
ABSTRACT 

Environmental Barrier Coatings (EBCs) have emerged as a promising means 
of protecting silicon based ceramic matrix composite (CMC) components for 
high temperature applications (e.g., aircraft engines). EBCs are often used to 
protect an underlying material (substrate) such as silicon carbide from extreme 
thermal/chemical environments. In a typical CMC/EBC system, an EBC may or 
may not be adhered to an underlying substrate with a bond coat (e.g., silicon). 
Irrespective, systems that utilize EBCs are susceptible to a number of failure modes 
including oxidation/delamination, recession, chemical attack and dissolution, 
thermomechanical degradation, erosion, and foreign object damage. Current work 
at NASA Glenn Research Center is aimed at addressing these failure modes in 
EBC systems and developing robust analysis tools to aid in the design process. The 
Higher-Order Theory for Functionally Graded Materials (HOTFGM), a precursor 
to the High-Fidelity Generalized Method of Cells micromechanics 
approach, was developed to investigate the coupled thermo-mechanical 
behavior of functionally graded composites and will be used herein to assess the 
development and growth of a low-stiffness thermally grown oxide (TGO) layer in 
EBC/CMC systems without a silicon bond coat.  To accomplish this a sensitivity 
study is conducted to examine the influence of uniformly and nonuniformly grown 
oxide layer on the associated driving forces leading to mechanical failure 
(spallation) of EBC layer when subjected to isothermal loading. 
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Figure 3. a) Mean and b) effective stress distributions (units of MPa) for a two layer system (EBC and 

substrate only).  

 

 
Figure 4. a) Mean and b) effective stress distributions (units of MPa)for a three layer system with a 

16 ���P���W�K�L�F�N���7�*�2�� 

 





 

 
 

Figure 6. Out-of-�S�O�D�Q�H���Q�R�U�P�D�O���V�W�U�H�V�V�����111) along the symmetry plane (x3 = 0) near the substrate/TGO and 
TGO/EBC interfaces for a three layer system and the substrate/EBC interface for the two layer system. 

 
Discontinuous TGO Layers  

 
Given that the above continuously uniform layered system results exhibited no 

change in mechanical driving forces as a function of TGO growth, no critical TGO 
thickness, that would induce failure, could be established.  This is contrary to 
experimental observation which consistently showed lower TGO life times as a function 
of increased TGO thickness.  Consequently, drawing upon prior thermal barrier coating 
work [11, 14] with respect to interfacial roughness between top coat and bond coat and 
current EBC/CMC microscopy observations, it was decided to investigate geometric 
nonuniformites in the TGO growth pattern.  To this end�����G�L�V�F�R�Q�W�L�Q�X�R�X�V���7�*�2���‡�L�V�O�D�Q�G�V�·��
were inserted between the substrate and EBC interface, as a first approximation (albeit 
severe) to capture nonuniform TGO growth effects.  The objective of this analysis is to 
qualitatively, not quantitatively identify the potential driving forces that could cause 
failure. 

Both thin (1 ���P�� and thick (16 ���P�� TGO layers were simulated with an island width 
WTGO = ~301 ���P���� As before the TGO was assumed to grow into the substrate and thus 
decrease the substrate thickness.  As a result, these TGO island layers were separated 
by substrate material (~60 ���P width, WSUB).  The effect of TGO island width and 
spacing will be considered in a future work.  A schematic of this geometrical 
arrangement (with EBC (blue layer), TGO (red rectangles) and CMC substrate (green)) 
involving only the first ~550 ���P���R�X�W���R�I���������������P����L/2) in the x3 direction is shown in 
Figure 7 along with two locations where stresses will later be plotted.  Since symmetry 
boundary conditions were modeled, the initial TGO island width was set to half its full 
width. 

 
 



 
Figure 7. Schematic showing discontinuous TGO layer geometry. 

 
Figure 8 depicts contour plots of the mean and effective stresses for a three layer 

EBC/TGO/CMC system with discontinuous thin (1 ���P�� TGO islands. In general, the 
stress state is similar to the uniform TGO results, as one might expect. However, slight 
stress concentrations can be observed in between the TGO islands. As the thickness of 
the TGO was increased (by a factor of 16), the magnitude of these stresses increased 
dramatically as shown in Figure 9.  

 
 

 
Figure 8. a) Mean and b) effective stress distributions (units of MPa) for a three layer system with 

discontinuous thin TGO layers. 

 



 

 
Figure 9. a) Mean and b) effective stress distributions (units of MPa) for a three layer system with 

discontinuous thick TGO layers. 
 

Figure 10a-b contain the mean and effective stress, respectively in the EBC (taken 
along the EBC/TGO interface, see Figure 7), and TGO and substrate (along the 
TGO/substrate interface, see Figure 7) for the thin TGO system.  For this system, the 
TGO and substrate are predominately in tension while the EBC is in compression.  Note 
that although the mean and effective stresses for the TGO and substrate are plotted at 
the same vertical position, discontinuities in the stresses occur at the TGO/substrate 
interfaces.  The effective stress (Figure 10b) in all layers is similar with the exception 
of the TGO/substrate transition regions. 

Figure 10c-d contain similar plots but now for the thick discontinuous TGO system.  
Slight differences in the interior TGO stress state were observed but a marked increase 
at the edges of TGO islands appeared.  The substrate, however, transitions from a mild 
triaxial state of tension to that of compression.  And although the EBC remains in 
compression, a significantly higher compressive triaxial stress state was observed near 
TGO/substrate interfaces.  Both the EBC and substrate had higher effective stresses at 
these interfaces for the thick TGO system while the effective stress decreased 
significantly as the edges of the TGO islands were approached. 





increases, both the peel and shear stresses increase in the EBC and TGO at the geometric 
discontinuities. 

Recall that for a uniform TGO thickness, the peel and shear stresses in all layers 
were negligible.  Based on these results, it is hypothesized that these significant peel and 
shear stresses at material discontinuities can lead to EBC spallation (failure) and thus 
could be used to establish a critical TGO thickness that one needs to stay below to ensure 
a robust coating.  The peel stresses would cause both the EBC to pull away from the 
TGO and the TGO to pull away from the underlying substrate.  When coupled with the 
high shear stresses in the EBC and TGO, any cracks that had developed in the TGO due 
�W�R���W�K�H���K�L�J�K���111 and �133 stresses would likely be driven across the TGO or through the 
EBC resulting in EBC spallation. 

 
 

CONCLUSIONS 
 

In this study, coupled elastic thermo-mechanical simulations of a silicon based 
ceramic matrix composite (CMC) were performed using the Higher-Order Theory for 
Functionally Graded Materials (HOTFGM) micromechanics approach.  An 
environmental barrier coating (EBC), utilized to protect the underlying silicon substrate, 
was included in the analysis.  The influence of a low-stiffness thermally grown oxide 
(TGO) layer of multiple thicknesses was investigated. Both uniform and discontinuous 
TGO layers were considered.  For uniform TGO layers, the TGO thickness had a 
negligible effect on the stress state of the system.  When discontinuous TGO layers were 
considered however, significant peel and shear stresses were predicted to occur in both 
the TGO and EBC near these discontinuities.  These stresses could explain the onset 
and evolution of TGO damage and ultimately EBC spallation when a critical TGO 
thickness is reached.  The idealized geometry considered in this study represents a first 
step at understanding the influence of TGO geometric nonuniformity on the stress state 
in a CMC/EBC system.  Ongoing work is addressing the influences of TGO undulation 
in the presence of a bond coat, and thermal gradients on the life of EBC/CMC systems 
in steam environments. 
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Figure 11. a) Out-of-plane ���111) and b) in-�S�O�D�Q�H�����122) normal stress�H�V���D�Q�G���F�����W�K�H���V�K�H�D�U���V�W�U�H�V�V�����123) in the EBC. �G�����111�����H�����122, and �I�����123 at the TGO/substrate interface. 

Stress/strain curves are plotted across the width for discontinuous 1 ���P���D�Q�G��16 ���P���W�K�L�F�N���E�\�������� ���P���7�*�2���O�D�\�H�U�V��  






