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Gadolinium zirconate (GZ) is an attractive material for thermal barrier coatings (TBCs). However, a single layer
GZ coating has poor thermal cycling life compared to Yttria Stabilized Zirconia (YSZ). In this study, Solution
Precursor High Velocity Oxy-Fuel (SP-HVOF) thermal spray was used to produce a double layer GZ/YSZ TBC and
compared the thermal cycling performance with the single layer YSZ TBC. The temperature behaviour of the
solution precursor GZ was studied, and single splat tests were carried out to obtain an optimised spray parameter.

In thermal cycling tests, the single-layer YSZ reached 20 % failure at 85 + 5 cycles, whereas the double-layer GZ/
YSZ was at 70 + 15 cycles. The single-layer failed at the topcoat/TGO interface, whereas the double-layer failed
at GZ/YSZ interface and topcoat/TGO interface. Moreover, Gd diffusion occurred near the GZ/YSZ interface,
resulting in porosities in the GZ layer.

1. Introduction

Thermal barrier coatings (TBCs) are widely used in several industrial
applications (i.e., automotive, aerospace, power generation) to protect
critical components from harsh thermomechanical conditions. The pri-
mary purpose of TBCs is to create a thermal gradient across the surface
of components, thereby extending the life cycle and durability of com-
ponents. A significant reduction in the surface temperature of these
components, generally in the range between 100 °C and 300 °C, could be
achieved with these coatings [1,2]; however, this is dependent on the
coating’s thickness which is defined by its deposition techniques (i.e.,
thermal spray, electron beam physical vapour deposition) as well as the
functionality (i.e., rotating/static) of the component.

Zirconia based ceramics, typically 7-8 wt.% Yttria Stabilized Zirco-
nia (YSZ), is widely used as the ceramic topcoat for turbine blades due to
its low thermal conductivity and a high coefficient of thermal expansion.
However, YSZ topcoat is limited to provide thermal insulation at a
maximum temperature of 1200 °C [3-7]. Beyond 1200 °C, YSZ will
transform from the metastable tetragonal phase (t) into tetragonal (t)
and cubic phases (c). Subsequently, the tetragonal phase will further
transform into monoclinic phase (m) upon cooling. As such, cracks are
introduced in the system as the phase transformation of YSZ is associ-
ated with 3-5 % of volume change in the microstructure, leading to
coating failure [5,8]. Moreover, the operating temperature above 1200
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°C has introduced another issue for the current TBC (i.e., YSZ), namely
CMAS (Calcium-Magnesium-Alumina-Silicate) attack. Although the
composition of CMAS varies, the majority of CMAS has a melting tem-
perature in the range of 1200 °C.

The limitation of YSZ has initiated the findings of new ceramic ma-
terial to overcome the problems associated with YSZ. The new ceramic
material has to operate above 1200 C without sacrificing other proper-
ties such as phase stability at high temperature, low thermal conduc-
tivities, and sintering resistance at high temperatures [4]. In many
recent studies, researchers had narrowed down the scope to rare-earth
(RE) zirconates based pyrochlores. Among all RE zirconates, gadolin-
ium zirconate (GZ) gained special attention because other rare-earth
zirconates such as lanthanum zirconate (LZ) have the tendency to lose
their stoichiometry during the deposition process [9,10]. In comparison
with YSZ, GZ offers promising properties like lower thermal conduc-
tivities, a better CMAS resistance, a better sintering resistance at
elevated temperatures, and good phase stabilities beyond 1500 °C.
Moreover, GZ can resist CMAS attack by reacting with CMAS to form a
metastable apatite phase (i.e., CapGdg(SiO4)e02) to stop the infiltration
of CMAS [8,11-16]. Despite these advantageous features, GZ has a
relatively low coefficient of thermal expansion (CTE), resulting in a
much lower fracture toughness and also a high tendency to react with
thermally grown oxide (TGO) layer. For instance, GZ shows poor ther-
mal cycling performances and a higher tendency to initiate crack
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propagations even at a low stress level. Additionally, GZ has the ten-
dency to react with alumina (TGO) to form GdAIlOs, resulting in an
extremely low number of thermal cyclic life compared to the single-layer
YSZ [17,18]. To account the drawbacks of GZ, a double-layer approach
has been proposed, having GZ as the topcoat ceramic followed by the
YSZ as the second layer [14,19,28,20-27].

Air Plasma Spray (APS) is the most widely available deposition
technique by the industry; however, this technique is difficult to produce
the columnar microstructure achievable by the more expensive Electron
Beam Physical Vapor Deposition (EB-PVD) deposition process.The
commonly known columnar structure in EB-PVD offered strain-tolerant
capabilities to the coating structure, resulting in an excellent thermal
cycling performance [29]. Deposition of nanoparticles with thermal
spray required suspension or solution precursor as a carrier medium.
Suspension thermal spray can produce significantly improved coating
microstructure due to their smaller particle size and interaction of these
particles with the flame. Studies demonstrated that both the Suspension
High Velocity Oxy-Fuel (S-HVOF) and suspension plasma spray (SPS)
techniques have the ability to produce dense vertical cracks to alleviate
thermal stresses during thermal cycling tests [30-32]. On the other
hand, the solution precursor thermal spray eliminates the need to sus-
pend particles in a medium, either in water or ethanol, by mixing solutes
(i.e., salts) into a solvent (i.e., water).

In previous studies, APS sprayed double-layer GZ/YSZ by Bakan et al.
[17,25,33] demonstrated that the thermal cycling performance of GZ
was sensitive to the coating porosity and GZ stoichiometry. The dense
coating possessed a lower lifetime under the burner rig test and spall-
ation at the GZ/YSZ interface was observed while the porous coating
structure (15 % porosity) spalled at the TBC/bond coat interface.
Mahade et al. [27,34] reported that the suspension plasma sprayed (SPS)
double-layered TBCs’ durability was affected by the YSZ thickness, in
which its life cycle decreased with YSZ thickness. The study also re-
ported that the failure mode of the double-layered TBCs varied under
different thermal cyclic test conditions, isothermal and thermal gradient
conditions. In an isothermal condition, the SPS sprayed double-layered
GZ/YSZ failed only at the TGO/bond coat interface whereas failures at
both TGO/bond coat interface and GZ/YSZ interface were observed for
thermal gradient conditions. On the other hand, Jiang et al. [14] is the
only study that produced the double-layered GZ/YSZ with solution
precursor plasma spray (SPPS). The SPPS sprayed double-layered
GZ/YSZ TBC was reported to show a better thermal cycling lifetime
compared to both APS and SPPS sprayed single-layer YSZ TBCs. Despite
the low fracture toughness in GZ, it did not show notable deterioration
in thermal cycling performance. Likewise, the SPPS sprayed
double-layered GZ/YSZ TBC failed at the TGO/bond coat interface
under an isothermal thermal cycling condition. The SPPS microstructure
benefited from vertical cracks (VCs) to alleviate stresses generated in the
coatings, showed an improved version to that of traditional APS coatings
[14,35,36].

Improved durability in all plasma-sprayed double-layer TBCs was
observed; however, the increasing popularity of S-HVOF (suspension
HVOF) or SP-HVOF (solution precursor HVOF) warrants an investiga-
tion in double-layered TBC deposition. In this study, a single-layer YSZ
and a double-layer GZ/YSZ were deposited by HVOF thermal spray
process (YSZ from S-HVOF and GZ from SP-HVOF) on bond coated
Inconel 718 substrates. The bond coat composition chosen for this study
was CoNiCrAlY which was deposited by a liquid-fuelled HVOF thermal
spray [37]. The effort was spent developing the process parameters for
the successful deposition of the solution precursor GZ to achieve the
desired coating structure and excellent bonding at the GZ/YSZ interface.
Isothermal thermal cycling tests were performed side-by-side for the
single-layer YSZ and double-layer GZ/YSZ at 1135 C, with the
single-layered S-HVOF YSZ as a baseline sample.
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2. Experimental methods
2.1. Materials

Two types of feedstock materials were used in this study, (a) solution
precursor Gadolinium Zirconate (GZ) and (b) suspension Yttria-
stabilized Zirconia (YSZ). GZ solution precursor were made by dissolv-
ing gadolinium nitrate hexahydrate (Fisher Scientific, Loughborough,
UK) into distilled (DI) water to 2 mol/L. The solution was then added to
a 2 mol/L zirconium acetate (22 wt. % ZrO, in diluted acid, Sigma
Aldrich, Dorset, UK) aqueous solution and both solutions were mixed in
stoichiometric proportion to reach the desired GZ phase. The final so-
lution yielded 10 % of GZ.

The 8 wt.% yttria stabilised zirconia (YSZ) suspension in ethanol was
provided by Treibacher Industrie AG (Althofen, Austria); the suspension
had a solid loading of 25 wt.% and a particle size distribution of Dsy =
0.50 pm, according to the supplier.

2.2. Swipe test

AISI SS304 stainless steel substrates (60 x 25 x 2 mm°) with a
nominal composition of Fe-19.0Cr-9.3Ni-0.05C (in wt.%) were used to
collect single splats of the GZ coatings. Prior to the single splat deposi-
tion, all stainless steel substrates were ground using SiC grinding papers
(Essligen, Germany) and polished to 1 pm finish with diamond
suspension.

The splats were deposited using a modified GTV SS-TopGun HVOF
thermal spray system with an injector diameter of 0.3 mm directed to-
wards a 22 mm long combustion chamber on the substrates. The details
of the setup can be found elsewhere [30]. The gun was mounted on a
6-axis robot (ABB® IRB 2400, Warrington, UK) that provide the spray-
ing motion, a standard raster scan pattern. The torch speed was set at
1361 mm/s, and the inter line spacing was adjusted to produce 3 equally
spaced splat lines across the polished substrates. Two sets of spray pa-
rameters were used, corresponding to the variation of stand-off distance
and the flow rate of feedstocks. The stand-off distances were chosen: 75
mm, 85 mm and 95 mm while the flow rate of feedstocks remained at 50
mL/min. Specimens generated using the above stand-off distance were
designated as SOD75, SOD85 and SOD95, respectively. The flow rate of
feedstocks was varied at three different levels of 30 mL/min, 40 mL/min
and 50 mL/min while the stand-off distance remained at 85 mm.
Specimens generated using the above flow rate were designated as
FLR30, FLR40, and FLR50, respectively.

2.3. Coating deposition

Disc-shaped Inconel 718 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 used for coating deposition. All Inconel 718 sub-
strates were grit blasted with a blast cleaner from Guyson (Dudley, UK)
with fine F100 brown alumina (0.125 - 0.149 mm) particles at 6 bars.
Following grit blasting, the substrates were cleaned in Industrial
Methylated Spirit (IMS) using an ultrasonic bath for up to 4 min and
blown dry with compressed air.

Initially, a bond coat that promotes adhesion of the sprayed ceramic
topcoat and provides oxidation resistance at high temperature was
deposited. All disc-shaped substrates were pre-coated with approxi-
mately 130 pm Co-based bond coat, MCrAlY (CoNiCrAlY) powder (CO-
210-24, Praxair, Swindon, UK) applied by using HVOF thermal spraying
with a commercial MetJet IV (Metallisation, Dudley, UK) gun. A more
detailed deposition of bond coat is described by Saeidi et al. [37]. The
torch scanning speed was set at 1000 mm/s. The line spacing for the
bond coat was 4 mm, and line spacing for topcoat was 3.5 mm,
respectively to factor in the nozzle diameter.

Two types of topcoats were produced, which comprised of the YSZ
single-layer and GZ/YSZ double-layer. The thermal spray system used to
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deposit the coating was discussed in Section 2.2., and they were opti-
mised to obtain a GZ/YSZ double-layer topcoat, with a thickness ratio
1:1. The spray parameters were summarised in Table 1 and Fig. 1 rep-
resents the schematic diagram of the samples developed in this study.

2.4. Characterisation of GZ solution precursor

SDT-Q600 equipment (TA Instruments, New Castle, USA) was used
to analyse the thermal stability and the reactions experienced by the
gadolinium zirconate solution precursor. An approximate amount of 15
mg of the solution precursor was placed in the Al;Oj3 crucible. The
furnace was ramped at 10 C/min to 1450 C in a constant supply of air at
a flow rate of 100 mL/min.

The solution precursor of gadolinium zirconate (GZ) was heat-
treated in a box furnace (Elite Thermal Systems Ltd.) at 600 ‘C, 700 C,
8007, 1000°C, 1200C and 1400°C for an hour at a ramp rate of 10'C/min
to study the phase evolution of the GZ solution precursor.

2.5. Microstructural characterisation

All samples were characterised in the as-sprayed condition and after
thermal cycled tests. XRD analysis was performed using a D8 Advance
DaVinci system (Bruker, Coventry, UK) with equipped with a lynx eye
detector. The diffractograms were obtained with Cu-Ka radiation with a
wavelength of 1.54 Ain Bragg-Brentano configuration in the range from
10'to 90°'2, using a 0.02'step size and 0.15 s of counting time in each step.
The phase identification was performed using the DIFFRACT.SUITE EVA
software (Bruker, Coventry, UK).

The produced samples were cold mounted in epoxy using vacuum
impregnation and then cross-sectioned with SiC precision cut-off wheels
(MetPrep, Coventry, UK) at a relatively slow speed (0.005 mm/s) to
reduce the damage to the sample during the cutting process.

All sectioned samples were sequentially ground with SiC abrasive
papers (MetPrep, Coventry, UK) P240, P400, P800 and P1200, respec-
tively. The polishing process was carried out by diamond polishing up to

Table 1
Parameters Employed for HVOF Bond-coat and Solution Precursor HVOF Gad-
olinium Zirconate Topcoat.

Parameters Bond coat (CO- Suspension Yttria Solution Precursor
210-24) Stabilized Zirconia Gadolinium
[30] [38], Zirconate
Torch MetJet (IV) Suspension TopGun Suspension
Metallisation TopGun
Gun
Stand-off 356 85 85
distance(mm)
Scan speed 1000 1000 1000
(mm/s)
Scan line 4 3.5 3.5
distance (mm)
N, carrier gas 11.00 - -
flow rate (L/
min)
H, flow rate (L/ - 699.98 613.60
min)
O, flow rate (L/ 920.00 299.72 306.80
min)
Kerosene flow 476 - -
rate (mL/min)
Nozzle length 100 22 22
(mm)
Powder feed (70) - -
rate (g/min)
Suspension flow - 40 40
rate (mL/min)
Flame power - 99 101
kW)
Number of 6 25 50
passes
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a surface finish of 1 pm.

JSM-6490LV (JEOL, Massachusetts, USA) scanning electron micro-
scopy (SEM) was used for structural characterisation of the single splats
and coatings, using secondary electron (SE) and back-scattered electron
(BSE) modes. A spot size of 50-60 nm, a working distance of 9 mm and
an acceleration voltage of 20 kV were used as the imaging parameters.

ImageJ analysis suite (NIH, USA) was used to measure the thickness
of the coating. The reported data represents the average and standard
error of the coating thickness using secondary electron images (x300)
covering 1 cm of the coating cross-section with 5 images.

2.6. Thermal cycling durability test

Four samples of each topcoat (i.e., single-layer YSZ and double-layer
GZ/YSZ) were subjected to thermal cycling tests. Prior to the thermal
cycling tests, all samples were heat-treated at 1135 C for 2 h at a ramp
rate of 5°C/min to ensure that there were no residues of the precursor left
in the coating. Each cycle of the thermal cyclic tests comprised of
heating up to 1135 C in 10 min, dwelling for 45 min, and forced air-
cooling below 100 C in approximately 30 min with a programmable
bottom-loading isothermal furnace (CM Furnaces Inc., Bloomfield,
USA). A high definition Webcam (Logitech C930e) was used to capture
the image of each sample and ImageJ software was used to evaluate the
area of spallation of the thermal cycled samples. The spallation area of
more than 20 % was defined as failure (Fig. 2).

3. Result
3.1. Thermal characteristics of GZ precursor

It is important to understand the thermal characteristics of the so-
lution precursor because their high temperature behaviour is critical for
deposition. Fig. 3 shows the DSC-TGA measurement of the GZ precursor
used in this study. The DSC-TGA analysis performed on the solution
precursor evidenced that there was a predominant endothermic reaction
that happened at approximately 104 ‘C, which corresponds to 83 % of
weight lost, and it was caused by the evaporation of water used in the
precursor. Two consecutive exothermic reactions occurred at 300 ‘C and
350 C, and these are associated with a 7% weight loss in the TGA curve.
These two exothermic peaks indicated a combination of endothermic
reaction by gadolinium nitrates and the pyrolysis of zirconium acetates
present in the precursor [39-41]. At 782C, an endothermic peak with no
correlated weight loss that could be associated with the crystallisation of
GZ was detected [42]. The weight remained unchanged from 350 C; this
could be seen as an indication that all residue organic compounds were
fully decomposed at this temperature, and the precursor was trans-
formed to 10 % weight of GZ. The phase transformations detected by the
thermogravimetric study were also followed by XRD analysis, as pre-
sented in Fig. 4. Before the crystallisation temperature of GZ phase, the
sample presented an amorphous structure as revealed by the humps in
the diffractogram at 600 C. This indicated that the crystallisation of GZ
had not started. For temperatures above 800 C, crystalline GZ (PDF Card
#00-080-0471) was detected as the only crystalline phase.

3.2. Single particle impact test of the GZ precursor

As mentioned in Section 2.2, swipe tests were carried out to study the
morphology of single splat varied at two distinctive parameters: stand-
off distance differentiated into three distinct distances at 75 mm, 85
mm and 95 mm, and flow rates varied at 30 mL/min, 40 mL/min and 50
mL/min. SEM characterisation for both parameters for the single splat is
shown in Figs. 5 and 6, respectively. The flame power for both condi-
tions was 101 kW to ensure enough heat was transferred to the solution
precursor to melt the particles formed in-flight prior to impacting onto
the substrate.

According to Sunil et. al. [43],], the modelling result on the SHVOF
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Fig. 1. (A) shows the schematic diagram of a single-layer YSZ sample, and (B) the double-layer GZ/YSZ on the substrate Inconel 718 used in this study.
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Fig. 2. A programmable bottom-loading isothermal furnace with a camera recording the live time of thermal cycling samples.
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Fig. 3. Plot of DSC heat flow and TGA weight analysis of GZ solution precursor
at a heating rate of 10 °C/min in a constant supply of air atmosphere.

thermal spray was capable of achieving a maximum particle tempera-
ture of 2000 K (i.e., 1726.85 °C). Although the material used in this
study was different to the material used in the modelling result, the
chosen spray parameters were similar. The available heat in the com-
bustion flame was enough to melt in-flight particles, which crystallised
at 782 °C (Fig. 3). As appreciated from Fig. 5a (higher magnification
image at Fig. 5d), the SOD75 sample is mostly dominated by a mixture of
unmolten and partially molten particles with a small number of
re-solidified agglomerates. Meanwhile, the SOD85 sample (i.e., Fig. 5b,
higher magnification at Fig. 5e) presents a high degree of molten splats
(in the form of splash like splats) with a small number of partially molten
particles [44]. In the case of SOD95 sample (i.e., Fig. 5c, higher
magnification at Fig. 5f), the sample showed a lower amount of molten
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Fig. 4. XRD patterns for heat-treated GZ solution precursor powders at 600 °C,
700 °C, 800 °C, 1000 °C, 1200 °C and 1400 °C.

splats, and the size of the deposited splats was reduced, which could
have contributed to the reduced deposition efficiency at a longer
stand-off distance.

Fig. 6 shows SEM micrographs of single splats collected at three
different flow rates mentioned above. ImageJ analysis software was used
to measure the area coverage of splats for each sample, using the
“threshold” option to differentiate the substrate (dark grey region) and
the splats or the individual solid particles (white spots or spheres). After
differentiating the splats, the area coverage of the substrate was then
measured. The reported data in Table 2 represents the average and
standard error of splats coverage on the substrate with 3 measurements.

The deposition efficiency seems to be the highest for the flow rate at
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Stand-off Distance
95 mm

5 pm

Sum

Fig. 5. Secondary Electron (SE)-SEM images for swipe test at three different stand-off distances (a) 75 mm - SOD75, (b) 85 mm - SOD85 and (c) 95 mm - SOD95,
respectively, being images d to f at high magnification. All images were taken at 15 kV.

Suspension Flow
Rate 30mL/min

Suspension Flow
Rate 40mL/min

Suspension Flow
Rate 50mL/min

ST

Fig. 6. Secondary Electron (SE)-SEM images for swipe test at three different flow rates (a) 30 mL/min — FLR30, (b) 40 mL/min - FLR40 and (c) 50 mL/min — FLR50,
respectively, being images d to f at high magnification. All images were taken at 15 kV.

Table 2
The area coverage of the splats for a feeding rate of 30 mL/min, 40 mL/min
and 50 mL/min respectively.

Feeding Rate (mL/min) Area coverage (%) (ImageJ)

30 38.4 +3.1
40 67.8 + 4.2
50 31.8+ 2.6

40 mL/min (FLR40) as the substrate is almost fully covered with splats.
At the flow rate of 30 mL/min (FLR30), shown in Fig. 6a (a higher
magnification in Fig. 6d), there is a number of broken shells observed at
the surface of the substrate. A small number of round particulates ac-
companies these broken shells As the flow rate increases to 40 mL/min

(FLR40), shown in Fig. 6b (a higher magnification in Fig. 6e), the surface
of the substrate comprises a mixture of molten splats and partially
molten particulates. There is a minority of broken shells collected at the
surface of the substrate. Instead of broken shells, the substrate is mainly
covered by re-solidified agglomerates and partially molten particles. At
the flow rate of 50 mL/min (FLR50), shown in Fig. 6¢ (a higher
magnification in Fig. 6f), molten splats and a small number of partially
molten particles are collected on the surface of the substrate.
Moreover, the fractured shell morphologies are mainly due to the
dilute solutions used in the study, which results in surface precipitation
of droplets. The surface precipitation will initiate the formation of a hard
thin shell on the surface, which will fracture upon hitting the substrates.
The presence of these broken shells could yield poor quality coatings,
which could affect the thermal cycling performance of the coating
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Table 3
EDX analysis of the cross-section of the thermally cycled S-HVOF YSZ and SP-
HVOF GZ/YSZ showing atomic % of elemental composition.

S-HVOF YSZ spectra SP-HVOF GZ/YSZ spectra

Elements

1 2 3 4 5 6
o - 63.0 65.5 - 61.4 63.6
Al 7.6 36.6 19.6 6.4 36.3 19.8
Y - 0.2 - - - -
Ti 0.6 - - 0.6 - -
Cr 22.4 0.1 4.8 23.0 0.7 5.7
Fe 7.2 - - 7.0 0.2 -
Co 22.5 0.1 5.7 23.5 0.5 6.6
Ni 37.8 0.1 4.4 37.8 0.8 4.3
Nb 2.1 - - 1.8 - -
Total 100.0 100.0 100.0 100.0 100.0 100.0

Table 4

EDX analysis of the cross-section of the thermally cycled SP-HVOF GZ/YSZ
showing atomic % of elemental composition near the GZ/YSZ interface.

SP-HVOF GZ/YSZ spectra

Elements
1 2 3 4 5

C 24.4 24.6 25.2 25.3 23.6

Y - - 0.3 0.6 0.9

Zr 4.9 5.2 6.0 7.0 8.9

Gd 4.8 4.2 2.2 0.6 0.2

(0] 65.9 66.0 66.3 66.5 66.5

Total 100.0 100.0 100.0 100.0 100.0
[45-47].

3.3. Thermal spray coating deposition and microstructural
characterisation for both SHVOF YSZ and SP-HVOF GZ

In this study, two types of coatings were produced: a single-layer
YSZ, and double-layer GZ/YSZ. Both topcoats were deposited with the
same parameters: Stand-off distance at 85 mm and the flow rate of
feedstocks at 40 mL/min. These parameters were chosen resulting from

Vertical cracks

Bend coat

DStiate)

100 (umn
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the splat test discussed in the previous section (i.e., Section 3.2). A SOD
of 85 mm provides the optimum distance, which is capable of providing
a sufficient dwell time to melt the entrained particles prior to the
deposition, whereas FLR40 was chosen because the deposition rate was
significantly higher, and the heat transfer to each individual droplets
was sufficient to melt all entrained solid particles.

SEM micrographs for the cross-section of the single-layer S-HVOF as-
sprayed YSZ coating

are presented in Fig. 7. The average thickness for the bond coat is 130
+ 10 pm, whereas the average thickness for the topcoat YSZ is 40 + 5
pm. The deposited coating presented numerous vertical cracks (circled
in red) throughout, which is observed to originate at the surface
(Fig. 7a). The YSZ layer topcoat seems to be dense with a number of
micropores. These micropores are seen to be uniformly distributed
throughout (Fig. 7b and Fig. 7c).

Additionally, Fig. 8 represents the cross-section of the double-layer S-
HVOF as-sprayed YSZ/GZ coating. The average thickness for the bond
coat is 100 + 10 pm, whereas the average thickness for the YSZ is 40 + 5
pm and the average thickness for the solution precursor GZ is 40 & 5 pm,
implying that the ratio thickness of YSZ to GZ is evidenced to be 1 to 1.
Lee et. al. claimed that the stress state of a double-layer coating design
was not sensitive to the ratio thickness of the two coating layers; how-
ever, the ideal ratio of 1:1 has the capability to prevent coating failure by
alleviating compressive stress that present in the coating structure [14,
48]. The stress on the surface of the second layer (bottom layer, i.e., YSZ
in this study) was reported to be lower than other stresses in the coating
structure [48]. The ratio thickness between the two coating layers could
also be adjusted easily by changing the number of passes during depo-
sition. Additionally, Mahade et. al. [27] presented that the double-layer
TBC with a ratio thickness of 1:1 has the highest lifetime as compared to
other thickness ratios.

On the other hand, both deposited YSZ and GZ layers are very dense.
The vertical cracks in the YSZ layer are less pronounced here, and these
stopped at the GZ layer. According to Xie et. al. [49], it was reported that
the formation of vertical cracks only occurred in thick SP coatings (i.e.,
> 100 pm). In a thick coating deposition process, the coating tempera-
ture is higher due to a longer spraying time, subsequently leading to a

Fig. 7. (a) Cross-sectional micrographs of the single-layer Suspension HVOF as-sprayed YSZ coating generated at a stand-off distance of 85 mm and a suspension flow
rate of 40 mL/min. (b) A high magnification of S-HVOF topcoat showing the interface of topcoat is well-bonded with the MCrAlY bond coat. (c) A high magnification
showing that the pores are observed to be uniformly distributed throughout the coating microstructure.
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Fig. 8. (a) Cross-sectional micrographs of the double-layer HVOF as-sprayed GZ/YSZ coatings generated at a stand-off distance of 85 mm and a suspension flow rate
of 40 mL/min. (b) A higher magnification of SP-HVOF GZ topcoat and the interface with the S-HVOF YSZ. (c) A higher magnification at the GZ layer, indicating a low

number of pores in the GZ layer.

generation of higher tensile stresses. Although the substrates are
continuously cooled externally, the number of passes of the torch con-
tributes directly to increasing coating temperature. Vertical cracks
formed as soon as these stresses excceded the tensile strength of the
coating. In this study, the coating thickness of the SP GZ is 40 &+ 5 pm.
Hence the generated tensile stress in the coating is not enough to initiate
the propagation of vertical cracks. Moreover, the smaller splat size of the
SP as compared to suspension feedstock could effectively prevent the
propagation of vertical cracks from the S-YSZ. The SP coating is typically
dense and well-bonded due to the smaller splats. Only a very small
number of vertical cracks continued to propagate to the GZ top layer
from the S-YSZ layer despite GZ having a lower fracture toughness.

Moreover, the adhesion between the SP-HVOF GZ layer and the S-
HVOF YSZ layer appears to be good, with no apparent pores or gaps at
the interface.

3.4. X-ray diffraction of coatings

The combined XRD pattern for the dried YSZ powder from the sus-
pension, as-sprayed and heat-treated YSZ coatings is presented in Fig. 9
(a), whereas Fig. 9(b) presented a detailed peak in the range of 72 ° to 76
°. The XRD results indicate that the dried YSZ suspension powder mainly
presents a tetragonal YSZ (PDF Card #00-048-0224) phase with the
presence of some monoclinic zirconium oxide (PDF Card #00-078-
0047). The crystalline phase for both the as-sprayed and heat-treated
coating are similar to the dried YSZ suspension powder. Both as-
sprayed and heat-treated coatings showed the same crystalline YSZ
(PDF Card #00-048-0224) phase; however, the monoclinic zirconium
oxide was not detected (shown in Fig. 9b), and some traces of yttrium
oxide (PDF Card #00-047-1274) were detected (Fig. 9a). The absence of
the monoclinic zirconium oxide in the resulting coating suggested that
the temperature of the particles reached during the deposition process
were high enough to induce the complete melt of the particles. As soon
as the molten state particles impacted onto the substrate, it experienced
a rapid cooling (i.e.,”lO6 Ks!or greater [50]) and crystallised into the
tetragonal phase. The monoclinic and cubic phase formation will pre-
sent only if the cooling process occurs in an equilibrium condition [8];

however, there are some segregation of yttrium oxide observed due ot an
inhomogeneous distribution of the yttrium oxide in the YSZ structure.

The XRD result for the as-sprayed and heat-treated double-layer GZ/
YSZ coating is presented in Fig. 10. Comparing with Fig. 4, the dif-
fractograms have the same GZ crystalline phase (PDF Card #00-080-
0471), the metastable fluorite phase. This suggested that the chosen
parameters (i.e., stand-off distance, flame power and suspension flow
rate) were efficient to deposit the GZ as the only crystalline phase
despite the complicated physical and chemical reactions associated with
the precursor pyrolysis.

Moreover, the narrower peaks on the 2 h heat-treated coatings in
both Figs. 9 and 10 evidenced that the coating has a larger crystallite size
due to the growth of nano-crystallites induced from the heat-treatment
[30].

3.5. Thermal cycling test

Referring to Fig. 12, the average thermal cycle to failure for the
single-layer YSZ is 85 + 5 cycles, whereas for the double-layer GZ/YSZ is
70 £ 15 cycles. Fig. 11 represents the surface morphology of the coatings
after thermal cycling test at 25 cycles, 55 cycles, 70 cycles, and 85 cy-
cles, respectively. The failure for both samples initiated from the edges
and propagated to the center of the samples. Both samples failed at the
bond coat/topcoat interface because the bond coat surface (blue colour
region) is exposed, as shown in Fig. 11. The thermal cycling performance
of both TBC samples seems the same as each other. The only difference is
that the double-layer GZ/YSZ has a smaller area exposure of bond coat
(20 %) than the single-layer YSZ,"24 % area spallation.

The cross-sectional SEM micrographs of the failed samples are shown
in Fig. 13. The failure of the single-layer YSZ occurred at the topcoat
(YSZ) and TGO interface, as seen in Fig. 13 (a) and (b), whereas the
failure of the double-layer GZ/YSZ occurred at the topcoat (YSZ) and
TGO interface as well as the GZ layer near to the interface with YSZ
layer, as seen in Fig. 13 (c) and (d). Moreover, the horizontal crack was
observed to propagate from the YSZ layer to the GZ layer Fig. 13(d).

The XRD analysis of the single-layer YSZ and double-layer GZ/YSZ
thermal cycled samples are shown in Figs. 14 and 16, respectively. The
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Fig. 9. (a) XRD result of the dried YSZ suspension powder, SHVOF as-sprayed
single-layer YSZ and the heat-treated as-sprayed YSZ coating. (b) A detailed
view of the range of interest, 72 ° - 76 °, for phase identification. No monoclinic
zirconium oxide peaks are seen in the as-sprayed TBC sample.

XRD patterns of each sample before the thermal treatment are depicted
for comparison purposes. The thermal cycled single-layer YSZ sample
shows that tetragonal YSZ is the main crystalline phase (PDF Card #00-
048-0224) as it was also presented in the sample before thermal cycling.
Some amounts of monoclinic zirconium oxide (PDF Card #00-078-
0047) and cubic yttrium oxide (PDF Card #00-072-0927) are detected;
however, the presence of monoclinic zirconium oxides is minimal. Be-
sides, the Co-alloy from the bond coat is detected (PDF Card #00-035-
1489) along with aluminum oxides (corundum, PDF Card #00-046-
1212) and cobalt aluminum oxides (spinel, PDF Card #00-082-2251)
which were formed as TGO layer, resulting from the oxidation of the
bond coat.

The thermal cycled double-layer GZ/YSZ sample showed some GZ
(PDF Card #00-080-0471) peaks, as detected in the sample before the
thermal treatment; however, the tetragonal YSZ from the bottom layer
coating represents the main crystalline phase (PDF Card #00-048-0224)
and a gadolinium yttrium oxide phase (PDF Card #00-081-2218) is
newly formed. The traces of the gadolinium yttrium oxide phase sug-
gested that some of the gadolinium cations (Gd) may have diffused into
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Fig. 10. XRD result of the SHVOF as-sprayed double-layer GZ/YSZ as well as
the heat-treated as-sprayed coating.

the YSZ layer [51]. A higher magnification SEM image showed that
porosities occured in the GZ layer near the GZ/YSZ interface (Fig. 18)
were the consequences of Gd diffusions, which also reported in [51]. The
event of Gd diffusion seemed to happen locally because in some regions,
cracks could have grown before extensive Gd diffusion occurs. Desig-
nated white spots placed at the region (Spectrum 1 to Spectrum 5) are
believed to have Gd diffusion into the YSZ layer for EDX analysis, where
traces of Gd elements are found in the YSZ layer. Moreover, SEM images
were taken after the sample had failed; hence the event of Gd diffusion
into the YSZ layer would required additional investigation. Meanwhile,
the bond coat alloy is also detected (PDF Card #00-035-1489) along
with aluminium oxides (corundum, PDF Card #00-046-1212) and cobalt
aluminium oxides (spinel, PDF Card #00-082-2251), resulting from the
oxidation of bond coat. Apart from the peaks obtained from XRD, EDX
analysis also suggested the same compositions around the TGO region
for both samples, as shown in Figs. 15 and 17.

4. Discussion
4.1. Thermal characteristics of GZ precursor

It is essential to understand the thermal behaviour of the GZ solution
precursor to ensure that the chosen spray parameters (i.e., flame pow-
der) are sufficient to deposit a crystalline GZ coating. The SDT data (i.e.,
Fig. 3) suggested that the sharp endothermic peak at"104 °C corresponds
to the highest heat energy absorbed by the solution precursor feedstock
as soon as injected into the combustion flame. Due to the predominantly
endothermic behaviour of the solution precursor, the flame temperature
is expected to be lower. The heat transferred from the flame will first be
required to evaporate the solvent medium (water), which then trans-
form to form particles in flight. As soon as the in-flight particle tem-
perature reached 350 °C, a small amount of heat energy was released
into the system (two exothermic peaks represented a combination of
endothermic and exothermic behaviour of acetates and nitrates), indi-
cating that organic compounds’ decomposition is completed, leaving
only GZ particles in flight.

As compared to powder or suspension feedstocks, the solution pre-
cursor feedstock cooled down the flame as it enters into the HVOF flame,
causing the formation and melting of particles to occur at a location
further down the gas stream. A further decrement in the gas temperature
is expected as the distance away from the torch increases. Beyond the
critical location in the flame, the gas temperature dropped below the
melting point of the materials, and some of the entrained particles will
never be melted [52]. Instead of depositing on the substrates, these
un-pyrolysed particles will either flow off the gas stream or bounce off
from the substrates.
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Fig. 11. Surface morphology of thermal cycled samples at 25 cycles, 55 cycles, 70 cycles, and 85 cycles, respectively.
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Fig. 12. Summary of thermal cyclic durability of TBC samples, consisting of
single-layer YSZ and double-layer GZ/YSZ TBCs (4 samples were tested for
each group).

Despite the event of melting GZ particles occurring later in the flame
section, the XRD results (i.e., Figs. 4 and 10) showed completely crys-
talline phases present in the coating. It is evidenced that the chosen
power for the HVOF process was more than enough to evaporate the
liquid medium and decompose the precursors, following the melting of
the particles in the combustion flame and rapid quenching of the par-
ticles that crystallised as GZ phase.

4.2. Splat formation

In previous studies [45,53], it was found that the stand-off distance
(SOD) and the flow rate (FLR) of feedstocks have a strong effect on
coating properties. This section will focus on the analysis of how these
variables affect the deposition of GZ.

SOD in thermal spray determines the distance of particles before
impacting on the substrate surface to form a layer of coating as splats.
The dwell time of particles in the flame is directly affected by varying the
SOD. At a shorter distance (i.e., SOD75), the particle experienced a
shorter amount of time in the flame. As soon as the particle experienced
pyrolysis and sintering, the particle impacted the substrate. The short

dwell time in the flame has significantly reduced the heat transfer to
each particle, resulting in a low degree of molten splats; however, the
flame temperature is high enough to pyrolyse and sinter all in-flight
particles. It is evidenced by the individual solid particulates and
agglomerated solid particles on the surface of the substrate (Fig. 5a and
d). The formation of agglomerated solid particles is due to larger initial
droplets that experience a higher heating transfer [53].

By increasing the SOD to 85 mm (i.e., SOD85), the dwell time of
particles in the flame is significantly improved. Although the flame
temperature is lower due to an increment in the distance away from the
torch, the in-flight particles experienced a higher heat transfer. The in-
flight particles are re-heated and re-melted, then impacts onto the sur-
face of the substrate, yielding a higher degree of molten splats (as evi-
denced in Fig. 5b and e). As the particles remained longer in the flame (i.
e., SOD95), the in-flight particles continued heating and undergoing an
additional tertiary fragmentation process [53], in which the particles
break up into a smaller size that may not be able to stay in the trajectory
within the flame (as evidenced in Fig. 5c and f).

The flow rate (FLR) of feedstocks in thermal spray determines the
amount of solution precursor being injected into the flame per minute.
The amount of solution precursor dictates the number of particles being
heated once it enters the HVOF flame. At a low flow rate (FLR30), the
amount of solvent needed to evaporate is much lower, resulting in
heating solid particles occurring at a much earlier stage and experienced
a higher heat transfer. The longer dwell time of materials in the flame
led to a fully molten splat on the surface of the substrate (Fig. 6a and d).
Increasing the flow rate to FLR40 resulted in more energy and time are
needed to evaporate the solvent, consequently delaying the heating of
particles and a cooler flame. Although the dwell time of particles is now
reduced, it is still enough to melt most of the entrained particles into a
molten state; however, a small number of particles that are only expe-
riencing pyrolysis and sintering will appear as partially molten particles
or agglomerations (Fig. 6b and e), depending on the size of the droplets.
As more solution precursors (FLR50) being injected into the flame, the
time for the supplied heat energy to evaporate the medium is much
longer. Consequently, the heating of particles will only occur further
down the gas stream (away from the torch), resulting in a much cooler
flame which significantly affects the heat transfer from the flame to each
in-flight particle. The low deposition efficiency suggested that some of
the un-pyrolysed particles either failed to follow the flight trajectory or
bounced off from the substrates.

In addition, the behaviour of a liquid during atomisation is usually
described with the dimensionless Weber number, We, and Reynolds
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Fig. 15. SE-SEM micrograph showing the thermal cycled S-HVOF YSZ topcoat
respectively with the TGO layer with white dots designating EDX spectrum

collection spots (see Table 3).

Fig. 17. SE-SEM micrograph showing the thermal cycled SP-HVOF GZ/YSZ
topcoat respectively with the TGO layer with white dots designating EDX
spectrum collection spots (see Table 3).
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S

Fig. 18. SE-SEM micrograph showing pores in GZ layer near the GZ/YSZ interface. The pores suggested that Gd diffused into the YSZ layer to form the new oxide,
gadolinium yttrium oxide. The designated white dots showed the EDX spectrum collection spots (see Table 4).

number, Re. We number is the ratio of the deforming intertia force of the
medium to the surface tension of the droplet whereas Re number is the
ratio of fluid inertia to viscosity [30]. The solution precursor used in this
study is a water-based precursor, which the Re value is in the range of
1500 and We value is in the range of 15 [30,54]. According to the
simulation study run by Sunil et. al. [55], the water-based feedstock will
result in a larger droplet associated with a dense coating (Fig. 8c).”

4.3. Microstructure of as-sprayed coating

The S-HVOF YSZ TBCs were optimised and discussed previously in
our publications for prominent vertical cracks and low porosities [30,
38]. The repeatability of microstructures is proven viable (Fig. 7). This

section is going to focus on solution precursor spraying of GZ.

The top layer, SP-HVOF GZ, was deposited using 101 kW flame
power (see Table 1). It presents a considerably dense coating micro-
structure with occasional vertical cracks (Fig. 8a) extended from the S-
HVOF YSZ layer. The produced coating structures indicated that the
heat transfer in-flight is enough to melt most sintered particles. The
vertical cracks that were observed in the single-layer S-YSZ were mainly
due to the tensile stress presents in the coating structure, acting as the
main driving force for the generation of vertical cracks; however, the
solution precursor GZ produces a smaller splat size and denser coating
structure as compared to the suspension feedstock used in the YSZ layer
(Fig. 8c). Additionally, the high degree of molten splats successfully
covered the spaces between the splats, effectively blocking the cracks to
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Fig. 19. (a) Crack sequence for the single-layer YSZ (b) Crack sequence for the double-layer GZ/YSZ.
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propagate from the S-HVOF YSZ layer. The vertical cracks propagated
from the YSZ layer to the top surface of the GZ layer could be due to the
partially molten or agglomerated particles (Fig. 6b and 6e); however,
these vertical cracks are found occasionally.

Moreover, an experimental study for the same flame power (101 kW)
at 85 mm SOD and 50 mL/min suspension FLR shows that the temper-
ature of the in-flight molten particles for the solution precursor feed-
stock is lower than the suspension feedstock [56]. The lower in-flight
temperature seems to be caused by the predominant endothermic
behaviour of the solution precursor, resulting in the melting process of
the in-flight particles which start much later down the gas stream and
significantly decreasing the dwell time for the solid particles [52].

4.4. Failure modes

The single-layer YSZ has a different failure mode to the double-layer
GZ/YSZ. The single-layer YSZ failed primarily in the topcoat/TGO
interface. Fig. 19(a) shows a schematic diagram of the crack growth in
the single-layer YSZ TBC. Initially, TGO starts to grow at the topcoat/
bond coat interface and multiple cracks begin to form at the region near
topcoat/TGO interface or within the TGO [57]. As thermocycling con-
tinues, these cracks grow, and vertical cracks (obtained from the
as-sprayed condition) start to widen [58]. Echsler et al. [57] reported
various types of cracks that can form in the vicinity of the TGO prior to
TBC’s failure. Cracks initiated within the TGO (defined as Type B) and
cracks that started and penetrated the topcoat (defined as Type D) are
the most common cracks seen in thermal cycled samples. In contrast,
cracks in the vicinity of areas with a non-ideal bond coat surface finish
(defined as Type A) and cracks located at the TGO/bond coat interface
(defined as Type C) are less common to be seen.

The vertical cracks, also known as the stress-relieving cracks that are
already present in coating microstructure after deposition, can be the
crack initiation site due to the thermal mismatch between the topcoat
and the substrate. According to Naumenko et. al., the driving force for
crack initiation and propagation in the vicinity of TGO is also linked to
the thermal mismatch between the topcoat and substrate [59]. The
inevitable growth of TGO increases its thickness over time, resulting in a
volume expansion in the coating structure and the development of
compressive stresses in the TGO upon cooling. These compressive
stresses developed in the TGO were shown to cause the failure [6].

Moreover, the formation of less protective oxides, spinel (appears in
a lighter contrast than Al,03), start to form at regions adjacent to the
topcoat/TGO interface in clusters (Fig. 13(a) and 13 (b)). Interestingly,
spinels are mainly formed at the region connected to cracks in the
topcoat, suggesting that regions with higher oxygen partial pressure
(regions with crevices) favour spinel formation [60]. The presence of
spinels is believed to induce stresses in the coating structure due to the
large volume change as a result of the formation of oxides at the top-
coat/TGO interface [57,60], initiating or helping crack propagation at
the topcoat/TGO interface, and subsequently, the coating spalled off.

Compared to the single-layer YSZ, the double-layer GZ/YSZ TBCs
have a much complicated failure mode, where the horizontal cracks seen
to propagate within the GZ layer (Fig. 12(c)) and through the GZ/YSZ
layer. The initial crack growth stage is similar to the single-layer YSZ
TBC, where TGO and cracks seem to form (Fig. 19(b)). By increasing the
number of thermocycling, the vertical cracks in the YSZ layer widen, and
the vertical cracks start to extend to the top surface of the GZ layer. With
the long hours of exposure, Gd cations begin to diffuse into the YSZ layer
to form gadolinium yttrium oxide (PDF #00-081-2218), represented in
the XRD peaks (Fig. 16) and EDX analysis (Fig. 18). The diffusion of Gd
leads to an increase in porosities on both the Gd and YSZ layers, which
may be helpful for thermal cycling performance [51]; however, the
formation of the new phase, gadolinium yttrium oxide, imposing a
volume change of approximately 13.7 % in the coating structure,
inducing more stresses and subsequently initiating horizontal crack
propagation through the GZ/YSZ layer. Meanwhile, horizontal cracks in
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the region where no Gd diffusion occurred is mainly due to the lower
fracture toughness in the GZ layer [58].

5. Conclusion

This paper presents the successful production of GZ coatings from
solution precursor and provides a comparison between the single-layer
S-HVOF YSZ coating and the double-layer SP-HVOF GZ/YSZ coating
for the first time. The inevitable growth of TGO that increases in
thickness over time is one of the main factors to cause coating spallation.
The higher the TGO growth rate, the shorter the lifetime of TBCs. In
thermal cycling, the TGO releases strain energy (out of plane displace-
ments) into the bond coat. As soon as the stored energy at the interface
exceeds the threshold value, cracks and coating spallation occurs. Owing
to the thermal expansion mismatch between the topcoat and substrate,
the already present stress-relieving cracks or known as vertical cracks,
can be the crack initiation sites. In the cooling phase, the thermal
mismatch between the topcoat and substrate also plays an important
role in the crack initiation and propagation at areas adjacent to the TGO.
The thermal cycling performance of both coatings was compared. The
following conclusions can be drawn:

e The SP GZ reaction was predominantly governed by an endothermic
behaviour followed by exothermic reactions to decompose all
organic compounds present in the solution (i.e., gadolinium nitrate
and zirconium acetate). It was also proven that the GZ crystalline
phase starts to form after 800 °C, indicating GZ crystalline structure
present in the deposited coating.

o The solution precursor GZ was successfully employed in this study to

deposit a double-layer GZ/YSZ topcoat by HVOF thermal spray. The

optimised spray parameters were sufficient to melt all the entrained
solid particles, producing a dense coating structure in the GZ layer.

The single-layer failed at the topcoat/TGO interface, whereas the

double-layer GZ/YSZ failed at GZ/YSZ interface and topcoat/TGO

interface.

e In the thermally cycled samples, horizontal cracks that were
observed in the double-layer GZ/YSZ sample initiated from the YSZ
layer. Gd diffusion took place near the GZ/YSZ interface, resulting in
porosities in the GZ layer. The formation of new phases, gadolinium
yttrium oxide, will lead to 13.7 % volume change in the coating
structure. The volume change is believed to introduce cracks into the
system, subsequently leading to coating failure. In the region where
no Gd diffusion has occurred, the horizontal crack propagation
within the GZ layer is mainly due to the lower fracture toughness in
the GZ layer.

6. Future work

Optimisation of the GZ layer in the double-layered TBCs is needed to
improve the durability of the GZ layer by implementing sufficient
amounts of porosities in the coating structure and increasing the coating
thickness.
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