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ABSTRACT
YSZ coatings were developed by solution precursasma sprayin§seig from different

solution concentrations. The solutions were charaed and correlated with the rheological

properties (specific weight, viscosity and surfearesion) [The mechanical'injection was used
therefore a correct injection is essential to gepmect liquid jet break-up inside the plasma
plume. The optimal injection pressure must be aefifor each solution since the solution
characteristics affect on the injection procesEREHCaHRIOCHORPIOSSY c \Was
experimentally found out by the observation ofsp&ats’ morphology. The particles were not
melted at low pressures but solidified prior to degosition when the injection pressure is
high. It was also found out that the optimal stptiessure varies with the concentration, but
the dynamic pressure is equal for every solutiossdightly superior to the dynamic
pressure of the plasma plume. After injection oation, coatings using different solution
concentrations were developed and their microstrastwere investigated. The liquid jet
fragmentations as well as the heat requirements medified with the concentration so that
coating microstructure was affected. The resultiogtings display a lamellar and porous
microstructure with the presence of unmelted/uniygexd material. Coatings’ porosity
increased while coatings’ grow-up was less intemsien diluted solutions were used as

feedstock.

KEYWORDS : Solution precursor plasma spraying; Yttria-stabil zirconia; Thermal

barrier coating



1. Introduction

Finely-structured materials have been extensivélylied in the last years because they
exhibit improved features comparing with their centronal counterparts. Atmospheric
plasma spraying (APS) is a suitable technique sl thick ceramic coatings but one of its
limitations is the deposition of fine particles. @imgs from fine particles improve the
characteristics respect to their conventional cempatrts but particles smaller than 20 pm
cannot injected because of their low density anor plowability [1]. In order to solve this
problem, some modifications has been realized antesnew techniques such as suspension
plasma spraying (SPS) and solution precursor plagpraying (SPPS) were developed[2—4].
The main characteristic of these techniques cansisusing the liquid feedstock injection
(suspension or solution precursor) instead of adeswTwo possible mechanisms have been
developed to inject liquids: spray atomization andchanical injection. The atomization
needs an external energy (centrifugal force, eatggressure kinetic energy of another fluid,
etc.) to break up the liquid jet, and the atomitigdid is injected inside the plasma plume
where a secondary break up occurs due to the hag fdrces between the droplet and the
plasma. In a mechanical injection, the liquid feéedk is forced to drive through a nozzle by a
pressurized system. In this case, the secondamgklup which occurs inside the plasma
plume is crucial in the formation of the dropldtamediately after the fragmentation, a series
of phenomena as the solvent evaporation, the psioin the case of SPPS deposition, and
the solid melting occur inside the plasma jet. @heplet size, energy requirements and the
heat transfer control the described phenomena.

SPPS deposition has been studied to develop difféiads of EEraICEEoRERJS application
such as solid oxide fuel cells [5], bioactive cog$ [6,7], sensors [8,9] and etc. It exhibits
some advantages with respect to SPS, i.e. moletaual mixing of constituent chemicals,

quick chemical formulation, or the control of ambohunpyrolized material [10]. One of the



most studied coating material has been the yttabiszed zirconia (YSZ) for thermal barrier
applications because of its low thermal condugtignhd good stability at high temperature
[10-12].

Some aspects of the SPPS deposition have beeedragateveral works. Concretely, the
effect of spraying parameters in the coating micuzsure, and consequently the coating
properties, has been extensively studied [13—1%kides the influence of the feedstock
(precursor chemistry, solvent type, concentratiornag been also studied since the liquid jet
fragmentation, energy requirements or the heastearbetween feedstock and plasma plume
are modified [16-18]. However, the variation of timgection process in function of the
change of feedstock properties has not been coesidel the case of the mechanical
injection. An appropriate correct solution injectics crucial element of deposition process
since the liquid jet must enter inside the plumeecdhe liquid injection depends on the
specific weight and speed of the plasma gases lantdiquid jet. Hence the injection speed
must be adjusted for each solution since its dgmsitl other properties changes as discussed
by various authors such as e.g. [2,3].

The liquid feedstock can be injected inside thesmpia plume by two different modes:
mechanical and atomization. A primary break-uphef liquid jet occurs outside the plasma
plume in the case of atomization mode, and thewultbplets are injected inside the plume and
a secondary break-up can occur because of thekinigtic energy of the plasma. Although

Chen et al. [16] addressed the effect of the canagon on the splat morphology and on the
coating microstructure but the atomization was wsethjection mechanism and the feedstock
flow rate and the fragmentation jet was controllgdthe atomizing gas. In the case of the
mechanical injection, the flow rate and the jettlter was adjusted by the static pressure and

the nozzle diameter respectively. Besides, a psinfaagmentation did not occur and



consequently, the secondary fragmentation, whigiedes on the injection, became primary.
Hence, a correct injection displays a higher imgue in the case of mechanical injection.

A study was performed in the present work to injgatrectly the precursor solutions with

different concentrations by means of mechanicakitipn system. It was realized by adjusting
the feedstock flow rate. YSZ coatings obtained femtutions at different concentrations were
compared and their microstructures were discussedidering the processes which occur

inside the plasma jet.

2. Experimentation

2.1. Preparation of the precursors and its chaiaat®n

The precursors used as feedstocks were zirconiwtatac(Zr[GHz0O,]4) and yttrium nitrate
B Y[NO3Js both supplied by Sigma Aldrich, USA. They werexed using a
magnetic stirer for 1 hour in a stoichiometric satorresponding to 4 wt.% yttria-stabilized
zirconia. The precursors were diluted at differeatios to study the effect of the feedstock
concentration in the spraying process. The dilstimere performed with a mixture of ethanol
and water 50/50 wt. %. The previous research wepknted that this mixture is optimal [19].
The solution precursor plasma spraying used invtloik is a complex process, where the in-
flight phenomena experienced by solution dropletdect considerably the final
microstructural characteristics of the coatingsrédwer, the phase transitions and possible
formation of decomposition phases as well as otkaction by-products may occur and
should be characterized and associated to the mioasposition of the coatings. In order to
observe the thermal behavior of the precursors tesperature, they were tested by

thermogravimetric analysis and differential scagramalysis (TG-DTA) with the use &TA

449 F3 Jupiter (Netzsch, GermanyjiiThe died precursor was plaseshialumina Crucite
and was heated from 25 °C to 900 °C with a heatitg of 10 °C/min under argon



atmosphereThe crystalline phases of the precursors treatediffsrent temperatures were

also found by X-ray diffraction (D8 Advance, BruckeJSA) Under Bragg-Brentano
configuration with Cu K=0.15406 nm radiation. A step increment of 0.025) (1 the
scanning range of 20°-80°02was used and the resulting diffractogram wasyaeal using
Diffrac’+ EVA Software. Prior to thermal characterization of the precurstitey were dried

at 150 °C in an electrical furnace, being the Welgss around 5%, and a amorphous 'solid is
obtained after the dryingiOBiaNINGIARIAMOIPAGIIENS The thermal treatments at different
temperatures were realized in an electric furnatie avih of dwell time and slow cooling.

The rheological behavior of the precursors witliedént concentrations was determined using
a rotational rheometer (RheolabQC, Anton Paar, Wa)sbperating at controlled shear rate
(CR) by loading the shear rate from 0 to 1000irs 300 s, maintaining at 1000"for 60 s
and downloading from 1000 to 0's$n 300 s. The measurements were carried out a€25 °
using a double-gap cylinder system since this gégnioptimal for the measurement of low
viscous liquids [20]. Surface tension was measimgdensiometer (DCAT11, DataPhysics

Instruments, Germany) using a platinum Wilhelmytgkystem.

2.2. Plasma spray process

Coatings were deposited using a single cathodemplagrch (SG-100, Praxair, USA)
mounted on a 5-axis robot (IRB-6, ABB, Switzerlan@ihe liquid feedstock was injected by
mechanical system which consists of two pressurizssels (one for the feedstock and the
other one for the water), connected to one nozzte3>mm diameter located radia|jiiSlo8e to
ERETBIASHaNpIle at 8 mm from the exit of the pagiume and with an angle of 30°. The
static pressure inside the vessels can be corttralhe it results is crucial in the injection
optimization as well as the control of the feedktfdow rate. The injection was external since

corrosion problems in the torch were observed ugiagnternal injection.



The splats morphology at different static pressares solution molarities was evaluated. For
this purpose, polished stainless steel (AISI 316lhstrates were used and one scan with a
high torch scanning speed (1000 mm/s) was depositesbserve the splats. Then, thick

coatings from different solution were developedhgsihe optimal static pressure optimized

thanks to the splats observatidn: Sand-blastedisiies were used for this purpose sifice a
fough'surface is necessary o improve the adher ariee number of spraying passes was
adapted in"each coatijfmeeegsary to achieve knd#ss around 100 um. The spraying

parameters were kept constants for every coatitegtreeal power of 40 kW, argon and
hydrogen as plasma gases with flow rate of 45 spd 5 slpm respectively, spraying
distance of 60 mm and a torch scan speed of 500smhie spraying parameters were

selected from previous works [21].

2.3 Coating characterization

Splats morphology and coating microstructure (toppgy and cross-section were observed
by scanning electron microscopy (JEOL IT 300 LVglJ&op, Japan) at low vacuum mode
COUPIEE With EIECiion diSpersion Speciiometer (Eose samples were embeeded in an
epoxy resin and polished up to 0.1 um to examimecthating cross-section. Besides, the
porosity and thickness was calculated by imageyarsa{lmage-Pro Plus, Media Cybernetics,
USA) from [0 SEM micrographs at 2000x and 500x nifagaiion respectively JlGHNhe

crystalline phases of the coatings were detectedR. Finaly—thermal-diffusivity-of-these

coatings—ai-differeni-temperalures—(up—to—1000-Bje—meastred—byaserflash—method



3. Results

3.1 Precursor characterization

Thermal behavior examination of the precursorsqailérium conditions was conducted to
understand the processes which might take placéengduspraying. Fig.1 shows the
thermogram of the dried precursor in which 60% eight loss was observed over the entire
temperature cycle. Two small endothermic pointsl2® and 225 °C were observed and
attributed to the physically adsorbed water evapmravhich corresponds to a loss weight of
16%. However, the main weight loss is attributedh® chemical reaction decomposition to
volatile gases, formation amorphous Z@&hd Y;O; as reflected in the exothermic peak at
350°C. The most important exothermic peak is rég@@t 500°C which corresponds to the
formation of the former Zr&crystals while boarder exothermic peak at 820°Cesponds to
the crystalline grown of tetragonal ZrOrhese findings agree with the literature datd.[R2

is important to remark that the YSZ formation isexothermic process therefore, it means an
energetic contribution inside the plasma plume Wwhscbeneficial especially in conventional
torches where the power is limited.

The crystalline phases formed at different tempeest were confirmed by XRD, as shown in
Fig. 2. The dried precursor and precursor treatéalatemperatures was amorphous since no
crystalline lattice was formed. Some peaks werdingjgished at 450 © and 700 °C of
treatment and attributed to YSZ pattern but theyy samall and broad. This mean that small
crystalline nucleus could have been formed butdtystalline lattice is formed at higher
temperatures at which the YSZ pattern is clearlgeoked. Precursor treated at 850°C and
1000°C was tetragonatz (pdf Card No.50-108%)eing more crystalline at 1000°C.

The rheological behavior of the precursors dilusdlifferent ratios can be observed in the

flow curves (Fig. 3). The relationship between shede and shear stress was linear with a



correlation B>0.99. It means that the solutions exhibited a Mevan behavior with constant
viscosity. This result is important in the injectiof liquid feedstocks since shear rate in the
injector is huge so the viscosity should be lowreaehigh shear rates [23]. The variation of
the surface tension and the apparent viscosityifédreht solution concentration, which
affects in the injection and the coating microsiue, is plotted in Fig. 4. It is observable that

both surface tension and viscosity are increasezhwie solution concentration was higher.

3.2 Splats morphology

Single torch scans at different static injectiorgsures were performed with the aim of
finding the optimal injection. For this purposegthplats morphology for each scan was
observed by SEM. It was concluded that the splatsphology depends on the injection
pressure rather than the solution concentratian. 3-displays huge difference in the deposits
at several static pressures in the case of 4 nsoliition. At low pressures (60 kPa for 4 mol/l
solution), no splats were found and only bulk fregmed solids were observed. These
fragmented solids could have corresponded to tgesbiution droplets whose solvent was
evaporated during the spraying but the solid EEiEeeEagd unmelted. Rounded and
flattened particles with the typical spat morphgiagpeared in the center of the sprayed zone
when the static pressure is increased (80 kPa faro#l solution), although no melted
material remains in lower proportion in the edgehef sprayed zone. In the case of very high
pressures (higher than 1.0 bar/l solution), roundled no flatten particles can be observed
which seems to be badly adhered. These particlesistiEonEeamand melted material
which solidified before impacting onto the subsrgt17].

Unmelted material flattened and rounded partickes lbe observed when different solution
concentrations were sprayed at different staticqarees. However, the different kind of

deposits were observed at different pressures.prégsure necessary to observe the splats



changes so that typical splats and resolidifiedigjas were appreciated at lower pressures
when the solution concentration was reduced. Tagcspressure for which the splats were
observed without unmelted material was selecteth@asoptimal one [24]. Figure 6 display

single scan images of solutions with different nlamty using the optimal pressure. Splats
with similar morphology and different sizes (betwe2 and 40 um) were observed and
average splat size seems to be reduced at loweertrations. As the splat size was lower
than that obtained at conventional APS coatingssdigtitly lower than SPS coatings, it can

be deduced that the microstructure of these SPR&hgs is finer [1].

3.3 Coating microstructure

The cross-sections micrographs of the coatings. (Fjgreveals a bimodal microstructure
observed in suspension plasma sprayed coatingsl{2zinsists of unmelted or unpyrolized
material surrounded by a melted matrix having aeldan microstructure. The porosity of
these coatings is high because the unmelted zatas g a high amount of micropores
(diameter < Jum) although some macropores (diameter pnl) can be found inside the
melted matrix [24]. Transversal cracks were cleatbgerved just in 4 mol/L coating and
some of them in 2 mol/L coating. These cracks anesed by the thermal stresses created
during the deposition. Besides, these cracks wgomave the thermal fatigue resistance by
stress discharge [12].

The porosity and thickness of these coatings aoevishin Table 1. The porosity values are
high but the coatings are even more porous wherstiing solution was diluted. The
thickness growth by pass was smaller for low cotreéipn solution. The weight of material
sprayed was directly proportional to the solutiemeentration. It can be deduced that that a

higher amount of material gets lost when diluteldtsans are sprayed.



Figure 8 shows different coatings’ topography. Guwms from concentrated solutions
exhibited an almost planar surface with some srohlsters. However, bigger clusters
appeared at lower molarities, with a cauliflowegpgymicrostructure typical in columnar
coatings [25]. Although the columnar structurendg really present in these coatings (some
columns were visible in coating sprayed using Odi/Imsolution), the formation of columnar
microstructure by reduction of the solution concatiwn confirms the results of previous
research [25]. Micrographs at higher magnificatiewvealed that coatings are formed by
particles smaller than 1 um (which correspond ® ghlats) but big agglomerates are also

present (which correspond to resolidified material)

XRD patterns of coatings obtained from differeriusions are shown in Fig. 9. The patterns

4. Discussion

4.1 Solution injection

Before spraying, the injection is optimized by estibn of different static pressurgs,(kPa.However, the
P =p -V 1)
Wherep is the solution density (kgfnandv is the feedstock injection speed (m/s). The speed

was calculated from the feed rate which was erpenmtally determined:

p=2c=le 0

A T/yD?

WhereQ is the volumetric flow rate (ffs), M is the feed rate (kg/s) is the injector section
(m%) andD is the injector diameter (m). Table 2 shows thavfiate, speed and dynamic
pressure of a solution injected at different stairessures. It is clearly seen that these

parameters change with static pressure.



According the literature, the liquid jet can peaggrplasma plume when the dynamic pressure
of the liquid jet p, ;) is equal or higher than the dynamic pressuré@fplasma plume [1,2].
Pk, = Pk,g (3)
Maps of the plasma gas speed and specific weigkit,cansequently the dynamic pressure,

could be calculated using the software T&TWinne@][At was found that the maximum

dynamic pressure of the plume was[Z KPal/AS Sedable’3; the dynamic pressure of the

BEEEEEEEEE . On the other hand, it may happanfor too high liquid jet pressure, the jet

goes radially through the plume instead of holdingjde the center of plume. This may

correspond to the situation of solid which getsopyged and melted inside the plume but
resolidifying before impacting onto the substrdteagrees with the results observed in the
Fig. 5. An illustrative diagram of the injectiondifferent pressures is shown[ii'Fig. 10.

The optimal injection pressure is different for leaolution, as it was demonstrated in section
3.4. Since the specific weight changes therefoeditiuid jet speed must be adjusted. Hence,
the feedstock flow rate is modified changing theation pressure and it must be taken into

account in the heat transfer between plasma plumdele feedstock.

4.2 Droplet fragmentation




Coating microstructure depends on the phenomenehvdacur inside the plasma plume, such
us: (i) jet fragmentation; (ii), evaporation solvefii), pyrolysis; and, (iv) solid melting.

Thus, it is important to understand the effecthaf solution concentration (molarity) in each
one of these phenomena. The liquid jet fragmematohard to estimate. Nevertheless, the

literature correlates the fragmentation with twaonensionless numbers: Webéid) and

Ohnersorge@h):
Inertial f (vg—v)°d
nertial force -
We = : =Ll W (4)
Surface tension force (]
Oh = Viscous force — uy (5)

Vpidiog

Wherep is the density (kg/ﬁ), v is the speed (m/sy; is the surface tension (N/nmy,is the

Surface tension force

viscosity (Pa-s) and; is the jet diameter (m) considering it is 1.5 tamieigher nozzle
diameter [2]. Index g and | refers the plasma pland liquid feedstock respectively. It can
be seen in Table 3 th&@h number is almost constant but the Weber numbeerdépon the
concentration via surface tension. A stripping krap occurs atWe numbers between 100 -
350, but the fragmentation increases with the Waeg It means that smaller droplets are
formed at lower concentration, therefore, the depdssplats had a reduced size, as can be

seen in FigilQ 6.

4.3 Heat transfer

The plasma must provide the heat necessary to eatepitie solvent and to melt the salid in
the case of suspensions but the energy delivegbeorbed in the pyrolysis must be also
considered. These requirements depend on the éeidahd on the degree of unmelted or
unpyrolysed particles in the coatings. As the femzks were composed of the precursors such
as zirconium acetate and yttrium nitrate delivdredt during its pyrolysis (see Fig. 1). On the

other hand, the feedstock contains solvent whicktrba evaporated prior to the pyrolysis.



The specific enthalpy of solvent evaporations (IM®kg in the present case) is one order
higher than the solid meltin GEEERSEqHERI tHatBOHoH o ovaporatoR-Is He-gren © St
eSO ERSISSSRSRSSEal " hus, diluted solutions need more heat

because of the higher content of solvent. It ca e pointed that 4 mol/L solution is
almost pure precursor while 0.5 mol/L solution joshtain only 12 mass% of it. ) and needs
less heat for pyrolysis.

Other factor which affects in the required therewaérgy is the feedstock flow rate which was
smaller at lower concentrations. It reduced thania energy needed by 20%, which is
relatively small comparing to of the energy needydsolvent to evaporate. The higher
thermal energy needed by solution results in tlesgmce of unmelted/unpyrolysed material,
as can be observed in Fig. 7 and Tablel

Also, heat transfer between the liquid feedstoctt e plasma plume must be considered.
The transfer depends on the feedstock and on plgsmeoperties, as well as, on the droplet

size. The heat arrives rapidly to the center oflisdraplet. At big droplets a solid shell can be

formed on the external paii Sificé a évaporatiomischefore the hieat necessary topyrolyze

the'center of the'droplet. The presence of shelthé droplets of concentrated solutions can

be correlated with the presence of unpyrolysed nahie some coatings [3].
Finally, an effect phenomenon related to the ligeidfragmentation is the Knudsén €ffect.
The effect results in small droplets moving patatte the substrate. It may lead to the

formation of columns and higher roughness of cagatisprayed using diluted solutions [2],

B5. Conclusion

YSZ coatings were successfully developed by SPP&eps. Firstly, the feedstock

characterizations were performgdiand it was coraibd that rheological properties depends



on solution concentration (viscosity and surfadesien increase at higher concentrations).
Then, the optimal injection pressure was seleatath the splat observation. It was important
because the feedstock cannofbéWwell-injectedvaplessure§'and mostly Unmelted material
iS'deposited. On the other hand, resolidified niat¢gpherical particles instead of flatten
drops) can be found at high pressurés sSince jeisctioe plasma plime. Thus, the static
pressure must be adjusted for each solution Sine@ptimal Static pressure depends on the
solution' characteristics. Finally, solutions offeient concentrations were applied to obtain
coatings characterized microstructurally. The cwi sprayed using diluted solution
exhibited higher porosity and greater content ahelted | ZoNdEIERETEeIECd because of the
higher energetic requirement to evaporate the Balowever, some coatings sprayed using
concentrated solution also displayed high porosifige the droplet fragmentation is lower
(higher surface tension therefore lower Weber nujniig droplets mean that a shell is
formed in the external part of the droplets duting pyrolysis and it contribute in the porosity
retention Fhis+esties-irem-the-formation-oHarropleis-because-ahhigh-viseesiy-and low
s oy, 1t cam toNcluded that the injection must be
adjusted to spray solutions with different concatidn in order to obtain desired coatings’
microstructure [BeSides Tit'is corroborated thaitiog microstruciure depends on feedstock
characteristics as well as the injection process.
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Table list

Table 1. Porosity, thickness and thickness by pass of cgataprayed at different solution

concentrations.
Concentration | Porosity Thickness Thickness/pass
(mol/L) (%) (Hm) (Hm)
4 2590+ 11425 14.2
2 264 1064 6.6
1 3565 0624 3.0
0.5 3y 32%5 1.6

Table 2. Flow rate [(M:lin"mass, Q:in Volume), speed (v) atyamic pressurgipof 4

mol/L solution injected at different static pres=sifg).

Po (kPa) v Q (ml/min) | v (m/s) | Pk (kPa)
(g/min)

60 20.1 14.1 3.33 7.9

80 28.0 19.6 4.63 15.3

100 34.1 23.9 5.64 22.7




Table 3. Flow rate[(M:in"mass, Q:in Volume), speed (v)nayic pressurép Weber
number [{(We) and Ohnesorge numberT(Oh) of diffesniutions [(different molarity and
Specific weight) injected at optimal'Static press(ip)..

Specific
Molarity M
weight | po (kPa) Q (ml/min) | v(m/s) | p« (kPa) | We| Oh
(mol(L) (g/min)
(kg/m?)
4.0 1425 80 28.0 19.6 4.63 15.3 199030
2.0 1153 70 25.0 21.6 5.10 15.0f 260031
1.0 1018 60 23.4 23.0 5.42 15.00 305033
0.5 950 50 22.8 24.0 5.66 15.2| 321031




Figure captions

Figure 1. DTA-TG diagram of the solution precursor used fo synthesis of 4 mol% YSZ
by SPPS (continuous: DTA; striped: TG).

Figure 2. XRD pattern of the precursor used for the synthesid mol% YSZ by SPPS
treated at different temperatures.

Figure 3. Flow curves (Shear stress Vs shear rate) of precudiluted at different ratios.
Figure 4. Apparentviscosity [(Stripped line) and surface tension (Famus lin€) of the

precursors at different concentrations.

Figure 5. Single scan depositions of 4 mol/L solution'Spragedifferent static pressures: a)
0.6 bar; b) 0.8 bar; c) 1 bar.

Figure 6. Single scan depositions at optimal static presguagked between parenthesis) of
solutions at different concentration.

Figure 7. Cross-section micrographs of coatings obtainedffarent solution concentration:
left micrographs at 500x; right micrographs at 2600

Figure 8. Surface micrographs of coatings obtained at diffesolution concentration: left
micrographs at 200 x; right micrographs at 2000 x.

Figure 9. XRD pattern of the coatings obtained from solutiaith different concentrations.

Figure'10. Sketch of the injection and the liquid jet trajegtat different static pressures.
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