












erties requires the engineer to determine just 
what value of the properly will be used to judge 
the acceptability of the design. Should the aver- 
age value, the lower scatterband value, or some 
other value be used? It is clear that a proper and 
detailed understanding of the properties pos- 
sessed by the materials of construction is 
required if a component is to be properly 
designed. 

The GE gas turbine designer goes to great 
lengths and considerable expense to develop 
information similar to that shown in Fig. 32. 
More than ten million dollars over the past 20 
years has been invested to develop a large body 
of data so that the behavior of the critical mate- 
rials of construction can be described with con- 

siderable confidence. In characterizing a materi- 
al property, our practice is to obtain data from 
several different heats, to account for chemistry 
variations; from several heat-treat lots, to 
account for heat-treat variables; and from sever- 
al sources (cast-to-size bars, test slabs, and actual 
parts), to account for grain size and other part- 
related variables. Once all this is accomplished, 
a material property value is typically selected so 
that at least 99% of the sample at a given tem- 
perature will have a greater strength than that 
utilized for life prediction. This prudent 
approach in evaluating life is the foundation of 
ensuring reliability of the product. 

Since the general nature of material behavior 
variability has been addressed, it is appropriate 
now to discuss several specific material behavior 
topics that are significant to the gas turbine 
design engineer and the user. Discussion of 
these topics, creep/rupture and fatigue- will 
aid the operator in understanding the operating 
and repair options associated with the gas tur- 
bine, especially in nozzle, bucket, and combus- 
tion hardware. 

Creep/Rupture 
Fig. 33 represents the classic creep/rupture 

strain-versus-time relationship characteristic of 
metallic materials. This characteristic is impor- 
tant whenever a material is operating under 
stress at temperatures greater than 50% of the 
melting temperature (measured on the absolute 
scale), as is the case with the high-temperature 
components of a gas turbine. The designer his- 
torically has utilized data such as those por- 
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Figure 33. Strain accumulation during the 
standard creep test (constant stress 
and temperature) 
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Figure 34. Surface cracking in IN-738 (after 
1.2% creep strain at 732C, 1350F) 
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Figure 35. Effect of preexposure in air on 
871C (1600F) high-cycle fatigue 
Iife of cast IN-738 

trayed in Fig. 33 to establish the design criteria. 
If distortion was important (as in a nozzle 
deflecting downstream into the buckets), a 
creep strain criterion would be chosen. If actual 
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separation was important (as in bucket vane sep 
aration), then time to rupture would be the cho- 
sen criterion. 

Research by GE gas turbine materials engi- 
neers has shown that rupture time, shown in 
Fig. 33, is not in itself a failure criterion. Figure 
34 illustrates the degree of cracking developed 
in the cast nickel-base superalloy IN-738 when it 
has accumulated 1.2% creep strain at 732C 
(1350F). This cracking developed well before 
actual rupture of the test specimen. We have 
observed that creep cracking develops in nickel- 
and cobalt-base superalloys at approximately the 
onset of the tertiary stage of creep (see Fig. 33). 
For this reason, a time-to-rupture criterion is not 
utilized when designing against failure; instead, 
a creep strain criterion is chosen to avoid creep 
cracking. This criterion follows from the recog- 
nition that multiple loading modes occur in a 
gas turbine, and that creep-induced damage has 
a deleterious effect upon fatigue life, as illustrat- 
ed in Fig. 35. 

Thermal Fatigue 
Thermal fatigue is the single most frequent 

cause of machine repair or failure, and under- 
standing it requires substantial analytical, exper- 
imental, and metallurgical effort. Cracking and 
crack-induced failures of nozzle and combustion 
hardware are prime examples of this phe- 
nomenon. Thermal fatigue-induced cracking 
finds its genesis in the operationally induced 
transient and steady-state gradients that are 
most generally associated with cooled hardware. 
Neither can be eliminated, but their impact can 
be mitigated by judicious design and careful 
operation. 

Figure 36 illustrates a typical nozzle vane 
pitch cross section with lines of constant temper- 
ature superimposed. The significant considera- 
tion is the thermal gradients in the part in com- 
bination with the temperature. Both the 
thermal stress and the temperature associated 
with this gradient cause fatigue damage during 
both transient and steady-state operation. Thus, 
this gradient must be evaluated with much care 
in order to achieve an acceptable design. Figure 
37 illustrates a strain-versus-temperature trajec- 
tory for a cooled part after normal operation of 
a gas turbine from start-up through full load to 
shutdown. Note that the maximum strains do 
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Figure 36. Cooled nozzle vane showing 
isotherms (typical) 
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Figure 37. Fit-stage bucket leading edge 
strain/temperature variations (nor- 
mal start-up and shutdown) 

not coincide with the maximum temperature of 
the cycle. For this reason, complex material-test- 
ing procedures must be utilized to properly 
understand the thermal fatigue requirements of 
a given design and control sequence. 

Start/Stop Transient Effects 
The control functions provided with the GE 

gas turbines are set to limit the impact of the 
start/stop cycle. The duration and severity of 
light-off spikes are controlled so that only low 
strains develop in turbine components without 
impeding light-off and cross firing. Acceleration 
and fired shutdown functions are also designed 
to have a minimum impact upon part life. Great 
effort has been expended to understand the 
impact of start/stop cycles on cyclic life. Field 
tests on an MS5002 unit and the MS9001E pro- 
totype incorporated a variety of start/stop char- 
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acteristics to explore their impact upon cyclic 
life. Fully instrumented hot section components 
were incorporated to provide experimental cor- 
relation. The results of these efforts clearly 
demonstrated that the major deleterious cyclic 
effect is caused by machine trips, especially trips 
from full load. Fig. 38 compares the impact 
upon strain range for a normal start/stop cycle 
with a cycle containing a full-load trip. While a 
full-load trip is not catastrophic in itself, the 
resultant life reduction is equivalent to that of 
approximately 10 normal shutdowns. A reduc- 
tion in fatigue life by a factor of 10 is substantial 
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Figure 38. Leading edge strain/temperature 
(firststage turbine bucket) 

and certainly warrants careful and detailed 
attention to those machine factors that cause 
trips, especially the control, fuel, and auxiliary 
systems. Slowing the acceleration adds an addi- 
tional 60% on the fatigue life of nozzles and 
buckets. 

Corrosion Resistance Development 
A two-pronged program was implemented in 

the 1970s to improve the corrosion resistance of 
the buckets. The first approach was to increase 
the corrosion resistance of the base alloy itself, 
while still satisfying strength requirements. This 
program resulted in introduction of IN-738. The 
second program was the development of the 
first generation of long-life coatings. In the mid 
to late 1970s platinum-chromium-aluminide dif- 
fusion-type coatings were introduced. These 
alloy and coating improvements have increased 
corrosion resistance ninefold over the base alloy 

used in the late 196Os, and they have increased 
the range of permissible fuels. 

Coated and uncoated IN-738 buckets are 
shown in Fig. 39. These two buckets were run 
simultaneously in an MS5002 located in the 
Arabian desert, one of the most corrosive envi- 
ronments in the world. These buckets operated 
for 24,731 hours in a unit burning sour gas with 
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Figure 39. First-stage turbine buckets (coated 
and uncoated IN-738 - 25,000 ser- 
vice hours) 

3.5% sulfur. The terrain surrounding the site 
contains up to 3% alkali metals which frequently 
contaminate the inlet air during dust storms. In 
this environment the Pt-Cr-Al coating doubles 
the corrosion life of the IN-738 bucket. 

Although the combination of IN-738 and Pt- 
Cr-Al coatings has offered a substantial improve- 
ment in corrosion resistance, improvements 
continue in first-stage bucket materials and man- 
ufacturing processes, with the intent of produc- 
ing machines of increased performance capabil- 
ity and greater fuels flexibility. Two recent 
developments have been phased into produc- 
tion, the first is Vacuum Plasma Spray (VPS) 
coatings, the second is GTD-111 bucket alloy. 

The GE patented vacuum plasma spray coat- 
ings are overlay-type coatings, which offer better 
control of coating composition than diffusion 
coatings. These coatings were laboratory tested 
for mechanical strength and corrosion resis- 
tance and also rainbow field tested where a 
number of coatings were run side by side on the 
same machines for comparative evaluations. All 
of these data established that VPS coatings are 
extremely attractive for improving bucket corro- 
sion resistance. With full qualifications of this 
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process, GE has introduced this coating into 
first-stage bucket production. VPS coatings were 
further improved by the addition of an alu- 
minide coating to both external (airfoil) and 
internal (cooling) surfaces for first stage 
MS6001, MS7001, and MS9001 buckets (all 
models). The aluminide layer improves oxida- 
tion resistance. 

Improvements continue in bucket alloys, the 
most recent of which is GTD-111 in equiaxed, 
directionally solidified, and single crystal forms. 
This alloy increases metal temperature capability 
with equal or better strength than IN-738 and 
displays comparable corrosion resistance. Much 
of the development work on this alloy was done 
in the late 1970s and it is now our standard first- 
stage alloy for all designs; in the MS6001FA, 
MS7001FA and MS9001FA it is used on all three 
stages. 

Mechanical Properties of Coatings and 
Substrate 

Much analysis has been done toward under- 
standing the effect of our VI’S coatings on sub- 
strate mechanical properties. It has been deter- 
mined that these coatings have little or no effect 
on substrate tensile or creep behavior. Vacuum 
plasma spray coatings have their largest impact 
on low-cycle fatigue (LCF) . The GE-patented 
coatings can, in some cases, cause 2-to-1 life 
improvements compared to similar uncoated 
materials, as shown in Fig. 40. Without excep- 
tion, life improvements have been observed in 
cases where the VPS coating exhibits superior 
ductility. Optimizing corrosion resistance of 
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Figure 40. IN-738 low-cycle fatigue at 1600F 
(871C) 
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coatings does not lead easily to ductile composi- 
tions. Current and future work is aimed at over- 
coming this obstacle by identifying coating com- 
positions which have high corrosion resistance 
while maintaining acceptable levels of ductility. 

PROTOTYPE TESTING 
The history of instrumented testing under 

loaded conditions began in 1965 with the 
MS5001 at the Schenectady plant outdoor test 
site and again in 1968 with the MS3002 on the 
factory load test stand. This was followed by a 
fully instrumented MS7001A prototype unit test- 
ed at the LILCO Shoreham utility site. In 1971, 
at the compressor load facility in the Greenville 
plant, the MS7001B was tested with over 1300 
channels of instrumentation. Again, in 1974 and 
1976, this facility was used for testing the 
MS7001C and the MS7001E with comparable 
instrumentation. In 1979-80, prototype testing 
of the MS6001 was accomplished with two 
instrumented units. One had limited stator sen- 
sors and was tested in Montana at a Montana- 
Dakota Utility Company site, and the other unit, 
with almost 2200 channels of instrumentation, 
was load tested at Schenectady. In the span of 
one and a half years of testing, the unit achieved 
235 fired starts and over 281 fired hours of oper- 
ation while generating over five million kWh of 
electricity. The MS9001E design was tested at a 
customer site in Germany in 1980 and 1981. In 
1982, the second prototype was tested at an 
Electricity Supply Board Company site in Dublin 
and at customer sites in Germany and Ireland. 

During the 1980s the design of the MS7001F 
gas turbine was supported by a three-phase test 
program: 

Phase I - Fundamental studies and 
component tests 

Phase II - Factory prototype tests 
Phase III- Field prototype test 

The Phase I effort included the development 
and application of advanced analytical methods 
and computer techniques to accurately predict 
three-dimensional viscous fluid dynamics, 
boundary layer heat transfer, dynamic response 
of blading, dynamic response of complex sys- 
tems, and complex material behavior. Where 
practical, the results of these advanced analytical 
tools were checked on models and components 
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to ensure the accuracy of the predictions. 
Examples include hot cascade testing of the 
first-stage nozzle; liquid crystal studies of the 
first-stage nozzle and bucket to verify heat trans- 
fer assumptions; flow testing of the rotor cooling 
circuit and other components; materials behav- 
ior testing under calculated strain/time/tem- 
perature cycles; dynamic response wheelbox 
testing of all turbine buckets; exhaust system 
flow testing; and maintainability studies. A major 
effort permitted complete and thorough devel- 
opment of the combustor prior to actually oper- 
ating the machine. Field testing of selected 
materials and configurations was included in 
Phase I to gain manufacturing and operating 
experience. 

Phase II was largely aimed at verifying the 
compressor performance and obtaining compo- 
nent and system performance and operating 
data. During this phase, a full compressor map 
was developed, including surge margin. Also 
during this phase, extensive rotor and stator 
instrumentation was included to measure tem- 
peratures, pressures, hot-gas-path profiles, blad- 
ing dynamic behavior, and system dynamic 
behavior. 

The Phase III test involved a full-load test at a 
customer site. The primary objective was to veri- 
fy all design and performance parameters. 
Metal, cooling circuit, and gas path tempera- 
tures; cooling circuit and cycle pressures; and 
component and system dynamic behavior were 
all determined under both transient and steady- 
state conditions. Cycle and emissions perfor- 
mance were also determined under normal 
steady-state conditions. 

Each of the component and system data bases 
developed during Phase II and Phase III were 
compared with the analytical predictions before 
the MS7001F design was fully validated for com- 
mercial application. This testing involved investi- 
gations with firing temperatures of 1288C 
(2350F), justifying the uprate of the MS7001F at 
150 MW to the MS’7001FA at 166 MW. It also jus- 
tified the MS9001FA rating of 226 MW and 
MS6001FA rating of 68.8 MW. 

A similar sequence of prototype testing has 
been completed for the MS9001F. The first pro- 
totype machine was tested at Greenville in 1991. 
It is now commercial at Electricite’ de France 
(EDF) in Paris, France having completed its full 
load, f u 11 y instrumented prototype tests in 1992. 

“F TECHNOLOGY 
OPERATING EXPERIENCE” 

As ofJune 1994, the MS’7001F prototype unit 
at Virginia Power has accumulated more than 
22,000 hours in combined cycle operation with a 
reliability level of 98%. Twenty additional 7F 
technology units are now in service, yielding 
similar performance. Clearly this experience 
has been due in large part to the stability and 
quality of the design process used to create this 
family of gas turbines. 

SUMMARY 
Reliable heavy-duty gas turbines have resulted 

from GE’s design philosophy, based on a firm 
analytical foundation and the experience of 
years of gas turbine operation in the field. On 
this basis, successful designs are carefully scaled 
to larger or smaller size. Scaling has been used 
to produce similar designs that range from 25 to 
200 MW. Evolution of proven designs has result- 
ed from improved components and materials 
which have been applied prudently and careful- 
ly to increase power and thermal efficiency. 
Finally, designs are carefully tested and demon- 
strated in extensive development facilities, and 
by fully instrumented prototype machines in 
order to provide full confirmation of the design 
under actual operating conditions. 

0 1994 GE Company 
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