
������������	
�����������������������
����������	�
���
���	��������
��������	�����������
����	�
������

�
�
�������
���������	
���������������������������������������� ������
!���� "�����
#$�%��� ���&�' ��(�)�$*��(&�#�����+$�
,-�.�

�/$�-$0-,�1��)��
,11�,-��&$--$)�2*�/,�3��4�+,3,$��
����
�/,�5�&2+�6�$�


�����3
!�$�3
!�$��!%���7���

(
�3����!),*���3��
,�$!�
����,��3��,��/,�3��*�����!�$�,�$�/�3,�������*3!-���
,�
�!0-�3
,�83�/,�3��*��1�4�!�9�3
�������,�1��)����

�����	�����
���

������������� ������
!���� "�����#$�%��� ���&�' ��(�)�$*��(&�#�����+$�
,-�
.��5:��;6�� 11,��3��1��
�,,���),*3��*$-���$��*���*�,�1$�,3��*��
,�)��),�
$*��$-�
3��,33,3�9��
�*��-$3)$�3��$4��
,�)$-�0$���,����$��*�3��#$�,��$-3�<�',3��*���:��5�6��
��=�:�7��

����
�	������
�����������

�,,�
�����3
!�$�3
!�$��!%��*1��)$���*�
�)-

�	������������������
���������
�	��
�	��

�����3
!�$�3
!�$��!%

http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html
























 

12 
 

undulated nature of the interface are tolerable as the change in BC composition is subtle. This 
type of multi-layered modelling approach would also be suitable for incorporating 1D phase 
data into complex 3D coating tomography such as the one measured by the synchrotron-
radiation method [12] 

 

 
Fig.9: The multilayered nature of the BC to implement 1D FE model for the composition of the 

BC 

4.4 Finite element mesh 
 
It is necessary to select appropriate element types and mesh densities for the FE 

models with interface geometries described in Section 2.22.1, in order to obtain accurate 
results with minimum computation time. For the axisymmetric models, 4-node linear 
axisymmetric elements (CAX4) were used for consistency with other work in the present 
project that makes use of ABAQUS features (XFEM and cohesive modelling) not available 
with higher-order elements.  Reduced integration (i.e. use of fewer Gaussian integration 
points than are required for exact integration of the stiffness matrix) was used both for 
computational economy and to avoid any danger of shear locking [37]. 

To overcome the inaccuracies in using linear elements with a reduced integration 
scheme, a relatively high mesh density is necessary around the regions with abrupt changes in 
displacements and hence in the resultant stress and strain. For TBC systems, stress 
concentrations occur around the TGO interface due to CTE mismatch [38, 39] and hence, 
higher mesh densities were applied at those regions.  A mesh diagram for the axisymmetric 
model (geometry set (i), Section 2.22.1) is illustrated in [6] while mesh diagrams for 
geometry set (ii) and (iii) are illustrated in Fig.10Fig.10 and Fig.11Fig.11, respectively. 
 

Nodes of 
FD/thermodynamic model 
for which respective phase 
compositions are 
calculated

B

C

Multi-layered BC 

Middle profile of the 
BC layer along which 
material points are 
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Fig.10: i) Topography of the repeated sinusoidal oxide interface with highlighted unit cell for ii) 

FE mesh for the unit cell iii) Detail of mesh in the vicinity of the TGO 
 

 

 
Fig.11: i) Topography of the repeated oxide loop interface with highlighted unit cell ii) FE mesh 

for the unit cell iii) Detail of mesh in the vicinity of the TGO      
 
 

5 Results and discussions 

5.1 Stresses predicted by the TBC models with axisymmetric and 3D interfaces with 
identical aspect ratio of geometry set i 
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Fig.16: Through thickness stresses (i) within the TBC at the end of heating at 1000°C and (ii) 

within the TBC system near the TGO interfaces at the end of cooling after heating at 1000°C for 
900h  

 
 

Fig. 17: In-plane stress (i) S11 and (ii) S33 within TGO and TBC at the end of cooling after 
heating at 1000°C for 900h 

 

5.4 Prediction of crack development and failure of the TBC system based on stress 
distributions within the system 

 
 In this paper, crack initiation and subsequent propagation are not modelled but they 
are rather predicted from out of plane tensile stress state (assuming that the coating is brittle 
and mode I crack growth is the dominant fracture mode). When the axisymmetric interface 
with geometry set (i) is considered, propagation of parallel cracks due to residual stresses at 
three different stages during a thermal cycle can be predicted as shown in Fig.18Fig.18. 
Parallel cracks around the TBC peak towards the TBC valley after the heating period, are 
restricted due to the high compressive stress at the valley as shown in Fig.18Fig.18 (i). 
However for aged systems, reversal of tensile and compressive stresses is only predicted to 
occur after several hours of steady state heating (Fig.15Fig.15) and parallel cracks formed at 
the TBC peak during heat-up will continue to propagate. Therefore, premature spallation of 
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Fig.21: Predicted crack growth within the oxide loop model at the end of cooling 
 

6 Conclusions  
 
The following conclusions can be made from the stress analyses presented in this paper. 
 

�† For identical aspect ratios, the maximum compressive and tensile radial stresses at the 
TBC / TGO interface of the 3D model are around twice the values predicted using the 
axisymmetric (2D) model. The finding is consistent with analytical results [41], which 
show an increase of more than 1.5 times in tensile radial stress for a spherical 
interface compared to a cylindrical one.  

�† For all geometries of the coating interface chosen in this paper, tensile stresses are 
predicted to be concentrated at the TBC peak and the opening of cracks is expected at 
the end of the heating period. The stresses near these cracks relax while their 
propagation towards the valley region is opposed by high compressive stress. 

�† After the heating stage, stress reversal at the TBC peak and valley regions does not 
occur rapidly for the aged system with thick initial TGOs compared to the as-sprayed 
system. Therefore cracks that nucleate at the TBC peak during heating continue to 
propagate during the steady state heating stage for aged systems and premature 
spallation is expected.  

�† At the end of cooling, tensile delamination cracks are expected to occur at the peak of 
the TGO / BC interface especially for the oxide loop asperity due to its high aspect 
ratio. Once the interface has delaminated, strain energy stored during the steady state 
period will be released. If coalescence of TBC and TGO cracks also occurs in the 
vicinity of the interfacial crack opening, strain energy release at the interface may 
drive further crack propagation leading to spallation.  

�† Additionally, buckling failure is expected for relatively flat coating interface regions 
due to the high in-plane compressive stresses, which occur at the end of cooling as 
observed from the oxide loop model. 

This paper presents stress analyses within TBC systems using different unit cells of 
coating asperities, by assuming the coating surface is covered with an infinite tessellation of 
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