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Introduction
Improved gas turbines demand materials that 

operate in high hostile environment. Thermal 
barrier coatings (TBCs) provide solution for 
meeting such a demand. The TBCs have the most 
complex structure with a minimum of four layers 
made of different materials with specific properties 
and functions. They are the substrate, the bond-
coat, thermally grown oxide (TGO), and the ceramic 
top-coat. The thermally-insulating ceramic bonded 
to an oxidation-resistant metal coating, which is 
applied to the superalloy substrate. The current 
TBC of choice consists of zirconia, partially 
stabilized by yttria (YSZ) with a bond coating such 
as MCrAlY. 



NETL Programs

NETL has/is managing materials research at 
organizations such as GE, Siemens, Pratt & 
Whitney, ORNL (national lab) etc. NETL manages 
various turbine materials research projects 
through programs such as University turbine 
systems research (UTSR), University coal research 
(UCR).



The major development issues:

(i) the mechanical and chemical stability of the ceramic and 
bond coating interface, which is the likely focus of stresses 
developed as a result of mismatch of the coefficients of 
thermal expansion of the ceramic and metallic bond 
coating, and as a result of oxidation of the bond coating, 

(ii) changes in the thermal conductivity across the thickness 
of the ceramic as a result of service exposure. 

(iii) These studies indicate the research need on new materials, 
deposition procedures and new TBC structures with 
improved physical properties. Other coatings such as 
environmental barrier coating (EBC) and ceramic matrix 
composite (CMC) are also important.



Required important research tasks
1) Identify and evaluate TBC compositions for improved corrosion 

resistance over that of conventional YSZ TBC’s, but with no 
increase in thermal conductivity or decrease in life

2) Further clarify TBC failure mechanisms for turbines operating 
with conventional fuels and expand understanding to include 
failure mechanisms for turbines operating with alternate fuels 
especially under high heat flux (HHF) conditions. Exploit this 
knowledge to show feasibility of approaches for improved 
lifetimes and/or to improve TBC lifing models for both 
conventional and alternate fuels such as syngas

3) Identify deposition (condensation) kinetics for critical vapor 
species on high temperature surfaces – and consequent 
corrosion effects.  For higher material surface temperatures, 
condensation of corrosive species will differ significantly from
historic data for metals. Quantification of these rates under 
realistic turbine conditions is required. (cont’d)



Required important research tasks
4) Water Vapor activated recession of TBC’s
5) Develop a fundamental understanding of degradation processes 

and determine combined moisture/contaminant limits for 
materials environments produced by alternate fuels

6) Determine Effect of Cooling Strategy (Temperature Gradient 
through the Thermal Barrier Coating) and thermal cyclic lives on
TBC degradation modes

7) Quantify effects of high Hydrogen on engine materials, i.e. 
hydrogen embrittlement mechanisms and metal dusting effects

8) Understanding the factors limiting the firing temperatures of 
syngas turbines

9) Evaluate the potential for deposition, erosion, or corrosion (D-E-
C) when firing syngas

10) Coatings for most robust hot gas path components
11) Coatings vulnerable to CMAS (Calcium-Magnesium-Alumino-

Silicate) infiltration
12) Nondestructive examination (NDE) techniques for inspection of 

the coatings, especially, in situ are required 



TBC Architecture

Nitin P Padture et.al, SCIENCE, P-280 VOL 296, (2002)



TBCs and Internal Cooling Manage Blade Strength
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•TBC reduces cooling flow 
requirements by 7%

•More air available for NOx 
control

• Increase expansion work out

• Increase CC efficiency by 
0.4%

Improved TBC Has Synergistic Benefits

Ref:  Fig.5.2 of VDI-Report 448, 2001



Microstructure of Ceramic TBC’s by 
Various Processes
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Industry Views



Material Requirements for Advance Turbines  
• Higher temperature capability – reduced cooling, increased TIT
• Improved oxidation resistance – post coating spallation life
• Enhanced prime reliance – reliable system integrity
• Better hot corrosion resistance – IGCC and low grade fuels
• Improved coating life: erosion/FOD/steam oxidation resistance

Potential Solutions
• Oxidation resistant metallic coatings - Larger aluminum reservoir, Slow

diffusion/depletion rate of aluminum

• Thermal barrier coatings – Design-based input for thermal conductivity,
heat flux and structural integrity

• Functional coatings – Coatings providing functional resistance against
steam oxidation (Environmental barrier coatings (EBCs)), erosion, hot
corrosion and foreign object damage.

Directions for Coatings  (SIEMENS)



Materials Define Turbine Technology
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Alloy development / firing condition timeline

Increasing firing temperature / decreasing fuel contaminates

Increasing oxidation resistance / decreasing hot corrosion resistance

Result: Alloy development focused entirely on increasing oxidation resistance 
because operating conditions dictated (high temperature and clean fuel).  
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Thermal Barrier Coatings 

Benefits of TBC
Higher firing temperature
Reduced cooling air required
Longer component life.

TBC needed as the gap between the 
turbine firing temperature 

and substrate alloy capability increases
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Buckets
Gas Turbine Material Coatings

S1B 7FA TECo Baseline DSGTD-111 CoCrAlY Aluminide
2010/2015 SC N5 NiCoCrAlY DVC TBC*

Enhanced NiCoCrAlY Advanced TBC
EBPVD TBC

S2B 7FA TECo Baseline GTD-111* CoCrAlY
2010/2015 DSGTD-111 NiCoCrAlY

DSGTD-444 Enhanced NiCoCrAlY
S3B 7FA TECo Baseline GTD-111 Chromide

2010/2015 DSGTD-111 Chromide
DSGTD-444

Nozzles
Gas Turbine Material Coatings Coatings

S1N 7FA TECo Baseline FSX-414 CoCrAlY TBC
2010/2015 GTD-111 NiCrAlY DVC TBC

GTD-111W Advanced TBC
EBPVD TBC

S2N 7FA TECo Baseline GTD-222* Aluminide
2010 GTD-111 Aluminide

GTD-111W Modified Aluminide
GTD-241+

2015 CMC Gen 1 EBC
Gen 2 EBC

S3N 7FA TECo Baseline GTD-222
2010/2015 GTD-241+ Slurry Aluminide

Aluminide 

Shrouds
Gas Turbine Material Coatings Coatings

S1S 7FA TECo Baseline Alloy 738 CoCrAlY DVC TBC
2010 GTD-741 NiCoCrAlY DVC TBC

N5 NiCrAlY
2015 CMC Gen 1 EBC

Gen 2 EBC
S2S 7FA TECo Baseline Alloy 738 or Haynes 214

2010 GTD-741
GTD-333

2015 CMC Gen 1 EBC
S3S 7FA TECo Baseline SS310

2010/2015 SS310

Combustion
Gas Turbine Material Coatings Coatings

Liner 7FA TECo Baseline Nimonic(R) 263 NiCrAlY Class B TBC
2010 Nimonic(R) 263 NiCrAlY Class B TBC
2015 Cast U500 NiCrAlY Super B TBC

Nozzle 7FA TECo Baseline 304L SS
2010/2015 304L SS

End Cove 7FA TECo Baseline 304L SS
2010/2015 304L SS

347 SS
TP Body 7FA TECo Baseline Nimonic(R) 263 NiCrAlY Super B TBC

2010/2015 Nimonic(R) 263 NiCrAlY Super B TBC
Haynes(R) 282

*Trademark of General Electric Company 

Advanced Turbine Materials

•Modified MCrAlY coatings (rare earth & 
precious metals) for environmental 
protection
•Low thermal conductivity (k) TBC
•Advanced application and processing

Current progress is with the laboratory test 
development
•Deposit corrosion (sulfate deposit at 
elevated temperatures)
•Gaseous corrosion (low contaminant “hot 
corrosion” test)
•Erosion (BECON rig with corrosive 
environment)
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TBC Monitoring Projects



On-Line TBC Monitoring for Real-Time Failure 
Protection 

Siemens Westinghouse Power Corporation, (41232)

Benefits
• Higher equipment availability
• OEM design tool
• Reduced Maintenance Costs

Objectives
Design build and install a gas turbine blade 
and vane thermal barrier coating (TBC) 
monitor for  real time detection / 
formation and progression of critical TBC 
defects.  The monitor will track and report on 
the progression of TBC defects, estimate 
remaining TBC life, and notify operations of 
impending damage. 

Duration: 4 Year Program

Total Project Cost

DOE: $5.118M 

Non-Government: $1.280M



Results
• Proof-of-concept tests (2001) profiled key 

interactions between infrared instrumentation, 
and absorption characteristic

• Characterize emissions from TBC defects 
(APS)-Infrared emission from TBC and 
associated progressions of deterioration was 
characterized, (debond growth, spall). The 
deteriorating TBC emission demonstrates a 
local step change in emissivity. 

• Installation (2003) of the prototype dual 
spectral response On-line TBC Monitor

• Developed TBC Remaining Life Prediction 
Model / completed prototype testing (5/03)

• Installation (10/04) of full scale system  at  
Empire State-Line Unit (501FD2) monitored in 
real-time, the condition and performance of 
row 1 and row 2 turbines blades 

On-Line TBC Monitoring for Real-Time Failure Protection 
Siemens Westinghouse Power Corporation, (41232)

Leading edge TBC defect

1 TBC spallation
2. Overlapping cooling holes

Platform rub

Platform TBC Delamination a
And local cooling at platform

Cooling hole blockage

Possible platform delamination
or TBC thickness variation





Spectroscopic In-Sitsu Health 
monitoring of TBCs

• Dual layer TBC’s (doped YSZ / undoped
YSZ) show strong dependence of 
emissions intensity on TBC health 
(simulated cracks) 
• This shows feasibility of in-sitsu health 
monitoring via spectroscopy.  

Cleveland State U.
Kang Lee  #042
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20h thermal cycling
• Other testing at different frequencies 
underway to confirm results
• Progress has been forwarded to 
sponsoring companies Solar, 
Honeywell and Rolls-Royce  
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TBC Performance





4:1 Improvement in Life of  Thermal Barrier 
Coatings
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Pt-Al/EB-PVD TBC
Defect:Bond Coat Ridges

MCrAlY/EB-PVD TBC
Defect: Embedded Oxides

With Defects Defects Removed
• This project applies to EBPVD (electron beam physical 
vapor deposition) thermal barrier coatings.
• Demonstrated that the spallation life (cycles) of TBCs is 
controlled by processing defects on the bond coat surface. 
• When these defects are removed by polishing or slight 
process modification, the spallation live of is improved by 4 
times. 
• Two gas turbine manufacturers are using the technology.
• Subsequent development by industry has extended the 
improvements up to 10 times the original spallation life.

U. Of Connecticut
Maury Gell #091



Improved Oxidation Resistance with YAG 
Layers in TBCs

• Designed Yttrium Aluminum Garnet 
(YAG)/Yttria Stabilized Zirconia (YSZ) 
multilayer coatings and produced by 
Small-Particle Plasma Spray 
• Demonstrated that the oxidation 
resistance of the bond coat (BC) is 
improved by a factor of ~3 with YAG 
coating. 
• Proved that YAG does not compromise 
thermal conductivity of TBC. 

Northwestern Univ.
Katherine Faber  #047
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Project showed the effect of surface roughness levels from 
simulations of engine operating conditions on airfoil and endwall
heat transfer will be to reduce cooling effectiveness and airfoil life

GE, Pratt & Whitney, and Rolls-Royce have participated in this 
project

Evaluation of Turbine Vanes and Endwalls with 
Realistic Surface Conditions
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Reduction in cooling 
results in more than a 
2X reduction in life
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Picture of cooling hole with 
surface roughness for actual 
operating conditions
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