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Abstract: Crack propagation around the TGO ( thermally grown oxide) interface are formed by the accumulation of thermal
stress during the thermal cycling process, which leads to the failure of thermal barrier coatings (TBCs). To systematically
understand the crack initiation and propagation of TBCs are vital to evaluate the reliability and durability of TBCs. In fact,
the following experimental characterization methods after coating failure cannot reflect the real situation in the process of man-
ufacturing and using TBCs. Finite element method (FEM) plays a significant role in the study of these problems, especially
in the calculation of thermal insulation and fracture failure of TBCs. In this paper, the research progress of finite element
method in the study of the influence of interface crack position, crack shape and crack density on the interface stress of coat-
ing and related failure problems is reviewed. The fracture mechanics method and the finite element method are used to calcu-

late or simulate the failure of TBCs caused by cracks under the
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ing these methods and the life prediction of the TBCs under the
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Fig. 1 Several laminar interface at the inner of the TBCs
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Fig. 2 Raster pattern in the x-y plane for one cycle of gun movement and

the microstructure of the as-sprayed coating[ 13]
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Table 1 Non-destructive detection method of TBCs!*~%!

Measuring method Advantage

Real time detection of
Curvature method .
dynamic change of stress

X-ray stress diffractometer Convenient and analysis

method of surface stress state

. . Depth of penetration reaches
Neutron diffraction P P R,
dozens of millimeters

Raman spectroscopy Measurement of surface stress

Fluorescence spectrometry Stress measurement of layers
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Fig. 3 The distribution of stress in y-direction for the horizontal crack in zone I without TGO creep (a), with TGO creep (b) ; in zone II
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Fig. 4 The distribution of stress in y-direction for the vertical crack in zone I without TGO creep (a) , with TGO creep (b) ; in zone II with-
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Fig. 5 The radial stress at the tip of the cracks which are located at different positions

7], (a) a pore and a crack at the surface, (b) two

cracks at the surface, (c) a pore and a crack at the inner of the ceramic layer, (d) two cracks at the inner of the ceramic layer
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Fig. 6 The vertical and the interfacial cracks in TBCs with uniform temperature (a) and thermal gradient (b) [52]
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Fig. 8 Stress distribution in the case of the bond coat with both elastic and plastic deformation, with the addition of the interfacial
crack'®! . (a) the Mises stress in the TGO, (b) the TGO stress in x direction ( the cohesive zone has no value in x direction) ,

(c) the TGO stress in y direction, (d) the bond coat stress in y direction
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Fig. 9  Stress distribution for the TGO with different elastic modulus and
surface crack locations'™’ (a) peak, Eqco =400 GPa, (b)
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SETCRPTIITRE MG AT AE 00 =35 MPa, I, =20 J/m*, M FRMEHEERIC, BV MG REHAER 00 =20 MPa, I",=70 J/m?

Fig. 11  Surface crack initiation locations for different ceramic coating thicknesses and surface crack densities: (a) A=100 pm, p=1.1 mm™'; (b)

=100 um, p=2mm™"; (¢) k=200 pm, p=1.1mm™"; (d) h=200 pm, p=2mm™"; (e) h=300 pm, p=1.1 mm™"; () h=300 um,

p=2mm'; In these cases, the tensile strength and critical fracture energy for surface cohesive elements are 0'2 =35 MPa and I",=20 J/m?,

and for interface cohesive elements, the shear strength and critical fracture energy are o’ =20 MPa and I, =70 J/m*
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i% 2 VCCT, XFEM, CZM ﬁiittﬁ-[m—ls, 45, 46, 61-78]
Table 2 Comparison of VCCT, XFEM and CZM methods| 4716 45 46, 61-78]
C tational
omp.u ationa Model description Advantage Disadvantage Reference
mechanics method
@ Before simulating crack
* When the displacement of crack growth, an initial crack
propagation is very small, it is very should be defined in ad- (14, 67-72]
Virtual Crack Closed vy suitable to calculate the energy release  vance C 1’ late th
Technique (VCCT) rate in the process of crack growth @ Before simulating the ‘}C,ulae le
ntegra
based on the energy required equal to  process, the propagation Hiest
- the work of marking crack closure path of crack should also
L‘fu e e e be defined
H 1t is not necessary to define the ini-
tial crack V When the crack propa- [16, 61-66,
B It can solve the problem of crack gates to a complex inter- 73, 74]

Extended Finite
Element (XFEM)

Cohesive Zone

Model (CZM)

Cohesive Zone

=0

growth with discontinuous characteristics
B The propagation path of crack is not
necessarily defined, it only depends on

the external shape of the structure

A It can solve the problem of energy

dissipation ~ based  on interface
stiffness degradation

A In the simulation process, the mesh
and prefabricate cracks are not necessa-

rily defined

face, the simulation of in-

terface  fracture is  not

very effective

B Too many parameter set-
tings
B High computational cost

Calculation of crack

propagation

in surface layer

[15, 45, 46,
73, 75-77]

Interface fracture
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Fig. 12 The crack growths in TC for different TC creep rates

Elﬁ‘[lS, 45, 46, 73, 75-77]
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thermal cycles, (b) By, = 3. 6e™® s MPa™! and (¢) By =9. 0e™® s MPa™!
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3, (a) the crack length vs time and the crack patterns at room temperature after 20
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Fig. 13 Stress components and equivalent plastic strain (PEEQ) at the
ambient temperature considering the interface crack' ™, (a)
Mises stress, (b) S, stress in x direction, (c¢) S,,, stress in

y direction, (d) PEEQ, equivalent plastic strain

Shiféqe,émgks 2
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814 TBCs BB . (a) SEM WLZEF 19 £ 4b 3 1 2L 8010
F, (b) RIS 432 1R SEM BT

Fig. 14 Failure modes of TBCs'*!; (a) multiple surface cracks ob-

served on the surface by SEM, (b) SEM image of the cross-

section of surface cracking and interfacial delamination
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Fig. 15

Examples of typical behavior and damage in an EB-PVD-TBCs during in-phase thermo mechanical fatigue (IP-TMF) testing mode!” ;

(a) creep curve of normalized average strain £/, where & is strain at first loading, (b) ratcheting behavior of the TBC system shown by

the increasing strain at low temperature after each loading cycle, (c¢) SEM image show TBC layer cracking (a polished section, parallel to

the actual loading axis) , (d) macroscopic appearance of multiple fragmentation of TBC layer, (e) SEM image of the void formation in the

BC layer, (f) SEM image of a fatigue crack growth and new TGO formation in the BC layer, (g) image of the delamination of TBC layer,

(h) illustration of anisotropic TGO morphology (arrow, loading direction) , (i) an example of stress distribution in the TGO layer
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