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Disclaimer 
This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, 
or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 

This report has been reproduced directly from the best available 
COPY. 

Available to DOE and DOE contractors from the Office of 
Scientific and Technical Information, 175 Oak Ridge Turnpike, 
Oak Ridge, TN 378jl; prices available at (615) 576-8401. 

Available to the public from the National Technical Information 
Service, U.S. Department of Commerce, 5285 Port Royal Road, 
Springfield, VA 221 61; phone orders accepted at (703) 487-4650. 
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5.8 Westinghouse Thermal Barrier Coatings Development 

John G. Goedjen (407-28 1-5372) 
Gregg Wagner (407-281-2362) 

Westinghouse Electric Corporation 
4400 Alafaya Trail, MC 303 

Orlando, FL 32826-2399 

Introduction 

Westinghouse, in conjunction with the 
Department of Energy and Oak Ridge National 
Laboratory, has embarked upon a program for 
the development of advanced thermal barrier 
coatings for industrial gas turbines. 
Development of thermal barrier coatings 
(TBC’s) for industrial gas turbines has relied 
heavily on the transfer of technology from the 
aerospace industry. Significant differences in 
the timehemperaturektress duty cycles exist 
between these two coating applications. 
Coating systems which perform well in 
aerospace applications may not been optimized 
to meet power generation performance 
requirements. This program will focus on 
development of TBC’s to meet the specific 
needs of power generation applications. 

The program is directed at developing a 
state-of-the-art coating system with a minimum 
coating life of 25,000 hours at service 
temperatures required to meet increasing 
operating efficiency goals. Westinghouse has 
assembled a team of university and industry 
leaders to accomplish this goal. Westinghouse 

~~~ ~~~ 
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will coordinate the efforts of all program 
participants. Chromalloy Turbine 
Technologies, Inc. and Sermatech International, 
Inc. will be responsible for bond coat and TBC 
deposition technology. Praxair Specialty 
Powders, Inc. will be responsible for the 
fabrication of all bond coat and ceramic 
powders for the program. Southwest Research 
Institute will head the life prediction modelling 
effort; they will also be involved in 
coordinating nondestructive evaluation (NDE) 
efforts. Process modelling will be provided by 
the University of Arizona. 

A complete coating life cycle approach 
has been established for this effort. It begins 
with an evaluation of new ceramic and bond 
coat chemistries and the processing methods 
used to deposit coatings. Off-line inspection 
techniques, optimized specifically for coatings, 
will be used to insure coating quality and 
integrity at the factory floor, before service 
begins. Once in service, on-line inspection 
techniques developed under this program will 
be used to monitor coated component 
performance. Life prediction models will be 
developed to establish the anticipated service 
life for coating systems. As service hours 
increase, maintenance and repair techniques 
established under this effort will be 
implemented to insure the service life and 
reliability of coated components. 



Program Description 

The approach begins with new bond 
coat materials. Currently, oxidation of the 
bond coat is the life-limiting failure mechanism 
of the TBC system; for this reason a significant 
effort will focus on developing oxidation 
resistant bond coat materials. Oxidation 
resistance, while important, cannot be the sole 
consideration, chemical stability, bond coat 
compatibility with the substrate, physical and 
mechanical properties are also concerns. 
Chemical diffusion between the bond coat, 
substrate, and TBC can have deleterious effects 
on the properties of the system. Physical 
properties, such as thermal expansion, and 
mechanical properties, such as creep relaxation 
and fatigue endurance, also impact coating 
durability. Each substrate, bond coat and TBC 
composition will have unique interactions 
which influence coating system life. The 
investigation will place a large emphasis on 
elucidating these interactions using analytical 
techniques. The approach follows from the 
assumption that no single bond coat 
composition will provide optimal coating life 
for every substrate alloy. 

The bond coat deposition process also 
plays an important role in obtaining optimal 
coating durability. Low Pressure Plasma Spray 
(LPPS) is the predominant industry standard for 
depositing reliable, durable bond coats. The 
superior quality of LPPS bond coats is a direct 
result of depositing the coating in a low 
pressure, reduced oxygen environment. 
Obtaining such an environment requires large, 
expensive vacuum systems which directly 
impact the process cost. 

As part of the TBC development program, 
Westinghouse will evaluate the High Velocity 
Oxygen-Fuel (HVOF) and Gator-Gard 
processes as cost effective alternatives to the 
LPPS process. HVOF is a fuel combustion 
technique, Gator-Gard is a high velocity plasma 
spray technique. These techniques do not 
require use of expensive vacuum systems; both 
approaches provide high powder velocities 
which minimize the dwell time of the powder 
in the gas stream, thus minimizing oxidation. 
The high particle impact velocity produces a 
high density coating with high bond strength. 
Bond coat materials deposited using optimized 
HVOF and Gator-Gard processes will be 
compared to those deposited by LPPS to 
establish the viability of these processes as cost 
effective means of producing quality, durable 
bond coats. 

Chemical Vapor Deposition (CVD) and 
Physical Vapor Deposition (PVD) of bond coat 
materials are more costly than HVOF and 
Gator-Gard; however, the processes can 
produce bond coat materials with unique, 
beneficial properties which may provide 
increased coating system life. Bond coat 
materials deposited using these techniques will 
also be evaluated. 

Process variables, such as bond coat 
surface finish and bond coat pre-oxidation will 
be evaluated. The adhesion of an Air Plasma 
Sprayed (APS) bond coat relies, in part, on the 
mechanical interlock between the TBC and 
bond coat surface. The bond coat surface is 
intentionally roughened to achieve the required 
mechanical interlock. This rough, interlocked 
interface is characterized by hills and valleys 
which act to increase the local stresses at the 
interface. These stresses contribute to the 
eventual failure of the coatings system. A 

4 



balance between the surface roughness required 
to obtain TBC adherence, and the increase in 
deleterious stresses associated with a rough 
interface, must be achieved to optimize coating 
life. 

An integral part of the Electron Beam - 
Physical Vapor Deposition (EB-PVD) process 
is pre-oxidation of the bond coat within the 
coating chamber to form an oxide interface 
onto which the EB-PVD TBC is deposited. 
Growth of the oxide in this manner is believed 
to promote the formation of a compact, slower 
growing oxide than that found on APS 
coatings. The merits of pre-oxidation of the 
bond coat for APS coating systems will be 
assessed. 

A systems approach to improving 
coating performance must also consider the 
ceramic thermal barrier. The use of 8% yttria 
stabilized zirconia has demonstrated 
perfoimance in the aerospace industry. It has 
many desirable properties, thermal stability at 
high temperature, high thermal expansion and 
low thermal conductivity. The life-limiting 
failure mechanism remains oxidation of the 
bond coat; it can be argued that improvements 
in the ceramic TBC performance under these 
circumstances is of secondary importance. As 
bond coat developments provide increased 
oxidation resistance, the influence of ceramic 
TBC properties on coating durability will 
increase. Given this, gains can be made through 
further development of the ceramic TBC. 

Improvements may be made through 
use of alternate compositions, or through 
processing to increase coating compliance or 
decrease thermal conductivity. With this 
perspective, Westinghouse will evaluate new 
ceramics compositions which may provide 
improvements over yttria stabilized zirconia. 

Microstructural modifications, such as 
microcracked, segmented, and columnar 
plasma sprayed structures, offer the promise of 
improving coating compliance while reducing 
thermal conductivity. The merits of such 
structural modifications will also be assessed. 

Obtaining improvements in coating 
properties through microstructural 
manipulation will require an increased 
analytical understanding of the process 
variables. While many of the processing “rules 
of thumb” are known, implementation on a 
production basis often involves a trial and error 
approach. Such an approach becomes 
particularly cumbersome and expensive when 
considering large industrial gas turbine 
components. A process modelling effort, 
operating on a macrostructural and 
microstructural level, will be conducted to 
support manufacturing needs. 

The process models being developed 
within the program will provide an analytical 
means of predicting coating thickness and 
microstructure to guide process control 
parameters. Individual models will be 
developed for the plasma spray and EB-PVD 
processes. 

The plasma spray models will follow a 
splat build-up approach based on an empirical 
description of the powder size, distribution and 
trajectory as it leaves the plasma spray gun. 
Process variables which determine the 
microstructure will be an integral component of 
the model. Component geometry and spray- 
gun trajectory will also be incorporated into the 
model, providing an analytical approach to 
depositing a uniform coating on complex 
components in a cost effective manner. 
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A similar model for EB-PVD 
processing will be based on a first principles 
understanding of the deposition process. 
Analytical descriptions of material evaporation 
and condensation will be used to characterize 
coating rate, thickness and microstructure. 
Component geometry and position within the 
coating chamber will be an integral part of the 
model. Westinghouse and the University of 
Arizona will work cooperatively with 
Sennatech International, Inc. and Chromalloy 
Turbine Technologies, Inc. to utilize the 
process model results in production facilities to 
obtain coated engine hardware with improved 
performance. 

Given program time constraints, the 
25,000 hr. durability requirement can only be 
established using predictive models. To this 
end, an analytical model will be developed to 
provide a predictive assessment of coating 
durability. In addition, the model will provide 
an analytical tool to identify those properties 
which can be controlled to increase coating 
system life. This effort will be conducted 
through a cooperative effort between 
Westinghouse and the Southwest Research 
Institute. Southwest Research Institute has 
extensive experience with life prediction 
modelling. 

The model will follow a mechanistic 
approach which considers bond coat oxidation, 
thermal stress, geometric factors and time 
dependent mechanical properties of the bond 
coat and TBC. Each of these factors impact the 
stress state of the coating system and contribute 
to the accumulated coating damage. The stress 
state of the coating is directly related to the 
time-temperature-stress duty cycle of the 
component, this information will be integrated 
into the model. The model will be used to 
develop life prediction curves based on the 

calculated stress state and the inherent coating 
strength. 

Validation of any life prediction model 
is critical to its success. An evaluation of the 
predictive capability of the model must rely on 
accelerated laboratory tests if it is to be 
accomplished within the time scope of the 
program. The test conditions will be carefully 
selected to evaluate the contribution of each 
damage mechanism to the overall coating life. 
The validation effort will focus on new, 
developmental coating systems, as well as 
established systems for which long-term field 
service data are available. Extensive 
properties data on strength, elastic modulus, 
stress relaxation behavior, fatigue properties 
and thermal expansion will also be obtained to 
support the model effort. 

Once the efficacy of the model is 
established, it can be exercised to establish 
service inspection times, and ultimately, 
coating life. The mechanistic approach being 
followed will also allow parametric studies to 
direct selection of material properties to 
improve coating durability. 

Control of component temperature will 
most likely be accomplished by a combination 
of TBC’s and thin film cooling. The use of 
these complimentary approaches introduces the 
manufacturing challenge of depositing a 
coating without disrupting the integrity of 
cooling holes. To this end, a manufacturing 
initiative will be conducted to establish 
techniques for masking cooling holes during 
the coating process. The feasibility of 
alternative practices, such as re-drilling of 
obstructed cooling holes, will also be 
investigated. From these studies, 
manufacturing recommendations will be 
established. 
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The NDE, maintenance and repair 
efforts of this program span the complete 
coating life cycle, from quality control of new 
components to field service inspection and 
repair of service exposed coatings. The effort 
involves use of established technology and the 
development and application of new technology 
for use on TBC systems. Westinghouse will 
work with university and commercial concerns 
to demonstrate these technologies for industrial 
gas turbine applications. 

Conventional, off-line NDE techniques 
such as radiography, eddy current and 
ultrasound will be evaluated to assess there 
application to TBC systems. These techniques 
are well established for use on conventional 
metallic components and could be applied to 
coatings. In addition to these conventional 
techniques, two innovative, off-line NDE 
techniques, thermal wave imaging and 
inductive-capacitive arrays, will be evaluated. 

Thermal wave imaging is a 
sophisticated time-lapse infrared imaging 
technique which allows a non-destructive 
means of identifying hidden flaws, such as 
debonding, within the coating. High energy 
flash lamp sources and infrared sensitive 
cameras are used to build a time-lapse image of 
the energy transfer within the coated 
component. Areas of debonding within the 
coating act as insulators, radiating energy to the 
camera and appearing as hot-spots; thereby, 
providing an image of the hidden defects within 
the coating. A beneficial aspect of the 
technique is the ability to evaluate a large 
coated component surface area in real time. 
This makes the technique attractive for 
manufacturing quality control and field service 
evaluations of coated components. 

Inductive-capacitive techniques are well 
established for use on conventional metallic 
components, however, experience on TBC 
systems is limited. In addition, standard 
inductive-capacitive sensors can only be used 
for point contact measurements, allowing only 
limited component areas to be evaluated. 
Advances in this technology have led to the 
development of sensor arrays that can be used 
to scan the entire component, thus making the 
technique more desirable for quality control 
and field service evaluations. 

These NDE techniques will be 
supported by mathematical modelling to 
establish the unique relationships associated 
with the application of a ceramic coating onto a 
metallic component. The models will provide 
the theoretical knowledge to optimize these 
techniques for use on TBC systems. This 
understanding will also assist in designing 
appropriate NDE calibration standards and 
establishing theoretical detection limits relevant 
to TBC systems. 

This program will also pursue 
development of innovative on-line NDE 
techniques to bridge the gap between off-line 
inspection periods. Relying on established 
infrared optical fiber thermometry (IR-OFT) 
technology, a system will be investigated for 
monitoring component temperatures during 
engine operation. Such information would 
provide a powerfbl means of monitoring 
component integrity and engine performance. 
The theoretical understanding and hardware for 
optical fiber thermometry measurements is well 
established. The application of this technology 
to measure component temperatures within the 
turbine environment, however, provides new 
challenges. The focus of this effort will be to 
demonstrate that IR-OFT can be used to 
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measure component temperatures during engine 
operat ion. 

Such a demonstration of fiber optics 
technology would open new avenues for on-line 
monitoring of the engine. The use of fiber 
optics, once demonstrated, could be extended to 
obtain addition spectral information. With this 
perspective, a feasibility study will be 
conducted on Rayleigh, Raman and Brillouin 
scattering phenomenon to establish their utility 
in an on-line engine monitoring system. Each 
of these scattering phenomenon could provide 
additional on-line information on the properties 
and condition of engine components during 
service. 

The use of coatings also requires 
establishment of maintenance and repair 
capabilities. Repair and maintenance 
techniques will be investigated to insure the 
ongoing reliability of coated components once 
they are introduced into the engine, supporting 
the complete life cycle approach to coatings 
development. Issues such as degradation of the 
substrate and compatibility of the repair with 
the existing coating will be considered. 

The most promising technological 
advancements established in this effort will be 
brought to test in the bench test phase (Phase 
111) of the program. In the bench test, full-scale 
coated sections of engine components will be 

tested under high temperature, high pressure 
conditions. The bench test will bring together 
all components of the development effort. New 
bond coats, new ceramics and optimized 
processing methods will be incorporated into 
the coating systems. Test conditions will be 
designed to support verification of the life 
model. NDE techniques, both off-line and on- 
line, will be brought to practice for the bench 
test. 

The successful completion of this 
program will be marked by the development of 
a reliable, cost effective coating system which 
enables gains in the efficiency and reliability of 
industrial gas turbines. This can be achieved 
through the cooperative efforts between 
industry, university and government concerns 
that have been established for this program. 
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