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INFLUENCE OF PLASMA JET TEMPERATURE ON THE SYNTHESIS
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Thepaperdescribesa processfor preparationof yttria stabilizedzirconia(YSZ) coatingsby plasmaspraytechniqueem-
ploying non-equilibriumplasmaspraytechnologyat atmosphericpressure.Yttria-stabilizedzirconia (10–15wt.% Y2O3)
powders(10–105¹ m in diameter)have beenused.Plasmasprayedcoatingshave beencharacterizedusingscanningelectron
microscope(SEM) andX-ray diffractometer(XRD) for the microstructuralstudyandphaseanalysisasa part of a process
optimisationstudy. Thedependenceof microstructureof coatingson initial powdercharacteristicsandthein�uence of deposi-
tion temperaturein therangeof 3000–3350±C on thestructuralcharacteristicsof plasmasprayedcoatingswereinvestigated.
By thedataof XRD analysis,all sampleswereobtainedwith cubiccrystalorientation.It hasbeenfoundthatcrystallitesize
hastendency to decreasewith increasingthe depositiontemperature.YSZ depositedat 3150–3350±C arefound to have a
nanocrystallinestructurewith averagecrystallitesizeof 75 nm. The samplessprayedusingcoarse-grainedpowder feedare
characterizedby largergrainsizeandcrystallitesize.Themainparametersin�uencing thecoatingformationaretheproperties
of the initial powderandtheplasmaprocesstemperature.TheSEM analysisshowedthat thebesttemperatureregion for the
depositionof YSZ coatingswasabout3200–3350±C.
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1. Intr oduction

High temperatureoxideceramicsbasedon zirconia
arewidely useddueto their excellentproperties[1–3].
Zirconia-basedceramicsfabricatedusingdifferentpro-
cessingtechniquesaresuccessfullyusedasastructural
or a functionalceramicmaterial[4,5]. In recentyears
agreatattentionis focussedonthethin coatingsof ion-
ically conductingmaterials[6,7].

Advancedelectronicsandup-to-datebranchesof in-
dustry needadvancedmethodsfor ceramicprocess-
ing in theseapplications. The requiredpropertiesof
ceramicmaterialscan be optimisedby the process-
ing methodand its tunedparameters,becauseof the
strong dependencebetweenprocessing,microstruc-
ture,andproperties.Thepowder-basedprocessingre-
quiresmulti-stepoperationswith high temperaturesin-
tering processto provide the �nal propertiesand di-
mensionsof the �nal product. Thesestepsare long-
lastingandrequireagreatdealof time to complete.
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Plasmasprayingcanbe usedasan economicalter-
native methodfor the depositionof ceramiccoatings
on varioussubstrates[2,5–7]. Good mechanicaland
physicalpropertiesof plasmasprayedcoatingsarede-
terminedby their microstructure[8]. The microstruc-
tureof plasmasprayedcoatingsis determinedbothby
processingparametersandmorphologyof initial pow-
der[9]. A lot of plasmaprocessingvariablesdetermine
themicrostructureandpropertiesof depositedcoatings.
Processgases,�o w rates,voltageandamperage,spray
distance,locationsof powder injection in�uence the
melting stateof initial powder in the plasmajet and,
asa result,thepropertiesof obtainedcoatings.

Therefore,anattemptto obtaindenseandhomoge-
neousyttria stabilizedzirconia (YSZ) coatingsin the
temperaturerangeof 3000–3350±Cwasundertaken.In
this study, we report the resultsof the formationand
microstructuralanalysisof plasmasprayedYSZ coat-
ings obtainedby non-equilibriumair plasmaspraying
technologyat atmosphericpressure.The objective of
this work wasto examinehow the initial powder par-
ticle sizeandthedepositiontemperaturein�uence the
structuralcharacteristicsof plasmasprayedcoatings.
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2. Experiment

A specialtest benchwith long operationtime and
stableoutlet plasmajet parameterswasusedfor YSZ
deposition[9,10]. The averageoutlet jet temperature
wasestimatedfrom heatbalance.

In the present study commercial YSZ powders
(CERAC, USA), typically 99%purewith 10–15wt.%
of yttria, wereusedfor thedepositionof thecoatings.
Initial powder with different particle size from 10 to
105¹ m in diameter, furtherdenotedasZ1 with particle
sizeof 10–44¹ m andZ2 of 44–105¹ m, wereutilized
for plasmaspraying.

Polishedstainlesssteelsheetswereusedasthesub-
stratematerial.Prior to plasmaspray, thesubstratesur-
faceswerehand-polishedto 0.05¹ m �nishing, cleaned
with acetone,anddriedin air beforethey wereused.To
obtainauniformcoating,thesubstrateswereplacedon
acylindrical �xture, whichcouldrotatearoundits own
axis during plasmaspray, 20–100mm away from the
exit of the torch. The thicknessof the steelsubstrates
was100¹ m.

TheJEOLJSM5600scanningelectronmicroscope
(SEM) was employed to examine the microstructure
characteristicsof plasmasprayedcoatings.Microstruc-
tural investigationswerecarriedout for sprayedcoat-
ings and for powder analysis. The crystal structure
of initial powders as well as crystallite size of the
plasma depositedcoatings were analysedusing an
X-ray diffraction(XRD) (DRON UM1) with CuK® ra-
diation. The meancrystallitesizewasestimatedfrom
integralwidth of thediffractionpeaks(111) of YSZ by
the CrystallographicaSearch-Matchprogramme[11].
Themeangrainsizewasestimatedby linear intercept
methodusing SEM micrographs. The coatingthick-

Table1. Plasmasprayingparametersfor YSZ coatings'
deposition.

Amperageof plasmatorch,A 170–220
Plasmajet temperature,±C 3000–3400
Totalmass�o w of air, gs¡ 1 5.5
Totalmass�o w of hydrogen,gs¡ 1 0–1.5
Sprayduration,s 30–60
Spraydistance,mm 70

nesswasevaluatedbycross-sectionalscanningelectron
microscopy observation.

3. Resultsand discussion

Seven groups of sampleswere depositedusing
plasmasprayingfrom initial Z1 andZ2 powders. The
mainparametersof plasmaprocessregimefor deposi-
tion of YSZ coatingsare listed in Table1. Changing
plasmagascompositionwith additionof hydrogengas,
theplasmajet propertieswerechanged.

Thecrystalstructureof powdersusedis cubiczirco-
nia. After beingdried, the initial powderswereused
for plasmaspraying.Characteristicsof plasmasprayed
coatingsversuspowderusedandtheoperatingparame-
tersof theplasmatorcharepresentedin Table2. Spray
durationis 30–60s,spraydistance70mm.

Investigationof thein�uence of initial powderprop-
ertiesandplasmaprocessparameterson theproperties
of plasmasprayedcoatingswasundertaken analysing
the morphologicalpropertiesof as-sprayedpowders
and depositedcoatings. The melting stateof initial
powders in the plasmajet was examined analysing
water-quenchedpowder sprayedinto distilled water.
Typical morphology of plasma-meltedand sprayed
powdersis shown in Fig. 1. As shown in micrographs

(a) (b)

Fig. 1. SEMmicrographsof (a) initial powderZ1 and(b) Z2 afterpassingthroughtheplasmajet.
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Table2. Characteristicsof YSZ coatingsversusinitial powderand
processingparameters.

Sample Particlesize Plasmatorch Totalmass�o w Plasmajet
No. in powder, ¹ m power, kW of air, gs¡ 1 temperature,±C

1 10–44 40.8 5.35 3185
2 10–44 48 4.61 3107
3 10–44 48 5.29 3250
4 10–44 49.4 4.33 3123
5 44–105 49.4 4.46 3023
6 44–105 49.6 5.07 3212
7 10–44 54.2 5.24 3350

of Z1 and Z2 powders, the particlesare well melted
andspheroidizedafter passingthe plasmajet. As ob-
servedby scanningelectronmicroscopy, aball-likemi-
crostructurewith relatively uniform sizeof powdersis
typical of all sprayedpowders. This morphologypro-
motesgood�o w ability of the powder during plasma
spraydeposition. Only the differencein the particle
sizeof sprayedZ1 andZ2 powderswasnoticed.In the

initial powderZ1 particlesareball shapedwith average
sizeof granulesabout20micrometres.Plasmasprayed
powdersZ2 arecharacterizedby sizesvaryingfrom 40
to 100micrometres.

TypicalSEMsurfacemorphologyof plasmasprayed
YSZ coatings is shown in Fig. 2. Thesecoatings
were depositedfrom precursorZ1 at different values
of amperageand, as a result, at different deposition

(a) (b)

(c) (d)

Fig. 2. SEM imagesof the top surfacemorphologyof YSZ coatingsplasmasprayedfrom Z1 powder at (a) 3107±C and (b) 3350±C
depositiontemperature,andfrom Z2 powderat (c) 3023±C and(d) 3212±C depositiontemperature.
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Fig. 3. TheXRD patternsof initial powderof plasmasprayedzirconiasamples.

temperature– (a) 3107±C, (b) 3350±C, and from Z2
powder – at (c) 3023±C, (d) 3212±C. The deposited
coatingsare characterizedby homogeneousstructure
formed from �ne and equal-sizedgrains. A uniform
graindistribution is typicalof all plasmasprayedYSZ.
Comparisonof the surface morphologiesshows that
YSZ coatingdepositedat higher temperatureis char-
acterizedby �ner grain size. The averagegrain size
estimatedfrom SEManalysisis about150nmfor YSZ
sprayedfrom Z1 powder(Fig. 2(a,b)), while thegrain
sizeof materialdepositedfrom powderZ2 (Fig.2(c,d))
is about300 nm. SEM investigationsshow that the
YSZ coatingsdepositedathighertemperaturearechar-
acterizedby more denseand homogeneousstructure
due to better sintering at higher temperature. The
higherdensityvalueof 5.20g=cm3 wasdeterminedfor
sampleN7depositedat3350±C.Thedensityof coating
wasmeasuredby Archimedesmethod,which excludes
anopenporosityeffect[12]. In comparison,thedensity
of 8YSZ obtainedby low pressureplasmasprayingis
5.43–5.79g=cm3 [13]. The densityof the as-sintered
8YSZ coatingproducedby electrophoreticdeposition,
measuredby the Archimedesmethod, is 72% [12].
YSZ electrolytesweredepositedusing8 mol% YSZ

powdersby atmosphericplasmaspraying(APS) with
porosityof 8.2%[14]. 7–8%YSZ coatingswith den-
sity of 4.89–5.18g=cm3 weredepositedwith � ve dif-
ferentplasmaspraysystemsby plasmaspraying[15].
Thedensityof thermalbarriercoatings(8.7 YSZ), de-
�ned as coating mass(measurementsof the plates'
massbeforeandafter deposition)per ceramiccoating
volume,obtainedby electronbeamphysicalvapourde-
position,is declaredto be4.51g=cm3 [16].

TheXRD analysisdataof all studiedcoatingsshow
(Fig. 3) thatcrystalstructureof plasmadepositedcoat-
ingsis cubiczirconia(diffractionpeaksattributedto the
111, 200, 220, 311, and222re�ectionsof cubiczirco-
nia werefound)with differentcrystallitesizedepend-
ing on theprocessingparameters.By XRD, YSZ coat-
ingsarefoundto haveananocrystallinecubicstructure
and a good preferentialorientationat the 111 plane.
As the depositiontemperatureincreases,the size of
the crystallitedecreases(Fig. 4) but the crystalphase
remainsunchanged.It hasbeennoticedthat average
crystallitesizeof plasmasprayedzirconiafrom large-
sizedprecursorZ2 is higherthanin thecaseof Z1 pow-
der.

The thicknessof sprayedlayer dependson spray
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Fig. 4. Crystallitesizeof plasmasprayedYSZ coatingsversusde-
positiontemperatureandpowderused:white pointsfor Z1, black

pointsfor Z2.

durationanddiffers from 30 ¹ m for spraydurationof
30 s to 50 ¹ m for spraydurationof 60 s. It is deter-
minedthattheoptimalspraydistancefor bothregimes
is 70mm.

4. Conclusions

Thepaperdescribesa processfor preparationof yt-
tria stabilizedzirconia (10–15wt.% Y2O3) coatings
by plasmaspraytechniqueemploying non-equilibrium
plasmaspraytechnologyat atmosphericpressure.The
effect of plasmadepositiontemperatureon the mi-
crostructureof sprayedsampleswas investigated. It
was found that this processingfactor had a notice-
able effect on the structureof plasmasprayedmate-
rial. By the dataof XRD analysis,all sprayedcoat-
ings are found to have a nanocrystallinecubic struc-
ture. The samplessprayedusingcoarse-grainedpow-
derfeed(44–105¹ m) arecharacterizedby largercrys-
tallitesize.Thecrystallitesizehastendency todecrease
with increasingthe depositiontemperature.From the
dataof SEM analysisthe besttemperatureregion for
thedepositionof YSZ coatingswasfoundto beabout
3200–3350±C in thetemperatureregion investigated.
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PLAZMOS SRAUTO TEMPERATŪROS �ITAKA YSZ DANG �U FORMAVIMUI IR STRUKT ŪRAI
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Santrauka

Tirti plazmini�u itriu stabilizuotocirkonio oksido(YSZ) dang�u
formavimo ypatumaiir vertintosdang�u strukt̄uroscharakteristikos.
Cirkonio oksidodangosgautosplazminiopurškimobūdu, taikant
nepusiausvirosoro plazmostechnologij�a. Purškimuinaudoti44–
105 ¹ m dyd�io YSZ (10–15svorio % Y2O3) milteliai. Dangos
analizuotosrentgenodifrakcijos(XRD) ir skenuojan�cioselektroni-
n�esmikroskopijos(SEM) metodais.Pateiktagaut�u dang�u strukt̄u-
ros,fazin�essud�etiesbei kristalit �u dyd�io priklausomyb�e nuoplaz-

mossrautotemperat̄urosir �aliavosmilteli �u smulkumo.Nustatyta,
kaddang�u strukt̄ur �a sudarokubin�esgardel�esnanometriniodyd�io
cirkonio oksido kristalitai, kuri �u dydis ma� �eja, did�ejant plazmos
srautotemperat̄urai. Pasteb�etasnedideliskristalit �u dyd�io padi-
d�ejimasnaudojantstambesn�esfrakcijosYSZ miltelius. Nustatyta,
kaddid�iausi �a �itak �aplazminiubūduformuojam�u YSZ dang�u struk-
tūrai turi purškimuinaudojam�u milteli �u charakteristikos bei plaz-
mossrautotemperat̄ura.Remiantisatliktaistyrimais,optimaliplaz-
mossrautotemperat̄uraYSZ dangomsformuotiyra3200–3350±C.


