 N 22 Om, respectively. This differ
number of passes usedt witchéalhe olf Pt p{ @@add.dd,é avEDISY h
mappamagl ysceaodomfaienenspr esence of silicon, car b
t he distri buntarogni noafl |oyxsypgoesogarta isfiuaggrgthie P s plRaoyart g s .
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200 pm . 200 pm

C Kaxl,2 Si Kal C Kal,2

Sopm T Sopm

™ Sopm 1

Figure /[dEDRSNSEMs obBetheooarmssrostructur ec wmdt iSPES
(a) | own(@o weirghh power

The XRD papueep®dw@&dtdh dsgarsayed coatingsthd&are p
b.The poiwapdrss € FBr edmhaiymleys { BCE t ur e 03b5s.e6tA4kld 4air o L
(2000.(22 0)&@md(BA[13)Wh er eas -sipnr atgtedd i(aEs) § by 4r educt i or
t he pRiaesmd semaneaappesadhanl vy a single phase is det
coat.i nMposr eover, di ffracti-caausgeakd ec awrerr e€s pdrsdkirvg
ar odBdhoAamAs . [BAVhi cahs sisonii dtheed | ow t/hdiro-kmiefsesr mintdy
both coatemgdende of odke dampsamshibtciBotags o fwiutnhdi n  t h
detect abt EXeRrDange of
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Figure 4.3 XRD data -Q@mrnaysed Ipowdaend. minglh (g

Raman s peiciiir 4 .alcporpeystematr sacef st Bt and HP <coat.i
sprayed Raman taonbanlbyostiha Icsoa td cmgfsi r nva dC tpheea KPEr9eds eorua
cimtwhich consists mainl y[ 2Z]la caubsioc appopleyatrysp et hsatt
observed for HBR4dwcathiinggheirn tkhiagh. t he (tFMdagsde. oblse 1
presemoea pdafmws cr yst aD512i3nle ap @ @k Saptth iswaprdéed ect e d
both coatings. MorlesddwWarAlCr @atadRamark csawirbroens gpicarsd idre
f dorot h ¢ o atnidrPg b adhed monmgsttreathreedlg be st s Bighat wlashdong:
repolryt et her autospgemnhiafdlnwipd idCHemeedb b dfi oqgru edse posi t
of Si C [c3oF|treer pgsRea,matnhespectra resul obseovikebahe
4.3 which md sevishemSieOof silica

Figure 4.4 Raman spectrum of (a) | ow power (b)
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