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Abstract

Thermal barrier coatings (TBCs) are commonly used as protective coatings for engine metal components to improve
performance. Many investigations have shown that residual stresses in TBCs applications play an important role, but
the residual stresses are mainly obtained by simulation method. As we know, there are a few analytical solutions of residual
stress in TBCs system. In this paper, a new two-dimensional analytical solution has been obtained under the condition of
non-linear coupled effects of temperature gradient, thermal fatigue, deposited residual stress, thermally grown oxide (TGO)
thickening, elasto-plasticity deformation and creep deformation of TBC. Moreover, the influences of bending moment and
curvature on stress variation in TBCs are considered during thermal cycling. The calculated results are in agreement with

the prior experimental results.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coatings (TBCs) are commonly
used as protective coatings for advanced power
engineering applications to improve performance
and thermal efficiency. It consists of a ceramic coat-
ing, a thermally grown oxide (TGO) that forms and
thickens as the system cycles, bond coat that pro-
vides the oxidation resistance and substrate. How-
ever, thermal residual stress in TBCs accumulates
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in its applications due to the mismatch of material
properties and high-temperature oxidation, which
may directly cause adhesive failure (delamination
at interface) or cohesive failure (spalling or micro-
cracking within ceramic coating). Then the ceramic
coating failure will result in substrate material deg-
radation in an aggressive environment. So many
researchers have realized that the evolution of resid-
ual stress plays an important role in predicting TBC
failure and its durability. Elastic thermal stress in
TBCs system containing graded layers has been
analyzed by numerical methods (Williamson et al.,
1993; Teixeira, 2001; Becker et al., 2000; Lee and
Erdogan, 1994). However, the drawbacks of the
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numerical methods lie in the fact that computations
need to be performed for each change in geometrical
parameters and material properties in the system.

The first analytical model for elastic thermal
stresses in a bilayer system was derived by Timo-
shenko (1925). The analysis was based on the classi-
cal bending theory. The individual force and
bending moment were assumed in each layer. There
were three unknowns to be solved and three bound-
ary conditions to be satisfied in the bilayer system.
Bending moment was related to the curvature of
each layer, and both layers were assumed to have
the same curvature. The solution was obtained by
balancing forces and moments in the system and
satisfying strain continuity condition at the interface
between the two layers (Timoshenko, 1925). Timo-
shenko’s approach has been adopted by many oth-
ers to analyze thermal stress in multilayer systems
(Hsueh and Evans, 1985; Hsueh, 2002; Hsueh and
Lee, 2003; Saul, 1969; Liu and Murarka, 1992).
Hsueh and Evans had studied residual stresses in
metal/ceramic bonded strips. They found that the
metal may behave elastically or plastically (with full
or partial plastic), depending on mechanical proper-
ties, thickness of the two constituents and thermal
expansion mismatch. Residual stresses were
calculated for a sequence consisting of constrained
undercooling, removal of the constraint, and reheat-
ing. A general closed-form solution for elastic defor-
mation of multilayers due to residual stress and
external bending was derived by Hsueh (2002).
Moreover, Hsueh and Lee had analyzed elastic ther-
mal stress distributions in two materials joined by a
graded layer (Hsueh and Lee, 2003).

However, the evolution of thermal residual stress
in TBCs applications is a complicated problem due
to the following factors. The deformation of mate-
rial in each layer may be elastic, plastic and high-
temperature creep. In particular, the TGO film
forms and thickens at the ceramic coating/bond
coat interface due to high temperature oxidation
of the bond coat. The stress singularity in TGO near
the interface has a crucial influence on the thermal
residual stress distribution and interface adherence
strength in TBCs. Moreover, the TGO is subject
to large levels of residual compression due to its
thermal expansion misfit on cooling to ambient.
The compressive stress in TGO was measured by
photo-stimulated luminescence piezospectroscopy
(PLPS) and it could reach several GPa at ambient
(Swetha et al., 2004). But the previous investigations
mainly focused on the elastic thermal residual stress

distribution in TBCs. The purpose of the present
study is to enlarge the prior analytical model and
obtain a new exact two-dimensional closed-form
solution about the thermal residual stress field in
TBCs under the condition of non-linear coupled
effects of temperature gradient, thermal fatigue,
deposited residual stress, TGO thickening, elasto-
plasticity deformation and creep deformation of
TBC during thermal cycling. In this model, the
influences of bending moment and curvature on
the variation of thermal residual stress during ther-
mal cycling are considered and discussed.

2. Model definition

The schematic of a thermal barrier ceramic coat-
ing system is shown in Fig. 1, where the thickness of
each layer is, respectively, &, hq, hy and hg. The sub-
scripts ‘c’, ‘t’, ‘b’, ‘s’ denote, respectively, the top
ceramic coating, thermally grown oxide (TGO),
bond coat and substrate. The coordinate system is
defined so that the substrate bottom is located at
z=0. The system is assumed to be processed cyclic
oxidation tests in air at high temperature. In addi-
tion, the system is also assumed to experience other
kinds of thermal cycling tests, in which there are a
large temperature gradient between the top coating
and substrate. As Hsueh and Evans discussed
(Hsueh and Evans, 1985; Hsueh, 2002), the stress
distribution in the system is asymmetric because of
the asymmetric geometry, which results in the bend-
ing of the TBCs. The distribution of strain incre-
ment in the system can be decomposed into a
uniform component and bending component.

Firstly, the uniform strain increment component
in TBCs will be discussed by using the following
derivation logic. In the present investigation, it is
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Fig. 1. A schematic of the crossing-sectional view of the TBC
system.
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assumed that the deformation of the ceramic coat-
ing is elastic and creep; the deformation of the bond
coat, thermally grown oxide (TGO) and substrate
are elasto-plasticity (Zhu and Robert, 1999; Zhou
and Hashida, 2001). The stress—strain fields of each
layer in TBCs are determined incrementally during
the heating, holding and cooling period. They can
be written as follows:

dl’?,‘j(Z7 t) = defj(z, f) + 5i]'d8m + 5,jOC(T) dT(Z, t)
+ dsfj(z, t) (1)

where the dej; represents the deviator strain incre-
ment component, é;;and de,, represent the Kronecker
delta and mean strain increment, respectively. o(7)
denotes thermal expansion coefficient. In Eq. (1),
we introduce def;(z,¢) as creep increment of strain
component in the ceramic coating. As we know, the
contributions of creep deformation to thermal resid-
ual stress in constitutive equation are not considered
in the prior investigations. It can be written as (Zhou
and Hashida, 2001):

def (z,1) = F(1)£1(2)4 x exp(—Q/RT(z,1))
x (/3J2/60)" x (t/10) " dt
=F()fi(2)B(T) x (t/to) " dt (2)
where

B(T) = 4 x exp(—Q/RT(z,1)) x (v/3J2/50)"  (3)

1 0<t<t,
F(t)_{o h<t<ts )
, 0 (0<z<hi+hy+h)
1) {1 (he + hy + hy <z < hy + hy + hy + he)
(5)
In the above equations, 4, Q, n and s are, respec-
tively, material constant, creep activation energy,
stress exponent and time exponent. J, is the second
invariant of the deviator stress. R, T, ¢t denote,
respectively, gas constant, temperature and time.
oo and ¢, are the initial stress and reference time,
respectively. In Eq. (4), the physical meaning of ¢;
(i=1,2,3) denotes the different moment during
the history of thermal cycling, i.e. the heating time,
holding time and cooling time, respectively.

Note that material properties, such as thermal
expansion coefficient a(7), Young’s modulus E(7)
and Poisson’s ratio v(7) are dependent on temper-
ature. For simplicity, the temperature fields in TBCs

are assumed to be a linear function of the coordi-
nate axial z (Zhou and Hashida, 2001). Therefore,

the temperature fields, 7{(z,¢), can be written in the
following form:

(Tl(Z)—To)Xl/tl-l-To (0<t<t1)
T](Z) (f] gtgtz)
T(z,1) =
BO=9 1) = (1) - To) x (- 6) /15 — 1)
(<t < t3)
(6)
where
(Ts—Tb)XZ/hc+(Tb—/’l|X(Ts—Tb)/hc)
hi+hy+hg <z < h+hy+hs+ he
Tl(Z): T(t b z t b )
b
(0<z< h+hy+h)

(7)
Here T, and T(z) denote, respectively, the ambient
temperature and the temperature distribution in
TBCs during the holding period. Ti(z) is the func-
tion of position z. T and T}, denote, respectively,
the highest temperature on the surface of the cera-
mic coating and that of the substrate.

The materials in TBCs are assumed to be homo-
geneous and isotropic. The problem is assumed to
be plane stress and the stresses are regarded as
equi-biaxial stress state in the following discussion,
1.e. doy(z, 1) = doas(z,t) = do(z, t) and doss(z, 1) = 0.
So the stress—strain increment components in TBCs
can be obtained from Eq. (1):

~2v(T)

E(T)

F(0)f1(2)B(T)(1/10) " dt (8)
d?zz(z,l)

1)
= a0

F(@)fi(2)B(T)(t/10) " dt ©)

The thermal stress increment in the system can be
calculated by using force balance and strain compat-
ibility conditions. When a segment of the coating
system is assumed to be constrained in the x- and
y-directions, the in-plane compressive strain and
stress increment will arise due to the thermal expan-
sion on heating. The constrained thermal stress
increment in the coating system can be generally
derived from Eq. (9):

dess(z,1) = do(z, 1) + o(T)dT(z, 1)

d811 (Z, l‘)

z,t) +o(T)dT(z,t)

o2, = T2 (AP OBT)(/10)
+o(T)dT(z, 1)) (10)
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where do™(z,7) denotes thermal stress increment
due to thermal expansion under the fully con-
strained condition at any given depth z. Then an
equivalent tensile force increment dK is applied at
the free boundaries and it is assumed to eliminate
the restraint of the TBCs system in the x- and y-
directions. So it can be obtained as follows:

H
dK:/ datll} (z, t) dz

1_v (B(T)f1(2)F (1)(t/to) " dt
dT(z t))dz an

where H denotes the total thickness of the system,
i.e. H=h+ h + hy + hg. Therefore, this equivalent
tensile force increment dK can balance the stress
increment in Eq. (10) at both edges of the coating
segment. Mechanical equilibrium, strain compatibil-
ity and boundary conditions can be satisfied. Then
the uniform strain and stress increment resulting
from the equivalent boundary force in the coating
system can be obtained and written as follows,
respectively,

Jo 5% f 1 ()F ()B(T)(t/t0) > di+2(T)dT (z,1)) dz

deeq =

f: 1E(?r)dz
(12)
Ao (z,1) == (VT()T) x [dseq — f1 (2)F (0 B(T) (¢ )
(13)

If the influence of creep deformation and plasticity
deformation are cancelled in Eq. (12), the simplified
uniform strain increment component, degg, is in
agreement with the results (Hsueh, 2002; Zhu and
Robert, 1999) and given as follows:

IS ( (T)dT(z, t))dz
fH ET) 4,

0 1-v%(T)

deq = (14)

Therefore, the thermal stress increment induced by
temperature variation in the coating system can be
obtained by the superposition of the stress incre-
ment due to the constrained thermal expansion in
Eq. (10) and the stress increment due to the equiva-
lent boundary force and moment in Eq. (13). It is
written as follows:

do(z,t) =do™(z,¢) + doey (1)

E(T)
=1y < e — (1) dT ()

—2B(T)f1(2)F (1)(t/10) " di] (15)

Integrating Eq. (15) over time, the total stress distri-
bution in TBCs during thermal cycling can be
obtained:

a(z,t)CvL/t E(T)

x [(decq/dr) — ()

o 1=v(T)
X (AT (z,1)/de) =2/, (2)F (6)B(T)(t/1y) "] dt
for (0<r<t3) (16)

where C is called integration constant, which repre-
sents initial residual stress in TBCs.

Secondly, the influence of a bending component
on the stress/strain distribution in TBCs is consid-
ered, which will be determined incrementally
according to each temperature increase during the
heating, holding and cooling process. The bending
axis is defined, as the line in the cross-section of
the system where the bending strain component is
zero, and the bending strain component is propor-
tional to the distance from the bending axis and
inversely proportional to the radius of curvature.
Since the total stress component of each layer in
TBCs during thermal cycling can be written as
follows:

E(T) 2=t

=) X . (17)

0(z,8) a1 = 0(2,1) +
where z = #, denotes the location of the bending
axis and 7y is the radius of curvature of the TBC sys-
tem. Note that the bending axis defined by Hsueh
and Evans is different from the conventional neutral
axis, which has been defined in the classical beam
bending theory as the line in the cross-section of
the system where the normal stress is zero. As we
know, the strain/stress distribution in the system is
contingent upon solutions of the three parameters,
deeq, t, and y, which can be determined sequentially
from the three boundary conditions (Hsueh and
Evans, 1985). Moreover, the uniform strain distri-
bution has been discussed above and obtained in
Eq. (12). Then the resultant force due to the bending
strain component is zero, i.e.,

hs _ D+
/ Eg(T) ><Z ty dz+/ Eb(T)
o 1—v(T) r e 1 —w(T)

_t hs+hy+hy E(T —t
® dz —|—/ (7) Ny
h

r e 1 —w(T) r

" E.(T —
+/ ) 2mbg (18)
hothyrn 1= Ve(T) r

So the position of the bending axis can be deter-
mined from Eq. (18), i.e.,
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H E(T)
_Jo 1-v(T)
b ="—"1q ED)_4

0 1-v(T)

x zdz

(19)

Finally, the sum of the bending moment with
respect to the bending axis (z = #) is zero and can
be obtained as follows:

/0 " Gulet) X (2 — 1)) dz 4 /h sh#hb(alb(z, )

hs+hy+hy

X (z — tb))dz—|—/ (ou(z,t) X (z— 1)) dz

hs+hy
H
+ /
hs+hy+hy

where o(z,1), ow(z, 1), ou(z,t) and o(z,7) denote,
respectively, thermal stress of substrate, bond coat,
TGO and ceramic coating, which can be derived
from Eq. (16). The curvature, 1/y, can be deter-
mined from Eq. (20). It is written as follows:

(0u(z1) % (2 — 1)) dz = 0 (20)

Ly i % [(dee/de) = a(T) (AT (z.0) /di) = 2B(T)A(2)F (1) (1/10) ) di x (2 — 1) dz

h = Jot" (23)

where /1 denotes the thickness with unit of pm and ¢
is time with unit of 5. 1o and A, are parameters:

)VO — 10((110/T)+b0) u'1,11/570.45 (24)

where ay = —4150, by =1.154. T denotes tempera-
ture with unit of K. The parameter of A; is 0.45.
The details are given in Itoh et al. (1998). Therefore,
the growth rate can be written as follows:

dn h 1=(1/4y)
a = )v()i] (/,{—0> (25)

In the present investigation, the growth law of TGO
in TBCs deduced by Itoh will be applied during the
calculation. To simplify the analysis, the following
assumptions are made. The oxides are assumed to
form at the ceramic coating/bond coat and grow
uniformly on a perfectly planar interface at the peak

Y f: ED) s (z — 1) dz

1-v(T)

where deq and 1, are given by Egs. (12) and (19).
Similar to the Hsueh and Evans’ discussion (Hsueh
and Evans, 1985; Hsueh, 2002), with the solution of
decq, tp and y, the general solutions for strain/stress
distributions in TBCs have been obtained.

3. Growth of TGO

The TGO film (mainly Al,O3) will develop at the
ceramic coating/bond coat interface in TBCs appli-
cations. But the mechanisms of alumina formation
prior to Al depletion are not quantitatively compre-
hended, especially in the presence of TBC. Many
researchers have investigated the growth law of
TGO. In the reference (Evans et al., 2001), Evans
et al. considered that the growth of TGO is essen-
tially parabolic until spalling occurs:

W = 2k,t (22)

where /1 and ¢ represent, respectively, thickness and
time. k, is the parabolic rate constant. Itoh et al.
have also obtained a growth law by fitting the exper-
imental data (Itoh et al., 1998) and given as follows:

temperature in the cycle, with both thickening and
lateral components of the growth strain, there are
no shear stresses along the interface. The thermal
stresses in TGO are also allowed to relax at high
temperature when they attain a critical level.

4. Bond coat and TGO yield strength

In the paper, the yield strength of the bond coat
and TGO are all regarded as temperature depen-
dent. The yield characteristics of the TGO and bond
coat are plotted in Fig. 2 (Karlsson and Evans,
2001). It can be seen that the TGO will yield at
the peak temperature when the von Mises stress in
TGO reaches +1 GPa, imposing a maximum on
the growth stress. On cooling and reheating it
behaves elastically due to the rapid increase in yield
strength at lower temperature (Evans et al., 2001;
Karlsson and Evans, 2001). The yield strength of
the bond coat is about 1000 MPa within 300 °C,
and then it decreases linearly to 100 MPa as temper-
ature increases. It is regarded as invariant when
temperature is up to 850 °C. Moreover, materials
characteristic in the bond coat and TGO are
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Fig. 2. The temperature-dependent yield strength of bond coat
(b) and TGO (a) used for the calculation (Karlsson and Evans,
2001), as used in the prior simulations (He et al., 2002, 2003).

Table 1
Young’s modulus used for the calculation

Temperature  Substrate  Bond coat TGO  TBC

(°C) (GPa) (GPa) (GPa) (GPa)
20 220 200 400 48
200 210 190 390 47
400 190 175 380 44
600 170 160 370 40
800 155 145 355 34
1000 130 120 325 26
1100 120 110 320 22
Table 2

Poisson’s ratio used for the calculation

Temperature (°C) Substrate Bond coat TGO TBC

20 0.31 0.30 0.23  0.10
200 0.32 0.30 023 0.10
400 0.33 0.31 024 0.10
600 0.33 0.31 024 0.11
800 0.34 0.32 0.25 0.11

1000 0.35 0.33 025 0.12
1100 0.35 0.33 025 0.12
Table 3

Thermal expansion coefficients used for the calculation

assumed to be ideal elastic—perfectly plastic materi-
als. The von Mises yield rule is applied to judge
whether the biaxial thermal residual stresses in the
TGO or bond coat arrive at the temperature-depen-
dent corresponding yield stress during thermal
cycling. Moreover, material properties such as
Young’s modulus, Poisson’s ratio and thermal
expansion coefficient are temperature-dependent
during the calculation and listed in Tables 1-3,
respectively (Zhou and Hashida, 2001).

5. Calculation results and discussion

In order to validate the closed-form solution
above, the calculated results are compared to the
experimental results (Swetha et al., 2004). The sys-
tem consists of a 3.2 mm thick substrate, a 75 um
grit blasted platinum-modified Ni-aluminide bond
coat, a 0.5 pm thermally grown oxide (TGO) and
a 150 um 7 wt.% Y,O; stabilized ZrO, coating.
The system is assumed to be performed 1 h-cyclic
oxidation tests in air at 1121 °C, which includes a
10-min heat up to 1121°C, a 40-min hold at
1121 °C, followed by a 10-min forced-air-quench.
The residual stress in the TGO has measured nonde-
structively by photo-stimulated luminescence piezo-
spectroscopy (PLPS) (Swetha et al., 2004). In the
present paper, a finite difference approach is used
to solve Egs. (12), (19) and (21), the temperature
fields and stress-strain fields in TBCs are deter-
mined incrementally during thermal cycling.

Fig. 3 shows the evolution of compressive residual
stress in the TGO after cooling to ambient during
thermal cycling. The results are in agreement with
the experiment data (Swetha et al., 2004). The com-
pressive residual stress in the TGO increases quickly
from the initial stress (=~1.3 GPa) in the as-received
condition to approximately 2.8 GPa after 20 thermal
cycles. Then it gradually decreases to 1.22 GPa after
the system experiences 450 numbers of thermal
cycling and approximately holds invariant in the

Temperature (°C) Substrate (x10~° (°C)’1)

Bond coat (x107° (°C)’1)

TGO (x107¢ (°C)™h TBC (x10~¢ (°C)™})

20 14.8 13.6
200 15.2 14.2
400 15.6 14.6
600 16.2 15.2
800 16.9 16.1

1000 17.5 17.2

1100 18.0 17.6

8.0 9.0
8.2 9.2
8.4 9.6
8.7 10.1
9.0 10.8
9.3 11.7
9.6 12.2
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Fig. 3. Evolution of residual compressive stress in the TGO as a
function of thermal cycling.

subsequent thermal cycling. The maximum standard
deviation is about £0.2 GPa in Fig. 3. Moreover,
Shillington et al. have also investigated that a
plasma-sprayed thermal barrier coating is observed
to spall after at 1121 °C from a CoNiCrAlY bond-
coated superalloy at the interface between thermally
grown oxide (TGO) and zirconia thermal barrier
coating (TBC) (Shillington and Clarke, 1999). They
have found that the stress evolution characteristic in
TGO behavior in PS TBCs has a similar manner to
the stress evolution on the same bond coat under an
EB-PVD coating. It is interesting that the present cal-
culated results are also similar to their experimental
results, as schematized in Fig. 3. The evolution of
residual stress in TGO may result from the parabolic
thickening kinetics, as discussed above. The growth of
TGO thickness may slow down with thermal cycling
due to the aluminum depletion in the bond coat.
The evolution of thermal residual stress in the
TGO with thermal cycling is shown in Fig. 4. For
the first thermal cycling, thermal stress in the TGO
increases from the initial compressive stress
(~1.3 GPa) in the as-received condition to the tem-
perature-dependent corresponding tensile yield
stress during the heating period, which results in
the elasto-plasticity deformation of the TGO. Then
it keeps yielding state and approximately remains
invariant during the holding period. On cooling,
the yield stress in TGO increases quickly at lower
temperatures, as has been discussed by He et al.
(2002). So it is mainly regarded as elastic deforma-
tion and the compressive residual stress in the
TGO is approximately 2.5 GPa due to the different
coefficients of thermal expansion (CTE) and temper-
ature variation. For the subsequent thermal cycling,
the evolutions of the TGO stress change repeatedly.

2.0

10 sl w o—n s—2 s—2 s—n =—

—=— the calculated results, 1-hr @1121 °C

0.5
0.0

-0.5

-1.04

Evolution of TGO Stress, o, ., (GPa)

5 . - . 1 1 |
— T T T T T T T T T T
Initial Stress 0 1 2 3 a 5 6 7 8 9 10
—| Cycles, N

Fig. 4. Variation of the thermal residual stress in the TGO with
thermal cycling. It is obvious that it keeps yielding state and
approximately holds invariant (von Mises stress 1 GPa) during
the holding period. On cooling to ambient, the stress state
reverses again due to the CTE mismatch and temperature
gradient.

Residual compressive stress in the TGO accumulates
firstly with thermal cycling and then decreases grad-
ually with respect to Al depletion in the bond coat.

In addition, the calculated results also show that
the relationship between stress history in the cera-
mic coating and thermal cycling, as shown in
Fig. 5. On heating, the stress in the ceramic coating
changes from the initial compressive stress to high-
temperature tensile stress. Then at high temperature
during the holding period, stress-relaxation occurs
in the 7 wt.% Y,03; stabilized ZrO, coating due to
the effect of creep deformation of the ceramic coat-
ing. The calculated results are consistent with the
results obtained from high temperature mechanical
fatigue tests (Zhu and Robert, 1999; Thurn et al.,

200

—=— the calculated results, 1-hr @1121°C
] > —
g 1004 T e
o 1 —
£ e,
&z
o &
.éé
& .o -1004
o E
3 ¢ l
"6 uo [ ] 1
§ 300 4 Residual Stress
&
@00t
(1] 3 4 5 6 7 8 9 10

‘1 Cycles, N r—»

Fig. 5. The stress history in the ceramic coating vs. thermal
cycling.
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1997). It is important that the creep behavior of the
ceramic coating in this paper also demonstrates sev-
eral important issues for thermal barrier coating
durability. The significant primary creep stage, as
represented by time exponent, s, may be critical to
coating life. On cooling, the material deformation
in the ceramic coating can be regarded as elastic
and the stress state reverses again. It is obviously
seen that the accumulated residual compressive
stress in the ceramic coating increases gradually
with respect to thermal cycling. When an interface
delamination or crack may exist at the ceramic coat-
ing/TGO interface during thermal cycling, the resid-
ual stress may develop to be large enough to induce
interface crack propagation, eventually cause spall-
ing/bucking failure of ceramic coating.

Similarly, the stress histories of the bond coat
and substrate during thermal cycling are, respec-
tively, shown in Fig. 6(a) and (b). On heating, ther-
mal stress in the bond coat increases from the initial
compressive stress to high-temperature tensile
stress. During the holding period, the stress-relaxa-
tion in the substrate occurs. However, it is found
that the stress evolution in the bond coat has an
increase trend due to the high-temperature creep
deformation of the ceramic coating. Moreover, we
have found that the stress in the substrate is so
small during thermal cycling that they never attain
the temperature-dependent corresponding yield
strength, which consists with the results discussed
by Karlsson and Evans (2001) and He et al. (2000).

The evolution of residual stress distribution in
TBCs with thermal cycling is shown in Fig. 7. On
cooling to ambient for each thermal cycling, the
residual stress in the bottom of the substrate is com-
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pressive and it is tensile at the bond coat/sub-
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characteristic in the substrate reflects the influence
of bending moment of the system. The evolution
of residual stress in the bond coat and ceramic coat-
ings increases gradually with thermal cycling. But
the variation of residual stress in the TGO is obvi-
ously larger than that of the other, which also
reflects stress singularity located in the TGO during
thermal cycling. The singularity of residual stress in
the TGO will play an important role during the pro-
cess of spalling/bucking failure of the ceramic coat-
ing. In order to prove the life and durability of
TBCs, one should consider how to reduce the stress
singularity in TBCs by optimizing graded materials,
e.g., using the functionally gradient material (FGM)
instead of bond coat (MCrAlY).

Variation of the corresponding uniform strain
increment of the system with thermal cycling is
shown in Fig. §(a) and (b). On heating, the uniform
strain of the system elongates because of tempera-
ture increase. On holding, it keeps approximately
invariant. On cooling for each thermal cycling, it
decreases quickly with the rapid decrease of the tem-
perature in TBCs. It is important that the residual
uniform strain exists and develops at ambient tem-
perature due to elasto-plasticity deformation and
creep deformation in TBCs during thermal cycling.
It accumulates tardily with thermal cycling, as is
shown in Fig. 8(b).

6. Conclusions

It is well known that the functionality and reli-
ability of coated devices are strongly related to the
variation of thermal residual stress distribution.
On the basis of the prior investigations, we consider
the influence of creep deformation in the ceramic
coating on residual stress in constitutive equation.
Finally, we have obtained a new two-dimensional
analytical solution under the condition of coupled
effects of temperature gradient, thermal fatigue,
elasto-plasticity deformation and high-temperature
creep deformation. The main conclusions of this
investigation are summarized as follows.

(1) The evolution rules of residual stress distribu-
tions in TBCs with respect to thermal cycling
have been obtained. The variation of residual
stress in the TGO is in good agreement with
the prior experimental results. We found that
the residual stress of TGO shown in Fig. 7
was obviously larger than that of the other
layers. It is believed that the stress singularity

characteristic in TGO will play an important
role during the process of spalling/bucking
failure of the ceramic coating.

(2) It is found that the creep deformation of cera-
mic coating has a strong influence on thermal
residual stress distribution in the ceramic coat-
ing, which mainly results in the stress relaxa-
tion in TBCs system. In addition, the stress
variations in the substrate are so small that
they never attain the temperature-dependent
corresponding yield strength.

(3) Finally, the relationship of uniform strain
increment and thermal cycling had been
obtained and discussed. Due to the influence
of elasto-plasticity deformation and high-tem-
perature creep deformation, the residual uni-
form strain of the TBCs system develops
tardily with thermal cycling.
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Abstract

The primary intention of this work is to investigate the thermo-mechanical buckling delamination failure characteristic of air plasma sprayed
thermal barrier coatings (TBCs) under compression tests at high temperature. The TBCs samples with a pre-delamination were firstly designed
and they had been successfully prepared by air plasma sprayed technique. The main novelty of this paper is that the first work to validate and
obtain three kinds of the interface failure forms in TBCs system during compression tests, i.e. buckling delamination, edge delamination and
global buckling failure. The effects of the initial delamination length, temperature gradient and applied mechanical load on the delamination
resistance of the TBCs system were discussed in detail. It is difficult to observe buckling delamination or edge delamination failure phenomena
until the initial delamination length in TBCs reaches or exceeds 4 mm or more. For edge delamination failure, the interface fracture toughness
(I'™), energy release rate (G2%2°) and stress intensity factor (Kj;) between the TBC/TGO interface were 35 Jm 2 38.8 Jm 2 and 0.97 MPa \/m at
high temperature gradient, respectively. Using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX), it was inferred that the
delamination fracture located within the ceramic coating close to the TBC/TGO interface. The results agree well with other experimental and

theoretical results.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Thermal barrier coatings; Buckling delamination; Edge delamination; Thermal gradient

1. Introduction

Thermal barrier coating (TBC) is commonly used as
protective coatings for advanced power engineering devices to
improve performance and thermal efficiency [1]. It consists of a
top ceramic coating (TC), a thermally grown oxide (TGO) that
forms and thickens as the system cycles, bond coat (BC) that
provides the oxidation resistance and substrate. The great
difference in the thermo-mechanical properties of metals and
ceramics seems to preclude their applications in composite
structures subjected to huge changes in temperature and thermal
stresses. Various failure modes have been observed, but one of
the most common ones is cracking at the TC/TGO or TGO/BC
interface leading to buckling delamination and spalling [2—4],
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which may result in the associated problems of structural
integrity and stability, reduction in load-bearing capacity,
stiffness degradation and fracture of TBCs.

Most delamination buckling failures related to TBC
investigations have primarily focused on the formulation of
analytical solutions for the prediction of the buckling behaviour
[3,5-8]. Hutchinson et al. have analyzed the influence of
prototypical imperfections on the nucleation and propagation
stages of delamination of compressed thin films [5]. Energy
release rates for separations that developed from imperfections
have been calculated. A critical film thickness for nucleation
and a critical imperfection wavelength for buckling has been
obtained and discussed in detail. Patterson et al. have studied
the delamination buckling and spalling of plasma-sprayed
thermal barrier coatings by using basic concepts from fracture
mechanics and the theory of crack propagation. An upper bound
for the maximal allowable thickness of a coating was derived
which took into account the fracture toughness of the coating as
well as the mismatch in both thermal and mechanical properties
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of the coating and substrate [6]. Among the few previous
experiments, Gell et al. have studied the durability and failure
mechanisms of solution precursor plasma spray (SPPS) TBCs
[9]. The SPPS TBCs exhibited an average life of 1018 cycles in
a 1-h 1121 °C cycle furnace test. It is found that the failure of the
SPPS TBCs started with crack initiation along the unmelted
particles in the ceramic top coat and the non-alumina oxides.
When a crack of sufficient size emerged, the TBC separated
from the metal substrate by large scale buckling. Shaw et al.
[10] have designed a chevron-notched sandwich specimen for
the first time, and then measured the interface fracture energy of
air plasma sprayed 8-wt.% yttria stabilized zirconia (YSZ)
thermal barrier coatings for both the as-received and thermal
cycled specimens. It is found that the thermal cycles slightly
reduced the toughness of the TBCs and caused the failure
location to shift from within the YSZ about 100-um away from
the interface to the near-interface region. But Thurn et al. [11]
have performed the atmospheric plasma-sprayed zirconia
removed from the substrate by three-point micro-bending test
equipment. It is found that the critical energy release rate of the
through-thickness cracks did increase with annealing temper-
ature while the work of fracture of delamination cracks
decreased. Brodin et al. investigated the influence of oxidation
on mechanical and fracture behaviour of an air plasma-sprayed
NiCoCrAlY bond coat by bending test at ambient condition.
Their results indicated that the crack propagation resistance
increased with oxidation, which probably was a result of an
increased oxide network, local deformation and less brittle
grain-boundaries [12].

As we know, at present there are few experimental methods
to investigate the buckling delamination characteristics of
plasma sprayed TBCs at high temperature. It is difficult to
forecast and obtain the buckling failure phenomena of TBCs by
controlling the experimental conditions. In this paper, a testing
method is introduced to successfully fabricate the delaminated
TBCs samples. This paper mainly focuses on the experimental
study of buckling delamination failure in delaminated TBCs
system by compression tests at high temperature, duplicating
the service failure mode. This investigation would be beneficial
to recognize the buckling failure behaviour of the ceramic
coating and provide the useful experimental data.

2. Experimental
2.1. Delaminated TBCs specimen preparation

The material properties of each layer of the TBC sample are
listed in Table 1. The SUS304 stainless steel samples were used
as substrates for the present study in the form of beams of

Table 1
Specification of the samples for thermal cycling test and high temperature
compression testing

Layer Composition (%) Process Thickness
Top coat 8 wt.% Y,03-ZrO, APS ~300 pm
Bond coat NiCrAlY APS ~100 pm
Substrate SUS304 stainless steel Investment casting ~5 um
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Fig. 1. The schematic drawing for creating interface patterns of low adhesion.

40x5x5 mm?. It is rather difficult to predict and evaluate the
delamination buckling location, its propagation path and critical
load due to a number of complicated factors such as the coating
stresses, thickness, interface adhesion strength and high
temperature gradient. It is necessary to design and make pre-
patterned regions of low adhesion (i.e. pre-delaminated
interface region) at the TBC/Substrate interface to constrain
the delamination buckling path, which can provide more
predictable behaviour. The experimental procedure for pattern-
ing regions of low adhesion surrounded by regions of higher
adhesion for the ceramic coating on NiCrAlY bond coat is
briefly addressed in Fig. 1. All the preparation process included
five steps. In step 1, the samples were ground and polished to
7 pm before grit blasting. The preparation techniques utilized
dry blasting by corundum powder with 60 mesh grain size
distribution. The subsequent step to the abrasive treatment was
preheating in order to remove contaminants such as moisture
and volatiles. After this procedure, the substrates were coated
with NiCrAlY powder (grain size distribution 20—50) applied
by low pressure plasma spray. The distance between the plasma
torch and the substrate was held constant at 70 mm, for both
bond coat and the following ceramic coating. The thickness of
the BC is about 100 um. The next step was the thermal
treatment at high temperature in vacuum (~1000 °C/2 h) in
order to diffuse the coated layer and the substrate. The bond coat
was also grit blasted prior to TBC deposition by plasma sprayed
process. In step 2, the surface of bond coat was tightly wrapped
by a soft steel slice except that the desired low adhesion pattern
region was exposed, waiting for spraying Al,O; powder with
size distribution of 60+ pm. The exposed area (or the area of the
low adhesion region) was easily controlled. And then the Al,O5
powder was sprayed on the surface in step 3. The thickness of
the Al,O3 layer was approximately controlled within the range
3 um and used to create the low adhesion regions. It is clear that
this layer is absent in the other regions of higher adhesion. After
this, the covered soft steel slice was carefully removed from the
bond coat and the small region of the Al,O3 layer was left at the
desired low adhesion region, as shown in step 4. Note that the
thickness and length of the Al,O; layer were approximately
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Table 2
Specification of the delaminated TBCs samples
TBCs sample number A B C D E

Delamination length, i.e. the length of 1 mm 2mm 5Smm 8 mm 10 mm
low adhesion region (denoted L)

The thickness of Al,O5 layer 3pum 3pm 3pm 3pm 3 um

regarded as the thickness and length of low adhesion regions
(i.e. initial interface delamination, denoted A—E, see Table 2).
The final step was that the 8 wt.% Y,05—ZrO, powder with size
distribution of 20+ 10 pm was sprayed as a top coating after the
covered soft steel slice was carefully removed from the bond
coat. The substrate temperature was approximately 200 °C. The
distance between target and substrate was about 60 mm. The
detailed plasma-spray conditions can be found elsewhere [13].
In this paper, the residual Al,O5 layer at the central interface
between the TC and BC layers represents the low adhesion
regions. Although no direct observation of the location of the
interface delamination has been made by scanning electron
microscopy (SEM), it is believed that the separation occurs
either within the Al,O5 layer or at the TC/Al,Oj5 interface. The
validity and feasibility of this test design method will be proved

Fig. 2. The SEM micrographs of the cross-section near the low adhesion regions,
(a) the as-received TBC and (b) the heat treated TBC (200 h).

by the following thermo-mechanical compressive test. In fact, a
similar design method has been proved and applied to study the
buckling failure behaviour in other film/coating system [14].

2.2. Experimental method and microstructure

To accord with the practical application of TBCs, thermal
cycling tests were performed by high temperature furnace. The
thermal cycle consisted of a 10-min heat-up from room
temperature to 1000 °C, a 100-min holding at 1000 °C and a
10-min forced air quench. The total thermal aging time is
approximately 200 h. The microstructures of the cross-section
morphology for both the as-received and heat treated TBCs
samples are shown in Fig. 2(a) and (b). Fig. 2(a) shows the
typical microstructure of as-processed coatings, in which large
amounts of microcracks and pores are characterized in
conjunction with a platelet (or splat) structure. A thin thermally
grown oxide (TGO) film formed and thickened with thermal
cycling (See Fig. 2(b)). But no distinct delamination or
microcracks was observed at the TBC/TGO interface. And
then the samples would be carried out the compressive tests
(equipment model: REGER 2000-10) were carried out at high
temperature.

The thermo-mechanical compressive experiment setup in
this work is shown in Fig. 3. The delaminated TBCs samples
can be heated up to 1200 °C or more by oxyacetylene torch
heating equipment. Three pieces of thermocouples were used to
measure, respectively, the top surface temperature of the
ceramic coating (denoted 7)), the bottom surface temperature
of the substrate (denoted 7,) and the cross-section temperature
of the TBCs sample (denoted 75). A total of 50 samples were
tested. Each test was firstly loaded to 2000 N with a rate of
about 100 N/min by load control mode. And then the
compressive load remained invariable for an hour. The TC
surface was heated to high temperature by oxyacetylene torch
setup until the buckling failure phenomena of the TC occurred.
Note that the flame of the torch only heated the surface of the
TC rather than the other surfaces, as shown in Fig. 3. The

\ — e | Thermocouple
Oxyacetylene torch

Fig. 3. The thermo-mechanical compression test equipment, the oxyacetylene
torch heating equipment and thermocouple measurement setup. The white
background is the lab’s wall.
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oxyacetylene torch, whose axis was orthogonal to the TC
surface, was translated at a constant velocity of 2 cm/s so that
the surface of the TC could be heated uniformly. Furthermore,
the maximum temperature of the TBC surface was easily
controlled within the range of 1000—1300 °C by adjusting the
distance between the torch flame and the TBC surface. The
corresponding critical temperature magnitude and mechanical
load were recorded for each test and could be utilized to
calculate the interface toughness or stress intensity factor. All
samples were unloaded once the visible delamination buckling
failure of the ceramic coating occurred.

It should be noted that a problem associated with flat-plate
compression test specimens was the possibility of material
global failure (e.g. substrate buckling failure) rather than the
desired delamination buckling of the ceramic coating under
compressive loads (denoted AT) and high temperature gradient
(denoted P). This problem was eliminated by selecting the
compressive load whose magnitude was much lower than the
ultimate critical buckling load of the substrate material. The
fracture location of the ceramic coating was determined and
analysed by HITACHI S-570 scanning electron microscopy
(SEM) and energy dispersive X-ray (EDX).

2.3. Fracture toughness studies

For a film/coating in compression, the interface crack is in
mode 11, so the faces remain in contact behind the advancing tip
[15]. Hutchinson has recongized that under the idealized
assumption that frictional sliding plays a negligible role. The
steady-state energy release rate of the crack is given by the
equation: i.e. G= G, when its length is several times the coating
thickness. Thus, if the mode II toughness of the interface is I"}'
(measured in units of energy per unit area), then the critical
combination of the coating stress and thickness at which the
edge-delamination can spread without arrest is [5]:

2ETY
(1=v2)h

gy — (1)
where o represents the stress in the ceramic coating. £, v and &
denote the Young’s modulus, Poisson’s ratio and thickness of
the ceramic coating, respectively. The mode II toughness of the
interface, I'Y', can be evaluated when o, in the TC is given.
When a delamination crack emerges from an edge along the
interface, the force and moment are released, giving rise to an
energy release rate which approaches from below the steady-
state energy release rate [15]:

wee_7h A
5 2 Etbc 24 Etbc

(2)

where & denotes the average stress in the TBC. Ao represents
the stress difference between the top surface and the interface. A
prototypical steady-state temperature distribution for a thermal
barrier system is used to relate G°%2° to the thermal
environment, with Ty, being the stress-free temperature, Tg
the temperature at the TBC surface, 7; the temperature at the
interface with the bond coat and 7, the alloy temperature at

the cooling channels [16]. So the substrate temperature is taken
as T=(To+ T.o0o1)/2. In this work, the values of these
temperatures are measured by thermocouples, as shown in
Fig. 3. Under the combined influence of thermal gradient and
those generated by the application of an external mechanical
load, the & and Ao are obtained as follows,

Ao :Etbc‘“tbc(TifTO) (3)

o= zEtbC{CXS(T—Tdep)—(thC[(To + Ti)/Z—Tdep]} +P/S (4)

This critical energy release rate is subject to strictly mode II
(shear) loading, since & is a compression force [15]. In Eq. (4),
the first term represents thermal stress induced by temperature
change. The second term denotes mechanical stress induced by
external compressive load. P is compressive load at both edges.
S denotes the cross-sectional area of the TBCs system. As we
know, Ty, is in the range 700-1100 °C, and Tj is above
1100 °C, the energy release is dominated by the & term in
Eq. (2), which in turn is predominantly governed by the Eq. (4),
since the substrate temperature under the operational conditions
is near the deposition temperature. In other words, the dominant
stress contribution is due to the elevation of the average
temperature in the ceramic coating above the deposition
temperature [16]. So the effective energy release rate becomes:

2

cwge N (P AND)

Gss ZEb S Etbcfxtbc[(TO + Tz) Tdep] (5)
tbe

3. Results and discussion

In the previous studies, the spallation location for electron
beam physical vapour deposition (EB-PVD) TBCs is normally
at the interface between the thermally grown Al,O; and the
bond coat, whereas it is typically located within the zirconia
ceramic just above the Al,O;5 layer in plasma sprayed coatings
[17-21]. In this work, it was also found that the failure location
initiated as an interface delamination which rapidly propagated
by thermo-mechanical loads. When the delamination crack
became large enough, either large scale buckling or edge
delamination were activated. Buckling delamination and edge
delamination failure of the ceramic coating were observed when
the initial interface delamination of TBCs became larger than
4 mm or more. Both will be discussed in the following,
respectively.

3.1. Dypical buckling delamination failure mode

Fig. 4 showed that the buckling delamination of the ceramic
coating occurred when P=2kN, L=10 mm, 7,=1370 °C and
T,=985 °C. The length and deflection of buckling failure region
of the ceramic coating were, respectively, about 14 mm and
1.5 mm. Hutchinson et al. have found that the critical interface
delamination length (denoted L,) is about 20 h (h is the
thickness of the coating) or more for typical moduli and film/
coating compression levels [5]. The experimental results were
in agreement with their theoretical results. Fig. 4(b) and (c)
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The remnant ceramic coating
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Fig. 4. The images of the typical buckling delamination failure after thermo-mechanical compression test, where L= 10 mm. (a) the digital camera photograph. (b) the
SEM image of the cross-sectional microstructure at the central region of the sample. The buckling delamination failure morphology can be more clearly observed. Fig.
(c) is magnified from the dashed round region of Fig. (b). A thin ceramic coating adheres to the bond coat, which also proves that the fracture location lies within the

TBC just above the low adhesion region.

represented the polished cross-sectional microstructures of the
delaminated samples (in Fig. 4(a)). The typical spallation and
buckling rupture of the TC layer were observed after thermo-
mechanical compressive test. Fig. 4(c) was magnified from the
dashed round region of Fig. 4(b). It was clearly seen that a thin
ceramic coating adhered to the bond coat, which substantially
proved that the fracture location lay within the ceramic coating.

Theqnptured ceramic coating

Zr0; -8wt%Y, 03

The EDX analysis also justified the conclusion, as given in the
following.

The typical bottom surface fracture morphology of the spalled
ceramic coating piece (in Fig. 4) was shown in Fig. 5(a) and (b).
There were many micro cracks and pores on the fracture surface.
Both figures contained many irregularly shaped pores and inter-
splat boundaries. The pore shape and size were completely

laminated structure

Mieko crack

898141 13KV

Fig. 5. (a) and (b). SEM micrographs of the fracture morphology of the bottom surface spalled ceramic coating piece atter the buckling delamination failure. It is clearly

many irregularly shaped pores and inter-splat boundaries are completely random.
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Fig. 6. The EDX spectrum of the bottom surface of the spalled ceramic coating
piece.

random. Experimental observations indicated that some of these
cracks coalesced to form large-scale delaminations susceptible to
buckling. The fracture morphology was a typical sandwiched or
laminated structure.

In order to identify the buckling delamination location of
TBCs sample, the bottom surface region of the spalled ceramic
coating piece shown in Fig. 5(a) was examined by EDX. It was
shown in Fig. 6 that the material components are all 8 wt.%
Y,053—-ZrO, materials, which meant that the fracture location
lay within the ceramic coating just above the TBC/TGO
interface. For plasma-sprayed coatings, buckling and spallation
usually occurred in the ceramic coating, just above the TGO to
ceramic interface [22,23]. The experimental results agreed with
previous investigations.

The exposed substrate surface at the centre region of the
TBCs sample in Fig. 4 was also examined by SEM. There were
some micro-cracks and voids, as shown in Fig. 7. It indicated
that a thin remnant 8 wt.% Y,03;—ZrO, coating adhered to the
bond coat. It was clearly seen that the largest width of micro
crack was 3 um or more. In the presence of a sufficient thermal
gradient, cracks formed and propagated on delamination planes
in the TBC parallel to the interface, resulting in regions that

896141 13KV

(a) : the buékle(i ceramic cnat.mg

Substrate

Near the designed low adhesion region
10 mm

(b)

After the ceramic coating spallation

Substrate
Near the designed low adhesion region

10 mm

Fig. 8. (a) and (b). The other buckling delamination failure modes, where
P=2kN, L=10 mm, 7,=1280 °C and 7,=915 °C in (a) and P=2kN, L=8 mm,
T,=277 °C and 7»,=214 °C in (b).

spall away, leaving a thin layer of zirconia still attached to the
substrate. These observations were consistent with other studies
[10] which showed that the failure occurs within YSZ about
100-um away from the interface for the as-sprayed specimen.
The thermal cycles have only caused the failure location to shift
from within the YSZ and about 100-pm away from the interface
to near the interface.

The other buckling delamination modes were observed,
as shown in Fig. 8(a) and (b). The fracture conditions for Fig. 8
(a) and (b) were, respectively, P=2kN, L=10 mm, 7;=1280 °C,
T7,=915 °C and P=2kN, L=8 mm, 7,=277 °C and 7,=214 °C.
For Fig. 8(b), the fracture conditions indicated that the buckling
delamination failure phenomena of the TC did not occur at high
temperature, but on cooling. The reason may be that the residual
stress in the TC was compressive on cooling to ambient due to
thermal expansion coefficient misfit. The magnitude of residual
compressive stress in the TC gradually accumulated with thermal

o

Micro-crack

Fig. 7. (a) and (b). The surface microstructure of the exposed bond coat after the spallation of the ceramic coating. The thin ceramic coating still adheres to the bond

coat and extensive cracking is apparent.
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cycles [25-29]. Once the accumulated stresses (including residual
stress and external mechanical stress) reached or exceeded the
critical delamination buckling stress of the TC layer, the
delamination buckling or spallation fracture would occur [24].
To clearly observe and determine the buckling delamination
fracture location, the cross-sectional morphologies of the two
buckled samples were carefully polished and identified by
SEM. Fig. 9(a) denoted the cross-sectional morphology of the
ruptured sample near the low adhesion region (see Fig. 8(a)).
The maximal buckling deflection was about 1.8 mm. Fig. 9(b)
was magnified from the dashed round region of Fig. 9(a). It was
obviously seen that a very thin remnant 8§ wt.% Y,0;—ZrO,
layer kept adhering to the bond coat. The thickness of the
residual TC layer is approximately 20 um. The cross-sectional
microstructure of the right buckled part of the samples (in Fig. 8
(b)) was shown in Fig. 9(c). The dashed arrow represented the
propagation direction of the delamination buckling. The
propagation path trajectory of the delamination buckling was
marked by the real line arrow. It was found that the interface
crack was divided into two parts, i.e. one longitudinal crack

The ruptured TC layer

1.8mm

Substrate

898141 15KV

The buckling propagation direction

998141 15KY Xg8@.@ . 38mm

continuing along the interface, the other transverse crack
propagating forward the TC surface vertical to the interface. The
former mainly propagated within the TBC parallel to the
interface, as shown in Fig. 9(d). It was important that the latter
transverse crack in the TC propagated from the TC interface to
the TC surface and would eventually result in the spallation of
the TC layer under thermal stress and mechanical stress. It was a
very interesting conclusion which would be of great interest to
study the delamination buckling failure mechanism of the TBCs
system.

In all these experiments, the effect of the initial interface
delamination length on the delamination resistance of the TBC
system has been observed. If it was about 3 mm or less, the
desired delamination buckling of the TC would be hard to occur
in spite of the applied temperature magnitude. The global
buckling failure of the system might occur when the mechanical
loads at both edges were loaded to reach or exceed the critical
bucking load of the substrate, as mentioned in Section 2 and
discussed in Section 3.3. However, if the initial interface
delamination length exceeded about 6 mm or more, the effect of

The ruptured morphology of the TC layer

Bond coat

Substrate

898141 15KY H158

a98141 1SKY K2ee 158um

Fig. 9. The cross-sectional microstructures of the two samples (see Fig. 8) after delamination buckling failure at high temperature gradient. (b) and (d) are magnified
from the dashed round region of (a) and (c), respectively. These micrographs are propitious to identify the buckling failure mechanism and fracture location.
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The edge delamination failure

substrate

| AR

10 mm

Fig. 10. The cross-sectional image of the through-width edge delamination
failure of the ceramic coating under the coupled effects of thermal gradient and
mechanical load, where L=5 mm.

it on the delamination resistance at the crack tip is of little
significance, which have also been proved by other theoretical
studies [24]. During the process of the delamination buckling,
the buckling failure velocity of the ceramic coating was very
fast. The interface delamination rapidly nucleated and propa-
gated within the TBC close to the TBC/TGO interface. It was
difficult to observe the postbuckling fracture behaviour of the
TC because the ceramic coating was typically brittle material.

3.2. Typical edge delamination failure mode

A few through-width edge delamination failures were
observed during the tests. Fig. 10 represented that the edge
delamination failure of the TC occurred when P=2kN,
L=5 mm, T}=1420 °C and 7,=1015 °C. An initial edge flaw
of sufficient magnitude near the TBC/TGO interface might
serve to nucleate an edge delamination which quickly spread as
a plane strain interface crack. The edge delamination length and
maximal deflection were about 30 mm and 3 mm, respectively.
Fig. 11(a) showed the other edge delamination failure image of
the delaminated TBCs system, where P=2kN, L=8 mm,
T,=1290 °C and 7,=992 °C. The maximum deflection and
length of the edge delamination reach about 5 mm and 22 mm,
respectively.

This type of edge delamination configuration was compared
with the theoretical schematic drawing [3,5], as shown in
Fig. 11(b). Using the recorded data and Eqgs. (1), (5), the mode II
fracture toughness (I'}') in the TC layer at the crack tip
approximately equalled to 35 J m 2. The energy release rate
(G29£°) and stress intensity factor (Ky;) were, respectively, about
38.8 J m “ and 0.97 MPa \/m when the TC spalled from the
bond coat at high temperature. The temperature-dependent
material properties in TBCs samples were referred from
literature [26]. It was seen that the energy release rate had
exceeded the fracture toughness of the TBC when the
delamination buckling failure of the TBC occurred. As a key
condition, the magnitude of the energy release rate played an
important role and it would determine whether the initial

interface flaws could nucleate and propagate to interface
delamination, with subsequent buckling and spalling. The
magnitude of the SIF was close to the experimental results
(K11c=0.65+0.04 MPa /m at 1316 °C in [30], Ky.=1.0—
2.5 MPa /m at ambient in [23]). Compared with previous
investigations, Aktaa et al. have evaluated the delamination
strength of the TBC system by fracture mechanics and finite
element (code ABAQUS) approach. The TBC system consisted
of a plasma-sprayed top coat of ZrO, 8 wt.% Y,03 (YSZ), a
thermally grown oxide (TGO), a MCrAlY bond coat and an
Inconel 617 substrate. The magnitude of the energy release rate
was strongly influenced by thermal cycle phases, sinusoidal
wavy interface roughness amplitude and crack length. They
obtained that the magnitude of the mode-two energy release rate
(Gy) varied from 15 to 50 J m™~ ? under different conditions [31].
For the similar TBC system, Semenov et al. have performed the
finite element analysis of TBC delamination. The calculated the
critical interface fracture toughness (G.) of TBC delamination
was approximately 36 J m™ 2. The energy release rate changed
with crack length and shrinkage strain. It also ranged from 10 to
100 J m 2, as shown in Fig. 13 in the reference [32].
Hutchinson et al. have simulated the magnitude of energy
release rates with a steady state (Gy,) for the interface
delamination of TBC system. G, equals approximately to
40 J m™? when the thermal gradient of the TBC system (A7)
was 1135 °C [16]. Clyne et al. have measured the interfacial
fracture energy of various interfaces within multilayer TBC

The typical edge delamination failure

10 mm

(b) p—————— e e L L,/
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Edge Delamination

Fig. 11. (a) The through-width edge delamination failure of the ceramic coating
under thermal gradient and compression load, where P=2kN, L=8 mm,
T1=1290 °C and 7,=992 °C. (b) A prevalent edge delamination mechanism for
compressed coatings, which spreads from an edge to reveal the separation, as
used in the prior investigations [3,5].
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1 mm

Fig. 12. The polished cross-sectional microstructures near the low adhesion region of the edge delaminated samples shown in Fig. 11(a). It is clearly seen that a few

transverse cracks propagate vertical to the interface in the TC layer.

systems by using four-point bending test. The interface fracture
energy (i.e. interface delamination strength) at the ZrO,/
NiCrAlY interface is about 40 J m 2. The interface fracture
energy at the ZrO,/Al,O5 interface equals approximately 35 J
m 2 [33]. Although the TBCs system and aging time are
slightly difference, the trends are quite similar to our
experimental results.

The edge delaminated sample in Fig. 11(a) was carefully
polished and observed by SEM. Fig. 12 denoted the polished
cross-sectional microstructures near the low adhesion region of
the sample. It was clearly seen that a few transverse cracks
propagated vertical to the interface in the TC layer. The
longitudinal interface delamination continued to penetrate
within the TC layer toward the “weakest” region. To identify
the edge delamination fracture location at the interface, the two
opposite fracture surfaces and various cross-sections of each
broken sample were observed by SEM and EDX, as shown in
Fig. 13. The bottom fracture surface of the spalled ceramic
coating showed in Fig. 13(a) was examined by EDX, which
represented that the material component were all yttria
stabilized zirconia material. Since the fracture location lay
within the TBC close to the TBC/TGO interface, the fracture
morphology was similar to that of buckling delamination
discussed above. There were also many micro cracks and voids

S

896141 15KY

%1.00K

in both figures. It seemed to be typical sandwiched or laminated
structure. It was seen that the fracture surface of the edged-
delamination in the delaminated TBCs specimen exhibited
mainly inter-splats fracture mode. The delamination crack
mainly propagated in the ceramic coating after the thermal
aging for 200 h because the ceramic coating/bond coat interface
maintains high strength in comparison to the TBC [23]. These
observations are consistent with other experimental results.

3.3. Global buckling failure mode

The buckling delamination failure of the TBC sample would
be the global buckling failure of the substrate rather than that of
the TC layer when the initial interface delamination length was
too small, e.g. 3 mm or less. Fig. 14 showed that the global
buckling failure of the TBC system. The spallation of the TC
mainly resulted from the buckling failure of the substrate. The
experimental results substantially proved that the interface
delamination length must be large enough (about several
millimeter) to induce the nucleation of buckling delaminations
or edge delaminations, which agreed well with the theoretical
results [5,26,34].

Thus, for thermal barrier ceramic coating system, the
interface delamination failure was mainly influenced by the

Fig. 13. The edge delamination fracture microstructures of the TBC sample. (a) The SEM image of the bottom surface of the spalled ceramic coating, (b) The SEM

image of the exposed substrate surface.
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The spalled ceramic coating

10mm

Fig. 14. The global buckling failure of the TBCs specimen occurs when the
compression load exceeds the critical buckling loads of the substrate.

following factors, such as the coating stress, coating/substrate
adhesion strength, interface flaw, initial interface delamination
length and external loadings. Under compressive tests in this
work, if the interface adhesion near the designed low adhesion
region was lower than that at both edge regions, the failure
phenomena of the TBC samples might be delamination buckling
rather than edge delamination. But there was a large enough flaw
existed in the TBC at both edges, the edge delamination would
firstly occur. In this paper, the experimental conditions were
designed to simulate thermal loadings that were encountered in
the combustion chamber of a turbine by adjusting the distance
between the torch and TC surface. With SEM observations, the
interface buckling delamination initiated just above the designed
low adhesion region and propagated within the TBC parallel to
the interface due to thermal stress and mechanical stress. During
the propagation process, the delamination tip began to divide
into two orthogonal crack paths, as shown in Figs. 9(c) and 12.
The transverse crack branching penetrated from the interface to
the surface and would rapidly result in the spallation of the TC
layer. It might be an important failure mechanism of delamina-
tion buckling of the ceramic coating. Furthermore, it was found
that the buckling failure location lay within the TC layer and
about 10~30 microns away from the interface for both
delamination buckling and edge delamination failure. Although
the failure mechanism investigation of a TBC, which is strongly
influenced by the complicated service environments and
external mechanical loading, is very difficult to clarify, it is
believed that more research work is required in the near future.
The function of a TBC is to protect metallic substrates from high
temperature erosion and the thermal resistance of the coating is
also an important consideration.

4. Conclusions

The primary purpose of this paper is to the buckling
delamination and edge delamination failure characteristic of the
TBC samples. Both delamination failure have been observed
and discussed under the thermo-mechanical compressive tests at

high temperature. The primary conclusions were summarized as
follows,

1) The TBCs samples with a through-width interface pre-
delamination were firstly designed and prepared by plasma
sprayed technique. Their feasibility has been proved under
compressive tests at high temperature.

2) It was found that the effect of the initial delamination length
on the buckling failure characteristic played an important
role. It was difficult to observe the delamination buckling of
the TC layer if the initial length was too small, e.g. 3 mm or
less. But the influence of the initial length on buckling failure
would disappear when it reached 6 mm or more. Further-
more, the delamination buckling of the TC layer occurred
not only at high temperature under thermo-mechanical loads,
but also on cooling from high temperature to room
temperature. Furthermore, the spallation of the TC layer
was induced by the transverse crack branching which
initiated and propagated from the interface to the surface.

3) For edge delamination failure in heat treated samples, the
fracture toughness, energy release rate and stress intensity
factor were evaluated and equalled to, respectively, 35 Jm™ 2,
38.8 Jm Z and 0.97 MPa /m at high temperature gradient.
These results are consistent with other previous studies. Once
the delamination energy release rate exceeded the fracture
toughness, the sufficient magnitude edge flaw might serve to
nucleate an edge delamination, with subsequent spalling.

4) By SEM observations and EDX analysis, the fracture
location at the interface was identified, and found to be
within the TBC close to the TBC/TGO interface for both
buckling delamination and edge delamination failure.
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Abstract. This paper investigated the thermo-mechanical bending failure characteristic of air
plasma-sprayed (APS) thermal barrier coating (TBC) system at 1000 °C by three-point bending test.
A through-width surface pre-crack on the centre surface of the top ceramic coating (TC) in TBC
sample was firstly designed and made by air plasma spraying technology. The fracture characteristic
and spallation phenomena of the TBC were investigated under bending test in air at 1000 °C. The
effects of constant displacement rate, span width of bending equipment and thermal aging time on
the thermo-mechanical bending failure of the APS TBC system were slight at 1000 °C. Using SEM
observations and EDX analysis, the interface cracks initiation, propagation and coalescence were
discussed in detail. Furthermore, the fracture surface located within the TBC close to the TBC/TGO
interface for all APS TBC samples under bending at 1000 °C.

Introduction

Thermal barrier coating (TBC) system of high-temperature components is required in power
generating units for preventing the surface of the components from excessive heating, erosion and
corrosion during the operation [1]. A typical TBC system is composed of a top ceramic coating
(TC), a thermally grown oxide (TGO) that forms and thickens as the system cycles, bond coat (BC)
that provides the oxidation resistance, and the substrate. However, various failure modes have been
observed during the applications due to the harsh environment and great difference in the
thermo-mechanical properties of the TBC system. one of the most common failure modes is
cracking at the TC/TGO or TGO/BC interface leading to buckling delamination and spalling [2, 3],
which may result in the degradation and fracture of TBCs. It is important to evaluate and predict the
lifetime of TBC systems. The interface fracture behaviour and delamination resistance of
plasma-sprayed zirconia coating were widely investigated by bending tests and tensile tests at room
temperature [4-6]. Parts of them have studied the influence of treatment temperature and
experimental temperature on the crack nucleation and propagation of the TBCs system. The crack
density defined by the ratio of multiple crack numbers to the distance was often introduced to
qualitatively measure the interface adhesion resistance of the TBCs system.

However, the interface failure mechanism of the TBCs system is a complicated problem. The
above experimental results were mainly obtained at room temperature. In this work, in order to
study the interface fracture resistance of the ceramic coating, a pre-cracked TBC samples were
prepared by APS technique. This paper studied the fracture characteristic of APS TBC system by
three-point bending test at 1000 °C. JSM-6360LV scanning electron microscope (SEM) and Energy
Dispersive X-Ray (EDX) were used to examine fracture location and morphology.

Experiment

TBC system and Specimen preparation. In this work, the TBC system consisted of a
plasma-sprayed top coat (TC) of ZrO, 8 wt.% Y,03 (YSZ), a NiCrAlY bond coat and a SUS304
stainless steel substrate. The thickness, width and length of the substrate are, respectively, 1.8mm,

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net. (ID: 130.216.210.118-13/09/07,04:15:54)
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10mm and 150mm. To study the influence of the TC thickness (denoted 4.), there are three different
values chosen, i.e. 200um, 300um and 400um. A through-width pre-crack on the TC surface was
designed and made by plasma-sprayed, which was benefit to study the interface fracture
characteristic of the TBC system. The width of the pre-crack (denoted b) can be controlled by the
temperature-resistance tape. The detailed process is shown in Fig.1. All TBC samples were
performed different thermal aging time at 1000 °C, i.e. 48h and 100h. The thermal cycles consisted
of 24 hours at 1000 °C with air cooling in laboratory air.

The sample is wrapped by The through-width  crack
BC layer temperature resistance adhesive tape. YSZ layer deposited by APS  forms after the tap is removed.
N

substrate ":> |]:> |]:>
cross-sectional schematic -

planform

planform

Fig. 1 The schematic for creating through-width surface crack of the TC layer.

Experimental procedure

Fig. 4 showed the schematic graph of the

three-point bending equipment with 60 mm span (ﬂ)’ sbstrate ot
width (denoted L). There were thirty samples | l—"160
tested in this work. Three pieces of thermocouples ﬂ#““ YSZ layer
were used to measure, respectively, the top P/ ZTF L ] P2

surface temperature of the ceramic coating, the

bottom surface temperature of the TBC sample  Fjg. 2. The schematic drawing of the
and the cross-sectional temperature of the TBC
sample. Note that the torch flame only heated the
TC surface rather than other surfaces. The
oxyacetylene torch, whose axis was orthogonal to the TC surface, was translated at a constant
velocity of 2 e¢m/s so that the TC surface could be heated uniformly. Furthermore, the maximal
temperature of the TC surface was easily controlled within the range of 1000 +10 °C by adjusting the
distance between the torch flame and the TBC surface. Every sample in each test was firstly heated
up to about 1000 °C and remained for half an hour. And the compression load was loaded under
constant displacement rate (denoted as v) of 10.0 mm/min until the spallation of the ceramic
coating occurred completely. The interface crack nucleation, propagation and coating spallation
were observed by an optical microscope and SEM.

specimen geometry and three-point bending
test in this work.

Results and Discussion

Although the difference of the pre-cracked TBC sample existed, the experimental bending failure
morphologies were almost identical in all tests at 1000 °C (for as-received and treated coated
samples), as shown in Fig. 3. The failure configuration seemed to be the tree bark structure. In order
to understand these phenomena and mechanism, the constant displacement rate, applied temperature,
span width and thermal aging time were adjusted from 0.5mm/min to 50mm/min, from room
temperature to high temperature (e.g. 1400 °C), from 60 mm to 30 mm and from as-received to 100
h respectively, but these factors did not change the experimental results. The ceramic coating was
not completely detached from the substrate. Furthermore, the pre-crack did not open completely
under bending at 1000 °C. There were many parallel surface cracks existed on the TC surface due to
tensile-shear stresses. These surface cracks vertically to the interface spread from the pre-crack
location because the ceramic coating was placed in the bottom (opposite) site where the three-point
bend indent was applied, as shown in Fig. 2, the ceramic coating section of the TBC specimen was
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subjected to tensile-shear force only. The development of external mechanical loading and high
temperature gradient created local stress concentration in the surface centre region of the TC. As the
loading conditions continued during the tests, crack initiation and propagation further extended in
the coating and toward the coating/base material interface. Furthermore, the coating was deformed
through multi-cracking, which indicated that coating did not conform to the plastic deformation
produced in the substrate material. The multi-vertical cracks would kink out the macro interface
cracks or delamination. The delamination cracks, parallel to the width of TBC sample, would
coalesce and propagate due to tensile-shear loading. Eventually, the top ceramic coating (TC) would
detach from the substrate. To identify the interface crack propagation and the spallation fracture
location of the ceramic coating, the cross-sectional failure morphology of the TBC sample was
polished and examined by SEM and EDX, as shown in Fig. 3(¢).

~ Multiple cracks .-‘".;"

parallel vertical cracks

:-l pre-crack

TC layer

AR
Fig. 3. The three-point bending failure photographs of the TBC specimen at 1000 °C.
(a) digital image, (b) SEM image of the surface morphology near the pre-crack.

(c) SEM images of the polished cross-section morphology

It was clearly observed from Fig.3(c) that many multiple micro transverse cracks firstly initiated
and gradually passed the TC with the increase of bending load. All these cracks were divided into
three main crack branchings close to the TBC/BC interface. Both of them propagated within the TC
near the TC/TGO interface. The other crack branching penetrated vertically into the BC layer and
reached at BC/Substrate interface. But the crack front did not penetrate the substrate. This
branching was divided again into two small branching which propagated within the BC layer close
to the BC/Substrate interface. It was found that the typical crack path trajectory in the TBC sample
grew between the TBC/BC or BC/Substrate interfaces. The substrate revealed substantial
deformation twins in this work. It indicated that the spallation of the ceramic coating was mainly
induced by the two longitudinal crack branching which propagated within the TC layer close to the
TC/TGO interface. This point would be further proved in the following discussion.

To identify the failure location at the interface, the two opposite fracture surfaces and various
cross-sections of each broken specimen were examined using SEM and EDX. Fig. 4 shows the
SEM image of the bottom fracture surface morphology of the spalled part after bending test at 1000
oC. It is noted that the fracture surface on the bond coat side (Fig. 4(a)) contains many parallel
surface cracks, whereas the fracture surface on the TBC side (Fig. 4(b)) contains a few
macro-cracks. This bottom surface of the spalled part (in Fig. 4(b)) was examined by EDX and its
component was all YSZ material, which proved that the fracture surface located within the TBC
close to the TBC/TGO interface. The similar results were also found in other bending tests.

Conclusions

The aforesaid study leads to the following conclusions , (a) the TBC sample with a through-width

surface pre-crack on the top ceramic coating was firstly designed and made by using plasma
sprayed technique. (b) The thermo-mechanical bending failure characteristics of the TBC system
had been investigated in bending tests at 1000 °C. It was found that all bending failure
morphologies were almost identical. The ceramic coating did not entirely detach from the substrate.
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The effects of the constant displacement rate, experimental equipment span width and thermal aging
time on the failure morphology were slight at 1000 °C. (c) Using SEM observations and EDX
analysis, the interface cracks initiation, propagation and coalescence were discussed in detail.
Furthermore, the fracture surface located within the TBC close to the TBC/TGO interface for all
TBC samples under bending at 1000 °C.

=

Fig. 4. SEM micrographs of the two opposite fracture surfaces of the heat treated TBC sample
after bending test at 1000 °C. (a) bond coat surface, (b) underside of the spalled TBC

Acknowledgements

This work was supported in part by the Open Project Program of Key Laboratory of Advanced
Materials & Rheological Properties, Ministry of Education, China (No: KF0503) and by Scientific
Research Fund of Hunan Provincial Education Department, China (No: 05C096). The authors also
acknowledge the financial support provided by the Fund for Prominent Young Scholars from the
Organization of NNSF of China (No: 10525211) and the Emphases Item of the NNSF of China (No:
50531060).

References
[1] N.P. Padture, M. Gell, E.H. Jordan: Science Vol. 296 (2002), p. 280

[2] M.Y. He, J.W. Hutchinson and A.G. Evans: Progress Materials Science Vol. 46(2001), p. 249

[3] A.G. Evans, D.R. Mumm and J.W. Hutchinson: Progress Materials Science Vol. 46(2001), p.
505

[4] Y. Yamazaki, A. Schmidt and A. Scholz: Surface & Coatings Technology. Vol. 201 (2006), p.
744

[5] Y.C. Zhou, T. Tonomori, A. Yoshida, L. Liu, G. Bignall, T. Hashida: 2002, Surface and
Coatings Technology, Vol. 157 (2002), p.118

[6] G. Thurn, G.A. Schneider, H. A. Bahr and F. Aldinger: Surface and Coatings Technology, Vol.
123(2000), p. 147



Advanced Materials Research Vol. 9 (2005) pp. 31-40
online at http://www.scientific.net O
© 2005 Trans Tech Publications, Switzerland

Failure of Thermal Barrier Ceramic Coating Induced By Buckling Due to
Temperature Gradient and Creep

W. G. Mao and Y. C. Zhou'

Key Laboratory for Advanced Materials and Rheological Properties of Ministry of Education
Faculty of Materials & Optoelectronics Physics, Xiangtan University, Hunan, 411105, P.R. China
'zhouyc@xtu.edu.cn

Keywords: thermal barrier ceramic coatings, residual thermal stress, thermal cycle, buckling failure

Abstract. The intent of this article was to study the failure mechanism of thermal barrier coatings
(TBCs) induced by buckling. The main content included the following two parts. The first part
investigated the thermal residual stresses fields in TBCs with thermal cycles, which induced by the
non-linear coupled effect of temperature gradient, thermal fatigue and creep strain of TBCs. One
found that the residual stresses in ceramic coating were compressive and accumulated with thermal
cycles, which may be high enough to induce the buckling failure of ceramic coating. The second
part studied the critical buckling failure loading of the ceramic coating in TBCs under the condition
of the compressive loading by use a theoretical model. Finally, a buckling plane, i.e. n—T7, plane,
was obtained by combined the above sections and applied to predict the buckling failure of the
TBCs system. In this plane, it was divided into the two parts, i.e., non-buckling region and buckling

region.

Introduction

The TBCs system consisting of ceramic coating, bond coat and substrate was now employed in
most turbine engines, permitting gas temperature to be raised substantially above those for uncoated
systems [1,2]. The ceramic coating (i.e.7-9wt% yttria stabilized zirconia) could protect the turbine
components due to its low thermal conductivity and diffusivity as well as its acceptable thermal
shock resistance. However, there are many factors that can degrade the thermal function of the
TBCs. Zhou and Evans et al. have reviewed the mainly failure mechanisms of the TBCs system
[3,4,5,6]. The oxidation at the interface of ceramic coating/bond coat at high temperature may result
in the interface delamination [7,8,9]. The accumulated residual stresses and the oxidation in TBCs
may result in the buckling and spallation failure of the ceramic coating [10].

In this paper, the thermal residual stresses in TBCs are firstly studied during thermal cycles. After
that, a theoretical model is proposed to predict the critical buckling loading of the ceramic coating
under the condition of the compressive loading.

Thermal Residual Stresses Field in TBCs

The deformation of the ceramic coating is assumed to be elastic and creep. The deformation of bond
coat and substrate are regarded as elastic [3,11]. Furthermore, due to the fact that the material
properties of bond coat and substrate are very close, they will be regarded as a layer and named as
substrate, as shown in Fig.1.
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bond coat

substrate

Geometric center J

Fig.1. Schematic of the crossing-section view of the TBC system.

The stress-strain fields of each layer in TBCs are determined incrementally during the heating,
holding temperature and cooling period. They can be written as follows,

de;(z,t) =de;(z,1) + 6,de+ 0,a(T)dT (z,t) + de; (2,1) . (1)

where the de; represents the deviator strain increment components, 6, and dg, represent the
Kronecker delta and mean strain increment, respectively. (7)) denotes thermal expansion
coefficient. In equation (1), de'; (z,t) 1is the creep increment of strain component. It can be written
as [3,11],

de;(z,1) = F(1)f,(z2)Axexp(—Q/RT (z,1))x (3], 1 G,)" x(t/1,)~"dt . 2)
where
I O<t<t,
F(1t) ={ . 3)
0 1, <t<t,

0 —(h —h h
fl(z>={ (b =h)<z<h, @)

I  h <z<h, +h,

In the above equations, A,Q,n and s are, respectively, material constant, creep activation energy,
stress exponent and time exponent. J, is the second invariant of the deviator stress. R, T, t
denote, respectively, gas constant, temperature and time. o, and ¢, are the initial stress and
reference time, respectively. In equation (3), the physical meaning of #,(i=1,2,3) denotes the
different moment during the thermal cycle history, i.e. the heating time, holding time and cooling
time, respectively. In equation (4), k. and h, are, respectively, the thickness of the ceramic
coating and that of substrate. Due to the thermal expansion coefficients and other material
properties mismatch in TBCs, the geometric axis and neutral axis don’t superpose. The physical

meaning of /, is given in Fig.1 and it can be obtained as [12],

hr = (EAhJZ - ELhLz)/z(EAhJ + EChC)‘ (5)

where E_ and E_ denote, respectively, the Young’s modulus of substrate and that of ceramic

coating. Note that the material properties, such as thermal expansion coefficient, Young’s modulus
and Poisson’s ratio are dependent on temperature. Moreover, temperature distribution in TBCs is
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assumed to be the linear function of the coordinate axial z [3]. Therefore, the temperature fields,

T(z,t), can be written in the following form,

(T, (z)=T,)xt/t, +T, 0<t<t,)
T(z,t)=4T,(2) (t, <t<t,). (6)
T (2) = (T (2) =Ty )Xt —1,) (15 = 1,) (t, <t<t,)
where,
TI(Z):{(TX—Tb)><z/h6+(Tb—h1><(TX—T,,)/hc) (hISz£h1+hC)' -
T, (hy—h, <z<h)

Here T, and 7,(z) denote, respectively, the ambient temperature and the temperature distribution

in TBCs during the holding period, which is the function of position z. 7, and 7, denote,

s

respectively, the highest temperature on the surface of ceramic coating and that of substrate.

The problem is assumed to be plane stress and the stresses are equi-biaxial stress state in the
following analysis. The effect of bending moment on the stress distribution is neglected [11]. The
deformation of each layer is assumed to satisfy the strain compatibility, mechanical equivalent and
boundary condition at the edges of the TBCs system segment during the thermal cycles. Moreover,
stress-strain relationship in TBCs is assumed to obey the Hooke’s law during the cooling period.
Eventually, thermal residual stress in TBCs at the end of cooling can be deduced by using the
thermal stress theory and equivalent boundary method. The analytical solution can be obtained as
follows,

O st (B = O it (1) + f (2) x {— [@BG.0fi()F @)t 11)™ +a(T)dT (z.1) ! di )t

Iy+h, [t Iy+h, t
D E(T) (a(T)dT(z,t)/dHF(t)fl(z)B(z,t)(t/zU)S)dt}dz+ j j f%F(r)ﬁ(z)B(z,t)(t/zo)sdtdz

—hg+hy O 1=v(T) o0 ¢
hl]—-h( E(T) ]
—hy+hy 1-wv(T)
B hy+h, 1 ]
E(T) ol \aT ooty di V=
E(T) ’ S 1=v(T)
+ x| = [elr)dT(z,0)/ dt)dt + — : ®)
1-v(T) | ! e E(T)
2 dz
L —hg+hy 1 - V(T) i
where
B(z,t) = Axexp(=Q/RT (z,0))x (yJ3J, / G,)" . 9)

Note that the subscript n in equation (8) denotes thermal cycle number. In the second and
subsequent cycles, the effect of the residual stress in TBCs produced in the last thermal cycle must
be considered.

Model of the Buckling Failure

The calculated results in the following section will show that the accumulated residual stress in the
ceramic coating is compressive and increases with thermal cycle. In addition, it is well known that
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the interface oxidation may result in interface delamination or crack during the thermal cycle. The
buckling failure phenomenon of the ceramic coating may occur under the influence of the
compressive residual stresses when the interface delamination/crack lengthens with thermal cycles.
In this section, in order to predict the buckling failure of the ceramic coating, more attention will be
focused on the relationship of the residual stress, interface delamination length, critical buckling
loading and thermal cycle number.

Basic Assumptions. Fig. 2 is the schematic of the buckling failure of the ceramic coating. The
interface is assumed to be an across-the-width delamination and the TBCs system is divided into
four regions. Therefore, the simple beam theory can be used to study the buckling failure
mechanism. Moreover, the materials are assumed to be homogeneous and isotropic. A mechanical
force P is applied at the two edges of TBCs system and the load is used to approximately replace
the compressive residual stress in the ceramic coating accumulated during thermal cycles. The
interface between regions 2 and 3 could be delaminated, which means the weakest adhesion region.
The interfaces in regions 1 and 4 represent the strong adhesion region, which can be regarded that
the delamination/crack will not propagate along these interfaces in this paper. The delaminated
TBCs system is assume to be clamped at the two edges.

zZ A
N
Region 3
_)j = o TBC
I A a B

< N
< >

P
Region 2 X

H
substrate

Fig.2. Schematic of the buckling failure of the ceramic coating in TBCs
system under the condition of compressive stresses.

.,
I [uo13
y|uoi3

Balance Equations. The first order shear deformation theory is introduced to describe the
displacement of each region and they can be written as follows [13],

u;(x;,z;) = u; (x;) + 2y, (x;) . (10)
wi(x;,2;) =w(x;). (11)
where u;(x;,z;)and w,(x;,z;) are, respectively, the displacement in the x -direction and the

deflection in the z -direction. u,(x;) and ¥,(x;) in equation (10) denote, respectively, the
displacement of each region along the x direction and the rotation of the normal to the beam

midplane. In equations (10) and (11), x, €[0,/,] and z, € [-h,/2,h, /2] denote, respectively, the
local axial coordinate and transverse coordinate of each region, where gz, =z—d; and

d,=H/2-h /2. Using Hooke’s law and geometry equation, the strain energy and potential energy
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in each region can, respectively, be written as follows [13],

U, = %.[[D "+ D2il//i,x2 + By, (W, +w,,)" +2Du, y, Jdx,. (12)

0iltix
V.==P |\, +z0, +w? /2MHx, . (13)
=P [, + 20, +wl, 12},

where D, D,,, D,, B, denote the stiffness coefficient matrix and the details are given in the

reference [13]. In order to obtain the balance equations by potential variational principle, the
displacement variables are divided into two parts,

w,(x)=u"(x,)+u’(x,). (14)
v (x) =y, (x) + 9, (). (15)
Wi(xi)zwio(xi)+wia(xi)‘ (16)

where {u’(x) w’(x) w’(x)} is the displacement function of the initiate balance state and

{(u,"(x,) w,"(x,) w,(x,)} is the small variables of the displacement function when the buckling

failure phenomenon occurs in ceramic coating. The total potential energy is done by the two order
variation, i.e.

4 4
S M=2611,=2.6°W,+V)). an
i=1 i=1
Therefore, the balance equations in each region can easily be obtained,
DOiui,xxa + Dlil//i,xxa =0. (13)
Dliui,xxa +D2il/ji,xxa - B, (y,” +Wi,xa):0' (19)

Piwi,xxa _BOi(l//i,xa +Wi,xxa):0' (20)

Boundary Conditions and Continuity Conditions. The boundary conditions on both edges can be
given as follows,

u' =y " =w' =0, for (x,=0). (21)

u =y, =w; =0, for (x,=1,). (22)

The displacement continuity at positions A and B shown in Fig. 2 must be satisfied and can be
written as follows,

u (0)=u" () +dw" (1) . (23)
v, 0)=y"(1). (24)

w0 =w (). (25)
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w' (1) =u,"(0)+dy, (0). (26)
v, () =y, (0). (27)
w (1) =w,"(0). (28)

where the subscript i equals 2 and 3, respectively. To simplify the analysis in the following, the
generalized forces of each region are defined as,

X (x;) = DOiui,xa + Dlil//i,xa . (29)

9, (x;) = Dliui,xa + DZil/ji,xa' (30)

Z,(x)=B, Wy’ +Wi,xa)_Piwi,xa' (31

The continuity conditions of generalized forces at positions A and B can be written as follows,
X, ()= X(y). (32)
i=2,3

¢j (hy) = z [d; X, (L3) +0,(13)]. (33)
i=2,3

Z,() =Y, Z(ly). (34)
i=2,3

Here, j=1 and j=4 denote positions A and B, respectively. For point A, [, =1, [,, =0 and

forpoint B, [, =0, [, =1,.

State-Space Method (SSM). The state space method is used to study the critical buckling failure
loading of the TBCs system. The space state variable in each region is defined as,

Wd=tuf vl owoul ol owi (35)

where ‘T denotes the transposition of matrix in equation (35). Therefore, the governing balance
equations (18), (19) and (20) in each region can be denoted by using the following form,

dn, ldx, =Sm,. (36)

where S, denotes the coefficients matrix and the detail is given in the reference [13]. The solution
of the equation (36) can be obtained as follows,
n = e’ 77i0 =K, (xi)nio' (37

where 7]1.0 is an integral invariant matrix. All of the boundary conditions (21)-(22) and continuity
conditions (i.e. from Eq. (23) to Eq. (28), from Eq. (32) to Eq. (34)) are rewritten in the state-space.

Finally, the linear algebraic equations can be obtained as follows [13],

Mn° =0. (38)

T
where 7° ={7710 ,772 ,772 ,772} and the coefficient matrix M is defined in reference [13]. If an

untrivial solution exists in equation (38), the determinant of its coefficient matrix must be equal to
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Zero,
Det|M|=0. (39)

The lowest eigen value of the determinant of Eq. (39) is just the critical buckling loading.

Results and Discussion

Thermal Residual Stresses in TBC. The materials properties used in the calculation are

temperature-dependent and taken from reference [3]. h, and h, are, respectively, 0.35mm and
2.1mm. The thickness of bond coat is 0.1mm. t,,t,,t, are equal to, respectively, 600s, 4200s,
4800s. Substrate temperature, T,, equals 700°C . The highest surface temperature of the ceramic

coating, 7,, is assumed to vary from 1000°C to 1600°C . During the calculation, a finite

difference approach was used to solve the equation (8). The temperature fields and stress fields in
TBCs are determined incrementally during thermal cycles.

After TBCs experiences many thermal cycles, the thermal stresses distribution in ceramic coating

are shown in Fig.3. It can be seen that the thermal stress in x -direction, i.e. 0,,(z,?), at the end of

holding period is tensile, where 7. equals 1000°C . However, due to the effect of the last residual

compressive stress, the tensile thermal stress at the end of holding time decreases with the increase
of thermal cycles. The thermal tensile stress at ceramic coating/bond coat interface is far larger than
that on the top surface of ceramic coating. Moreover, when thermal cycles n equals 15, the thermal
stress on the top surface of ceramic coating equals approximately zero and this decrease is due to
the influence of creep deformation and stress relaxation in ceramic coating. The results are in a
good agreement with the experimental results as reported by Zhu et al.[11].
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Fig.3. The relationship of thermal stress Fig.4. The relationship of residual stress in
in ceramic coating at the end of holding ceramic coating at the end of cooling time
time with thermal cycles. with thermal cycles.

The relationship of residual stress in ceramic coating at the end of cooling with position z for
different thermal cycles n is shown in Fig.4, where the temperature on the surface of ceramic

coating T, is 1000°C. It is seen that the residual stresses at ceramic coating/bond coat interface
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increase with the increase of thermal cycles. Especially, the residual stress is compressive. When the
TBCs experiences 30th thermal cycles, the largest compressive residual stress is up to —134MPa .
However, the residual stresses on the top surface of ceramic coating are close to —70MPa. As we
know, the surface temperature of the top coating is much higher than that at the interface. Therefore,
the creep strain on the surface of the top ceramic coating is much higher than that at the interface.
Finally, the stress relaxation induced by the creep strain of ceramic coating may occur on the
surface of the ceramic coating [11,13].

Fig.5 shows the relationship of the residual stresses at the ceramic coating/bond coat interface
with thermal cycles for different temperature on the surface of the top ceramic coating. The surface
temperature on the ceramic coating T, varies from 1000°C to 1600°C . The substrate
temperature remains invariable according to the actual application, i.e., 7, =700°C . When
thermal cycle and the temperature on the surface the ceramic coating increase, the residual stresses
at the interface are compressive and become higher and higher. As mentioned above, the
accumulated compressive residual stresses may be up to a critical value and induce the buckling
failure of the ceramic coating. The analysis in the next section will focus on the discussions of the
buckling failure behavior of the ceramic coating under the effect of compressive residual stress and

thermal cycles.
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Fig.5 The relationship of residual stresses at
ceramic coating/bond coat interface with
thermal cycles, where the substrate
temperature remains invariable, i.e. 700°C.

Fig.6 The relationship of the non-dimensional
critical loading P/ P, with the non-dimensional
crack length ¥, where S=h./H .

Critical Buckling Stress. Generally, as we know, the critical buckling loading is mainly influenced
by the interface cracking length a, the total thickness H, the total length L and the ceramic
coating thickness A, . The calculated results show that the interface crack length is the key
parameter to control the critical buckling load. Fig.6 shows the relationship of non-dimensional
critical buckling loading P/ P, with the non-dimensional interface crack length y =a/L, where
P, denotes the critical buckling loading for the intact TBCs system. It can be seen that the
dependence of the critical buckling load on the interface crack length is not very high when the
crack is short. However, when the crack is long, for example, ¥ equals 0.3, the dependence of the

critical buckling loading on the interface crack length is high. When the interface crack is very long,
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for example, ¥ equals 0.65, the critical buckling load is very low and the non-dimensional critical
buckling load P/ P, is almost zero.

However, as studied by Choi et al. [14], the TBC system has sufficient stiffness to suppress small
scale buckling (SSB) of the TGO. Accordingly, the eventual failure often occurs by large scale
buckling (LSB) but only after a sufficiently large separation has developed at the interface, typically
several mm in length. In this paper, the interface crack length is assumed to be 1mm and 0.lmm.
The corresponding critical bucking loads/stresses are, respectively, —98.78MPa and —1.2GPa
by using the buckling failure model. It is obviously seen that the critical buckling stresses will be
quickly decrease when the interface crack length increases during the thermal cycles. For interface
delamination length Imm, the corresponding buckling stress is marked by bold line as shown in
Fig 5. Therefore, when the residual stress in ceramic coating accumulates with thermal cycles and it
is up to the corresponding critical buckling stress, the buckling failure phenomenon of the ceramic
coating will occur. It is obviously seen that if the surface temperature 7, is low, the delaminated
TBC system must experience more thermal cycles such that the residual stress accumulated in
ceramic coating can be up to the buckling failure stress. When the surface temperature 7, becomes
high, that is to say, the temperature gradient becomes large, the critical thermal cycles decrease
rapidly. The accumulated residual stresses may be easy to achieve the critical stresses of the
buckling failure of the ceramic coating. That is to say, when the temperature gradient along the

thickness direction of TBCs increase, the buckling failure of the top coating in TBCs occurs easily.
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Fig.7. The buckling plane, i.e.n—T, is Fig. 8. The buckling plane is used to describe
introduced to predict the buckling the relationship of residual stress, thermal
failure of the ceramic coating, where cycles and temperature gradient, where the
the interface length is 1.0mm interface length is 0.1mm

In order to have a clearly physical information, the buckling plane, i.e. n—7, plane, is
introduced to predict the buckling failure of the TBC system. Fig. 7 and Fig. 8 denote, respectively,
two different kinds of the buckling plane for different interface crack length, i.e. a =1mm and

a =0.1lmm. In the plane, there are two regions, i.e., non-buckling region and buckling region (top).
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When T, is 1000°C and 1600°C the critical thermal cycles are, respectively, 40 and 12 as
shown in Fig.7. Comparing Fig.7 and Fig.8, it can be seen that the interface length and temperature

gradient play an important role for the buckling failure of the ceramic coating.

Conclusions

The thermal residual stress and the critical buckling failure of ceramic coating have been studied.
The following conclusions can be highlighted.

(1) An analytical solution of stress field in TBCs is obtained under the non-linear coupled effect of
temperature gradient, thermal fatigue and creep strain of TBCs. The calculated results show that the
residual stresses in ceramic coating are compressive. The accumulated residual stresses with
thermal cycles could be high enough to induce the buckling failure of the ceramic coating. These
conclusions are in good agreement with experimental phenomena.

(2) A theoretical model is proposed to predict the critical thermal buckling loads for the failure of
TBC system. The important parameters for the critical buckling conditions are the interface crack
length and the residual compressive stresses in ceramic coating. By calculation, it is found that
when the interface crack is too short, the ceramic coating will not buckle. On the other hand, a
buckling plane is introduced to predict the buckling failure of the ceramic coating. In the plane, it
can be divided into two regions, i.e., non-buckling region and buckling region.
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