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TUNGSTEN FIBER REINFORCED FeCrAlY - A FIRST GENERATION
COMPOSITE TURBINE BLADE MATERIAL

by D, W. Petrasek, E. A. Winsa,
L. J. Westfall, and R. A. Signorelll

SUMMARY

Tungsten fiber reinforced superalloys (TFRS) are potentially useful as turbine biade
materials because of their high strength. The purpose of the present work was to iden-
tify a specific TFRS having the desired combination of other material properties needed
in turbine blades in addition to strength., In additlon, fabrication and design concepts
were developed to demonstrate the feasbility of fabricating a hollow TFRS turbine blade
at reasonable cost,

Tungsten-fiber/FeCrAlY was identified as a promising first generation turbine
blade material because of the excellent combination of complementary properties possi-
ble with this combination of fiber and matrix, The matrix provides a high melting point,
low density, excellent oxidation and hot corrosion resistance, limited fiber-matrix inter-
diffusion at proposed blade temperatures, and excellent ductility to aid in thermal fatigue
resistance. The fiber provides high stress~rupture, creep, fatigue, and impact strength
together with high thermal conductlvity. Property determinations reported on this mate-
rial indicate that it has adequate properties for turbine blade use, and its use could pexr-
mit turbine blade operating temperatures over 50 K greater than those of current DS
superalloy blades.

Blade fabrication concepts were developed to demonstrate the feasbility of fabricat-
ing a hollow W/TFeCrAlY turbine blade at reasonable cost. A fabrication cost study re-
ported that a W/TreCrAlY first stage JT9D blade should cost no more than the current
directionally solidified superalloy blade. The fabrication concepts assumed in the cost
analysis were incorporated into the design of a first stage JT9D composite turbine blade
having a potential 50 K use~temperature advantage over the current blade.

INTRODUCTION

_ Improvement of aircraft gas turbine engine performance and durability would be
greatly facilitated by the development of higher strength turbine blade materials. The
strongth required of turbine blade materials has increased nearly 30 percent during the
last 5 years (ref. 1), Even higher strengths will be needed in the future. However, the
current blade materials (nickel and cobalt base superalloys) are already being used at
0.8 of their homologous melting points; therefore, substantial improvement of these
materials seems unlikely, TFortunately, refractory fiber remforcecl superalloy compos-
ites may provide the needed strength improvements,



' Tungsten fiber reinforced superalloy composites (TFRS) have demonstrated labora-
tory stress-rupture strengthe exceeding those of the hest superalloys. Potentlal 1000~
hour stress-rupture strength of 345 MPa at 1370 K has been reported (ref. 2). Corrected
for density, this Indicates a 165 K use temperature Increase over strong superalloys such
as Mar M200, Other properties also look promising; for instance, Charpy impact
strength of 39 J at 1370 K has been reported (ref. 3).

A turbine blade material needs o combination of properties in addition to strength and
impact resistance., Among these are oxidation resistance, thermal fatigue resistance,
mechanical fatipue resistance, and fabricability. Although TFRS have been Investigated
at many laboratories (refs, 2 to 9), no one specific composite composition had been iden-
tified as having all of the combination of properties needed. Recently, NASA decided to
study fabrication of TFRS turbine blades, and a TFRS was selected for that effort based
on available mechanical and physieal property data.

The purpose of the work reported herein was the following: Flrst, identify the spec~
iflc TFRS having the best combination of properties needed for current aireraft engine
turbine blade application: Second, demonstrate fabrication and design concepts needed
to produce hollow TFRS turbine blades. Third, identify the fabrication costs of TFRS
blades relative to conventional blades, B '

GENERAL TURBINE BLADE MATERIAL REQUIREMENTS

In this gectlon, turbine blade material property requirements will be related to fur-
bine blade operating condltions, The primary requirements are adequate creep-rupture
strength, oxidation resistance, thermal and mechanical fatipue resistance, and impact
damage resistance.

Creep-rupture life I8 a function of stress and tempefature; hénce, consideration of
the stress and temperature distributions along the blade airfoil span will indicate the air-
foil creep-rupture requirements. Typieal distributions are shown schematically in fig-

ure 1, At the airfoll tip, cenfrifugal stresses are very low and temperatures are high;
-wheresas, at the airfoil base, centrifugal stresses are very high and temperature is low.

Neither the tip nor base stress-temperature condition is normally life limiting (this is
indicated by the creep-rupture life plot on figure 1). However, near the middle of the
airfoil span there is a zone where the combination of stress and temperature resulls in
the shortest computed life, It is the creep~rupture life of this critical zone for fallure
that limits the airfoil life, The actual stress and temperature in the critical zone are a
function of engine design. While a nominal figure for stress in this zone might be

150 MPa, stresses can be as low as 80-MPa in some engines and as high as 240 MPa in
others, (These are for 1000-hour lifetimes and 8500 kg/m3 material density), The
mefal temperature in this zoné can range from 1070 to 1370 K; the temperature is limited
by airfoil siresses and material strength, Operating temperature improvements are
much sought after, An Improvement of 50 K over current alloys is considered significant,
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Such an improvement could he used to Increase engine operating temperature. lower en-
gine cooling requirements, or Increase engine durability.

Creep-rupture strength is also important in the blade root, Stresses in the dovetall
attachment region (where the blade is attached to the disk) can be high enough to limit
blade life, even though temperatures are only 800 to 1100 K. Localized siresses as high
28 700 MPa have been calculated to exist in this region in highly siressed blades (ref. 10),

Thermal fatigue is also a life lhmniting factor. High transient thermal gradients are
produced during engine starts, shut downs, and power settlng changes. These gradients
causge temporarily high stresses, especially at the airfoil leading edge and at cooling
holes, Thus, adequate thermal fatigue resistance is a major requirement.

Oxidation~sulfidation corrosion can also limit life, particularly in blades designed
tor use at the highest temperatures. Oxygen partial pressures of 2 to 4 atmospheres are
present in the turbine. Moreover, sulfur (from the fuel) and alkali salts (ingestnd with
Intake alr) are present. These can cause accelerated oxidation with sulfide formation
commonly referred to as hot corrosion. Thus, good oxidation and hot corrosion proper-
ties are another key requirement of turbine blade materials,

Mechanleal fatiguo can limit blade life. Engine starts, shul downs, and power
changes result in changes In centrifugal and gas load forces. These changes can induce
low cycle fatigue (LCTF) failures. Changes in gas pressure around the combustor ring
can cause blade vibrations as can engine unbalance. These vibrations, in turn, can In-
duce high cycle fatigue (HCF) failures. As a consequence, good mechanical fatigue re-
sistance (both LCT and HCF) is required of blade materials.

Lastly, the blades are subject to random impact loadings during maintenance ancl
operation. The blade must be tough enough to withstand this form of abuse.

COMPOSITE TURBINE BLADE MATERIAL REQUIREMENTS

Any TTRS composition selected as a serious blade material candidate must have a
combination of the previously mentioned properties if it is to aclueve a 50 K advantage
over the best current alloys.

The properties of the composite are functions of the fiber and matrix properties,
Therefore, the needed composite properties diclate the fiber and matrix properties.
Hence, selecting the composite involves selecting the best combination of fiber and
matrix alloys.

Since the composite blade will be built up using separate plys that can differ in com-
position (to be described later), the TI'RS composition need not be constant from blade
tip to blade root. A particular fiber-matrix combination can be picked to best serve in




the airfofl, while a different combination can be used In the root, Generally, the airfoil L
requirements are most severe, Consequently, this paper gives primary attenfion to an
alrfoil composltion.
//
In the light of general blade afrfoll requirements, specific composite fiber and
matrix requirements are as follows.

Fiber Property Requirements

Creep—rupf:ure strength must be adequate to permit a 50 K composite blade metal
temperature advantage over current supsralloys,

Mechanical fafigue, strength must be adequate to permit a 50 K temperature advan-
tage over current superalloys.

_ Toughness must be adequate at operating temperature to insure the needed foreign
object damage (FOD) resistance.

Cost must be low so that blade fabrication costs can be kept acceptably low.
Matrix Property Requirements

Oxidation and hot corrosion resistance will be needed in the matrix at temperatures
up to 1420 K. Not only is this a severe temperature in general, but the fibers lack oxida-
tion resistance and must be protected by the matrix,

Compatibility with the fibers is required at fabrication and operating tempel atures
so that fiber strength is not excesslvely degraded by interdiffusion.

Mechanical and thermal fatigue resistance is needed at operating temperatures.
Thermal fatigue damage in the matrix can be initiated by the thermal expansion coeffi-
cient mismaitch between fiber and matrix (as well as by large temperature gradients),

Density must be low to help offset the high density (19000 kg/m3) of the tungsten
fibers. This is a particularly important consideration in alrcraft engines where weight
must be minimized because high blade densities can lead to high disk weights.

Toughness and ductility must be high at low temperatures because the matrix imparts
impact damage resistance to the composite at low temperatures.

_ Shear creep strength must be adequate to allow. flber angle plying for airfoil chordwise
strength and torsional streng'th



TUNGSTEN/TFeCrAlY COMPOSITE PROPERTIES

A review of the literalure, presented In this section, indicates that a thoriated tung-
sten fiher reinforced FeCrAlY matrix composite (W/FeCrAlY) would be most ltkely to
meet the stated requirements., As already mentioned, some composite properties are
fiber controlled and others are matrix controlled, Consequently, it may aid understand-
ing to group the expected composite properties according to fiber control, matrix con-
trol, or both, This is done in the following sections., Note that complete composite data
were hot available for W/¥FeCrAlY; therefore, the authors predicted some properties
using the properties of other TT'RS as a gulde. Also, note that a particular fiber alloy
W-1 percent ThOg {W-1 ThOg) and matrix alioy Fe-24 Cr-5 Al-1 Y (FeCrAlY) are de- .
geribed in detail; however, these exact elemental compositions are not rigid cholces and
may be modified to improve W/FeCrAlY properties.

TFiber Controlled Properties

The fibers provide strength and high temperature forelgn object damage (FOD) re-
sistance to the composile, Tungsten fibers, dispersion strengthened with thoria or
hafniim carbide, have adequate strength for turbine blades (ref. 11). Unfortunately, the
strongest of these fibers are currently produced in laboratory quantities at high cost.
Thus, W-1 ThOg lamp filament wire was selected as a first generation fiber based pri-
mavrily on avallability and low cost. The modest strength of currenily produced w-1
ThOg wire seems adequate (as will be shown), and improvement may be possible because
the thermal mechanical processing has not been optimized for 1000 to 1400 K strength,
The following describes the fiber controlled composite properties that can be expected
when using this fiber.

Creep resistance - Creep data for unldirectionally reinforced 45 volume percent
W-1 ThOs/FeCrAlY have been obtained at 1310, 1370, and 1420 K (ref, 8). Figure 2
is a plot of total creep strain versus time for the composite and a DS eutectic, Note
that the composite specimens tested at 1370 and 1420 K bhad their siresses step increased
during the test; because of this step loading, it is difficult to identify a well defined mini-
mum creep rate. However, visual comparison of the composite creep curves with those
of the DS eutectic indicates a potential composite use-temperature advantage greater than
the desired 50 K. In other words, the fipure Indicates that the creep bebavior of the
TI'RS at 1370 K is similar to that of the DS eutectic at 1310 K.

Rupture strength ~ Stress to cause rupture data have also been obtained for uni-
“axially reinforced 30- and 45-volume-percent W-1 ThOg/FeCrAlY at 1310, 1370, and
1420 K (ref. 8). Figure 8 is a Larson-Miller plot of the rupture stress divided by den-
sity for the 45 volume percent composite, a DS eutectic, an oxide dispersion strengthened
superalloy (ODSS), and a DS superalloy. The potential use-temperature of the composite '
is greater than those of the other three materials, and it exceeds that of the DS super-
alloy and DS eutectic by the desired 50 K.



High cycle fatigue resistance - High eycle fatigue tests have not been ¢:mducted on
W-1 ThOg/FeCrAl'Y. HHowever, thocy have been conducted on W~1 ThOg/Hustelloy X
(ref. 4), Tatigue teats were performed at 10 to 15 Hz using direct stress, tenslon-
tenslon, axially loaded specimens, The specimens were eycled from a minimum stress
to a selected maximum siress and back to the minimum stress. The load ratlo, R,
ranged from 0.1 to 0,7 for unreinforced Hastelloy X and 0.1 to 0, 2 for the composite.
The composite load ratios represented a more severe test, Test temperatures were
room temperature, 1080, 1170, and 12556 K, Composite specimens were unidirection-
ally reinforced and contained 23, 30, and 37 volume percent fibers. The stress to cause
failure In 1x106 cycles versus temperature is plotted in figure 4, Unreinforced
Hastelloy X data are plotted for comparison., The composite was stronger at all tem~
peratures, ranging from 1.2 times as strong at room temperature to 4 times as strong
at 1255 K. The ratio of fatigue strength to ultimate tensile strength is plotted in fig-
ure & for both materials. For all tesi temperaiures, this ratio for the composite was
higher {han that for the Hastelloy X. This indicates that composite high cycle fatigue
resistance is controlled by the fiber. Based on this result, it is expected that W-1
ThOo/FeCrAlY also would have high cycle fatlpue strength sufficient for turisine blades,
Push/pull and reverse bend fatigue sirength data were presented for a W/superalloy
composite in reference 12; the results were simllar to the forgoing,

Mairix Controlled Properties

Matrix controlled properties are many, hut no matrix alloy is perfect in every
respect, Thus, the major task in composite selection is selecting a matrix that pro~
vides the best compromise with respect to the needed properties. The generic alloy
FeCrAlY seems to offer the best compromise at this time. The following will describe
the composite properties expected using a FeCrAlY alloy as the matrix.

Oxidation and corrosion resistance - The oxidation and corrosion resistance of
W-1 ThO2/FeCrAlY composites with completely matrix encased fibers is dependent on
the FeCrAlY matrix, Alloys based on the ternary Fe-Cr-Al with yitirium additions are
among the most oxidation resistant alloys known. As a result, they are used on DS
eutectics and superalloys as oxidation resistant coatings. Therefore, the composite
with a FeCrAlY matrix should have adequate oxidation and corrosion resistance.

As examples of the oxidation and corrosion resistance possible with FeCrAlY, the
following data should be noted. High gas velocity cyclic tests for oxidation at 1370 K
and hot corrosion at 1170 K have been run using FeCrAlY and other alloys (ref, 13).
The FeCrAlY was unsurpassed in oxidation resistance and better in hot corrosion re-
sistance than the other materials, TFigure 6 is a plot of Mach 0.3 burner rig cyclic
oxidation data for FeCrAlY and NiCrAlY specimens (each cycle was 1 hr at 1370 K
followed by 180 s of forced air cooling). - Both materials had excellent oxidation re-
sistance. TFigure 7 ig a similar plot for FeCrAlY, NiCrAlY, and IN-792 using the same

test conditions with these exceptions: the temperature was 1170 K, and 5 ppm synthetic

sea salt was added to the combustion products. This test measures hot corrosion re- -

-
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sistance and s an accelerated test, IN-792 is considered to have good hot corrosion re-
sistance, but It suffered a drastic welght loss, which indicated a severely curtailed use-
ful life, after only 150 hours exposure. On the other hand, FeCrAlY showed no indica-
tion of weight loss after 2313 hours and had much better hot corrosion roslstance than
NiCraAly.

Limited statle alr oxidation data for W-1 ThOp/FeCrAlY is in agreement with the
forgoing cyclic tests (ref. 8% Composite samples with completely matrix protected
fibers were exposed to statie air at 1310, 1370, and 1420 K for up to 1000. hours. The
welght change in 1000 hours was 0.3 mg/cm for 1310 K and 1, 26 mg/em? for 1420 K.

The preceding assumed that the fibers were completely protected by matrix. FOD
could expose fibers to the engine gasses, and sccelerated fiber oxidation would then
occur. The oxidation need not be catastrophic, however, as is illustrated by what
follows., Figure 8 illustrates the principal paths for oxidation and corrosion of exposed
fibers. Oxidation proceeding perpendicular to the fibers (through the blade thickness)
would destroy the exposed fibers, but intervening matrix would prevent oxidation of sub-
sequent layers. Thus, only a partial loss of strength would result, Oxidation parallel
to the fibers (along the blade span) potentially is more severe, since all the exposed

-fibers in the cross section potentially could be oxidized along their entire length. How-~
ever, studies conducted to evaluate oxidation along flbers showed only limited oxidation
penetration along the fibers (refs, 12 and 14). It was found that after 10 hours exposure
to static alr at 1480 K, the fibers in W-1 ThOg/ FeCrAlY were oxidized to a depth of only
2.5 mm, After 100 hours exposure at 1370 K, the fibers in a W/superalloy composite oxi-
dized to a depth of 1.3 mm. in static air and to 2.5 mm In a simulated engine exhaust gas
stream moving at 1. 8 m/8. These results indicate that a catastrophic loss of the exposed
fungstel\l fiber did not occur upon exposure to a high-temperature oxidizing environment,

Long time fiber/matrix compatibility - The long time strength retention of the com-
posite.is primarlly a function of fiber-matrix interdiffusion. Such inferdiffusion can
greatly reduce the strength of the fibers; so, the interdiffusion of W-1 ThOg with FeCrAly
has been studied (ref, 8). Specimens containing 0.38-mm-diameter fibers were heated i
to 1310, 1370, and 1420 K for up to 1000 hours. Table I lists the measured interdiffusion
reaction zone depth in the fiber and the corresponding exposure times. At 1310 K, the

reaction depth is almost nil, and at 1370 K only 10 percent of the fiber area reacted after
1000 hours. These are acceptable reaction rates that indicate potentially excellent long—-

time strength retention.

Thermal fatigue resistance - Thermally induced stresses are generated in turbine

. blades because of temperature gradients. These gradients change with time, leading to
eyclic stresses and hence potential fatigue failures, particularly at stress concentrations
such as cooling holes. Superimposed on these siresses, in the case of the composite,
are internal stresses caused by the difference In expansion coefficlent between the fibers
and matrix. This is potentially the most serious limitation on composite usefulness.
Consequently, much attention s being paid to improving the resistance of W/superalloy
composites to damage due to thermal cycling.
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The response of W-1 ThOg/FeCrAlY to thermal cyeling has been evaluated and found
promising (ref, 14), Specimens conlaining 30 voiume percent {iber were exposed to 1000
heating and cooling cycles from 300 to 1480 K, The heating rate was about 19 K/s (kelvin/
sccond); while the cooling rate was about 4 1X/s. The heating time was 60 s to 1480 K, .
Cooling down to 670 K was accomplished in an additional 0 5. The total heating and cool-
Ing eycle was accomplished In 300 5. Surface roughening was observed, but there was n¢
matrix or [iber eracking apparent after the 1000 eycles. Similar studies were conducted
by the present authors. Healing to 1370 K took 30 & and cooling to room temperafure ook
G0 s, representing a more severe cycle than that of reference 14. Again, surface roughening
was apparent bul cracking of fiber or matrix did not occur; furthermore, the specimens
were dimensionally stable,

Preliminary thermal fatigue burner rig tests were also performed on W-1 ThOo/
I'eCrAlY containing 35 volume percent fiber (ref. 8), Unidirectionally reinforced com-
posite panels having a rectangular shape were rotated at 29 revolutions per second and
subjected to a flame velocity of Mach 0,5, Jet A fuel with 35 ppm synthetlc sea salt and
a sulfur content of 0,4 percent was used, The specimens were heated to 1370 K within
120 s and held for 240 5. Cooling consisted of exposing the specimens to an alr blast
for 120 s. Panels exposed in 104 cycles showed no indications of matrix or fiber damage.

Fiber-Matrix Controlled Properties

The density, elasiic constants, impact resistance, and {hermal conductivity are
functions of boih fiber and matrix properties. The following describes the anticipated
values for W/TeCralY.

Density - Composite density can be ealeulated using the rule of mixtures. The den-
sity of W-1 ThOs wire is about 18900 kg/m3. The density of FeCrAlY is about 7200 kg/ -
m3, depending on the exact elemental compositions. A Lypical 40-volume-percent fiber
content, W/FeCrAlY composite would have a density of 11 900 kg/m3.

Impact damage resistance -~ Pendulum impact tests have been conducted on W-1
ThOy/TeCrAlY (ref. 15), Notohed minature Izod specimens were tested from ropm tem-
perature to 645 K. The impact values obtained are shown in figure 8. A pronounced
ductile-brittle transition occurred at about 470 K. Exirapolated miniature Izod values
indicate potential Charpy values of 4.1 J al room temperalure and 72 J at 470 K. Similar
values were reported for W/nickel alloy composites (rel. 8). Composite impact strength
was shown {o depend on the mairix toughness at temperatures helow the ductile-brittle
transition temperature (DBTT) of the fibers (about 500 K). Unforfunately, the FeCraAlY
matrix used in the tests, the resulls of which are shown in figure 9, had a DBTT above
400 K; consequently, it could nol provide the needed toughness. However, other FeCrAlY
alloys have DB3T'Ts near room lemperature (ref. 16), Use of those alloys should greatly
increase the room temperature impact strength of the composite.



Elastic consiants - The nominal composife ply modulus in the fiber directlon (£11)
can be calculated using the rule of mixtures. The transverse ply modulus (E22) and shear
modulus (E12) may be approximately calculated uging a more Involved equation (vef, 17).
However, the moduli so calculated are not constants, As the composite Is strained the
matrix will exceed Its proportional limlt (but the fibers will not exceed thelss), Thus, the
contribution of the matrix alloy modulus changes as a function of composite straln, Con-
sequently, the stress-strain relationship on unloading will be different from the relation-
ship on loading, Therefore, W/FeCrAlY stress analyses using linear elastlc methods
(as most-finite element analyses presently do) can only be considered as being approxi-
mate. Tor approximation purposes, the fiber modulus 1s 380 GPa at 1060 K and 360 GPa
at 1350 K. The matrix modulus {s about 140 GPa at 1050 X and 100 GPa at 1350 X,
Poissons ratlo is about 0. 29 for the fiber and about 0.30 for the matrix below iis propor-
tlonal limit.

Thermal conductivity - High thermal conductivity is desirable In a turbine blade
material to reduce temperature gradients; this, in turn, results in reduced thermally in-
duced strains that can cause cracks or distortion., In addition, higher conductivity can
reduce coolant flow requirements in some impingement cooled hlades leading to greater
engine efficiency or durability (ref, 9). The conductivity of W/FeCrAlY will be high be-
cause the conductlvity of tungsten is high (the conductivity of FeCrAlY is simllar to that
of other superalloys) (ref, 9}, Thermal conductivity of the composite is greatest in the
direction of the flber axes since there is a continuous path for conduciion along the tung-
sten fibers, Conduction perpendicular to the fiber axes is lower because the heat cannot
find a continuous path through tungsten. W-1 ThOg/FeCrAlY conductivity has been mea-
sured for some fiber contents and temperafures and extrapolated to other conditions as
shown in figure 10 (ref. 9). The extrapolation indicates that at blade conditions (30 to 60
volume percent fibers and 1000 to 1400 K) the transverse (through the wall) conductivity
of the composite will he 35 to 50 W/m-K. The longitudinal (spanwise) conductivity will
be about 45 to 656 W/m~K (ref. 9). Typical superalloys have conductivities of about
25 W/m-K at 1300 K,

TUNGSTEN/TFeCrAlY BLADE FABRICATION AND COST

The material properties reviewed in this paper and reported in references 8, 9, 14,

and 15 on laboratory specimens indicate that W/FeCrAlY composites have the properties

needed in turbine blades, Having demonstrated adequate properties, the next ares of con-
sideration Is whether complex blades can be designed and fabricated from such a com-
posite at reasonable cost. The following discusses these considerations as they apply to
hollow W/TFeCrAlY turbine blades, .

Investment casting has heen considered for fabrication of hollow composite blades;
however, there are two obslacles to overcome. A way must be found to hold the fibers

*In positive 'angle plied' alignment during Infiltration by the molten rmatrix, Also, small

diameter fibers must be used in hollow blades hecause of a space limitation and these
fibers are subject to damage caused by fiber-matrix interdiffusion. Therefore, either
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ffbers must be coated to resist fibor-matrix intordiffusion during Infiltration (no effcctive
coaling currently exists) or casting and cooling must take place quickly to limit Inter-
diffusion. Wo feel that, given the curront sinte of the art, investmont easting would be
most suceessful In fabrication of uniaxially reinforced solid blades in whieh large fibers
can be used.

Diffusion bonding of monolayer composiie plies is currently the most promising,
cost effective mothod of fabrication for a hollow blade. The composite plies would con-
sist of aligned tungsten fibers sandwiched belween layors of FeCrAlY. This approach
hag the capabllity for accurate {fbor distribution and allgnment; morcover, it limlis {iber~
matrix interdiffusion during fabricalion. This approach should also he capable of pro-
ducing blade shapes that would be close to [inal dimensions; hence, only root machining
and touch up prinding would be needed. This approach has bheen used to fabricate solid
B/Al and Ti fan and compressoxr blades., Higher bonding temperatures than those used
for Al pnd Ti malrix composites will be needed [or the W/FeCrAlY, and a method o pro-
duce n hollow blade must be developed. B 1y olher major differences are expected to
complleate fabrication, -

Figure 11 shows the sequence used {o fabricate B/Al fan blades; this sequence is -
similar to the one anticipated for W/TFeCrAlY fabrication. Large B/Al monotape sheets
are [irst fabricated, These sheets are then cut into the plies necessary to arrive at the
final blade dimensions. Many plies are out from a sheet resulting in liltle serap loss.
The plies are then stacked in n shuttle box containing positioning ribs to insure accurate
alignment. 7The box is placed In a preheated press, and pressure Is applied. The result
i{s an as-pressed blade of near finish dimensions.

The blade fabrication process requires that the composiie material be available in
monotape forni. Past NASA contracis bave resulted in developing u process lo success-
fully fabricate TTRS material in monotape form (refs. 18 and 19). The [abrication se-
quence used to produce monotape of this material is shown in figure 12. The superalloy
matrix material is used in sheet form, if available. Alternatively, matrix alloy powder
¢an be made into sheets of powder cloth. Powder cloth Is made by blending the powder
with teflon, and then rolling it to the desired thickness. Tiber mats are made by winding
the fibers on a drum, and then spraying them with a binder. The [iber array.is cut from
the drum and flattoned to form a fiber mat. The [iber mat is then placed between two
sheets of powder cloth or alloy sheet, encapsulaled, and diffusion bonded in a press or
between rollers. Before bunding, the binders are completely removed by evaporation
during the heating process which is done in vacuum.

The special concepts evolved to [abricale I..:low blades are shown in [igure 13(a).
The same technique used fo fabricate solid hlades would be used to fabricale a hollow
blade with two exceptions. The plies would be pressed around a leachable core material,

-and plies would be wrapped around the leading edge of the hlade. A superalloy root would

be bonded to the composite airfoil. The ¢ore material would then be leached out with acid
and an endcap would be bonded to the tip of the airfoil. If complex cooling passages are
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required, and impingement cooling insert containing these passages would be placed In

the lenched out cavity and brazed to the root of the blade. Figure 13(b) provides o sche-
matie {Hustration of how cooling exit holes could be produced as well ae anothor concept
for hollow blade fabrication. The required plies would be formed having fiber free areas
where cooling holes would be located. The plies would ba X-rayed, and the required holes
would he diilled, The plies would then be formed around a leachable core mandrel and
weldod along the trailing edge. This assembly could then be pressed in a dle to arrive at
the proper afrfofl contour, Afterwards, the core material would be leached out, root and
ond cap bonded In place, and an insert placed in the hollow cavity if desired.

The complete fabrication sequence Incorporating the concepts presented {s shown [u
figure 14, This fabrication saquence was used in a fabrication cost study (ref, 20).
Fabrication costs were estimated for high technology turbine blades fabricated using
three different materiais, The same turbine blade conflguration, a first stage JT9D
blade, was used for each materfal, Directionally solidified eutectle (DSE), an oxide dis-
persion strengthened superalloy (ODSS), and W/FeCrAlY blade manufacturing costs were
compared with the sust of producing the same blade from a DS superalloy. The relative
costs are shown in flgure 15, The study indlcales that W/FeCrAlY manutacturing costs
should be competitive with current manufacturing costs of manufacturing this blade by
directional solidification of a superalloy,

PRELIMINARY TUNGSTEN/FeCrAlY BLADE DESIGN

Bocause W/TFeCrAlY has potentlally excellent properties and because projected blade
manufacturing costs look attractive, NASA decided to investigate the fabrication of
W/FeCrAlY turbinu blades. And, at this writing, such an effort is being made contractu-
ally. In support of this effort, a blade was designed by NASA to allow demonstration of
several fabrication concepts. The factors considered in this design are ouflined below.

Rather than use an arbitrary geometry, a ST9D first stage, convection cooled blade
was selected (fig. 16). There were several reasons for this. The JT9D blade is a rela-~
tively low stress, high temperature blade. This permits more efficient use of the com-~
posite!s sirength vursus temperature propertles, It has a relatively long airfoil with
little twist which makes it easier to design and fabricate. It is currently flying in many
aircraft; so an fmproved version may have near term value, And, it is the blade the
comparative fabrication cost of which was estimated in reference 20. Therefore, iis
fabrication would provide a check on the validity of tliose cost estimaies.

A major purpose of the blade fabrication contraciual effort is to damonstrate that
design requirements can be met In the fabricated blade. To that end, a concerted effort
is being made to incorporate a number of design concepts into the blade at the expense of
fabrication ease, Among these are the following concepts:
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Baaed on the forgoing, the authors feel that W/FeCrAlY is the correct TIRS to begin
the transition from laboratory data to rig testable hardware. Howaver, a great deal of
work remalns to be done In the practical matters of fabricatlion and design. Current ef-
forts at the NASA Lewls Research Center and in Industry are addressing problems in those
areas,

Although W/TFeCrAlY is a promising TFRS, it should be bornae in mind that It is a
flrst generation TFRS. Much stronger fibers (than W-1 ThOg) have been Identified. Siml-
larly, matrix alloys offering potential Improvements over FeCrAlY have been studied in
our research. Unfortunately, these Improved materials are currently produced only on
a laboratory scale and in quantities too small for the needs of an agressive development
program, However, with effort these materials could be made avallable in requirad
quantities at low cost, Such a program will be undertaken eventually. Consequently, the
true potential of TFRS 18 much greater than that of W/FeCrAlY,
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TABLE L. - THERMAL STABILITY OF FeCrAlY COMPOSITE

(0. 038-cm (0. 015-in, ) dlame’er W=1"ThO, fiber, ]

Exposure *Reduction In | *Reaction zone width
fiber area,
Temperature | Time % cm in.
hrs.
%k | oF
1310 | 1900 10 <0.5 0.36x1073 | 0,14x10"3
100 <0.5 .38 .15
1000 <0,5 .89 .30
1370 | 2000 10 <0.5 .30 .12
100 <0.5 . 66 .26
1000 9.5 1.78 .70
1420 | 2100 10 <0.5 .41 .16
100 0. 88 3.7 .46
1000 16.10 3.20 1.26

’ From ref, 8
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Fig

ire 16,

First stage

IT9D turbine blads
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