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Abstract

Atmospheric plasma spraying (APS) is an attradi@ebnique to obtain nanostructured
coatings due to its versatility, simplicity andatvely low cost. However, nanopatrticles
can not be fed into the plasma using conventicgediihg systems, due to their low
mass and poor flowability, and must be adequatsigmstituted into sprayable

micrometric agglomerates.

In this work, nanostructured and submicron-nancsined powders of yttria-stabilised
zirconia (YSZ) were deposited using APS, with awie obtaining high-performance
thermal barrier coatings (TBC). All powders wereamstituted by spray-drying from
different solid loading suspensions, followed khermal treatment of the spray-dried
granules to reduce agglomerate porosity and enhaowsder sinterability. The
reconstituted granules were characterised by XA Sore sizing and flowability

evaluation.

The reconstituted feedstocks were successfully sleggbonto metallic substrates by
APS. A metallic bond coat was sprayed betweenubstgate and the ceramic layer.
The coating microstructure, characterised by SE®k fermed by partially melted
zones, which retained the initial powder microstnoe, embedded in a fully melted
matrix which acts as a binder. It was shown thati$¢ock characteristics which in turn
are very dependent of starting suspension charstoter in particular agglomerate
density and primary particle size, impact on caatmcrostructure (porosity and
amount of partially-melted areas). For this reas@chanical properties of coatings are

also strongly affected by feeding powder charasties.
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Introduction

Thermal barrier coatings (TBC) protect metallic Sulites against exhaustive hot gases.
Nowadays these materials are widely studied ovortheir application on aeronautical
or power technologies [1]. A top ceramic layer witlermal insulation properties and a
metallic bond coat form these coatings. The borad asually comprises a MCrAlY (M

= Ni and/or Co) alloy which develops two main fuoos: reducing the thermal
contraction mismatch between the ceramic layemaetllic substrate and acting like
oxidation barrier. The most used material for cecdayer is yttria-stabilised zirconia
(YSZ) due to its low thermal conductivity, relatiihigh thermal contraction

coefficient and good mechanical properties at éghperature [2,3].

Atmospheric plasma spraying (APS) is an econonaindlversatile technique to obtain
TBC. It consists on a plasma source where a feadrrabis melted and accelerated
until it impacts upon substrate. On the substratdten (or partially molten) material is
quickly cooled forming the coating [4]. In the la®ars, coatings from nanopatrticles
have been extensively addressed because diffexdnteztures as well as enhanced
properties, compared with their convectional corpags (from microstructured
feedstocks) can be obtained. In the case of TB&ntal conductivity can significantly
be reduced and the thermal shock resistance ctrebemproved [5]. However,
nanoparticles cannot be directly injected intogteesma plume due to their low specific
weight and poor flowability. One possible solution this problem is to reconstitute the
nanoparticles into sprayable micrometric granulde reconstitution process consists
of spray drying of stable suspensions to obtairespal free-flowing granules.
Subsequently spray-dried powders are usually thgrimeated in order to enhance the
sinterability for the following, extremely fast saming process in the plasma torch [6,7].

Coatings from reconstituted, nanostructured feettstasually display a bimodal



microstructure formed by partially melted agglomesasurrounded by fully melted

particles which act as binder [6,7].

Although many research effort has been made tofpassthe micro-scale to either the
nano- or the submicron-scale using both powdeligjoids as feedstock [8,9], few
attempts have been made to use feedstocks congpmgktures of different particle

size distributions, e.g. submicron- and nano-sjzaticles. The use of a bimodal
distribution of submicron-nano particles in thequmesor suspension of the spray-dried
powder can give rise to significant benefits duriihng suspension processing, i.e higher
solids loading and lower viscosity leading to begteperties in the resulting feedstock
agglomerates, such as higher agglomerate bulktgtearsil improved powder

flowability [10,11]. However the relationship betarethese agglomerate feedstock
characteristics and the final coating propertiestheen scarcely treated in the thermal
spray literature despite the fact that this corinadtas been already proven in many
other shaping processes [12-14]. Thus, some prevesearch was found in which the
effect of agglomerate density and microstructurd i@y coatings properties were
addressed [15,16]. In addition some recent papiehs¥$Z systems have shown that
agglomerate morphology and density can have anenfle on coating microstructure
and properties [17,18]. In this respect some ofllbors of this paper have recently
reported improved photocatalytic activity in APSJficoatings or enhanced mechanical
properties in AIO3-TiO, coatings when a mixture of nano- and submicroaesiz
particles in the spray-dried feedstock was usedchvhigher density agglomerates were
obtained which led to better properties in thelfowatings [10,11]. These works
reported that the microstructure and propertigdadma sprayed coatings not only
depend on various process parameters but alsoakedty influenced by the

characteristics of the feedstock. Neverthelesstyipis of research trying to relate



feedstocks characteristics with coating microstrreeand properties when nano- or

submicron-structured feedstocks are used has eotdddressed for YSZ coatings.

In a previous research the authors focused onrtapation of different YSZ spray-
dried feedstocks starting from nano- and submisiaad powders [19]. The paper
aimed at obtaining suitable YSZ feedstocks for AR&ess including the starting
suspension preparation and characterisation, sprayg of suspensions,
characterisation of spray-dried powders and tieimhal treatment to complete the
aforementioned reconstitution process. Finally, safthese powders were used to
demonstrate that this methodology managed to peotherstocks with adequate
characteristics to be used in APS process. Mosbitaptly the paper showed that the
main feedstocks properties in terms of APS depugsjirocess (agglomerate size and
density as well as powder flowability) were verydeadent of starting suspension

characteristics.

Following this previous research this paper treeslose the loop by demonstrating the
influence of feedstocks characteristics on theltieguAPS coatings. Thus powders
obtained from suspensions with different solid iogd and particle size distributions
(nano- and submicron-sized mixtures) were deposiyefiPS onto stainless steel
substrates. In addition two commercial (micro- aado-structured) YSZ feedstocks
were also deposited for comparison purposes. Toatings were microstructurally and
mechanically characterised. On the one hand, \amdspartially melted areas were
guantified by image analysis. On the other handyrohiardness and toughness were

determined.



Experimental procedure

Feedstock preparation

The following commercial YSZ powders were usedaas materials: a hano-sized
powder (5932HT, Nanostructured and Amorphous Malteinc., USA) with a mean
particle size of 40 nm and a specific surface afe&25.1 nf/g; and a submicron-sized
powder (TZ-3YS, Tosoh Co., Japan) with a mean @arsiize of 400 nm and a specific
surface area of 6.8y. Figure 1 shows the particle size distributiéthese two
powders obtained by dynamic light scattering (de&asNanoZS, Malvern, UK) in the
case of nanoparticles and laser diffraction (Master 200G, Malvern, UK) for
submicron-sized particles. Both powders were madef tietragonal phase while the
nanopowder contained some minor (not quantified)asbnic phase. On the other
hand a commercial polyacrylic acid-based polyetégte (DURAMAX ™ D-3005,
Rohm & Haas/Dow Chemicals, USA) was used as digpéfsr suspension preparation

[12,20].

In the mentioned previous research the colloiddisty and rheological behaviour
were evaluated to obtain stable and well-dispesssgensions [19]. From this study,
four aqueous YSZ suspensions with different saatlings and different particle size
distributions were selected. These suspensionstienereconstituted into sprayable
granules by spray-drying (Mobile Minor, Gea Nircgmnark) followed by thermal
treatment. This treatment was carried out in aotetekiln with a soaking time of 60
min, at 1000 °C for the powders obtained from namtiges (YnD and YnC), at 1200
°C for the powder obtained from submicron-sizedigas (YsC), and at 1050 °C for

the powder obtained from bimodal (nano- and sulbwnisized) particle size



distribution (YsnC). These temperatures were chas#éme previous work with the aim
of obtaining denser granules but at the same tinpeeserving as much as possible the
nanostructure of the initial agglomerates [19]. ekethe spray dried powders were
thermally treated at temperatures in which theesing degree was only incipent

(contraction value of around 1%).

Additionally two commercial YSZ feedstocks were dis®ne of them is a hollow-
sphere (HOSP) micrometric powder (METCO 204NS, &uMetco, Germany) and the
other one is a micrometric, nanostructured powlNl@anpx S4007, Inframat Corp.,
USA). Hereafter these powders are referenced as ahYRn respectively. Further
information and microgrphs of these two powderslmafound elsewhere [21]. Due to
the preparation routes followed to obtain theseroensial powders YRm agglomerates
were much more sintered than YRn agglomerates whéke highly porous. All the

feedstocks used in this work are described in thble

Feedstock characterisation

Feedstock powders were characterised before AP&iliem. Field emission scanning
electron microscope (FEG-SEM, S-4800, Hitachi, dapaas used to analyse feedstock
microstructure and the crystalline phases wereaéted by XRD (D8 Advance,

Bruker AXS, Germany)Moreover, granule size distribution was measurediéying.
Granule apparent specific mapg4{ui9 Was calculated from tapped powder specific
mass by assuming a theoretical packing factor@fhich is characteristic of
monosized, spherical particles [22]. Powder flowshivas evaluated in terms of the
Hausner ratio, which is the ratio of the tapped gemspecific mass to the powder
apparent specific mass. Free-flowing powders dysalbBlausner ratio below 1.25 [22].
Finally pore structure of feedstocks was assesg@ddocury intrusion porosimetry,

MIP (AutoPore IV 9500, Micromeritics, USA).



Coating deposition

YSZ coatings were deposited by an atmospheric @agray (APS) system. It
consisted of a gun (F4-MB, Sulzer Metco, Germamgrated by an industrial robot
(IRB 1400, ABB, Switzerland). Before spraying, gwbstrate was grit blasted with
corundum at a pressure of 4.2 bars and cleanedettiinol to remove any remaining
dust or grease from the surface. A NiCrAlY bondtamas used to enhance the
adhesion between the substrate and the ceramic Rgposition was performed using
argon and hydrogen as plasma-forming gases. The spraying conditions were used
for all YSZ depositions: Ar flow=35 slpm,Hlow=12 slpm, arc intensity=600 A,
spraying distance=0.1 m, spraying velocity=1 mlfsngs standard litre per minute). The
necessary number of spraying passes was carrigd obtain a ceramic layer thickness

of 150um.

Coating characterisation

First, coating microstructures were observed by fSHBA. Voids and partially melted
areas of the coatings were evaluated by image sisdhpm 10 micrographs at 500x

magnification. Averages values were then calculated

Coatings were also mechanically characterised.cbaéng microhardness and fracture
toughness were determined by microhardness tégE€@® M400, Leco Co., USA)
performing 10 indentations for each coating to wb#m average value. 50 g indentation
load was used to determine the microhardness WB0€ g indentation load was used
for toughness assessment since a minimum loadusreel for the crack growth to

occur. Niihara equation was used for toughnessitzlion [23].



Results and discussion

Feedstock characterisation

Morphology and structure of reconstituted powdspdy-dried+thermally treated) in
this work are shown in figure 2. As it can be olsdrthe powders contain spherical
agglomerates displaying the typical doughnut-shmpehology of spray-dried
agglomerates [24,25]. Most of granule sizes ranga fapproximately 1@m to 200
um. The presence of some satellite-like granulesksimbigger ones is also observed.
Granules from diluted suspension of nanoparticteg)) seem to be smaller and their
surface is quite rough due to the low viscosityhef starting suspension as set out in
table 1. This finding coincides with that obser¥ednanoparticle suspensions of BiO
or Al,O3-TiO, mixtures obtained with different solids contemt,[25]. On contrary the
powder obtained from the high solids content susijoenof nanopatrticles (YnC) is
made up of coarser granules containing large ihokss. This behaviour is due to the
high viscosity of the starting suspension of tlimple as indicated in table 1 [26]. On
the other hand, higher magnification of the soligba of the agglomerates of all the
powders reveals that the granules are porous antetbby the agglomeration of the
individual nano- and submicron-sized particles.ddmparing nanostructured
agglomerates (YnD and YnC) it can be observedabahe solid loading in the starting
suspension rises the resulting agglomerates asedf2b]. Also when a bimodal
mixture is used (YsnC versus YnC) i.e when subnmisized particles are added to a
nanoparticle suspension the resulting agglomeeatealso denser due to enhanced
particle packing effect [11]. Finally particle n&e§ and coarsening is quite evident in
all the samples as a consequence of the thernasineat. As expected samples
containing submicron-sized particles gave riseo@rser grains after the thermal

treatment.



With regard to commercial powders, the characiesif both samples have been
reported elsewhere [21]. YRm powder consists oblospherical (HOSP) granules
obtained by spray-drying and subsequent plasmafa®nprocess while YRn powder
contains spherical, highly porous agglomerates éariwy individual nanoparticles with

diameters varying from approximately 30 to 130 nm.

Figure 3 shows the size distribution of the agglates comprising all the feedstocks.
Although the curves represent sizes of thermatateagglomerates it must be noticed
that these sizes should practically coincide witbse of the thermally untreated
powders since the agglomerate shrinkage was, thebamples, lower than 1% as
mentioned above. As observed all the distributilisplay a monomodal pattern,
significant differences among them appear thougje. durves also confirm the
micrometer size range of the spray-dried aggloresrat/ith regard to commercial
samples, YRn nanostructured powder comprises aggbies coarser than those of the
reconstituted powders while granules of conventidim powder were slightly finer
than those of the reconstituted powders. Among osvceconstituted in this work the
graph shows that the higher the viscosity of thetisig suspension (see table 1) the
coarser the agglomerates confirming the aspetieodgjglomerates displayed in the
micrographs in figure 1. The correlation betweeantstg suspension viscosity and
agglomerate average size calculated from figurat8 @ plotted in figure 4. As it can
be seen a good fit between both variables is obdamonfirming the findings stated

above.

To further characterise the agglomerate structuedl the samples mercury pore sizing
was determined (figure 5). Although this technigeéermines any type of pore volume
trapped in a powder bed, i.e. inter and intragr@anpibrosity, in these curves only

intragranular porosity is displayed owing to tharse interest of the porosity trapped

10



between agglomerates when the performance of tleragrates inside the plasma
torch in an APS process is to be analysed. Focusirthe reconstituted powders, YnD
and YnC display a very similar intragranular potpsHowever when submicron-sized
particles are mixed with nanoparticles (sample Y)sh€ resulting agglomerates are
slightly less porous but more importantly displagger pore sizes as a consequence of
the increased patrticle size inside the agglomeratas same trend is observed when
the amount of submicron-sized particles is increéageto 100% (YsC sample). These
findings show that granule porosity and pore sasidally depends on the particle size
distribution of the solids comprising the agglonesa Thus the wider particle size
distribution of the submicron-sized powder (seerfggl) when compared with the
distribution of the nanosized powder results insgmparticle packing inside the
agglomerate. These findings agree with theoreticadels on particle packing of
continuous patrticle size distributions [27]. Ysréinple porosity lies between YnC and
YsC porosity values. Regarding commercial sampdeg porosity in YRm powder
curve relates to the HOSP nature of this feedstiteklarge inner hole of the HOSP
granule is not considered in the pore sizing cumig)e YRn sample exhibits its high

porosity agglomerate characteristic.

Figure 6 shows Hausner ratio and agglomerate apipspecific mass of the feedstocks.
All powders present a Hausner ratio lower than 1h2sefore they display a free-
flowing nature. Even though little differences éowability were observed among the
different feedstocks, YnD sample shows the womst/dbility (the highest Hausner
ratio) as a consequence of a combined effect ofl silgglomerate size and high surface
roughness. Regarding granule apparent specific, miggsficant differences were

found between the reconstituted powders as expéactedthe pore sizing assessment.

To better visualise these differences, figure Tglbe variation of agglomerate

11



apparent specific mass of the four reconstituteddess versus the amount of
submicron-sized particles in the starting suspeng\s it can be observed, a clear,
linear relationship between both variables has lie@md confirming the findings
observed in the porosimetry analysis. The highemtnount of submicron-sized
particles in the starting suspension the higheatijdomerate density is. Figure 8
confirms the good agreement between the valueggibmerate apparent specific mass
calculated from the powder tapped specific maseasut above and those obtained
from mercury pore sizing curves (figure 5). In respof commercial feedstocks as
expected agglomerate apparent specific mass of HRDSP) agglomerate is much
higher than that of the YRn agglomerate. Finallg important to note that all the
powders met the recommendations to be depositédi®y(Hausner ratio lower than
1.25, granule apparent specific mass higher th@0 kg /n? and mean granule size

higher than 20 um) [4,7].

Coating microstructure

Commercial and reconstituted feedstocks were degabby APS. Figure 9 shows the
cross-section microstructure of the resultant ogati As observed all the coatings were
porous, exhibiting the typical lamellar structufgptasma sprayed coatings. This
microstructure comprises smaller pores locatediwitidividual lamellae and larger
pores trapped along the interlamellar boundariggire 9 also reveals that coatings
microstructure is influenced by the feedstock ctiarstics. Hence layers deposited
from the nanostructured feedstocks (YnD and Yn@jleka bimodal microstructure
formed by partially melted agglomerates (markediRNMhe micrographs) that retain
some of the initial nanostructure, surrounded lyllg melted matrix (marked M in the

micrographs). Such microstructure has been extelysigported in literature [6-8] in

12



which details on the features of these partiallytateareas can be found. Thus despite
the nanostructured character of the primary pagicomprising the feedstock, the
relatively high porosity associated to these aggl@tes results in coatings containing
partially melted areas which preserve in some @xttenstarting nanostructure. This
statement is particularly evident in the commeraiahostructured powder which
showed the highest agglomerate porosity (figurgiang rise to much higher amount
of partially-melted areas as observed in the cpoeding micrograph of figure 9.
Respecting coatings obtained from submicron-sizetigles (YsnC and YsC
feedstocks) higher amount of partially-melted argasn compared with coatings
obtained from nanostructured feedstocks (YnD an@)Yare observed. These findings
seem to indicate that for similar values of aggloateporosity feedstocks containing
coarser particles (submicron-sized) lead to higimeount of partially-melted areas in
the coatings provided that energy conditions dutivegplasma spray are also similar.
These findings have been previously observed dwappsition by APS of nano- and
submicron-sized titania particles [11]. The differéeatures of these partially-melted
zones can be observed in figure 10. As expectedpaaticles were retained in the
partially melted zones of YnD and YnC coatings $armne of them were partially
sintered so that micrometric voids and coarsemngraiere also found. On the other
hand partially melted zones of YsC coatings exhhmtinitial agglomerate
microstructure. Finally, coating obtained from tmenmercial, microstructured powder
(YRm sample) presents a quite homogeneous micatgtaicontaining low amount of
partially-melted areas what agrees with the higintyered microstructure of the HOSP

agglomerates.

In view of the above, the total porosity of the thogs as well as the amount of

partially-melted areas were estimated by imageyarsaht 500 magnifications from

13



SEM pictures following a procedure set out elsewh#&l,25]. Figure 11 shows the
porosity and partially-melted areas values obtaioedll the coatings. Porosity data
agree with the typical values observed in thesegyy coatings. Besides, in all the
coatings reconstituted in this work the porositiuea were very similar. This is
because, at this low range of coating porositiesctintribution of the agglomerate
density to the final coating porosity is negligilale compared with the contribution
coming from the melting and subsequent deformatifdhe agglomerates during the
deposition process. On contrary larger differerasasng the coatings were observed
for the values of the partially-melted areas cont€oatings obtained from feedstocks
containing submicron-sized particles (YsC and Yndi§play higher amount of
partially-melted areas in comparison with the féeclss exclusively formed by
nanoparticles (YnD and YnC). Thus for a given plaspray conditions (plasma
energy) the amount and the size of the particleisienthese partially-melted zones
obviously depend on the size of the particles casig the feedstock agglomerates
(nanoparticles or submicron- sized particles) &t an other feedstock characteristics
such as agglomerate size and density. As the aggédensize and porosity of the
reconstituted feedstocks are not so differentitindirigs obtained highlight the role of
the particle size in reconstituted, spray-dryinglamerated powders with regard to the
appearance of the always existing partially-mettexhs. Finally, the quantified amount
of partially-melted areas for the coatings obtaifitech the commercial feedstocks
(YRm and YRn) agrees well with the appreciationuddl from the corresponding

micrographs in figure 9.
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Coating properties

Figure 12 displays microhardness and toughnedseatdatings obtained from the
different feedstocks. Coatings from commercial pergcExhibit lower values of
microhardness, in particular YRn coating which preed the highest value of porosity
as set out above. Thus the negative effect of igros microhardness can easily be
noted in this coating in which the porosity valllmast doubles those of the rest of
coatings. This effect has been extensively repané&PS literature [28,29]. In less
extent, the effect of porosity can be also obsemeate other commercial coating
(YRm) which also shows lower microhardness dugstoalatively high porosity. As
regards the coatings obtained from the reconstiti#edstocks, higher values of
microhardness were found on comparing with theigatobtained from the
commercial feedstocks owing to their lower porosijues. Nevertheless no clear
relationship between porosity and microhardnes®wbserved for this group of
coatings. This is because differences in poroségevtoo small for the correlation to be
established (see figure 11). On the other hanchtitee on coatings obtained from
nanostructured feedstocks reports that the pres#moechanically weak partially-
molten zones featuring these coatings can resufteichanical properties decrease [30].
Hence, although this effect can contribute to tve hardness of YRn coating, it has not
been observed in the case of YsC and YsnC coatliegjsite the fact that these coatings
contained higher amount of partially-melted aréasmtyYnD and YnC coatings. This
discrepancy with the reported data can be causédeblyigher density of the partially-
melted areas in coatings which have been obtanoaa fieedstocks containing

submicron-sized particles (YsC and YsnC coating9leserved in figure 10.

Finally, according to literature, partially meltednes present in coatings obtained from

nanostructured feedstocks can behave as barriecsaltk propagation [5,7]. However
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few changes in terms of toughness were found betwerventional coating (YRm)
and coatings from nanostructured feedstocks (Yn@D) ¥nd YRCc). It is probably
because of the poor cohesion presented by thalbhartielted zones of these coatings.
On contrary, the higher toughness value for YsQiggaan be attributed to its larger

amount of denser partially molten zones as seabaove.

Conclusions

In this work, YSZ coatings were obtained from diéfiet feedstocks by APS. On the one
hand four reconstituted powders from nano- and stiem-sized particles were
deposited. The reconstitution process consistsgray-drying of the starting
suspension followed by a thermal treatment of iraysdried agglomerates. In
addition, two commercial powders (one nanostructamed the other one conventional)
were also deposited to compare differences betiveefinal coatings. It was proven
that suspension characteristics strongly affecsgiray-dried agglomerate properties.
Thus the higher the suspension viscosity the co#tisespray-dry agglomerate size
whereas the agglomerate density is directly relaagle amount of submicron-sized
particles in the starting suspension. All the restibated feedstocks showed adequate

properties to be used in an APS process.

The coatings obtained displayed a bimodal microstne formed by partially melted
zones surrounded by a fully melted matrix. Coagingosity and the amount of partially
melted areas depend on the feedstock charactsridcthe coating microstructure
(porosity and amount of partially melted area)ragty defines the mechanical
properties of the final coatings this work has gmthe connection between the

mechanical properties of the coatings and the cheratics of the feedstock
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agglomerates. On the one hand, coatings obtaioedtfie reconstituted feedstocks
gave rise to higher values of microhardness whempeoed with the coatings obtained
from the commercial feedstocks owing to the lowanogity of the reconstituted
powders. On the other hand, the effect of the atariatics of the partially melted areas
on microhardness has been also put forward. Neslegs the effect of these partially-
melted areas on microhardness is not so impacsiriad of coating porosity. Finally

the reinforcing role of the amount of partially-eel areas on the coating toughness as
reported in the literature has not been observéisnvork. In fact no differences in
toughness were found between the conventionalrgpathich did not contain any
partially-melted areas and the coatings obtaineah freconstituted feedstocks which

presented different amounts of these areas.
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Fiqure captions

Figure 1. Particle size distribution of the comni@rnano- (n) and submicron-sized (s)

particles

Figure 2. FEG-SEM micrographs at different magaifiens of reconstituted feedstocks

(thermally treated spray-dried powders): a) YnDYhL; ¢) YsC; d) YsnC
Figure 3. Agglomerate size distributions of thedfgecks

Figure 4. Correlation between starting suspensiscogity displayed in table 1 and

agglomerate average size worked out from figure 3

Figure 5. Pore size distribution of the feedstamlined by mercury intrusion

porosimetry. Only intragranular porosity is takatoiaccount

Figure 6. Hausner ratio and agglomerate appar@ufg&pmass faggiomerap Of the

feedstocks

Figure 7. Variation of agglomerate apparent speaifass faggiomeray VErsus the

amount of submicron-sized patrticles in the starngpension

Figure 8. Relation between agglomerate apparewifgpmass of the six powder
feedstocks as obtained from the powder tappedfgpetass and mercury pore sizing

procedures

Figure 9. Coating cross section micrographs at 08gnification. Melted and

partially-melted areas are referenced as M and édyectively
Figure 10. Partially melted zone detail of differenatings
Figure 11. Porosity and partially melted areashefdoatings as determined by SEM

Figure 12. Microhardness and toughness of therdifitecoatings

22



Figure list

Volume (%)
- S I

—
(=]
L

o oo
L

s
[=]

Figure 1

Figure 2

23



10

D; (1m)

Figure 3

0.60x + 62
R*=094

¥

*

888RBRIRR2°
(wrl) 02q

50

20

10

p{mPa-s}

Figure 4

SeE e
R O B - A B
= )
2NRE:
S R BT
AR A N ‘\MNWH

c
SRR e
L 8 _ \\\\\j\/\\\\\
R [ R I \\Am\
5P
T N R = I

0,1

0,01

0,001

Dpore (um)

Figure 5

24



1.30 5000
4500
1.25 1 4000
2 1o € 3500
= 1.20 =3
o £ 3000
g 115 2 2500
[} T
g 110 £ 2007
T 1YV & 1500 -
&
105 4 1000 -
500 -
1.00 4 0 -
YnD YnC YsC YsnC YRm YRn YnD YnC YsC YsnC YRm YRn
Figure 6
3800 -
3600
» 3400 1
i
: 3200
E 3000
2800 §
2600 -
2400 . . . . .
0 20 40 60 80 100
Submicron-sized particle ratio (%)
Figure 7
6000 -
i
..g *
. 5000
Q
|
Q
j=1
[=2]
§4000 y=11119x
2 R’=0.93
E .
S 3000 -
= .
=8
L
2000 T

2000 3000 4000 5000 6000
p (kg/m’) by tapping

Figure 8

25




Figure 9

26



Figure 10

14

Porosity (%)

YnD YnC YsC YsnC YRm YRn

Figure 11

Partially melted area (%)

[~
o

-
oy

-
=N

-
oy O N

YnD YnC YsC YsnC YRm YRn

27




453525150
] o - o
ﬁEE.an_s_v ssauybnoj ainjoe.l4

N R B B N B
O M WM~ OWws 0N — O
—

(edo) ssaupteyolo|nl

YnD YnC YsC YsnC YRm YRn

YnD YnC Y¥YsC YsnC YRm YRn

Figure 12

28



Table caption

Table 1. Reference and description of all the YSz&dstocks used through this work

3

Starting suspension T weatment
Reference : " 5 oC
Solids SL (vol.%) | u© (mPa-s) (°C)
YnD 100% nanopatrticle 10 2.8 1000
YnC 100% nanoparticle 30 46.5 1000
5 . —
YsC 100.A) submicron S|zed30 13.3 1200
particle
50% nano- + 50%
YsnC submicron-sized particle 30 17.9 1150
YRmM Commercial (reference) microstructured powder
YRN Commercial (reference) nanostructured powder

1 SL: solid loading

2 u: suspension viscosity measured from downwand florves at shear rate of 1000 s
(reference 19).
® Tueament temperature of the powder thermal treatment (eefee 19).
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