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Abstract

Stress state in thermal barrier coatings (TBCs) has an influence on the service
property and safety of coatings. The stress in TBCs should be characterized and
measured. This is helpful for the guidance of design and preparation, the study of
failure mechanism and the promotion of application of TBCs. This chapter reviewed
the research progress on the stress measurement for air plasma spray (APS)-prepared
TBCs. The origin and category of stress during preparation process and service
were discussed. Then, the measurement technology and characterization method
for stress in APS-prepared TBCs were focused. The common stress measurement
techniques such as X-ray diffraction, neutron diffraction, Raman spectroscopy, pho-
toluminescence piezospectroscopy, curvature measurement, material removal and
indentation method were detailed. Furthermore, some suggestions were presented
for the future work by summarizing the shortcomings of the exiting research.

Keywords: air plasma spray process, thermal barrier coatings, stress testing,
stress analysis

1. Introduction

Gas-turbine engine, which is known as the heart of aircraft, covers many
leading-edge technologies in advanced manufacturing industry, and represents the
level of a nation’s science and technology. Higher thrust-weight ratio, longer service
lifetime and better reliability are regarded as the development trend for the gas-
turbine engine. Increasing the turbine inlet temperature is an important method
for increasing the thrust-weight ratio. Key technologies for increasing the turbine
inlet temperature include single crystal superalloy, air cooling and thermal barrier
coatings (TBCs) technology. Specially, TBCs can lower the operating temperature
of superalloy blade. The temperature reduction caused by TBCs is equal to the sum
of temperature rise induced by superalloy over the last 30 years. Besides, TBCs
can protect the metallic blade from oxidizing, and improve the service safety and
lifetime of the blade [1-3].

Among traditional TBCs, porous ceramics with low thermal conductivity are
prepared on superalloy substrate to achieve heat insulation effect. But the mismatch
of thermo-mechanical properties between porous ceramics and superalloy leads to
the difficulty in reliable bonding. A bond coat is necessary [2]. Thus, TBCs is a typi-
cal multilayer, multi-material system, as shown in Figure 1. TBCs mainly include
(1) the ceramic top coat, (2) the thermally grown oxide (TGO), (3) the bond coat,
and (4) superalloy substrate. The ceramic top coat usually adopts porous ceramics
to achieve heat insulation effect. The common ceramic composition is the zirconia
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Figure 1.

The schematic of typical TBCs.

‘partially stabilized’ with about 6-8 wt.% yttria (7YSZ), which has the good heat-
insulating property and long thermal cycle life. TGO, whose composition is a-AL, O3,
is formed by the reaction between aluminum diffusing from the bond coat and
exterior oxygen. TGO can provide good bonding of TBC to bond coat. The bond
coat contains the source of elements to create TGO in oxidizing environment and
provides oxidation protection, primarily of NiCoCrAlY- or NiAlPt-based composi-
tions. The superalloy substrate, which has high strength at high temperatures, can
experience complicated mechanical loads during service [1, 2, 4].

Recently, many methods have been developed to prepare the ceramic top
coat, such as air plasma spray (APS) and electron beam physical vapor deposition
(EB-PVD) process [5, 6]. In APS process, the ceramic feedstock are injected into the
high temperature plasma plume, heated to the molten or high-plasticity condition,
impinge onto the surface of specimen with a certain momentum, and rapidly solidify.
Then the lamellar microstructures, which consist of a large number of overlapped
splats, are formed, as shown in Figure 2(a). In EB-PVD process, ingots of a ceramic
composition are vaporized in a vacuum chamber using a focused electron beam. The
ceramic vapor gradually deposit on the specimen and form columnar microstructure,
which are perpendicular to the surface of specimen, as shown in Figure 2(b).

TBCs prepared by APS process, which has lower cost, has been widely used in
the larger stationary components. However, the failure behavior such as premature
spallation of TBCs during preparation and operation process is still an overriding
concern. The premature spallation of TBCs may expose the superalloy substrate to
hot gases, resulting in the oxidization of superalloy. This may influence the service
performance, lifetime and safety of aircraft, even lead to catastrophic damage [7].
The premature spallation of TBCs mainly results from intralayer and interlayer
fractures [8]. The fracture behavior of materials is closely related to stress state.
When the stress in a material is tensile, and is larger than strength, the fracture
behavior may happen. The change of stress state is considered as the driving force
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Figure 2.
The microstructures of TBCs prepaved by: (a) APS and (b) EB-PVD.

for the initiation, propagation of cracks [9]. Besides, the stress state may influ-

ence the macroscopic properties of TBCs [10]. Specially, the microstructures of
TBCS prepared by APS process are typical lamellar microstructures. The lamellar
microstructures may not totally melt and bond each other. There are a large number
of defects such as pores and microcracks between lamellar microstructures [11].

As the defects are sensitive to stress state, the material near the defects tends to
fracture under stress, leading to the spallation of coatings. Therefore, the analysis
and characterization of stress in TBCs prepared by APS process is necessary for the
study of failure mechanism and service reliability.

This chapter reviews the research progress on the analysis and characteriza-
tion of stress among the APS-prepared TBCs in recent years. The origin, category,
measurement technology and characterization method for stress are focused. It is
believed this will be helpful for the investigation on failure mechanism, and pro-
mote the application and development of TBCs.

2. The origin and category of stress among the APS-prepared TBCs

TBCs experiences complicated loads during the preparation process and service.
Then, stress state in TBCs dynamically changes and influences the service proper-
ties and behaviors of TBCs.

2.1 The origin and category of stress during preparation process

In APS process, the molten ceramic feedstock impinge onto the surface of
metal specimen, stack and form TBCs [12]. The coatings may experience violent
temperature change in the process. The mismatch of thermal expansion coefficients
between ceramics layer and superalloy may produce stress [13]. According to the
mechanism of stress generation, the stress generating in preparation process mainly
includes quenching stress and thermal mismatch stress, as shown in Figure 3.

The quenching stress is generated in the interaction process between molten
ceramic feedstock and metal specimen. In this process, the feedstock after impact
may form a lamellar structure and rapidly cool from the molten temperature to the
specimen temperature in a short time. The lamellar structure shrinks sharply due to
rapid cooling. The shrinkage of the newly formed lamellar structure is constrained
by the specimen and the previous lamellar structure, resulting in stress in the coat-
ing [14]. The constraint of the specimen and the previous lamellar structure depends
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Figure 3.
The stresses during preparation process of APS-prepared TBCs.

mainly on the material of the lamellar structure, the temperature of the specimen,
and the boundary shapes between the lamellar structures [15]. The existence of
quenching stress has been proven by McPherson, and the value has been measured
by Kuroda et al. It is found that the quenching stress is always tensile stress [16, 17].
Assuming that the shrinkage deformation of the lamellar structure is fully con-
strained, the resulting stress will be large, and much higher than the yield strength
or fracture strength of the material. The maximum value of quenching stress given
by the elastic mechanics analysis is about 1 GPa, while the values obtained from the
experiments are mostly below 100 MPa. This is mainly due to the existence of many
stress release mechanisms during the preparation of the coating. For example, a
large number of microcracks are generated inside and at the boundary of the lamel-
lar structure during the preparation process. These microcracks can act as important
means of stress release, reducing stress below the fracture strength [13, 18].

The thermal mismatch stress generates during the cooling process after spray-
ing. The thermal mismatch stress results from the mismatch of thermal expansion
coefficients between the ceramic coating and the metal specimen [9, 19]. In the
elastic range, the thermal mismatch stress can be estimated by:

Agy =11 (n(D) - ay(D)AT 1)

Gth(T) = AethE(T) (2)

where, Aa (T) is the difference in thermal expansion coefficients between
ceramic coating and metal material, and changes with temperature. T} is the spray
temperature. T is the certain temperature during the cooling process. oy, (T) is
the thermal mismatch stress of coatings. E (T) is the elastic modulus of coating
material. According to Egs. (1) and (2), the thermal mismatch stress is related to
the difference in thermal expansion coefficients, the spray temperature, and the
elastic modulus of the coating material. The thermal mismatch stress increases with
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increasing the difference between spray and room temperature, the difference in
the thermal expansion coefficients and the elastic modulus of the coating material
[20]. Besides, the thermal mismatch stress may be tensile or compressive stress [21].

2.2 The origin and category of stress during service

TBCs usually operate in harsh environments such as high temperatures, high
pressures, and extreme mechanical loads. TBCs may undergo chemical changes
such as oxidation and sintering, and withstand external loads such as particle
erosion and CaO-MgO-AlL,0;-Si0, (CMAS) corrosion, as shown in Figure 4. The
composition, microstructure and properties may change dynamically. The stress
state may also evolve, and the internal crack may appear and propagate, leading to
the failure behaviors such as fracture, delamination and even spalling [2, 22].

During service, the aluminum element in the bond coat may continuously
diffuse to the interface between the bond coat and the TGO, and react with oxygen
entering from the external environment to generate a-Al,Os. In this process, TGO
gradually grows thicker. Due to the constraint of the upper ceramic top coat and
the lower bond coat, the volume expansion caused by the thickening of TGO is
limited. A large compressive growth stress in TGO thereby generates [23]. Besides,
the thermal expansion coefficient mismatch of the various layers may also produce
high residual compressive stresses in TGO during cooling from the service to room
temperature. It is found that the compressive stress in TGO can reach 3-6GPa at
room temperature [24]. TGO is subjected to large in-plane compression, and tends
to undergo elongation or bending deformation in order to release stress. At high
temperatures, the plasticity of the bond coat will increase, and creep even may
occur. In addition, there are usually many defects at the interface between the
ceramic top coat and TGO. During service, TGO may have an out-of-plane dis-
placement into the bond coat at these defects. The compressive stress in TGO may
release, resulting in redistribution of stress. The out-of-plane displacement may
cause out-of-plane stress in TBCs, leading to crack initiation, crack propagation,
and eventual delamination damage [2, 4, 25]. The stress evolution in TGO plays
a crucial role in the TBCs failure, and is one of the most important incentives for
delamination failure [26].

When TBCs operate in high temperature environments, the ceramic top coat
material may sinter. The sintering may cause the voids between the sheet structures
and the cracks in the sheet structures to heal, resulting in a significant increase in
the stiffness of the ceramic top coat. The changes in the mechanical properties may
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Figure 4.
The factors affecting the stress among APS-prepared TBCs during service.
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lead to the change in residual stress. Particularly, the thermal mismatch stress may
increase with increasing the modulus, thereby promoting the occurrence of failure
[27]. When the temperature is higher than 1200°C, the non-equilibrium metastable
phase of 7YSZ may transform into tetragonal phase and monoclinic phase. Large
volume deformation may occur in the process of transforming into monoclinic
phase, leading to the change in the stress state of TBCs [2].

In some service areas, such as Middle East, silicon-containing debris may enter
the engine and melt on the concave (hot side) of the blade. The main component of
the melt is CaO-MgO-AL0;-Si0,, which is called CMAS [2, 28]. When the surface
temperature of TBCs exceeds the melting point of CMAS (1240°C), CMAS will
infiltrate into the microcracks and voids in TBCs and chemically react with the
ceramic top coat material. During the shutdown process of the engine, the ceramic
top coat after CMAS infiltration will quickly solidify into a dense layer. The strain
tolerance of the top coat will decrease, and the stiffness will increase, increasing the
thermal mismatch stress in TBCs [28, 29].

Besides, solid particles in air may also enter the engine, impacting TBCs at high
speed during service. The erosion of high speed particles may change the stress state
in TBCs [30]. The erosion of the particles produces tensile stress in certain regions
of TBCs. Defects such as sheet-like structural interfaces and microcracks in these
regions may develop into macroscopic cracks under tensile stress. And macroscopic
crack propagation will eventually lead to the spalling of TBCs [31].

3. The measurement technology and characterization method for stress
among the APS-prepared TBCs

The stress plays an important role in the failure of the APS-prepared TBCs. It is
important to test and characterize the stress. Up to now, various testing techniques
and characterization methods for stress among the APS-prepared TBCs have been
developed. According to the working principles, the methods can be divided into
physical and mechanical testing methods.

3.1 Physical testing methods

In the physical testing methods, the information obtained from the interac-
tion (including diffraction, scattering, etc.) between electromagnetic or particle
radiation and the material is used to evaluate the stress distribution in the mate-
rial. The common physical testing methods mainly include X-ray diffraction,
neutron diffraction, Raman spectroscopy, photoluminescence piezospectroscopy
and so on.

3.1.1 X-ray diffraction (XRD)

The stress in the coating may cause the crystal plane spacing to change. When
X-ray are incident on the coating at different angles, the diffraction angle changes
with the incidence angle, which results from the change in the crystal plane spacing.
And the change value is related to the stress [32]. In XRD method, X-rays are inci-
dent on the surface of the coating at different angles several times, and the changes
in the diffraction angle value 20 are measured, as shown in Figure 5 [18]. The stress
o can be obtained by calculating the slope of 26 versus sin2y, as follows:

d(20)
=K 3
° d(sin’y) 3
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Figure 5.
The schematic diagram for measuring stress by XRD.

where, y is the angle between the normal direction of the diffraction crystal
plane and coating surface. K are elastic constants.

XRD, as a fast and reliable non-destructive testing technology, has no specific
requirements on sample size and shape and is suitable for micro-area stress mea-
surement. It has been widely used in the testing and characterization of stress
among TBCs. XRD has been used to study the stress evolution in the ceramic top
coat and bond coat after operating at different conditions [33-35]. Meanwhile, Xiao
et al. studied the stress evolution of the bond coat during oxidation at 1150°C for
different time based on XRD. It was found that the stress in the bond coat mainly
generated during the process of cooling from 1150 to 600°C. This may be due to that
the f phase deposition during cooling changes the volume of the bond coat [34, 35].

Although XRD has been widely used to test stress among TBCs, the penetra-
tion depth of X-ray generated by laboratory sources is limited to only a few tens of
microns. And the thickness of the coating ranges from 300 to 500 pm. Thus, XRD
can only measure the stress state of the near surface zone and not characterize the
stress state deep inside TBCs [36].

In order to overcome the problem for small penetration depth of X-ray generated
by laboratory sources, synchrotron radiation XRD has been developed. The X-ray
generated by synchrotron radiation source is used to test the stress deep inside the
material. Comparing with the X-ray generated by the laboratory source, the pen-
etration ability is greatly enhanced [19]. The composition of the local phase and the
stress deep inside the thermal spray coating were determined by synchrotron radia-
tion XRD [36]. However, the synchrotron radiation device with the large size, high
cost, limited machine time is difficult to promote in the laboratory. The application
of synchrotron radiation XRD is limited.

3.1.2 Neutron diffraction

Neutrons with a strong penetrating ability (up to a few tens of millimeters), can
penetrate through most materials. Neutron diffraction can be used to measure stress
deep inside TBCs, whose principle is basically similar to XRD. The stress distribution
in the depth direction of the coating was studied by neutron diffraction. The influ-
ence of various operation conditions on the stress distribution was discussed [37, 38].
Neutron diffraction is also suitable for measuring the stress in a large specimen and
obtaining the average stress inside the specimen. However, during neutron diffrac-
tion testing, the position of the surface with respect to the neutron beam must be
accurately known. The ‘center of gravity’ of a near-surface gauge measurement vol-
ume must be calculated. A correction may be required to allow for any pseudostrain
effects. Besides, sufficient data are difficult to obtain in a limited time using a weak
neutron source, and a special strong neutron source is generally required [38].
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3.1.3 Raman spectroscopy

When the laser with a certain frequency is incident on the material, the mol-
ecules in the material absorb part of the energy, vibrate in different ways and
degrees, and scatter light with a lower frequency. This phenomenon is called Raman
scattering. After the incident photons collide with the molecules, the vibrational
energy or the rotational energy of the molecules and the photon energy superim-
pose each other to form a Raman spectrum. When there is stress in the material,
some stress-sensitive bands may move and deform relative to the stress-free state,
and the position of the spectral peak also may move, as shown in Figure 6 [39]. It
is found that there is a linear relationship between Raman frequency shift and the
stress. The frequency shift of the spectral peak can be expressed as:

where, [];; is the piezospectroscopic tensor, which represents the stress sensitiv-
ity of Raman band. o;; refers to the stress tensor. Aw = ;-w,, with @, being the peak
position of the stress-free state and w; being the peak position of the stressed state.
Then, the stress value can be obtained by measuring the positions of the Raman
spectrum peak when the material is stressed or not.

Raman spectroscopy has been widely used to test and characterize stress among
APS-prepared TBCs [40]. It is well known that stress in TBCs is inevitably gener-
ated during the preparation process. Therefore, it is difficult to obtain a TBCs
specimen coated on the substrate in a stress-free state. Generally, a TBCs specimen
without the substrate is chosen as a test piece for stress-free conditions. First,
the laser with a certain frequency is incident on the TBCs specimen without the
substrate to obtain a Raman spectrum (labeled as spectrum 1) corresponding to
a stress-free state. Then, a known external stress is applied on the TBCs specimen
without the substrate, and the measured Raman spectrum is labeled as spectrum 2.
By comparing the spectrum 1 and 2, the piezospectroscopic tensor of TBCs can be
obtained according to Eq. (4). Finally, the laser with the same frequency is incident
on the TBCs specimen with the substrate, and Raman spectrum, which is labeled
as spectrum 3, is obtained. By comparing the spectrum 1 and 3, the stress state in
TBCs with the substrate can be evaluated combining the piezospectroscopic tensor
obtained above [39, 40].
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Figure 6.
The schematic diagram for measuring stress by Raman spectroscopy.
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TBCs is generally constructed of porous structures for thermal insulation. When
the laser is incident on the porous region, the signal intensity will decrease rapidly
due to the optical focus limitation of the instrument. In order to reduce the occur-
rence of the above phenomenon, the incident position of the laser is set in the dense
region to obtain the maximum signal intensity, thereby reducing the influence of
voids and cracks [40]. Raman spectroscopy, as a non-destructive, non-contact stress
testing method, has many advantages such as high spatial resolution, large spectral
range, and so on. Besides, it can measure the stress in the depth direction by adjusting
the focusing parameters. However, Raman spectral peak shift is susceptible to exter-
nal factors such as focus depth, laser heating effect, temperature stability, and so
on. And high precision is difficult to achieve without effective calibrations. Besides,
as the spot of the laser is generally small to obtain high intensity, it is impossible to
measure the stress in a large area. Only local stress information can be obtained.

3.1.4 Photoluminescence piezospectroscopy

Since the TGO (mainly composed of a-Al,03) usually contains a trace amount of
Cr’*, the ion may generate fluorescence under laser excitation, and its characteristic
fluorescence spectrum is bimodal R; and R,. Similar to the Raman spectroscopy,
stress can also lead to changes in the peak frequencies of R; and R; spectrum.

The stress value in the TGO can be obtained by measuring the change in the peak
frequency of the fluorescence spectrum under stress. The above method is called as
photoluminescence piezospectroscopy [41, 42].

Up to now, photoluminescence piezospectroscopy is mainly applied to the
EB-PVD prepared TBCs. The laser easily penetrates the columnar crystal structure,
and the reflected signals are strong. However, the scattering of pores and grain
boundaries in the APS-prepared TBCs may weaken reflection signals and make it
difficult to perform spectral analysis.

3.2 Mechanical testing methods

In the mechanical testing methods, the mechanical information such as displace-
ment and strain of the coating system under certain operating or external excitation
conditions is measured. Based on the theoretical model, the stress distribution in
the coating can be evaluated. The common mechanical testing methods include
curvature measurement, material removal, indentation and so on.

3.2.1 Curvature measuvement method

During the preparation process or service, the deformation of the coating is
limited by the substrate, and an interaction force is generated between the sub-
strate and the coating. Meanwhile, a bending moment appears to bend the overall
structure, and curvature occurs to balance the stress in TBCs. The curvature of the
substrate is measured by optical or mechanical methods. By analyzing the change
in the curvature of the substrate, the stress evolution of TBCs can be derived.

The curvature measurement method was first proposed by Stoney [43] and later
applied to APS-prepared coatings. Kuroda et al. [44] developed an in-situ curva-
ture monitoring method. In this method, the stress evolution of TBCs during pre-
heating, spraying and cooling process were monitored. The quenching stress during
the spraying process and thermal mismatch stress during the cooling process were
obtained, as shown in Figure 7. In the spraying process, the thickness of the coating
gradually increases, and the curvature of the substrate also changes continuously.
According to the equilibrium conditions, the quenching stress can be calculated.
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Figure 7.
The schematic diagram for measuring stress by curvature measurement method.

In the cooling process, the thermal mismatch strain between the coating and
substrate changes the curvature of the substrate. Then, the thermal mismatch stress
can be estimated. Besides, the complicated service loads also lead to the change in
the curvature of the substrate. The stress evolution in service can also be obtained
by the curvature measurement method [20, 39, 45].

In the curvature measurement method, the substrate deformation of the single
point or multiple points is measured by the displacement measurement method.
According to the geometric relationship, the curvature is calculated. The stress
value can also be obtained based on the equilibrium equations. There are two key
problems in the curvature measurement method: one is the accurate measurement
of deformation, and the other is the accurate calculation of stress.

Many methods have been developed to measure the deformation, mainly includ-
ing contact measurement and non-contact measurement method. In the contact
measurement method, the deformation at specific point is measured by the high-
precision contact displacement sensors, such as extensometers, linear variable dif-
ferential transformer and so on [46, 47]. In the non-contact measurement method,
the deformation of the substrate is measured by a non-contact displacement mea-
suring device, such as laser displacement sensor, optical microscope, CCD camera,
and so on [48, 49]. For example, during the measurement of deformation by a laser
displacement sensor. The laser was incident on the surface of the curved substrate.
And deformations at regular intervals were measured. Since the deformation (a few
microns) was much smaller than the length of the specimen (a few centimeters),
the contour of the substrate was approximated as a parabola or arc. The deformation
values were fitted to a parabolic or circular equation according to the least squares
method. The curvature of the specimen was calculated based on the above equa-
tions. This method has higher accuracy compared to simply measuring the deforma-
tion of the middle or end position of the specimen [48].

Once the curvature of the substrate is determined, the stress distribution in the
coating can be determined according to the equilibrium equation. The relationship
between the curvature and stress of film established by Stoney has been widely used
in the stress measurement of film system [43]. However, for thicker coating and mul-
tilayer film system, the application of the above relationship is controversial. Clyne
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et al. proposed a two-layer beam (or plate) bending model [14]. The relationship
between the curvature change Ak and the coating average stress o, can be given by:

KEZh;‘ + 4E,Eh3h + 6 E.Eh2h? + AE.Eh.h? + EXh}

=A
Or 6h,(1 - V) E;hy(h, + hy)

)

where, E, and E; are the modulus of the coating and substrate, respectively. 4,
and k; are the thickness of the coating and substrate, respectively. v is the Poisson’s
ratio of the coating. During the preparation process and service, the material prop-
erties change with temperature. Clyne et al. considered the influence of tempera-
ture on the material properties and obtained more accurate stress values. In order to
measure the curvature accurately, test specimens with regular shape such as beam
shape and plate shape are chosen in the curvature measurement method. The stress
measurement of the test specimens with irregular shape was limited. Besides, the
average stress of the coating is obtained from curvature measurement results. More
stress information inside the coating is difficult to get.

3.2.2 Material vemoval method

In the material removal method, the stress state is obtained by monitoring the
strain change at a specific position before and after removing the material. The
common measurement methods for APS-prepared TBCs include hole-drilling and
layer-removal method.

3.2.2.1 Hole-drilling method

In the hole-drilling method, some of the stress-bearing material is removed by
drilling holes in the surface of the material. The stress in the remaining material will
be redistributed, resulting in a change in the shape of the circular hole. The defor-
mation of the remaining material near the circular hole is measured by strain gauge
rosette. The strain distribution can be calculated according to analytical models,
and stress distribution can also be estimated [50]. In order to accurately measure
the strain change caused by drilling, a specially designed strain gauge rosette is
arranged around the drilling point, and the center of the strain gauge rosette should
coincide with the drilling point. By analyzing the stress state at the circular hole, the
strain measured by different strain gauges can be expressed as:

€= A(Gmax + Omin) + B(Cpmax = Omin) COS (2(11) (6)

where, A and B are calibration coefficients, which are related to parameters
such as elastic modulus, Poisson’s ratio, and radius of the hole. 6,,,, and c,,;, are
maximum principal and minimum principal stress, respectively. ¢; is the angle
between the axis of strain gauge and the principal stress axis. By measuring the
strains in different directions around the circular hole, the maximum principal and
the minimum principal stress at the circular hole can be calculated by Eq. (6). Then
the stress state at the circular hole can be estimated. It is worth noting that only
when the hole is a through hole and the stress distribution is uniform, A and B have
analytical solutions. There are only numerical solutions in the case where the hole is
a blind hole or the stress distribution is non-uniform.

As the stress distribution among the APS-prepared TBCs is not uniform, it is
recommended to gradually measure the stress distribution in the thickness direction
with the incremental hole drilling depth. Then, the drilling method can be devel-
oped to the incremental hole drilling method. In this method, the drilling process
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is performed in the form of a small step at a time, and the strain changes caused by
each step can be recorded by the strain gauges. It is found that after the first drilling
step the measured strain changes were affected by both the current and previous
small drilling steps [17, 51, 52]. Meanwhile, the calibration coefficients A and B are
also related to the drilling depth increment.

Many theoretical studies have been conducted on the incremental hole drilling
method. Among them, the integral method can accurately obtain the stress distribution
at each drilling step, accounting for the influence of the current and previous small
drilling steps. Thus, the integration method is particularly effective for non-uniform
stress distribution, especially when the stress changes abruptly with thickness. The stress
gradient in the thickness direction can be calculated [53, 54]. However, it is not easy to
analyze strain data by the integral method. Numerical methods are usually required.

A general method for calculating calibration coefficients based on the finite element
method was developed, and the calibration coefficients were obtained accurately [55].

It is worth noting that the above theories are mostly based on the linear elastic
model. But the coating may undergo plastic deformation or cracking damage during
the drilling process. The stress value calculated by the above theories may deviate
from the true value.

3.2.2.2 Layer-removal method

Similar to the hole-drilling method, the layer-removal method also measures
the strain change caused by the material reduction to analyze the stress state of the
material. But the layer-removal method mainly removes the coating material of a
specific thickness by mechanical methods such as grinding and polishing or chemi-
cal methods such as corrosion. The physical or mechanical testing methods are used
to measure the strain change at a specific position of the remaining material. Then
the stress state in the coating can be evaluated [56, 57].

Similarly, if plastic deformation or damage occurs during the removal of the
coating material, the linear elastic assumption in the theoretical analysis will no lon-
ger be suitable. Besides, it is difficult to remove the same thickness of material each
time, especially when the specimen has deformed before the removal of material.

3.2.3 Indentation method

The indentation method, as a common micro-scale mechanical testing method,
has been widely used to study the stress in the material. The indentation method
mainly includes the nanoindentation and indentation fracture method.

3.2.3.1 Nanoindentation method

It is found that the stress in the materials may lead to the change in the load-
displacement curve obtained from the nanoindentation tests. In the indentation
method, the tensile stress in the material increases the indentation depth (when
the indentation load is chosen) or decreases the indentation load (when the
indentation depth is chosen). The compressive stress in the material decreases the
indentation depth (when the indentation load is chosen) or increases the indenta-
tion load (when the indentation depth is chosen), as shown in Figure 8. Then,
an indentation method was proposed by Suresh et al. to measure the stress in the
materials [58].

Assuming that the stress in the material is an equal-biaxial state, the relationship
between the contact area Ay in a stress-free state and the contact area A under the
stress ok can be obtained based on the superposition principle, as follows:
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Ao o

where, H is the indentation hardness. a is the angle between the cone surface
of the equivalent conical indenter and the surface of the material (for the Vickers
indenter, a = 22°; for the Berkovich indenter, a = 24.7°).

In the nanoindentation method, indentation tests are conducted on the coating
material in the stress-free and stress state, respectively. After indentation load is
chosen, the contact areas in the loading stage under the stress-free and stress condi-
tions can be obtained from the load-displacement curves. Then the stress in the
material can be evaluated according to Eq. (7) [9, 59, 60].

Two kinds of coating materials corresponding to a stress-free and stress state
are required in this method. As mentioned earlier, it is difficult to obtain a TBCs
specimen coated on the substrate in a stress-free state. Besides, the nanoindentation
method usually has high requirements on the surface quality of the material. But the
APS-prepared TBCs is mostly porous, which limits the application of the nanoin-
dentation method.

3.2.3.2 Indentation fracture method

In addition to the elastic-plastic behavior of materials, the indentation method
can also be used to study the fracture behavior. When the indentation load is large
enough, the stress intensity factor will be larger than the fracture toughness of the
material, and the fracture will occur, as shown in Figure 9. The fracture toughness
of the material can be calculated based on the critical conditions. The stress inten-
sity factor K; in the stress-free state can be expressed as:

1/2

K=5(£) L (8)

c

where, § is a geometric parameter, which is related with the shape of the
indenter. E and H are the modulus and hardness of the material, respectively. P is
the indentation load. ¢ is the average length of the cracks induced by indentation.

i j / Stress-free
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(P, Ay ress
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lil""zu

/

’(PI,A)
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Y
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Figure 8.
The schematic diagram for measuring stress by nanoindentation method.

13



Methods for Film Synthesis and Coating Procedures

Figure 9.
The schematic of indentation fracture.

The stress in the material may influence the critical load corresponding to
the occurrence of facture. Tensile stress promotes the initiation and propagation
of cracks. When the stress in the material is tensile, the critical load decreases.
Compressive stress inhibits the initiation and propagation of cracks. When the
stress in the material is compressive, the critical load increases. Assuming that the
stress o, in the coating is uniform, the contribution of stress to the stress intensity
factor K, can be expressed as:

K, = wo,NE(2 - Vtlc) )

where, ¢ is the thickness of the coating. y = 2/+/x is crack geometric parameter.
Based on the superposition principle, combing Eq. (8) and (9), the total stress
intensity factor K can be expressed as:

1/2
K=6 (%) L 2we,t? - yo,tlc? (10)

63/2

When the stress intensity factor is larger than the fracture toughness Kj¢ of the
material, the fracture will occur. According to the critical conditions, Eq. (10) can
be rewritten as:

1/2
P _Kic-2yo,t " (wo, t)c 2 (11)

JER X

where y - 5 /1",

According to Eq. (11), there is linear relationship between P/c** and ¢ ™% yo,t
and Kc-2yo,t"* represent the slope and intercept, respectively. Therefore, the
indentation fracture tests under different indentation loads need to be conducted.
The crack lengths under different indentation loads are measured. By linear fitting,
the slope and intercept values can be obtained. Then the residual stress and fracture
toughness of the material can be evaluated [61]. The indentation fracture method
has been successfully used to measure and analyze the stress in ceramic top coat
and at the interface between the ceramic top and the bond coat. [33, 62]. Besides,
the indentation fracture method has also been extended to the high temperature
environments. The stress evolution behavior at different service temperatures was
studied [63].

As TBCs is a porous non-uniform structure, the process of inducing cracks by
indentation is random. The cracks are susceptible to microstructures such as voids,
and the data are discrete, which provides difficulties for subsequent data analysis.
Generally, a large of experiential results is required.

3/2
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4., Conclusions and future directions

Up to now, many testing techniques and characterization methods for stress
among APS-prepared TBCs have been developed. The stress in the ceramic top coat,
TGO and bond coat under various operating conditions were obtained. However,
some topics, such as the measurement of the stress deep inside TBCs, the in-situ
evaluation of the stress among TBCs applied on the profiled blade, and the real-time
monitoring of the stress among TBCs under the complicated service environments
have yet to be further studied. Thus, for the testing of stress among APS-prepared
TBCs, the following aspects should be considered in the future:

1. The APS-prepared TBCs has complicated microstructure, and internal stress
distribution is non-uniform. Existing laboratory testing techniques only
non-destructively measure the stress state of the near surface zone. In order to
non-destructively measure the stress deep inside the coating, large scientific
equipment is required, which has a lot of limitations. It is necessary to further
develop the non-destructive testing technology and characterization method of
the stress deep inside the TBCs to realize the analysis of the stress in all zones.

2. The existing testing specimens for the measurement of stress among TBCs
are mostly custom-made regular shape specimens and generally cut from
the actual profiled blade. The cutting process may affect the stress inside the
coating. Besides, the change in the shape of the substrate may also affect the
stress in the coating, resulting in the measured stress deviating from the actual
stress. Thus, it is necessary to develop testing techniques for the stress among
the TBCs coated on profiled substrate. Special attention should be given to a
portable testing instrument for in situ non-destructive stress measurement.

3. The existing testings on stress among the TBCs are mostly conducted at room
temperature. The residual stress states in the TBCs were obtained. However,
TBCs usually operates under high temperature oxidation environments, and the
stress state is different from that at room temperature. The testing and charac-
terization of stress under high temperature oxidation environment are also of
great significance for the failure mechanism analysis of TBCs. It is necessary to
develop testing techniques and characterization methods for the stress among
TBCs under high temperature oxidation environments. The study on real-time
monitoring of stress among TBCs during service should be conducted.
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