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ABSTRACT

In modern turbine engines for propulsion and energy generation, thermal barrier
coatings (TBCs) protect hot-section blades and vanes, and play a critical role in
enhancing reliability, durability and operation efficiency. In this study, thermal cyclic
lifetime and microstructural degradation of electron beam physical vapor deposited (EBPVD) Yttria Stabilized Zirconia (YSZ) with (Ni,Pt)Al bond coat and Hf- and/or Ymodified CSMX-4 superalloy substrates were examined. Thermal cyclic lifetime of
TBCs was measured using a furnace thermal cycle test that consisted of 10-minute heatup, 50-minute dwell at 1135°C, and 10-minute forced-air-quench. TBC lifetime was
observed to improve from 600 cycles to over 3200 cycles with appropriate Hf- and/or Yalloying of CMSX-4 superalloys. This significant improvement in TBC lifetime is the
highest reported lifetime in literature with similar testing parameters. Beneficial role of
reactive element (RE) on the durability of TBCs were systematically investigated in this
study. Photostimulated luminescence (PL) spectroscopy was employed to nondestructively measure the residual stress within the TGO scale as a function of thermal
cycling. Extensive microstructural analysis with emphasis on the YSZ/TGO interface,
TGO scale, TGO/bond coat interface and bond coats was carried out by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and scanning transmission
electron microscopy (STEM) as a function of thermal cycling including after the
spallation failure. Focused ion beam in-situ lift-out (FIB-INLO) technique was employed
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to prepare site-specific TEM specimens. X-ray diffraction (XRD) and secondary ion mass
spectroscopy (SIMS) were also employed for phase identification and interfacial
chemical analysis.
While undulation of TGO/bond coat interface (e.g., rumpling and ratcheting) was
observed to be main mechanism of degradation for TBCs on baseline CMSX-4, the same
interface remained relatively flat (e.g., suppressed rumpling and ratcheting) for durable
TBCs on Hf- and/or Y-modified CSMX-4. The fracture paths changed from the
YSZ/TGO interface to the TGO/bond coat interface when rumpling was suppressed. The
geometrical incompatibility between the undulated TGO and EB-PVD YSZ lead to the
failure at the YSZ/TGO interface for TBCs with baseline CMSX-4. The magnitude of
compressive residual stress within the TGO scale measured by PL gradually decreased as
a function of thermal cycling for TBCs with baseline CMSX-4 superalloy substrates. This
gradual decrease corresponds well to the undulation of the TGO scale that may lead to
relaxation of the compressive residual stress within the TGO scale. For TBCs with Hfand/or Y-modified CMSX-4 superalloy substrates, the magnitude of compressive residual
stress within the TGO scale remained relatively constant throughout the thermal cycling,
although PL corresponding to the stress-relief caused by localized cracks at the
TGO/bond coat interface and wihin the TGO scale was observed frequently starting 50%
of lifetime.
A slightly smaller parabolic growth constant and grain size of the TGO scale was
observed for TBCs with Hf- and/or Y-modified CSMX-4. Small monoclinic HfO2
precipitates were observed to decorate grain boundaries and the triple points within the α-
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Al2O3 scale for TBCs with Hf- and/or Y-modified CSMX-4 substrates. Segregation of
Hf/Hf4+ at the TGO/bond coat interfaces was also observed for TBCs with Hf and/or Y
modified CMSX-4 superalloy substrates. Adherent and pore-free YSZ/TGO interface was
observed for TBCs with Hf and/or Y modified CMSX-4, while a significant amount of
decohesion at the YSZ/TGO interface was observed for TBCs with baseline CMSX-4.
The β-NiAl (B2) phase in the (Ni,Pt)Al bond coat was observe to partially transform into
γ’-Ni3Al (L12) phase due to depletion of Al in the bond coat during oxidation. More
importantly, the remaining β-NiAl phase transformed into L10 martensitic phase upon
cooling even though there was no significant difference in these phase transformations
for all TBCs. Results from these microstructural observations are documented to
elucidate mechanisms that suppress the rumpling of the TGO/bond coat interface, which
is responsible for superior performance of EB-PVD TBCs with (Ni,Pt)Al bond coat and
Hf and/or Y modified CMSX-4 superalloy.
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1. INTRODUCTION

Thermal barrier coatings (TBCs) have been developed to meet the demand of high
temperature applications, especially for internally cooled hot section components in
advanced gas turbine engines for propulsion and energy production. Since advances in
engine efficiency have been limited by the maximum temperature capacity of the
conventional cobalt- and nickel-base superalloys, application of a thin coating - a heatinsulating ceramic on the airfoil surface, which is now known as TBCs, was first
proposed by National Aeronautics and Space Administration (NASA) and U.S. Air Force
in the late 1950s. TBCs are currently a vital part of advanced gas turbine technology.1
Generally, TBC system consists of four layers: ceramic topcoat, thermally grown
oxide (TGO) scale - oxidation products of the metallic bond coat, metallic bond coat, and
superalloy substrate. Over the years, a number of ceramics have been proposed and
evaluated as TBCs or anticorrosion coatings in engines. However, zirconium dioxide
(ZrO2) in its stabilized form appears to be the optimum choice as determined originally
by NASA. Stabilization of high temperature tetragonal phase down to ambient
temperature is very essential for ZrO2-based coatings. Through decades of study, Y2O3
(7~8wt.%) partially stabilized zirconia (YSZ) successfully met the requirements of many
high temperature applications. They are strain tolerant to avoid instantaneous
delamination by incorporating either microcracks or aligned porosity.2 Two established
methods for depositing the ceramic topcoat are air plasma spray (APS), and electron
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beam physical vapor deposition (EB-PVD). In APS, particulate matters introduced into
the plasma is heated to a liquid state and accelerated toward the work piece. Upon impact,
the hot particles deform to form splats and produce a complex interlocked microstructure.
EB-PVD method uses an electron beam to evaporate the oxide from an ingot, and
components are coated by vapor condensation. The EB-PVD ceramic topcoat generally
exhibits longer durability with strain-tolerant columnar microstructure and strong atomiclevel adhesion with the substrate. EB-PVD topcoat also has the following advantageous
properties: good thermal shock resistance, aerodynamically smooth surfaces and good
erosion resistance.3
The bond coats are deposited by low pressure/vacuum plasma spray (LPPS/VPS)
or EB-PVD for the MCrAlY (M=Ni and /or Co) bond coat, and a combination of
electroplating in conjunction with diffusion - aluminizing or chemical vapor deposition
(CVD) for the (Ni,Pt)Al bond coat.4,5 The interconnected porosity and microcracks that
exist in the topcoat allow the oxygen to easily oxidize the bond coat surface. Moreover,
even if the topcoat were fully dense, the extremely high ionic diffusivity of oxygen in the
YSZ topcoat renders it oxygen transparent. During engine application, the bond coat
temperature in gas turbine engines typically exceeds 700°C, resulting in bond coat
oxidation and inevitable formation of the TGO scale between the bond coat and the
ceramic topcoat.6 Furthermore, the TGO scale also forms during the bond coat processing
and topcoat deposition. Although the formation of the TGO is inevitable, the ideal bond
coat is engineered to strive for the formation of uniform and defect-free oxidation scale
consisting of α-Al2O3 that possesses a slow growth rate. Such a TGO has a very low
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oxygen ionic diffusivity and provides an excellent diffusion barrier, retarding further
bond coat oxidation.7
The growth of TGO during service is considered to be the crucial phenomenon
responsible for the failure of TBCs.8 The TGO growth results in a constrained volume
expansion that leads to compressive “growth” stresses (<1 GPa) 9 persisting at all
temperatures. Upon cooling, the thermal expansion mismatch between the TGO and bond
coat leads to a very high compressive residual stress in the TGO up to 6 GPa.10,11,12 The
large compressive residual stress in the TGO provides the strain energy that can drive
spallation, typically within and/or near the TGO scale.
In addition, phase constituent of the TGO is considered to be a critical factor
influencing the adhesion at the TGO/YSZ interface. The formation of the metastable θAl2O3 and its conversion to the stable α-Al2O3 in the TGO has been reported to have a
profound effect on the structural integrity of the TGO/YSZ interface during thermal
cycles.13,14 The polymorphic transformation of Al2O3 may be responsible for additional
residual stress from the volumetric constraint in the TGO and the nucleation of subcritical cracks, eventually leading to the spallation of the TGO.15,16 Thus, the formation of
a “perfect” TGO that only consists of α-Al2O3 prior to the deposition of topcoat can help
to improve the oxidation resistance and enhance the durability and reliability of TBCs.
Failure of TBCs, generally observed with the spallation of the YSZ topcoat,
exposes the underlying bond coat and superalloy to an extremely aggressive environment
that can cause catastrophic component failure. Besides residual stress and phase
transformations within the TGO scale, various other factors can contribute to the failure
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of TBCs, such as sintering 17 and phase transformation of the YSZ topcoat 18 , 19 ,
thermochemical interactions of environmental deposits with the YSZ20,21,22, ridges/cavites
induced crack23,24, Al depletion induced phase transformation within the bond coat,25,26
undulation of the TGO/bond coat interface,27,28,29,30,31,3233 spinels formation,34,35 sulfur
embrittlement,36,37,38 porosity formation,39,40,41 etc.
A variety of degradation modes have been identified to influence the final
spallation failure of the insulating YSZ topcoat. A large number of literature related to
failure mechanisms of TBCs reported that the phase transformations and microstructural
change in the TGO scale, and damage at the YSZ/TGO and the TGO/bond coat interfaces
are the crucial factors that govern the failure of EB-PVD TBCs.42,43,44 Therefore, methods
by which one can enhance the adherence of the oxide layer are required to prevent failure
of TBCs, and thereby extend the service lifetime of the gas turbines engine components.
An “ideal” TGO scale in terms of resistance to scale spallation and rate of scale
growth is desired to improve the performance of the TBC systems. After being first noted
in the patent in 1937 by Griffith and Pfei,45 the beneficial effects of reactive elements
(REs, e.g., Y, Zr, La, Ce, Hf, ect.) have been widely studied. In 1980, Whittle and
Stringer reviewed the effects of REs46 and led numerous studies to understand the role of
RE on improving the high temperature oxidation resistance and scale adherence.
Numerous mechanisms have been proposed including (1) improved chemical bonding at
the interface; (2) changing oxidation mechanism; (3) prevention of void growth at the
interface by formation of alternative vacancy sinks in the alloy; 47 (4) annihilation of
vacancies by dislocation loops in the oxide scale by an internally-oxidized RE; 48 (5)
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removal or relocation of voids that might otherwise at the alloy-oxide interface;49 (6)
gettering of segregants into stable compounds preventing segregation to the oxide/metal
interface which may weaken the interfacial;50 (7) desirable polymorphic transformation
within Al2O3 to inhibit the θ-to-α-Al2O3 phase transformation;51,52 and (8) Changing of
scale plasticity and increase creep strength of the material.53 Despite 30 years of intensive
studies, the mechanism of RE effects is still not clearly understood.
Over the years, many researchers examined various means to alloy REs into the
bond coat in TBCs. Alloying addition is commonly used for thermal sprayed MCrAlY
bond coat.54 However, to further improve the durability of TBCs, attempts have been
made to add REs into the (Ni, Pt)Al bond coats, which inherently perform better than
MCrAlY bond coats. Low activity aluminizing chemical vapor deposition (CVD) is one
of the commonly used methods for the deposition of (Ni,Pt)Al bond coats. However,
since the beneficial effects of RE are extremely sensitive to composition, the precise
control of the bond coat composition remains difficult. Ion implantation, although not
suitable for complex turbine parts, was examined from 1980s.55,56 RE oxide dispersion
generally provides the best method for introducing the RE uniformly throughout a bulk
alloy with an additional benefit of increased creep resistance through dispersion
strengthening. However, this concept cannot be employed for coatings.
In this study, RE (Hf and/or Y) was alloyed to the CMSX-4 superalloy substrate,
thereby passing the processing difficulties accompanied with precise concentration
control within the (Ni,Pt)Al bond coats. The main objectives of the present study are as
follows:
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1) Demonstrate noble lifetime improvement in TBC performance during furnace thermal
cycle test using EB-PVD TBCs with a (Ni,Pt)Al bond coat applied on baseline and
Hf/Y modified CMSX-4 superalloy substrate.
2) Characterize the phase transformations, microstructure evolution, and residual stress
within the TGO scale as a function of thermal cycling and after the spallation failure
for TBCs with and without Hf/Y substrate-modification.
3) Understand fundamental mechanisms behind the beneficial effects of Hf and/or Y
additions on the TBC lifetime, particularly when alloyed in the superalloy substrate.
TBCs with grit-blasted (Ni,Pt)Al bond coat (MDC-150L) were deposited onto the
CMSX-4 superalloy substrate. Three types of TBCs were examined in this study and can
be classified based on their substrate composition: unmodified CMSX-4 baseline,
CMSX-4 doped with 3300 wt. ppm Hf and 60 wt. ppm Y, and CMSX-4 doped with 5900
wt. ppm Hf. Thermal cycling lifetime was evaluated using CM Rapid Temp Furnace.
Each thermal cycle consists of 10-minute heat-up to 1135°C, 50-minute hold at high
temperature, followed by 10-minute forced-air-quench. Microstructural development and
failure characteristics of TBCs were examined by using photo-stimulated luminescence
spectroscopy (PL), optical microscopy (OM), scanning electron microscopy (SEM)
equipped with energy dispersive spectroscopy (XEDS), focus ion beam in-situ lift-out
(FIB-INLO), transmission electron microscopy (TEM)/scanning TEM (STEM), X-ray
diffraction (XRD) and secondary ion mass spectrometry (SIMS).
In order to achieve the main objectives, the following studies were carried out:
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1) Evaluation of thermal cycling lifetime of TBCs on unmodified and modified CMSX4 superalloys using furnace thermal cycle test. Failure of TBCs is defined by 50 area
% spallation of the YSZ topcoat.
2) Measurements of residual stresses of the α-Al2O3 within the TGO scale by
photostimulated luminescence (PL) spectroscopy as a function of thermal cycling.
3) Extensive microstructure analysis of TBCs as a function of thermal cycling and after
failure using SEM, XRD and TEM/STEM via FIB-INLO with an emphasis on the
influence of Hf/Y alloying on the phase transformations, morphological evolution and
compositional changes near the TGO scale.
4) Elemental analysis by secondary ion mass spectroscopy (SIMS) for determination of
RE segregation within the TGO scale.
5) Measurements

of

mechanical

properties
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including

strength

and

ductility.

2. LITERATURE REVIEW

2.1 Thermal Barrier Coatings and Failure Characteristics
Greater efficiency and output of gas turbines, which inescapably connotes an
increase in turbine inlet temperature, require methods by which temperature limits can be
surmounted by overcoming hot-section material restraints. Thermal barrier coatings
(TBCs) are the most promising and established technology to meet this demand. Being
widely used in the hot section in both aero- and land-based gas turbines, TBCs have
improved the power and efficiency of gas turbine engines dramatically.57 For instance, it
has been reported that a 170°C increase in the engine operating temperature can improve
the engines thrust by 5.0% and efficiency by 1.0%. 58 TBCs have the potential for
increasing the temperature capability of gas turbines by 90~150°C: significantly above
what is achievable with the most advanced superalloys.

2.1.1 Thermal Barrier Coatings
In general, TBCs provide a thermal barrier between the hot gases and air cooled
turbine blades and vanes, and consists of four layers, as shown in Fig. 1: (1) a thermally
insulating ceramic topcoat (typically yttria partially stabilized zirconia, YSZ) with low
thermal conductivity and chemical inertness in combustion atmospheres; (2) a metallic
bond coat that forms a protective thermally grown oxide (TGO) scale to protect the

8

turbine blades against environmental degradation by reducing hot corrosion and oxidation
attack; (3) a TGO scale that forms during processing as well as in service, and is the real
bonding layer between the ceramic topcoat and the metallic bond coat; and (4) the
superalloy substrate to sustain structural strength at high temperature. The reduction of
surface temperature for the metal component enables the conventional superalloys to be
continuously used. Therefore, an increase of the engine operating temperature and/or a
prolongation of component lifetime at current temperatures can be achieved.59

Interior
coolant gas
Engine gas
temperature

TBC system

Turbine
blade

Figure 1. Typical TBC system and its application.
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2.1.2 Failure Characteristics of EB-PVD TBCs
Electron beam physical vapor deposition (EB-PVD) and air plasma spray (APS)
are the two most conventional methods in depositing YSZ nowadays. YSZ deposited by
EB-PVD technology has many advantageous properties over APS YSZ, such as excellent
coating-substrate adhesion, uniform thickness, high density, good thermal shock
resistance, smooth surfaces for good aerodynamic flow and good erosion resistance.10
Therefore, EB-PVD YSZ is widely used in the industry. However, TBC is a very
complex system and many factors can lead to the obliteration of its integrity. On the other
hand, some of these factors can be optimized and become beneficial. Possible factors that
may affect the lifetime of the TBCs are shown in Fig. 2, and each factor will be discussed
further in the next few chapters.

Superalloy
• Mechanical properties
• Composition
• Inter-diffusion
with bond coat

Ceramic topcoat
• Composition
• Thermomechanical
properties
• Thermochemical
interaction
• Inter-diffusion with TGO
• Sintering

Bond coat
Composition
Plasticity/creep resistance
Surface finish
Grain structure
Segregation
Phase constituents &
transformation
• Inter-diffusion
with superalloy
•
•
•
•
•
•

TGO
• Phase constituents &
transformation
• Grain size & structure
• Growth rate
• Residual stress
• Reactive elements
distribution

Figure 2. Factors that may affect the lifetime of the TBCs.60
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EB-PVD TBCs can spall by buckling over a rather large area as shown in Fig. 3.
A number of distinctly separate buckles can also develop over a large number of cycles.
The prerequisite for buckling is the development of a sufficiently large and contiguous
debonded region. In general, the size of the debonded region needed for buckling
increases with increasing oxide thickness. However, oxide thickness is not the only factor
that controls buckling spallation. As the strain energy release rate driving the
delamination increases with increasing oxide thickness, the buckling tendency decreases.
Therefore, only when the balance is met, that is to say, the thickness of the TGO has
reached the critical size for buckling, TBCs will fail.61,62,63

YSZ
Decohesion YSZ
Decohesion

YSZ
TGO
TGO

Decohesion
Bond coatBondcoat

Bond coat

Figure 3. A schematic illustration and an example micrograph of TBC failure by
buckling.64
Fig. 4 illustrates edge delamination of the TBCs, which initiates at the edge of the
TGO/bond coat interface and competes with buckling, as influenced by the in-plane
modulus of the topcoat. Both forms of delamination scale have the available elastic
energy stored in the layers. Usually, the low in-plane elastic moduli of the porous
zirconia layer promote buckling, but suppress edge delamination. But the relatively thick
11

topcoat also acts to suppress buckling whenever the initial interface flaws are smaller
than a critical size.63,65 This delamination can lead to fracture at the YSZ/TGO interface
depending upon microstructural and geometrical characteristics of the bond coat surface.

YSZ YSZ

Bond coat
Bondcoat

Decohesion
Decohesion

YSZ
YSZ
Decohesion
Decohesion

TGO
TGO

TGO
TGO

BondcoatBond coat

Figure 4. A schematic illustration and an example micrograph of TBC failure by edge
delamination.

Fig. 5 shows a schematic illustration and an example micrograph of TBC failure
by ratcheting. Two factors are required for ratcheting to occur. First, there must be some
initial interface imperfections, which are above the critical amplitude to induce the
stresses in excess of the cyclic yield strength of the bond coat. Secondly, due to the
extreme yield strength anisotropy of β-NiAl, some grains adjacent to the TGO must
exhibit a soft orientation in the sense that they are highly susceptible to plastic
deformation normal to the interface. This combination of orientation softness with
interfacial imperfections dictates the ratcheting.42,63, In general, failure by racheting lead
to fracture at the YSZ/TGO interface.
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YSZ
YSZ
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Bondcoat
Bond coat

TGO

Imperfection
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Figure 5. A schematic illustration and example micrograph of TBC failure by racheting.
While these different modes of failure for EB-PVD TBCs are observed as a
function of processing, composition, microstructure and testing; growth of the TGO scale
(i.e., oxidation) has been identified as the common and critical governing phenomena.

2.2 Ceramic Topcoat
The ceramic topcoat is designed to create the temperature gradient across the
thickness of the coating. Therefore, this layer is required to have high melting point, high
surface emissivity, low thermal conductivity, high thermal shock resistance, low vapor
pressure, resistance to oxidation or chemical degradation, and high coefficient of thermal
expansion. A porous, columnar or splat-quenched, 100-400µm thick, zirconia layer
appears to be optimum choice as determined originally by NASA.1,2 Generally, 6-8 wt%
Y2O3 is used to stabilize zirconia and retain the non-equilibrium tetragonal (t’) phase with
high resistance to thermal decomposition, degradation by H2O vapor, and grain growth.66
Yttria partially stabilized zirconia (YSZ) is outstanding in terms of a thermal conductivity,
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which is approximately 100 times lower than that of α-Al2O3. It also has one of the
highest coefficient of thermal expansion among common oxides (except for MgO):
11×10-6 ºC-1 at 1000ºC, quite close to 17×10-6 ºC-1 for average Ni-based superalloys.67
Moreover, the partially stabilized zirconia is found to have excellent thermal shock
resistance, high strength, and high fracture toughness by a ferroelastic domain-switching
mechanism that remains active at temperatures up to 1400ºC.68

2.2.1 Electron Beam Physical Vapor Deposition
Physical vapor deposition emerged in the 1960s as one of the primary overlay
coating production techniques. The term physical vapor deposition (PVD) refers to
deposition of materials by vapor transport in a vacuum without the need for a chemical
reaction. 69 Since the 1980s, electron beam PVD (EB-PVD) technology has been
employed for TBCs. Today it is one of the most commonly used methods for coating
turbine airfoil components.70
Fig. 6 shows a schematic diagram of a typical coating chamber for EB-PVD
process. An ingot of the appropriate composition is vaporized in vacuum using a high
power density heat source such as electron beam (100 - 200 KW). The parts to be coated
are manipulated within the vapor cloud with the material condensing on the preheated
substrate surface. The composition of the deposited coating will often be different from
that of the starting ingot, due to differences in vapor pressure; therefore, the composition
of the ingot must be adjusted accordingly. This technology has progressed to where the
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elements with a broad range of vapor pressures can be simultaneously evaporated from a
single source.
The EB-PVD provides TBCs with many advantageous properties, such as good
thermal shock resistance, aerodynamically smooth surfaces and good erosion resistance.57
The deposition conditions are designed to create a columnar grain structure shown in Fig.
7 with both intra- and inter-columnar porosities to enhance the thermal resistance and the
strain tolerance.

71

As described by Strangman, “strain within the coatings is

accommodated by free expansion of the columns into the gaps, which results in
negligible stress buildup”.72
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Substrate
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Figure 6. A schematic illustration of a EB-PVD coatings chamber.73
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Unfortunately, the control over many variables in EB-PVD processing can be
difficult. Therefore, the engineering constraints on coatings deposition using EB-PVD
can limit the ways available to introduce porosity in the coating.74

(a)

(b)
Ceramic topcoat
YSZ
TGO

Bond coat
100 µm

Bond coat
Substrate
(c)

YSZ

Figure 7. Typical EB-PVD TBC system, showing the columnar structure of the YSZ
ceramic topcoat: (a) Cross-sectional backscattered electron micrograph of EB-PVD TBC
system; (b) Backscattered electron micrograph of the fractured YSZ topcoat; and (c)
Secondary electron micrograph of the top view of YSZ columnar structure.
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2.2.2 Degradation of the YSZ Topcoat
YSZ generally has a metastable tetragonal-prime (t’) crystal structure after EBPVD. After extended exposure at very high temperatures, this metastable phase
transforms into a mixture of equilibrium tetragonal and cubic phases as shown in Fig. 8.
Then the tetragonal phase is prone to evolve into a monoclinic phase upon cooling. This
transformation is harmful since it is accompanied by 3-5% volume expansion and leads
to microcracking and degradation of the coatings.75,76
Beside phase transformations within the YSZ top coat, sintering is another
concern related to the durability of TBCs. Inter-columnar sintering will build up tensile
stress within the EB-PVD YSZ and result in mud-cracking upon cooling.

77

Mud-

cracking relieves the in-plane tensile stress within the clusters, and promote subsequent
sintering.
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The opening of each mud-cracking allows chemical ingress to the TGO and

bond coat, and may lead to spallation of the TBCs.
Low quality fuels used in land-base military and sea engines usually contain
impurities such as vadadium, phosphorus, sodium and sulfur. Molten oxides of vanadium
and phosphorus, as well as salts, such as vanadates and sulfates of sodium are deposited
on the surface of turbine components during high temperature oxidation. Vanadium
pentaoxide can react with the yttria. Depletion of the yttria stabilizer can cause evolution
of zirconia from tetragonal or cubic phase to monoclinic phase upon cooling.79,80,81,82
More severely, TBCs are increasingly susceptible to degradation by molton calciummagnesium aluminum silicate (CMAS) resulting from the ingestion of siliceous minerals
(dust, sand, volcanic ash, runaway debris) with the intake air in advanced engines, which
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operate at higher temperatures and more aggressive environments.

83

At lower

temperatures, these solid particles can cause erosive wear or localized spallation of
YSZ.84,85 As temperature increases, the siliceous debris adheres to the YSZ surfaces and
yields glassy melts that penetrate through the open pores in the YSZ. This leads to a loss
of strain tolerance, build-up stress, deleterious phase transformation and reduce of
thermal shock resistance.86,87,88

Figure 8. A partial ZrO2-Y2O3 phase diagram.89
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2.3 Bond Coats
Since the ceramic topcoat is transparent to oxygen transport due to its porosity
and high ionic diffusivity, the oxidation resistant layer is required to protect the
underlying turbine blade from environmental degradation. This layer is also important for
adhesion, and reduces the thermal expansion mismatch between the ceramic topcoat and
superalloy substrate. Studies on the bond coats have documented that the composition,
microstructure, thickness, surface roughness and processing technique have strong effects
on the durability and reliability of TBCs.90,91,92,93,94
A typical bond coat contains Cobalt, Chromium, Aluminum, and Yttrium, with
Nickel as the primary constituent. This kind of bond coat is well known as MCrAlY bond
coat (where M can be Nickel, Cobalt, or mixtures of both). 95 , 96 The bond coat
composition is designed to obtain a highly adherent TGO. There are usually two phases
in the MCrAlY bond coat: β-NiAl (B2) and γ-Ni (fcc) solid solutions. MCrAlY coating,
in general, has a higher Aluminum content than the superalloy substrates and can act as a
reservoir of Aluminum to form Al2O3 scale. Yttrium is added at very low concentration
and was added to improve the adhesion of the TGO, primarily by acting as a solid state
gettering site for Sulfur, which diffuses from the substrate and poisons the metal/oxide
interface.97,98,99,100 The best durability of TBCs were demonstrated (in weight percent)
with vacuum plasma sprayed Ni-35Cr-5.9Al-0.95Y by Stecura91 and Miller et al., and
with vacuum plasma sprayed Ni-4Co-9Cr-6Al-0.3Y plus aluminization by Wortman et
al..
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Another type of bond coat with similar function is the diffusion aluminide bond
coat. For better oxidation and hot-corrosion resistance, Platinum has been incorporated,
forming (Ni,Pt)Al bond coats, although the mechanism by which Platinum exerts its
beneficial effects is not well understood.101,102 Both diffusion aluminide and (Ni,Pt)Al
bond coats typically contain single β-phase, with various solid solutioning.103 Compared
to MCrAlY bond coats, (Ni,Pt)Al bond coats inherently exhibit superior oxidation
resistance and provide longer lifetime for TBCs. Therefore, it is widely used in industry
with chemical vapor deposition as the primary processing route.

2.3.1 Low Activity Aluminizing Chemical Vapor Deposition
A schematic diagram of low-activity chemical vapor deposition (CVD)
aluminizing apparatus is shown in Fig. 9. The aluminizing CVD process utilizes
aluminum trichloride gas generated at low temperature (T<600K) from 99.999 wt% Al
metal, outside the coating retort. The internal and the external surfaces of the component
are supplied with coating gas by separate AlCl3 generator circuits. The coatings have a
single phase (Ni,Pt)Al additive layer. A well developed diffusion zone is characteristic of
a growth process dominated by the outward transport of Nickel. 104
Low-activity aluminizing CVD introduces minimum impurities in coatings. It
purifies the coating via removal of impurities by reactions with hydrogen or hydrogen
chloride gas during deposition. Higher purity (Ni,Pt)Al coatings may form a ‘cleaner’
alumina scale that is more adherent, and consequently, superior oxidation resistance.104
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Figure 9. A schematic diagram of the CVD low-activity aluminizing apparatus.

2.3.2 Reactive Elements Modified Low Activity Aluminizing CVD
It has been known for more than 60 years that reactive elements (RE) (Y, Hf, Zr,
La, etc.) additions to the turbine airfoil coatings improve their oxidation resistance.
However, if RE content is too low, little or no benefit would be observed. More
importantly, higher than the optimum RE alloying will accelerate the scale growth by
internal oxidation coupled with oxide pegs, which can introduce additional thermal
expansion mismatch stresses, stress concentration sites, and accelerated oxidation via
oxygen transport through the TGO. 105,106 Reactive element additions to the diffusion
platinum aluminide coatings can be achieved by CVD co-deposition. A schematic
diagram of CVD low activity co-deposition apparatus for aluminum and one or more
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reactive elements is shown in Fig. 10. Three independently controlled metal halide gas
generators are utilized to form the coating gas mixture. The operating temperature, gas
compositions and flow rates of the generators can be determined by considering the
differences in chemical and physical properties of the various metal chlorides. 107
However, precise composition control throughout the coating thickness still remains a
difficult challenge from processing point of view.

Figure 10. A schematic diagram of CVD low activity co-deposition apparatus for
aluminum and one or more reactive elements.
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2.3.3 Degradation of Bond Coats
Aforementioned, the YSZ topcoat of TBCs provides a thermal barrier, but it does
not stop underlying bond coats from oxidation, because it is a fast oxygen-ion conductor
at high temperatures. As a result, during service, the TGO scale grows at the interface
between the bond coat and the YSZ topcoat. Moreover, the pre-heat treatment prior to the
YSZ deposition, and O2 introduced during EB-PVD to maintain proper oxygen
stoichiometry in the YSZ also oxidizes the bond coat. The formation and growth of Al2O3
TGO scale generally depletes Al from the bond coat via selective oxidation. If Al
depletion is severe, it is possible to form other oxides, such as Ni-, Cr- and Co-rich oxide,
including NiO, Cr2O3, CoO, and spinels such as (Ni,Co)(Al,Cr)2O4 with low fracture
toughness.4,98 In addition, excessive alloying of RE can result in the formation of oxide
pegs and brittleness of the coatings. For example, Pint found Y3Al5O12 (yttria-alumina
garnet YAG) and/or Y2O3 within the TGO scale, and the loss of adhesion between the
TGO and bond coat as illustrated in Fig. 11.108,109
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Figure 11. Effects of minor element additions on the high-temperature oxidation
behavior of Ni-base Al2O3 forming alloys.

Al depletion from the (Ni, Pt)Al bond coat occurs due to the oxidation of the bond
coat and bond coat-substrate interdiffusion. As a result, the initial single β-phase
transforms into (β+γ') phase,110 where γ' (Ni3Al) is an intermetallic compound, as shown
by the phase diagram in Fig. 12. The γ’ phase has an fcc derivative L12 structure as
shown in Fig. 13. When the Al content is less than a critical level and cooling rate is
sufficiently fast, the β phase which has a B2 structure can undergo a martensitic
transformation to form a L10 structure shown in Fig. 14.111,112
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Figure 12. Equilibrium binary phase diagram of Ni-Al system.113

Al

Ni

Figure 13. Crystal structure of γ’ (L12).
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Figure 14. Crystal structural relation between the bcc ordered phase B2 and the fcc
ordered phase L10.
The β-NiAl martensitic transformation was observed in both NiAl

base oxidation resistant coatings.

115

114

and NiAl-

During high temperature thermal cycling,

interdiffusion, driven by the large compositional difference (i.e., chemical potential
gradient) between the bond coat and the underlying superalloy substrate,116 and formation
of TGO lead to the change in the chemical composition of the bond coat from Al-rich to
Ni-rich. Thus, martensite may form upon cooling from elevated temperature.117 While
the martensitic transformation-start (Ms) temperature increases with decreasing
electron/atom (e/a) ratio114, 118 , 119 , 120 , this trend is not always followed in ternary
intermetallics.121,122 However, the value of the shear constant or the elastic anisotropy for
β-NiAl (B2) is the factor which is believed to be the most reliable quantity for predicting
the occurrence of martensitic transformations.120,123 Recently, Ms temperature of NiAl

26

was observed to decrease rapidly with increasing Titanium content by formation of a fine
microstructure. 124 Because martensitic transformations are usually accompanied by
volume change, additional strain may be introduced. For example, the average volume
change at temperature range of 600-675°C is 2.0±0.3%, and the strain generated by the
phase transformation can be approximately 0.7±0.1%. Stress and strain accumulation
within the system may result in the undulation of the bond coat, eventually lead to the
spallation of the coatings125.

2.4 Thermal Grown Oxides
The TGO scale develops as a result of oxidation process where diffusioncontrolled growth, stress state, polymorphic transformation of Al2O3 and other oxidation
products from other metals elements (e.g., Ni, Cr, Co, Hf and Y) can vary as a function of
processing, composition, microstructure, and testing. All of them play an important role
in determining the lifetime and failure of TBCs.

2.4.1 Stress within the TGO Scale
Failure of TBC systems is typically associated with spallation at the TGO/bond
coat interface, and/or within the TGO, and/or at the YSZ/TGO interface. Accordingly, the
adhesion of the TGO layer and residual stress within the TGO scale exert a central
influence on the damage mechanisms and spallation failure of TBCs.
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The α-Al2O3 is the preferred constituent of the TGO scale, because of its low
oxygen diffusivity and superior adhesion to the metallic bond coat surface. The TGO
consisting of α-Al2O3 develops extremely large residual compressions because of its
thermal expansion misfit with the substrate upon cooling (2~6 GPa),10,126 as listed in Tab.
1 and its growth due to constrained volume expansion (< 1GPa).103,127,128,129,130 The phase
transformations of the metastable phases, and the bond coat surface roughness can also
influence the residual stress in the TGO scale.131,132,133

Table 1. Summary of critical materials properties related to TBCs. 10Error! Bookmark not
defined.,134

Young’s modulus E0 (GPa)
g

TGO (α-Al2O3)

Bond coat
Interface (α-Al2O3/
bond coat)
TBC (ZrO2/Y2O3)

Growth stress, σ xx (GPa)
Misfit compression, σ0 (GPa)
Mode I fracture toughness, Γ0 (J m-2)
Thermal expansion coefficient, α0 (C-1 ppm)
Young’s modulus ES (GPa)
Yield strength(ambient temperature) σY (MPa)
Thermal expansion coefficient, αS (C-1 ppm)
Segregated
Mode I adhesion energy, Γ01
Clean
(J m-2)
Thermal expansion coefficient, αTBC (C-1 ppm)
Young’s modulus ETBC (GPa)
Delamination toughness ΓTBC (J m-2)
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350-400
0-1
3-4
20
8-9
200
300-900
13-16
5-20
>100
11-13
0-100
1-100

2.4.2 Polymorphic Transformations of Al2O3 within the TGO Scale
In general, metastable Al2O3 form at early stage of oxidation particularly at lower
temperatures.
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Then, they transform into the equilibrium α-Al2O3. The rate of

transformation depends on many factors including environment, temperature, bond coat
surface finish, etc. For example, Fig. 15 shows the typical whisker microstructure of
metastable γ-Al2O3 scale formed after oxidation at 788°C for 500 hours, and that of
transformed α-Al2O3 after oxidation at 954°C for 1000 hours.135

(a)

(b)

γ-Al 2 O 3
α-Al2 O 3

Bright Field Image

Bright Field Image

Figure 15. Bright field micrographs of (a) the metastable γ-Al2O3 scale formed after
oxidation at 788°C for 500 hours; and (b) the equilibrium α-Al2O3 scale developed from
(a) after 1000 hours’ oxidation at 954°C. 135
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Initial phase constituent of Al2O3 is considered to be a critical factor influencing
the integrity of TBCs. The formation of the metastable γ- and θ-Al2O3, and their
transformations to the equilibrium α-Al2O3 in the TGO scale have been reported to have
a profound effect on the structural integrity of the TGO/YSZ interface during thermal
cycles.136,137 The θ-Al2O3 grows predominantly by outward-Al transport138 and the αAl2O3 by predominantly inward-oxygen transport. The growth rate of transient alumina is
about an order of magnitude faster than that of the α-Al2O3. 139 Moreover, these
polymorphic transformations of Al2O3 may be responsible for additional residual stress
from the volumetric constraint in the TGO, and nucleation of sub-critical defects,
eventually leading to the spallation of the TGO. For example, there is about a 4.7%
volume change for θ-to-α-Al2O3 phase transformation. Thus, the formation of a uniform
and defect-free α-Al2O3 scale prior to the deposition of topcoat can help to enhance the
durability and reliability of TBCs.

2.4.3 Phase Constituents of the TGO Scale
The Al2O3, the primary constituent of the TGO scale has various polymorphs. For
instance, the equilibrium α-Al2O3, metastable θ-Al2O3, and metastable γ-Al2O3 have been
observed within the TGO.140 Tab. 2 lists the various polymorphs of Al2O3.
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Table 2. Various polymorphs of Al2O3.141
Phase
α

System

Structure
Type

Lattice Parameter (Å)
a

b

c

c/a, α or β

Space
group
−

hexagonal

/

4.76

/

12.99

/

R 3c

γ

cubic

Spinel
with
vacancies

7.86

/

/

/

Fd3m

δ

tetragonal

/

7.95

/

7.79

0.98

/

γ'

cubic

f.c.c

9.36

/

/

/

/

η

hexagonal

/

9.71

17.86

1.84

/

θ

Monoclinic

/

11.24

5.72

11.74

β=103°20'

χ

hexagonal

/

/

/

13.44

2.42

P6 or
P63
P6 or
P63

Other oxides such as Ni-, Cr-, and Co-rich oxide, including NiO, Cr2O3,
(Al,Cr)2O3, CoO, and spinels such as (Ni,Co)(Al,Cr)2O4 with low fracture toughness may
be also present at the TGO scale due to transient oxidation and severe degradation of the
bond coat. Transient oxides were usually observed to form heterogeneously in the TGO
scale of APS TBCs at very early stage of oxidation in air as a result of the compositional
inhomogeneity in the APS YSZ. Rapid local volume increase due to the formation of
these oxides can cause crack nucleation within them and further growth into the YSZ.
142, 143

Whereas limited formation of transient oxides can be achieved by composition

homogeneity.142 Premature failure of TBCs can be prevented by reducing crack formation
from the transient oxides.
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2.5 Failure Mechanisms of TBCs
Failure of TBCs has been studied over decades and numerous literatures have
discussed the possible mechanisms to look for ways to prevent premature failure and to
improve the lifetime of the TBCs. In addition to the degradation of the YSZ topcoat
(section 2.2.2), degradation of bond coat (2.3.3), TGO compressive residual stress and
phase transformations in the TGO scale (2.4), other commonly observed failure
mechanisms are reviewed in this section.

2.5.1 Interface Instability at the TGO/Bond Coat Interface
Interface instability of the TGO/bond coat interface is also known as rumpling.
Rumpling has been commonly observed during cyclic oxidation of aluminide coatings on
nickel-based superalloys as shown in Fig. 16. It may cause local out-of-plane tensile
stress and finally cause the spallation of the oxide scale or TBCs. 144 Rumpling is a
complex phenomenon that is attributed to many. It is generally accepted that rumpling is
due to the coating-substrate thermal expansion mismatch145 or repeated oxide cracking
and spallation146. Tolpygo et al. found that although rumpling is pronounced in cyclic
conditions, it also occurred under isothermal oxidation. Therefore, they concluded that
rumpling occurs even in the absence of thermal expansion mismatch. They proposed that
rumpling is accompanied by “swelling” of the bond coat, which is due to the
interdiffusion between the bond coat and superalloy substrate, since the intrinsic
diffusivity of Nickel is about three times faster than Aluminum in the binary Ni-Al
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system.147 In addition, they claimed that the amplitude of rumpling is affected by the
thickness of the coatings.148 However, Du149 and Campbell150 reported their contradicting
results as Al diffuses intrinsically faster than other elements in the superalloy, including
Ni. In addition, Zhang et al. suggested that the volume changes associated with
martensitic transformation in the bond coat may cause the bond coat surface to rumple.
Sohn et al. found that the TGO/bond coat interface rumpled after the TBC
specimen was oxidized for a short dwell time at elevated temperatures. On the other hand,
no rumpling was observed after a longer dwell time at the same temperature. 151 An
analytical model had been employed by Balint and Hutchinson, showing that a shorter
heat-up time results in less rumpling.31
Panat et al.152 presented a thermodynamic analysis based on bond coat stressdriven surface diffusion to explain progressive rumpling process. They found that the
critical wavelength for bond coat rumpling is inversely proportion to the thermal
expansion mismatch stress in the bond coat. If the amplitude of the initial bond coat
surface fluctuation has a wavelength higher than the critical value, it monotonically
increases and accounts for rumpling behavior.153
Undulation growth in TBC system or rumpling of the TGO/bond coat interface is
highly nonlinear and can be characterized by more than twenty materials and geometric
parameters, such as bond coat thickness154, stress development within the TGO32,155,156,
lateral growth of the TGO, plastic response of the TGO at elevated temperature32,157,
martensitic transformation of bond coat, TGO thickness, dwell time per cycle,
wavelength and amplitude of the interface, heating/cooling rate, etc. A comprehensive
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analytical model had been proposed by Balint and Hutchinson to simulate rumpling in the
four-layer TBC system. They concluded that an increase in the bond coat creep strength
or a reduction in the high temperature strength of the TGO reduce rumpling. Also they
suggested for a lower martensitic transformation temperature by minor composition
changes in designing TBCs for longer lifetime.

YSZ

TGO

YSZ

TGO

Bond coat

Bond coat
After Thermal
Cyclic
Oxidation, TGO
Rumples.

YSZ

Decohesion at and Near
YSZ/TGO interface

TGO
Rumpled TGO and
TGO/bond coat
interface
(Ni,Pt)Al bond coat
5µm
645 Thermal Cycles

Figure 16. Example micrographs of the TGO rumpling after thermal cyclic oxidation.158
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2.5.2 Ridges and Cavities of Bond Coat Surface
Extensive microstructural examination of TBCs with (Ni,Pt)Al bond coat by Gell
and coworkers159,160 has identified bond coat surface features/defects as damage initiation
sites. Fig. 17(a) shows “ridges”, associated with CVD aluminizing process of (Ni,Pt)Al
bond coat, which correspond to each grain boundary in a large polygonal grain structure
of (Ni,Pt)Al bond coat. The ridges transform to cavities and are partially filled with oxide
as a result of cycle and time dependent process during the thermal cycling161 as shown in
Fig. 17(b). This may be a cause of ratcheting. Fig. 17(c) shows the “entrapped” oxides
associated with shot-peening of MCrAlY coatings, and these oxides transform to the
oxide-filled with cavities as presented in Fig. 17(d). An accelerated growth of oxide scale
that results from the cyclic plasticity of these features/defects during thermal cycling can
be a major cause for spallation of the EB-PVD TBCs.
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(a)

(b)

50 µm

10 µm
(d)

(c)

10 µm

10 µm

Figure 17. Surface features/defects: (a) “ridges” and (b) oxide-filled cavities in EB-PVD
TBCs with (Ni,Pt)Al bond coat; (c) “entrapped” oxides and (d) oxide-filled cavities
associated with MCrAlY EB-PVD TBCs. These features/defects are present due to the
processing of the bond coats before thermal cycling and evolve into oxide-filled cavities
during thermal cycling.159,160

In addition, the ridges of the bond coat have a significant effect on the in-plane
and out-of plane tensile stresses as illustrated in Fig. 18. In-plane tensile stresses can
crack the TGO, admit molecular oxygen to the bond coat surface, and accelerate the
oxidation. Out-of-plane tensile stress eventually leads to TGO and TBC spallation.162,163
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Figure 18. Tensile stress calculated from finite element analysis for (b) out-of-plane
(vertical) and (c) in-plane (horizontal) stress in the TGO along the line A-B-C near the
ridge of the (Ni,Pt)Al bond coat surface in (a).162

2.5.3 Other Oxide Formation within the TGO Scale
Observations suggested that phase constituents within the TGO scale including
Al2O3 and a mixture of oxides, including NiO, Cr2O3, CoO and spinel shown in Fig. 19
can be a major cause of failure for TBCs with MCrAlY bond coat. This failure was
usually observed to occur along the spinel/α-Al2O3 interface.
Transient oxides can form at the early stage of oxidation due to the compositional
inhomogeneity in the APS YSZ and act as crack nuclei. However, the formation of these
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transient oxides can be limited by homogenizing composition.142 Nijdam et al. also
suggested to combine pre-annealing and pre-oxidation treatment to provide a desirable
slow-growing and highly adherent oxide layer: “(i) preannealing for 5–10 min at 1373 K
at a PO2 lower than 0.1 Pa, followed by (ii) pre-oxidation for 2 to 4 h at a temperature of
about 1373 K and a relatively high PO2 of 100 Pa”.164
However, as the oxidation proceeds, depletion of Al in the bond coat and
enrichment of Ni, Cr and Co will inevitably result in the formation of spinels. Kim et al.
developed a simple pushout technique to evaluate the interfacial shear mechanical
properties of the TBCs and found out that the delamination toughness significantly
decreases with the formation and growth of a spinel phase in the TGO scale, and leads to
the failure of TBCs. 165
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(a)
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YSZ Spinel

α-Cr
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Figure 19. (a) Backscattered electron micrograph and (b) HAADF image from the crosssection of APS TBC with IN 738 substrates after isothermal oxidation at 1000ºC for 500
hours. (c) higher magnification image of (b), showing the mixture of oxides in the TGO
scale and extensive porosities at the spinel/α-Al2O3 interface; (d) XEDS results showing
the presence of spinel.

2.5.4 Porosities
Kirkendall effect has been discovered by E. Kierendall and A. Smigelskas in
1947.166 In Kirkendall effect, the difference in the flux of the two substitutional species
due to their different intrinsic diffusion coefficients requires a net flux of vacancies to
satisfy Equ. (1):
C
C
C
J1 + J 2 + JV = 0
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( 1)

where J 1C and J C2 are the fluxes of the two substitutional species, J VC is the flux of
vacancy in a binary crystalline material diffusion by vacancy mechanism. 167,168 In TBCs,
Al has a greater intrinsic diffusion coefficient than the other elements in the system. At
elevated temperatures, Al in the bond coats diffuses into superalloys and also diffuses to
the TGO/bond coat interface to form oxides. Supersaturation of vacancies in the bond
coat and at the TGO/bond coat interfaces can cause the excess vacancies to precipitate
out in the form of voids.

2.5.5 Sulfur Effects
Sulfur segregation during high temperature oxidation to the TGO/bond coat
interfaces was often considered to weaken the interfaces by reducing the adherence.169,170
Excess sulfur in the alloy will enhance interfacial voids formation, and the coalescence of
interfacial pores results in scale decohesion, which will lead to accelerated oxidation
rates.171

2.5.6 Other Phenomena Related to TBC Failure
In addition, the following phenomena may also degrade the TBCs:
1) Foreign object damage (FOD) that locally plastically compresses the TBCs, resulting
in hot spots in the underlying bond coat that contribute to failure.85,172
2) Mechanical impact on the TBCs.
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2.6 Mechanisms of RE Effects on Oxide Scale Adhesion
Failure mechanisms of the TBCs have been investigated over five decades in
order to improve the adherence of the coatings and extend the service lifetime of TBCs.
Since its discovery in 1937, it is well known that a small amount of certain reactive
elements (REs, e.g., Y, Zr, La, Ce, Hf, etc.) has a significant beneficial effect on the
oxidation behavior of alloys, especially by improving the TGO adhesion against
spallation. For NiCoCrAl-base coatings, REs, especially Y, have been extensively used to
improve the oxidation resistance of stand-alone NiCoCrAlY coatings, and the lifetime of
TBCs with NiCoCrAlY as bond coats. Although the effects of RE additions have been
widely studied for more than 60 years,173,174,175,176,177,178,179 their role still remains elusive.

2.6.1 Attempts to Explain RE Effects
The RE effect is frequently characterized from an engineering or macroscopic
view by a reduction of oxidation rate and an improvement in oxide scale adherence. Pint
et al. have found at 1200°C, addition of Hf reduces the growth rate of alumina scale by a
factor of ten. 180 This reduction has been attributed to the suppression of Al grain
boundary transport by the segregation of RE ions to the α-Al2O3 grain
boundaries.178,181,182,183,184 Consequently, the thinner scales such as those formed with RE
(Y and/or Hf) doping may significantly improve scale adhesion,185,186 since the strain
energy release rate upon cooling is directly proportional to the scale thickness.180
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RE doping was also found to result in improving the oxide scale adherence by an
increase in the oxide scale plasticity. This beneficial effect has been attributed to smaller
grain size of the scale and formation of a buffer layer at the interface.187 On the contrary,
Pint found that the grain structure of the oxide formed on a substrate with RE
modification is elongated but not significantly smaller in size.188
Mrowec et al. noted that RE addition reduced the cation transport and changed the
oxidation mechanism from outward Al transport to inward O diffusion.189 This is due to
the “solute–drag” effect: outward diffusion of Al is limited by RE segregating at the grain
boundaries of the oxide, thus resulting in a change in the rate-limiting step of oxidation
and in oxide microstructure, especially to reduce the oxide grain size. Yurek et al. had
proposed that when cation transport is eliminated, vacancies due to the Al outward
diffusion are no longer generated, thus eliminating voids formation at the metal-oxide
interface and improving the adhesion of the oxide.190 A dynamic segregation theory had
been proposed by Pint et al., showing that RE segregates at the metal-oxide interface and
grain boundaries as presented in Fig. 20. The segregation inhibits interfacial void growth,
thus improving the oxide scale adhesion.178
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boundaries
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Figure 20. A schematic of the observed outward diffusion of RE ions during high
temperature oxidation in which the ions diffuse outward from the metal through grain
boundaries.178

Clarke et al. have found that Y doping does not lower the compressive residual
stress in the TGO scale, but sustains a higher magnitude of compressive residual stress.191
They have explained that Y-doping resulted in a more columnar grained TGO scale, and
maintained the stability of the TGO/bond coat interface by increasing the creep resistance
of the TGO scale. Cho et al. also claimed that a RE addition increases the creep strength
of the TGO scale, thus increase the deformation resistance.192
It is also known that REs can form “oxide pegs” within the TGO scale. However,
the effects of these oxide pegging have been debated in the literature. Some asserted that
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these pegs arrest crack propagation,178 ,193,194,195 while others believed that they could be a
source of brittleness.196
A recent study of Carter et. al explained the dramatic increase in the adhesion
strength of TGO/bond coat interface with a small amount of Hf doping to the bond coat
with first-principles density functional theory (DFT). 197 They found that strong new
bonds formed between the metal and oxide through Hf addition as shown in Fig. 21. Hf
has an open shell structure, forms intrinsically strong bonds with neighboring O, and
builds bridges across the metal–oxide interface.

Figure 21. Optimized structures of the interfaces: (a) the clean Al2O3/NiAl interface; (b)
the Al2O3/S/NiAl interface; (c) the Al2O3/Pt/NiAl interface and (d) the Al2O3/Hf/NiAl
interface. Ni is blue, Al is grey, O is red, S is yellow, Pt is purple, and Hf is green.
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There are other mechanisms that have been proposed to explain the improvement
of the oxide scale adherence after RE doping: (1) prevention of void growth at the
interface by formation of alternative vacancy sinks in the alloy;47 (2) annihilation of
vacancies by dislocation loops in the oxide scale by an internally-oxidized RE;48 (3)
removal or relocation of voids that might otherwise at the alloy-oxide interface;49 (4)
formation of pegs in the oxide at the interface to help mechanically anchor the oxide in
place;187 (5) gettering of segregants into stable compounds preventing segregation to the
oxide/metal interface which may weaken the interfacial; (6) desirable polymorphic
transformation within Al2O3 to inhibit the θ-to-α-Al2O3 phase transformation.198,199 and
(7) other changes in oxidation mechanisms.
Sulfur is considered to be a surface-active element, segregating at boundaries in
both metals200 and oxides.201 It enhanced the pore formation by lowering its nucleation
energy, and weakens the interface by accelerating crack propagation between pores.202
Addition of RE can lower the amount of S segregation at the metal-oxide interface, thus
improving the oxide adherence. Three different theories have been proposed for the
interaction of RE and S: (1) RE such as Y reacts with the indigenous S to form a stable
sulfide, thus preventing the sulfur from degrading scale adhesion;203 (2) Y segregated to
the alloy-oxide interface lowers the driving force for sulfur segregation to this interface,
thus eliminating its detrimental role;204 (3) RE oxide dispersions or internally oxidized
RE particles provide free interface for S segregation, diverting it from the metal-oxide
interface.205
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2.6.2 RE Addition to the Superalloy Substrate
During the past few years, several attempts have been made to add the REs into
the (Ni,Pt)Al bond coats that inherently performs better than NiCoCrAlY bond coats in
TBCs. The RE content is easier to control for NiCoCrAl-base alloys since they can be
thermally sprayed from powders that are carefully controlled in terms of composition.
However, composition control remains a difficult challenge from processing point of
view for (Ni,Pt)Al, which is deposited by CVD after Pt-electroplating. Interestingly,
Streiff and Muamba has noted the benefit of Hf from the substrate diffusing into the
aluminide coating previously206, therefore by-passing the processing difficulty associated
with composition control.

2.6.3 Interdiffusion of RE from Substrate through bond coat to the
TGO Scale and Oxide Grain Boundary Segregations
The outward diffusion of elements from the substrate is driven by the oxygen
potential gradient created during oxidation. As the oxygen partial pressure increases,
oxygen-active elements react and their activity decreases. Thus, the oxygen gradient can
result in a chemical potential gradient, which drives diffusion within the substrate alloy
during oxidation.183,207 The oxygen potential gradient extends into the metal and affects
all oxygen-active elements, even those initially present as stable oxides, nitrides, carbides
and sulfides. For example, when Y is added as oxide dispersions in substrate alloy, it is
found segregated at the scale grain boundaries or at the metal–scale interface.181,178,183
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Thus it is not surprising that relative to their bulk composition, large amounts of elements
such as Hf, Y, Ti and Ta may be found in the Al2O3 scale after oxidation.180 A large
number of arguments have been made regarding the possible reasons for segregation. The
most critical reasons for segregation have been identified as (1) charge of foreign ions208
and (2) ion size which is driven by the relief of lattice strain.209

2.7 Photostimulated Luminescence Spectroscopy
Non-destructive method of monitoring the damage evolution that leads to the
eventual failure is desirable for many engineering materials, including TBCs. Such a
method could be used both as the basis of an inspection tool and as an input for the
development of quantitative models for life remain assessment. One promising method is
piezospectroscopy, which has been applied to measure the residual stresses in α-Al2O3 by
Grabner in the 1970’s.210 Later, photostimulated luminescence (PL) spectroscopy was
developed as a nondestructive inspection technique for the assessment of residual stresses
and phase constituents within the TGO scale buried under the YSZ topcoat in TBCs by
Clarke et. al211 From the early 1990’s, numerous studies involving PL and TBCs were
carried out to refine this technique.10, 126,170,171,212,213,214,215,216
A schematic diagram presented in Fig. 22 illustrates the principle by which PL
probes the TGO underneath the YSZ topcoat. PL is an optical method that is based on the
photon emission from Cr3+ impurity in the Al2O3 when excited by argon ion laser with a
wavelength of 514 nm, which is chosen to penetrate through the YSZ and yet be within
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the optical absorption band of the chromium-doped Al2O3. The reflected fluorescence
signal is recorded. For stress-free α-Al2O3, two distinct fluorescence transitions, which
are allowed by the crystallographic symmetry of the Cr3+ site in α-Al2O3 crystals, take
place corresponding to the R1 and R2 fluorescence doublets shown as the dashed line in
Fig. 23. For α-Al2O3 without any applied and/or residual stress, these doublets occur at
frequencies of 14402 and 14432 cm-1. If the oxide is stressed, the frequency of the Cr3+
luminescence

shifts

systematically

(solid

line

in

Fig.

23),

∆ν,

so

called

piezospectroscopic effect. The frequency shift can be calibrated, and the resulting applied
and/or residual stress value in the α-Al2O3 scale can be determined based on the
relation:170,171 ,216 ,217,218

∆νstress = Πij σijc = Πij aki alj σ

(2)

where Πij is the ijth component of the piezospectroscopic tensor and σijc is the stress state
in the crystallographic basis of the host crystal. In a general coordinate system, the stress
state, σij, is related to σijc by the transformation matrix aij.
When the Al2O3 is untextured and polycrystalline with small grain size (i.e.,
smaller than the probing volume), the frequency shift is proportional to the trace of the
stress tensor, namely,
_
1
∆ ν = Π ii σ jj
3
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(3)

For a thin alumina scale under biaxial stress, σ , the frequency shift is related to the
average residual stress by:
2
∆ υ = Πii σ
3

Viewing
Screen

(4)
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Figure 22. A schematic illustration of photo-stimulated luminescence spectroscopy
technique.
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Figure 23. Typical PL spectra showing stress free and stressed α-Al2O3.

Besides residual stress, there are many other factors that influence the frequency
and shape of the luminescence, including temperature and concentration of Cr3+ and other
impurity ions. Assuming that these contributions are uncorrelated, their net effect on the
frequency shift is simply additive:

∆ν = ∆νstress + ∆νtemp. + ∆νconc.

(5)

The temperature-induced fluorescence shift is described using a scalar factor, β:

∆νtemp = β(T) T
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(6)

where the temperature dependence of β is empirically found to be insiginificant.219 In
practice, temperature contribution can be corrected by monitoring the temperature during
acquisition of spectrum. The Cr3+ concentration dependence of the frequency shift has
been previously established, 220 and varies as ∆νconc. = 0.99Cm, where Cm is the
concentration of chromium in weight percent. When the Cr3+ is uniformly distributed
across the sample (i.e., isomorphous Al2O3-Cr2O3 system), only the temperature and
stress variations need to be accounted for. The effect of doping ions addition to Cr3+ (e.g.,
Fe, Ti, Ni, or Y) has been investigated recently by Clarke et al221 who found that the ions
that are soluble in α-Al2O3 will cause systematic changes in the luminescence frequency
and intensity, whereas those ions that are insoluble have no effect on the R-line
luminescence.
Besides the frequency shift, the peak shape, peak separation, peak width and peak
intensity ratio are also considered to be related to the damage within the TGO.171,212,222
The fluorescence is a particularly strong signal, and can be detected through rather thick
EB-PVD topcoats due to their columnar microstructure, which do not significantly
attenuate the optical signals. In contrast, for APS TBCs, porosity, grain boundaries, and
most importantly splat boundaries tends to obstruct the observation of luminescence from
α-Al2O3 through the topcoat.
PL not only can determine the residual stress within the α-Al2O3 scale, but also
can identify Al2O3 polymorphs within the TGO scale. Fig. 24 shows, respectively, the N,
Q, and G-luminescence arising from a significant Cr2O3 concentration in TGO,223 the
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presence of metastable θ-Al2O3 which is characterized by a doublet at approximately
14575 and 14645 cm-1, and γ-Al2O3 which is at about 14360 cm-1 within the TGO.224

(b)
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Figure 24. (a) N-type luminescence arising from the presence of significant Cr2O3 in αAl2O3 scale; (b) Luminescence from γ, α and θ-Al2O3 labeled G, R1-R2 and Q1-Q2,
respectively.225

2.8 Transmission Electron Microscopy
Transmission electron microscopy (TEM) was developed to overcome the
limitation of resolution in light microscopes. Knoll and Ruska first built the electron
lenses into a microscope and demonstrated the electron images in 1932.226 Today, TEM
is one of the most efficient and versatile tools for the characterization of materials.
A schematic diagram of TEM is shown in Fig. 25. The field-emission source
strengthens the electric field E at sharp points due to the following equation:
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V =

E
r

(7)

where V is the applied voltage, and r is the radius of the spherical sharp tip, usually made
of W with a radius of less than 0.1 µm. Anodes provide the extraction voltage to pull
electrons out of the tip and accelerate them to 100kV or more. A stream of
monochromatic electrons is produced by electron gun and is restricted by the condenser
aperture. Then the beam is focused to a small, thin, coherent beam by the condenser
lenses. The specimens are struck by the electron beam and parts of the beam are
transmitted. The transmitted portion is focused by the objective lens into an image and
enlarged when passing down the column through the projector lenses. Then the images
strike the florescence screen and light is generated for user to see in the binocular
viewing scope.
The objective lens takes the transmitted electrons through the specimen, disperses
them to create a diffraction pattern in the back focal plane and recombines them to form
an image in the image plane as shown in Fig. 26. Diffraction pattern can be obtained by
adjusting the back focal plane of the objective lens to be the object plane for the
intermediate lens as shown in Fig. 27(a). Selected area aperture is put into the image
plane of the objective lens to obtain a diffraction pattern with a parallel beam of electrons.
In this way, a sharply defined spots can be observed. Images can be obtained by adjusting
the intermediate lens, so that its object plane is the image plane of the objective lens as
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shown in Fig. 27(b). As shown in Fig. 28, a bright field image can form from the direct
beam and a dark field image can form from specific off-axis scattered beam.

Figure 25. A schematic diagram of TEM.227

Scanning transmission electron microscopy (STEM) was first introduced in 1970s.
In STEM, by using two pairs of scan coils to pivot the beam about the front focal plane of
the upper objective polepiece, a tiny convergent electron beam can scanned over a
defined area of the specimen without changing direction as shown in Fig. 29. At each
spot, the generated signal is simultaneously recorded by selected electron detectors,
building up an image. STEM is more useful than TEM under the following circumstances:
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(1) contrast is more important than resolution; (2) specimen is beam sensitive; (3) to
avoids the chromatic aberration effects when the specimen is thick. Annular dark-field
(ADF) detector is used to collect low-angle elastically scattered electrons and form image
based on Z contrast. When the image forms from the incoherent electrons scattered at
very high angles (>50mrad, ~3º) as shown in Fig. 30, it is called high angle annual dark
field (HAADF) image.

O bject plane
u

Lens

f
B ack focal plane

v

Im age plane

Figure 26. A complete ray diagram for a finite object, symmetrically positioned around
the optic axis. All rays emerging from a point in the object (distance u from the lens) that
are gathered by the lens converge to point in the image (distance v from the lens) and all
parallel rays are focused in the focal plane (distance f from the lens).228
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Figure 27. The two basic operations of the TEM imaging system involve (a) projecting
the diffraction pattern on the viewing screen and (b) projecting the image onto the screen.
In each case the intermediate lens selects either the back focal plane or the image plane of
the objective lens as its object.228
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Figure 28. Ray diagrams showing how the objective lens/aperture are used in
combination to produce (a) a bright field image and (b) a dark field image.228
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Figure 29. Scanning the convergent probe for STEM image formation using two pair of
scan coils between the condenser lens and the upper objective polepiece.228
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Figure 30. Schematic of the detector layout in a scanning transmission electron
microscope (STEM).229

Electron energy-loss spectrometry (EELS) is used to separate the electrons that
have interacted inelastically with the specimen and analyze their energy distribution to
quantify the information they contain. EELS can filter out the chromatic aberration effect
in the TEM images. Since both a loss of energy and a change of momentum were
involved in an inelastic scattering, both the amount of energy lost and the collection
semiangle (β) is important in EELS. The principle inelastic interactions in order of
increasing importance (and energy loss) are phonon excitations, inter- and intra-band
transitions, plasmon excitations, and inner-shell ionizations. “Zero-loss peak” was usually
used for focusing the spectrometer. “Fingerprints” in low-loss EELS spectra from
plasmon provide phase identifications when compared with EELS Atlas. Also dielectric
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constant of the specimen can be obtained from the intensity of low-loss region but
separate from the intense plasmon peak; band gap of the semiconductors and insulators
can be provided by certain inter/intra-band transitions. However, since plural scattering
may limit the interpretation of part of the spectrum, thin sample is necessary for EELS.
Ionization edges precisely represent the ionization loss which is characteristic on the
atom and the signal is a direct source of elemental information. Energy-loss near-edge
structure (ELNES) from the edge shape due to the chemical bonding and extended
energy-loss fine structure (EXELFS) due to the diffraction effects from the atoms
surrounding the ionized atom are useful for chemical information, such as bonding,
coordinating of the atoms and its density of states.
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3. EXPERIMENTAL PROCEDURE

3.1 Specimen Description
All EB-PVD TBC specimens were disk-shaped (25.4 mm x 8 mm), as shown in
Fig. 31, and consisted of 125µm-thick EB-PVD ZrO2-8wt.%Y2O3 (YSZ) ceramic topcoat,
45µm-thick (Ni,Pt)Al bond coat deposited by Pt electroplating and low activity
aluminizing chemical vapor deposition (CVD) typically known as MDC-150L process
commercially. Prior to EB-PVD of YSZ, (Ni,Pt)Al bond coats were grit-blasted with
(~220 grit at 20~30 psi) Al2O3 particles to remove grain boundary ridges that can produce
undesirable out-of-plane tensile stress 230 and to remove excess surface impurities and
promote formation of α-Al2O3. CMSX-4 (Ni-9.0%C0-6.5%Cr-6.5Ta-6.0W-5.6Al3.0%Re-1.0%Ti-0.6%Mo-0.1%Hf wt.%) ingot was modified with Hf and/or Y during
single crystal casting process. Homogenization occurred during the solution treatment
and hot isostatic pressing of the single crystal material. Three types of TBCs were
examined in this study, and can be classified based on their substrate composition:
unmodified CMSX-4 baseline, CMSX-4 with 3300 wt. ppm Hf and 60 wt. ppm Y, and
CMSX-4 with 5900 wt. ppm Hf as listed in Tab. 3. All processing of EB-PVD TBCs
were carried out according to the specification of Alcoa Howmet Corporation.
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TBC
TGO
Bondcoat

3.2 mm

Superalloy
CMSX-4
25.4 mm

Figure 31. A schematic illustration of specimen geometry.

Table 3. Specimen descriptions of TBC with baseline, 3300Hf/60Y-doped, and 5900Hfdoped CMSX-4 superalloy substrate. The concentration of dopants referred to parts-permillion (ppm).
Modification
Bond coat
Bond coat surface
to the substrate (MDC-150L)
preparation
CMSX-4
None
(Ni,Pt)Al
220 Grit-Blasted
CMSX-4 3300Hf/60Y*
(Ni,Pt)Al
220 Grit-Blasted
#
CMSX-4
5900 Hf
(Ni,Pt)Al
220 Grit-Blasted
*
CMSX-4 with 3300 wt. ppm Hf and 60 wt. ppm Y
#
CMSX-4 with 5900 wt. ppm Hf
Substrate

Number of
specimens
6
7
2

3.2 Thermal Cycling of TBCs
Thermal cycling lifetime of TBCs with and without Hf and/or Y substrate
modification was evaluated using CM Rapid Temp Furnace with a vertical cycling
package as shown in Fig. 32. Each cycle consist of 10-minute heat-up to 1135°C, 50minute hold at 1135ºC, followed by 10-minute forced-air-quench. Temperature of the
specimen stage was monitored by S-type thermocouple attached to the YSZ disk with
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25.4 mm in diameter to measure the specimen temperature in furnace including radiation.
Thermal cycling was carried out until failure, defined by spallation of the YSZ coating by
50 area %.

MoSi2

(a)

(b)

Heating
Elements

TBC Disk
Samples

Fan

Heating

Cooling

Figure 32. A schematic diagram of the CM™ rapid temperature cyclic oxidation
furnace during (a) high temperature oxidation and (b) cooling.231
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3.3 Compressive Residual Stress Analysis
Since photostimulated luminescence spectroscopy (PL) is a non-destructive
evaluation, compressive residual stress within the TGO scale underneath the YSZ were
examined systematically, as a function of thermal cycling including at failure, as listed in
Tab. 4, by PL, a RenishawTM, System 1000B RamanscopeTM (RenishawTM,
Gloucestershire, UK) equipped with a LeicaTM DM/LM optical microscope as shown in
Fig. 33. In this study, an argon-ion laser (514nm) was used to photo-excite the R-line
fluorescence at 693nm. PL spectra were collected from 20 randomly selected spots from
the specimens. The collected raw data was deconvoluted by curve-fitting, using a
software package named Graphic Relational Array Management System (GRAMS). The
R1 and R2 peak position, width and shape were simultaneously fitted to a mixed Gaussian
and Lorentzian function with a quadratic background. A deconvolution procedure,
proposed by Clarke 232 and Atkinson 233 , requiring superposition of individual spectra
based on their relative intensity ratio, frequency separation, peak shape, width and height
ratio, were employed in this study. To meet these criteria, two types of curves were
classified. One type of the PL spectra exhibited two sets of R1 and R2 luminescence peaks
(hereafter denoted as bi-mode luminescence); the other type of PL spectra exhibited three
sets of R1 and R2 peak pairs (hereafter denoted as tri-mode luminescence). The third
emerging R1 and R2 luminescence always were identified at 14402 and 14432 cm-1 (i.e.,
typical PL from α-Al2O3 without any residual stress). Observation or lack of observation
of tri-mode luminescence will be presented in Chapter 4.2 and further discussed Chapter
5.2.
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Table 4. Description of thermal cyclic oxidation study.
Substrate

Modification to the substrate

CMSX-4

None

CMSX-4

3300 wt. ppm Hf and 60 wt. ppm Y

Cycles and Analysis
As coated
1, 5 cycles
90% lifetime
at failure
As coated
1, 5 cycles
90% lifetime
at failure

In addition, various polymorphs Al2O3 within the TGO scale can also be detected
by PL. The PL measurements were carried out at room temperature after the specimens
withdrawn periodically during the cyclic test.

Figure 33. Renishaw TM 1000B Raman Microscope.
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3.4 Microstructure Analysis
Microstructure and phase constituents of the TGO scale on the fracture surfaces
(i.e., the top surface of the bond coat and the bottom surface of the spalled YSZ) were
examined by optical microscopy (Nikon HFX-IIA), field-emission scanning electron
microscopy (SEM) (JSM-6400F) and energy dispersive spectroscopy (EDS). Gold
palladium or platinum coatings were applied to the sample surface for conduction
purpose prior to SEM.
For cross-sectional microstructural analysis, selected specimens were mounted in
SPI-CHEM cold mount epoxy resin, sectioned using Isomet® low speed saw and polished
down to 0.25µm. For metallographic observation of bond coat and superalloy, both the
cross-sections of the selected TBC specimen, and the top surface of the bond coat after
polishing off the YSZ top coat and the TGO scale, were etched with HCl/HNO3 (5:1)
etchant.
A typical cross-sectional microstructure of failed TBC with baseline CMSX-4
substrate (after 600 thermal cycles) is presented in Fig. 34(a). Tortuosity, defined by the
length ratio of the TGO/bond coat interface undulated over straight length, was
determined to quantify the undulation of the bond coat surface. Typical undulation in
terms of wavelength and amplitude is in the order of 10 to 50 µm, and 500X
magnification was uniformly employed for all specimens to include 2 – 5 undulation
features in one micrograph. Quantitative analysis was carried out by image processing via
Image J, and tortuosity measurement by pixel counting via a program developed using
Borland Delphi. By using the contrast of the different scales in the micrograph as shown
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in Fig. 34(b), the interface was traced and its length was determined in pixels as shown in
Fig. 34(c).

(a)

(b)

(c)

Figure 34. (a) Typical cross-sectional microstructure for TBCs with grit blasted (Ni,Pt)Al
bond coats and baseline CMSX-4 superalloy substrates after 600 cycles; (b) adjusted
image of (a); (c) traced bond coat surface for length measurement according to image (b).

Development of microstructural features and phase constituents in the TBCs,
particularly at the YSZ/TGO and TGO/bond coat interfaces as well as in the TGO scale
were examined as a function of thermal cycles by SEM and TEM. Focus ion beam (FIB)
in-situ lift-out (INLO) technique was TEM specimens, both parallel and perpendicular to
the YSZ/TGO and the TGO/bond coat interfaces. The FIB system (FEI 200TEM) is
shown in Fig. 35 and its schematic diagram is shown in Fig. 36. In FIB-INLO, a 30 keV
focused Ga+ ion beam is employed for imaging, milling and ion beam assisted CVD
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operations. A highly focused Ga+ ion beam is produced by electrostatic extraction from a
liquid metal reservoir, formed at the tip of a needle and periodically re-supplied by a
liquid metal ion source. The small reservoir forms a Taylor cone at the tip of the needle
and the ions are produced through field evaporation and accelerated to 30keV. The very
small diameter of the emission region allows a spatially coherent ion beam to form with a
small energy distribution, focusing of the beam to less than ten nanometers.234,235,236,237,238
The Ga+ ion beam is rastered over a specified surface and high resolution secondary
electron image is displayed on a monitor. A series of apertures with electrostatic lens
were employed to define the current of the beam from 1-20000pA.
The procedure of preparing a thin film for TEM analysis using FIB-INLO is
shown in Fig. 37. A low pressure chamber (below 10-5mbar) is required before FIB
preparation can begin. A Pt line was deposited to protect the region of interest before
milling as shown in Fig. 37(a). The Pt protection layer is typically 1-1.5µm in thickness
and also in height. It was deposited under a low current of 300pA in “Pt high material”
profile. Then two trenches were cut step by step on both sides of the Pt line using “Si
material” profile as shown in Fig. 37(b). The initial cuts were away from the Pt line and
were milled under a high current of 20nA. When the cuts got closer to the Pt line, a lower
current of 7nA was used. When the remaining thin film section is about 1-2µm thick, the
sample stage was tilted by 45º and the bottom of the thin film section was cut completely
while the top of the left side remained in-tact attached as shown in Fig. 37(c). Then, the
sample stage was rotated 135º, the W-omniprobe was brought in, welded to the thin film
section, picked up the section, and placed the section onto the C-shape copper grid as
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shown in Figs. 37(d) to (j). The section was further thinned by progressively reduced ion
beam current to a final thickness of less than 100nm, suitable for TEM/STEM analysis,
236,239

as shown in Figs. 37(k) and (l). The final cut is typically done at a current of 100pA

or less.

Figure 35. Focused Ion Beam (FIB) system (FEI 200 TEM).
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Figure 36. A schematic diagram of FIB column.
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Figure 37. Procedure of FIB in-situ lift-out (INLO) technique for TEM specimen
preparation. (a) top view of Pt layer protecting the section of interest (SOI); (b) two
trenches were cut on both sides of the Pt layer ; (c) bottom and side cut of the section; (d)
rotating to relatively 135 degree and tilted to absolutely 45 degree angle of (c); (e) the
omniprobe was brought in; (f) SOI was attached to the omniprobe; (g) SOI was detached
completely from bulk sample; (h) SOI was brought out by the omniprobe; (i) SOI was
brought to the C-shape copper grid; (j) SOI was attached to the grid; (k) SOI was
detached with the omniprobe; (l) final TEM specimen with a thickness of less than 80 nm.
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TEM (FEI/TecnaiTM F30 300keV TEM), as shown in Fig. 38, equipped with a
Fischione

TM

high angle annular dark field (HAADF) detector, EDAX X-ray energy

dispersive spectroscopy (XEDS), electron energy loss spectroscopy (EELS), and selected
area diffraction (SAD) detector was employed in this study for detailed microstructure
and phase constituents analysis of TBCs after specific thermal cycles with an emphasis
on the TGO scale.

Figure 38. TEM system (FEI/TecnaiTM F30 300keV TEM).
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3.5 Phase Identification
Polymorphic Al2O3 phases within the TGO scale was examined by PL. Phase
constituents within the TGO scale were identified and confirmed by the electron
diffractions and EELS spectra in TEM via FIB-INLO. X-ray diffraction (XRD) analysis
was performed on the top surface of the bond coats after polished off the YSZ top coat
and the TGO scale to reveal the phase constituents within the bond coat. Rigaku D-Max
B diffractometer (Tokyo, Japan) with CuKα (λ=0.15406nm) radiation was employed for
the XRD studies.

3.6 Compositional Analysis
Secondary Ion Mass Spectroscopy (SIMS) was used to make sputter depth
profiles of the YSZ/TGO as well as TGO/bond coat interfaces to precisely conduct the
compositional analysis from surface/interfaces relatively deep into the bulk material. The
experimental setup of SIMS and a schematic diagram of SIMS (ADEPT 1010 quadrupole
SIMS) are shown in Figs. 39 and 40, respectively. The experiments are carried out under
ultrahigh vacuum. The irradiation of the sample by a primary ion beam of O2+ or Cs+
erodes the sample and produces positive and negative secondary ions that are
characteristic of the sample surface. Then the beam of secondary ion is focused by the
beam transport system and passes through the Quadrupole mass filter, where they are
decelerated and separated by mass. After the mass separated secondary ion beam arrives
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at the exit aperture of the Quadrupole mass filter, it is accelerated by Quad Extractor and
detected by the electron multiplier or the Faraday Cup detector.
Oxygen atoms are usually used for detecting electropositive elements. The best
results were obtained by an O2+ source with positive secondary ion detection in this study.
The specimens were coated with Au/Pd or Pt for prevention of charging. Elemental
isotopes detected near the interfaces are listed in Tab. 5. Rough surface of the specimen
may cause degradation in depth resolution and uneven sputtering rate. A shallow crater is
preferred because the deeper the crater, the more interference will occur by the signals
from the crater walls reducing the depth resolution. Therefore, a minimum polishing was
employed on the fracture surfaces to make it smooth, so that a well-structured crater in a
reasonable amount of time can be achieved. A beam with a current of 100nA scanned
over a raster area of 100µm x 100µm, but only secondary ions originating from the
central 10% of a rastered area were actually utilized in recording depth profile. Under the
above conditions, the depth resolution of SIMS can be up to 5-10nm. Segregation of RE
may be detected at interfaces by SIMS even at a lower concentration.
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Figure 39. Secondary ion mass spectroscopy (SIMS).

Figure 40. A schematic diagram of experimental setup for secondary ion mass
spectroscopy (SIMS).
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Table 5. Species examined by SIMS.
Species
176
Hf
177
Hf
178
Hf
179
Hf
180
Hf

Atomic weight (Mass)
176
177
178
179
180

Species
Al16O
2Al
Ni
Y
Zr

Atomic weight (Mass)
43
54
58
89
90

3.7 Mechanical Properties Testing
Additional mechanical testing were carried out at Alcoa Howmet Research
Corporation with a particular emphasis on how Hf/Y changes mechanical properties of
(Ni,Pt)Al bond coated CMSX-4 superalloy substrate. Tensile test was carried out at
870°C. A schematic of the apparatus for tensile test is shown in Fig. 41. The specimen
was clamped by the holding grips and was elongated at a constant rate. The instantaneous
applied load was continuously and simultaneously measured by a load cell. The resulting
elongations were recorded by an extensometer.
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Figure 41. A schematic diagram of the apparatus used to conduct tensile stress-strain
tests.240
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4. RESULTS
4.1 Lifetime Assessments
Lifetime assessments of electron beam physical vapor deposited (EB-PVD) TBCs
were carried out at both Alcoa-Howmet Research Corporation, Whitehall, MI and
University of Central Florida. The average thermal cyclic lifetimes of the all TBCs with
standard deviation is reported in Tab. 6 and presented in Fig. 42. The beneficial effect of
Hf and/or Y modified CMSX-4 superalloy on EB-PVD TBCs with grit-blasted (Ni,Pt)Al
bond coats is clearly demonstrated. As reported in Tab. 6, the lifetime of TBCs with
5900Hf modified CMSX-4 substrate has improved up to 2500 cycles, which is 4X higher
than that of the TBCs with baseline CMSX-4 substrates. The lifetime of TBCs with
3300Hf/60Y modified CMSX-4 substrates ranged from 805-3200 cycles. Although this
scatter in lifetime is large, the minimum lifetime observed is still significantly greater
than that of the TBCs with baseline CMSX-4.

Table 6. Lifetime assessment of TBC with baseline, 3300Hf/60Y modified, and 5900Hf
modified CMSX-4 superalloy substrates.
No. of
Lifetime range
specimens
(cycles)
tested
4
CMSX-4
400-600
*
5
3300Hf/60Y
805-3200
#
2
2400-2500
5900 Hf
*
CMSX-4 with 3300 wt. ppm Hf and 60 wt. ppm Y;
#
CMSX-4 with 5900 wt. ppm Hf.
Substrate
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Average
lifetime
(cycles)
425
1458
2450

Standard
Deviation
(cycles)
119
998
71

Lifetime of TBCs (cycles)

3000

STDEV
Average

2500
2000
1500
1000
500
0

CMSX-4
Baseline (no Hf/Y)

3300Hf/60Y

5900 Hf

Substrate modification (ppm wt.)
Figure 42. Average thermal cycling lifetime of TBCs as a function of substrate
modification with Hf and/or Y.

4.2 Photostimulated Luminescence Spectroscopy
4.2.1 PL Spectroscopy of As-coated TBCs
As described in section 2.7, presence of various Al2O3 polymorphs can be
identified by PL. Fig. 43 shows a typical PL spectrum from the TGO scale for the TBCs
with baseline CMSX-4 substrate before thermal cycling. The PL spectrum was
deconvoluted by bimodal curve fitting and the presence of metastable alumina phase is
illustrated in Fig. 43.
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Similar PL spectra were observed for the TBCs with Hf and/or Y modified
CMSX-4 substrates. Deconvoluted PL spectra with peaks from metastable alumina phase

Normalized Intensity (Arb.)

were observed within the TGO scale from the as-coated TBCs as shown in Fig. 44.

TBCs with
baseline CMSX-4
at 0 cycle

Metastable
alumina

14320

14360

14400

14440

14480

Wavenumber (cm-1)
Figure 43. Typical curve fitting of photoluminescence spectra for as-coated TBCs with
baseline CMSX-4 substrate. Bimodal luminescence with the presence of metastable
alumina phase is observed.
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Normalized Intensity (Arb.)

TBCs with Hf/Y
modified CMSX-4
at 0 cycle

Metastable
alumina

14300

14350

14400

14450

14500

Wavenumber (cm-1)
Figure 44. Typical curve fitting of photoluminescence spectra for as-coated TBCs with
Hf and/or Y modified substrate. A bimodal luminescence with the presence of metastable
alumina phase is observed.

4.2.2 Evolution of Phase Constituents from PL Spectra
After five thermal cycles, photoluminescence peaks from metastable alumina
phase within the TGO scale disappeared from all, as shown in Figs. 45 and 46. The
relative luminescence intensity ratio of metastable alumina polymorphs to the total
luminescence intensity from the TGO scale is reported in Tab. 7 and plotted in Fig. 47.
Though the intensity of alumina phases in PL spectra cannot directly quantify the amount
of the phase, the relative intensity ratio should be proportional to the amount of the phase.
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Lower relative luminescence intensity of metastable alumina phases was observed in the
TGO scale for the TBCs with Hf/Y modified CMSX-4 than that for the TBCs with
baseline CMSX-4 before thermal cycling. Similar relative luminescence intensity from
these phases was observed after 1 thermal cycle, and all of them disappeared after 5
thermal cycles. Transformation of metastable alumina to the equilibrium alumina phase
may contribute to the porosity formation within the TGO scale, which will be discussed
in Chapter 5.

Normalized Intensity (Arb.)

TBCs with
baseline CMSX-4
at 5 cycles

14300

14340

14380

14420

14460

Wavenumber (cm-1)
Figure 45. Typical curve fitting of photoluminescence spectra for TBCs with baseline
CMSX-4 substrate after 5 thermal cycles, showing bimodal luminescence without the
presence of metastable alumina phase.
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Normalized Intensity (Arb.)

TBCs with Hf/Y
modified CMSX-4
at 5 cycles

14250

14300

14350

14400

14450

14500

Wavenumber (cm-1)
Figure 46. Typical curve fitting of photoluminescence spectra for TBCs without Hf
and/or Y modified CMSX-4 substrate after 5 thermal cycles, showing bimodal
luminescence without the presence of metastable alumina phase.

Table 7. Luminescence intensity ratio of metastable alumina polymorphs to the total
luminescence intensity from the TGO scale developed on the TBC specimens.
Intensity ratio of
metastable alumina phase
to the total intensity
As-coated
1 cycle
5 cycles

TBCs with baseline
CMSX-4 substrates
Standard
Average
Deviation
0.21
0.02
0.12
0.03
0
0
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TBCs with Hf/Y modified
CMSX-4 substrates
Standard
Average
Deviation
0.16
0.02
0.12
0.01
0
0

Intensity ratio of metastable alumina to
the total intensity

0.25
TBCs with baseline CMSX-4
TBCs with Hf/Y modified CMSX-4
0.2

0.15

0.1

0.05
0 cycle

1 cycle

5 cycles

Thermal cycles
Figure 47. Luminescence intensity ratio of metastable alumina polymorphs to the total
intensity from the TGO scale developed on the TBCs with baseline CMSX-4 and Hf/Y
modified CMSX-4 substrates as a function of thermal cycles.

4.2.3 Evolution of Residual Stress within the TGO Scale for TBCs
Typical PL spectra for TBCs with baseline CMSX-4 are presented as a function
of thermal cycling in Fig. 48. The position of luminescence from these TBCs gradually
shifted to the lower wave number with thermal cycling.
All spectra acquired for TBCs with baseline CMSX-4 substrates were
deconvoluted using bimodal luminescence, and the position of R2 luminescence, with its
linear dependence with residual stress , was employed for the calculations of residual
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stress within the TGO scale buried underneath the YSZ topcoat. The evolution of
compressive residual stress within the TGO scale as a function of thermal cycling based
on R2 luminescence is shown in Fig. 49. Magnitudes of the TGO compressive residual
stress determined based on bimodal luminescence exhibited an initial increase, and a
gradual and significant decrease before the final spallation as shown in Tab. 8 and Fig. 49.
While the initial increase may be associated with the initial development of the TGO
scale, a monotonic decrease in the magnitude of TGO compressive residual stress based
on R2 luminescence is significant, and may be deduced as a relaxation of compressive
residual stress within the TGO scale.
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Normalized Intensity (Arb.)

TBCs with baseline CMSX-4
Failed at 350 cycles

250 cycles

150 cycles
50 cycles
1 cycle
14300

14350

14400

14450

14500

14650

Wavenumber (cm-1)
Figure 48. Shift of R1 and R2 peaks from PL spectra to the lower wave number as a
function of thermal cycling for TBCs with baseline CMSX-4 substrates.

Table 8. Compressive residual stress within the α-Al2O3 scale for TBCs with baseline
CMSX-4 superalloy substrates.
Number of thermal
cycles
Lower
Stress
(GPa)
Higher
Stress
(GPa)

1

5

10

50

100

150

200

250

300

Average

3.05

2.83

2.76

2.34

2.13

1.86

1.66

1.21

1.06

Standard
Deviation

0.50

0.05

0.09

0.05

0.07

0.10

0.08

0.30

0.40

Average

5.11

5.71

5.39

4.98

5.10

4.93

4.54

3.65

3.53

Standard
Deviation

0.91

0.97

0.47

0.40

0.30

0.28

0.37

0.72

1.00
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Residual stress within TGO (GPa)

8

Lower stress
Higher stress

7
6
5
4
3
2
1
0
0

50

100

150

200

Thermal cycles

250

300

350
Failure

Figure 49. Compressive residual stress within the TGO scale for TBCs with baseline
CMSX-4 substrates as a function of thermal cycling.

TBCs with Hf and/or Y modified CMSX-4 substrate exhibited a distinctively
different evolution in photostimulated luminescence during thermal cycling. Typical
luminescence spectra from this type of TBCs are shown in Fig. 50. Specifically, the
spallation failure of the TBC specimen occurred after 805 cycles, but only after 450
cycles, a sudden appearance of R2 luminescence peak at 14432 cm-1 that corresponds to
zero-magnitude in compressive residual stress (i.e., stress-free) within the TGO scale was
observed as highlighted by the dotted line in Fig. 50. Among the 20 randomly-selected
measurements made across the disk-specimen, the number of measurement containing
stress-free luminescence, initially observed at approximately 50% of thermal cyclic
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lifetime, grew with further thermal cycling until spallation failure. The appearance of
stress-free luminescence at 14432 cm-1 may indicate localized damages at the TGO/bond
coat interface that can relieve the compressive residual stress induced by thermal
expansion mismatch.

TBCs with Modified
CMSX-4
Failed at 805 cycles
Normalized Intensity (Arb.)

Stress-free

775 cycles

500 cycles
450 cycles
200 cycle

1 cycle
14300

14350

14400

14450

14500

14550

Wavenumber (cm-1)
Figure 50. Sudden appearance of stress-free component in the PL spectra for TBCs with
Hf and/or Y modified CMSX-4 substrates.
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With the appearance of stress-free luminescence, tri-mode deconvolution was
employed. Identification of tri-mode deconvolution was based on examination of
derivative

of

luminescence

spectra

using

(dc

dυ) = 0 at υ = 14432 ± 3

and

(d c dυ )= 0 at υ = 14432 ± 3 where c refers to count (i.e., intensity) and υ refers to
2

2

wave number as shown in Fig. 51.

500 cycles

450 cycles

d2c/dυ2

250 cycles

150 cycles

50 cycles
1 cycle

14250

14300

14350

14400

14450

14500

Figure 51. Typical second derivatives of luminescence spectrum associated with stressrelieved luminescence frequency at υ≅ 14432 ± 3 of R2 for thermal cycling.
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According to the classification of the luminescence determined by the second
derivatives of the spectrum, bimodal or tri-mode was employed for deconvolution of the
luminescence spectra from TBCs with Hf/Y modified CMSX-4 substrates. For the
spectra without the stress-free components, bimodal curve fitting was used as shown in
Fig. 52(a), while for the spectra that contain the stress-free components, tri-mode curve
fitting was used as shown in Fig. 52(b). The intensity of the stress-free components
increased significantly prior to the failure of the TBCs as shown in Fig. 53.
Changes in the magnitude of compressive residual stress within the TGO scale as
a function of thermal cycling for TBCs with Hf and/or Y modified CMSX-4 substrates
are presented in Tab. 9 and Fig. 54. The magnitude of compressive residual stress
remained similar during thermal cycling until failure, even though luminescence
corresponding to the stress-relieved TGO appeared after approximately 50% of their
lifetime.
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Normalized Intensity (Arb.)

TBCs with
3300Hf/60Y modified
CMSX-4
after 100 cycles

14300

14350

(a)
R1(Stressed)

R2(Stressed)

14400

TBCs with
3300Hf/60Y modified
CMSX-4
after 775 cycles

14300

14350

14450

14500

(b)
R1(Stress-free)
R2(Stress-free)

14400

14450

14500

Wavenumber (cm-1)
Figure 52. Typical deconvoluted spectra showing (a) bimodal luminescence, and (b) trimode luminescence for TBCs with Hf and/or Y modified CMSX-4 substrates.
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Relative luminescence
intensity (percent)

1.2
1
0.8

Relative luminescence intensity from stress-free peaks
for TBCs with 3300Hf/60Y modified CMSX-4

X

Sample 1

X - Failure of TBCs

X

0.6
Sample 2
0.4
0.2
0
300

350

400

450

500

550

600

650

700

750

800

Thermal cycles

Figure 53. Relative luminescence intensity from zero-magnitude stress peaks to the total
intensity for TBCs with 3300Hf/60Y modified CMSX-4 substrates as a function of
thermal cycling.

Table 9. Compressive residual stress within the α-Al2O3 scale for TBCs with Hf and/or Y
modified CMSX-4 superalloy substrates (regardless of the stress-free components).
Number of thermal
cycles

1

5

10

50

100

150

200

250

300

Average

2.61

3.01

3.07

2.73

2.74

2.76

2.66

2.62

2.55

Standard
Deviation

1.00

0.07

0.09

0.07

0.13

0.12

0.06

0.15

0.15

Average

5.00

5.58

5.84

5.57

5.85

5.92

6.03

6.07

6.12

Standard
Deviation

1.13

0.26

0.57

0.38

0.50

0.55

0.51

0.39

0.35

Number of thermal
cycles

350

400

450

500

550

650

750

775

805

Average

2.49

2.37

2.59

2.47

2.43

2.44

2.55

2.25

2.32

Standard
Deviation

0.14

0.15

0.21

0.13

0.34

0.30

0.14

0.28

0.21

Average

5.78

5.60

6.14

6.25

6.27

6.22

6.25

6.23

6.08

Standard
Deviation

0.52

0.34

0.17

0.23

0.22

0.22

0.11

0.20

0.09

Lower
Stress
(GPa)
Higher
Stress
(GPa)

Lower
Stress
(GPa)
Higher
Stress
(GPa)
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Residual stress (GPa)

7
6
5
4
3

2

Lower stress
Higher stress
Stress-free peaks

1
0

0

100

200

300

400

500

Thermal cycles

600

700

800
Failure at
805 cycles

Figure 54. Compressive residual stress within the TGO scale for TBCs with Hf and/or Y
modified CMSX-4 substrates as a function of thermal cycling.

4.3 Microstructural Development of TBCs
4.3.1 Microstructure of As-coated Thermal Barrier Coatings
Cross-sectional microstructure of as-coated TBCs was examined by SEM and
TEM. Fig. 55 shows the typical backscattered electron micrograph of as-coated TBC with
grit-blasted (Ni,Pt)Al bond coat and baseline CMSX-4 substrate. A very thin layer of the
TGO scale is observed at the interface between the YSZ and (Ni,Pt)Al bond coats where
the sharp roughness associated with grit-blasting is also clearly observed. Various
intermetallic phases and topologically close packed (TCP) phases are observed as a result
of interdiffusion process between (Ni,Pt)Al bond coat and CMSX-4. These
microstructural features are typical of EB-PVD TBCs with grit-blasted (Ni,Pt)Al bond
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coats on Ni-base superalloys. A bright-field TEM image in Fig. 56 shows a continuous
and uniform TGO scale with a thickness of 260 ± 23nm.

YSZ
TGO
Bond coat
CMSX-4
baseline
Figure 55. Cross-sectional backscattered electron micrograph of as-coated TBCs with a
grit-blasted (Ni,Pt)Al bond coat and baseline CMSX-4 superalloy substrate.

YSZ
Bond coat
TGO

Figure 56. HAADF TEM image of the TGO scale for as-coated TBC with baseline
CMSX-4 superalloy substrate.
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Fig. 57 shows a typical backscattered electron micrograph of as-coated TBC with
grit-blasted (Ni,Pt)Al bond coat and 3300Hf/60Y modified CMSX-4 superalloy substrate.
This is a similar microstructure to TBCs with baseline CMSX-4 superalloy substrates.
However, the thickness of the TGO scale for TBCs with 3300Hf/60Y modified CMSX-4
substrate was thinner and not uniform (211±101nm), although it is also continuous, as
shown by the bright-field TEM image in Fig. 58.

YSZ
TGO
Bond coat
3300Hf/60Y
Modified CMSX-4
Figure 57. Cross-sectional backscattered electron micrograph for as-coated TBCs with a
grit-blasted (Ni,Pt)Al bond coat and 3300Hf/60Y modified CMSX-4 superalloy substrate.
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Bond coat
YSZ

TGO

Figure 58. HAADF TEM image of the TGO scale for as-coated TBC with a grit-blasted
(Ni,Pt)Al bond coat and 3300Hf/60Y modified CMSX-4 superalloy substrate
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4.3.2 Scanning Electron Microscopy of Microstructural Development
with Thermal Cycling
Cross-sectional microstructure of TBCs with baseline CMSX-4 substrates was
examined as a function of thermal cycling by SEM as shown in Fig. 59.
A significant undulation of the TGO/bond coat interface (e.g., rumpling) was observed
with a frequent penetration of the TGO scale into the (Ni,Pt)Al bond coat (e.g.,
ratcheting). The magnitude of rumpling and/or ratcheting at the TGO/bond coat interface
was observed to increase with thermal cycling. The fracture occurred mainly at the
YSZ/TGO interface as shown in Fig. 59. No other phase was observed within the TGO
scale as shown by the backscattered electron micrograph in Fig. 60.
Cross-sectional microstructure of TBCs with 3300Hf/60Y modified CMSX-4
substrates as a function of thermal cycling is shown in Fig. 61. These backscattered
electron micrographs show that little or no rumpling and ratcheting have occurred at the
TGO/bond coat interface with thermal cycling. A relative flat TGO scale without much
undulation was observed for these TBCs. The spallation fracture mainly occurred at the
interface of TGO/bond coat as shown in Fig. 62. Particulate white phases were frequently
observed within the TGO scale as shown by backscattered electron micrograph in Fig. 63.
Typical cross-sectional backscattered electron micrographs of failed TBCs with
5900Hf modified CMSX-4 substrates are shown in Fig. 64. The failure mainly occurred
at the interface of TGO/bond coat as shown in Fig. 64(a). A flat TGO/bond coat interface
was observed in Fig. 64(b). A higher magnification micrographs in Figs. 64(c,d) shows a

97

flat and thick TGO scale with white particular phases within the TGO scale. These phases
were rich in Hf as indicated by XEDS in Fig. 65.

(a)

1 cycle

(b)

5 cycles

YSZ

YSZ

TGO

TGO

Bond coat

Bond coat
CMSX-4
baseline

CMSX-4
baseline
(c) 350 cycles (failure)

250 cycles

(d)
YSZ

YSZ

TGO

TGO
Bond coat
Bond coat
CMSX-4
baseline

CMSX-4
baseline

Figure 59. Typical cross-sectional backscattered electron micrographs of TBCs with
baseline CMSX-4 substrates as a function of thermal cycles.
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Baseline CMSX-4

YSZ

TGO

Bond Coat
Figure 60. Higher magnification cross-sectional backscattered electron micrograph of
failed TBCs with baseline CMSX-4 substrate. This specific sample has a lifetime of 600
cycles, showing rumpling of the TGO scale and TGO/bond coat interface.
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(a)

1 cycle

(b)

5 cycles

YSZ

YSZ
TGO

TGO
Bond coat

Bond coat
3300Hf/60Y
Modified CMSX-4

3300Hf/60Y
Modified CMSX-4
805 cycles (failure)

(c)

350 cycles

(d)

YSZ
YSZ
TGO
Separation due to Specimen
Preparation

TGO

Bond coat
3300Hf/60Y
Modified CMSX-4

Bond coat

3300Hf/60Y
Modified CMSX-4

Figure 61. Typical cross-sectional backscattered electron micrographs of TBCs with
3300Hf/60Y modified CMSX-4 substrates as a function of thermal cycles.

(a)

3300Hf/60Y
Modified CMSX-4

(b)

3300Hf/60Y
Modified CMSX-4
YSZ

YSZ
TGO
TGO

Bond Coat

Bond Coat

Figure 62. (a)Typical cross-sectional backscattered electron micrographs of failed TBCs
with 3300Hf/60Y modified CMSX-4 substrates; (b) higher magnification image near the
fracture interface. This specific sample has a lifetime of 1200 cycles, and fracture
occurred at the interface of TGO/bond coat.
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(a)

3300Hf/60Y
Modified CMSX-4

(b)
YSZ

3300Hf/60Y
Modified CMSX-4

YSZ

TGO

TGO

Epoxy

Epoxy

(c)

Figure 63. (a,b) Higher magnification cross-sectional backscattered electron micrographs
of failed TBCs with 3300Hf/60Y modified CMSX-4 substrate. This specific sample has a
lifetime of 1200 cycles, showing a relative flat TGO scale with white particulate phase. (c)
XEDS result shows that the white particulate phase contains Y and Hf.
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(a)
YSZ
TGO
Epoxy

(b)

5900Hf
Modified CMSX-4

5900Hf
Modified CMSX-4

Epoxy

Bond coat
Bond coat
Superalloy
substrates
(c)

Superalloy substrates
5900Hf
Modified CMSX-4

(d)

YSZ

5900Hf
Modified CMSX-4

YSZ
TGO
TGO

Epoxy

Epoxy

Figure 64. Typical cross-sectional backscattered electron micrographs of failed TBCs
with 5900Hf modified CMSX-4 substrates. This specific sample has a lifetime of 2500
cycles, and fracture occurred at the interface of TGO/bond coat.
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(a)

5900Hf Modified CMSX-4
YSZ

TGO

Epoxy

(b)

Figure 65. (a) High magnification cross-sectional backscattered electron micrographs of
failed TBCs with 5900Hf modified CMSX-4 substrates. This specific sample has a
lifetime of 2500 cycles, showing a flat and thicker TGO scale with some white particulate
phases. (b) Selected XEDS spectrum of the white particles in (a), indicating that the white
particles are rich in Hf.

4.3.3 Quantification of Rumpling by Tortuosity
Fig. 66 shows typical cross-sectional backscattered electron micrographs of the
TGO/bond coat interface for both YSZ-coated and the bottom side of the specimens that
are bond-coated only. In order to quantify the undulation of the TGO/bond coat interface
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(e.g., rumpling), tortuosity was calculated by measuring the length along the TGO/bond
coat interface, L, and the shortest length of cross-section over which the measurements
were made, L0. Tortuosity of the TGO/bond coat interface at 350 cycles and after failure
was plotted as a function of substrate modification in Figs. 67 and 68, respectively. These
results clearly indicate that rumpling at the TGO/bond coat interface was suppressed by
substrate chemistry. In addition, the surface tortuosity was greater for the bond-coated
side, suggesting that the adherent YSZ also play an important role in suppressing
rumpling.
Tortuosity of TGO/bond coat interface was also plotted as a function of thermal
cycles for TBCs with baseline CMSX-4 and 3300Hf/60Y modified CMSX-4 superalloy
substrates, as shown in Figs. 69 and 70, respectively. Tortuosity increased slightly with
thermal cycling for TBCs with Hf/Y modified CMSX-4, while it increased significantly
for TBCs with baseline CMSX-4.
Fig. 71 shows typical backscattered electron micrographs of the top surface of the
YSZ for TBCs with baseline CMSX-4 (a,b) and TBCs with 3300Hf/60Y modified
CMSX-4 (c,d). Large mud-cracking was observed in Figs. 70(a,b), indicating that the
undulation of the underlying TGO/bond coat interface caused mud-cracking of TBCs
with baseline CMSX-4 substrates. On the other hand, a healthy and homogeneous YSZ
surface was observed for TBCs with modified CMSX-4 substrates. This morphology
suggested that a flat TGO/bond coat interface exists during thermal cycling.
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(a)

(b)

CMSX-4 Baseline

Bond coat

Epoxy

TGO
TGO
Epoxy

Bond coat

Bottom side (Bond Coated Only)

Top side (YSZ Coated)
(c) 3300Hf/60Y Modified CMSX-4

(d)

Bond coat
Epoxy

TGO

Bond coat

Epoxy
Bottom side (Bond Coated Only)

Top side (YSZ Coated)
(e)

5900Hf Modified CMSX-4

(f)
Bond coat

Epoxy
TGO
Bond coat

Epoxy
Bottom side (Bond Coated Only)
Top side (YSZ Coated)

Figure 66. Selected cross-sectional backscattered electron micrographs of TGO/bond coat
interface for YSZ side and backside of TBCs (bond coated only) with: (a,b) baseline
CMSX-4 substrates; (c,d) 3300Hf/60Y modified CMSX-4 substrates; and (e,f) 5900 Hf
modified CMSX-4 substrates.
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Surface tortuosity (L/L0)

1.45
YSZ side

@ 350 cycles

1.4

Backside

1.35
1.3
1.25
1.2
1.15
1.1
Baseline CMSX-4
(Failure occurs at 350 cycles)

CMSX-4 with Hf/Y modification
(Failure occurs at 805 cycles)

Substrate modification (ppm wt.)

Figure 67. Tortuosity of the TGO/bond coat interface for TBCs with baseline CMSX-4,
and 3300Hf/60Y modified CMSX-4 at 350 cycles.

2.5
YSZ side

Surface tortuosity (L/L0)

After Failure

Backside

2

1.5
1

0.5
0
CMSX-4 baseline
Failure occurs at
600 cycles

3300Hf/60Y
Failure occurs at
1200 cycles

5900Hf Failure
occurs at 2500
cycles

Substrate modification (ppm wt.)

Figure 68. Tortuosity of the TGO/bond coat interface for TBCs with baseline CMSX-4,
3300Hf/60Y modified CMSX-4 and 5900Hf modified CMSX-4 substrates after failure.
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Figure 69. Tortuosity of the TGO/bond coat interface for TBCs with baseline CMSX-4 as
a function of thermal cycles.
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Figure 70. Tortuosity of the TGO/bond coat interface for TBCs with 3300Hf/60Y
modified CMSX-4 as a function of thermal cycles.
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(a)

TBCs with baseline
CMSX-4 @ 350 cycles

(b)

Mud cracking
Mud
cracking

YSZ

YSZ

(c)

(d)

TBCs with Hf/Y modified
CMSX-4 @ 350 cycles

YSZ

YSZ

Figure 71. Backscattered electron micrographs of top surface of the YSZ top coat for (a,b)
TBCs with baseline CMSX-4 substrates and (c,d) TBCs with 3300Hf/60Y modified
CMSX-4 substrates after 350 thermal cycles.

4.3.4 Transmission Electron Microscopy
Development with Thermal Cycling

of

Microstructural

Detailed microstructural development in TBCs with an emphasis on the TGO
scale was examined by Transmission Electron Microscopy (TEM) as a function of
thermal cycling. TEM specimens were prepared perpendicular or parallel to the
YSZ/TGO and TGO/bond coat interfaces via FIB-INLO technique.
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4.3.4.1 Thickness of the Thermally Grown Oxide
Oxidation kinetics of the TGO scale was studied by measuring the thickness of
the TGO scale. At an early stage of oxidation (i.e., 1-5 thermal cycles), thickness of the
TGO scale was measured from TEM images shown by the typical micrographs in Figs.
72 and 73. These specimens were prepared perpendicular to the YSZ/TGO and
TGO/bond coat interfaces. Fig. 72 shows a bright field image of the TGO scale for TBCs
with baseline CMSX-4 superalloy substrates after 1 thermal cycle. The TGO scale was
uniformly developed with columnar microstructure. The average length of the columns is
approximately 490nm, and the total TGO thickness is about 780nm as shown in Fig.
72(b). Fig. 73 shows the bright field image of the TGO scale for TBCs with 3300Hf/60Y
modified CMSX-4 superalloy substrates after 1 thermal cycle. The TGO scale was also
uniformly developed in columnar microstructure. The average length of the columns is
approximately 470nm while the total thickness of the TGO scale is about 680nm as
shown in Fig. 73(b). After 5 thermal cycles, the average length of the columns is
approximately 1050nm while the total thickness of the TGO scale is about 1650nm for
TBCs with baseline CMSX-4 substrates as shown in Fig. 74. While the average length of
the columns is approximately 910nm while the total thickness of the TGO scale is about
1340nm for TBCs with 3300Hf/60Y modified CMSX-4 substrates as shown in Fig. 75.
After prolonged thermal exposure, TGO thickness was measured by SEM image as
shown in Figs. 59, 62 and 63. The TGO thickness was plotted as a function of thermal
cycling as shown in Fig. 76.
The parabolic growth constant Kp was calculated by using the following relation:
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Y = Y0 + Kp t

(8)

where Y0 and Y are the initial thickness of the TGO scale and thickness of the TGO scale
during thermal cycling, respectively. The parabolic growth rate constant of the TGO scale
for TBCs with baseline CMSX-4 was found to be 10% higher than that for TBCs with
3300Hf/60Y modified CMSX-4 substrates, and 20% higher than that for TBCs with
5900Hf modified CMSX-4 substrates as reported in Tab. 10.

(a)

CMSX-4
Baseline
1 cycle

YSZ

TGO

Bond coat

YSZ

(b)

TGO
Bond coat

Figure 72. (a) Bright field image of the TGO scale for TBCs with baseline CMSX-4
substrates after 1 thermal cycling; (b) higher magnification images of (a).
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Figure 73. (a) Bright field image of the TGO scale for TBCs with 3300Hf/60Y modified
CMSX-4 substrates after 1 thermal cycling; (b) higher magnification image of (a).
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Figure 74. HAADF image of the TGO scale for TBCs with baseline CMSX-4 substrates
after 5 thermal cycles.

3300Hf/60Y
Modified CMSX-4
5 cycles

Bond coat

YSZ
TGO

Figure 75. HAADF image of the TGO scale for TBCs with 3300Hf/60Y modified
CMSX-4 substrates after 5 thermal cycles.

112

9
8
TGO thickness (µm)

7
6
5
4
3

TBC with Hf/Y modified CMSX-4

2

TBCs with baseline CMSX
-4

1
0
0

5

10

15

20

25

30

Root square of thermal cycles

Figure 76. TGO thickness measurements for TBCs with baseline CMSX-4 and
3300Hf/60Y modified CMSX-4 substrates as a function of thermal cycling at 1135ºC.

Table 10. Oxidation kinetics of the TGO scale for TBCs as a function of substrate
modification.
TBC specimen
(CMSX-4 substrate
modification)

Baseline

3300Hf/60Y

5900Hf

Lifetime of TBCs (cycles)

600

1200

2500

Average

6.47

7.54

10.00

Standard
Deviation

1.15

0.75

0.81

0.244

0.216

0.190

TGO thickness
at failure
(µm)

Kp (µm/(hr)1/2)
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4.3.4.2 Phase Constituents of the Thermally Grown Oxide
TEM specimens were also sectioned parallel to the YSZ/TGO and TGO/bond
coat interfaces; orthogonal to the columnar grains of the TGO. Microstructure and phase
constituents of the TGO scale for TBCs with different substrate modification were
examined by TEM/STEM. Fig. 77 shows typical HAADF images of the TGO scale from
the failed TBC specimen with baseline CMSX-4 substrates after 600 thermal cycles at
1135ºC. The primary constituents in the TGO scale is identified to be α-Al2O3 as shown
in Fig. 77(c) and they were observed to have equiaxed grains because TEM specimen
was prepared parallel to the YSZ/TGO interface. Some YSZ regions are also included in
this section and indicated these areas are close to the YSZ/TGO interface. More pores
were observed near this interface.
Fig. 78 shows typical microstructures of the TGO scale from the failed TBCs with
3300Hf/60Y modified CMSX-4 superalloy substrate after 1200 thermal cycles at 1135ºC.
Small white particles in the HAADF image were observed frequently at the triple points
or along the grain boundaries of the TGO scale as shown in Fig. 78(b). They were rich in
Hf and O as indicated in Fig. 78(c).
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Figure 77. (a,b) Typical HAADF micrographs of the TGO scale for the failed TBC with
baseline CMSX-4 substrate after 600 thermal cycles at 1135ºC. The TEM section was
prepared parallel to the YSZ/TGO and TGO/bond coat interfaces; (b) XEDS results of
the YSZ marked in (a); (c) SADP of the equiaxial grains in (a), showing that the TGO
scale primarily consisted of α-Al2O3.
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Figure 78. (a) Typical HAADF micrograph of the TGO scale for the failed TBC with
3300Hf/60Y modified CMSX-4 substrate after 1200 thermal cycles; (b) higher
magnification image of the circled area in (a), showing small particles formed at the triple
points or along the grain boundaries of α-Al2O3; (c) XEDS results showing that the white
particulate phases contains Hf.

Fig. 79 shows the typical microstructure of the TGO scale for the TBCs with
5900Hf modified CMSX-4 substrate after 2500 thermal cycles at 1135ºC. Large white
particles in various morphology were observed within the ΤGO scale by HAADF images
as shown in Figs. 79(a-c). These phases were rich in Hf as indicated by the XEDS results
in Fig. 79(d), and was identified to be monoclinic HfO2 by diffraction analysis as shown
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in the selected area diffraction (SAD) pattern in Fig. 80(b). The major phase constituent
of the TGO scale is α-Al2O3 as identified in the SAD pattern in Fig. 80(d).
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Figure 79. (a) Typical HAADF micrograph of the TGO scale for the failed TBCs with
5900Hf modified CMSX-4 substrate after 2500 thermal cycles, showing white particulate
phases formed within the α-Al2O3 scale; (b,c) white particulate phases formed along the
grain boundaries of α-Al2O3; (d) XEDS results showing that the white particulate phases
contains Hf.
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Figure 80. (a,c) Bright field images of the TGO scale for the failed TBC with 5900Hf
modified CMSX-4 substrates after 2500 thermal cycles; (b) corresponding SADP of the
oriented grain marked in (a), showing the presence of monoclinic HfO2; (d)
corresponding SADP of the marked oriented grain in (c), showing that the TGO scale
primarily consisted of α-Al2O3.
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4.3.4.3 Compositional Segregation Within the Thermally Grown Oxide
Fig. 81 shows a typical microstructure of the TGO scale from the failed TBC with
3300Hf/60Y modified CMSX-4 substrate after 1200 thermal cycles at 1135ºC. Brighter
contrast of the grain boundaries in the HAADF image in Fig. 81(a) may due to
segregation (i.e., atomic number contrast) at the grain boundaries of α-Al2O3. However,
this contrast can also be a result of different grain boundary structure and electron density.
Small white particles rich in Hf were found at the triple points and along the grain
boundaries of α-Al2O3 as shown in Fig. 81(b). However, at the grain boundary of αAl2O3 as shown in the bright-field image in Fig. 82(a), Hf was not found by EELS as
shown in Fig. 82(b). The trace presence of Hf may be too low to be detected after
prolonged thermal cycling.

(a)

3300Hf/60Y

(b)

TGO

Hf rich particles

Figure 81. (a) Typical HAADF micrograph of the TGO scale for the failed TBC with
3300Hf/60Y modified CMSX-4 substrate after 1200 thermal cycles, showing small white
particulate phases formed at the triple points of the grain boundaries of α-Al2O3; (b)
higher magnification image of the circled area in (a).
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Figure 82. (a) Typical HAADF image of grain boundary of α-Al2O3 within the TGO
scale for the failed TBC with 3300Hf/60Y modified CMSX-4 substrate after 1200
thermal cycles. (b) EELS spectrum, shows no obvious Hf segregation.
Strong contrast at the grain boundaries of α-Al2O3 was also observed in the TGO
scale for the failed TBC with 5900Hf modified CMSX-4 substrate after 2500 thermal
cycles at 1135ºC as shown in Fig. 83. Fig. 84 shows the EELS mapping of Hf and EELS
spectrum within the grains (b) and along the grain boundaries of α-Al2O3 (d) with the
corresponding bright-field images in Figs. 84(a,d), respectively. Not surprisingly, a
significant amount of Hf was detected in the large particles of monoclinic HfO2. However,
there is no indication of Hf segregation along the grain boundaries as shown in Fig. 84(e).
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Figure 83. (a) Typical HAADF micrograph of the TGO scale from the failed TBC with
5900Hf modified CMSX-4 substrate after 2500 thermal cycles.
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Figure 84. (a,d) Bright field images of the TGO scale for the failed TBC with 5900Hf
modified CMSX-4 substrates after 2500 thermal cycles; (b) corresponding EELS image
and (c)EELS spectrum of (a), showing Hf presented within HfO2; (e) corresponding
EELS image and (f) EELS spectrum of (d), showing no Hf was detected segregating
along the grain boundaries of α-Al2O3.
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4.3.4.4 Porosity Within the Thermally Grown Oxide
Microstructural development of the TGO scale in TBCs with baseline CMSX-4 as
a function of thermal cycling till failure is presented by HAADF images in Fig. 85. Pores
were observed within the TGO scale after 5 thermal cycles as shown in Fig. 85(b). The
voids were mostly within the columnar structured grains. It may due to the phase
transformation of metastable Al2O3 to α-Al2O3, which cause approximately 4.7% volume
shrinkage. During the thermal cycling, with the TGO growth, these pores had been healed
as shown in Fig. 85(c). However, a large amount of voids formed again within the TGO
scale and near the YSZ/TGO interface after prolonged thermal cycling as shown in Fig.
85(d).
Microstructural development of the TGO scale in TBCs with Hf/Y modified
CMSX-4 as a function of thermal cycles till failure is presented by HAADF images in
Fig. 86. Pores were also observed within the columnar structured α-Al2O3 grains after 1
and 5 thermal cycles, as shown in Fig. 86(a,b), however, they disappeared with further
thermal cycling as shown in Fig. 86(c). White particulate phases were also observed
along the grain boundaries of α-Al2O3 within the TGO scale. As shown in Figs. 86(c) and
86(d), voids were seldom observed within the TGO scale near the YSZ/TGO interface.
Even after this specimen failed at 805 thermal cycles, pores within the TGO scale for the
TBCs with Hf/Y modified CMXS-4 superalloy substrates is insignificant when compared
to TBCs with baseline CMSX-4 superalloy substrates.
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Figure 85. HAADF images of TGO scale for TBCs with baseline CMSX-4 substrates
after thermal cycled for (a) 1 cycle; (b) 5 cycles; (c) 250 cycles; and (d) 350 cycles.
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Figure 86. HAADF images of TGO scale for TBCs with 3300Hf/60Y modified CMSX-4
substrates after thermal cycled for (a) 1 cycle; (b) 5 cycles; (c) 350 cycles; and (d) 805
cycles.
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TEM samples examined in this study are small sections within the TBC
specimens, and must be interpreted with careful consideration. While the formation of
pores during initial thermal cycling may be related to allotropic transformation of Al2O3,
pores observed in TBCs with baseline CMSX-4 after a significant thermal cycling may
be a result of rumpling at the TGO/bond coat interface that introduces voids due to strain.
Fig. 87 shows the typical HAADF image of pores within the TGO scale for the
TBCs with 3300Hf/60Y modified CMSX-4 substrate after 1200 thermal cycles. The
voids were observed to form at the triple points or along the grain boundaries.

Figure 87. Typical HAADF micrograph of the TGO scale from the failed TBC with
3300Hf/60Y modified CMSX-4 substrate after 1200 thermal cycles. Pores formed at the
triple points of the grain boundaries of α-Al2O3.
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4.3.4.5 Grain Size of the Thermally Grown Oxide
Average grain size of α-Al2O3 was measured from TEM micrographs as a
function of thermal cycling for TBCs with baseline CMSX-4 and 3300Hf/60Y modified
CMSX-4. At low thermal cycles, grain size was measured in terms of the diameters of the
columnar α-Al2O3 grains from the TEM images that were taken perpendicular to the
YSZ/TGO interface. At higher thermal cycles and at failure, the TGO scale is thick
enough to prepare a TEM sample parallel to the YSZ/TGO interfaces. Thus the grain size
was measured by the mean lineal intercept method from HAADF and bright-field
micrographs shown in Figs. 88 through 90. As reported in Tab. 11 and Fig. 91, the grain
growth of α-Al2O3 follows a parabolic rate. The average grain size of α-Al2O3 is smaller
on the TBCs with 3300Hf/60Y modified CMSX-4 than that on the TBCs with baseline
CMSX-4 throughout thermal cycling.
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(c)
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TGO

Figure 88. (a) Typical HAADF micrograph of the TGO scale from the failed TBC with
baseline CMSX-4 substrate after 600 thermal cycles at 1135ºC; (b) higher magnification
HAADF image and (c) bright-field image of (a). The TEM section was prepared parallel
to the YSZ/TGO and TGO/bond coat interfaces.
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Figure 89. Typical (a) HAADF micrograph and (b) bright field image of the TGO scale
from the failed TBC with 3300Hf/60Y modified CMSX-4 substrate after 1200 thermal
cycles at 1135ºC. The TEM section was prepared parallel to the YSZ/TGO and
TGO/bond coat interfaces.
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Figure 90. Typical (a) HAADF and (b) bright field micrograph of the TGO scale from the
TBC with 5900Hf modified CMSX-4 substrate after 2500 thermal cycles at 1135ºC. The
TEM section was prepared parallel to the YSZ/TGO and TGO/bond coat interfaces.

Table 11. Grains size of α-Al2O3 TGO scale for TBCs with baseline CMSX-4 substrates
and 3300Hf/60Y modified CMSX-4 substrates.
Thermal cycles at 1135ºC
Grain size of the α- Average
Al2O3 for TBCs with
Standard
baseline CMSX-4
Deviation
substrates (µm)
Thermal cycles at 1135ºC
Grain size of the α- Average
Al2O3 for TBCs with
3300Hf/60Y
Standard
modified CMSX-4
Deviation
substrates (µm)

1
cycle

5
cycles

250
cycles

350
cycles

600
cycles

0.15

0.26

0.38

0.41

0.44

0.01

0.01

0.07

0.04

0.07

1
cycle

5
cycles

350
cycles

805
cycles

1200
cycles

0.13

0.14

0.19

0.23

0.27

0.01

0.02

001

0.03

0.03
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Figure 91. Grain size measurements of α-Al2O3 for TBCs with baseline CMSX-4 and
3300Hf/60Y modified CMSX-4 substrates as a function of thermal cycling at 1135ºC.

4.4 Phase Transformations in (Ni,Pt)Al Bond Coats
4.4.1. Formation of γ Phase due to Al-Depletion
Formation of γ' phase due to depletion of Al from the (Ni,Pt)Al bond coat was
examined as a function of thermal cycling using optical microscopy as shown in Figs. 9295. The depletion of Al originates from Al2O3 formation via selective oxidation and
interdiffusion with superalloy substrate. The (Ni,Pt)Al bond coats in as-coated, and after
1 and 5 thermal cycles consisted of β-NiAl phase as shown in Figs. 92-95. After 250 and
350 thermal cycles, formation of γ'-phase was observed (light grey regions), and the
amount observed was similar for both coatings on baseline and modified CMSX-4.
However, TBCs with baseline CMSX-4 superalloy substrate failed after 350 thermal
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cycles, even though a significant amount of β-NiAl remained within the (Ni,Pt)Al bond
coat as shown in Fig. 92(e). For TBCs with modified CMSX-4 superalloy substrates,
TBC failure occurred after 805 thermal cycles. A significant amount of Al depletion has
occurred and the (Ni,Pt)Al consists mostly of γ'-phase as shown in Fig. 94(e).
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Figure 92. Optical micrographs of the top side of the TBC specimens with baseline
CMSX-4 substrates.
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Figure 93. Optical micrographs of the backside (no YSZ top coat) of the TBC specimens
with baseline CMSX-4 substrates.
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Figure 94. Optical micrographs of the top side of the TBC specimens with 3300Hf/60Y
modified CMSX-4 substrates.
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Figure 95. Optical micrographs of the backside (no YSZ top coat) of the TBC specimens
with 3300Hf/60Y modified CMSX-4 substrates.
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4.4.2. Martensitic Transformation
Martensitic transformation (B2-to-L10) in the (Ni,Pt)Al bond coat was also
examined as a function of thermal cycling for both baseline and modified CMSX-4
superalloys. Figs. 96 and 97 shows the XRD patterns from (Ni,Pt)Al bond coats as a
function of thermal cycling: the EB-PVD YSZ coatings and the TGO scale was removed
via mechanical grinding to obtain these XRD patterns. In agreement with optical
microscopy, the (Ni,Pt)Al bond coats in as-coated, and after 5 thermal cycles consisted of
β-NiAl phase in Figs. 96 and 97 for both baseline and modified CMSX-4 superalloys,
respectively. After 250 and 350 thermal cycles, formation of L10 via martensitic
transformation from β-NiAl was observed. As presented in Figs. 96 and 97, no
observable difference in B2-to-L10 transformation was observed for (Ni,Pt)Al bond coats
either with baseline and modified CMSX-4 superalloy substrate. Thus, the minor
compositional modification of CMSX-4 superalloy via Hf/Y alloying does not influence
the martensitic (B2-to-L10) transformations in the (Ni,Pt)Al bond coats, which exhibited
a significant difference in rumpling.
Optical micrographs of the polished and etched bond coat on the baseline
CMSX-4 and 3300Hf/60Y modified CMSX-4 superalloy substrate of the failed TBC
specimens are shown in Fig. 98. All of the remaining β-NiAl transformed into L10
martensitic phase. However, since a significant amount of Al-depletion has occurred after
805 thermal cycles, (Ni,Pt)Al bond coat on modified CMSX-4 mostly consisted of Aldepleted γ'-phase, rather than L10 martensitic phase as shown in Figs. 98(d) and (f).
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Figure 96. XRD results of phase constituents in the (Ni,Pt)Al bond coats of TBCs with
baseline CMSX-4 superalloy substrates.
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Figure 97. XRD results of phase constituents in the (Ni,Pt)Al bond coats of TBCs with
3300Hf/60Y modified CMSX-4 superalloy substrates.
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Figure 98. Typical Optical micrographs of etched bond coats: (a) with baseline CMSX-4
substrates after 350 thermal cycles; (b) with 3300Hf/60Y modified CMSX-4 substrates
after 805 thermal cycles; (c) and (d) are higher magnification images of (a) and (b),
respectively; (e) and (f) are the cross-sectional optical micrographs of the bond coats with
baseline CMSX-4 and 3300Hf/60Y modified CMSX-4 substrates, respectively.

139

Fig. 99 shows bright field TEM images of (Ni,Pt)Al bond coats on the
3300Hf/60Y modified CMSX-4 substrates after 805 thermal cycles. Figs. 99(a,b) show
the presence of Ni3Al and lamellar structure of martensites. Bright field image and its
corresponding SADP pattern in Fig. 99(c) demonstrate that the lamellar structure is L10
martensitic phase. Fig. 99(d) shows the various martensitic lath widths of the lamellar
structure. High magnification bright field image in Fig. 99(e) and HREM in Fig. 99(f)
show that the specific lamellar structure has a lath width of about 50nm, and within each
lamellar, a high density of planar defects can be observed, suggesting the martensite is
micro-twins of various widths. Diffraction patterns from a single plate in Fig. 99(c) also
indicated the streaks in Figs. 99(a-e) are due to the variation in width of the micro twin
lamella. Also, the sequence of the micro-twins is irregular in the thermally cycled bond
coats as observed by Hemker et. al.
Typical phase constitutions of the (Ni,Pt)Al bond coats after TBC failure was
confirmed by bright field images and corresponding SADP in Fig. 100, which shows the
presence of Ni3Al (L12 structure) and martensitic phase (L10).
There is no obvious difference in the amount of martensite within the bond coat
for both types of TBCs after the same thermal cycles. Therefore, the martensitic
transformation may be not a significant factor that contributes to the rumpling of the
TGO/bond coat interface.
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Figure 99. (a & b) Bright field TEM micrographs showing the structure in the (Ni,Pt)Al
bond coat of the TBCs with 3300Hf/60Y modified CMSX-4 substrates after 805 thermal
cycles; (c ) higher magnification bright field TEM micrographs and SADP of the lamellar
martensite in the bond coat; (d) bright field image of lamella martensite structure with
different lath width; (e) high magnification bright field image of the specific lamellar
structure with a lath width of about 50nm; (f) HREM image.
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Figure 100. Bright field TEM micrographs and SADP for L12 and L10 structures in the
(Ni,Pt)Al bond coats of TBCs with 3300Hf/60Y modified CMSX-4 substrates after 805
thermal cycles at 1135°C.

4.5 Failure Analysis of Thermal Barrier Coatings
4.5.1 Visual Observation
Fig. 101 represents the macrographs of failed TBCs. The dark region on the top
surface of the bare bond coat is the remaining TGO, and the bright region is the exposed
metallic surface of the bond coat. For TBCs with baseline CMSX-4, large buckling was
observed over the entire specimen as shown in Fig. 101(a). In contrast, localized buckling
with many in-tact regions was observed in the TBCs with Hf/Y and Hf modified CMSX4 as shown in Figs. 101 (b,c). This localized spallation exposed the metallic surface of the
bond coats. These visual observations indicate difference in fracture paths and therefore
failure mechanisms.
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(a)

(b)

(c)

CMSX-4
baseline

3300Hf/60Y

5900Hf

Figure 101. Macro photographs illustrating failure mode of TBCs with (a) baseline
CMSX-4; (b) 3300Hf/60Y modified CMSX-4; (c) 5900Hf modified CMSX-4.

4.5.2 Microstructural Constituents on Fracture Surface
In order to examine the phase constituents of fracture surfaces, backscattered
electron micrographs were acquired from the top surface of the bare bond coat and the
bottom surface of the spalled YSZ coatings. Figs. 102(b,c) and (e,f) show fracture
surfaces of TBCs with baseline CMSX-4 (Fig. 102(a)) and 3300Hf/60Y modified
CMSX-4 substrates (Fig. 102(d)), respectively. The top surface of the bare bond coat and
the bottom surface of the spalled-YSZ are shown in Figs. 102(b,e) and (c,f), respectively.
For TBCs with baseline CMSX-4 superalloy substrates, the bare bond coat was mostly
covered with adherent TGO, while the bottom surface of spalled YSZ consisted mostly of
YSZ. These observations indicate that the fracture occurred at the interface between the
TGO and YSZ coatings. For TBCs with Hf and/or Y modified CMSX-4 superalloy
substrate, the surface of the bond coat consisted mostly of metallic surface and the
adherent TGO was found mostly on the spalled YSZ. Therefore, spallation failure took
place at the interface between the TGO and bond coat.
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(a)

(d)

CMSX-4
baseline

3300Hf/60Y

(b) Topside of exposed bond coat (e) Topside of exposed bond coat
TGO
TGO

Bond coat

(c)

Bottom side of spalled YSZ

(f)

Bottom side of spalled YSZ

YSZ
TGO

Figure 102. (a,d) Optical micrograph of failed TBCs with baseline CMSX-4 substrate
after 350 thermal cycles at 1135ºC and failed TBCs with 3300Hf/60Y modified CMSX-4
substrate after 805 thermal cycles at 1135ºC, respectively. (b,c) backscattered electron
micrographs of the fracture surfaces for TBCs with CMSX-4 baseline substrate: (b) top
surface of the exposed bond coat; (c) bottom side of spalled YSZ. (e,f) backscattered
electron micrographs of the fracture surfaces for TBCs with 3300Hf/60Y modified
CMSX-4 substrate: (e) top surface of the exposed bond coat; (f) bottom side of spalled
YSZ.
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4.5.3 Compositional Analysis by Secondary Ion Mass spectroscopy
SIMS mass peaks of Hf and all its isotopes observed at the TGO/bond coat
interface for failed TBCs with 3300Hf/60Y modified CMSX-4 substrates after 1200
cycles are presented in Fig. 103. In Figs. 104 (a) and (b), the depth profile was plotted
from the interface of TGO/bond coat into the TGO scale for TBCs with baseline CMSX4 substrates and TBCs with 3300Hf/60Y modified CMSX-4 substrates, respectively. A
decrease in Hf concentration was observed from the interface to the interior of the TGO
scale for TBCs with modified substrates, indicating the enrichment of Hf at the
TGO/bond coat interface.
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Figure 103. SIMS mass peaks of Hf and all its isotopes at the TGO/bond coat interface
for TBCs with 3300Hf/60Y modified CMSX-4 substrates after failed at 1200 cycles.
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Figure 104. SIMS depth profile from the TGO/bond coat interface into the TGO scale for
TBCs with (a) baseline-CMSX-4 substrates, which failed at 600 cycles; (b) 3300Hf/60Y
modified CMSX-4 substrates, which failed at 1200 cycles.

146

4.6 Mechanical Properties at 870ºC
Mechanical properties including strength and ductility of the bond coated CMSX4 substrates were evaluated at Howmet Research Corporation as shown in Fig. 105.
Ductility of the bond coated substrates with 6000Hf/40Y and 6000Hf modification is
higher than that of the bond coated baseline CMSX-4 and bond coated CMSX-4 modified
with 40Y. However, the yield strength of the bond coated substrate remains similar for all
kinds of substrates.

Figure 105. Mechanical properties of the bond coated substrates for TBCs as a function
of CMSX-4 substrate modification at 870ºC.
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5. DISCUSSION
5.1 Lifetime and damage characteristics of TBCs
5.1.1 Lifetime of TBCs in the Literature
TBCs have been used to reduce the operating temperature of hot-section
superalloys in gas turbine engines. Tab. 12 summarizes the thermal cyclic lifetimes of
EB-PVD TBCs from recent literatures with a similar configuration. Effects of dwell time
and temperature have been plotted in Fig. 106. Lifetime decreases with an increase in
dwell time and temperature. At 1121ºC, experimental data was fitted by a straight line as
shown by the solid line in Fig. 105 using equation:

(LD)T=Constant

(9)

where L is the lifetime of the TBCs, D is dwell time at temperature T. The dotted lines
are the theoretical trends at different temperatures based on Eq. 9, assuming the constant
in Eq. 9 does not vary with temperatures.
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Table 12. Lifetime of the TBCs in literature.
Reference
Sources
U. Schulz241
C. Friedrich242
M. Gell243
Y.H. Sohn244
Y.H. Sohn
M. Gell245
M. Gell
Y.H. Sohn
Y.H. Sohn
K.S. Murphy246
M. Gell
A. Atkinson247
I.G. Wright248
K.S. Murphy249
K.S. Murphy
D.R. Clarke250

Thermal cycling

Average
lifetime
(No. of cycles)

Standard
deviation

CMSX-4

1100ºC, 1hr. cycle, 0.67hr. hot time

487

133

Grit-blasted (Ni,Pt)Al

Rene´142

1100ºC, 1hr. cycle, 0.67hr. hot time

980

-

Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Grit-blasted (Ni,Pt)Al
Pre-Oxidized (Ni,Pt)Al

CMSX-4
CMSX-4
Rene´ N5
Rene´ N5
CMSX-4
Rene´ N5
Rene´ N5
CMSX-4
CMSX-4
Rene´142
Rene´ N5
CMSX-4
CMSX-4
CMSX-4

1100ºC, 1hr. cycle, 0.67hr. hot time
1121ºC, 1hr. cycle, 0.67hr. hot time
1121ºC, 1hr. cycle, 0.67hr. hot time
1121ºC, 1hr. cycle, 0.67hr. hot time
1121ºC, 1hr. cycle, 0.67hr. hot time
1121ºC, 9.8hr. hot time
1121ºC, 49.8hr. hot time
1121ºC, 24hr. hot time
1150ºC, 1hr. cycle, 0.67hr. hot time
1150ºC, 1hr. hot time
1150ºC, 1hr. hot time
1150ºC, 1hr. hot time
1151ºC, 1hr. cycle
1150ºC, 1hr. hot time

950
675
360
877
450
42
9.5
30
190
214
575
182
380
503

50
51
39
621
60
2
0.7
10
10
17
35
2
100
20

Bond coat

Superalloy
substrate

Grit-blasted (Ni,Pt)Al
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Figure 106. Effect of dwell time and temperature on the lifetime of EB-PVD TBCs.

5.1.2 Lifetime of the TBCs and Fracture Paths
For a given EB-PVD TBC with (Ni,Pt)Al bond coats, a maximum durability
may be achieved by removing the ridges associated with grain boundaries by gritblasting, and suppressing the rumpling and/or ratcheting of the TGO/bond coat
interface that leads to premature failure at the YSZ/TGO interface.
Grit-blasting of the (Ni,Pt)Al bond coat surface can remove the “grain
boundary ridges” which are considered as an initiation site for cavity formation and
leads to microcrack extension and geometrical cavities linkage.251 It also can remove
detrimental impurities at the (Ni,Pt)Al surface.252 Also, formation of mixed-oxidezone in the TGO scale can be eliminated when bond coat surface was grit-blasted
before deposition of the YSZ topcoat.253
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Suppression of rumpling and ratcheting can reduce the main mode of
degradation at the YSZ/TGO interface due to geometrical incompatibility observed in
this study. The rumpling and/or ratcheting acts to initiate micro-cracks. Meier et. al
found that the frequency, size, and amplitude of the ratchets determined the fracture
path.254 In the absence of rumpling/ratcheting, thermal stresses, developed due to the
mismatch in thermal expansion coefficients will exist within the TGO that will
accumulate the strain energy. Since the difference in the thermal expansion
coefficient of the bond coat and the TGO is much larger than that of the TGO and
YSZ as listed in Tab.1, fracture would prefer to propagate at the TGO/bond coat
interface to relieve maximum strain energy. On the other hand, if the
rumpling/ratcheting was severe, the cracks that initiated in the vicinity of
rumpling/ratcheting areas coalesced before the failure could propagate through the
TGO, resulting in failure close to the TGO/YSZ interface. Therefore, the suppression
of rumpling and/or ratcheting clearly improved the thermal cyclic lifetime. A superior
performance of TBC is achieved with fracture occurring at the TGO/bond coat
interface, rather than at the YSZ/TGO interface.
Mechanistic understanding for suppression of rumpling and/or ratcheting must
include oxidation,
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both kinetics and growth stress, initial polymorphic

transformations 256,257 and subsequent microstructure of Al2O3 , microstructure and
adhesion of the YSZ/TGO interface, reactive element effect,258,259,260 creep resistance
of oxide scale,258,261 thermo-mechanics including martensitic transformations in the
(Ni,Pt)Al bond coats, and intrinsic diffusion between (Ni,Pt)Al bond coat and
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superalloy substrates. Understanding of rumpling/ratcheting will further improve the
durability and reliability of EB-PVD TBCs as will be discussed in Chapter 5.3.
Pre-oxidation of the bond coat also can improve the durability of TBCs. This
beneficial effect can be obtained through the formation of a thin α-Al2O3 layer before
YSZ deposition, thus significantly reduce the oxidation rate associated with
metastable and transient phases.

5.2 Evolution of Compressive Residual Stress in the TGO
Scale
Results from this investigation clearly demonstrate a correlation among
microstructural degradation of TBCs and the compressive residual stress within the
TGO scale measured by PL.

5.2.1 Stress Relaxation by Rumpling of the TGO/Bond coat
Interface
During thermal cycling with 50-minute dwell at high temperature, a gradual
shift of the PL spectra towards stress-free frequency was observed for TBCs with
grit-blasted (Ni,Pt)Al bond coats on baseline CMSX-4 superalloys as shown in Fig.
48. By deconvolution of the spectra, the corresponding magnitude of the compressive
residual stress within the TGO scale was found to decrease gradually until reaching a
near-zero value as shown in Fig. 49 in accordance with Wen et. al. and Lee et. al.262
As presented in Figs. 59 and 60, for these TBCs, rumpling and ratcheting of the
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TGO/bond coat interface driven by the compressive strain induced by the lateral
growth of the TGO scale and/or swelling of the (Ni,Pt)Al bond coat induced by
interdiffusion were observed. An increase in tortuosity of the TGO/bond coat
interface measured by image analysis corresponds well to a decrease in the magnitude
of the compressive residual stress of the TGO scale as presented in Fig. 107 for TBCs
with baseline CMSX-4 substrates. Therefore, a progressive rumpling reduces the
magnitude of compressive residual stress of the TGO scale, causes interfacial voids
and localized decohesion, particularly at the YSZ/TGO interface, and leads to early
spallation failure of TBCs at the YSZ/TGO interface as shown in Figs. 59(d), 60 and
102(b,e).
Although the undulation of the TGO/bond coat interface can develop during
isothermal heat treatment even without oxidation, thermal cycling plasticity is
certainly a sufficient condition, not necessary condition, for rumpling and ratcheting
to occur. Examination of reduction in the magnitude of compressive residual stress in
the TGO scale can be correlated to the magnitude of rumpling measured by tortuosity
and hence the microstructural degradation in TBCs. It clearly demonstrates the
capability of PL to serve as a non-destructive method to assess the life-remain of
TBCs.
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Figure 107. Compressive residual stress within TGO scale decreases with tortuosity
increasing during thermal cycling for TBCs with baseline CMSX-4 superalloy
substrates.

5.2.2 Stress Relief by Localized Damages at Interfaces
For TBCs with grit-blasted (Ni,Pt)Al bond coats on modified CMSX-4, a
sudden appearance of stress-relieved luminescence peaks was observed during
thermal cycling with 50-minute dwell at high temperature, as shown in Fig. 50.
Observation for stress-free luminescence at R2 = 14432 cm-1 begins as early as 50%
of TBC lifetime, and its intensity increased with thermal cycling as shown in Fig. 51.
For these TBCs, rumpling and ratcheting of the TGO/bond coat interface was not
observed as presented in Figs. 61 through 65. The magnitude of the compressive
residual stress remained relatively constant throughout thermal cycling as shown in
Fig 54. Although localized and subcritical cracks at the TGO/bond coat interface that
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leads to relief of the compressive residual stress in the TGO scale are difficult to
“capture” via traditional metallographic preparation, results from PL strongly indicate
that these TBCs degrade by localized cracks at the TGO/bond coat interface as shown
in Figs. 61, 62 and 102(c,f). Monitoring the appearance of stress-free luminescence
from the TGO scale can also serve as a non-destructive method to assess the liferemain of TBCs.

5.2.3 Initial Stress and Phase Constituents within the TGO Scale
Magnitude of compressive residual stress within the TGO scale at the initial
oxidation stage was observed to be similar for both types of TBCs as shown in Figs.
49 and 54. A slight difference in relative intensity ratio of metastable alumina to the
total intensity from the PL spectra was observed before 5 thermal cycles as shown in
Figs. 43, 44 and 47, indicating a slight difference in the amount of metastable alumina
within the TGO scale during the early stage of oxidation. All luminescence from
metastable alumina disappeared after 5 thermal cycles as shown in Figs. 45 and 46.
Polymorphic transformation of the metastable alumina to the equilibrium alumina
will result in volumetric change by 4-5%,263 and may lead to pore formation at the
YSZ/TGO interface.
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5.3 Influence of RE on the rumpling of the TGO/Bond Coat
Interface
Rumpling is a complex phenomenon, and governing mechanisms have been
debated. Rumpling/ratcheting can introduce out-of-plane stress and initiate damages
at the YSZ/TGO interface. In this study, RE addition to the CMSX-4 substrates was
observed to significantly suppress the rumpling of the TGO scale and the TGO/bond
coat interface. Suppression of rumpling/ratcheting provides a flat TGO scale,
minimizes the formation of pores at the interfaces, and is beneficial for durability of
TBCs , as shown in Fig. 108. Furthermore, the adherent YSZ topcoat will suppress
rumpling of the TGO/bond coat interface as shown in Figs 68 and 69. Possible causes
and subsequent results of rumpling suppression after Hf and/or Y modification to the
CMSX-4 superalloy substrate are summarized in Tab. 13 and will be discussed in this
section.
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(600, 1.46)

1.6
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TBCs with 3300Hf/60Y
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CMSX-4 substrate
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Figure 108. Tortuosity of the TGO/bond coat interface representing the degree of
rumpling as a function of substrate modification and thermal cyclic lifetime.
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Table 13. Possible causes and subsequent results of rumpling suppression observed in this study.
Microstructural
Phenomenon Observed

Potential Mechanisms

Growth rate of the TGO
scale

Reduction in strain energy release rate

Precipitates of Monoclinic
HfO2

Increase in creep resistance of the
TGO scale

Porosity within the TGO
Scale during Early
Oxidation

Molar volume change associated with
transformation can cause formation of
pores within the TGO scale and cause
decohesion at the YSZ/TGO interface

No major difference in pore
morphology between two types of
TBCs.

None.

Porosity within the TGO
Scale after Prolonged
Oxidation

Rumpling and ratcheting may
accelerate with the presence of pores.

Pores observed is a results of
rumpling and ratcheting

Applicable as a result of
rumpling/ratcheting.

Hf Segregation at the
TGO/bond coat Interface

Intrinsic strengthening of the
metal/oxide interface

Hf was observed to segregate at the
TGO/bond coat interface

Applicable as a cause of
suppression
rumpling/ratcheting.

Grain Size of α-Al2O3

Increase in grain size can increase the
creep resistance

β-to-γ’ transformation
β-to-Martensite (L10)
transformation

Summary of This Study

Molar volume change associated with
transformation can cause deformation
in the (Ni,Pt)Al bond coat
Molar volume change associated with
transformation can cause deformation
in the (Ni,Pt)Al bond coat
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Growth rate in the TGO scale was
smaller for TBCs with Hf/Y
modification
HfO2 precipitates decorate grain
boundaries and triple junctions of
Al2O3 scale

Grain size of α-Al2O3 was found to
be smaller for TBCs with Hf/Y
modification.
No significant difference in β-to-γ’
transformation was observed
between two types of TBCs.
No significant difference in β-to-L10
transformation was observed
between two types of TBCs.

Relation to Suppressed
Rumpling
Applicable as a cause of
suppressed
rumpling/ratcheting.
Applicable as a cause of
suppressed
rumpling/ratcheting.

None.
None.
None.

5.3.1 Strain Energy
As shown in Fig. 76, the TGO thickness is smaller for TBCs with Hf and/or Y
modified CMSX-4 than that for TBCs with baseline CMSX-4 throughout thermal
cycling. Consequently, the calculated parabolic rate constant Kp is 10 to 20% lower
for TBCs with Hf/Y modified CMSX-4. Thus a slower growth rate of the TGO scale
after RE addition was observed.
The steady state energy release rate on the delamination of the multilayer is
expressed by:
2

⎛
⎞
i
⎜ ∑σ oh i ⎟
⎝
⎠
Go = i
Ei
2∑
2
i (1− υ i )

(10)

where hi is the thickness of each layer, σ0 is the measured stress within the TGO scale.
The stored strain energy in the TGO scale is a strong function of the TGO thickness
and residual stress in the TGO scale. Since strain induced on cooling is proportional
to the scale thickness, thinner TGO thickness can reduce the strain energy release rate
and delay delamination of the coatings.264
RE can diffuse from the substrates through bond coat to the TGO scale and
segregate at grain boundaries of the TGO scale during oxidation. The segregation of
RE at the grain boundaries of α-Al2O3 in the TGO scale was not detected in this study,
presumably because the trace amount is below the resolution of the equipment.
Reduction of oxidation rate can be attributed to the suppression of Al grain boundary
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diffusion by these trace amount of RE ions segregated at the α-Al2O3 grain
boundaries during the TGO growth. A segregation of the RE along the grain
boundaries might significantly reduce the outward transport of Al, and dramatically
change the oxidation mechanisms from outward Al diffusion to mostly inward O
diffusion , thus eliminate γ or θ-Al2O3 whiskers formation which was due to the
outward diffusion of Al transport. The growth rate of the transient alumina was
approximately one order of magnitude faster than that of the α-Al2O3. The Al grain
boundary diffusion is expressed as: 265
D Al = α AlD Al o δ

(11)

where αAl is the segregation factor for aluminum given by the concentration of
aluminum at the grain boundaries divided by the concentration of aluminum in bulk
Al2O3, D Al o is the grain boundary diffusion coefficient for aluminum in pure Al2O3
and δ is the grain boundary width. Since DAl << D Al o , trace amount of RE segregation
at the grain boundaries will reduce the outward transport of Al, and reduce the overall
oxidation rate of the TGO scale.

5.3.2 Creep Resistance
HfO2 was observed in the TGO scale for TBCs with Hf and/or Y modified
CMSX-4 substrates. Effects of RE oxides formation in the TGO scale are very
sensitive to their amount. A large amount of RE oxide can lead to additional thermal
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expansion stresses 266 and stress concentration sites as well as the fast oxygen
transportation path through the scale . However, an optimized amount of RE doping
results in the small RE oxide particles decorating the grain boundaries and triple
points of the TGO scale, increases the TGO creep resistance, and consequently
suppress the rumpling of the TGO/bond coat interface. Cho et. al261,267 also reported a
reduction of the Al2O3 creep rate when doped with RE by almost three orders of
magnitude.
Pint et al. has reported that RE doping leads to a more columnar grain
structure, and can eliminate γ- or θ-Al2O3 whiskers, which forms due to the outward
diffusion of Al transport. Clarke et al. also pointed out that RE favors the columnar
growth of the oxide. The large columnar grains of α-Al2O3 can increase the tensile
creep resistance of the TGO scale, thus minimize the rumpling of TGO/bond coat
interface.
Lateral growth of the TGO scale is an important aspect regarding to rumpling
of the TGO scale. Lateral strain will only be created by formation of new oxide at the
grain boundaries that is perpendicular to the YSZ/TGO and TGO/bond coat
interface. 268

Although the lateral growth of the TGO scale cannot be simply

correlated to the diameter of the columnar grains of α-Al2O3, Clarke et. al predicted
that in the absence of any stress relaxation, the lateral growth strain rate is
proportional to the thickening rate of the TGO, but inversely proportional to the
average grain size of the TGO based on their dislocation climb model.269 This model
proposed that the lateral growth of the oxide is produced by the trapping of cations
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and anions at the core of dislocations, causing them to climb through the TGO
thickness. However, the grain size of α-Al2O3 was observed to be smaller for TBCs
with Hf/Y modified CMSX-4 than that for the TBCs with baseline CMSX-4
throughout thermal cycling as shown in Fig. 90. This contradicts Clarke’s calculation.
However, the creep resistance of fine grained α-Al2O3 (<1µm) can be improved by
several order of magnitude by the addition of small amounts of RE267 by RE
“poisoning” the process of dislocation climb.
At 1000°C, the activation energy derived from the creep experiments
conducted by French et al. (~468 kJ/mol)267 was close to the published activation
energy for aluminum grain boundary diffusion (~420kJ/mol) than that for oxygen
grain boundary diffusion (~226 kJ/mol).270
Al-depletion due to the oxidation of bond coat and interdiffusion of bond coat
and substrate materials leads to the phase transformation of β-NiAl into γ’-Ni3Al.
Consequent changes in molar volume has been proposed as a cause of undulation of
the TGO/bond coat interface.110,271 Remaining β-NiAl transformed into martensitic
phase upon cooling. This martensitic transformation can introduce about 2%
volumetric change and about 0.7% of transformation strain in the bond coat , which is
considered also as an important factor that affects bond coat creep. However, from
Figs. 96-98, there is no obvious difference in the martensitic transformation in the
bond coat between the TBCs with baseline CMSX-4 and Hf and/or Y modified
CMSX-4 substrates. Therefore, this small addition of RE in the substrate was not
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sufficient to have a significant effect on martensitic transformation of the bond coat,
yet significantly influence the rumpling/ratcheting of the bond coat.

5.3.3 Polymorphic Transformations
Polymorphs of Al2O3 was detected by PL before thermal cycling and at the
very early stage of oxidation (before 5 thermal cycles) as shown in Figs. 43 and 44.
All of the metastable Al2O3 transformed into equilibrium α-Al2O3 after 5 thermal
cycles as shown in Figs. 45 and 46. On the other hand, voids were observed after 5
thermal cycles within the grains of the TGO scale as shown in Figs. 85 and 86. It has
been reported that pores can be introduced by the phase transformation from θ-to-αAl2O3, which leads to 4.7% volume contraction, which may contribute to the
formation of voids at YSZ/TGO interface. The ratio of PL intensity from metastable
Al2O3 to the total intensity was slightly less for TBCs with Hf/Y modified CMSX-4
substrates. This might correspond to reduced porosity formation within the TGO scale
due to less polymorphic transformation of Al2O3. However, a quantitative analysis is
difficult to obtain.
The growth of transient θ- or γ-Al2O3 is predominantly by outward diffusion
of Al, 272 while the growth of α-Al2O3 is predominantly by inward diffusion
of Ο. 273 The growth rate of the transient alumina was approximately one order of
magnitude faster than that of the α-Al2O3. Thus, the condensation of vacancies may
be a cause for the formation of pores. With RE addition, the outward transport of Al
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can be suppressed and changed the oxidation mechanisms to mostly inward O
diffusion, thus reduces the formation of transient alumina.274 This change in oxidation
mechanism may contribute to the change of oxide microstructure, and avoid
interfacial void formation since the flux of cation vacancies can be reduced.
With the YSZ/TGO interface containing decohesion, the buckling failure of
TBC requires a smaller flaw (or a crack) size (e.g., critical enough just for the TGO)
with the addition of thermal cycling (i.e., increasing strain energy release rate) as
illustrated in Fig. 109. Thus, if the amount of voids increases to a critical level the
YSZ is no longer effective in suppressing the TGO buckling, and the TGO is free to
buckle. The can lead to a large-scale buckling and spallation as shown in Fig. 102(a).
On the other hand, the critical flaw size required for buckling of TBCs with a robust
YSZ/TGO interface (e.g., thickness of YSZ+TGO) is larger than that for TGO only,
as illustrated in Fig. 109. Therefore, the presence of the adherent YSZ topcoat
suppresses the buckling of the TGO scale, and can improve the lifetime of TBCs. 65
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Flaw/Crack Size at
TGO / Bond Coat Interface
Requied for Buckling Spallation

Critical Size for
Coatings with Healthy
Interface (YSZ + TGO)

Growth of Flaw/Crack
During Cyclic Thermal
Exposure
Critical Size for TBC
with Deteriorating
YSZ/TGO Interface

Critical Size for Flawed
Interface (TGO Only)
TBC Lifetime
Cyclic Exposure to High Temperature →

Figure 109. The evolution of critical flaw size required for the buckling failure of
TBCs with and without the deterioration of the YSZ/TGO interface.

5.3.4 Intrinsic Strengthening of the TGO/Bond Coat Interface
Hf/Hf4+ was observed to segregate at the TGO/bond coat interface as shown in
Fig. 104. Carter et al. studied the adhesion of the Al2O3(0001)/NiAl(110) interface as
a model for TGO/bond coat interface based on density functional theory (DFT)
calculation. With a low concentration Hf (0.1 ML) dopant segregating at the interface,
the metal-oxide adhesion increases by a factor of three. This strong adhesion of
NiAl/Hf/Al2O3 interface was explained by shortening of the metal-oxide distance due
to the strong bonds formation between Hf and the neighboring oxygens in Al2O3. The
open d-shell structure allows Hf to from a mixture of ionic, covalent and donoracceptor character, which increases the bond density by 25%, and consequently
makes the bonds particularly strong.275
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Although S was not detected in this study, segregation of S impurity from the
alloy to the TGO/bond coat interface during high temperature oxidation is often
considered as the major cause that weakens the interfaces.276,277,278 The detrimental
effects of S lies in two ways: (1) enhance pore formation by lowering its nucleation
energy, and (2) weaken the interface by accelerating crack propagation between
pores.279 Even under the same degree of porosity, S-free interfaces were stronger than
S-containing ones.
The interface-energy model of the TGO-bond coat is similar to that used for
liquid wetting on a substrate280 and other metal-oxide interface model by assuming
two-dimensional situation,281,282 as shown in Fig. 110. The stress required for void
growth is:

σ ≥ γ m cos ϕ + γ ox cos ϕ − γ int

(12)

where γm, γox, γint are the interfacial energy of bond coat, TGO and TGO/bond coat
interface, ϕ is the wetting angle of the interface. While the presence of S could reduce
γm, segregation of S ion to the metal-scale interface could increase γint. Both would
enhance the probability of void growth. Hf and/or Y addition may gather S to form
stable compound and prevent S from segregation at interfaces and within the material.
Besides, Hf alloying can decrease γint. Therefore, the tendency of forming pores is
reduced.
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Figure 110. A schematic of surface energies at the edge of an interfacial void..282
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6. CONCLUSION
A significant thermal cyclic lifetime improvement of thermal barrier coatings
(TBCs) with grit-blasted (Ni,Pt)Al bond coat has been achieved when CMSX-4
superalloy substrates were alloyed with Hf and/or Y. Effects and mechanisms of
reactive element (RE) on the superior lifetime were investigated in this study.
Rumpling of the TGO/bond coat surface (i.e., interface undulation of the
TGO/bond coat interface) is observed to be the most important microstructural
feature that was related to furnace thermal cyclic lifetime of TBCs. For TBCs with
baseline CMSX-4, a significant rumpling occurred at the TGO/bond coat interface
and spallation failure of the YSZ topcoat was observed to occur primarily at the
YSZ/TGO interface. However, when rumpling of the TGO/bond coat interface was
suppressed by Hf/Y modification, a significant improvement in lifetime of TBCs was
observed. Detailed and systematic microstructural analysis with emphasis on the
YSZ/TGO interface, the TGO scale, TGO/bond coat interface and bond coat was
carried out to examine the influence of Hf/Y alloying and mechanisms of lifetime
improvement.
Findings from this investigation are listed below:
•

The spallation failure of TBCs occurs at the YSZ/TGO interface for TBCs
with baseline CMSX-4 while it occurs at the TGO/bond coat interface for
TBCs with Hf/Y modified CMSX-4 superalloy substrates. This is a direct
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result of rumpling of the TGO/bond coat interface observed for TBCs with
baseline CMSX-4 and suppressed rumpling for TBCs with modified CMSX-4.
•

The magnitude of compressive residual stress within the TGO scale gradually
decreases as a function of thermal cycling for TBCs with baseline CMSX-4
superalloy substrates. Stress relaxation also is a result of rumpling at the
TGO/bond coat interface. The magnitude of compressive residual stress
within the TGO scale remained relatively constant throughout the thermal
cycling for TBCs with 3300Hf/60Y modified CMSX-4 superalloy substrates
as a result of suppressed rumpling. Localized stress relief due to damage in the
TGO scale was observed starting from 50% of its furnace cyclic lifetime.

•

A slightly slower growth rate, quantified by 10 to 20% reduction in parabolic
oxide growth constant, was observed for TBCs with Hf and/or Y modified
CMSX-4 superalloy substrates. Thinner TGO scale would reduce the strain
energy release rate and reduce the tendency for rumpling and spallation of the
TGO scale.

•

A smaller grain size throughout thermal cycling was observed for TBCs with
Hf and/or Y modified CMSX-4 superalloy substrates. This observation
opposes a proposed, but unconfirmed argument that the TGO scale with larger
grain size would grow slower (e.g., grain boundary diffusion) and is less
susceptible for rumpling (e.g., creep resistance).

•

For TBCs with Hf and/or Y modified CMSX-4 superalloy substrates, small
monoclinic HfO2 precipitates were observed to decorate grain boundaries and
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the triple points within the α-Al2O3 scale. Presence of these precipitates can
increase the creep resistance of the TGO scale by grain boundary
strengthening.
•

Segregation of Hf/Hf4+ at the TGO/bond coat interfaces was observed for
TBCs with Hf and/or Y modified CMSX-4 superalloy substrates. This
observation supports the fact that a segregation of RE can improve the
TGO/bond coat interfacial strength.

•

Adherent and pore-free YSZ/TGO interface was observed for TBCs with Hf
and/or Y modified CMSX-4, while a significant amount of decohesion at the
YSZ/TGO interface was observed for TBCs with baseline CMSX-4. TBCs
with baseline CMSX-4 fails at the YSZ/TGO interface. Although a reduced
polymorphic transformation of Al2O3 (e.g., γ-to-α) during the early stage of
oxidation may be responsible for this difference in microstructural evolution,
reduction in pores and decohesion could be a result of suppressed rumpling

•

β-NiAl (B2) phase in the (Ni,Pt)Al bond coat transformed into γ’-Ni3Al (L12)
phase due to depletion of Al in the bond coat (e.g., high temperature), and all
of the remaining β-NiAl transformed into L10 martensitic phase upon cooling.
No significant difference in these phase transformation was observed for
different types of TBCs after the same number of thermal cycling.
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In summary, an improvement in furnace cyclic lifetime of TBCs with Hf/Y
modified CMSX-4 superalloy substrate was observed and related to the suppression
of rumpling at the TGO/bond coat interface. This interface stability leads to an
adherent YSZ/TGO interface and a final spallation at the TGO/bond coat interface.
The following microstructural observations were made and related as
mechanisms that will suppress the rumpling of TGO/bond coat interface.
1. A lower parabolic oxide growth constant.
2. Improved creep resistance by grain boundary strengthening with HfO2
precipitates.
3. Interface strengthening by Hf/Hf4+ segregation.
The grain size of the TGO scale, interdiffusion induced phase transformation
in the (Ni,Pt) bond coat and martensitic transformation in the (Ni,Pt) bond coat were
not observed to influence the rumpling of the TGO/bond coat interface and thus the
furnace thermal cyclic lifetime of TBCs with (Ni,Pt)Al bond coats.
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