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The durability evaluation of electron beam physical vapor deposited (EB-PVD) thermal barrier coating (TBC)
systems is one of the critical issues in engineering applications. The interfacial toughness degradation as a
function of the thickness of thermally grown oxide (TGO) was investigated through isothermal oxidation
and cyclic oxidation tests for single-crystal superalloy specimens with an EB-PVD TBC. The critical strain
criterion of TBC compression spalling was proposed through compression tests at room temperature according
to noncontact full-field strain measurement technology and the digital image correlation (DIC) method. Based
on a simplified mechanical model of TBC systems and elastic buckling theory, the interfacial damage was
described by the critical compressive strain at spallation considering residual stress in the ceramic top coat (TC).
The results indicated that the damage induced by cyclic oxidation is greater than that induced by isothermal
oxidation at the same TGO thickness, showing additional damage induced in thermal cycles. Then, a new
TBC life prediction model based on the nonlinear accumulation of oxidation damage and cyclic damage was
developed, and the error between the damage prediction and the testing results was found to be no more than

+10%.

1. Introduction

Electron beam physical vapor deposited (EB-PVD) thermal bar-
rier coatings (TBCs) are widely used in air-cooled turbine blades of
advanced aeroengines to provide thermal and oxidation protection
between the blade substrate superalloy and high-temperature gas [1,2],
extending the blade life by reducing the in-service temperature of the
substrate superalloy and effectively improving aeroengine performance
through increasing gas temperature at the turbine inlet or reducing the
mass flow of cooling air in the turbine [3,4].

A typical EB-PVD TBC system consists of a ceramic top coat (TC)
with a columnar crystal microstructure to provide strain tolerance and
an oxidation-resistant aluminum-rich metal bond coat (BC). In a high-
temperature environment, a thin layer of thermally grown oxide (TGO)
at the ceramic-metal interface formed due to elements such as Al in
the BC reacting with oxygen passing through the TC [5,6], in which
the main component is a-Al,03, is usually dense.

TGO can play an antioxidative role by preventing further penetra-
tion of oxygen. However, the thermal expansion coefficient of TGO
is less than that of the adjacent TC and BC, resulting in a thermal
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mismatch in the in-plane direction in each layer of the TBC system
during service [7-9]. Once the TBC is peeled off, the blade substrate
superalloy is directly exposed to the high-temperature gas environment,
which exceeds the temperature the material can withstand, further
resulting in the ablation of blades and even fracture. Therefore, the
accurate evaluation of durability under in-service loading is one of the
key issues faced by TBC applications.

In general, experiments show that the spalling process of TBC
systems consists of four stages [10-12]: (i) ceramic-metal interface
damage; (ii) delamination from existing defects or damaged areas; (iii)
TC buckling; and (iv) macroscopic spalling. The whole failure process,
from the initial damage to the final failure, involves multiple scales in
time and space. For damage evolution and interfacial delaminations,
the time may range from a few minutes to hundreds of hours, while
buckling and spalling are processes of transient instability for which
the time scale is usually 10~! s. The damage of TBC systems initiates
from the ceramic-metal interface, necessitating microscopic analysis of
approximately several micrometers, and then the damage accumulation
causes the TBC system to delaminate on the order of tens of microm-
eters to 1 millimeter, until final peeling from 1 millimeter to several
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centimeters [13]. The complexity of scales in time and space makes it
difficult to accurately assess the damage and spalling process of TBCs.

At present, phenomenological models based on the competition
mechanism between oxidation-driven failure and mechanical-driven
failure has been widely used to predict the life of TBC systems, it is
assumed that the damage depends on the ratio of the internal effective
strain to the failure strain and that the effect of oxidation on the damage
is described by reducing the failure strain [14]. For the EB-PVD TBC
system, the effective strain can generally take the in-plane maximum
tensile strain, the range of in-plane inelastic strain, the range of in-
plane mechanical strain [15] in the TGO and the range of out-of-plane
stress [16] at the interface of the TGO-BC and so on. The failure strain
is defined as the strain corresponding to the spalling of TBCs only
experienced one thermal cycle, and it decreases with increasing TGO
thickness. In essence, such models idealize the growth of TGO into a
quasistatic thickness growth process, and the damage of TBC under the
specific TGO thickness is calculated through analyzing the mechanical
behavior of each layer using the macroscopic simplified mechanical
model or the microscopic finite element model. Therefore, the local
crack initiation life is obtained through the linear accumulated damage
method.

However, some experiments [16] show that the TC may remain
adhered even if there are local cracks near the TGO, making these
models difficult to be effectively supported and verified. In addition, the
damage caused by thermal cycling in the models can be evaluated only
by the TBC spontaneous spalling life corresponding to an effective cu-
mulative damage of 1, whereas the evolution of the damage during the
process cannot be verified due to lack of experimental data, resulting
in the limitation of prediction accuracy and the applicability of models.

The macroscopic spalling of the TBC usually occurs in the cooling
stage, which is caused by compression loading on the TC, leading to
large-scale buckling. The driving force is identified as the in-plane
compressive stress due to the thermal mismatch, and the resistance
is the toughness of the ceramic-metal interface [10,11]. The interface
damage of the TBC system during service, such as local micro cracks
and defects, reduces the effective bearing area of the ceramic-metal
interface, resulting in a decrease in the interface toughness and load-
carrying capacity. Based on the above viewpoints, Courcier et al. [13]
assumed that the interface damage of the TBC system undergoing
different thermal loading states was proportional to the decrease in
the interface toughness relative to the prepared state, and the interface
toughness was uniformly characterized through the TBC compression
spalling test at room temperature. Then, the relationship between the
measured damage and the TGO thickness and the mechanical behavior
of the BC was then established. Thus, a life model of the TBC based on
the interface damage was formed. The method considers the cross-scale
correlation between the TBC macroscopic spalling and the interface
microscopic damage and quantitatively describes the evolution of the
interface damage, improving the prediction accuracy of the damage
model. However, there are still some issues that have not yet been
solved. For example, the visual determination of the critical compres-
sive strain of TBC spalling relies on stochastic processes [17], and it is
difficult to directly measure the spalling strain using the extensometer
for nonuniform-cross-section specimens. In addition, the adhesion of
the strain gauge changes the stiffness of the TBC thus affecting the
spalling. Moreover, the influence of the residual stress induced by the
TBC preparation process on the buckling of the TC is not explicitly
considered.

In present work, based on the noncontact full-field strain measure-
ment [18] and the digital image correlation (DIC), a new criterion for
TBC spalling initiation is proposed through the compression spalling
test at room temperature with EB-PVD TBC specimens undergoing
different isothermal oxidation times and the number of thermal cycles,
and then the critical spalling compression strain of TBCs is accurately
identified. Considering the influence of the residual stress in TC on
the elastic bulking, an interface damage model of the TBC system is
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Table 1
Target materials chemical composition (wt pct.).
Ni Cr Al Y Si Cu Fe
Bal. 15-20 10-15 0.2-1.0 0.6-1.2 <0.05 <0.5
Table 2
PWA1484 chemical composition (wt pct.).
Ni Co Cr Mo w Ta Re Ti Al C
Bal. 10 5 1.7 6 8.5 3 1 5.5 0.02

modified, and an evolution equation of interface damage is constructed
based on the relationship between the measured damage and the TGO
thickness and thermal cycles and is preliminarily verified through
the existing experimental data. Moreover, a nonlinear accumulation
damage model of the TBC based on the interface damage presented can
accurately predict the spalling life of the TBC system.

2. Materials and experiments

2.1. Materials description

Electron beam physical vapor deposited (EB-PVD) ceramic top-coat
was deposited on the PWA1484 single crystal superalloy substrate. The
TC material is 8YSZ (8% Y,0;+ZrO,) with a thickness of not less than
100 pm, and the BC is NiCrAlYSi with a thickness of not less than 30
pm. The chemical compositions of the target materials are given in
Table 1. The average grain size is no greater than 30 pm.

The PWA1484 is a second-generation nickel-based single crystal
superalloy, whose composition is given in Table 2. Cylindrical test
specimens having a common geometry for both tests were machined
from the plates of PWA1484 having the dimensions shown in Fig. 1(a).
In addition, to avoid the TBC peeling off from the edge of specimens
during the compression process [16], hourglass specimens are used.
The Scanning electron microscope (SEM, JSM-7001F, Japan) morphol-
ogy of the TBC system is shown in Fig. 1(b), revealing that the TC has
a columnar structure.

TBC systems are processed by the EB-PVD method as follows:

Step 1 Cleaning the substrate by wet sandblasting with corundum
particles with a diameter between 100 pm and 125 pm under
0.2 MPa air;

Step 2 Depositing the material NiCrAlYSi of the BC on the specimen;

Step 3 Heating the specimen with BC at 1000 °C for 4 h in vacuum;

Step 4 Shot-peening is performed by using the glass pills with a diam-
eter between 150 pm and 300 pm under 0.3 MPa air to obtain
uniform roughness;

Step 5 Heating the specimen at 1000 °C for 2 h in vacuum;

Step 6 Repeating step 1;

Step 7 Depositing the ceramic material 8YSZ of the TC;

Step 8 Checking the specimens; TBC is considered to be acceptable

when the procession control panels are bent at 90° without TBC
peeling.
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Fig. 1. EB-PVD TBC system. (a) Specimens with the EB-PVD TBC, and (b) SEM
morphology of the EB-PVD TBC system.
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Fig. 2. Temperature change with time in the cyclic oxidation tests.

2.2. Experimental procedure

The qualified EB-PVD TBC specimens were divided into two groups
that were either subjected to isothermal oxidation loadings or subjected
to cyclic oxidation loadings. Through the QSX1600 muffle furnace,
the isothermal oxidation test was performed at a constant temperature
of 1050 °C, and the cyclic oxidation test was conducted using a 20-
min thermal cycle with a maximum temperature of 1050 °C, including
heating for 10 min, followed by then air cooling for 10 min. The typical
thermal cycle is shown in Fig. 2, and the details of the thermal cyclic
tests can refer to the previous work [19].

After undergoing different isothermal oxidation times or numbers of
thermal cycles, the EB-PVD TBC specimens were removed and cooled to
room temperature for the compression test to investigate the ceramic—
metal interfacial toughness. The key to the issue is to acquire the
critical strain of TBC compression spalling accurately. However, the
macroscopic spalling of the TBC due to the buckling of the TC is a
transient process with a time scale of a fraction of a second. There-
fore, the conventional method of visually determining the compressive
critical strain is arbitrary and has strong errors. In addition, the strain
concentration zone generally occurs in the gauge section because of
the nonuniform cross-section of the hourglass specimens, which makes
it is difficult to directly measure the TBC peeling strain with the
extensometer. Moreover, since the TBC is very thin, the adhesion of
the strain gauge can profoundly change the TC stiffness, thus affecting
the TBC spalling process. Therefore, the DIC-based noncontact full-field
strain measurement technology is adopted herein to accurately obtain
the strain evolution of the TBC surface with loading time.

A 3D noncontact full-field strain measurement system was used to
measure the surface strain of specimens, and the noncorrosive speckles
were sprayed on the surface of specimens. Then, the compression
tests were carried out at room temperature using a servo-hydraulic
axial/torsion material testing machine (MTS, 809, USA) at an axial
displacement rate of 0.001 mm/s. The test is terminated when the TBC
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is peeled off from the specimen. Because the real-time displacement of
the specimen surface is obtained based on the binocular vision principle
and the DIC method [18,20,21], the evolution of strain distribution can
be calculated, as shown in Fig. 3.

Although there are residual strains in the TBC system without load-
ing due to the processes and the difference in the thermal expansion
coefficient of each layer, the initial surface strain of the TBC can be
calibrated to zero by the digital image correlation (DIC, VIC-3D SR-
9M, USA), as shown in the picture at 0 s in Fig. 3. In addition, the
influence of residual strains is considered in the damage equation men-
tioned later. Then, as the specimen is subjected to a linearly increasing
axial compressive load, the strain concentration zone gradually appears
in the middle of the specimen, and its shape remains stable during
loading, as shown in the pictures at 30 s~150 s in Fig. 3. The strain
concentration zone exhibits a certain angle with respect to the axis
of the specimen, which is caused by the orientation angle deviation
of the single-crystal substrate [22]. As the compression load is further
increased, the strain concentration zone is abruptly converted into a
thin strip, as shown in the picture at 180 s in Fig. 3. It can be observed
that the strain gradient at the edge of the zone is significantly increased,
and then TBC macroscopic spalling occurs at 190 s. Note that the shape
of the spalling zone is substantially consistent with the strip of the strain
concentration zone, as shown in Fig. 4.

3. Results and analysis
3.1. Critical strain of compression spalling at room temperature

During the compression test at room temperature, the TBC showed
a significant strain concentration in the middle of the specimens before
macroscopic spalling, as shown in Fig. 3. Five points numbered PO ~ P4
are selected in the spallation zone, including the point of the maximum
absolute value of compressive strain. The second principal strain on
the surface, i.e., the surface compression strain, is extracted, and its
evolution with the loading time is shown in Fig. 5.

Note that there is a significant slope change in the second principal
strain of the surface. Considering that the displacement rate of the test
machine remains constant, the reason for the sudden change in the
second principal strain on the surface may come from two aspects: (i)
the deformation of the TBC is inconsistent with that of the substrate
alloy because of the delamination in the TBC system and (ii) the plastic
deformation of the single-crystal substrate.

In comparison with the test machine pressure curve in Fig. 6, the
compressive force remains linear for a period of time after the second
principal strain slope on the surface is abrupt; that is, the substrate
superalloy does not yield significant plastic deformation, thereby im-
plying that the sudden change in the surface second principal strain
is caused by the delamination and bulging of the TBC. Therefore,
the abrupt change in slope of the surface second principal strain can
be considered as the criterion for the spalling initiation of the TBC
herein, and the maximum compressive strain in the spalling zone
corresponding to this position is defined as the critical strain. Fig. 6
shows that the evolution of the second principal strain at each point
of the TBC spalling zone is approximately bilinear. Therefore, the
corresponding curve can be fitted with a piecewise linear function,
and then the intersection of the two lines is obtained as the inflection
point of the slope, corresponding to the critical strain, ¢.,. Thus, the
evolution of the critical strain with isothermal oxidation time and the
number of thermal cycles can be obtained, as shown in Fig. 7. It can
be observed that the critical strain reaches zero after about 120h of
isothermal oxidation, as well as after 1200 cycles of cyclic oxidation,
which means that the TBC spontaneously spalls after undergoing only
thermal oxidation.
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Fig. 3. Evolution of the TBC surface strain distribution obtained by DIC during the compression test.

Fig. 4. The TBC spalling zone and the strain distribution measured by DIC.

3.2. Thickness of TGO

TGO is considered to be the critical component restricting the
service life of TBCs [6-9]. Fig. 8 shows the typical interface morphology
between the ceramic and metal for the specimen undergoing thermal
oxidation, as observed by SEM. In a comparison with the initial inter-
face morphology shown in Fig. 1, the TGO grows significantly between
the TC and the BC. Based on the ceramic-metal interface morphology
shown in Fig. 8, the TGO thickness can be extracted by image process-
ing. Thus, the thickness of TGO that underwent isothermal oxidation
and cyclic thermal oxidation can be evaluated, as shown in Fig. 9.
The oxidation kinetics equation for the growth of the TGO thickness
under isothermal oxidation was established based on the Arrhenius
Equation [14],
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Fig. 5. Evolution of the TBC surface secondary principal strain in the spallation area.

where § is the thickness of the TGO, ¢ is the oxidation time, T is the
absolute temperature for oxidation, R is the uniform gas constant, AH
is the activation energy, T, is the temperature constant and » is the
material constant.

For the cyclic oxidation test, the holding time for the specimens in
the muffle furnace was 10 min. According to the temperature change
with time in the cyclic oxidation tests shown in Fig. 2, the holding time
in one thermal cycle can be approximated as 1/6 h. Thus, the TGO
thicknesses of specimens in the cyclic thermal oxidation are shown as
red circular points in Fig. 9, whereas the results of isothermal oxidation
are shown as rectangular points. Based on Eq. (1), the growth laws of
the TGO thickness can be fitted by the solid curve shown in Fig. 9.

Comparison between the calculated results and the measured values
shows that under the conditions of cyclic oxidation and isothermal
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oxidation, the evolution of TGO thickness with the equivalent holding
time is essentially consistent with almost all errors in the range of
+10%, that is, the thermal cycle does not have a significant effect on
the growth process of TGO.

4. Interfacial damage in the EB-PVD TBC
4.1. Stress and strain within the TBC system

It is generally considered that the macroscopic spalling of the EB-
PVD TBC is caused by the combination of the in-plane compressive
stress and the degradation of the ceramic-metal interfacial toughness,
which represents the degree of TBC system damage and is closely
related to the growth of the TGO and the mechanical behavior of each
layer for the TBC system.

The stress and strain within the TBC system under the in-service
loadings can be analyzed by establishing a macroscopic finite element
model (FEM) [23-27] or by using a simplified macroscopic mechanical
model [15,28], in which the former requires the morphology of each
layer and the ceramics-metal interface within the TBC system for
geometric modeling. Due to the large difference in spatial scale, for
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Fig. 8. Typical SEM morphology of the EB-PVD TBC system after the tests.
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Fig. 9. Evolution of the TGO thickness.

example, the blade substrate size is on the order of centimeters, the
thicknesses of the TC and BC are usually tens to hundreds of microme-
ters, and that of TGO is only a few micrometers. The modeling process
is very time consuming and cumbersome, resulting in difficulties in
the promotion and application of the TBC FEM method. To facilitate
the engineering application, a simplified mechanical model is used to
approximately calculate the stress and strain in each layer of the TBC
system in this paper.

Since the blade substrate is much more rigid than the TBC system, it
can be assumed that the strain of each layer of the TBC can be described
on the basis of the strains of the substrate,

€00 =gl 4 M p gl 2

where €/, eﬁh and ¢ represent the total strain, thermal strain and
mechanical strain of the ith layer of the TBC system, respectively,
and &' is the total strain of the substrate. The EB-PVD processing
temperature T,,,, 1000 °C herein, is considered the initial unstressed
temperature of the TBC system. When the blade with the TBC system is
cooled to room temperature Ty, typically 20 °C, the residual mechanical
strain of each layer of the TBC can be calculated as,

5;“(T0) = [as(Tpr()) - ai(Tpro)] (TO - TPTO) ®)

where «,; and «; are the thermal expansion coefficients (TEC) of the
substrate and the ith layer of the TBC system, respectively, with a
reference temperature of 7,. Then, when the blade is subjected to
thermomechanical loading with a temperature 7', the total strain and
mechanical strain of the substrate can be calculated,

e(T) = ay(Tyo) (Ty = Tyo) + (T (T = Tp) + £2(T), (@)
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Then, the mechanical strain of each layer of the TBC system is obtained,
eNT) = £2(T) = a;(Tyo) (To = Tyo) — (T (T = Tp) . (5)

Note that the current blade finite element analysis generally uses
the reference temperature 7, at room temperature instead of the TBC
process temperature 7,,, as the unstressed initial temperature. In other
words, the total strain of the blade surface obtained by finite element
analysis (FEA) is,

ENT) = a(T) (T = Ty) + ™(T). (6)

Therefore, when the total surface strain obtained from the blade FEA
is used as the constraint of the mechanical analysis of the TBC system
it yields,

e(T) = ET) = [,(Tpeo) = 3i(Tyeo)] (Tyeo = To)
- a(T)(T-Tp). Q)

Based on the above method, the in-plane stress evolution of each
layer of the TBC system in the typical cyclic thermal oxidation shown
in Fig. 2 can be obtained by introducing the plane stress assumption, as
shown in Fig. 10. The TC and TGO are subjected to compressive loads at
low temperatures, whereas they are subjected to tensile loads at higher
temperatures. At room temperature, the residual stress of the TGO is
close to —3 GPa, which is essentially consistent with the measured
values in [10]. The BC is always subjected to tensile stress during
cyclic thermal oxidation, and the tensile stress gradually increases as
the temperature decreases.

4.2. Damage characterization

In general, TBC system damage can be characterized through the
degradation of the ceramic-metal interface toughness during isother-
mal oxidation and cyclic oxidation, while the interface toughness can
be characterized by the critical compression spalling strain at room
temperature [29]. Notably, the effective bearing area of the ceramic—
metal interface is reduced due to damage such as microcracks and
defects. According to the method mentioned in [13], the equivalent
delamination zone is introduced in the TBC system, and the TC is
regarded as a circular blister susceptible to buckling. Assuming that
the circular blister is subjected to uniform and equivalent biaxial com-
pressive stress, the compressive critical stress equation of the elastic
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buckling of the constrained circular blister is used to describe the
compressive buckling of the TC [30], as described by,
E, h\2

- (%) ®)

o, = 12235
1- vi T

where ¢ is the absolute value of the critical compressive stress, E;
and v, are the in-plane elastic modulus and Poisson ratio of the TC,
respectively, and r is the initial equivalent radius of the delamination
zone. Since the delamination occurs at the ceramic-metal interface,
the thickness of the circular plate 4 is the same as that of the TC.
The critical stress decreases as the interface damage increases. The
macroscopic damage parameter, D, is introduced into Eq. (8) to obtain,

2
of = 1223521 (ﬁ) (1-D) ©)
r

_ .2
lv1

For the initial state, D = 0; for complete interface damage, D = 1. In
fact, with increasing D, the equivalent radius is gradually increased as
shown in Eq. (10), and the corresponding area is changed from .S, to
S, as shown in Eq. (10); that is, the damage increases the area of the
delamination zone, which is equivalent to a reduction in the bearing
capacity of the TBC interface.

10)

’
r= 0 , S=
Vv1-D
Substituting the biaxial constitutive relation in the plane stress state
into Eq. (9), the damage can be described using the critical strain €,

L+v; /rg\2
D=1- 1o (3) = an
where all parameters are the same as in Eq. (10). It is obvious that
Eq. (11) realizes the scale conversion from TBC macro failure to
interface delamination and damage modeling.

Note that the TBC spalls from the substrate in the compression test
at room temperature, and the compressive loads experienced by the TC
should include not only the external mechanical strain applied by the
testing machine, i.e., the critical strain ¢, but also the residual strain
obtained by Eq. (3) due to the cooling of the TBC system from the pro-
cessing temperature to room temperature. Since the DIC measurement
is based on the surface state at room temperature, the prestrain ¢, is
not included in the measured value; that is, € is actually the strain
increment on the TBC surface under mechanical loading. Therefore, the
critical strain should be expressed as,

£ =€ + € 12)

c
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Then, the damage can be rewritten as,

I4+v /rg\2
D=1- 12235 (E) (ecm+so). (13)

According to Eq. (13), the damage evolutions of the TBC system
with TGO thickness under isothermal oxidation and cyclic oxidation
can be obtained, as shown in Fig. 11. At the same TGO thickness,
the damage caused by the cyclic oxidation is greater than that by the
isothermal oxidation, indicating that cyclic oxidation causes additional
damage.

4.3. Damage models

As the TBC interface damage is closely related to the TGO morpho-
logical evolution of the ceramic-metal interface, and the difference of
the damage caused by the isothermal oxidation and cyclic oxidation has
been measured in the tests, it is assumed that the interface damage D is
a nonlinear accumulation of oxidative damage D, and cyclic damage
Dy [13],

D:Dox+Dcyc _Dochyc (14)

where D, is related to the interface microstructure evolution and can
be approximated by the TGO thickness growth, and D,y is used to
describe the additional damage caused by thermal cycling in the cyclic
oxidation test, also known as “rumpling damage” [13], which is related
to the number of thermal cycles and the TBC mechanical behavior.
Besides, there is a minus sign for the damage term D, D,., considering
that the TGO undergoes in-plane compressive stress during cooling pro-
cess, and the compressive stress will result in displacement instability,
which can release elastic strain energy [24], and cause the decrease
of the accumulation rate of damage to a certain extent. However, for
the BC in MCrAlY materials, the amplitude of rumpling is usually 2-3
times lower than that of the BC in (Ni, Pt)Al materials [31]. In addition,
the TBC of the specimens herein did not exhibit significant rumpling
after undergoing thermal cycling. Therefore, D is used instead of the
rumpling damage, D,, in Courcier’s equation [13] to characterize the
additional damage caused by thermal cycling. Moreover, because the
viscoplastic behavior of the BC material at high temperature is difficult
to obtain accurately, the elastic constitutive equation herein is used
to describe the evolution of the average in-plane stress and strain of
each layer of TBC under thermal mismatch and mechanical loads. The
present process can greatly simplify the calculation process to facilitate
TBC analysis for complex three-dimensional engineering components
despite sacrificing certain precision.

The specimens in the isothermal oxidation experience only one
thermal cycle before the compression test at room temperature. When
ignoring this thermal cycle, the oxidative damage is an approximate
power law with TGO thickness, 6, as shown in Fig. 11. Therefore, the
evolution equation of oxidative damage can be established,

m [ 6 -l
dp,, = 5 <%> ds, 15)
where §, and m are material constants that can be fitted by the
data in interrupted tests for isothermal oxidation. Thus, the evolving
relationship between the oxidative damage and the oxidative time also
follows an approximate power law according to the Arrhenius formula,
and the curve of the damage with the isothermal oxidation time is
shown in Fig. 12.

For cyclic oxidation, when the oxidative damage associated with
the growth of TGO is removed from the measured damage, the cyclic
damage can be approximated by a linear relationship with the number
of thermal cycles applied, as shown in Fig. 13. Previous studies have
shown that the mechanical behavior of the BC may be the key factor
controlling the thermal cycling damage [32]. Therefore, based on the
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Fig. 13. Evolution of cyclic damage as a function of the number of thermal cycles.

strain fatigue linear accumulation damage model of metal materi-
als, the range of mechanical strain in the BC is used as the damage
parameter to establish the damage model of the TBC system,

aDy. = (2m) an (16)
ove =\ g, :

where Ae,, is the mechanical strain range in the BC corresponding to
each thermal cycle, which it can be calculated by using the simplified
mechanical model mentioned above; 4¢, and ¢ are material constants,
which can be fitted by data obtained from the spontaneously spalling
specimens in the cyclic oxidation test. Thus, the curve of the cyclic
damage for the number of oxidation cycles is shown in Fig. 13.

Finally, the total damage of the isothermal oxidation and cyclic
oxidation tests can be obtained, as shown in Fig. 14. The errors between
the calculated value and the measured value are less than +10%.

5. Conclusions

The durability evaluation of the EB-PVD TBC system is one of the
key difficulties in engineering applications. The interfacial toughness
degradation of the TBC system undergoing isothermal oxidation and
cyclic oxidation was investigated through compression tests at room
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Fig. 14. Prediction of total damage in the isothermal oxidation and cyclic oxidation
tests.

temperature with hourglass specimens in the single-crystal superal-
loy substrate based on the DIC method in this paper. The following
conclusions can be drawn:

+ Based on the noncontact measurement method, it is clearly deter-
mined that the delamination of the TBC causes a sudden change
in the second principal strain slope of the surface stress concentra-
tion region, while the single-crystal substrate has not yet entered
the plastic region. Therefore, the maximum compressive strain in
the stress concentration region at the TBC spalling moment can
be accurately identified as the criterion for the initiation of TBC
spalling, and the evolution relationship of the critical compressive
strain of the TBC with the oxidation time is established.

The thickness growth of the TGO follows an approximate power
law with oxidation time. The evolution of the TGO thickness
obtained using the equivalent holding time for the cyclic thermal
oxidation is essentially the same as that of isothermal oxidation.
The Arrhenius formula is used to establish the oxidation kinet-
ics equation of TGO thickness growth, in which the errors of
prediction lie within +10%.

The interface damage of TBCs is characterized by the degradation
of the critical strain at room temperature relative to the processes
status of TBCs, considering the influence of the residual stress in
TC. Based on the simplified mechanical model of the TBC system,
the residual stress calculated in TGO is very close to the measured
data in the literature, demonstrating the engineering applicability
of the simplified mechanical model for avoiding the complexity of
finite element modeling caused by the large difference in spatial
scale between the TBC and the blade substrate.

The critical compressive strain of the TBC decreases with an in-
creasing oxidation time and number of thermal cycles, indicating
that the interface toughness and load-carrying capacity of the
TBC system is gradually reduced and that isothermal oxidation
and cyclic oxidation cause obvious damage accumulation. The
damage caused by isothermal oxidation approximately follows
a power law with the increasing thickness of the TGO. At the
same TGO thickness, the damage caused by the cyclic oxidation
is greater than that of the isothermal oxidation, indicating that
the thermal cycling causes additional cyclic damage, and the
cyclic damage is approximately linear with the number of thermal
cycles.

The life model based on the nonlinear accumulation of the cyclic
damage and the oxidative damage can accurately predict the
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spalling life of the TBC system. The errors between the dam-
age prediction result and the measured value of the isothermal
oxidation and cyclic oxidation test are within 10%.
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