Surface & Coatings Technology 285 (2016) 113-119

journal homepage: www.elsevier.com/locate/surfcoat

Contents lists available at ScienceDirect

Surface & Coatings Technology

Power-law characteristics of damage and failure of ceramic coating

systems under three-point bending
L.H. Liang *, X.N. Li, H.Y. Liu, Y.B. Wang, Y.G. Wei *

LNM, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190

@ CrossMark

ARTICLE INFO ABSTRACT

Article history:

Received 25 September 2015

Revised 21 November 2015

Accepted in revised form 23 November 2015
Available online 28 November 2015

Damage and failure of ceramic coatings bonded on alloy substrates was studied by observing crack evolution in
the coating systems under in situ three-point bending tests with corresponding load-displacement curves. A
damage and catastrophic failure model on the ceramic coatings was proposed based on our experimental results
and the Taylor expansion of the controlling variable. The results indicate that the damage increases with increas-
ing stress and obeys the power-law characteristics with the power exponent of 0.5, and the damage is 1 as the

stress reaches the critical point corresponding to the failure of the coating systems. The damage rate increases
rapidly when the stress is near the failure point and shows a power law singularity of —0.5. The experimental
results of thin, thick, nanostructured, and conventional micrometer-scale microstructured coatings are all in
agreement with the predictions based on the model.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ceramic coatings are widely used in mechanical engineering, chem-
ical engineering, aerospace and marine fields, etc. due to their high
melting point and excellent resistance to erosion and wear. For exam-
ple, ceramic coatings of several hundreds of micrometers are often
sprayed or deposited on alloy substrates for thermal protection of
blades of aerospace engines [1]. Once the ceramic coatings fracture
and spall, the blades exposed high temperature will failure. Therefore,
the study on fracture and damage of the ceramic coatings attracts
great attention. Zhou et al. studied the fracture characteristics and the
crack evolution in the ceramic top coatings for two-layer and multi-
layer systems under uniaxial tension and four-point bending [2]. They
found that the transverse crack (vertical to the interface) density tended
saturate as the strain reached a certain value [2]. Qian et al. found similar
phenomena in studying the tensile damage behavior of a sandwiched
coating system, and proposed a transverse crack evolution mode of
the initiation, multiplication and saturation with increasing strain [3].
McGuigan et al. developed an elastic-plastic shear lag model describing
cracking under uniaxial tensile strain of a brittle thin film on a deform-
able substrate and proposed that the (transverse) crack density is a
function of applied strain [4]. Thouless et al. studied how the crack
modes in films depend on material properties and thickness ratio by nu-
merical analysis related to energy release rate [5-6]. Renusch and
Schiitze studied the damage kinetics of thermal barrier coatings by
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acoustic emission analysis of transverse and interface crack evolution,
proposed a super-parabolic and accelerating linear dependence of the
damage on the thermal cycling oxidation time, respectively, before
and during spallation of the coatings, and demonstrated the power
law characteristics of the damage with increasing temperature differ-
ence [7]. Trunova et al. studies the damage and failure characteristics
of thermal barrier coatings by observing interface crack evolution with
increasing high temperature oxidation time [8]. Brodin et al. studied fa-
tigue damage of thermal barrier coatings by analyzing interface crack
length change with increasing thermal cycling number [9].

It is clear, when ceramic coating/metallic substrate systems are sub-
jected to bending, tension (mechanical load), high temperature oxida-
tion, or thermal shock (thermal load), the microscopic transverse or
interface cracks appear in the ceramic coating systems with increasing
load or cycling number (for cycling load), i.e., the damage initiates, the
number of the transverse cracks saturates and the interface fractures
when the load reaches the maximum allowed value or the cycling num-
ber reaches the failure critical number [2-4,7-9]. As above indicated, re-
searchers observed the change of the number of cracks or the crack
length with strain, time, temperature or cycling number [2-4,7-9]. For
thicker coatings or pre-oxidized systems, interface fracture between
the coating and the substrate occurs, and the interface crack evolution
was studied in particular for the coating systems under mechanical or
thermal loading [7-11]. Recently, Zhou et al. studied in detail the dam-
age and fracture of thermal barrier coatings by coupled acoustic emis-
sion and digital image correlation techniques [12], and found a similar
damage behavior as in the Renusch and Schiitze's study [7]. When the
controlling variable (time or transverse crack density) reaches a critical
value, the damage is 1, after that the damage is even larger than 1 and
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increases sharply, which corresponds to the spallation or delamination
of the coatings (i.e., interface fracture), before that the transverse
crack evolution corresponds to the damage range from 0 to 1 [7,12]. Al-
though the previous works describe effectively the damage characteris-
tics of ceramic coatings to some degree, the damage larger than 1 is
peculiar and a different model on the damage and fracture of the ceram-
ic coatings reflecting physical mechanism is desired. Since ceramics are
brittle, the fracture and failure maybe catastrophic, if a scaling law of
damage and failure of the ceramic coatings can be developed, it will
be significant not only in scientific understanding of coatings fracture
but also in prediction of failure.

In this paper, the crack evolution of ZrO, ceramic coatings with dif-
ferent thicknesses and microstructures, bonded on the same Ni-based
superalloy substrates, under three-point bending were real time ob-
served by in-situ scanning electron microscope. The damage evolution
of the ceramic coatings, represented by the transverse or interface
crack length, was studied with increasing tensile or shear stress for
thin and thick coating systems, respectively, and a power law of the
damage was developed based on the experimental results of all kinds
of coatings and a unified theoretical analysis resulted from the Taylor's
expansion. The scaling law of the damage rate of ceramic coatings, help-
ful for predicting the catastrophic fracture of coating systems, was
revealed.

2. Experimental
2.1. Specimen preparation

The thermal barrier coating samples used in this study consist of YSZ
(8 wt.% Y,05 stabilized ZrO,) top coatings prepared by the standard at-
mospheric plasma spraying method [13-14], NiCrAlY (25.42wt%Cr-
5.1wt%Al-0.48wt%Y) bond coatings prepared by the high velocity oxy-
gen fuel method, and Ni-based superalloy substrates [14]. The detailed
preparation process and the microstructure of the coatings were de-
scribed in Ref. [14]. We prepared thick coating samples with a coating
thickness of 350-490 pm, and thin coating ones with a coating thickness
of 150-200 pum. The coating thickness actually includes the thickness of
the ceramic top coating and the thickness of the bond coating of about
tens of micrometer to a hundred micrometer. For both the thin and
thick coating samples, two kinds of ceramic coatings were prepared
by the use of different raw powders. One kind of coating with grains
of about 40-100 nm diameter prepared from nanostructured YSZ pow-
der [14], is represented by Nx with x being the sample number. The
other kind is a conventional coating with micrometer scale splat grains
of 200 um diameter and 2 pm thickness prepared from conventional YSZ
powder [1,14] and is represented by Mx. A single number x denotes the
thin coating samples, such as NO, M3..., and a double number x repre-
sents the thick coating samples, such as M00O, N30, etc. The samples
had a fabricated length, width and thickness of about 15 mm, 3 mm
and 1.5 mm, respectively.

2.2. In-situ three-point bending test

The samples were grinded and polished, then were placed in the
sample room of the FEI Sirion 400 NC scanning electron microscope
(SEM) and were sandwiched in the designed jig for in-situ observation
of crack initiation and propagation on the side face of the samples under
loading by using the mechanical testing apparatus - Gatan Microtest
2000, as shown in Fig. 1 in Ref. [11]. The three-point bending measure-
ments were carried out by a slight movement of the jig controlled by the
mechanical testing apparatus and the load-displacement curves were
obtained. The load was applied on the alloy substrate face, and two ful-
crums contact the ceramic coating face, as shown on Fig. 1. The span was
10 mm. The loading rate was 0.1 mm/min. The evolution of cracks on
the side face with increasing load was observed and recorded by use
of the SEM. At some loading points corresponding to the crack initiation
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Fig. 1. Schematic of the coating/substrate systems under the three-point bending, the
transverse cracks occur with loading for elastic brittle coatings.

and propagation, the loads were stopped temporarily to take pictures
for obtaining the crack maps. After taking pictures at a displacement
point, the load was resumed and applied continuously again. The
crack length was calculated by image analyzing based on the side face
micrographs of the coatings.

3. Experimental results and damage model
3.1. Experimental results

The load-displacement curve of each sample with a series of
corresponding crack evolution maps can be obtained as shown in
Ref. [11]; here two examples are shown in Figs. 2-3. Fig. 2(a) shows
the load-displacement curve of the nanostructured thin coating sample
NO, from which it can be seen that the load increases with enhancing
displacement up to the peak value. The process corresponds to the ini-
tiation, propagation and saturation of the transverse cracks in the coat-
ing, as shown in Fig. 2(b). After that the load drops with enhancing
displacement, corresponding to the rupture of coating and cracks in
the substrate. Note that the approximate plateau in the curve corre-
sponds to plastic deformation of the substrate, and the cracks propagat-
ed through the interface and into the substrate, as shown in Fig. 2(c),
which is not our focus. The crack maps before the peak load and
close after the peak were paid attention. The elastic segment in the
load-displacement curve was almost kept before the peak load. The
tiny jumps in the curve correspond to the points of stopping the loading
and taking pictures, during the process the load dropped slightly with-
out change of displacement. The crack maps corresponding to some
points in the load-displacement curve, such as the numbers 1-9 in
Fig. 2(a) and the numbers 1-6 in Fig. 3(a), were real time obtained.
For example, the crack maps corresponding to the numbers 2, 6, and 9
in Fig. 2(a) are shown in Fig. 2(b), which shows the initiation, multipli-
cation and saturation of the cracks in the same position and is similar to
the previous reports [3,11]. Note that Figs. 2(b), (c) and 3(b) only shows
a part of all maps of the whole sample due to limited field of view. In
fact, many pictures with different fields of views, corresponding to
each point in the curve were taken.

It can be found from the experimental observation that the trans-
verse crack, vertical to the interface between the coating and the
substrate, initiates at some defect in the coating with loading, and mul-
tiple transverse cracks in the thin coatings emerge instantaneously and
saturate soon when the load is close to a critical peak value correspond-
ing to a tensile stress level of coating strength. For the thin coating sys-
tems, tensile failure dominates and the multiple transverse cracks
emergence are the main fracture mode as analyzed in Ref. [11]; thus
the length of the transverse cracks was measured when the damage
was evaluated.

For the thick coating systems, interface shear failure dominates and
interface fracture between the coatings and the substrates is the main
fracture mode [11], as shown in Fig. 3(b), and thus the length of inter-
face crack was calculated for describing damage. The load-displacement
curves of the thick coatings show obvious load drop after the peak
values compared to those of the thin coatings, as shown in Fig. 4 in
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Fig. 2. (a) Load-displacement curve of the nanostructured thin coating sample NO with red bars denoting the loading points with photos, (b) the transverse crack maps corresponding to
the points numbered by 2, 6, and 9 in the curve, a crack is circled to guide eyes, (c) the cracks propagate into the substrate after the peak stress.

Ref. [11], which implies the obvious catastrophic fracture characteristics
of the thick coatings.

3.2. Damage model

(A) Damage definition: The initial crack length Lo (at micrometer
scale based on the SEM observation) in a coating of one sample under
loading is defined as the initial damage, the total crack length Ly in the
coating at the failure load (i.e., the critical point of the load-displace-
ment curve or the peak load) is defined as the complete damage. The
initial damage variable Dy = Lo/Ly, and the complete damage variable
Dy = 1. For the thin coating systems, the multiple transverse cracks
emergence in the coatings is the main fracture mode, and the tension
failure dominates the coating systems, therefore, the tensile stress o in
the coatings is taken as the controlling variable. The total transverse
crack length L in the thin coating corresponding to o is used to calculate
damage variable D = L/Lrwith Lybeing the total transverse crack length
corresponding to the failure stress oy of the sample, and the initial
tensile stress gy corresponds to the initial transverse crack length L.

For the thick coating systems, the interface fracture between the
coating and the substrate is the main fracture mode, and the shear
failure dominates the coating systems, therefore, the shear stress T at
the coating interface is taken as the controlling variable, 7o and 7 are

the initial and failure shear stress, respectively. The damage variable D
is calculated by use of the same method as above defined, but based
on the interface crack length.

The coating/substrate systems are treated simply as a two-layer
composite beam, as shown in Fig. 7 in Ref. [11], the calculation of o
and 7 of the coating at the coating interface can be obtained based on
the composite beam model [11,15],

PIE.S
7= 4 W

PE[(he +)? - 2]
N @

where P is the load, which is taken as the critical load Py at the critical
point of the load-displacement curve, corresponding to the interface
fracture for the thick coating systems or the penetrating (through the
interface) of the transverse cracks for the thin coating systems, when
the failure stress is calculated, I is the span length, (EI) = EJ; + E . is
the equivalent bending stiffness with the elastic modulus E (the sub-
scripts ¢ and s represent the coatings and the substrates, respectively,

Ec = 100 GPa, E; = 200 GPa [11]), s = f¢_;, by*dy and I, = 15 e by?dy
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Fig. 3. (a) Load-displacement curves of the nanostructured thick coating sample N50, and (b) the interface crack maps corresponding to the points 2, 4, and 5 in the curve.

are the moment of inertia of the substrates and the coatings, respectively,
for the neutral axial of the composite beams [11], and b is the width of the
specimens, y is the distance from the neutral axial, h. and hs are thickness

2 2
of the coatings and the substrates, respectively, ¢ = % is the dis-

tance between the interface and the neutral axial of the system [11,15].
Note that the definitions of the neutral axial position and the moment
of inertia are different from the expressions in Refs. [16-17], but the re-
sults of actual equivalent bending stiffness are same. Although only one
dimensional stress analysis is carried out, the normalized controlling
variable (in fact P/Py) is a key to check damage evolution with loading.
Eq. (1) is effective in the maximum bending moment of the coatings
as shown in Fig. 1 for elastic brittle ceramic coatings. Note that the elas-
tic modulus of the coatings is assumed to be a constant as a material
property parameter based on the composite beam theory as did in
Ref. [11,15,18], the effect of strain on the elastic modulus and the resid-
ual deformation are not considered here.

The normalized damage variable D/Dyincreases with increasing nor-
malized tensile stress o/0f for the thin coatings and shear stress 7/7 for
the thick coatings, as shown in Fig. 4(a)-(c) corresponding to the thin
coatings (including the nanostructured and conventional thin coatings),
the conventional thick coatings, and the nanostructured thick coatings,
respectively, the different symbols denote the experimental results of
different samples in each figure. It can be seen from the Fig. 4 that the
damage initiates at different stress levels with increasing tensile or
shear stress, and tends complete as the stress is near the peak value
for all kinds of coatings, including the nanostructured, conventional,
thin and thick coatings. Considering the fracture mode of instantaneous
emergence of the multiple transverse cracks for the thin coatings and
the rapid drop of the load for the thick coatings at the interface fracture
as discussed above, a catastrophic failure form is naturally associated,
after all, the ceramic coating is a brittle material although the plasticity
of the substrate covers up the intrinsic characteristics of the coating to
some degree. Therefore, a catastrophic failure model is introduced to
analyze the damage evolution behavior of the coatings.

(B) Damage model: If a controlling variable of one system, for exam-
ple, the tensile stress o for the thin coatings (the shear stress for the
thick coatings is similar), is continuous and derivative for damage

evolution of the system before its catastrophic rupture, it can be
expressed as the Taylor expansion of the damage D,

d’o

d 1
0 3 ), D ol 0F

O=05+ {@Lf(Df—D)+2

where oy denotes the failure stress corresponding to the fracture of
the coatings, the damage variable D is calculated based on the crack
length as above defined, and Dsrepresents the complete damage cor-
responding to or. When o = 0f, D = Dybased on the damage defini-
tion for brittle damage under uni-direction tension, which is
consistent with Eq. (3). When the controlling variable is close to
the catastrophic point, the damage D increase rapidly and damage
rate R tends infinite, i.e., lima_,UfR = limg_)gf% = ©[19-20], con-
trarily, limp_p, 43 =0, i.e., [%]D, =0, substituting the relation into

Eq. (3), and neglecting the high-order term (higher second-order),
the damage as a function of the controlling variable can be expressed
as

; 4)

-05
where ¢ = { -1 [ﬁ[ﬂDf .When 0 = 0y, D = Dy, taking them into

d2
Eq. (4), the damage coefficient c = Di~D0_an be obtained for each

sample. Eq. (4) shows that the damage D increases with increasing
stress 0, and the evolution of the damage variable with the control-
ling variable obeys the power-law relation with the exponent of
0.5, which is similar to the power-law relation of 0.5 for the residual
stress as the function of heat treatment time [21], differently, the re-
sidual stress decreases with increasing heating time [21], which is
reasonable since the increased damage (crack) releases the strain
energy and decreases the residual stress.
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Furthermore, the damage rate (sensitivity) of the ceramic coatings

~db ¢

_ E _ z (O_f - U)—O.S (5)

can be obtained based on Eq. (4). Eq. (5) shows the damage rate R
increases sharply when o is near oy, which agrees with the power-law
singularity of R=(1-U/Uy)™ with the controlling displacement U and
the power exponent n = 0.5 based on the rock catastrophic rupture
experiments [20].

3.3. Comparisons between the experimental results and the damage
model

For the thin coating systems, the normalized damage is expressed
as

Do
-, 0.5
b_,_ Dy ( _ E) 6)
Dy 1-% Oy
)

by substituting the damage coefficient c into Eq. (4). For the thick
coating systems, the damage is also based on Eq. (6) except
substituting the tensile stress by the shear stress. Fig. 4 shows that
the experimental measured damage evolution (symbols) is roughly
in agreement with the power-law function in terms of Eq. (6)
(lines) for all coating samples, including the nanostructured and
the conventional thin coatings showed in Fig. 4(a), the conventional
thick coatings showed in Fig. 4(b), and the nanostructured thick
coatings showed in Fig. 4(c). The parameters used in Eq. (6) for dif-
ferent samples, referring to Tables 1-3 for Fig. 4(a)-(c), respectively,
were based on the experimental data. It can be seen from Fig. 4 that
the damage is complete when the controlling stress reaches the
failure stress. Note that the model is more valid when the damage
is near the catastrophic failure point, although the initial damages
in different samples occur at different stress levels due to the dif-
ferent microstructure and defects of the coatings. The more valid
experimental data are often difficult to be captured for a sample
close before the catastrophic failure point, therefore, the experi-
ment data based on different samples were collected to discover
the rule.

It can be found from Table 1 that the damage coefficient c (average
1.38) of the nanostructured thin coatings (Nx) is larger than c (average
1.01) of the conventional thin coatings (Mx), which implies that the
damage failure of the nanostructured thin coatings is faster than that
of the conventional thin ones. The minimum initial damage is 0.03-
0.06 (Do/Dyin Tables 1-3), which is also in agreement with the previous
report [9]. Comparing the damage coefficient ¢ of the thin coatings in
Table 1 with that of the conventional thick coatings in Table 2, it can
be seen that c (average 1.78) of the conventional thick coatings is larger
generally and the initial damage is also larger, which means the damage
of the conventional thick coating systems is faster, and verifies the ex-
perimental phenomenon of the obvious catastrophic characteristics of
the load-displacement curves of the thick coating systems. Moreover,
the initial damage of the conventional thick coatings occurs at the
higher stress level as showed in Fig. 4(b) and Table 2 (average 7o/7fis
larger and is closer to 1). Comparing the damage coefficient c¢ (average
1.52) of the nanostructured thick coatings in Table 3 with that of the
conventional thick coatings in Table 2, it can be seen that c of the con-
ventional thick coatings is also larger mostly, which also means the
damage of the conventional thick coatings is faster, which is reasonable
since the conventional thick coatings are more similar to the bulk brittle
ceramic materials.
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Fig. 4. The normalized damage versus the stress for (a) the thin coatings, (b) the conven-
tional thick coatings, and (c) the nanostructured thick coatings. The symbols are the
experimental data, and the lines are based on Eq. (6), where the corresponding
parameters for the thin coatings, the conventional and nanostructured thick coatings are
in Tables 1, 2, and 3, respectively.

Fig. 5 shows that damage date of the coatings, based on experimen-
tal data (symbols) and the following normalized expression for the thin
coatings

Dy
_D_ -0.5
R=|———1_ <173) 7)
2. 1-920 o
gy

in terms of Eq. (5). Fig. 5(a)-(c) corresponds to the results of the thin
coatings, the conventional and the nanostructured thick coatings, re-
spectively. For the thick coating systems, the tensile stress in Eq. (7) is
also replaced by the shear stress. It can be seen from the Fig. 5 that the
damage date of the coatings tends infinite as the tensile or shear stress
is near the peak value (R has no meaning at 0 = o/of = 1). Note that
Fig. 5 only shows the power-law singularity of the damage sensitivity
and can not show the dispersion of the experimental data compared
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Table 1

The parameters in Egs. (6) and (7) obtained from the experimental measurements of
the thin coating samples. n denote the slope of the fitted experimental data by
InR=m-nlIn(1-0/0j), i.e., the power exponent of damage rate in Eq. (7), and m cor-
responds to the intercept.

NO N3 N5 N7 N9 M3 M5 M7 M9

Do/Dy 0.03 0.18 0.29 0.05 0.54 031 038 0.13 057
0o/0f 0.24 046 0.58 0.68 0.94 0.54 052 054 074

c 1.11 112 1.10 1.67 1.88 1.01 0.90 1.28 085
n 0.54 0.5 0.5 0.5 0.5
m —0.61 —0.58 —0.18 —0.31 —044

Table 2

The parameters for the conventional thick coating samples.

MO0 M30 M50 M70 M90 M10 M11 M12

Do/Df  0.61 0.47 0.07 046  0.11 0.05 033 0.54
To/Tf 0.96 0.73 0.67 0.72 0.91 0.84 0.85 0.92
c 2,01 1.02 1.61 1.02 291 2.39 1.73 1.57
n 0.5 0.5 0.5 0.5 0.5 0.5 0.5

m —0.47 —0.22 —0.23 0.38 0.18 0.03 0.13

to the model (lines), and the experimental data were obtained based on
in Eq. (7) with the parameters resulted from Tables 1-3, for Fig. 5(a)-
(c) respectively (the symbols are on the corresponding lines). Further-
more, the logarithm relations of the damage rate versus the tensile or
shear stress, InR=m-nln(1-0/0y), were checked by fitting the experi-
mental data and to obtain the error of the experimental data as shown
in Fig. 6 and Tables 1-3, where m and n denote the intercept and the
power exponent (slope) of the fitting results, respectively, the blanks
in Tables reflect the lack of the corresponding experimental data. n
should be 0.5 and m is related to c based on the model (Eq. (7)). The
experimental data for each sample were linearly fitted in the logarithm
relation, the power exponent n for all validate samples is almost 0.5 as
showed in Tables 1-3, but the intercept m of different samples is
dispersed.

Fig. 6 shows the logarithm relation of the damage rate versus the ten-
sile or shear stress based on the experimental data (symbols) and the
model (lines) resulted from Taylor's expansion with fixed n (0.5) and av-
erage m resulted from the fitted experimental results for corresponding
samples as shown in Tables 1-3, for Fig. 6(a)-(c) respectively. It can be
seen from the figure that the damage rate of the coatings obeys the
power-law singularity of —0.5 given by the model. The dispersion for
the thin coatings is smaller (see Fig. 6(a)), and the dispersion of the
nanostructured thick coatings is larger (see Fig. 6(c)). The damage
coefficient c of the nanostructured thick coatings is also more dispersed
as shown in Table 3.

4. Conclusions

In summary, a damage and catastrophic failure model for ceramic
coating systems was developed based on a series of in-situ three-point
bending experiments of ceramic coating/alloy substrate samples and
the analytic derivation resulted from the Taylor's expansion. The crack
evolution was observed and the crack length was used to characterize

Table 3
The parameters for the nanostructured thick coating samples.
NOO N30 N50 N70  N90 N10 N11 N12

Do/Dy 0.73 0.29 0.06 042 0.16 041 0.51 0.81
TolTf 0.70 0.44 043 097 071 091 0.94 0.90
c 0.50 0.94 124 335 157 1.93 2.00 0.60
n 0.5 0.5 0.5 0.5 0.5 0.5 0.5
m —14 —075 —048 052 —0.24 —0.005 —12
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Fig. 5. The damage rate versus the normalized stress for (a) the thin coatings, (b) the con-
ventional thick coatings, and (c) the nanostructured thick coatings with the 0™ = o/0y
and 7" = 7/7. The symbols are the experimental data, and the lines are based on Eq. (7)
with corresponding parameters in Tables 1-3.

the damage, the damage evolution with increasing stress was studied.
The results indicate that the damage and failure of the ceramic coatings
obey the power-law characteristics with power exponent of 0.5, which
is in agreement with a power law of catastrophic failure of brittle mate-
rials. The damage becomes complete and the damage rate tends infinite
as the stress is near the peak value. The experimental results for all
kinds of studied coatings, including the thin, thick, nanostructured,
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Fig. 6. The logarithm relation of the damage rate versus the stress for (a) the thin coatings,
(b) the conventional thick coatings, and (c) the nanostructured thick coatings. The sym-
bols are the experimental data, and the lines are in terms of Eq. (7) with fixed power ex-
ponent n of 0.5 and the average intercept m of the fitted experimental data in Tables 1-3 to
show deviation of the experimental data.

and conventional coatings, are all consistent with the predictions based
on the model.

The study found that the damage of the conventional thick coating
systems is faster, so the nanostructurization of the coatings or decreas-
ing thickness of the coatings will improve the performance of the

coating systems provided satisfying application. Note that actual failure
mechanism of thermal barrier coatings in service may be different from
in our experiment. Nevertheless, the model is hopeful to be used to
predict the failure of the coating systems if the appropriate controlling
variable is selected and the related parameters are known. For example,
the model can be extended for studying thermal shock cycling failure
characteristics of the coating systems, there the cycling number may
be taken as the controlling variable. If the damage coefficient is
known, the lifetime can be predicted by the finite damage (crack
length) at any cycling and the corresponding cycling number based on
the Eq. (4).
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