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Abstract

Yttrium-stabilized zirconia (YSZ) thermal barrier coatings (TBCs) are indispensable elements of present-day turbine pro-
pulsion systems. The ones deposited with atmospheric plasma spraying (APS) are characterized by required low thermal
conductivity, but they are unable to survive frequent thermomechanical loading and therefore their application is limited to
parts remaining stationary. Expanding capability of TBCs is sought in various areas, but the one realized through modification
of most proliferated apparatus used for plasma spraying (PS) (from radial to axial injection) and substituting micrometric
powders with the nano-structured suspension needs least changes in the industry established procedures and offers the highest
property improvement. The present experiment covered the deposition of ZrO,-8Y,0; YSZ TBC using both atmospheric and
suspension PS processes. They were performed with commercial micrometric and nano-structured YSZ (8% Y,0;) powders.
The coatings morphology and microstructure were characterized with 3D profilometry, scanning and transmission electron
microscopy (SEM/TEM) methods. Finally, the coating’s hardness and heat conductivity were measured. This complex
approach allowed to state that PS of micrometric #’-ZrO, powder having an admixture of m-ZrO, phase is capable of only
partial improvement in its homogenization. However, the suspension PS process of nano-structured powder eliminated any
traces of the monoclinic phase from the coating. The TEM microstructure observations indicated that the suspension PS
coating is built by in-flight solidified droplets as well as by the melted ones flattened on arrival. A surface layer of liquefied
material on solid droplets increases their adhesion to surface asperities promoting pseudo-columnar growth of the coating.
The preservation of monotonic slow increase of thermal conductivity during heating of the suspension PS coating means,
that its pseudo-columnar microstructure is better suited to withstand high strains during such treatment.

Keywords Yttrium-stabilized zirconia (YSZ) - Suspension plasma spraying (SPS) - Atmospheric plasma spraying (APS) -
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1 Introduction
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advanced aviation propulsion systems in the mid -1970s [1,
Frantsevich Institute for Problems of Materials Science, 2]. Since then they have been used to insulate turbine metal-
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entails a significant volume change of ~4 vol. % [5]. The lat-
ter, in the case of ceramic material lacking potential for even
small plastic deformation, means fast crack nucleation being
the only way to release the transformation strains followed
by coatings crumpling and delamination. The above issue
was fixed by the addition of 6 to 9 vol. % of Y,05, which
helps to stabilize the zirconia tetragonal phase (t’-ZrO,),
known also as yttria-stabilized zirconia (YSZ).

Choosing the deposition method of TBCs one should
take into account that such protection can be guaranteed
only by relatively thick coatings. Additionally, it should be
possible to cover large areas of complicated shapes. The
Electron Beam Physical Vapor Deposition (EB-PVD) and
Atmospheric Plasma Spraying (APS) were able to satisfy
both these requirements even in their original configuration
[5, 6]. However, coatings produced with these methods dif-
fer strongly as it concerns morphology and microstructure,
having direct implications as it concerns their resistance
to the heat flow and the necessity to withstand mechanical
strains developing between them and the metallic substrates.
The APS coatings are built of on-impact flattened and then
solidified droplets with extended porosity in-between [7, 8].
This process is securing their very low heat conductivity and
high hardness but at a cost of only medium strain tolerance.
The EB-PVD coatings are formed by columnar dendrite-like
crystallites separated by numerous inter-column spacings
open to penetration by hot gases [5]. It negatively affects
their resistance to heat conductivity but helps to withstand
frequent strain changes caused by temperature cycling.
These differences in the properties of both types of coatings
caused that the APS ones are a material of choice as it con-
cern the protection of more massive parts like a combustion
chamber, while EB-PVD is predominantly applied on the
turbine blades.

Producing YSZ coatings over large parts, like that for tur-
bines, with the APS is much cheaper than with the EB-PVD
method. Its application involves taking decisions on a num-
ber of parameters, which were probed with the aim to fur-
ther optimize the TB properties. At first, the most promising
action seemed to be straight swapping the coarse- with nano-
powders [9, 10], what helped to homogenize and refine the
coatings microstructure opening also a way for experiments
with other admixtures into the zirconia [11, 12]. However,
a high cost of such powders and their subsequent agglom-
eration required for proper work of the TS gun as well as
up to~40% material losses during this process canceled all
the expected economic advantages. The more recent attempt
also relies on the use of the nano-powders, but in the form of
suspension. It was enabled by extended APS stand modifica-
tion (known as Suspension Plasma Spraying/SPS) involving
among the others re-directing of the powder supply lines
from the PS gun nozzle (so-called Radial geometry) to the
gun core (axial geometry) [13, 14]. It soon turned out, that
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this new approach not only allowed to significantly, i.e.,
more than by half, cut on the nano-powder losses and on
deposition time. Additionally, it allowed for a favorable
modification of the coatings microstructure like the highly
porous EB-PVD and securing low thermal conductivity ren-
dering them proper for TRB applications [15].The up till
now published data on SPS experiments relate an effect of
the feedstock, liquid carrier (alcohol, water-based, others)
as well as deposition parameters on the coatings properties,
morphology and meso-structure [13, 16]. The latter were
investigated mostly with a scanning electron microscopy
(SEM) method covering usually an arrangement of cracks
and porosity, while more detailed microstructure investiga-
tions using transmission electron microscopy (TEM), proper
for coatings produced with nano-powders are still lacking.
Therefore, the present work was aimed at comparing
phase composition, morphology, roughness, hardness and
heat conductivity of the YSZ (8% Y,0;) coatings deposited
using SPS method with the industrially established APS one.
A special emphasis was placed on microstructure characteri-
zation of deposited coatings using the TEM/ STEM method.

2 Experimental techniques

The 8YSZ coatings (ZrO,—8 wt.% Y,0;) were deposited
using plasma spray systems at Kielce University of Tech-
nology. It was done with a feedstock powder Metco 204
NS (Oerlikon Metco Europe GmbH) of 125 ym=+ 11 pum in
size as well as water-based suspension of 8YSZ powder (
particle size <2 um) from Northwest Mettech Corporation
of Canada. The particles size distribution of commercial
Metco 204 NS (Oerlikon Metco Europe GmbH) and 8YSZ
powder (Northwest Mettech Corporation of Canada) were
measured using HELOS particle Size Analysis (Sympatec
GmbH, Germany).

The APS was performed using Plancer PN 120 stand with
Thermal Miller1264 feeder by applying power of 60 V x 550
A, powder feed rate 40 g/min and at a spraying distance of
100 mm. The SPS was done with the Northwest Mettech
Corporation Canada Axial III stand equipped with Nano-
Feed 350 system working at gas mixture composition 65%
Ar, 15% N,, 20%H,, current 550 A, feed rate of 100 mL/
min and a spraying distance of 50 mm. The coatings were
deposited on sandblasted stainless steel plates (increas-
ing its roughness up to S,~5 pm) with dimensions of
60 mm X 26 mm X 6 mm. The roughness was measured with
Talysurf CCI-Lite non-contact 3D profiler. The geometric
parameters were measured according to ISO 25178 [17],
and maps (0.9 mm x 0.9 mm) illustrating the topography of
deposits were presented. The coatings porosity was assessed
using the Image J software.



Archives of Civil and Mechanical Engineering (2023) 23:89

Page3of 11 89

The coatings morphology and cross-section micro-
structures were documented using scanning electron
microscopy (SEM/E-SEM FEI XL 30), while phase com-
position with X-ray diffraction methods (XRD/D2 Phaser
Bruker with CuKa radiation. The phase content of the
powders and as-sprayed coatings were examined using
the Diffrac EVA and HighScore Plus software with the
ICDD PDF-4 + crystallographic database. Bragg- Bren-
tano (O©-20) X-ray diffraction continuous scans were per-
formed over the range of 20 =10+90°, with 0.02° step
size and 2 s per step. The transmission electron micro-
scope (TEM) by FEI (Tecnai F20 (200 kV)) with scanning
transmission (STEM) unit, high angle annular dark field
(HAADF) detector by Fishione and an integrated EDAX
X-ray energy-dispersive spectroscopy (EDS) system was
used to show deposit features in micro/nanoscale. Thin
foils were cut out from the central part of the polished
section of the coatings using FEI Quanta 200 Dual Beam
FIB equipped with Omniprobe™ lift-out system.

Thermal diffusivity ap was measured by the Netzsch
LFA 457 equipment. The samples were firstly spray-coated
with a thin layer of graphite to minimize errors from the
emissivity of the material and laser beam reflection caused
by a shiny pellet surface. For the calculation of thermal
conductivity was used two-layer model as implemented in
Proteus LFA Analysis and theoretically described by Hart-
mann et al. [18]. Prior to the measurements of YSZ-coated
samples, the thermal diffusivity of the pure substrate was
measured and then used in the two-layer model for the esti-
mation of the thermal conductivity of YSZ coatings. Ther-
mal conductivity of YSZ coatings was calculated using the
equation k=dC,ap, where d and C, are the density and the
specific heat capacity taken from [19].

3 Results

Commercial YSZ Metco 204 NS powders were character-
ized by spherical shape and large scatter of size of diameter
from a few micrometers up to 70 um (Fig. 1a). On the other
hand, powders fed from the suspension consisted of highly
irregular particles of much smaller size 2 < pm (Fig. 1b).

Results of particles size distribution for both feedstocks
are shown in Fig. 2.

For each of feedstock, measurements were made three
times. The average particle size was: d10=369 um;
d50=5191 pum; d90=7733 pum for powders and
d10=0,62 um; d50=2463 um; d90=7684 um for
suspension.

The SEM plan-view images indicated that the surface of
APS-deposited coating was strongly corrugated and carried
numerous bigger and smaller particles (Fig. 3a). In contrast,
the surface of the SPS one was dominated by the presence
of relatively large cauliflower-like top surface (Fig. 3b).
The 2 D maps presenting distribution of local upheavals
and recesses suggested that both coatings are characterized
by similar roughness (Fig. 3c and d), as was confirmed by
calculated roughness parameters given in Table 1.

The SEM images of sections of both produced coatings
confirmed that the surface undulations were of comparable
height (Fig. 4). Additionally they showed that the APS coat-
ing is characterized by wavy layered microstructure with
frequent small and large porosity located at layer boundaries.
The SPS-deposited coating turned out to be built of thick
columnar grains filled with numerous fine porosity with
larger pores located at column boundaries.

The STEM/ HAADF images of APS coating confirmed
the presence of relatively thick curved and misshapen
lamellas (Fig. 5a). Additionally they showed that even as

Fig.1 SEM images of powders used in: a atmospheric and b suspension PS processes
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Fig.2 The particles size distribution of: a commercial Metco 204 NS powder and b 8YSZ suspension (Northwest Mettech Corporation of Can-

ada)

inter-layer porosity and cracks are dominating defects,
though numerous through-layer cracks are also present
(Fig. 5a). The latter usually propagate along boundaries of
fine columnar crystallites filling in practically every layer.
The observation with the same method of the SPS coating
helped to establish that it is built mostly of rounded if not
spherical sub-micrometer particles (Fig. 5b). It contains both
small and large porosity, but they were usually separated
with the exception of those located at the boundaries of thick
columnar crystallites. The porosity of the deposited coatings
increased from~ 10% to 17.5% for APS and SPS method,
respectively. Simultaneously, the size of the pores being
within the 2 pm to 5 pm range for the former diminished
down to 0.4—4 pm for the latter (in the latter case the column
diameter was of ~20 pm).

@ Springer

The local chemical composition measurements per-
formed using the EDS technique and presented as 2D map-
pings helped to establish that within the coating deposited
using powder some of the layers indeed show a deficiency
in yttrium content, as compared with neighboring ones
(Fig. 5a). The map presenting distribution of Y is rela-
tively noisy due to both its low amount in YSZ as well
as the much lower intensity of the K than the L line, but
at least K lines of Y and Zr are well spaced (see inset
in the STEM-HAADF image) and therefore the obtained
information is straightforward. The same measurements
performed for the coatings obtained with the suspension
showed none of the previously noted differences pointing
to a more homogenous distribution of yttrium in the #’-
ZrO, crystal lattice (Fig. 5b).
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Fig.3 SEM images of surface morphology of YSZ coatings deposited with: a atmospheric and b suspension PS processes accompanied by maps

presenting their roughness (¢ and d, respectively)

Table 1 Parametrization of

Parameter  ZrO, -8Y,0;
surface toppgraphy .of APS- and coating
SPS-deposited coatings [um]

SPS APS

S, 5.28 6.07

Sq 6.92 7.64

Sex -0.28 0.11

Siu 3.89 3.11

S, 28.95 28.95

S, 34.35 32.05

S, 63.30 61.01

Sa arithmetic mean height,
Sg root mean squared height,
Ssk skewness, Sku kurtosis, Sp
maximum peak height, Sv maxi-
mum valley depth, Sz maximum
height

The TEM/ BF observations of the microstructure of the
APS coating indicated that fine columnar crystallites in the
layers frequently inherit orientations from that located below

them (Fig. 6a). Some of the columnar crystallites are filled
with sets of needle-like plates, being a characteristic feature
of the monoclinic zirconia (m-ZrO,) phase (Fig. 6¢). The
SPS coatings turned-out to be built with fine and very fine
mostly spherical or just rounded crystallites (Figs. 6b, 7a),
while flattened ones were noted only occasionally (Fig. 7b).
The higher magnifications pointed the former crystallites
were fused with the other ones only locally forming small
necking’s and contributing to the formation of closed small
porosity in their vicinity. The latter crystallites tend to half-
envelop their neighbors promoting the development of a
much denser microstructure (Fig. 7b). Interestingly, while
the rounded or spherical crystallites were in each case of the
same orientation, though the flattened ones were filled with
sets of very fine columnar crystallites. The high magnifica-
tion observations indicated that two type of processes take
part during coating deposition, i.e., attachment of in-flight
fully solidified particles with the help of solid-state diffusion
taking place at the surface of only partly cooled particles as
documented in Fig. 8a, well as their binding with the sur-
rounding material by particles arrived in the liquid state as
shown in Fig. 8b.

@ Springer
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Fig.5 STEM/ HAADF images of YSZ coatings deposited with: a atmospheric and b suspension PS processes and maps presenting distribution

of Zr, Y and O (double arrow shows layer depleted in Y)

The phase composition assessed with the XRD method
of as-supplied YSZ powder used for APS deposition
showed that it contains not only the tetragonal (¢’-ZrO,,
85.3(1) wt.%) phase with cell parameters a=3.615(1) A,
c=5.163(1) A but also a low fraction (14.7(2) wt.%) of
monoclinic one (m-Zr0O,) with parameters: a=5.155(1) A,
b=5.207(1) A, 5.317(1) A, a=90°, B=99,2(1)°, y=90°
(Fig. 9a). The X-ray diffraction spectra obtained from
the coating produced from this powder also bear traces
of monoclinic phase (a=5.164(3) 13;, b=5.203(3) A
c=5.308(3) A, a=90°, B=99.2(9)°, y=90°), although
much smaller (3.6(2) wt.%) than that measured in the
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powder. Weight fraction of ¢’-ZrO, phase within it was
96.4(1) wt.%, while cell parameters of this phase equaled
to: a=3.613(1) A, c=5.162(1) A.

The XRD measurements of dried suspension intended
for SPS deposition also showed the peaks corresponding
to both tetragonal (t’-Zr0O,, 75(7) wt.%, a=3.61(3) A,
c=5.2(5) A) and monoclinic m- ZrO2 type phases (25(2)
wt.%, a=5.2(3) A, b=5.2(2) A, ¢=5.2(4) A, a=90°,
B=98(1)°, y=90°) (Fig. 9b). The set of peaks recorded
from the coatings produced from the suspension sharpened
and belonged only to tetragonal type phase (a=3.616(1)
A, c=5.159(1) A).
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Fig.6 TEM/BF images of YSZ coatings deposited with: a, ¢ atmospheric and b, d suspension PS processes (lower ones present details taken in
circle in upper respective images)

Fig.7 TEM/BF images presenting two types of characteristic microstructure of YSZ coating-deposited suspension PS: a colonies of rounded
crystallites and b mixed rounded and flattened ones

The micro-hardness test showed a significant scatter of  scatter < 10% (Table 2). Diminishing the load (HV0.05)
results but an average of several measurements under a larger ~ produced lower micro-hardness values for coating obtained
load were both close to~400 HVO0.1 with a relatively small ~ using solution while the one deposited using the atmospheric

@ Springer
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Fig.8 TEM/BF images presenting in-flight solidified spherical particles of YSZ imbedded into suspension PS coating attached with the help of:

a solid state diffusion and b wetting of liquids
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Fig.9 XRD spectra of powders and coatings from: a atmospheric and b suspension PS processes

Table 2 Hardness measurements at polished sections of APS- and
SPS-deposited coatings

Place of measurement  ZrO,-8Y,0;
SPS coating APS coating
HV0.05 HVO0.1 HV0.05 HVO0.1
Coating center 366+6 419+6  404+9 414+5
“Porosity-less” areas - 460+2 - 500+2

PS process remain practically the same even as the scatter
in measured values was nearly doubled as compared with
the HVO.1 test.

The thermal conductivity at RT of the suspension PS-
deposited coatings were more than times higher than the
one deposited from the powder, i.e., 1.6 Wm~! K~!and 0.7
Wm~! K™, respectively (Fig. 10a). In both cases, it was ris-
ing same up to 400 °C at a rate of ~0.003 Wm™' K2, while
above that temperature the thermal conductivity stabilized
for the one deposited using suspension and lowered in case
of the one deposited with the powder. The thermal resistivity
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at RT of the steel substrate protected with respective coating
turned out practically the same being close to 2 cm*KW™!
(Fig. 10b). With a rise of temperature, it was decreasing
slightly faster in the case of substrate plus suspension coat-
ings falling at 800 °C to 1 cm?KW ™!, while for the other one
it was still at the level of 1.5 1 cm*KW™".

4 Discussion

The complex morphology of atmospheric PS coatings, char-
acterized by numerous cavities and hillocks, is a direct result
of their deposition over sandblasted and therefore highly
roughened surfaces. The incoming melted powder particles
flatten on impact delineating all the unevenness located
below and producing layered-wavy microstructure with fre-
quent porosity in-between them (Fig. 4a). The above mecha-
nism was noted previously for most other ceramic PS coat-
ings [7, 10, 12]. The morphology of the coatings deposited
using the suspension PS technique is dominated by the pres-
ence of finely textured cupolas crowning columnar grains
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Fig. 10 Thermal conductivity of YSZ coatings deposited with atmospheric and suspension PS processes (a) and corresponding thermal resistiv-

ity of coating and substrate (b)

separated by deep grooving over pseudo-columnar grain
boundaries as shown in (Fig. 4b). The coatings produced
with the latter process are also deposited over sandblasted
substrates, but in this case, the coatings surface morphol-
ogy frequently bears no evidence of the previous treatment.
Therefore, even as the measurements of the surface rough-
ness locate the atmospheric and suspension PS coatings very
close to each other (Table 1), though such a situation is just a
coincidence, as their morphology is developed by the action
of altogether different processes.

The pseudo-columnar growth of the nano-structured sus-
pension PS YSZ coatings has turned out to be sensitive to
a number of deposition parameters like the average particle
size, liquid carrier composition, flow rate, the ratio of solid
to liquid, and stand-off distance [13, 16, 20-22]. The for-
mation of this characteristic microstructure is sought in the
operation of strong drag force exerted on in-flight solidified
drops by a working gas, which is surpassing the adhesion
force on the impact on a flat surface [23, 24]. The present
TEM observations showed that the microstructure of the
suspension PS coatings is built both of in-flight solidified
or at least partly solidified fine drops of melted YSZ powder
particles as well as of the liquid ones. Additionally, nearly all
in-flight solidified particles easily recognized by their close
to perfect spherical shape were connected with the other
particles in the coating by necking. It means that a signifi-
cant fraction of powder is first melted into drops, solidifies,
and is next wetted by unsolidified ones. In this way, the solid
core builds up the drag force pushing the particle along the
substrate, while the liquid layer at its surface is responsible
for attaching it to any larger asperity. The fine surface texture
over each of the domes is witnessing the fact that they are
built of these very small droplets solidified on-flight.

The introduction of up to 8 wt. % of yttrium oxide into
tetragonal (¢-ZrO,) zirconia should help to stabilize it into
(t’-ZrO,) phase, but our XRD measurements showed that

both presently used commercial powders showed the pres-
ence of a significant portion of monoclinic (m-ZrO,). The
latter phase was also detected in the XRD spectra acquired
from powder PS coating, but not with the one deposited
using suspension. It was probably caused by local inhomoge-
neity of the commercial powders (such a situation had arisen
also in other works [6, 8]), what in case of the coarser pow-
der was transferred on the atmospheric PS coating (even as
in a visibly diminished fraction), as documented on respec-
tive EDS maps of local chemical composition. The above
result indicates that even as during the both processes practi-
cally all particles undergo melting, though in the micromet-
ric powder used in atmospheric PS less of them are subjected
to in-flight merging than in with the case of nano-structured
powder used in suspension. Simultaneously, the presence of
the small fraction of m-ZrO, in the atmospheric PS coating
might have arisen of it’s much coarser microstructure and
therefore the development of higher strains during cooling.
The presently performed TEM observations showed that the
strain accumulated in the layered structure is relieved either
by the development of vertical cracks along the bounda-
ries of fine columnar crystallites or by changing them to
the monoclinic phase. Both of these possibilities operate
independently, but their occurrence would be in each case
highly damaging for the coating during its thermal cycling.

The crucial functional parameter for TBC, i.e., the
thermal conductivity (TC) of the presently investigated
coatings was more than two times higher in the case of
the suspension PS than the one deposited from powder
PS, which corresponds to the results obtained within other
experiments with the material of similar composition [4,
24, 25]. With increasing temperature the TC of these two
coatings was rising like in other experiments [24, 26],
but above 400 °C in case of powder atmospheric PS coat-
ing, it started to lower unexpectedly. This collapse of the
monotonic rise of TC can be connected only with some
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catastrophic changes in the coating microstructure like
development of local cracks at the coating /substrate inter-
face and increasing volume of closed porosity in that area.
The above events were reported also for suspension PS
coatings [20], which were lacking a proper nickel-based
super-alloy buffer layer decreasing the strain developing
between the two. The suspension PS coatings deposited
within this work also showed some lowering of TC in dis-
cussed temperature range, but on the much lower scale.

5 Summary

The described experiment covers a complex characteri-
zation of the morphology and microstructure as well as
measurements of chosen properties including hardness and
thermal conductivity of the PS coatings deposited using
dry powder and suspension. It confirmed that in the case of
powders of micrometric YSZ (#’-ZrO, having an admixture
of m-Zr0,) the atmospheric PS process causes only partial
improvement in the homogenization of deposited mate-
rial assessed by a decrease, but not the elimination of the
monoclinic phase. On the other hand, the smaller size of
the nanostructured powder and its longer passage within
the plasma in the suspension PS process eliminated any
traces of the monoclinic phase form the coating. The TEM
microstructure observations proved that the coating is built
both by in-flight solidified droplets and by the melted ones,
which are flattened on arrival. Additionally, the former
are frequently coated with the liquefied material increas-
ing their adhesion to surface asperities promoting pseudo-
columnar growth of the coating. The observation that a
numerous in-flight solidified particles are attached with the
surrounding material by relatively week binding achieved
with the solid-stated diffusion active during the cooling-
off period means, that the careful optimization of deposi-
tion condition by adjusting first of all the gun/substrate
distance it is possible to improve the connection between
the particles and in the effect the mechanical properties
of the coatings.

The formation of plate-like microstructure in the apex of
bent parts of flattened—on-arrival drops during the atmos-
pheric PS process indicates that the m-ZrO, may develop
not only due to local depletion in yttrium but also due to
high local strain level. The preservation of monotonic slow
increase of thermal conductivity during heating of the sus-
pension PS coating deposited directly on steel substrate
means, that its pseudo-columnar microstructure is better
suited to stand high strains developing during such treat-
ment than the one PS deposited using the dry powder. It
confirms that the voids at the column boundaries are indeed
a favorable feature of the microstructure of the TBC.
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