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Inelastic Behavior

Future Work
In the future, we will continue to conduct 
analysis to study the inelastic behavior 
seen in the materials and start the 
analysis on the mechanical loading 
experiment. During the summer,  
experiments will be conducted on 
damaged samples at the Advanced 
Photon Source at  Argonne National 
Laboratory. Use of a larger heater and 
rotational stage will allow for higher 
temperatures and the capability to 
capture 3-D measurements.
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 To show in-situ stress and strain measurements of a pre-aged tubular 

and internally cooled TBC system using X-ray diffraction

 To show the thermal mechanical integration in-between the TBC 

material layers during high temperature

A) When strain is induced on a lattice structure, the X-ray
        diffraction angle is altered due to Bragg s Law

B) The change in diffraction angle results in an elliptical
        distortion of the diffraction ring 

C) Lattice structure of Al2O3 showing TGO planes (116) and
        (300) 

D)   Individual measurement of TGO strain during ramp
        up for the experiment with a 32 MPa load and 30 SLPM (standard
        liters per minute)  

Thermal barrier coatings (TBCs) are multi-layered systems used on high 
temperature engines to increase durability and extend the operational 
capabilities of turbine blades [9]. During high temperature cycling, 
thermal expansion mismatch between each of the layers leads to the 
development of residual stresses within the coating layers. 

Representative Flight Cycle Thermal Gradient Influences

Coating Temperature
Inner Substrate Temperature

Time

1000  Deg C

Thermal Loading representation for each cycle

Scans Start near the 
Substrate-Bond Coat interface 
and move outward to the YSZ 
surface
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 The strains differ 
depending on whether 
viewing in plane or out of 
plane 

 Varying the thermal gradient has an affect on the materials 
 As the thermal gradient is fluctuated, the inner region of the YSZ 

demonstrates larges changes in strain while there is minimal change in 
strain near the outer surface of the YSZ [11]

 The YSZ displays a significantly increasing compressive strain and thus 
higher strain gradient

 These effects are related to the microstructure and the specimen 
geometry

Inelastic Behavior/Creep

 The YSZ and TGO gradually bear less of the applied load as 
temperature increases

 This highlights the existence of inelastic behavior (plasticity and/or 
creep)

A. B.

C.

Braggs Law

X-rays

ZrO2 Lattice Plane

D.

A) Diffraction Rings as they would
     appear on the 2D detector
B) Plot lineout, d spacing vs 
     intensity of material peaks 
     scanned
C) A micron resolution stage was 
     used to acquire accurate scans 
     through depth

The experiment was conducted at the Advanced Photon 
Source at Argonne National Laboratory
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This sample, with a thermocouple running through the center, was 
used to measure the thermal gradient. A thermal gradient of 150o 

Celsius was achieved, mimicking realistic turbine environments

The importance of in-situ, in-cycle, mechanical responses of TBCs 
investigated under conditions using thermal gradients and mechanical 
fatigue loading is that it can provide an understanding of how these 
coatings behave under realistic engine conditions. 

Cross Sections of Turbine Blade

Coolant Channel

 The representative flight 
cycle experiment mimics 
realistic turbine 
environments

 The YSZ has a reduction 
in strain as it approaches 
the deposition 
temperature

2-D Unstrained Ring
2-D Strained Ring

Azimuthal 
Angle

Zero Strain 
Reference Angle

As X-rays pass through a material, they 
diffract as rings on a 2-D detector based on 
the crystalline structure of the material and 
the mechanical loading it is experiencing. 
The load frame was mounted on a micron 
resolution stage, allowing us to move the 
sample and capture the material layers 
while mechanically loaded.

Al2O3 Lattice Plane
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A)
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Example of a Damaged Sample

Schematic of Mechanical Load Isolation 
Experiment
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