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Abstract: In this paper, a novel concept in the field of phase composite ceramics has been proposed
and applied for creating the topcoats of durable thermal barrier coatings (TBCs), which is one of the
most critical technologies for advanced high-efficiency gas turbine engines in extreme environments.
The phase composite ceramic TBCs were designed to demonstrate superior and comprehensive
performance-related merits, benefits, and advantages over conventional single-phase TBCs with
a topcoat of 8YSZ or Gd2Zr2O7, including thermal phase stability, thermal shock durability, low
thermal conductivity, and solid particle erosion resistance. In this paper, we review and summarize
the development work conducted so far related to the phase composite ceramic concept, coatings
processing, and experimental investigation into TBC behaviors at elevated temperatures (typically,
≥1250 ◦C) using different evaluation and characterization methods, including isothermal sintering, a
burner rig test, a solid particle-impinging erosion test, and a CMAS corrosion test. Two-phase (t’+c)
zirconia-based TBCs demonstrated improved thermal shock and erosion resistance in comparison to
conventional single-phase (t’), 8YSZ TBC, and Gd2Zr2O7 TBC, when used separately. Additionally, a
triple-phase (t’+c+YAG) TBC sample demonstrated superior CMAS resistance. The TBC’s damage
modes and failure mechanisms for thermal phase stability, thermal cycling resistance, solid particle
erosion behavior, and CMAS infiltration are also characterized and discussed in detail, in terms of
microstructural characterization and performance evaluation.

Keywords: thermal barrier coating; phase composite ceramics; air plasma spray process; burner rig
thermal shock test; solid particle erosion; low thermal conductivity; CMAS corrosion

1. Introduction

The application of protective coatings to resist extreme environments, such as high-
temperature, corrosive and harsh conditions, is essential for advanced gas turbine engines
and nuclear power plants [1,2]. The increased efficiency of gas turbines necessitates the
development of thermal barrier coatings (TBCs) to enable higher entry operation tempera-
tures and larger thermal gradients. In order to increase efficiency in gas turbine engines,
advanced thermal barrier coatings (TBCs) are needed that can endure higher temperatures
and greater thermal gradients. Consequently, there is a requirement for the development of
new materials, particularly topcoat ceramics with improved thermal stability, durability,
and low thermal conductivity (Low-K), for use in TBCs. These coatings are extensively used
for the thermal and environmental protection of superalloy components that are located
in hot turbine sections, such as combustors, fuel nozzles, blades, and vanes [3,4]. The
development and manufacture of advanced thermal barrier coatings (TBCs) with superior
properties, such as low thermal conductivity, are essential to further increase the operating
temperature levels of turbine engines beyond their current limits without exceeding those
of the underlying superalloy components or the internal cooling system. As superalloys
approach their theoretical limits, the development and manufacture of advanced TBCs with
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superior properties, such as low thermal conductivity, are critical and vital for developing
new-generation turbine engines with significant improvements in fuel efficiency and low
emissions [5,6]. The development of novel TBC materials, processes, and coatings for
extreme environments has attracted extensive scientific interest and industrial attention in
terms of improving the current YSZ-TBC properties and performance, based on thermal
stability, thermal shock resistance, sintering resistance with Low-K properties, erosion
resistance, CMAS (calcium–magnesia–alumina–silicate) corrosion resistance, and so on.

The history of the ceramic materials utilized in thermal barrier coatings (TBCs) mirrors
the challenge of balancing desirable properties such as phase stability, thermal conduc-
tivity, fracture toughness, and durability, with cost considerations. As shown in Figure 1,
achieving a comprehensive balance between all these factors is difficult. This challenge has
spurred the development of new ceramic materials that can reconcile multiple functions,
performance characteristics, process requirements, and economic demands for advanced
TBCs. Initially developed in the mid-1970s, zirconia–yttria TBC contained up to 20 wt. %
of yttria and a single cubic phase (c), with good phase stability and low conductivity. It
was later determined that greater ceramic toughness and durability could be achieved
by lowering the yttria content to 6~8 wt. %, but the researchers then sacrificed phase
stability and thermal conductivity [7,8]. Since then, 7~8 wt. % yttria partially stabilized
zirconia (8YSZ) has been the ceramic of choice for thermal barrier coatings (TBCs), due to its
metastable tetragonal phase (t’), high toughness and relatively high thermal conductivity
of 2.0~2.3 W/m K, for fully dense samples, and 0.9~1.2 W/m K for 10%~15% porosity
at approximately 1000 ◦C [9–11]. Based on the above history review of zirconia-based
TBCs, it is concluded that the phase structure and its unique properties, such as phase ther-
mal stability and toughness, play an important role in TBCs’ durability and performance,
especially for advanced TBCs that are utilized in extreme environments.
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performance, the coating process, and the economy targets for novel TBCs that can be used in
advanced gas turbine engines.

The impingement of solid particles on a thermal barrier coating (TBC) at high velocity
is a common cause of extreme environmental strain. Particle erosion can lead to severe
deterioration and the loss of TBCs in gas turbine engines, which are employed in both com-
mercial and military aircrafts, as well as in power generation systems. These engines may
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ingest erosive particles from the polluted atmosphere, incompletely combusted fuel and
soot at low ground altitudes, stormy dust clouds, and even volcanic ash at higher altitudes.
Other potential sources of particle impact and erosion include the spallation of built-up
carbon soot, damaged coatings, or fragments from components within the engine itself.
Generally, there are two primary types of particle impact damages: (1) class 1—foreign ob-
ject damage (FOD), where high-velocity impact caused by bird strikes, tire debris, and other
foreign objects with a relatively large size and mass can cause severe damage to components
and may lead to potential safety issues; (2) class 2—solid particle erosion (SPE).

Particles of micron size that impact on the surfaces of components or coatings can
result in microscale deterioration, such as erosion, fracture, cracking, deformation and/or
hardening. This erosive wear behavior in a material typically falls into three categories:
Mode I for ductile materials such as metals and alloys; Mode II for brittle materials such as
ceramics; Mode III, which is observed in certain polymers. These modes generally show
that higher rates of erosion occur at lower impinging angles (Mode I) or higher impinging
angles (Mode II), respectively. Ultimately, these impacts can lead to the localized removal
of coating materials and subsequent functional failure [12]. Mode-III erosion is particularly
pertinent for composite materials. Researchers have studied the erosive wear resistance
of yttria-stabilized zirconia (YSZ) and lanthanum zirconate (LZO) coatings, which are
prospective Low-K thermal barrier coatings (TBCs). Ramachandran et al. evaluated the
erosion responses of these TBCs in relation to porosity, the velocity of the erodent, and
the impact angle [13]. Furthermore, Mahade et al. studied the erosion performance of
gadolinium zirconate (GZO) and its composite TBCs produced by suspension plasma spray
(SPS) [14–16] and found that the material composition and microstructural design had a
major impact on their erosion behaviors. In most of the cases, the increase in YSZ phase
content and coating density for those TBCs showed better erosion resistance.

The extreme aggressiveness of CMAS-related corrosion and the attack on TBCs at ele-
vated temperatures has triggered an increasing need for the development of CMAS-resistant
materials and coatings. This is essential for applications involving higher temperature
ranges beyond 1200 ◦C, such as gas turbine engines with increased combustion chamber
temperatures or operation in particle (silicate sand, ash, and dust)-contaminated envi-
ronments. Ingestion, adhesion, and the infiltration of molten CMAS in TBCs can lead to
more severe degradation and the early failure of the coating due to its adhesive nature on
surfaces. Therefore, mitigating the impact of molten CMAS in TBCs is paramount [17–19].
The conventional 8YSZ-TBC material is typically zirconia-based and is particularly vul-
nerable to high-temperature CMAS attack. Generally, molten CMAS adheres to the TBC
surfaces and penetrates into the TBC through cracks and pores in APS-TBCs and the grain
boundaries in EB-PVD TBCs. Subsequently, CMAS may cause harmful changes in the
chemical and mechanical properties of the TBCs. Upon cooling and solidifying of the
molten CMAS, the TBC layer becomes rigid. This change induces the strain responsible for
TBC cracking, delamination, and even spallation, which can be attributed to the thermal
expansion mismatch between the TBC and CMAS. The TBC that is chemically modified by
CMAS penetration and chemical reaction can also become unstable in its phase structure
and further reduce its longevity. The mechanisms of CMAS attack and damages had been
investigated and identified [20–22]. Researchers have utilized many approaches to improve
TBC CMAS resistance by modifying the TBC chemistry [23–25]. Common methods include:
(i) adding solute dopants, such as Al3+ and Ti4+, to a TBC as to elicit the crystallization
of a penetrating CMAS glass front, subsequently arresting its progress and sequentially
slowing down the CMAS migration inward; (ii) adding active oxides to TBC as to capture
the molten CMAS by promoting the interaction; (iii) changing and inhibiting interaction
via specific additives to alter the basicity of the CMAS/TBC system; (iv) using zirconate
material as a topcoat.

The aforementioned examination of TBC research and development highlighted key
aspects of producing novel TBCs designed for high-temperature, extreme environments.
We have suggested the concept of using phase composite ceramics as the topcoat for these
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innovative TBC systems, which were applied in the fabrication of dual-phase and tri-phase
TBCs using the air plasma spray process [26–28]. The phase composite TBCs have been
proven to offer many advantages over conventional single-phase TBCs, in terms of coating
durability, phase thermal stability, thermal shock resistance, solid particle resistance, and
low thermal conductivity, as well as CMAS corrosion resistance. This review paper aims to
provide an overview of the phase composite concept and explore the details of the coating
process, via characterization and evaluation methods. Moreover, further insight into the
beneficial performance of this novel type of TBC as a promising coating system for gas
turbine engines operating in extreme environments is also provided. Finally, a scientific
understanding of how these coatings improve performance is presented, with a focus on
the potential mechanisms behind them.

2. Experimental Work
2.1. The Concept of Phase Composite Ceramics

The functional properties of many materials are mostly dependent on their crystalline
structures and/or grain structures, rather than their chemical compositions. Typical ex-
amples include carbon materials with a face-centered cubic crystal structure (FCC) for
extremely high hardness, as in a diamond, compared with stacked layers with a hexago-
nal arrangement for soft graphite; boron nitride (BN) materials with a hexagonal phase
(h-BN) for soft lubricant properties, compared with a cubic phase (c-BN) for high hardness
properties. In addition to the concept of compositional design for a functional material
that has been widely adopted, here, another concept of phase composite design is con-
sidered regarding the topcoat of novel TBCs. In this concept, the term “phase” means
either a crystalline structure (c, t, α, . . . ) or grain structure (single crystal, nanostructure,
amorphous, . . . ), while the term “composite” means a designed material composed of at
least two different phases.

As depicted in Figure 1, this work aimed to achieve better TBCs that are able to meet
those requirements of multiple properties in extreme environments, typically, turbine
engine operation at higher temperatures. The key properties that have attracted the most
interest in terms of improvement are thermal capability, phase stability, sintering resistance,
low thermal conductivity, and thermal cyclic resistance, also including, but not limited
to, erosion resistance and CMAS resistance. Obviously, the current TBCs, based on 8YSZ
zirconia or zirconate (such as GZO or LZO), cannot meet some or most of the requirements
given above. In an attempt to design, process and test, a procedure was followed for the
development of a two-phase composite TBC, as shown in Figure 2. In this example, a cubic
phase (c) zirconia was selected as the primary phase, mainly based on its superior properties
of lower thermal conductivity, high thermal stability, and CMAS resistance; a tetragonal
phase structure (t’) zirconia was selected as a secondary component, in consideration of
its superiority in terms of good thermal cyclic resistance, high strain tolerance, and good
erosion resistance. Then, a simple model was used to calculate and predict some of the
structural, physical, and thermal properties of the composite ceramic, such as stacking
density, elastic modulus, and thermal conductivity. The input parameters included powder
material properties, particle sizes and distribution, and the stacking spatial distance and
such. After the initial material design was determined, the material was processed as a
coating and tested. Finally, the material and coating were optimized and down-selected
for some of their specific properties. In the present work, a two-phase zirconia TBC and
three-phase zirconia + YAG TBC will be introduced.
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Figure 2. Flowchart for the concept and the design of an example two-phase composite ceramic and
the sequential steps for developing and optimizing the topcoat in a TBC system.

2.2. Process for Producing Dual-Phase TBC Coating

TBC specimens with a two-phase structure of tetragonal (t’) and cubic (c) zirconia were
designed and fabricated by Curtiss-Wright Surface Technologies (“CWST”) using an F4
plasma torch (Metco, Westbury, NY, USA) for ceramic topcoats and a Jet Kote-3000 HVOF
torch (Stellite, Goshen, IN, USA) for the metallic CoNiCrAlY bondcoat (CO-210-24, Praxair,
Concord, NH, USA). The specimens were sprayed onto Haynes 188 substrates. A rough
CoNiCrAlY flash layer over the dense alloy bondcoat was applied via an HVOF process
to improve the interface bonding between the bondcoat and the topcoat. An interlayer of
t’-phase zirconia was also deposited over the bondcoat as a compositional transition and
strain buffer layer, prior to applying the composite phase topcoat. The spray parameters of
the topcoat were optimized, based on desirable targets such as spray distance, feeding rate,
coating porosity, deposition rate, and process efficiency. The phase composite of TBC with
the optimized process has a porosity of 13%~15% and a topcoat thickness of about 200 µm.
In order to compare the results, several other types of TBC specimens were also prepared.
They included a denser two-phase TBC with ~10% porosity, single tetragonal-phase TBC,
single cubic-phase TBC, and Gd2Zr2O7 TBC (porosity: 10%~12%. Powder source: Trans-
Tech, Adamstown, MD, USA). All the TBCs have an interlayer of t’-phase zirconia with a
thickness of about 120 µm and a porosity of 10%~12%. The cross-sectional microstructure
of a typical two-phase TBC sample is shown in Figure 3, and all the TBC specimens for
dual-phase TBCs testing are given in Table 1.
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Table 1. List of the TBC specimens used for testing, evaluation, and analyses.

TBC Samples 1. Thermal Stability Test 2. Thermal Shock Test 3. Erosion Test 4. CMAS Test

ZrO2-8Y2O3 (t’)
√ √ √

ZrO2-20Y2O3 (c)
√

Gd2Zr2O7
√

ZrO2 (t’+c)
√ √ √ √

ZrO2 (t’+c) + YAG
√

2.3. Process for Producing Tri-Phase TBC Coating

CWST utilized an F4-gun air plasma spray method to further develop the two-phase
TBCs into three-phase TBCs, by applying a ceramic topcoat and the same metallic CoNi-
CrAlY bond coat (CO-210-24, Praxair Surface Technology, Concord, NH, USA) onto Haynes
188 disk substrates. Additionally, an interlayer of t’ phase zirconia was deposited over
the bond coat prior to applying the composite topcoat. For the tri-phase TBC sample, a
mixture of the dual-phase TBC and the third-phase “yttrium–aluminum–garnet” (YAG)
material was applied as a top layer, as schematically shown in Figure 4. The optimal spray
parameters were employed for fabricating the ceramic layers of the TBCs. All the TBC
specimens for tri-phase TBCs testing are given in Table 1.
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2.4. Thermal Stability Study

The thermal stability of a selection of TBCs was investigated by isothermally heating
the samples at 1300 ◦C for either 50 or 100 h in an uninterrupted cycle. This study aimed to
evaluate the effects of thermal aging on the microstructure, phase stability, and physical
and mechanical properties of the coating. The specimens were placed in Al2O3 crucibles
inside a muffle box furnace that maintained the temperatures with ±25 ◦C accuracy. After
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reaching the target temperature, the furnace powered off and allowed natural cooling to
room temperature. Observations of the changes in the microstructures, phase structures,
fracture morphologies, porosity, and hardness post-heating were made from cross-sectioned
sintered samples. Additionally, the thermal conductivity of selected TBCs, before and after
the thermal aging tests, were measured using the laser-flashing method. All the TBC
specimens for dual-phase TBCs testing are given in Table 1.

2.5. Thermal Shock Test

A thermal shock test for selected TBCs was performed to evaluate their thermal shock
resistance by following up a burner-rig test procedure, using a high-velocity flame torch
test-rig setup, to evaluate TBC behaviors in simulated conditions for engine operation under
high heat flux and high gas velocity. As illustrated in Figure 5, a high-energy combustion
torch (Metco 6P-II, Westbury, NY, USA) was employed to generate sufficient heat input
to achieve a homogeneous surface temperature at a maximum of 1200 ◦C, along with a
high-velocity gas impact on the TBC surfaces. The torch utilized acetylene fuel and oxygen
to generate a uniform heating zone on 25-millimeter-diameter disk specimens, coupled
with a high-velocity gas stream via an accelerating nozzle. The samples were affixed to a
cylindrical sample holder attached to an index rotation turntable. Temperatures on the TBC
samples’ front and rear surfaces were monitored continuously by two digital pyrometers
(Extech; accuracy: ±(3% rdg + 2 ◦C)) which were accurately focused onto the test sample
surfaces, with set focus distances. As shown in Figure 5, a thermal cycle was performed,
consisting of 30 s of heating to a peak temperature of 1200 ◦C, followed by 60 s of forced air
cooling to below 100 ◦C, with the torch being moved to an adjacent sample and two air
jets providing cooling from both the front and rear sides. The maximum thermal gradient
between the front and rear surfaces was measured at 350 ◦C when the torch was moved
away from the heated sample. Thermal images on the tested sample surfaces were taken
after 1000, 1500, and 2000 cycles, respectively, in order to calculate the percentage spallation
area for each sample. It is generally accepted that a spallation percentage that is greater
than 30% indicates coating failure. The selected TBC specimens for thermal shock testing
are given in Table 1.
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2.6. Solid Particle Erosion Test

Solid particle erosion tests were conducted using a modified test rig (Curtiss-Wright
Surface Technologies, East Windsor, CT, USA) in accordance with the ASTM G76 standard.
The impingement angle was maintained at a 100-mm standoff distance and varied from
20◦ to 90◦, in increments of 15◦. Irregularly shaped alumina particles of approximately
50 µm average grit size were used as the erodent material. Specimen pre- and post-test
thicknesses and weights were measured to determine the coating removal depth and the
rate of erosion. These rates were determined via three methods: Method 1—the maximum
depth of coating removal per erosion time (µm/s); Method 2—the mass loss of coating per
erosion time (g/s). Post-test surface examination was conducted using both optical and
SEM methods; Method 3—the mass loss of coating per erodent usage (g/g);

2.7. CMAS Corrosion Test

CMAS corrosion tests were performed by applying CMAS sand to the surfaces of the
selected TBC samples listed in Table 1. The CMAS sand was obtained from a commercial
source (AFRL-02 test dust, PTI Inc., Arden Hills, MN, USA). Composition analysis of
the CMAS sand revealed that it comprised 34% quartz, 30% gypsum, 17% aplite, 14%
dolomite, and 5% salt; the DSC/DTA scans data showed that the melting temperature was
1150~1200 ◦C [29]. The sand was mixed with alcohol to form a slurry and was then brushed
evenly over the surfaces of the TBC samples at a controlled dosage of 35 ± 2 mg/cm2. For
some TBC samples, varying dosages of 5, 15, and 35 mg/cm2 were employed. All the
CMAS-deposited TBC samples were tested in a box furnace under isothermal conditions
at 1250 ± 25 ◦C for different durations. The test samples were heated to the desired
temperature at a rate of 50 ◦C/min and were then kept inside the furnace until it cooled
down to room temperature, upon completion of the tests.

3. Results and Discussion
3.1. Thermal Stability and Sintering Behavior

The topcoat of two-phase TBC has a typically lamellar splat microstructure, with some
randomly distributed pores, agglomerated porous clusters, and microcracks, as presented
in Figure 3. After the isothermal aging test at 1300 ◦C, the microstructure of the two-phase
ZrO2 TBC was examined, then the main microstructural features were characterized by
SEM image analyses, as shown in Figure 6. The main findings of the sintering experiment
include: (i) agglomerated fine particles were strongly sintered together, resulting in the
disappearance of clusters and of pores within the clusters. (ii) The large pores at inter-
splat boundaries remained or became spherical and larger. (iii) The splat boundaries were
distinct after sintering, indicating that overall. sintering did not take place but was instead
limited to localized areas, such as agglomerated particle/pore clusters, grain boundaries,
and individual splats. Additionally, the lamellar grains underwent spheroidization and
homogenization, while microcracks were healed and small-sized pores were annihilated
within the porous clusters.

XRD spectra for the two-phase ZrO2 feedstock and TBCs before and after the thermal
exposure are presented in Figure 7, covering diffraction angles at 2θ from 15◦ to 70◦. The
X-ray diffraction (XRD) spectra showed that the feedstock powder and as-sprayed topcoat
both contained tetragonal (t’) and cubic (c) phases. After thermal exposure, no evidence of
phase transformation to a new monoclinic phase was detected via software analysis. This
indicates that the two-phase composite ceramic and topcoat demonstrate good thermal
stability, which is further confirmed by the XRD results.



Coatings 2023, 13, 210 9 of 21

Coatings 2023, 12, x FOR PEER REVIEW 8 of 20 
 

 

2.7. CMAS Corrosion Test 
CMAS corrosion tests were performed by applying CMAS sand to the surfaces of the 

selected TBC samples listed in Table 1. The CMAS sand was obtained from a commercial 
source (AFRL-02 test dust, PTI Inc., Arden Hills, MN, USA). Composition analysis of the 
CMAS sand revealed that it comprised 34% quartz, 30% gypsum, 17% aplite, 14% 
dolomite, and 5% salt; the DSC/DTA scans data showed that the melting temperature was 
1150~1200 °C [29]. The sand was mixed with alcohol to form a slurry and was then 
brushed evenly over the surfaces of the TBC samples at a controlled dosage of 35 ± 2 
mg/cm2. For some TBC samples, varying dosages of 5, 15, and 35 mg/cm2 were employed. 
All the CMAS-deposited TBC samples were tested in a box furnace under isothermal 
conditions at 1250 ± 25 °C for different durations. The test samples were heated to the 
desired temperature at a rate of 50 °C/min and were then kept inside the furnace until it 
cooled down to room temperature, upon completion of the tests. 

3. Results and Discussion 
3.1. Thermal Stability and Sintering Behavior 

The topcoat of two-phase TBC has a typically lamellar splat microstructure, with 
some randomly distributed pores, agglomerated porous clusters, and microcracks, as 
presented in Figure 3. After the isothermal aging test at 1300 °C, the microstructure of the 
two-phase ZrO2 TBC was examined, then the main microstructural features were 
characterized by SEM image analyses, as shown in Figure 6. The main findings of the 
sintering experiment include: (i) agglomerated fine particles were strongly sintered 
together, resulting in the disappearance of clusters and of pores within the clusters. (ii) 
The large pores at inter-splat boundaries remained or became spherical and larger. (iii) 
The splat boundaries were distinct after sintering, indicating that overall. sintering did 
not take place but was instead limited to localized areas, such as agglomerated 
particle/pore clusters, grain boundaries, and individual splats. Additionally, the lamellar 
grains underwent spheroidization and homogenization, while microcracks were healed 
and small-sized pores were annihilated within the porous clusters. 

 
Figure 6. SEM images of the cross-sections of two-phase composite TBCs after isothermal exposure
at 1300 ◦C/100 h: (a) fracture morphology of the as-sprayed topcoat; (b) fracture morphology of the
thermally exposed topcoat; (c) microstructure of the as-sprayed topcoat; (d) microstructure of the
thermally exposed topcoat.

Coatings 2023, 12, x FOR PEER REVIEW 9 of 20 
 

 

Figure 6. SEM images of the cross-sections of two-phase composite TBCs after isothermal exposure 
at 1300 °C/100 h: (a) fracture morphology of the as-sprayed topcoat; (b) fracture morphology of the 
thermally exposed topcoat; (c) microstructure of the as-sprayed topcoat; (d) microstructure of the 
thermally exposed topcoat. 

XRD spectra for the two-phase ZrO2 feedstock and TBCs before and after the thermal 
exposure are presented in Figure 7, covering diffraction angles at 2θ from 15° to 70°. The 
X-ray diffraction (XRD) spectra showed that the feedstock powder and as-sprayed topcoat 
both contained tetragonal (t’) and cubic (c) phases. After thermal exposure, no evidence 
of phase transformation to a new monoclinic phase was detected via software analysis. 
This indicates that the two-phase composite ceramic and topcoat demonstrate good 
thermal stability, which is further confirmed by the XRD results. 

 
Figure 7. XRD analyses of the two-phase composite ceramic feedstock, as-sprayed topcoat, and 
thermally exposed topcoat. 

To investigate the coating changes in terms of physical properties, a microhardness 
of HV0.3 (load: 300 g) was recorded on the cross-sections of some TBC topcoats after 
thermal exposure for 100 h. The HV0.3 average value of the single-phase 8YSZ topcoat (t’) 
has increased significantly, from 607 to 949, by 56%; the HV0.3 value of another single-
phase 20YSZ topcoat (c) has increased, from 590 to 860, by 46%. In contrast, the HV0.3 
value of the two-phase ZrO2 topcoat (t’+c) is about 570 at the beginning of exposure, and 
779 after 100 h, increasing by 37%, which has the lowest HV0.3 increase percentage among 
the tested TBCs. Additionally, ceramic sintering is responsible for TBC failure, due to the 
loss of fracture toughness and strain tolerance of the ceramics [30,31]. The fracture 
toughness of the as-sprayed TBCs was evaluated using Vickers micro-indentation 
techniques and Palmqvist crack equations. The results showed KIC values of 1.19 MPa m1/2 

and 0.72 MPa m1/2 for two-phase zirconia TBC and Gd2Zr2O7 zirconate TBC, respectively. 
It is evident that the zirconia TBC has superior fracture toughness, which, in turn, 
provides better thermal and mechanical strain tolerance than the GZO TBC. 

The thermal conductivity, K, of the two-phase TBC was measured up to about 1200 
°C before and after the thermal aging at 1300 °C for 25 h, as shown in Figure 8. The K 
values for as-sprayed TBC are about 0.45~0.65 W/m K, in the temperature range of 
1000~1200 °C, which demonstrates the merit of low thermal conductivity, as in other 
representative Low-K TBC systems [32–34]. With the thermal aging and sintering of the 
TBCs, it is expected that a negative impact on thermal conductivity will happen, which 

Figure 7. XRD analyses of the two-phase composite ceramic feedstock, as-sprayed topcoat, and
thermally exposed topcoat.



Coatings 2023, 13, 210 10 of 21

To investigate the coating changes in terms of physical properties, a microhardness of
HV0.3 (load: 300 g) was recorded on the cross-sections of some TBC topcoats after thermal
exposure for 100 h. The HV0.3 average value of the single-phase 8YSZ topcoat (t’) has
increased significantly, from 607 to 949, by 56%; the HV0.3 value of another single-phase
20YSZ topcoat (c) has increased, from 590 to 860, by 46%. In contrast, the HV0.3 value of the
two-phase ZrO2 topcoat (t’+c) is about 570 at the beginning of exposure, and 779 after 100 h,
increasing by 37%, which has the lowest HV0.3 increase percentage among the tested TBCs.
Additionally, ceramic sintering is responsible for TBC failure, due to the loss of fracture
toughness and strain tolerance of the ceramics [30,31]. The fracture toughness of the as-
sprayed TBCs was evaluated using Vickers micro-indentation techniques and Palmqvist
crack equations. The results showed KIC values of 1.19 MPa m1/2 and 0.72 MPa m1/2 for
two-phase zirconia TBC and Gd2Zr2O7 zirconate TBC, respectively. It is evident that the
zirconia TBC has superior fracture toughness, which, in turn, provides better thermal and
mechanical strain tolerance than the GZO TBC.

The thermal conductivity, K, of the two-phase TBC was measured up to about 1200 ◦C
before and after the thermal aging at 1300 ◦C for 25 h, as shown in Figure 8. The K values
for as-sprayed TBC are about 0.45~0.65 W/m K, in the temperature range of 1000~1200 ◦C,
which demonstrates the merit of low thermal conductivity, as in other representative
Low-K TBC systems [32–34]. With the thermal aging and sintering of the TBCs, it is
expected that a negative impact on thermal conductivity will happen, which can partially
be attributed to the coating densification. The dependence of the thermal conductivity of
YSZ on temperature can be explained by a theory considering the effect of the scattering
of phonons by point defects (oxygen vacancies and solute) and by the “hopping” of
oxygen vacancies. It also considers an increase in the effective thermal conductivity at high
temperatures, due to radiation. For the porous coating, it is believed that some pores will
be annihilated and result in an increase in K value above 1000 ◦C. Based on microstructural
observation, inspection, and analysis of the thermal behaviors of the tested TBCs, the phase
composite TBC exhibited its superiority in terms of thermal stability, sintering resistance
and low thermal conductivity capability.
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3.2. Thermal Shock Test

The thermal shock resistance of TBCs has been evaluated by the use of a burner rig
tester (BRT). The behavior of the coatings was monitored throughout the test, using an
infrared camera setup. Failure criteria for the coating were defined as the spallation of
at least 30% of the total topcoat area. In fact, 8YSZ TBC is notably resistant to thermal
shock, and, thus, was used as a benchmark to compare against the performance of a t’+c
zirconia TBC and 20YSZ TBC or Gd2Zr2O7-based TBCs. The spallation areas on those TBCs
were identified using the image analysis method and are shown in red color in Figure 9. A
plot of the coating spallation percentage with increasing cycle numbers is also presented
in Figure 9a. At 1000 cycles, the t’+c-phase ZrO2 TBC exhibited an approximately 17%
failure, while the t’ 8YSZ TBC exhibited a 35% failure, which is close to the 30% threshold
for the TBC failure criteria. Between 1000 and 2000 cycles, the t’+c phase TBC had a lower
spallation percentage than the t’-phase TBC; however, both types of TBCs showed a linear
increase in spallation percentage as the cycle number increased. Previous studies have
indicated that both types of TBCs should be able to survive at least 2000 cycles in a furnace
BRT test without experiencing intense gas velocity erosion damage. With this special
BRT setup in the current study, it is assumed that the severe coating damage and failure
were attributed to the combined factors of thermal-driven stress, due to rapid cooling
and the large thermal gradient across the TBCs, and the erosive impact damage from the
high-velocity gas stream on the topcoat surfaces.
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The thermal shock test, conducted with a sample subjected to 1000 cycles, revealed
that the spallation of the topcoat TBCs was mainly located around the edges, and gradually
initiated TBC loss in the central areas. This phenomenon is attributed to the so-called edge
effect, which occurs due to the sharp edge causing the localized concentration of thermal
stress. The microstructure analysis of cross-sections of the TBCs identified locations of
coating failure within the samples. Before the completion of 1000 cycles, it was discovered
that failure occurred primarily within the topcoat or in the 8YSZ interlayer—topcoat
interface; however, after this threshold was reached, the main failure migrated to the bond
coat and topcoat interface. The surface photographs in Figure 9b indicate the uniqueness
and differences in the TBC damage modes. The t’+c TBC is cavitation-like, with substantial
localized coating loss, while the t’ TBC is tunnel-like, with deep hollow pockets down to
the bond coat.

The failure mechanisms of TBCs under various burner-rig test conditions were thor-
oughly explored. Possible TBC failure modes addressed herein included delamination due
to thermal and/or TGO-induced stresses, sintering, phase transformation, and erosion. Us-
ing the special burner rig setup employed in this work and experimental observation, it was
determined that the spallation of the TBCs that was initiated on the edge regions was due
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to a concentration of thermal stress during the early cycling time, typically after fewer than
1000 cycles. This type of TBC edge spallation is commonly observed on disk-like specimens.
As thermal cycling progressed, micro-cracking began to spread, both within the splats
and along the boundaries of said splats (Figure 9b). When the high-velocity gas stream
impacted the TBC surfaces, it could attack the defective splats in the topcoats preferentially
and erode the coating material selectively, eroding material from the porous and cracked
coating areas. The t’+c phase TBC sample has multiple-mode porosity, including porous
clusters that are more prone to erosion loss, as observed from the surface photographs in
Figures 3 and 6. The TBC sample with a single-mode porosity structure demonstrated poor
resistance to localized erosion attacks, resulting in a tunnel-like coating loss due to splat
chipping, caused by intense thermal stress and high-velocity gas impact. Conversely, the
multiple-mode TBC showed greater strain tolerance under thermal cycling conditions and,
thus, exhibited lower spallation rates. The linear relationship between coating loss and the
number of cycles indicates that damage to the TBCs was progressive and continuous along
with the increasing cycles. This behavior is distinct from that observed in furnace BRT tests
conducted solely under thermal cycling conditions; the combined effect of primary thermal
cycling (leading to cracking of coatings and laminar delamination of splats) along with the
secondary impacts of high-velocity gas (leading to fatigue, erosion, and material removal)
meant that the TBCs experienced increased degradation.

3.3. Solid Particle Erosion Test

Zirconate-based thermal barrier coatings (TBCs), such as Gd2Zr2O7 or La2Zr2O7, are
known to have a higher temperature capability than zirconia-based TBCs, but they have
inferior erosion resistance. These materials are considered as promising candidates for
next-generation TBCs. Therefore, the erosion resistance of the t’+c phase TBC was tested
and compared with a single-phase Ga2Zr2O7 TBC. The morphologies and surface profiles
of the TBC specimens after the erosion tests were inspected on the eroded surfaces with
an optical microscope and a digital microscope, and some results are given in Figure 10,
which shows the dependence of the geometry and size of the erosion scars on impingement
angles from 20◦ to 90◦. Macro-photographs of the eroded scars indicate that the width of
the erosion scars increased with increasing impact angles, and that the geometry of these
marks changed from an elongated ellipse shape to a near-round shape. Furthermore, there
were three distinct erosion regions that were identified: (i) Zone 1, which was located at
the center of each scar and featured the greatest amount of erosion; (ii) Zone 2, which was
situated between the center and the outer edge region and experienced medium levels of
erosion; and (iii) Zone 3, found in the outer edge region and exhibiting the least erosion. It
was observed that the maximum depth of erosion always occurred in Zone 1 due to the
uneven distribution of grit particles across radial areas, as identified by other studies. As
such, it is difficult to accurately characterize the erosion rate of coatings by measuring the
maximum thickness lost, using a measurement tool such as a micrometer. As represented
in Figure 10c, a digital 3D microscope was used as a useful and necessary tool for the
precise measurement of the surface profile, to determine the maximum eroded depth after
the SPE tests.
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The erosion rates for the TBC specimens were determined using three methods. The
results of the erosion rates measured using method 1, recording the erosion rate at µm/s,
are shown in Figure 11a. Other methods were used; method 2 measured the erosion rate at
g/s (coating mass loss), while method 3 measured the erosion rate at g/g (coating mass
loss/grit mass). Figure 11b provides a comparison of the erosion rates resulting from the
three methods. The results can be summarized and interpreted as follows:

• Among all the specimens, the group of phase composite TBCs showed much lower
SPE erosion rates than the group of zirconate TBCs.

• The sintering treatment at 1300 ◦C was more influential for the t’+c phase TBCs in
reducing the erosion rate relative to the Gd2Zr2O7 TBCs. However, the thermal aging
of the Gd2Zr2O7 TBCs had little effect on the erosion rate.

• It has been clearly demonstrated that the impinging angle of the TBCs has a substan-
tial impact on their erosion behaviors. Samples exposed to angles greater than 60◦

exhibited significantly increased rates of erosion. It appears that a mode combining
both brittle and rough material properties is best suited for describing the erosion
behavior of both groups.

• The comparison of erosion rates obtained from three separate methods revealed the
presence of commonly overlapping regions of high erosion rates, as a function of the
impact angle. For instance, in the case of an as-sprayed composite TBC, an overlapping
region of high erosion rates was observed to be between 60◦~75◦, while in the aged
composite TBC, this shifted to 75◦~90◦. This shift may suggest that the sintering
treatment has caused a variation in the primary cause of erosion losses. Consequently,
these common regions for each type of TBC can serve to indicate the dominant erosive
behavior with respect to impact angle. The maximum erosion rate observed can be
attributed to two distinct mechanisms, namely, a ductile erosion mechanism for alloy
materials at lower impact angles and a brittle erosion mechanism for ceramic materials
at higher impact angles. The topcoat coating is composed of a ZrO2-based ceramic
material, which is known for its high toughness as well as its porosity. This composite
material exhibits both ductile and brittle properties when subject to an intermediate
impact angle.
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Surface topographic photos were taken of the eroded TBCs using SEM and are shown
in Figure 12. SEM images of two types of TBC coatings at different impact angles revealed
various key features: (i) low-angle samples showed distinct eroded grooves or plunges
along the impinging direction; (ii) medium-angle samples displayed a combination of
oriented grooves and craters; (iii) high-angle samples presented even surface roughening;
(iv) the t’+c YSZ–TBC showed higher surface roughness, compared to Gd2Zr2O7 TBC, with
both ductile and brittle characteristics. These findings suggest that erosion initially takes
place in the low-density regions of the TBC samples. Previous studies have also indicated
that the coating porosity can be reduced from 13%~15% to 8%~10% when plasma power is
increased by 15%~20%. As a result of this density increase, the erosion resistance of the t’+c
YSZ–TBC may be improved due to the decrease in weakly connected areas, mainly porous
clusters in the coating. Therefore, the zirconate TBC may experience decreased erosion
resistance due to the loss of its fracture-toughness KIc, as described by the brittle-mode
failure mechanism. The erosion results of the as-sprayed and sintered TBCs in Figure 11
supported the above analyses regarding the effect of coating density on the different erosion
behaviors of the two TBC systems.

The solid particle erosion (SPE) behavior of a coating system can be affected by various
factors, at least in terms of including the complex interaction between the erosion factors
with the impacted surface, as revealed in previous studies [35–37]. As to the erosion
mechanisms for typical TBCs, three different types of SPE were reported, based on the
observation of eroded areas on the tested coatings [38,39]. The erosion test results indicated
that the as-sprayed composite TBC had a significantly lower erosion rate than the aged
TBC, which can be attributed to its higher fracture toughness, KIC. Further thermal aging
at 1300 ◦C caused the sintering of the coating and subsequently reduced the fracture
toughness. This reduction in fracture toughness explains the observed result that after
aging treatment, the aged TBC was worse at resisting erosion damage. In light of all the
obtained data, it can be concluded that a combined ductile/tough and brittle mode is better
suited for describing the erosive wear behavior of TBCs, particularly when examining
samples with high impingement angles.
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3.4. CMAS Corrosion Test

The samples of TBC were examined in air at 1250 ◦C for 5 h, with a CMAS dosage of
approximately 35 mg/cm2. The effect of the YAG additive on the two-phase TBC sample
to improve its resistance to CMAS was compared with 8YSZ and t’+c phase TBC samples.
All the tested samples showed varying levels of damage due to attacks from CMAS. The
8YSZ TBC sample experienced the most significant deterioration, as demonstrated by
spallation, mass loss, and deep penetration into the topcoat. Delamination and separation
occurred over multiple layers when viewed from above. The t’+c-phase TBC sample
exhibited cracking behavior within the coating, and the evidence suggests that CMAS
penetrated only the near-surface region of the topcoat. However, nearly half of the entire
coating area experienced the spallation loss of ceramic material. The YAG–modified TBC
sample showed enhanced resistance to CMAS by reducing the material loss and keeping
the damage localized to certain areas. No coating spallation occurred; instead, buckling of
the material was observed in the topcoat as a result of primary coating failure. A visual
inspection before and after cooling from 1250 ◦C to room temperature revealed that damage
had occurred during this process, with a layer of approximately 100 µm being removed
from the surface of the coating. It is assumed that this layer is formed due to CMAS
infiltration in the layer, and the “dark grey” phase could be a new phase due to the reaction
between the CMAS and the YAG composite material, as shown in Figure 13. Based on
the depth of the CMAS infiltration, it can be concluded that the addition of YAG to the
composite ceramic matrix has inhibited the mobility of the CMAS attack frontier, thus
slowing down the coating damage to some degree.

Long-exposure CMAS corrosion tests were conducted for the aforementioned TBC
samples at 1250 ◦C for 120 h, with the purpose of further investigating the degree of
CMAS attack and the failure mechanisms of the TBC samples with different chemical
compositions. Firstly, it is confirmed that the CMAS attack becomes more severe and leads
to more damage to those same TBC samples with increased exposure times. Secondly, in the
case of the 8YSZ TBC sample, the most severe CMAS attack on the topcoat was observed.
The topcoat delaminated and spalled almost entirely at the bond coat and topcoat interface.
This indicates that the TBC had lost the protection given by the topcoat. The t’+c phase TBC
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sample shows multiple layered separation and partial spallation, leading to substantial
material loss. The coating damage occurred mostly within the ceramic layer and at the
interface of the 8YSZ layer and the composite layer. Thirdly, the t’+c+YAG phase TBC
sample exhibited the best CMAS attack resistance among the three TBC samples, although
the CMAS attack and coating loss are still quite visible. A small area of the original coating
surface is reserved with the spallation, while the rest of the coating area is removed evenly,
possibly indicating a more uniform CMAS attack in the coating region. The microstructures
of the tested TBC samples reveal the CMAS penetration and migration into the coatings in
various ways.
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Table 2. There are three zones by color contracts. In addition, a dark surface layer above 
the coating is detected. The compositions of the three zones were found to be similar to 
those observed in the sample exposed to CMAS for 5 h, suggesting that the attack process 
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Al and Y originating from the YAG, indicating a reaction between CMAS and YAG on the 
coating surface during long-term exposure. This reaction product was determined to be 

Figure 13. Microstructures of the tri-phase (t’+c+YAG) TBC specimens after CMAS attack tests at
1250 ◦C for 5 h: (a) coating attacked by CMAS in the near-surface area; (b) a close look on the
CMAS-attacked area.

The CMAS-attacked tri-phase TBC samples were subsequently examined via an anal-
ysis using SEM/EDXS methods. The cross-sectional views of the TBC of the 120–hour
exposure samples are given in Figure 14, and the element chemical analysis results are in
Table 2. There are three zones by color contracts. In addition, a dark surface layer above
the coating is detected. The compositions of the three zones were found to be similar to
those observed in the sample exposed to CMAS for 5 h, suggesting that the attack process
is consistent. The dark surface layer was chiefly composed of CMAS elements, along with
Al and Y originating from the YAG, indicating a reaction between CMAS and YAG on the
coating surface during long-term exposure. This reaction product was determined to be
NaO26Si6Y9 via X-ray diffraction analyses conducted on a mixture of CMAS and tri-phase
TBC. The coating separation takes place in the inner coating (Figure 14a), corresponding to
the severity of a CMAS attack with increasing exposure time.
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Figure 14. SEM cross-sectional images and the corresponding scanning maps of EDXS elements for
the tri-phase TBC sample after CMAS corrosion tests at 1250 ◦C for 120 h: (a) Backscattered electron
(BSE) image; (b) element scan map for aluminum; (c) element scan map for silicon; (d) element scan
map for yttrium.
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Table 2. Results of SEM/EDXS analyses in the tri-phase (t’+c+YAG) TBC after the CMAS corrosion
test at 1250 ◦C for 120 h.

Point#

t’+c+YAG TBC: SEM/EDXS Results, wt. % Average

Detection Layer/Zone
Main Elements

Zr Al Ca Y Si Mg Na RE

P1-5 Dark surface layer 0 28 20.4 7.8 42.3 0.3 1.1

P6-10 Dark gray affected zone 0 26.6 0.9 70.9 1 0.6

P11-15 Light gray affected zone 88 0.5 0 11.3

P16-20 Main coating zone 69.7 0.1 0.2 6.4 0.5 0 23

The effect of CMAS dosage on the CMAS corrosion behavior of two-phase TBC was
tested in air at 1250 ◦C for 25 h, with the surface dosages of CMAS sand of 5, 15, and
35 mg/cm2, respectively. The surface morphologies and the cross-section microstructures
of the tested TBC samples are examined and the paths of CMAS infiltration into the coatings
are schematically shown in Figure 15. The effects of CMAS on TBC samples are evident,
with the degree of damage increasing in accordance with an increase in CMAS dosage.
Damage modes for the TBC samples include surface buckling at a mass load of 5 mg/cm2,
major cracking and delamination or spallation within the ceramic layers at 15 mg/cm2 and
catastrophic spallation at the bond coat/topcoat interface at 35 mg/cm2. The distribution
of molten CMAS that had adhered to the TBC surfaces shows discontinuous coverage at a
low dosage of 5 mg/cm2; in addition, there was locally concentrated coverage at a medium
dosage of 15 mg/cm2, and nearly complete coverage at a high dosage of 35 mg/cm2. This
infiltration process is divided into two stages: wetting and the spreading of molten CMAS
on the TBC surfaces.
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dosage with full surface coverage.
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This process begins with a short-time spread-out stage, followed by a long-duration
liquid flow stage. It has been reported that CMAS melts and wets the surface of samples
at 1250 ◦C, with the dynamic contact angles decreasing drastically over time during this
spreading process; contact angles range from 3◦ to 20◦, depending on the substrate. In
thermal sprayed TBCs, these contact angles can vary, due to factors such as roughness, or
grain size defects in the coating. Upon reaching a steady state in the spreading process,
infiltration follows, beginning from the locations of coating defects. In Figure 15, several
types of coating defects are indicated in the TBC topcoat. Cracking Type 1 refers to the
intrinsic cracking of a coating that occurs during its formation, with dimensions typically
being on the microscale. Cracking Type 2 is caused by the penetration and associated strain
due to CMAS; this typically has macroscopic dimensions. Cracking Type 3 develops as a
consequence of Cracking Type 2, leading to delamination, spallation, and/or the buckling
of the coating. Macro- and micro-porosities in these coatings provide entry points for
CMAS penetration when molten. Following entry, CMAS will continue to penetrate into
the coating via defects such as widespread cracks and large pores.

The effects of CMAS dosage on the penetration behaviors of the tested TBC samples
can be explained as follows. In the case shown in Figure 15a, with a low CMAS dosage, the
molten CMAS is only dispersed locally due to its lacking sufficient mass and/or surface-
wetting qualities. The low coverage reduces the number of possible CMAS infiltration start
points by means of surface macro-sized defects (interconnected pores and open cracking). In
the case shown in Figure 15b with a medium CMAS dosage, the CMAS coverage is increased
and there are more defective locations available for CMAS penetration. In the case shown
in Figure 15c, with a high dosage of CMAS, the coating surface should be fully covered
by a layer of molten CMAS, so that the likelihood of CMAS infiltration is maximized. The
CMAS layer can also provide a sufficient supply for continuous penetration from the coating
surface to the inner coating, finally reaching the interface of the topcoat and bond coat. In
the earth’s atmospheric environments, the concentration of sand particles such as PM2.5
has been investigated. Relatively low levels of fine dust are reported as 5~35 µg/m3 [40].
However, some natural events, such as volcanic eruptions and dust/sandstorms, led to
elevated levels of fine particulates that are as high as 13,000 µg/m3 [41]. The ingestion
of those dust particles into gas turbine engines can cause severe hot-section component
damage for both military and commercial aircraft when operating. At present, the safe
operating level for GTEs is set to below 2000 µg/m3 [42]. In this study, the effect of CMAS
dosage on the CMAS attack severity was confirmed, and the most aggressive attack was
confirmed at the highest dosage of 35 mg/cm2.

The beneficial effects of certain additives, such as YAG, RE oxides, and their com-
pounds, have been explained by the optical basicity theory [43–45]. Trucer et al. proposed
the use of optical basicity as an initial criterion for selecting CMAS-resistant environment-
barrier coatings (EBC) made from ceramic materials. Specifically, they identified Si-free
YAlO3, γ-Y2Si2O7, β-Yb2Si2O7, and β-Sc2Si2O7 ceramics as promising choices, due to their
small difference in optical basicity with respect to CMAS (typically, 0.55~0.65 W/m K). It
has been shown that large discrepancies between the optical basicities of CMAS formers
and thermal barrier coatings (TBCs), which are typically greater than 0.8, result in more
severe degradation and the attacking of the TBC. Kumar et al. showed that a YAG TBC
(Λ = 0.70) has a lower K when there are two types of CMAS used, compared to a conven-
tional YSZ TBC (Λ = 0.87). The reactivity and resultant damage caused by the CMAS
attack were found to be substantially lower for the YAG TBC samples. It is theorized that
this effect can be attributed to the transition of CMAS into crystalline phases, as well as
the inhibition of reactive oxides in reducing corrosion. These theories are applicable to
the improved resistance to CMAS corrosion that was observed in both two-phase and
YAG-modified tri-phase TBC samples.
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4. Conclusions

This study aimed to explore a path toward developing durable TBCs with improved
multi-properties that are capable of handling extreme environment applications. A novel
concept using phase composite ceramics was adopted for the topcoat material design and
the fabrication of the phase composite TBCs via the APS process. The advantages of the
exemplary TBCs with dual-phase and tri-phase structures over the single-phase TBCs were
demonstrated in a variety of property tests:

• The thermal exposure test at 1300 ◦C was performed to evaluate the phase thermal
stability and sintering behavior of two-phase composite TBCs. The XRD analysis
results indicate that high phase stability was achieved without phase transformation.
In terms of the single-phase 8YSZ-TBC, the phase composite TBCs show better thermal
sintering resistance.

• Thermal conductivity K, for the as-sprayed two-phase TBCs was measured as
0.45~0.65 W/m K at the temperature range of 1000~1200 ◦C. This demonstrates the
merit of low-thermal conductivity TBC. Thermal aging at 1300 ◦C led to an increase in
K values.

• The burner-rig test was proven to significantly accelerate the TBCs’ deterioration and
failure. The thermal cycling lifetime of the t’+c phase composite TBC is acceptable and
is comparable to that of the baseline of the single t’-phase, 8YSZ-TBC.

• The results of the solid-particle erosion show that the erosion rates of the TBCs tested
strongly depend on the impingement angle, while the highest erosion rates existed in
the medium- and high angle ranges from 60◦ to 90◦. The t’+c zirconia TBC has demon-
strated low erosion rates relative to the single-phase zirconate TBC. The combined
mode of ductile or tough and brittle modes had been utilized to elaborate the TBCs’
erosion behaviors and erosion mechanisms.

• Tri-phase TBCs were obtained by adding a third YAG phase to the t’+c zirconia topcoat,
then they were investigated for CMAS corrosion tests at 1250 ◦C for the maximum
exposure time of 120 h. In all the tested TBC samples, the CMAS attack was found to
be very aggressive and caused coating damage. Compared with single-phase 8YSZ
TBC, the degradation of the t’+c TBC and its YAG-modified TBC is inhibited, to some
degree. In particular, the YAG additive is more effective in slowing down the process
of CMAS infiltration, due to the formation of crystalline compounds with low mobility
in the chemical reactions of the YAG phase with molten CMAS.

• The overall performance of the phase composite ceramics in the experimental tests
proves their potential as promising TBC topcoats for next-generation advanced gas
turbine engines that are operating in extreme environments.
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