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Abstract

This study was undertaken to attempt to achieveetéeib balance between zirconia
coating properties and high-temperature performdryceombining the characteristics
of coatings obtained from a micro- and a nanostnedt feedstock having the same
YSZ composition. First, two single-layer coatingsre obtained as reference coatings,
using the micro- and the nanostructured feedstaekpectively. Four different
composite coatings were then obtained by combirimgse two feedstocks. Two
double-layer (multilayer) YSZ coatings were prepareoy depositing the
microstructured feedstock on the nanostructureckrlagnd vice versa, while two
coatings with different particle size gradientsa@gd coatings) were prepared by
depositing various mixtures of the micro- and tl@astructured feedstock in alternate
layers.

The microstructure and hardness of the resultingtiogs were determined. In the
multilayer coatings, each layer exhibited a cleailfjerent microstructure, whereas in
the graded coatings the microstructural charatiesischanged gradually. Coating
hardness developed analogously, each layer disgjayimarked change in hardness in
the multilayer coatings in contrast to a graduahnge in the graded coatings. The
microstructure and hardness of the individual laywere thus quite well preserved in

the developed composite coatings.

Keywords. Atmospheric Plasma Spraying; Thermal Barrier CaptiiSZ; Gradient

Coating; Multilayer Coating



1 Introduction

Plasma sprayed thermal barrier coatings (TBCs}raditionally applied to gas turbine
engines blades and vanes to reduce their operagngperatures and increase
component durability. The state-of-the-art TBC egstconsists of a duplex coating
made up of a thermally insulating yttria-stabilisgtonia YSZ top coat applied over an
oxidation-resistant MCrAlY (M = Ni and/or Co) bowrdat (Ref 1, 2).

Nanostructured coatings have been extensively exduiti the last decade, and thermal
spraying is one of the techniqgues commonly usexbtain such layers. In fact, coatings
exhibiting different architectures and interestimgperties can be obtained by using
nanostructured feedstock in plasma spraying (Reifi8yvever, nanoparticles cannot be
directly sprayed because of their low mass and floarability. To overcome these
problems, the individual nanoparticles need to Ileeomstituted into spherical
micrometre-sized granules. Spray drying a nanaparsuspension is one of the most
widely used agglomeration methods. Often it isdwkd by thermal treatment of the
resulting nanostructured granules to enhance sieierability (reducing porosity) and
cohesive strength. Plasma spray deposition of sggtomerates leads to a two-scale
microstructure that basically consists of partiathelted agglomerates (nanozones)
surrounded by fully melted areas, which act asddai matrix (Ref 4, 5).

In view of this microstructure, a well-reported easch approach has been developed,
aimed at preserving as much as possible the nactsted character of the agglomerate
feedstock without adversely affecting coating adireand cohesion. Spray parameters
were therefore optimised to achieve conditionst(gartemperature and velocity) that
resulted in only partial melting of the agglomesa{éo avoid complete loss of the
nanostructure), albeit with a sufficient degreard@lting to ensure effective deposition

on the substrate. In addition, depending on therthkeprocessing, spraying conditions,



and feedstock characteristics (agglomerate dianagigiporosity), the nanozones in the
resulting coating might continue to be porous tike original agglomerate feedstock or
be much denser (Ref 4).

In the case of YSZ coatings for thermal barrieemastructured coatings can provide
better performance than that of their conventiamainterparts (Ref 6). Controlling the
amount of meltedand porous partially melted particles embedded irtoating
microstructure, thus enables considerable modifinabf coating mechanical and
thermal response (Ref 7). In particular, the liiem@ reports that the non-melted
nanostructured zones present in YSZ coatings adddiy atmospheric plasma spraying
(APS) decrease the thermal conductivity and inerdbe thermal shock resistance of
thermal barriers (Ref 4) compared to the same ptiegeof coatings obtained from
conventional, micrometre-sized powders. Nanostredtucoatings have also been
shown to exhibit improved compliance characterss{Ref 7, 8).

However, fundamental questions still remain to bewaered on the applicability of
nanostructured YSZ coatings as TBCs. These quastimrelated to sintering effects,
which could significantly increase the thermal wiffvity/conductivity and elastic
modulus values of these types of coatings in heghperature environments. Such
effects are related to the fine microstructure afigzones that contain nano/submicron-
sized particles and pores (Ref 4, 5).

The above suggested the interest of exploring thssipility of combining the
properties/performance of conventional (microsuited) and nanostructured layers in
designing new types of YSZ-based TBCs, using thmespective benefits. It was
considered that such coatings might be obtainedidnyg two approaches: a double-

layer (multilayer) assembly of micro- and nanoduued layers and a graded assembly,



in which the micro- and/or nanostructured feedstomhtaining layers could be
gradually changed.

A literature review showed extensive use of muyl8laand graded layer approaches for
TBCs, indicating that such combinations might bg factors in the high performance
and durability of TBC systems. Indeed, studies hexfored graded layers, combining
a bond coat composition and top coat compositioef (B); multilayer coatings,
combining ceramic oxides other than zirconia (R&fL2); and even a graded YSZ top
coat with porosity gradient (Ref 13) to obtain thenefits of composite materials.
However, the combination of micro- and nanostrieduayers as addressed the present
study has not been reported.

This paper describes an attempt to develop YSZebasatings through composite
design. Using a micro- and a nanostructured comalefeedstock, two approaches
were explored. First, two double-layer coatingsenabtained, depositing the micro- on
the nanostructured feedstock in the one and penfigrithe deposition in the opposite
order in the other. Secondly, two graded coatingsrewobtained, progressively
depositing micro- to nanostructured feedstock aaon to microstructured feedstock,
respectively. All coatings were microstructurallgdamechanically characterised and
compared with two single-layer coatings, used &xeaces, obtained using the micro-

and the nanostructured feedstock, respectively.

2 Experimental

2.1 Materials

Two commercial feedstock powders for obtaining avemtional and a nanostructured
Y,Os-stabilised ZrQ (YSZ) layers were used in this study. The feedstoc

characteristics provided by the suppliers are givetable 1. Granule apparent specific



mass fgranuid Was calculated from powder tapped specific massyming a theoretical
packing factor of 0.6, which is characteristic admosized, spherical particles (Ref 14).
The crystalline phases in these feedstocks wenatiickel by X-ray diffraction (D8

Advance, Bruker AXS, Germany). In addition, a fielshission scanning electron
microscope (QUANTA 200FEG, FEI Company, USA) wasduso analyse feedstock

microstructure.

2.2 Coating deposition

The YSZ layers of the two feedstocks (a conventi@mal a nanostructured powder)
were deposited onto stainless steel (AISI 304) tsates by an atmospheric plasma
spray (APS) system. The system consisted of a Bd#V[B, Sulzer Metco, Germany)
operated by an industrial robot (IRB 1400, ABB, &erland). Before spraying, the
substrate was grit-blasted with corundum at a pressf 4.2 bar and cleaned with
ethanol to remove any remaining dust or grease ftben surface. A bond coat
(AMDRY 997, Sulzer-Metco, Germany) was used to eckahe adhesion between the
substrate and the ceramic layers. Bond coat coniposvas Ni-23Co-20Cr-9Al-4.2Ta-
0.6Y (mass fraction, %). Deposition was performesing argon and hydrogen as
plasma-forming gases. The main spraying paramateristed in table 2.

Two independent feed systems (one for each powudétt), their respective circuits,
were used to obtain the multilayer and the gradedings. The two powders were thus
injected into the plasma plume via two differenzzies arranged radially around the
torch. To assure adequate powder flow through &sexh system, 3 slpm (standard litre
per minute) of argon flow was used. The multilageatings were obtained by first
applying five passes of one feedstock (startingferd system after stopping the other)

and then applying five passes of the other feellgstopping the first feed system and



starting the other). Two types of multilayer cogtiM1 and M2) were prepared as
detailed in table 3. The M1 coating was obtaineditsg depositing the conventional

and then the nanostructured feedstock. The M2 mpatas obtained by depositing the
feedstock in the opposite order. The graded cosmtimgre prepared by varying the
powder mass flow rate of each feedstock in the faelem while keeping a constant
mass flow rate of 45 g/min for the total powder.orseries of graded coatings (G1 and
G2) were obtained: in the G1 coating, the bottoryedaconsisted of a 100%

conventional powder deposition and the top layet08% nanostructured powder
deposition, whereas in G2 the opposite order was.usSive layers were prepared for
each series, using the following composition fochedeedstock: 100%, 75%, 50%,

25%, and 0%. The plasma spraying parameters obdine coat and YSZ layers are
given in table 2. Figure 1 schematically illusteatbe two graded coatings. The total

thickness of each composite coating (both M anav&) about 15Qm.

2.3 Coating characterisation

The compositions of the crystalline phases in tbatings were identified by X-ray
diffraction (XRD). XRD patterns were obtained ofckalayer in the M1 and M2
coatings. To obtain the XRD pattern of the bottayel (the layer on the bond coat), an
approximately 10Qum thick layer of the coating was removed to assheetop layer
had been eliminated. A field-emission scanningted@cmicroscope (JEOL 7001F, Jeol
Ltd., Japan) was used to analyse coating micrdstreion the polished cross-section
areas. Voids and partially melted areas of thelsitayer coatings used as references
(obtained from the conventional and the nanostradtdeedstock, respectively) were
evaluated by image analysis from 10 micrograph808ix magnification. The average

values were then calculated. Vickers microhardmess measured with a LECO M400



microhardness tester (Leco Co., USA), 10 indematimeing performed on each sample
(50 g load for 10 s). These microhardness measurtismegere made on polished
specimens across the entire cross-section. In @ase of the M1 and M2 coatings,
indentations were performed on each micro- and stamctured layer, the layers being
clearly identifiable in the optical microscope ctagwith the microhardness tester. A
different approach was used for the G1 and G2 mgstihowever, as the layers could
not be readily identified. In this case, the tatatkness of every graded coating (G1 or

G2) was divided into five identical portions, whiakere then indented as set out above.

3 Results and discussion

3.1 Feedstock characterisation

FEG-SEM micrographs of the conventional and theosiuactured powder used are
shown in figure 2. It can be observed that both gers consisted of spherical
granulates of agglomerated particles, whose avesiagewas about 400-800 nm in the
conventional powder and 200 nm in the nanostrudtyrewder. This morphology
suggests that the powders were obtained by a spy@tyg process. In addition, as
observed in the magnified micrograph, the partiaigtered microstructure of the
agglomerates in the conventional powder indicdtat @ thermal treatment was used to
suitably reconstitute this powder for thermal sprgy This type of partially sintered
granulate feedstock is generally known as HOSP Iqvolspherical powder).
Information on these two powders is provided elsawl{Ref 7).

Figure 2 also shows that the nanostructured agghtesewere much more porous than
the conventional agglomerates. Indeed, the measggldmerate specific mass of the
conventional and the nanostructured powder was 4&@0r and 2400 kg/rh

respectively. This is of great significance for sudsequent plasma spraying process, as



agglomerate porosity can govern the degree of ratiole melting during the

deposition process. Apart from the powder aggloteesatering state, the differences
in agglomerate structure largely depend on the athteristics of the spray-drying
suspensions used to produce the powders. Thiscaube obtaining suspensions with
higher solids content becomes much more difficslttl@e solids particle size in the

suspension decreases to the nanometre range (RE§)15

3.2 Microstructural characteristics of the double-layer and the graded coatings
Coating microstructure was characterised using FEEBA. For the sake of comparison,
first, microstructural observation was performedtloé single-layer coatings used as
references, obtained from the conventional and tamostructured feedstocks,
respectively, under the standard spray conditiebost in table 2. Figure 3 shows the
corresponding micrographs of these two coating®irTaverage thickness was about
150 um. Both coatings displayed a ‘splat-like’ structdoemed by flatenned drops or
splats, which is typical of thermal spray deposititntersplat cracks associated with
fast cooling after deposition were also evidenbath specimens, in particular in the
case of the conventional coating. The coating abthifrom the nanostructured
feedstocks displayed the expected bimodal microstre, characterised by the presence
of partially melted agglomerates that retainedittigal nanostructure of the feedstock
powders. Such zones are usually known as partiadiyed areas, and they result from a
low degree of melting during spraying. In this stuthese areas are referred to as
partially melted areas (marked PM in the microgjapime PM areas were surrounded
by a large dense smooth structure of fully (or @tfally) melted splats (marked M in
the micrograph). Figure 4 shows higher magnificai@cG—SEM micrographs of these

partially melted areas in the nanostructured YSatiogs. The initial nanostructure of



the feedstock was largely retained in the partiaibited areas, though some sintering
and consequent grain growth were observed. Zonssmiding the nanostructured
feedstock (PM) therefore exhibited a similar stmoet to that of the feedstock
agglomerates (figure 2), displaying an agglomenatibparticles loosely bound to each
other (Ref 4, 5). The particle size in these a@d®ut 200 nm) confirmed that they
were partially melted feedstock agglomerates. Hangvartially melted zones were not
observed in the conventional coating, despite #wt that the conventional powder
agglomerates were made up of larger particles. Wais caused by the much higher
degree of sintering of the HOSP agglomerates, wigaVve rise to a dense, uniform
microstructure that differed significantly from thaf the coating obtained from the
highly porous nanostructured agglomerates. Thise tygf two-zone (bimodal)
microstructure has been widely reported in therditere with YSZ and other oxide
feedstocks (Ref 4, 5). The amount and porosityhesé nanostructured areas largely
depend on the thermal processing, spraying comgditiand feedstock characteristics
The total porosity of the coatings, as well asdh®unt of partially-melted areas, was
estimated by image analysis at 500 magnificationsnf SEM pictures following a
procedure set out elsewhere (Ref 16). Figure 5 shbes porosity and partially-melted
areas found in the two reference single-layer ogati The porosity data agree with the
typical values observed in these types of coatiAgsmay be observed, the quantified
porosity, as well as the amount of partially-melt@eas for these two individual
coatings, agreed well with the inference drawn fithie corresponding micrographs in
figure 3.

The splat shape modes observed in the coating stiaotures obtained from both
feedstocks were determined from the spread fagjpdéfined as the quotient of droplet

diameter (considered the same as the agglomeratectér) divided by splat diameter
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(deposited drops which form the coating). Thesdofacwere calculated for each
feedstock using the Madejski model (Ref 17), theeap factors being 5.0 and 4.8 for
the conventional and for the nanostructured fee#lstoespectively. These values
indicate that the coatings were made up of flatlesplats, aghe corresponding
micrographs in figure 3 show.

The FEG-SEM micrographs of the M1 and M2 coatings shown in figure 6. A
general micrograph is shown for each coating, twgetvith magnified images of two
successive portions of the coating cross-sectrom the bond coat interface to the top
layer surface. The general microstructure of the il M2 coatings can readily
identified in their constituent layers by comparitng micrographs of the single-layer
conventional and nanostructured coatings in fig8reThe M1 and M2 coatings
displayed two clearly distinct areas, defined bg #mount of partially melted areas
(PM areas in figure 3), which were in turn direatdfated to the layer deposited from
the nanostructured feedstock. As expected, the Rislsavere concentrated in the top
layer of the M1 coating, where nanostructured femtkshad been sprayed. In contrast,
the M2 coating displayed the opposite microstrigtas the PM areas were located in
the layer on the bond coat, where the nanostruttieedstock had been deposited. The
change in microstructural characteristieas not gradual: the PM areas only appeared
where the nanostructured feedstock had been apghedddition, large PM areas
adversely affected coating microstructural homodgnas observed in the top layer of
the M1 coating and at the interface of the conwerai top layer and the nanostructured
bottom layer in the M2 coating. Consequently, frammicrostructural point of view, the
combination used in the M2 coating appeared ingpmte in terms of coating

integrity.
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Figure 7 shows a similar set of micrographs fodgrhcoatings G1 and G2. In this case,
to better observe the microstructural changes, fiwverographs are shown for each
coating. Again, the amount of PM areas can be asettace feature to analyse the
microstructure of these coatings. In the G1 coatilng amount and size of the PM areas
gradually increased from the bond coat interfadécatop layer, paralleling the increase
in nanostructured feedstock content in the depobsitxture. There was thus no distinct
interface between any two adjacent layers, indigaéin appropriately graded structure.
In the G2 coating, the amount and size of the Pdasdecreased from the bond coat
interface to the top layer surface as the nanasired feedstock content decreased in
the same direction. Unlike the M1 and M2 coatirige,G1 and G2 coatings displayed a
gradual change in microstructural characteriséssPM areas could be observed to a
greater or lesser extent throughout the coatingsesections. Consequently, the G1 and
G2 coatings exhibited greater microstructural hoemggty than the M1 and M2
coatings.

Coating phase composition was determined by X-riffyadtion. Overall, the XRD
patterns of the layers obtained from both the cotiveal and the nanostructured
feedstock identical in the M1 and M2 coatings, rdigss of layer position. Figure 8
shows the XRD patterns corresponding to the toprlay the M1 coating (deposited
from nanostructured feedstock) and the top layethef M2 coating (deposited from
conventional feedstock). For comparative purposiesire 8 also shows the XRD
patterns of both feedstocks

The figure shows that both layers retained the tallyse composition (mainly
tetragonal YSZ) of the feedstock powders, as reportlsewhere (Ref 18, 19).
Furthermore, the as-sprayed conventional layer [@gpr in the M2 coating) hardly

contained any monoclinic zirconia despite the prese of this phase in the
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corresponding feedstock. These results evidencgdbd melting of the YSZ powders.
The disappearance of the monoclinic phase is thidogiesult from the subsequent high
guenching rate following coating deposition. Figathe XRD patterns of the top layers
of the G1 coating (obtained from 100% nanostructdezdstock) and the G2 coating
(obtained from 100% conventional feedstock) closalgsembled the XRD

diffractograms of the corresponding layers in the &hd M2 coatings

3.3 Hardness measur ements

Figures 9 (a) to (d) show the hardness values @ffdr types of coating assembly
prepared in this study. The graphs for the M1 and bbatings ((a) and (b),
respectively) are shown in histogram form. On tltigeo hand, coating hardness was
plotted versus thickness for graded coatings G1@2d(c) and (d), respectively). The
average hardness of the layers in the M1 and M2Zingsm obtained from the
conventional and the nanostructured feedstock, walsulated for comparative
purposes. Average hardness was 4.5+0.7 GPa and.2.&Pa for the conventional and
for the nanostructured layer, respectively. Acaaogdito the literature, the lower
hardness of coatings obtained from nanostructueedstock is related to the higher
porosity of these coatings, as well as to the meseof the mechanically weak
nanozones that characterise these coatings (Ref120)Jn addition, the high standard
deviation of the hardness data in this last coatsigmmed from the higher
heterogeneity associated with microstructures @oin these nanozones. The
influence of nanozones on coating hardness wasrafswted by Lima et al. (Ref 22).
These authors predicted that hardness would berlowesgions where there was a
preferable concentration of partially melted arddse porous nanograin agglomeration

containing these PM regions was also argued asetieon for the lower hardness in
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these partially melted areas. Despite this diffeeem hardness, the literature also
indicates that the bimodal structure associateld manostructured coatings can enhance
other mechanical properties, such as toughnesweadresistance (Ref 4).

With regard to coatings M1 and M2, figures 9 (adl &n) show that, as expected from
the porosity and amount of partially melted aresess@nt in the two reference single-
layer coatings (see figure 5), hardness changeletily across the coating thickness.
Hardness thus decreased dramatically on passimg fhe layer obtained from the
conventional powder to that obtained from the namotured feedstock. This was
because the layers making up the double-layeredbosites largely preserved their
microstructure and, hence, hardness values of dhesponding single-layer coatings.
In addition, the M1 coating top layer (obtainednirdhe nanostructured feedstock)
exhibited exceptionally low hardness, owing tgpt®r microstructural homogeneity, as
set out in the previous section (figure 6). Thespreation of the microstructural
characteristics and hardness of the respectiveadagethe M1 and M2 coatings there
was little interaction between both types of lagering deposition.

In contrast, in the graded coatings, assumingtti@twariation in porosity and amount
of partially melted areas followed the gradual aaon of the composite layers, a
corresponding gradual variation in hardness mighexpected. The variation of G1 and
G2 coating hardness with thickness is plotted guFés 9 (c) and (d), respectively. Note
that, in these figures, im refers to the bond coat interface and B0to the top coat
surface. As may be observed, these coatings egtilsitgradual change in hardness,
with no steep interface. The increase in hardnesallpled the increasing conventional
feedstock content in the deposited mixtures, ia@mftop layer to bottom layer in the G1
coating and in the opposite direction in the G2tioga These results match the

variation observed in the microstructural charastes illustrated in figure 7. To

14



confirm the effect of feedstock composition on auathardness, hardness data of
coatings G1 and G2 were plotted against the narasted feedstock content of the
deposited mixtures in figures 10 (a) and (b), respely. To determine whether the
variation in hardness obeyed a mixture law, comsigehe average measured hardness
values of the reference single-layer coatings abthifrom the conventional and the
nanostructured feedstock as set out above, ttmniolfy equation was used:

HV(n) = HV,-n+HV_-L—-n)

where HV(n) is the hardness as a function of theostructured feedstock mass
fraction, HV, and H\; represent the hardness of the coatings obtain@a fthe
nanostructured and conventional feedstocks, respc({as set out above), and n is the
nanostructured feedstock mass fraction. Figure Hivs the plot of the variation in
hardness of the graded coatings, according tontimsgure law. The plot displays a
straight trend line, indicating that the variatiorhardness practically followed a simple
mixture law (linear variation), again confirmingetHittle interaction between the
feedstocks of the deposited mixtures.

To better explain the physical reasons for thisabetur, in addition to the above
variation in hardness of the G1 and G2 coatingsugethe nanostructured feedstock
content in the deposited mixtures, the estimatathttan in porosity and amount of
partially melted areas in these coatings with taeastructured feedstock content have
also been plotted in figure 10. This estimate waslenon the basis of the measured
values of porosity and amount of partially meltedas in the single-layer coatings
shown in figure 5. Note that this estimate relied the little interaction observed
between the layers during the deposition of thea@d G2 coatings, as set out above.
As may be observed, the plots in figure 10 confitlmt the gradual variation in

hardness of the G1 and G2 coatings stemmed maimty the gradual variation of the
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two influencing variables, namely porosity and amtoof partially melted areas, as long
as the microstructure of the successive feedstaypr Imade up of the mixture of the
studied conventional and nanostructured feedsto@s largely preserved. However,
the relative contribution of these two variablesr@isity and amount of partially melted
areas) to the hardness of the layers making upconeposite coatings needs to be
determined by further measurements.

Similar findings single-layer coatings obtainednfr;manostructured feedstocks were
previously reported (Ref 22). In that researchtiogamicrohardness could be predicted
on the basis of the amount of melted and partialjted areas in the coating layer.
However, for that calculation, the amount of thése types of areas needed to be
previously determined, which made predicting miamlmess more difficult.

Finally, although not determined in this study, #astic modulus may be expected to
follow the same trend as that exhibited by hardmedske G1 and G2 coatings, on the
basis of previously reported data (Ref 20, 23, Bdjther research is now in progress to
complete the mechanical and thermal characterisafithese graded coatings.

The results obtained in this study represent agresting starting point for designing
new nanostructured feedstock-based coatings inhwhiechanical and presumably
thermal properties can be graded from the bond iobvetface to the top coat surface.
Coatings could thus be tailored with variable namez contents, increasing from the
bond coat to the surface, to provide better therewranical performance at the surface
while keeping the adherence and residual stressbe &dond coat interface as a result
of the prevalent conventional feedstock coatinghie bottom layer (Ref 13). No less
importantly, graded nanozone development could widen the relgtivnarrow
processing window of plasma spray conditions tlsatally characterises the production

of these bimodal plasma spray coatings as recatjeisewhere (Ref 3-5).
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4 Conclusions

Four different composite coatings were obtained dmymbining a conventional
(microstructured) and a nanostructured feedstosknbathe same YSZ composition.
Two double-layer (multilayer) YSZ coatings were shprepared by depositing the
microstructured feedstock on the nanostructure@rland vice versa. On the other
hand, two coatings were prepared with differentigplarsize gradients (graded coatings)
by depositing various mixtures of the micro- an& thanostructured feedstock in
alternate layers. All coatings were microstructiyrahd mechanically characterised and
compared with two single-layer coatings used asregices, obtained using the micro-
and the nanostructured feedstock, respectively.

The multilayer coating microstructure exhibited telearly distinct areas, defined by
the amount of partially melted areas (PM areas)chvivere in turn directly related to
the layer deposited using the nanostructured feekistThe PM areas were thus
exclusively concentrated in the layer obtained fritv& nanostructured feedstock. This
caused a marked change in hardness across thegctidtkness, as the layers in these
composites largely preserved the hardness of thresponding reference single-layer
coating.

In the graded coatings, the amount and size oPifleareas gradually varied from the
bond coat interface to the top layer, parallelimg variation in nanostructured feedstock
content in the deposited mixture. There was noindistinterface between any two
adjacent layers, and a gradual change in hardness observedThe variation in
hardness fitted a simple mixture law (linear vama), confirming an appropriately
graded structure as well as little interaction lestw the feedstocks in the deposited

mixtures.
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The results obtained in this study can contribotehe groundwork for the design of
new nanostructured feedstock-based coatings inhwtlie mechanical and thermal
properties can be gradually changed across thengotitickness by using feedstock

having the same composition but different partstkes.
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Figur e captions

Figure 1. Schematic illustration of the two compesioating series with particle size
gradients: (a) G1 coating and (b) G2 coating (cnvemtional feedstock, n:
nanostructured feedstock).

Figure 2. FEG-SEM micrographs of (a) METCO 204 @oriional powder and (b)

NANOX™ S4007 nanostructured powder.

Figure 3. FEG—SEM micrographs of the single-laygrdonventional YSZ coating and
(b) nanostructured YSZ coating, obtained using ddesh spraying parameters. The

melted and the partially melted areas are refextit and PM, respectively

Figure 4. High magnification FEG—-SEM micrographspaitially melted (PM) areas
present in the nanostructured YSZ coating.

Figure 5. Porosity and partially melted areas a thference single-layer coatings
determined by SEM.

Figure 6. FEG—SEM micrographs corresponding taMigleft) and M2 (right) double-
layer coatings.

Figure 7. FEG—SEM micrographs corresponding toGhgleft) and G2 (right) graded
coatings.

Figure 8. X-ray diffraction patterns of the convenal and the nanostructured YSZ
feedstock used (top), and top layers of the asysdr11l and M2 coatings (bottom): (a)
conventional feedstock or top layer deposited fthis feedstock in the M2 coating and
(b) nanostructured feedstock or top layer depositeth this feedstock in the M1
coating).

Figure 9. Hardness values of the constituent layetee M1 and M2 coatings ((a) and

(b), respectively) and variation of hardness witlatong thickness of the G1 and G2
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coatings ((c) and (d), respectively). Note thain® refers to the bond coat interface and
150um refers to the top coat surface.

Figure 10. Comparison of the variation of the meadithardness with nanostructured
feedstock content in the deposited mixtures iningat Gl and G2 ((a) and (b),
respectively) and estimate of the variation in gdgoand amount of partially melted
areas in these same coatings (the fit of the exyatial points displayed a straight trend

line).
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Tables

Table 1. Characteristics of the conventional and the nanostructured commercial

Y SZ powder used in the study (information provided by the suppliers).

Conventional powder

Nanostructured powder

Inframat Advanced

Supplier Sulzer Metco )
Materials

Reference METCO 204 NS NandxS4007

szgierZ Welght 8:92 7:93

ratio

Particle size - 50-500 nm

Agglomerate size 11-125 pm 15-150 ym

Table 2. Main plasma spraying parameters of each deposited feedstock in both the

multilayer and the graded coating assemblies.

Ar Ha Intensity | Spraying | Spraying | Massflow
(sspm) | (dpm) (A) distance speed rate
(mm) (m/s) (g/min)
Bond coat 65 8 650 145 1 40
YSZ 35 12 600 100 1 45

*slpm: standard litre per minute
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Table 3. Make-up of the different multilayer (M) and graded (G) coating

assemblies (c: conventional feedstock, n: nanostructured feedstock).

Reference Description L ayers* Passes/layer
M1 Multilayer coating 100% c 5
c-n 100% n 5
M2 Multilayer coating 100% n 5
n—c 100% c 5
100% c 2
: 75% c/25% n 2
G1 Graded coating 50% ¢ / 50% n 2
25% c/ 75% n 2
100% n 2
100% n 2
: 25% c/ 75% n 2
G2 Graded coating 50% c / 50% n 2
75% c/25% n 2
0% c 2
*The layers were deposited In the order listed in the table
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