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Abstract

The aerospace industry is facing challenges in meeting environmental and energy demands,
which require a reduction in fuel consumption, emissions and production costs while improving
the efficiency of aero-engines. One way to achieve this is by developing a thermal barrier
coating (TBC) on the hottest components of the turbine to increase its inlet temperature.
Different methods are used to deposit TBC, including air plasma spray (APS) and electron beam
physical vapor deposition (EB-PVD), with each having its advantages and disadvantages.
Current process developments are constantly trying to find a good compromise between
intrinsic material properties, production cost and feasibility. With this in mind, suspension
plasma spraying (SPS) has emerged as a viable option that can replace some applications.

However, in service, complex loadings and environmental contaminants such as calcium-
magnesium-aluminosilicate (CMAS), damage the TBC and reduce its durability. After
presenting the SPS process, its application to thermal barrier coatings and industrialization
challenges of the process, the chapter discusses the effects of CMAS infiltration on TBC and
the methodologies used to characterize the damage during engine operation. Then, it explores
potential solutions to mitigate CMAS attack, including modifying the coating composition,
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introducing additional layers, using SPS coatings, and developing “CMAS-superphobic”
surfaces.
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1. Introduction

Climate change, caused by the release of greenhouse gases from human activities such as
burning fossil fuels, is having a significant impact on the planet and is increasingly becoming
amajor concern for society [1], [2]. As a result, there is growing pressure on industries to reduce
their greenhouse gas emissions and transition to more sustainable practices. This pressure is
coming from a variety of sources, including governments, investors, consumers, and activists.
Many industries, such as the power, transportation, and manufacturing sectors, are facing
increasing regulations and incentives to reduce their emissions, as well as growing demand for
sustainable products and services [3]. Some companies are also taking voluntary actions to
address their climate impacts, such as setting emissions reduction targets and investing in

renewable energy [4].

Aviation is one of the fastest-growing sources of greenhouse gas emissions. In 2021 aviation
accounted for over 2% of global energy-related CO emission due to the burning of fossil fuels
and this percentage is projected to grow in the future as air traffic increases. The International
Air Transport Association (IATA) predicts that the number of air passengers will triple by 2050,
to about 8.2 billion per year [5], considering the emergence of the tourism, the demographic
and economic development, especially in Asian countries. The aeronautical designers anticipate
a clear high demand for passenger and cargo aircrafts (see Fig. 1). Airbus foresees 39,500 new
passenger and freighter aircraft deliveries over 2022-2041 [6], while Boeing plans forecasts
demand for more than 41,000 new airplanes by 2041 [7].
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Fig. 1 Airbus freighter and passenger aircraft delivery forecasts for the period 2022-204, data
collected from [6]

Additionally, the high altitudes at which aircraft fly can result in the formation of contrails,
which can also contribute to warming [8]. Therefore, there is a growing interest in developing
more sustainable aviation technologies and practices to reduce the environmental impact of the

aerospace industry.

In 2008, leaders from across the industry came together at ATAG's (Air Transport Action
Group) Aviation and Environment Summit to present a strategic vision for sustainable aviation,
signing the Climate Change Action Commitment [9]. In October 2021, the global aviation
industry took its climate commitment a step further by declaring that it will achieve net zero
carbon emissions by 2050, supported by accelerated efficiency measures, energy transition and

innovation across the aviation sector and in partnership with governments worldwide [10].

There are several ways to reduce emissions from current aircraft engines. One of them is to
improve engine efficiency to generate more power while using less fuel. This is accomplished
by increasing the inlet temperature of the turbines, allowing the fuel to burn at higher
temperatures and pressures [11], [12]. The result is more thrust per unit of fuel consumed,
resulting in a more fuel-efficient aircraft. An internal cooling network and the use of a thermal

barrier coating can allow an aircraft engine's operating temperature to be increased by



effectively dissipating heat from the hottest components [13]-[15]. A commonly used thermal
barrier coating for high-pressure turbine blades is a multi-layer system consisting of a bond
coat, a thermally-grown oxide and a ceramic topcoat that are deposited on a single crystal
nickel-based superalloy [15], [16]. The bond coat bonds the other layers to the substrate and
protects it from oxidation by forming a stable, slow-growing, adherent alumina layer. The top
coat provides insulation to protect the blade from the high temperatures encountered during
operation. It is usually made of yttria-partially stabilized zirconia (ZrO-6 at 8% wt. Y203). This
material was chosen because of its high coefficient of expansion for a ceramic, its low thermal
conductivity, its high toughness, its structural stability at high temperatures, its chemical
stability against the oxidizing environment of fuel gases, its compatibility with the underlying
alumina layer and its compatibility with a deposition process. Its intrinsic properties are largely

controlled by its microstructure, which depends on the deposition process.

Currently, two deposition techniques are commonly used to deposit the ceramic topcoat [17].
In systems with low mechanical stress as engine’s combustion chambers, it is deposited by
atmospheric plasma spraying (APS). The coating has a lamellar microstructure that reduces its
thermal conductivity. For more stressed systems, such as aeronautical turbine blades, the
topcoat is deposited by evaporation (EB-PVD: Electron Beam Physical Vapor Deposition) and
has a columnar structure, which is advantageous for mechanical properties (better strain
tolerance and thermal shock resistance) but detrimental for thermal properties. In addition, EB-
PVD has several other drawbacks: high cost, complexity of operation and maintenance, low

deposition rate, high-energy consumption and limitation of deposition to small areas [16].

Today, coating processes based on the simpler principle of APS are being developed; they aim
to replicate in some way the microstructure of EB-PVD coatings but with lower thermal
conductivity [11], [17]-[20]. They include plasma spray physical vapor deposition (PS-PVD),
solution precursor plasma spray (SPPS), and suspension plasma spray (SPS). It is expected that
they will be used for both the combustion chamber and the high-pressure turbine components.
Suspension plasma spray process is now emerging at an industrial level and will be the focus

of this chapter.

In service, high-pressure turbine blades are subjected to damage mechanisms that are classified
into intrinsic and extrinsic mechanisms [21]. The latter are related to particle ingestion and

severe environment and will be described in detail in section 2 of this chapter.



The intrinsic mechanisms are induced by the differences in thermomechanical properties of the
different layers of the system. Indeed, the operation of the engine at high temperature (1200°C)
leads to the dissociation of the metastable phase of the yttria- partially stabilized zirconia (noted
“YSZ” in the chapter) into a cubic phase, richer in yttrium, and a quadratic phase, poorer in
yttria, which is likely to be transformed into a monoclinic phase (<200°C) during the cooling
of the engine [22]. These phase changes induce localized volumetric variations of the thermal
barrier, creating residual stresses, which can lead to delamination of the TBC [23]. In addition,
TBC is subject to thermal aging. Repeated flight cycles above 1200°C lead to its sintering, i.e.,
densification of the thermal barrier, which induces additional residual stresses during engine
cooling and reduces the thermal insulation capacity of the TBC. Finally, the thermomechanical
fatigue at high temperature (>1100°C) leads to an evolution of the interface between the under-
layer and the ceramic. This evolution depends on the morphology and the nature of the bonding
layer, but also on the thermal conditions surrounding the system (isothermal or not). This
interface zone, called TGO (Thermally Grown Oxide), is an alumina (a-Al2O3) oxide, which is
necessary to limit the corrosion phenomena. However, the progressive oxidation of the bonding
layer will increase the thickness of this layer during engine thermal cycles and induces high
residual compressive stresses during cooling (3 to 6 GPa at room temperature [24]. The stress
relaxation then deforms the surface of the TGO (“rumpling” or "ratcheting” phenomenon),
causes localized separation zones at the TGO/ceramic interface and promotes the nucleation of
cracks [21], [24]. These defects grow as the thermal cycles are repeated, until they cause
spalling of the TBC.

The increase in temperature inside the engine leads to additional extrinsic damage mechanisms
as dust, sand, and volcanic ash, commonly referred to as calcium-magnesium-alumino-silicates
(CMAS), which are ingested by aircraft engines, melt at a temperature close to 1240°C [24]
and infiltrate the top coat. This infiltration leads to chemical reactions with the partially yttria-
stabilized zirconia and induced mechanical stresses during engine cooling, which can be very
detrimental to the lifespan of the thermal barrier coating system [21]. Therefore, new thermal
barrier coating systems need to prove their thermomechanical performance and durability in a
harsh environment where they can be subjected to the CMAS problem.

This chapter mainly addresses this issue and focuses on CMAS infiltration mitigation strategies
using suspension plasma spray (SPS) coatings. It first describes the SPS process and its current

challenges, keeping in mind an objective view of economic, industrial, and technological



realities. It then describes the thermomechanical degradation and chemical reaction between
the TBC and molten CMAS. Next, it presents some methodologies used to evaluate the behavior
of thermal barrier coating systems during engine operation and their resistance to CMAS attack.
Finally, it presents the current potential solutions against CMAS attack including the use of

SPS coatings. The conclusion provides some perspectives on potential solutions.

2. Suspension Plasma Spray

2.1. Process description

Thermal spraying belongs to the family of dry deposition techniques and refers to ballistic
processes. It consists in accelerating and spraying solid particles on a prepared surface to form
a coating resulting from the accumulation of flattened particles (splats). The deposition
mechanism is based on the deformation of particles at impact and it can be achieved at low
temperature only for metallic particles due to their plastic deformation [25]. However, in the
case of micron-sized ceramic particles and owing to their brittle property, they have to be in
molten or semi-molten state to form splats upon impact. A thermal plasma jet, generated by a
non-transferred arc plasma torch, is usually used as a relevant heat and momentum source for

high-melting point materials like ceramics [26].

A plasma forming gas mixture (e.g. Ar, Hz, N2 or He) is injected into the torch body while an
electric arc is generated between the electrodes with a particular design including the inter-
electrode space, the gas injection ring and eventual neutrode stack arrangement [27]. Plasma
jet’s core temperatures at the nozzle exit can reach up to 13,000 K [28], [29]. The velocities of
the plasma jet are between 900 and 2000 m-s™* depending on plasma conditions, torch design
and electrical power [30]. In Atmospheric Plasma Spraying (APS), the powders, processed at
atmospheric pressure, have diameters generally between approximately 5 and 50 um. They
enter the plasma core and move with a velocity on the order of 150 to 300 m-s™ [31]-[33],

resulting in the formation of lamellar coatings with a porosity on the order of 5 to 20% [31].

At the beginning of the 2000s, the needs of new generation thermal barrier coatings used in

harsher environment, prompted research into improving the thermal insulation and



thermomechanical performance of TBCs. This has led to the development of thermal spray
processes that take advantage of nanometer and submicron materials [34]—[36].

The submicron-sized particles must have enough momentum to penetrate the plasma jet. The
technological choice was therefore to trap them in a liquid phase to efficiently inject them in
the plasma core. This injection method has highlighted some major issues related to plasma
interactions with the liquid phase and to the subsequent particles’ treatment. The liquid phase
is composed of submicron particles dispersed by means of chemical additives within an aqueous
or alcoholic solvent forming a suspension. The key properties of the suspension, such as
density, viscosity, surface tension, vaporization latent heat of the liquid depend on particle size
distribution, solvent, and powder loading rate. The suspension properties associated with the
injection direction (axially or radially to the plasma jet) have a predominant influence on the

deposit microstructure due to plasma/suspension interactions [37], [38].

Suspension plasma spraying (SPS) process has succeeded in attracting the interest of
researchers and manufacturers due to the easy obtention of a relatively large range of
microstructures. SPS has become a competitive deposition process of thermal barrier coatings
not only in terms of improvement of coating properties but also in terms of cost-effectiveness
[16], compared to the EB-PVD process. However, plasma-related process parameters must be

considered and require specific optimization for each type of desired microstructure.

2.2. Process parameters influencing the coating formation

Empirical models obtained from the observations of the first layers of SPS coatings suggest that
particle size, direction and impact velocity have a dominant influence on the resulting coating
morphology [19], [39]-[45]. The surface preparation of substrates is also a significant
parameter, especially the surface roughness (mainly Ra and Rsm) [40], [46], [47]. The size of
impacting particles and their directions upon impact combined with the surface roughness lead
to a "shadow effect”, particularly accentuated by the smallest particles [41]. Indeed, for low
Stokes numbers (<1), particles tend to follow the streamlines of the plasma flow which means
that their velocity component parallel to the substrate surface is increased. Larger particles, less
subjected to plasma jet streamlines, form large splats onto the substrate surface, giving rise to
more homogenous and larger columns and/or homogeneous lamellar structures. A critical

impact velocity between 50 and 70 m-s? is required to ensure particle spreading of a YSZ
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suspension of median diameter 0.7 pm [48], [49]. Below this critical velocity, fine particles do
not spread on the target surface, even when the target is preheated to high temperatures
(approximately 500°C). These particles with low Stokes numbers and low impact velocities
form stacking defects (porosities, encapsulated particles, ...) in the coating microstructure,

promoting columnar structures.

The formation of SPS coatings and their microstructures depend on the heat and momentum
transfers from plasma species to particles that govern their trajectories in the plasma jet.
Submicron and nanometric-sized particles will be more strongly subjected to the lesser
hydrodynamic fluctuations of the plasma flow [50] and to all velocity and temperature gradients
encountered during their flight [51], [52], [53].

Three main categories of first-order operating parameters are important to control: 1)
suspension properties and injection method, 2) plasma torch parameters (torch design, arc
current, electrical power, plasma forming gases, their mass flow rates), 3) bench conditions
(spraying distance, scan velocity, substrate surface condition) [19], [39], [45], [53]-[57].

The torch parameters should be optimized according to the suspension properties to promote
the suspension fragmentation and solvent evaporation into the plasma jet [37]. A high electrical
power of the torch and a high total mass flow rate of the plasma forming gases promote
respectively the degree of solvent evaporation and particle melting on the one hand, and the
efficiency of fragmentation and the low residence time of particles in the plasma on the other
hand [54]. The average plasma specific enthalpy and the average plasma velocity are the
derived physical properties from these torch parameters. They can be used as generalized
measures to study the evolution of coating morphologies. For instance, a study showed the
impact of these measures on the width and densification controls of columns in SPS coatings
[53]. The hydrogen content of the plasma forming gases specifically increases the plasma
enthalpy significantly and leads to better heat transfers. It turns out that a balance must be struck
between fragmentation/evaporation efficiency that provide small particle size distributions and
the need to generate particle streams with high Stokes number to achieve higher deposition rate
efficiency and fewer stacking defects (fewer particles flowing around the target or not sticking

to the surface).

The spraying distance and the scanning speed respectively modify the residence time of the

particles and the stacking area of the splats on the target. In fact, these two easily controllable



parameters have a significant effect on the direction and velocity gradients of the plasma jet as
well as on the coating morphology [59]-[63].

A wide variety of coating morphologies is thus possible to achieve due to the sensitivity of the
fine particles to each process parameter, resulting in coatings that are more or less dense,
comprising of narrow to flared columns or forming a more homogeneous lamellar layer [55],
[64], [65]. The versatility of the microstructures (see Fig. 2) that can be obtained by the SPS

process is one of its main advantages, compared to the APS process.

Fig. 2 Examples of microstructures obtained by Suspension Plasma Spraying: A dense
vertically craked (DVC), B compact columnar and C columnar microstructures

2.3. Challenges of SPS coatings: the case of high-turbine
blade TBCs

Due to the specific columnar microstructures provided by SPS, several comparative studies
have shown that, in isothermal thermo-cyclic fatigue tests at 1100°C, SPS TBCs have a longer
lifetime than APS coatings (up to 450 cycles for SPS coatings versus 300 for APS coatings for

instance) [66], [67]. There are three major reasons for this difference:

e The internal porosity of the coating that relaxes thermomechanical stresses at the
interface with the thermally grown oxide (TGO), one of the main places of damaging
with this test (further details in section 4).

e The roughness state of the bondcoat surface which affects the crack propagation energy
in the coating [68].

e The oxidation rate of the bondcoat depending on its chemical nature which will then

affect the state of stress at the TGO-coating interface.
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In these comparative studies, measured porosity levels and the columnar microstructure
generated by the SPS process allow to relax more efficiently the thermomechanical stresses at
the interface with the TGO, which is a targeted feature for high-turbine blades TBCs.

The erosion resistance of SPS coatings can also be improved to APS and EB-PVD coatings
[69], [70]. Crack propagation caused by projectile impacts is limited by the column width in
the case of columnar SPS coatings compared to APS lamellar coatings where cracks propagate
more easily between the lamellae as hypothesized by Mahade et al [69]. The depth of erosion
within these lamellar coatings also gets higher with the same amount of erosive projectiles,

meaning more coating material is delaminated compared to SPS coatings [69].

Another technical advantage of SPS columnar deposits is their low thermal conductivity.
Indeed, it has been shown that SPS coating morphology (porosity, column widths and inter-
column spaces) influences the type of thermal diffusivity mechanisms in yttria-stabilized
zirconia coatings [55], [64], [71]. In the case of a coating with "compact” columns (very narrow
inter-columnar spaces to none), there are no possible direct air conducts down to the metallic
substrate and therefore no contribution of radiation in the thermal diffusivity [46], [71]. Heat
diffusion in this coating is significantly reduced compared to coatings with more spread out
columns (diffusivity of 3.0-107" m2.s! versus 6.0-107 m2-s™* for the most “open” structure) and
is close to the dense APS coatings (diffusivity of 3.5-107 m2-s'). Some of the columnar
coatings tested in these studies also exhibit lower thermal conductivity than the EB-PVD
coatings currently used on turbine blades [64]. These results can be explained by the presence
of more tortuous air conducts or even the absence of such conducts in columnar coatings
produced by SPS compared to the numerous straight air conducts between the columns of EB-
PVD coatings. The tortuosity and width of these conducts can be controlled by changing only

the scanning velocity of the torch in front of the substrate, according to Bernard et al. [19], [71]

The greater thermal insulation of SPS coatings compared to EB-PVD coatings may also be
related to the multi-scale nature of the porosity of SPS coatings (micro-, submicro- and nano-
porosity). This multiscale porosity makes thermal conduction pathways more difficult within
the coating material compared to EB-PVD coatings with dense columns. All of this data and

assumptions are summarized in Fig. 3.
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Fig. 3 Summary of thermal conduction paths in coatings for different deposition methods [46]

Lower thermal conductivity values were also found when comparing several SPS conditions
leading to different YSZ coating morphologies compared to a dense, vertically cracked APS-
sprayed YSZ coating (thermal conductivities between 0.8 and 1 W-m™.K at 25°C for SPS
coatings versus 2 W-m™-K for APS coating) [67], [72]. All these studies show the advantage
of the multi-scale porosity obtained by the SPS process compared to coatings from currently
used technologies presenting a less varied porosity.

Nevertheless, the industrialization of this process is still encountering some “lock” regarding
the reproducibility of the coating morphology and thickness along complex surfaces such as
high-turbine blades. The morphology of the coating can vary with the curves, hollows and hills
of the blades (see Fig. 4) [40], [46], [49]. In-depth knowledge is currently necessary to better
assess particles” dynamics at impact upon these complex surfaces and to find ways to mitigate

effectively these morphological differences.

Fig. 4 Photograph of a coated high-pressure turbine blade covered after SPS (far left) and then
micrographs of the obtained coating morphologies obtained as a function of the covered surface
[46]
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The evolution of the thermal and chemical environment applied to TBCs must also be taken
into account during the development of these coating processes. Indeed, as the operating
temperatures of aeronautical turbines increase, thermal barrier coatings are facing more severe
and increasingly corrosive environments. Three types of hot corrosion encountered can be
listed:

- corrosion initiated by sodium sulfates (Na.SOa) formed during fuel combustion and by
sulfur in the fuel

- The double thermochemical and thermomechanical attack of silicate particles, named
CMAS (for CaO, MgO, Al203, SiO»-rich particles), which are ingested by the engine
during all phases of use. These particles are usually sand or volcanic ashes.

- Corrosion initiated by the combustion of so-called sustainable aviation fuels (SAF)

developed by the aviation industry to reduce their fuel consumption. [73]-[75].

The degradation mechanisms related to CMAS environment seem to be predominant for the
new generations of TBCs and their complexity requires further explanations, given in the

following sections, keeping in mind the development of SPS coatings.

3. Damage mechanisms of CMAS infiltration

The air ingested by aircraft engines contains various siliceous particles (CMAS), the nature and
size of which depend on their geological origins and the regions of the world over which the
aircraft fly (desert, volcano, urban environment, ocean...) [76]. These airborne particles are
being studied by various laboratories around the world, not for their direct effect on TBCs, but
on human health [77]-[79]. In the Earth's atmosphere, the concentration of small diameter
particles (<2.5 um: PMys) is naturally relatively low: between 5 and 35 ug-m [80], [81].
However, in highly urbanized or industrialized areas such as airports, this value can increase
up to 10-fold [81], [82]. Aviation safety authorities have set the maximum particulate matter
threshold for air travel, at 2 mg.m=. Particle concentration reach maximum values during
volcanic eruptions or sandstorms. Therefore, desert regions and areas close to volcanoes are the
places with the highest concentrations. In the deserts regions of Iran, for example, the
concentration of PMyo particles (diameter less than 10 um) reaches an average of 5479 ug-m

on sandstorm days, [83], [84], whereas during routine days (without sandstorms) the daily PM1o
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concentration averages less than 200 pg-m= in most desert regions [85]-[90]. In 2010, during
the eruption of the Icelandic volcano Eyjafjallajokull, the PMio concentration reached a
maximum value of 13,000 pg-m. As a result of this eruption, air travel had to be suspended
(108,000 flights cancelled [91]), resulting in an estimated loss of between US$ 1.7 and US$
3.3 billion to the aviation industry [92]-[94].

Take-off, landing and cruise periods, are all phases when particles are likely to enter aircraft
engines. The airflow ingested by the engine guides these particles to the high-pressure turbine
blades where the thermal environment is severe (>1600°C). However, only a portion of the
particles in the secondary air stream are deposited on the blades and initiate a chemical and
mechanical reaction on them. Several models have shown that, depending on the generalized
values of the Stokes number, a particle tends to follow the airflow or to deposit on the surface
of the blade [95]-[98]. This Stokes number depends on the morphology and chemical
composition of the particle, as well as the characteristics of the air flow (namely velocity and
dynamic viscosity) [99]. The higher the generalized Stokes number is, the greater is the
probability of a particle impacting a turbine blade.

It has been shown that it is primarily particles between 4 and 10 um in diameter that are
deposited on the turbine blades [80], [97], [100], [101]. The next sections are going to focus
solely on CMAS infiltration within TBCs and the damage mechanisms therein, letting aside
other aspects of CMAS attack on TBCs such as erosion or clogging effects into the leading

airducts.

3.1. Chemical mechanisms of CMAS infiltration attack

Silica (SiO) is the main component of CMAS particles, seconded by lime (CaO). Depending
on the content of complementary oxides contained in these CMAS particles contain (MgO,
Al>03, Fe>03, TiOo, etc.), the thermochemistry of the particle changes. In particular, the melting
point of silica (1730°C) is strongly impacted by these chemical variations. In flight in such hot
environments, CMAS particles present a significant risk of glass formation, whose reactivity
with TBC is conditioned by various interdependent physico-chemical characteristics of CMAS,
such as: particle size, basicity index, glass transition point T4, and rheological properties

(viscosity, wettability).
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Table 1 below classifies the main oxides constituting CMAS according to their thermochemical
characteristics [102]-[104] and their modes of action on the formation of a glassy network
[105].
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Table 1 Thermochemical characteristics of the various oxides involved in the composition of glassy networks

- - Cation field Rawson's
Metal S % ionicity Cationic Mgltlng Bond Strengh Strenght criterion
S Coordination . radius point Tr Fm-o T
oxidation (Stanworth's FS Fm-of Te
Number CN Lo
state criterion)
A (K) (kcal.mol?) (A?d (kcal.mol’- K1)
Acidic oxides / SiO 4 4 51 0,4 1993 106 1,23 0,053
Lattice formater
P20s 5 4 39 0,38 843 88-117 1,58 0,104-0,131
CaOo 2 8 79 1 2773 32 0,35 0,011
Basic Oxide/ Lattice MgO 2 6 73 0,72 2913 37 0,44 0,013
modifier
Na:O 1 6 82 1,02 1132 20 0,17 0,018
K20 1 9 84 1,38 646 13 0,13 0,02
4 0,39 101-79 0,94 0,038-0,049
Amphoteric oxides / Al2Os 3 63 _— 2072
Intermediate oxides 6 0,54 53-67 0,8 0,032-0,026
ZrO; 4 7-8 67 0,8 2923 81 0,83 0,023

The cation field strength is defined as FS = Z/(Rc+Ra)?, where Z is the charge, Rc and Ra are the radius of cation and anion, respectively, with the appropriate coordination
number (CN).
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The addition of lattice modifying oxides, mainly composed of alkali or alkaline-earth oxides
(such as CaO, MgO, ...), has the effect of depolymerizing the glass lattice by breaking the
bridges of the forming oxide, Si-O-Si in the case of CMAS. The alkali or alkaline-earth cation
is positioned in close proximity to one or two "non-bridging” oxygens created, to ensure
electrical neutrality. The ionic field strengths (FS ~ 0.13 — 0.44 A) are weak because of the
small size and charge of the cations. They become highly mobile in the CMAS glass, but also

ultimately have a strong polarizing effect on the chemical bonds at the interface with the TBC.

The basicity index (BI) of CMAS (Eq. 1), is used to classify CMAS into three categories,
according to their formulation [106]-[109]:

Y Basic oxides (mol. %)
> Acidic oxides (mol. %)

BI (Basicity Index) = (Eq. 1)

Intermediate oxides such as Al,Og3, TiOz, or ZrO; participate in the Bl equilibrium in two ways:

- If they act as nucleating agents (for low BIs), they result in promoting the
germination/growth of microcrystals within the glass (e.g. anorthite formation),

- If they act as a stabilizing agent of the glass network (high basicity index >2.2), they are
found in high concentrations in the melt (as amorphous phases) via the introduction of

new eutectics [103].

The composition of CMAS particles is a variable data and strongly depends on the geographical

factor. Fig. 5 compares different compositions of natural and artificial CMAS.
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Fig. 5 Composition of different CMAS used in the laboratory and naturally occurring particles (PM1o) in different regions of the world - with
basicity index for each composition, data collected from [76], [110]-[123]
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The majority of CMAS studied in the literature have a basicity index below 2.2 [103], [124]
(Fig. 5) and glass transition temperatures below 1300°C. Upon slow cooling, they can therefore
form relatively stable crystalline phases, in the polymorph range of CaSiO3 pseudo-wollastine
and anorthite (Ca,Mg)Al.Si>Osg for CAS and diopside CaMgSi>Os or merwinite Caz Mg(SiO4)2
mixed with akermanite Ca,MgSi»O7 in CMAS depending on the CaO/SiO ratio [112], [113],
[125]. For high basicity index (B1>2.2), the addition of lime, normally used in small amounts
to increase the chemical resistance and decrease the solubility of the glass, conversely causes
devitrification and an increase in the melting temperature of the mixture formed [126], [127].
The intermediate oxides act as network-forming agents to compensate for this effect. The
precipitated and crystallized phases must then contain a significant amount of calcium in their
structure. The CaO-AlOs-SiOternary phase diagrams give a very complete description of these
equilibria. The implementation of these databases, for more complex systems, combined with
thermal and XRD analyses, gives a complete description and characterization of the phase
equilibria and liquidus layers (viscosity calculation) for multiple CMAS [128]-[130].

Chemical degradations caused by sands from different regions of the world or over different
service times have thus resulted in a large number of studies that show a relatively similar
degradation mechanism for the most widely used YSZ TBCs [113], [114], [131]-[134]. CMAS
particles (less than 30 um in diameter [135], [136]), which enter the hot section of the aircraft
engine, undergo a rapid change of state and become molten, due to the very high temperatures
in the combustion chamber (1400-1800°C) as well as in the turbine inlet (around 1600°C). This
now viscous CMAS, totally or partially transformed in the combustor, sticks to the surface of
the TBCs on which the temperature of the CMAS can quickly reach the glass transition point.
There, the melt steeps into the inter-columnar spaces or into open porosities of the TBC. At the
(liquid)cmas / (YSZ)tec interface, new amorphous or crystalline oxides precipitate by
thermochemical exchanges [113], [117], [126], [128], [129], [131], [137].

The infiltration of molten particles is facilitated by their low viscosity and good wettability
towards the zirconia lattice [114], [138]. Y** cations (FS ~ 0,46 A2, close to the well-known
modifier Mg?*) diffuse progressively into the infiltrated glassy phase, and act on the non-
bridging oxygens of the glassy lattice. Zr** cations also diffuse into the glass and act as
nucleating agents similar to AI** due to their similar field strength (FS ~ 0.62 A2). They form
precipitates such as CaxZr(Y)SisO12, for low or mid-range Bl (< 2) [114], [117]. These diffusion
mechanisms lead in parallel to the formation/re-precipitation of nanometric zirconia nodules at

the (liquid)cmas / (YSZ)Tec interface (see Figure 6), weakly stabilized in yttria Y203 (t phase)
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[21], [117], [137], [139]. These globular particles or nodules are not stable, creating potentially
mechanically brittle areas over the temperature changes, due to the polymorphic nature of
zirconia over the operating temperature range of aircraft engines [23], [64], [113], [126], [140],
[141]. For high BI (>2.2), the high concentration of lime results in favored precipitation of
various cubic calcium zirconates (such as CaZrOs) [103]. The proportion of acidic cations (Si**,
A" is low, or non-existent, in these precipitated areas ensuring the cross-linking of the
infiltrated glass. All these thermochemical damages lead to a very fast degradation and
infiltration (<1min at 1240°C in EB-PVD coatings) of the TBC [114]. Only the nature of the
reprecipitated phases varies depending on the role that the intermediate oxides take, i.e.,
depending on the basicity index of the melt [113], [115], [126], [142]-[144].

Molten CMAS

Molten CMAS Molten CMAS

Interface precipitated Y3*Zr¢t  Si**Ca?
crystals:

gl ¢ CaZrO, (if BI>2.2)
and/or
Ca,Zr(Y)Sis04, (if BI<2.2)

- |

Y3 Zr¥* SittCa** Y*Zr* Si¢*Ca?*

s
4 &

o2

Fig. 6 Schematic of the dissolution-precipitation mechanism leading to the destabilization of
YSZ upon contact with glass melt. Upon exposure to the CMAS molten the tetragonal phase
dissolves more rapidly. The chemical potential gradients between the layers lead to the
formation of an intermediate phase enriched in Ca, Zr, Y, Si (such as CaZrO3 or Ca2Zr(Y)SisO12
phases). Below this zone, the Y-depleted zirconia phases precipitate epitaxially (black area)
forming a shell on the remaining undissolved YSZ core (grey area). The shell transforms into
a monoclinic phase upon cooling, and the ensuing stresses trigger transformation of the

marginally stabilized core.

The degree of intensity of CMAS melt attack on the TBC also increases with the concentration
([CMAS]) and exposure time (At) of CMAS particles inside the aircraft engine [145], [146]. To
characterize this intensity, the “particle dose” was introduced by Clarkson et al. as follows (Eqg.
2):

8 = [CMAS] x At (Eq.2)

Using this tool, they were able to generate a diagram predicting the damages ensured by a Rolls
Royce aircraft engine as a function of exposure time and airborne concentration of different
types of CMAS [147], [148] (Fig. 7).
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Fig. 7 Diagram illustrating the duration of exposure of an engine to a concentration of particles

(sand or ash), indicating safe areas of use [147]

3.2. Mechanical damages induced by CMAS infiltration
attack

Molten particle infiltration (CMAS) not only causes thermochemical degradations but also
generates significant mechanical stresses in the topcoat, leading to its spalling. These stresses
are dependent on the microstructure of the coating and evolve with the thickness of the coating,
which is probably due to the thermal gradient experienced in service [133], [140].

In the case of a dense lamellar microstructure, it appears that CMAS particles infiltrate into pre-
existing cracks and pores in the thermal barrier coating due to capillary forces that cause the
separation of the inter- or intrasplat boundaries, resulting in expansion of the coating volume.
This expansion induces compressive stresses due to the physical constraint of the substrate on
the top coat, which can lead to buckling to release the stress. This buckling process occurs at
elevated temperatures. As the CMAS gradually solidifies during the cooling process, it sets the
buckling shape, but the thermal expansion coefficient mismatch between the metallic part, the
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corroded topcoat and the non-penetrated topcoat can still cause an increase in bending [132],
[149]-[151].

In the case of a columnar coating, it appears that during cooling, solidification of the infiltrated
CMAS stiffens the topcoat (higher Young's modulus) and reduces its ability to resist
accommodative deformation. Rapid cooling appears to initiate high in-plane tensile stresses in
the topcoat, leading to the opening of vertical cracks from the top surface downward in the
thermal barrier coating. In addition, stress accumulation, probably due to thermal expansion
coefficient mismatch, promotes horizontal cracking in three main areas: just below the top
surface of the topcoat, at the interface between the CMAS-penetrated and non-penetrated areas,
and near the topcoat/bondcoat interfaces [152]. The various authors working on the subject
seem to agree on the delamination mechanisms but not necessarily on the nature of the stresses
induced during the cooling phases [140], [151], [152].

It is, therefore, necessary to provide additional answers on the mechanical stresses induced by
the infiltration and solidification of these molten particles, especially as they seem to depend
on the microstructure of the coating. It appears that these stresses are the main factor leading to
the spalling of thermal barrier coatings. This type of degradation affects all types of TBC,
regardless of the microstructure or the deposition process [113], [140], [141], [153].

In summary, the intensity and mechanisms of CMAS infiltration in TBCs vary depending on
the following parameters:

- The amount of CMAS particles deposited on the TBC surface. It is proportional, at
constant temperature, to the concentration of CMAS particles in the air and to time. It
is directly related to the Stokes number of CMAS particles in the aircraft engine.

- Temperature at the surface of the TBC. It determines the melting state of the deposited
CMAS particles. As a result, CMAS melts exhibit changing viscosity and surface
tension, increasing or decreasing contact on the TBC and the degree of the chemical
attack intensity.

- The quantity and size of open porosities, cracks, inter-columnar spaces... on the TBC
surface. They influence the number of entry points for molten CMAS into the coating
and the volume of interaction with the TBC [105], [154].

- The chemical composition of the molten CMAS. It influences the infiltration rate of
molten CMAS into the TBC as well as the nature of the phases formed at this interface

with respect to thermochemical reactivities and kinetics [103], [124], [155].
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- Engine temperature cycles. They cause repeated thermal shocks and vitrification upon
cooling of CMAS infiltrated into TBCs, leading to the accumulation of residual stresses

and eventual delamination of the attacked TBC.

Since CMAS-induced degradation of thermal barrier coatings is a complex phenomenon, it is
crucial to consider the multifactorial nature of these effects when testing the durability of TBCs.
To do so, the characterization method employed must be both appropriate and rigorously

controlled to provide the most accurate diagnosis possible.

4. Methodologies for characterizing damage to SPS coatings,
including CMAS

It is essential to consider the environment surrounding the aircraft engine parts during the
heating and cooling cycles as accurately as possible if the durability of TBC under CMAS attack
is to be realistically characterized. In the case of high-pressure turbine blades, the surface of the
TBC is naturally coated with molten CMAS particles less than 30 um in diameter and is exposed
to temperatures typically above 1200°C in a corrosive atmosphere. The underlying metal
turbine blade has multiple air-cooling channels leading to the TBC surface. These opening
channels also allow the formation of an air film on the TBC surface that simultaneously reduces
its surface temperature. At the end of the engine thermal cycle, a sharp temperature drop is
observed within 3 to 4 minutes. Thus, in order to evaluate the thermal barrier resistance to the
environment in which it evolves, the means of characterization must be able to simulate as well

as possible these thermal, mechanical and chemical constraints.

Two main tests are currently used to characterize the durability of TBCs at high temperature:
the isothermal cycling test and the thermal gradient cycling test. In both cases, the durability of
TBCs is evaluated by the number of cycles performed before the spallation of the ceramic layer
at atmospheric pressure. The major difference lies in the thermal loads which are more or less
representative of the thermal history experienced by the parts in service. It is also important to
note that on the most common test benches reported below, the degradation mechanisms
induced by the corrosive atmosphere of the engine are not yet well considered or well recreated.
This section will, therefore, not focus extensively on this aspect.
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4.1. Isothermal cycling test

The most common test in industry and laboratories is the isothermal cycling test. This test is
relatively simple to implement and requires little equipment (furnace). It consists of three main

steps (see Fig. 8):

1. Introduction of the samples into the oven at the targeted temperature (usually 1200°C),
inducing a rapid temperature rise of the samples (<15min).

2. Stabilization at high temperature for 45 min (thermal stabilization, depending on the test
conditions).

3. Removal of the samples from the oven, resulting in rapid cooling under compressed air

to temperature values below 100°C (<15min).

With appropriate instrumentation, this test can be automated. Cycles are repeated until 10 to
20% of the coating is spalled [156]. Because the deposit and substrate are heated to the same
temperature, the primary damage mechanisms without CMAS infiltration are controlled by
growth of the TGO [115], and deformation of TGO/bond coat interface by ratcheting [157] or
rumpling [158], in order to release accumulated stresses [157], [159]-[166].

CMAS particle deposition is typically performed by hand using a powder or paste on the
samples before they are introduce into the oven [64], [115]. However, the amount deposited,
about 30+10 mg-cm2, saturates the TBC system, and is not representative of real-world CMAS

etching where deposition is done discontinuously over time.

Heating Cycle Cooling Cycle
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Fig. 8 Schematic diagram illustrating the principle of the isothermal cycling test
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In summary, this test is particularly accessible and easy to implement but is not sufficiently
representative, in terms of thermal and mechanical stresses, to correctly predict the behavior of
TBC systems in service. This is why engine manufacturers, in collaboration with laboratories,

have developed thermal gradient cycling tests with different CMAS deposition processes.

4.2. Thermal gradient cycling test

The considerable difference between the temperature at the outlet of the combustion chamber
and the temperature used for internal cooling of the high-pressure turbine blades results in a
significant thermal gradient in the TBC system. A.G. Evans and J.W. Hutchinson were the first,
using a mechanical approach, to demonstrate the influence of this thermal gradient on the
damage mechanisms of the TBC, with and without CMAS [134], [157]. Based on flight return
parts, they were able to show, by modeling with realistic turbojet conditions, that the engine
cooling phase is the most detrimental for the life of the coatings. There is also a clear correlation
between the cooling kinetics and the delamination depth related to different damage
mechanisms. The need to generate a thermal gradient in the TBC system to simulate realistic

damage mechanisms under service conditions, is the main conclusion of this study [167].

There is not a single standard thermal gradient test bench. However, the common goal seems
to be the generation of a thermal gradient in the topcoat that tends to 1°C-um™. The main idea
is to use, at the same time, a heat source and a cooling system, respectively in front of the

topcoat and at the back of the substrate (see Fig. 9).

These test benches can be commonly classified (except in rare cases) into two groups according
to the heat source used: laser or flame. On the one hand, the use of a CO- laser heat source
[168]-[174] allows homogeneous heating on the top surface of the TBC by surface scanning
[110], [175]. To ensure a thermal gradient inside the TBC, the back side of the sample is usually
cooled with compressed air. This low-noise technology is particularly suitable for acoustic
damage characterization [176]-[178]. On the other hand, the flame derived from an oxygen/fuel
mixture (commonly gas [179] or kerosene [180]), is the most commonly used heat source, often
coupled with compressed air cooling on the backside of the sample [181]-[183]. One of the
most interesting advantages of these test benches is the ability to inject a controlled amount of
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liquid or solid CMAS directly into the heat source, creating a corrosive environment similar to

service conditions and simulating more realistic damage mechanisms.

Heating Cycle Cooling Cycle
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1200
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Fig. 9 Schematic diagram illustrating the principle of the thermal gradient cycling test

In both cases, the surface temperature of the coating is determined by means of pyrometric
measurements or of infrared thermal cameras. In addition, a thermocouple is usually placed in
the sample substrate. Knowing the thicknesses and conductivities of the different materials, it
is thus possible to determine an interface temperature and deduce the thermal gradient induced
across the TBC. While thermal gradient tests are more representative of flight conditions [184]
and thus degradation mechanisms [185], they are also more complex to implement and require
greater accuracy in temperature measurements. Infrared temperature measurements are
particularly sensitive to the emissivity of the TBC material (typically YSZ). The maximum
radiative emission area (>90%) for YSZ has been determine to be between 8 and 12.5 um [186].
These wavelength ranges favor the use of pyrometric devices to have the most accurate
temperature measurements possible. In addition, a variation of 55°C on the surface of the TBC
can reduce the lifetime of the TBC by approximately 60% [187]. Therefore, an error in thermal
measurement or a small thermal variation can have a relatively large impact on TBC damage
[188]. Because the reaction kinetics between TBC and CMAS are strongly influenced by

temperature, the surface temperature measurement should be as accurate as possible.

Table 2 gives an example of several test rigs developed by laboratories to study the behavior of
TBC systems [179], [189], with or without CMAS infiltration. As observed, the heat sources,
the cooling means, temperature ranges achieved, the type of loading considered and the
possibility of implementing CMAS infiltration differ significantly from one rig to another
[183].
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Table 2 Non-exhaustive inventory list of gradient rig tests currently present in laboratories around the world

Heat Sample .
Laboratory/ | Countr | Heat Sample . CMAS Details of CMAS . s
Institution y source é%garﬁg temlp:nrg;ure shape Cooling system solicitation solicitation Main solicitation
: High thermal flow + water
NASA [190] USA Flame N:gl/"éal Up to 1650 °C '(\ggrlt;ﬁ‘g?lpz;‘;‘ Ambiant air (backside) | Not reported - vapor created by
gt combustion
: CMAS solid -- ash, radial
Urslit\?:r)'lsi?r?ggl] USA Flame CsHs/O2 Use 1250°C Flat disk Slsltgg’lm(ge:::alfst:gg)] Yes injection trough the flame CMS%ﬁ Jt;—t?grrlmal
y Y with powder feed system
Forschungszentr ° : CMAS liquid -- liquid
um Jillich GmbH | Germany | Flame CH.4/O2 112(5)09(;0 Flat disk Coggéﬁz?gg)alr Yes solution (0.1 wt.%) axial CMs'gﬁ C?t;?grrlmal
[181], [192] injection within the flame
. Mechanical
; Multi-shapes - : .
Pprime [193], o Compressed air ) (tensile/compressive)
[194] France Flame CH4/O: 300 to 1600 °C (gjnbdu:ﬁgdfg?t (backside/internal) Not reported solicitation + High
thermal flow
Marine new CMAS Paste -- CMAS paste
materials and : o : Compressed air (2 wt.% - mixture of CMAS CMAS + Thermal
related China Flame CsHx/0: Use 1300°C Flat disk (backside) ves powde + ethanol) brushed solicitation
technology [123] every 2 cycles
Shanghai CMAS suspension -- CMAS
- : o : Compressed air suspension at 25 wt.% CMAS + Thermal
Celgﬁ:itg;e[fgs] China Flame C:Hs/Oz | Use1350£20°C |  Flat disk (backside) ves deposited by atomisation at 7 solicitation
mg-cm2 before each test
R Liquefied :
India institute of . o : Compressed air S
technology [196] India Flame pegt;c;}gtim Use 1400°C Flat disk (backside) Not reported - Thermal solicitation
T : CMAS Paste -- Powder +
University of USA Laser 2kW CO: Use 1300°C Flat disk Compressed air Yes ethanol suspended mixture CMAS + Thermal
california [110] (backside) (CM(F)AS) (5 mg-cm?) solicitation
National
&ejﬁg{fgf Canada Laser 3kl\2/seCrOz Up to 1530°C Flat disk Co(rtr;gcrﬁz?gg)alr No - High thermal flow
Canada [170]
Institute of : Blade Conduction between CMAS solid -- Volcanic ash :
Materials Germany é\r/]l'ci:]% Kerosen Up to 1600°C (simple blade to shaft which is Yes particle disperser (2 mg-m-3 - soI(i:c'\iQaAt\iSorTJrErF?g;gtri]on
Research [197] 9 form) internally cooled by air 4 mg-m3)

27




In summary, thermal gradient tests require sophisticated facilities and accurate temperature
measurements (£20°C) of the surface but they can be more representative of flight conditions
for TBC systems. The CMAS solicitations implemented during the cycles may vary according
to the test rig (CMAS paste deposition, liquid or solid CMAS injection, etc...) but the dose of
CMAS tested is often higher than in real service conditions [147]. The corrosive environment
of the aircraft engine can also be more or less re-simulated depending on the nature of the heat
source (see Table 2).

Finally, a thermal barrier coating must also allow the highest thermal gradient within it to
effectively protect the underlying metal parts from the surrounding high temperatures (above
1200°C). Table 3 compares the temperature differences between the TBC surface and the
TBC/substrate interface (AT), and the thermal gradient (grad T) within different types of
thermal barrier coatings (APS, EB-PVD, SPS, SPPS and PS-PVD) obtained in the thermal
gradient test. The thermal gradients obtained with the SPS coatings appear comparable to those
obtained with the APS coatings. Nevertheless, the three values of thermal gradients given, in
Table 3, for SPS are relatively different (between 0.61 and 0.98 °C-um™?) contrary to the thermal
gradient obtained by APS. This can be explained by the differences in microstructure (column
density and porosity) on the studied TBCs [58] that can be obtained in SPS.

Table 3 Comparison of the thermal gradient obtained by gradient testing with different spraying

process

Top Coat (process, um) AT (Top Coat) (°C) grad T (Top Coat) (°C-pum?) Ref
7YSZ (APS, 600 pum) 466 0.78 [198]
YSZ (APS, 283 um) 226 0.80 [199]

YSZ (APS, 272 pm) 286 1.05 [199]

YSZ (SPS, 245 pm) 241 0.98 [58]

YSZ (SPS, 257 um) 227 0.88 [58]

YSZ (SPS, 317 um) 194 0.61 [58]

YSZ + Al + Ti (SPPS, 200 um) 177 0.88 [200]
YSZ porous (PS-PVD, 300 um) 208 0.69 [201]
YSZ dense (PS-PVD, 330 um) 200 0.61 [201]
7YSZ (EB-PVD, 350 pm) 247 0.71 [110]
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However, it is interesting to note that the SPPS (solution precursor plasma spray) deposit
referenced here, has a gradient comparable to that of the APS deposits. The SPS process offers

comparable or superior thermal properties to the other processes.

Ultimately, the choice of the type of durability tests depends only on what one primarily wants
to study. For example, for characterizing chemical damage on the surface TBC with CMAS,
the isothermal cycling test may be sufficient and is simpler to implement. It should be kept in
mind that this test is only partially representative of in-service chemical degradation because
the dose of CMAS deposited at one time is often too high, but it provides a good understanding
of the underlying chemical mechanisms by placing the test conditions in the most severe
scenario. For more realistic stresses of in-service engine operating conditions with CMAS
attacks, the thermal gradient test is preferable because the thermomechanical stresses are better
simulated on such benches. With this test, residual stresses and a slower TGO growth are

obtained, which brings the characterizations to a more realistic state of the operating conditions.

Nevertheless, there are few comparisons between isothermal and thermal gradient tests on the
durability of TBCs under CMAS attack, especially for SPS coatings. The lifetime of SPS
coatings in thermal gradient tests with CMAS stresses appear to be lower than the results
obtained in isothermal tests [202]. The multiple degradation mechanisms (mainly CMAS) are

not yet sufficiently well characterized to allow predictive optimizations of SPS coatings yet.

5. Current potential solutions against the CMAS attack

Currently, two development axes are studied by academic and industrial actors. They focus
respectively on strategies related to materials or coatings, with possibility of interlocking. Both
strategies have the same objectives: to radically improve the thermochemical and
thermomechanical properties of TBCs in order to increase their resistance to the more difficult

engine environments, including CMAS.

5.1. Material strategies

As previously mentioned, starting around 2000, many topcoat materials were investigated to
overcome the limitations of yttria-stabilized zirconia in new generations of TBCs [140], [203],
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[204]. The mapping shown Fig. 10 illustrates, in a non-exhaustive manner, the families of
materials studied so far, to help identify potential materials with thermophysical properties
equivalent to YSZ [205]-[207].
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Fig. 10 Thermal conductivity of materials in each identified family as a function of their

coefficient of thermal expansion, graph adapted and values taken from [205]-[211]

The co-doped zirconia RE203-ZrO> or Y203(RE1)203-(RE2)203-...-ZrO, with a fluorite/fluorine
structure ("RE" stands for rare earth other than yttrium) as well as the pyrochlore family
RE2Zr,0O7 have been identified as the materials offering the best compromise in thermal
conductivity and coefficient of thermal expansion (CTE) [212], [213]. The thermal
conductivity values are significantly lower than those of yttria-stabilized zirconia, with similar
CTE. These materials may also exhibit sufficient resistance to high-temperature cyclic
oxidation as well as good erosion resistance (for co-doped zirconia with several rare earths) to
TBCs containing YSZ [212], [214], [215].

Coatings specifically containing RE2Zr,O7 pyrochlores have been extensively studied in the
literature, which means that there is a large data available on these coatings subjected to
infiltration tests with different CMAS. This family of materials will be the subject of the

following paragraphs.
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The dissolution/precipitation mechanisms observed with RE2Zr,07 are close to those of YSZ
in CMAS, i.e., RE®* cations (RE: La — Yb) have a marked basic role and act preferentially as
lattice-modifying oxides. The larger their radius, the more basic the cations are, the more
soluble they are in acidic media, such as fused silicates. They facilitate depolymerization of this
medium and initiate the formation of crystalline silicate phases, which equilibrate and stabilize
in temperature, such as the cyclosilicates CasRE>(SizOq)., orthosilicate apatite phases
Ca:REs(Si04)6O2 or the disilicate pyrochlores RE>SiO7 [125], [216]-[222]. Significant
distortions can appear in the crystal structure of these new compounds. They are strongly
correlated with the ionic radius of the rare earth, which has an impact its coordination number
in the crystal structure.

The smallest cations, such as Yb** and Dy**, behave similarly to Y3*, and stabilize a mixture of
the three silicate phases mentioned above, with preferential formation and stability of
cyclosilicates. Perrudin et al. [130] showed that these cyclosilicates have a lower solubility in
silicate glasses than other types of silicate by-products, meaning that less RE®* is dissolved in
the melt to form this phase (RE:Si ratio = 0.33). This results in less recession of the coating
containing these rare earths when exposed to CMAS, due to the lower solubility of the cations,
as has been observed in other studies [129], [216], [223]. Compounds rich in Gd**, Sm*" and
Nd** form the apatite phase predominantly (RE:Si ratio = 1.33), with coating recession
increasing with the size of the rare-earth ionic radius, due to the higher solubility of these cations
in CMAS [129], [223]. Perrudin et al. [130] also noted a discontinuity in the relationship
between cation field strength and solubility/basicity behavior for the smaller cations Yb** and
Dy?*, for short periods of exposure with CMAS (<4hrs at 1200°C), compared to compounds
with the larger cations.

This could be due to the concomitant formation and stability during this time period of the
RE:Si equilibrium phase YbSi>O7 in the latter case. Therefore, the "anti-CMAS" chemical
potential of RE-doped zirconia is highly dependent on the stability of the crystallized silicate
phases and the solubility of the RE®* cations in the glass.

In addition, all studies on the interaction between RE-zirconia and CMAS lead to the conclusion
that the rate of sealing of coatings’ porosities must be a main factor for the development of an
effective “anti-CMAS” coating. The introduction of Gd species into the CMAS-TBC
environment, especially through Gd2Zr.0O7 (“GZ”) coatings, presents the best compromise
among RE-zirconias for the reactivity with CMAS (cation field strength and solubility/basicity)
and for the sealing mechanism in this respect. In this case, an interface layer between the TBC
and CMAS is formed within one min of CMAS infiltration into the coating, between 1150 and
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1200°C [131], [224]. This layer effectively seals the porosities with a surface opening of less
than 1 pum [225] and typically consists of a “dense” layer composed of weakly Gd-doped
zirconia nodules and needle-like Gd-apatite crystals [140], [226]. Dolmaire et al. [227] also
observed the presence of a thin layer of Gd-disilicate species at this interface, the formation and
stability of which is concomitant in temperature with the formation and stability of Gd-apatites
and depends on the Si:Ca ratio of the starting mixtures of oxides derived from CMAS. This
concomitant precipitation of Gd-disilicates and Gd-apatites could be due to the intermediate
basic character of Gd®* in CMAS melts. Dolmaire et al. established a diffusion model similar
to that one proposed in Fig. 6 of this chapter, in which the presence of a thin layer of Gd-
disilicate at the (liquid)cmas / (Gd-apatite)crystais interface appears to slow down the
interdiffusion of ionic species at the interface and may explain why Gd-based coatings exhibit
such a good compromise. This specificity of GZ reactivity leads to both a lower level of coating
surface recession, compared to RE-zirconia containing larger RE cations, and a shallower depth
of infiltration into the coating volume compared to RE-zirconia containing smaller RE cations
[129].

5.2. Coating strategies

The choice of materials is of paramount importance in the “anti-CMAS” strategy, but the
coating morphology should not be neglected either. Indeed, depending on the coating treatment,
variable porosity levels and/or controlled macro-defects such as columns or wide cracks will
be obtained. These process-dependent features influence the degree of degradation of CMAS
infiltration, as open coating structures favor the flowability of identical CMAS into the coating
compared to denser structures [115], [191], [225], [228].

Yang et al. [228] compared the spreading of volcanic ashes on YSZ coatings produced by APS
(highly porous lamellar structure) and EB-PVD (columnar structure with interconnected inter-
columnar spaces) at different temperatures (from 1200 to 1600°C). They showed that the
dynamic spreading rate of spherical volcanic ashes on TBC is strongly influenced by the melt
viscosity, concentration gradient and coating morphology. When the melt reaches the target
temperatures (i.e 1200, 1400 or 1600°C), the low viscosity (> 362 Pa-s at 1200°C, 80.7 Pa-s at
1400°C, 10.3 Pa-s at 1600°C) favors interactions with the surface and microstructure of the

coating. According to their observations, the coating morphology then becomes the dominant
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factor in controlling the spreading of volcanic ashes. Surface spreading is more extensive on
the APS coating surface because the surface roughness is higher. This factor increases the
wettability of the melt due to the large capillary forces. Comparatively, the vertical and lateral
subsurface infiltration depths of the CMAS melt are higher in EB-PVD coatings at the same
melting stage due to the higher pore connectivity (inter-column spaces) while the spreading
front on the surface is less extensive due to the lower surface roughness. Therefore, they propose
that producing YSZ coatings with minimal surface roughness (promoting non-wetting
behavior) and low-connected porosity (attenuating infiltration depths) is more likely to

withstand CMAS degradation in temperature and for a longer period of time.

This proposal is in line with the overall development trends of TBCs that attempt to trade-off
thermomechanical requirements for the coating with mitigation of CMAS degradation. Two
main architectural strategies can be distinguished among these: the development of multilayer

topcoats or the texturing of coating surfaces [191], [209], [229].

Specifically, attempts have been made to combine the thermomechanical properties of yttria-
stabilized zirconia with the “anti-CMAS” behavior of other materials, either through reactivity
to CMAS and associated chemical sealing mechanisms or through a non-wetting effect on
CMAS [23], [208].

As previously reported, the RE2Zr,O7 pyrochlore materials have been identified as excellent
candidates to replace YSZ in TBCs, particularly GZ which exhibits the best reactivity to CMAS
infiltration among them. However, in a traditional TBC system, GZ reacts at temperature with
the alumina that forms between the ceramic coating and the (Ni, Pt)-Al bond coat, resulting in
the formation of GAAIO3 phases detrimental to the oxidation protection of the bondcoat [230],
[231]. GZ coatings also exhibit poor thermomechanical properties compared to YSZ coatings
in isothermal cyclic oxidation and erosion resistance tests [69], [215], [232], [233]. Therefore,
efforts have been made to develop multilayer YSZ/GZ coatings to combine the beneficial
properties from both materials and counteract the mechanical weaknesses of GZ [191], [234]-
[236]. In these architectures, YSZ is always the first ceramic layer above the bondcoat to

prevent reactions between GZ and the TGO.

The work of Mahade et al. [69], [156], [233]-[235] can be particularly highlighted with respect
to the study of thermomechanical properties of SPS coatings with multilayer YSZ/GZ
architectures. Their experiments using isothermal furnaces or a burner rig show that higher
oxidation resistance and thermal shock resistance can be achieved with double or triple-layer
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YSZ/GZ SPS coatings compared to SPS coatings comprising only a single layer of YSZ [156],
[234], [235]. Notably, the thickness of the YSZ layer in the double-layer coatings is almost
inversely proportional to the TBC lifetime in their burner rig test conditions (thermal gradient
of 200°C in the samples with the TBC surface exposed to 1350°C during the heating stage).
Thicker layers of GZ in double-layer coatings have a beneficial impact on oxidation resistance.
Mahade et al. hypothesize this is likely due to the lower thermal conductivity of GZ compared
to YSZ, which results in slower growth of the TGO film between the topcoat and the metal
bond coat, which is a known factor in TBC failure. The lower fracture toughness of GZ would
be the primary factor in the faster failure of the coating with the thickest YSZ, they hypothesize.
In this case, the GZ layer crumbles early in the test, resulting in higher thermomechanical
stresses in the rest of the YSZ coating and to lower thermal shock resistance.

1 ash attack

Bondcoat

Fig. 11 Multilayer coating consisting of GZ (light layer) and YSZ (dark layer) subjected to

successive attacks of lignite ash in a thermal gradient test (burner rig) [191]

YSZ/GZ multilayer coatings have also been tested against CMAS attack in thermal shock or
infiltration tests under isothermal or thermal gradient conditions [191], [228], [237]. For
example, the results of Gildersleeve et al. [191] show that double-layer YSZ/GZ APS coatings
effectively resist a single exposure to lignite ash (35 mg-cm?2 of CMAS) during thermal shock
tests featuring a thermal gradient of 250°C in the samples during the heating phase (TBC
surface held at 1250°C in a burner rig). Other attacks lead to the complete spallation of the APS
GZ layer during cooling and the mechanical degradation (cracks) of the underlying YSZ layer.
To counteract this phenomenon, they developed a multilayer YSZ/GZ APS coating with
alternate layers of each, keeping a GZ layer on top (Fig. 11). The spray parameters were adapted
to produce porous layers of each material in order to control the thermomechanical stresses
after each CMAS attack. Indeed, they noticed with single and double-layer coatings that

sufficiently high porosity forced delamination between each layer and reduced the thickness of
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CMAS infiltration, compared to denser coatings with vertical cracks. These two microstructural
observations were also highlighted by Morelli et al. in their studies of CMAS infiltration at
1250°C and thermal shocks resistance of YSZ/GZ APS coatings at 1100°C in isothermal
furnaces [236]. The results obtained after several CMAS attacks under a thermal gradient show
that the porous multilayer YSZ/GZ system is effective in withstanding several attacks while
preserving the advantages of the double-layer system (i.e., retaining the combination of an anti-
CMAS layer with a thermomechanical compliant underlayer), although the inevitable
delamination of the infiltrated top layers (Fig. 11).

Zhou et al. [237] studied the same phenomena with YSZ/GZ multilayer coatings comprising a
porous APS YSZ layer and columnar or dense SPS GZ top layers (Fig. 12). Their results
highlight a significantly higher thermal shock resistance under thermal gradients of the
APS/SPS multilayer coatings compared to single APS YSZ TBCs (TBC surfaces held at
1400°C with a thermal gradient of 300°C during the heating stage). They infer this is due to the
greater strain tolerance improved by the SPS columns and the lower thermal conductivity of
GZ. The addition of CMAS attacks during these thermal shocks shows that the best thermal
resistance to thermal shock and infiltration comes from the triple-layer coating containing a
densified SPS GZ topcoat with vertical as-sprayed cracks (Fig. 12 b and d). The CMAS
infiltration depth remains the same in the YSZ/GZ coatings tested independently of the
microstructures of the GZ top layers under their test conditions (TBC surfaces held at 1250°C
with a thermal gradient of 250°C within the samples). All APS/SPS multilayer coatings failed
under cold shocks (spallation of the GZ layers from cracks within the GZ layers). The
differences in thermal shock resistance between the multilayer YSZ/GZ coatings tested could
be due to the better thermomechanical properties of the triple-layer YSZ/GZ coating. In the
latter case, it has a higher fracture toughness and elastic modulus than the other type of

multilayer coating tested which could allow the coatings to withstand longer.
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. CMAS infiltation front

A

Fig. 12 Multilayer coating consisting of SPS GZ (light layers) and APS YSZ (dark, porous
layers) subjected to CMAS attacks in a thermal gradient test (burner rig). A and B show the as-
sprayed coatings, C and D show the SPS GZ/APS YSZ double-layer (C) and the triple-layer
SPS-dense GZ/SPS GZ/APS YSZ (D) coatings after CMAS infiltration and delamination [237]

Ultimately, this strategy capitalizes on the sacrificial effect of GZ reactivity to CMAS. The
TBC will ineluctably delaminate, whether as a result of successive CMAS attacks or other
extrinsic degradations. Such multilayer TBCs are interesting because they should allow for a

longer service lifetime before inevitable maintenance.

Several patents mention the non-wetting behavior to CMAS of topcoats including noble metals,
carbides, borides, ... [238], [239] but very few studies have been published on these materials
to corroborate these claims [121], [240]. However, recent studies have emphasized on the
prominent role of surface texturing and geometry in promoting a non-wetting behavior to
CMAS. Strategies used lie in optimizing deposition processes or in post-process modifications
such as polishing or laser-texturing TBCs [154], [241]-[247].
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Fig. 13 Wetting models

W. Qu et al. [248] tested the wettability of CMAS on single cubic crystals of YSZ with three
different orientations. Their study shows that, during CMAS attack, the YSZ nodules forming
at the (liquid)cmas / (YSZ)erystal interface into inverted trapezoids are favorable for maintaining
a higher contact angle and limiting the spreading rate of CMAS below 1230°C in air. This
microgeometry of the re-precipitated zirconia nodules was a characteristic of YSZ crystals
oriented in the {1 0 0} direction. As they report, this experimental result is contrary to first-
principle descriptions of Young wetting model predicting that the {1 1 1} cubic crystal should
lead to the lowest CMAS spreading velocity and higher contact angle, due to the limited surface
energy of the crystal relative to the {1 0 0} plane (65 meV-A2 and 109 meV-A2 respectively).
They conclude that the microgeometry formed at the (liquid)cmas / (Y SZ)erystals interface during
infiltration is the main factor in the wetting behavior of CMAS with YSZ. This microgeometry
significantly weakens the action of surface energy. They deduced that the interface composed
of inverted trapezoids of YSZ could promote a composite contact between the molten CMAS
melt, the YSZ nodules and the air trapped at the interface (Cassie wetting model, Fig. 13). This
hypothesis would explain the unexpected wetting behavior, due to the lower surface energy
between the melt and the gas. Contact angle calculations using the Cassie model seem to

confirm this experimental result.

Other studies have reported similar effects of surface geometry on the non-wetting behavior to
CMAS for several surface structural scales [154], [241]-[247]. Some of the experimental data
described below have been summarized in Fig. 14.

For example, Yang et al. [243] compared several CMAS spreading rates on APS YSZ coatings
with increasing surface roughness using a temperature wettability test (in unknown
atmosphere). They observed on all samples and with all types of CMAS (natural volcanic ash,
industrial by-product fly ash, synthetic CMAS) a short period of non-wetting behavior (contact
angles greater than 120° between coating and melt) before the viscosity of the CMAS melt

reaches a value low enough to initiate spreading on all YSZ coatings (between 1200 and
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1250°C). Furthermore, as the coating roughness decreases, this non-wetting behavior extends
over time, regardless of the chemical composition of the CMAS. The wetting area of the melts
also decreases with the reduction in surface roughness over the same time. This has an impact
on the lasting spreading area of the melts at higher temperatures. Yang et al. observed the
smallest spreading zones for YSZ coatings with the highest contact angle with the melts during
the previous non-wetting step. Guo et al. [154] demonstrated the same phenomena in their study
comparing the wetting behavior of CMAS on YSZ, GdPO4 and LaPO4 coatings with different
surface roughnesses. They also noted advantages related to the initial coating chemistry for
similar surface roughnesses, with REPO4 coatings retaining higher contact angles with CMAS
than YSZ coatings (nearly 70° for GdPO4 vs. to 11° for YSZ polished bulks after 1h at 1250°C
in air). They attribute these differences to lower surface energies of REPO4. The precipitation
of Gd or La-compounds at the (liquid)cmas / (solid)coating interface could also play a role into
this non-wetting behavior by modifying the topography of the interface, in a similar fashion

than Qu et al. experiments reported previously, but this aspect was not investigated by the

authors.
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Fig. 14 Contact angles between YSZ coatings and CMAS as a function of (A) coating processes
and (B) surface roughness, data collected from [154], [242], [243], [249]
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Zhang et al. [242] investigated the potential effect of multiscale roughness on the wettability of
CMAS by comparing the spreading of CMAS at 1250°C (unknown atmosphere) on YSZ
coatings produced by different techniques (i.e., EB-PVD, APS and PS-PVD). They found out
that PS-PVD dual-scale surface roughness, comprising of round-shaped micro-protuberances
(diameter between 1 and 7 um) on which branch-like nano-scale tips are observed (tip diameter
between 50 and 100 nm), is beneficial for the promotion of a “CMAS-superphobic” surface in
the first minutes of CMAS melting (Fig. 14). The gas, trapped between the multiscale tips of
the coating and the molten CMAS, could be the main driver of the observed superphobic surface

behavior (contact angle of about 120°), based on surface energy calculations.

Such surface texturing, achieved through the characteristics of the PS-PVD process, can also
be achieved by SPS, using the right set of spraying parameters. Fang et al. [249] investigated
this, examining the infiltration of CMAS on a YSZ coating consisting of a columnar layer
produced by SPS on an APS layer. After 5 minutes at 1300°C, they measured a contact angle
of 115° between CMAS and the YSZ surface, which they attribute to the micro and nano-scale
morphology of the coating surface, analogous to PS-PVD coatings. However, the melt

eventually wets the surface of YSZ coating surface in all cases.

Other studies focusing on laser-glazed or laser-ablated TBCs report similar results to either
CMAS wetting behavior or infiltration into TBCs thanks to a significant decrease in surface
roughness and entry points [250], [251] or a promotion of a three-phase contact angle (liquid
CMAS, solid TBC and gases) [246], [247]. Study by Guo et al. [246] especially insists on a
lasting non-wetting behavior of laser-ablated coatings (contact angle around 105° at 1200°C)
after thermal ageing (10hrs at 1300°C), which is a critical variable considering the TBC
environment. They explain this lasting effect by the higher concentration of nanoparticles
covering the coating tips after coating re-melting during laser-ablation, compared to as-
deposited PS-PVD coatings (which retain a contact angle of 90° at 1200°C after thermal
ageing). Therefore, they achieved this result thanks to an enhanced micro and nano-scale

surface morphology as underlined before.

In summary, an ideal TBC exhibiting anti-CMAS behavior and conformal thermomechanical

properties should have the following characteristics:

- A textured surface containing micro and nano-scale tips to promote “CMAS-
superphobic” behavior to slow down CMAS wetting over time and temperature through

gas entrapment at the (liquid)cmas / (Solid)coating interface.
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- A'low surface roughness at the macroscopic scale to inhibit capillary forces that drive
molten CMAS into the porosities of the coating.
- A multilayer architecture comprising at least:

o A GZ top layer to limit the depth of CMAS infiltration into the TBC and limit
coating recession, due to the high reactivity at the (liquid)cmas / (GZ)coating
interface.

o A GZtop layer dense enough to limit CMAS entry points during infiltration and
to reduce the thermal conductivity of the coating.

o A lower YSZ layer composed of porous columns to effectively accommodate

thermomechanical stresses and further lower the thermal conductivity.

This architecture and properties can be achieved by SPS (Fig. 15) by optimizing all the
parameters. The multiscale microstructure and diversity of coating morphologies offered by the
SPS process should allow coatings to be tailored to fulfill the anti-CMAS strategies described:
a “CMAS-superphobic” surface behavior to limit CMAS attack with an underlying multilayer
coating with conformal thermochemical (high reactivity to CMAS) and thermomechanical
properties. Further studies are needed to test these hypotheses under realistic service conditions
and compare the available data.

Zoom-in

Nano/micro-scaled tips —>

Dense SPS GZ layer

Porous SPS YSZ columns

Metallic substrate

Fig. 15 Proposed coating architecture and materials to improve the anti-CMAS and

thermomechanical properties of future TBCs, using only the SPS process

In particular, research on CMAS infiltration in YSZ/GZ multilayer coatings has not yet been

performed using coating architectures comprising only of SPS layers, as far as we know. This
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research would provide new insights into the wetting behavior of CMAS during infiltration and

the thermomechanical behavior of SPS multilayer coatings.

6. Conclusion

As the challenges of climate change continue to mount, it becomes increasingly crucial to
reduce the polluting emissions of air transportation. To this end, engine manufacturers are
exploring various solutions, and one of them involves increasing the efficiency of aircraft
engines by raising the temperature at the outlet of the combustion chamber. However, this poses
challenges for the lifespan of thermal barrier coatings. During flight, engines ingest sand and
volcanic ash particles known as CMAS, which can accumulate on the thermal barrier coating
among other possibilities (erosion, clogging). The thermochemical properties of these particles,
such as flowability and basicity, determine the extent to which they infiltrate the coating's
porosity, leading to chemical degradation of the yttria-stabilized zirconia. During engine
cooling phases, these particles vitrify, causing mechanical stresses in the coating and promoting
the initiation of cracks parallel to the interface, ultimately leading to spalling of the thermal

barrier.

To address these premature flaking issues, various strategies are proposed in the literature, such
as using materials that slow down the infiltration of particles (e.g., gadolinium zirconate) or
modifying the surface roughness to make the coating “CMAS-superphobic”. However, it is
necessary not to degrade the main properties of the topcoat, which are low thermal conductivity
and the ability to accommodate thermal stresses. It has been widely demonstrated that these
properties are controlled by the microstructure of the yttria-stabilized zirconia topcoat. In this
chapter, the authors explored how the suspension plasma spray (SPS) process can address these

challenges while remaining economically viable.

Indeed, the SPS process allows great versatility in microstructure and could be used to coat both
components of the combustion chamber and high-pressure turbines, while being less expensive
than the EB-PVD process. That is why many engine manufacturers are interested in developing

these SPS thermal barrier coatings.

However, properly characterizing the in-service behavior of these new thermal barrier coatings
IS necessary to consider their future industrialization. To date, two main tests are used: the
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isothermal test and the thermal gradient test. The latter is more representative but more complex
to implement, especially regarding temperature control. For both tests, the CMAS solicitation
IS not very representative of what happens in service because the topcoat is saturated with
CMAS while infiltration should occur over time. Moreover, each test bench is developed
separately, and the results cannot be correctly compared. The question then arises of how to
properly characterize these thermal barriers. By refining the characterization, it will be easier
to determine which composition, microstructure and architecture are the best adapted to the
conditions the TBC are subjected in service. The SPS process parameters could then be
optimized to achieve the desired coating characteristics. However, this requires an
understanding of the interactions between the materials and process parameters, which are
generally closely related to each other. This understanding is aided by the use of sensors to
study in-flight material processing and coating growth and/or numerical process models.
Sensors and digital models, along with massive data collection, also form the basis for
developing digital twins to mimic the SPS process. Digital process twins will enable much
faster coating development for parts with complex geometry and prediction of coating
characteristics. Digital twins and big data can also be used to predict the life of different parts
of an aircraft engine operated with different fuels in different environments allowing for rapid
screening and selection of promising material configurations. Ultimately, this integration of
SPS, big data, and digital twins could enable the development of TBCs with increased

performance and durability, and reduce the development time and cost of TBC systems.
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