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PROGRESS IN ADVANCED HIGH TEMPERATURE TURBINE

MATERIALS, COATINGS, AND TECHNOLOGY
4
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ABSTRACT

.3

Advanced materials, coatings, and cooling technology are the keys to _'

i_,_ achieving improved performance via high cycle operating temperatures, _

0_ lighter structural components, and adequate resistance to the various en- _

vironmental factors associated with aircraft gas turbine engines. Signif-
icant progress has recently been made in many high temperature material

categories, in providing coating protection against oxidation, h_t cor-

rosion and erosion, and in turbine cooling technology by the industrial

community, DOD and NASA. The material categories include metal matrix

composites, superalloys, directionally solidified eutectics, and c_ramics.

These material categories as well as coatings and recent turbine cooling

developments are reviewed, the current state-of-the-art identified, and

an assessment, when appropriate, of progress, problems, and future direc-

tions is provided.
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INTRODUCTION

The keys to improved aircraft turbine engine performance are the de-
velopment of advanced high temperature materials, the coatings reuuired _o

protect them adequately against the oxidation, corrosion, and erosion en-

countered in the gas turbine environment, and improved cooling technology
to achieve higher cycle operating temperatures. Consideration of the various

• turbine components indicates the nature of the improvements that are

needed and the specific benefits that can result (Pig. 1). Thus, by

increasing the strength of intermediate temperature materials that are used

for turbine disks, increased rotor speeds and fewer turbine stages can be

achieved with resultant reductions in turbine engine weight and cost.
Similarly, increases in allowable turbine blade and stator vane temperatures --

will permit operation at higher cycle temperatures or with reduced coolin£

air. The resultant benefits are increased power output, decreased fueli
consumption, and/or decreased maintenance cost.

An important new emphasis in high temperature materials technology is
the development of coatings. This takes on a greater degree of importance

° today than before. In part, environmental protection has become more
difficult to provide because such significant strides are being made in

increasing the high temperature strength of materials. Unfortunately,

such strength increases usually go hand in hand with decreased oxidation !

resistance. In addition, there is the requirement for petroleum conserva-

tion and the increasing cost of petroleum products. Aircraft gas turbine
engines typically use a clean kerosene-type fuel. But the cost of such

fuels is increasing dramatically, by a factor of 3 in the past 4 years. It i
may become necessary to use cheaper cuts from petroleum or even residuals.
The _mpurities present in such fuels can lead to severe corrosion and i
erosion of turbine materials and to tolerate such fuels will necessitate

i greatly improved coatings for turbine vane and blade materials. Thus, the

coatings problem takes on added significance.

It must be emphasized that extremely high costs are involved in bringing ,

a new material from the laboratory stage to engine usage. For example, it

has been estimated by one engine manufacturer that approximately $15 m_llioP
are required to bring a DS eutectic system to the point where it can be in-

corporated as a turbine blade in an aircraft engine. Thus, it becomes of

paramount importance that the most advantageous choices be made in selecting

the engine component and material to be addressed. To do this requires that

careful benefit-cost analyses be made. Several NASA-sponsored benefit-cost

• studies (i,2,3,4) quantify the gains that can be achieved by _ncreasing

material capability for aircraft gas turbines. An example of the economic
benefits of material improvements for specific engine components for a fleet

: of 500 subsonic commercial transport aircraft with a 3000 nautical mile

range, and a load factor of 55% of the total passenger capacity of 180 is

provided by the benefit-cost studies (3,4). The benefits (including return

on investment and direct operating cost) over the life of the aircraft

assuming the following advanced materials could be employed, would be $_5
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million for prealloyed powder metallurgy disks, $90 million for directiunally
solidified eutectic blades, and $200 million for ceramic vanes.2

In this paper, the authors review the state-of-the-art of high temperature

materials, coating technology, and recent turbine cooling developments as well as
assess future trends, utilizing critical turbine components as a framework for

. discussion.

?

MATERIALS FOR INTERMEDIATE TEMPERATURE APPLICATION - DISKS

Prealloyed powder processing (5,6,7) holds promise for providing super-

alloys with increased strength for turbine disk applications. Although[
_ current PM disk alloy development is principally concerned with existing

alloys such as Rene'95 (8) and IN-IO0 (9), work is underway with more
advanced alloys which show significant improvements in strength (Fig. 2).
Even further strength increases are anticipated over the next decade. For

example, for powder metallurgy processing, alloys can be specif_cally

designed to accommodate larger quantities of strengtheners without encoun-
: tering the segregation which would occur if they were cast. In this way,c ?

the feature of greater structural homogeneity resulting from the prealloyed

: _ powder process can most effectively be utilized.

Fig. 2 shows the 650°C (]2nO°F) yield strengths of promising candidate
. _ PM disk alloys such as AF ii_ (I0), _IB-7 (ii), and AF2-1DA (12). These

i can be processed to have 650_C (1200-F) yield strengths in excess of1380 MN/m _ (200 ksi). Since in some advanced turbine designs consideration

is being given to _till hi_er maximum disk tenperatures, it is interesting ;to see how the 650 C (1200 F) yield strength i_. affected when the PH alloys

AF 115 (13)A AF2-1DA (IW), and IIB-IIE (15) are processed to g_ve maximum
760_C (1400-F) strength. For the first two, lower 650-C (1200- D strengths
result. This would presumably also occur for IIB-IIE were data available.

Thus, adequate PM disk alloy strength over a range of temperatures requires
that a suitable compromise in a processing heat treatment selection be made.

In addition to improved short time strength compared to conventional

forged alloys, improvements in long time creep rupture strength are also

required to make PM alloys viable candidates for disks, particularly for
high temperature disk applications. Significant improvements have already

bee nbtained (Fig. 3). An /mportant aspect to be noted, however, is that

the r_atively large _Tain size needed for high creep rupture strength calls
• for higher solution treatment temperatures than would be used to achieve the

gTeater short time tensile strength. Since mechanical working effects are

then annealed out, this will reduce the tensile strength. Therefore, the

development of optimum processing and heat treating steps is a most impor-

tant key to the development of advanced PM disk alloys.

Although siEniflcant increases in static strength are possible with PM

disk alloys, further research is required to insure that advanced prealloyed

powder alloys also have cyclic llfe improvements commensurate with their
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static strength improvements. It _s important that early in the research

for new materials-process combinati:ns, realistic disk test cycles be used

in evaluating cyclic crack initiation and crack growth behavior. It is

unfortunate that we do not have available a s/mple low cost screening test
for this purpose. However, the fluidized bed type of thermal fatigue

• testing which is being used extensively to rate materials with regard to
thermal fatigue resistance (i_ can be used to provide some measure of the

relative resistance to crack initiation and measurement of crack growth

rate. But the actual engine cycles cannot be reproduced in such facilities.

Decreased life cycle cost represents the greatest objective for gas --

turbine disks. Reductions in initial cost can be achieved by prealloyed
powder processing. Fig. 4 compares this process schematically with the

convent_,>nal casting and forging process. It is apparent that less

starting material, fewer operational steps, and less machining is reguired

to reach the final disk shape. For a commercial turbine disk, currently

produced in large volume by forging and costing $10,000 per disk, the
savings in both raw material and machining could be $2,000 (17). Of the

process variations, the greatest cost reduction opportunity exists for

the as-hot isostatically pressed (HIP) to near net shape approach, with a

smaller cost opportunity possible for the extruded or HIP plus warm work

approaches.

; MATERIALS FOR HIGH TEMPERATURE APPLICATION

Low Stress - Vanes, Combustors

[

Several key turbine power plant components must withstand very high

temperatures, but the stresses to which they are subjected are relatively

low. The most promising materials for several of these applications are
discussed in the next sections.

ODS alloys.- For use as turbine stator vanes, .,,e oxide dispersion strength-
ened (ODS) alloys offer a significant improvement over both currently used

and the most advanced conventiona_ cast s_peralloys (Pig. 5). Their metal
use temperature ranges up to 1230 C (2250 P) and they should see service

as stator vanes within the next five years. Several of the more promising,

HDA 8077 ( a NiCrAI with Y203), MA 75W (a NiCr with Y203) and YD-NiCrAI

(a NiCrAl with Y203) are shown on the figure.

The melting point of these materials is about ]370°C (2500°P). This

high melting point and the greater mJcrostructural stability of these materials

provide additional pluses compared to conventional cast superalloys for

vane use. The advantage of greater overtemperature capability may be seen

in Fig. 6, in which a conventionally cast MAR M-509 and a TD-NiCr vane are

compared (18). These vanes were subjected to overtemperature wh_le being
tested in the same nozzle assembly of an experimental engine. The cast

vanes, although cooled, melted. The uncooled TD-NICr vanes remained

essent_ally undamaged. Another advantage of ODS alloys for vane application
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is their greater thermal fatigue resistance. Some ODS alloys have shown

up to l0 times greater resistance to cracking under simulated vane

nperating conditions than conventionally cast superalloys (18).

Combustors also fall into the category of high temperature, low stress

, applications where ODS alloys afford significant potential. Combustor
components require formable, weldable, as well as oxidation, distortion,
and thermal fatigue resistant sheet alloys. For service temperatures near

u ] u980 C (_800 F) the conventional cast and wrought alloys, Haynes Alloy 188,

Inconel 617 and tbe developmental MERL 72 show goo_ potential (19,20).

However, the ODS NiCrAls have a potential for a 90_C (160_F) higher tempera- ,,.
ture capability than conventional sheet materials. Manufacture of an ODS-

NiCrA1 sheet product has been demonstrated (21) but there are no commercial
sources for sheet at present. Once the advantageous role of ODS-NiCrA1

vanes is established, it is expected that attention will be focused on the

manufacture of ODS-NiCrAI sheet products.

There are a number of problem areas with ODS materials which must be

noted, however. Foremost is the historical one of high alloy cost (about
,_ 5 times that of conventional superalloys). Another, the low oxidation :

resistance of the NiCr base has largely been solved. As in virtually all

_- instances where there is a pronounced directionality of grain structure,
_ transverse ductility may be a problem. But this can probably be adequately

handled by trading off some longitudinal strength for increased transverse
ductility by process control treatments that reduce the grain structure

i directionality. Another problem is the creep-behavior of ODS sheet alloys

for such applications as combustor components. With the increased diffusion
rates at the higher temperatures for which these alloys are intended, diffu-

sional type creep could be the major contributor to the creep process. In

ODS sheet alloys, such as TD-NiCr, diffusional creep has been observed and i
the creep-damage by this prJcess was shown to be severe (22), although _ -
there appears to be a threshold stress below which significant diffusional

creep does not occur. This factor ,,lustbe taken into consideration in
engine component designs where zero creep may be required.

The problem of high cost is being addressed by the development of improved

powder manufacturing techniques such as mechanical alloying (23) and current
activities to scale-up for large production quantities promise substantial
reductions in the cost of these materials. Simpler recrystallization tech-

* niques can be employed substituting furnace recrystallization for the more
time-consuming gradient annealing. Finally, further cost reductions are

anticipated by use of near-net-shape fabrication techniques such as are

. currently under development in a NASA-sponsored program (2_). This program
includes extension and forging of consolidated preforms to provide a vane

geometry that requires minimal machining to final shape.

The problem of low cyclic oxidation resistance observed in the early

ODS.NiCr alloys has effectively been eliminated as may be seen from Fig. 7

by changing to a NiCrAI base that includes q to 5 weight % aluminum. The

J

1977026215-006



5

figure shows that essentially no weight 18ss occurred with the NiCrAls
after severe cyclic testing (r.t. to 1200 C (2200 P)) in a Mach 1 burner.

Hot corrosion resistance was also significantly improved (25). The NiCrAls

form an aluminum containing oxide scale which provides excellent oxidation

resistance. For long time service (e.g., at least 3000 hours) however, the

ODS NiCrAls may require a protective coating as will be discussed later.a

Direetionall_/ solidified superallovs. -
The promzsiDg nature of the ODS alloys notwithstanding another approach,

one that employs directionally solidified conventional superalloys for

vanes, also shows considerable potential. As shown in Fig. 8, significantly
improved thermal fatigue resistance can be achieved by directional solidifi-

cation of superalloys. These results taken from (16) show orders of

magnitude increases in cycles to the first observable crack for two typical

high temperature, gamma prime strengthened nickel base superalloys (Mar-M
200 and NASA TAZ-SA) when they are directionally solidified as compared to

their random polyerystalline form. The fluidized bed test technique

previously referred to was employed in this study and the results shown

are representative of those obtained with a wide variety of superalloys.

A direct comparison of the thermal fatigue resistance of directionally

solidified superalloys and ODS materials was also shown (16). This
indicates that TD NiCr has approximately the same thermal fatigue resistance

as many of the conventionally cast (random polycrystalline structure) super-
_ alloys. The comparison must be considered as inconclusive due to the

limited ODS material available for test in that study. Further evaluations

! i are underway to provide a more definitive ranking. However, the clearly
excellent themz.al fatigue resistance of dSrectionally solidified conven-

tional superalloys suggests that such materials afford great potential
for relatively early application to aircraft turbine engine stator vanes, _
although their current use is for high stressed turbine blades.

Ceramics. - As shown in Fig. 5, ceramics offer the highest use temperature •

potential of all materials for stator vanes, on the order of l_00°C (2600°P).

Currently the most promising ceramics appear to be Si3N g and SiC. Exten- 4
site screening studies of some 35 different ceramics in the NASA Lewis Math 1

burner (25,27) have shown them to have the most favorable thermal shock
resistance. Other investigators (28-31) have also shown the superiority of
Si3N 4 and SiC. These ceramics also have excellent high temperature creep

rupture properties as may be seen from Pig. 9. Commercial hot pressed

SI3N 4 (32) _as subs_antlally higher use temperature capability (approxi-
mately 1320-C (2W00 P)) at stresses of approximately 50 MN/m_(7 ksl) which

are typical of those encountered in.stator vanes, than the strongest kn_
conv_ntionally cast vane alloy, WAZ 15 (33). It also shows about a i00 C
(200 F) advantage over the ODS alloys.

Both SigN u and SiC are under development and significant improvements
in high temperature strength are being achieved as shown in Fig. 9. Work is

underway under NASA sponsorship (34) to improve creep-rupture strength by
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decreasing the alkali metal content from approximately 2500 to less than

400 ppm and by lowering 02 content to less than 1%. The intent is to limit
the amount of strength reducing second phase formation at the grain bound-

aries which results from the reaction of such impurities with densifieation

additives such as MgO and Y2Og. Further strength improvements are possible
with these ceramics by impr6v_ng processing procedures such as powder

handling, sintering, and hot pressing. Although no crpcp rupture data are

yet available, another promising Si3N 4 base material is the class known
as SiAIONs. These are solid solutions of A1 0 in Si N . Demonstrated

advantages arp that the SiAIONs do not require sinterlng to reach high

density (9_ and that they appear to have outstanding thermal shock "
resistance (35).

It should be noted that ceramics for turbine application have become the

center of much effort in recent y_ars. For example, there is the ARPA pro-

gram (36). The program which began in July 1971, is intended to demonstrate

that ceramics can be applied successfully as starer va_es, turbine blades,
and disk, combustor and nose cone components in a 1370-C (2500_F) gas

temperature automotive turbine power plant. Another phase of this program

seeks to d_monstra_e the effectiveness of ceramic first stage starer vanes
for a 1370-C (2500-F) gas temperature 30 megawatt ground power turbine

installation. It is expected that the vehicular unit eombustors, duets

and starers will meet the 1978 go_l of 200 hours of operation at a maximum
i turbine inlet temperature of 2500_P. Major effort is going into the most

demmlding application of ceramics, the vehicular turbine rotor. Although

the ARPA program is intended to demonstrate the successful application of
ceramics in automotive and electric ground power turbines, much cf what

is being learned will be of great value in the development of ceramics for

aircraft gas turbine applications as well.

High Stress - Turbine Blades _

4
For high stress applications such as turbine blades, substantial increases :_

in use temperature can be expected by means of directional structures of
several types (Fig. i0). Initial advances were made with conventional

nickel base alloys such as PWA 66W (37) in which grains were aligned p_rallel
to th_ direction of the major stress axis by means of directional solidifi-

cation. Further increases can be expected from monocrystals (38). The

directionality concept is also being applied to eutectic systems with

considerable success. Directionality of structure is also the key to the
ODS + 6'systems and tungsten fiber superalloy composites.

Directionally solidified euteetics. - Major research and development effort
is being expended in industry and government to exploit euteetic systems.

Figure ii provides a comparison of the I000 hour creep rupture properties

(39,W0) of the major eutectic systems currently under study and direetionally

solidified MAR M-200 + Hf. At turbine bladeooperating conditions, the DS
eutectics now afford about a 30-80_C (50-150 F) use temperature advantage,

or a _0-609d increase in creep rupture strength.

1977026215-008
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Figure 12 shows the mJcrostructure of the two major types of eutectic
systems, a typical rod or fiber reinforced system, HAFCO, and a typical

lamellar reinforced system _/_'-S. The matrix has been etched away to
bring into relief the two types of reinforcing phases. In both systems a
relatively ductile matrix is reinforced by a brittle phase. Most rod or

. fiber (not all are perfect rods as may be seen from the figure) reinforced

systems utilize some type of carbide fibers (Hf carbide in HAFCO and TaC
in both CoTaC and NiTaC) ranging from 5 to 15 volume percent (41). The

, matrices are generally complex. For example, the matrix of the NiTaC
systems consists of a _' precipitate within a _nickel solid solution con-
taining Cr and A1 to provide oxidation resistance and precipitation strength- "
ening. Additions of W or Me can be made to provide additional solid solution

i strengthening. The _/_' -S alloy (Ni-2OCb-6Cr-2.SAl) is typical of the
i lamellar reinforced systems. The _ (Ni3Cb) lamellae make up approximately |

40 volume percent and this contributes to very low transverse ductility at ]
low and intermediate temperatures, as will be discussed subsequently. The
matrix consists of a _J precipitate within a complex _ nickel solid
solution.

A number of problem areas exist which must be solved before eutectic
systems can be effectively utilized. Foremost, and common to all systems

is the slow growth rate directionally solidified euteetics require in theirmanufacture, typically less than 3 cm/hr (40,42). Work is being directed
toward achieving more acceptable rates from a blade fabrication standpoint.

Another potential problem with some eutectics is that of thermal insta-
bility upon thermal cycling. A vi_oal example of this is shown for the •
CoTaC system in Fig. 13 (43). It may also be seen that by suitable compo-
sitional changes such instabilities can be overcome. The thermal instability
demoRstrated (Figs. 13(a) and (b)) upon cycling 2000 times between W25 and
IIO0_C (797 and 2012_F) could have been caused by a number of factors whose
individual roles have not as yet been well defined -- thermal coefficient
of expansion mismatch between fibers and matrix, fiber solubility in matrix,
fiber surface energy of formation,and imperfections of reinforcing fiber
phase (41,43,44). Figures 13(c) and (d) show that by substituting HfC
for TaC fibers instabilit) during thermal cycling was totally eliminated (W5).
A better understanding of the importance of the role of the individual :
factors that can contribute to such thermal instability must be obtained,
but it is apparent that the problem is not insurmountable.

A further area of considerable concern with some eutectle systems is that
of low transverse ductility at the intermediate temperatures. This poses
fatlgue problems in the blade. Another problem is design of the blade root
because of normally imposed shear and bending stresses. The solution to the
latter problem will require modified (lower stress) root designs or super-
alloy bonded roots for advanced '%ighwork" blades (W6). Figure 1W shows
the transverse tensile fracture strain for representative euteette systems
compared to a currently used directionally solidified superalloy D6MARM-200.
The rod or fiber reinforced systems (NtTaC and CoTaC (_0,_7)) have reasonably
good room and intermediate temperature transverse duetilitywhtch compares
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well with DS MAR M-200 + Hf (42). However, the lamellar g/F'- 6 system
has relatively low transverse ductility at these temperatures. Attempts
are being made ro alter the deformation mechanism of the high (40 volume

percent) bri_tle int_rmetallie phase ( _ , Ni3Cb) . Recent efforts have
improved 760 C (IW00 P) transverse fracture strain from ~0.2 to 0.9%.
This was achieved (42) by obtaining a fully lamellar structure by decreasing
growth rate from 3 to 2 em/hr and by the addition of 0.06% C. Heat treat-
ments (870°C, 1600°P) also appear to provide some improvement although
the mechanism is as yet unknown.

A

|

• A very recent development is the Y/_ -_euteetie alloy. The_phase
consists of molybdenum fibers that act to reinforce the _/_' matrix phase.
Preliminary results indicate that this alloy has about a 17°C (30°P)
higher use temperature for i000 hour stress-to-rupture life than the T/r' -
alloy together with significantly improved transverse ductility and shear
strength (48,4g).

<

Despite the problems cited, eutectie systems are promising candidates
for high stress turbine applications and it is expected that some eutectlc
systems will see at least limited engine service as aircraft turbine engine
blades within the next i0 years.

ODS + Kamma prime alloys. - Recent advances in the production of oxide
dispersion strengthened alloys have introduced ODS superalloys as possible
contenders for advanced turbine blade application. For this use, the high
strength of a gamma prime (_') strengthened alloy (needed at the blade
root) is combined with the elevated temperature strengt_ derive_ from dis-
persion strengthening (needed in the airfoil). At I100_C {2000_P) the
creep-rupture life of experimental ODS superalloys such as ODS WAZ-D (50)
and the very recently developed "Alloy D" (51) compare favorably with
conventionally cast random polycrystalline [_ strengthened alloys and

directionally solidified eutectic alloys, oAS show_ in PiE. 15, these alloys
have use temperature_ in the range of 1150 C (2100 P) for 1000 hour life at
a stress of 102 MN/m (15 ksi). "Alloy D" developed by The International
Nickel Company h_ demonstrated improved rupture ductility (~3_ compared
to previous ODS superalloys (~1% for ODS WAZ-D); it has also demonstrated
good oxidation and excellent corrosion resistance in comparative tests
with conventional superalloys. An added advantage of the ODS alloys is
their higher incipient melting temperature derived from the compositional
uniformlty inherent in processing by powder metallurgical techniques.

The ODS superalloys are relative newcomers to the scene and only sketchy

i da_a exist. Thus, their potential for blade appl_catlon remains largely
uncharted except for their outstanding strength. A potential problem area

: may be low transverse rupture ductility which is expected to be less than
the longitudinal ductility. However, it is anticipated that the interest
generated by this class of materials will shortly result in a more defini-
tive evaluation of their potentSal.

r I _ 51977026215-010
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Cgmposites. - Of all the directional metallic systems, tungsten fiber rein-

forced superalloys afford potentially the highest use temperature capab_lity

for turbine blades, but their application to service is also furthest dr:-_

the road (Fig. lO). These materials combine the high temperature str_ _ _

of W wires with the ductility, toughness, and oxidation resistance o_

• superalloy matrix. Although the technology for these composites is not _
advanced as for the DS eutectics (in-situ composites) considerable research

is underway in this area (52 to 57). The significant strength advantage

of W fiber reinforced superalloys over OS eurectics (up to 2 1/2 times) a:,,]

current superalloys (up _o 5 tim_s) is apparent from Fig. [6 which shows a
comparison of their I090_C (2000_F) 1000-hour density normalized data. The

actual composi£_ d_ta (_ulid lines) were obtained with a uniform reinforce- _"

ment of 70 volume percent tungsten ±ibers along the length of the specimens.
For an average 30 volume percent reinforcement with varying fiber content

along the blade span, calculated results (dotted lines) are shown which take

into account potential composite degradation due to fiber matrix interaction
over 1000 hours exposure. Because of improvements in compatibility since

the data were obtained, some of the calculated results are even more

favorable. To make the 30 volume percent of reinforcing fibers a viable
concept, the fibers have to be suitably distributed along the blade span

to acco.r:eO=_ spanwise variation in blade centrifugal force. A 30 volume

percent of reinforceme,,£ wou!O _esult in composite blades of approximately
the same weight as those of current superalloy blades. This would be

accomplished by taking advantage of the greater stiffness and strength of

the composite to reduce blade thickness and taper.

A major breakthrough in making these composite systems viable candidates
i for turbine blade application has been the successful development of a mons-

layer tape fabrication process shown in Fig. 17. Two techniques, one using _

i powder cloth, the other alloy foils, are shown. It is envisioned that the

latter will be more efficient for volume 9roduction and that turbine blade _;
fabrication costs should approach those for current turbine engine titanium

} fan blades (58). _

| Major problem areas associated with the application of W fiber rein-

forced superalloys to turbine blades are fiber-matrix interaction (inter-
diffusional effects reduce wire strength) during fabrication and service

exposure, and resistance to the_al and mechanical fatigue caused by turbine

operational modes. The former problem has been gTeatly reduced by develop-

ment of the monolayer tape fabuieatlon process and by making appropriate
adjustments to the matrix compositions. It now appears that the fiber-

matrix interaction factor should not be a deterrent to composit_ use _n

turbine blade application. The thermal fatigue problem stems from the

large thermal mismatch between the superalloy matr'x and the W fibers.
Only llmited thez_al fatimle data have been obtained to date but the most

recent results obLained at NASA-Lewis and by other investigators suggest

that this problem also is much nearer the solution stage. Fig. 18 shows

some encouraging results for a W-IT_2/FeCrA_Y specimen subjected to 1000
cycles from room tsmperature tu 1200 C (2200 F) by dlrect-reslstance-heating

I
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in a Naval Air Systems Command program conducted at TRW. No matrix or fiber

cracking occurred. However, considerable research remains to be done

before V fiber reinforced superalloys can be used as turbine blades.

Ceramies. - The ultimate in potential use temperature capability for turbine

blade application resides in ceramic materials. As shown in Fig. 10, use
temperatures on the order of 1200 to 1370vC (2200 to 2500°F) can be expected.

In _ddition to the potentially low cost of ceramics (about 1/10 that of

superalloys), their low density (about 1/3 that of superalloys I together

with their high strength-to-density ratios, make ceramics particularly
_, desirable for rotating turbine blades where the primary s_ressc _ result from

centrifugal forces. However, i_ is not reasonable to expect the character-

istics of essentially no ductility and very low impact resistance to be cir-
cumvented to the extent necessary to permit the use of ceramics as aircraft

engine turbine blades much before the last d_cade of th_s century. There

is a much greater likelihood that ceramic turbine blades will see service

in ground power installations or automobiles considerably before this.

Although it is not feasible to achieve ductile ceramics, considerable

effort is being expended to improve their impact resistance. Modest,
although not consistently obtainable, improvements in impact strength have

been obtained to date. Figure 19 shows in chronological order the increases
O O . . .

in both room temperature and 1315 C (2400 F1 impact strength achleved wlth

Si3N 4 by various investigators. Increasing the purity of_<-phase Si3N 4
powders (591, application of a lithium aluminum silicate layer (601, and

carburization to create a compressive layer (611 have each provided an

increase in impact strength. The last mentioned approach resulted in one
J (i0 ln-lb) /mpaet strength, a factor of ten increase over as-received

i Si3N 4. More impressive improvements in impact strength of Si3N 4 have resulted

i (62,63,641 from reinforcing hot pressed Si3N 4 wi_h 25 v/o Ta wire of 25 mil
i diameter. Drawbacks to this approach are the more than doubled density of

the Si3N4-Ta product over the monolithic Si3N 4 body (6.55 g/cc vs. 3.2 g/eel
- and the possibility of catastrophic oxidation of any exposed Ta when the

product is placed in service. Most recentl_ with work still in progress
(651, the energy absorbing surface layer approath for improving the impact

strength of Si3N _ has given encouraging resul_s. Use of silica-zircon _
layers has resul_ed in Charpy impact strengths of about 20 in-lbs. And, in ?

very preliminary work, porous reaction sintered silicon nitride layers on

dense Si3N 4 have provided imuact strengths of i0 in-lbs. Purther improve- _
ments in impact _sistance, particularly as regards reproducibility are

anticipated, although much higher values of impact strength are not likely
to be achieved.

In order to use ceramics for turbine blades, the designer must tailor

his design philosGphy to effectively deal with materials of essentially no
ductility. Very early work by the authors (66,67) recognized the n_ed to

accommodate the lack of ductility of ceramics by designs that employed

cushioning interfaces between blades and disk and generous radii on the

blade roots. Figure 20 illustrates some early attempts that were partially
successful (67). The interface materials acted to further distribute the
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stress in the root attachments. Porous or. screen material interfaces were

especially beneficial. Interestingly, as was the case in the early NACA

work, recent investigations (68,69) have shown that the use of duutile

inter-layer materials such as platinum _s highly desirable. These serve
to distribute the stresses _nd to prevent chemical reaction between the

ceramic blades and mev_l disks. Utilizing these methods, full-scale (4"

span) blades were operated 20 years ago for as long as 240 hours at con-

tinuous full engine power without root failures. This was accomplished at
a t_me when these engines were qualified for military service with a 150

hour test. The brittle airfoils cou±_ ,lot withstand the impact of typical
foreign objects, however.

Yhe early attempts to use ceramics and cermets as turbine blades were

handicapped by relatively weak materials, rather immature ceramic processing

procedures and very crude stress analysis techniques. Fortunately, desigmers

today have far superior materials (S_C and Si3Nk0 to work with as well as
design procedures based on fracture mechanics and 3D finite-element stress

: analyses made possible by use of computers. The 3D finite-element stress

analysis permits determination of local principal stresses throughout the

component so that the designer can pin-pofnt critica 3tress conditions
which may result from stress concentrations.

0 Fracture mechanics can be used to determine the crack growth character-

istics of the materials under design loads. Since the strength of ceramic

" materials is determined by initial flaw size and distribution, mld since

essentially no ductility is available _o arrest crack growth, the careful
application of fracture mechanics to ceramics is even more important than
in the design of highly stressed metallic systems. The cer_,_ie materials

must be characterized by determining the sustained load subcrltical crack
f growth and cyclic load crack growth. Fortunately, a good basis for this

i work has been established by the National Bureau of Standards, and others(70,71,72) working with glass, A1203, SiC, and Si3N 4. However, it must
be noted that for the ceramic data obtained to date, direct quantitative

comparisons with KIe values for metals can be misleading because of d_f-

ferences in the fracture toughness specimen sizes involved. Thus, rela-

tively large specimens (inches in thickness) are used for metals whereasthe specimen thickness of the ceramic specimens has typically been on the
order of 30 mils. A rough indication of the relative fracture toughness
of these materials is that a heat treated steel has 30 to 50 times thm

fracture toughness of hot pressed Si3N 4.

Despite the difficulties and limitations, however, the tools available
to the designer today make designing around the ceramic ductility problem

appreciably more l_kely than in the past. Nevertheless, the ehallen_e
is to learn how to effectively utilize these matemials. Their extreme
brittleness makes them far more sensitive to inr_vnal flaws inherent in -_
their manufacture and to surface flaws result_n_ _co,_ accidental dammge

than has been true for any materials used Ler, to_ore in critical high

stress applications such as blades.
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: HIGH P_SSURE TURBI_ SEALS

An _port_t way of enhancing aircraft gas turbine engine perforate

is by reducing and prese_ing turbine airfoil t_p clear_ces. Increases

in these clearances with engine operation result in decreased turbine

efficiency with attendant boss of thrust and increased fuel cons_ption.

It has been estlmated that the turbine efficiency penalty c_ be as much
as 1% for a .025 _ (0.010 in) increase in first stage turbine blade tip

i clear_ce. Si_ific_t adv_ces are being made in the deve].opment of _
shroud materi_Is which act to preserve the airfoil tip ci_ar_ce during :_
engine operation. To be more effective shroud materials must have improved

resist_ce to oxidation _d erosion. At the s_e t_e they must have the

i quality of abradability. _at is, their response to r_bing by the airfoil
tip must be such that this can occur without material r_oval from the

blade. Fibre 21 schematically illustrates the effect of airfoi_seal
rub interaction on tip clear_ce. An abradable seal min_izes the clearance <

increase caused by rubbing of the airfoil tips against the shroud. Most

rub clearances can be reduced by 7_with abradable seals. _%

Fibre 22 (73) dr_atically illustrates the results of a CP6-50C _ound-
engine test of shroud se_ents of a n_ly-developed GE-_SA-Seal material _

(Genaseal) _d of the current Bill-of-Material The Genaseal shroud

se_ents (porous NiCelY alloy opt_ized for resist_ce to the engine _

environment) are n_bered ii and i_ The B_ll-of-Material sh_ud se_ents
are n_bered 9,10,12&_.AII were subjected to 1000 engine test cycles

equivalent to a typical t_e-off, cruise, and landing engine condition.

The superiority of the Genaseal shroud se_ents is clearly evident. _ese
results indicate that marked i_rovement is possible in this critical

engine perforate area by alloy development desired %o a_ieve improved

resistance to severe engine environments. Continued efforts in this area

should be pursued in order to further enhance turbine engine perforate.

ENVIRONMENTAL PROTECTION

All of the m£tallic systems discussed for turbine stator vanes and blades

require surface protection in order to realize their high use temperature

potential for long service times. The turbine combustion gas poses problems
of oxidation and hot corrosion which range in severity depending upon the

type of fuel used and the atmospheric environment. In addition, turbine

cyclic operational modes cause thermal fatigue cracking. Considerable

progress has been made in developing conventional coatings, thermal barrier

coatings, and in alloying techniques to provide Rood resistance to these
various failure mechanisms. In addition, research on fuel additives is also

undez_ay to reduce the harmful effects of impurities.

Coatings for oxidation, hot corrosion, and the_ma_ fatigue. - Significant
advances have been made in the development of coatings for advanced super-

alloys in the past several years. The importance of this aspect of high
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temperature materials research cannot be over emphasized in view of the
_ requirements for petroleum conservation which dictate the use of dirty

fuels. Even greater effort is needed in this area to establish tolerance
limits for materials and coatings and to provide improved coating protec-
tion for turbine blades and vanes so that such fuels can be used without

lowering turbine operating temperatures. Figure 23 provides a sun_nary of
_ fuel costs as well as the /mpurity contents that contribute to hot corro-

s/on and erosion in various grades of fuel. Associated with desirable
_ reductions in fuel cost, are impurity content increases of several orders

of magnitude which contribute to increased hot corrosion and erosion. "

Figure 24 shows the effectiveness of some of the most advanced coating

systems on two representative high strength nickel base alloys subjectedto a cyclic operational mode in the LeRC Math _ burner facility. The
cycles consisted alternately of 1 hour at I090_C (2000_P) and 3 minutes at

room temperature. Shown are cycles to first thermal fatigue crack and
cycles to first observed weight loss. The results are displayed from
left to right in chronological order with the most recent development at
the extreme right. Improvements over commercial aluminide coatings in 5
cycles to first crack by factors of two to three and to first observed =_

weight loss by a factor of almost eight have been obtained. The advanced
coating systems displayed are described (74,75,76) for the PVD CoCrAiY,

i the aluminized NiCrAISi and the Pt-AI respectively. Pigure 24
systems,

i clearly shows a difference in coating performance for the two alloys. This ;
emphasizes the necessity for tailoring the coating to the substrate. Such

• tailoring can most readily be achieved with the PVD process, since virtually

I any desired coating composition can be achieved simply by evaporation from

a molten pool.
Figure 25 shows the hot corrosion behavior of these coating systems on

- the same two alloy substrates under cyclic o_erationnin the Mach 1 burner. :_
The cycle imposed consisted of 1 hour at 900_C (1650_P) and 3 minutes at _

room temperature. In this instance, 5 PPM salt was introduced into the _combustion gas stream to simulate sulfidation conditions. Again, the
same coating systems were not best for both alloy substrates. Also,
the coating that provided the greatest oxidation protection was not neces- -_

saeily the o_e that gave the best sulfidation protection for a particular _
substrate. It is apparent that the coating system must also be tailored to
the substrate to achieve the most effective sulfidation protection.

For the futur_ coatings must be developed for long life protection for
the advanced temperature ODS systems, the DS eutectics, and the W fiber
reinforced superalloy systems. Although the 0DS NiCPAIs do not require

: coatings for short time use (500 hours) they may require coating protection
for long time service (thousands of hours). Significant p_RTess is being
made in this area. Thus, i000 cycles (i hr at I090-C (2000-P), 3 min. at
R.T.) in the LeRC Mach 1 burner facility were run wii_ PWA 267 (a PVD NICPAI
coatln_ as well as NASCOAT 70 M (an aluminized PVD NiCrAI coatin_ on a TD-
NICPAI subatrate without significant weight loss. This represents a 25 to
30_ llfe /mprovement over uncoated TD-NiCrAI. In the area of advanced

euteatlca , e_eellent Isothermal oxidation resistance has been achieved at
: 1090 C (2000 P) with the _/_'-_ euteetlc by means of a NiCrAIY plus Pt

9770262 5-0 5



15
i

overlay coating (77). The coating also provides some improvement in resis-

tance to thermal fatigue cracking. However, coating modifications are

needed to increase coating ductility so as to further improve thermal

fatigue resistance.

Because the overlay coating method is not dependent upon diffusion with

the substrate, it affords the opportunity for applying a wide variety of

coating compositions. Because of this versatility, the method has great
appeal to the coating designer. However, the high cost of the PVD method

(currently the most common method of applying overlay coatings) makes
development of alternative low cost overlay coating processes of consider- _"
able importance. Finally, coating the increasingly complex internal cooling ._

configurations of high temperature turbine blades and vanes poses an even

more severe problem. Further work is needed to provide economically, as well
as physically, viable techniques to meet this growing challenge.

In addition to the need for further development of coating technigues,
there is a major reguirement for developing raliable methods to predict

coating life. Recent work at NASA (78,79) is directed toward developing

a better understanding of the two primary coating degradation mechanisms

associated with turbine blade and vane applications. These are: (i) inter-i
diffusion of key elements from the coating into the metal substrate and,

(2) oxidation and spallation. Equations are proposed for a first-approxima-

tion oxidation attack parameter applicable to NiCrAI coating systems.

Experimental verification studies under lone time exposure conditions are
currently being conducted.

Alloy design for oxidation protection. - Another promising approach (80)
for increasing environmental protection is by compositional alterations to
the substrate. Figure 26 shows how the cyclic oxidation esistance of a

high 5' content nickel base alloy was increased by small :dditions [0.5

wt._ of silicon. Negl_g_ble weight loss was observed after 300 cycles
(i hour at 1090 C (2000_P) followed by 3 minutes at room temperature) in

the LeRC Math ! burner facility. Alloy performance was as good as with a

commercial aluminide coating. Long time creep rupture properties were Pot

degraded by the silicon addition when suitable heat treatments were applied. 4
This approach should be exploited as a means of increasing the totality of
environmental protection rather than as a substitute for coatings.

Fuel additives. - The introduction of additives into the turbine fuel
• affords another means for reducing hot corrosion attack. Some progress

has already been made in this area (81). Typic_ results obtained from
cyclic burner tests with representative superalloys, IN-100, and IN-792,

"' are shown in figure 27. A commercial chromium-based fuel additive was
O O

used. Exposure cycles consisted of 1 hour at 900 C (1650 F) followed by

3 minutes of forced air cooling. Five PPM sea salt was injected into the

gas stream and the soluble salts were washed off the specimens after every
10 cycles. The specific weight change after each wash was determined and

a comparison is provided for the same alloys evaluated in oxidation only

(no additive, no sea salt), in hot corrosion (sea salt, no additive), and
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in hot corrosion with the fuel additive. The figure shows that the fuel

additive reduced material weight loss by about a factor of two. This was

also generally the ease for all the alloys investlgated regardless of

their chemistries. However, considerable hot corrosion attack was still

observed. It should be emphasized therefore that the fuel additive

approach should be considered p_'imarily as a valuable adjunct to the

protective coatings approach and not as a substitute for minimizing hot

corrosion in gas turbine engine components.

Thermal barriers. - Recent advances (82) have been made in providing insu- _ ,

lating refractory oxide coatings oi, the order of .25 mm (.010 in.) thick

which provide effective thermal barriers on cooled turbine vanes and blades

The payoff consists of large reductions in both coolant flow and metal _

temperatures. For example, core engine turbine vanes coated with a 0.51 mm

(.020 in) ceramic thermal bar_ier could have both an eightfo!d reduction in _
coolant flow and a II0_C (200 F) reduction in vane metal temperature com-

pared to an uncooled vane (82). Figure 28 illustrates the concept and
indicates some of the results obtained in cyclic burner facility tests and

full-scale J-75 engine ground tests at NASA Lewis. The most favorable

results have been obtained to date with 12% Y203 and 3% MgO stabilized

ZrO 2 coatings .25 mm ( 010 in) thick placed over a 0.i ,wn (.004 in) NJCrAI• %

layer, plasma sprayed onto the blade surface. Figure 29 shows the tested i_
_ fully bladed J-75 turbine wheel after 500 cycles from 1370°C _2500°P) to :
!: flame out (83).No craddr_ of the oxide was observed. The thermal barrier

i concept appears very promising, particularly for ground power applications, _
in which coating failures if they do occur are not so potentially dangerous. _

This approach may afford a way of extending the upper use temperature for
turbine blades with current superalloy materials without the radical techno-

logy change required by substituting a new class of materials such as the
DS eutectics. 4

TRENDS IN TURBINE COOLING TECHNOLOGY

Interest in improving gas turbine cycle performance by increasing turbine
inlet temperature places a continuing emphasis on the development of more effi-
cient and flexible turbine cooling systems. As inlet gas temperatures increase,

a departure from the simpler convection-cooled configurations toward more com-

plex airfoil cooling systems involving combinations of impingement/convection
cooling and surface film cooling are required. Figure 30 (fr_ ref. 84) illus-

trates this dramatically in terms of calculated cooling flow requirements. As

gas temperature and pressure increase, convection cooling requirements rise

sharply. Use of a more sophisticated cooling system, full-coverage film cooling,
can substantially decrease the cooling flow required at current gas temperatures

and pressures. Furthermore, it can permit operation at much higher gas tempera-

tures and pressures without the need for exorbitant cooling flows. Figure 30

also shows the potential benefit of applying a thermal barrier coating such as
has been described previously to a convection cooled configuration. This coR-

binatlon could reduce the coolant flow requirement to that of the full-coverage

film cooled configuration. There would of course be concemittant advantages An

the latter application in that the c_lex processing procedures associated with
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the provision of dr_lled film cooling holes could be avoided. In addition, the

tendency toward more complex thermal stress patterns, together with greater

stress amplification factors would be reduced. Although aerodynamic penalties 2

would be associated with the thicker trailing edge resulting from the application

of the thermal barrier coating (ref. 85), these losses are expected to be con- i
siderably less than with ejection of air from the multiplicity of holes in full

coverage film cooled airfoils and platforms, i

Extensive research is underway in the United States to investigate advanced

turbine cooling concepts, both in industry and government installations such as a_-

NASA. To effectively do such work requires advanced facilities such as one-vane

tunnel hot tests, two-dimensional vane cascade tests, flat plate heat-transfer 5

measurements, and flow visualization with neutrally bouyant helium bubbles.

Figure 31 (taken from ref. 84) illustrates a hot turbine facility under construc-
tion at the NASA Lewis Research Center which is expected to be operational in

i 1978. It will provide pressures up to 40 atmospheres and temperatures to 2480 K.
Vane, blade, and wall temperatures _ith advanced cooling methods will be measured

_ during turbine operation at design conditions with its very high heat fluxes, i

This facility and its full capabilities are described in reference 86.

7 Of course, in addition to providing the means for experimental verification
of advanced cooling techniques more sophisticated analytical tools are needed.

These must deal with predictions of complex combustion gas and coolant flows

< (particularly those at the turbine passage end-walls} and the associated local

steady-stdte and transient-metal temperature. Improved methods mutt also be

_ developed for life prediction of turbine components such as blades and vanes
_ since they are subjected to complex loading cycles at temperatures where both

fatigue and creep mechanisms are active. One of the more recently developed and

promising approaches for handling the fatigue-creep problem is the method of

Strainrange Partitioning (ref. 87). This method is currently under investigation

under the , _spices of the NATO AGARD Structures and Materials Panel. A special-

isis meetlng is scheduled for the spring of 1978 at which 19 participating la-

boratories from 5 nations will present the finding_ of their independent assess-

men6 of the method's capabilities for characterizing the high temperature low

cycle creep-fatlgue behavior of high temperature engineering a11oys. Each la-

boratory will be testing a material that is of interest to their own organiza-

tion. Approximately 2/3 of the materials are high temperature gas turbine ma-

teri_is. It sho_Id also be noted that within the past year a number of advance-

mentI_ have b_en made in extending the capability of Strainrange Partitioning to

a nua_ber of p_actlcal design problems. Reference 88 describes in detail tech-

niques fo_ utilizing Strainrange Partitioning under _onditions of multiaxiallty

at high empsratures. Techniques are also now under development for applying

the mathod to the nominally elastic fatigue regime and its applicability for

txe_tlng simulated thermal fatigue problems is delineated in detail in refer-
ence 89.

Finally, in urder to most effectively apply turbine eomponent life pre-

diction methods, the most accurate IX)sslb_e knowledge of the local transient

tem_erature_ and strains is requlre_. Preliminary work at NASA indicates that

advanced _x_erlmental methods such as infra-red image enhancement afford prom-

ise :_ , means of establishing the time temperature history Of simulated air-

foil applications. These can then be used together with finite element analysis

to est_lieh _ocal critical strain conditions.

!

i ".........!........I ..... ........ i :L:i . / iii i
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SUMMARY

Significant payoffs in turbine engine performance can be achieved by pro-

viding advanced materials, coatings, and cooling technology. Significant im-

provements are envisioned for intermediate and high temperature gas turbine

components _uch as the disks, combustors, stator vanes, and turbine blades.

Before such payoffs can be realized in engine service, formidable problems

must be overcome in bringing materials and turbine cooling capability to the

level needed. Thesu are, of course, the challenges faced by the technologist.

For disks prealloyed powder superalloys are expected to afford both in- _ aJ-

creased strength as well as reduced fabrication cost. For low stressed, high

temperature components such as combustors and stator vanes, ODS alloys have a

90° C (160° F) higher use temperature potential than conventional sheet ma-

terials. Ceramics afford the highest use temperature potential, on the order

of 1400 ° C (2600 ° F), of all materials for stator vanes with SiC and Si3N 4

being the most promising_ For high stressed, high temperature components, such

; as the turbine blades, directional structures afford major improvements over

the strongest conventional cast superalloys. The DS eutectic systems presently

appear to offer as much as an 80° C (150 ° F) use temperature advantage. AI- _

though the technology for tungsten fiber reinforced superalloys is not as ad-
vanced as that for DS eutectics, these composites afford potentially the high-

est use temperature capability of all the directional metallic systems with

strengths as much as five times greater than current superalloys. The ulti-
mate in use temperature capability for turbine component applications resides

in ceramic_ with potential use temperatures as high as 1370 ° C (2500 ° F). To

I successfully apply ceramics to the high stressed turbine blades and disks,
however, the designer will have to tailor his design philosophy to deal with

these materials of essentially no ductility by utilizing fracture mechanics

concepts and advanced 3D finite-element stress analysis techniques. Early

applications will probably need to operate at relatively low average stresses

because of the low ductility.

The problem of providing environmental protection to turbine vanes and

blades assumes an even greater importance than heretofore. The economic

necessity for using dirty fuels containing greater quantities of impurities

that contribute to hot corrosion and erosion demands that improved substrate/

coating combinations be developed. This concept must be embodied in future

advanced metallic syste_ designs for high temperature turbine components.

Finally, advanced turbine cooling concepts such as impingement/convection

cooling are required in order to improve gas turbine cycle performance by per-

mltting increased turbine inlet gas temperatures. More sophisticated analytical

methods must be developed to deal effectively with predictions of complex com-

bustion gas and coolant flows. In addition, improved methods such as strain-

range partitioning must be and are under development for life prediction of

turbine components that are subjected to complex loading cycles where both

fatigue and creep mechanisms are active.

Z
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