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Plasma-sprayed ZrOz — 8 wt% Y203 (8YSZ) is the most widely used kind of thermal barrier coating (TBC) to
insulate components in the hot gas path of industrial gas turbines. The thermal conductivity of an 8YSZ TBC
depends on its microstructure, which is influenced by the characteristics of the feedstock powder. Thus, in this
paper, we studied the thermal conductivity of 8YSZ coatings deposited using agglomerated and sintered (A&S),
fused and crushed (F&C) and hollow spherical (HOSP) feedstock powders, both in the as-deposited condition and
after thermal cycling. The coating from the A&S powder, which exhibited greater porosity (=22 %), also had
lower thermal conductivity in as-deposited condition (0.54 W/(m-K)) compared to the coatings from F&C (0.89
W/(m-K)) and HOSP (0.70 W/(m:-K)) powders. Its thermal conductivity also increased less than that of the other
coatings after thermal cycling.

Because ZrO, with a higher Y»03 content is attracting interest as the top layer of molten silicate-resistant TBCs,
we also studied the thermal conductivity of bilayer systems with an 8YSZ bottom layer and a top layer of ZrO —
20 wt% Y203 (20YSZ) or ZrO; — 55 wt% Y203 (55YSZ), all obtained from an A&S feedstock. We found com-
parable thermal conductivities of ~0.5-0.6 W/(meK) and, again, a tendency to increase slightly after thermal
cycling.

Furthermore, because 20YSZ and 55YSZ are fully stabilized in the cubic form, therefore potentially more
brittle than 8YSZ, we also measured the intrinsic indentation fracture toughness of these materials by pillar
splitting. Both 20YSZ and 55YSZ had a similar toughness of 1.39 MPa\/ m, compared to 2.32 MPa\/ m for 8YSZ.

1. Introduction

In applications involving extreme heat, effective thermal insulation
is crucial for metallic components. Here, thermal barrier coatings (TBCs)
come into play. TBCs are specially designed ceramic coatings that act as
thermal insulators for metallic components that operate in contact with
gas flows at temperatures that can reach 1600 °C. By providing a pro-
tective layer, TBCs help minimise heat transfer, preserving the integrity
and performance of critical components across various industries. A key
requirement for TBCs is having low thermal conductivity.
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There are several strategies to achieve low thermal conductivity. One
approach involves carefully selecting materials, such as Yttria Stabilized
Zirconia (YSZ), which exhibits a thermal conductivity of 2.3 W/(meK) at
1000 °C (bulk value) [1]. The low thermal conductivity of YSZ is
attributed to the high concentration of point defects, including oxygen
vacancies and substitutional solute atoms. These defects effectively
scatter heat-conducting phonons, which are lattice waves responsible
for thermal conduction.

In fact, increasing the yttria content in YSZ coatings causes a pro-
gressive decrease in their thermal conductivity. For instance, Hasselman
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et al. carried out experiments involving YSZ coatings with varying levels
of yttria [1]. Their findings indicated that zirconia with high yttria
content, possessing a cubic crystalline phase, demonstrated lower
thermal conductivity compared to zirconia with a tetragonal crystalline
phase and lower yttria content. This is corroborated by a study on bulk
zirconia ceramics by Song et al. [2]. However, compared to the typical
ZrOy + 7-8 wt% Y203 (8YSZ) composition, which features a non-
transformable tetragonal (t’) structure toughened by a ferroelastic
mechanism [3], cubic ZrO, is more brittle [3,4]. Therefore, early
spallation would occur when employed as a single-layer TBC [5], and, as
we showed in our earlier work, it must be employed as the top layer in a
TBC system with an 8YSZ underlying layer bearing the large stresses that
occur at the interface with the metallic bond coat and its thermally
grown oxide (TGO) scale [6].

Apart from the inherent properties of YSZ, another effective strategy
to further reduce thermal conductivity is to introduce porosity within
the coatings. When porosity is incorporated, the path of heat transfer is
disrupted, resulting in a significant decrease in thermal conductivity. In
particular, porous coatings created through the atmospheric plasma
spraying deposition (APS) process have shown a reduction in thermal
conductivity to <1 W/(meK) [7,8]. Plasma-sprayed YSZ coatings also
exhibit lower thermal conductivity compared to columnar coatings ob-
tained by Electron Beam-Physical Vapor Deposition (EB-PVD), whose
conductivity is reportedly around 1.6 W/(meK) [9]. Previous studies
established a strong correlation between porosity and thermal conduc-
tivity. Kulkarni et al. found that microstructural characteristics, specif-
ically interlamellar pores, intersplat cracks, and globular pores, play an
important role in determining the thermal conductivity of plasma-
sprayed coatings [10]. YSZ thermal barrier coatings obtained using
fused and crushed feedstock powders exhibited higher thermal con-
ductivity due to their density, while coatings deposited through spher-
ical sol-gel particles displayed lower thermal conductivity due to the
numerous interlamellar pores. Coatings obtained from hollow spherical
(HOSP) powders had the lowest thermal conductivity, mainly influ-
enced by intersplat boundaries, despite their overall porosity being
similar to that of agglomerated and sintered coatings. This was also
confirmed by Chi and Sampath, who revealed that the use of HOSP
powders led to as-sprayed coatings with more interlamellar pores and
splat boundaries, which had a substantial effect in reducing thermal
conductivity [11]. Markocsan et al. demonstrated that flat, longitudi-
nally oriented pores lead to a more significant decrease in thermal
conductivity compared to circular pores [12]. Huang et al. pointed out
that the shape of the pores can also affect the thermal conductivity of
TBCs [13]. Other studies investigated the relation between exposure to
high temperatures and thermal conductivity [14,15]. Indeed, under
prolonged high-temperature service conditions, the reduction of
porosity caused by sintering affects thermal conductivity. The degree of
porosity is not only influenced by the service temperature but also by its
duration. For example, Kim et al. discovered that samples subjected to a
heat treatment at 1200 °C for 175 h displayed higher thermal conduc-
tivity compared to those treated at 1250 °C for 100 h [16].

As the above review of the literature shows, the manufacturing route
of the feedstock powder and, consequently, its microstructure have a
major influence on the porosity and properties of the resulting plasma-
sprayed TBCs. However, studies on this topic are still scarce, with
[10,11] being among the few existing works. Moreover, those papers did
not study the fracture toughness of the material, which, as mentioned
above, is another key property for thermal barrier coatings. Indeed,
TBCs must resist crack propagation under the stresses imposed by
thermal cycling conditions. For example, Taylor et al. [4] showed a
continuous decrease in fracture toughness in ZrO, when the amount of
Y203 increased from 8 wt% to 10 wt% and 12 wt%. However, techno-
logically interesting high-yttria compositions, corresponding to
commercially available feedstock powders, currently feature a much
higher Y503 content, because as a top layer this material has benefits in
terms of improved resistance to corrosion by molten CaO — MgO - Al,O3
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— SiOy (CMAS) deposits [17,18].

Therefore, following up on our previous work where we investigated
the functional performance, i.e. thermal cycling resistance and CMAS
corrosion resistance, of thermal barrier coatings obtained from different
feedstock materials and with different yttria content, this paper ad-
dresses three main topics:

e Providing a comparative analysis of the thermal conductivity of
8YSZ coatings obtained using feedstock powders with different
morphologies and subjected to different numbers of thermal fatigue
cycles, to encompass the effects of sintering on thermal conductivity
as well.

Comparing the thermal conductivities of 8YSZ, ZrO5 + 20 wt% Y203
(20YSZ), and ZrO3 + 55 wt% Y203 (55YSZ) coatings, all deposited
using feedstock powders obtained by the same manufacturing route,
and all subjected to thermal cycling fatigue.

Comparing the “intrinsic” mechanical properties of 8YSZ, ZrO, + 20
wt% Y203 (20YSZ), and ZrO, + 55 wt% Y203 (55YSZ) materials by
performing small-scale tests using nano-indentation and pillar-
splitting methods.

Concerning the latter point, information on the “intrinsic” mechan-
ical properties of TBC materials is essential to understanding their
response to crack propagation during thermal cycling, but their assess-
ment is made difficult by the porosity of TBCs. Most of the literature
works (including the data in [4]) report the results of macroscale tests
where all results are affected by porosity. Alternatively, other works
report values measured on bulk samples. However, their grain structure
differs substantially from that of a plasma sprayed splat subjected to
rapid quenching and directional solidification. In this work, we use high-
speed nanoindentation to measure hardness and elastic modulus in
small volumes of material [19,20], and the pillar splitting method to
evaluate the indentation fracture toughness.

Pillar splitting [21-24] represents a novel alternative to traditional
microindentation techniques [25]. This approach avoids the complica-
tions of measuring the lengths of the cracks, as it is done in conventional
measurements of indentation fracture toughness by Vickers indentation.
It also reduces the effects of residual stresses, which are alleviated as the
pillar separates from the surrounding material during focused ion beam
(FIB) milling [26], and is less sensitive to pores and defects, although it is
not possible to exclude that some defects might still exist in the small
volume of FIB-machined pillars. This method has been implemented
across a range of materials, including silicon [21], ceramic films such as
TiN and CrN [21,27], composite coatings such as CrAIN/SisN4 [24], as
well as thermally sprayed YSZ coatings [28,29].

2. Materials and methods
2.1. Feedstock materials and coating deposition

Agglomerated and Sintered (A&S), Hollow Spherical (HOSP), and
Fused and Crushed (F&C) powders were used to produce three porous 7-
8YSZ monolayers (Table 1) by atmospheric plasma spraying (APS).

Additionally, two bi-layer coating systems were also deposited by
APS. The bottom layer consisted of 7-8YSZ, while the top layer consisted
of porous 20YSZ and 55YSZ, respectively. In this case, the 20YSZ and
55YSZ layers were deposited using agglomerated and sintered powders
(Table 1). It was not possible to perform an analogous study of the effect
of the powder manufacturing route on the properties of these two layers
because fused and crushed and HOSP powders are not commercially
available for these compositions.

A cascaded plasma torch from Lincotek Equipment S.p.A. was
employed to apply the ceramic coatings at Lincotek Rubbiano S.p.A.
under industrial processing conditions. The substrates used were
Hastelloy-X coupons with a thickness of 3 mm and a diameter of 25.4
mm. These coupons underwent a preliminary deposition of a 200 pm-
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Table 1
List of feedstock materials employed in this work.

Sample Composition Composition Powder Particle size
D bottom layer top layer manufacturing distribution:
process dio / dso / doo
[pm]

AP ZrO,_8 wt% - Agglomerated 23/55/94
Y,03 and sintered

FP ZrO,_8 wt% - Fused and 37/65/105
Y503 crushed

HP ZrO,_8 wt% - HOSP 21/53/86
Y,03

20AP ZrO5_8 wt% ZrO, 20 wt%  Agglomerated 15/50/95
Y,03 Y,03 and sintered

55AP ZrOy_8 wt% ZrO, 55 wt%  Agglomerated 19/40/72
Y,03 Y,03 and sintered

thick NiCoCrAlY bond coat (Hoganas Amperit 415) using the High-
Velocity Oxygen-Fuel (HVOF)-APS “flash” method. After application
of the bond coat, a vacuum heat treatment was performed at approxi-
mately 1100 °C for a duration of 2 h, as per the standard industrial
production practice.

2.2. Microstructural characterization and phase composition

The samples were cold mounted in epoxy resin and cut using a resin-
bound Al;O3 abrasive disc. The resulting cross-sections were then
ground using SiC papers and polished using a polycrystalline diamond
suspension and an oxide polishing suspension (OPS) for microstructural
analysis. The same cold-mounting, grinding, and polishing procedures
were applied to analyse the cross-sections of the feedstock powders.

All samples were observed with a scanning electron microscope
(SEM: Quanta-200, FEI - ThermoFisher Scientific, Eindhoven, NL)
equipped with an INCA energy-dispersive X-ray (EDX) detector (INCA,
Oxford Instruments Analytical, Oxford, UK) for qualitative and semi-
quantitative chemical analysis. SEM micrographs and EDX spectra were
obtained with a 25 keV electron beam energy. To ensure electrical
conductivity, the samples were sputter-coated with a layer of Au.
Furthermore, detailed SEM micrographs were acquired using a Nova
NanoSEM 450 (FEI - ThermoFisher Scientific) equipped with a field
emission gun (FEG) source and a Quantax-200 EDX system (Bruker Nano
GmbH, Berlin, Germany) with an Xflash-6|/10 detector. Detailed mi-
crographs exploiting the electron channelling contrast were captured at
a low electron beam energy of 3 keV on samples without the sputtered
Au layer.

SEM micrographs with a magnification of 1000x were acquired to
assess the porosity of the coatings. For each sample, six images were
captured from various areas and subsequently analysed using image
analysis software (ImageJ — NIH, Bethesda, Maryland, USA) to convert
the greyscale images into binary black and white images to measure the
percentage of area occupied by voids. Specifically, in addition to the
total porosity, the image analysis procedure allowed to differentiate
between globular pores and microcracks by setting a circularity
threshold. All objects with a circularity of 0.6 or less were considered to
be cracks, while objects with circularity >0.6 were considered globular
pores.

XRD patterns (X’Pert PRO diffractometer, Malvern Panalytical,
Almelo, The Netherlands) were obtained on as-sprayed coatings using
Cu-Ka radiation emitted from an X-ray tube operated at 40 mA, 40 kV
and detected by a 1D array of solid-state detectors (X Celerator, Malvern
Panalytical). An angular range of 20° < 20 < 85° was scanned with a
step of 0.0167° and a counting time of 120 s/step.

2.3. Thermal diffusivity and conductivity measurement

The main objective of this analysis was to determine the thermal
diffusivity and conductivity values using laser flash analysis. The
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evaluation was carried out on the three monolayer coatings obtained
from the different feedstock powders, namely AP, HP, and FP, as indi-
cated in Table 1.

In addition, we also examined the thermal effects arising from the
application of a top layer composed of 20YSZ or 55YSZ. In this work, we
chose to evaluate the thermal conductivity of the entire bilayer system
consisting of 8YSZ + 20YSZ (labelled 20AP) or 8YSZ + 55YSZ (55AP)
rather than just individual layers of 20YSZ and 55YSZ. While this means
the measured values are not solely due to the 20YSZ and 55YSZ top
layers, this decision was influenced by previous studies which revealed
that monolayers with a higher yttria content (>12 wt%) exhibit reduced
fracture toughness and increased brittleness, potentially leading to
premature failure unless a 7-8YSZ buffer layer is deposited alongside
[6,30]. Thus, the analysis of a single-layer 20YSZ or 55YSZ system
would not be representative of actual service conditions. Even more
importantly, in this work, we also sought to investigate the influence of
thermal cycling fatigue on thermal conductivity. This involved sub-
jecting the samples to 30 + 5 and 100 + 5 thermal cycles at 1100 °C
with 50 min of soaking time and 10 min of forced cooling in a lift
furnace, according to the procedure described in detail in our previous
work [6]. The thermal conductivity of the cycled samples was then
measured and compared with that of the corresponding samples in their
as-sprayed condition. This allowed us to investigate possible sintering
effects, even though a furnace cycling test is not totally representative of
real conditions due to the lack of a thermal gradient, as expressed in
other works [31]. Thermal conductivity measurements on thermally
cycled samples would have been impossible if single-layer 20YSZ and
55YSZ coatings had been employed, because they would have delami-
nated after only a few cycles.

As the TBC samples were applied to a Hastelloy-X substrate with a
NiCoCrAlY bond coat, the contribution of both the substrate and the
bond coat to the total heat flux through the system needed filtering.
Therefore, thermal diffusivity measurements were conducted on un-
coated Hastelloy X and bare bond-coated samples so that values of
thermal conductivity of these materials could be determined and
accounted for in measurements with multilayered systems. Thermal
conductivity was determined through other properties according to Eq.
(1) [32]:

A=ap-Cp (@D)]

where ) is the thermal conductivity, o is the thermal diffusivity, p is the
density and Cj, is the specific heat capacity of the sample.

The measurement of thermal diffusivity and specific heat capacity
were performed through Laser Flash Analysis (LFA) and Differential
Scanning Calorimetry (DSC), respectively. A NETZSCH LFA447 Laser
Flash Analysis machine was used. The properties were determined at
25 °C (room temperature) performing 10 shots per sample to have a
significant statistic, with a cooling time of 60 s between the shots, given
the considerable mass of the samples.

Two coupons with 25.4 mm diameter for each material and treat-
ment condition were tested using custom sample holders of suitable
dimensions: the coated side was polished in order to reduce the surface
roughness down to a Ra value in the 3-5 pm range, which was needed to
reduce the error in the LFA readings. A sprayed graphite layer was
applied on both surfaces of the specimen to ensure optimal absorption of
the laser from the laser source and emission towards the sensor. The
curves resulting from LFA analysis were fitted with a heat-loss model
(Eq. (2)) that accounts for the thermal dispersion during the testing time,
where L is the thickness of the sample (or of the single layer intended for
the analysis) and (0.5) represents the time it takes for the temperature
on the rear face to reach half of its peak value [15].

~ 0.1388 1

= T ¢05) 2

The thickness values of the layers were measured by image analysis
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on optical microscope micrographs acquired on the cross-section of
control specimens. Data resulting from the two samples (average and
standard deviation of the 10 shots) was elaborated in an average value
with standard deviation for each of the tested materials; the standard
deviation was calculated considering the error propagation theory [33].

The software used for analysis (NETZSCH LFA Proteus) is able to
analyse multiple-layered system. In this case, each individual layer was
considered to be independent of the others, and it was assumed that the
properties were known for all the layers but one. Thus, by sequentially
testing the uncoated substrate, the substrate + bond coat system, and the
complete TBC system the properties of the unknown outer layer could be
computed from the measurement results in all cases. Elaborations based
Eq. (2) can be used to determine the t(0.5) for the known layers. The
difference of time between the total value obtained in the measurement
on the multi-layered system and the contributions associated to the
known layers was attributed to the unknown layer and its interface
resistance, and then its diffusivity was calculated.

A differential scanning calorimeter (DSC) was used to determine the
specific heat (C},) of the samples, according to Eq. (3) [34].

DSC = m-C,-s-HR 3

where m is the sample mass, HR is the heating rate in the DSC acquisi-
tion, and s is the instrument sensitivity. The DSC signal is the electric
voltage recorded by the instrument, which is proportional to the dif-
ference between the voltage recorded by the thermocouples positioned
on the specimen and the reference pans, respectively. A small amount of
material (15-25 mg) was obtained from the samples and tested in a
DSC214 Polyma (NETZSCH, Selb, Germany) according to the ASTM E-
1269/DIN 51007 standard, to determine the value of C; at a temperature
of 25 °C.

The materials for the DSC analysis were obtained with different
methods. The Hastelloy X substrate was cut using an AlyO3 abrasive
blade. The NiCoCrAlY bond coat was separated from the substrate by
bending the sample. Samples of the ceramic top coat were obtained by
chiselling a portion of the material and converting it into a fine powder.

DSC tests explored a + 5 °C range around target temperature
(20-30 °C). The standard procedure required a scanning program con-
sisting of:

e 10 min isothermal phase at Tmin-30 °C = —10 °C
e Heating phase @10 K/min up to Tmax+30 °C = 60 °C
e 10 min isothermal phase at Tmax+30 °C = 60 °C

This same thermal cycle was repeated on the samples and the stan-
dard material (a sapphire crystal). The true specific heat of the sample
was then calculated by comparison between the curves acquired on the
sample and the standard material according to Eq. (4), where m are
masses of the measured sample and the standard, V are the signals ac-
quired in the DSC acquisitions, the subscripts cal and sam identify
measures on the calibration sample and the sample of interest, respec-
tively, and bl stands for baseline correction.

_ M. (Vsam(T) - Vbl(T))

CP.sam(T) = Mo m ® Cpcal )

Two measurements were performed on different samples for each
material, and the resulting values were processed as Cp values as a
function of temperature to be input into the LFA analysis software. The
density of the materials used was estimated considering the specific
gravity of the dense bulk materials. In the case of the ceramic top coat,
the bulk density was corrected by the measured coating porosity, which
was determined through image analysis software (ImageJ - NIH,
Bethesda, Maryland, USA).
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2.4. Nanoindentation testing

Nanoindentation experiments were conducted on carefully selected
defect-free areas of the cross-section of the 20YSZ layer. The experi-
ments were carried out using a G200 Nanoindenter from KLA Corpo-
ration, fitted with a Berkovich tip. The Continuous Stiffness
Measurement (CSM) [20] mode was employed at a constant strain rate
of 0.05 s™! to a maximum depth of 500 nm. Before testing, the same
experimental conditions were applied to a certified fused quartz refer-
ence to calibrate the machine’s frame stiffness and the tip area function
according to the ISO 14577 standard. Data indicating low modulus and
hardness were excluded, as they were related to cracks and porosity,
after validation by SEM imaging of the indented area. Data for the 55YSZ
layer and the 8YSZ coating obtained from the agglomerated and sintered
powder had been measured in our previous work under identical con-
ditions [6]. By comparing coatings obtained using powders from the
same manufacturing process, namely agglomeration and sintering, the
differences can be more confidently ascribed to the sole effect of the
chemical composition.

2.5. Indentation fracture toughness measurements via pillar-splitting

Likewise, the indentation fracture toughness of 8YSZ, 20YSZ, and
55YSZ layers obtained from agglomerated and sintered powders was
measured to identify differences mainly due to composition alone. To
achieve this, the pillar-splitting technique was adopted [21,35]. This
technique involves precise nanoindentation of pillars that are shaped
through focused ion beam (FIB) micro-milling, until unstable crack
propagation occurs. A total of 15 micro-pillars were fabricated on the
polished cross-section of each sample, following the milling parameters
used in our previous study [29].

The pillars were fabricated using a Helios Nanolab 600 FIB/SEM
microscope (ThermoFisher Scientific), each with a diameter (D) of 4.5
pm and an aspect ratio h/D > 1 (Fig. 1-B). The fabrication process
consisted of a multi-step semiautomated FIB milling procedure. Initially,
a coarse milling phase was performed at a current of 0.92 nA and an
acceleration voltage of 30 kV, followed by a final multi-step polishing
and edge sharpening phase at 93 pA and 30 kV. This precise method
ensured the reproducibility and accuracy of the dimensions of the pil-
lars, as outlined in the referenced study.

After fabrication, some pillars underwent FIB sectioning to accu-
rately measure their diameter and taper angle and check for pre-existing
cracks in the material (Fig. 1-C). The fracture toughness (Kjc) was then
determined by measuring the splitting load (P¢) during nano-
indentation: K;c = y @ Pc/R3/2, where R is the radius of the pillar. The
dimensionless coefficient y was determined through cohesive zone finite
element modeling (CZ-FEM) in previous studies [22], where its depen-
dence on E/H, Poisson’s ratio, and indenter geometry was established.
In our study, using a Berkovich indenter, the material properties and
corresponding E/H ratios were first determined. The y values were then
obtained by interpolating the data from the simulations reported in
these previous studies, selecting the values corresponding to a Poisson’s
ratio of 0.25, as used in our case. Given the limited variability of y within
the tested E/H range, and the relatively weak dependence on Poisson’s
ratio, an average y value was assigned for each material (determined
from their average E/H value) to ensure consistency and reliability in
the fracture toughness calculations [22].

The results for the 8YSZ and 55YSZ layers were averaged together
with the measurements that we had obtained under identical conditions
in our previous study [29], in order to improve the reliability of the
overall average.

The experiments were performed using a Keysight G200 nano-
indenter equipped with a calibrated Berkovich tip, following the ISO
14577 standard. The tests were conducted at a strain rate of 0.05 s~ and
continued until a pop-in event in the load-displacement curve indicated
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Fig. 1. A-B) 4.5 pm diameter pillars fabricated within the 20 wt% TBC layer; C) Focused Ion Beam (FIB) cross-sectioned micro-pillar for morphological and
microstructural investigations (sub-superficial crack systems are visible); and D) a post-experiment image displaying a representative fractured pillar for a valid test.

pillar failure. To calculate the fracture toughness, at least six split pillars
were analysed. Fig. 1-D illustrates an example of a post-splitting pillar.
Images of each pillar were acquired and carefully examined to identify
and exclude tip-pillar centre misalignments and abnormal cracking,
such as non-3 fold-symmetric cracking.

3. Results and discussion
3.1. Monolayer 8YSZ coatings

3.1.1. Microstructures of powders and coatings

SEM micrographs of the three types of 8YSZ feedstock powders and
the corresponding coatings (AP, FP and HP) are reported in Fig. 2. The
use of powders with different morphologies produced coatings with
different levels of porosity, as illustrated in Fig. 2(B, D, E). The porosity
values obtained by image analysis (Fig. 3) are listed in Table 2, high-
lighting the distinction between globular porosity (Fig. 3-C) and
microcracks (Fig. 3-D). The results indicate that the coating produced
using the fused and crushed powder (FP) exhibited the lowest overall
porosity. Specifically, it contained fewer globular pores and fewer
microcracks compared to those deposited using A&S (AP) and HOSP
powders (HP). The observed trend in porosity was as follows: AP > HP
> FP. The variation in porosity of the as-sprayed samples can be
attributed to the behaviour of the particles during the coating process.
A&S particles, possessing a fine inner porosity (Fig. 2-A), had lower
thermal conductivity and therefore melted with more difficulty than the
fully dense F&C particles (Fig. 2-C). The retention of an unmelted core in
the A&S particles also led to reduced droplet flattening upon impact and
weaker bonding between particles, thus increasing the fraction of
interlamellar microcracks. Kollenberg et al. also observed that coatings

produced from agglomerated and sintered powders exhibited higher
porosity compared to coatings produced from dense powders [36]. The
HP coating contained fewer globular pores than the AP coating, because
the dense, thin shell of the HOSP powder (Fig. 2-E) melted more effec-
tively than the porous A&S aggregates. However, some of the inner
pores of the HOSP particles, not all of which consisted of a thin shell with
a large central void, could have been retained, and moreover, because
the thin-shelled HOSP particles had a lower overall mass than F&C or
A&S particles of similar size (most of their volume being occupied by the
central void), they resulted in smaller, thinner lamellae. Thus, the HP
coating, having the same thickness as the AP and FP coatings, contained
a greater number of lamellae, increasing the chance of having inter-
lamellar and intralamellar microcracks. Consequently, the HP coating
had a content of microcracks similar to that of the AP coating (Table 2).
During thermal cycling, the smallest rounded voids and fine micro-
cracks underwent sintering. This was visible in SEM micrographs ac-
quired at high magnification after thermal fatigue cycling (Fig. 4), where
some small pores disappeared and necks (see red arrows) formed be-
tween the opposing faces of the microcracks, sometimes leading to their
conversion into arrays of nanometric rounded pores. The sintering
phenomenon was already clearly visible after 30 cycles, with a corre-
sponding decrease of the amounts of both globular porosity and
microcracks in all coatings (Table 2). Interestingly, after 100 cycles the
overall porosity of the FP and, more markedly, the HP coatings increased
again. This may be attributed to the stiffening of the coatings caused by
the initial sintering, which magnified the stresses induced by thermal
cycling and caused the creation of new cracks and defects in the coating
[12]. This corresponded to the initial stages of thermal cycling degra-
dation of thermal barrier coatings as we showed previously in [37].
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Fig. 2. BSE-SEM cross-sectional micrographs of the 8YSZ powders and the corresponding coatings: A) agglomerated and sintered (A&S), C) fused and crushed (F&C),

and E) hollow spherical (HOSP) powders; B) AP, D) FP, and F) HP coatings.

3.1.2. Thermal diffusivity and conductivity results

The DSC curves, processed using the methods described in ASTM E-
1269/DIN 51007, are presented in Fig. 5 within the temperature range
of 20-30 °C. The values within this range were considered constant for
the subsequent calculation of thermal conductivity. Therefore, a single
specific heat value was obtained along with its standard deviation by
aggregating all values in the measurement range. These specific heat
values of all 8YSZ samples fell between 0.4 and 0.55 J/(g-K), as shown in
Fig. 5, with the lowest value observed for the coating obtained from the
HOSP powder (HP). Coatings obtained from A&S (AP) and F&C (FP)
powders exhibited similar, higher values. The measured specific heat
values were consistent with literature references for a standard YSZ TBC
[38,39]. Notably, NiCoCrAlY (BC) showed a higher specific heat than
the other materials (Fig. 5).

Estimates for the density of coating materials were obtained by
considering the specific gravity of dense bulk materials. The assumption
was made that the densities of thermally sprayed and bulk materials
differed only due to porosity.

The theoretical density (pth) of the bulk materials was set at 8.22 g/
cm? for Hastelloy-X [40], 7.11 g/cm3 for the NiCoCrAlY bond coat, and
6.4 g/cm? for 7-8YSZ. The computed density values (p) of the coatings,
calculated based on their total porosity values, are shown in Table 3. The
porosity of the bond coat was estimated to be in the range of 7-10 %. It
was measured through Image Analysis of 5 optical micrographs acquired

at 100x. Porosity and density values of the 8YSZ top coats were
measured and calculated after 0, 30, and 100 thermal cycles, as reported
in Tables 2 and 3, respectively. This assessment aimed to clarify the
impact of thermal cycling on the thermal conductivity of the coatings.

Notably, the thermal conductivity of the Hastelloy X substrate
(Table 3) was A ~ 10 W/(m-K), which is consistent with the literature
[41] and testifies to the reliability of the present measurements. The
general trend of the thermal conductivity values of the 8YSZ coatings
reflected the one observed in the thermal diffusivity (Table 3), since
there were only small differences in density and specific heat values
between the three coatings.

The relative trends among the different top coats in terms of thermal
conductivity were in reasonable agreement with their porosity values.
The AP coating showed the lowest thermal diffusivity and conductivity
values in both the as-sprayed and thermally cycled conditions,
compared to the FP and HP coatings (Table 3). This was consistent with
its generally higher porosity (Table 2). Sintering after the initial 30
thermal fatigue cycles increased thermal diffusivity and conductivity in
all cases. For the FP and HP coatings, after 30 + 5 cycles, the thermal
diffusivity and conductivity were more than doubled. On the other hand,
the AP coating showed a lower increase in thermal diffusivity and
conductivity after 30 + 5 thermal cycles. Consistent with the general
trends in porosity, the thermal diffusivity and conductivity values did
not grow further after 100 + 5 cycles.
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Fig. 3. Evaluation of porosity using image analysis, showcasing the different types of porosity present in the coatings. A) BSE-SEM micrograph, B) total porosity, C)

globular porosity, and D) microcracks.

Table 2
Porosity values of monolayer samples in the as-deposited condition and after 30
and 100 thermal fatigue cycles.

Sample Globular porosity [%] Microcracks [%)] Total porosity [%]
AP as-deposited 18.5+ 2.3 3.8+0.3 223 +23
FP as-deposited 9.1+15 2.7 £0.2 11.7 £ 1.6
HP as-deposited ~ 12.5 + 1.9 3.3+0.1 15.7 £ 1.9
AP 30 cycles 16.4 + 1.2 31+03 195+ 1.1
FP 30 cycles 6.9 + 0.6 2.5+0.2 9.5 + 0.6
HP 30 cycles 12.4 £ 1.2 2.9+ 0.4 153+ 1.4
AP 100 cycles 15.0 + 2.1 29+04 179+ 1.9
FP 100 cycles 8.3+ 0.9 2.8 +0.3 111+ 1.1
HP 100 cycles 15.6 + 1.4 4.3 +0.4 199 +1.2

However, there were also some discrepancies between porosity
(Table 2) and thermal diffusivity/conductivity values (Table 3). For
example, the total porosity of the coatings increased significantly from
30 + 5 to 100 + 5 thermal fatigue cycles, but their thermal conductivity
and diffusivity did not decrease by comparable amounts. The HP coating
obtained from the HOSP powder even became more porous than the AP
coating after 100 + 5 cycles, but its thermal conductivity and diffusivity
remained higher. There are various explanations for these discrepancies.
First, image analysis cannot capture the finest pores and microcracks,
which, however, did have a measurable effect on thermal conductivity.
Second, not only the total amount, but also the shape, size, and

orientation of pores influenced the thermal conductivity of a coating.
Finally, due to the interaction between sintering and thermal shock
during thermal fatigue cycling, it is possible that new cracks were
opened in a coating where the original porosity became partly closed,
meaning that the mounting resin might not have been able to infiltrate
all of these newly formed cracks. The consequent pullouts may have
resulted in an artificially higher porosity measured in the coatings after
100 + 5 cycles by image analysis. Larger-sized pores and cracks
remained unaffected by the sintering phenomenon observed after 30
and 100 cycles. Image analysis results indicate a slight increase in the
percentage of interlamellar cracks after 100 cycles for the HP samples,
while it remained the same for the AP and FP samples.

3.2. Bi-layered coatings

3.2.1. Microstructure, phase composition, and effect of yttria content on
thermal properties

Fig. 6 illustrates that the agglomerated 20YSZ powder looked inho-
mogeneous, with coarse, bright particles among finer, darker ones. EDX
spectra (Fig. 6-A) and maps (Fig. 6B-D) showed that the large, bright
particles were rich in yttrium (spectrum 1 in Fig. 6-A), while the finest,
darker particles (spectrum 2 in Fig. 6-A) were richer in zirconium. This
suggests that the zirconia and yttria particles were mixed without un-
dergoing significant sintering and interdiffusion. The lack of sintering of
the powders caused the particles to melt non-uniformly during
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100 cycles

Fig. 4. BSE SEM micrographs of AP, FP, and HP samples in as-deposited condition (0 cycles) and after 30 and 100 thermal fatigue cycles. The red arrows indicate the

closure of pores and microcracks due to sintering.
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Fig. 5. Specific heat measurements for the HX (Hastelloy X), BC (bond coat,
NiCoCrAlY), AP (agglomerated & sintered 8YSZ), FP (fused and crushed, 8YSZ)
and HP (HOSP, 8YSZ) samples.

deposition, resulting in high interlamellar porosity and many micro-
cracks between the splats (Fig. 7- red arrows), although, after spraying,
the chemical inhomogeneity of the feedstock powder was no more
identifiable and the coating had the expected 20YSZ overall
composition.

Unlike the 20AP coating, the 55AP sample exhibited a higher density
as shown in Table 4, primarily due to the denser 55YSZ top layer. Note,
indeed, that the values in Table 4 refer to the whole bi-layer system
made of the 20YSZ or 55YSZ top layer (respectively) and the 8YSZ

bottom layer. This difference is mainly attributed to the lower porosity
of the feedstock powders used, as indicated in Fig. 8. Moreover, the
liquidus and solidus temperature of a 55YSZ system are slightly lower
than those of 20YSZ [42,43], which might have helped the particles to
melt better in the plasma jet.

The SEM micrograph of the 55AP coating is shown in Fig. 9. The
coating contained a substantial amount of transverse microcracks across
the splats (Fig. 9B). These were due to the well-known quenching
stresses developed in solidified splats as they cooled and contracted very
rapidly [44]. The fact that these microcracks seemed more abundant in
the 55YSZ coating than in the 8YSZ was probably due to the lower
fracture toughness of the 55YSZ composition, as will be shown in the
next section, which made it even more sensitive to quenching-induced
crack formation.

In the zirconia-yttria phase diagram, the proportions of the tetrag-
onal and cubic high-temperature crystal structures of ZrO: that are
retained at room temperature are influenced by the stabiliser content.
When the yttria content exceeds 10 wt%, the low-temperature phase
stabilises as cubic (C) [45]. The X-ray diffraction (XRD) patterns of
monolayer and bilayer coatings obtained from the agglomerated and
sintered powders of each composition (i.e. AP, 10AP and 55AP samples)
are shown in Fig. 10. The monolayer AP coating, composed of a single
8YSZ layer, exhibited the characteristic peaks corresponding to the non-
transformable tetragonal (t’) zirconia phase. On the contrary, both the
20AP and 55AP samples showed XRD patterns indicative of cubic zir-
conia. Moreover, the diffraction peaks of the cubic phase shifted to lower
diffraction angles (signifying an increasing lattice parameter) as the
yttria content increased. Secondary peaks did not appear in the 20AP
sample, consistent with the previous observation that the coating, unlike
the feedstock powder, was chemically homogeneous, with no remaining
separation between yttria-rich and yttria-lean areas.

The thermal conductivities of the bilayer systems are compared in



S. Morelli et al.

Table 3

Surface & Coatings Technology 513 (2025) 132498

Thermal diffusivity (), density (p), specific heat (C,) and thermal conductivity (A) of the Hastelloy-X substrate, the NiCoCrAlY bond coat, and the AP (from the
agglomerated & sintered 8YSZ powder), FP (from the fused and crushed 8YSZ powder) and HP (from the HOSP 8YSZ powder) coatings.

Samples Thermal cycles o [mm?/s] p [g/cm®] Cp [J/(g:K)] A [W/(m-K)]
Hastelloy-X 0 2.83 £ 0.14 8.22 + 0.07 0.461 + 0.002 10.73 + 0.53
NiCoCrAlY 0 0.70 £+ 0.05 6.51 + 0.15 0.524 + 0.003 2.38 £0.18
0 0.26 £+ 0.01 4.69 £+ 0.20 0.54 £+ 0.02
AP 30 0.40 £+ 0.01 4.89 + 0.05 0.457 + 0.003 0.87 £ 0.02
100 0.38 + 0.01 4.96 + 0.17 0.84 + 0.03
0 0.36 + 0.01 5.34 £ 0.13 0.89 + 0.03
FP 30 0.95 £+ 0.03 5.49 + 0.05 0.461 + 0.003 2.39 £ 0.08
100 0.99 + 0.03 5.36 +£ 0.10 2.44 £+ 0.09
0 0.33 £ 0.01 5.09 £ 0.16 0.70 £ 0.02
HP 30 0.75 £ 0.02 5.11 £ 0.12 0.414 + 0.003 1.58 + 0.05
100 0.70 £+ 0.02 4.84 + 0.10 1.39 + 0.04

spectrum 1
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Fig. 6. (A) BSE-SEM micrograph and EDX spectra acquired on the cross-section of the 20YSZ powder; B) overall EDX map showing the distributions of Zr and Y; C)

map of yttrium; D) map of zirconium.

Table 5. Although these values included contributions from both the
8YSZ bottom layer and the high-yttria top layers, the differences be-
tween the 20AP and 55AP samples and between them and the single-
layer AP sample reflected the thermal properties of the top layer.
Hasselman established a distinct correlation between thermal con-
ductivity and crystalline phase in zirconia ceramics: tetragonal zirconia
demonstrates higher thermal conductivity than monoclinic zirconia,
which, in turn, surpasses cubic zirconia in conductivity [1]. In this work,
however, the relation is not as straightforward. In its as-sprayed state,
the 20AP coating, with a cubic top layer, showed a slight reduction in
thermal conductivity compared to the single-layer AP sample. However,

despite its cubic phase, the 55AP sample exhibited higher thermal
conductivity than the other samples. This means that microstructure
played a more important role than chemical composition. The higher
thermal conductivity of 55AP was due to the higher density of the entire
coating system: ~20 % porosity (Table 4) compared to the ~22-23 %
porosity of the single-layer AP samples (Table 2) and the bi-layer 20AP
(Table 4) sample.

Notably, after thermal cycling fatigue tests, the porosity of the 55AP
sample tended to decrease somewhat, while that of the 20AP sample was
substantially unaffected (Table 4). Consistently, the thermal conduc-
tivity of the 55AP sample increased quite in same way as that of the
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Top coat: 20YSZ

Fig. 7. BSE-SEM micrographs of the 20AP sample acquired at low (A) and high (B) magnification - the red arrows indicate interlamellar porosity.

Table 4
Porosity values of the bilayer coatings after different numbers of
thermal fatigue cycles.

Sample Total porosity [%]
20AP as-deposited 23.4+3.2
20AP 30 cycles 23.1+24
20AP 100 cycles 235+ 3.1
55AP as-deposited 20.3 + 2.6
55AP 30 cycles 19.8 + 3.2
55AP 100 cycles 18.6 + 4.1

Fig. 8. BSE-SEM micrographs of 55YSZ agglomerated and sintered powder.

single-layer AP sample (Table 5), although it always retained values <1
W/(meK), whereas the 20AP sample exhibited an almost insignificant
increase in conductivity (Table 5). In both cases, there was no increase in
porosity and no decrease in conductivity from 30 + 5 to 100 £ 5 cycles,
indicating that the sintering behaviour of the high-yttria compositions
was different from that of 8YSZ.

10

3.2.2. Mechanical properties as a function of yttria content

As stated in the Introduction, this work also aimed to assess the
mechanical properties associated with the incorporation of various
amounts of yttria into zirconia. Specifically, we measured the small-
scale mechanical properties of the 20YSZ top layer and compared
them with the values we had previously measured on the 8YSZ and
55YSZ layers [29]. The depth-dependent properties obtained by nano-
indentation measurements in the CSM mode (Fig. 11) and the values
averaged in the 380 nm range (Table 6) highlighted a slight decrease in
hardness and elastic modulus with increasing concentration of yttria,
which was aligned with the literature findings [46,47].

Because hardness and elastic modulus did not decrease identically as
a function of the increasing yttria content, the E/H ratio, which is an
important indicator of a material’s ability to deform elastically under
loading, showed a nonlinear variation with the yttria content. At 20 wt%
yttria, the lower E/H ratio suggests improved elastic deformation ability
(lower elastic stiffness in proportion to the elastic deformation limit),
which might in principle be beneficial to prevent inelastic failure of the
material under loading (including under thermal fatigue cycling con-
ditions) by limiting the accumulation of elastic stresses.

However, the ability of the material to limit the stress build-up
should be accompanied by adequate toughness to enable the material
to withstand such stress. That is, a material that is more elastically
compliant but also significantly more brittle would likely not exhibit an
improvement over a stiffer but substantially tougher material.

Indentation facture toughness measurements via micro-pillar split-
ting revealed that the 8YSZ layer exhibited the highest fracture tough-
ness of 2.32 + 0.40 MPay/m. On the contrary, both the 20 wt% Y203
layer and the 55 wt% Y20s layer exhibited average indentation values of
approximately 1.39 MPa\/ m, with differences within the range of
experimental uncertainty, indicating no statistically significant varia-
tion between the two compositions (Table 7). These results confirmed
the inherent fracture toughness of the t” phase, known for its ferroelastic
toughening mechanism. Because cubic zirconia lacks this toughening
mechanism, a significant reduction in fracture toughness was produced
as soon as the yttria content exceeded the threshold for the t’ — c phase
change. This transition and its impact on mechanical properties are well
documented in the work of Yang et al. [48], which highlights the
intrinsically lower toughness of the cubic phase. The present values were
indeed quite consistent with those reported by Mercer et al. [3], who
listed a fracture toughness of ~3 MPa\/m for ZrOo-7 wt% Y503 and
~1.1 MPa\/m for ZrO,-20 wt% Y203, although in our case the differ-
ence between the two compositions was slightly less marked.
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Fig. 10. XRD patterns of the AP, 20AP, and 55AP coatings.

Interestingly, fracture toughness seemed to be primarily dependent on
phase composition: cubic zirconia with 20 wt% Y503 and 55 wt% Y203
exhibited identical toughness (Table 7).

The representative splitting curves, as showcased in Fig. 12,
demonstrate the reliability and effectiveness of the pillar-splitting
method in capturing these nuances. The observed pop-in events dur-
ing the tests, combined with the gamma coefficient values derived from
the elastic moduli obtained by CSM nanoindentations through finite
element calibration curves, provided a comprehensive picture of the
fracture toughness landscape in these coatings, also highlighting the

higher scatter of the more porous 20YSZ and 8YSZ layers in comparison
to the denser 55YSZ layer.

Pillar-splitting fracture toughness values inherently reflect the
composite properties of the coatings, accounting for the porosity and
other intrinsic microstructural features. Unlike methods that track crack
propagation, pillar splitting provides a direct measure of the ultimate
fracture toughness, integrating the effects of multiple mechanisms
within the system. This makes it particularly well-suited for porous
coatings, where defect interactions and pore distributions contribute to
the overall fracture behaviour.

Observing the loading curves in Fig. 12, the 55 wt% Y20s loading
curve presented a slightly steeper trend compared to 20 wt% Y203,
although the 55 wt% Y203 and 20 wt% Y20s coatings exhibited similar
elastic modulus (Table 6). This was consistent with the higher porosity
of the 20 wt% Y20s coating, even if the bulk mechanical properties
measured by nanoindentation in Table 6 were comparable. Therefore,
consistent with the previous considerations, such differences in porosity
could explain the higher scatter in the fracture toughness measurements
for the 20YSZ coating, as local variations in density of the material
within the pillar may have led to more pronounced fluctuations in the
splitting loads.

4. Conclusions

o The manufacturing process and the resulting characteristics of the
ZrOy — 8 wt% Y203 (8YSZ) feedstock powders had a measurable in-
fluence on the thermal diffusivity and conductivity of plasma-
sprayed coatings. The finely distributed porosity of the agglomer-
ated and sintered (A&S) powder resulted in coatings with higher
overall porosity, including globular pores and elongated micro-
cracks, which correspondingly exhibited lower thermal conductivity
in the as-deposited condition (0.54 + 0.02 W/(m-K)) compared to
the coatings obtained with the hollow spherical (HOSP) powder

Table 5

Thermal diffusivity (a), density (p), specific heat (Cp), and thermal conductivity (1) of the 20AP and 55AP bilayer systems after 0,30, and 100 thermal fatigue cycles.

Samples Thermal cycles o [mm?/s] p [g/cm’] Cp [J/(g'K)] A [W/(m-K)]

20AP 0 0.33 + 0.01 3.89 +0.23 0.397 + 0.033 0.51 + 0.05

30 0.39 £ 0.01 3.90 £ 0.17 0.60 = 0.06

100 0.39 £ 0.01 3.88 £ 0.22 0.61 £+ 0.06

0 0.29 + 0.01 4.64 + 0.22 0.61 + 0.03

55AP 30 0.35 £ 0.03 4.67 = 0.26 0.456 + 0.002 0.75 + 0.04

100 0.44 +0.03 4.75 + 0.34 0.95+0.12

11
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Fig. 11. Elastic modulus and hardness values from nanoindentation tests in Continuous Stiffness Measurement mode averaged across valid tests performed on
homogeneous and defect-free areas of the 8YSZ bottom layer and the top layers of the 20YSZ and 55YSZ systems.

Table 6
Elastic modulus, hardness, and E/H ratio as a function of the weight percentage
of yttria from Continuous Stiffness Measurement nanoindentation.

Yttria content (wt%) Elastic modulus (GPa) Hardness (GPa) E/H

7-8 233+ 10 142+ 0.6 164+ 1.4

20 216 + 19 14.4 + 2.9 149 + 4.2

55 212 + 14 13.3+1.2 16.0 + 2.6
Table 7

Critical loads (P.), calibration coefficients, and fracture toughness values
calculated from pillar splitting experiments as a function of the wt% of yttria.

Wt% yttria P. (mN) vy (=) K. (MPa\/m)
8YSZ 23.88 + 4.17 0.327 2.32 +0.40
20YSZ 15.46 + 5.95 0.304 1.39 £ 0.54
55YSZ 14.72 + 1.58 0.320 1.398 £+ 0.150

(0.70 + 0.02 W/(m-K)) and the much denser ones obtained with the

fused and crushed (F&C) powder (0.89 + 0.03 W/(m-K)).
e The porosity of all 8YSZ coatings decreased after 30 + 5 thermal
fatigue cycles due to sintering, which reduced the overall content of
both globular pores and elongated microcracks. Correspondingly,
their thermal conductivity increased in all cases. However, the in-
crease was much less marked in the coating obtained with the A&S
powder (0.87 + 0.02 W/(m-K)) compared to those obtained with
HOSP (2.39 £+ 0.08 W/(m-K)) and F&C powders (1.58 + 0.05 W/
(m-K)). After 100 + 5 cycles, the porosity increased again due to
thermal shock, and correspondingly, the thermal conductivity
remained approximately constant or decreased slightly in all cases.
The thermal conductivity values of the bi-layer coatings with an
8YSZ bottom layer and a ZrO; — 20 wt% Y503 (20YSZ) or ZrO; — 55
wt% Y203 (55YSZ) top layer were in the range of 0.51 W/(m-K)
(20YSZ) and 0.61 W/(m-K) (55YSZ), respectively, and appeared to
depend more on the porosity of the top coat than the Y503 content.
After 30 + 5 thermal fatigue cycles, the evolution in porosity and
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Fig. 12. Load On Sample versus Displacement Into Surface curves corre-
sponding to representative micro-pillar splitting experiments performed on top
coats with different compositions.

thermal conductivity of the bi-layer systems was similar to the 8YSZ
single-layer coating, but there were no further changes after 100 + 5
cycles, suggesting a different long-term evolution.

There was a measurable difference between the indentation fracture
toughness values of the 8YSZ coating, with a non-transformable
tetragonal (t’) structure, and the 20YSZ and 55YSZ coatings, fully
stabilized in the cubic structure. The toughness of 8YSZ was 2.32 +
0.40 MPay/m, while the 20YSZ and 55YSZ layers both exhibited
toughness values of ~1.39 MPa\/m. Therefore, it appears that the
fracture toughness of the fully stabilized zirconia compositions did
not depend on the amount of Y20s3. It is finally remarked that these
values, which were obtained by pillar-splitting on dense areas of the
coating, were nonetheless partly dependent on the microstructure of
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the coating, because of the possible presence of sub-surface defects in
the volume of the pillars.
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