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Introduction 

Thermal barrier coatings (TBC) are a vital component of modern day gas turbines. Found 
in the hot section of the turbine, they form a protective barrier on metal components that 
decrease the temperature seen by the metal and prevent the substrate from oxidizing. TBC’s 
are applied to metal through plasma spraying, with there being multiple different styles to 
accomplish this. A basic TBC can be seen in Figure 1, with an example temperature profile being 
highlighted in blue.  

 
Figure 1: Basic TBC, with Temperature Profile 

 Explaining the figure a little bit more, the “TGO” shown as a small layer between the 
Bond-Coat (BC) and Top-Coat (TC) stands for Thermally Grown Oxide. It’s an aluminum oxide 
that appears during operation, and helps to protect the substrate by oxidizing before the 
substrate. As this layer grows, it is a source of failure for the TBC, as the chemical and 
mechanical bond between the BC & TC is weakened.  

Another source of failure in TBC’s is when the ceramic TC spalls from itself. A good 
sprayed system usually has some sort of vertical relief channels, whether they be cracks or 
space between columnar grains, to alleviate stresses from thermal expansion during cycling. 
Sometimes horizontal cracks may be ingrained from spraying, or they may form during service, 
and when these horizontal cracks meet up with vertical cracks, layers of TC can begin to flake 
off.    

An enhancement made to the basic design shown previously is creating a multilayer 
system; a dense metallic BC on the substrate, followed by a “rough” BC, followed by a two layer 
ceramic TC, with the different TC’s usually differing in chemistry so as to gain advantages from 
the different TC’s. This allows for a better matching of thermal expansion coefficients between 
the substrate and TBC, protects the substrate more from oxidizing, while still giving a rough 
surface for mechanical bonding to occur between the BC and TC.  

Due to the complexities in determining how a coating should be sprayed, what materials 
should be used in each layer, and the extreme temperatures faced, there are multiple tests that 
can and should be performed to understand how the TBC and substrate system will react in a 



real world environment. These can include, but are not limited to, aging, furnace cycle testing 
(FCT), thermal gradient testing, projectile impacts, and mechanical testing. The work performed 
during this fellowship revolved around these tests mentioned, whether that be implementing, 
analyzing previous work, or preparing for future work.  

 
High Temperature Tests 

As TBC’s are meant to be used in +2000°F environments, high temperature tests, including 
accelerated aging, FCT, and thermal gradient tests, are vital. 

 

Accelerated Aging 

As gas turbines are meant to run for thousands of hours in their lifetime, matching operating 
conditions and testing for a similar amount of time would be relatively infeasible in a business and 
research sense. As such, the Larson Miller parameter is used,  

 

𝐿𝑀 =
𝑇(20+log(𝑡))

1000
     (1). 

 
Where T is temperature in Rankine, t is time in hours at isothermal condition, and LM is the Larson 
Miller parameter. The equation was first developed for usage in creep lifetime of metals, but has been 
adapted for usage in ceramics with some minor modifications. The beauty of the equation is how it 
combines time and temperature into one parameter. As the equation is most affected by temperature, 
pushing the temperature higher allows a “lifespan” curve to be extracted at a quicker pace. In the case 
of TBC’s, this “lifespan” has more to deal with their conductivity, and how that changes over time.   
 Issues can arise when the temperatures are pushed higher, though. Multiple furnaces had to be 
repaired during the fellowship as some tests pushed the furnace to 1800°C (~3275°F), and 
thermocouples and heating elements would start to fail because of these extreme temperatures. 
Another issue that is ongoing is how some coatings might react at higher temperatures. One 
experimental TC powder was observed to have voids form when tested at temperatures above 
operating service. What isn’t known is if these voids are an inherent issue to the powder, or if there is 
some sort of high temperature degradation mechanism that is only observed in accelerated testing.  
Currently, there are samples being aged to at lower temperatures, and more samples at other 
temperatures planned, to ascertain the cause of the issue.  
 

Furnace Cycle Testing 

 To understand the lifespan of the coating, TBC’s are cycled until a predetermined failure point is 
reached. The cycling simulates the starting and stopping of a gas turbine, and tests how long a coating 
can withstand the stresses from thermal expansion. Figure 2 shows examples of failed test buttons, and 
the different failure mechanisms; bond coat oxidation on the left, and coating spallation on the right. 



 
Figure 2 Spallation from Bond Coat Failure (Left) & Top Coat Failure (Right) 

Part of this fellowship was to go through a backlog of four years worth of pictures in renaming 
them, but also deciding if the coatings failed in one of these two mechanisms, or a mixture of 
the two.  
 Related to FCT still, another task assigned was to analyze data from a job started by a 
previous intern, where the test buttons had different geometries machined into the edges to 
study if were any affects from the different shapes. Since there are many different features that 
coatings can be sprayed onto, this was important to look at to see how the edges might be 
causing coatings to fail early. Table 1 shows all of the different geometries studied. For 
clarification, control is how the buttons are currently made, which is the substrate is water 
jetted out of a plate first, and then coated, while the water jet samples mentioned in the table 
have been water jetted from a plate after the plate was coated.  
 

Geometry Side View 

Control (Cont) 
 

Chamfer (Cham) 
 

0.030” radius (30) 
 

0.060” radius (60) 
 

Water Jet (WJ)-simulates ∞ radii (only 
2000°F) 

 

Table 1 Different Geometries of Test Buttons 

One coating and one type of substrate were used for comparison, and then 3 samples of each 
geometry were tested for repeatability purposes, although there were only WJ samples tested 



2000°F. Two different cycle times were used, being 0.75 hr & 20 hr holds, to see if the results 
held at different cycle rates as well.  
 Figure 3 shows the results in lifetime for the different shapes. The first promising result 
is that no sample did worse than the control buttons. These control buttons can simulate sharp 
corners from edges, holes, or a number of things, but they represent the worst possible 
scenario for a coating. The next encouraging result was how the WJ samples performed the 
best out of all the samples in the 2000°F runs, including outperforming the control samples by 
more than 3x.  

Something not quite understood is the variability in some of the geometries; for 
example, the chamfer buttons in the 2000°F samples range from just better in lifetime 
compared to the control, all the way to double the lifespan of the control buttons. Another 
intriguing point was how in the 0.75 hr holds, the variability in the 30 samples ranged from 
below to above the 60 samples, but in the 20 hr hold, the lifetime of the 30 samples was below 
those of the 60 samples. More data may be needed to understand the variability of the 
different samples, but overall it currently shows that moving to reduce the sharpness of corners 
that get coated should help prolong the lifespan of the TBCs.  

 

 
Figure 3 Results from FCT of different Geometries 

 

Thermal Gradient  

 The last high temperature tests that have been a part of this fellowship have been 
thermal gradient tests, which uses oxy-acetylene torches on the front and back side to get the 
temperature gradient and to also simulate the coatings being exposed to water product from 
combustion. It is a more realistic test than FCT because in real world usage, TBC’s experience a 
thermal gradient as they try and prevent the substrate from being exposed to the hot gas, and 
FCT’s can’t mimic the water combustion by product that can affect the lifespan and 
conductivity of the coatings. The samples are loaded into rigs designed for the tests, and then 
an IR pyrometer is used to confirm the correct temperatures on each side. 
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Mechanical Testing 

 When TBC’s were first being applied, the structural integrity of the machine was based 
on the substrate. As TBC’s are increasing in thickness and the substrate is being thinned, it is 
becoming more important to know the mechanical properties of the coatings so that designers 
can have more accurate models that can also accommodate how the properties may change 
with aging. 
 

Bend Test 

 At their core, TBC’s are a composite system, with each different layer having different 
properties, whether that be from chemical differences or because of the spraying application 
being different. Because the coatings exhibit anisotropic properties, four point bend tests can 
be used to measure elastic properties, but measuring at high temperature can lead to some 
issues as the compliance of strain gauges needs to be accounted for, if they can even withstand 
the temperatures.  
 Looking through available literature to see if anything had been attempted like this 
before, a two part paper was found, entitled “Measurement of Coatings’ Elastic Properties by 
Mechanical Methods”, by M. Beghini, L. Bertini and F. Frendo, that the experiments could be 
modeled after. Figure 4 shows the test set up that they used for high temperature testing in the 
second part of the paper, and points the quartz rod they used as a deflectometer when paired 
with the LVDT transducer.  

 
Figure 4 High Temperature Test Apparatus 



 Issues with this test, though, were described in the first part of the paper, and how it is 
sensitive to coating layer thickness measurement errors. To counteract this weakness, the 
authors would perform tests at room temperature with strain gauges, instead of the quartz rod, 
and then use these results to calibrate the high temperature tests.  
 The plan was to have a third party perform the tests modeled after the one reported, 
but things kind of stalled for the rest of this fellowship as other projects took precedence and a 
company to perform the test hasn’t been the easiest to find.  
  

Projectile Testing 

 The last mechanical style test is related to coatings in service being impacted by foreign 
objects, called foreign object damage (FOD). To recreate and study these occurrences, a 
calibrated air cannon can be used to fire projectiles at different energies, and the samples can 
then be examined. GE Global Research Center (GRC) has one of these cannons available 

When tests like this had been done in the past, sample would be cut up to examine the 
coatings, and to see if there was any spallation or cracks that formed. This destructive method 
isn’t possible for parts in service, so the task was to find non-destructive tests that would be 
able to find coating spallation and cracks from FOD. After consulting an NDE specialist with GE 
Renewable Energy, tests that seemed to be good candidates included microwaves in the 
terahertz region, ultrasound, CT scanning, and infrared thermography.  

Microwaves and ultrasound work on similar principles of using acoustic waves. The 
microwaves, though, can’t penetrate the metal substrate, so any through transmission is ruled 
out. Also, there might not be the best resolution with this method. With ultrasound, there 
could be issues in the impedance mismatch between materials. Also, if the frequency is too 
high, then it might pass through cracks that still have opposing peaks touching each other, but if 
the frequency is too low, it might miss the crack entirely.  

With CT scanning, the main issue is the dense metal substrate. As the scanner here 
requires through transmission, it would require a high amount of energy to penetrate the 
substrate. This could lead to a lot of scatter, or it could wash out any data from the TBC if the 
energy is too high.  

Infrared, though, has some promising advantages over the previous methods. It can 
scan a wide area compared to all the previous tests, give a real time assessment, and is 
relatively simple in terms of set up. The heat required can damage the samples, but since these 
samples are meant to be used in +2000°F environments, that wasn’t too much of a concern. 
There had also been IR tests done in the past with some success. Figure 5 shows a coupon that 
had been impacted and then flash IR was performed. One can see the impact site near the 
middle of the coupon, and then also a dark blue region on the right side of the IR picture. This 
was believed to be a delamination of BC, but it was also hard to tell if the cause was from edge 
affects or if it was from the impact. Also, cracks were undetectable with this system. 

 



 
Figure 5 Infrared Image of Impacted Sample 

 Another test that involved IR was a system being evaluated by a researcher at GRC. In 
previous tests, the system was able to detect cracks in the substrate, so the next step was to try 
and detect cracks in the coating and see if it could detect any delamination or spallation. Also, a 
new coupon style was used, this time a larger square to eliminate any issues from edges, as 
shown in Figure 6. Currently, GRC still has the samples and should be testing them soon. 
 

 
Figure 6 New Impacted Coupon 

    
Conclusion 

Thermal barrier coatings are a complex, multi-layer system that have lots of different 
variables that go into designing and making the coating. As such, there are a number of 
different tests that can and should be done to know how these coatings will react when they go 
into service. Thermal tests are well defined and are the main focus of testing, while more 
mechanical tests are needed as TBC’s become thicker and more complex.  
 

Impact Site 


