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This work is focused on the effect of the residual stresses resulting from the coating process and thermal
cycling on the failure mechanisms within the thermal barrier coating (TBC) system. To reach this
objective, we studied the effect of the substrate preheating and cooling rate on the coating process
conditions. A new thermomechanical finite element model (FEM) considering a nonhomogeneous
temperature distribution has been developed. In the results, we observed a critical stress corresponding
to a low substrate temperature and high cooling rate during spraying of the top-coat material. Moreover,
the analysis of the stress distribution after service shows that more critical stresses are obtained in the
case where residual stresses are taken into account.
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1. Introduction

Air plasma sprayed (APS) thermal barrier coatings
(TBC) protection is widely used to prolong the lifetime of
turbine components. Because of the low thermal conduc-
tivity of the top-coat layer, the substrate temperature can
decrease by some hundred degrees (Ref 1).

The functionality and reliability of plasma spray coat-
ings are strongly related to their microstructure, porosity
(Ref 2), and residual stresses of thin films and coatings
(Ref 3, 4). Among these factors, the effect of residual
stress generated after coating process on the final stress
appearing in the TBC system is the main objective of this
study. Residual stresses in the plasma sprayed TBC are
generated through three events (Ref 3-5):

� Stresses associated with volume changes at solid-state
phase transformation in a typical top coat.

� Stresses originating from rapid contraction of sprayed
splats from the deposition temperature to that of the
underlying materials named ‘‘quenching stresses.’’

Analytically, the magnitude of tensile quenching
stress rq can be estimated from (Ref 4):

rq ¼ ac Tm � Tsð ÞEc ðEq 1Þ

where ac, Ec, Tm, Ts are coefficient of thermal
expansion, elastic modulus of coating, melting point of
the sprayed material and substrate temperature,
respectively.

� Stresses originated from differences in thermal
expansion coefficients between those of underlying
materials and coatings. Thermal stress at the surface
of coating rtc can be estimated by:

rtc � EcDaDT
1þ m
1� m2

ðEq 2Þ

where Ec, Da, DT, and m are the elastic modulus of
coating, coefficient of thermal expansion (CTE) mis-
match between the substrate and coating, temperature
difference upon cooling, and the Poisson�s ratio of
coating, respectively. The overall magnitude of resid-
ual stresses in TBC is the summation of quenching
stress and thermal stress, whereas the contribution of
stress caused by phase transformation is neglected
(Ref 4):

rresidual ¼ rq þ rtc ðEq 3Þ

Additionally, in the substrate, compressive residual
stresses reaching �200 MPa were found by Bengtsson
and Persson (Ref 3) during the grit blasting in a zone
with a depth of 0.3 mm.

Generally, after several thermal cycles, the damages
in TBCs are related to: residual stresses issued from
the coating process, thermal mismatch of the material
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constituents, oxidation of the bond coat (BC), complex
shape of the ceramic/metal interface, and redistribution
of stresses via creep, plastic deformation, and crack
resistance.

In the present contribution, we are interested in the
role of residual stress generated after the coating process
on the stress distribution on the TBCs after service. The
numerical model is realized through use of the finite ele-
ment code ABAQUS and considers a nonhomogeneous
temperature distribution at each instance of the numerical
calculation.

The first step focuses on the development of residual
stresses during the spraying process of zirconia-based
thermal barrier coatings and their effects on the possible
crack nucleation in the top coat. The stress calculation has
been done as a function of different preheating tempera-
tures of the substrate and different cooling rates.

The second step is devoted to the study of the stress
distribution within the system at the end of a thermal
loading cycle; the residual stresses in the top coat are
considered as initial condition. This model covers several
phenomena: morphology of the top-coat/bond-coat inter-
face, oxidation at the top-coat/bond-coat interface, plastic
deformation of the bond coat, and creep of all layers during
thermal cycling. The results of the nonhomogeneous tem-
perature model with residual stresses have been compared
with those of the model without residual stresses. Com-
parisons with experimental results found in literature have
been also achieved to validate the numerical prediction.

2. Finite Element Model

To get more realistic simulations of the stress distribu-
tion in the TBCs, after service, we take into account the
residual stress generated during the coating process, and we
consider the study in a transit thermal state inducing a

nonhomogeneous temperature within the system. It must
be noted that in the actual conditions, the thickness of the
deposited layers is on order of 13 lm per passage of the
plasma gun (Ref 3). The modeling of the residual stress
development lamella by lamella will lead to more realistic
results, but will be complex and high central processing unit
(CPU) consuming. Therefore, a simplified model where the
top-coat layer is considered as one solid block is used to
represent the coatings process and to calculate the residual
stresses. So, in the first step, a hot TBC block is considered
to be instantly in perfect contact with the underlying sur-
face materials as illustrated in step 1 in Fig. 1. More details
of our approach are given in section 2.3.1, and despite its
phenomenological aspect and the lack of fundamental
theory, the good agreement between the obtained numer-
ical results and the experimental data of literature shows
that our numerical approach is not so unrealistic.

2.1 TBC Composition

The TBC system is composed of an Inconel 617 sub-
strate, a NiCoCrAlY bond coat, and an APS yttria par-
tially stabilized zirconia top coat. The thickness of each
layer is considered to be 1.6, 0.1, and 0.25 mm, respec-
tively. An initial thermally grown oxide (TGO) layer of
1 lm in thickness is considered between the top coat and
the bond coat (see Fig. 1).

The geometry associated to the irregular ceramic/metal
interface is ideally considered as a perfect sinusoidal shape
with a wavelength (k) of 60 lm and an amplitude equal to
15 lm. Perfect bonding between TBCs layers is assumed.
The effect of porosity is neglected, and thermal contact
resistance is neglected. Due to its symmetry, the calcula-
tion domain is reduced to half period (k/2). A symmetrical
boundary condition is imposed on the left side, and the
periodicity boundary condition is imposed on the right
side of the model by the multipoint constraint (MPC)

Fig. 1 TBC system model, finite element mesh, and boundary conditions
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condition (Ref 6), which permits the affected mesh nodes
to move freely but simultaneously in the horizontal
direction (see Fig. 1).

For this representative region model, the meshing
operation is performed by quadratic six nodes triangular
elements with generalized plane strain approximation and
reduced integration. It should be noted that a quadratic
shape function provides a higher-order interpolation of
displacement field and consequently more accurate stress
and strain distribution. To improve the result accuracy, the
interface layer has been discretized with a small element
size on the order of 0.25 lm.

2.2 Materials Behavior and Properties

In this work, thermally grown oxide, ceramic, and
substrate layers are treated as elastic and viscous materials
whereas the BC is an elastic and viscoplastic material. The
material properties listed in Table 1 are temperature
dependent (Ref 1, 4, 7, 8). Note that the yield strength ry

represents the threshold stress beyond which microcracks
begin to form.

For all layers, the following Norton power-law creep
behavior is used:

_ecr ¼ Brn ðEq 4Þ

where _ecr is the strain rate (s�1), B is the prefactor (s�1/
MPan), r is the stress (MPa), and n is the power-law creep
exponent. The coefficients B and n are also temperature
dependent as listed in Table 2 (Ref 7, 9, 10).

Concerning the plastic behavior, we use the von Mises
plasticity law for isotropic material already implemented
in the ABAQUS code. Data of yield stress values versus
equivalent plastic strain at different temperature are pre-
sented in the paper of Aktaa et al. (Ref 7).

In the finite element model, growth of the oxide layer
at high temperature (>900 �C) is modeled by anisotropic
swelling of the elements in the TGO layer. In our previous
study (Ref 11), this phenomenon was calculated from the
Tamman�s law solely in the perpendicular direction to the
TGO/BC interface. Nevertheless, in the present work,

simulation of the lateral TGO growth as well as the nor-
mal one is considered. Evans et al. (Ref 12) defined the
ratio between perpendicular growth and lateral growth
equal to 10, the value adopted in our models.

2.3 Thermal History

The thermal cycle consists of two steps (Fig. 2):

� First, deposition of the hot ceramic layer considered
as a solid block at the melting temperature onto the
surface of the underlying materials (step 1) with a
given preheating temperature, followed by the cooling
of the whole system toward the ambient temperature

� Second, affectation of the nonhomogeneous thermal
loading cycle on the top coat during the service
(step 2)

2.3.1 Step 1: Coating Deposition. In this step, cooling
is considered from ceramic coating deposition tempera-
ture (2680 �C) to ambient temperature (25 �C) in 12,000 s
(Fig. 2). To calculate the stress generated during spraying,
the top-coat layer was considered as a hot block at the
melting temperature of 2680 �C (Ref 3, 13) (step 1, Fig. 1)

Table 1 Physical properties of different layers function of temperature

T, �C E, GPa m k, W/m Æ K ry, MPa C, J/kg Æ K q, kg/m3 a 3 1026, �C21

TBC 25 17.5 0.2 1.05 10-100 483 5650 9.68
400 … …
800 … 9.88

1000 12.4 10.34
TGO 25 380 0.27 25.2 1200 857 3978 5.1

400 … …
800 338 …

1000 312 9.80
BC 25 183 0.3 4.3 270 501 7320 …

400 152 6.4 592 12.5
800 109 10.2 781 14.3

1000 … 16.1 764 16.0
Substrate 25 211 0.3 11.5 1185 431 8220 12.6

400 188 17.3 1065 524 14.0
800 157 23.8 1020 627 15.4

1000 139 … 740 … 16.3
Ref 1, 7 7 4 1, 4, 8 4 4 1, 7

Table 2 Creep data for all layers

B, s21 MPa2n n T, �C

TBC(a)
1.8 9 10�7 1 1000
7.3 9 10�10 1 1000

TGO(a)
7.3 9 10�10 1 1000

BC(b)
£ 600 �C 6.54e�19 4.57

700 �C 2.2e�12 2.99
800 �C 1.84e�7 1.55
‡850 �C 2.15e�8 2.45

Substrate(c)
10 �C 4.85e�36 1
1200 �C 2.25e�9 3

(a) Ref 9. (b) Ref 7. (c) Ref 10
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and is tied to the underlying materials (sub-
strate + BC + TGO) at a given uniform preheating tem-
perature. The latter is successively considered to be 25 �C
(Ref 4), 400 �C (Ref 14), or 627 �C (Ref 4) to study the
effect of ‘‘substrate preheating’’ (step 1 in Fig. 2). The top-
coat layer is assumed to be in solid phase at melting
temperature, assuming that the contraction of the material
caused by the transformation from the liquid phase to the
solid phase at constant temperature does not generate
significant stresses. To study the effect of different cooling
rates on the residual stress distribution within the system,
the convection coefficients (h) relating to the top coat and
substrate layers are successively equal to 10, 25, or 100 W/
m2 Æ K (Ref 4). In addition, an initial condition (acting
before its application to the top-coat block) that consists
of a compressive stress on order of �200 MPa is imposed
on the substrate to represent the effect of grit blasting with
respect to the measured experimental data of Bengtsson
and Persson (Ref 3) (see Fig. 1).

2.3.2 Step 2: Nonhomogeneous Thermal Loading
Cycle. During service, the thermal loading cycle affecting
the TBC surface consists of three stages (Fig. 1 and 2,
step 2): the heating stage from 25 to 1300 �C in 300 s, fol-
lowed by a dwell time at 1300 �C during toxid seconds, and
finally, a cooling stage from 1300 to 25 �C in 300 s. The time
of oxidation, toxid is chosen so that at the end of heating
dwell time, the TGO thickness reaches about 3, 5, or 7 lm.

The simulations done in our previous study (Ref 11)
without crack propagation modeling have shown that the
effect of the thermal multicycle sequence on the stress
distribution is not important. Thus, in this work, as the
crack propagation is still not considered, a single thermal
cycle is considered.

3. Results

The effect of the residual stresses after coating process
on the TBC system is examined. We study the magnitude

of these stresses through different substrate preheating
and cooling rates (step 1).

These results are used as an initial condition to calcu-
late the stress distribution in the TBCs at the end of the
thermal loading cycle (step 2). We show that the micro-
cracks could be able to propagate at the system during the
thermal cycling. Finally, we compare the final stresses
obtained for the case with residual stresses to the case
without residual stresses, at the TBC layer.

The normal stresses in the perpendicular direction to
the interface, S22, are used to explain the crack propaga-
tion path in the horizontal direction between the lamellas.
In addition, the S22 stress distribution is able to predict
accurately the cracking path at the interfaces. Therefore,
we are interested in results obtained for S22 stresses.

3.1 Formation of the Residual Stresses
in a Plasma Sprayed After Step 1

During spraying, the thermal model predicts a rapid
decrease in temperature of the deposited material, from
melting temperature (2680 �C) to the temperature of the
underlying materials (25, 400, or 627 �C). By heat con-
duction, all layers reach a steady-state temperature lead-
ing to the quenching stresses. This temperature is
approximately equal to 40, 436, and 663 �C for 25, 400,
and 627 �C substrate preheating temperature, respec-
tively. Simultaneously but with higher time constant, the
thermal transfers of the whole system proceed by con-
vection with the environment, leading to thermal stresses
while the TBCs temperature decrease until 25 �C.

The quenching stresses cause the substrate to expand and
the deposit to shrink leading to tensile stresses in the top-
coat layer (Ref 15). During cooling to room temperature,
the difference in thermal expansion coefficient between the
coating and the substrate causes compressive stresses that
are superimposed with the top-coat quenching stresses.
Simulations show that after spraying, the final stresses
generated in the top coat for a 400 �C substrate preheating
temperature and for a coefficient of convection of
25 W/m2 Æ K are compressive (approx�17 MPa), except for
a small tensile zone (~ 18 MPa) located at the valley region
(see Fig. 3). These results are caused by larger thermal
stresses with respect to the quenching one in the TBC.

In the bond coat, the residual stresses are found to be
predominantly in tensile state (~70 MPa) except for a
small zone in compression at the valley region.

The coating failure modes by cracking and spalling are
both dependent on the sign/magnitude of residual stresses
with respect to the relative yield strengths of coatings
(Ref 16). Considering the yield strengths of the top coat,
Fig. 3 predicts that microcracks probably can be formed
near the peak of the TBC/TGO interface as a result of
coating buckling. Additionally, horizontal microcracks
between the lamellas may appear. These microcracks
could propagate along the interface and within the cera-
mic layer. In the bond coat, the level of the residual
stresses remains lower than the yield strength value
(70 < 270 MPa). Therefore, the coating process does not
seem to damage the integrity of the bond coat.

Fig. 2 Thermal cycle used in FEM simulation

Journal of Thermal Spray Technology Volume 19(5) September 2010—1057

P
e
e
r

R
e
v
ie

w
e
d



Among the different influent parameters on the mag-
nitude of the residual stress after coating process, the
effects of substrate preheating and cooling rate are
investigated in the following two subsections.

3.1.1 Effect of Substrate Preheating. The effect of the
initial preheating temperature of the underlying materials
(25, 400, or 627 �C) on the residual stress distribution after
coating process and after cooling (managed by a coeffi-
cient of convection equivalent to 25 W/m2 Æ K) is sum-
marized in Fig. 4. The stress repartition along the TBC/
TGO interface is expressed in terms of the projected po-
sition on the horizontal axis (from peak x = 0 to valley
x = 30 lm). Higher preheating temperature leads to lower
stresses generated during the spraying process. Thus, as
expected, the preheating temperature of the substrate of
627 �C has a greater effect to reduce the stress than for
400 or 25 �C. For 627 �C temperature, a very small area of
low tensile stress with a magnitude of approximately
12 MPa appears at the valley region of the TBC.

According to Eq 1, the preheating process reduces the
tensile quenching stress within the coatings. Moreover, the
area of compressive thermal stress is more extended when
the ceramic layer is cooled to room temperature. These
results explain why in most applications, substrate is pre-
heated prior to the deposition process in order to reduce

the detrimental residual stresses, to favor the splashing of
molten particles, and, ultimately, to achieve a reliable
TBC component. In addition, the stress relaxation by
creep is more important for high initial substrate tem-
perature, and so the formation of the microcrack could be
decreased between the lamellas and at the TBC/TGO
interface.

These trends are in good agreement with those given
numerically and experimentally by Widjaja et al. (Ref 4)
and Cedelle et al. (Ref 14).

3.1.2 Effect of Cooling Rate. To understand the
influence of the cooling rate on our system, different
values of the coefficient of convection (10, 25, and
100 W/m2 Æ K) are considered with a given substrate pre-
heating temperature of 400 �C. Figure 5 shows the effect
of different cooling rates. The residual stress S22 distri-
bution in the top coat and along the TBC/TGO interface
expressed in terms of the horizontal position shows that
the residual stresses are slightly higher for high convection
coefficient. As more heat is dissipated toward the envi-
ronment for higher convection coefficient, it results in less
heat being transferred by thermal conduction toward the
underlying levels. As-sprayed lamellas lose their heat
rapidly, it leads to higher quenching stresses that dominate
the overall magnitude of residual stresses (Ref 4). Despite
this detailed analysis, the effect of cooling rate seems to be
less important compared with the effect of the preheating
substrate temperature.

Fig. 3 S22 residual stress generated during spraying process
after 400 �C substrate preheating and 25 W/m2 Æ K cooling rate

Fig. 4 Effect of substrate preheating on the residual stress
generated after spraying process in the TBC/TGO horizontal
position

Fig. 5 Effect of cooling rates on the residual stress generated
after spraying process in the TBC/TGO horizontal position
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Finally, to justify the simplified approach adopted in
our coating process simulations, a comparison of our
predicted results with the experimental ones of Bengtsson
and Persson (Ref 3), Widjaja et al. (Ref 4), and Matejicek
and Sampath (Ref 15) has been carried out. The distri-
bution and magnitude of our predicted stresses in the top-
coat layer after coating process (�17 MPa) are in good
agreement with their reported experimental data that
range from �14 to �92 MPa. According to this compari-
son, the modeling of the coating process by the deposition
of a hot block can be accepted.

Results of section 3.1 show that the role of residual
stresses caused by the coating formation is significant and
can initiate the failure mechanisms especially during the
deposition of the ceramic top coat where microcracks can
appear. Then, in the following the study, we consider the
coatings residual stress value as an initial condition of the
numerical simulation at the beginning of the step 2 called
thermal cycle even if stress relaxation resulting from fail-
ure is not modeled. A comparison with the case where the
residual stresses are not taken into account, such as an
initial condition, is also realized.

3.2 Stress Distribution on the System After Step 2

In this part, the effect of the residual stresses resulting
from the coating formation on the final stress distribution
after thermal cycling is studied. During service or heat
treatment, the stress state of the ceramic layer can evolve
as a result of stress relaxation by creep and thermal growth
oxide during high temperature.

For the TBC layer, the numerical results associated
with a 400 �C underlying preheating temperature and
25 W/m2 Æ K coefficient convection show that after service
and for a thin and constant TGO thickness (1 lm), the
tensile zone existing after spraying process, in the ‘‘valley’’
region, moves to the ‘‘peak’’ region and reaches a value of
20 MPa (Fig. 6). At the same time, in the valley asperity,
the stress distribution becomes compressive at a level of
�27 MPa.

Because of the thermal gradient in the system associ-
ated with the TGO growth modeling, a nonuniform TGO
layer with a significant thickness in the peak region
develops that is hotter than the TGO valley (Fig. 7). For
5 lm TGO thickness and after cooling, the compressive
stress zone takes place at the ‘‘peak’’ of the TBC layer
(�41 MPa) and the tensile zone extends toward the mid-
dle region and reaches a value of 28 MPa. Finally, the area
of compressive stresses at the valley asperity becomes
small and less important. Briefly, continuing oxidation
process results in an increase in the size of the tensile
region in the direction of the valley.

Concerning the bond-coat layer, for each oxide thick-
ness, the maximal tensile and compressive stresses remain
at the peak and valley region, respectively. These values,
greater than the yielding threshold (>270 MPa), show
that their effects on the damage state at the end of step 2
should be considered.

The stress state in the TGO is compressive when
its thickness is thin except for a small zone within the

valley (Fig. 6). This layer can be seen under extreme
compressive and tensile stresses with growth of the oxide
layer (see Fig. 7).

In order to examine the role of the different preheating
temperature during the coating process (step 1), the final
stress distribution (step 2) on the TBC layer and along the
materials interface is presented in Fig. 8(a) to (c), in terms
of the projected position of the interface on the horizontal
axis (from peak x = 0 to valley x = 30 lm) for 5 lm TGO
thickness. After cooling, the stress distribution follows the
same trend of this obtained at the end of the coating
process for the different preheating temperature values
(627, 400, or 25 �C). Highly tensile stresses can be local-
ized in the middle and compressive stresses in the peak
and in the valley regions, respectively. It should be noted
that the tensile stress zone is nonuniform as two zones of
maximum tensile stresses can be observed. The first one is
located between 10 and 15 lm in the horizontal position
with a value of about 20 MPa, and the second appears
approximately at 23 lm in horizontal position with a
magnitude of about 30 MPa. Finally, Fig. 8 shows that the
values of the preheating temperature do not affect the
final stresses for models without crack propagation but can
explain and predict, on the basis of the residual stress
state, the microcrack nucleation and failure on the ceramic
layer after step 1.

Up to now, the evolution of the residual stress between
the coating process (step 1) and the in-service thermal
cycling has been investigated. Figure 9 shows a compari-
son of the residual stresses after thermal cycle (step 2)

Fig. 6 S22 stress distribution at the TBC, TGO, and BC layers,
after cooling for 1 lm TGO thickness
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with (case a) and without (case b) considering the stress
state due to coating formation (step 1). The S22 stress
distribution in the TBC along the interface for both cases
with a nonhomogeneous temperature distribution and
with a final 5 lm TGO thickness at the peak of the oxide
layer is presented. The location and the magnitude of the
maximum tensile stresses are not identical. In fact, for the
model with step 1 there are two maximum tensile stresses,
whereas in the case without step 1, the tensile stress zone
is very homogeneous and located in the middle region. In
addition, the stress generation in the case with step 1 is
more important (~28 MPa) compared with the one
obtained without step 1 (~11 MPa). This comparison leads
us to affirm that the effect of the residual stresses gener-
ated after coating process on the final stress distribution
cannot be neglected.

4. Discussion

Many different failure modes can occur in the TBCs,
depending on the coating process, interface morphology,
TGO growth, and so forth. According to the specific
numerical model and the parameters presented in the
section 2, an overall view of the cracking process begins
to emerge from these results with respect to the relative

yield strengths, ry, of the TBC, BC, and TGO layers (see
Table 1). For each oxide thickness (see Fig. 6 and 7), if a
microcrack is present at the TGO/BC interface, it can
propagate toward the valley. Nevertheless, its propagation
is attenuated and stopped by the presence of a compres-
sive zone in the valley. Moreover, in the case of thin TGO
thickness, the initiated microcrack, after step 1, at the near
peak of the TBC/TGO interface, can be favorable to
propagate toward the valley. However, cracking over the
valley locations is still difficult because of compressive
stress. For long oxidation time and therefore for higher
oxide thicknesses, cracking over the TBC peak becomes
less favorable, while cracking at the TBC middle and
valley locations becomes easier. Finally, the cracking at
the TBC/TGO and TGO/BC interfaces will be able to
coalesce through the TGO layer and then cause the
delamination of the system. These numerical predictions
are in good agreement with the experimental observations
of damage obtained by Rabiei and Evans (Ref 17) and

Fig. 7 S22 stress distribution at the TBC, TGO, and BC layers,
after cooling for 5 lm TGO thickness

Fig. 8 Effect of the residual stresses on the final stress distri-
bution on the ceramic layer after service for 5 lm TGO thickness
for different preheating temperature value

Fig. 9 Comparison between the final stress distribution on the
ceramic layer, after service, obtained in the case (a) with residual
stresses and (b) without residual stresses
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also with the failure progression modeling proposed by
Freborg et al. (Ref 18).

5. Conclusion

Among many factors affecting the durability and failure
mechanisms of thermal spray coatings in service, the
residual stresses resulting from the coating process and
temperature gradient play an important role. Numerical
simulations based on the finite element method were used
to analyze the effect of residual stress on crack formation
caused by solidification and to consider the crack path
propagation during thermal cycling of a typical plasma
sprayed TBCs. The results show that after coating process,
the residual stresses in the TBC peak region of the asperity
are in a compressive state that can be slightly reduced by
adopting a low cooling rate of the deposit (10 W/m2 Æ K)
and seriously reduced by high substrate preheating tem-
perature (627 �C). It is probable that, as a result of coating
buckling, microcracks appear near the peak of the TBC/
TGO interface. In use, these microcracks will probably
propagate and coalesce with cracks already propagated at
the TGO/BC interface through the TGO layer. Thus, their
link can cause delamination of the TBC layer.

In service, after a short oxidation time, the tensile stress
generation at the TBC, near the peak region, favors the
development of the initiated microcrack after step 1. After
growth of the oxide layer, the crack continues to propa-
gate to the middle of asperity. Its development induces the
degradation of the top coat and leads to the delamination
of the ceramic layer after step 2.

Finally, comparison of stress distribution on the TBC
layer shows that the magnitude of the final stress obtained
when residual stresses are considered is more important
than the case without residual stresses. Therefore, we
cannot neglect the role of the residual stresses as an initial
condition of numerical model describing stress distribu-
tion within the TBCs during service.
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