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Thermal barrier coatings (TBCs) are essential in protecting hottest components of jet engines during 
severe operating conditions [1]. To be functional, TBC systems must meet numerous requirements 
which include low thermal conductivity, high resistivity to oxidation and corrosion depending on 
operating conditions, equal or similar thermal expansion coefficients with the substrate and substantial 
toughness. There is no single material that can meet all of these specifications; therefore TBCs consist of 
layers of different materials. In general TBCs have a ceramic top coat to provide the thermal barrier to 
lower the effective temperature on substrate. A compositional modified bond coat underneath is used to 
prevent oxidation of the substrate and to promote better adhesion between the metal and the ceramic. In 
addition, the microstructure of TBCs can become even more complex during service due to the 
formation of a so-called thermally-grown oxide (TGO) layer at ceramic/bond coat interface that grows 
from <100nm to up to10 m. Many studies have indicated that failure of TBCs generally occurs at the 
TGO layer [2], and mechanical origins have been well addressed previously.  
 
The aim of this work is to consider the possible chemical origins of TBC failure, in particular interfacial 
segregation. The microscopy challenge resides in the need for high spatial and chemical sensitivity to 
characterize a microstructure involving multiple length scales, chemical and topological 
inhomogeneities and complexities. Only then can the evolution of the TBC structure be described and 
understood in term of transport kinetics and thermodynamic stability.  
 
The analysed TBC structure was prepared on a real turbine blade fabricated from a CMSX-4 single 
crystal superalloy with composition shown in Table 1 [3]. Cross-sectional microstructural image of TBC 
in as-coated condition taken by scanning electron microscopy is shown in Figure 1(a) showing the 
100 m thick yttria-stabilized zirconia (YSZ) coating deposited on a Pt-diffused bond coat on top of the 
superalloy. The thin TGO layer formed along the interface of ceramic/bond coat interface has a wavy 
structure. A more detailed microstructural characterization of TGO was carried out using transmission 
electron microscopy (TEM) with specimens prepared by focused ion beam milling. Such image in 
Figure 1(b) shows the three expected layers: YSZ top coat with a columnar grain and some porosity, a 
thin TGO layer of thickness varying from 100nm to 1um, and the underlying Pt-diffused layer. The 
TGO layer has a duplex structure consisting of alternating regions of ZrO2-Al2O3 mixed oxide and 
coarse -Al2O3 grains determined by electron diffraction. The bond coat consists primarily of 
of size ~1 m. Some  regions are also present but only at the interface; those are identified using EDX 
analysis by their higher concentration in Cr, Co and lower in Al.  Due to the complexity in chemistry 
and microstructure, interfacial chemistry in the different regions is probed by atom probe tomography 
(APT).  One of such regions is the TGO/bond coat interface at where cracking is prone to start. Figure 2 
(a) and (b) show APT reconstruction from TGO/  and TGO/
at the TGO/  but no Pt enrichment at the TGO/  interface are observed. Minor alloying additions (Hf, 
Zr, Si) either originating from the alloy or from the YSZ coating are found along grain boundaries in the 
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TGO (Figure 2(c)), suggesting complex mass transport across the various interfaces. The evolution of 
the structure from the as-processed state to after treatments at high temperature and consequences of 
elemental segregation and concentration gradients at and near interfaces will be discussed. 
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Table 1. Nominal chemical compositions (at.%) of the superalloy substrate. 

 
 
 

 
Figure 1. (a) is cross-sectional SEM image of the TBC structure. (b) is cross-sectional STEM image of 
the TBC structure in the as-processed condition in where dashed lines highlight locations of the  in the 
bond coat as determined by EDX and electron diffraction analysis. 
 
 

 
 
Figure 2.  Three-dimensional APT reconstruction of (a) TGO/ and (b)TGO/  in the as-
processed condition. Concentration profiles taken perpendicular to the interfaces are shown beside. (c) is 
evidence of Hf segregation on grain boundary in TGO and on TGO/bond coat interface for annealed 
condition.   
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