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ABSTRACT 

The technology based portion of the 
Advanced Turbine Systems Program (ATS) 
contains several subelements which address 
generic technology issues for land-based gas- 
turbine systems. One subelement is the 
MaterialsNanufacturing Technology 
Program which is coordinated by DOE - 
Oak Ridge Operations and Oak Ridge 
National Laboratory (ORNL). The work in 
this subelement is being performed 
predominantly by industry with assistance 
from universities and the national 
laboratories. Projects in this sub-element 
are aimed toward hastening the 
incorporation of new materials and 
components in gas turbines. 

Research sponsored by U.S. Department of 
Energy's Office of Energy Efficiency and 
Renewable Energy (Office of Industrial 
Technologies and Office of Fossil Energy 
(Morgantown Energy Technology Center) 
for the Advanced Turbine Systems Program, 
under contract DE-AC05-040R21400 with 
Lockheed Martin Energy Systems 

A materials/manufacturing plan was 
developed in FY 1994 with input from gas 
turbine manufacturers, materials suppliers, 
universities, and government laboratories. 
The plan outlines seven major subelements 
which focus on materials issues and 
manufacturing processes. Work is cunently 
undeway in four of the seven major sub- 
elements. There are now major projects on 
coatings and process development, scale-up 
of single crystal airfoil manufacturing 
technology, materials characterization, and 
technology information exchange. 

INTRODUCTION 

The Department of Energy, in 
cooperation with the Gas Turbine Industry, 
initiated a program in 1992 to develop 
Advanced Turbine Systems (ATS) for land- 
based power generation. The objective of 
the ATS Program is to develop ultra-high 
efficiency gas turbine systems for base-load 
utility and industrial markets. The ATS 
Program is jointly sponsored and managed 
by DOE Fossil Energy and DOE Energy 
Efficiency and Renewable Energy. The 
program plan (Ref. 1) outlines an ejght-year 
program which involves turbine 



manufacturers, utilities, industrial end-users, 
national laboratories and universities. 

One of the major supporting 
elements of the ATS Program is the 
materials/manufacturing task. The purpose 
of this element is to address key materials 
issues for both utility and industrial gas 
turbines. This paper is a status report on 
the ATS Materials/Manufacturing Element. 

0BJEClW.E 

The ATS Materials~~anufacturing 
Plan was completed in April 1994 (Ref. 2). 
This plan was developed in coordination 
with the turbine manufacturers. In 
developing the plan, the turbine 
manufacturers stated a need for turbine 
inlet temperatures as high as 2600°F to 
achieve the efficiency goals. To achieve 
these temperatures for extended operating 
periods, there is a need to utilize new 
materials developments. The turbine 
manufacturers also indicated a need for 
effective interactions among themselves, 
material suppliers, national laboratories and 
others. 

The primary objective of the 
MaterialsManufacturing Element is to 
provide materials and materials-related 
manufacturing technology support to meet 
the ATS goals. The ATS prime contractors 
are responsible for the technologies 
necessaq for the demonstration projects. 
The materials manufacturing support is 
intended to compliment the ATS team 
efforts and provide expertise not available to 
any one single contractor. 

APPROACH 

The technical program for the 
Materials/Manufacturing Element focuses on 
generic materials issues, components and 
manufacturing processes. The subelements 
for the program are divided into seven 
categories (Fig. 1) 

0 Coatings and Process Development 

0 Single Crystal Airfoil Manufacturing 
Technology 

0 

0 

hiaterials Characterization 

Turbine Airfoil Development 

0 Ceramics Development 

0 Catalytic Combustor Materials 

0 Technology Information Exchange 

Currently, efforts are under way in 
four of the seven subelements. There are 
now projects ongoing on coatings and 
process development, scale-up of single 
crystal airfoil manufacturing, materials 
characterization and technology information 
exchange. The remainder of the paper will 
summarize the status of the ongoing 
activities. 

DESCRIPTION OF COATING 
PROJECTS 

The coatings and process development 
program effort is focused on thermal barrier 
coatings (TBCs) systems which, for current 
systems, involves a ceramic outer layer that 
provides thermal protection, and an inner 
metallic layer, or bond coat. Proposals for 
Research and Development of Thermal 



Barrier Coatings Technology were received 
in late 1994. As of late September 1995, 
contracts had been signed between DOE- 
Oak Ridge Operations and Westinghouse 
Power Generation Business Unit of 
Orlando, Florida, and Pratt and Whitney, 
East Hartford, Connecticut. The goal of 
these programs is the development of 
dependable thermal barrier coatings (TBCs) 
that enable increased turbine inlet 
temperatures while maintaining airfoil 
substrate temperatures at levels to meet 
ATS life goals. 

Each of these projects involves three 
phases, which address: 
(a) TBC process development 
(b) bench tests, and 
(c) product-line gas-turbine testing 

The main issues being addressed by 
these TJ3C contracts and by limited 
supporting studies at national laboratories 
and universities include: 

(i) The development of bond coats 
with improved ability to reliably form a 
slow-growing and adherent alumina scale. 
The relative performance of several 
candidate bond coat systems, such as 
diffusion aluminides and overlay MCrAl-type 
compositions will be evaluated. Bond coat 
composition that promote the formation of 
adherent, thermally-grown alumina scales by 
exploiting the effects of reactive element 
additions such as yttrium, or by having very 
low tramp sulfur levels are included. In 
addition to different coating compositions, 
an evaluation will be made of the influence 
of surface pretreatments such as controlled 
preoxidation on the performance of TBC 
systems in screening exposure tests. 

(ii) The ability to reproducible apply 
TBCs based on yttria-stabilized zirconia 
(YSZ) to all the surfaces of large, cooled 
vane and blade shapes while maintaining the 
desired coating composition, microstructure 
and thickness. The effects of changing the 
operating parameters of available coating 
processes (electron beam-assisted physical 
vapor deposition, and plasma spray 
processes) will be correlated with the 
microstructure of the ceramic layer, The 
ability to maintain the structure and thermal 
resistance of the ceramic layer as a function 
of thickness also will be explored. The 
performance of the coatings systems will be 
evaluated by subjecting combinations of 
bond coats and ceramic layers to exposure 
tests intended to simulate the extreme 
corrosive and erosive environments to which 
actual components will be exposed, using 
test pin specimens and conventional burner 
rig-type testing. 

(iii) The feasibility of alternative or 
new materials or coating structures to 
achieve improved strain tolerance, improved 
phase stability, slower rate of sintering, 
decreased thermal conductivity, and/or 
increased resistance to spallation compared 
to the YSZ+bond coat concept will be 
explored. This effort will rely mainly on 
analysis of available physical and mechanical 
property data, but a limited number of 
experimental systems also -111 be produced 
and examined. One approach is the use of 
a ceramic layer that exhibits decreased 
oxygen transport compared to zirconia, and 
so could possibly lead to a slower rate of 
growth of the alumina scale formed on the 
metallic bond coat and longer time before 
spallation occurs. 

Each program also includes efforts to 
measure relevant mechanical and physical 
properties of the TBC systems, and to use 



this information in mathematical models 
being developed to relate coating 
deposition/processing parameters to coating 
performance and expected lifetime. In 
addition to the adaptation of nondestructive 
examination (NDE) techniques for 
inspection of these coatings, some innovative 
concepts for observing coating performance 
and for measuring properties in situ will be 
tested. If successful, some of these 
approaches will be incorporated in the 
bench test specimens, and into engine 
hardware to be used in the product line 
engine test phase. 

The most promising candidate TBC 
systems that emerge from the process 
development phase will be applied to airfoils 
which will be used in the bench testing 
phase. This effort will involve tests designed 
to simulate more closely the expected 
service conditions, particularly the thermal 
gradient through the coating system. The 
contractors are developing specialized test 
methods that use cooled specimens and 
reproduce the essential features of the 
environment experienced by the first stage 
vanes and blades in their particular engine 
design. 

The TBC system(s) that achieve the 
performance goals of the bench testing 
phase will be applied to components that 
Will be installed and run in a product line 
engine, provided that this optional phase is 
pursued. The duration of the engine test 
will be up to 12 months. The coated 
components will be fully characterized using 
the appropriate NDE technologies before 
installation, and their performance will be 
monitored during the test by means of built- 
in sensors. Post-test destructive analysis on 
selected samples will be used to verify the 
NDEhensor indications. The data 

generated will be used to calibrate the life 
prediction models. 

DESCRIPTION OF 
MANUFACTURING 
TECtINOLOGY FOR SCALE-UP 
OF SINGLE CRYSTAL TURBINE 
AIRFOILS 

A solicitation was issued in 1994 to 
extend the capability of single crystal 
complex-cored airfoil technology to larger 
sizes so that higher turbine inlet 
temperatures could be attained in land- 
based turbines in a cost-effective manner. 
Two selections were made and contracts 
have been signed with Howmet Corporation 
in Whitehall, Michigan and PCC Airfoils in 
Cleveland, Ohio. 

Howmet Project 
The project led by Howmet is 

supported by a team including ABB, Pratt & 
N’hitney, Solar, Westinghouse, Aracor, and 
Purdue University. The project is scheduled 
over a period of 34 months with completion 
in April 1998. This project includes four 
technology thrust areas: 

0 low-sulfur alloys 
0 casting process development and 

0 postcast process development and 

0 casting defect tolerance level. 

understanding 

improvement 

The effort on low-sulfur alloys 
includes producing low-sulfur heats of four 
alloys, casting single crystal test specimens of 
each, and conducting cyclic oxidation tests 
on the specimens to evaluate the effects of 
sulfur content on oxidation resistance. 



Casting process development and 
understanding encompasses developing the 
single crystal casting process for two alloys 
in utility size airfoils and for one alloy in 
industrial size airfoils, developing improved 
wax, developing improved molds, and 
producing improved cores to reduce the 
occurrence of grain defects and improve 
dimensional control. 

Postcast process development and 
improvement includes investigation of 
varying heat treatment and hot isostatic 
pressing treatment on large test specimens, 
conducting metallographic examinations, 
performing mechanical property tests to 
determine effects of varying treatments, and 
developing inspection techniques for 
detection of porosity and internal defects. 

The area of casting defect tolerance 
level entails conducting tests to characterize 
the effects of defects such as freckles, low- 
angle boundaries, splaying, and of varying 
size and severity on mechanical properties. 

The program plan for the project was 
compIeted in early September 1995, and 
work was begun on the development effort. 

PCC Airfoils Project 
The project team is led by PCC 

Airfoils and they are supported by GE 
Power Generation. The effort is scheduled 
over a period of 29 months with completion 
in July 1997. This project includes four 
major tasks: alloy melt practice, 
modificationlimprovement of single crystal 
casting process, core materials and design, 
and grain orientation control. 

The task on alloy melt practice 
involves producing heats of a single crystal 
alloy with a very low-sulfur level, casting 
single crystal test specimens, and conducting 

cyclic oxidation and hot corrosion tests on 
the low-sulfur specimens and baseline sulfur- 
level specimens to determine the effects of 
sulfur level on oxidation and hot corrosion 
resistance. 

The single crystal casting 
modification/improvement task entails 
developing the casting process for one single 
crystal alloy for utility turbine size airfoils in 
both cored and solid configurations. This 
will be done by making a series of castings 
in which a number of important casting 
parameters are varied and thejr effects on 
the quality of the casting evaluated. To 
guide the selection of the process 
parameters, the casting process will also be 
modeled on a computer program where the 
casting parameters will be varied. Once the 
optimum values of the process parameters 
have been determined, a few additional 
molds will be made to verify the quality of 
the airfoils made by the final casting 
process. 

The task on core materials and 
design will address the issues associated with 
producing cores that uill have the required 
characteristics to consistently form complex 
cooling passages and maintain tight wall 
thickness tolerances in large airfoils. A 
number of core material compositions will 
be investigated and evaluated for shrinkage, 
strength, stability, and porosity. Cores 
exhibiting superior strength and stability will 
be selected for the first casting trials. These 
cores will be evaluated during the casting 
trials for their performance relative to 
dimensional control, metal interaction 
reactions, and core removal characteristics. 

The objective of the task on grain 
orientation control is to evaluate the effects 
of defects such as grain boundaries and 
freckles on the fatigue strength of the 



material. Test specimens will be cut from 
areas containing specific defects in the 
airfoils produced in the early casting trials. 
The specimens will be subjected to low-cycle 
fatigue testing at typical operating conditions 
for the airfoil root section. The test results 
h i l l  be evaluated for the effects of each type 
of defect to help establish criteria for defect 
tolerance Ievels in Iarge airfoils. 

The Program Plan for the project was 
completed in April 1995, and the tasks on 
alloy-melt practice and single-crystal casting 
are undenvay. 

DESCRIPTION OF MATERIALS 
CHARACXERIZA"I0N 

LonP-Term Testing of Ceramics for Gas 
Turbines 

of Industrial Technologies (OIT) has 
initiated a program to develop ceramic 
components for use in industrial gas 
turbines. The program was designed to 
bring ceramic technology to the point where 
short-term reliability and engine 
performance have been demonstrated. 

The Department of Energy's Office 

DOE-OIT selected Solar Turbines 
Incorporated for the development of 
ceramic gas turbine components. Solar 
Turbines started work in late FY 1992. One 
of the critical areas outlined in their 
program was a long-term materials testing 
program. Long-term materials tests are 
needed to determine the survivability of the 
materials for land-based applications. This 
section outlines the long-term testing 
conducted at Oak Ridge National 
Laboratory (ORNL) and University of 
Dayton Research Institute (UDRI) in 
support of the program with Solar Turbines. 

Research activities on this project 
focus on the evaluation of the static tensile 
creep and stress rupture (SR) behavior of 
three commercially available structural 
ceramics which have been identified by the 
gas turbine manufacturers as leading 
candidates for use in industrial gas turbines. 
Tensile creep data are being generated in 
air by measuring creep strain as a function 
of time, applied stress, and temperature. 
The SR resistance is being evaluated by 
continuing each creep test until the 
specimen fails. For each material 
investigated, a minimum of three 
temperatures and four stresses are being 
used to establish the stress and temperature 
sensitivities of the creep and SR behavior. 
The test matrix utilized in this program is 
intended to extend the test conditions 
investigated by the engine component 
manufacturers. Because existing data for 
many candidate structural ceramics are 
limited to testing times less than 2,000 h, 
this program is focused on eaending these 
data to times on the order of 10,000 h, 
which represents the lower limit of operating 
time anticipated for ceramic blades and 
vanes in gas turbine engines. 

TBC Characterization 

to develop and apply state-of-the-art 
characterization techniques to the evaluation 
of the mechanical and thermal reliability of 
thermal barrier coatings. In Phase I of this 
program, an extensive review of the 
characterization techniques previously 
applied to the study of TBC failure will be 
performed. Results of this study will be 
used to select the most promising 
characterization techniques for further 
evaluation. It is anticipated that specific 
emphasis will be placed upon methods 
appropriate for the measurement of residual 
stress, thermal ccnductivity, damage in the 

The primary goal of this research is 



form of micro- and macrocracAs, an4 
oxidation. In Phase 11, the effectjveness of 
these various methods to the evaluation of 
cyclic-dependent failure of TBCs will be 
addressed by measuring these properties 
both in the as-fabricated state and after 
various amounts of thermal cycling. In 
Phase 111, data generated from the Phase I1 
effort will be used to extend existing life 
prediction models describing the time 
(cyclic)-dependent failure of TBCs. 

DESCRIPTION OF TECHNOLOGY 
IWORMrlTION EXCHANGE 
TASK 

provide a mechanism to transfer information 
on materials issues developed at other 
agencies such as NASA, DoD, and other 
DOE materials programs to the ATS 
program. Some of these material efforts 
can have significant impacts on the ATS 
program. 

The objective of this element is to 

The main effort that occurred in this 
area was a Thermal Barrier Coatings 
Workshop that was held jointly with NASA 
and NIST in Cleveland, Ohio on March 
27-29, 1995. The objective of the workshop 
was to assess the state of TBC knowledge 
and identify critical gaps in the knowledge 
that hinder the use in advanced applications. 
These goals were achieve through 
presentations on topics ranging from 
defining the needs of TBCs to the design of 
future coatings, through extensive 
discussions on the issues facing TBC use. 
There had not been a major TBC Workshop 
in over ten years, and it is now anticipated 
that there will be a workshop similar to the 
one held in 1995 every other year. 

SUMMARY 
The technology-based development 

portion of the ATS Program contains 
elements which address generic technology 
issues for advanced gas turbine systems. 
One element is the materials/manufacturing 
element which is directed by Oak Ridge 
with work performed by industry with 
assistance from national laboratories and 
universities. A Materials/ 
Manufacturing Plan was completed in April 
1994 in coordination with the gas turbine 
manufacturers. The plan outlines seven 
major subelements u.hich focus on materials 
issues and materials-related manufacturing 
technology issues. The seven major sub- 
elements are: (1) Coatings and Process 
Development; (2) Turbine Arfoil 
Development; (3) Ceramic Development; 
(4) Single Crystal Airfoil Manufacturing 
Technology; (5) Materials Characterization; 
(6) Catalytic Combustor Materials; and 
(7) Technology Information Exchange. 

Work is currently underway for the 
four major subelements. There are now 
major projects on Coating and Process 
Development, Scale-up of Single Crystal 
Airfoil Manufacturing, Materials 
Characterization, and Technology 
Information Exchange. 

The coating projects include major 
efforts on TBCs. There are two major 
industrial projects, one with Westinghouse, 
the other with Pratt and Whitney, and the 
goal of these is the development of 
dependable TBCs that enable increased 
turbine inlet temperatures while maintaining 
airfoil substrate temperatures. Each of 
these projects involves three phases which 
address TBC process development, bench- 
mark testing, and a product-line gas turbine 
testing. There are also supporting studies at 



national laboratories and universities that 
include development of bond coats and TBC 
characterization. 

Other major ongoing projects include 
a turbine airfoil manufacturing program that 
extends the capabjlity of single crystal 
complex airfoil technology to larger sizes, so 
that higher turbine inlet temperatures can 
be obtained in land-based gas turbines. The 
specific purpose of these efforts is to define 
manufacturing methods that will allow single 
crystal technology to be applied to power 
CI generation turbines in a cost-effective 
manner. Currently, projects are under way 
with Howmet Corporation and PCC Airfoils. 

Long-term testing of ceramic 
materials is underway at ORNL and UDRI. 
This is in support of Solar Turbines' 
Ceramics for Stationary Gas Turbines 
Project. The objective of that program is 
the development of ceramic gas turbines 
components, and one of the critical areas 
outlined by the program was a long-term 
materials test program. The primary goal of 
this research is to determine the long-term 
survivability of ceramic materials for 
industrial gas turbine applications. 
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Figure 1. Work Breakdown Structure of the Research Tasks in the ATS Materials/Manufactunng Element 


