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EXECUTIVE SUMMARY

As a result of the considerable development effort carried out in the 1990’s, large

gas turbines (~250 mW) for power generation are now operating reliably and with high

availability ratings, in many parts of the world.  However, since the price of natural gas

has risen significantly, the gas turbine combined-cycle power system does not have the

economic advantage over other generation technologies that applied a decade ago. 

Now, with the drive for zero emission power generation systems, other opportunities

have opened up and, in particular, the coupling of a gas turbine combined-cycle system

with coal gasification offers some attractive potential advantages in the context of

reducing emissions.  Furthermore, the use of coal-gasification technology will exploit the

large U.S. reserves of coal, with the potential for easing the dependence on imported

gas for power generation.

While there are many technical difficulties to be overcome in the successful

integration of coal gasification and gas turbine combined-cycle (IGCC) technology, the

emergence of large gas turbines as reliable, high-efficiency power generation systems is

a major advantage.  Thus, in developing IGCC technology, the gas turbine will represent

a relatively mature technology at the heart of the generation system.  There are,

however, challenges to be faced in order to accommodate the physical and chemical

differences of fuels other than natural gas.  For example, the lower calorific value of

syngas results in a substantial increase in the mass flows through the engine, compared

with the combustion of natural gas and, while this will represent an increase in power

output, there will be a need to modify the engine design to accommodate the increased

gas flow.  In addition, the higher hydrogen content of syngas (with its higher flame

speed) may lead to difficulties in control of the combustion process.  Thus, there are

issues associated with different fuels that will have to be overcome in order to ensure

reliable gas turbine operation.

As far as materials are concerned, the review has shown that the materials

already available and/or currently under development for critical components in gas

turbines burning natural gas will be applicable to units operating in IGCC systems.

However since these materials have been developed for relatively clean environments,

the higher levels of sulfur, water vapor, and possibly particulates likely to be

encountered in syngas combustion will represent a potential limitation in terms of

component durability.  Thus it will be necessary to initiate development efforts to provide

alloys with better corrosion resistance and coatings with enhanced corrosion and
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erosion resistance relative to the materials currently used in the cleaner natural gas

combustion environments.  Because the high-temperature properties of the current

materials of choice in current high-performance gas turbines were obtained at the

expense of inherent resistance to sulfidation or hot corrosion attack, this will be a

significant task made all the more challenging if higher operating temperatures are

required for greater generation efficiency.  In order to provide data on impurity levels to

guide the development effort, it will be important to have significantly better

characterization of the composition of the gas produced from gasification and clean-up

systems employed in IGCC.  Finally, it will be necessary to demonstrate the operation of

a complete advanced syngas- or hydrogen-fired turbine, or at least of the key enabling

technologies, before the utility industry will accept such systems.  Such a demonstration

phase will be expensive, so that consideration should be given to a collaboration should

be given to a collaborative effort, possibly a multi-national effort since the major gas

turbine manufacturers are international companies.

In addition there will be a continuing need for better long-term data to

characterize creep and fatigue performance of materials as a basis for improved design

and reliable operation, as well as better definition of the actual conditions, especially

temperature and temperature range, experienced by the key components in the hot gas

path.  In view of the difficulties in obtaining physical measurements of such needed

parameters, increased use of computer modeling may be appropriate to predict

materials behavior.  Further, the more demanding combustion conditions with syngas

may necessitate the evaluation of new materials (such as oxide dispersion-strengthened

alloys or ceramics) for combustor applications.  However, final decisions in this regard

will depend on the precise chemistry of the combustion process, and the extent to which

changes are required in engine design.  Finally, it will be necessary to demonstrate the

operation of a complete advanced syngas- or hydrogen-fired turbine, or at least of the

key enabling technologies, before the utility industry will accept such systems.  Such a

demonstration phase will be expensive, so that consideration should be given to a

collaborative effort, possibly a multi-national effort since the major gas turbine

manufacturers are international companies.

The findings from this survey regarding materials needs for gas turbines burning

coal-derived syngas are presented in summary form, along with an indication of the

priority ranking for the individual requirements.
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ABSTRACT

Following the extensive development work carried out in the 1990’s, gas turbine

combined-cycle (GTCC) systems burning natural gas represent a reliable and efficient

power generation technology widely used in many parts of the world.  A critical factor

was that, in order to operate at the high turbine entry temperatures required for high

efficiency operation, aero-engine technology, i.e., single-crystal blades, thermal barrier

coatings, and sophisticated cooling techniques had to be rapidly scaled up and

introduced into these large gas turbines.  The problems with reliability that resulted have

been largely overcome, so that the high-efficiency GTCC power generation system is

now a mature technology, capable of achieving high levels of availability.

The high price of natural gas and concern about emission of greenhouse gases

has focused attention on the desirability of replacing natural gas with gas derived from

coal (syngas) in these gas turbine systems, since typical systems analyses indicate that

IGCC plants have some potential to fulfil the requirement for a zero–emissions power

generation system.  In this review, the current status of materials for the critical hot gas

path parts in large gas turbines is briefly considered in the context of the need to burn

syngas.  A critical factor is that the syngas is a low-Btu fuel, and the higher mass flow

compared to natural gas will tend to increase the power output of the engine.  However,

modifications to the turbine and to the combustion system also will be necessary.

It will be shown that many of the materials used in current engines will also be

applicable to units burning syngas but, since the combustion environment will contain a

greater level of impurities (especially sulfur, water vapor, and particulates), the durability

of some components may be prejudiced.  Consequently, some effort will be needed to

develop improved coatings to resist attack by sulfur-containing compounds, and also

erosion.
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1.  INTRODUCTION

The major efforts worldwide in the 1990's devoted to improvements in materials

and technology for gas turbines for electricity generation were driven by the demand for

high-efficiency units burning natural gas.  This demand resulted from a combination of

factors that led to the gas turbine combined cycle (GTCC) system being the preferred

method of power generation.  These factors included:

• a reliable supply of relatively cheap natural gas with low sulfur content;

• widespread deregulation (actual and planned) of the power generation industry;

and

• recognition of the need to reduce emissions of harmful greenhouse gases, and

CO2 in particular.

The increased deregulation of the industry in the USA and Europe provided

opportunities for independent power producers and owners of merchant plants to

contribute to the increased demand for electricity.  The advantages of GTCC plant in this

regard were:

• low capital costs; 

• construction time of about 24 months (compared with 36 months or more for a

coal-fired plant);

• increased generation efficiencies compared with coal-fired plants; and

• the ability to meet stringent emissions targets, e.g. NOx <10 ppm.

Thus, in the USA in the late 1990's, gas and steam turbines for combined cycle

operations represented over 60% of the annual orders for new power generating

capacity.  This rapid build-up reflected the small margin of excess generating capacity

relative to demand resulting from the uncertainties associated with deregulation.1  One

consequence of this surge in the demand for GTCC plants was that various R&D

projects were initiated with the overall aim of increasing the operating efficiency of this

type of system to give a reduction in the cost of electricity.  The most notable of these

was the Advanced Turbine Systems (ATS) project in the USA,2 which was a $400 million

effort with well-defined targets for improved efficiency (60%) and low emissions. 

Similarly, the Moonlight Project in Japan3 involved collaboration between the major

turbine builders to develop an advanced gas turbine for power generation applications

and, more recently, the High-Temperature Materials 21 Project4 has provided an

opportunity for further developments in Ni-base superalloys.  In Europe, the COST 501

project5 was focused on development of improved materials and coatings to enable the
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production of components such as blades and vanes that would withstand the higher

firing temperatures associated with high-efficiency gas turbines burning natural gas.

The result of this development effort was that by the mid 1990's, large gas

turbines (around 250 MWe) firing natural gas were operating in combined cycle systems

giving around 400 MWe of power output with efficiency in excess of 55% in many cases,

and with very low NOx and SOx emissions.  Also, advanced concepts were being

evaluated to give efficiencies of up to 60%.  With the rising cost of natural gas (the price

generally tracks that of oil), attention has turned to the opportunities associated with the

production of gas from coal.  One consequence has been an interest in improving the

technology of gas turbines burning low-Btu gas (syngas) with the aim of building on the

advances made with the current generation of engines to improve generating efficiency

with integrated gasification combined cycle (IGCC) plant.  However, there are specific

problems associated with the combustion of low-Btu gas, which will require additional

development efforts both in specific aspects of turbine design, and in materials

performance in order to provide cost-effective solutions.  

In the following sections of this review, some critical aspects of gas turbine

technology are outlined, the current status of materials for high-temperature components

is briefly described, and the implications for the combustion of syngas and hydrogen are

discussed.  
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2.  OVERVIEW OF ISSUES ARISING FROM BURNING DIFFERENT (GASEOUS)
FUELS GAS TURBINE ENGINES

Modern gas turbine engines are complex machines in which materials are used

to the limits of their capabilities in order to maximize the power and/or efficiency

extracted from the fuel.  Figure 1 shows a schematic view of an advanced land-based

gas turbine, intended for use coupled to a heat-recovery steam generator and a steam

turbine in combined cycle operation; the overall plant will generate 340 MWe (50 Hz)

with an efficiency rating of 60% (higher heating value, HHV).6

The current generation of land-based gas turbines was initially designed for

operation on natural gas.  Thus, the component dimensions and materials selection for

these machines were determined by the power output required, the combustion

characteristics of natural gas in air [as dictated by the stringent emissions limits (mostly

NOx) imposed], and the gas temperatures (as determined by the efficiency goals for the

machine).   Materials selection for the hot gas path components was based on the

resulting gas flow rates and temperatures, as well as the stresses imposed in extracting

work from the combustion gases.  The degree of sophistication in terms of design and

materials usage in modern land-based turbines is comparable to that in advanced aero

engines, and techniques such as the use of complex airfoil profiles (based on

    Fig. 1.  Schematic illustration of a Siemens Model SGT5-
8000H advanced gas turbine designed for combined cycle
operation (from Siemens Power Generation).6 
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computational fluid dynamics concepts) and active blade tip clearance control are

employed to maximize efficiency.  Cooling of some of these components is mandatory,

since in places the temperature of the combustion gas exceeds the solidus temperature

of the strongest available alloys.

Figure 2 is a simplified, schematic block diagram of a generic gas turbine,

showing the major components, and indicating some of the gas flows.  The bulk of the

air exiting the compressor is directed into the combustion zone at locations and in

amounts dictated by the requirements of the combustion process.  The burner nozzle

and combustor can and liner are designed specifically to control the flame

characteristics of the fuel; cooling of the metallic combustor liner is achieved by flowing

the incoming air over its outer surfaces, as well as through appropriately-sized and

spaced holes, as indicated in Fig. 3.  Air from the compressor also is used to cool some

of the hot gas path turbine components; typically air is taken from locations in the

compressor corresponding to the gas pressure at the particular location in the turbine

where the coolant is needed.  Figure 4 illustrates air cooling of the first two rows of

blades and vanes in a four-stage turbine.  Air from the compressor may be routed

through the turbine discs into the blades, where cooling is accomplished by convection,

direct impingement of air onto the inside surfaces of the airfoil walls, or released through

holes in the trailing edge and blade tip.  In more advanced designs, the air eventually is

directed though carefully sized and shaped holes to provide a film of a cooling air over

the external surfaces of areas of particular concern, such as the pressure (concave)

surfaces.

    Fig. 2.  Schematic block diagram of a gas turbine indicating
the overall gas flows.
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    Fig. 3.  Schematic diagram of a gas turbine combustor.

    Fig. 4.  Schematic block diagram of the turbine section,
suggesting blade cooling.
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2.1  FUEL-RELATED DESIGN FACTORS

There are differences in composition between natural gas and syngas that result

in differences in their combustion characteristics.  The fuel gas generated by gasification

of coal consists primarily of H2 and CO, along with smaller amounts of CH4 and

higher-order hydrocarbons, CO2, and H2O; the level of N2 in syngas can vary from low to

high, depending on whether the gasifier is oxygen- or air-blown.  Also, there may be

impurities in syngas not typically found in natural gas, which include sulfur, alkali species

and solid particles at levels that depend on the original coal, the gasification process,

and the characteristics of the gas clean-up processes employed.  As a result, the

properties of syngas that relate to its combustion characteristics can vary considerably. 

In simple terms, some key issues to be considered when using syngas or hydrogen

rather than natural gas (taken here as essentially CH4) to fire a gas turbine are:

• Syngas (and hydrogen) have significantly higher laminar flame speeds than

natural gas, giving rise to flame stability issues.  Laminar flame speed (sL) is the

rate at which a flame can propagate in a combustion mixture.  If the flame speed

is lower than the flow rate of the reactants, the flame may detach from the

burner, whereas a flame speed higher than the flow rate of the reactants has the

risk that the flame may flash back into the burner.  Note that the value of sL for

methane (assumed here to be the same as natural gas) shown in Table 1 is

only approximately 1/3 that of a 50:50 H2:CO mixture (intended to simulate

syngas),7 and that the flame speed of undiluted hydrogen is at least five times

that of methane/natural gas.  The flame speed of H2/CO mixtures decreases as

the amount of dilution (CO) is increased, such that a value of sL equivalent that

of natural gas can be achieved if the H2/CO ratio of ‘syngas’ is increased to 5:95

(Table 1).  There is some effect of temperature on flame speed, and it was

found that the measured and predicted values of sL tended to diverge at

temperatures greater than 127EC.7

• The levels of water vapor in the combustion gas from syngas (and hydrogen)

are higher than in natural gas, and result in changes in the heat transfer

properties of the flame, with implications for the ability to maintain adequate

cooling of key components; high water vapor levels also may have detrimental

effects on component durability.
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• The combustion of syngas probably will result in higher levels of unburned

carbon than natural gas, which affects the luminosity flame hence heat transfer

to the cooled components.

• The calorific value (CV) of syngas from an oxygen-blown gasifier typically is

approximately 1/3 that of natural gas (on a molar or volume basis), whereas that

from an air-blown gasifier is lower (~1/10); also, the CV of hydrogen is

approximately 0.3 times that of methane or natural gas on a volume basis (see

Table 1).  These large differences lead to differences in the relative gas flows in

the turbine when compared on the basis of constant power, and have

implications for combustor design, flame stability and increased heat transfer to

the combustor can and airfoils.

Table 1.  Some combustion properties of various fuels

Fuel Adiabatic flame T 
(EC)

Calorific value 
(HHV)

Maximum adiabatic
laminar flame speed

Air Oxygen kJ/kg kJ/m3 cm/s

CH4 19478–
25009

33279 55,5309 39,8209 247–408

Natural Gas 43,0009

H2 21108–
26579

35529 139,00010–
141,7909 

13,0009 210–2407; 3208

CO 21128 558

Syngas 
(air-blown)

4,500–
5,50011

Syngas 
(O2-blown)

9,000–
13,00011

H2/CO (50-50) 70–1157,a

H2/co (5:95) 20–407,a

C3H8 25419 33689 50,20010–
50,3509

101,0009

C8H18 25509 34819

Diesel oil 44,80010–
45,5009

Conv. gasoline 46,50010–
47,3009

     aDepending on equivalence ratio.
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• The corrosion potential of combusted syngas is expected to be greater than for

natural gas, based on its increased water vapor content, and the likelihood of the

presence of alkali and  sulfur levels near the maximum typically allowed in turbine

fuel specifications.12   The likely levels of condensable salts will depend on the

details of the gas clean-up processing employed, but the possibility is allowed that

they could approach the usual trigger points for initiation of deposition on some of

the turbine stages.  In fact, the higher fuel-to-air ratio in syngas combustion makes

it likely that these trigger points will be reached with lower impurity levels in the

fuel, with the result that the potential for hot corrosion in the turbine may be

increased (depending on the range and amount of impurities present).

• Though significant emphasis in syngas clean-up is placed on particulate removal,

until reliable data are available from sustained operation of IGCC plants, the

possibility of erosive damage to the first stage vanes and blades should be

acknowledged.  Also, although stringent control of the combustion process will be

practiced for emissions abatement, the formation of carbon-rich particles (and

resulting erosion damage) also should not be overlooked.

• Control of the flue gas exit temperature may be more difficult than with natural

gas, which may present problems for the downstream heat-recovery steam

generator.

The differences in such properties among natural gas, syngas, and hydrogen

highlight the need to evaluate the implications for design and operation of gas turbine

combustion systems intended to operate on different fuels.  Figure 5 shows the relative

gas flows in a turbine (using the schematic layout from Fig. 2), and is intended to provide

some indication of the interdependence among the air and fuel flows; in addition, the

case of coupling the gas turbine with an air separation unit (ASU) to permit oxygen-

augmentation of the combustion air is considered.  Note that the gas turbine compressor

is assumed to supply air not only for combustion (stream A1), but also for cooling of hot

section components (A2, A3); compressor air also may be supplied to the gasifier (stream

A4).  There is also the possibility that for oxy-firing, the air feed for the ASU would be

provided by the turbine compressor (stream A5).  The flow of combustion air (and/or

oxygen) and fuel (F) are related by the combustion characteristics required by the

turbine power and emissions specifications.  Where the fuel requires dilution to avoid

explosive mixtures, or to control NOx formation, the gas flow in the combustor will

include N2 or steam additions, which have been omitted from this discussion for the sake

of simplicity.  
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A further important issue is that the temperatures of hot gas path components

(such as first stage vanes and blades) must be tightly controlled to prevent them from

exceeding their strength capability limits.  Thus, the cooling provided by streams A2 and

A3 is critically important, and must be matched to the heat transfer associated with the

combustion of each fuel (or the combustion temperature must be decreased to allow the

temperature of the critical vanes and blades to be maintained below some critical level). 

This is a problem when switching fuels, since for a given turbine design, the values of

the flow rates of streams A2 and A3 are not readily variable.  In terms of the turbine cycle,

since the cooling air streams A2 and A3 do not contribute to the combustion process,

they detract from the overall efficiency of the engine, and so should be minimized.  Other

sources of coolant have been considered, such as steam cooling by integration of the

gas turbine with the steam circuit in a combined cycle13 and, for oxy-firing, the nitrogen

from the ASU might be used for this purpose, thus possibly reducing the air flow in

streams A2 and A3.  

These simple considerations suggest that different compressor and turbine flows

will be needed to allow the optimized use of different fuels, in order to accommodate the

differences arising from, for example, variations in the CV of natural gas, syngas and

hydrogen, and adjustments of other flows to provide adequate cooling.  While

quantification of the flow streams suggested in Fig. 5 for any fuel is not straightforward,

the following simplified argument is presented as a means for obtaining a rough

    Fig. 5.  Schematic block diagram of a gas turbine integrate
with an air separation unit (ASU) for oxy-firing, suggesting
the interconnectivity of the gas streams.
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approximation of the magnitude of the changes expected in flow rates in key areas, due

to combusting syngas or hydrogen in a gas turbine designed for natural gas.

The gas flow through the combustor is composed of the flows of combustion air

(A1) and fuel (F), and these two components are related by the molar proportions of the

reacting species, and the air-to-fuel ratio (or overall stoichiometry, η).  The continuation

of natural gas (CH4) is considered to involve:

CH4 + 2O2 + (8N2) = CO2 + 2H2O + (8N2) (1)

On the basis on one mole of methane combusted, the molar (volume) flow

through the combustor is (1+1η), and through the turbine [3+(8η+2η-2)]+(A2+A3).  For an

air/fuel ratio of 20, and the total cooling air flow extracted from the compressor is

0.05 A1, the molar flows through the combustor and turbine are 201 and 211,

respectively, so that the turbine flow rate is approximately 4% greater than that through

the combustor.

For syngas from an oxygen-blown gasifier, assuming that the gas consists of

1 part CH4 + 2 parts N2 (CV = 1/3 that of natural gas, and 1 mole of natural gas is

represented by CO + 3H2), the combustion process can be represented by:

CO + 3H2 + 2O2 + 8N2 (air) + (8N2 from gasifier) = CO2 + 3H2O + 10N2 (2)

The combustor and turbine flows become (12+10η), and [(12+8η+2η-2.5)+(A2+A3)],

respectively, and for η = 20 and (A2+A3) = 0.05A1, the molar flows are 212 and 219.5

respectively, an increase for the combustor of 5% compared to natural gas, and 4% for

the turbine.  

For the stoichiometric combustion of hydrogen in oxygen (assuming that the CV

of hydrogen = 1/3 CH4, Table I):

3H2 + 3/2O2 = 3H2O + 6N2 (coolant)  (3)

The combustor and turbine molar flows for the nominally same turbine power would be

4.5 and [3+(A2+A3)], respectively, (assuming that all of the turbine cooling could be

accomplished by the nitrogen component of stream A5, as suggested in Fig. 5).  The

combustor and turbine flows would be 4.5 and 9, respectively.  Compared to natural gas,

these flows represent a significant mismatch in combustor and turbine sizes.
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Overall, it is suggested that a syngas-fueled machine would experience higher

gas flows through the combustor and turbine than when burning natural gas, and that

these would increase with decreasing CV of the syngas.  In the case of a hydrogen-fired

turbine, the gas molar flows through the combustor and turbine will be significantly

decreased compared to firing with natural gas.  It is clear from these simple arguments

that there are significant implications for the design of the turbine that must be

addressed especially for the combustor, from the desire to burn different fuels.  Some

accommodation of the mismatches in flow rates among the fuels can probably be made

by the inclusion of variable guide vanes in the compressor or turbine first stages, or by

changing the shape of the first-stage turbine vane to reduce the pressure drop resulting

from increased flows.  However, it is not obvious that the differences in combustion

characteristics can be accommodated in a single combustor design that can maintain

the desired emissions values of, for instance, NOx.  
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3.  SOME CRITICAL ASPECTS OF CURRENT GAS TURBINE TECHNOLOGY

Prior to the rapid build-up in GTCC generating capacity, gas turbines for power

generation had chiefly been used in simple-cycle operations for “peak lopping”

applications.14  In this case, the rapid start-up capability of the gas turbine was a major

advantage and, in view of the short operating time, there was no great requirement for

high efficiency.  Consequently, these engines used relatively low firing temperatures

compared with the maximum capabilities of aero-engines, and were much less

sophisticated in design, so that relatively low-strength alloys could be used for

components such as blades and vanes, and cooling technology was generally not

required.  Some of the smaller engines were derivatives of existing aero-engines, which

were derated for land-based application.  

By comparison, the development of large (250 MWe) gas turbines operating as

base-loaded units for power generation in GTCC systems required a new approach to

materials and component design in order to cope with the higher firing temperatures

consistent with the demand for high efficiency and low cost of electricity.  Some typical

firing temperatures in advanced land-based gas turbines from the major manufacturers

are shown in Table 2, along with calculated efficiency values.15

Table 2.  Firing temperatures for typical large gas turbines produced in the USA

Engine
Rotor inlet

temperature
(EC)

Power output
(MWe)

Predicted efficinecy
(%)

Westinghouse 501G 1426 240 58

Siemens V84/3a 1310 170 57

Alstom GT24/26 1240 188/281 57

General Electric 7FA 1290 150 55

As a result, technology that previously had been used only in aero-engines was

rapidly adopted for GTCC application.  This included the use of advanced casting

processes for producing blades and vanes containing complex cooling passages

associated with sophisticated cooling techniques, and the introduction of improved

coating technology (including thermal barriers) to give effective protection at the highest

temperatures.  These requirements represented a considerable technical challenge to

the manufacturers and component suppliers and, not surprisingly, there were difficulties
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(particularly with the earlier engines) so that reliability, and hence availability, was poor

for some engine designs.  However, with modifications and detailed improvement in

design, these difficulties were gradually overcome, so that (it is claimed) current variants

of these engines perform well, with high levels of availability.  

Consequently, the current generation of land-based gas turbine engines has

reached a certain level of technological maturity, and can be characterized by the

following features:

• extensive use of thermal barrier coatings (TBCs) or ceramic tiles in the combustor

lining; 

• single-crystal (SC) blades and vanes for the first stage of the high-pressure

turbine, operating with metal surface temperatures of 950EC or more, and with

complex patterns of cooling holes to maintain desired cooling levels while

minimizing the amount of cooling air required; 

• highly oxidation-resistant metallic coatings (usually NiCrAl-base) on blades, vanes

and combustor surfaces;

• extensive application of TBCs on the first stage blades and vanes, with a ΔT

capability of the order of 150EC to enable desired cooling levels to be achieved;

• directionally-solidified (DS) blades and vanes for the remaining rows in the

high-pressure turbine, operating at somewhat lower temperatures; and

• Ni-base alloys (rather than ferritic steels) in some cases, for high-pressure turbine

discs.

Despite the considerable experience with these advanced materials in aero-engine

applications, transfer of the technology to the much larger, land-based turbines was not

a straightforward matter, and involved a substantial development effort by the

manufacturers and component suppliers.  Difficulties arose in the following areas:

• production of SC blade castings, where difficulties in maintaining control of the

solidification process as the size of the components increased resulted in defects

such as low-angle boundaries and ‘stray’ grains;

•  misalignment of the columnar grains in DS components because of the increase

in component size;

• inadequate coating and processing methods for both oxidation-resistance and

thermal barriers; and

• processing of large disc forgings of Ni-base alloys.

Solutions were developed for most of these problem areas, by both modification

to alloy and coating compositions, and by improvements in processing methods, for
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example, casting and coating deposition techniques.  As far as improvements in

processing were concerned, computer-modeling methods for casting and forging were

instrumental in defining optimum conditions.  An important outcome of these

improvements was that yields, particularly of SC castings, were greatly increased,

contributing to decreased costs.2

Thus, it is apparent that the introduction of advanced gas turbine technology to

the power generation business was a high-risk endeavor, with severe financial

consequences resulting from the effort required to overcome problems that emerged

during commercial operation of some of the earlier engines.  Now, however, these

machines appear to be operating reliably, and the technology has reached a level of

maturity that can provide a basis for the development of high-efficiency engines suitable

for application in IGCC systems.  It is acknowledged that modifications will be required to

achieve the desired efficiencies and emissions reduction when fired by syngas, and

some changes in design will be necessary to accommodate differences in combustion

characteristics and mass flow.  In this regard, modifications in combustor design will

probably represent one of the more challenging areas for improvements in materials

selection and application.  
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4.  THE CURRENT STATE OF THE ART IN MATERIALS 
TECHNOLOGY FOR GAS TURBINES

4.1  ALLOYS FOR HP BLADES AND VANES

For some years now these components, which are subjected to the highest

temperatures and, in the case of blades, the highest stresses in the turbine, have been

manufactured from SC castings of high-strength, Ni-based superalloys.  The concept of

directional solidification (DS) began to be developed in the 1960’s to improve ductility

and also low-cycle fatigue performance by eliminating the transverse grain boundaries,

which usually were associated with fracture.  In the early days, the process was limited

to small components in military engines, but the technology has developed to the stage

where the relatively large blades and vanes used in gas turbines for electric power

generation in either simple- or combined-cycle mode are routinely produced as single

crystals.  The high rotor-inlet temperatures (RITs) necessary to obtain the high

efficiencies required to give relatively low generation costs result in surface

temperatures for hot gas path components that make castings in SC superalloys

essential for the blades and vanes in the first stage (and possibly second stage) of the

turbine.  The advantages of SC castings have been well documented16 and include:

• improved creep and stress rupture properties;

• enhanced fatigue performance (for both low-cycle fatigue and thermo-mechanical

fatigue);

• good oxidation resistance (particularly for the 2nd generation SC alloys); and

• increased reliability of coatings.

In parallel with the development of casting technology, there has been a

substantial effort aimed at developing alloy compositions specifically tailored for casting

as SCs.  The emphasis has been to optimize the alloy composition in the absence of

grain boundary-strengthening additions (such as C, B and Zr).  One consequence of

omitting these additions has been to raise the incipient melting point, thereby allowing

heat treatments to achieve full solutioning of the γ' strengthening phase, and so increase

the volume fraction that can be precipitated on subsequent heat treatment, hence

maximizing strength at high temperature.  Further improvements were obtained by the

addition of rhenium, which had a major effect in increasing the strength of the alloy,

while necessitating a reduction in the content of chromium.  The resulting series of

advanced superalloys for SC components has been characterized as 1st-, 2nd-, or 3rd-
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generation alloys, largely on the basis of the rhenium content.  Recently, further

improvements in creep strength have been claimed as a result of additions of iridium and

ruthenium together with rhenium; while these alloys tentatively have been characterized

as 4th- and 5th-generation, respectively there is little sign that they will be used

commercially.17  The compositions of some typical alloys representative of each

development phase (or generation) are given in Table 3.  

Only alloys classed as 2nd- and 3rd-generation are currently in use in gas turbines;

but factors such as the high cost of Re have led to reduced interest in the 3rd generation

alloys. Whether or not the more advanced alloys proceed to commercialization depends

on further work to characterize properties and long-term structural stability.  As a result

of the work to optimize compositions, and the development of multi-step heat treatments

to optimize the phase content, all of the SC alloys are characterized by very high

volumes of the γ' strengthening phase (60-70%), and therefore exhibit incremental

increases in strength at high temperature.  For example, the experimental alloy TMS162

(developed in the High-Temperature Materials 21 project in Japan4) exhibits a rupture

life of about 1,250 h at 1100EC and 137 MPa, which is claimed to be the highest

temperature capability ever recorded for a Ni-based superalloy.  

A typical measure of the performance of a superalloy is its creep-rupture

properties.  In the examples of the stress for rupture in 1,000 h as a function of

temperature, shown in Fig. 6,18 it will be seen that the new, “5th” generation SC alloy

TMS 162 has a temperature advantage of about 40°C compared with the widely-used

(2nd generation SC) alloy CMSX-4.  However, it remains to be seen whether this

temperature advantage will be sustained at longer times, that is, in conditions more

representative of service.  Thus, longer-term creep data will be essential in order to

provide a reliable measure of the improvement in temperature capability of the new

alloys.

One of the major disadvantages of SC technology has been sensitivity to defects

such as ‘stray’ grains and low-angle grain boundaries, which can seriously degrade

performance.  Consequently, casting yields were frequently poor in the early days of

producing SC castings of large components for power generation gas turbines. 

However, subsequent developments in SC alloy compositions and casting technology to

increase casting yield and reduce production costs has resulted in alloys with somewhat

lower strength, but greater tolerance to casting defects.  An early contender in this

category was CMSX-186, which was initially produced as a polycrystalline, DS alloy. 

The SC variant (which has additions of hafnium and boron to reduce the sensitivity to
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the presence of casting defects such as low-angle grain boundaries) can be used in the

as-cast condition, further contributing to a reduction in cost compared with the highest-

strength SC alloys.  

Further progress18 has led to the development of alloys more adapted to large

castings, such as CMSX-486, which also has additions of hafnium and boron, but

otherwise is similar in composition to the second-generation alloy CMSX-4 (see Table

3).  An additional advantage of this alloy is that good high-temperature properties were

obtained with a double aging treatment after casting, thereby eliminating the risk of

localized recrystallization during solution heat treatment.  In this case (as can be seen

from Fig. 6), the temperature capability is inferior to that of CMSX-4 by about 60°C, at

least on the basis of the stress for rupture in 1,000 h.  However, an important point is

that long-term creep rupture data are available for this alloy, as shown in Fig. 7.  It is

evident that, in these testing conditions, the alloy showed good stability for longer than

10,000 h at temperatures between 982 and 1093EC.  The alloy has good castability, and

has been used for components such as multi-vane segments (Fig. 8), where defects

such as low-angle boundaries can occur.
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Table 3.  Nominal compositions of advanced Ni-based airfoil alloys (all are single crystal alloy
except where indicated)

Alloy Composition, weight percent

Cr Co W Mo Re Ta Al Ti Hf Others

Conventionally Cast

IN738LC 16 8.2 2.6 1.7 1.8 3.5 3.5 0.11C;0.01B;0.03Zr

IN792 13 9 3.9 2 3.9 3.2 4.2 0.21D;0.02B;0.1Zr

IN939 23 19 1.9 1.3 1.9 3.7 1.1Nb;0.15C;.01B;0.1Zr

Directionally Solidified

MARM27LC 9 10 10 0.6 3.0 5.5 1.0 1.5 0.15C;0.15Bl9,93Zr

GTD-111 14 9.5 3.8 1.5 2.8 3 4.9 0.15 0.1C;0.01B;0.15Hf

ExA17a 12 9 3.5 1.8 2-3 4 3.4 3.9

TMD103a 3 12 6 2 5 6 6 0.1 0..;0.015B

Single Crystal

PWAl480 (1st gen) 10 5 4 12 5 1.5

PWA1483 (1st gen) 12.8 9 3.8 1.9 4 3.6 4

René N4 (1st gen) 9 8 6 2 4 3.7 4.2 0.5Nb

SC16 (1st gen) 16 3 3.5 3.5 35

PWA1484 *2nd gen) 5 10 6 1.9 3 5.6 0.1 8.7Nb

René N5 (2nd gen) 7 8 5 2 3 7 6.2 0.2

CMSX-4 (2nd gen) 6.5 10 6 0.6 3 6 5.6 1.0 0.1

CMSX-186 (2nd gen)b 6 9.3 8.4 0.5 2.9 3.4 5.7 0.7 1.4

CMSX-486 (2nd gen)b 5 9.3 8.6 0.7 3 4.5 5.7 0.7 1.2

René N6 (3rd gen) 4.2 12.5 6 1.4 5.4 5.8 0.15 7.2Nb;0.05C;0.004B;0.01Y

CMSX-10 (3rd gen) 2 3 5 0.4 6 8 5.7 0.2 0.03 0.1Nb

TMS75  (3rd gen) 3 12 6 2 5 6 6 0.1

MX4/PWA1497 (“4th” gen) 2 16.5 6 2 6 8.3 5.6 0.05 3Ru;0.03;0.04B;0.01Y

TMS139 (“4th” gen) 2.9 5.8 5.8 2.9 4.9 5.5 5.8 0.1 3Ir

TMS162 (“5th” gen) 2.9 5.8 5.8 3.9 4.9 5.6 5.8 0.1 6Ru

TMS196 (“5th” gen) 4.6 5.6 5.0 2.4 6.4 5.6 5.6 0.1 5Ru

     aDevelopmental alloy.
     bRevisited 2nd generation.
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    Fig. 6.  Stress for rupture in 1,000 h as a function of
temperature for single-crystal alloys (after Harris and Wahl,
ref. 18).

    Fig. 7.  Creep rupture properties of single-crystal alloy
CMSX-486 (after Harris and Wahl, ref. 18).
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Other similar work in Japan aimed at developing single-crystal alloys for power

generation gas turbines19 also involved slight modifications to the composition of

second-generation alloys and, while some improvement in creep strength was obtained,

there was little gain in terms of hot corrosion, or oxidation resistance.  Also, since a full

solution treatment was necessary, there was no benefit from a simpler heat treatment. 

Recent advances have been made to increase the strength capabilities of SC

superalloys intended for both power generation and aircraft applications, with further

developments of “5th” generation alloys with claimed improvements in creep temperature

capability, fatigue life, and phase stability compared to currently-used 2nd generation

alloys.20,21  While these advances were aimed at combining higher temperature

capabilities with an improved balance of properties, the impact on cost and castability to

date has been sufficiently negative to significantly inhibit movement toward

commercialization.  Nevertheless, developments in high solidification rate SC casting

processes using liquid metal cooling recently have been demonstrated for alloys such as

PWA 1483 and CMSX-422 that promise improved control of alloy microstructure that has

positive implications for reproducibility of properties, and reduction in component cost.

    Fig. 8.  An example of a second stage vane quadruplet cast
as a single-crystal (courtesy of G. McColvin, Siemens).
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A characteristic of all the alloys discussed above is that, while the compositions

have been optimized for high-temperature creep strength, the main environmental threat

considered was that from high-temperature oxidation.  These alloys rely on an inherent

ability to form a protective scale based on alumina and, since the alloy content of

chromium is relatively low, they will have poor resistance to sulfidation (hot corrosion) if

sulfur and alkali levels in the fuel are higher than those in natural gas.  Accordingly, it

may be necessary to develop a new range of higher-chromium alloys with good creep

resistance for operation in syngas environments.  This will be a challenging requirement,

because lowering the chromium level has been critical to the success of the

development of the high-strength levels in SC alloys.  

Since not all gas turbines are required to operate at the highest RIT, and not all

components in the engine (for example, the later stages of the turbine) are exposed to

the highest temperatures, there is a continuing effort to improve the performance of DS

alloys with columnar-grained microstructures.  One consequence of the lower

temperatures experienced by these components is that they operate in a regime where

they are susceptible to Type I hot corrosion23 if condensable sulfate impurities are

present in the combustion gas.  Type I hot corrosion involves sulfidation attack from

deposits of molten salts (typically based on Na2SO4).  The guiding principle in alloy

selection for resistance to this form of corrosion is to maximize chromium content; alloys

specifically designed to combat hot corrosion, such as IN738, IN939 and GTD-111,

contain 14-23 wt % chromium (Table 3).  Thus, a logical goal for improved DS alloys is

to achieve corrosion and oxidation resistance equivalent to IN939, and creep strength

superior to that of alloy MARM247 (which has been widely used as a blade and vane

material in large gas turbines).  The emphasis of recent work24 was on the concept of

adding rhenium to alloys with relatively high chromium contents (around 10%), and the

outcome was an experimental alloy ExA17 with good resistance to hot corrosion and

oxidation and, that was (following a homogenizing heat treatment) substantially free of

harmful phases that would result in structural instability.  Early results from creep tests

suggest that the improvement in creep strength will be equivalent to an increment in

temperature capability of about 30EC relative to the performance of the standard

MARM247LC.  

A somewhat different approach has been adopted in Japan:25  in this case, 5%

rhenium was added to an alloy with a low content of chromium and, in relatively

short-term tests (6,000 h), the creep performance of the alloy (TMD103) approached that

of the SC alloy TMS75.  The compositions of these new alloys are included in Table 3,
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along with that for MARM247LC for comparison.  Thus, it appears that there remains

some potential for further improvement in the performance of DS alloys.

These developments should be seen in the context of the effort to push the

superalloys to the limit of their capabilities in the absence of any likely successor

material at least in the foreseeable future.  

4.2  COATINGS FOR HP BLADES AND VANES

The high rotor inlet temperatures of current land-based gas turbines are achieved

by a combination of cooling processes, usually using air bled from the compressor, and

the application of TBCs to provide thermal insulation.  Together, these technologies are

used to maintain maximum metal temperatures at around 1000EC (while RITs approach

1450EC).  This relationship is illustrated in Fig. 9.26  The effort to bridge the increasing

gap between alloy creep strength and gas temperature has led to the development of

innovative combinations of cooling technology and TBCs to enable continued

improvements in gas turbine performance.  

    Fig. 9.  Comparison of trend in material temperature
capability and turbine inlet temperature for aero-gas turbines
(after Walston, ref. 26).
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Initially, TBCs were used to give an extra measure of protection (as well as

enhancement of component life) for an existing design but, increasingly, components

have been designed to take some advantage of the temperature decrement provided by

the coating system.  Increasingly, the full functioning of the TBC is essential for the

engine to meet performance targets.  In order to achieve this objective, an

unprecedented level of reliability and consistency of performance is required. 

Consequently, a major effort is being devoted worldwide to understanding the failure

mechanisms of TBCs, with the aim of achieving the degree of predictability needed to

allow the confident use of mechanism-based lifting models, with the hope of eventually

attaining the goal of being able to take full advantage of the temperature decrement

provided by a TBC in engine design.  In parallel with this development, non-destructive

evaluation (NDE) techniques are being devised to enable the condition of the coating to

be monitored (preferably in-situ) to provide early indication of coating deterioration.2

For most types of gas turbines operating with relatively clean fuels (aviation

fuel/kerosene or natural gas), where oxidation is the main degradation mechanism, a

modern coating system consists of a thin, metallic coating (bond coating, ~50 µm thick),

usually an aluminide [NiAl or (Ni,Pt)Al] formed by diffusion, or a MCrAlY type overlay

(where M can be Ni, Co or NiCo) applied to the substrate; and a layer of ceramic,

typically yttria-stabilized zirconia, applied on top of the bond coating.  The ceramic layer

on rotating parts usually is approximately 125 to 250 µm thick, but strong interest in

increased thermal resistivity has spurred significant interest in ceramics such as

Gd2Zr2O7, and thicker ceramic layers on non-rotating parts.

The purpose of the bond coating is threefold:  (1) to provide an anchoring surface

for the ceramic layer; (2) to give oxidation protection (since zirconia allows rapid

transport of oxygen); and (3) to offer some resistance to other forms of corrosion that

could include oxidation-sulfidation (from gaseous sulfur contaminants in the combustion

products) and hot corrosion (from the presence of deposits of molten alkali sulfates),

should the requisite corrodents gain access to the metallic surface if the ceramic layer is

breached.  Figure 10 shows a schematic representation of this type of coating system.

The composition of the ceramic layer is optimized for good structural stability and

toughness as well as reduced thermal conductivity.  Currently, while the reliability of

TBC systems has increased significantly, there remains sufficient variability that some

TBC systems are as yet insufficiently robust to give predictable performance in the long

term.
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27   Failure of a TBC system often occurs either by debonding along the interface

between the bond coating and its thermally-grown protective oxide (TGO, preferably

α-Al2O3) layer (which bonds to the zirconia), or as a result of decohesion of the ceramic

layer (usually near the interface with the TGO.28  Mechanical disruption (rumpling) of

certain bond coatings also can occur as a result of volume changes associated with a

temperature-induced phase change, which can lead to significant displacement of the

bond coating-TGO and TGO-ceramic interfaces, and failure of the TBC.29,30   Adhesion

between the bond coating and the TGO has been enhanced as a result of understanding

the need to optimize the levels of minor elements in the bond coating and in the

superalloy.  Tramp elements such as sulfur have been shown to be detrimental to TGO

adherence,31,32 so that alloying practices have been developed that routinely achieve

sulfur levels as low as 1 ppm.32  Controlled additions of reactive elements such as

yttrium and hafnium also can be used to counter the effects of sulfur;33 such additions

have been shown also significantly to modify the growth mechanism of the TGO and

reduce its rate of growth, as well as to decrease its tendency for spallation, all of which

promise to extend TBC lifetimes.34  Some interpretations of the rumpling phenomenon

have prompted efforts to strengthen the bond coating or to use thinner bond coatings,

with the intention of increasing resistance to fatigue deformation.34  Overall,

improvements in understanding of the mechanisms of TBC degradation are providing

routes for further improvements in their durability.

There has been interest in eliminating the bond coating and applying the ceramic

layer directly on top of the TGO formed on the surface of the component.  In fact, it has

been suggested that the life of a TBC system could be improved if the bond coating

    Fig. 10.  Micrograph and schematic diagram showing the various layers in
a TBC system (after Haynes, ref. 27).
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were eliminated, because the TGO formed on the substrate would benefit from the

strength of the underlying alloy, and thus have a greater resistance to buckling during

thermal cycling.26  While this approach can reduce cost (and weight), the integrity of the

coating will depend on the ability of the alloy to grow an oxide layer with an appropriate

combination of properties.  One potential drawback of the ‘bond coating-less’ approach

is the potential for increased loss of alloy thickness (compared to that when a bond

coating is present) during overhaul, when the surface coatings are stripped off and

replaced or refurbished.

Much effort has been focused on the deposition routes used for TBCs, especially

on ensuring that the desired coating compositions and structures are achieved.  The

cost of coating is of major importance and, in this respect, processes that are amenable

to robotics and do not require the use of vacuum chambers have an advantage. 

However, coatings synthesized by electron-beam physical vapor deposition (EB-PVD)

appear to have superior durability in some applications, possibly because of their

columnar microstructure that is claimed to give some capability to resist thermal

fatigue.35  Significant effort has been devoted to sprayed coating processes to develop

procedures for mimicking this apparently desirable microstructure.  A potentially

detrimental issue is the possibility that the interfaces between the columnar grains can

provide paths for diffusion of corrosive species, such as sulfur compounds, to the

surface of the bond coating (or superalloy).  Also, deposits of CaMgAl-silicates (CMAS)

of variable composition, and containing small amounts of iron and nickel oxides, can

form on the outer ceramic surface and react to form a solid layer, which is deleterious to

the performance of the coating regardless of microstructure.36  In order to improve the

durability of the ceramic layer, it has been proposed that an environmentally-protective

coating should be applied to its outer surface.37  Demonstration of improved resistance

to CMAS by new ceramics such as Gd2Zr2O7 could spur their introduction into service.

Other activities aimed at further improvement to TBC systems have included

increasing the toughness of the ceramic layer to reduce mechanical damage as a result

of particle impact during operation34 and, recently, modifications to the ceramic

composition to reduce thermal conductivity, so that thinner TBCs or higher gas

temperatures could be used.38  However, modifications in composition to reduce thermal

conductivity by adding increased amounts of yttria typically tend to reduce fracture

toughness and consequently may affect erosion resistance.  Consequently, it appears

that the ‘Holy Grail’ continues to be alternative ceramic materials for the thermal barrier
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layer that combine low thermal conductivity with good fracture toughness and excellent

phase stability.  

For second and subsequent rows of blades and vanes (where metal

temperatures are lower), full coverage of the aero-foil surface with a TBC may not be

necessary and, where corrosion protection is required, an overlay coating of the

NiCoCrAlY type is usual.  The composition of such coatings can be tailored for the

specific alloy to be protected and the corrosive conditions expected; for instance, where

oxidation resistance at temperatures above about 850EC is required, a composition such

as Ni-22Co-20Cr-12Al-0.2Y (in weight percent) would be used.  The aluminum content is

a balance between the need to form a continuous, adherent TGO with an adequate

reservoir of aluminum, and embrittlement (and a tendency to spalling) with excessive

aluminum levels.  Where attack by sulfidation-oxidation or hot corrosion is a risk, the

level of chromium in the coating would be increased, and the aluminum decreased. 

Thus, while the details of the composition of the coating are often proprietary to the

engine manufacturer, generally the composition is optimized to give adequate oxidation

or corrosion resistance while maintaining a minimum level of ductility.

4.3  COMBUSTOR MATERIALS

Traditionally, combustor components have been fabricated from Ni-base alloys

produced in sheet form.  Widely-used alloys are Hastelloy X and Alloys 617 and 230

(compositions in Table 4).  The key characteristics of these materials are:

1. good formability;

2. little tendency for post-weld heat treatment cracking;

3. good high-temperature properties (creep strength, thermal fatigue resistance,

oxidation resistance); and

4. no requirement for heat treatment after repair welding.

Table 4.  Compositions of typical sheet alloys (in weight percent)

Alloy Cr Co Mo W Mn Al Ti Si Fe C B La Ni

Hastelloy X 22 1.5 9 0.6 1a -- -- 1a 18 0.1 0.008a -- bal

617 22 12.5 9  -- 1.0* 1.2 0.6a 1.0a 3a 0.1 0.006*  -- bal

230 22   5a 2 14 0.5 0.3  -- 0.4 3a 0.1 0.015 0.02 bal

     a Maximum
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Approaches for maintaining metal temperatures at acceptable levels (around

950EC) involve the combination of cooling air and TBCs, or the use of ceramic tiles. 

Such components have generally performed well in most types of gas turbine, but with

further increases in firing temperature likely, and more complex combustion conditions,

there has been some effort to evaluate alternative materials.  Among these, both oxide

dispersion-strengthened (ODS) ferritic alloys (such as PM2000) and ceramic-matrix

composites have been considered.  Some success has been achieved with SiC-SiC as

well as oxide-oxide ceramic-matrix composites,39 and engine trials have been carried out

on components manufactured from this type of material.40 ,41, -42  An example of a ceramic

composite combustor liner is illustrated in Fig. 11.

4.4  DISC ALLOYS

Since weight has normally been a less important parameter in large gas turbines

for power generation than in aero-engines, turbine discs or rotors have frequently been

manufactured from 12% Cr steels, and advanced versions of these alloys have been

introduced as strength requirements have increased.  However, for the highest-

temperature conditions in the high-pressure turbines of modern gas turbines, there has

been a tendency for Ni-base alloys to replace the ferritic steels.  One alloy with the

appropriate balance of properties for this application is IN706, which is a “lean” version

of alloy IN718 which is widely used in aero-engines.  The compositions of the two alloys

are given in Table 5.

    Fig. 11.  Combustor liner manufactured from ceramic
composite (courtesy of G. McColvin, Siemens).
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Table 5.  Compositions of typical Ni-base disc alloys (in weight percent)

Alloy Cr Co Mo Nb Al Ti Ni C Bal

IN706 16 1.0 max __ 3 0.4 max 1.75 31.5 0.06 max Fe

IN718 19 1.0 max 3 5 0.5 0.9 53 0.08 max Fe

A crucial difference between the aero and the power generation turbine is the

size of the high-pressure turbine disc, which can be up to 1.5 m in diameter in the latter

case.  Consequently, successful fabrication of large forgings from Ni-base alloys

required a significant development effort [see, for instance, reports from General

Electric’s program, references],43 ,44,45,-46 which was focused on four main requirements, viz:

• freedom from segregation in large forgings;

• hot workability within the capacity of existing forging equipment;

• better machinability than IN718; and

• no increase in costs compared to IN718.

In order to achieve these objectives, the alloy composition was modified to

improve fabricability (forging, machining, and welding), while maintaining strength and

phase stability to ensure adequate toughness.  As a result of careful control using

advanced melting techniques, ingots free of macro-segregation can be produced. 

These are then forged and heat-treated to optimize mechanical properties.  However

difficulties remain and Ni-base alloys are not yet widely used for discs in large gas

turbines.  Nevertheless if higher gas temperatures are necessary for improved

efficiency, Ni-base alloys will be necessary and further development work will be

inevitable.

4.5  PREDICTION OF MATERIALS PROPERTIES BY COMPUTER MODELING

With the continuing drive to reduce costs and design cycle time in the

manufacture of power plant equipment, there has been an increase in the need for more

sophisticated materials property data.  For example, in gas turbine components

(particularly blades and vanes), long-term creep data are required to support designs for

component lifetimes of 20,000 h or more.  Similarly, the increased need for cyclic

capability (even in nominally base-loaded plant) has focused attention on the

requirement for fatigue data, including thermo-mechanical fatigue.
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The test programs required to obtain such data are time-consuming and

expensive to execute.  The availability of modeling techniques to supplement or to

define critical test parameters would be of enormous benefit in increasing the efficiency

of such mechanical testing programs.  Modeling techniques based on thermo-chemical

approaches are widely used in the design of new alloys, and are replacing the old trial-

and-error methods which often were inefficient and time consuming.  Similarly, models

based on fluid flow and on high-temperature plasticity are now used to define optimum

casting conditions for components such as turbine blades, and for optimizing forging

processes for discs and other forged products, respectively.47  The greatly-increased

computing power now widely available has been a key factor in enabling the successful

application of these modeling techniques to industrial processes, and has been

instrumental in reducing cycle time and costs.

In contrast, the application of computer-based modeling methods to the

prediction of materials properties and component performance at high temperatures has

progressed rather more slowly.  Similar comments apply to the use of accelerated

testing techniques, such as those advocated by Woodford.48  However, it is likely that

the use of predictive techniques and accelerated testing will become more widespread

as confidence in the methods increases, and demand grows for more sophisticated

measures of materials performance.

A thermodynamics-based approach to the prediction of physical properties for

superalloys (such as Young’s Modulus and linear expansion), that has recently been

described,49 is based on physical principles rather than on statistical methods. 

Calculated values have shown good agreement with experimental measurements for

wrought Ni-base alloys.  This seemingly versatile approach has been used to calculate

TTT diagrams, as well as values of proof stress and creep rates, with encouraging

agreement with experimental measurements in each case.  

Several techniques have been proposed for prediction of mechanical properties

(particularly creep) at high temperatures.  Probably the most appealing method is that of

employing physically-based continuum damage mechanics (CDM), which uses

quantitative models of the deformation and fracture mechanisms in the creep regime to

develop a methodology for predicting creep in engineering alloys.  A multiaxial variant

approach can be applied as a sub-routine in a finite-element program to predict the

lifetime in creep of simple components.50,51  Because it can be shown that other well-

known methods (such as the Larson-Miller parameter and the Omega parameter) can be

derived from a CDM analysis, it is evident that this methodology provides a unifying
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framework within which apparently unrelated life-prediction methods can be rationalized. 

The application of the technique in the prediction of the creep behaviour of superalloys,52

and of ferritic steels and simple power plant components,53 recently has been described. 

The ultimate aim in the context of component lifetime prediction should be to

integrate the various modeling techniques, so that an optimized casting design (for

example, for a turbine blade) could then be subjected to a computer-based life prediction

analysis.  If such a process were carried out on an iterative basis, one can envision a

situation where a component designed for castability would require only limited testing to

demonstrate satisfactory performance.
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5.  IMPLICATIONS FOR MATERIALS SELECTION IN GAS TURBINES 
BURNING SYNGAS OR HYDROGEN

5.1  PERFORMANCE TARGETS

The U.S. Department of Energy (DOE) recently has outlined performance targets

for turbines burning coal-derived gas.54  These targets are summarized in Table 6, and it

will be seen that these are nominally less demanding than the current performance of

advanced natural gas fired machines.  However, the combustion of gas produced by

coal presents several additional problems not usually encountered with natural gas, and

these may have implications for performance and component design.  As previously

discussed, while natural gas contributes about 2% of the overall fluid flow through the

engine, low-Btu syngas will contribute about 15-20%, and modifications must be made to

the compressor to accommodate this increased mass flow.  Also, flame speed can be

increased due to the higher hydrogen content of syngas, and this can cause difficulties

in controlling combustion.  Furthermore, since flame temperatures will be higher in these

conditions (Table 1), NOx control will be more difficult, so that meeting the emissions

targets could be challenging.

Table 6.  U.S. DOE performance targets for gas turbines
burning coal-derived gas

Fuel Target Date Efficiency Target
% (HHV) NOx, [CO2]( ppm) Cost  ($/kW)

Syngas 2010

2-3% better than
FB-frame engines
on syngas (45-50

overall IGCC)

< 2; [‘capture
ready’]

20-30%
improvement

100% H2 or syngas 2012 60 Near zero; [0] <10% increase
over current plants

Oxygen/multifuel 2012 50-60 0; [100% capture] —

5.2  FUEL-RELATED CORROSION

The major areas of difficulty for materials performance in applications involving

syngas are likely to be those associated with the specific characteristics of the

combustion environment, especially the type and amount of minor species present in the

fuel, viz:
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• the increased content of water vapor in the combustion gas, resulting not only

from the composition of the fuel gas but also from water scrubbing during clean

up;

• the sulfur level, depending on the level of clean up and the efficiency of the

process; and

• the particulate content, which is expected to be very low from clean-up scrubbing

processes, but will vary depending on the functioning of those processes with the

possibility of very high levels being attainable (albeit for relatively short times)

during plant upset conditions.

In each case, the value of these parameters is expected to be higher than for

turbines fired with natural gas, and could have an important influence on component

performance.  Thus, there is a need for detailed information on the actual compositions

of the gas produced from the various gasifier technologies, with emphasis on critical

impurity levels and on particulate loading, so that the implications for component

performance can be assessed realistically.  Despite the expectation that the syngas

entering the turbine will be at least as clean as demanded by the gas turbine

manufacturers’ fuel specifications, it will be important to understand the possible ranges

of impurities so that regimes of actual fuel compositions can be defined for safe

operation.

In recent studies,55,56 it has been shown that the presence of water vapor (0.1 to

0.5 atm.) could adversely affect the oxidation resistance of both chromia- and alumina-

forming alloys at temperatures between 700 and 900EC.  For alumina-forming alloys, the

presence of water vapor reportedly had an adverse effect on the ability to form the

desired protective scale (α-alumina,) particularly at lower temperatures; there was some

tendency for the less-protective transient oxides to form, even at the higher

temperatures where α-alumina is expected.  Interestingly, a diffusion (Ni,Pt)Al coating

performed well in moist air.55  Further, in the presence of high trace levels of sulfur in the

substrate, there was an increased tendency for the oxide to spall.  

In the case of chromia-forming alloys, the formation of the volatile oxyhydroxide,

CrO2(OH)2 at temperatures as low as 600EC57 leads to accelerated oxidation and scale

spallation from the typical 18Cr-12Ni-class of austenitic steels.  Steels with higher Cr+Ni

levels, and most chromia-forming Ni-base alloys experience an increased rate of loss of

Cr, which will result in reduced oxidation lifetimes.  At 900EC, it was apparent that the
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well-known tendency for Cr2O3 to evaporate as CrO3 was exacerbated in wet air, due to

the formation of CrO2(OH)2. 

It is well known that alkali sulfates can cause corrosion of superalloys at high

temperatures when they are deposited as molten species.23  Such ‘hot corrosion’ has

been of less concern for turbines burning low sulfur-content natural gas, in which

oxidation is the principal degradation process, and current coatings have been

developed accordingly.  With the higher sulfur levels anticipated in coal-derived fuels,

this straightforward scenario is likely to change, particularly in units on sites near the sea

where atmospheric NaCl levels will be higher.  With cold syngas clean-up, it is expected

that species present as condensable vapors (and solid particles) will be essentially

eliminated before the gas enters the turbine, so that the main concern (in addition to

water vapor) will be condensable species in the combustion air, and non-condensable

species (such as sulfur-containing gases) in the fuel gas.  With warm or hot gas clean-

up, the performance of the filtration and sulfur-removal systems will control not only the

amounts and types of condensable species that survive and pass into the combustor,

but also the size and concentration of solid particles derived from the gasifier.  Thus, a

better definition of the allowable maximum concentrations (and size distributions) of

each contaminant for acceptable turbine life, for the range of gasifier/clean-up designs

and fuel types considered, would be prudent. 

 In terms of providing protection from sulfur-related corrosion, the coatings

developed to provide protection for natural gas-fired turbines typically are deficient in

chromium, the major element needed to counter sulfidation and hot corrosion attack. 

The surfaces of the high pressure turbine stages that are covered by TBC  The surfaces

of the high-pressure stages that are covered by TBCs likely will run at temperatures

above the condensation temperatures of salts associated with hot corrosion, so that

molten salt attack from that source is considered unlikely, except at the cooler airfoil

roots.  Nevertheless, degradation from physical deposition of CMAS (mentioned earlier)

remains an issue, but this may be countered by the newer ceramics being developed for

TBCs.  Corrosion protection from metallic coatings probably will be needed for the later

turbine stages, where surface temperatures will fall into the range where condensed salt

deposits can form; the compositions of the structural alloys used for these stages are

unlikely to confer inherent resistance to hot corrosion.  Overall, coping with the risk of

high-temperature degradation is expected to be a major consideration in syngas-fired

gas turbines, and extensive development work on coatings systems will be required.
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While the potential for erosion and/or deposition from the combustion of syngas

is expected to be essentially eliminated if the cold gas clean-up systems operate as

designed, the turbine manufacturers are mindful of the potential damage from the

presence of high-velocity particles.  As a consequence, there is interest in approaches

(should they be needed) for guarding against surface erosion of hot gas path parts,

particularly of TBCs on airfoil leading edges; and blocking of cooling holes on blades

and vanes which could impair cooling efficiency.  

5.3  MATERIALS SELECTION

From the information presented in the preceding sections of this review it will be

evident that the alloys available or currently under development for hot-gas-path

components would in principle be expected to meet the requirements in terms of

strength and long-term stability for similar applications in engines burning low-Btu gas. 

Thus for components such as blades and vanes, combustors and rotors and discs,

alloys are available with performance characteristics appropriate for the syngas

application.  

However an important limitation lies in the ability of these materials to

demonstrate long-term durability in environments that may be more corrosive due to

increased sulfur levels, and where the presence of particulates could cause loss due to

erosion of coatings, which are critical to component longevity.  Alloys and coatings

currently used in engines burning natural gas have been designed to resist oxidation in

relatively clean environments.  Since sulfur levels will undoubtedly be higher in syngas

combustion environments, the need for a high-strength single-crystal alloy with good

resistance to sulfidation attack when coatings are breached will almost certainly emerge. 

Equally, the current generation of oxidation-resistant coatings may have to be

augmented by coatings with greater sulfidation resistance, which typically is equated

with higher levels of chromium.   The development of alloys and coatings with the

capability of operating at high temperatures while maintaining good compatibility with the

substrate alloys in sulfidizing environments will represent a considerable challenge to

the materials community.

Furthermore, if engines burning syngas are required to operate at efficiencies

comparable to those of turbines burning natural gas, a significant increase in firing

temperatures will be necessary and, since it is likely that materials for critical
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components will be limited to superalloys for the foreseeable future, novel component

designs and improved TBCs will be required to cope with the more demanding

conditions.  An example of a design for a component with a higher-temperature

capability was reported recently, and is being developed in a German national

program.58  The so-called core and skin design has been proposed before, and has the

advantage that cooling channels can be located very close to the component surface,

thereby maximizing the impact of the cooling air.  This work is at an early stage, but may

indicate the type of approach required for these very demanding conditions.  Similarly,

disc alloys with enhanced performance will be required, since the martensitic steels will

not withstand the projected higher temperatures.  Consequently, further development of

suitable Ni-base alloys will be necessary in order to establish fabrication methods for

large, high-strength discs with microstructures that give high defect tolerance and good

structural integrity.  For combustors and burners, wider application of ceramic and ODS

materials may be necessary.

The oxygen/multifuel target indicated in Table 6 is being addressed in a program

that uses combustion technology developed by Clean Energy Systems and turbine

technology from Siemens Power Generation.59  The combustion conditions discussed

concerning the development of the oxygen/syngas/hydrogen combustor60 raise some

potentially challenging issues for materials selection.  The fully-developed combustion

process is envisioned to deliver steam-CO2 mixtures at temperatures and pressures

ranging up to 1760EC and 22 MPa into the turbine, which will require either a major

revision of the cooling technology applied to the first stages of vanes and blades, or

possibly the use of ceramics.  A further issue is that there is very little experience of the

compatibility of available high-temperature materials with steam and steam-CO2

mixtures at such extreme conditions.  

Earlier studies in support of the Japanese-sponsored World Energy Network

Program (WE-NET),61 which involved combustion of hydrogen and oxygen in a gas

turbine at temperatures up to 1700EC,62 highlighted the need for advanced cooling

concepts, especially for the combustor and transition ducting, and for information on the

operability of the combustor.  The major materials issues identified were associated with

the durability of Ni-based superalloys with appropriate corrosion-resistant coatings and

TBCs; concerns ranged from hydrogen embrittlement, stress corrosion cracking, and

creep rupture to oxidation and corrosion deposits.
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Depending on the final choice of materials and the exact nature of the

environmental conditions, there may be a requirement for improvements in the property

database, particularly for long-term creep and fatigue data.  In this connection, it may

be possible to obtain useful support from the current projects supported by the U.S.

Department of Energy on, for instance, materials for applications in ultra-supercritical

steam where work on selected Ni-base superalloys includes the generation of long-term

data on properties at high temperatures.63  Also, the results of work at the Oak Ridge

National Laboratory to develop a broadly based compilation of materials property data64

using the Granta System65 will provide a valuable resource.
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6.  SUMMARY OF MATERIALS NEEDS

For all fuel scenarios considered, it is apparent that increased turbine operating

temperatures will be required, so that materials with higher temperature capabilities are

a necessity.  A distinction can be made between the materials needs for syngas-based

fuels and hydrogen.  For syngas combustion, consideration must be given to the

possibility that the combustion products may contain levels of contaminants (from the

coal) capable of providing accelerated surface degradation through deposition, erosion,

or corrosion.  The increased levels of water vapor from syngas also are thought to be

capable of modifying the characteristics of the normally-protective oxide films formed on

alloys and coatings.  For hydrogen fuel scenarios, the additional processing steps

experienced by the fuel make it likely that the only source of such contaminants will

be the combustion air (if used), so that the major environmental concerns will be

high-temperature oxidation, particularly water vapor-accelerated oxidation from the

higher levels of water vapor-accelerated oxidation from the higher levels of water vapor

in the combustion gas, and possibly hydrogen embrittlement from steam.  In addition,

the combustion temperatures for hydrogen-based fuels are expected to be higher than

for syngas, so that materials options that maximize temperature capability, and

component designs that maximize cooling will be paramount.

6.1  NEEDS RESULTING FROM THE PURSUIT OF HIGHER FIRING
       TEMPERATURES

The differences in CV and combustion characteristics among natural gas,

syngas, and hydrogen have significant implications for the ability to maintain power

output, emissions levels, and component cooling.  As indicated earlier, there is concern

that these issues, as they affect gas temperatures and flow rates, will require changes or

compromises in the detailed design of the turbine in order to provide sufficient control of

the temperatures of critical components to ensure their reliability.  There is little margin

for increasing the operating temperature of the superalloys available for use in large

turbines, so that it appears essential that the temperatures expected to be experienced

by critical hot gas path components be carefully defined for the range of combustion

conditions likely in any given turbine operating scenario.  This requirement highlights the
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need for measurement and/or modeling developments to provide confidence in setting

operating parameters and limits in the context of materials performance.

There are several pressing issues.  One is the design of combustor systems

capable of coping with the flame characteristics of the range of fuels of interest.  The

need to control the combustion process to avoid flame detachment from the burner

nozzles to prevent overheating, and of avoiding flashback while maintaining the desired

low levels of NOx, ideally requires combustion zones of specific dimensions and/or

shape for each fuel.  This situation makes the concept of dual- or multi-fuel capability

difficult to achieve in a single combustor design.  Combustor liner materials typically are

highly-cooled alloys with, in some cases, little margin for temperature increase, so that

materials that require less cooling would provide improved operating flexibility, and are a

continuing need.

For the airfoils, the primary need is to reduce the initial costs and to simplify the

manufacturing procedures for SC components.  It is considered likely that the alloys that

will be preferred will have improved castability and production yield, which are likely to

be achieved at the expense of limitations in high-temperature capabilities.  Some

progress already has been made in this regard.  Nevertheless, it appears that the

compromises necessary to achieve an acceptable cost reduction in SC components

available for land-based turbines will lead to alloys that have maximum metal

temperature capabilities that are at best similar to those of the current 2nd generation SC

alloys.  Their actual maximum use temperatures will be limited by engine size, loading

per stage, and duty cycle, and by innovations in design.  Thus, the available mechanical

property data for, for instance, alloy CMSX-4 should provide a good guide for suggesting

the maximum permissible metal temperature for superalloys for land-based turbines and,

since this will be significantly lower than the rotor inlet temperatures commensurate with

the goals listed in Table 6, there will be a need to carefully control turbine operation to

ensure that these temperatures are not exceeded.

In general, since it appears that the development of Ni-based superalloys for

land-based turbines has reached the point where further gains in temperature capability

are likely to be small, and since on the basis of present evidence no successor material

(such as ceramics or refractory-based alloys) will emerge in the near future, further

increases in firing temperatures will require an overall approach combining optimization

of alloy compositions and cooling technologies (including thin-walled castings and

TBCs).  This is particularly necessary where combustion temperatures may be
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appreciably higher than in current experience (as appears to be the case for hydrogen-

oxygen combustion).  In particular, since coatings likely will comprise a significant

fraction of the thickness of the vane/blade wall, greater attention will need to be devoted

to improving the compatibility of alloys and coatings, as loss of useful wall section

through corrosion or interaction between coating and superalloy will be very detrimental.  

For rotors and discs, materials currently in use in gas turbines burning natural

gas are operated at the limits of their high-temperature strength, and will be inadequate

should higher temperatures be necessary for improved efficiency with syngas/hydrogen

firing.  In this case, greater use of nickel-chromium alloys will be inevitable and,

depending on the detailed characteristics of the engine design, efforts to further improve

the manufacturing processes and reduce costs will be necessary.  In addition, there is a

requirement for long-term data on mechanical properties (thermo–mechanical fatigue in

particular) to provide a basis for increased component lifetime and lifetime modeling. 

Improved computational modeling techniques for life prediction of critical components

are required, and will contribute to the overall aim of enhanced component durability.

Overall, there are materials available or under development that are capable of

the performance and durability for the nominal conditions of syngas applications, but

only provided that the relevant components are cooled so that they do not exceed

prescribed temperatures.  

6.2  EVOLVING NEEDS FROM CONSIDERATION OF HYDROGEN AS GAS 
       TURBINE FUEL

The scenarios for the use of hydrogen in IGCC/GTCC applications were still

being evolved as this report was prepared, so that any conclusions concerning specific

materials needs probably are premature.  Nevertheless, the following comments are

offered.  The implications for materials selection and use from scenarios for augmenting

syngas with hydrogen, and the issues from using air-oxygen mixtures for combustion are

probably very similar to those discussed above for syngas.  The major differences arise

for the case where hydrogen and oxygen are the sole/major reactants, in cycles aimed

at minimizing emissions.  Such cycles typically involve gas temperatures at or above the

extreme upper limit of those considered (and certainly above the range for which there is

experience) in conventionally-fueled land-based turbines.  Because testing in such

environments will be difficult and expensive, modeling approaches that are capable of
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generating data on the local temperatures and heat transfer conditions experienced by

the hot gas-path components that are associated with the various combustion scenarios

are probably the only means of providing vital guidance for materials selection and

cooling requirements, and will be extremely valuable.  Since increases in firing

temperature probably cannot be accommodated by the incremental improvements in

current materials discussed above, new approaches to cooling of critical components

probably will be needed, or a commitment made to combinations of radical design and

materials applications, and to pioneering of their insertion into critical areas.

The additional processing required to convert syngas to hydrogen and to extract

oxygen from air is considered to effectively remove all impurities typically implicated in

hot gas path corrosion, so that the main environmental concerns are with the corrosive

effects of high-temperature and high-pressure steam (including hydrogen embrittlement). 

This also is an area where data are scarce, so that a commitment to some relatively

fundamental materials compatibility research will be necessary.

6.3  NEEDS RESULTING FROM CONCERNS ABOUT FUEL PURITY

An additional important difference compared to prior experience with natural gas-

fired GTCC practice is the range and level of potential impurities possible in syngas, and

the implications for alloy/coating durability.  Even though it is expected that the fuel

supplied to the turbine will be within current fuel specifications, there is a need for better

understanding and quantification of the potential threat to component durability from

(1) the higher water vapor levels, and (2) the different impurities possible in gasifier

streams, which can vary significantly among gasifier types and gas clean-up

configurations.  A definitive evaluation of the actual gas compositions delivered to the

turbine, together with understanding of the disposition of the species resulting from

combustion, is considered essential for assessing potential implications for the range of

gasification processes, clean-up options, and turbine designs of interest.

Depending on the likelihood of the presence in the combustion gas of sufficient

quantities of species that have the potential to contribute to problems of D-E-C, coatings

with increased resistance to sulfur-related oxidation-sulfidation or hot corrosion may be

needed.  These coatings will require significantly different compositions than current

coatings, which have been optimized for resistance to high-temperature (sulfur-free)

oxidation.  An issue here is the need to ensure that the mechanical properties of the

42



coatings do not degrade the resistance of the airfoils to, for instance, thermal-

mechanical fatigue.  In addition, since these turbines are expected to operate at very

high temperatures for long times, it is necessary to ensure compatibility between

coatings and superalloy substrates, especially in terms of reducing the effects of

interdiffusion on the stability of the alloy microstructure, and the life of the coating.  A

well-known issue is that the properties of sulfidation resistance, oxidation resistance,

and compatibility with SC alloy compositions (in terms of chemical interactions) usually

are not readily combined in a single coating composition.  Thus, there may be

opportunities for developing hybrid coating designs capable of combining some of these

functions.

There may be potential for further development of polycrystalline, DS materials,

since there is probably more scope for increasing their chromium content than for SC

compositions.  It is likely that a key requirement of components for which DS alloys are

candidates will be for alloys with greater corrosion resistance, while maintaining high-

temperature strength, and this will be a challenging task.  Also, as was the case for

rotors and discs, long-term data on both creep and fatigue properties, and improvements

in computational modeling methods, will contribute to better durability of these critical

components.   

6.4  OVERALL SUMMARY OF MATERIALS NEEDS

The materials issues resulting from the need for advanced gas turbines to

operate with fuels other than clean, natural gas are summarized in Table 7, which

attempts to provide a simple ranking of the level of effort necessary to provide the

needed materials.  In the Table, the level of effort required has been given a subjective

numerical rating from 1 to 3, where ‘1’ suggests that considerable research and

development will be needed, while a ranking of ‘3’ indicates that most of the capability

required is already available.  Distinction is made between the materials needs for

syngas and hydrogen, on the assumption that the combustion of hydrogen will involve

higher temperatures and certainly higher levels of water vapor.

Finally, there exists a major need to demonstrate that available materials can be

made into actual components that work as intended, and to obtain property data for

design purposes and service life prediction.  While demonstration of the workability of a

syngas- or hydrogen-fired advanced gas turbine is an expensive undertaking, even at
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component-demonstration level, it represents a necessary milestone that must be

reached in order for the utility industry to accept this technology.  It is therefore

recommended that a demonstration phase (at least for materials and key components) is

indicated as a common culmination point for all materials and components development

programs.

Table 7.  Ranking of overall materials needs

Component
Rating

Major issues
Syngas H2

Combustors Materials 2 1 Cooling; TBCs; lifetime

Manufacturing 2 1 Design for multifuel use

Vanes/blades Materials 3 1 Higher-T capability; better corrosion

resistance; lower cost

Manufacturing 2 1 Improved yield; lower cost

Bond coatings Materials 1 1 Durability/compatibility with superalloy

Manufacturing 2 1 Cost; process control

Ceramic

thermal barrier

layers

Materials 1 1 Reduced thermal conductivity; longer

lifetime; predictability

Manufacturing 2 1 Cost; reproducibiity

Rotors/discs Materials 3 2 Large Ni-base forgings; design data;

weldability

Manufacturing 1 1 Melting, forging, fabrication (welding?)
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7.  CONCLUSIONS

• The stated performance goals for turbines intended for operation on syngas and

hydrogen fuels will require firing temperatures at least as high as those achieved by

state-of-the-art turbines designed for natural gas.

• For syngas service, there are complicating factors due to differences in CV and

combustion characteristics compared to natural gas, and these have significant

implications for the ability to maintain power output, emissions levels, and

component cooling.  The potential threat of environmental degradation from fuel-

derived impurities in syngas introduces further differences in materials performance

requirements compared to natural gas firing.

• A consequence of the use of hydrogen fuel will be the need for higher firing

temperatures, together with the threat of high-temperature oxidation and hydrogen

embrittlement in steam under conditions for which there is little prior experience.

• For components, such as blades and vanes, exposed to the highest temperatures in

large gas turbines for power generation applications, several SC alloys are available

with a well-established record of performance (in natural gas service).

• Recent advances in understanding the factors controlling defect formation during

the production of SC castings have resulted in alloys optimized for tolerance of

defects and simplified post-casting heat treatments, and consequently lower costs.  

• Improvements in DS alloys (with columnar grain structures) have provided some

options for enhanced performance for components operating at somewhat lower

temperatures.

• Developments in coating systems (bond coatings and thermal barriers) have

contributed to component durability in natural gas service, although reliability needs

improvement.  However, such coatings were developed for resistance to high-

temperature oxidation, and may not provide sufficient protection against potential

sulfur-related corrosion scenarios from impurities in syngas.

• Some progress has been claimed in the development of ceramic composites for

combustor liners.

• Ni-base alloys have been developed that are suitable for replacing ferritic steels for

large-diameter discs for higher-temperature applications in high-pressure turbines,

but forging processes are problematical.
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• Because the proposed applications will involve the operation of high-temperature

materials near their performance limits, it will be critical to possess accurate

knowledge of the conditions actually experienced in service.  Acquisition of such

knowledge probably will require a combination of analytical and sensing techniques.

• The use of analytical modeling appears to be essential for the generation of

information to guide materials selection and cooling requirements/component

design for the hydrogen combustion scenarios, for which materials compatibility

information is sparse, and in which testing will be difficult.

• Long-term data on the creep fatigue and stress relaxation behavior of critical

materials will be required to provide an improved basis for design of hot gas path

parts and the related materials selection.
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