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Abstract: In this study, (Gdg9Ybg 1)2Zr,07 (GYbZ)/yttria-stabilized zirconia (YSZ) double-ceramic-
layer (DCL) thermal barrier coatings (TBCs) were prepared by plasma spray-physical vapor deposi-
tion (PS-PVD). The microstructure, mechanical performance, and thermal shock behavior of coatings
prepared with spraying distances of 600, 800, and 1000 mm were investigated. The GYbZ coating
prepared with a spraying distance of 600 mm showed a closely packed columnar structure. However,
the GYbZ coatings prepared with spraying distances of 800 and 1000 mm showed a quasi-columnar
structure. The GYbZ coating prepared with a spraying distance of 800 mm had the thickest columnar
crystals with obvious inter-columnar gaps. In addition, this coating exhibited excellent mechanical
performance and the best thermal shock resistance. The primary failure patterns appearing during
thermal shocking on the surface of TBCs can be classified into the following five types: caves, exfoli-
ation, delamination cracks, spalled areas, and radiate cracks. Furthermore, the failure behavior of
these coatings in water-quenching tests is clarified.

Keywords: TBC; PS-PVD; spraying distance; failure behavior

1. Introduction

Thermal barrier coatings (TBCs) are increasingly employed to protect the underlying
metal substrate in various products [1,2], such as gas turbines and aero-engines. TBCs are
usually deposited on parts exposed to high temperatures to decrease fuel consumption and
improve thermal efficiency [3]. Recently, with the development of gas turbines, TBC materi-
als must exhibit enhanced high-temperature behaviors due to higher inlet temperatures [4].
Among the various promising ultra-high-temperature TBC materials, gadolinium zirconate
(GdyZry,0O7; GZO) has received increasing attention due to its superior stability and insula-
tion properties at elevated temperatures [5,6]. However, it has some shortcomings, such as
poor fracture toughness and a mismatched thermal expansion coefficient with substrates,
resulting in several problems, including insufficient bonding strength and a short thermal
cycling life of the GZO coatings [7]. Their thermophysical properties can be improved
by substituting the Gd or Zr sites in GZO materials with other rare-earth cations [8]. In
addition, to prolong the TBCs’ thermal cycle life, a double-ceramic-layer (DCL) coating
system was proposed [9] to alleviate the thermal expansion coefficient mismatch between
the metal bond coat and ceramic layer. Guo et al. [10] explored the thermophysical prop-
erties of Yby,O3-doped GdyZr,O7 ((Gdi_xYbx)2ZrO7 (x =0, 0.1, 0.3, 0.5, and 0.7)) and
reported that the thermal conductivity of (GdggYbg 1)2Zr,07 (GYbZ) is the lowest among
the investigated samples. Further, the electron-beam physical vapor deposition (EB-PVD)
technique was employed to prepare yttria-stabilized zirconia (YSZ)/GYbZ DCL TBCs. The
thermal cycle tests showed that the average service life of the TBCs exceeded 3700 cycles.
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In general, TBCs are prepared using EB-PVD or air plasma spraying (APS) tech-
niques [11]. The APS technique can quickly prepare coatings with lamellar structures,
showing good thermal insulation performance but poor thermal shock resistance. On
the other hand, the EB-PVD technique can prepare coatings with columnar structures,
which possess high-strain tolerance but insufficient thermal insulation [12,13]. In recent
years, a promising novel technology, plasma spray-physical vapor deposition (PS-PVD),
has attracted significant attention from the research community. The PS-PVD technique has
the combined advantages of the EB-PVD and APS techniques and can produce coatings
containing various structures to meet the growing needs of advanced gas turbines [14].
Recently, several reports have been published on TBCs’ preparation and deposition patterns
using the PS-PVD technique, whereby different coating structures, such as mixed, colum-
nar, and layered, can be prepared by adjusting process conditions, for example, feed rate
and spraying distance [15,16]. Among these coating structures, the gas-phase deposited
quasi-columnar coating is attractive for TBCs owing to its excellent strain tolerance and
low thermal conductivity in thermal cycles [17,18]. For instance, Li et al. [19] prepared
YSZ coatings using the PS-PVD technique with spraying distances of 450-1400 mm. They
obtained quasi-columnar structure coatings when the spraying distance was greater than
600 mm. In addition, Zhang et al. [20] explored the deposition mechanisms of the PS-PVD
technique and developed a model for nucleation and coating growth processes.

In this study, GYbZ/YSZ DCL TBCs were prepared using the PS-PVD technique. To
study the variations in microstructure and coating performance with spraying distance,
GYbZ ceramic layers were deposited by varying spraying distances from 600 to 1000 mm.
The coatings’ microstructure was observed using field emission-scanning electron micro-
scope (FE-SEM), and thermal shock resistance was evaluated by water-quenching tests.
Finally, we determined the effects of spraying distance on the microstructure and thermal
shock behavior of TBCs.

2. Materials and Methods
2.1. TBC Preparation

A PS-PVD system (Oerlikon Metco, Winterthur, Switzerland) equipped with a single
cathode O3CP gun was used to prepare the TBCs. The raw materials were 7YSZ powders
(M6700 Oerlikon Metco, Winterthur, Switzerland) and GYbZ powders that were synthe-
sized using a chemical co-precipitation method and agglomerated using a spray-drying
method. DZ40M, a superalloy with a 6 mm thickness and 25.4 mm diameter, was used as
a substrate for the TBCs. First, a 100 um thick bond coat of NiCrAlY (Amdry 9624, Oer-
likon Metco, Winterthur, Switzerland) was deposited on the substrates using the PS-PVD
technique. Next, the YSZ layer was deposited on the bond coat to generate the underlying
ceramic layer. Subsequently, a GYbZ ceramic layer was deposited on the YSZ layer to
prepare the top ceramic layer. To obtain a gas-phase deposited quasi-columnar coating of
GYDbZ, the spraying distances of 600, 800, and 1000 mm were employed. Table 1 lists the
deposition parameters of the TBCs.

Table 1. The spray parameters of the GYbZ/YSZ DCL TBCs.

Bond coat
YSZ layer
GYbZ layer

Current (A) Flow Rate (L-min—1) Feed Rate (grmin—1)  Spraying Distance (mm)
Ar He Hp; O, Carrier gas
1650 110 - 6 - 6 30 450
2600 - 60 - 2 10 2x5 1000
2600 - 60 - - 10 2 x25 600, 800, and 1000

2.2. Performance Evaluation

The microstructures of the GYbZ agglomerated powders and TBCs were characterized
using an FE-SEM (Nova-Nono430, FEI, Hillsboro, OR, USA). The chemical composition of
the GYbZ agglomerated powders was examined using X-ray fluorescence spectrometry
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(XRF) (Axios FAST, PANalytical, Almelo, The Netherland), and the particle size of the
GYbZ agglomerated powder was measured using a laser scattering particle size analyzer
(Mastersizer-3000, Malvern PANalytical, Shanghai, China). Moreover, the flowability of
the powders was indirectly measured using the Hausner ratio (H). According to Chinese
national standards, GB/T 5162-2006 and GB/T 1479.1-2011, the tap density (pr) and bulk
density (pp) of the agglomerated powders, were measured and the H was calculated as
H=pr/ps.

X-ray diffraction (XRD) (D/max 2550PC, Rigaku Ltd., Tokyo, Japan) studies were
performed for exploring the structural phase of the GYbZ coating. In addition, nano-
indentation (NHT2, Anton Paar, Graz, Austria) was used to determine the Vickers hardness
and Young’s modulus of the ceramic coatings. Each sample had ten or more effective
indentations, and their average value was recorded. The thermal shock resistances of
GYbZ/YSZ DCL TBCs were assessed using water-quenching tests. All samples were first
heated at 1100 °C in a furnace for 10 min and then direct water quenching was performed
to cool them down to room temperature. This process was repeated until visible spallation
occurred on the coating’s surface or the substrates deformed.

3. Results

Figure 1a,b show SEM micrographs of GYbZ agglomerated powders. Most agglom-
erated powders exhibit an intact spherical appearance compared with commercial 7YSZ
powders [21]. The agglomerated powders primarily consist of micron-sized GYbZ particles
with irregular shapes that were loosely compacted (Figure 1b). Agglomerated powders
with an incompact structure can promote the evaporation of powders, and the spherical
structures can improve the fluidity of GYbZ agglomerated powders to meet the uniform
and stable powder-feeding requirements of the PS-PVD technique.
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Figure 1. Surface morphology (a), cross-sectional morphology (b), XRD pattern (c), and particle size
distribution (d) of (Gdg9Ybq 1)2Zr,Oy agglomerated powders.
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Table 2 presents the XRF compositional analysis results of the GYbZ agglomerated
powders. The elemental composition of GYbZ agglomerated powders is close to their
theoretical stoichiometric ratio. In addition, there are no superlattice peaks correspond-
ing to the (331) and (511) planes in the XRD patterns shown in Figure 1c, implying that
the powder exhibits a fluorite phase. The particle size distribution of GYbZ agglomer-
ated powders is shown in Figure 1d. The powder proportions a particle diameter less
than 11.6, 22.3 and 35.8 um were 10, 50 and 90%, respectively. In the spraying process,
powder with a small particle size had low fluidity and powder with a large particle size
had a low evaporation rate in the plasma jet. For the GYbZ agglomerated powders, the
average particle size was 23 pum, which is appropriate for the PS-PVD technique for coat-
ings [22]. For tap density pr = 1.25 g/ cm?® and bulk density pg = 1.02 g/ cm®, H = 1.23.
When H is less than 1.25 [23], the powder has superior fluidity and does not block the
powder-feeding pipe.

Table 2. The composition of (GdgoYby 1)2Zr,0O7 agglomerated powders (in Atomic %) obtained
by XRF.

Gd Yb Zr O
10.33 1.30 12.42 75.95

Figure 2 displays the XRD patterns of the GYbZ ceramic layer prepared with differ-
ent spraying distances. The coatings prepared using the PS-PVD technique exhibited a
fluorite phase. In addition, the distribution of XRD peaks is similar to that observed for
GYbZ agglomerated powders (Figure 1c), indicating that there was no preferential growth
phenomenon in the GYbZ coatings prepared using the PS-PVD technique.

331) (511) (2) 600 mm
N i A AA

(b) 800 mm
..._..._JL_JL JL A MA
U{ Jk (c) 1000 mm

A AA
20 30 40 50 60 70 80 90
20 (degree)

Figure 2. XRD patterns of the GYbZ ceramic layer prepared with a spraying distance of (a) 600,
(b) 800, and (c) 1000 mm.

Intensity (a.u.)

Figure 3 exhibits the surface micrographs of the GYbZ/YSZ DCL TBCs prepared
with various spraying distances. Significant differences in the surface structures of GYbZ
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coatings are observed. Figure 3a shows the GYbZ coating prepared with a spraying
distance of 600 mm. The areas are closely connected, with no obvious gaps. On further
magnification, a microstructure framework comprising closely packed columnar crystals
is observed (Figure 3(al)). However, the inter-columnar gaps are filled with unmelted
components, which exhibit the characteristics of a closely packed columnar structure [24].
The GYbZ coating prepared with an 800 mm spraying distance has a typical quasi-columnar
surface structure, where the columnar crystals are uniformly distributed and separated
by inter-columnar gaps (Figure 3b). On further magnification (Figure 3(b1)), the top of
the columnar crystals has a hemispherical structure, which is described as a cauliflower-
like appearance of coatings prepared by the PS-PVD technique [25]. In comparison, the
distribution of columnar crystals in the GYbZ coating prepared with a spraying distance
of 1000 mm is denser, and the inter-columnar gaps are narrower (Figure 3c). When the
magnification is increased (Figure 3(c1)), the size of cauliflower-like appearance at the top
of columnar crystals is significantly reduced compared with that shown in Figure 3(b1).

~—— Drops

600 mm

‘Unmelted particles

Cauliflower-like appearance

800 mm

1000 mm

\

Cauliflower-like appearance

50 pm

Figure 3. SEM images of the surface of GYbZ/YSZ DCL TBCs prepared with spraying distances of
(a,a1) 600, (b,b1) 800, and (c,c1) 1000 mm.

Figure 4a—c shows the cross-sectional morphologies of GYbZ/YSZ DCL TBCs, where
the columns have a thickness of 210-250 um and the thickness ratio of GYbZ:YSZ is about
1:3. The thickness of TGO at the interface between the bond coat and ceramic layer is
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approximately 0.6 um, with no correlation with the spraying distance. The GYbZ ceramic
layers prepared with varying spraying distances exhibited different microstructures. This
is because of the apparent reduction in the plasma temperature and increase in the evapora-
tion degree of powder with increasing spraying distance [26]. The agglomerated powders
first change from a droplet to vapor and then to condensed particles [27], resulting in
various deposition patterns at different spraying distances.

e ¢ RS

Columnar crystal

1000 mm

Figure 4. Cross-sectional SEM image of the GYbZ/YSZ DCL TBCs prepared with spraying distances
of (a,al) 600, (b,b1) 800, and (c,c1) 1000 mm.

The GYbZ coating prepared with a 600 mm spraying distance showed a closely packed
columnar structure [28]. The thickness of the GYbZ coating, as shown in Figure 4a, is about
43 um and thinner than the other coatings (which are about 65 and 71 um). This is due
to the inhibition of the growth of columnar crystals by molten droplets. As can be seen
in Figure 4(al), the lower part of the GYbZ coating is still in the columnar structure and
separated by inter-columnar gaps, but the columnar crystals at the top of coating are
connected due to the inter-columnar gaps filled with molten droplets. Therefore, the closely
packed columnar structure results from the co-deposition of liquid splats and vapors
of powders.
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When the spraying distance is increased to 800 and 1000 mm, the GYbZ coatings
showed the quasi-columnar structure (Figure 4b,c). As mentioned in the introduction,
this structure is attractive for TBCs owing to its excellent thermal cycling and insulation
performance. Several clusters can be observed in Figure 4(b1,c1), and they may result from
the homogeneous nucleation of the gas phase or the unmelted particles [29,30]. Figure 4(b1)
exhibits the GYbZ coating prepared with a spraying distance of 800 mm, and the cross-
section of columnar crystals has a feather-like appearance. In addition, the width of
columnar crystals is about 39 um with well-developed dendrites, and the inter-columnar
gaps are obvious and filled with parts of clusters. In contrast, the width of columnar
crystals in the GYbZ coating prepared with a spraying distance of 1000 mm, shown in
Figure 4(cl), has generally narrowed. Moreover, large areas of the inter-column gaps
are filled with clusters, which may reduce the strain tolerance and enhance the risk of
failure during thermal cycling [31]. The reason for these structural differences is that the
temperature gradient at the front of the substrate’s surface is higher when the spraying
distance is 800 mm than when the spraying distance is 1000 mm. Thus, the columnar
crystals are more likely to grow (with dendrites) by adsorbing the gas-phase particles [32].
Moreover, due to the shadowing effect [33], the growth of grains in inter-column gaps
when the spraying distance is 800 mm is inhibited, resulting in the formation of typical
quasi-columnar structures prepared using the PS-PVD technique.

The Young’'s modulus and Vickers hardness of the GYbZ/YSZ DCL TBCs are listed in
Table 3. The GYbZ layer prepared with a 600 mm spraying distance exhibited the highest
H, and E, which significantly decreased when the spraying distance was increased to
800 mm. With a further increase in the spraying distance, the Hy and E of the GYbZ layer
slightly decreased. Based on these results, we conclude that the Hy and E can be improved
by reducing the spraying distance. This is mainly because reducing the spraying distance
increases the matrix temperature, which affects the process of crystallization. In addition,
the presence of molten droplets at a spraying distance of 600 mm also improves the Hy
and E of the GYbZ layer. Generally, the top ceramic layer does not require a high Young’s
modulus, which is associated directly with decreasing the TBCs’ strain tolerance [34], and
they are more likely to crack under high stress. However, a high level of hardness can
enhance the erosion and wear resistance of the coating to foreign particles.

Table 3. The Young’s modulus (E) and Vickers hardness (Hy) of the TBCs.

Layer Spraying Distance Hy (GPa) E (GPa)
GYbZ 600 mm 11.22 +0.79 175.94 £+ 25.03
GYbZ 800 mm 721 £0.16 119.86 £ 10.37
GYbZ 1000 mm 5.83 £ 0.28 100.28 £13.2
YSZ - 10.44 £ 0.34 132.57 £ 10.68

The thermal shock resistance of the GYbZ/YSZ DCL TBCs prepared with various
spraying distances was evaluated after 200 cycles of the water-quenching tests between
1100 °C and RT (~30 °C). The TBCs demonstrated excellent thermal shock resistance
compared with those reported in previous studies. GZO SCL TBCs and GZO/YSZ DCL
TBCs were reported to have failed after 40 cycles of water-quenching tests and the DCL
TBCs had better thermal shock resistance than SCL TBCs [35]. Even YSZ SCL TBCs with
excellent thermal shock resistance showed visible failure after 160 cycles of water-quenching
tests [36]. The same water-quenching test conditions and coating preparation method in
the above studies were adopted here, and the excellent thermal shock resistance of the
GYbZ/YSZ DCL TBCs is primarily ascribed to the modifications in the PS-PVD spraying
process and the superior high-temperature performance of doped GYbZ coatings.

Among these three coatings, shown in Figure 5, the GYbZ coating prepared with an
800 mm spraying distance exhibited the best thermal shock resistance, as shown in
Figure 5f-j. First, a few caves randomly distributed in the coating surface were observed af-
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ter 50 cycles of water-quenching tests (Figure 5g). As the water-quenching tests progressed,
the number of caves in the coating surface was not observed to increase. This failure pattern
was observed in all three coating surfaces, and the failure process is consistent. Then, after
200 cycles of water-quenching tests, exfoliation appeared sporadically at the center of
the coating surface (Figure 5j). In comparison, the GYbZ coating prepared at a spraying
distance of 1000 mm is more likely to fail during the water-quenching tests (Figure 5k—o).
Except for the caves appearing after 50 cycles of water-quenching tests, exfoliation was
observed at the center of the coating surface after just 150 cycles of water-quenching tests
(Figure 5n). With an increase in the water-quenching time, the exfoliation was observed
to expand rapidly, finally connecting to large areas (Figure 50). In addition, some delam-
ination cracks could be observed at the circumference of the coating after 200 cycles of
water quenching.

The GYbZ coating prepared with a 600 mm spraying distance showed the worst
thermal shock resistance in water-quenching tests (Figure 5a—e). First, curling can be
observed at the edge of the as-sprayed coatings. This is mainly because the deposition
temperature increased by approximately 500 °C when the spraying distance was decreased
from 800 to 600 mm. Especially at the circumference of the coating, the stress is relatively
concentrated. After several water-quenching cycles, the curled parts spalled off from the
coating surface, forming the spalled areas. The obvious spalled areas can be observed
in Figure 5b, and they will expand slowly with the increasing water-quenching times.
After 50 cycles of water-quenching tests, caves were also found in the coating surface. In
addition, exfoliation occurred in the coating surface after 100 cycles of water-quenching
tests (Figure 5¢), which was the earliest among other coatings and had the largest failure
areas at the same stage among all three coatings. Finally, after 200 cycles of water-quenching
tests, a large area of exfoliation and spallation and several radiate cracks were observed in
the coating surface.

After 200 cycles of water-quenching tests, the main failure patterns in the surface of
the GYbZ/YSZ DCL TBCs can be classified into the following five types: caves, exfoliation,
delamination cracks, spalled areas, and radiate cracks. Figure 6a shows the main failure
pattern of the coating prepared with a spraying distance of 800 mm after water-quenching
tests. These patterns are caves and exfoliations. The surface morphology of caves is shown
in Figure 6b, and the diameter of these caves is more than 100 um, which exceeds the
general diameter of a cauliflower-like appearance. Meanwhile, these caves are too deep to
determine the chemical compositions. Figure 6(b1) shows the cross-sectional morphology
of the cave that was caused by the fracture in the YSZ layer. This may be because of the
presence of some cracks in the YSZ layer of the as-sprayed coating. Moreover, the YSZ layer
did not easily generate new cracks during the water-quenching tests compared to the GYbZ
layer, which explains why the number of caves did not increase rapidly with the increasing
water-quenching cycles. When cracks propagated in the root of columnar crystal, most of
the columnar crystal grown on it peeled off and the joining columnar crystals were affected
and fractured, eventually forming caves.

The main failure patterns of the coatings prepared with a spraying distance of
1000 mm after water quenching are caves, delamination cracks, and exfoliation (Figure 7a).
The surface morphology of delaminated cracks is shown in Figure 7b, and the chemical
composition of the chosen regions are listed in Table 4. Area ‘A’ consists of Y, Zr, and O,
and area ‘B’ consists of Gd, Yb, Zr, and O. This result indicates that delamination appeared
at the YSZ layer and occurred at the circumference of the coatings. The failure process of
delamination can be described by the cross-sectional morphology (Figure 7(b1)). In region
A on the YSZ coating surface, there is only a small region in GYbZ coating indicating that
the GYbZ layer first broke and peeled off from the interface with the YSZ layer. In addition,
the delamination cracks were found at the root of YSZ layer, which would result in the
fracture of the YSZ coating and peeling out from the root, as shown in region B. The main
reason for this failure pattern is the mismatch of thermal expansion coefficient [37], which
it is more serious at the circumference of coating due to the stress concentration and leads
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to the spallation of the GYbZ layer. Then, the YSZ layer, without the protection of the GYbZ
layer, also fractures and peels off from the root after several water-quenching cycles. Thus,
this layer-by-layer spallation failure is called delamination of cracks.

1000 mm

As sprayed

150 cycles

200 cycles

Figure 5. Surface photographs of the GYbZ/YSZ DCL TBCs prepared with spraying distances of
(a—e) 600, (f-j) 800, and (k-o0) 1000 mm at different stages of water-quenching tests.
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100 pm
NS

Figure 6. Surface photograph (a), surface SEM image (b), and cross-sectional SEM image (b1) of the
GYbZ/YSZ DCL TBCs prepared with a spraying distance of 800 mm after water-quenching tests.

N /
Delamination cracks

|

Exfoliation

500 pm
A

Figure 7. Surface photograph (a), surface SEM images (b,c), and the cross-sectional SEM images
(b1,c1,c2) of the GYbZ/YSZ DCL TBCs prepared with spraying distances of 1000 mm after water-
quenching tests.

Table 4. The chemical compositions of selected areas in Figures 7 and 8 (in Atomic %).

Gd Yb Y Zr (0] Ni Cr Al
A - - 2.02 29.86 68.12 - - -
B 11.98 2.62 - 22.65 62.75 - - -
C 7.42 0.78 - 18.29 73.51 - - -
D 6.01 0.61 - 16.25 77.12 - - -
E - - 0.54 - 56.29 10.29 10.76 22.12
F 10.74 2.71 - 22.08 64.48 - - -

Figure 7c shows the surface morphology of exfoliated surface. Areas ‘A’ and ‘B’
constitute Gd, Yb, Zr, and O. The corresponding contents of each element in areas ‘A’
and ‘B’ are similar, suggesting that the exfoliation occurred in the GYbZ ceramic layer.
In addition, as shown in Figure 7(c1), some obvious cracks exist in the GYbZ layer and
the fracture occurred in the middle of several columnar crystals. This indicates that the
exfoliation resulted from the crack production and propagation. In fact, except for a small
number of cracks occurring in the YSZ layer, most fracture failures occurred in the GYbZ
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layer. This is because the fracture toughness of GYbZ (1.11 4 0.24 MPa-m!/2) is lower than
YSZ (5.53 + 0.10 MPa-m'/2) [38]. Thus, the cracks were easily propagated in the GYbZ layer.
We can consider area of exfoliation as an indicator to assess the GYbZ coatings’ thermal
shock resistance prepared by various spraying distances due to its occurrence in the GYbZ
layer, reflecting the fracture toughness of the coating. The sequence of the thermal shock
resistance is 800 > 1000 > 600 mm.

Figure 8. Surface photograph (a), surface SEM images (b), and the cross-sectional SEM image (b1) of
the GYbZ/YSZ DCL TBCs prepared with a spraying distance of 600 mm after water-quenching tests.

Figure 7(c2) displays the magnified image of the selected area in Figure 7(c1). The
TGO layer is combined with the ceramic layer and a fracture is present at the root of the
TGO layer. In general, the growth of the TGO layer accelerated the failure process of TBCs.
In this study, the thickness of TGO is rather thin, which increased from approximately 0.6
to 2 pm after 200 cycles of water-quenching tests. In addition, the fracture failure in the
TGO layer only occurred at the edge of the coating prepared with spraying distances of 600
and 1000 mm.

Figure 8a shows that the main failure patterns of the coating prepared with a spraying
distance of 600 mm after water quenching are caves, exfoliation, spalled areas, and radiate
cracks. The surface morphology of the spalled area is shown in Figure 8b. The spallation
appeared at the coating circumference. Region ‘E’ shows the bond coat composition, where
the proportion of Al and O is high. It proves that the entire ceramic layer spalled from
the coating, but the broken TGO layer remained on the spalled area, which is mainly
comprised of Al203. For the cross-sectional morphology depicted in Figure 8(b1), the
spallation of GYbZ/YSZ DCL occurred in the weakest TGO layer. We can also observe
that the curvatures formed by thermal deformation between the ceramic layer and bond
coat (substrate) differed. The primary cause of spallation is the curling at the edge of
the as-sprayed coating, which resulted in the formation of the spalled areas after several
cycles of water quenching. The deformation of the substrate after an excessive number of
water-quenching cycles and the mismatch of the thermal expansion coefficient between
the bond coat and ceramic layer also led to the expansion of spalled areas. In addition,
a few radiate cracks extended inward from the circumference of the coating. Figure 8b
shows that the cracks appeared in the ceramic layer and bond coat. All the radiate cracks
originated from the substrate, where deformation occurred with cracks after approximately
150 water-quenching cycles.

In general, during the water-quenching cycles, the thermal shock behavior under water
quenching can be divided into the following three stages according to the main failure
reasons: In the first stage, the failure cause of the TBCs mainly owes to the generation and
propagation of cracks. For the GYbZ/YSZ DCL TBCs, cracks are more likely to occur in
the GYbZ layer with poor fracture toughness, which leads to exfoliation. However, the
formation of caves is considered the result of a few cracks propagated in the YSZ layer of
the as-sprayed coating after several cycles of water quenching. In the second stage, the
overall failure occurred in the circumference of the coating owing to the stress concentration,
and it shows the pattern of delamination cracks. When the failure degree is severe, the
spalled areas will appear. In the final stage, because of the substrate deformation, which
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occurred after an excessive number of water-quenching cycles, and the mismatch of the
thermal expansion coefficient between various layers, the areas of exfoliation and spallation
increased rapidly. Simultaneously, the radiate cracks originated from the substrate and
then extended inward from the circumference of the coating.

4. Conclusions

We elucidated the influence of spraying distances on the performance and structure of
GYbZ coatings prepared by the PS-PVD technique, and their failure behavior is summa-
rized. The GYbZ coating prepared with a spraying distance of 600 mm showed a closely
packed columnar structure. However, the coating deposited with spraying distances of
800 and 1000 mm exhibited quasi-columnar structures, in which the GYbZ coating with an
800 mm spraying distance has the thickest columnar crystals, and the inter-columnar gaps
are apparent. In addition, the Young’s modulus and Vickers hardness decreased with an
increased spraying distance.

After 200 cycles of water-quenching tests, the coating structure with a spraying dis-
tance of 800 mm remained relatively intact. The most vulnerable part of the TBCs was the
GYbZ layer, in which the cracks easily generated and propagated and caused exfoliation on
the coating surface. In addition, the cracks in the YSZ layer of as-sprayed coatings caused
fractures in the root of the columnar crystals, eventually forming caves. The delamina-
tion cracks and spalled areas first occurred at the circumference of the coating, owing to
the stress concentration and the thermal expansion coefficient mismatch between various
layers. Finally, the radiate cracks appeared with the substrate deformation.

To conclude, the coating prepared with a spraying distance of 800 mm exhibited a
typical quasi-columnar structure and a suitable Young’s modulus and hardness. Moreover,
it displayed excellent thermal shock resistance.

Looking to the future, in order to obtain an advanced TBC that can finally be applied
at an ultra-high temperature, we can optimize the spraying parameters and modify the
gadolinium zirconate materials by doping other components to improve the quality of the
coating, especially the fracture toughness. Furthermore, it may be effective to adopt the
gradient transition base on the double-ceramic-layer structure and redesign the thickness
of each ceramic layer to alleviate the mismatch of the thermal expansion coefficient.
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