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The ceramic coatings with different thicknesses in the range of 150 μm to 490 μm, bonded on the same alloy
substrates, were obtained by the air plasma spray method. The crack evolution and the fracture characteristics
of the samples were observed synchronously under the three-point bending load using a scanning electron mi-
croscope. The results showdifferent fracturemodes for the thinner and the thicker coating samples; themultiple
transverse cracks, vertical to the interface between the coatings and the substrates, in the coatings are the main
fracturemode for the sampleswith coatings thinner than about 200 μm,while the interface crack is themain frac-
ture mode for the samples with coatings thicker than about 300 μm. Different fracture modes were theoretically
analyzed based on the nonlinear delamination model, and the calculated critical thickness is 255 μm, which
agrees well with the experimental result. The finite element simulations for the corresponding coatings with a
series of thicknesses were carried out by introducing the interface cohesivemodel, and the simulations show re-
sults similar to those of the experimental observations. The study indicates that the fracturemodes depend on the
thickness of the coatings, and the critical thickness depends on the intrinsic properties of coatings and the inter-
faces between the coatings and the substrates, such as the elasticmodulus, the interface strength and the fracture
energy.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Ceramic coatings are widely used in thermal barrier engineering,
anti-corrosion and oxidation-resistance applications. Fracture and fail-
ure of the ceramic coatings affect the performance and service lifetime
of the related structures and devices. For example, the ceramic thermal
barrier coatings are usually used to provide thermal insulation for inte-
rior metallic components of blades of gas turbine engines from hot gas
stream [1,2]. Once the ceramic coatings flaked off and the interfaces be-
tween the coatings and the metallic substrates fractured, the substrates
exposed in high temperature environmentwould fail. The fracture char-
acteristics of the coating systems have been studied by the uni-axial
tension tests [3–6], and the interface fracture toughness was analyzed
based on the Suo–Hutchinson model [7]. For example, Zhou et al. stud-
ied different fracture modes of the functionally grade material coatings
and the non-functionally grade material coatings [3]. Qian et al. studied
the crack initiation and the damage evolution in the sandwiched ther-
mal barrier coating specimens [4]. Chen et al. studied the temperature
effect on the fracture behavior of the thermal barrier coatings [5], etc.
However, the thickness effect on the fracture modes of thermal barrier
coatings is rarely reported. Although the thickness effect on the
mechanical properties of the metallic alloy coatings was studied,
which indicates that the effect is not obvious [8], the thickness effect
on the ceramic coatings is unknown.

In this paper, two kinds of fracture modes of the ceramic coatings
with different thicknesses, bonded on the same metallic substrates,
are reported based on the in-situ three-point bending experiment, the
theoretical analysis and the finite element simulations. The thickness
dependence of the fracture modes provides a guide to optimize the
design of coatings in the related devices serviced in mechanical and
thermal conditions.

2. Experimental procedure

2.1. Specimen preparation

The thermal barrier coating samples used in this study consist of the
YSZ (8wt.% Y2O3 stabilized ZrO2) top coatings prepared by the standard
atmospheric plasma spraying method [9,10], the NiCrAlY (25.42 wt.%
Cr–5.1wt.% Al–0.48wt.% Y) bond coatings prepared by the high velocity
oxygen fuel method, and the Ni-based superalloy substrates [10]. The
detailed preparation process and the microstructure of the coatings
can be referred to Ref. [10]. There are two kinds of sampleswith coatings
of different thicknesses, one kind with the thicker coatings of
350–490 μm thickness and the other kind with the thinner coatings of
150–200 μm; the detailed thickness of the coatings for ten representa-
tive samples can be seen in Table 1 (hc), the thickness hc actually
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Table 1
The thickness of the coatings hc, the thickness of the substrates hs, the width b of the rep-
resentative samples, the load P at the transformation points of the load–displacement
curves, the normal stress σi and the shear stress τi of the coatings at the interface.

Samples hc (μm) hs (mm) b (mm) P (N) σi (MPa) τi (MPa)

Thinner coatings S1 166 1.334 3.14 383 360.4 15.4
S2 151 1.349 3.04 431 397.6 18.5
S3 186 1.314 3.14 355 399.3 15.3
S4 199 1.301 3.24 407 392.6 14.8
S5 169 1.331 3.26 405 459.3 15.5

Thicker coatings S6 487 0.953 2.55 215 227.6 22.8
S7 459 1.161 3 376 330.8 35.4
S8 355 1.065 2.84 320 324.1 39.4
S9 381 1.159 2.92 380 346.3 58.6
S10 402 1.018 2.76 283 202.5 28.1
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Fig. 1. The schematic illustration of the three-point bending test. (a) The jig for the sample
under bending in the SEM. (b) The sample under the initial load, the side face view.
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includes the thickness of the ceramic top coatings and the thickness of
the bond coatings of about several decade microns to a hundred
microns. The samples were fabricated to be the appropriate size with
the length, the width and the thickness being about 15 mm, 3 mm
and 1.5 mm, respectively.

2.2. In-situ three-point bending test

The samples were ground and polished, and thenwere placed in the
sample room of the FEI Sirion 400 NC scanning electron microscope
(SEM) for in-situ observation of the crack initiation and propagation
under the load using the mechanical testing apparatus — Gatan
Microtest 2000. The three-point bending measurements were carried
out by the slightmovement of the jig controlled by themechanical test-
ing apparatus, as shown in Fig. 1(a). The load was applied on the alloy
substrate face, and two fulcrums contact the ceramic coating face as
shown in Fig. 1(a) and (b), the span is 10 mm. The loading rate is
0.1 mm/min. The evolution of cracks in the side face with increasing
load was observed and recorded by use of the SEM.

3. Experimental results

Fig. 2 shows the load–displacement curve of the thinner coating
sample with the coating of 186 μm thickness and the corresponding
crack evolution maps with increasing load under the three-point bend-
ing. It can be seen that the load increases with enhancing displacement
firstly, when the load reaches the maximum value, an approximate
plateau appears in the load–displacement curve, finally the load drops
with enhancing displacement as shown in Fig. 2(a). The maximum
load corresponds to the emergence of the multiple transverse cracks
in the coating, vertical to the interface between the coating and the sub-
strate, as shown in Fig. 2(b) (see maps III and IV, map III only shows a
part of map IV due to the smaller field of vision), indicating that the
normal stress in the coating reaches the tension strength of the coating,
the detailed stress analysis will be given in Section 4.2, at the same time,
the number of the transverse cracks saturates. After themaximum load,
the transverse cracks in the coating become wider and propagate into
the substrate further (map V in Fig. 2(b)), the metallic alloy substrate
withstands the load mainly corresponding to the plateau in the load–
displacement curve, and the obvious plastic sliding bands can be
found in the substrate (maps IV and V in Fig. 2(b)). Note that the
maps with different scale bars were taken for a clearer view. Also note
that there are some tiny jumps in the load–displacement curve, corre-
sponding to the points of stopping loading and taking pictures, where
the load drops slightly without the change of the displacement, and
after taking a picture each time, the load was resumed and applied
continuously again.

Fig. 3 shows the load–displacement curve of the thicker coating
sample with the coating of 459 μm thickness and the corresponding
crack evolution maps with increasing load. The load–displacement
curve showed in Fig. 3(a) is similar to that of the thinner coating sample.
Differently, the maximum load for the thicker coating sample corre-
sponds to an obvious interface crack between the coating and the sub-
strate, as shown in Fig. 3(b) (see maps III and IV, map III only shows a
part of map IV), besides a larger transverse crack. It is resulted from
that the shear failure dominates for the thicker coating systems and
the interface energy release rate reaches the delamination energy,
which will be discussed in detail in Section 4.1. Moreover, there is no
obvious plastic sliding band in the substrate.

Fig. 4 shows the comparison of the load–displacement curves of the
respective three sampleswith the thinner (hc b 170 μm) and the thicker
(hc N 350 μm) coatings. It can be seen that the maximum loads for the
thinner coating samples are usually higher than those for the thicker
coating ones, which may imply that the thinner coating samples have
better bending-resistance. After the peak loads, the loads drop faster
for the thicker coating samples than for the thinner coating ones and
there is no obvious plateau in the load–displacement curves of the
thicker coating samples, because the interface crack between the coat-
ings and the substrates occurs for the thicker coating samples concom-
itant with the larger elastic energy release and the plasticity dissipation
contribution from the substrates is lower relatively. On the other hand,
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Fig. 2. The load–displacement curve (a) of the thinner coating sample S3 and the corre-
sponding crack evolution maps I–V (b) obtained by the three-point bending in the SEM.
The scale bars of I–V in (b) are 100, 100, 100, 200, and 500 μm, respectively. The squares
in the maps denote the same location of the sample.
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for the thinner coating systems with larger thickness of the metallic
substrates, the plastic straining in the ductile substrates can lead to sig-
nificant reduction in the interface crack driving force by dissipating en-
ergy as discussed in Ref. [11]. Recent tests of this type have succeeded
without plasticity by bonding a stiff layer to the coating which enables
much larger elastic energy release [12].

Fig. 5 shows the fracturemaps of the representative samplewith the
thinner coating, corresponding to the failure point denoted in Fig. 4
(S1), from the side face view (Fig. 5(a)) and the bottom surface view
(i.e. the surface of the coatings) (Fig. 5(b)). It can be seen that the mul-
tiple transverse cracks in the coating are themain fracture mode for the
thinner coating sample, and the cracks propagate into the substrate at
the larger deformation. The local interface crack, between the ceramic
coating and the bond coating, occurs between two neighbor transverse
cracks, and the local spallation of the ceramic coating occurs as shown in
Fig. 5(a). Fig. 6 shows the fracture maps of the representative sample
with the thicker coating, corresponding to the failure point denoted in
Fig. 4 (S6), from the side face view (Fig. 6(a)) and the bottom surface
view (Fig. 6(b)). It can be seen that the interface crack between the
coating and the substrate (in detail between the bond coating and the
substrate) is the main fracture mode for the thicker coating sample,
and a larger transverse crack in the coating occurs, which is obvious as
shown in the bottom surface map (Fig. 6b) and can be explained by
the energy and stress analysis in Section 4. Although Figs. 5 and 6 only
show the fracture maps of respective one sample for the thinner and
the thicker coating samples, they are representative, other samples
show the same fracture characteristics.

By comparing Fig. 5 with Fig. 6, different fracture modes of the sam-
pleswith the thicker and the thinner coatings can be found. The fracture
mode of the multiple transverse cracks makes the thinner coating
samples present the better bending-resistance than the thicker coating
sampleswith the fracturemode of the interface crack, as shown in Fig. 4,
which agrees with the latest report on the fracture properties of the
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Fig. 3. The load–displacement curve (a) of the thicker coating sample S7 and the corre-
sponding crack evolution maps I–IV (b). The scale bars of I–IV in (b) are 200 μm,
200 μm, 200 μm, and 1 mm, respectively. The squares in the maps denote the same
location of the sample.
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thermal barrier coatings [13] (referring to Figs. 4(c), 5(c) and 6 in
Ref. [13]). In order to explain the experimental results and understand
the thickness effect, theoretical analysis was carried out as follows.

4. Theoretical analysis

4.1. Interface crack

According to the nonlinear delamination model of thin films
[14], a thin isotropic film of thickness h bonded to a thick substrate
is subject to a uniform, equi-biaxial residual stress σR (referring to
Fig. 1 in Ref. [14]). The elastic energy per unit area in the bonded film
is (1− ν)hσR

2/E, where E and ν are the Young's modulus and Poisson's
ratio of the film, respectively.When delamination occurs as a long inter-
face crack releasing the elastic energy without plastic deformation in
the film, the energy release rate per unit of crack advance is

G ¼
1−ν2

� �
hσ2

R

2E
: ð1Þ

The elastic films denote the coatings here. When the residual stress
σR at the interface between the coatings and the substrates reaches
the interface strengthσb, the interface crack occurs, and the correspond-
ing critical thickness hcr is expressed as

hcr ¼
2EGC

1−ν2� �
σ2

b

ð2Þ

based on Eq. (1), where GC = 150 J/m2 was taken as the critical inter-
face fracture energy between the coatings (bond coatings based on
the experiments) and the substrates [15]. In Eq. (2), E = 100 GPa and
ν = 0.2 were taken for the coatings [16,17]. The interface strength σb

between the coatings and the substrates is approximately 350 MPa as
the strength of the mixed mode in the tension and the shear directions
(TN = 350 MPa and TS = 20 MPa [17,18] are the tension and the shear
strength, respectively). By substituting GC and σb into Eq. (2), hcr =
255 μm can be obtained. The result indicates that when the thickness
of the coatings is larger than 255 μm, the interface crack occurs, which
is in well agreement with the experimental observation shown in
Figs. 3 and 6. The multiple transverse cracks in the coating occur for
the coatings with thickness smaller than 255 μm, because the residual
stress in the coatings reaches the strength of the coatings of 200 MPa
(TN = TS = 200 MPa for the coatings based on the experiments and
the related literatures [18,19]) as the following analysis.



Fig. 4. The load–displacement curves of the representative three sampleswith the thinner
(S1, S2 and S5) and the thicker coatings (S6, S8 and S10). The squares in the curves denote
the failure points after the plateaus or thepeak loads, and the corresponding fracturemaps
are given in Figs. 5 and 6, respectively for the thinner and the thicker coatings.
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4.2. Transverse crack

The coating/substrate systemswere treated simply as two-layer sys-
tems with the coatings and the substrates as shown in Fig. 7; hc and hs
are the thicknesses of the coatings and the substrates, respectively, as
shown in Table 1 (note their different units), and ς is the distance be-
tween the interface and the neutral layer of the systems. The location
of the neutral line can be calculated as [8],

ς ¼ Esh
2
s−Ech

2
c

2 Eshs þ Echcð Þ ; ð3Þ

where the elastic moduli of the coatings and the substrates Ec =
100 GPa and Es=200 GPa were taken [16,20], respectively. The normal
stress σi and the shear stress τi at the interface for the coatings can be
calculated by Eqs. (4) and (5) [21],

σ i ¼
PlEcς
4 EIh i ; ð4Þ

τi ¼
PEc hc þ ςð Þ2−ς2

h i
4 EIh i ; ð5Þ
S1

(a)

Fig. 5.The fracturemaps corresponding to the failure point of the sample S1with the thinner coa
and (b) the bottom surface map of the coating (scale bar 1 mm).
where the load Pwas taken as the loads at the transformation points of
the load–displacement curves corresponding to the interface crack for
the thicker coating systems or the penetrating (through the interface)
of the transverse crack for the thinner coating systems, l = 10 mm
is the span length, 〈EI〉 = EsIs + EcIc is the equivalent bending stiff-

ness, Is ¼ ∫ς

ς−hs
by2dy and Ic ¼ ∫ςþhc

ς
by2dy are the moment of inertia

of the substrates and the coatings, respectively, and b is the width
of the specimens as shown in Table 1. The shear stress is consecutive
at the interface, i.e., (τi)s = (τi)c, the subscripts s and c represent the
substrates and the coatings, respectively. On the other hand, the normal
stress is not consecutive at the interface, and (σi)c for the coatings was
considered actually here, corresponding to the minimum residual nor-
mal stress of the coatings. The calculated normal stress and the shear
stress at the coating/substrate interface are shown in Table 1. It can be
seen that the normal stress σi and the shear stress τi at the interface
for the thinner coating systems are 360.4–459.3 MPa and 14.8–
18.5 MPa, respectively, and those for the thicker coating systems are
202.5–346.3 MPa and 22.8–58.6 MPa, respectively. Therefore, the ten-
sile strength and the shear strength of the interface may be 346.3–
360.4 MPa and 18.5–22.8 MPa, respectively, agreeing with the values
as taken in Section 4.1 (TN = 350 MPa and TS = 20 MPa), and the
shear strength is also close to some data in the literatures [17,18,22].
For the thinner coatings, the residual normal stress is obviously larger
than the tension strength of the coatings of 200 MPa, thus the trans-
verse cracks in the coatings emerge. And the shear stress is smaller
than the shear strength of the interface of 20 MPa, thus there is no ob-
vious interface crack in the thinner coating systems and the tension fail-
ure dominates. In order to validate the experimental results and the
theoretical analysis, the finite element simulations for the samples
with the coatings of a series of thicknesses, based on the interface cohe-
sive model, were carried out as follows.

5. Finite element simulations

5.1. Three-point bending model

A 2D numerical model was built with the commercially available
FEM code ABAQUS; the model includes two layers, the coating and the
substrate as shown in Fig. 8(a). The length and the total thickness of
the model are 10 mm and 1.5 mm, respectively, and a series of thick-
nesses of 50, 150, 300, 450 and 600 μm for the coatings were taken cor-
responding to the thinner and the thicker coatings in the experiments.
The boundary condition is also shown in Fig. 8(a), two ends of the up-
side of the substrate were simply supported, and the load was applied
on the middle of the upside of the substrate.
S1

(b)

ting based on the three-point bending in the SEM. (a) The side facemap (scale bar 500 μm)

image of Fig.�5
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Fig. 6. The fracturemaps corresponding to the failure point of the sample S6with the thicker coating. (a) The side facemap and (b) the bottom surfacemap. The scale bars are both 500 μm.

Fig. 7. The simplified model of two-layer systems in the three-point bending test.
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The coating and the substrate sheets were meshed using the four-
node plane strain elements, the coating includes 100 segments, and the
four-node interface cohesive elementswere adopted between the neigh-
bor segments of the coating and between the coating and the substrate
as shown in Fig. 8(a). The linear elastic constitutive relation was consid-
ered for the coatings, and the elastoplastic constitutivemodelwith linear
hardening was considered for the substrates as shown in Eq. (6),

σ ¼
Esε; ε≤

σy

Es

σy þ E�s ε−
σy

Es

� �
; εN

σy

Es

;

8>><
>>:

ð6Þ

whereσ and ε are the stress and the strain of the substrates, respectively,
σy is the yield strength of the substrates andwas taken as 850MPa based
on our experiment and the literature [23], Es⁎ is the hardening modulus
and was taken as 1/10 of the elastic modulus of the substrates based
on our experiment. The elastic modulus E and the Poisson's ratio ν
are respectively Ec = 100 GPa, νc = 0.2 for the coatings [16,17],
and Es = 200 GPa, νs = 0.3 for the substrates [16,20].

5.2. Interface cohesive model

Cohesive zone models (CZMs) based on the traction laws are well
suitable to describe the interface decohesion. The CZMs require
traction–separation (T–S) relations for characterizing their constitutive
laws. It has been established that the peak value and area of the T–S
curve are vital for capturing the interface separation behavior [24]. The
bilinear T–S relationwas adopted here as simplicity for the interface ele-
ments between the coating neighbor segments and between the coating
and the substrate as shown in Fig. 8(b). Fig. 8(b) represents the cohesive
relation in the mixed mode of the tension and the shear, i.e., the total
traction–separation response. For the pure tension and the pure shear
modes, similar cohesive relations were assumed and expressed as

σ ¼ f TN
δN
δ0N

; δN≤δ0N

TN
δ f
N−δN
δ f
N−δ0N

; δN≥δ0N
normaldirectionð Þ

τ ¼
TS

δS
δ0S

; δS≤δ0S

TS
δ f
S−δS

δ f
S−δ0S

; δS≥δ0S
tangentdirectionð Þ

;8>>>>><
>>>>>:

ð7Þ

when the normal separating displacement δN N 0, where σ and τ repre-
sent the normal and the tangent separating stress, respectively, δ and T
represent the displacement and the maximum separating stress
(i.e. the strength), respectively, the subscripts N and S represent
the normal and the tangent directions, respectively, the superscripts
0 and f represent the critical displacement corresponding to the
strength T (the damage initiation) and the fracture displacement corre-
sponding to the complete failure, respectively. When δN b 0, only the
tangent stress is effective. The critical fracture energy GC in the normal
and the tangent directions is respectively

GNC ¼
Z δ f

N

0
σdδN ¼ 1

2
TNδ

f
N

GSC ¼
Z δ f

S

0
τdδS ¼

1
2
TSδ

f
S :

ð8Þ

As the load increases beyond a critical value, the interface begins to
soften and degrade, namely, the interface is in the damaged (or soften-
ing) state. Typically, the damage initiates when a certain criterion is
satisfied. For the mixed mode showed in Fig. 8(b), the maximum stress
criterion was adopted to characterize the interfacial damage, which is
described as [25]

MAX
σNh i
TN

;
τS
TS

� 	
¼ 1; ð9Þ

where 〈〉 represents the Macaulay bracket defined by 〈x〉 = (|x| + x)/2
with the usual interpretation that a pure compressive deformation or
stress state does not initiate damage. It is assumed that interfacial dam-
age occurs when Eq. (9) is satisfied and a single damage variable D
based on the total displacement δm of the mixed mode was introduced

δm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δNh i2 þ δ2S

q� �
[26,27] as

D ¼

0; δm≤δ0m
δ f
m δm−δ0m
� �

δm δ f
m−δ0m

� � ; δ0mb δmb δ f
m

1; δm≥δ f
m

:

8>>>>><
>>>>>:

ð10Þ



Fig. 8.Thefinite elementmodel. (a) The schematic illustration of the coating/substrate systems under the three-point bending. (b) Thebilinear interface cohesive (T–S)model in themixed
mode with the subscriptm representing the mixed mode.
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The interface fracture energy can be termed as the mixed mode
fracture energy, and the power exponential criterion [28]was employed
to describe the mixed mode fracture,

GN

GNC

� �α
þ GS

GSC

� �α
¼ 1; ð11Þ

where GN and GS represent the work done by the traction in the normal
and the shear directions, respectively, GNC and GSC are the required crit-
ical energy for the interface fracture defined by Eq. (8), and the power
exponential α was taken as 1. The total critical fracture energy can be
determined byGC=GN+GSwhen Eq. (11) is satisfied. Note that the bi-
linear CZM constitutive equation used here (Eq. (7)) is not directly
coupled, not like the quadratic function and the coupled separation
laws [29,30]. Considering that the predictions based on the CZM appear
to be insensitive to the details of the traction–separation law generally,
being dependent on two characteristic parameters, i.e., the strength and
the toughness [31], the simple bilinear separation laws were used here,
the tension and shear directionswere coupled through themixed-mode
failure criterion Eq. (11) as did in Ref. [31].

For the cohesive elements between the coating segments, TN= TS=
200 MPa was assumed and GNC = GSC = 20 J/m2 [18,19] was adopted.
For the cohesive elements between the coatings and the substrates,
TN=350MPa and TS=20MPawere taken referring to the experimen-
tal results [17,18], and GNC = GSC = 150 J/m2 [15] was adopted refer-
ring to the related literature about the thermal barrier coatings. The
stiffness K in the interface cohesive model showed in Fig. 8(b) is the
slope of the initial segment of the traction–separation (T–S) curve and
was taken to satisfy the relation of δ f/δ0 = 4 considering that the
value of δ f is several times that of δ0 generally. Note that the cohesive
zonemodel exhibits a softening behavior, which often results in serious
convergence issues in finite element simulations. Thus, to enhance
computation convergence, viscous regularization options in ABAQUS
were used for the cohesive elements. The effect of the viscosity coeffi-
cient on result accuracywas also investigated by taking several different
viscosity values of 0.001, 0.0005, 0.0003, 0.0002, 0.0001, and 0.000025.
When the viscosity is larger (0.001), the error is larger. When the vis-
cosity is 0.0002, the crack map and the crack number are almost the
same as those based on the simulation with the viscosity of 0.0001.
When the viscosity is smaller (0.000025), the simulation is not con-
verged. Finally, 0.0001 was used as was in the previous experience
[32] considering the economic convergence time, and which is also
close to the stable result as discussed in the literature [33].

6. Simulation results

Fig. 9(a)–(e) shows the fracture characteristics based on the simula-
tion results for the bending models with the coatings of 50, 150, 300,
450 and 600 μm thicknesses, respectively; the results show rough
agreement with the experiment. For the thinner coatings with thick-
nesses of 50, 150 and 300 μm, themultiple transverse cracks in the coat-
ing are the main fracture mode, and for the thicker coatings of 450 and
600 μm, the interface crack is the main fracture mode. Note that the
transverse cracks propagate through the interface into the substrates
for the thinner coating systems in the experiments, while this phenom-
enon is not observed in the simulations, which is resulted from that the
interface elements were not adopted for the substrates in the simula-
tions and thus the substrates do not crack even at the larger load, and
accordingly, the local interface crack occurs. For the thicker coating sys-
tems, the obvious interface crack releases the stored elastic energy in
the deformation that reaches the critical delamination energy as
discussed in Section 4.1.

Note that the critical fracture energies (toughnesses) in the interface
cohesive model were taken referring to the related literatures, and the
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Fig. 9. The fracture modes of the coating/substrate systems with the coating of (a) 50, (b) 150, (c) 300, (d) 450, and (e) 600 μm thicknesses, respectively, at the displacement of 1–15mm
based on the finite element simulations of the three-point bending.
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normal and the shear directionswere assumed tobe same for simplicity.
The sensitivity analysis of the parameters was also carried out. For ex-
ample, when the different values of the toughness were taken, GNC =
20 J/m2, GSC = 40 J/m2 for the coatings and GNC = 75 J/m2, GSC =
150 J/m2 for the interface between the coatings and the substrates,
i.e., the Mode II toughness is twice the Mode I toughness as usual,
there is no obvious influence on the final simulation results.

7. Conclusions

In summary, the thickness-dependent fracture characteristics of ce-
ramic coating/metallic substrate systems were found by the in-situ
three-point bending experiment with a designed jig and the finite ele-
ment simulations based on the interface cohesive model. When the
thickness of the coatings is smaller than about 200 μm, the multiple
transverse cracks occur in the coatings and propagate into the sub-
strateswith increasing deformation.When the thickness of the coatings
is larger than about 300 μm, the interface crack between the coatings
and the substrates is the main fracture mode. The nonlinear delamina-
tion model was used to explain the experimental results well, and the
calculated critical thickness is 255 μm.Moreover, the simulation results
for the coatings with a series of thicknesses are roughly in agreement
with the experimental observations. When the residual stress in the
coatings reaches the tension strength of the ceramic coatings with load-
ing, the multiple transverse cracks occur in the thinner coatings due to
the tension failure that dominates. And when the thickness of the coat-
ings is larger than the critical thickness, the delamination between the
coatings and the substrates occurs due to the shear failure that domi-
nates. The critical thickness and the fracture characteristics are related
to the intrinsic properties of the coatings and the interfaces between
the coatings and the substrates, such as the elastic modulus, the inter-
face strength, and the fracture energy.
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