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Rare-earth (RE) zirconates, such as gadolinium zirconate (GZ), gained much attraction to be used for the next
generation TBC. A double-layer and triple-layer TBC were deposited using the suspension and solution precursor
high velocity oxy fuel (HVOF) thermal spray. A dense solution precursor GZ layer was intended to minimise the
crack propagation from underneath, thereby inhibiting the CMAS infiltration. In the furnace cycling test, the
double- and triple-layer coatings had a comparable cyclic lifetime. For the CMAS test, both the double- and triple-

layer coatings were exposed to CMAS at 1250 °C for 30 mins. The CMAS deposits melted and infiltrated both
coatings through the dense vertical cracks (DVCs). Interestingly, the GZ reacted with the molten CMAS to form a
gadolinium apatite phase (CapGdg(SiO4)O2) that was detected in the double- and triple-layer TBC. Both the
double- and triple-layer TBCs succeeded in reacting with CMAS.

1. Introduction

Thermal barrier coatings (TBCs) have been successfully employed in
turbine engines since the 1970s [1]. The TBC system aims to protect the
underlying metallic substrates (i.e., nickel-based superalloys) from the
harsh environment, resulting in an increase in the lifetime of the turbine
blades and allows to operate at a higher temperature. The higher
operating temperature increases the efficiency of the turbine engine,
thereby reducing the overall greenhouse gas emissions [1,2].

A typical TBC consists of the substrate, the bond coat, either the
MCrAlY (M = Co, Ni, or Fe) alloys or Pt/Ni-rich aluminide [3], and the
topcoat. The MCrAlY alloy, which functions to protect the metallic layer
underneath and minimise the thermal expansion mismatch between the
substrate and topcoat, is mainly deposited by either the low-pressure
plasma spray (LPPS) or the high velocity oxy-fuel (HVOF) thermal
spray. The widely used topcoat, 7-8 wt% yttria stabilised zirconia (YSZ),
which has been established for many decades, suffers a phase trans-
formation at around 1200 °C [4,5]. Beyond this operating temperature,
the YSZ will transform from the metastable tetragonal (t') phase into the
tetragonal (t) phase and subsequently to the monoclinic (m) and cubic
(c) phase. As a result, high-level stress will be introduced into the
microstructure of the topcoat as this transformation is associated with
3-5% volume change, resulting in a catastrophic failure [6]. In addition
to that, the YSZ is susceptible to CMAS

* Corresponding author.
E-mail address: kah.leng@nottingham.ac.uk (K. Leng).

https://doi.org/10.1016/j.jeurceramsoc.2023.04.014

(Calcia-Magnesia-Alumina-Silicate) attack at high temperatures (i.e., >
1200 °C), which significantly reduces the lifetime of the TBC. Therefore,
the rare-earth (RE) zirconates, typically gadolinium zirconate (GZ),
gained attention to overcome these drawbacks. GZ has the potential to
react with CMAS to form an apatite phase (CapxGdg(SiO4)¢02) that pre-
vents the infiltration of the molten CMAS through the topcoat [6-10];
however, due to the poor mechanical properties, GZ can only be used in
a multilayer approach (i.e., double layer), as already been proposed in
several studies [11-16].

Nowadays, TBCs are mainly produced by the atmospheric plasma
spray (APS) method and the electron physical vapour deposition (EB-
PVD) method. The coatings produced by the APS process can be varied
from a lamellar to a dense vertically crack (DVC) microstructure
depending on the spray conditions or parameters [4,10,17-24], whereas
the EB-PVD process will only produce the typical columnar micro-
structure [25-27]. Other thermal spray methods, such as the suspension
or solution precursor plasma spray (SPS/SPPS) and suspension or solu-
tion precursor HVOF (S-HVOF/SP-HVOF), are gaining more attention in
the development of TBCs although it is not fully implemented in the
industry due to costs associated with capital investment, limited feed-
stock supply chain and technology readiness level. Both thermal spray
methods provide a high degree of freedom in producing a desired doped
or un-doped coating composition with the purpose of overcoming the
shortcomings of current thermal sprayed TBCs. Moreover, both methods
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can produce a wide range of coating structures varying from a lamellar
to a columnar or a DVC structure, significantly affected by various fac-
tors like the surface tension of the liquid medium and the surface
roughness of the substrate [28,29]. The parameters which can be opti-
mised in these processes are significantly more than the conventional
powder based thermal spray. In addition, the short spraying distance
required by these methods remains a challenge to deposit TBCs onto a
component with complex shapes. Recent studies showed that SPS can
produce the columnar structures with a comparable lifetime with the
EB-PVD TBCs [30-46] and S-HVOF thermal spray can produce DVC
structures with superior mechanical properties.

Moreover, the solution precursor (SP) feedstock that can be pro-
duced through the mixing of solutes (salt) and solvents (water) could be
used as an alternative to the suspension feedstock. Jiang et al. [47,48]
produced a double-layer TBC with a DVC structure and layered porosity
(inter-pass boundaries) through the solution precursor (SPPS GZ/SPPS
YSZ) feedstock, which presented a promising thermal cyclic lifetime and
CMAS resistivity. Kumar et al. [19] also studied the DVCs microstructure
produced by the same method as Jiang et al. and compared it with the
typical APS microstructure, the lamellar microstructure. Due to the
presence of the DVCs in the SPPS coating, it functioned similar to the
columnar structure which can accommodate the strain-tolerance in the
coating during the thermal cycling test, thereby showing a good thermal
cycling lifetime. Despite the good performance in the thermal cycling
test, the DVCs or the columnar structured TBC coatings performed
poorly in CMAS attacks [9,49-51]. The CMAS attack can be mitigated by
selecting a CMAS resistant material and tailoring the microstructure of
the coating. Wellman et al. [51] demonstrated that if the width of the
columnar structure was less than 1 um, the DVC or columnar structure
could play an important role in successfully form a sealant layer that
could stop CMAS from infiltrating further without compromising the
stress-relieving structure (DVCs or columnar structure).

Compared with the traditional single-layer YSZ TBC, an improved
durability in the furnace cycling tests (FCT) for the SPS double- and
triple-layer TBCs was demonstrated by Mahade et al. [13,52]. The SPS
double-layer TBC comprised of the SPS GZ and the SPS YSZ layer, while
the triple-layer TBC had a dense SPS GZ layer being deposited on top of
the SPS GZ layer. The dense SPS GZ layer was achieved by altering the
spray parameter in both works. Although the triple-layer TBC had a
slightly lower column density than the double-layer TBC, the columnar
structure continued from the pre-existed layer (SPS GZ) to the dense SPS
GZ layer. The presence of the columns or vertical cracks that could
potentially act as a pathway for CMAS infiltration led to a further
investigation.

From the previous work [53], it was demonstrated that the S-HVOF
process is capable of producing the DVCs microstructure, while the so-
lution precursor HVOF (SP-HVOF) creates a dense microstructure that
seals or minimises the crack width of the DVCs structure from the pre-
vious layer. Although the double-layer coating (SP-HVOF GZ/S-HVOF
YSZ) presented a similar coating lifetime to the traditional single-layer
YSZ (S-HVOF YSZ) coating, the coating thickness was thinner than the
conventional TBC thickness, ~ 400 pm [54]. Therefore, in this study, a
double- and a triple-layer coating were designed and deposited through
the HVOF thermal spray. It is worth noting that the scope of the study is
mainly on the comparison between the two multilayer approaches, and
the purpose is not to compare and contrast these coatings with a com-
mercial YSZ coating. The double-layer coating was comprised of the YSZ
and GZ layer deposited through the suspension feedstock, whereas the
triple-layer coating had an additional dense GZ layer on top of the
S-HVOF GZ layer. The dense GZ layer (SP-GZ) was deposited with a
solution precursor feedstock [47,53]. The primary purpose of this study
was to design an architecture that could resist CMAS attack, in the
meantime, without compromising the stress-relieving cracks that are
proven to be beneficial to the thermal cycling lifetime of a TBC. The
dense SP-GZ layer aims to seal or minimise the DVCs structure devel-
oped from the previous layer, either by reducing the open cavities for
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molten CMAS or minimising the width of DVCs that could ease sealing
the stress-relieving cracks.

2. Experimental methods
2.1. Substrate and bond coat preparation

Inconel 718 disc-shaped substrates of 12.7 x 3 mm dimension and
nominal composition of Ni-19.0Cr-3.0Mo-5.1Nb-0.5A1-0.9Ti-18.5Fe-
0.04C (in wt%) were grit blasted (Guyson, Dudley, UK) with fine F100
brown alumina (0.125 — 0.149 mm) particles at 6 bars. All grit blasted
substrates were sonicated in Industrial Methylated Spirit (IMS) using an
ultrasonic bath for up to 4 min to remove loose alumina particles and
subsequently were blown dry with compressed air. The Co-based bond
coat, CoNiCrAlY powder (CO-210-24, Praxair, Swindon, UK), was
deposited on all grit-blasted substrates with High Velocity Oxy-Fuel
(HVOF) thermal spray using the commercial MetJet IV (Metallisation,
Dudley, UK) gun [55]. The gun was mounted on a 6-axis robot (ABB®
IRB 2400, Warrington, UK) that provides a standard raster scan pattern.
The scanning speed was set at 1000 mm/s with a line spacing of 4 mm to
factor in the nozzle diameter. A detailed deposition of the bond coat was
described by Saeidi et al. [55]. All substrates were bond-coated in the
same batch at a thickness value of ~110 um.

2.2. Suspension and solution precursor preparation

Two ethanol-based suspensions were provided by Treibacher
Industrie AG (Althofen, Austria). The suspensions comprised of 8 wt%
yttria stabilised zirconia (AuerCoat YSZ) and gadolinium zirconate
(AuerCoat Gd-Zr) with a median particle size (Ds¢) of 0.45 and 0.50 pm,
respectively. Before the deposition, both suspensions were placed on a
roller (Capco, Suffolk, UK) for 1 h at 50 rpm, then transferred to a
pressurised feeder with continuous stirring to obtain a well-dispersed
suspension. According to the supplier, both suspensions had a solid
loading of 25 wt%.

The dense layer gadolinium zirconate (GZ) layer was deposited with
a solution precursor (SP) feedstock. The SP feedstock was prepared
following the method described in the previous work [53], using gad-
olinium nitrate (III) hexahydrate (Fisher Scientific, Loughborough, UK)
and zirconium acetate (Sigma Aldrich, Dorset, UK) in a stoichiometric
proportion. The ceramic yield of the solution precursor was 10 wt%.

2.3. Topcoat deposition

Two different variations in TBCs comprising of double-layered and
triple-layered ceramics, as shown in Fig. 1, were deposited with a
modified GTV SS-TopGun torch mounted on the robot mentioned above.
The details of the torch can be found somewhere else in [53,56]. The
spray parameters are listed in Table 1.

2.4. Material characterisation

An aliquot of the YSZ and GZ suspension was dried in a box furnace
at 200 °C for 1 h to obtain a sample of dried powders. The phase iden-
tification of the dried feedstock powder, as-sprayed and failed TBCs was
performed using a D8 Advance DaVinci system (Bruker, Coventry, UK),
equipped with a lynx eye detector. The diffractograms were obtained
with Cu-Ko radiation with a wavelength of 1.54 A in Bragg-Brentano
scanning mode. The scanning range began from 10° to 90° using a
0.02° step size and a counting time of 0.2 s in each step. The phase
identification was performed using the DIFFRACT.SUITE EVA software
(Bruker, Coventry, UK).

Both the as-sprayed and failed TBCs were cold-mounted in epoxy
resin and hardener (Struers, Denmark) through vacuum impregnation. A
SiC precision cut-off wheel (MetPrep, Coventry, UK) was used to cross-
section the sample. A slow cutting speed (0.01 mm/s) was employed to
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Fig. 1. (a) A schematic diagram of the double-layered coating and (b) the triple-layered coating in this study, where ‘S’ stands for suspension and ‘SP’ stands for

solution precursor. Both coatings had the same substrate, Inconel 718.

Table 1
Spray parameters used to deposit the double- and triple-layered TBCs. [53].

Parameters Suspension Yttria Suspension Solution Precursor
Stabilized Gadolinium Gadolinium
Zirconia Zirconate Zirconate
Torch Suspension Suspension Suspension TopGun
TopGun TopGun
H, flow rate (L/ 700 700 614
min)
O, flow rate (L/ 300 300 307
min)
Stand-off 85 85 85
distance(mm)
Scan speed 1000 1000 1000
(mm/s)
Scan line 3.5 3.5 3.5
distance (mm)
Nozzle length 22 22 22
(mm)
Suspension flow 40 40 40
rate (mL/min)
Flame power 99 99 101
(kW)
Number of 50 50 50
passes

complete the cutting process as the samples were sensitive to cutting.
The sectioned samples were sequentially grounded with SiC grinding
papers (MetPrep, Coventry, UK) and polished to a surface finish of 1 um
by diamond polishing.

To observe the dried suspension powders, the as-sprayed coating
structures and the failure mode of TBCs after thermal cycling and CMAS
tests, scanning electron microscope (SEM) images were taken using
JSM-6490LV (JEOL, Massachusetts, USA). All images were taken with a
spot size of 50 nm, a working distance of 10 mm and an acceleration
voltage of 15 kV. The coating thickness was measured by taking the
average of 10 measurements on secondary electron images (SEI) at a
magnification of x300, covering approximately 1 cm of the coating
cross-section with 5 images. The porosity was calculated by taking the
average measurement of three backscattered electron (BSE) images at a
magnification of x300, converting the image to a black and white (8 bits)
map upon setting a threshold and measure the area percentage of the
image covered by porosity using the “analyse particle” automated
function. Both the coating thickness and porosity measurement were
done using the open-source software, ImageJ (NIH, USA), with standard
error being calculated and reported. Buehler 1600 Series Micro-hardness
Tester (Illinois Tool Works, USA) was used to measure the micro-
hardness on each layer of the polished coating cross-section. A 50-gf
load was chosen to create a clear indentation, ensuring no cracks
propagated from the indented area.

For a better BSE imaging, Quanta 600 (FEI Europe, Netherlands) was

employed to map the CMAS infiltrated region through Ca and Si map-
ping. An acceleration voltage of 20 kV, a spot size of 50 nm, and a
working distance of 13 mm were used. The CMAS infiltrated region was
defined as the area where CMAS could be detected, through Ca and Si
mapping or BSE imaging.

2.5. Crack density measurement

A horizontal straight line of known length was drawn on the cross-
sectional SEM micrographs at x200 magnification in each layer. All
cracks intersecting the line were considered. The crack density was
calculated using the equation below [57]:

Crackdensi cracks No.of cracksinterceptedtheline
rackdens =
chaensity m Truelengthoftheline

A total of 10 micrographs of the same magnification were measured
and the average value is reported.

2.6. Thermal cycling test

Three samples of each type, including the commercial aerospace APS
standard single-layered YSZ coatings, were subjected to thermal cycling
tests. All samples were heat-treated at 1135 °C for 2 h at a ramp rate of
5 °C/min to burn all residues that may be left in the coating. A cycle of
the thermal cycling test comprised of a heating stage, which heated the
samples to 1135 °C in 10 min, a dwelling stage, which held the samples
at 1135 °C for 45 min, and a cooling stage, which cooled the samples
through forced air-cooling below 100 °C in approximately 30 min using
a programmable bottom-loading isothermal furnace (CM Furnaces Inc.,
Bloomfield, USA). The test was constantly monitored with a high-
definition Webcam (Logitech C930e) by capturing an image every
1 min interval. The sample is considered as failed when the spallation
area of TBCs is more than 20%.

2.7. CMAS test

CMAS powder (Oerlikon Metco, Cheshire, UK) with a nominal
composition of 35Ca0-10Mg0-7Al,03-48Si0, in mol% was initially
mixed with deionised (DI) water in a 1:9 ratio by weight and homoge-
nised using a stirrer for 10 min to form the CMAS aqueous solution. The
CMAS concentration was chosen according to OEM protocol, guidance
from the high temperature community [58]. The surface area and the
initial mass of the sample were measured before CMAS deposition to
ensure that 15 mg/cm? of CMAS was successfully deposited on each
sample. During CMAS deposition, the CMAS aqueous solution was
constantly stirred on an Isotemp hot plate (Fisher Scientific, Lough-
borough, UK) at 60 °C whereas the sample was placed on a hot plate at
approximately 100 °C to evaporate the DI water contained in the solu-
tion. An air brush kit was used to deposit the CMAS uniformly on top of
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the sample. The sample was weighted again as soon as the water had
completely evaporated. This process was repeated until the desired
concentration was achieved.

The CMAS-coated samples were heat-treated at 1250 °C for 30 min,
at a ramp rate of 10 °C/min, in a BRF14/5 box furnace (Elite Thermal
Systems Ltd., Leicester, UK). The same ramp rate was set to cool down
the furnace to 1000 °C, and a ramp rate of 5 °C/min was set to cool the
furnace to room temperature. The controlled cooling rate was set to
reduce the thermal shock behaviour in the samples. All samples were
placed on top of an alumina plate to avoid any reaction between the
sample and the furnace.

3. Results
3.1. Feedstock and coating characterisation

Both feedstock powders, YSZ and GZ, are shown in Fig. 2. The dried
particles of both YSZ and GZ powders showed mostly irregular powder
morphology. The particle size distribution of the YSZ and GZ suspen-
sions are shown in Figs. 3(a) and 3(b) respectively. The particles in the
YSZ suspension had a median size (Ds() of ~ 0.52 um, D¢ of ~ 0.29 ym
and Dgg of ~ 0.97 um, whereas the GZ suspension had a median size
(Dsg) of ~ 0.50 um, D19 of ~ 0.26 um and Dgg of ~ 0.99 um.

As mentioned in the Experimental method section (Section 2.3), two
types of coatings were produced in this study: a double-layered and a
triple-layered coating. Figs. 4(a) and 4(b) show SEM micrographs for the
two coating microstructures. A higher magnification image of these
coating microstructures is shown in Figs. 4(c) and 4(d). All samples were
coated with a bond coat with a thickness of 102 + 4 ym. in the same
spray run to avoid any run-to-run variation.

In the double-layered coating, the topcoat suspension YSZ (S-YSZ)
layer had an average thickness of 110 + 3 um and the suspension GZ (S-
GZ) layer had an average thickness of 165 + 4 pym; while in the triple-
layered coating, the topcoat S-YSZ layer had an average thickness of
115 + 3 um, the S-GZ layer had an average thickness of 135 + 3 ym and
the solution precursor GZ (SP-GZ) layer had an average thickness of 30
+ 2 um. Both samples (double- and triple-layer coatings) had the same
total thickness of approximately 385 pum. The thermal characteristics of
the SP-GZ feedstock to form the GZ phase was discussed in the previous
work [53]. Both the as-sprayed double- and triple-layered coating
structures were relatively dense, containing 5 4+ 1% porosities in each
layer. Moreover, the microhardness value in the S-YSZ and SP-GZ was
similar while the S-GZ had the highest value, as shown in Table 2.

From the higher magnification SEM images (Fig. 5), each layer
presented uniformly disturbed micropores. Comparing the as-sprayed
condition of each layer, the vertical cracks initiated from the S-YSZ

YSZ Dried Powders
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layer continued to propagate to the S-GZ layer and the SP-GZ layer. In
the triple-layer coating (Figs. 4b and 4d), the vertical cracks were seen to
narrow down or stop propagating in the SP-GZ layer. Interestingly, the
S-GZ layer in both the samples (double- and triple-layer coatings) was
observed with the existence of horizontal cracks branching out from the
vertical cracks. The horizontal cracks phenomena seen in the S-GZ layer
were believed to be corresponded to the low fracture toughness prop-
erties of GZ. The branching cracks showed that the differential strain in
the S-GZ layer was sufficient to cause an interfacial cracking [59]. The
micropores or microcracks in the vicinity of the DVCs that existed in the
S-GZ layer may provide a path for these cracks to propagate laterally.

Comparing both the as-sprayed coatings, the double-layered coating
had a more pronounced vertical crack density than the triple-layered
coating, with a crack density of 10.0+1.0mm™' and 5.5
+ 0.5 mm™}, respectively. It was worth noticing that the vertical cracks
in the double-layered structure initiated after depositing ~ 40 ym of S-
YSZ; however, this was not the case for the triple-layered coating
(Figs. 4b and 4d). As seen in the triple-layered coating, the difference in
the vertical crack propagation was believed to occur after depositing the
additional dense layer, SP-GZ. On the other hand, no apparent pores or
gaps were seen at the interface of each layer, evidencing a good adhesion
in each layer of both coating structures.

3.2. X-ray diffraction of coatings

The combined XRD patterns of the S-YSZ powder and as-sprayed S-
YSZ coating are presented in Fig. 6(a). The XRD peaks showed that the
as-received suspension had the tetragonal YSZ (PDF Card #048-0224)
as the main peaks, with a small amount of monoclinic zirconium oxide
(PDF Card #078-0047); however, the monoclinic zirconium oxide
phase was no longer observed in the as-sprayed SHVOF YSZ coating. The
diffractogram only detected the peak of the tetragonal YSZ. The absence
of the monoclinic phase in the as-sprayed coating suggested that the in-
flight particles underwent rapid cooling (i.e., ~ 10° Ks ! or greater [60])
upon impact onto the substrate, resulting in the monoclinic or cubic
phase transformation of zirconia was not possible to occur in the
as-sprayed coating.

The diffractogram in Fig. 6b represented the peaks of the dried S-GZ
and SP-GZ powders as well as the SHVOF GZ and SPHVOF GZ as-sprayed
coatings. The dried S-GZ powder had the cubic fluorite GZ (PDF Card
#080-0471) as the main peaks. A low intensity of pyrochlore GZ (PDF
Card #080-0470) was detected in the as-received suspension; however,
it was noticed that the pyrochlore GZ phase disappeared in the SHVOF
GZ coating. The absence of pyrochlore GZ phase in the as-sprayed
coating, either the SHVOF or SPHVOF GZ, was attributed to the rapid
solidification of the molten splats as soon as it impacted onto the

GZ Dried Powders

g

o.'. R,
R
s

< 4

- ‘.‘a

Fig. 2. (a) The back-scattered (BSE) image of the YSZ dried powders, and (b) the GZ dried powders showing that both powders are mainly comprising of irregular

morphologies.
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Fig. 4. (a) A backscattered (BSE) image of the double-layered coating, and (b) tri-layered coating. (c) and (d) shows the high magnification of each coating structure

respectively.

Table 2
shows the mechanical properties of the coating structure
in each layer.

Layer Microhardness, Hvg 5
SP-GZ 504 + 20 Hv
S-GZ 583 + 23 Hv
S-YSZ 524 + 31 Hv

substrates. The formation of the pyrochlore GZ phase only occurs with
an equilibrium cooling below 1550 °C [61,62].

To obtain the dried SP-GZ powders, the SP feedstock was heat-
treated at 1400 °C for 2 h. The diffractograms of the dried SP-GZ

powder and as-sprayed SPHVOF GZ coating only showed the cubic
fluorite GZ (PDF Card #080-0471). This evidenced that the chosen
flame power was sufficient to evaporate the solution and melt the in-
flight GZ particles. A more detailed work can be found in [53].

3.3. Furnace cycling test (FCT)

From the histogram plot (Fig. 7), the double-layered is observed to
have a longer thermal cycling lifetime than the triple-layered coating.
The life cycle for the double-layered coating is 74 + 13 cycles and for the
triple-layered coating is 55 + 4 cycles.

The cross-sectional SEM micrographs of the failed samples are shown
in Fig. 8. The double- and triple-layered samples failed at the TGO/
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Fig. 5. (a) High magnification BSE images of the SYSZ layer, (b) SGZ layer and (c) SPGZ layer. All three layers presented a uniformly distributed micropores

throughout the cross section.

topcoat interface. Dense vertically cracks that were already formed in
both the as-sprayed coatings propagated through the entire thickness of
the coating and subsequently widened. Horizontal cracks were also seen
to initiate and propagate laterally in both the samples; however, the
widening of vertical cracks and the propagation of horizontal cracks
were more pronounced in the double-layered sample (Fig. 8a). The
difference in the crack propagation phenomena between the double- and
triple-layered samples may be related to the longer life cycle of TBCs in
the thermal cycling furnace. Although some horizontal cracks were seen
to intersect with the adjacent vertical crack, the propagation of these
lateral cracks did not cause the TBC to spall off from the substrate. In
fact, most horizontal cracks were observed to propagate within the
layer, either S-YSZ or S-GZ layer. It was worth noticing that most hori-
zontal cracks in the S-YSZ layer were initiated at the region near to the
TGO/topcoat interface.

Moreover, the TGO thickness for both samples are approximately
6 um, as seen in Fig. 9. In the previous work, Mahade et al. [63] reported
that the spallation of TBC occurred after reaching a critical TGO thick-
ness of 5 um, whereas Lu et al. [24] reported a TGO critical thickness of
7 — 8 um. It could be concluded that the TGO critical thickness to the
spallation of TBC is likely dependent on the composition of the bond
coat. Furthermore, EDX analysis on the bond coat before and after
thermal cycling tests (Table 3) showed that the nominal aluminium (Al)
composition throughout the bond coat thickness decreased from 9 wt%
(before thermal cycling) to 4.5 wt% (after thermal cycling), indicating
the outward diffusion of Al. The outer bright layer being spinel,
comprised of Cr, Co and Ni; the inner layer being the a-Al;O3.

3.4. CMAS test

The CMAS composition used has a glass transition temperature of ~
800 °C and a melting temperature of ~1220 °C, determined by the TGA/
DSC measurements (not shown here). The CMAS is expected to be fully
molten with an exposure temperature of 1250 °C. The area concentra-
tion used here is well above the minimum requirement for CMAS to fully
infiltrate the TBCs, subsequently to the failure of TBCs [51].

The cross-section of the 0.5 h CMAS exposed samples can be seen in
Fig. 10. Both the double- and triple-layered coatings are observed to fail
from CMAS infiltration. The GZ layer in both coating structures had
disappeared, which can be seen more prominently in the triple-layer
coating structure (Fig. 10b). The vertical cracks in the as-sprayed YSZ
layer (Figs. 4a and 4b) are shortened, and most of the horizontal cracks
in the as-sprayed GZ layer (Figs. 4a and 4b) had disappeared. These may
be sealed by the reactant products between the coating and CMAS.
Although both coatings failed from CMAS infiltration, no apparent
lateral cracks were seen to propagate through the topcoat interface (GZ/
YSZ). Besides, a thin TGO layer is also observed in the double- and triple-
layered samples; however, the TGO was not the primary reason the
samples failed. The TGO thickness is well below the critical thickness, ~
5.5 um, as the samples were only exposed for 0.5 h at 1250 °C.

According to the XRD phase analysis as shown in Fig. 11, a small
amount of gadolinium apatite (GdgCax(SiO4)s02) phase was detected in
both the double- and triple-layered coating structures. In the case of the
triple-layered coating, a significant reduction in the intensity of GZ is
observed, supported by the BSE micrograph in Fig. 10b. The tetragonal
YSZ peaks were detected as the prominent peaks because the GZ layer
was partially lost after the CMAS infiltration. The GZ layer experienced a
thermal shock phenomenon during the cooling stage, exposing the layer
underneath it, the YSZ layer.

The finding of the XRD peaks is supported by the elemental map
depicted in Fig. 12. From the elemental map, the CMAS infiltrated both
coating structures through the strain-tolerant vertical cracks. A high
contrast of Ca and Si maps is detected around the vertical cracks. From
the Si map, it is noticed that Si reacts more readily with YSZ than with
Ca. The Ca is seen to stop at the GZ/YSZ interface. For the GZ layer,
needle-like structures are observed (Fig. 12c). These needle-like struc-
tures are expected to be the gadolinium apatite, supported by the high
contrast of Gd, Ca and Si maps; however, the gadolinium apatite crys-
tallisation did not stop the CMAS from infiltrating the TBC samples.
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Fig. 6. (a) The XRD peaks of the dried SYSZ powder and SHVOF as-sprayed YSZ layer. (b) The XRD result of the dried SGZ and SP GZ powder and the as-sprayed

coating of SHVOF GZ and SPHVOF GZ.

4. Discussion
4.1. Microstructure of the as-sprayed coatings

The results above showed that the as-sprayed HVOF thermal spray
coatings had the typical DVCs structure necessary for strain tolerance.
The coating microstructure is observed to be similar between the dou-
ble- and triple-layer coatings. As mentioned above, all samples were

produced in the same spray run. Therefore, it can be concluded that the
variation in DVCs observed in the triple-layer coating is believed to
occur during the deposition of the last layer, the SP-GZ layer.

The formation of DVCs in HVOF thermal spray is mainly due to the
rapid solidification of molten splats. Upon impacting onto the sub-
strates, the molten splats of the sprayed materials (i.e., YSZ and GZ)
underwent rapid cooling and solidified to form the deposited coating.
These phenomena lead to a high quenching stress in the ‘freshly’
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Fig. 7. Thermal cycling life of TBC samples, comprising of the double- and
triple-layered coating. 3 samples for each condition were tested.

deposited coatings [43]. As the deposition pass increases, the stress
accumulation in the coating is expected to increase significantly. Other
factors such as the substrate temperature may also contribute to the
stress increment in the deposited coating. Reported by Shinde et al. [23],
APS coatings with segmentation cracks had a substrate temperature in
the range of 400-450 °C during deposition. In the double-layered sam-
ple, the DVCs are observed to initiate after depositing ~ 40 um of the
S-YSZ layer. It can be explained that the accumulated stress during
deposition exceeds the yield strength of YSZ, leading to the nucleation
and propagation of vertical cracks in the subsequent passes. A similar
observation was also reported by Shinde et al. where segmentation

Double-Layer (SGZ/SYZ)
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cracks in APS coatings were formed after the deposited coatings had
built up to a certain extent [23].

For the triple-layered sample, the DVCs in the pre-existing layers
(SGZ/SYZ) are observed to have extended towards the bond coat. The
pre-existing two layers (SGZ/SYZ) can experience to a certain extent
heat-treatment arising from the deposition of the dense SP-GZ layer. As
explained by Shinde et al. [23], the elastic modulus of the deposited
coating is on a near-linear dependence to the substrate temperature
during deposition. Although the flame power utilised for the SP-GZ was
slightly higher than the suspension feedstocks, the change in the depo-
sition condition such as the substrate temperature per pass may be sig-
nificant in the stress accumulation within the ‘freshly’ and pre-deposited
coatings; however, a more extensive study in the deposition condition
relative to the spray parameter is required.

On the other hand, the microstructure of the SP GZ layer is different
to the pre-existing layers although DVCs are observed to continue in the
SP GZ layer. The denser microstructure might be attributed to the uti-
lisation of SP feedstocks, resulting in a finer molten splat deposited onto
the substrates [64]. As studied by Govindarajan et al. [65], it was

Table 3
EDX analysis of bond coat before and after thermal cycling tests (in wt%).

Elements Before thermal cycling After thermal cycling

1 2 3 4 5 6
(o} 0.6 1.4 35.3 51.1 2.1 -
Al 9.5 9.2 15.1 48.9 4.6 4.0
Y 0.5 0.7 - - - -
Ti - - - - 0.3 0.4
Cr 21.4 21.3 21.3 - 21.2 20.8
Fe - - - - 4.5 7.0
Co 35.8 35.9 20.0 - 28.5 24.5
Ni 32.2 31.5 8.4 - 36.5 40.7
Nb - - - - 2.4 2.7
Total 100.0 100.0 100.0 100.0 100.0 100.0

Triple-Layer (SPGZ/SGZ/SYZ)

Fig. 8. Comparison of the thermal cycle failure mechanism between the double- and triple-layered samples. (a) A backscattered (BSE) image showing the thermal

cycled failed double-layered sample and (b) triple-layered sample.

Bond coat

Bene coat 20 jm

Fig. 9. High magnification of bond coat (a) before thermal cycling and (b) after thermal cycling tests.
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Fig. 10. Comparison of the CMAS thermochemical test between (a) the double-layered and (b) the triple-layered coatings. A high magnification cross-sectional
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* Gd,Ca,(Si0,),0, (#028-0212)
¢ Gd,Zr,0, (#080-0471)
e Tetragonal YSZ (#048-0224)

LY
N .
[lxe e e pm

Tri-layer (SPGZ/SGZ/SYSZ)

Intensity (a.u.)

Bi-layer (SGZ/SYSZ)

10 20 30 40 50 60 70 80 90
26(deg.)

Fig. 11. XRD phase analysis of both the triple- (top) and double-layered
(bottom) coatings after CMAS exposure for 0.5 h.

concluded that the formation of DVCs by SP feedstock is mainly
contributed by the propagation of microcracks within each splat, in
which regions where un-melted particles in close vicinity to the splat
boundaries being the favourite crack path, allowing cracks to propagate
effortlessly.

Moreover, many lateral cracks are observed to branch out from most
DVCs. One of the main factors for forming these lateral cracks is the low
fracture toughness of GZ [63,66]. As the deposition process continues,
the accumulated stress in the coating is directly proportional to the

coating thickness. The propagation of the lateral crack will start as the
stress intensity factor exceeds the low fracture toughness value of the GZ
[67]. As a result, lateral cracks are seen mainly in the S-GZ. The
microcracks or micropores in the coating (i.e., S-GZ) acted as a low
energy pathway for the crack to propagate, resulting in the observation
of longer lateral cracks in the S-GZ layer. Shinde et al. [23] also reported
that the normalised toughness is inversely proportional to the coating
thickness. The normalised toughness of the coating dropped below the
limiting value for forming the DVCs and lateral cracks, thereby initiating
the lateral extension of such independent cracks [23].

4.2. Thermal cycling test

Despite the longer thermal cyclic life of the double-layered sample,
the failure mode for both tested coatings were similar, where it occurred
at the TGO/topcoat interface. On a side-by-side comparison for both
coatings (depicted in Fig. 4), the lower crack density presented in the
triple-layer coating could result in being less strain-tolerance capable
than the double-layer coating.

In the beginning stage of the thermal cycling test, both samples
subjected to the test temperature behaved similarly, where cracks
propagated throughout the thickness of TBCs. Due to the microstructure
of TBC:s (i.e., DVCs, microcracks, and porosities), the surface of the bond
coat underwent oxidation in every heating cycle of the test, resulting in
the formation of the thermally grown oxide (TGO) layer between the
topcoat/bond coat interface. In the meantime, the propagated cracks, or
also known as the stress-relieving cracks, also underwent expansion in
every heating cycle. Upon cooling, the samples were now undergoing a
relaxation state, in which the thermally induced stress in the coating was
released in the form of lateral crack propagation, resulting in the
branching of horizontal cracks in the topcoat layer. For the TGO layer,
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Fig. 12. Elemental maps superposed with BSE image for (a) double- and (b) triple-layered coatings to show the infiltration of CMAS which subsequently led to
coating failure. (c) An elemental map of a higher magnification to show the needle-like structure found on the GZ layer.

the stress was relieved by lengthening the TGO layer through out-of-
plane displacements, as a result, it was seen as undulated [68]. How-
ever, the nucleation of cracks in the TGO layer were mainly attributed to
the CTE mismatch between the topcoat and the substrate in the heating
and the cooling stage. Naumenko et al. [69] developed an extensive
study on the type of cracks that could occur within the TGO layer,
leading to the spallation of TBCs. As the number of cycles increased,
each of the samples experienced the same cycle, associated with TGO
growth and the formation of undesirable oxides after p-phase depletion
in the bond coat. Both phenomena (i.e., TGO growth and the formation
of undesirable oxides) contribute to the stress accumulation in the TBC
system; however, the dominant failure mode for both samples seems to
be the lateral crack propagating at the TGO/topcoat interface.

4.3. CMAS test

In the CMAS thermochemical test, the double- and triple-layered
coatings failed similarly. Both samples were fully infiltrated with
CMAS after exposure for only 0.5 h. It should be noted that in the engine
operating conditions, the CMAS exposure onto the surface of TBCs is
highly dependent on several factors, such as the flow path of the
ingested air, CMAS compositions, the flux of CMAS on the surface of
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TBCs and the surface temperature across the hot components [70,71]. In
this study, we have tested our samples in controlled laboratory
isothermal conditions with an industry-standard flux of CMAS.

In both samples (i.e., double- and triple-layered coatings), the molten
CMAS infiltrated the coating structure through DVCs. For the case of the
triple-layered coating, the lower crack density existed in the coating
structure potentially reduces the open cavities on the surface of the
topcoat for the CMAS to infiltrate [72]; however, the smaller opening
displacements on the surface of the topcoat (i.e., triple-layer) can be
detrimental due to the stronger capillary suction effect. Dictated by the
Washburn equation [73], the CMAS infiltration depth in a given time is
related to the square-root of the crack width. As studied by Kumar et al.
[74], the variation in crack opening displacements is indeed an impor-
tant factor that affects the CMAS infiltration depth, but several factors
such as the speed of apatite formation and CMAS viscosity also should be
considered. Also reported by Kumar et al. [19], the width of cracks of
less than 1 pm is observed to be sealed by the GZ, in which one can argue
that the smaller crack width sealed more easily due to the apatite for-
mation regardless of the high capillary effect. In the current work, the
contact angle of the molten CMAS, the widening of crack-opening dis-
placements at elevated temperatures and the viscosity of CMAS at 1250
°C are not known. Hence, a further investigation would be required to
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study the CMAS infiltration depth based on these factors.

As soon as the CMAS deposits melted and infiltrated the topcoat, the
exposed surface in the GZ layer will undergo a rapid dissolution of GZ
upon contact with the melt, subsequently to the nucleation of the apatite
phase, GdgCay(Si04)602, which is evidenced by the needle-like structure
found in the GZ layer (Fig. 12) [8]. A similar reaction is also reported by
Gildersleeve et al. [72]. In contrast, most of the vertical and horizontal
cracks are observed to be sealed by the apatite phase, supported by the
reduction of vertical and horizontal cracks in the GZ layer. As the YSZ
layer is exposed to the molten CMAS, yttria will be leached out from the
metastable tetragonal (t) YSZ to form Yttria-depleted (Y-depleted) or
Yttria-enriched (Y-enriched) zirconia [75]. The Y-depleted zirconia is
mainly due to the higher solubility of yttrium in CMAS, leading to the
transformation of monoclinic zirconia upon cooling, whereas the
Y-enriched zirconia grains are mainly in big round shaped zirconia
grains, leading to the transformation of cubic zirconia upon cooling [9,
75]. Some of the zirconia globular grains could be composed of
re-precipitated Ca/Si co-stabilised zirconia [75,76]. In the cooling stage,
the CMAS infiltrated samples experienced a severe thermal shock
behaviour due to the thermal mismatch between the topcoat and the
substrate. Moreover, the porosities in the topcoat of both samples
reduced significantly, whether attributed to the sintering effect or the
CMAS reactant products in the coating [75]. Consequently, the topcoat
of both samples underwent a ‘shattering’ effect.

5. Conclusions

In this work, double-layered and triple-layered TBCs were success-
fully deposited with the solution precursor and suspension feedstock
through the HVOF thermal spray, presenting the typical DVC micro-
structure that provides the strain-tolerant capability for the thermal
cycling test. Instead of altering the spray parameters or conditions, a
solution precursor feedstock is used to achieve the dense GZ layer. With
the utilisation of SP feedstock, the dense GZ layer altered the dimensions
of the DVCs compared to the already deposited suspension layers. The
thermal lifecycle for both samples and the CMAS resistance was also
studied. The following conclusions can be drawn:

e The double-layered coating shows a better thermal cycling lifecycle
than the triple-layered coating. A possible reason for the higher
lifecycle in the double-layered coating is the crack density. The
double-layered coating had a higher crack density of 10.0
+2.0mm™!, as opposed to the triple-layered coating, 5.5
+ 1.0 mm L. The higher crack density in the microstructure of TBCs
may result in a better strain-tolerance capability. In contrast, the
early failure of the triple-layered TBC may be attributed to the high
level of stresses accumulated in the TBC system.
The failure mode of the double- and triple-layered coating are
similar. The dominant failure mode for the double- and triple-layered
coating occurred at the TGO/topcoat interface. Despite the number
of cycles, the bond coat for both thermally cycled samples seems to
be fully depleted as no dark contrasted § phase can be observed
throughout the thickness of the bond coat. The nominal Al compo-
sition throughout the bond coat thickness dropped from ~ 9 wt% to
~ 4.5 wt%.
In the CMAS thermochemical test, both coatings were fully infil-
trated by CMAS. Due to the thermal shock behaviour in the cooling
stage, both coatings experienced a “shattering effect”. Several factors
such as contact angle of CMAS, the widening of crack-opening dis-
placements at elevated temperatures and the viscosity of CMAS
require further investigation.

e Although multilayer TBCs could be produced through the HVOF
thermal spray method, both TBCs (i.e., double- and triple-layer)
performed poorly in the isothermal test. For the CMAS test, both
coatings were fully infiltrated. The triple-layer coating with a dense
SP GZ layer failed to offer resistance against CMAS attack.
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