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Abstract: This paper describes the manufacturing method and properties of a superalloy as a gas
turbine blade material and a thermal barrier coating to protect it. The development process of
superalloy and characteristics of each casting method were introduced. In particular, the single
crystal superalloys were analyzed for creep and tensile properties with temperature according to
chemical composition. In addition, the theories of creep life prediction models were summarized
and comparative analysis was performed. Finally, the manufacturing processes of thermal barrier
coatings were introduced, and the characteristics and effects of mechanical, thermal, and durability
characteristics of each manufacturing process are described. We believe that this comprehensive review
will help not only the gas turbine industry/community, but also material scientists, measurement
physicists/engineers, and theorists interested in superalloys and high-temperature ceramics.

Keywords: superalloys; thermal barrier coating; mechanical and thermal properties of superalloys
and thermal barrier coatings

1. Superalloy

1.1. Evolution of Superalloys

Gas turbines used in aircraft engines are fabricated using various materials such as aluminum
alloys, titanium alloys, steels, composite materials, and nickel-based superalloys. For turbine parts
exposed to extreme operating conditions such as high temperature and stress, materials and component
manufacturing techniques must be selected to improve engine performance and lifetime. Initially,
the gas turbine engines (W1) designed by Frank Whittles used various types of stainless steels,
which were later replaced by nickel-based superalloys such as Nimonic or Inconel that exhibit better
heat resistance [1,2]. Nickel-based superalloys used in the initial gas turbines included wrought alloys.
However, with the development of precision casting technology in the 1950s, thin part of blades or
internal cooling flow paths could be applied to increase the operation temperature of the turbine blade.
In addition, as the constraints on processing such as forging and rolling were reduced, the composition
of the superalloy became more diverse, and the stability of engine parts also improved.
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Directional solidification by the Bridgman method marked the breakthrough in the casting
of turbine blades. Initially, precision parts were cast as polycrystals with many grain boundaries.
After solidification slowly proceeded in one direction in the melting furnace to remove grain boundaries
perpendicular to the stress axis, directional solidified (DS) blades were produced as the usable
temperature was increased. In addition, a single crystal (SC) casting technology has been introduced to
produce single crystal blades by selectively growing only one grain to eliminate all grain boundaries,
resulting in a higher maximum operating temperature compared to that of DS blades. Single crystal
blade technology was first applied to the JT9D-7R4 engine from Pratt and Whitney in 1982.

As the turbine entry temperature (TET) of air engines improved, manufacturing technologies for
engine parts were developed. Superalloys were developed from the viewpoint of material science such
as the fraction and shape of the main phase, and when the new process was developed, the composition
of the alloy was optimized for the process.

Table 1 shows the representative alloys and their chemical compositions for casting superalloys.
Unlike polycrystalline alloys and directionally solidified alloys, single crystal superalloys do not
contain grain boundary hardening elements such as C, B, and Zr. In addition, the content of Cr
decreases in the order of polycrystalline alloys, directionally solidified alloys, single crystal alloys,
the contents of refractory elements such as Mo, W, Ta, and Re increase in the same order. In the case of
single crystals, alloys have been developed with increased temperature stability by adding expensive
elements such as Re and Ru. Therefore, single crystal superalloys are categorized into generations
according to the Re and Ru contents. Single crystal alloys containing no Re are classified as the first
generation, alloys containing two-three percent Re are classified as the second generation, and alloys
containing five—six percent Re are classified as the third generation. The fourth and fifth generations
refer to Ru-added alloys.

Table 1. Composition of cast superalloys.

Compositions (wt.%)

Class Alloy
Cr Co Mo W Al Ti Ta Nb Re RuHf C B Zr Ni
IN-713LC 12 - 45 - 59 06 - 2 - - - 005 00l 01 Bal
Conventional ~ IN-738LC 16 85 175 26 34 34 175 09 - - - 011 001 004 Bal
Cast (CC) René80 14 9 4 4 3 47 - - - - 08 016 0015001 Bal
Mar-M247 8 10 06 10 55 1 3 - - - 15 015 0015003 Bal
Mar-M200Hf 8 9 - 12 5 19 - 1 - - 2 013 0015003 Bal
st CM247LC 81 92 05 95 56 07 32 - - - 14 007 0015 0.007 Bal
bs CMISLC 6 93 05 84 57 07 34 - 30 - 14 007 0015 0.005 Bal
2nd PWA1426 65 10 17 65 6 - 4 - 30 - 15 01 001501 Bal
CMSX-2 8 5 06 8 56 1 6 - - - - - - - Bal
PWA480 10 5 - 4 5 15 12 - - - - - - - Bl
Ist RenéN4 9 8 2 6 37 42 4 05 - - - - - - Bal
AM1 7 8 2 5 5 18 8 1 - - - - - - Bal
RR2000 0 15 3 - 55 4 - - - - - - - - Bl
CMSX-4 65 96 06 64 56 1 65 - 3 - 01 - - - Bal
sC ond PWA1484 5 10 2 6 56 - 9 - 3 - 01 - - - Bal
René N5 7 8 2 5 62 - 7 - 3 - 02 - - - Bl
3rd CMSX-10 2 3 04 5 57 02 8 - 6 - 003 - - - Bal
4th TMS-138 29 59 29 59 59 - 56 - 49 2 01 - - - Bal
5th TMS-162 29 58 39 58 58 - 56 - 49 6 009 - - - Bal
Re-free  CMSX-7 6 10 06 9 57 08 9 - - - 02 - - - Bal

Low Re CMSX-8 54 10 0.6 8 57 07 8 - 1.5 - 01 - - - Bal
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Research has been conducted to improve the temperature stability of single crystal superalloys,
leading to the development of sixth-generation single crystal superalloys. However, second-generation
alloys such as CMSX-4, René N5, and PWA1484 containing three percent Re are the most commonly
used. Re is a rare element that is obtained by mining and during the production of Cu or Cu/Mo. Ru is
a precious metal that can be obtained during the production of platinum. Not only do these alloying
elements considerably increase the price of single crystal superalloys but they also lead to the issue of
limited economic and strategic supply. Therefore, recently, various studies have been conducted on
alloys with superior characteristics with reduced Re content to lower the prices of such super alloys.
As commercial alloys, CMSX-8 containing 1.5% Re and CMSX-7 containing no Re have been developed
by Cannon Muskegon [3].

1.2. Types of Casting Superalloys and Their Properties

1.2.1. Conventional Cast Alloys

Most polycrystal superalloys contain large amounts of chromium elements considering the
oxidizing and corrosive environment formed during combustion of fuels, and elements such as carbon,
boron, zirconium, and hafnium, which enhance grain boundaries to increase creep resistance, are added.
Cr, Co, and Mo are distributed in the face-centered cubic (FCC) matrix to enhance the solid solution,
and Cr forms a Cr,Oj3 oxide film, which plays a role in excellent high-temperature corrosion resistance.
Ti, Ta, Nb, and V strengthen the v’ phase by substituting Al in NizAl. In recent years, as the purity
of fuel has increased, corrosion-producing products have decreased. In addition, because of the
development of thermal barrier coatings (TBCs) to protect superalloy materials, elements to improve
the temperature stability of alloys are more important than those that enhance the oxidation and
corrosion resistance of superalloys.

Mechanical properties of conventional cast superalloys are shown in Figure 1. Mar-M247 shows
higher strength than other alloys especially at high temperatures. In addition, the creep property of
the Mar-M247 alloy is better than that of the other aforementioned alloys.
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Figure 1. Mechanical properties of conventional cast superalloys, (a) strength, (b) Larson-Miller
plot [4-7].

1.2.2. Directional Solidified Alloys

Polycrystal superalloys produced via the DS method considerably increase creep resistance by
forming vertical grain boundaries to minimize the grain boundaries in the direction vulnerable to
centrifugal force of the turbine blades.

Mar-M200Hf is an improved DS alloy from polycrystalline alloy Mar-M200, whose lateral ductility
deterioration and grain boundary cracking is prevented during casting. Hf is added to Mar-M200
based on the report of Martin Metals, which showed that the stress rupture resistance at 760 °C and
castability were improved when Hf was added to the alloy [8].
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CM247LC was formulated by Cannon-Muskegon to adapt the Mar-M247 alloy to the DS process.
To prevent grain boundary cracking during the casting process, the Zr and Ti contents were reduced
and the minimum content of impurities such as Si and S was lowered. In addition, by controlling
the C content, the ductility was improved in the temperature range from room temperature to the
intermediate temperature range, and the amount of plate shape MC was reduced by controlling the
W content [9].

CM186LC, a second-generation DS alloy, was developed by Cannon-Muskegon containing 3% Re
to achieve high productivity and economic advantages and to secure heat resistance via the addition
of Re [10]. In addition, this alloy is characterized by its excellent mechanical properties, which can
be obtained without solution heat treatment. Therefore, there is less risk of recrystallization during
solution treatment, and this alloy can be produced using revert of single crystal alloys such as CMSX-2,
CMSX-3, and CMSX-4. Figure 2 shows the mechanical properties of the three alloys—Mar-M200Hf,
CM247LC, and CM186LC. CM186LC shows better creep properties than the other alloys, especially at
high temperature and low stress [10,11].
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Figure 2. Mechanical properties of directional solidified (DS) superalloys, (a) strength, (b) Larson-Miller
plot [10,11].

1.2.3. Single crystal superalloys

Similar to DS superalloys, single crystal superalloys were developed to increase the creep resistance
and temperature acceptability by minimizing grain boundaries. Therefore, additive elements such
as C, B, Zr, and Hf were removed from most single crystal superalloys to suppress the formation of
grain boundaries. In addition, as heat treatment was possible at a higher temperature by removing
the above added elements, it was possible to increase the fraction of the y’ phase and improved
microstructure uniformity.

o First-generation alloys

Single crystal alloys did not receive much attention initially because the creep, thermal fatigue,
and oxidation resistance of conventionally heat-treated single crystal Mar-M200 are not significantly
better than those of the DS alloy. Subsequently, it was found that the incipient melting temperature
increased considerably when the grain boundary strengthening elements such as B, C, and Zr were
removed. In addition, ¥’ can precipitate finely and uniformly after complete dissolution without local
melting when the incipient melting temperature increased, improving the creep properties of single
crystals [12]. Based on these results, some single crystal superalloys have been developed.

René N4 was developed by GE. Cr and C contents in René N4 are increased to improve the hot
corrosion resistance of René N, the first single crystal alloy developed by GE. The Al/Ti ratio was
increased to enhance oxidation resistance, and Ta content was increased to compensate for the decrease
in v’ volume fraction due to Ti reduction. In addition, 0.15% Hf was added to improve the oxidation

resistance, and B was added to prevent degradation of mechanical properties due to the creation of a
low angle boundary [13].
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PWA1480 developed by Pratt and Whitney was the first commercialized single crystal alloy
among the PWA series in 1982 [14]. Increased Ta content improves the oxidation resistance and inhibits
freckle formation, and sufficient Cr and Al are added for oxidation resistance. The alloying elements,
Mo and V, were removed while maintaining a sufficiently high Cr content to obtain good hot corrosion

resistance [15]. Yield strength and creep properties of some first-generation single crystal superalloys
are shown in Figure 3.
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Figure 3. Mechanical properties of first-generation single crystal superalloys, (a) yield strength,
(b) Larson-Miller plot [12-18].

e Second-generation alloys

CMSX-4 is a second-generation single crystal alloy developed by Canon-Muskegon in the early
1980s and has been used in gas turbines since it was first commercialized in 1991. The alloy was
modified to CMSX-4 [SLS] with enhanced oxidation resistance in the 2000s.

René N5 is a second-generation single crystal alloy developed by GE. GE has also developed René
N515 with 1.5% Re and a Re-free alloy, René N500, based on this alloy. René N5 is used not only for
turbine blades but also in aircraft engines and power generation gas turbines.

PWA1484 was designed by Pratt and Whitney to exhibit approximately 50 °F (28 °C) higher
temperature stability than PWA1480. In addition to the creep properties, various properties such as
stability of the microstructure, castability, oxidation resistance, thermal fatigue resistance, and high
cycle fatigue (HCF) properties were considered during development [14]. Then, 5.5% Al and 8.7%
Ta were added to increase the solvus temperature of y" and also to suppresses coarsening of v’
at high temperature and to maintain the volume fraction of v’ [14]. The mechanical properties of
second-generation single crystal alloys, CMSX-4, René N5, and PWA1484, are compared and shown in
Figure 4.
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Figure 4. Mechanical properties of second-generation single crystal superalloys, (a) strength,
(b) Larson-Miller plot [3,19].

e Third-generation single-crystal superalloys
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Second-generation single crystal alloys have been successfully applied to gas turbines, but there
is a demand for higher temperature stability. Representative third-generation single-crystal alloys
include CMSX-10 [20] developed by Cannon Muskegon, GE’s René N6 [21], and TMS75 and TMS80
alloys [22] developed by NIMS.

By increasing the Re content to 6%, CMSX-10, a third-generation single crystal alloy with a low Cr
content for thermal stability, was developed by both increasing the content of other refractory elements
and significantly changing the Al and Ti contents [20]. Creep strength of the alloy was improved
by approximately 30 °C compared to the second-generation alloy. CMSX-10 has been modified to
CMSX-10N with 7% of Re in which the compositions of other elements were slightly adjusted.

e Fourth- and fifth-generation single crystal superalloys

In the case of third-generation single crystal superalloys containing 5-6% of Re, the creep properties
are found to be degraded because of the formation of topologically closed-packed (TCP) phases after a
long duration under high temperatures. Several studies have found that the addition of ruthenium
reduces the formation tendency of TCP [23-25]. Ru is preferentially distributed to v, while Rh, Pd,
and Pt are preferentially distributed to vy’ and Ir is almost evenly distributed on y/y’ [25]. In addition,
the high temperature creep characteristics of fourth-generation single crystal alloys are very good.
One of them is TMS-138 developed by NIMS in Japan, which has excellent hot corrosion resistance [26].
Caron [27] studied the development of the fourth generation of single crystal alloys by varying the
content of Re and Ru and presented an alloy called MC-NG (Mono Cristal-Nouvelle Generation).
The results show that the creep properties of MC-NG are nearly equivalent to those of the representative
third-generation single crystal alloys, CMSX-10 and René N6, and the phase stability of TCP is excellent.

Based on TMS-138, fifth-generation single crystal alloys such as TMS-162 and TMS-173 with higher
Ru content were developed [26]. They increased the Mo content from 2.9 to 3.9 wt.% and improved the
stability of the TCP phase formation by increasing the Ru content. In addition, TEM confirmed that
the dislocation network formed at the y/y’ interface was much finer and more regular than before.
The temperature stability of TMS-162 is approximately 20 °C higher than that of TMS-138 at 1083 °C.

However, the oxidation resistances of TMS-162 and TMS-173 were degraded because of the low
Cr content for microstructure stability. Therefore, the TMS-196 alloy was developed to improve creep,
thermo-mechanical fatigue, phase stability, and oxidation resistance [28]. Figure 5 shows the creep
rupture lives as Larson-Miller curves of three alloys, CMSX-10, TMS-138, and TMS-196 [20,28,29].
It can be seen that the creep properties are significantly improved in higher generation alloys, especially
in the high-temperature low-stress regions.
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Figure 5. Larson-Miller plot of three different generations of single crystal superalloys [20,28,29].

o Cost effective superalloys



Appl. Sci. 2020, 10, 5476 7 of 24

As mentioned above, Re and Ru are added into single crystal superalloys to increase the
temperature stability, but these elements are expensive and their supply is strategically dangerous.
Therefore, single crystal superalloys with less Re content that have superior properties to the
first-generation single crystal alloys and comparable properties to the second-generation alloys
have been developed in recent years. As commercial alloys, CMSX-8 containing 1.5% Re and CMSX-7
without Re were developed by Cannon-Muskegon [3]. In the case of CMSX-8, the composition was
adjusted to CMSX-8[B/C] version with B and C addition to prevent degradation at high temperature
due to low angle boundary (LAB).

A low-thenium alloy, TMS-286, containing 1.2% Re for aircraft engine application with good
corrosion resistance and mechanical properties was developed in Japan using their own alloy design
program [30]. Re-free TMS-1700 for power generation gas turbines was also designed to exhibit better
TMF properties than conventional first-generation superalloys. The creep properties of TMS-1700 are
superior to those of CMSX-4 under low-temperature high-stress conditions (800 °C/735 MPa) and
high-temperature low-stress conditions (1100 °C/137 MPa).

QTSX is the low Re (1%) single crystal superalloy designed by applying integrated computational
material engineering technologies, which has comparable properties to second-generation single crystal
superalloys [31].

Re-free low-density single crystal superalloy ERBO/15 was developed based on multi-criteria
numerical optimization [32]. The alloy has a lower density than the second-generation single
crystal superalloy, CMSX-4, and comparable creep properties, especially in the high-temperature
low-stress regime.

1.3. Manufacturing Process for Casting Superalloys and High-Temperature Components

In the early stages of gas turbine blade manufacturing, many forging methods using nickel-based
superalloys were used. However, as the y’ volume fraction increased to improve high temperature
strength, the high temperature formability decreased, and the manufacturing method was replaced by
the casting method. Until recently, most turbine blades were manufactured using a casting method,
which allows more precise and complex surface shaping.

Casting alloys are used to fabricate complex parts such as blades and vanes. They are generally
cast under vacuum because they have some well-oxidized alloying elements such as Al and Ti. Based on
the casting method, different microstructures of superalloys are formed. The microstructure shape is
closely related to the thermal properties as well as the mechanical properties such as high temperature
phase stability, tensile and yield strength, and creep resistance. Therefore, several casting methods
have been developed to improve the mechanical and thermodynamic properties of superalloys.

Conventional cast superalloys have a polycrystalline grain structure. However, the grain boundary
perpendicular to the major stress axis can degrade the creep properties at high temperatures. To improve
the creep life of the casted alloys, directional solidification casting was developed to remove grain
boundaries perpendicular to the stress axis, and a single crystal casting process was developed to
remove all grain boundaries. Figure 6a shows blades with different grain shapes depending on the
casting method.

A schematic diagram of Bridgman casting is shown in Figure 6b. Very fine grains are formed
when the molten superalloy is poured into a mold preheated to approximately 1500 °C placed on a
water-cooled Cu chills. A temperature gradient is generated in one direction between the upper part
of the mold with the molten superalloy and the lower part which has already solidified. As a result,
the crystal grows in one direction when the mold is gradually lowered. Nickel-based superalloys with
FCC structure prefer to grow in the [001] direction during solidification. Dendrites aligned in the
direction of the temperature gradient tend to grow rapidly in the [001] direction when the superheated
liquid at the interface with the dendritic phase prevents the formation of new grains. Accordingly,
columnar grains parallel to the solidification direction are formed after the casting process.
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Radanon Heating
T=1500"C

Figure 6. (a) Turbine blades with different grain structures according to the casting process, (b) schematic
diagram of Bridgman casting system.

In the case of single crystal superalloy casting, as shown in Figure 7, solidification begins from the
starter block in contact with the chill plate and proceeds to the selector. The number of grains decreases
while passing through the starter block, as can be seen in Figure 7. The mechanism of competitive
growth of grains in the starter block is the same as that of directional solidification. Among the
many polycrystalline grains produced on chill plates, only some of the grains arranged in favor of the
temperature gradient and growth survive to form a columnar structure as solidification progresses.
A single grain is selected and grown through the selector among the several columnar grains entering
the selector. Another way to cast single crystals is via the use of a seed. A single crystal seed is inserted
underneath the mold when the mold is being fabricated. Unlike the selector method in which the
single crystal grows in the [001] direction, this method has the advantage that the growth direction of
the single crystal can be controlled because the crystal grows in the same direction as the seed.

[LER]]

A

cd
Grain 2 g
selector g o
1 52
E
T (e) 23.8 mm g
Start (d) 18.3 mm g‘g‘
block (c) 12.8 mm 2o
(b) 7Z4mm | = E

l (a) 1.6 mm

Chill surface

Distance from chill plate

Figure 7. Electron backscatter diffraction (EBSD) orientation image map and corresponding inverse
pole figures at various positions of the starter block (reproduced with permission from [33], Springer
Nature, 2009).

In the conventional single crystal casting method, a temperature gradient is generated using a
water-cooled Cu plate. However, a liquid metal cooling (LMC) method using a liquid metal like Sn as
a coolant was introduced to increase the temperature gradient, because the larger the temperature
gradient, the better the quality of casting. The LMC method is more effective than the conventional
methods for casting larger components with a fine and homogeneous structure [34].

In the manufacturing of turbine components using superalloy machining processes, after casting
such as grinding of the root form and drilling of the cooling hole is required. However, nickel-based
alloys are considered as difficult-to-cut alloys due to several characteristics [35,36]. Nickel-based alloys
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have an FCC structure, which shows a high degree of work hardening, leading to severe tool notch
wear just in the depth of cut line on the cutting edge [36]. High hardness and high strength under
elevated temperature with hard carbide and precipitates causes severe abrasion on tools and results in
a deleterious effect on the tool wear rate [36]. Low thermal conductivity results in high temperatures at
the tool tip [36]. Therefore, several studies [36-39] have been conducted to improve the machinability
of superalloys and life of tools with ultrasonic vibration-assisted milling (UAM) [36,37] and machining
with high pressure coolant (HPC) [38].

1.4. Thermal Properties of Superalloys

Because superalloys are exposed to high-temperature and high-pressure environments for a long
time, many studies have been conducted on measuring the mechanical properties required to withstand
these harsh environments. In addition, the thermal properties have also been studied. The higher the
thermal conductivity of the superalloys, the easier the heat dissipation and cooling in the blade design.
The uniform temperature distribution inside the blade has the advantage of reducing the thermal
stress during operation by reducing the temperature gradient [40-42]. The thermal conductivity of
superalloys is influenced by electrons because of the free electrons in the metal than by phonons
due to lattice vibration. The chemical composition of superalloys influences the change in thermal
conductivity, and the changes in thermal conductivity vary depending on how many types of materials
that affect thermal conductivity are included based on nickel [41]. The inclusion of various chemical
compositions enhances the mechanical properties of superalloys; however, these chemical compositions
result in point defects in the nickel lattice, which reduce the thermal conductivity. Nickel, the base of
nickel-based superalloys, has a thermal conductivity of approximately 106 W/m-K at room temperature,
but as shown in Figure 8, alloys with various other metals have a thermal conductivity of 10-30 W/m-K,
which is 10-30% that of nickel [43].
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Figure 8. Variation of thermal conductivity of nickel-based superalloys with temperature according to
casting method [44].

1.5. Creep Life Prediction Model

When high temperature and stress are applied to the material for a long time, the material
undergoes permanent deformation, such as creep. At this time, the stress is less than the yield strength
and the temperature is below the melting temperature. When creep deformation occurs, the material
can mechanically degrade or break. Therefore, the study of creep is important to improve safety and
reliability. However, it is difficult to experimentally obtain long-term creep data for more than 10,000 h,
and the creep data are insufficient. Thus, the importance of research for predicting long-term creep life
from relatively short-term creep experimental data is gradually increasing [45,46].
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Commonly used creep life prediction models use approaches to predict long-term creep life by
extrapolation using time-temperature parameters. This approach has the advantage of requiring a
small amount of experimental data to derive the creep life prediction curve. As a model for predicting
long-term creep life from short-term creep tests, the representative model is the Larson-Miller parameter
(LMP) [46-48].

Recently, many predictive models have been studied based on the power law equation model,
which represents the relationship between steady-state creep rate ¢, absolute temperature T, and stress
o in the form of the Arrhenius equation. The normalized power law model, Wilshire model were
proposed by normalizing the stress term of the power law equation. In these cases, these models
attempted to improve the stress term by adding a tensile stress term [45-49].

1.5.1. Traditional Power Law Creep Models
e Power model

The power law model represents the steady-state creep rate, g, as a function of temperature and
stress. It can be expressed by combining the Arrhenius’s law and Norton’s law. Equations (1) and (2)
represent Arrhenius’s law and Norton’s law, respectively [48,49]:

Egs X exp(_R—%) 1)
&g5 0 Ao™ )

where ¢ is the steady-state creep rate at temperature (T), Q. is the creep activation energy, R is the
ideal gas constant (8.314 ]/mol-K), ¢ is the applied stress, A is a proportional constant, and # is the creep
exponent. The Arrhenius Law indicates that the strain rate increases as the temperature (T) increases,
and Norton’s Law indicates that the strain rate increases as the stress (o) increases.

The power law model can be expressed as Equation (3) by a combination of Equations (1) and (2).

&g ¢ Ac™ exp{%—%} 3)
where ¢ is the steady-state creep rate at temperature (T), Q. is the creep activation energy, R is the
ideal gas constant, A is the proportional constant, and 7 is the creep exponent. In the case of power
law, Q. and n are assumed to be constant. The power law model represents the steady-state creep rate
as a function of temperature and stress. In a creep deformation, when the temperature is increasing,
dependence of stress on steady state creep rate is increasing. It is represented by a change in n value at

the power law model [48,49]. It shows in Figure 9.
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Figure 9. Schematic representation of steady-state strain rate versus stress.
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e Larson-Miller parameter method

The most widely used creep life prediction method for metals is the LMP method. The LMP
consists of two relationships: power law equation (Equation (3)) and Monkman-Grant relationship
(Equation (4)).

Essty = Cmc 4)

where &g is the steady-state creep rate at temperature (T), Cyj; are constants, and ¢, is the rupture time
in the creep test. Assuming constant stress, the two equations can be summarized as the following
LMP equation (Equation (5)).

Py = f(0) = T(Com +logty) ®)

where Ppy is the Larson-Miller parameter and Cy; is the Larson-Miller constant. Crys typically has a
value between 10 and 50. The LMP model predicts creep life based on empirical fitting. Using Py,
LMP model can show a relationship between stress and Pr;s. However, it has limitations in explaining
the change of deformation mechanism when the stress and temperature is changing.

1.5.2. Modern Creep Model Approaches

Traditional creep models, which are based on the power law equation, are focused on extrapolating
predictions using existing data trends. When using the traditional creep model, if the dominant creep
deformation mechanism varies with temperature and stress, the creep life at low temperatures cannot
be accurately predicted with results of creep tests performed at higher temperatures.

In recent years, many studies have been conducted to improve the predictability of creep life by
solving the above problem. In particular, the method of normalizing stress to tensile strength is used
often. Tensile strength is used rather than yield strength because it is the maximum strength that can
be applied in the creep test and the value of tensile strength can be obtained more easily than that of
yield strength. Normalized power law and Wilshire model are creep models normalizing with tensile
strength [48,49].

e Normalized power law equation

The improvement of the stress term using the normalization factor from the power law model is
called the normalized power law model. Such normalization factors include yield strength, tensile
strength, and elastic modulus, but tensile strength is mainly used. This allows all creep data to be
represented in the stress range from o/ors = 0 to o/oTs = 1, and the temperature dependence of creep
activation energy (Q.) is improved.

Normalized power law gives as Equation (6)

éss];—f = A(%)I1 exp( _RQ;*) (6)

where ¢; is the steady-state creep rate at temperature (T), Q. is creep activation energy, A is constant, 1 is
creep exponent, and M is Monkman-Grant constant. A and n value can be derived by linear relationship
fitting of the x-axis with In(o/o7s) and the y-axis with In(ess exp(Q. /RT)). When representing the linear
relationship of the NPL model, it is important to find the optimal Q." value. If an optimal NPL linear
relationship is made with experimental short-term creep data, it is possible to predict long-term creep
life by extrapolation. When the deformation mechanism changes for each stress in the creep data,
there may be multiple slopes in the NPL linear relationship [47]. With this model, it can be seen that
the predictability is superior to the LMP model when predicting long-term creep life [45,47].

e Wilshire approach
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The Wilshire model has been introduced to examine the long-term rupture strength by extrapolating
the short-term creep measurements. The formula has been modified based on the normalized power
law to make linear relationship between function of stress and rupture time.

2 =eof alyonl )

where o is the creep stress, ors is the tensile strength, t, is the creep rupture time, Q. is the creep
activation energy, R is the ideal gas constant, and k; and u are constants. kjand u can be derived by
linear relationship fitting the x-axis with In(t, exp(—QC*/RT)) and the y-axis with In(-In(o/07Ts)) [50-53].
The Wilshire model is influenced by the Q." value like the NPL model in the fitting of the linear
relationship. Multiple slopes also exist according to change creep deformation mechanism [47].
However, in the case of the Wilshire model, it is possible to derive a creep life regardless of the
Monkman-Grant relationship. In predictability regime, the Wilshire model shows better long-term
creep life prediction accuracy compared to LMP, NPL model [47].

2. Thermal Barrier Coating

2.1. Background of Thermal Barrier Coating

Recently, various fields have been researched to improve the efficiency of mechanical systems
operating in high-temperature harsh environments such as gas turbines. Improvements in efficiency
in mechanical systems, in particular gas turbines, include prolonged operating life, high operating
efficiency, and reduced emissions. To satisfy these conditions, increasing the thermodynamic efficiency
by increasing the turbine entry temperature is the most effective, but as the operating temperature
increases, a severe operating environment is created, which damages the core parts. Core components,
such as TBCs, are applied to parts of gas turbines that are directly exposed to high-temperature
environments. By applying low thermal conductivity coatings on components such as blades,
the temperature of the components is reduced by approximately 100-300 °C. By using this technique,
the gas turbine can be operated at a combustion gas temperature 250 °C higher than the melting
temperature of the nickel-based superalloy. In addition, TBCs increase the service life of gas turbine
components because they reduce the temperature of metal components [54,55]. These TBCs consist of
a top coating of ceramic material that directly blocks the flames and reduces heat transfer and a metal
material that binds the top coating and the base material, as shown in Figure 10. Top coatings are most
commonly used with a ZrO, component called yttria stabilized zirconia (YSZ). In addition, YSZ has
low thermal conductivity and high oxygen permeability [56]. Bond coating is a layer of metal material
composed of MCrAlY (M: Co, Ni), which is used to prevent flame penetration into the superalloy base
material and to relieve thermal stress due to the differences in thermal expansion coefficient between
the superalloy and top coating. Because of the high oxygen permeability of the top coating, the Al
component present in the bond coating reacts with the penetrated oxygen to form a thermally grown
oxide (TGO). A TGO is formed on the bond coat layer with the a-Al,O3 component to protect the
inner surface from further oxidation. To improve the adhesive strength before spraying the ceramic
top coating layer, 2-3 um of TGO are formed on the bond coating via proper heat treatment. However,
the growth of 8-10 um thick TGO during the operation of high-temperature components generates
interfacial stress with the ceramic layer, reduces the adhesion, and causes TBC delamination [57].
Therefore, in the design of TBCs, consideration should be given to the TGO as well as the heat resistance,
high temperature properties, and the techniques used for the deposition of coatings [56].
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Figure 10. Scanning electron microscope (SEM) images of thermal barrier coating (TBC) (reproduced

Distance

with permission from [58], The American Association for the Advancement of Science, 2002).

2.2. Type of TBC According to Manufacturing Process

The microstructure of TBCs depends on the material used as well as the manufacturing technique.
The microstructure of the coating affects the required performances such as the thermal barrier
performance and oxidation resistance, and also the coating durability; therefore, it is necessary
to understand the coating manufacturing technique. TBCs have different deposition techniques
depending on the temperature and material used. When choosing a TBC process, many aspects
including performance, capital, process cost per part, thickness, composition, surface roughness
requirements, and cooling hole cover should be considered. Such TBC methods include electron
beam-physical vapor deposition (EB-PVD), chemical vapor deposition (CVD), and atmospheric plasma
spray (APS) EB-PVD process is widely used even though it is an expensive process because it provides
excellent thermal barrier performance, well-controlled composition and thickness. When coating
with the PVD method, water droplets may be generated on the coating surface due to coating
defects, which may negatively affect the surface processing [59]. EB-PVD proceeds as follows. First,
the YSZ ingot is evaporated in a vacuum chamber by using an electron beam [60]. Prior to the
deposition on the substrate, the substrate is preheated to 1000 °C under low oxygen partial pressure
conditions to form a thin layer of TGO. Next, the surface of the substrate is coated by adjusting the
environmental conditions in the vapor cloud. To ensure that the TBCs obtained through EB-PVD have
high adhesion, the temperature of the base material during the process is 0.47 times that of the ceramic
top coating material (YSZ). The microstructure of the TBC obtained through the EB-PVD process is
shown in Figure 11. The EB-PVD process is particularly effective for matching the planar modulus of
microstructures. For example, coating through the EB-PVD process makes columnar microstructures,
resulting in a low planar modulus. This is an advantage in the generation of strain because of the
mismatch in thermal expansion coefficients between the metal base material and the ceramic top
coating [61,62].
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Figure 11. Cross-sectional view of as deposited electron beam-physical vapor deposition (EB-PVD)
TBC microstructure (reproduced with permission from [63], Elsevier, 2015).

CVD is a fabrication technique with good coverage and uniform control of the microstructure [64].
It is often classified by the precursor material and energy source and uses a heat source such as an RF
induction heater. Because CVD is usually used to coat thin films, deposition rates are usually slow;
however, for non-oxides, optimization can be performed by optimizing the process parameters [65].
In contrast, for oxides, it is difficult to increase the deposition rate because of the uniform powder
formation in the gas phase; this can be overcome by appropriately selecting the geometrical structural
characteristics of the precursor and CVD chamber. Figure 12 shows a cross section of an YSZ coating
deposited at 230 pm/h using laser CVD [66].

Figure 12. Microstructure of TBC manufactured by chemical vapor deposition (CVD) process
(reproduced with permission from [66], Elsevier, 2005).

APS is a technique used to convert gases such as Ar, He, and N; into plasma and discharging
them from a nozzle to achieve an ultra-high temperature and high-speed plasma jet as a heat source.
Thermal spraying is essentially used for high melting point metals and ceramic coatings, and because
of the high plasma jet speed, thermal spraying materials collide with the substrate at a high speed,
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allowing the coating to exhibit high adhesion strength and high density. Its disadvantages are that the
air is incorporated into the plasma jet flame, resulting in high porosity and weak adhesion, and oxides
or nitrides are formed depending on the base material, which results in a coating with impurities.
In general, the spray-type coating has granulated surfaces, so a finishing operation is necessary.
Since the strength and toughness of the coating are limited, a detailed processing is required. This can
be solved by using cutting inserts with sharp edges, and positive rake and flank angles [67]. During
the APS process, a-Al,O3 (TGO) is formed from the bond coating during preheating, top coating
deposition, and subsequent heat treatment. «-Al,O3 (TGO) formed with the optimum thickness
and crystals is very important to prevent the regeneration and premature delamination of the TBCs.
The optimal thickness of the TGO immediately after deposition is considered to be approximately
0.3-1.0 um. APS shown in Figure 13 is mainly used for combustion chamber components, HPT shrouds,
and power plant components because of their cost effectiveness and the ability to fit thick coatings.
In particular, dense vertically cracked (DVC) microstructures are increasingly being used in various
processes of APS. The coatings produced by this process have vertical cracks that provide resistance
against strain, and have similar effectiveness as the cracks of EB-PVD, but at a much lower cost [54,68].

K
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Figure 13. Cross-sectional SEM of an air-plasma sprayed (APS) TBC that has been subjected to 120
thermal cycles (reproduced with permission from [58], The American Association for the Advancement
of Science, 2002).

2.3. Durability According to Structure of Thermal Barrier Coatings

The microstructures of TBCs contain pores and are largely classified into lamellar structures and
vertical structures. These microstructures are known to form various coating structures depending
on the size of the powder and the spraying conditions (spray distance, current value, spray rate,
etc.) in the coating method [69]. In addition, as the structure is changed, the thermal structure and
thermal stress in the coating in the operating environment are altered, which changes the durability
performance accordingly. Structural factors affecting durability include thickness, cracks in coatings,
pores, and TGO shapes, and studies on the effect of each factor have been conducted. An understanding
of the durability performance according to the detailed structural shape of the TBC is necessary for the
development of efficient coatings.
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The thickness of the top coating and the bond coating can be adjusted when manufacturing the
TBC. In general, as the thickness of the TBC increases, the thermal barrier performance improves
and the thermal stress generated between the top coating and the bond coating interface is reduced.
Figure 14 shows the results of variations in the top coating-TGO interfacial stress (511) as the thickness
of the top coating changes from 200-800 um. However, excessively thick coatings cannot be applied to
turbines such as combustors, high pressure turbine (HPT) blades, and HPT nozzles in commercial and
military jet engines because of the strong centrifugal forces generated at high speeds of rotations above
3000 RPM. Even if the coating is applied, the durability of the coating is reduced because the residual
stress formed by the TBC manufacturing process increases [70-73].
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Figure 14. Stress variation according to the thickness of TBC.

Cracks present in the top coating may cause the TBC to fail, but vertical cracks artificially inserted
in the coating manufacturing process increase the durability of the TBC. DVC and solution precursor
plasma spray (SPPS) coatings that form a dense coating layer using small particles and then thermally
impact the coating layer using a relatively low temperature plasma have internal vertical cracks.
These vertical cracks improve the durability and life of the coating by reducing thermal stresses caused
by repeated thermal fatigue expansion and contraction.

Figure 15 shows the results of FE analysis, performed by Wang et al. [74], of the stress intensity
factor and energy release rate depending on the horizontal and vertical positions and crack lengths of
the vertical cracks in the top coating. The stress intensity factor (K;) and energy release rate (G) increased
as the vertical crack position shifted from peak to valley to peak (Figure 15a). Also, as the vertical crack
approached TGO (y increased), the stress intensity factor and energy release rate decreased because
the TGO layer reduces stress concentration (Figure 15b). In addition, as the crack length increases,
stress intensity factor and energy release rate increase (Figure 15c), which is consistent with the theory
of linear elastic fracture mechanics [74].
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Figure 15. The stress intensity factor and energy release rate of the vertical crack as the function of the
position in the (a) x-direction, (b) y-direction, and (c) the length of the vertical crack (reproduced with
permission from [74], Elsevier, 2016).

Among the TBC structures, pores exist mainly in the top coating, which is a ceramic material.
Increasing the amount of pores decreases the thermal conductivity of the top coating, thereby reducing
the heat transfer to the base material and reducing the thermal stress at the bond and top coating
interfaces, thus increasing the thermal fatigue life of the TBC. However, if excessive pores are present,
reducing the adhesion between the top coating and the bond coating becomes problematic. Therefore,
the pores present in the coating layer should be adjusted according to the use environment of the
component to which the TBC is applied. In general, in the case of a coating layer manufactured by
the spray coating method, many pores exist, and a large powder size and hollow powder are used to
obtain a porous coating layer in which more pores are present. In addition, the shape and distribution
of the pores affects the performance and properties of the TBC [75]. Figure 16 shows the analysis results
of Young’s modulus, which depend on porosity, obtained in a study by Jang et al. [76]. The surface
regions of the coating maintain a constant value regardless of the pores, but in the side regions, the
Young’s modulus decreases as the pores increase, which means that the Young’s modulus of the coating
is highly dependent on the porosity and microstructure [76].
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Figure 16. Young’s modulus as function of porosity for ZrO,-4 mol% Y,0O3 coatings (reproduced with
permission from [76], Elsevier, 2005).
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2.4. Thermal Properties of Thermal Barrier Coatings

2.4.1. Thermal Conductivity of TBC

Because TBCs and superalloys are made of different materials, the mechanism of thermal transport
is also different. The lattice vibration, e.g., phonons, is the dominant source of thermal transport in TBC,
whereas free electrons, e.g., electrons, contributes to the majority of thermal transport in superalloys.
This is caused by the difference between nickel, the main component of the superalloys, which is a
metal where thermal transport is dominated by electrons, and zirconia, the main component of the
TBC, which is a non-metal. In particular, phonons are scattered owing to the cracks and pores of the
TBC, and the mean free path is shortened, thereby lowering the thermal conductivity.

2.4.2. Thermal Conductivity by Material

Materials that can be used in TBCs must satisfy several necessary conditions. The first requirement
is low thermal conductivity, the second is mechanical stability with temperature, and the third is the
effect of pores inside the material [77]. Polycrystalline oxides used as TBCs have a thermal conductivity
of 1-30 W/m-K, depending on the temperature [77,78]. Among them, zirconia (ZrO,), which shows
small thermal conductivity change with temperature and has a thermal conductivity of approximately
2 W/m-K, is mostly used [79].

e Yttria stabilized zirconia

The phase stability of pure zirconia is low because of the phase changes during the heating and
cooling processes. Thus, YSZ is used by adding yttria (Y,O3). In addition, the higher the amount of
yttria used, the lower the thermal conductivity of TBC; this is because of the phonon scattering due to
point defects [80]. As the content of yttria in zirconia increases, the thermal conductivity decreases by
more than 50%. Because of the thermal repeatability in practical use, zirconia with 7 wt.% yttria, 7YSZ,
is mostly used, which was developed by NASA in the 1970s via burner league tests.

e Zirconia with rare earth

Currently, research on zirconia MyZr,O7 (M is a rare earth element) including rare earths is being
actively conducted [81]. Rare earths are used because they increase the durability of TBCs, increase the
acceptable temperature of turbine entry temperature, and use smaller thicknesses than conventional
TBCs. The thermal conductivity of TBC using rare earths is low owing to the short phonon mean
free path.

EB-PVD TBCs with a thickness of 250 um, including 4 mol% rare earth metals, such as Gadolinia,
Neodymia, and Ytterbia, have thermal conductivities of approximately 1 W/m-K at room temperature,
and those of 0.88, 1.00, and 1.02 W/m-K at 500 °C, respectively [79].

2.4.3. Thermal Conductivity Dependence on Various Deposition Method

In the APS method, the powder has a layered structure in which layers are stacked in the form of
flat agglomerates on the superalloys, and contains several pores, which causes the thermal conductivity
of the TBC to be 0.8-1.1 W/m-K depending on the temperature mainly owing to the pores in the
structure. LPPS is a method of depositing high temperature plasma, similar to APS, at a low pressure in
the chamber during deposition. The reason for maintaining a low-pressure environment is to increase
the mechanical strength of the TBC by minimizing the air layer mixed with the pores. The thermal
conductivity of TBCs deposited by the LPPS method is 2-6 W/m-K, depending on the temperature.
This thermal conductivity is higher than that achieved by the APS method because the air layer inside
the TBC is minimized through the deposition at low pressure, thereby reducing the porosity and density.
Compared to the APS method, the LPPS method has an advantage as it achieves a higher mechanical
strength. However, the process is difficult and results in a slightly higher thermal conductivity than that
of the APS method, which is a disadvantage when considering the thermal barrier. In the plasma spray
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method, the parameters that can be controlled during deposition vary with plasma gas, plasma power,
nozzle diameter, the grain size, the distance between the spray and the base material, the temperature
of the base material, and the roughness of the superalloy. The grain size is directly related to thermal
conductivity. The changes in thermal conductivity according to the grain size have been studied using
simulations [79,80]. As the grain size of the TBC decreases and becomes smaller than the mean free
path of the phonon, the thermal conductivity decreases because scattering occurs.

The EB-PVD method vaporizes the deposition material using an electron beam in a vacuum
chamber. TBCs formed using the EB-PVD method are deposited on superalloys with a columnar
structure. The thermal conductivity of TBCs deposited using this method is 1.5-1.9 W/m-K, depending
on the temperature. If only thermal conductivity is considered, the APS method with a layered
structure achieves a lower thermal conductivity than EB-PVD method with a columnar structure,
thereby improving the thermal barrier performance. However, because the EB-PVD method achieves
a very good mechanical strength due to the internal structure of the TBC, many studies have been
conducted on methods to lower the thermal conductivity using EB-PVD.

2.4.4. Thermal Conductivity Dependence on Deposition Shape

Several methods have been proposed to fabricate TBCs with low thermal conductivity while
using EB-PVD to achieve high corrosion resistance and durability. The method of repeatedly
depositing each column of the columnar structure with two materials has been presented (Figure 17a).
Thermal conductivity can be reduced by 25% using this method. In the EB-PVD deposition method,
the superalloy is tilted at a certain angle and rotated to form a zig-zag columnar structure to induce
the scattering of phonons (Figure 17b). This approach reduces the thermal conductivity by up to
40% [82], which increases the blade’s acceptable temperature. The thermal conductivity of the TBC can
be lowered by inserting impurities into zirconia to induce scattering of phonons due to point defects or
by repeatedly depositing different materials.
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Figure 17. (a) Zig-zag structured (reproduced with permission from [82], John Wiley and Sons, 2005)
and (b) multilayered EB-PVD TBC (reproduced with permission from [83], Elsevier, 2000).

3. Summary

In this paper, a comprehensive review on superalloys and thermal barrier coating (TBC) used as
gas turbine blade materials was performed. The manufacturing processes of superalloys have been
developed in order of wrought process, conventional investment casting, directional solidification,
and single crystal casting to cope with the improvement of the gas turbine inlet temperature. In case
of single crystal alloys, Re and Ru were added to improve high temperature properties, and the
generations are classified according to their amount of addition. However, considering the high cost
of Re and Ru, recently, alloys having excellent high temperature properties with low Re and Ru are
being developed. The composition and mechanical properties, especially tensile and creep properties
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of typical alloys in each casting process and generation were described. In order to improve creep
property by reducing grain boundaries perpendicular to the stress axis, directional solidification in the
[001] direction is induced by the Bridgman method. Only one grain remains while passing through the
selector during directional solidification, which leads to single crystal. In addition, the applicability of
various models to the life prediction of creep, which is a major cause of failure of blades, was examined.
The TBC has a different microstructure depending on the manufacturing process (EB-PVD, CVD,
APS), and the properties of each process and microstructure through SEM images were analyzed.
The thermal barrier coating has a close relationship with durability and mechanical and thermal
properties depending on the structure. As the thickness of the coating increases, the heat resistance
performance increases, but due to the strong centrifugal force, there are limitations on the thickness
that can be applied. The vertical crack inserted in the top coating reduces the stress caused by thermal
expansion to improve the durability of the coating. The pores present in the coating play a role in
reducing the thermal conductivity, but excessive amounts of pores may instead act as a cause of
deteriorating mechanical properties. Phonons are the dominant factor in heat transfer of thermal barrier
coating. Phonon scattering occurs due to cracks and pores, and the mean free path is shortened to lower
thermal conductivity. If only the thermal conductivity is considered, the thermal barrier performance
generated by the APS process is evaluated higher than that of the EB-PVD process. Since the thermal
barrier coating has different structures and different mechanical and thermal properties, it is essential
to select the appropriate process and to understand the coating structure when applying the thermal
barrier coating or designing and developing a new thermal barrier coating. Overall, this review should
serve as a reference for further enhancing the TET of the gas turbine for power plants or aviation in
the future.
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