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Abstract: Suspension plasma spraying (SPS) permits to metoméafinely structured coatings
(nano- or submicron-sized) coatings. Compared taoveotional plasma spraying, SPS exhibit
several major differences: i) a more pronouncedsisigity to arc root fluctuations; ii) a shorter
spray distance; iii) a higher thermal flux trandedtfrom the plasma flow to the substrate. Several
operating parameters play relevant roles in thpesusion processing and the coating architecture.
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1. Introduction agglomerates, depending on the average size ofdiiat
Several emerging technologies include in their gresi feedstock, are heated and simultaneously accederate

finely structured layers (nano- or micron-sizedptsias towards the substrate surface were they impaceasipr

environmental barriers for photocatalytic applicat and solidify, analogously in a first approximatimnlarger

(anatase-Tig y-Al,Os, etc.), electric insulation for solar Particles, to form a layer.

energy generators (KDs;, (MgO)(Al,05),(SiOy)s, etc.), _ _ L

ionic and electronic conductions for Solid Oxy-Faalls ~2- M@ or mechanisms occurring in SPS

(SOFC) (ZrGQ-7Y,0s, perovskites, etc.), etc. Those layers Two technological routes can be used to injectjaidi
should be manufactured on large surfaces and shouwlithin a plasma flow, either pneumatic injectioragbed
ideally exhibit thicknesses ranging from 10 to 1, ©On a secondary atomization of a liquid stream withi
average values. Moreover, those layers should alg§gdicated nozzle by a secondary plasma gas flow) or
exhibit a large variety of architectures, from dermd mechanical injection (based on the injection witkie
gas-tight ones to very porous ones. plasma flow of a continuous liquid stream). Frora finst

Producing finely-structured "thick" layers by thexim route results a divergent stream of liquid droplets
spraying, in particular plasma spraying when coeréigy  (Characterized by broad particle size and velocity
refractory feedstock, requires reducing the feamlsto distributions) which heavily disturb the plasmawiland
particle average size. Conventionally, those pasiare Wwhich does not lead to a homogeneous treatmertteof t
carried out to the plasma jeia a carrier gas and injected droplets into the plasma flow, resulting in layers
radially a few millimeters downstream from the eaft exhibiting heterogeneous, non-cohesive and porous
the plasma torch. In such a configuration, the mumma  Structures. The second route is based on presduenés
imparted to the particles has to be of the samerdithn associated to an injector of diameter varying fréinto
the momentum density imparted to the plasma flowd00um, depending on the characteristics of the liquid a
When reducing the average particle diameters, dnécke  its flow rate. This permits to sow the plasma jéthva
velocity has to be increased in order to maintasn diquid without disturbing the flow. The droplet &nent
constant as possible the particle momentum. White twhich results is hence more homogeneous, as are the
decrease in the injector internal diameter to iaseethe structures of the produced layers. This secondtisalu
carrier gas velocity reaches technological diffies that will be exclusively considered in the following.
cannot be solved (injector plugging), the increas¢he The suspension can be injected either radiallyojl]
carrier gas flow rate leads to the plasma jet gison by axially [3] to the plasma flow, depending on thagrha
the cold carrier gas flow as the required flow mrataches torch design. In the following, only the case ofaalial
very high values (in the order of one fourth of flasma injection will be considered and discussed, thabisay
forming gas mass flow rate) when considering imdct suspension plasma spraying implementing a diracéent
particle diameters smaller tharuB. stick-type cathode plasma torch.

Suspension Plasma Spraying (SPS) [1-2] aims at Several natures of liquid can be used as carriee. T
circumventing the previously detailed technologicafirst developments used de-ionized water [1-2] imaist
limitations. In this process, a stabilized suspemsimade Of the works nowadays consider ethanol since the
of a liquid, solid particles and a dispersant, riggéted €nthalpy of vaporization of this latter fluid iswer than

within the plasma flow. The liquid is very quickly ghat of water (0.84 MJ.kgto be compared to 2.26 MJkg
vaporized and the individual particles, or the iglt ). Of course, one has to consider also the othénces of



energy dissipation corresponding to vapor moleculdhe dispersion angle of the droplet cloud withire th
decomposition and atomic ionization before mixinighw plasma flow. Decreasing the droplet cloud dispersio
the plasma flow species. angle within the plasma flow permits to decrease th
The required condition for the continuous liquiddroplet flow pattern upon impact onto the substretéde
stream to penetrate the plasma flow is that its emdom  increasing the homogeneity of their treatment witthie
density has to be higher than the one of the pldtmma plasma flow.
that is to say: When considering the processing of droplets by the
2 2 lasma flow, one has to consider the solid partisierage
PiquidViquid > Pplasma/plasma @ gize. Either the suspension is made of nang-siaetdi:tn?s
wherepiquia andpPpiasmarepresent the specific mass of thqabout 200 nm, average diameter) or of micron-sized
carrier and the plasma, respectively, angi/and Voasma  particles (about Jum, average diameter). Considering a
the vel_ocity module of the liquid and the plasmasuspension of nano-sized particles, one can ereitizg
respectively. _ o ~_ following scenario [6]i) once fragmentation of the liquid
Upon penetration within the plasma flow, the liquidsyream has occurred, solvent begins to evapoiijtehe
stream will encounter two mechanisms, fragmentatiOé\,aporation of the solvent leads to the formatidn o
and vaporization [4]. In a first approximation, aren say micron-sized aggregates made of nano-sized pagtiéie
that whatever the characteristic dimension of igeid {hege aggregates are not stable within the plaewead
stream fragmentation occurs before vaporizatiore thyesegregate into smaller aggregatesthe smaller ones
characteristic tlr_ne of thls latter mechanism beta® e very likely totally or partially vaporized wiears the
order of magnitude higher than the one related t@rger ones melt to form small liquid particles alhi
fragmentation. This signifies that the liquid strea jmpact, spread and solidify to form flattened laalof
encounters fragmentathn ‘upon  penetration withia thequivalent diameters in the order of the micromeare
plasma flow to form liquid droplets. Those dropletsan envisage the following scenario for the proicesef
evaporate in a second time. Indeed, the fragmentatiy suspension made of micron-sized particles ij6fince
occurs for a liquid flow characteristic dimensicsde fragmentation of the liquid stream has occurredvesd
Weber number, We, higher than 12-14 [4]. We reprisse pegins to evaporatdij) the evaporation of the solvent
the ratio of inertia forces to surface tension oaed is |ga(ds to the formation of aggregates constituted figw

expressed as follows: particles; iii) these aggregates melt and form liquid
_p,iquid.AVZ.d”quid particles which impact,.spread.and soli_dify to form
We= p— @) flattened lamellae of equivalent diameters in thgeo of
liguid a few micrometers.
wherepjqiq represents the liquid specific masg,g the As the vaporization of the liquid phase and the

liquid stream characteristic dimension (averagendir), dissociation and ionization of resulting speciesyve
Oiquis the liquid surface tension (considered in theignificantly decreases the enthalpy of the plasthis,
calculation at ambient temperature in contact withat leads to a very significant decrease in the plasore
ambient pressure) andV the difference in velocities size: the interaction time between the plasma towt the
between the liquid stream and the plasma flow. Feomdroplets / particles is decreased. Moreover, apdinécles
practical point of view, such a threshold of 12fbtthe to be processed exhibit small diameters, their nlagr
dimensionless Weber number is reached at the &inge inertia as well as their inertia are much lowemthhey
the plasma jet. This signifies that depending ufiwir are for larger particles and their velocity and penature
momentum liquid droplets will penetrate more oslego very quickly decrease when they exit the plasmaaiet
the plasma flow. For the ones with lower momentumsnteract with the surrounding colder atmosphere. &s
they will very likely travel at the fringes of thlow result, the stand-off distance has to be adjustedpared
where the solvent will be evaporated but the dropléo conventional plasma spraying. Depending on the
content will be poorly treated. The fragmentatidnttie  operating parameters, the suspension charactsriatid
liquid stream at the earliest interactions with flasma the particle sizes, the stand-off distance vaniesif35 to
flow is also promoted by the plasma instabilitiekich 50 mm. A consequence of this relatively short staffid
result mostly from the arc root fluctuations [5]. distance is the increase in the heat flux transchiftom

The suspension characteristics also affect thHbe plasma and the recombined gases to the subskirat
fragmentation mechanism [6]. Indeed, the higher theigher heat fluxes transferred to substrates dushtoter
suspension surface tension and dynamic viscodity, tstand-off distances will modify the sprayed layer
more delayed the fragmentation. characteristics as solidification kinetic of thersfi

The suspension injection velocity, that is to shg t deposited layers will be lowered compared to
suspension stream momentum density, constitutegd t conventional plasma spraying. This significantlydifies
major operating parameter for suspension injectiotheir structure which evolves, at the microscopiale,
Indeed, this velocity will drastically influence eh from a layered architecture for conventional plasma
dispersion of the droplet clouds within the plasfieav ~ spraying to first a dendritic and then a granulae dor
[7]: the higher the suspension injection velocihg lower suspension plasma sprayirigd. 1) [8].



Collected flattened particles onto polished substra S
are characterized by [6]: i) almost the absence @&
peripheral projections around the lamellae. Thimifies
that the dimensionless flattening Sommerfeld numker
is lower than 6 [9]; ii) the absence of intralaraeltracks
within the lamellag a contrario to AlLO; lamellae #
collected under conventional plasma spray condstion
indicating that the residual quenching stress dpiay
within the lamellae upon rapid solidification andoting
is lower than the intrinsic mechanical resistanicalgOs;.

The most surprising is very likely to be able tdiext "\ "

a significant quantity of such lamellae onto a suatte. @—

Fig. 1. SPS Zr@layer architecture (micron-sized
particles, ethanol-based suspension, suspensidn26a
wt.%, Ar-H,-He plasma, 40-10-50 SLPM, arc current
intensity: 500 A, anode internal exit diameter: Bim
stand-off distance: 40 mm) [8].

Indeed, the condition for the in-flight particles impact
the substrate instead of following the gas strelamvifg
parallel to the substrate surface due to theirilwavtia is
that their dimensionless Stockes number be hidizer 1.
The dimensionless Stockes number is defined aswsll
_PpdpVp
Hg€BL
where p, represents the particle specific massg, itd
average diameter upon impact anglité impact velocity.
Mg is the gas dynamic viscosity ang, ethe average
thickness of the boundary layer developing at t
substrate surface. This signifies that, dependingthe et : B
particle size distribution resulting from the susgien 2 low suspension injectionb) high suspension injection
stream fragmentation and the processing of theidiqu slelel wecct
droplets within the plasma jet, particles will ingpanore
or less farer from the gun centerline axis. Fropmactical
point of view, the larger particles characterizegt b §
dimensionless Stockes numbers higher than 1 wpkich
in the center of the particle flow pattern wherdas ones
characterized by dimensionless Stockes numbers ¢tos
1 will impact at the periphery of the particle flpattern. c) high suspension injectiond) high suspension injection
From this specific particle flow pattern, proportily velocity and adapted plasma torchvelocity, adapted plasma torch

. erating mode operating mode and optimized
more extended compared to conventional plasm¥ plasma torch kinematics

spraying, results the following coating manufactgri Fig. 2. Typical SPS Zrcoating architecture

sequence [7]i) the bottom part of the deposited layer | anufactured by suspension plasma spraying [7].
results from the stacking of small lamellae issuirgm

the periphery of the particle flow patterni) the
intermediate part of the deposited layer, représgmhost
of the thickness due to the density of larger irgpig
partlclgs, is then built-upjii) the. upper part of t_he 3. Effects of suspension char acteristics on ZrO,
deposited layer results once again from the stgckih ti hitectur e

small lamellae issuing from the periphery of thetipke coal mgar? o ] o
flow pattern. Such a sequence generates specific-in A Stabilized suspension is made of: i) a liquidriear
pass stacking defects as depicted Fiig. 2.a. When (water or ethanol are the most used ones); ilspedsant
adjusting suspension injection conditions to redtoe (€lectrostatic, stearic or electrostearic dispejsain)
droplet dispersion within the plasma flowig. 2.b) and SOlid precursor particles, either nano-sized orrame
when adjusting plasma torch operating mode from thdZ€d- _ _ _ _
restrike to the takeover onéi¢. 2.c) to reduce even Depending on their manufacturing process, solid
further these dispersions [7], the density of stagk precursors_wﬂl exhibit dlf_ferent_partlc_le _mo_rphgles,
defects can be reduced. Finally, the adjustmenthef @verage sizes and particle size distributions. &hos
kinematics of the spray torch in front of the sest Characteristics  will influence  the  suspension
permits to reduce these inter-pass stacking defenso  characteristics, for example in terms of the dispet
produce typical structures as the one depictddign2.d. Mass fraction. Moreover and as already underlimed i
Such a coating architecture is characterized by tf€ction 2, the droplet treatment by the plasma tow its
absence of detectable inter- and intra-lamellVvolution towards molten particles will depend upba

St (7)

cracks(considering the picture resolution, thigesponds
to crack sizes larger than O.[u&n).



average sizes of the solid precursor particlessuch a
way, the particle size distribution of the precusswiill

play a relevant role into their treatment by thaspha
flow and hence onto the layer manufacturing medrani

perturb the plasma flow and permit a more homogeseo
treatment of the suspension within the plasmaiigthe
characteristics of the suspension. Ethanol asdiqairier,
compared to de-ionized water for example, requiees

Beside the average size itself (nano- or micromekiz energy to be vaporizedii) the particle size distribution

particles), two cases have to be considered, eithepad
particle size distribution or a narrow one. Whermjing

from which derives in part the coating pore ardititee.
Narrow particle size distribution will promote dens

a suspension made of a solid precursor with a marracoatings whereas broad particle size distributionk

particle size distribution, the treatment of theplets and
then of the resulting molten particles will be dani This
will result in a homogenous coating architectura. tBe

promote porous coatingdy) the injection conditions
which aims at providing the suspension stream \gith
momentum density higher than the plasma flow

opposite, when operating a suspension made ofid sonomentum density. The higher the suspension energy

precursor with a broad particle size distributiche
treatment of the droplets and then the resultindteno
particles will be dissimilar. In particular, somenall
aggregates made of the smallest particles will &slye

density, the lower the dispersion of the fragmented
droplet cloud within the plasma flow and the more
homogeneous the droplet plasma treatméntye arc root
fluctuations which significantly affect the suspems

vaporized since in this case, the plasma operatipjasma treatment. The take-over operating modechias
parameters will have been optimized to processetargfavored by selecting mono-atomic plasma gas spedies

particle diameters. This could results in the stdign of

the short stand-off distance which increases tieenthl

vapors in the vicinity of the substrate which wouldransfer to the substrate and modifies in turndbating

generate stacking defects
structures. These effects are illustrated in Figwt8ch
displays two coating architectures manufacturethfreo
suspensions made of solid precursors
dissimilar particle size distributions: the broadgre
particle size distribution, the more heterogeneths
coating architecture [6-8].

a) sedimented
nano-particles of particle size particle size distribution ranging
distribution ranging from 1 to 2 from 0.2 to 2um

um : . [4
Fig. 3. ZrQ coating architectures manufactured from two

suspensions made of solid precursors exhibiting
dissimilar particle size distributiorf8].

Conclusion

SPS present a large interest to manufacture und&i

atmospheric conditions "thick" (10 to 50m) finely-
structured layers onto large surfaces.

This process, under development, requires a vghy ti [8]
of the operating conditions and pertinent
Among the major extrinsic

control
technological solutions.
operating parameters to be considered, one can)cite

mechanical (pneumatic) injection which proved tessle

leading to heterogenecarchitecture; vii) the kinematics which has to be

optimized to reduced the stacking defect density.
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