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Abstract: The durability of atmospheric plasma-sprayed thermal barrier coatings (APS TBCs) with
a double-layer bond coat was evaluated via isothermal cycling tests under 1120 ◦C. The bond coat
consisted of a porosity layer deposited on the substrate and an oxidation layer deposited on the
porosity layer. Two types of double-layer bond coats with different thickness ratios of the porosity
layer to the oxidation layer (type A: 1:2 and type B: 2:1, respectively) were prepared. The results show
that the porosity layer was oxidation free, the oxidation layer included a fraction of well-distributed
α-Al2O3. The coefficient of thermal expansion of the oxidation layer was about 11.2 × 10−6 K−1,
which was rather lower than that of the porosity layer. Thus, the oxidation layer can be regards
as a secondary bond coat between ceramic topcoat and traditional bond coat. The thermal cyclic
lifetime of type A TBCs was about 60 cycles, which exceeded 1.2 times the durability of type B TBCs.
The delamination cracks in both TBCs all propagated in the ceramic topcoat, which were all identical
to those in traditional TBCs. Therefore, the design of the double-layer bond coat affected the stress
level rather than the stress distribution in TBCs.

Keywords: plasma spraying; thermal barrier coatings (TBCs); double-layer bond coat; coefficient of
thermal expansion; thermally grown oxide (TGO)

1. Introduction

Thermal barrier coatings (TBCs) are normally used in aircraft engines and power generation
gas turbines to protect the turbine components from high-temperature erosion and to improve the
efficiency of facilities [1–3]. Thermal barrier coatings are typically composed of a ceramic topcoat,
alloy bond coat (BC), thermally grown oxide (TGO), and superalloy substrate, individually [4].

The spallation of the ceramic topcoat, typically made of yttria-stabilized zirconia (YSZ), is one of
the factors that hinders the service of TBCs. The failure of atmospheric plasma-sprayed (APS) TBCs
can be affected by many factors, such as TGO growth [1,2,4–8], thermal expansion mismatch [1,8–10],
YSZ sintering [11–15], the temperature gradient across YSZ coating [16–19] and the profile of the bond
coat surface [7,20–23], etc. Thermal expansion mismatch between the YSZ coating and the substrate
is one of the most critical factors that presently affects the durability of TBCs [9,10,19,24,25]. It has
been well documented that the in-plane stress induced by thermal expansion mismatch, σ, is directly
proportional to the difference in the coefficient of thermal expansion (∆α) between the YSZ coating and
the substrate, and the energy release rate of TBCs is proportional to (∆α)2. In addition, our previous
report indicated that the energy release rate is roughly linear to the durability of TBCs [19]. Therefore,
the durability of TBCs increase if the difference in the coefficient of thermal expansion between the

Coatings 2019, 9, 241; doi:10.3390/coatings9040241 www.mdpi.com/journal/coatings

http://www.mdpi.com/journal/coatings
http://www.mdpi.com
http://dx.doi.org/10.3390/coatings9040241
http://www.mdpi.com/journal/coatings
https://www.mdpi.com/2079-6412/9/4/241?type=check_update&version=2


Coatings 2019, 9, 241 2 of 12

substrate and the YSZ coating decreases. The methods for alleviating the thermal expansion mismatch
can be summarized into two types in the term of the microstructure of TBCs: changing the composition
or microstructure of the ceramic layer and changing the composition or microstructure of the bond coat.
It has been reported that improving strain tolerance of the ceramic topcoat via the microstructure and
composition can dramatically improve the durability of TBCs. Presently, the typical microstructure of
the YSZ coating that experts focus on are quasi-columnar YSZ coatings prepared by plasma-sprayed
physical-vapor deposition (PS-PVD) [26–30] or suspension plasma spraying (SPS) [31,32]; columnar
YSZ coating deposited by electron-beam physical-vapor deposition (EB-PVD) [33–35]; segmentation
cracks in ceramic topcoat [36,37], the double-layer structure of ceramic coatings [38], and self-enhancing
ceramic coating [39].

The antioxidant capacity of the bond coat can be improved via the composition or microstructure
of the bond coat [40–43], such as controlling the interface between the splats in the coating [43],
a double-layer structure [44], and a column-like microstructure [45]. Gong [44] indicated that a
double-layer MCrAlY (M = Ni, Co or Ni + Co) bond coat can provide excellent functions for both
oxidation resistance and diffusion resistance, hence improves the durability of TBCs. Cao [46] pointed
out that the scale adherence strength in double-layer bond coat system is higher than that in traditional
bond coat systems. These reports deposited double-layer bond coat are all focused on improving the
oxidation resistance of bond coat, yet in absence of consideration about thermal expansion mismatch
of these two layers. However, it has been well documented that the thermal expansion behavior of
the material is strongly related to its microstructure [47,48]. Therefore, the mismatch of the thermal
expansion may be alleviated via controlling the microstructure of the bond coat. Jiang [24] designed
a double-layer bond coat with different porosities: a dense layer deposited on the substrate and a
porosity layer with macro voids neighboring the YSZ coating. It indicated that the porosity layer
seriously internally oxidizes and rapidly swells after isothermal exposure, and the thermal expansion
mismatch between the topcoat and substrate alleviates much limitedly. This layer swelling accelerates
the failure of the TBCs due to the enormous residual stress induced by the roughness change at the
interface. Therefore, the macro voids in the bond coat which closes to the ceramic topcoat deteriorates
its oxidation resistance and has no positive role on the durability of TBCs in terms of alleviation of
thermal expansion mismatch.

On the other hand, the thermal expansion mismatch can be alleviated if the dimensions of the voids
decrease and are replaced by fine α-Al2O3. Therefore, a double-layer bond coat with gradient thermal
expansion coefficients is fabricated. Indeed, this double-layer bond coat is benefit form relieving the
stress induced by the thermal expansion mismatch in TBCs. However, how the double-layer bond
coat with gradient thermal expansion coefficients affects the durability and the cracking mode of TBCs
is still not clear. Therefore, in the present paper, the double-layer bond coat with gradient thermal
expansion coefficients were developed. Furthermore, the durability and cracking mode of this type of
TBC were evaluated via thermal cycling tests. The bond coats in this case included a porosity layer
deposited on the substrate and an oxidation layer, with well-distributed α-Al2O3 neighboring the
YSZ coating.

2. Experimental

2.1. Materials and Coating Deposition Methods

Inconel 738 (Φ 25.4 mm × 3 mm, Beijing Cisri-Gaona Materials & Technology Co., Ltd., Beijing,
China) was used as a substrate. The commercial powder Co–32Ni–21Cr–8Al–0.5Y (wt.%) (Amdry
9951, Metco, Westbury, NY, USA) with a solid spherical shape for a bond coat was used, as shown in
Figure 1a. Hollow spherical 8 wt.% yttria-stabilized zirconia powder (8YSZ) (204B-NS, −75, +45 µm,
Metco, Westbury, NY, USA) was selected to deposit the ceramic topcoat, as shown in Figure 1b.
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Figure 1. SEM images of powders: (a) CoNiCrAlY powder for the bond coat; (b) yttria-stabilized 
zirconia (YSZ) powder for the ceramic topcoat. The inset in (b) exhibits the hollow feature of the YSZ 
powder by the cross-section. 

The structure of the TBC in this case is identical to traditional APS TBCs, including four layers, 
while the bond coat in this case consists of two layers: a porosity layer deposited on the substrate and 
an oxidation layer with dispersedly distributed α-Al2O3 neighboring the YSZ coating. To keep the 
oxidation degree of particles, shrouded plasma spraying (GP-80, Jiujiang Plasma Spraying Factory, 
Jiujiang, Jiangxi, China) was employed to deposit the porosity layer on the substrate. The plasma 
parameters are shown in Table 1. The argon included <10 ppm of oxygen used as the shielding gas 
atmosphere during the shrouded plasma spraying. The oxidation layer was deposited on the porosity 
layer via high-velocity oxygen fuel spraying (HVOF, JP-8000, Praxair, Danbury, CT, USA); the spray 
conditions are shown in Table 2. The whole thickness of the bond coat was about 180 μm. Two types 
of bond coats with different thickness ratios of the porosity layer to oxidation layer were prepared. 
The thickness ratios of the porosity layer to oxidation layer were 1:2 (type A) and 2:1 (type B), 
respectively. Atmospheric plasma spraying (APS) was employed to deposit an approximately 200 μm 
YSZ topcoat using an Ar–H2 plasma jet. The power of APS was 39 kW, other parameters were as same 
as the shrouded plasma-spraying parameters, as shown in Table 1. 

Table 1. Shrouded plasma-spray parameters. 

Parameters Values 
Power/kW 24 

Pressure of primary plasma gas/Ar/L·min−1 46 
Pressure of secondary gas/H2/L·min−1 4 

Powders carrier gas pressure/N2/L·min−1 5 
Speed of powder feed/r·min−1 3.5 

Standoff distance/mm 80 

Table 2. High-velocity oxygen fuel parameters. 

Parameters Values 
Kerosene flow rate/GPH * 6.5 
Oxygen flow rate/SCFH # 1925 
Powder feed rate/g·min−1 65 

Gun traverse speed/mm·s−1 1000 
Step size/mm 5 

Standoff distance/mm 381 
* GPH: gallons per hour. # SCFH: standard cubic foot per hour. 

  

Figure 1. SEM images of powders: (a) CoNiCrAlY powder for the bond coat; (b) yttria-stabilized
zirconia (YSZ) powder for the ceramic topcoat. The inset in (b) exhibits the hollow feature of the YSZ
powder by the cross-section.

The structure of the TBC in this case is identical to traditional APS TBCs, including four layers,
while the bond coat in this case consists of two layers: a porosity layer deposited on the substrate and
an oxidation layer with dispersedly distributed α-Al2O3 neighboring the YSZ coating. To keep the
oxidation degree of particles, shrouded plasma spraying (GP-80, Jiujiang Plasma Spraying Factory,
Jiujiang, Jiangxi, China) was employed to deposit the porosity layer on the substrate. The plasma
parameters are shown in Table 1. The argon included <10 ppm of oxygen used as the shielding
gas atmosphere during the shrouded plasma spraying. The oxidation layer was deposited on the
porosity layer via high-velocity oxygen fuel spraying (HVOF, JP-8000, Praxair, Danbury, CT, USA);
the spray conditions are shown in Table 2. The whole thickness of the bond coat was about 180 µm.
Two types of bond coats with different thickness ratios of the porosity layer to oxidation layer were
prepared. The thickness ratios of the porosity layer to oxidation layer were 1:2 (type A) and 2:1 (type B),
respectively. Atmospheric plasma spraying (APS) was employed to deposit an approximately 200 µm
YSZ topcoat using an Ar–H2 plasma jet. The power of APS was 39 kW, other parameters were as same
as the shrouded plasma-spraying parameters, as shown in Table 1.

Table 1. Shrouded plasma-spray parameters.

Parameters Values

Power/kW 24
Pressure of primary plasma gas/Ar/L·min−1 46

Pressure of secondary gas/H2/L·min−1 4
Powders carrier gas pressure/N2/L·min−1 5

Speed of powder feed/r·min−1 3.5
Standoff distance/mm 80

Table 2. High-velocity oxygen fuel parameters.

Parameters Values

Kerosene flow rate/GPH * 6.5
Oxygen flow rate/SCFH # 1925
Powder feed rate/g·min−1 65

Gun traverse speed/mm·s−1 1000
Step size/mm 5

Standoff distance/mm 381

* GPH: gallons per hour. # SCFH: standard cubic foot per hour.
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2.2. Pretreatment and Thermal Cycling Tests for TBCs

The previous study indicated that α-Al2O3 can form easily at 1000 ◦C and the Al element located
in the bottom can diffuse to the YSZ/TGO interface effectively at 1080 ◦C [49]. Thus, to remedy the
discontinuity of α-Al2O3 generated during thermal spraying, the heat treatment of the specimens was
carried out in an argon atmosphere at 1000 ◦C for 4 h and then 1080 ◦C for 4 h. After that, a continuous
and fully covered α-Al2O3 formed on the surface of the oxidation layer. To examine the oxidation
resistance of the oxidation layer, the samples were further isothermal-oxidized at 1000 ◦C for 200 h.

The durability of the TBCs was evaluated via isothermal shock test after pre-treating in an argon
atmosphere. The temperature of the thermal cycling tests was 1120 ◦C. One whole thermal cycling
test was 30 min, including 26 min of holding time, and 4 min of cooling time. The temperature can be
cooled down to about 100 ◦C through an air blower in 4 min. The failure of the TBCs was defined as
50% of the YSZ coating delaminated and/or spalled. The durability of TBCs was an average of the
five specimens.

The cross-sections for the scanning electron microscope (SEM) were prepared following the
procedure in American Society for Testing Materials (ASTM) B748 [50]. To avoid damage to the
microstructures of the samples, the samples were mounted with epoxy adhesive by vacuum infiltration.
Then abrasive papers of different types were employed to grind the samples successively. After that,
polishing was finished with a 0.5 µm diamond on micro-cloth. Scanning electron microscopy (SEM,
JSM-6390A, JEOL, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS) was employed
to characterize the microstructure of the TBCs. All images were photographed in the backscattered
electron image mode.

3. Results and Discussion

3.1. Microstructure of As-Sprayed TBCs

Figure 2 shows the microstructures of the as-deposited TBCs with the different thickness ratios of
the porosity layer to oxidation layer. Two types of samples were produced in this case: the thicknesses
of the porosity layer and oxidation layer in the type A sample were 60 and 120 µm, and those in the
type B sample were 120 and 60 µm, respectively. Figure 3 shows the cross-sections of the porosity layer
and oxidation layer in the type A samples. The spray parameters of each layer in this study were
the same in sample A and sample B. The microstructures of the porosity layer and oxidation layer in
sample B were considered to be identical to those of sample A. Thus, the microstructural characteristics
of only sample A is represented in Figure 3, avoiding the repeated description. The porosity layers in
both sample types presented typical lamellar structures and also included some un-melted particles,
which is similar to that of APS YSZ coating [51], as shown in Figure 3a. This layer may provide a higher
capacity that alleviates to a greater degree the thermal expansion misfit between YSZ coating and the
substrate than a dense bond coat because the particles in this layer can expand and contract rather
freely, and expansion and contraction from the substrate to the YSZ coating can be more efficiently
alleviated. Additionally, the porosity layer was nearly oxidation free because of the shielding argon
atmosphere. In comparison, oxides are inevitable in traditional APS bond coats. [51,52]. Thus, in this
case, compared with traditional APS bond coats, the depletion period of Al in the porosity layers
was extended.

The oxidation layer exhibited a dense microstructure with some oxides, as shown in Figure 3b.
The oxides were rather dispersedly distributed in the oxidation layer. EDS results showed that internal
oxides were principally composed of α-Al2O3, as shown in Figure 3c. This means that a fraction
of the particles was oxidized during the deposition of the oxidation layer. The α-Al2O3 generated
on the surface of the bond coat are generally an expected oxide [53,54]. The generation of Al2O3

on the inside of the bond coat indicated that a fraction of the Al element in the spray powder was
consumed. It may lead to the Al shortage in the oxidation layer during the thermal cycling tests.
Thus, the high-temperature oxidation behavior of TBCs in this case was examined in a furnace for
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200 h at a temperature of 1000 ◦C. The morphologies in the oxidation layer are shown in Figure 4.
The results show that the Al-rich phase (NiAl) existed in these two oxidation layers. Thus, compared
with traditional bond coat, the premature depletion of Al in this bond coat can be neglected. Compared
with previous report [24], the internal oxides of α-Al2O3 particles in this case were fairly fine and
uniform and there were no significant microflaws in the bond coat. The coefficient of thermal expansion
of α-Al2O3 was much lower than other three layers in the TBCs. Correspondingly, this well-distributed
α-Al2O3 can decrease the coefficient of thermal expansion of as-sprayed oxidation layers. The thermal
expansion coefficient of these two layers can be calculated via the following equation, respectively [55].

α =
αm·Km·Vm + αp·Kp·Vp

Km·Vm + Kp·Vm
(1)

where α is the coefficient of thermal expansion of the porosity layer and oxidation layer/10−6 K−1,
αm and αp are the thermal expansion coefficient of the matrix and particles/10−6 K−1; Km and Kp are
the bulk modulus of the matrix and particles/GPa; Vm and Vp are the volume fraction of the matrix
and particles/%. The coefficient of thermal expansion of the oxidation layer was calculated with
consideration of the α-Al2O3. The coefficient of thermal expansion of the porosity layer was calculated
in the absence of the consideration of α-Al2O3 because of the much more limited oxidation. The results
show that the thermal expansion coefficient of the porosity layer was approximately 11.8 × 10−6 K−1

and that of oxidation layer was about 11.2 × 10−6 K−1. Therefore, the double-layer bond coat designed
in this case had a gradient thermal expansion coefficient. The oxidation layer can be considered as
a second bond coat between the YSZ coating and the traditional bond coat. This layer can further
alleviate stress induced by the thermal expansion mismatch in TBCs as expected.
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(a) type A and (b) type B.

3.2. Thermal Cyclic Lifetime of TBCs

The thermal cycling lifetimes of these two types of TBCs were evaluated. Five samples in each
group were tested, and the lifetime was the average of five samples. The thermal cyclic lifetimes of these
two types of TBCs were 60 cycles (type A) and 48 cycles (type B). The thermal cyclic lifetimes of type B
sample was comparable to that of TBCs with cold-sprayed bond coats [56]. In comparison, the lifetime
of the type A sample was higher than that of TBCs with cold-sprayed bond coats, by approximately
20%. The thickness of the TGO plays a dominant role in the lifetime of TBCs [1,4,5,8,19,57]. Thus,
the TGO thicknesses in the failed samples were examined. The TGO thickness in type A TBCs was
4.0 ± 0.2 µm, which was comparable to that in the type B TBCs of 4.1 ± 0.3 µm. Therefore, the difference
between the durability of the two types of TBCs depended on other factors in the absence of TGO
thickness. It has been well documented that the sintering [11–15,58–61], gradient thermal cycling
temperature [16–19], and roughness of bond coat/topcoat interface [7,20–23] also affect the durability
of samples. In this case, these other factors were all identical in these two types of TBCs, except for the
microstructures of the bond coats. Thus, the dominant factor that made a difference in the durability
between the two TBCs and improved the durability of the TBCs was the microstructures of the bond
coat and the associated in-plane stress. The double-layer bond coat where the upper layer included
macro voids was proven to have no positive effect on alleviating the thermal expansion misfit in the
TBCs [24], while the double-layer bond coat in this case indeed affected the thermal expansion misfit.
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Therefore, the double-layer bond coat can improve the durability of TBCs in terms of alleviating the
thermal expansion misfit.

In addition, the durability of type A TBCs was higher than that of type B TBCs by approximately
20%. This indicated that the thickness ratio of the oxidation layer to porosity layer dramatically
affects the stress level in TBCs, and thus the durability of TBCs. Compared with the porosity layer,
the coefficient of thermal expansion of as-sprayed oxidation layers in this case was dramatic less,
decreasing by about 0.6 × 10−6 K−1. Therefore, the thicker oxidation layer of type A can prominently
promote the ability of the bond coat to alleviate the thermal expansion misfit than the thinner oxidation
layer of type B. This result indicates that the thermal expansion misfit is reduced with increasing
thickness of the oxidation layer. In addition, α-Al2O3 may carburize when the temperature exceeds
1000 ◦C [62], and it may change not only the thermal expansion coefficient mismatch, but the adhesive
strength as well. Then, the durability of the TBCs may be affected.

3.3. Failure Modes of TBCs with Double-Layer Bond Coats

The macroscopic morphologies of failed TBCs are shown in Figure 5. The bond coat was observed
below the YSZ coating in blue contrast and some flaking YSZ coatings were still bonded on the surface
of the bond coat. Thus, the delamination cracks may propagate in the YSZ coating or at the YSZ/bond
coat interface. The macroscopic morphologies do not in detail identify the failure mode, and thus the
microstructural morphologies of the cross-sections and failure surfaces were examined.
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The cross-sections of TBCs after YSZ spallation are shown in Figure 6. The results show that the
delamination cracks in both TBCs all propagated in the YSZ coating. It reveals that the delamination
cracks in TBCs with double-layer bond coat mainly initiated and propagated in the YSZ coating when
TGO thickness did not exceed 4.0 µm. The critical TGO thickness corresponding to the change of failure
mode in traditional APS TBCs is approximately 5–6 µm [1,57,58]. Thus, the cracking path in TBCs with
double-layer bond coats, in this case, may be identical to the that in traditional APS TBCs. Based on the
results of durability tests and cracking mode, the TBCs with the design of a double-layer bond coat can
dramatically lower the driving force of cracking, while it has no effect on the stress distribution in TBCs.
Therefore, the durability of APS TBCs with the design of a double-layer bond coat can be improved
in the absence of stress distribution change. This means that the design of a double-layer bond coat
in APS TBCs can be simply separated from other factors, in the term of improving the durability of
APS TBCs.

In different types of TGO, α-Al2O3-based oxide is an advisable TGO [4–8]. In comparison, mixed
oxides such as chromia (Cr2O3), spinel ((Ni, Co) (Cr, Al) 2O4), and nickel oxide (NiO) [7,8,49,51],
dramatically deteriorates the durability of TBCs. The results show that mixed oxides generated in
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TBCs during tests are quite limited, and thus the influence of mixed oxides on the lifetime of TBCs in
this case can be ignored, as the TBCs failure mode is mainly related to TGO thickness [10,20,24,57].Coatings 2019, 3, x FOR PEER REVIEW  8 of 12 
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In order to further determine the mechanism of the coating fracture, the surface morphologies of
TBC samples after YSZ spallation were examined, as shown in Figure 7. The visible regions consisted
of YSZ coating (white contrast) and α-Al2O3 (black contrast). The smooth-flattened particles were
observed in YSZ delamination regions (as marked by arrows in Figure 7). This smooth morphology is
a typical characteristic of non-bonded interfaces between YSZ lamellas. This fact indicates that fracture
cracks propagated along the non-bonded interface between YSZ lamellas. The emergence of α-Al2O3

on the images indicates that a fraction of the fracture cracks propagated at the bond coat/ YSZ interface.
Compared with areas of α-Al2O3, the acreage of YSZ dominated, which further proves that cracks in
these two types of TBCs initiated and propagated in the YSZ coating.
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4. Conclusions

• The porosity layer presented a typical lamellar structure and was nearly oxidation free.
In comparison, the oxidation layer exhibited a denser microstructure with some well-distributed
oxides. The thicknesses of both bond coats in this case were all approximately 180µm. The thickness
ratios of the porosity layer to oxidation layer in these two kinds of bond coats were 1:2 (type
A) and 2:1 (type B), respectively. The coefficient of thermal expansion of the porosity layer
was approximately 11.8 × 10−6 K−1, and that of the oxidation layer was about 11.2 × 10−6 K−1.
Therefore, the double-layer bond coat in this case had a characteristic of gradient coefficient of
thermal expansion. The oxidation layer can be considered as the second bond coat between the
traditional bond coat and the YSZ coating, which can further reduce the thermal expansion misfit
in TBCs.
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• The thermal cyclic lifetimes of these two types of TBCs were 60 cycles (type A) and 48 cycles
(type B), respectively. The thermal cyclic lifetime of the type B sample was comparable to that
of traditional TBCs. In comparison, the lifetime of the type A sample was higher than that of
traditional TBCs by about 20%.

• The delamination cracks in both TBCs all propagated in the YSZ coating. Therefore, the double-layer
bond coat has no effect on the stress distribution in TBCs. The durability of APS TBCs with
double-layer bond coats can be improved in the absence of stress distribution change. On the basis
of these results, the thermal expansion misfit can be addressed without considering other factors.
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