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Functional coatings are widely used in energy generation equipment in industries such as renewables, oil
and gas, propulsion engines, and gas turbines. Intelligent thermal spray processing is vital in many of
these areas for efficient manufacturing. Advanced thermal spray coating applications include thermal
management, wear, oxidation, corrosion resistance, sealing systems, vibration and sound absorbance, and
component repair. This paper reviews the current status of materials, equipment, processing, and
properties’ aspects for key coatings in the energy industry, especially the developments in large-scale gas
turbines. In addition to the most recent industrial advances in thermal spray technologies, future tech-

nical needs are also highlighted.
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1. Introduction

It has been forecasted that by 2035, electricity genera-
tion will account for about 40% of global energy con-
sumption (Ref 1, 2). This global energy demand will be
met by a mix of energy solutions including fossil fuels
(coal, petroleum, natural gas), biofuels, wind, and solar
energy. Thermal spray coatings will continue to enable
many applications in all these power generation areas.

Thermal spraying is a group of coating processes in which
materials are deposited onto a variety of components in a
molten or semi-molten condition to form a coating (Ref 3).
The coating materials used include a wide range of metals,
ceramics, polymers, and specialized blends of each. Aero-
space and industrial gas turbine (IGT) applications make up
about 60% of the overall global thermal spray market which
includes materials, equipment, consumables, and coating
services (Ref 4). The remaining 40% is distributed over a
large number of applications in the oil and gas, biomedical,
pulp and paper, and electronics industries. This paper will
mainly focus on the recent advances, emerging methods,
and future needs in the IGT area.

A schematic cross section of an IGT is shown in Fig. 1,
where traditional thermal spray coating applications are
highlighted with respect to gas turbine locations. Field expe-
rience has shown that the lives of both uncoated and coated
turbine components such as turbine airfoils depend to a large
degree on the type of fuel used, the duration of turbine
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operating cycles, and the surface temperature of the compo-
nent (Ref 5). The trend toward higher firing temperatures
increases the need for coatings, as it has been increasingly
difficult for the load-bearing superalloy components to have
both the required high strength and a satisfactory level of
corrosion and oxidation resistance to the harsh environments
in which they operate without the use of coatings.

Thermal spray coatings have been mainly employedin the
combustor and hot gas path sections where the temperatures
of the components exceed the inherent oxidation, wear, and/
or corrosion resistance capability of the material. In the past
40 years, considerable development has occurred in
increasing the capability of these coatings to resist degrada-
tion over long periods of time, under a wide diversity of
global operating conditions. Highly sophisticated coating
processes equipped with diagnostic tools combined with
better understanding and modeling of coating behavior have
led to a high standard of coating performance and, therefore,
increased fuel efficiency and engine availability (Ref 6, 7).

Thermal spray coatings are widely employed in aero and
gas turbines for thermal insulation of critical components;
surface sealing and clearance control; atmospheric corro-
sion protection; high temperature oxidation and corrosion
control; abrasion, fretting, and erosion wear resistance; and
combinations of these (Ref 5, 8). The high temperature
coating supply chain includes developing application-spe-
cific raw materials (powder or wire processing), surface
preparation techniques, spray equipment, energy efficient
heat treatment furnaces, coating characterization, testing,
and inspection methods. Recent advances in processing
methods and some of the key applications are reviewed in
greater detail below.

2. Developments in Coating Equipment
and Processes

In the aero and gas turbine industry, coating systems
produced by thermal spray include the combustion, plasma
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Fig. 1 Traditional gas turbine applications for spray coatings with respect to turbine locations

arc, and electric arc processes. The choice of the process
used depends on the application, where careful consider-
ation is given to the coating and component material
chemistry combination, part geometry, and coating design
requirements, while meeting property and economic tar-
gets. Wear-, corrosion-, and oxidation-resistant coatings are
produced by high velocity combustion methods such as
detonation gun (D-Gun® which is a trademark of Praxair,
Inc.), high velocity oxy-fuel (HVOF), high velocity air fuel
(HVAF), or lower velocity flame spray. Higher tempera-
ture plasma processes such as air plasma spray (APS) are
commonly used to deposit thermal barrier coatings (TBCs)
such as yttria-stabilized zirconia (YSZ) which is also pro-
cessed by electron beam physical vapor deposition (EB-
PVD). In a recent review paper, Feuerstein et al. (Ref 9)
compared the technical and economical aspects of various
coating processes for aero and IGT applications.

Figure 2 shows an example of the APS deposition of a
TBC on an IGT airfoil. Conventional APS guns with ra-
dial powder injection, such as the Sulzer Metco 9 MB gun,
are widely used for TBC applications. These guns oper-
ating at a 40-70 kW power level have been designed using
high currents (600-1000 amps) and low voltages (70 V
DC) to attain the required power level. This type of design
presents the following drawbacks. First, high gun current
accelerates anode and cathode erosion resulting in rela-
tively short hardware life. Second, the continuous anode
arc root motion to reduce anode wear results in high fre-
quency plasma jet oscillations (1-10 kHz) as shown by the
time-resolved images in Fig. 3. The magnitude of these
oscillations is in the same order as the spray particle
transit time and this results in uneven and insufficient
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Fig. 2 An example of air plasma spraying (APS) in action,
showing the gun end of the spraying robot, plasma plume, part
being sprayed, and controls

particle heating, lower deposition rates, and lower effi-
ciency (Ref 10). For example, the typical deposition effi-
ciency of this type of plasma gun for YSZ powder
deposition is about 60% (Ref 11).
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(a)

(b)

Fig. 3 (a) Traditional high current, low voltage plasma gun with radial powder injection and (b) consecutive time-resolved images
showing plasma jet fluctuations leading to inefficient and variable powder deposition

In light of the current global availability and price chal-
lenges on rare earth oxides such as yttria, it is imperative for
the TBC community to use higher efficiency deposition
processes. In the last decade, higher power (100-200 kW)
and more efficient commercial plasma spray guns such as
Sulzer Metco TriplexPro™-200 (Ref 12, 13), Progressive
100HE (Ref 14, 15), cascade guns (Ref 16), and Praxair
TAFA Plazjet gun have been developed using a low current
(=500 A) and high voltage (~200-380 V) design. This type
of plasma gun has a longer anode life due to the low current,
high voltage design. The deposition efficiency of this type of
plasma gun for YSZ powder is as high as 80%. Because of
the high power level and larger spray footprint, coating
production cycle time can be substantially reduced without
compromising coating quality. Another advantage of the
low current, high voltage design is the feasibility of low
helium and helium-free spray parameters for high power
levels, which is desirable given the current global scarcity of
helium supply.

The development of advanced coatings and processing
methods is also an active field. One such example is the
suspension or solution precursor plasma spray (SPS or
SPPS) process which has been used to create TBCs with
novel microstructures exhibiting columnar structures
similar to that of EB-PVD-deposited TBCs (Ref 17-19).
The SPS process can be an economical alternative to EB-
PVD for TBC deposition where relatively thin TBCs
(=250 pm thick) are needed. It has also been demon-
strated that the SPS process can produce TBCs with the
lowest reported thermal conductivities, while not sacrific-
ing thermal cyclic durability (Ref 18).

The cold spray process is another emerging thermal
spray technology being investigated for a number of engi-
neering applications. The number of research papers, pat-
ents, and patent applications on cold spray technology has
grown exponentially in the last decade (Ref 20-23). In the
cold spray process, powder particles are propelled at
supersonic velocities onto the surface of a part to form a
coating. Because of the high deposition rates, the process
has the potential to repair cracks and restore dimensions in
recessed regions caused by corrosion and erosion. In the
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cold spray process, the powders are not melted and depo-
sition occurs at low temperatures. Therefore, the process
can deposit dense coatings and filler materials that are well
bonded to the substrate, relatively free of oxidation, with
porosity similar to vacuum plasma-sprayed metallic coat-
ings, and with no heat-affected zone in the base material
(Ref 24). Furthermore, cold spray can be used to deposit
abradable coatings with filler materials (Ref 25).

In addition to the equipment and process developments
mentioned above, supporting technologies are equally
important. For example, prior to thermal spray coating,
the surfaces to be coated are prepared, often by abrasive
blasting, to provide a rough surface for thermal spraying.
After TBC coating, the surfaces are polished for aerody-
namic efficiency. In some cases, coating processes might
require post-coating densification and smoothing. In
addition, IGT airfoils can be quite large and have complex
surfaces which need complete uniform blasting, polishing,
or densification. In recent years, new designs for auto-
mated equipment have been made commercially available
such as rotary indexing sand blasting systems, TBC pol-
ishing and cooling hole clearing systems, and surface pe-
ening systems. These machines will continue to evolve to
further improve manufacturing productivity and quality.

3. Applications

In selecting a coating for a specific turbine application,
one should consider many competing challenges. Gener-
ally, the design requirements, component geometry, and
part performance needs determine the type of coating and
the process to be used to create that coating.

As described in previous sections, thermal spray coat-
ings are widely used in energy generation to enable effi-
cient turbine operations. A 1% improvement in turbine
efficiency can mean millions of dollars in savings to an
electrical power producer delivering electricity to its cus-
tomers at the lowest cost (Ref 26). Efficiency increase can
be achieved by maximizing the temperature at which the
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combustion gas enters the hot section. As the turbine inlet
temperatures reach over 1400 °C, the hot section compo-
nents should be able to not only carry the thermo-
mechanical loads but also resist possible environmental
degradation for tens of thousands of hours. The compo-
nents are often designed for maximum high temperature
strength, and the environmental resistance is achieved by
appropriate selection of coating process, chemistry, and
microstructure for each specific application.

3.1 Thermal Protection Coatings for Superalloy
Components

TBCs are used to lower the surface temperatures of
superalloy components employed in gas turbines as well as
propulsion engines so that gas inlet temperatures can be
increased without melting the superalloys to achieve high
energy conversion efficiencies (Ref 27). A thermal gradient
is formed across the component wall by applying the TBC
system on the external wall with simultaneous cooling of the
inner surfaces. A TBC system is a multilayer coating
structure which consists of a low thermal conductivity
ceramic outer layer (i.e., top coat) and a metallic inner layer
(i.e., bond coat) between the ceramic and the substrate as
illustrated in Fig. 4. During service, the bond coat forms a
thin layer of thermally grown oxide (TGO). This TGO layer
helps to adhere the top layer as well as to prevent oxygen
diffusion through the bond coat. During this time, the bond
coat and superalloy substrate try to reach chemical equi-
librium and form an interdiffusion zone (IDZ) at the bond
coat/superalloy interface. In many cases, the top coat and
bond coat are applied by thermal spraying. Typically, the
top coat is 0.1-1 mm thick, while the metallic bond coat
thickness ranges between 0.05 and 0.5 mm. It has been re-
ported that the TBCs can reduce surface temperature of the
bond coat layer as much as 150 °C (300 °F) (Ref 28).

The traditional TBC system top coat composition has
been 6-8 wt.% yttria (Y,0Oj3)-stabilized zirconia (ZrO,)
(7YSZ or 8YSZ) for the last 20 years. It is advantageous
because it has a high tolerance for thermal shock, low
thermal conductivity, and a higher melting point than
most oxides (Ref 29). Two examples of 7YSZ plasma
spray cross-sectional microstructures are compared in the
optical micrographs as shown in Fig. 5 for the porous and
dense vertically cracked TBCs (DVC-TBC, Ref 30-32).
The porous TBC microstructure shown in Fig. S5a contains
about 10-20% porosity, whereas the DVC TBC in Fig. 5b
is characterized by the intentional vertical cracks provid-
ing much needed strain tolerance for advanced machines
and contains less than 5% porosity.

While the YSZ top coat provides an excellent barrier to
heat, MCrAlY coatings where M represents Co, Ni, Fe, or
combinations thereof and aluminide coatings are com-
monly used to impart environmental resistance to the
superalloy components while also being used as bond
coats to provide a rough surface for the top coat to adhere
to. These metallic coatings will be covered in more detail
in section 3.2 below.

As the industrial requirements for TBC surface and/or
bond coat temperatures increase, the industry-wide
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Fig. 4 Typical thermal barrier coating system used in combus-
tor and turbine sections in an IGT
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Fig. 5 Examples of (a) porous TBC and (b) DVC TBC micro-
structures used for thermal protection of superalloy components

concerns are related to YSZ TBC property degradation
(APS as well as EB-PVD coatings) which drives the
research for new ceramic coatings with lower thermal
conductivity, increased phase stability, and sintering resis-
tance (Ref 33-35).

3.1.1 Phase Stability Improvement of TBCs. The zir-
conia-rich portion of the phase diagram of the ZrO,-Y,05
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system is shown in Fig. 6 where pure ZrO, goes through a
tetragonal (t) to monoclinic (m) transformation at 1170 °C
upon cooling (Ref 36). Since this transformation is
accompanied by about 3% volume increase and therefore
microcracking and possible coating failure /delamination,
an optimum of 6-8 wt.% (3.4-4.5 mol.%) yttria or other
oxides are added to partially stabilize zirconia in its cubic
(c) or tetragonal form to below room temperature (Ref
37).

When 8YSZ is plasma sprayed, the molten particles are
quenched to form a metastable tetragonal phase, t' (Ref
38), which does not transform to the monoclinic state
upon cooling. However, at typical use temperatures, the t’
phase can transform to the equilibrium mixture of the
cubic and transformable tetragonal phases, compromising
TBC durability (Ref 39, 40). In an engine operation, the
kinetics of this transformation is dependent on the tem-
perature that the component surface experiences as well
as the duration at that temperature. Therefore, the phase
stability may become a limit for the current YSZs as the
operating temperatures are moved upward for efficiency
gains. As discussed in the following sections, the recent
thermal spray literature has focused on better under-
standing of the mechanisms for the current YSZ phase
transformations with aging, limiting the amount of oxide
impurities in the starting powders to slow down the phase
transformation kinetics, and looking for new and better
TBC compositions.

In one of the earlier studies, Ballard et al. (Ref 41)
reported no difference between the phase stability of
plasma-sprayed 8YSZ porous and cracked microstructures
for exposure times of up to 10,000 h. Exposures at 982 °C
showed minimal change in the monoclinic content,
whereas exposures at 1204 and 1315 °C resulted in
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Fig. 6 The phase diagram for yttria and zirconia where typical
8YSZ composition is shown in the tetragonal + cubic solid solu-
tion phase region (Ref 34)
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increasing amounts of monoclinic phase with time,
reaching a maximum of 40% at longer time exposures at
the highest temperature as predicted by the phase dia-
gram. In a more recent study (Ref 42), it was shown that t'-
8YSZ phase decomposition into a mixture of Y-rich (t”, c)
and faster transformable Y-lean (t, m) phases follows a
Hollomon-Jaffe-type parameter, 7 [27+1In (¢)], over a
wide range of aging times (¢, in hours) and temperatures
(T, in Kelvin).

It has been suggested in Ref 43 and 44 that the plasma-
sprayed YSZ stability may be improved by limiting the
oxide impurity content in the starting powder. Taylor et al.
(Ref 44) reported limiting total impurity oxide content in
YSZ (for example, SiO,, Al,O3, CaO, MgO, TiO,) to less
than 0.15 wt.% in delaying the tetragonal to monoclinic
phase transformation. Other approaches to improve on
the high temperature stability of YSZ are to coat with
fully stabilized zirconia (Ref 45), to use alternative stabi-
lizers such as Gd,Os-stabilized ZrO, (Ref 46), and to
identify alternative TBC materials to YSZ. As alternate
TBC materials, investigations have included rare earth
zirconates, M,Zr,0-, where M is a rare earth element such
as Gd, La, Y (Ref 47-50), yttria-stabilized HfO, (Ref 51),
and yttrium-based garnets (Ref 52).

3.1.2 Ultralow Thermal Conductivity TBCs. Porous
air plasma-sprayed 7YSZ TBC coatings (with porosity of
10-20% by volume) can have thermal conductivities sig-
nificantly lower (0.9-1.1 W/m-K) than that of fully dense,
monolithic 7YSZ (>2 W/m'K) as the splat boundaries
and pores in APS structures lie parallel to the surface and
perpendicular to the temperature gradient (Ref 8). By
contrast, although the thermal conductivity of EB-PVD
7YSZ TBC (1.7-1.8 W/m'K) is not as low as that of porous
APS 7YSZ coatings, EB-PVD TBCs are nevertheless
preferred for thin aero blade TBCs because of the strain
tolerance imparted by the microstructure (Ref 8). As a
comparison, air plasma-sprayed DVC 7YSZ TBC (with
lower porosity of ~5% and vertical cracks) has compatible
thermal conductivity to that of EB-PVD 7YSZ TBC.

In recent years, designing turbine machinery for higher
temperatures has triggered many studies to develop ad-
vanced TBCs with significantly lower thermal conductivi-
ties than current 7YSZ coatings. Termed as “low k
TBCs,” these coatings would allow the use of thinner
coating systems, achieve greater temperature reductions
through the coating systems at higher engine operating
temperatures, and help maintain substrate temperatures at
a lower level, while the back-side cooling can be signifi-
cantly reduced, improving the overall turbine efficiency.

Since heat is conducted by lattice waves (phonons) as
well as by electromagnetic radiation (photons) in TBCs,
approaches to reducing thermal conductivity have in-
cluded creating lattice imperfections such as grain
boundaries, solute cations, and oxygen vacancies which
scatter lattice waves (Ref 53) as well as larger imperfec-
tions (size in order of microns) as photon scatters such as
porosity and inclusions (Ref 54). Therefore, low k re-
search has focused on doping YSZ with ions heavier than
yttrium such as Nd, Gd, and Yb to create stable defect
clusters (Ref 55, 56), varying the coating architectures, and
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introduction of interfaces/density changes parallel to the
top coat/bond coat interface (Ref 57). Zhu and Miller
reported promising thermal conductivity and durability
results in the laboratory performance of a 6 wt.% yttria,
7.6 wt.% gadolinia, and 8.3 wt.% ytterbia-stabilized ZrO,
TBC compared to an APS 7YSZ TBC (Ref 58).

A summary of these low thermal conductivity oxides is
presented by Pan et al. (Ref 59). Active research contin-
ues to overcome the limitations of these chemistries/
coating structures, mainly in improving fracture toughness
and erosion resistance when compared to the 7YSZ for
equivalent microstructures.

3.2 High Temperature Oxidation Protection
for Metallic Components

At temperatures over 900 °C (1650 °F), most superal-
loys show relatively rapid oxidation attack, since their
compositions do not allow them to form a protective
oxygen diffusion barrier in the early stages of oxidation
(Ref 8). The most common metallic coatings used in gas
turbines are overlay coatings or TBC bond coatings with
high enough aluminum content to protect the superalloy
components from high temperature oxidation and/or cor-
rosion. Depending on the location in the turbine, oxida-
tion-resistant coating compositions are selected to form
stable, protective, slow growing, and adherent surface
scales (TGO) to limit oxygen diffusion to the top surface.
The coating surface also has to maintain resistance to
deposits and subsequent fluxing to limit hot corrosion
degradation. Coating chemistry and microstructure should
also take into account the kinetics of the coating’s pro-
tective element depletion to the surface as well as to the
substrate. Chemical compatibility with the substrate
material and wall consumption of hot section components
should be designed for repairability considerations and life
extension benefits. Coating should also be selected for
good thermo-mechanical fatigue resistance and cracking
tolerance as well as resistance to erosion and impact. The
coating process should allow control of the desired
chemistry, thickness, and provide the needed coverage on
large parts with complex geometries.

é

As mentioned in section 3 and illustrated in Fig. 4,
MCrAlY-type coatings where M can be Co, Ni, Fe, or
combinations thereof and/or diffusion aluminides are most
widely used for mitigating degradation in harsh environ-
ments. The diffusion aluminide coatings are based on B-
NiAl phase and MCrAlY coatings are based on a mixture
of B-NiAl, y-fcc solid solution, and y’-NizAl phases (Ref
6). The equilibrium phase compositions are illustrated on
a 1100 °C section of the Ni-Cr-Al phase diagram in Fig. 7
(Ref 60). MCrAlY coatings are thermally sprayed on the
superalloy components by APS, low pressure plasma spray
(LPPS), vacuum plasma spray (VPS), HVOF, and can also
be deposited by EB-PVD (Ref 61).

The two most commonly used slow growing TGOs for
protection of high temperature commercial superalloys
are o-alumina (Al,Os) and chromia (Cr,0O3). Therefore,
standard MCrAlY coatings for IGT use contain 8-12 wt.%
aluminum which selectively oxidizes to insure formation
of a continuous alumina layer during high temperature
oxidation (Ref 8). Also, a significant amount of chromium
(18-22 wt.%) can be added to the coatings for high tem-
perature corrosion resistance and promoting formation of
a continuous alumina layer at lower Al concentrations
(Ref 62). It is important to note that chromia has higher
growth rates than alumina and volatilizes into gaseous
CrOj at temperatures above 900 °C (Ref 63). Yttrium as a
reactive element (Y < 1 wt.%) promotes TGO adhesion
by tying up impurities like sulfur in the coating. The
amount, distribution, and solubility of reactive elements in
the coating play an important role in degradation as over
doping leads to localized oxidation (Ref 64, 65). The
addition of Co to NiCrAlY is beneficial for low temper-
ature hot corrosion resistance as well as coating phase
stability during thermal cycling (Ref 62, 66).

The main degradation mechanism for the MCrAlY-
type coatings is the loss of protective elements due to bi-
directional diffusion, the rate of which increases expo-
nentially with increase in temperature (Ref 67). For
example, during turbine operation, aluminum continually
diffuses toward the hot gases to protect the surface as well
as diffuses to the aluminum-poor substrate to maintain
thermodynamic equilibrium. The long-term oxidation
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Fig. 7 1100 °C section of the Ni-Cr-Al equilibrium phase diagram (Ref 58)
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behavior of the coating depends on the starting coating
composition (Ref 68).

In order to accommodate the unavoidable increase in
turbine inlet temperatures, proprietary metallic coatings
that are capable of withstanding higher temperatures than
the standard MCrAlYs have been developed by all the en-
gine manufacturers over the past decade. The parameters to
further improve the high temperature oxidation behavior of
these coatings include the composition and size of the
constituent phases; the initial distribution, chemical state,
and reservoir of reactive elements in the coating; the com-
position and roughness at the coating surface; and the oxi-
dation conditions during post-deposition heat treatment
(Ref62,69-71). These more complex alloy systems are often
generically known as M-Cr-Al-Y-X systems, where X refers
to elements other than yttrium. In recent years, many
activities have focused on finding the optimum Xs such as Si,
Ti, Ta, Hf, Pd, Pt,Re, Ru, Ge, Zr, La, Sr, Sc, Mo, W, B, and C
(Ref 72-76). These elemental additions may serve to slow
down the diffusion of aluminum from the MCrAlY, reduce
the beta to gamma phase transformation rate during ther-
mal cycling, reduce the TGO growth rate and improve
resistance to delamination of TBCs, and/or improve resis-
tance to hot corrosion. As the design surface temperatures
increase, another industry-wide concern is the load-bearing
component wall property loss through interdiffusion of
coatings and the substrate. Therefore, research is justified
for higher temperature coatings in thermodynamic equi-
librium with the substrate for reduced IDZ thickness at the
interface (Ref 77).

3.3 Protection of Ceramic Components

In next generation turbine applications where the
component surface temperatures exceed the melting point
of Ni-based superalloys, components made of ceramic
matrix composites (CMCs) are an alternative. CMCs,
particularly those reinforced with continuous fibers, have
been developed for structural applications where con-
ventional ceramics have unacceptable fracture toughness
and thermal shock resistance or in which metal compo-
nents have limited lifetimes due to high temperature
degradation. Silicon carbide fiber-reinforced silicon car-
bide matrix composites, so-called SiC/SiC composites, are
more attractive for turbine engine applications than oxide
fiber/oxide matrix composites such as alumina, zirconia,
and mullite (3A1,05-2Si0;) because of the availability of
high temperature fibers and better thermal shock and
creep resistance of SiC (Ref 78, 79). CMCs are also lighter
than metallic turbine alloys. This allows the design to not
only be one-third of the weight when using CMC com-
ponents but also impacts the entire rotor architecture;
therefore, fuel efficiency rates could be dramatically im-
proved in engines (Ref 80).

In terms of environmental resistance, pure silicon carbide
is one of the most atmospheric corrosion-resistant materials.
The reaction with oxygen in clean, dry air above about 800 °C
forms CO, and a surface layer of protective SiO, which slows
down subsequent oxidation (passive oxidation) (Ref 81).
However, in high gas velocity environments containing water
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vapor, a combustion reaction product, the silica scale, reacts
with the water vapor and forms gaseous Si(OH),, causing
rapid loss of SiC (Ref 82-84). These materials also suffer from
severe hot corrosion in environments contaminated by
molten salt (Ref 85). Therefore, protective coatings (referred
as environmental barrier coatings or EBCs) are required for
SiC/SiC composites (Ref 86).

APS is the most successful and widely used thermal
spray process to apply EBCs (Ref 87). Current EBCs have
multiple layers designed in such a way that the system
satisfies all the key requirements for a successful EBC,
mainly (i) environmental stability, especially in water va-
por, (ii) coefficient of thermal expansion (CTE) match,
(iii) chemical compatibility, (iv) phase stability, and (v)
low thermal conductivity. Multilayer EBCs consist of a
silicon bond coat, mainly for adhesion and oxidation
resistance, and a ceramic top coat comprising at least two
ceramic layers for protection from water vapor and for
thermal insulation (Ref 88). The reported current state-of-
the-art environmental barrier coating comprises three
layers: a silicon bond coat, a mullite (3A1,052Si0,)-based
intermediate coat, and a BSAS (Ba;_,Sr,Al,Si,Og where
0 £ x £ 1) top coat (Ref 89). For applications over
1400 °C, where Si bond coat would melt, the next ceramic
layer, such as a mullite-based coating, may become the
bond coat. Additional top coat candidates are other sili-
cates containing rare earth (RE) elements like Y, Sc, Er,
Yb in the form of RE,SiOs, RE,Si,0, and Ta,Os (Ref
90). For gas turbine applications requiring long-term, high
velocity, and high gas pressure exposures at temperatures
above 1300 °C, EBC durability issues related to the vol-
atilization of the BSAS top coat and the formation of a
detrimental low melting glass phase chemical reaction
between BSAS and the thermally grown silica on the Si
bond coat were reported (Ref 91).

In the CMC product realization area, GE has success-
fully designed, developed, and tested stationary and
rotating CMC turbine components in a working engine for
commercial and military applications (Ref 80). Melt
infiltrated (MI) SiC/SiC composites were made by the
infiltration of silicon into a preform containing BN-coated
silicon carbide fibers embedded in a matrix of SiC and/or
carbon (Ref 92, 93). The fiber coating provided the dam-
age tolerance to the (MI) SiC/SiC composite which
showed excellent high temperature fracture, creep, wear,
corrosion, and thermal shock resistance at temperatures
exceeding 1200 °C (Ref 80, 94).

3.4 Life Extension of Engine Components
and Efficiency Upgrades

Thermal spray coatings are also employed in the tur-
bine aftermarket to extend life of components as well as to
improve overall unit efficiencies. Fairly recent coatings
applications include sound absorption, vibration damping,
surface sealing, and clearance control in gas turbines.

3.4.1 Damping Coatings. Turbine components such as
stator vanes, inlet guide vanes, combustor cans, and tur-
bine and compressor airfoils are known to have vibra-
tional resonance challenges induced by the engine
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environment. Component vibration levels may be con-
trolled even at high temperatures if the appropriate
damper materials are designed into the component (Ref
95). A vast majority of damping mechanisms involve
stress-induced movement of crystal defects such as point,
line, and/or planar defects (Ref 96). The damping behav-
ior of various steels and nickel alloys is reported by
Matveev et al. up to 950 °C (Ref 97). Analytical models of
vibration behavior of magnetic Fe-Cr coatings predict
significant dissipation of mechanical energy due to the
irreversible movement of magnetic domain boundaries of
the coating material (Ref 98).

Thermal spray coating microstructures naturally con-
tain many defects which may be engineered to reduce
vibrational stresses and extend the life of components.
One example of a HVOF-deposited damping coating
microstructure is shown in Fig. 8a where the oxide (dark
phase) dispersed in an oxidation-resistant matrix (light
phase) changes its properties with heat to absorb vibration
(Ref 99). Figure 8b shows the dependence of relative
damping capacity, for two vibration modes, on tempera-
ture and microstructure where coatings F19-21 vary in

~Component surface

(a)

-.<

their oxide content as well as thickness as compared to
uncoated baseline.

3.4.2 Abradable Coatings. Reducing the physical dis-
tance between rotating and stationary parts in industrial
turbines can significantly increase turbine operating effi-
ciencies. Some turbine and aircraft engine manufacturers
now offer a series of compressor and hot section upgrades
that are primarily composed of enhanced abradable seal-
ing features and modified clearance control techniques to
minimize hot gas bypass (i.e., leakage) around the turbine
(Ref 100). Abradable coatings are applied on the com-
pressor casings and stationary shrouds opposite the
rotating blade tips to reduce clearances with minimum risk
to compressor and turbine blade wear during rubs, as
illustrated in Fig. 1 (see also Ref 101).

Figure 9 lists the various types of abradable materials
deposited by thermal spray processes for applications in
the compressor (up to 550 °C) or turbine section (up to
1350 °C) (Ref 101). Abradability of the coatings is en-
hanced by having large pores created by the fugitive
polyester (about 15 wt.%) in the thermal spray powder
mix, as illustrated in Fig. 10. Commercial SM2043 is an
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Fig. 8 (a) An example of a vibration damping microstructure created by HVOF and (b) relative damping capacity varying with surface

temperature and microstructure characteristics
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example of a MCrAlY +polyester abradable for use in
compressor and turbine applications at temperatures less
than 850 °C (Ref 102). For temperatures between 850 and
1000 °C, oxidation-resistant aluminides were developed as
abradable materials (Ref 101, 103). For higher tempera-
tures, ceramic materials such as 7YSZ blended with
polyester are most often used for abradables (Ref 104).
Typically, the use of ceramic abradable coating requires a
hard tipping of the blade, i.e., coating the blade tip with an
abrasive coating for cutting into the abradable materials.
Standard tipping systems include silicon carbide and cubic
boron nitride in a metal matrix (Ref 105, 106); however,
blade tipping is expensive with short life at high operating
temperatures (Ref 104). Therefore, an abradable system
that can be cut by untreated, bare blades is of great
interest to the end user.

Recently, dysprosium oxide-stabilized zirconia blended
with polyester was shown to possess the necessary abra-
dability to be cut by untreated blades when sprayed to
certain porosity (Ref 104, 107). Air plasma-sprayed non-
stoichiometric magnesia alumina spinel coatings have also
been tested for abradability as well as resistance to high
thermo-mechanical loading for temperatures up to
1200 °C (Ref 108).

Instead of a continuous ceramic abradable coating
which requires high porosity and tipped blades, an alter-
native approach is to use patterned ceramic abradables
(Ref 104, 109-112). Figure 11 shows such an example of a
ceramic shroud abradable where a ceramic coating such as
7YSZ TBC is deposited onto a brazed or cast grid struc-

Powder feed port

Pl
oren L8000

© Pore formers, e.g., Polyester (PE)

@ Metal powders, e g., p-NiAl Coatad
substrate
(a)

ture to form a honeycomb-like patterned surface (Ref
104). This patterned abradable structure enhances the
abradability as the effective coating area that has to be
rubbed away by the contacting blade tip is substantially
reduced. This allows the use of blades without coated tips
even at high operation temperatures.

3.5 Future Developments in Thermal Spray
Technologies for Energy Generation

Thermal spray technologies will continue to be utilized
for new applications in energy generation. Some examples
are provided below.

3.5.1 Solid Oxide Fuel Cell. A solid oxide fuel cell
(SOFC) is an electrochemical conversion device that
produces electricity directly from oxidizing fuel (Ref 113).
SOFCs are characterized by the periodic stacking of
hundreds of unit cells, each of which is about a few mil-
limeters thick and is composed of four layers, three of
which are ceramics (hence the name “‘solid oxide’’). These
ceramics which are thermally sprayed do not become
electrically and ionically active until they reach 500-
1000 °C. The high operating temperatures result in
mechanical and chemical compatibility issues and longer
start-up times. Fuel cell companies have been developing
APS for creating high quality coatings at an affordable
total manufacturing cost (Ref 94, 114-116).

3.5.2 Nanostructured Coating Applications. In recent
years, significant advancement has been made in the field
of plasma-sprayed nanomaterials and nanostructured

leased

« 3ii Pore formed after
.~ buming off polyester

Fig. 10 (a) Abradable coating applied by air plasma spray process where the spray powder is a mixture of metal powders and fugitive
pore formers and (b) post-heat treatment coating microstructure that is abradable when cut by a rotating blade tip

Fig. 11 (a) Cast hexagonal grid on substrate surface and (b) grid sprayed with YSZ to provide a patterned abradable surface (Ref 104)
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coatings for applications including better conductivity
TBCs (Ref 117-119), lower friction coatings (Ref 120),
better wear, and hot corrosion resistance (Ref 121, 122).
However, more process development for improved effi-
ciency and better coating properties is needed to realize
any applications in the industry.

3.5.3 Combined Cycle Power Plant Combinations.
Today’s combined cycle power plants use gas and steam
turbines working in tandem to make efficient use of fuel.
Recent power generation company announcements cen-
tered on integrating renewable resources onto the power
grid for cleaner, more efficient energy generation. For
example, GE’s FlexEfficiency™ 50 (FlexEfficiency is a
trademark of General Electric Company) plant rated at
510 MW combines wind and solar power fields, therefore
burns less fuel, and starts in less than 30 min, all at 10%
less footprint than existing combined cycle plants with
equivalent output (Ref 123). These technical break-
throughs can certainly utilize the new developments in the
thermal spray industry to achieve the highly integrated
combined cycle efficiencies.

4. Summary

Thermal spray coatings will continue to be applied in
industrial turbine applications. The need for improved
reliability of existing coatings for life extension and
development of new materials and processes for higher
temperature applications will drive future research. New
coatings will enable more efficient, fuel flexible operation.
The industry will have to respond to the global challenges
such as a shortage of “‘rare” materials (Y, He) by devel-
oping higher material utilization techniques and processes.

Acknowledgments

The authors would like to thank Warren Nelson, Josh
Margolies, David Bucci, Buddy Cusick, Jamie Janawitz,
Paul DiMascio, and Jon Schaeffer for their input and
valuable discussions.

References

1. “Annual Energy Outlook 20127, DOE/EIA-0383(2012), U.S.
Energy Information Administration (EIA), Office of Integrated
and International Energy Analysis, U.S. Department of Energy,
Washington, DC, June 2012

2. The Outlook for Energy: A View to 2040, Exxon Mobil Corpo-
ration Publication, New York, 2012

3. Handbook of Thermal Spray Technology, J.R. Davis, Ed., ASM
International, Materials Park, OH, 2004

4. P. Hanneforth, The Global Thermal Spray Industry—100 Years
of Success; So What's Next? Advanced Materials & Processes,
ASM International, Materials Park, OH, 2006, p 68-70

5. P.W. Schilke, Advanced Gas Turbine Materials and Coatings,
GER-3569G, General Electric Company, Aug 2004

6. Y.-C. Lau, C.A. Johnson, D.M. Gray, P. Houpt, M. Penney,
and H.P. Wang, Intelligent Processing of Materials for Thermal
Barrier Coatings, Thermal Barrier Coating Workshop, Cincin-
nati, OH, 19-21 May 1998, p 151-155

Journal of Thermal Spray Technology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

é

. “Increased Fuel Efficiency and Decreased Emission Through

TBC”, NIST Special Publication #950-4, September 2006, p 57

. C.T. Sims, N.S. Stoloff, and W.C. Hagel, Superalloys 11, John

Wiley & Sons, Inc., New York, 1987, p 359-384

. A. Feuerstein, J. Knapp, T. Taylor, A. Ashary, A. Bolcavage,

and N. Hitchman, Technical and Economical Aspects of Current
Thermal Barrier Coating Systems for Gas Turbine Engines by
Thermal Spray and EBPVD: A Review, J. Therm. Spray
Technol., 2008, 17(2), p 199-213

M. Dzulko, G. Forster, K.D. Landes, J. Zierhut, and K. Nassen-
stein, Plasma Torch Development, Thermal Spray Connects: Ex-
plore Its Surfacing Potential, D. von Hofe and E. Lugscheider, Ed.,
May 2-4, 2005 (Basel, Switzerland), ASM International, Materials
Park, OH, 2005

A. Allimant and D. Billieres, New Conventional Plasma Gun
with High Performance: ProPlasma HP, Thermal Spray 2010:
Global Solutions for Future Applications, E. Lugscheider, Ed.,
May 3-5, 2010 (Singapore), ASM International, Materials Park,
OH, 2010

K. Landes, Plasma Spray Apparatus for Spraying Powdery
Material, US 5,406,046, year of priority (issued): 1993 (1995)
R.J. Molz, R.J. McCullough, and T. Wintergerste, Better Perfor-
mance of Plasma Thermal Spray, Advanced Materials & Pro-
cesses, ASM International, Materials Park, OH, 2006, p 65-67
L.B. Delcea, Anode Electrode for Plasmatron Structure, US
6,114,649, year of priority (issued): 1999 (2000)

L.B. Delcea, Axial Feedstock Injector for Thermal Spray Tor-
ches, US 6,392,189, year of priority (issued): 2001 (2002)

V. Belashchenko, Multi-Electrode Plasma System and Method
for Thermal Spraying, US 7,750,265, year of priority (issued):
2004 (2010)

L. Xie, D. Chen, E.H. Jordan, A. Ozturk, F. Wu, X. Ma, B.M.
Cetegen, and M. Gell, Formation of Vertical Cracks in Solution-
Precursor Plasma-Sprayed Thermal Barrier Coatings, Surf.
Coat. Technol., 2006, 201, p 1058-1064

Z. Tang, H. Kim, I. Yaroslavski, G. Masindo, Z. Celler, and D.
Ellsworth, Novel Thermal Barrier Coatings Produced by Axial
Suspension Plasma Spray, Thermal Spray 2011, B.R. Marple, A.
Agarwal, M. M. Hyland, Y.-C. Lau, C.-J. Li, R.S. Lima, and A.
McDonald, Ed., Sept. 27-29, 2011 (Hamburg, Germany), ASM
International, Materials Park, OH, 2011

S. Sampath, U. Schulz, M.O. Jarligo, and S. Kuroda, Processing
Science of Advanced Thermal-Barrier Systems, MRS Bull.,
2012, 37(10), p 903-910

A.P. Papyrin, A.P. Alkhimov, V.F. Kosarev, N.I. Nesterovich,
and M.M. Shushpanov, Gas-Dynamic Spraying Method for
Applying a Coating, US 5,302,414, year of priority (issued): 1990
(1994)

Cold Spray Technology, A. Papyrin, Ed., Elsevier, Oxford, UK,
2007, p 1-328

J. Karthikeyan, Evolution of Cold Spray Technology, Advanced
Materials & Processes, ASM International, Materials Park, OH,
2006, p 66-67

E. Irissou, J.-G. Legoux, A.N. Ryabinin, B. Jodoin, and
C. Moreau, Review on Cold Spray Process and Technol-
ogy—Part 1—Intellectual Property, J. Therm. Spray Technol.,
2008, 17(4), p 495-561

M. Sone, H. Fukanuma, R. Huang, and N. Ohno, Comparison of
the Characteristics of CoNiCrAlY Coatings Prepared by Cold
Spray and LPPS Process, Air, Land, Water and the Human
Body: Thermal Spray Science and Applications, R.S. Lima, A.
Agarwal, M. M. Hyland, Y.-C. Lau, C.-J. Li, A. McDonald, and
F.-L. Toma, Ed., May 21-24, 2012 (Houston, TX), ASM Inter-
national, Materials Park, OH, 2012, p 283-286

G.P. Wagner, D.B. Allen, and B.B. Seth, Abradable Coating
Applied with Cold Spray Technique, US 6,365,222, year of
priority (issued): 2000 (2002)

S.J. Balsone, Buckets, and Nozzles, The Gas Turbine Hand-
book, Section 4.4.1, U.S. Department of Energy, NETL, 2006,
p 411

W.A. Nelson and R.M. Orenstein, TBC Experience in Land
Based Gas Turbines, J. Therm. Spray Technol., 1997, 6(2), p 176-
180

Volume 22(5) June 2013—573

pamaInay Jead




3
=
2
]
c
w
8
Q

28.

29.

30.

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

M.J. Donachie and S.J. Donachie, Superalloys: A Technical
Guide, 2nd ed., ASM International, Materials Park, OH, 2003,
p 309-311

W. Blumenthal, The Chemical Behavior of Zirconium, D. Von
Nostrand Co., Inc., Princeton, NJ, 1958

D.M. Gray, Y.-C. Lau, C.A. Johnson, M.P. Borom, and W.A.
Nelson, Thermal Barrier Coatings Having an Improved Colum-
nar Microstructure, US 5,830,586, year of priority (issued): 1996
(1998)

. D.M. Gray, Y.-C. Lau, C.A. Johnson, M.P. Borom, and W.A.

Nelson, Thermal Barrier Coatings Having an Improved Colum-
nar Microstructure, US 6,180,184, year of priority (issued): 1997
(2001)

D.M. Gray, Y.-C. Lau, C.A. Johnson, M.P. Borom, and W.A.
Nelson, Thermal Barrier Coatings Having an Improved
Columnar Microstructure, US 6,306,517, year of priority (is-
sued): 2000 (2001)

D. Zhu and R. Miller, Thermal Conductivity and Elastic Mod-
ulus Evolution of Thermal Barrier Coatings Under High Heat
Flux Conditions, J. Therm. Spray Technol., 2000, 9(2), p 175-180
F. Cernuschi, L. Lorenzoni, S. Ahmaniemi, P. Vuoristo, and T.
Mantyla, Studies of the Sintering Kinetics of Thick TBCs by
Thermal Diffusivity Measurements, J. Eur. Ceram. Soc., 2005,
25(4), p 393-400

A. Flores Renteria, B. Saruhan, U. Schulz, H.-J. Raetzer-Sche-
ibe, J. Haug, and A. Wiedenmann, Effect of Morphology on
Thermal Conductivity of EB-PVD PYSZ TBCs, Surf. Coat.
Technol., 2006, 201(6), p 2611-2620

R. Ruh, K.S. Mazdigasni, P.G. Valentine, and H.O. Bielstein,
Phase Relations in the System ZrO,-Y,0O; at Low Y,0; Con-
tents, J. Am. Ceram. Soc., 1984, 67(9), p 190-192

S.R. Levine, R.A. Miller, and P.E. Hodge, Thermal Barrier
Coatings for Heat Engine Components, SAMPE Q., 1980, 12(1),
p 20-26

. KIA. Khor and J. Yang, Transformability of t-ZrO, and

Lattice Parameters in Plasma Sprayed Rare-Earth Oxides
Stabilized Zirconia Coatings, Scripta Mater., 1997, 37(7),
p 1279-1286

D.S. Suhr, T.E. Mitchell, and R.J. Keller, Microstructure and
Durability of Zirconia Thermal Barrier Coatings, Advances in
Ceramics, Vol. 12, Science and Technology of Zirconia II, N.
Claussen, M. Ruhle, and A. Heuer, Ed.,, The American
Ceramics Society, Columbus, OH, 1981, p 503-517

J.R. Brandon and R. Taylor, Phase Stability of Zirconia-Based
Thermal Barrier Coatings Part I: Zirconia-Yttria Alloys, Surf.
Coat. Technol., 1991, 46(1), p 75-90

J.D. Ballard, J. Davenport, C. Lewis, W. Nelson, R.H. Doremus,
and L.S. Schadler, Phase Stability of Thermal Barrier Coatings
Made from 8 wt.% Yttria Stabilized Zirconia: A Technical
Note, J. Therm. Spray Technol., 2003, 12(1), p 34-37

D.M. Lipkin, J.A. Krogstad, Y. Gao, C.A. Johnson, W.A. Nel-
son, and C.G. Levi, Phase Evolution Upon Aging of Air Plasma
Sprayed t'-Zirconia Coatings: I—Synchrotron X-Ray Diffrac-
tion, J. Am. Ceram. Soc., 2013, 96(1), p 290-298

R. VaBen, N. Czech, W. Mallener, W. Stamm, and D. Stover,
Influence of Impurity Content and Porosity of Plasma-Sprayed
Yttria-Stabilized Zirconia Layers on the Sintering Behaviour,
Surf. Coat. Technol., 2001, 141, p 135-140

T.A. Taylor, D.L. Appleby, A. Feuerstein, A. Bolcavage, and N.
Hitchman, Coated Articles, US 8,021,762, year of priority (is-
sued): 2007 (2011)

B.A. Nagaraj and R. Darolia, Thermal Barrier Coating System,
US 7,291,403, year of priority (issued): 2004 (2007)

J.R. Gross, M.N. Rahaman, and R.E. Dutton, Sintering, Grain
Growth, and Phase Composition of Gd,0O; Stabilized ZrO,
Powders, Ceram. Trans., 2003, 154, p 311-320

G. Suresh, G. Seenivasan, M.V. Krishnaiah, and P.S. Murti,
J. Alloy. Compd., 1998, 269, p L9-L12

M.J. Maloney, Thermal Barrier Coating Systems and Materials,
US 6,284,323, year of priority (issued): 1999 (2001)

R. Vaflen, X. Cao, F. Tietz, and D. Stover, Improvement of New
Thermal Barrier Coating Systems Using a Layered or Graded
Structure, Ceram. Eng. Sci. Proc., 2001, 22(4), p 435-442

574—Volume 22(5) June 2013

51.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

70.

71.

. J. Wu, X. Wei, N.P. Padture, P.G. Klemens, M. Gell, E. Garcia,
P. Miranzo, and M.I. Osendi, Low-Thermal-Conductivity Rare-
Earth Zirconates for Potential Thermal-Barrier-Coating
Applications, J. Am. Ceram. Soc., 2002, 85(12), p 3031-3035
R.A. Miller and G.W. Leissler, Characterization and Durability
Testing of Plasma Sprayed Zirconia-Yttria and Hafnia-Yttria
Thermal Barrier Coatings, NASA TP 3296, 1993

N.P. Padture and P.G. Klemens, Low Thermal Conductivity in
Garnets, J. Am. Ceram. Soc., 1997, 80(4), p 1018-1020

P.G. Klemens and M. Gell, Thermal Conductivity of Thermal
Barrier Coatings, Mater. Sci. Eng., 1998, A245, p 143-149

D.R. Clarke, Materials Selection Guidelines for Low Thermal
Conductivity Thermal Barrier Coatings, Surf. Coat. Technol.,
2003, 163-164, p 67-74

D.S. Rickerby, P. Morrel, and Y.A. Tamarin, A Metallic Article
Having a Thermal Barrier Coating and a Method of Application
Thereof, US 6,025,078, EP0825271B1, year of priority (issued):
1997 (2000)

D. Zhu and R.A. Miller, Thermal Conductivity and Sintering
Behavior of Advanced Thermal Barrier Coatings, Ceram. Eng.
Sci. Proc., 2002, 23(4), p 457-468

J.R. Nicholls, K.J. Lawson, A. Johnstone, and D.S. Rickerby,
Low Thermal Conductivity EB-PVD Thermal Barrier Coatings,
High Temperature Corrosion and Protection of Materials, Vol. 5,
R. Streiff, I.J. Wright, R. Krutenat, M. Caillet, and A. Cailerie,
Ed., Trans Tech Publication, Zurich, 2001, p 595-606

D.M. Zhu and R.A. Miller, Advanced Low Conductivity Thermal
Barrier Coatings: Performance and Future Directions, Proceed-
ings of the 35th International Conference on Metallurgical Coat-
ings and Thin Films (ICMCTF), Y. Pauleau, P. Mayrhofer, A.
Erdemir, A. Inspektor, and G. Ramanath, Ed., April 27-May 2,
2008 (San Diego, CA), American Vacuum Society, 2008
W.Pan, S.R. Phillpot, C. Wam, A. Chernatynskly, and Z. Qu, Low
Thermal Conductivity Oxides, MRS Bull., 2012, 37, p 917-922

B. Gleeson, Compositional Factors Affecting the Hot-Corrosion
of Advanced High-Temperature Coatings, MS&T 2011, Envi-
ronmental Coatings Session, Oct. 18, 2011

Y. Tamarin, Protective Coatings for Turbine Blades, ASM
International, Metals Park, OH, 2002

W.G. Sloof and T.J. Nijdam, On the High-Temperature Oxi-
dation of MCrAlY Coatings, Int. J. Mater. Res. (formerly Z,
Metallkd.), 2009, 100(10), p 1319-1330

. P. Berthod, Kinetics of High Temperature Oxidation and
Chromia Volatilization for a Binary Ni-Cr Alloy, Oxid. Met.,
2005, 64(3-4), p 235-252

R. Munoz-Arroyo, D. Clemens, F. Tietz, R. Anton, J. Quadakkers,
and L. Singheiser, Influence of Composition and Phase Distribu-
tion on the Oxidation Behaviour of NiCoCrAlY Alloys, Mater. Sci.
Forum, 2001, 369-372, p 165-172

A. Gil, V. Shemet, R. VaBlen, M. Subanovic, J. Toscano, D.
Naumenko, L. Singheiser, and W.J. Quadakkers, Effect of
Surface Condition on the Oxidation Behaviour of MCrAlY
Coatings, Surf. Coat. Technol., 2006, 201(7), p 3824-3828

J.R. Nicholls, Designing Oxidation-Resistant Coatings, JOM,
2000, 52, p 28-35

P. Hancock and J.R. Nicholls, Proceedings of the Coating for
Heat Engines Workshop, R.L. Clarke et al., Ed., U.S. Depart-
ment of Energy, Washington, DC, 1984, p 31-58

M.T. Pace, R.C. Thomson, and J. Wells, Oxidation of MCrAlY
Coatings on Ni-Based Superalloys, Superalloys 2008, TMS, Se-
ven Springs, PA, 2008, p 651-660

L. Ajdelsztajn, F. Tang, G.E. Kim, V. Provenzano, and J.M.
Schoenung, Synthesis and Oxidation Behavior of Nanocrystal-
line MCrAlY Bond Coatings, J. Therm. Spray Technol., 2005,
14(1), p 23-30

E.M. Meier, N.M. Yanar, M.C. Maris-Jakubowski, K. Onal-
Hance, G.H. Meier, and F.S. Pettit, Effect of Surface Prepara-
tion on the Durability of NiCoCrAlY Coatings for Oxidation
Protection and Bond Coats for Thermal Barrier Coatings, Ma-
ter. Corros., 2008, 59(6), p 494-500

Z. Liu, W. Gao, K. Dahm, and F. Wang, The Effect of Coating
Grain Size on the Selective Oxidation Behavior of Ni-Cr-Al
Alloy, Scr. Mater., 1997, 37(10), p 1551-1558

Journal of Thermal Spray Technology



72.

74.

75.

76.

1.

78.

79.

80.

81.

82.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

1.J. Bennett, J.M. Kranenburg, and W.G. Sloof, Modeling the
Influence of Reactive Elements on the Work of Adhesion
Between Oxides and Metal Alloys, J. Am. Ceram. Soc., 2005,
88(8), p 2209-2216

. B.A. Pint, Optimization of Reactive-Element Additions to

Improve Oxidation Performance of Alumina-Forming Alloys, J.
Am. Ceram. Soc., 2003, 86(4), p 686-695

J.R. Nicholls, Advances in Coating Design for High-Perfor-
mance Gas Turbines, MRS Bull., 2003, 28(9), p 659-670

G. Feng, C.U. Hardwicke, and M.R. Jackson, Metal Alloy
Compositions and Articles Comprising the Same, US7727318,
EP1953252B1, year of priority (issued): 2007 (2010)

W. Stamm, Protective Coating, US 6,974,638, year of priority
(issued): 2004 (2005)

A. Soto, H. Harada, and K. Kawagishi, Development of a New
Bond Coat “EQ Coating” System, Metall. Mater. Trans. A,
2006, 37A, p 789-791

T.R. Cooke, Inorganic Fibers—A Literature Review, J. Am.
Ceram. Soc., 1991, 74(12), p 2959-2978

D. Anson and D.W. Richerson, Progress in Ceramic Gas Tur-
bine Development, Vol. 2, M. van Roode, M. Ferber, and D.W.
Richerson, Ed., ASME Press, New York, NY, 2003, p 1-10
http://www flightglobal.com/news/articles/general-electric-primes-
cmc-for-turbine-blades-349834/. Accessed 17 Nov 2010

N.S. Jacobson, Corrosion of Silicon-Based Ceramics in Com-
bustion Environments, J. Am. Ceram. Soc., 1993, 76(1), p 3-28
E.J. Opila and R. Hann, Paralinear Oxidation of CVD SiC in
Water Vapor, J. Am. Ceram. Soc., 1997, 80(1), p 197-205

. J.L. Smialek, R.C. Robinson, E.J. Opila, D.S. Fox, and N.S.

Jacobson, SiC and SizN,4 Recession Due to SiO, Scale Volatility
Under Combustor Conditions, Adv. Compos. Mater., 1999, 8(1),
p 33-45

K.L. More, P.F. Tortorelli, and L.R. Walker, Effects of High
Water Vapor Pressures on the Oxidation of SiC-Based Fiber-
Reinforced Composites, Mater. Sci. Forum, 2001, 362-372, p
385-394

N.S. Jacobson, J.L. Smialek, and D.S. Fox, Handbook of
Ceramics and Composites, Vol. 1, N.S. Cheremisinoff, Ed.,
Marcel Dekker, New York, NY, 1990, p 99-135

1. Spitsberg and J. Steibel, Thermal and Environmental Barrier
Coatings for SiC/SiC CMCs for Aircraft Engine Applications,
Progress in Thermal Barrier Coatings: Applications, Interna-
tional Journal of Applied Ceramics Technology, ACerS, John
Wiley & Sons, New York, 2009, p 31-41

N.S. Jacobson, D.S. Fox, J.L. Smialek, E.J. Opila C. Dellacorte,
and K.N. Lee, ASM Handbook, Vol. 13B, S.D. Cramer and B.S.
Covino, Jr., Ed., ASM International, Materials Park, OH, 2005,
p 565-578

K.N. Lee, H. Fritze, and Y. Ogura, Progress in Ceramic Gas
Turbine Development,Vol.2, M. van Roode, M. Ferber,and D.W.
Richerson, Ed., ASME Press, New York, NY, 2003, p 641-664
K.N. Lee, D.S. Fox, J.I. Eldridge, D. Zhu, R.C. Robinson, N.P.
Bansal, and R.A. Miller, Upper Temperature Limit of Envi-
ronmental Barrier Coatings Based on Mullite and BSAS, J. Am.
Ceram. Soc., 2003, 86(8), p 1299-1306

K.N. Lee, D.S. Fox, and N.P. Bansal, Rare Earth Silicate
Environmental Barrier Coatings for SiC/SiC Composites and
SizNy Ceramics, J. Eur. Ceram. Soc., 2005, 25(10), p 1705-1715
K.N. Lee, Protective Coatings for Gas Turbines, The Gas Tur-
bine Handbook, Section 4.4.2, U.S. Department of Energy,
NETL, 2006, p 431

K.L. Luthra, Oxidation Resistant Fiber Coatings for Non-Oxide
Ceramic Composites, J. Am. Ceram. Soc., 1997, 80, p 3253-3257
K.L. Luthra and G.S. Corman, Melt Infiltrated (MI) SiC/SiC
Composites for Gas Turbine Applications, Presented at the 4th
International Conference on High-Temperature Ceramic Matrix
Composites (HT-CMC 4), Session on Applications, A-2, 1-3
October 2001, Munich, Germany, 2001

K.L. Luthra, Emerging Applications and Challenges in Using
Ceramics at General Electric, Presentation made at The
American Ceramic Society’s 2nd Ceramic Leadership Summit,
Baltimore, MD. http://ceramics.org/wp-content/uploads/2011/08/
gsl-emerging-apps-ge-luthra.pdf. Accessed Aug 2011

Journal of Thermal Spray Technology

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

é

M.L. Parin and D.I.G. Jones, Encapsulated Tuned Dampers for
Jet Engine Component Vibration Control, J. Aircr. Rotating
Struct. Compon., 1975, 12(4), p 293

I.G. Ritchie and Z.-L. Pan, High-Damping Metals and Alloys,
Metall. Trans. A, 1991, 22A, p 607-616

V.V. Matveev, B.S. Chaikovskii, and L.A. Bocharova, The
Damping Properties of Refractory Materials at Operating
Temperatures, Strength Mater., 1973, 5(4), p 398-404

H.-Y. Yen and M.-H.H. Shen, Development of a Passive Tur-
bine Blade Damper Using Magnetomechanical Coating, Pre-
sented at the International Gas Turbine & Aeroengine Congress
& Exhibition, Munich, Germany, May 8-11, 2000, ASME 2000-
GT-366, p 1-11

C.U. Hardwicke, J.M. Delvaux, B.T. Boyer, and J.W. Vehr,
Structures of Damping of Turbine Components, US 7,988,412,
year of priority (issued): 2007 (2011)

K. Watanabe, H. Arimura, K. Akagi, and H. Sakuma, Mod-
ernization and Upgrade Programs for Mitsubishi Heavy-Duty
Gas Turbines, Proceedings of the International Gas Turbine
Congress, Nov 2-7,2003 (Tokyo, Japan), p 1-6, paper IGTC 2003
Tokyo TS-099

R.E. Chupp, Y.-C. Lau, F. Ghasripoor, D.J. Baldwin, C. Ng, T.
McGovern, and D. Berkeley, Development of High Tempera-
ture Abradable Seals for Gas Turbine Applications, Proceedings
of ASME Turbo Expo 2004, June 14-17,2004 (Vienna, Austria),
ASME, 2004, paper GT2004-53029

F. Ghasripoor, R. Schmid, and M. Dorfman, Abradables Im-
prove Gas Turbine Efficiency, Mater. World, 1997, S, p 328-330
Y.-C. Lau, F. Ghasripoor, D.M. Gray, and C.B. Ng, High Tem-
perature Abradable Coating for Turbine Shrouds Without Bucket
Tipping, US 6,660,405, year of priority (issued): 2001 (2003)

D. Sporer, S. Wilson, and M. Dorfman, Ceramics for Seal
Applications, Advanced Ceramic Coatings and Interfaces 1V, D.
Zhu and H.-T Lin, Ed., The American Ceramic Society, John
Wiley & Sons, New York, 23, 2009, p 39-54

F. Ghasripoor, R.K. Schmid, and M.R. Dorfman, Silicon Car-
bide Composition for Turbine Blade Tips, US 5,997,248, year of
priority (issued): 1998 (1999)

K.P. Nenov, R. Fenton, J.A. Fuggini, and P. Howard, Method
for Producing Abrasive Tips for Gas Turbine Blades, US
6,194,086, year of priority (issued): 1999 (2001)

D. Sporer, A. Refke, M. Dratwinski, M. Dorfman, I. Giovan-
netti, M. Giannozzi, and M. Bigi, New High-Temperature Seal
System, Sulzer Tech. Rev., 2008, 2, p 4-7

T. Steinke, G. Mauer, R. VaBien, D. Stover, D. Roth-Fagaras-
eanu, and M. Hancock, Process Design and Monitoring for
Plasma Sprayed Abradable Coatings, J. Therm. Spray Technol.,
2010, 19(4), p 756-764

F. Staub, Coated Cast Part, US 6,251,526, year of priority (is-
sued): 1999 (2001)

F. Ghasripoor and E. Muller, Profiled Surface Used as an
Abradable in Flow Machines, US 6,457,939, year of priority
(issued): 2000 (2002)

W. Nelson, B.P. Arness, P.T. Marks, R.E. Chupp, and T.E.
McGovern, Pattern for the Surface of a Turbine Shroud, US
7,600,968, year of priority (issued): 2005 (2009)

W. Nelson, B.P. Arness, P.T. Marks, R.E. Chupp, and T.E.
McGovern, Pattern for the Surface of a Turbine Shroud, US
7,614,847, year of priority (issued): 2004 (2009)

N. Sammes, A. Smirnova, and O. Vasylyev, Fuel Cell Tech-
nologies: State and Perspectives, NATO Science Series, Math-
ematics, Physics and Chemistry, Vol. 202, 2005, p 19-34

R. Henne, Solid Oxide Fuel Cells: A Challenge for Plasma
Deposition Processes, J. Therm. Spray Technol., 2007, 16(3),
p 381-403

J. Lemmon, C. Wei, V. Venkataramani, J. Ruud, W. Hasz, A.
Thompson, C. Johnson, O. Siclovan, C. Hardwicke, S. Rut-
kowski, M. Jackson, and M. Pilliod, Method for Fabricating an
Array of Electrode and Electrolyte Materials for Use in Solid
Oxide Fuel Cells, US 7,910,158, year of priority (issued): 2002
(2011)

L.K.C. Tse, S. Wilkins, N. McGlashan, B. Urban, and R. Mar-
tinez-Botas, Solid Oxide Fuel Cell/Gas Turbine Trigeneration

Volume 22(5) June 2013—575

Ry
o
L
)
S
S
o
Q



http://www.flightglobal.com/news/articles/general-electric-primes-cmc-for-turbine-blades-349834/
http://www.flightglobal.com/news/articles/general-electric-primes-cmc-for-turbine-blades-349834/
http://ceramics.org/wp-content/uploads/2011/08/gs1-emerging-apps-ge-luthra.pdf
http://ceramics.org/wp-content/uploads/2011/08/gs1-emerging-apps-ge-luthra.pdf

3
=
2
]
c
w
8
Q

117.

118.

119.

System for Marine Applications, J. Power Sources, 2011, 196(6),
p 3149-3162

R.S. Lima and B.R. Marple, Thermal Spray Coatings Engi-
neered from Nanostructured Ceramic Agglomerated Powder for
Structural, Thermal Barrier and Biomedical Applications: A
Review, J. Therm. Spray Technol., 2007, 16(1), p 40-63

C. Zhou, N. Wang, Z. Wang, S. Gong, and H. Xu, Thermal
Cycling Life and Thermal Diffusivity of a Plasma-Sprayed
Nanostructured Thermal Barrier Coating, Scr. Mater., 2004,
51(10), p 945-948

R.S. Lima and B.R. Marple, Nanostructured YSZ Thermal
Barrier Coatings Engineered to Counteract Sintering Effects,
Mater. Sci. Eng. A, 2008, 485, p 182-193

576—Volume 22(5) June 2013

120.

121.

122.

123.

B. Yin, G. Liu, H. Zhou, J. Chen, and F. Yan, Microstructures
and Properties of Plasma Sprayed FeAl/CeO,/ZrO, Nano-
Composite Coating, Appl. Surf. Sci., 2010, 256, p 4176

M. Gell, E.H. Jordan, Y.H. Sohna, D. Goberman, L. Shaw, and
T.D. Xiao, Development and Implementation of Plasma
Sprayed Nanostructured Ceramic Coatings, Surf. Coat. Tech-
nol., 2001, 146-147, p 48-54

A. Keyvani, M. Saremi, and M.H. Sohi, An Investigation on
Oxidation, Hot Corrosion and Mechanical Properties of Plasma-
Sprayed Conventional and Nanostructured YSZ Coatings, Surf.
Coat. Technol., 2011, 206(2-3), p 208-216
http://www.gereports.com/new-flexible-power-plant-from-ge-
breaks-efficiency-record/. Accessed 25 Sept 2012

Journal of Thermal Spray Technology


http://www.gereports.com/new-flexible-power-plant-from-ge-breaks-efficiency-record/
http://www.gereports.com/new-flexible-power-plant-from-ge-breaks-efficiency-record/

	Advances in Thermal Spray Coatings for Gas Turbines and Energy Generation: A Review
	Abstract
	Introduction
	Developments in Coating Equipment and Processes
	Applications
	Thermal Protection Coatings for Superalloy Components
	Phase Stability Improvement of TBCs

	High Temperature Oxidation Protection for Metallic Components
	Protection of Ceramic Components
	Life Extension of Engine Components and Efficiency Upgrades
	Damping Coatings
	Abradable Coatings

	Future Developments in Thermal Spray Technologies for Energy Generation
	Solid Oxide Fuel Cell
	Nanostructured Coating Applications
	Combined Cycle Power Plant Combinations


	Summary
	Acknowledgments
	References


